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Abstract:



This study demonstrates the capability of Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) sensor data to remotely map industrial carbonate rocks known as the ‘Oman exotics’ of the Sultanate of Oman. We measured reflectance spectra of marble using a PIMA™ spectrometer and studied their spectral absorptions distinguishing calcite from spectral absorptions of dolomite of the same region. The spectral band 8 of ASTER is processed by simple decorrelation stretch image processing method to map the exotic limestone rock of the Nakhl region, Oman. Results showed that carbonate rocks displayed distinctive tonal variation on the image. A comparative study with the spectral band 7 of Landsat 7 (ETM+) does not discriminate the calcite-bearing marbles and associated carbonate formations in the studied area. ASTER data were also processed by the application of the Maximum Likelihood Classification (MLC), Spectral Angle Mapper (SAM) and Spectral Information Divergence (SID) image classification algorithms. The results were assessed by the production of a confusion matrix. The study shows the capability of visible near infrared (VNIR) and shortwave infrared (SWIR) spectral bands of the ASTER sensor and potential of the image processing methods to remotely identify industrial carbonate rocks and we recommend this technique to similar regions of the world.
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1. Introduction


Dimension stone is a natural stone with specific dimensions for use in the building industries. It includes limestone, marble, sandstone, gabbro, granite, serpentine, and gneiss [1]. The uses of dimension stone are based on several criteria such as (1) the likelihood of extracting blocks larger than 1 m2; (2) the engineering and geotechnical properties of the stone (e.g., compressive strength, water absorption, density, and porosity); (3) the appearance of the stone when cut and polished; and (4) the accessibility of the site of extraction [2]. Oman is endowed with huge natural resources for dimension stones. The major industries in Oman are based on industrial rocks and minerals mainly in the construction sector. Due to recent high economic developments in Oman, there is a corresponding increase in construction activities, relating to a high demand for construction materials (e.g., marble stones, aggregates). The identification of additional marble stone resources will provide encouragement for potential investors to develop more stone quarrying and stone processing industries.



Marble in a geological term is restricted to crystalline metamorphosed limestones. In Oman, the term “marble” is applied to rocks known as the ‘Oman exotics’. Rather than being true marbles, the Oman exotics are dense, white, and beige to yellow crystalline limestones. These limestones occur as isolated blocks within the allochthonous Hawasina Formation (Early Triassic to Cretaceous age) and are thought to represent ancient marine coral reef deposits [3]. The Hawasina Formation is well exposed in the Kawr, Hamrat, and Al Jil regions of Oman. These exotic limestones are used extensively as ornamental stones, tiles and slabs in the Oman construction industry and exported to nearby countries. However, details on the existence of exotic limestone resources, their economic potential and knowledge of exploration techniques are required to improve further exploitation. Especially, first-hand information on the occurrence, spatial distribution and physical, optical and chemical characters of the rock are still lacking. In this context, the satellite sensors appear as a strategic tool to remotely map exotic limestones utilizing image processing methods [4,5,6].



Mapping of industrial minerals and rocks has been carried out by several researchers using satellite data mainly Landsat series and ASTER sensors, and different image processing methods. These digital image processing methods include (1) false color composites [7,8]; (2) band ratios [7,9,10]; (3) principal components analysis [11,12]; (4) spectral angle mapper [13] and (5) decorrelation stretch [14,15,16]. In this study, we focus on comparing spectral bands 8 of ASTER and 7 of ETM+ (Enhanced Thematic Mapper Plus) to distinguish exotic limestone blocks for industrial resource development in the mountain region of the Sultanate of Oman.




2. The Exotic Limestone of Oman


The “exotic limestones of Oman” (hereinafter referred to as exotics) are Middle to Upper Permian and Upper Triassic age fossiliferous limestone. The rocks do not extend laterally but occur as isolated outcrops underlain by volcanic rocks (Early Permian to Lower Triassic). They are mainly calcirudite made up of calcite rich limestone rubble accumulated on top of sea mounts [3]. The detailed geological studies on the Hawasina rocks, volcanic and metamorphic rocks, and ophiolite sequence show the presence of these exotics in the Oman Mountains [3,17,18,19]. The exotics are classified mainly as (1) Shallow-marine Facies (Permian and Triassic ages); (2) Deep-water Facies (Permian-Triassic Jebel Qamar Facies and Triassic-Lower Jurassic Megabreccias); and (3) Syntectonic Sediments Facies (Upper Cretaceous Oolitic limestone). The shallow-marine facies exotics of Middle-Upper Permian are massive gray exclusively of coral-algal boundstones with differing amounts of bryozoa, stromatoporoids, and skeletal fragments, including brachiopods, gastropods, and echinoderm plates and occurred less than 100 m thick (rarely exceed 200 m). The exotics of Permian age are limited to thickness of 200 m and the Upper Triassic exotics have a thickness of almost 1000 m at Jebel Kawr [3].



