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Abstract

:

The aim of this study was to propose a methodology that provides a detailed description of the argillic zone of a hydrothermal field, based on satellite multispectral data. More specifically, we developed a method based on spectral unmixing where hydroxyl-bearing alteration is represented by a single endmember (representing clays) and the three (nearly) non-altered primary volcanic lithologies, namely, two types of lava flows (basic and acidic compositions) and the loose materials (alluvial/beach deposits, scree, pyroclastic deposits, etc.), are represented by three endmembers. We also used one endmember representing elemental sulfur that is present in fumarolic vents hosted by active hydrothermal craters. The methodology was applied in the south part of Lakki plain inside the Nisyros volcano caldera (Greece), using Sentinel-2, Landsat-8/OLI, and ASTER satellite multispectral datasets. Specifically, it was applied separately to each one of the three datasets. The spectral unmixing results, combined with the relative geological map, provide quantitative estimations of the primary volcanic and loose material areas affected by alteration. In addition, pixels with high abundance values of hydroxyl-bearing alteration corresponded to mapped areas with strong hydrothermal alteration. The developed methodology is superior to conventional approaches (e.g., alteration spectral index) in terms of its ability to describe the overall pattern of the hydrothermal field. The most accurate results were taken when applied to ASTER or Sentinel-2 MSI data.
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1. Introduction


During the last decades, remote sensing applications on geological mapping and exploration of mineral deposits have grown rapidly [1,2,3,4,5,6]. In particular, the utilization of multispectral and hyperspectral satellite imagery for the recognition of spatial and/or spectral patterns related to alteration is one of the most widespread and standard procedures in field geological exploration because of their high efficiency and low cost. To this purpose, the development of new state-of-the-art processing algorithms has become crucial for the lithological and mineralogical mappings linked with hydrothermal active environments [7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25].



The importance of using satellite imagery in mineral exploration, in order to detect mineralization-related alterations, is significant not only because hydrothermal zones are associated with the presence of a high number of minerals [26], but also because they are associated with ore deposits and geothermal systems [27]. Volcanic activity is related directly with hydrothermal alteration processes [28]. For this reason, there are numerous studies using image processing techniques on satellite data [18,19,20,21,29,30] for ore deposits’ exploration in volcanic environments with economic interest [31,32,33].



Landsat Thematic Mapper (TM), Enhanced Thematic Mapper plus (ETM+), Operational Land Imager (OLI), and the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) are the most widely used multispectral satellite sensors for the detection and mapping of minerals related to alteration, such as iron oxides, hydroxyl-bearing minerals, and carbonates [20,24,34,35,36,37,38]. Especially, ASTER provides spectral bands in the shortwave infrared (SWIR) part of the electromagnetic spectrum which, in comparison with the Landsat sensors, are highly sensitive to alteration minerals and, thus, offers a powerful tool in mineral exploration and accurate mapping of hydroxyl-bearing groups of minerals such as clay minerals [19,39,40,41]. Furthermore, since 2015, several studies have been conducted to reveal the potential of Sentinel-2 Multispectral Imager (MSI) in geological remote sensing [1,16,42,43].



Several processing methodologies) have been proposed during the last decades. They can be distinguished in two main categories: those that perform processing at pixel level and those that perform processing at subpixel level. The former refers mainly to (both supervised and unsupervised) classification methods, where each pixel is assigned to a single class. Such well-known methods include Spectral Feature Fitting (SFF), Spectral Angle Mapper (SAM), Spectral Information Divergence (SID) [44,45,46,47], Decision Trees (DT), Random Forest (RF), Artificial Neural Networks (ANN), Support Vector Machines (SVM) and Extreme Learning Machines (ELM) [48,49,50], and clustering techniques [51,52,53]. On the other hand, the subpixel-level processing refers to the case where multiple pieces of information are available for each pixel. This category includes (the more traditional) spectral indices (SIs) and spectral unmixing (SU) methods. Since the early 1980s, the calculation of SIs (scalar quantities, which are usually defined by various band combinations) [34,54,55,56] has allowed the enhancement and quantification of spectral differences within a multispectral image due to different lithologies [57]. Different SIs can reveal different aspects of information regarding the materials’ composition of the image pixels. Especially, in hydrothermal alteration mineral mapping, the use of SIs has provided efficient results in the differentiation between hydrothermally altered and non-altered lithologies [37,58,59,60,61,62,63].



Concerning SU, the aim is the decomposition of the spectral signatures of mixed pixels into a selection of spectral signatures (represented as vectors) corresponding to the reflectance of pure physical materials (endmembers) [64]. The latter are retrieved either from spectral libraries [1,2,3,4,5,6] or they are extracted from the image itself by detecting the relatively “purest” pixels (corresponding to physical materials) via suitable algorithms [8,9,12,14,15,16,17,18,19]. SU results in a set of fractions (abundances) images, which indicate the degree of presence of each endmember within each pixel. It should be noted here that, in contrast to the SI “scalar” rationale, the vector-based processing in SU provides richer representational capabilities. It is clear that the ultimate success of SU depends heavily on the appropriate selection of endmembers.



Although several SU approaches have been proposed in literature, when working with multispectral images, the most widely used are those adopting the linear mixing model (LMM), where the spectral signature (vector) of each pixel is assumed to be expressed as a linear combination of a set of endmember signatures (vectors). The coefficients (abundances) of this combination can be estimated through various unmixing procedures, such as the constrained/unconstrained least squares methods [65]. Focusing on the study of hydrothermal alteration zones, several SU approaches have been proposed such as partial unmixing (e.g., Matched Filtering (MF), Mixture Tuned Matched Filtering (MTMF), Constrained Energy Minimization (CEM) algorithms, etc.) [8,17,20] and the full spectral unmixing [13]. Most of these studies assume constrained linear spectral unmixing models, imposing positivity and/or sum-to-one constraints [7,8,13,14,20]. However, studies that utilize the unconstrained version of LMM have also showed efficient results [9,11,22,23].



In literature, spectral unmixing has been applied to map hydrothermal alteration using both multispectral and hyperspectral data. Concerning multispectral data, most relevant studies employ ASTER data [7,8,9,10,11,12,13,17,20,21,22,23,66,67] and few studies employ Landsat-8/OLI data [14,15,66] while very few employ Sentinel-2 MSI data [16,66]. However, these studies mainly concern mapping of alteration mineralogy.



The aim of the present study was to propose a methodology based on spectral unmixing that provides a detailed description of the argillic zone of a hydrothermal field. More specifically, we developed a method based on spectral unmixing where argillic alteration is represented by a single endmember (representing clays) and the (nearly) non-altered primary volcanic lithologies, namely two lava flows types (basic and acidic compositions) and loose materials (alluvial/beach deposits, scree, pyroclastic deposits), are represented by three endmembers. We also use one endmember representing elemental sulfur that is present in fumarolic vents hosted by the active hydrothermal craters. The proposed methodology was applied in the south part of Lakki plain inside the Nisyros volcano caldera (Greece) using Sentinel-2 MSI, Landsat-8/OLI, and ASTER satellite multispectral data. Specifically, it was applied separately to each one of the three datasets. The evaluation of the results was conducted on the basis of the only available reference information about the alteration in this area, which is a sketch map provided by [68]. The sketch map was digitized and georeferenced to a relative classification map.



