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ABSTRACT	 The orogenic gold mineralisation at the Muteh mining district in Iran is hosted by silica-
iron oxide veins associated with phyllic (sericite), argillic (kaolinite), and propylitic 
(chlorite) hydrothermal alterations. Advanced Spaceborne Thermal Emission and 
Reflection Radiometer (ASTER) data of the district were initially processed by using library 
spectra and standard image processing techniques to map minerals associated with gold 
mineralisation. Image processing techniques were also applied to the Sentinel-2A and 
Landsat-8 satellite data to map lineaments and alterations. Then, the spectral behaviour 
of 24-field alteration samples, mostly associated with gold mineralisation, was obtained 
from a handheld spectrometer and applied to the ASTER data using the spectral angle 
mapper (SAM) and matched filtering methods for mapping favourable alteration and iron 
oxide minerals. The identified minerals were compared with the known gold deposits 
and validated by further field sampling and chemical analyses. The results showed 
that favourable alteration minerals, identified by the ASTER data using field-referenced 
spectra, are better correlated with the zones of gold mineralisation, compared to those 
identified by using library spectra. Processing ASTER data by using field-reference spectra 
and the SAM method is recommended for mapping favourable alteration minerals in 
similar geologic settings for organic gold exploration elsewhere.
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1. Introduction

Mineralogical and chemical changes in rocks, caused by hydrothermal alteration processes, 
often affect the amount of reflected and/or absorbed energy, which could be measured by 
spectral analyses of field samples and processing satellite imagery data to identify minerals 
indicative of the hydrothermal alterations, associated with certain mineral deposits. In recent 
years, based on the spectral behaviour of minerals, by using library spectra or field spectrometers, 
remote sensing has played an important role, in the field of mineral exploration, in mapping 
hydrothermal alterations and rock units associated with various types of mineralisation (Sadek, 
2005; Sadek et al., 2006; Gad and Kusky, 2007; Arghavanian et al., 2011; Yazdi et al., 2011; Hassan 
et al., 2014; Akbari et al., 2015; Gabr et al., 2015; Hassan and Ramadan, 2015; Ali-Bik et al., 2017, 
2018; Asran and Hassan, 2019; Shokry et al., 2021; Ghoneim et al., 2022). The spectral behaviour 
of minerals is identified by means of portable short-wave infrared (SWIR) field spectrometers, 
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such as the TerraSpec spectrometer and the Portable Infrared Mineral Analyser (PIMA), and can 
be widely used in mineral exploration to process satellite imagery data (van Ruitenbeek et al., 
2005; Dukart et al., 2006; Chang and Yang, 2012; Huang et al., 2018). These instruments are 
useful for identifying clays and other hydrous minerals such as epidote, chlorite, micas (illite, 
muscovite, and phengite), calcite, dickite, and gypsum. Compared to standard mineralogical 
studies and geochemical analyses, these techniques present many advantages such as fast and 
nondestructive measurements, no sample preparation, and relatively low costs (Chang and 
Yang, 2012).

Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER), Sentinel-2A, 
and Landsat-8 satellite imagery data have been used in this research to map hydrothermal 
alteration minerals, iron oxides, and lineaments of the Muteh gold mining district, located in 
central Iran and covering an area of approximately 400 km2. The ASTER sensor is a multispectral 
instrument that measures visible, near-infrared, and shortwave infrared portions of the 
electromagnetic spectrum. These spectrum portions can be used by various image-processing 
techniques such as the spectral angle mapper (SAM) and matched filtering (MF) methods utilised 
to map hydrothermal alterations, structures, iron oxides, and certain lithological units (Moore 
et al., 2008; Irons et al., 2012; Rasouli and Tangestani, 2020; Zerai et al., 2023). The Sentinel-
2A satellite, with a 10-metre spatial resolution and a 16-bit radiometric resolution, is the latest 
generation of observation missions from the European Space Agency (ESA). Sentinel-2A satellite 
data are used in this research to locate structural features and improve the spatial resolution of 
the ASTER data. Landsat-8 satellite imagery data is used to determine and compare hydroxyl-
bearing clay alterations and iron oxides with the results of the processed ASTER data. Landsat-8 
satellite data includes a band in the absorption range (band 2) and a band in the high reflection 
range (band 4) in the visible near-infrared (VNIR) portion of the electromagnetic spectrum, 
which may be used to identify iron oxides including goethite, hematite, and jarosite (Yuhas et 
al., 1992). Compared to Landsat-8 satellite data, Sentinel-2A data has a higher spectral, spatial, 
and temporal resolution (Immitzer et al., 2016; Lefebvre et al., 2016; Paul et al., 2016; Pesaresi 
et al., 2016).

Previous remote sensing researches at the Muteh gold mining district were mostly focused 
on processing Landsat and ASTER satellite imagery data just by using United State Geological 
Survey (USGS) library spectra and standard image processing methods (Asadi Haroni and 
Tabatabei, 2016; Mokhtari et al., 2023). The main objective of this research is to use spectral 
measurements of field samples in processing the ASTER satellite imagery data for mapping 
hydrothermal alteration minerals and iron oxides possibly associated with the orogenic gold 
mineralisation. The results are compared with the hydrothermal alteration minerals and iron 
oxides identified by using the USGS library spectra and are validated by field information so as 
to propose the optimal image processing approach for the regional exploration of orogenic gold 
mineralisation.