This study discriminates and remotely maps exotic limestones of the Nakhl region (Figure 1; Latitude: 23°22′33.83″ N; Longitude: 57°48′47.25″ E) using spectral absorption features of ASTER data. The exotic limestones occur between the Hawasina Super Group Formations and the ophiolite sequences. The Hajar Super Group Formations, namely Saiq, Mahil, Sahtan, Kahmah and Wasia Formations are found under the Hawasina Formations in the Nakhl region, where the Saiq and Mahil Formations consist mainly of dolomites, and the Sahtan and Kahmah Formations consist of limestones [20].


Figure 1. Geology of Nakhl region (Source: Geological map of the Oman Mountains, KSEPL, 1974).
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3. Materials and Methods


3.1. Image Data-Set


In the present study, to map the exotic limestone and to demonstrate the carbonate sensitivity of spectral bands, we used the data of spectral bands of ASTER and Landsat 7 (ETM+). We obtained ASTER Level 1B data of 10 June 2007 (AST_L1B_00306102007065154_20110110233836_21418) for the Nakhl region from NASA Land Processes Distributed Active Archive Center User Services (https://LPDAAC.usgs.gov). All data were received in a Tag Image File Format, which provides files for each band containing the imagery and an ASCII text .met file containing the metadata. The imageries have cloud cover of 0%. The data were supplied in terms of scaled radiance at sensor data with radiometric and geometric corrections already applied. These are georeferenced to the Universal Transverse Mercator (UTM) projection (Zone 40, Clark 1980 spheroid, PSD93 datum, EPSG: 3440). During the pre-processing of the data sets, atmospheric correction was applied to eliminate the spectral effect of water vapour and aerosols. The raw radiance data from the imaging spectrometer was rescaled to reflectance data using Fast line-of-sight Atmospheric Analysis of Spectral Hypercubes (FLAASH) algorithm after the cross-track illumination correction using the ENVI™ (version 5.2) software (Harris Geospatial Solutions, Broomfield, CO, USA). The resultant image spectra were further used to compare the reflectance spectra measured in the field and laboratory [21].



ASTER measures visible reflected radiation in three spectral bands, infrared reflected radiation in six spectral bands and emitted radiation in five spectral bands. The sensor characteristics of ASTER are provided in Table 1 (for further details see http://asterweb.jpl.nasa.gov/content/03_data/04_Documents/aster_user_guide_v2.pdf). The higher spectral resolution of the ASTER data in the SWIR region with respect to the Landsat images and its numerous bands in the infrared wavelength range (six vs. two spectral bands) enhances its potential for surface mineralogical and lithological mapping. Indeed, ASTER spectral band 8 correspond to the diagnostic carbonate absorption near 2.31–2.33 μm in SWIR region whereas, band 14, which has an absorption peak at 11.2 μm in thermal infrared (TIR) wavelength region, is used to map carbonate minerals and carbonate bearing rocks. ASTER bands 1 and 3 contain ferric (Fe+3) and ferrous (Fe+2) irons absorptions such as 0.45 μm and 1.0–1.1 μm. The bands are useful in discriminating iron rich weathered surface [22,23,24]. In this study, the VNIR-SWIR spectral bands of ASTER (Table 1) were processed to remotely identify exotic limestone and associated rocks using ENVI™.


Table 1. Sensor characters of Landsat 7 (ETM+) and ASTER instruments.





	
Sensor Characters

	
Landsat 7 (ETM+)

	
VNIR

	
ASTER SWIR

	
TIR






	
Spectral bands with range (µm)

	
Band1 0.45–0.52

	
Band 01 0.52–0.60

Nadir looking

	
Band 04 1.6–1.7

	
Band 10 8.125–8.475




	
Band2 0.52–0.60

	
Band 02 0.63–0.69

Nadir looking

	
Band 05 2.145–2.185

	
Band 11 8.475–8.825




	
Band3 0.63–0.69

	
Band 03N 0.76–0.86

Nadir looking

	
Band 06 2.185–2.225

	
Band 12 8.925–9.275




	
Band4 0.77–0.90

	
Band 03B 0.76–0.86

Backward looking

	
Band 07 2.235–2.285

	
Band 13 10.25–10.95




	
Band5 1.55–1.75

	

	
Band 08 2.295–2.365

	
Band 14 10.95–11.65




	
Band6 10.40-12.50 *

	

	
Band 09 2.36–2.43

	




	
Band7 2.09–2.35

	

	

	




	
Band8 0.52-0.90 **

	

	

	




	
Spatial Resolution (m)

	
30

	
15

	
30

	
90




	
Swath width (km)

	
180

	
60

	
60

	
60




	
Radiometric Resolution (bits)

	
8

	
8

	
8

	
12




	
Cross Track Pointing

	

	
±318 km (±24 deg)

	
±116 km (±8.55 deg)

	
±116 km (±8.55 deg)








* Band 6 is acquired at 60 m spatial resolution but the product is resampled to 30 m; ** Spatial resolution of band 8 is 15 m.