The novelty of the present study relies on (1) the methodology proposed, (2) the production of a map of the hydrothermal field of the Nisyros caldera, and (3) the provision of quantitative estimations of the primary volcanic lithologies’ areas in the Nisyros caldera affected by alteration and the areas of specific lithostratigraphic units affected by strong alteration.



The present paper is organized as follows. Section 2 focuses on the description of the study area presenting the general geological background and the structure of the hydrothermal field within the caldera of the Nisyros volcano. Section 3 describes the three under-examination multispectral datasets from ASTER, Landsat-8/OLI, and Sentinel-2 satellites. Section 4 introduces the main processing steps and Section 5 presents the obtained results. Section 6 focuses on the assessment of the accuracy of the obtained results. Finally, conclusions and future research directions are summarized in Section 7.




2. Study Area


Nisyros is an almost circular island located between Kos and Tilos islands (SE Greece) with an average diameter of 8 km. It constitutes the youngest volcano of the South Aegean Active Volcanic Arc [68] (Figure 1a,b).



The Nisyros volcano, located at the eastern end of South Aegean Active Volcanic Arc (SAAVA), is one of the most known volcanic environments of the Volcanic Arc of Greece. Nisyros is a Quaternary composite stratovolcano, which was formed during the Late Pleistocene-Holocene within an ENE–WSW trending neotectonic graben [69,70]. It is a volcano of 698-m height with a central caldera depression of 4-km diameter [66,67,69,71,72]. Its steep walls present a drop of 300–400 m [68]. The Nisyros volcanic edifice was formed during the Late Quaternary and lies above an Alpine basement of Mesozoic limestones [73,74]. It is characterized by calc-alkaline pyroclastic deposits and lavas of basaltic andesitic, dacitic, rhyodacitic, and rhyolitic composition formed during several explosive cycles from 160 to 25 ka [69,75]. The caldera hosts a known hydrothermal field that includes prehistoric and historic hydrothermal craters (e.g., 1871–1873) (Figure 1b) [69].



In this study, we utilized the most recent “Geological Map of the Island of Nisyros (Dodecanese Archipelago)” 1:15,000 [68] which we digitized and georeferenced. The geological map synthesizes information from several previous geological maps of the area [71,72,76,77,78,79,80]. Within the caldera, 11 lithostratigraphic units (LSUs) are present (in terms of age and relative lithology) from the most recent to the older explosive cycles, as shown in Figure 2 and [68]. More specifically, the units are: (LSU1) debris flow and lacustrine deposits related to hydrothermal explosions that took place on the SW sector of the Nisyros caldera; (LSU2) rhyodacitic lava domes and voluminous lavas; (LSU3) rhyolitic lava flows with glass-rich flows, vitrophyric and perlitic facies, internal layering and folding, and amphibole-rich enclaves of basalt-andesitic composition creating a blocky flow surface covered by a paleosol; (LSU4) mainly lag-breccia (near-vent accumulated large lithics); (LSU5) rhyolitic dark grey, glass-rich lava flows and neck with reddish banding, perlitic textures, minor block, and ash flows deposits; (LSU6) basaltic andesite pyroclastic succession, which consists of base surges and pyroclastic flows; (LSU7) andesitic lava flow (max. 40 m) with sole of red scoria derived from northern and central eastern eruptive centers; (LSU8) andesitic pyroclastic sequence of (max. 35 m), from bottom to top, reddish pumice fall with fine layers of laminated surges, pyroclastic flows, surges, and final pumice fall located at the northern and northeastern caldera walls; (LSU9) basaltic andesite scoria-rich lava flows located at the northern and northeastern caldera walls; (LSU10) Quaternary volcano-sedimentary alluvial/beach deposits; and (LSU11) Quaternary volcano-sedimentary old and recent scree deposits.



Furthermore, Nisyros volcano is characterized by continuous surface expressions of hydrothermal activity. The caldera hosts a hydrothermal field with recorded prehistoric and historic hydrothermal craters (e.g., 1871–1873) placed along calc-alkaline series from basaltic andesites to rhyolites. The hydrothermal activity is expressed on the surface through an extensive fumarolic field at the southern part of Lakki plain (Figure 2) with characteristic hydrothermal craters [81,82,83,84,85,86]. The more severely altered terrains are located (1) at the central sector, where the debris and mudflow deposits of the historical hydrothermal eruptions occurred, and (2) at the Stefanos crater [68]. According to the records of two geothermal exploration wells (named Nis-1 and Nis-2 in Figure 2), the main zone that is expressed on the surface is the argillic zone [73,74]. The hydrothermal processes have led to the alteration of primary minerals of the initial volcanic lithologies to clay minerals followed by supplementary sulfur deposits. The complexity of the surface within the hydrothermal field of Nisyros is extremely high due to several mineralogical transformations linked to the advanced argillic alteration phenomena.



Hydrothermal alteration has also occurred outside the diffuse degassing structures along NE–SW striking faults. The NE–SW striking faults strongly control the location of the recent domes emplaced in the plain as well as the craters of the historical hydrothermal eruptions, located in the intersections between two conjugate major and three minor faults systems [69,70,81,86,87,88,89,90].



The hydrothermal activity has created a complex of intersecting craters, which are controlled by diffuse degassing structures [68]. In particular, the hydrothermal system is represented by five known hydrothermal craters, namely, Stefanos, Kaminakia, Phlegethon, Megalos Polybotes, and Mikros Polybotes in the southern Lakki plain [68,81]. In particular, (1) Stefanos crater has a floor of 240 m along the major NE-trending axis and 180 m along the minor NW-trending axis and a depth of 27 m [68]. It consists of fragments of andesitic lavas. From northwest toward the center of the caldera, the fragments decrease, their roundness increases, and they appear in alluvial beds. The grey color of this material is due to the advanced argillic alteration that has preceded the hydrothermal eruptions [86]. There is a red, fine-grained layer, which upon it hosts another hydrothermally altered deposit with 5–6-m thickness. The final product of alteration in volcanic rocks is usually white material rich in kaolinite clay and silica. This material is abundant in Nisyros caldera and especially within the crater. (2) The Kaminakia craters are located in the eastern part of the hydrothermal field with an average diameter of about 150 m and are partly filled by the talus of the caldera wall and by the deposits of Stefanos [86]. Kaminakia are the oldest hydrothermal craters whose exact age is unknown. (3) The central sector craters are located in the western part of the hydrothermal field. They are made up of fragments of the lava domes supported by fine-grained materials, rich in small gypsum crystals [86].



The Nisyros caldera is also known for the presence of epithermal gold in the Lofos dome area (82 ppb) and in the adjacent Profitis Ilias area (2500 ppb), which indicates the occurrence of important hydrothermal circulation phenomena [86].