2. Geology and mineralisation of the Muteh area

The Muteh gold mining district includes several gold deposits/occurrences such as Chah 
Khatoon, Senjedeh, Darre Ashki, Tangehzar, Cheshmeh Gohar, Ghorom Ghorom, Cheshmeh 
Dastar, Chah Allameh, and Sekolop (Fig. 1a). The main mineralisation in this district is organic 
gold type in character, and the ore is currently mined at the Senjedeh and Chah Khatoon deposits 
(Moritz et al., 2006). This district is located in the central part of the Sanandaj-Sirjan zone (SSZ) 
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(Fig. 1b), mostly covered by metamorphic rocks (amphibolite, gneiss, greens schist, greywacke, 
phyllite, and quartzite), igneous complexes (rhyolite, dacite, granite-granodiorite, and andesite) 
and sedimentary rocks of limestone, dolomite, shale, travertine, conglomerate, and marl (Figs. 
1, 2, and 3) (Farhangi, 1982; Tavakoli Dehkordi, 1986; Yusefinia, 2004).

Fig. 1 - a) Geological map of the Muteh gold mining district with the location of gold deposits/occurrences (simplified 
from the 1:250,000 geological map of Golpayegan), and b) tectono-magmatic map of Iran showing the location of the 
Muteh district in the Sanandaj-Sirjan zone (modified after Moritz et al., 2006).

The orogenic gold mineralisation at the Muteh district is mainly associated with silica, 
phyllic, and argillic hydrothermal alterations, and iron oxides, mostly concentrated in the form 
of quartz veins in the fractures of highly altered meta rhyolite host rocks (Moritz et al., 2006) 
(Fig. 3). The mineralised zones mostly contain large amounts of sulphide minerals (locally up to 
20%) including euhedral to subhedral pyrite, chalcopyrite, and arsenopyrite in the host rocks 
of leached meta rhyolite and various types of metamorphosed shales. In addition, they also 
contain large amounts of quartz-sulphide veins formed along a ductile-brittle shear zone. Pyrite 
and chalcopyrite are the major minerals associated with the gold mineralisation. Marcasite, 
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bismuthite, arsenopyrite, and pyrite are other minerals present in the gold mineralised zones 
(Mehrabi et al., 2012) (Fig. 3).

Fig. 3 - Field views of outcrops and hand specimens from the hydrothermal alterations and iron oxides in the Muteh 
district: a) metamorphic rocks, limestone, and dolomite with iron oxide lenses; b) silicic-argillic alteration at the 
Senjedeh gold deposit; c) silicification and argillic alteration at the Senjedeh deposit; d) mining activities at the Chah 
Khatoon gold deposit showing phyllic-argillic alteration; e) meta rhyolite units showing pyrite decomposition into 
iron oxides; f) sulphide ore containing pyrite and arsenopyrite at the Senjedeh deposit; g) molybdenite in the pyrite-
bearing quartz-sericite alteration zone; h) strong silicification; i) pyrites, partly oxidised to hematite and goethite.

Fig. 2 - Field views of outcrops in the Muteh gold 
mining district: a) amphibolite, meta-volcanic, 
and schist; b) Palaeozoic marble under Jurassic 
schist; c) the succession of the amphibolite, 
schist, and marble layers; d) granite intrusion 
into Permian dolomite (Karimi et al., 2012).
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3. Methods 

3.1. Remote sensing

A cloud-free L1T-ASTER scene (60×60 km2) in the Muteh area, acquired on 13 September 
2003, was downloaded from the USGS website. It was orthorectified and reprojected to UTM 
zone 39N/WGS-84 by the Geosense company in the Netherlands, using the SRTM (Shuttle Radar 
Topography Mission) Digital Elevation Model and orthorectified Landsat ETM+ Satellite data 
of the area as reference materials. The Landsat-8 data of the area (path 164 and line 37) was 
acquired on 2 June 2017 and downloaded from the USGS website. The Sentinel-2A satellite scene, 
acquired on 14 September 2020, corresponds to the L1C information level and was downloaded 
from the ESA website. Atmospheric correction was applied to the ASTER data by using the FLASH 
algorithm to obtain the proper image of the Earth’s surface reflectance for spectral analyses. The 
Sentinel-2A satellite data was obtained in the L1C correction plane, so the 3D radiometric and 
geometric corrections were made through reflectance correction.

3.2. Field survey and laboratory investigation

To perform the spectral analysis of the ASTER data, in total 24 samples were collected from 
various hydrothermal alteration zones of the Senjedeh and Chah Khatoon gold deposit areas, 
located in the central parts of the Muteh gold mining district, and 83 measurements were 
obtained from these samples by using a TerraSpec spectrometer at the Geosense company in 
the Netherlands. Some of these samples were also analysed by X-ray diffraction (XRD), induced 
coupled plasma mass spectroscopy (ICP-MS), and atomic absorption spectrometry (AAS) to 
validate hydrothermal alteration minerals and associated gold mineralisation mapped by the 
ASTER data.

3.3. TerraSpec spectrometer

Various spectrometers, such as portable infrared mineral analysers and analytical spectroscopy 
devices, can be used to record the spectral properties of various materials (Hosseinjani Zadeh, 
2013). The TerraSpec spectrometer, which was used in this research, is a portable mineral 
identification device that is typically equipped with hundreds of low-bandwidth spectral channels 
to measure the spectral properties of materials in the laboratory or field over a wide range of 
wavelengths (350-2,500 nm). The measured reflectance values at each wavelength are the result 
of spectroscopy, which is recorded as a spectral reflectance diagram.