This study uses Landsat 7 (ETM+) data acquired on 28 October 2000 for the Nakhl region since the data is cloud free and considered more suitable to compare with the ASTER data. Landsat 7 (ETM+) has six channels in the visible and reflected infrared regions (0.52 to 2.35 μm) and one channel in the thermal infrared region (10.4 to 12.5 μm; Table 1). To correct geometrical distortion of spectral bands, the bands (except thermal band) were resampled by nearest neighbor resampling method and orthorectified using geological and topographic maps [25] (used to identify nine ground control points in 1:100,000) in UTM projection coordinate system (Zone 40, Clark 1980 spheroid, PSD93 datum, EPSG: 3440). The estimated orthorectification of image precision of this study is 15 m [26]. The calibration of ETM+ images was based on established parameters [27]. A radiative transfer model was performed for each scene based on the Acronym 6S and 5S Codes [28,29]. The atmospheric transmission factors were calculated using the Modtran-4 code [30].




3.2. Characterization of Spectral Signature of the Exotic Limestone


In this study, the spectral absorptions of the exotic limestone are characterized using spectra of minerals stacked from the United States Geological Survey (USGS) Spectral Library for minerals (using ENVI™ in 0.3 to 2.5 µm) and by measuring spectra of exotic limestone and dolostone samples using spectrometer (in 1.3 to 2.5 µm). In order to understand spectral absorption features of the exotic limestone and massive dolomites (Mahil Formation of Oman) of study region, the reflectance spectra of representative field samples of the rocks were measured in the wavelength of 1.3 to 2.5 µm with the spectral resolution of 7 nm in SWIR region using a PIMA™ spectrometer. The instrument has a built-in wavelength calibration target plate and is capable of measuring spectra from 10 s to around 5 min speed. The instrument is provided with PIMA View Graph™ software (version 3.1; Integrated Spectronics Pty Ltd., Baulkham Hills, Australia) to process and study the spectra of samples. Spectra of more than 90 samples of exotic limestone (unweathered) were measured in the laboratory environment and spectra of selected samples are discussed in Section 3.3. Thin sections of selected samples were prepared to study the petrological characters of minerals of the samples. Moreover, the samples used for spectral studies were further powdered and analyzed using the X-ray powder diffraction method using X'Pert PRO (Malvern Panalytical, Almelo, The Netherlands) working, based on PW1710 (Cu: 1.54) for identification of minerals.



Study of spectral signatures of the exotic limestone is important to discriminate and map their occurrences and spatial distributions. Several studies have shown the absorption features of reflectance spectra of carbonate minerals [31,32,33,34]. Figure 2a shows the spectra of the predominant carbonate minerals, namely calcite (CaCO3), dolomite (CaMg(CO3)2), siderite (FeCO3), magnesite (MgCO3) and rhodochrosite (MnCO3) stacked from the USGS Spectral Library for minerals in the 0.3 to 2.5 µm spectral range. Figure 2b shows the spectra of field samples of the exotic limestone and dolostones (Mahil Formation of Hajar Super Group) of the study region measured with the PIMA spectrometer in the range of 1.3 to 2.5 µm.


Figure 2. Spectral plots. (a) Spectra of carbonate minerals stacked from the USGS Spectral Library for minerals in 0.3 to 2.5 µm (red vertical lines—calcite absorptions, pink ellipses—dolomite absorptions); (b) Spectra of exotic limestone and dolostone rocks measured in 1.3 to 2.5 µm (red vertical lines—exotic limestone absorptions, green vertical lines—dolostones absorptions); (c) Spectra of exotic limestone and dolostone rocks resampled to SWIR spectral bands of ASTER in 1.3 to 2.5 µm (black dashed line—carbonate absorption in ASTER band 8).
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The absorptions of calcite and dolomite minerals [33] and the exotic limestone and dolostone rocks in the study region are given in Table 2. As evident in Table 2 and Figure 2a, calcite and dolomite show unique spectral absorption features between 1.735 µm and 2.541 µm [33]. In particular, calcite minerals from the exotic limestones of study region show six absorption positions at 1.752, 1.875, 1.992, 2.154, 2.341 and 2.491 µm (Figure 2b, vertical lines in red). Here, the occurrence of absorption features around the 2.341 µm and 2.491 µm are due to the presence of carbonate, and the features around the 1.875 µm and 1.992 µm are due to the presence of calcium in the calcite mineral samples. The dolostones of Mahil Formation of study region shows five absorption positions at 1.863, 1.981, 2.144, 2.472 and 2.328 µm (Figure 2b, vertical lines in green). The occurrence of absorption features around the 2.328 µm and 2.472 µm are due to the presence of carbonate and the features around the 1.863 µm and 1.981 µm are due to the presence of calcium and magnesium in the dolomite minerals.


