SQU Journal for Science, 2014, 19(2), 37-52
© 2014 Sultan Qaboos University

Recognition of Minerals Using Multispectral
Remote Sensing Data: A Case Study in the
Sultanate of Oman

Sankaran Rajendran‘*and Sobhi Nasir?

'Department of Earth Sciences, College of Science, Sultan Qaboos University, P.O. Box: 36,
Al-Khod, PC 123, Muscat, Sultanate of Oman, ?Center for Earth Sciences, Sultan Qaboos
University, P.O. Box: 36, Al-Khod, PC 123, Muscat, Sultanate of Oman. *Email:
rajendra@squ.edu.om.

ABSTRACT: The present study demonstrates the capability of a multispectral sensor for the detection of the
minerals in the rocks surrounding the Rusayl and Al Jafnayn regions, Sultanate of Oman. The study of spectral
absorptions of rocks and minerals in the visible and near infrared (VNIR) and short wavelength infrared (SWIR)
spectral bands of the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) using the
Spectral Angle Mapper (SAM) supervised image classification technique has provided information on the
occurrence of minerals in the rock types of the regions. The study shows the occurrence of carbonate minerals in
the limestone formations and of poorly altered silicate minerals in the basic dyke rocks of the study regions. The
analysis of minerals over the ancient terraces and recent alluvial deposits show that the deposit materials are
derived from the dykes and foliated gabbro source rocks. The image interpretation is compared to the geological
map, verified in the field and confirmed through laboratory analyses. The satellite data and the image processing
techniques used have potential in the recognition of minerals in the rocks of the study region and could be used in
similar arid regions elsewhere in the world.
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1. Introduction

emote sensing is a cost-effective alternative technique to other expensive and time-consuming tools for mapping
different lithological units and structures in geological studies. The technique is widely used in regions which
have extremely rugged topography where it is difficult to do dense sampling and detailed conventional geological
mapping. Multispectral satellite images acquired by remote sensing play a vital role in mapping of lithological
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formations and have the capability of providing information on the occurrence and distribution of minerals and rocks
[1-8]. Satellite data and image processing techniques are used to map ophiolite sequences, chromite potential zones,
hydrothermal mineralized zones, carbonates and carbonatite rocks in the arid region of the Sultanate of Oman [1, 9-12].
Studies using hyperspectral remote sensing data have also been carried out on the Oman ophiolite sequences [13-18].
However, study of the application of multispectral remote sensing technique to the occurrence of minerals within rocks
is limited. It is potentially important in the field of geological mapping and exploration of mineral resources and useful
for exploration and mining companies. Therefore, in the present study, an attempt is made to demonstrate the capability
of multispectral ASTER satellite data in the recognition of minerals and rock types of the Rusayl and Al Jafnayn
regions, near Muscat in the Sultanate of Oman (Figure 1) using VNIR and SWIR spectral bands by applying the
Spectral Angle Mapper (SAM) supervised image classification method. The spectral sensitivity of carbonate rocks of
the regions in ASTER VNIR-SWIR-TIR spectral bands has been studied by Rajendran and Nasir [19].
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Figure 1. (a) Regional geology and structure map of the Oman Mountain area (after [20]) showing the location of the
Rusayl and Al Jafnayn region, (b) the ASTER RGB image (R:3; G:2; B:1) showing the sample locations in the study
region.

2. Geology of the Rusayl and Al Jafnayn regions

The geology in and around the Rusayl and Al Jafhayn region was studied by Rajendran and Nasir [19]. The
region mainly consists of sedimentary formations of Tertiary and Quaternary age which are underlain by an
allochthchonous unit, the Samail nappe (Figure 2). The major rock types of the region are lower nodular limestones
(Lm) and upper nodular limestones (Ulm) of Tertiary age distributed at the centre of the region. The alluvial fans and
wadi alluvium of Recent to Sub-Recent Quaternary age occur between the lower and upper nodular limestones. The
lower nodular limestone is associated with fossilized yellow marl formations (Ym- interlayered by brown sandstone,
and Yml- Yellow marl with large foraminifera), whereas the upper nodular limestone is mainly associated with the
Recent to Sub-Recent alluvial fan sediments (RIm). The alluvial terrace consists of materials from dykes and gabbros
dominated by the iron-rich mafic silicate minerals. The occurrence and spatial distribution of other sedimentary
formations of the region are shown in Figure 2. Sheeted dyke (SD), consisting of doleritic and basaltic dykes occurs in
the SW of the region.
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Figure 2. Geological map of the Rusayl and Al Jafnayn region [19, 21].