4. Image processing and interpretation of satellite data

Satellite data can be processed by using visual and digital methods. By combining these two 
methods, mineral exploration targets can be identified more reliably. Colour composite, band 
ratio, principal component analysis (PCA), and spectral analyses (e.g. SAM and MF) are examples 
of image processing methods used in this research.

To increase the spatial resolution of the ASTER images, the Sentinel-2A data of the study 
area, with a 10-metre spatial resolution and 16-bit radiometric resolution, were used by the data 
fusion method to improve the spatial detection capability and interpretation of the alteration 
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zones. Data fusion was performed by resampling the ASTER data with higher-resolution Sentinel-
2A data using the nearest neighbour method. The location of the 24 samples, collected for the 
spectral measurements, is shown in a high-resolution ASTER image, resampled by a Sentinel-2A 
image of the central part of the Muteh district (Fig. 4).

Fig. 4 - a) Band combination RGB468 ASTER data with a 30-metre pixel size showing the hydrothermal clay alterations 
in pink pixels; b) Sentinel-2A natural colour composite with a 10-metre pixel size showing the hydrothermal clay 
alterations in white pixels; c) the resampled RGB468 ASTER image with the 10-metre pixel size Sentinel-2A image 
showing the hydrothermal clay alterations, in pink-white pixels, with an improved resolution, compared to the ASTER 
image; the yellow circles are field sample locations collected from the two active mining areas of the Senjedeh and 
Chah Khatoon deposits (in the central part of the Muteh district) for spectral measurements.

4.1. Colour composite images

Colour composite images, using different bands and their visual interpretation, are a common 
approach for identifying hydrothermal alteration zones and associated minerals (Vincent, 1997). 
A colour composite image is created by combining three different bands to each of which the 
three primary colours (RGB) are assigned. Other types of band combinations displayed in terms 
of RGB are called false colour composites (Vincent, 1997). The images from the ASTER sensor lack 
the blue band, and the colour combination resulting from the visible near-infrared (VNIR) bands 
is a false-colour composite image showing vegetation in red pixels (Fig. 5a). By using images 
created by other image processing techniques, such as PCA and band ratio, and placing proper 
spectral bands in the correct RGB channels, various colour composite images can be generated 
for interpretation (Gupta, 1991; Ahmadi et al., 2022).

Fig. 5b shows the Landsat-8 colour composite image (RGB642) of the Muteh district. In this 
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colour composite, hydroxyl-bearing clay minerals are shown in bright pixels. Some of the colour 
composites of the ASTER data that are often used to visually identify zones of hydrothermal 
alterations are shown in Table 1 (Karimpoor, 2005).

Fig. 5 - a) The standard colour combination (RGB321) of the ASTER data in the visible near-infrared (VNIR) region, 
showing the vegetation in red pixels; b) the Landsat-8 colour combination image of the RGB642, showing the 
hydrothermal alteration in white pixels; c) the colour combination image of the ASTER data (RGB468) in the shortwave 
infrared (SWIR) region, showing the hydrothermal alteration in pink pixels, and d) the decorrelation stretch image of 
the RGB468, showing the hydrothermal alterations in red pixels (modified after Mokhtari et al., 2023).
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Experimental evaluations have shown that the RGB468 image of the ASTER data is one of 
the most appropriate images to visually locate zones of hydrothermal alteration in many types 
of mineral systems such as porphyry copper and epithermal gold deposits (Ferrier et al., 2002). 
The ASTER data are also effectively used to distinguish carbonate minerals such as calcite and 
dolomite (Rasouli and Tangestani, 2020). The RGB468 image of the study area shows the phyllic 
and argillic alteration zones in colours ranging from pink to red and the propylitic alterations in 
dark green (Fig. 5c). The pink-to-red pixels, associated with phyllic to argillic alteration, are due 
to the high reflectance feature across band 4 in the SWIR region.

Satellite bands with high correlation usually result in soft colour combinations. By removing 
the high correlation that is usually present in multispectral images, more effective colour 
combination images can be created. Using the decorrelation stretching algorithm, to remove 
the high correlations from combination bands, produces colour composite images that are very 
useful for changing the detection zone. The decorrelation stretch of the RGB468 image of the 
ASTER data in the study area shows the phyllic and argillic alteration zones in pink, propylitic 
alteration in dark green, and carbonate formations in a range from yellow to a more pronounced 
green (Fig. 5d).

The ASTER sensor is also equipped with five thermal infrared (TIR) bands with a 90-metre 
spatial resolution and 12-bit radiometric resolution so that the application of these bands 
enables detecting and distinguishing silicification zones. In the colour composite image obtained 
with bands 14, 12, and 10, hydrothermal silicification zones, possibly associated with gold 
mineralisation, are shown in colours ranging from red to dark brown pixels, while the carbonate 
rocks are shown in dark pixels (Fig. 6). The red-to-dark brown pixels associated with silicification 
are due to the high thermal emission across band 14 in the TIR region.

4.2. Band ratio

Band ratio is a digital approach in multispectral image processing in which the pixels in one 
image are divided by the corresponding pixels of another image. By using proper band ratios 
based on the understanding of the spectral characteristics of minerals, various features, such 
as hydrothermal alterations and rock units, can be identified (Di Tommaso and Rubinstein, 
2007). Band ratio is commonly used in mineralogical and petrological mapping as it highlights 
the spectral features of the target material from the surrounding environment while reducing 
the effects of slope variations and changes in topographic directions (Mahanta and Maiti, 2021). 
Due to the fact that hydroxyl minerals show high reflectance features in band 6 of the Landsat-8 
satellite data and high absorption features in band 7, a band ratio of 6/7 was created to enhance 
these minerals (Fig. 7a).