During 1995–1998, Nisyros depicted signals of renewing activity, which included intense seismicity, ground deformations, significant variations in the geochemical parameters of fumaroles, and a progressive uplift and E–W extension of the central parts of the island and a possible magma input at greater crustal depth [76,91,92]. This progressive uplift led to a large N–S trending fracture, known as “Lakki rupture”, in the Lakki plain of the caldera in early December 2001 [91,93], where a surface stress release took place in the consolidated and cemented epiclastic and hydrothermal sediments of the caldera floor [68].




3. Materials


In the framework of this study, we used three satellite images from three different multispectral sensors, specifically one ASTER L1T image (acquired on 19 August 2003), one Landsat-8/OLI L1T image (acquired on 25 July 2017), and one Sentinel-2A MSI L1C image (acquired on 22 July 2017).



The Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER), which is aboard the Earth Observing System (EOS) TERRA platform, has 14 spectral bands and measures reflected radiation in three bands between 0.52 and 0.86 μm in the visible near infrared (VNIR) and in six bands from 1.6 to 2.43 μm in the shortwave infrared (SWIR), with 15- and 30-m resolution, respectively [94,95,96]. In addition, emitted radiation is measured at 90-m resolution in five bands between 8.125–11.65 μm (TIR). The swath width is 60 km. In this study, we used the nine VNIR-SWIR bands.



The Operational Land Imager (OLI) and Thermal Infrared Scanner (TIRS) instruments onboard the Landsat-8/OLI satellite collect image data for nine visible, near infrared (VNIR), and shortwave infrared (SWIR) bands and two longwave thermal (LWIR) bands [97,98]. In this study, we used the seven VNIR-SWIR spectral bands.



Sentinel-2 is a twin satellite constellation consisting of Sentinal-2A launched on 23 June 2015 and Sentinel-2B, which followed on 7 March 2017 [99]. The onboard Multispectral Imager Instruments (MSI) cover a field of view of 290 km and provide 13 VNIR-SWIR spectral bands with the ground sampling distance (GSD) of four bands at 10 m, six bands at 20 m, and three bands at 60 m [100]. The coastal band (band 1), water vapor band (band 9), and cirrus band (band 10) are at the same GSD of 60 m. Three red edge bands (i.e., bands 5, 6, and 7), one NIR band (band 8a), and two SWIR bands (bands 11 and 12) are the same at 20 m. Bands 2, 3, and 4 are three visible bands at a 10-m GSD as the shorter wavelength NIR band (band 8) [99].



Furthermore, for the purpose of this study, we digitized and utilized in the form of a classification map the most recent geological map of Nisyros, the “Nisyros Dodecanese Archipelago” sheet at a scale of 1:15,000 (digitized extract to the study area is shown in Figure 2) [68]. The geological map synthesizes information from several previous geological maps of the area [71,72,76,77,78,79,80] and presents the main hydrothermal alteration area as debris flow and lacustrine deposits related to hydrothermal explosions (yellow color in Figure 2).




4. Methods


The proposed methodology consists of two main parts, namely, the preprocessing of the datasets’ part and the main processing part. The flowchart of the methodological steps followed in this study is presented in Figure 3.



4.1. Preprocessing


The first preprocessing step was to atmospherically correct the datasets. The ASTER L1 and Landsat-8/OLI L1T images were atmospherically corrected using ENVI’s 5.5 FLAASH tool. The Sentinel-2B MSI L1C image was atmospherically corrected using the Sen2Cor processor version 2.8 within ESA’s SNAP software [101], which resulted in 12 spectral bands. All datasets were then resampled to 30-m spatial resolution and spatially subset (Figure 3) to the caldera of Nisyros. Finally, in order to exclude from further processing pixels with dense vegetation, the Normalized Difference Vegetation Index (NDVI) (Table 1) was calculated for each one of the three datasets and the respective mask was applied to each one of them in order to retain only pixels with NDVI values less than 0.3 (bare soil to sparse vegetation pixels). Finally, we co-registered the datasets using the ASTER image as reference.




4.2. Main Processing


4.2.1. Endmember Selection


Due to the low dimensionality of the multispectral data, only five endmembers were taken into consideration. Three endmembers represented the main distinctive lithologies in the area, the two primary volcanic lithologies (named hereafter “rhyodacites”, representing acidic to intermediary lava compositions, and “basaltic andesites”, representing basic to intermediary lava compositions) and alluvial/beach deposits (named hereafter “alluvial deposits”). Two endmembers represented the argillic hydrothermal alteration materials (named hereafter “hydroxyl-bearing alteration” and “sulfur”). Scree and other loose materials were not represented by endmembers due to their mixed compositions that included, among others, the two primary volcanic lithologies. Lacustrine deposits and mudflows related to hydrothermal explosions were of mainly clay composition (illite, kaolinite, and montmorillonite) and were represented by the hydroxyl-bearing alteration endmember.



For the endmember selection and extraction, two different approaches were followed: (1) pixel-based endmember selection [102] and (2) retrieval from the USGS spectral library. The pixel-based approach was followed for the retrieval of the four endmembers. More specifically, the endmembers “rhyodacites”, “basaltic andesites”, and “alluvial deposits” were extracted from the images by the use of regions of interest (ROIs). More specifically, first, we identified from the 1:15,000 digitized geological map [68] the areas corresponding to the different lithologies and then, by superimposing them to each dataset, we selected 9x9 ROIs within these areas, so that they were as far as possible from hydrothermal field. The means of the spectral signatures of the pixels within the identified ROIs were then computed and used as the endmembers for the respective lithologies. For the “hydroxyl-bearing alteration”, the endmember was retrieved by calculating the normalized hydrothermal alteration spectral index (NHASI) on each dataset, as shown in Table 2. The spectral signature of the pixel presenting the highest NHASI value was used as the “hydroxyl-bearing alteration” endmember for each dataset.



Finally, the sulfur endmember was retrieved from the USGS Spectral Library online Version 7 (pure mineral sulfur sample “Sulfur GDS94 Reagent BECKa AREF”), resampled to the spectral bands of each one of the three satellites. Figure 4 shows the plots of the spectral signatures of the endmembers for each multispectral dataset.




4.2.2. Spectral Unmixing


The   n = 5   endmembers were used in the SU process, which was applied separately to each dataset. In this study, we adopted the linear mixing model defined as:


  y =  ∑  i = 1  n   a i   x i   



(1)




where the spectral signature  y  of a certain pixel is assumed to be expressed as a linear combination of the spectral signatures of the selected endmembers    x i   s (   a i   s denotes the respective coefficients). Then, the abundances    a i    of the n = 5 endmembers were estimated via the unmixing process, which in our case utilized the least squares error criterion [65,105,106] in its unconstrained form.



Let us discuss briefly the geometrically perspective of the above criterion. The number of bands l specifies the dimensionality of the Euclidean space where the spectral signatures live. The unconstrained unmixing process projects the vector y of the spectral signature of the pixel under consideration to the  n -dimensional space  S  spanned by the vectors of the spectral signatures of the selected endmembers    x 1  , … ,  x n    and the abundances are the coefficients of the linear combination of    x 1  , … ,  x n    that defines the projection y′ of y on  S . Since the abundances are indicative of the correlation of y with the respective    x i   s, a negative abundance is likely to indicate reduced correlation between y and the respective    x i   . From this perspective, we set it equal to zero.