3. Spectral characteristics of minerals and rocks

Minerals in rocks respond uniquely to different electromagnetic wavelengths and create a diagnostic spectral
signature [22, 23] which conveys information on the composition of the rocks. Several studies on minerals and rocks
using absorption features of reflectance spectra in the spectral bands have been conducted by a number of authors [23-
32]. Hunt and Salisbury [33], Hunt et al. [34], Hunt and Ashley [35] and Blom et al. [36] have studied the spectra of
fresh and weathered surfaces of igneous rocks and stated that strong absorptions in the spectrum of visible and near
infrared region are due to the presence of iron contents. The ferrous iron (Fe*?) in the octahedral coordination of
clinopyroxene (high Ca-pyroxene) causes an absorption of around 1.0-1.1 pm and in the six fold coordination of
olivine and pyroxenes, produces around 0.9-1.1 um due to the electronic transition. Olivine produces broad absorption
around 1 pm. The ferric iron (Fe™) in weathering products is responsible for absorption at wavelengths shorter than
about 0.55 pm due to the charge transfer, giving rise to the visible red color which is characteristic of ‘iron staining’.
The vibrations involving the OH stretch and metal-OH bend occur within the 2.0 to 2.5 pum wavelength region. The
Al-OH and Mg-OH minerals show absorptions close to 2.2 um and 2.3 pum respectively [31, 37]. In addition to this, the
carbonate minerals such as calcite (CaCOjz) and dolomite (CaMg(CQ3),) have diagnostic spectral absorption features
which can be used to distinguish them from each other [24, 26-29, 38]. Hunt and Salisbury [33] found that the calcite
absorption is centered at 2.35 pm and dolomite at 2.33 pm. In 1994, Van der Meer concluded that calcite absorption is
centered at 2.3465 um and dolomite at 2.3039 um. Recent studies carried out by Rajendran et al. [12], Rajendran and
Nasir [19, 39], Mars and Rowan [40], Combe et al. [15] and Clenet et al. [18] have described the absorption characters
of the carbonate and silicate minerals of certain rocks in Oman. Study of Rajendran et al. [12] shows that the major
rocks of the study region are the carbonate rocks (lower nodular limestones and upper nodular limestones) and the
sheeted basaltic dykes. There are also minor occurrences of the Recent to Sub-Recent alluvial fans and wadi alluvium.
The limestone predominantly consists of dolomite and calcite carbonate minerals, and the dykes are rich in pyroxenes,
amphiboles and plagioclase silicate minerals. The minerals of the rock types are recognisable from satellite images that
cover the wavelengths discussed above.

To understand in detail the absorption characters of such minerals and rocks in the VNIR and SWIR regions, the
spectral plots of the major minerals (Fig. 3a, spectra offset for clarity stacked from the USGS Spectral Library for
minerals, Envi 5) and rocks (Figure 3b, spectra stacked from the Johns Hopkins University Spectral Library, Envi 5)
are given in Figure 3. The carbonate minerals (calcite and dolomite) show absorptions of around 2.3 pum (line of
carbonate absorptions) due to C-O bonding in their contents, and the silicate minerals such as olivine, augite, enstatite,
hypersthene and hornblende show absorptions in the range of 0.9-1.1 um (the region of iron absorptions) due to the
presence of ferrous iron in their coordination. Minerals like hornblende and mica show light and shallow absorptions in
1.4 ym and 2.3 pm due to the presence of the OH groups in their contents. The plagioclase and quartz show
absorptions around 0.6 pm, 1.4 um and 2.1 pum. The absorptions of such mineral bearing rocks as limestone
(fossiliferrous limestone) and dykes (basalt and diabase) show strong major absorptions around 2.3 um and 1.1 pm
respectively. The absorption of limestone around 2.3 um is due to the presence of carbonate minerals in the rock and
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absorptions around 1.1 um are due to the presence of the iron-rich major silicate minerals in the dyke rocks. Since the
ASTER spectral band 8 falls in SWIR region is characteristic to diagnostic CO32-absorption near 2.31-2.33 pm
wavelengths, the band can be used to detect the carbonate minerals and discriminate rocks bearing them. As well as
this, the ASTER band 3 can be used to detect the iron-rich minerals (which have absorptions around 0.9-1.1 pum
wavelengths) and discriminate mineral bearing rocks like dykes. Also, the hydroxyl and water molecule bearing rocks
have absorptions around 1.4 um, 1.9 um and 2.3 pm, and these can probably be detected in the ASTER bands 4 and
band 8. The ASTER band 6 facilitates the mapping of mica and clay minerals due to AI-OH absorption occurring close
to a 2.20 um wavelength [40-42].
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Figure 3. Spectral plots of (a) the major minerals (spectra offset for clarity) and (b) the rocks of the study region
showing the carbonate and iron absorptions in the VNIR-SWIR regions.