Fig. 7b shows the colour composite image of the band ratios (R: 6/7, G: 6/5, and B: 4/2) of 
the Landsat-8 data of the study area. In this band ratio combination, the orange pixels represent 

Table 1 - Some general colour combinations in ASTER data for mapping various hydrothermal alteration minerals 
(Karimpoor, 2005).

	 RGB display 
	 of ASTER bands	

Red	 Green	 Blue	 Pink	 Orange

	 SWIR 456	 kaolinite			   alunite -kaolinite	 sericite

	 SWIR 468	 alunite	 epidote-chlorite	 chlorite	 kaolinite	 sericite

	 TIR 531	 silica			   silicate rocks
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phyllic alteration (e.g. sericite), the pink pixels represent argillic alteration (e.g. kaolinite), the 
green pixels represent propylitic alteration (e.g. chlorite), the blue pixels represent carbonates 
(e.g. calcite), and the yellow pixels represent vegetation. In the ASTER data, silica shows a high 
reflectance feature in band 14 and a high absorption feature in band 12, and, therefore, the 
14/12 band ratio image in the TIR region is an effective approach to detect silicification (bright 
pixels in Fig. 7c).

4.3. Principal component analysis (PCA)

PCA is generally used for data compression, while in remote sensing it is used to remove 
spectral redundancy data and concentrate relatively correlated multiple band data into one 
band with high variance (Alavipanah, 2003). The feature-oriented principal component selection 
(FPCS) approach, or the well-known Crosta technique, uses favourable input bands to identify 
favourable features in the output components (Crosta and Moore, 1989). This approach is well 
suited to distinguish zones of hydrothermal alteration and iron oxides in metallogenic provinces 
(Abrams et al., 1983; Crosta and Moore, 1989; Loughlin, 1991; Bennett et al., 1993; Ruiz-Armenta 
and Prol-Ledesma, 1998; Tangestani and Moore, 2002).

The FPCS approach was applied to Landsat-8 imagery data of the study area to identify iron 
oxides and zones of hydrothermal alteration related to general hydroxyl-bearing minerals. 
Considering the spectral reflectance diagram of various hydroxyl-bearing minerals, which are the 
main components of hydrothermal alterations, bands 2, 5, 6, and 7 were selected as input data to 

Fig. 6 - Colour composite image of the 
thermal ASTER data (TIR14, 12, and 
10) in the Muteh district, showing 
silicification zones in red-to-dark 
brown pixels and carbonate rocks in 
dark pixels.
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detect hydroxyl-bearing minerals, while bands 2, 4, 5, and 6 were selected as input data to detect 
iron oxide minerals. The eigenvector loadings calculated for mapping hydroxyl-bearing minerals 
and iron oxides are shown in Tables 2 and 3, respectively.

Table 2 - Calculated eigenvector loadings of the principal components (PCs) applied to bands 2, 5, 6, and 7 of the 
Landsat-8 data to locate hydroxyl-bearing minerals in the Muteh district.

	 Components	 Band 2	 Band 5	 Band 6	 Band 7

	 PC1	 -0.1967	 -0.50877	 -0.61679	 -0.56748

	 PC2	 -0.24315	 -0.8024	 0.421117	 0.34596

	 PC3	 0.456861	 -0.1731	 -0.59235	 0.640657

	 PC4	 0.832746	 -0.2595	 0.302247	 -0.3845

As hydroxyl-bearing minerals show a high reflectance feature in band 6 and a high absorption 
feature in band 7, components with high magnitude eigenvector loadings for band 7, irrespective 
of their sign, and high loadings of the opposite sign for band 6 can be taken into account for 
the recognition of the hydroxyl-bearing minerals (Table 2). In the PC3 image, the differences 
in the eigenvector loadings between the two mentioned bands are the largest and, therefore, 
by considering the negative loading in band 6 and the positive loading in band 7, the hydroxyl-
bearing minerals in this component appear in dark colour. To show the pixels in bright colour, the 
inversed PC3 image was used to locate hydroxyl-bearing minerals as bright pixels.

Table 3 - Calculated eigenvector loadings of the principal components (PCs) applied to bands 2, 4, 5, and 6 of Landsat-8 
data for mapping iron oxide minerals.

	 Components	 Band 2	 Band 4	 Band 5	 Band 6

	 PC1	 0.217753	 0.476804	 0.564998	 0.637196

	 PC2	 0.269116	 0.332326	 0.479823	 -0.7661

	 PC3	 0.523551	 0.538315	 -0.66038	 0.003823

	 PC4	 0.778495	 -0.61027	 0.12021	 0.08403

The high reflectance features of iron oxide minerals in band 4, the absorption features in 
band 2 of the Landsat-8 data, and also the eigenvector loadings in Table 3, have been taken into 
consideration and the largest loading differences between these two bands are shown in PC4. 
The iron oxide minerals have a dark colour in this component due to the negative loadings in 
band 4. Therefore, the PC4 image is the best component to locate iron oxide minerals as bright 
pixels. Fig. 7d is the colour composite map of the selected components [RGB: -PC3, (-PC3+PC4)/2, 
PC4] that enhances the hydrothermal alteration zones and iron oxides in white-yellow and dark 
blue pixels, respectively.

