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ABSTRACT

This study developed a new approach to extract geologic information for
porphyry copper and epithermal gold exploration in the arid and semi-arid regions using
combined satellite remotely sensed data from the Advanced Spaceborne Thermal
Emission and Reflection Radiometer (ASTER), Advanced Land Imager (ALI) and
Hyperion sensors. Two copper mining districts have been selected in southeastern
segment of the NW-SE trending Urumieh-Dokhtar Volcanic Belt that is located in the
Tethyan Copper Belt of Iran. The performance of the principal component analysis,
band ratio and minimum noise fraction methods was evaluated for ASTER and ALI data
to enhance vegetation, iron oxide/hydroxide, clay minerals and lithological units.
Spectral angle mapper (SAM), linear spectral unmixing (LSU), matched-filtering (MF)
and mixture-tuned matched-filtering (MTMF) methods were tested on shortwave
infrared (SWIR) bands of ASTER and ALI to distinguish the phyllic, argillic and
propylitic alteration zones associated with porphyry copper mineralization. Analytical
Imaging and Geophysics (AlG)-Developed hyperspectral analysis processing methods
were used for spectral bands covering the SWIR spectral range (2.0 to 2.4 um) of the
Hyperion data for mapping predominant mineral assemblages in hydrothermal alteration
zones. A field reconnaissance, X-ray diffraction (XRD) analysis and spectral reflectance
measurements were performed to verify the results of the study. It is concluded that the
integration of spectral information derived from ASTER, ALI and Hyperion data can
produce comprehensive and accurate information for copper and gold resource
investigations. This approach has a strictly regional interest to Middle Eastern economic
geologists for the reconnaissance stages of exploring high economic-potential copper

and gold mineralization zones in the arid and semi-arid regions.



Vi

ABSTRAK

Kajian ini membangunkan kaedah baru menyari maklumat geologi bagi gali cari
porfir tembaga dan epiterma emas di kawasan-kawasan kontang dan separa-kontang
dengan mengunakan kombinasi data satellite remote sensing daripada penderia Advanced
Spaceborne Thermal Emission and Reflection Radiometer (ASTER), Advanced Land Imager
(ALI) dan Hyperion. Dua daerah perlombongan tembaga yang dipilih bagi kajian ini
berada dalam kawasan segmen tenggara jaluran gunung berapi Urumieh-Dokhtar yang
berada dalam arah aliran Barat Laut-Tenggara dan terletak di jaluran tembaga Tethyan
Iran. Penilaian kaedah analisis komponen utama, nisbah jalur dan fungsi hinggar
minimum keatas data ASTER dan ALI telah dijalankan bagi menonjolkan tumbuh-
tumbuhan, oksida besi/ hidrolsida, mineral liat dan unit-unit litologi. Teknik spectral
angle mapper (SAM), spectral linear unmixing (LSU), matched-filtering (MF) dan
mixture-tuned matched-filtering (MTMF) telah diuji pada jalur-jalur infra merah pendek
(SWIR) ASTER dan ALI bagi membezakan zon-zon perubahan phyllic, argillic dan
propylitic yang berkaitan dengan pemendapan porfir tembaga. Kaedah pemprosesan
data hiperspektral Analytical Imaging and Geophysics (AIG) telah digunakan pada jalur-
jalur spectral dalam julat SWIR (2.0 to 2.4 um) data Hyperion bagi pemetaan himpunan
mendapan utama dalam zon-zon perubahan hidroterma. Tinjau lapangan, analisis
pembelauan X-ray (XRD) dan pengukuran pembalikan spectral sampel telah jalankan
bagi mengesahkan dapatan kajian. Kesimpulannya, integrasi maklumat spectral yang di
terbitkan daripada data ASTER, ALI dan Hyperion boleh menghasilkan sumber
maklumat gali cari yang komprehensif dan tepat bagi tembaga dan emas. Kaedah ini
mempunyai kepentingan serantau terutamanya kepada para ahli geologi ekonomi di
Timur Tenggah bagi peninjauan zon-zon pemendapan tembaga dan emas yang

mempunyai potensi ekonomi tinggi di kawasan kontang dan separa-kontang.
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CHAPTER 1