4, Satellite data

ASTER data have frequently been used to map silicate and carbonate rocks of arid regions, as well as for volcanic
studies [39, 40, 43-46]. There is an ASTER sensor on board the earth-observing system (EOS) TERRA platform, launched in
December 1999 [47]. This sensor records visible reflected radiation in three spectral bands (VNIR between 0.52 and 0.86 um,
with 15-m spatial resolution), shortwave infrared reflected radiation in six spectral bands (SWIR between 1.6 and 2.43 um,
with 30-m spatial resolution) and emitted thermal infrared radiation in five spectral bands (between 8.125 and 11.65 pm, with
90-m spatial resolution) (Table 1). It also records the data in band 3B (0.76-0.86 um) with a backward looking angle that
enables the calculation of Digital Elevation Model (DEM). The inclusion of spectral bands in the SWIR region enhances the
surface mineralogical and lithological mapping.

In the present study, 14 ASTER Level 1B (L-1B) data (AST_L1B_00303292004065157_ 20101106004827_15688)
dated March 29, 2004 of the study region were obtained from NASA Land Processes Distributed Active Archive Center User
Services, USGS Earth Resources Observation and Science (EROS) Center (https://Ipdaac.usgs.gov). The data were received
in Tag Image File (TIF) Format which provides files for each band containing the imagery and an ASCII text. meta file
containing the metadata. These were supplied in terms of scaled radiance at-sensor data with radiometric and geometric
corrections applied. The images were checked and found to be cloud cover of 0% and were rectified for sensor errors, such as
banding and other geometric distortions. The images were georeferenced in the UTM projection and WGS-84 ellipsoid
datum. We used nine VNIR and SWIR spectral bands of the study area resampled to 15 mts. spatial resolution. The data were
processed and interpreted to demonstrate the occurrence of minerals in the rocks using ENVI (5) and ArcGIS (10.1) software.
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Table 1. Sensor characteristics of ASTER instruments.

Sensors

Characteristics

ASTER

VNIR

SWIR

TIR

Spectral bands

Band 01 0.52-0.60

Band 04 1.6-1.7

Band 10 8.125-8.475

with range (um) Nadir looking
Band 02 0.63-0.69 Band 05 2.145-2.185 Band 11 8.475-8.825

Nadir looking
Band 03N 0.76-0.86 Band 06 2.185-2.225 Band 12 8.925-9.275

Nadir looking

Band 03B 0.76-0.86

Band 07 2.235-2.285

Backward looking

Band 08 2.295-2.365
Band 09 2.36-2.43

Band 13 10.25-10.95

Band 14 10.95-11.65

Spatial 15 30 90
Resolution (m)

Swath width 60 60 60
(km)

Radiometric 8 8 12

Resolution (bits)
Cross Track
Pointing

+ 318km (* 24 deg) + 116km (z 8.55 deg) + 116km (x 8.55 deg)