4.4. Spectral analysis

Spectral analysis of the satellite imagery data is an effective approach to distinguish argillic, 
phyllic, silica, and propylitic hydrothermal alteration minerals, and iron oxides. By using field 
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Fig. 7 - a) The 6/7 band ratio image of the Landsat-8 data showing the hydroxyl-bearing clay minerals in bright pixels; 
b) the colour composite image of three band ratios (R: 6/7, G: 6/5, and B: 4/2) showing the hydrothermal alterations 
in colours from red to orange; c) the 14/12 band ratio image showing zones of silicification in bright pixels, and d) the 
colour composite image of the selected PCs [RGB: -PC3, (-PC3+PC4)/2, PC4], showing hydroxyl-bearing minerals from 
yellow to white-yellow pixels, and the iron oxides in dark blue pixels (modified after Mokhtari et al., 2023).
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and library spectra, image processing methods such as SAM and MF were applied to the ASTER 
satellite imagery data of the Muteh district to map these minerals.

4.4.1. Matched filtering (MF)

The MF method is a spectral analysis technique that increases the reflectance of defined 
reference elements and minimises the reflectance of unknown and undefined composite 
backgrounds, thus matching the defined character on the image (Harsanyi and Chang, 1994). 
In other words, it indicates a set of defined reference members in the image by using partial 
spectral separation. The MF technique first receives the bands on which all corrections have 
been made, and, then, the spectral reflectance of the minerals is discriminated. Ultimately, 
the MF method correlates the pure mineral spectrum available in the spectral library with the 
mineral spectrum from the study area and considers the maximum correlation of the mineral 
spectrum of the target mineral with the library as a known class. Fig. 8 shows mineral maps 
of chlorite, kaolinite, muscovite, and silica, identified by the MF technique, as bright pixels, by 
using library spectra.

4.4.2. Spectral Angle Mapper (SAM)

The SAM method is an effective technique for classifying satellite data based on the comparison 
of the spectral angles between the library, or field-reference spectra, and the image spectra. The 
SAM algorithm calculates the spectral similarity by measuring the angle between the two spectra 
that are considered vectors in an n-dimensional space. A wide angle between the two spectra 
represents low similarity and a narrow angle represents high similarity. The main advantage of 
this method for satellite data classification is the simplicity and speed of classification based on 
spectral similarity of feature spectrum and reference spectrum. The SAM method was applied 
to the ASTER imagery data of the study area to distinguish various alteration minerals. Fig. 9 
shows the index map of chlorite, kaolinite, muscovite, and silica minerals, identified by the SAM 
method, by using library spectra.

4.5. Structural features

Surface structural features related to hydrothermal alteration and outcropping mineralisation 
could be traced back to their origin in subsurface structures (Brockman et al., 1977). The 
objective of the structural study is to determine the discontinuities in the Earth’s crust. These 
discontinuities, either primary (bedding) or secondary (faults, lineaments, cracks, fractures, 
and shear zones), could conduct the migration of hydrothermal fluids to create hydrothermal 
alterations and possible subsequent mineralisation. Both leaner and ring structures can be 
related to zones of hydrothermal alteration, and ore deposits often form at the intersections of 
alteration and structures (Mirzababaei et al., 2016). Lineaments in satellite imagery data can be 
detected by applying various image processing methods such as colour composite, band ratio, 
PCA, filtering, and automated techniques. In this research, various colour combination images 
of the Sentinel-2A satellite imagery data were used to enhance the lineaments of the Muteh 
district. These lineaments trend mainly in the NE-SW and NW-SW directions. Most of the known 
gold deposits/occurrences of the Muteh district are located at the intersections of these two 
lineaments (Fig. 10).



687

Library and field-referenced spectra at the Muteh gold mining district, Iran	 Bull. Geoph. Ocean., 65, 675-700

Fig. 8 - By using library spectra, the MF method was applied to the ASTER satellite data of the Muteh district and 
located: a) chlorite, b) kaolinite, c) muscovite, and d) silica minerals as bright pixels (modified after Mokhtari et al., 
2023).
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Fig. 9 - By using library spectra, the SAM method was applied to the ASTER satellite imagery data of the Muteh district 
and located: a) chlorite, b) kaolinite, c) muscovite, and d) silica minerals (modified after Mokhtari et al., 2023).
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4.6. Mapping alteration minerals by using field spectra

In total, 83 measurements were obtained from the 24 samples, collected from the central part 
of the Muteh district, by using a TerraSpec spectrometer. Some of the prominent sample locations 
and minerals identified by these measurements are shown in Fig. 18a and Table 4, respectively. 
The measurements were performed with 3-nm accuracy in the wavelength range from 350 to 
2500 nm. After applying the required corrections in the laboratory, the measured spectra were 
first converted to the ASCII format, followed by various calculations performed on these spectra, 
and, finally, the measured spectra were converted to the ENVI spectral library format to be used 
in processing the ASTER data. In the following sections, the index mineral spectra of various 
hydrothermal alterations, identified by the TerraSpec spectrometer, are compared with similar 
spectra from the USGS spectral library. Both spectra are, then, used to map and compare the 
hydrothermal alteration minerals of the study area by processing the ASTER data.