INTRODUCTION

1.1  Background of the study

Remote sensing technology has been used in diverse aspects of Earth
sciences, geography, archeology and environmental sciences. Earth scientists have
focused on global experiences in environmental geology, mineral and hydrocarbon
exploration using remote sensing data. Economic geologists can achieve
reconnaissance information via remote sensing data for exploring porphyry copper
and epithermal gold mineralization, and additional new prospects around the world,

including those yet to be discovered.

The economic development of a country largely depends on its mineral
resourses. Increasing demands of minerals by the society due to the exponential
increase in population and industrialization emphasize on replenishing of depleting
reserves by locating new prospects of ore deposits. Therefore, an organized mineral
exploration program is required for a steady growth of a country. Remote sensing
technology can provide a boost for mineral exploration investigations. It is capable of
collecting data from vast areas through the use of sophisticated sensor systems

mounted on satellite or aircraft.



Remote sensing data play a vital role in the initial stages of copper/gold
exploration especially in the arid and semi-arid realms, where earth’s surface is well-
exposed due to very sparse to non-existent vegetation cover. Hydrothermal alteration
minerals with diagnostic spectral absorption properties in the visible and near
infrared through the shortwave length infrared regions can be identified by
multispectral and hyperspectral remote sensing data as a tool for the initial stages of
porphyry copper and epithermal gold exploration (Di Tommaso and Rubinstein,
2007; Zhang et al., 2007; Gersman et al., 2008; EI Desouky et al., 2008; Van
Ruitenbeek et al., 2008; Bedini et al., 2009; Gabr et al., 2010; Ramadan and Abdel
Fattah, 2010; Bishop et al., 2011; Pour et al., 2011; Pour and Hashim, 2011a, 2011b,
2011c, 2011d, 2012a, 2012b; Bedini, 2011; Amer et al., 2012; Zoheir and Emam,
2012).

In the initial stage of remote sensing technology development (1970s),
geological mapping and mineral exploration were among the most prominent
applications (Rowan et al., 1974; Goetz et al., 1975; Abrams et al., 1977; Rowan et
al., 1977). Multispectral and hyperspectral remote sensing sensors were used for
geological applications, ranging from a few spectral bands to more than 100
contiguous bands, covering the visible to the shortwave infrared regions of the
electromagnetic spectrum (Abrams et al., 1983; Rowan et al., 1984; Crowley et al.,
1989; Spatz and Wilson, 1995; Clark et al., 1991; Cocks et al., 1998, Kruse et al.,
1999; Goetz, 2009; Van der Meer et al., 2012).

Landsat Multi-Spectral Scanner (MSS), Landsat Thematic Mapper (TM) and
Syste'm Pour I’Observation de la Terre (SPOT) with four to seven spectral bands
have been used for regional scales of geological mapping (Goetz and Rowan, 1981;
Goetz et al., 1982; Goetz et al., 1983; Sultan et al., 1987; Tangestani and Moore,
2000; Kavak and Inan, 2002, Kaya et al., 2004; Kavak, 2005). HyMap and the
Airborne Visible/IR Image Spectrometer (AVIRIS) hyperspectral sensors with 126 to
224 contiguous bands were used to provide information about hydrothermal
alteration minerals on the Earth’s surface (Clark et al., 1991; Cocks et al., 1998;
Kruse, 1999; Abdelsalam and Stern, 2000; Perry, 2004; Hallman and Ramsey, 2004).
Several investigations have discovered that remote sensing hyperspectral sensors are

capable to map spectrally distinct hydrothermal alteration minerals, which are



important in porphyry copper and epithermal gold deposits exploration (Crowley et
al., 1989; Crowley and Clark, 1992; Kruse, 1993; Boardman et al., 1995; Crosta et
al., 1998; Cocks et al., 1998; Kruse, 1999; Kruse, 2003; Kruse et al., 2003; Gersman
et al., 2008; Bedini et al., 2009).