Table 2. Spectral absorption positions of calcite and dolomite minerals [33] and exotic limestones and dolostones in the SWIR region.





	Carbonate Band
	Calcite * Absorption (µm)
	Exotic Limestones Absorption (µm)
	Dolomite * Absorption (µm)
	Dolostones Absorption (µm)





	1
	2.530–2.541
	2.491
	2.503–2.518
	2.472



	2
	2.333–2.340
	2.341
	2.312–2.322
	2.328



	3
	2.254–2.272
	-
	2.234–2.248
	-



	4
	2.167–2.179
	2.154
	2.150–2.170
	2.144



	5
	1.974–1.995
	1.992
	1.971–1.979
	1.981



	6
	1.871–1.885
	1.875
	1.853–1.882
	1.863



	7
	1.753–1.885
	1.752
	1.735–1.740
	-









The different absorptions between the calcite and dolomite is due to the physical, optical and chemical compositions of these minerals in the exotic limestone and dolostone blocks [34]. Several studies show that calcite and dolomite can be distinguished and identified by variations in their absorptions between 2.33 µm and 2.45 μm wavelengths [6,33,34]. All the spectral plots and the values demonstrate that the carbonate minerals have unique absorptions and can be used significantly to study the spectral bands of satellite data and process them to discriminate rocks containing calcite or dolomite [31,33]. Figure 2c presents a spectral plot of the exotic limestones and dolostones of the study regions resampled to the SWIR bands (4 to 9) of ASTER to the wavelengths of 1.3 to 2.5 μm. It shows clearly that the carbonate rocks of study region have absorptions in the ASTER band 8 (black vertical dashed line in the Red band width) which can be used to discriminate exotic limestones.




3.3. Image Elaboration Methodologies


To discriminate the exotic limestone from the other rock types in the region, we utilized ASTER spectral bands 8, 3, 1 and the decorrelation stretch image processing method which was already applied in previous works [14,35,36]. The ASTER band 8 is selected to show the occurrence of calcite rich exotic limestone, the band 3 is chosen to highlight the very low response of the ferro-magnesium silicate minerals in the rocks associated with the exotic limestone, and the band 1 is preferred to characterise the iron rich ophiolites of the study region [36]. The decorrelated image of the study region is discussed in Section 5. The discrimination of exotic limestone is also compared and studied using Landsat 7 (ETM+) data. We processed spectral bands 7, 4 and 2 of Landsat 7 (ETM+), which are equivalent to the ASTER spectral bands 8, 3 and 1 (highlighted in Table 1), using the decorrelation stretching method.



The occurrence and spatial distribution of the exotic limestone of the Nakhl region (subset 882 × 840 pixels) is studied using VNIR-SWIR spectral bands of ASTER by the Maximum Likelihood Classification (MLC), Spectral Angle Mapper (SAM) and Spectral Information Divergence (SID) algorithms and assessed accuracy of the mapping by confusion matrix [37]. The ML Classification assumes that the statistics for each class in each band are normally distributed and calculates the probability that a given pixel belongs to a specific class [38,39]. Each pixel is assigned to the class that has the highest probability. If the highest probability is smaller than a specified threshold, the pixel remains unclassified [40,41]. SAM determines the spectral similarity between the spectra of each pixel and reference spectral end-members by calculating the angle between the vectors in a space with dimensionality equal to the number of bands [42,43]. The smaller angles represent closer matches to the reference spectrum; the pixels further away than the specified maximum angle threshold in radians are not classified. The SAM classification is tested to the study region using the spectral components identified by the pixel purity index (PPI) algorithms to the same samples of the respective classes of the MLC results. The threshold level is provided on the basis of reference spectrum range with the PPI iteration value of 5000 and the angle of 0.1 radians. The small angle is used to obtain high similarity of the endmember pixels. SID is a spectral classification method that uses a divergence measure to match pixels to reference spectra. The smaller is the divergence, the higher is the similarity between the pixel and the reference spectra. The pixels with a measurement greater than the specified maximum divergence threshold are not classified. The SID mapping is applied by studying the absorption characters of endmembers and ground truth Regions of Interest (ROIs) to compare the results of SAM and MLC methods [12,13]. The contingency matrixes and classification accuracies of all algorithms are provided and discussed in Section 4. The results of decorrelation stretch and confusion matrix were verified during field work carried out in this study.