4.6.1. Mapping kaolinite and montmorillonite minerals

Kaolinite Al2Si2O5(OH)4 is the main indicator mineral of argillic alteration which shows strong 
absorption features in bands 5 and 6 and strong reflection in band 4 of the ASTER data (Hunt 
and Ashley, 1979; Spatz and Wilson, 1995; Ahmadi et al., 2022). Components such as Al-OH, 

Fig. 10 - Lineament distribution map 
of the Muteh district, extracted from 
various colour composite images of the 
Sentinel-2A satellite imagery data.
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H2O, and OH in kaolinite create absorption features (Hunt and Salisbury, 1970). Montmorillonite 
(Na,Ca)0.3(Al,Mg)2Si4O10(OH)2·nH2O shows strong absorption features (minimum reflectance) 
at 1.4 and 1.9 μm (Hunt and Salisbury, 1970). The absorption and reflectance features in 
montmorillonite are related to Na, Fe, OH, H2O, Mg, and Al components. Fig. 11 shows the field 
spectra of the kaolinite and montmorillonite measured by the TerraSpec spectrometer and the 

Table 4 - Examples of favourable indicator minerals identified by the TerraSpec spectrometer and used in the spectral 
analysis of the ASTER data.

	 Sample			   Measurement	  
	 Number	

X-UTM	 Y-UTM
	 number	

Mineral 1	 Mineral 2	 Mineral 3	 Description

	
Muteh-01	 478453	 3729162	 M-1-CH	 Kaolinite	 Gypsum

		  White clay mineral, 
								        argillic alteration

	
Muteh-02	 478399	 3729074	 M-2-CH	 Kaolinite	 Gypsum	 Hematite

	 Chah Khaton ore, 
								        oxidised sulphide

	
Muteh-06	 473542	 3727923	 M-6-S	 Goethite	 Smectite	 Illite

	 Creamy clay mineral 
								        with iron oxide

	
Muteh-07	 474190	 3722787	 M-7-S	 Chlorite	 Silica	 Goethite

	 Silicified propylitic 
								        alteration

	
Muteh-09	 474246	 3728370	 M-9-S	 Phengite	 Hematite	 Illite

	 Flaky white muscovite, 
								        phyllic alteration

	
Muteh-10	 474542	 3727721	 M-10-S	 Phengite

	 Montmori-		  Senjedeh ore, greenish- 
						      ilonite		  grey, foliated surface

	
Muteh-12	 474538	 3727976	 M-12-S	 Phengite	 Illite	 Goethite

	 Senjedeh ore, phyllic 
								        alteration

	 Muteh-13	 474236	 3722789	 M-13-S	 Hematite	 Chlorite		  Mostly iron oxide

	 Muteh-14	 473910	 3727993	 M-14-S	 Kaolinite	 Phengite	 Hematite	 Argillic-phyllic alteration

	 Muteh-18	 474276	 3728337	 M-18-S	 Phengite	 Chlorite	 Kaolinite	 White green mineral

	
Muteh-19	 473821	 3728325	 M-19-S	 Phengite	 Hematite

		  Senjedeh ore, phyllic 
								        alteration

	 Muteh-24	 473938	 3728946	 M-24-S	 Silica	 Phengite	 Hematite	 Senjedeh ore, silica vein

Fig. 11 - Comparison between the 
mineral spectra resulting from the 
TerraSpec measurements of the 
field samples and the corresponding 
spectra in the USGS spectral library: 
a) kaolinite library spectrum, b) 
kaolinite field-referenced spectrum, c) 
montmorillonite library spectrum, and 
d) montmorillonite field-referenced 
spectrum.



691

Library and field-referenced spectra at the Muteh gold mining district, Iran	 Bull. Geoph. Ocean., 65, 675-700

Fig. 12 - Enhancement of ASTER data with the SAM method using the field-referenced spectra obtained from the 
TerraSpec spectrometer in locating: a) montmorillonite and b) kaolinite minerals in the Muteh district.

corresponding spectra present in the USGS spectral library. The TerraSpec spectra were used to 
map kaolinite and montmorillonite minerals from the ASTER data of the study area by using the 
SAM image processing method (Fig. 12).

4.6.2. Mapping illite and phengite

Phengite K(AlMg)2(OH)2(SiAl)4, which is a white fine-grained muscovite mineral, and illite 
(KH3O)(AlMgFe)2(SiAl)4O10[(OH)2(H2O)] are both the main indicator minerals of phyllic alterations 
that show strong absorption features in bands 8 and 6 and strong reflections in bands 7 and 4 
of the ASTER data (Abrams et al., 1983). Fig. 13 shows the field spectra of illite and phengite 
minerals measured by the TerraSpec spectrometer and also the corresponding spectra present 
in the USGS spectral library. The TerraSpec spectra were used to map illite and phengite minerals 
from the ASTER data by using the SAM method (Fig. 14).

4.6.3. Chlorite

Chlorite (Mg,Fe,Mn,Al)12 [(Si,Al)8O20](OH)16 is the main indicator of propylitic alteration 
minerals that shows strong absorption features in band 8 and strong reflections in bands 9 
and 4 (Rowan et al., 2003). The components such as H2O, Fe-OH, and Mg cause absorption and 
reflection features in chlorite. Figs. 15a and 15b show a comparison between the chlorite field-
referenced spectrum obtained from the TerraSpec spectrometer and the corresponding spectra 
in the USGS spectral library. The TerraSpec spectra were used to map the chlorite in the ASTER 
data of the study area by using the SAM method (Fig. 16a).
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4.6.4. Silicification

Silica (SiO2) is the main component of silicification that often occurs in a variety of ways 
in terms of shape and intensity, including massive silica veins and silica caps. Figs. 15c and 
15d show the comparison between the field-referenced silica spectrum obtained from the 
TerraSpec spectrometer and the corresponding spectrum in the USGS spectral library. The silica 
field-referenced spectra were used to map zones of silicification by using the SAM method (Fig. 
16b).