5. Methodology

Initially, the major rock types of the Rusayl and Al Jafnayn region were discriminated by developing a simple
colour composite image [19, 48] using the ASTER spectral bands 8 (2.295-2.365 Im), 3 (0.78-0.86 Im), and 1(0.52—
0.60 Im). Here, the band 8 was chosen to show the carbonate minerals bearing limestone formations, and the ASTER
bands 1 and 3 are selected to characterize the iron bearing silicate minerals and dyke rocks of the region. Subsequently,
the minerals of the rock types of the region were studied using SAM method based on the “Spectral Hourglass” scheme
[12, 49-51]. SAM encompasses tools such as Minimum Noise Fraction (MNF) transformation, Pixel Purity Index (PPI)
and n-Dimensional visualizer, and classifies minerals based on library spectra [12, 49-52]. The SAM method is one of
the widely accepted and popular image processing techniques for hyperspectral image processing, which can also be
used in lower spectral resolution systems [12, 49-53]. The method applied on VNIR and SWIR spectral bands
determined the inherent dimensionality of MNF image data [54] which contains the increase of noise from MNF bands
1 to 9. These bands were further processed to determine the most spectrally pure pixels, and contain mineral
information of the image by PPI providing the PPI iteration value of 10,000 (the maximum), the default threshold value
of 2.5 and the SAM angle of 0.15 in radians. The default angle value of 0.10 set at the SAM procedure provided 8046
unclassified image pixels (which is about 2.5% of the total number of pixels of 3,21,114). By increasing the SAM
angle to 0.15, the pixels were fully classified mainly within the n-D class #1 and n-D class #7. The obtained pure pixels
typically correspond to the mixing endmembers computed by repeatedly projecting n-D scatter plots on a random unit
vector. Figure 5 shows the group of pure pixels in the n-Dimensional visualizer plot (Figure 5a) and the number of pure
pixels extracted as endmembers with chosen colors (Figure 5b). Figure 6 shows the spectra (n-D class Mean) derived,
based on endmembers with respect to the colors. Figure 7 is the SAM classified image showing the occurrence of
minerals of the region. Table 2 provides details of the number of pixels, classified by their relative percentages and the
total areas of their distribution. To study and understand the occurrence and spatial distribution of predominant
minerals of the rocks of the region, the images of n-D classes 3, 6, 7 and 9 are given in Figure 8. The regional
geological map [21] was used to verify the processed images and confirm the occurrence of minerals and rocks in the
study region.

Finally, the interpreted images were evaluated in field and laboratory studies. During the field work, traverse
based sample collection of minerals and rocks were carried out. The samples were used for spectral measurements,
megascopic, microscopic, and mineral studies at the laboratory of the Department of Earth Sciences and Central
Analytical and Applied Research Unit (CAARU), Sultan Qaboos University, to validate the occurrence of minerals in
the rocks and confirm the interpretation of images. The petrological characters of rocks and minerals of the study
region were studied under microscope by preparation of thin sections of samples. To confirm the capability of sensor
and characters of the spectral bands used in this study, the reflectance spectra of samples were measured using a PIMA
SP infrared spectrometer and studied. This instrument was fabricated for field spectroscopy by Integrated Spectronics
Pty Ltd., Australia to verify processed remote sensing data. The instrument identified and analyzed the spectral signal

41



SANKARAN RAJENDRAN and SOBHI NASIR

of minerals in the wavelength ranges from 1300 to 2500 nm with PIMA VIEW software (version 3.1). The spectral
resolution of the device was ~ 7 nm. It has a built-in wavelength calibration target plate and is capable of measuring
spectra from 10 seconds to around 5 minutes speed. Moreover, the samples used for spectral studies and other selected
samples were further analysed for identification of minerals to confirm the image interpretations, field and microscopic
studies by X-ray powder diffraction, using X'Pert PRO (P Analytical Company, The Netherlands) at CAARU, working
based on PW1710 (Cu: 1.54).

6. Mapping of rock types and recognition of minerals

The discrimination of similar rock types occurring in parts of Sultanate of Oman using ASTER spectral bands is
described by Rajendran et al. [10-12, 48] and Rajendran and Nasir [9, 19, 39, 51]. In this study, the colour composite
image developed [12, 39] and studied using the ASTER spectral bands 8 (2.295-2.365 Im), 3 (0.78-0.86 Im), and 1
(0.52-0.60 Im) of the study region is given in Figure 4. The image shows those formations rich in carbonate minerals
in shades of bright colors, discriminating them from the dark coloured sheeted dykes and ancient alluvial terrace
deposits. The alluvial fan materials which are derived from the dykes and gabbros appear in light brown, which
distinguishes them from wadi alluviums showing in shades of bright colours. However, the wadi alluviums are not
discriminated well from the adjacent source rocks rich in carbonate minerals. The alluvial fan deposits consisting of the
materials of dykes and gabbros derived from the mafic rock source region are clearly discriminated on the image. As
interpreted, the rocks and formations correlate with the geological map (Figure 2).

The SAM image (Figure 7) shows the occurrence and spatial distribution of different minerals that occur in
various proportions in different rock types of the region. The occurrence and spatial distribution of minerals within
different lithologies of the region can be identified from the selected colors of end member spectra (Figures 5a, b and
6) and interpreted with the geology of the region (Figure 2) [12, 51].