The unconstrained form of SU was selected because, in contrast to constrained SU forms (sum-to-one and/or non-negativity), it resulted in smaller residues than the constrained model.






5. Results


5.1. Endmember Spectra


The spectral signatures of the five endmembers selected for each dataset are presented in Figure 4. The endmembers of the two primary volcanic products (rhyodacites and basaltic andesites) generally showed low reflectances and, in the case of ASTER and Landsat-8/OLI, a similar pattern as well. However, they seemed to better differentiate in the NIR region of Sentinel-2 MSI between 0.7 μm and 1 μm. Compared to them, the alluvial deposits endmembers showed higher reflectances and, in general, the same pattern. They seemed to differentiate in the SWIR bands of ASTER and the NIR bands of Sentinel-2 MSI.



The hydroxyl-bearing alteration endmembers showed higher reflectance values than those of the endmembers of the two primary volcanic products [34] and alluvial deposits. In general, their spectral pattern differed from all other endmembers. Specifically, in ASTER it was differentiated between 0.55–0.8 μm, in Landsat-8/OLI in the SWIR region, and in Sentinel-2 MSI it differed in the whole spectral range. Finally, the sulfur endmember exhibited very high reflectance, compared to the other endmembers. In addition, it exhibited a significantly different pattern from all other endmembers in all three sensors. More specifically, it was featureless for the range of wavelengths between 0.6 μm and 2.4 μm, while it presented a characteristic steep slope between 0.4–0.6 μm. However, the latter was detected only by Landsat-8/OLI and Sentinel-2 MSI, since they had an adequate number of spectral bands in this spectral region.




5.2. Spectral Unmixing Results


The five abundance maps for each sensor (rhyodacites, basaltic andesites, alluvial deposits, hydroxyl-bearing alteration, and sulfur) issued from SU are presented in Figure 5. Its rows correspond to the endmembers and its columns to the sensors.



5.2.1. ASTER


The abundance map of rhyodacites in ASTER showed a broad spatial distribution throughout the whole study area (Figure 5a). The highest abundance values were observed around Lofos Dome, at the central sector craters (Phlegethon, Mikros, and Megalos Polybotes craters), around the Nis-1 and Nis-2 geothermal wells, inside of and at the south-southeastern rim of Stefanos crater and the southern and southeastern part of the study area. On the other hand, basaltic andesites showed high abundances at few specific locations where rhyodacites were present in low abundances (Figure 5d). The highest basaltic andesites abundances appeared only in a few pixels located inside Stefanos crater. A different pattern was observed for the alluvial deposits (Figure 5g). In particular, high abundances of alluvial deposits were observed in the northeastern part of the study area and southwest of Stefanos crater. It is worth noting that in certain areas, such as southwest of Stefanos crater and northeast of the study area at Nis-1 and Nis-2 geothermal wells, both rhyodacites and alluvial deposits appeared in high abundances. Concerning the hydroxyl-bearing alteration, the corresponding abundance map (Figure 5j) showed a distinctive pattern in the central part of the study area, presenting three main centers: (1) Lofos dome and the central sector craters, (2) southeast of and inside Stefanos crater, and (3) the outside rims of Kaminakia craters. There was also a distinctive NE-oriented linear high-abundance pattern west of Stefanos crater that seemed to follow the main NE–SW striking fault system within the caldera. Finally, the spatial distribution of sulfur (Figure 5m) generally followed the hydroxyl-bearing alteration pattern, with few local differentiations such as the inner part of Stefanos crater, Kaminakia craters, and the surrounding areas of the Nis-1 and Nis-2 geothermal wells.




5.2.2. Landsat-8/OLI


The Landsat-8/OLI rhyodacite abundance map (Figure 5b) included few pixels with high abundances northwest of Lofos Dome and north of the hydrothermal area of the central sector craters (Phlegethon, Mikros, and Megalos Polybotes craters) and south-southeast of Stefanos and Kaminakia craters. The spatial distribution of basaltic andesites was very limited and similar to the spatial pattern of rhyodacites (e.g., southeast of the central sector craters), as shown in Figure 5e. On the other hand, the alluvial deposits covered the largest part of the study area (Figure 5h). The highest abundances were observed at Lofos dome, the central sector craters, inside Stefanos crater, and the eastern part of the study area. Hydroxyl-bearing alteration (Figure 5k) showed a similar pattern with alluvial deposits (Figure 5h) and followed the same characteristic three-center pattern that was observed in the ASTER-corresponding result. High abundances were observed at Lofos dome and the related hydrothermal area of the central sector craters (Phlegethon, Mikros, and Megalos Polybotes craters), within Stefanos crater, and at the outer rim of Kaminakia craters. Finally, sulfur high abundances (Figure 5n) were mainly observed within the hydrothermal areas of the central sector craters (Phlegethon, Mikros, and Megalos Polybotes craters), east of and inside Stefanos and the outer rim of Kaminakia craters.




5.2.3. Sentinel-2 MSI


The Sentinel-2 MSI results showed that rhyodacites (Figure 5c) mainly appeared at the periphery of the study area in the form of scattered pixels of intermediate to high abundance. Basaltic andesites (Figure 5f) generally appeared in low abundances, except from few sparse pixels, at Lakki plain, inside Stefanos crater, and in the periphery of the study area. The alluvial deposits (Figure 5i) showed high abundances northeast of the study area around the Nis-1 and Nis-2 geothermal wells and inside Stefanos crater. The pattern of alluvial deposits resembled the corresponding alluvial deposits’ pattern of Landsat-8/OLI image and, in a larger extent, compared with the ASTER corresponding abundance map. Concerning the hydroxyl-bearing alteration (Figure 5l), the same distinctive spatial pattern was observed as in the ASTER and Landsat-8/OLI corresponding maps with the highest abundance values located at Lofos Dome, the central sector craters (Phlegethon, Mikros, and Megalos Polybotes craters), and inside Stefanos crater. Similar to the ASTER and Landsat-8/OLI corresponding results, the sulfur abundance spatial distribution (Figure 5o) generally followed the pattern of the hydroxyl-bearing alteration.






6. Discussion


The assessment of spectral unmixing results was carried out into three directions, namely, in terms of (1) the agreement of the unmixing results with the available geological information, (2) the agreement among the results obtained by the three sensors, and (3) the characteristics of the spatial distribution pattern of the hydrothermal alteration as they were mapped by the three sensors.



Since the assessment was carried out quantitatively, we first computed the following three quantities.