Fig. 13 - Comparison between the field 
sample spectra measured by the TerraSpec 
spectrometer and the similar spectra in 
the USGS spectral library: a) illite library 
spectrum, b) illite field-referenced spectrum, 
c) muscovite library spectrum, and d) 
phengite field-referenced spectrum.

Fig. 14 - Enhancement of the ASTER data with the SAM method using the field-referenced spectra obtained from the 
TerraSpec spectrometer in locating: a) phengite and b) illite minerals in the Muteh district.
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Fig. 15 - Comparison between the field-
referenced mineral spectra measured 
by the TerraSpec spectrometer and the 
corresponding spectra present in the USGS 
spectral library: a) chlorite library spectrum, 
b) field-referenced chlorite spectrum, 
c) silica library spectrum, and d) field-
referenced silica spectrum.

Fig. 16 - Enhancement of the ASTER data with the SAM method using the field-referenced spectra obtained from the 
TerraSpec spectrometer to locate: a) chlorite and b) silica minerals in the Muteh district.

4.7. Mapping iron oxides

Hematite Fe2O3 and goethite FeO(OH) are the main iron oxide minerals associated with gold 
mineralisation in the Muteh district. Due to the oxidation of sulphide minerals such as pyrite and 
chalcopyrite, these minerals are often associated with hydrothermal alterations, where there 
could be evidence of metallic mineralisation. The iron oxides were identified by applying the 
SAM method to the ASTER imagery data using the TerraSpec field spectra (Fig. 17).



694

Bull. Geoph. Ocean., 65, 675-700	 Mokhtari et al.

5. Discussion and target selection

Mapping hydrothermal alteration minerals and iron oxides is significant in regional mineral 
exploration. Phyllic (illite, white micas including sericite, muscovite or phengite), argillic (kaolinite), 
propylitic (chlorite), and silica alterations, accompanied by iron oxides, are important features 
associated with various types of mineral deposits. In this research, by using the USGS library 
spectra, various image processing methods were initially applied to the ASTER, Sentinel-2A, and 
Landsat-8 satellite imagery data of the Muteh gold mining district, and several minerals in various 
zones of hydrothermal alteration were identified. Some of these minerals could be associated with 
gold mineralisation of the orogenic type. After performing post-processing steps, such as thresh-
holding and conversion to vector format, all the identified minerals were combined in a single 
mineral index map (Fig. 18b). The minerals, indicative of various hydrothermal alterations and iron 
oxides in the mineral index map, were used to create a combined potential target map (Fig. 18a).

In addition, field-referenced spectra of the most favourable indicator minerals associated 
with the orogenic gold mineralisation of the area, such as phengite, kaolinite, illite, chlorite, and 
hematite, identified by the TerraSpec spectrometer (Table 4), were also used to process ASTER 
satellite imagery data of the Muteh district. The location of the important samples that were 
analysed by the TerraSpec spectrometer is shown in Fig. 19a. Phengite is a key indicator mineral 
associated with Senjedeh, the largest and most important active gold mine in the district. This 
mineral was not considered in processing the ASTER data by using library spectra. Based on 
the presence of phengite and other important alteration minerals, among which illite, kaolinite, 
chlorite, and hematite, and considering the structural controls (Fig. 10) and known mineral 

Fig. 17 - a) Enhancement of the ASTER data by the SAM method using the field-referenced spectra obtained from the 
TerraSpec spectrometer, b) hematite spectrum of the USGS spectral library, and c) hematite field-referenced spectrum 
obtained by using the TerraSpec spectrometer in the Muteh area.
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Fig. 18 - Map of various hydrothermal alterations and iron oxides of the Muteh gold mining district, which was created: 
a) by using the mineral index map of the area and b) by spectral analysis of the ASTER data utilising the USGS library 
spectra (modified after Mokhtari et al., 2023). Map in panel a also shows some of the sample locations in the Senjedeh 
and Chah Khaton gold deposit areas that were mostly used to measure field-referenced spectra for further processing 
of the ASTER data.

deposits/occurrences of the study area, four high-potential areas, marked with orange circles, 
are proposed for future follow-up field exploration (Fig. 19).

6. Validation

The targets mapped by the spectral analysis of the ASTER satellite data were compared with the 
known gold deposits of the Muteh gold mining district during image processing for confirmation. 
In addition, for further validation of these targets, field observation and sampling of the mapped 
high-potential areas were carried out and 11 samples were collected for chemical analysis. These 
samples were analysed by the XRD method to confirm the hydrothermal alteration minerals 
identified by the TerraSpec spectrometer and were mapped by processing the ASTER data. 
Minerals such as quartz (silica), kaolinite, illite, chlorite, muscovite, alunite, albite, dolomite, 
and hematite were identified by XRD analyses (Table 5). The XRD results confirmed most of 
the similar minerals identified by the TerraSpec spectrometer and mapped by ASTER data using 
the SAM method. Phengite, montmorillonite, and smectite were the only minerals that were 
not identified by the XRD analysis. The XRD results also showed a better correlation with the 
hydrothermal alteration minerals identified from the ASTER satellite imagery data using field-
referenced spectra, compared with the library spectra.

Four samples were also analysed for gold and related elements by using ICP-MS and AAS 
methods. High gold, copper, arsenic, lead, zinc, and sulphur concentrations were identified in 
three samples (Table 6). The samples that contained high concentrations of gold and associated 
elements were mostly correlated with the phengite mineral in the phyllic alteration and 
silicification zones that mostly contained high hematite and sulphide minerals.



696

Bull. Geoph. Ocean., 65, 675-700	 Mokhtari et al.