The SAM classified image (Figure 7) showed the area of 1.8117 km? by red pixels based on n-D class #1. The
end member mean spectra of n-D class #1 (Figure 6) show the absorptions in bands 4 (1.6—1.7 um) and band 7 (2.235—
2.285 um). The clustered pixels along the wadi flow and built-up land regions (Figure 7) represent the presence of
vegetation. The strong absorptions in bands 4 and 7 (OH and COj stretched) are due to the chlorophyll content in the
vegetation occurring in these areas. The occurrence of vegetation was confirmed by the ASTER RGB (1-3) image of
the area (Figure 1b) and validated during the field check. The occurrence and spatial distribution of carbonate minerals
(calcites) over about 0.0447 km? is shown in green, detected by n-D class #2, and about 30.3601 km? of dolomites are
represented in blue by the n-D class #3 [12, 51]. The spectra of both classes show carbonate absorptions (decrease in
trend) in band 8, whereas the absorption in band 5 may be due to the presence of Ca and Mg contents in the minerals.
The absorption in band 3 of the spectra may be due to the iron content present in the clay minerals (in marl) that are
associated with the dolomites, as discussed in section 7. The pixels representing the dolomite minerals are found in
areas where limestone formations occur (Figure 7).

Figure 8a shows the occurrence and spatial distribution of dolomite minerals in the lower nodular limestone and
upper nodular limestone regions (Figure 2). Such mineral-bearing carbonate formations were verified during the field
work [19] and studied in the laboratory as discussed in section 7. The minor occurrence and spatial distribution of
water and hydroxyl group bearing clay minerals in the marls which is associated in limestones were detected in the n-D
class #4 (about 2.0808 km? in yellow) and n-D class #5 (about 0.3924 km? in cyan). The spectra belonging to these
minerals show absorptions in spectral bands 3, 5 and 7 due to the presence of iron, magnesium and calcium, and to the
hydroxyl group present in the minerals respectively. The minerals are found in the limestone formations that appear in
blue in the figure. The occurrence of such minerals was verified in the field where small streams originate, these
flowing both parallel and perpendicular to the limestone formations, and where the marls occur.

The n-D class #6 (12.2553 km?) and n-D class #7 (17.2129 km?) are represented in magenta and maroon
respectively. These are more significantly distributed in the places where dyke and gabbro rocks and derived materials
are found in the wadi alluvium. The presence of such pixels are due to the occurrence of silicate minerals such as
clinopyroxene, orthopyroxene, amphibole, and plagioclase minerals, the basic constituents occurring in variable
proportions in the poorly altered rocks [12, 51]. Both the endmember spectra show poor absorptions in bands 3, 4 and 7
due to iron, magnesium and calcium, and aluminium contents in the minerals of the rock. The occurrence of pink pixels
separately from the maroon pixels, in the region of occurrence of dyke and gabbro rocks, represents the presence of
unaltered silicate minerals in the rocks. On the other hand, maroons mixed with pink colored pixels occur in areas of
wadi alluvium and clay minerals, and represent the presence of poorly altered silicates and aluminium silicate minerals.
Figures 8b and ¢ show the occurrence and spatial distribution of silicate minerals. The n-D class #8 (0.229 km?, sea
green colored pixels) shows poor occurrences of silicate minerals and provides no significant information about their
presence in the region. The spectra show similar absorptions like n-D class #6 at bands 3, 4, 5 and 7, which may be due
to the presence of certain unaltered silicate minerals associated with other poorly altered minerals in the region. The
mean spectra of n-D class #9 (about 7.8338 km? distinguished in the image purple pixels) occurs in the region of dyke
and gabbro rocks and the derived materials are found in the wadi alluvium. This may be due to the presence of certain
altered aluminosilicate minerals (Figure 8d) in the rocks. The n-D class #10 (about 0.0297 km? in coral color) shows
poor occurrence of minerals and the spectra show absorption in band 4. This absorption may be due to the presence of
silica in the poorly or unaltered silicate minerals.
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Overall, it is interesting to observe that the SAM image is able to establish the occurrence and distribution of the
major minerals of the region, which can be grouped into carbonate and silicate minerals. The occurrence of limestone
rocks is clearly detected by the carbonate minerals. In addition, the occurrence of dyke and gabbros and derived
materials found in the study region may be extrapolated from the distribution of silicate minerals. Therefore, in this
study, the multispectral ASTER satellite data and applied image processing methods used provided information on the
occurrence and spatial distribution of minerals of the limestone formations and associated rock types of the study
region. Although the information is obtained from mixed pixels, a study using hyperspectral data with high spatial
resolution could provide more details on the occurrence of minerals in the region.
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Figure 4. ASTER RGB color composite image (R:8; G:3; B:1) showing the rock types of the Rusayl and Al Jafnayn
region (RIm - Recent to Sub-Recent alluvial fans and wadi alluvium; Af - Ancient alluvial fans, terraces; Rl - Reef
limestone; Ulm - Upper nodular limestone; Lm - Lower nodular limestone; HG — High level gabbro; SD - Sheeted
dyke).
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Figure 5. (a) n-Dimensional visualizer plot showing the group of pure pixels and endmembers, and (b) the number of
pixels collected on the endmembers with the colors selected in n-Dimensional visualizer plot and for the
discrimination.
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Figure 7. SAM classified image showing the mineral distribution in the Rusayl and Al Jafnayn region (RIm - Recent to
Sub-Recent alluvial fans and wadi alluvium; ; Rl - Reef limestone; Af - Ancient alluvial fans, terraces; Ulm - Upper
nodular limestone; Lm - Lower nodular limestone; HG — High level gabbro; SD - Sheeted dyke).
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Table 2. Distribution of pixels in Rusayl and Al Jafnayn region in the SAM n-D classes.