The confusion matrix is analysed on the bases of training samples [44,45]. Ground-truth based training ROIs in the imagery were used since (1) the library and field spectra were not acquired under the same condition of the satellite imagery and (2) the image endmembers are directly associated with surface components detectable in the scene for accuracy assessment. To select ROIs, the absorption characters of minerals of the formations studied using the USGS spectral library (ENVI™), the spectra measured from field samples using PIMA™ spectrometer and the field study of different formations are considered. We used 11 main classes including the rock types of ophiolite sequence (Gabbro—G; Peridotite—P), the formations of Hajar Super Group (Hamrat Duru Group Fm.—HD; Exotic limestone—Ex), the Hawasina Super Group (Wasia Group Fm.—WG; Kahma Fm.—Ka; Sahtan Fm.—Sa; Mahil Fm.—Ma; Saiq Fm.—Sq), the Tertiary-Quaternary deposits (TQ) and the vegetation (V) [45,46,47]. We adopted stratified random sampling (collection of ROIs) of the diverse rock types in the region [47]. In this study, 264 samples were analyzed, representing a collection of 24 samples for each rock class.





4. Results


The decorrelated image of the ASTER spectral bands 8, 3 and 1 (Red: 8; Green: 3; Blue: 1) of the study region is given in Figure 3a. The image shows the exotic limestone of the shallow-marine facies of Nakhl region in bright yellow. The other formations associated with the exotic limestone are in different tones. The dolomite of the Hamrat Duru, Saiq and Mahil Formations appear in very light blue, dark blue, and blue respectively. The limestones of Sahtan, Kahmah and Wasia Formations appear in a mixture of pink, blue, and orange. In addition, the peridotites and gabbros of the ophiolite sequence appear in brownish dark green and brownish purple respectively. The image shows the Quaternary and Tertiary formations in red to light purple red (Figure 3a). The vegetation of the region appears in light green in the image. Topographic features and elevation changes are accentuated in this image enhancement technique.


Figure 3. Decorrelated images of (a) the spectral bands 8, 3 and 1 of ASTER and (b) the 7, 4 and 2 of Landsat ETM+ show the occurrences of exotic limestone and other formations of the Nakhl region.
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We compared the RGB 8, 3 and 1 ASTER decorrelation stretch with the RGB 7, 4 and 2 Landsat 7 (ETM+) decorrelation stretch (Figure 3a vs. Figure 3b). In the Landsat 7 (ETM+) image (Figure 3b), the exotic limestone appears in blue and the associated formations, namely Hamrat Duru and Mahil Formations, exhibit blue and a mixture of bluish green respectively. However, the image shows no differences in discrimination of the Saiq, Sahtan, Kahmah and Wasia Formations, which appear as a mixture of light blue and orange (Figure 3b). The peridotites and gabbros of the ophiolite sequence are shown in a mixture of light blue and green and are not appreciably discernable in Figure 3b.



To assess the accuracy of mapping of exotic limestone, the confusion matrix algorithms related to MLC, SAM and SID are applied to the Nakhl region. The results of matrixes are provided in Table 3. MLC shows the best overall accuracy of 99.15% and a Kappa Coefficient of 0.99 (Table 3a) while SAM and SID show an overall accuracies of 79.71% and 80.23%, and Kappa Coefficients of 0.76 and 0.77 respectively (Table 3b,c). The MLC algorithm identified the exotic limestone with the highest User’s accuracy of 100% (Table 3a). The best result of the matrix of Maximum Likelihood algorithm is provided in Figure 4a. The gabbro (G) and peridotite (P) of the ophiolite sequence, Kahma Formation (Ka), Sahtan Formation (Sa) and Mahil Formation (Ma) of the Hajar Super Group and vegetation (V) were identified with the highest level accuracy of 100%. The algorithm also provided the 100% Producer’s accuracies to the ophiolite rocks, Hajar Super Group formations, Tertiary-Quaternary deposits (TQ) and vegetation. No significant larger commission or omission errors are reported in the confusion matrix.


Figure 4. Images of (a) Maximum Likelihood Classification; (b) Spectral Angle Mapper and (c) Spectral Information Divergence show the occurrence and spatial distribution of lithological classes of the Nakhl region.
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Table 3. Confusion matrix of MLC, SAM and SID algorithms applied to the lithological classes of Nakhl region.