Recognizing hydrothermally altered rocks through remote sensing
instruments have been widely and successfully used for the exploration of epithermal
gold, porphyry copper, massive sulfide and uranium deposits (Velosky et al., 2003;
Rajesh, 2008; Di Tommaso and Rubinstein, 2007; Van Ruitenbeek et al., 2008;
Zhang et al., 2007; Goetz, 2009; Azizi et al., 2010; Pour et al., 2011; Pour and
Hashim, 2011a, 2011b, 2011c, 2011d; Bedini, 2011; Amer et al., 2011). Landsat
Thematic Mapper /Enhanced Thematic Mapper” (TM/ETM™) image has been used
for detecting alteration mineral assemblages associated with epithermal gold and
porphyry copper mineralization. Shortwave infrared bands (bands 5 and 7) of
TM/ETM" have been used as a tool to identify hydroxyl-bearing minerals in the
reconnaissance stages of copper/gold exploration (Rowan et al., 1977; Podwysocki et
al., 1984; Crosta and Moore, 1989; Okada et al., 1993; Sabins, 1996; Sabins, 1997;
Abdelsalam and Stern, 2000). Band ratio of 5/7 is sensitive to hydroxyl (OH)
minerals, which are found in the alteration zones (Kusky and Ramadan, 2002; Inzana
et al 2003; Aydal et al., 2007; Rajesh, 2008; Ramadan and Abdel Fattah, 2010). The
broad extent of these bands does not allow discriminating specific alteration zones
and minerals by TM/ETM" data, which are important for exploring high economic-

potential zone for copper/gold mineralization.

Hyperspectral sensors such as HyMap and the Airborne Visible/IR Image
Spectrometer (AVIRIS) with more than 100 continuous bands in shortwave infrared
region have been also used to obtain accurate information about hydrothermal
alteration mineral assemblages (Cocks et al., 1998; Kruse et al., 1999; Kruse and
Boardman, 2000; Gersman et al., 2008; Bedini et al., 2009; Bedini, 2009; Goetz,
2009; Bedini, 2011; Van der Meer et al., 2011). Expensive mobilization and small
coverage and not readily available data are problems associated with hyperspectral

data for geological mapping applications (Smailbegovic and Taranik, 1999).



Recently, the launch of sophisticated remote sensors developed by National
Aeronautics and Space Administration (NASA) on the earth orbiter spacecraft such
as EOS/Terra and EO1 platforms, has created opportunities for improving the quality
and reducing the cost of remote sensing data. The Earth Observing System
(EOS)/Terra platform was launched into a near-polar orbit at an altitude of 702 km
on 18 December 1999. EOS/Terra is an advanced spaceborne platform carrying three
sophisticated sensor consisting of (i) the Moderate Resolution Imaging Spectrometer
(MODIS); (ii) the Multiangle Imaging SpectroRadiometer (MISR); and (iii) the
Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) (Pieri
and Abrams, 2004).

The Earth Observing-1 (EO-1) satellite was launched on 21 November of
2000 as part of NASA’s New Millennuim Program (NMP) technology path-finding
activities to enable more effective (and less costly) hardware and strategies for
meeting earth science mission needs in the 21% century. The EO-1 platform includes
three of the most advanced remote sensing instruments (i) The Advanced Land
Imager (ALI); (i) Hyperion; and (iii) The Linear Etalon Imaging Spectral Array
(LEISA) Atmospheric Corrector (LAC). These sensors can be used in a variety of
scientific disciplines (Beck, 2003; Ungar et al., 2003). The EO-1 platform orbits in a
ground track coverage that is one minute later than Landsat-7 Thematic Mapper.
Following EO-1, in nearly the same orbit, are Satelite de Aplicanciones Cientificas
(SAC-C; an Argentinean satellite) and EOS/Terra (Folkman et al., 2001; Ungar et al.,
2003).