n-D Classes® No. of pixels % in total area Area in Km?
n-D Class Mean #1 8052 2.508 18117
n-D Class Mean #2 199 0.062 0.0447
n-D Class Mean #3 134934 42.021 30.3601
n-D Class Mean #4 9248 2.88 2.0808
n-D Class Mean #5 1744 0.543 0.3924
n-D Class Mean #6 54468 16.962 12.2553
n-D Class Mean #7 76502 23.824 17.2129
n-D Class Mean #8 1018 0.317 0.229
n-D Class Mean #9 34817 10.843 7.8338
n-D Class Mean #10 132 0.041 0.0297
Total 321,114 100.001 72.2504

& Unclassified: 0 points (0.000%) (0.0000 km?).
7. Field and Laboratory studies

Field work was conducted to confirm the image interpretation discussed and to validate the occurrence of the
minerals and rocks of the study region. In the field, the lower and upper nodular limestone formations of Tertiary age
are exposed well on the surface and crop out at Wadi Rusayl, near to Rusayl village in the study region. Along the wadi
section, the formations exhibit nodular and massive limestones (Figure 9a and inset; S1 in Fig. 1b) with ophiolite
clasts. The formations are conformable and occur above the yellow marl (Figure 9b; S2 in Figure 1b) and marly
wackestone. The limestone formations are interbedded by multicoloured shale, sandstone and conglomerate (Figure 9c;
S3 in Figure 1b), which can be observed in the road section. The lower part of the formation consists of bivalves,
gastropods and small corals.

The upper boundary is conformable with the Rusayl Formation. The Rusayl Formation contains thick, resistant
and nodular microcrystalline limestone followed by soft multicolored shale and marl. Exposures of shales and marls
characterize the formation and are all highly weathered. The basal unit consists of poorly indurated, multicolored shale
and marl with occasional thin and microcrystalline limestones. The presence of ancient alluvial fan and terrace deposit
were verified in the field. The weathered surface materials occurring at ancient alluvial fans and terraces are a mixture
of gabbro and mafic fragmented materials. These appear dark in color and are easily distinguishable (Figure 9d; S4 in
Figure 1b). The surface materials on the terraces are loose, vary in size and are poor or unaltered (inset in Figure 9d).
The deposits are cemented by lime materials observed along the road section (Figure 9e; S5 in Figure 1b). The recent
wadi alluviums are friable, loose, vary in size and are poor or unaltered (Figure 9f; S6 in Figure 1b) on the surface
below which the materials are cemented. The occurrence of calcrete in the wadi deposits can be observed. The study of
samples under the microscope shows the frequent presence of major carbonate minerals and shells (Figure 9g, h) in the
limestone formations.