Fig. 19 - a) Integrated map of phengite, illite, kaolinite, chlorite, and hematite indicator minerals, associated with 
hydrothermal alterations and possible gold mineralisation in the Muteh mining district. The map was generated by 
using field-referenced spectra in processing the ASTER satellite data with the SAM method, four high-potential areas 
for future exploration are indicated with orange circles; b) field-referenced spectra of the indicator minerals measured 
by spectrometry of the field samples using the TerraSpec spectrometer.

7. Conclusions and recommendations

In the Muteh mining district, three sets of satellite imagery data, with different resolutions, 
were processed and interpreted by utilising both field-referenced and library spectra to map 
hydrothermal alteration minerals and lineaments for gold exploration. The concluding results of 
this research are as follows:

•	 minerals such as illite, muscovite, and phengite in phyllic alteration, kaolinite in argillic 
alteration, chlorite in propylitic alteration, and quartz in silicification, as well as hematite and 
goethite oxidised from sulphide minerals, are important indicator minerals in the orogenic 
gold deposit at the Muteh gold mining district, which can be identified by spectral analyses of 
appropriate satellite imagery data;

•	 various methods, such as false colour composite, band ratio, PCA, SAM, and MF, were employed 
to use reference spectra from the USGS library or field-referenced spectra at the Muteh district 
to map various minerals associated with hydrothermal alterations by using ASTER, Sentinel-
2A, and Landsat-8 satellite imagery data. Based on the field information of the mapped targets 
for gold exploration, the SAM image processing method provided more accurate results in 
processing the ASTER data;

•	 mineral spectra, acquired from the field samples by using the TerraSpec instrument, 
provided more accurate results in mapping indicator hydrothermal alteration minerals 
associated with gold mineralisation by processing ASTER satellite data, compared to the 
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Table 5 - The XRD analyses of the field samples used for validation.

	 Trace phase	 Minor phase	 Major phase	              UTM		  Sample no.
				    Y	 X
	

-
	 Muscovite, illite,	 Quartz, potassium	

3729209	 478647	 M-1-CH
 

		  chlorite, pyrite	 feldspar
	

Pyrite, chlorite
	 Albite, potassium	

Quartz	 3728437	 474009	 M-6-S
 

		  feldspar, muscovite, illite
	 Quartz	 Kaolinite, muscovite, illite	 Alunite	 3728200	 474244	 M-7-S
	

-	 Albite, pyrite
	 Quartz, muscovite, illite,	

3728282	 474298	 M-9-S
 

			   potassium feldspar	
	

Hematite
	 Potassium feldspar,	

Quartz, albite, mica, illite	 3728173	 474449	 M-10-S
 

		  chlorite	
	

-
	 Potassium feldspar,	 Quartz, albite, 	

3728434	 474416	 M-12-S
 

		  pyrite	 muscovite, illite	
	

-
	 Potassium feldspar,	

Quartz, muscovite, illite	 3728202	 474291	 M-13-S
 

		  albite, goethite, kaolinite	
	

-
	 Potassium feldspar,	 Quartz, albite, 	

3728420	 474162	 M-14-S
 

		  kaolinite	 muscovite, illite	
	 Hematite,	 Potassium feldspar, 	 Quartz, albite, 	

3728484	 474289	 M-18-S
 

	 calcite	 vermiculite	 chlorite, mica, illite	
	 -	 -	 Dolomite	 3729383	 478712	 M-21-CH
	 -	 Calcite	 Quartz, dolomite	 3728517	 474162	 M-24-S

corresponding spectra selected from the USGS spectral library used in mapping similar 
alteration minerals;

•	 phengite mineral, which was identified by using the TerraSpec spectrometer in this research, 
is an important indicator mineral associated with gold mineralisation in the Muteh gold 
mining district. The spectral characteristic of this mineral can be used in satellite image 
processing of similar geologic settings of orogenic gold mineralisation systems, elsewhere;

Table 6 - The ICP-MS and AAS analytical results of gold and other elements.

					                   Sample no.
			   Clarke	 X:474291	 X:474103	 X:478712	 X:474162
	

Element	 Unit
	 value	 Y:3728202	 Y:3728458	 Y:3729383	 Y:3728517

				    M-13 s	 M-19 ch	 M-21 ch	 M-24 s
	 Au	 ppb	 5	 250.49	 28	 4	 13
	 Ag	 ppm	 0.1	 5.6	 0.1	 0.1	 0.2
	 As	 ppm	 1.8	 224	 46	 475	 51
	 Cd	 ppm	 0.2	 11.9	 2.1	 1.0	 1.7
	 Cu	 ppm	 55	 9.795%	 1822	 111	 48
	 Mo	 ppm	 1.5	 676	 18	 2	 1
	 Pb	 ppm	 13	 1817	 362	 133	 109
	 S	 %	 0.026	 0.19	 0.24	 0.06	 0.09
	 Sb	 ppm	 0.2	 5	 4	 5	 4
	 Sr	 ppm	 375	 137	 50	 102	 32
	 Ti	 %	 0.44	 0.04	 0.06	 0.01	 0.01
	 Zn	 ppm	 70	 696	 111	 2553	 191
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•	 field observation and geochemical analyses in some of the collected field samples 
confirmed the presence of some of the high-potential areas for gold exploration proposed 
by processing satellite imagery data. Based on the final combined mineral maps generated 
by processing the ASTER data using field-referenced spectra, four important target areas 
are proposed for future follow-up exploration in the Muteh gold mining district.
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