	
Class

	
G

	
P

	
HD

	
WG

	
Ka

	
Sa

	
Ma

	
Sq

	
Ex

	
TQ

	
V

	
Total

	
User’s Accuracy






	
(a) Confusion matrix of MLC algorithm




	
Unclassified

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	




	
G

	
100.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
7.95

	
100.00




	
P

	
0.00

	
100.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
12.61

	
100.00




	
HD

	
0.00

	
0.00

	
100.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.18

	
0.00

	
9.27

	
89.89




	
WG

	
0.00

	
0.00

	
0.00

	
100.00

	
0.65

	
0.00

	
0.00

	
0.00

	
0.00

	
2.12

	
0.00

	
6.60

	
98.40




	
Ka

	
0.00

	
0.00

	
0.00

	
0.00

	
99.35

	
0.00

	
0.00

	
0.00

	
0.00

	
0.23

	
0.00

	
4.33

	
100.00




	
Sa

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
100.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
3.26

	
100.00




	
Ma

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
98.92

	
0.00

	
0.00

	
0.00

	
0.00

	
5.10

	
100.00




	
Sq

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
100.00

	
0.00

	
0.00

	
0.00

	
10.28

	
98.49




	
Ex

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
1.08

	
0.00

	
100.00

	
0.00

	
0.00

	
3.68

	
100.00




	
TQ

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
97.46

	
0.00

	
29.37

	
99.40




	
V

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
100.00

	
7.56

	
100.00




	
Total

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	




	
Producer’s accuracy

	
100.00

	
100.00

	
100.00

	
99.35

	
100.00

	
98.92

	
100.00

	
100.00

	
97.46

	
100.00

	
100.00

	

	




	
Overall accuracy = 99.15%; Kappa coefficient = 0.99




	
(b) Confusion matrix of SAM algorithm




	
Unclassified

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
2.21

	
0.17

	




	
G

	
95.28

	
2.31

	
1.06

	
2.11

	
0.00

	
0.43

	
1.89

	
0.00

	
8.05

	
0.00

	
0.00

	
8.49

	
89.20




	
P

	
3.32

	
97.69

	
0.00

	
0.00

	
0.00

	
0.00

	
0.27

	
0.00

	
1.53

	
0.00

	
0.00

	
12.65

	
97.37




	
HD

	
0.17

	
0.00

	
64.40

	
0.47

	
11.00

	
5.11

	
5.12

	
0.00

	
0.00

	
0.05

	
0.37

	
6.92

	
59.71




	
WG

	
0.00

	
0.00

	
0.15

	
77.05

	
11.33

	
0.00

	
0.00

	
13.51

	
0.00

	
3.96

	
0.00

	
7.65

	
44.66




	
Ka

	
0.00

	
0.00

	
2.87

	
6.09

	
59.55

	
6.81

	
0.27

	
2.84

	
0.00

	
6.55

	
0.55

	
5.72

	
41.21




	
Sa

	
0.35

	
0.00

	
5.13

	
3.75

	
8.74

	
66.81

	
4.85

	
11.08

	
16.09

	
0.00

	
0.55

	
5.29

	
65.15




	
Ma

	
0.52

	
0.00

	
19.00

	
0.00

	
0.00

	
0.85

	
81.13

	
0.00

	
11.49

	
0.00

	
0.00

	
6.42

	
65.75




	
Sq

	
0.00

	
0.00

	
0.30

	
5.62

	
8.41

	
2.98

	
0.00

	
64.59

	
0.38

	
6.18

	
10.11

	
10.10

	
65.46




	
Ex

	
0.35

	
0.00

	
0.15

	
0.00

	
0.00

	
17.02

	
6.47

	
2.57

	
62.45

	
0.00

	
0.00

	
3.46

	
93.92




	
TQ

	
0.00

	
0.00

	
6.94

	
4.92

	
0.97

	
0.00

	
0.00

	
5.41

	
0.00

	
83.26

	
1.29

	
26.71

	
85.74




	
V

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
84.93

	
6.42

	
100.00




	
Total

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	




	
Producer’s accuracy

	
95.28

	
97.69

	
77.05

	
59.55

	
66.81

	
81.13

	
64.59

	
62.45

	
83.26

	
64.40

	
84.93

	

	