	(1)

	
Associating the “low”, “intermediate”, and “high” values of the hydroxyl-bearing alteration abundances with the “weak alteration”, “middle alteration”, and “strong alteration” categories given in the sketch map of the distribution of hydrothermal alteration in the hydrothermal field of the southern Lakki plain shown in [68], respectively, we calculated the confusion matrices and overall accuracies (one for each dataset) concerning NHASI, with respect to the reference map. In the same spirit, we associated the “low”, “intermediate”, and “high” values of the NHASI index with the “weak alteration”, “middle alteration”, and “strong alteration” categories given in the reference map and calculated the respective confusion matrices and overall accuracies. To achieve this, we digitized, georeferenced, and co-registered the sketch map. We then digitized the three different alteration categories and produced a classification map (named hereafter “reference map”) with three classes, namely, “weak”, “medium”, and “strong” alteration, as described by [68]. We then quantized the NHASI and hydroxyl-bearing alteration abundance maps into three groups. Specifically, let  X  denote a map that may be either an NHASI or a hydroxyl-bearing alteration abundance map. Neglecting the pixels of  X  where no alteration information is given by the reference map, we divided the range of values of the remaining pixels (which correspond to some degree of alteration) of  X  into three intervals as follows: Denoting by    n w  ,    n m  ,    n s    the number of pixels that were characterized as “weak”, “middle”, and “strong” alteration, respectively, in the reference map, the first (leftmost) interval contained the    n w    lowest values of  X , the next (middle) interval contained the next    n m    lowest values and, finally, the last (rightmost) contained the    n s    highest values of  X . Actually, this can be seen as a histogram equalization process of  X , with respect to the reference map. The pixels of  X  that were in the lower-valued interval were labeled as “low” value pixels, those that were in the second interval were labeled as “intermediate” value pixels, and those that were in the third were labeled as “high” value pixels. Then, we calculated the confusion matrix (CF). In our case, this was a   3 x 3   matrix where the rows corresponded to classes “weak” (first row), “middle” (second row), and “strong” (third row) from the reference map and the columns corresponded to the “low” (first column), “intermediate” (second column), and “high” (third column), associated with  X . The    (  i , j  )    entry of   C F   equaled the number of pixels that belonged simultaneously to the  i -th class of the reference map and  j -th interval of values in  X . For example, the (1,2) entry of   C F   contained the pixels that were characterized as “weak” alteration in the reference map and “intermediate” valued in  X . Based on the   C F  , the overall accuracy was the ratio of the sum of the diagonal elements of   C F   divided by the total number of pixels (recall that we are referring only to the pixels that were characterized as altered to some degree in the reference map). Table 3 contains the   C F  s and the associated overall accuracies (OAs) for all six maps (the NHASI index map and the hydroxyl-bearing alteration SU map, for each one of the three datasets).




	(2)

	
For each endmember, we calculated the percentage of its participation (in terms of number of pixels) within each one of the general lithologic types present in the study area. In order to facilitate the following discussion, we grouped the 11 LSUs present within the study area (described in Section 2) into five general lithologic types, namely, (1) acidic to intermediary lava flows and breccias (LSUs 2, 3, 4, and 5), (2) basic to intermediary lava flows (LSUs 6, 7, 8, and 9), (3) lacustrine and debris flows (LSU1), (4) alluvial/beach deposits (LSU10), and (5) scree deposits (LSU11). Then, for each endmember, we counted the number of pixels with positive abundances within each one of the five aforementioned lithologic types and we computed the corresponding percentage over the total surface. These percentages are presented in Table 4.




	(3)

	
For each one of the 11 LSUs, we calculated the percentage of surface containing pixels with “high” to “very high” hydroxyl-bearing alteration and sulfur abundance. To this end, we first quantized each of the hydroxyl-bearing alteration and the sulfur abundance maps into four groups. Specifically, we divided the range of values of the pixels of each map into four equally sized intervals and we counted the number of pixels lying in each one of them (according to their abundance value). Those that were in the lower-valued interval (they exhibited low abundance values) were labeled as “low abundance” pixels and those that were in one of the next three intervals were labeled as “intermediate abundance”, “high abundance”, and “very high abundance” pixels. Then, we counted the number of pixels showing high and very high abundance of hydroxyl-bearing alteration and sulfur inside each LSU and we calculated the corresponding percentages over the total number of pixels of each LSU. The results are presented in Table 5.









The discussion is organized in the following four sections that concern: (1) the comparison of the results obtained by SU with those obtained by the use of the alteration SI (NHASI) in terms of accuracy using the reference map, (2) the area of each primary lithology that was affected by the hydrothermal alteration (LSUs as depicted in the geological map and grouped in the aforementioned five lithologic types) as well as the area affected by strong alteration within each specific LSU, (3) the comparison of the results obtained by the three sensors, and (4) various aspects of the proposed processing methodology.



6.1. Comparison between SU and Alteration SI for Mapping Hydrothermal Alteration


In order to reveal the advantage of using the SU method to map hydrothermal alteration over the use of an alteration SI such as NHASI (that detects Al-OH bearing minerals), we compared the two corresponding maps, namely, the hydroxyl-bearing alteration abundance map and the NHASI map, with the reference map (Figure 6g). Although the NHASI maps from the three sensors (Figure 6a–c) captured the general pattern, they did not always successfully depict the different degrees of alteration or the correct spatial extent of the alteration field. This argument is also supported quantitatively through the OAs given in Table 3 (maximum OA ~50%). On the other hand, the corresponding hydroxyl-bearing alteration abundance maps issued from SU (Figure 6d–f) not only successfully mapped the alteration field (maximum OA ~60% in Table 3) but also showed that different abundance values (low, intermediate, and high) seemed to highlight the different degrees of alteration (weak, middle, and strong, respectively). Characteristic examples are the distinctive NE-oriented linear high-alteration abundance pattern west of Stefanos crater that seemed to follow the main NE–SW striking fault system within the caldera and the very characteristic halo that was created by mud and altered rocks, in the inner part of Stefanos crater and in the area of Megalos and Mikros Polybotes from the explosions of 1887. The advantage of SU over NHASI can be explained by the fact that the NHASI approach utilizes scalar information, relating only a few entries of the spectral signature of a pixel, while SU utilizes the entire spectral signature.



Although, SU systematically outperforms NHASI for all three sensors, the most significant differences between the two methods were observed in ASTER and Sentinel-2 MSI with the SU systematically providing the best results, meaning that the different alteration classes of the reference map were best represented by the three hydroxyl-bearing alteration abundance categories.



Focusing now to the more detailed information given by the   C F s  , one can observe that, more or less, all six results exhibited a difficulty in discriminating between the “middle” and the “strong” alteration, as they are defined in the reference map. However, this problem was more serious in the NHASI maps than in the SU maps.




6.2. The Hydrothermal Alteration Field


It is well known that the presence of clays and sulphates, which are argillic alterations, can be indicators of hydrothermally altered rocks in regions of known geothermal activity such the Nisyros caldera. Based on this fact, in this study, clays were represented by the hydroxyl-bearing alteration endmember, which corresponded to the pixel with the highest NHASI value, a well-known SI that takes into account the Al-OH feature at 2.2 μm.