The barren exposures of doleritic and basaltic sheeted dykes and high level gabbro occurring near to Al Jafnayn
are verified in the road cuttings. The sheeted dykes vary in thickness, dark green to green in colour, fine grained and
exhibit chilled margins (Figure 10a, b and inset; S7 in Figure 1b). Epidotization is observed in the dyke rocks (Figure
10c). The vertical foliated gabbro (Figure 10d; S8 in Figure 1b) shows alternate layering of light and dark colored
felsic and mafic rich minerals (Figure 10e). Under the microscope, the dyke shows the presence of major minerals
such as plagioclase feldspar, pyroxene and magnetite (Figure 10f, g). Very few grains of olivine were observed. The
gabbro consists of mineral assemblages of olivine, hornblende, calcic-plagioclase and pyroxene (Figure 10h).
Plagioclase occurs as subhedral grains.

During the study, spectral measurements were taken over the limestone formations at different locations in the
field, and in the laboratory on the samples collected, using a portable PIMA SP infrared spectrometer to confirm the
occurrence and spectral absorption characters of minerals. The selected spectra collected over the limestones are given
in the spectral plot (Figure 11a, measurements around S2, S3 and S5 and lab samples). The collection of spectra in the
SWIR region, with a spectral resolution of 7 nm over the rocks, show narrow absorption sharp features at nearly 1400
nm, 1900 nm, and 2300 nm, and are well comparable with the studied spectra (Figure 3). The absorptions are mainly
due to the presence of major carbonate minerals, namely dolomite (Ca Mg (CO3),), and hydroxyl group bearing clay
mineral, namely montmorrillonite in the samples. The spectra of gabbros (Figure 11b, measurements around S8 and
near S7 and lab samples) show absorptions around 2250 nm and 2350 nm. The absorption near 2250 nm may be due to
the influence of clinopyroxene minerals, and the absorptions near 2350 nm are due to the presence of OH bearing
epidote and chlorite minerals in the rock.

The study of spectra in the range of 300—-3000 nm wavelength over the dyke rocks may provide more information
on the occurrence of silicate minerals. The presence of abundant minerals of dolomite in limestones and of epidote,
hornblende and chlorite minerals in gabbro rock samples were confirmed by XRD analyses (Figures 11c, d).
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Figure 8. The images of n-D classes showing the distribution of (a) dolomites, (b) and (c) silicates and (d) altered
aluminium silicate minerals of the Rusayl and Al Jafnayn region.
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W

L e
massive
. limestones

Ancient alluvial terrace

Figure 9. Field photographs showing (a) the massive Rusayl limestone formation (Slin Figure 1b), (b) the occurrence
of friable yellow marls and clays (S2 in Figure 1b), (c) the occurrences of interbedded multicoloured shale, sandstone
and conglomerate (S3 in Figure 1b), (d) the ancient alluvial terrace materials (S4 in Figure 1b), (e) the ophiolite clasts
in the limestone cements (S5 in Figure 1b), (f) the recent alluvial materials (S6 in Figure 1b), and the
microphotographs show (g) the dolomite minerals of massive limestones and (h) the fossil limestones (nicols crossed,
25X).
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Figure 10. Field photographs show the occurrence of (a) and (b) the sheeted dykes (S7 in Figure 1b), (c) the chilled
margin of the dykes (S7 in Figure 1b), (d) the high level foliated gabbros (S8 in Figure 1b), (e) the foliated gabbro
shows the presence of mafic and felsic minerals (S8 in Figure 1b), and the microphotographs show the minerals of
sheeted dykes (f) nicols parallel (35x) and (g) nicols crossed (35x) and (h) gabbro (nicols crossed, 25x).
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Figure 11. Laboratory spectral plots showing (a) carbonates absorptions in limestones, (b) epidote and chlorite OH
absorptions in gabbros. The results of XRD of the limestones show the presence of abundance of dolomite minerals
and the gabbros show the occurrence of epidote, hornblende and chlorite minerals in Rusayl and Al Jafhayn region.

8. Conclusion

In the present study, the occurrence of minerals in the rocks of the Rusayl and Al Jafnayn regions, Muscat, the
Sultanate of Oman is studied using the ASTER VNIR-SWR spectral bands, and by the SAM supervised classification
image processing method. The results of SAM clearly show the occurrence of carbonate minerals in limestone bearing
rocks and silicate minerals in the dyke rocks, and their spatial distributions. The image interpretations are verified in
the field by identification of minerals and rocks, and confirmed through laboratory analyses. The study has proved that
the technique is time and cost-effective in comparison to the time consuming classical field mapping of minerals and
rocks, and can be used in the difficult terrain of other similarly arid regions not reachable for conventional geological
mapping and where it is difficult to do exhaustive sampling.
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