	
Overall accuracy = 79.71%; Kappa coefficient = 0.76




	
(c) Confusion matrix of SID algorithm




	
Unclassified

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	




	
G

	
94.06

	
1.32

	
0.15

	
0.00

	
0.00

	
0.00

	
2.16

	
0.81

	
12.64

	
0.00

	
0.00

	
8.31

	
89.97




	
P

	
1.92

	
98.68

	
0.00

	
0.00

	
0.00

	
0.00

	
0.27

	
0.00

	
2.30

	
0.00

	
0.00

	
12.70

	
98.03




	
HD

	
0.00

	
0.00

	
62.14

	
0.47

	
10.36

	
12.77

	
0.54

	
0.14

	
0.00

	
0.00

	
0.18

	
6.67

	
58.23




	
WG

	
0.00

	
0.00

	
0.00

	
75.41

	
19.74

	
0.00

	
0.00

	
5.81

	
0.00

	
5.86

	
0.00

	
7.68

	
34.33




	
Ka

	
0.00

	
0.00

	
0.30

	
13.58

	
59.55

	
0.00

	
0.00

	
10.68

	
0.00

	
9.50

	
1.29

	
7.45

	
33.47




	
Sa

	
0.35

	
0.00

	
19.31

	
7.49

	
5.18

	
71.91

	
2.96

	
15.41

	
9.96

	
0.00

	
1.29

	
7.01

	
76.67




	
Ma

	
0.00

	
0.00

	
8.45

	
0.00

	
0.00

	
2.13

	
86.79

	
0.00

	
14.18

	
0.00

	
0.00

	
5.83

	
84.57




	
Sq

	
0.00

	
0.00

	
0.30

	
1.41

	
4.85

	
3.83

	
0.00

	
62.97

	
0.00

	
0.18

	
9.01

	
7.65

	
62.60




	
Ex

	
3.67

	
0.00

	
2.41

	
0.00

	
0.00

	
9.36

	
7.28

	
1.08

	
60.92

	
0.00

	
0.18

	
3.53

	
95.82




	
TQ

	
0.00

	
0.00

	
6.94

	
1.64

	
0.32

	
0.00

	
0.00

	
3.11

	
0.00

	
84.46

	
0.55

	
26.56

	
85.83




	
V

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
87.50

	
6.61

	
100.00




	
Total

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	
100.00

	




	
Producer’s accuracy

	
94.06

	
98.68

	
75.41

	
59.55

	
71.91

	
86.79

	
62.97

	
60.92

	
84.46

	
62.14

	
87.50

	

	




	
Overall accuracy = 80.23%; Kappa coefficient = 0.77








G—Gabbro; HD—Hamrat Duru Group Fm.; Ka—Kahma Fm.; Ma—Mahil Fm.; Ex—Exotic limestone; P—Peridotite; WG—Wasia Group Fm.; Sa—Sahtan Fm.; Sq—Saiq Fm.; TQ—Tertiary-Quaternary deposits; V—Vegetation.








On the other hand, the SAM algorithm identified the exotic limestone with the User’s accuracy of 93.92% and Producer’s accuracy of 83.26% (Table 3b; Figure 4b). Gabbros and peridotites are characterized by User’s accuracies of 89.20% and 97.37% and Producer’s accuracies of 95.28% and 97.69% respectively. The formations of Hamrat Duru Group and Hajar super Group have relatively low User’s accuracies from 41.21% to 65.15% and Producer’s accuracies from 59.55% to 77.05% (Table 3b). The SAM produced 100% User’s accuracy for vegetation. SID algorithm identified the exotic limestone with the User’s accuracy of 95.82% and Producer’s accuracy of 84.46% (Table 3c; Figure 4c). The algorithm recognized gabbro and peridotite with the User’s accuracies of 89.97% and 98.03% and Producer’s accuracies of 94.06% and 98.68% respectively. The algorithm produced User’s accuracies of 58.23%, 76.67%, 84.57% and 62.60% for Hamrat Duru formations, Sahtan, Mahil and Saiq Formations of Hajar Super Group respectively (Table 3c). The vegetation of the region is identified with 100% User’s and Producer’s accuracies.



Field and Laboratory Studies


To evaluate the capability of spectral bands of ASTER, the interpreted images are verified in the field for the occurrence and distribution of the exotic limestone and other formations. In the field, the exotic limestone of Nakhl region occurs as small seamounts about 100 to 200 m thick. The exotic limestone is underlain by Haybi volcanic rocks (Figure 5a) and occurred in between Hawasina formations (Figure 5a) and Semail ophiolite sequence (Figure 5b). The exotic limestone is coral seamounts appearing in gray with massive amounts of brachiopods, gastropods and other fossils fragments (Figure 5c). In hand specimen, the limestone shows presence of coral reefs filled with calcite cement and micrite (Figure 5d). Under the microscope, occurrence of the calcite minerals rich coral fibers with fossils skeletal fragments are observed in the exotic limestone of the shallow marine facies (Figure 5e,f). The X-ray powder diffraction (XRD) analysis of the sample confirms the minerals of the exotic limestone (Figure 6a,b).


Figure 5. Field photographs. (a) Exotic limestones of shallow marine facies; (b) Peridotite and Gabbro; (c) Massive grey exotic limestone; (d) Fossil shell fragments; Photomicrographs (crossed polarized) of (e) Fossils; (f) Corallines in the exotic limestones of shallow marine facies.
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Figure 6. XRD analysis shows the presence of calcite minerals in the exotic limestones of Nakhl region.
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5. Discussion