From the results obtained from the application of the proposed methodology on the three multispectral datasets, it was observed that, in general, they all satisfactorily mapped the exposed alteration area of interest, especially ASTER and Sentinel-2. The result demonstrates that mapping alteration using a related hydroxyl-bearing alteration endmember can provide a reliable result (especially for the aforementioned two sensors). The results sufficiently delineated the spatial distribution of the argillic hydrothermal alteration (which encompasses the argillic alteration minerals kaolinite, montmorillonite, illite). Moreover, we were able to calculate the percentage of the total surface per lithology affected by alteration, due to the availability of a relative geological map [68]. In the sequel, we highlight the main locations where each lithology is met and we comment on the associated hydrothermal alteration results provided by the proposed methodology.




	(1)

	
Acidic to intermediary lavas and breccias (LSU2, 3, 4, and 5) are present in Lofos dome, locally at the five central sector hydrothermal craters and the west-northwest part of the study area (Figure 2 in red color). According to the results shown in Table 4, hydrothermal alteration seems to affect 10.3–12.5% of their total surface (Table 4). However, we observed that the only LSU that is partially affected by high to very high alteration (23–27% of the total surface) is LSU2, namely, the rhyodacitic lava domes and lavas of the last volcanic cycle of Post-Caldera Eruptive Cycle located at Lofos Dome and the central sector craters (Table 5). Accordingly, the supplementary sulfur deposits cover only 4.5–17% of the acidic to intermediary lavas’ surface (Table 4) and, as it is the case of hydroxyl-bearing alteration, high to very high sulfur abundances cover a very small surface of only LSU2 outcrops (0.4% to 4.7%) (Table 5). This result is in accordance with the documented severely altered terrains concentrated in the LSU2 zone due to their contact with hydrothermal fluids [68,76]. It is also worth noting here that SU also succeeded in mapping the very characteristic halo that is created by mud and altered rocks in the area of Megalos and Mikros Polybotes from the explosions of 1887 [68].




	(2)

	
Basic to intermediary composition lava outcrops (LSU 6–9): The outcrops of these formations are very limited, located in the southeastern part of the study area (Figure 2 in green color) as well as in the southeastern wall of Stefanos crater. In contrast with acidic to intermediary lavas, basic to intermediary lava compositions show low to intermediate hydrothermal alteration abundances, which cover less than 1% of their total surface (Table 5). A characteristic example is the presence hydroxyl-bearing alteration abundances mapped in the Stefanos crater wall (especially from ASTER data) which are in accordance with [86] where it is referred that the bottom of Stefanos crater consists of fragments of andesitic lavas exposed along the steep inner crater walls. Kaminakia crater is also partly filled by the talus of the caldera wall and by the deposits of Stefanos crater.
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Quaternary deposits: They include volcano-sedimentary alluvial/beach deposits and volcano-sedimentary old and recent scree deposits. In particular:




	3.1 

	
Volcano-Sedimentary Alluvial/Beach Deposits (LSU10)



They are loose materials of Quaternary alluvial/beach deposits constituting a mixture of epiclastic and sandy materials [68]. Hydroxyl-bearing alteration and sulfur deposits cover a relatively small fraction of the LSU10 surface (7–8.4%) (Table 4), while high to very high abundances of hydroxyl-bearing alteration cover 4.5–7.5% of their surface and sulfur deposits 0.2–2.6%, correspondingly (Table 5).




	3.2 

	
Volcano-Sedimentary Old and Recent Scree Deposits (LSU11)



They are denoted in light brown color in Figure 2. They are composed of loose materials that mainly contain primary volcanic products [68]. High to very high hydrothermal alteration abundances cover 6.7–8.5% of the total LSU11 surface but only 0.1–2.2% of the surface is covered by supplementary sulfur deposits (Table 5). Characteristic example of the successful mapping of alteration on scree deposits is the inner part of Stefanos crater where it is referred to as a transition from old and recent scree to more alluvial matrix materials, hydrothermally affected by advanced argillic alteration processes [86].










	(4)

	
Debris flows and lacustrine deposits (LSU1): They are mainly related to historical hydrothermal explosions within the caldera (Figure 2 in yellow color). They belong to the Hydrothermal Explosive Cycle [68] and are directly related to high hydrothermal alteration and sulfur presence. According to [68,76], the main hydrothermal alteration field is located south of Lakki, in the central sector, including Stefanos crater and Kaminakia crater, and at the central sector craters (Mikros, Megalos Polybotes, and Flegethon). All three hydroxyl-bearing alteration abundance maps show similar spatial patterns, which successfully map hydrothermal alteration in LSU1. Specifically, the alteration covers 49.9–54.5% of the total LSU1 surface (Table 4). High to very high alteration abundances are mainly observed in the northwestern part of the area and affect 20.6–27% of the total LSU1 surface (Table 5). Furthermore, the main accompanying product of fumarolic and hydrothermal activity in this sector is the supplementary sulfur. Sulfur is mainly mapped by SU in Stefanos and Kaminakia craters. Indeed, according to [68], there are diffuse fumaroles and mud pools with sulfur deposits at the southeastern floor of Stefanos crater and sulfur cascades from fumaroles at the southeastern part of Kaminakia crater. Sulfur covers an extensive area of the LSU1 surface (51.4–58.1%), presenting high to very high abundance values in 1.7–7.5% of the LSU1 surface.









Resuming the above, the SU results showed that the hydrothermal alteration field (including supplementary sulfur deposits) seems to affect all five general lithologies but to a different degree. Debris flows and lacustrine deposits located in the central area (LSU1) are, as expected, the most affected in terms of total surface and highest abundance coverage. Three other specific lithostratigraphic units are also affected, namely, LSU2, LSU10, and LSU11. Furthermore, hydroxyl-bearing alteration and sulfur show a characteristic spatial pattern, depicted by all three sensors, with three main centers located at Lofos Dome and the central sector craters, Stefanos crater and Kaminakia crater, where the highest alteration abundance values are observed. Additionally, a distinctive NE-oriented linear high-abundance pattern west of Stefanos crater seems to follow the main NE-oriented striking fault system within the caldera.




6.3. Comparison of the Overall SU Results among the Three Sensors


In this subsection, we broaden our focus from the hydroxyl-bearing alteration maps (resulting from the proposed methodology when applied on the three datasets) to the consideration of all the abundance maps produced for each one of the five endmembers that participated in the spectral unmixing. Considering Table 4, it was obvious that the results obtained by the proposed methodology when applied on the three different multispectral datasets did not exhibit significant differences in the sense that the percentage values of each endmember were distributed in a similar way among the five different lithologies (Table 4). Generally, there was a less-than-10% difference in the surface coverage of each endmember per lithology. Few exceptions include basaltic andesite in lacustrine deposits, rhyodacite in lacustrine deposits, and alluvial/beach deposits. This similarity may be attributed to the fact that the general pattern of the spectral signatures of the endmembers (Figure 7) used in this study was the same for all three sensors. From a geometrical point of view, this means that the subspaces defined by the endmember spectral signatures for each sensor were similar.




6.4. Methodology


The correct identification of the most representative endmember spectra as well as their number is undoubtedly the most critical step for a successful SU. Endmember identification is also a challenging procedure in the application of SU when working in natural heterogeneous environments or when using data of low dimensionality. The endmember spectra that are extracted from the same image are much more associated with the specific image features compared to library spectra. In addition, they capture the inherent effects related to the sensor and image acquisition conditions. This is the reason why in this study we adopted this option in order to extract four of the five endmembers.



However, two important practical limitations of the endmember identification process originate from the low spatial resolution (30 m) of the data as well as the limited number of spectral bands, which is generally the case when working with multispectral data. In this study, this problem was evident when attempting to identify “pure” signatures of rhyodacitic lavas, basaltic andesites (of scarce and very localized outcrops), and alluvial/beach deposits. Although the selected signatures were based on the geological map, they were most probably not representative of a single material, but were the spectral products of variable proportions of more than one composition (e.g., basaltic andesites and alluvial/beach deposits) or even different degrees of hydrothermal alteration. It was impossible to find totally pure endmembers in a 30 m pixel size across this particular area, which added a degree of uncertainty on the final SU results. This can be seen on the similarities between the rhyodacite and basaltic andesite endmembers extracted from the ASTER and Landsat-8/OLI images (Figure 4a,b). However, this difficulty did not seem to have a significant influence on the SU results.



Another general important issue in SU is the discriminability of endmembers, which depends on the spectral characteristics of the dataset, such as the number and position of the spectral bands in the electromagnetic spectrum. In the present case, there was the example of the spectral signatures of the two lava endmembers in the ASTER image, which showed a similar pattern but they were well distinguished by Sentinel-2 MSI due to Sentinel’s larger number of spectral bands in the VNIR region of the spectrum (Figure 4a,c). The same applies to the case of the spectral signatures of the alluvial deposits, lavas, and the hydrothermal alteration products.



An additional common confounding factor of the SU approach is within-class spectral variability especially when working with low-dimensionality data. This is why, in this study, we addressed this issue by selecting the average spectral signature of a 9 × 9 ROIs for the three primary lithology endmembers. Although this approach alleviates statistical fluctuations (up to some degree) in the specification of an endmember, there is still a degree of uncertainty in the unmixing results.



An additional difficulty we faced in this study was the quantitative evaluation of the results. To the best of our knowledge, the only reference information about the study area was the sketch map provided in [68]. Thus, in order to perform quantitative evaluation of the results, we proceeded to the digitization, georeferencing, co-registration and creation of a classification map of it. Although the resulting map was not an ideal one (due to the errors inserted during the previous processes such as the lack of reference points), it was the only way to implement quantitative evaluations. Of course, due to the previous issues, the obtained results (  C F  s and   O A  s) were useful only for the comparison of the alteration indices’ maps with the SU maps, in terms of a common reference.



Despite the above issues associated with endmember selection, within the present study area, the use of endmembers selected as described in Section 4.2.1 provided a satisfactory result, as shown in the quantitative assessments in Table 3.



It is also worth pointing out a general comment for the spectral unmixing process. Specifically, in several cases the use of the spectral unmixing poses a restriction to the number of the endmembers that can participate in the unmixing process. Speaking rigorously, this number should be less than the number of bands (dimension of the spectral signatures), while, in practice, this number should be significantly less than the number of bands (in our case the number of the endmembers (five) was smaller than the number of bands in each of the three sensors). This restriction can become less severe for hyperspectral datasets, where the number of the bands is significantly greater than the corresponding one in the multispectral data.





7. Conclusions


The aim of this work was to develop a methodology to map a hydrothermal field in a volcanic environment, by applying spectral unmixing on multispectral data from the ASTER, the Landsat-8/OLI, and the Sentinel-2 MSI sensors. The case study was the hydrothermal field in the volcanic environment of Nisyros. The unmixing results obtained by ASTER and Sentinel-2 MSI were better than those of Landsat-8/OLI. However, Landsat-8/OLI also followed the general alteration pattern (as was given in a sketch map in literature that was used as reference), however, at a lower degree of accuracy. This behavior may be attributed to the fact that the general pattern of the spectral signatures of each material endmembers used in this study was similar for all three sensors.



The main challenges faced in this study were the spatial resolution and the complexity of the composition of the existing formations. Despite these difficulties, the proposed methodology successfully mapped the hydrothermal alteration field (in reference to the produced classification map issued from the only existing sketch map of the distribution of hydrothermal alteration in the hydrothermal field of the southern Lakki plain in order to perform quantitative assessments). In addition, a new finding was revealed, namely, the fact that abundances can highlight different degrees of alteration better than conventional methods such as the use of spectral indices, especially in the case of ASTER and Sentinel-2 MSI.



Concerning the hydrothermal field of Nisyros caldera, our findings showed that mainly acidic to intermediary lavas and breccias are affected by alteration. Among these lavas, strong alteration affects only the rhyodacitic lava domes and lavas of the last volcanic cycle of Post-Caldera Eruptive Cycle located at Lofos Dome and the central sector craters. On the other hand, while only a relatively small fraction of the surface of the Quaternary deposits seems to be affected by hydrothermal alteration, the other main lithologies affected by the hydrothermal alteration, both in terms of affected area and intensity of the alteration, were the debris flows and lacustrine deposits at the center of the caldera. These formations are mainly related to the historical hydrothermal explosions and belong to the Hydrothermal Explosive Cycle. In addition, our results are in agreement with previous studies according to which the hydrothermal field of Nisyros caldera presents a characteristic spatial pattern with three main centers of strong alteration located at Lofos Dome and the central sector craters, Stefanos crater and Kaminakia crater.



Future investigations include the use of other spectral unmixing methods, both supervised (where the endmembers are predefined) and unsupervised (where both endmembers and abundances are estimated simultaneously), the investigation of the distribution of alteration-related minerals and the full exploitation of the spectral information (e.g., thermal bands) of the datasets.
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Figure 1. (a) Location of Nisyros island in the South Aegean Active Volcanic Arc (SAAVA) area (Greece). (b) Red square: atmospherically corrected Sentinel-2A MSI image of Nisyros island. 
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Figure 2. Digitized extract of the geological map of Nisyros (sheet “Map of the Island of Nisyros (Dodecanese Archipelago)”) focusing on the caldera hydrothermal field (scale 1:15,000) [68] with its legend. The lithostratigraphic units (LSU1 to LSU11) are presented in detail in the main text. There are five main hydrothermal craters, the two areas of Lofos dome (epithermal gold deposits) and Lakki plain. Nis-1 and Nis-2 correspond to the location of two official geothermal wells [73,74]. The background image is the Sentinel-2 MSI image. 
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Figure 3. Flowchart of the methodology followed in this study. 
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Figure 4. Plot of the five endmembers used in the SU procedure for (a) ASTER, (b) Landsat-8/OLI, and (c) Sentinel-2 MSI datasets. 
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Figure 5. Abundance maps of rhyodacites (a–c), basaltic andesites (d–f), alluvial deposits (g–i), hydroxyl-bearing alteration (j–l), and sulfur (m–o). Left column corresponds to ASTER, middle column to Landsat-8/OLI, and right column to Sentinel-2 MSI (pixels with dense vegetation are masked). Abundance colors vary from low (blue) to high values (red) and correspond to positive abundance values (zero values have been excluded). Basemap: World Imagery of ArcGIS 10.4, Source: ESRI, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community. 
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Figure 6. Top row: (a) alteration SI (NHASI) map, (b) hydroxyl-bearing alteration abundance map calculated from ASTER dataset; second row: (c) alteration SI (NHASI) map, (d) hydroxyl-bearing alteration abundance map calculated from Landsat-8/OLI dataset; third row: (e) alteration SI (NHASI) map, (f) hydroxyl-bearing alteration abundance map calculated from Sentinel-2 MSI dataset. Bottom row (g): reference map (in red: strong alteration >50%, in orange: 25–50% middle alteration, and in yellow: 0–25% weak alteration) (Source: [68]). 
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Figure 7. Comparison of the spectral signatures of each endmember in the spectral bands of each satellite sensor: (a) rhyodacites, (b) basaltic andesites, (c) alluvial deposits, (d) hydroxyl-bearing alteration, and (e) sulfur. Each material’s spectral signatures show significant similarities (especially rhyodacites and basaltic andesites) in all three sensors. 
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Table 1. NDVI formulation for ASTER, Landsat-8/OLI, and Sentinel-2 MSI images expressed in wavelengths.
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	ASTER [61]
	Landsat-8/OLI [61]
	Sentinel-2 MSI [61]