In this study, the absorption wavelengths of the exotic limestone 2.333–2.340 µm (Table 2) is correlated to the wavelength of the ASTER band 8 which is 2.295–2.365 µm and the Landsat 7 (ETM+) band 7 2.09–2.35 µm. The effectiveness in recognizing the exotic limestone is much better for the ASTER sensor due to its narrow band 8. Indeed, the decorrelation of ASTER spectral bands 8, 3 and 1 well discriminated the exotic limestone of the shallow-marine facies of Nakhl region in bright yellow (Figure 3a). In particular, the discrimination is due to the spectral absorption of calcite in the exotic limestone. The decorrelated ASTER RGB 8, 3, and 1 color composite differentiated also the other formations with different tones in different topographic contexts (wadis and mountains). On the other hand, the decorrelated image of spectral bands 7, 4 and 2 of the Landsat 7 (ETM+) (Figure 3b) showed the exotic limestone in blue and the associated formations in a mixture of bluish green. However, this image is not able to discriminate the Saiq, Sahtan, Kahmah and Wasia Formations, that appear as a mixture of light blue and orange. The discrimination is due to the absorption of dolomite minerals in the formations. The peridotites and gabbros of the ophiolite sequence are shown in a mixture of light blue and green and are not discriminated appreciably in the Figure 3b. In contrast, they are well discriminated in brownish dark green and brownish purple respectively in Figure 3a. The tonal variations in the discrimination of ophiolite sequence and Hawasina Formations are due to their absorptions at bands 3 and 8. The wider bandwidth of Landsat 7 (ETM+) is not efficient enough to discriminate exotic limestone and the other formations (Figure 3b).



The accuracy exotic limestone mapping through image classification algorithms such as MLC, SAM and SID was assessed using a confusion matrix which has taken ground-truth based training ROIs as reference. According to the results of the confusion matrixes, Nakhl region showed the best overall accuracy of 99.15% and the Kappa Coefficient of 0.99 was obtained by the MLC algorithm (Table 3a). The SAM and SID produced overall accuracies of 79.71% and 80.23% and Kappa Coefficients of 0.76 and 0.77 respectively. The MLC algorithm distinctly identified the exotic limestone with the highest User’s accuracy of 100% and Producer’s accuracy of 97.46%. The high overall accuracy of 100% is due to the presence of distinct composition in the exotic limestone. A comparative assessment for mapping accuracy of exotic limestone using the SAM and SID algorithms showed the User’s accuracies of 93.92% and 95.82% and Producer’s accuracies of 83.26% and 84.46% respectively (Table 3; Figure 4b,c). If compared to MLC, both algorithms poorly identified the ophiolite sequence and the formations of Hamrat Duru Group and Hajar super Group (Table 3a–c; Figure 4a–c). However, the identification of sequence and formations by the SID algorithm is better than the SAM algorithm. It can be assessed that all the algorithms identified the vegetation with maximum accuracy of 100%. Field verifications have further confirmed the occurrence of exotic limestone in the Nakhl region. The limestone is underlain by Haybi volcanic rocks and occurred in between Hawasina formations and Semail ophiolite sequence. It consists of fossil fragments of the brachiopods, gastropods and coral reefs filled with calcite cement and micrite. The spectral reflectance measurement of samples of the exotic limestones of Nakhl region confirmed carbonate absorptions near 2.341 and 2.491 μm (Figure 2b,c; Table 2). The study of thin sections of exotic limestone under the microscope showed the presence of calcite minerals rich coral fibers with fossils skeletal fragments. The analysis of powder samples of exotic limestone by X-ray powder diffraction (XRD) method further confirmed the minerals of the exotic limestone.




6. Conclusions


In the present study, the exotic limestone of the shallow-marine facies of Nakhl region is mapped using the VNIR-SWIR spectral bands of ASTER. The spectral absorption characters of the exotic limestone and dolostone are studied and the spectral bands 8, 3 and 1 of ASTER are processed by decorrelation stretching method. The decorrelated image (R:8; G:3; B:1) clearly discriminated the exotic limestone in bright yellow. A comparative study with the decorrelated spectral bands 7, 4 and 2 of the Landsat 7 (ETM+) demonstrated that the narrow bandwidth at wavelength range 2.295–2.365 μm of ASTER is superior in the discrimination of the exotic limestone. According to the accuracy assessment through confusion matrixes applied on MLC, SID and SAM, the overall accuracy in discriminating rock types was very high (99%) for the MLC algorithm. Similarly, the MLC classification clearly identified the exotic limestone with the highest User’s accuracy of 100%. SID algorithm is relatively better than SAM in the mapping of ophiolite sequence and formations of Hamrat Duru Group and Hajar super Group. All the algorithms identified the vegetation with maximum accuracy of 100%. The mapping of exotic limestone has been validated through the field and laboratory studies. The occurrence of exotic limestone and associated rocks are verified in the field; the mineralogy of the exotic limestone is studied under microscope and by XRD analysis. This study characterized the spectral properties of the exotic limestone (Oman marble), demonstrated the capability of spectral bands of the ASTER sensor, and the potential of decorrelation image processing method to remotely map exotic limestones commonly referred to as the Oman marble. We believe that these techniques for exotic limestone detection can be widely used in other arid regions for industrial rock resources as well as for exploration and mining geology.
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