	      (  0.807    μ m  − 0.661    μ m   )     (  0.807    μ m  + 0.661    μ m   )      
	      (  0.864    μ m  − 0.6546    μ m   )     (  0.864    μ m  + 0.6546    μ m   )      
	      (  0.865    μ m  − 0.665    μ m   )     (  0.865    μ m  + 0.665    μ m   )      
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Table 2. The normalized hydrothermal alteration spectral index (NHASI) formulation for ASTER, Landsat-8/OLI, and Sentinel-2 MSI data, expressed in wavelengths.
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	ASTER [103,104]
	Landsat-8/OLI [61]
	Sentinel-2 MSI [61]





	      (  1.656    μ m  − 2.167    μ m   )     (  1.656    μ m  + 2.167    μ m   )      
	      (  1.609    μ m  − 2.201    μ m   )     (  1.609    μ m  + 2.201    μ m   )      
	      (  1.610    μ m  − 2.190    μ m   )     (  1.610    μ m  + 2.190    μ m   )      
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Table 3. Confusion matrices between the three alteration degree classes of the reference map (source [68]) (in lines) and the three categories of the quantized NHASI values and hydroxyl-bearing alteration abundances (issued from SU) (in columns). The overall accuracy is also shown in percentage. OA: overall accuracy.
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NHASI Low

	
NHASI Intermediary

	
NHASI High

	
SU Low

	
SU Intermediary

	
SU High






	
ASTER

	

	

	

	

	

	




	
weak alteration

	
165

	
212

	
69

	
233

	
159

	
44




	
middle alteration

	
131

	
291

	
195

	
56

	
356

	
188




	
strong alteration

	
36

	
114

	
182

	
19

	
85

	
204




	
OA

	
45.8%

	
59%




	
Landsat-8/OLI

	

	

	

	

	

	




	
weak alteration

	
204

	
181

	
60

	
206

	
188

	
49




	
middle alteration

	
91

	
317

	
209

	
47

	
337

	
216




	
strong alteration

	
18

	
119

	
176

	
17

	
75

	
178




	
OA

	
50.7%

	
54.9%




	
Sentinel-2 MSI

	

	

	

	

	

	




	
weak alteration

	
195

	
181

	
68

	
239

	
162

	
32




	
middle alteration

	
92

	
317

	
203

	
39

	
368

	
203




	
strong alteration

	
25

	
114

	
173

	
9

	
80

	
198




	
OA

	
50%

	
60.5%
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Table 4. Percentage of endmember within each general lithologic type present in the study area.
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	Rhyodacite
	Basaltic Andesite
	Alluvial Deposits
	Hydroxyl-Bearing Alteration
	Sulfur





	
	
	%
	%
	%
	%
	%



	ASTER
	
	
	
	
	
	



	Debris flow/lacustrine deposits
	
	32.3
	16.7
	30.3
	54.5
	51.4



	Acidic to intermediary lava flows and breccia
	
	11
	16.1
	9.6
	10.3
	17.2



	Basic to intermediary lava flows
	
	3.3
	5.6
	0.5
	1
	0



	Alluvial/beach deposits
	
	12.5
	23
	21.4
	7
	6.9



	Scree deposits
	
	40.9
	38.6
	38.1
	27.2
	24.6



	
	Total
	100
	100
	100
	100
	100



	Landsat-8/OLI
	
	
	
	
	
	



	Debris flow/lacustrine deposits
	
	17.9
	3.8
	39.4
	49.9
	56.7



	Acidic to intermediary lava flows and breccia
	
	8.2
	19.1
	13.3
	12.2
	4.6



	Basic to intermediary lava flows
	
	4.8
	5.4
	0.9
	0.4
	1.5



	Alluvial/beach deposits
	
	20.1
	24.6
	11.3
	8.4
	13.7



	Scree deposits
	
	49
	47.1
	35.1
	29.2
	23.5



	
	Total
	100
	100
	100
	100
	100



	Sentinel-2 MSI
	
	
	
	
	
	



	Debris flow/lacustrine deposits
	
	11.7
	11.3
	36.7
	53.5
	58.1



	Acidic to intermediary lava flows and breccia
	
	11.2
	16.5
	10.4
	12.5
	11.1



	Basic to intermediary lava flows
	
	4.3
	5
	1.2
	0.2
	0.4



	Alluvial/beach deposits
	
	25.1
	19.5
	13.8
	7.1
	7



	Scree deposits
	
	47.7
	47.7
	38.1
	26.6
	23.4



	
	Total
	100
	100
	100
	100
	100
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Table 5. Percentage of surface affected by high hydroxyl-bearing alteration within each LSU (described in Section 2).
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ASTER

	
Landsat-8/OLI

	
Sentinel-2 MSI




	
LSU

	
Hydroxyl-Bearing Alteration

	
Sulfur

	
Hydroxyl-Bearing Alteration

	
Sulfur

	
Hydroxyl-Bearing Alteration

	
Sulfur






	

	
%

	
%

	
%

	
%

	
%

	
%




	
1

	
27.0

	
1.7

	
21.4

	
5.9

	
20.6

	
7.5




	
2

	
23.4

	
4.7

	
21.7

	
0.4

	
27.2

	
3.0




	
3

	
0

	
0

	
0

	
0

	
0

	
0




	
4

	
0

	
0

	
0

	
0

	
0

	
0




	
5

	
0

	
0

	
0

	
0

	
0

	
0




	
6

	
0

	
0

	
0

	
0

	
0

	
0




	
7

	
0

	
0

	
0

	
0

	
0

	
0




	
8

	
0

	
0

	
0

	
0

	
0

	
0




	
9

	
0

	
0

	
0

	
0

	
0

	
0




	
10

	
7.0

	
0.2

	
4.7

	
0.5

	
7.5

	
2.6




	
11

	
8.5

	
1.3

	
7.4

	
0.1

	
6.7

	
2.2
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