The Advanced Spaceborne Thermal Emission and Reflection Radiometer
(ASTER) remote sensor has sufficient spectral resolution in the shortwave length
infrared radiation bands for mapping hydrothermal alteration mineral zones
associated with porphyry copper and epithermal gold mineralization (Pour and
Hashim, 2011b). Since 2000, ASTER data have been widely and successfully used in
lithological mapping and mineral exploration (Hewson et al., 2001; Rowan and Mars,
2003; Rowan et al., 2003; Junek, 2004; Hellman and Ramsey, 2004; Galvao et al.,
2005; Watts and Harris, 2005; Vaughan et al., 2005; Hubbard and Crowly, 2005;
Rowan et al., 2005; Kavak, 2005; Mars and Rowan, 2006; Rowan et al., 2006;
Ducart et al., 2006; Ren and Abdelsalam, 2006; Di Tommaso and Rubinstein, 2007;



Khan et al., 2007; Moghtaderi et al., 2007; Kruse, 2007; Sanjeevi, 2008; Moore et al.,
2008; Tangestani et al., 2008; Carranza et al., 2008; Khan et al., 2008; El Desouky et
al., 2008; Mezend et al., 2009; Azizi et al., 2010; Amer et al., 2010; Aboelkhair et al.,
2010; Gabr et al., 2010; Mars and Rowan, 2010; Kratt et al., 2010; Pour et al., 2011,
Pour and Hashim, 2011a, 2011b, 2011c, 2011d, 20123, 2012b; Gubert et al., 2011;
Oztan and Suzen, 2011; Haselwimmer et al., 2011; Mars and Rowan, 2011; Bedini,
2011; Vicente and Fiho, 2011; Salati et al., 2011; Tangestani et al., 2011; Rejendran
etal., 2011, 2012; Amer et al., 2012; Zoheir and Emam, 2012).

ALl has six unique wavelength channels spanning the visible and near
infrared (0.4-1.0 micrometer (um)). Because of their respective band center
positions, ALI is especially useful for discriminating among ferric-iron bearing
minerals in the standpoint of geologic mapping applications (Hubbard et al., 2003;
Hubbard and Crowley, 2005).

Hyperion shortwave infrared bands (2.0 to 2.5 um) can uniquely identify and
map hydroxyl-bearing minerals, sulfates and carbonates in the hydrothermal
alteration assemblages (Kruse et al., 2003; Gersman et al., 2008; Bishop et al., 2011).
First subset of visible and near infrared bands between 0.4 and 1.3 um can also be

used to highlight iron oxide minerals (Bishop et al., 2011).

The near coincidence of EO1 and EOS/Terra platforms allows obtaining
images of the same ground areas, resulting comprehensive remote sensing
information for the reconnaissance stages of mineral exploration. A comparison
approach can also to be used between ASTER, ALI and Hyperion imagery in the
field of mineral exploration. Spectral information extraction from ASTER, ALI and
Hyperion data has a great ability to assist economic geologists for exploring high
economic-potential copper and gold mineralization zones in the arid and semi-arid
realms of the Earth. With this in mind, this investigation is concerned with an
application of sophisticated image processing methods to ASTER, ALI and Hyperion
data for spectral information extraction to highlight hydrothermal alteration zones
associated with porphyry copper and epithermal gold mineralization in an arid and

semi-arid regions of the Earth.



1.2 Problem Statement

Rapid advances in remote sensing technology and digital image processing
techniques have created the best opportunities for detailed mapping and

understanding of the earth’s surface with perspective of mineral exploration.

Iran is a semi-arid country that is located in the Alpine-Himalian orogenic
and metalogenic belt (Tethyan Copper Belt) with great potentials for exploring
porphyry copper and epithermal gold deposits. Yearly precipitation averages very
low in the most parts of Iran especially in the southeastern segment, thus the
deposit’s exposure is well due to sparse and nonexistent vegetation cover, which
makes it quite suitable for remote sensing analysis. In Iran, due to the unsystematic
copper and gold exploration techniques and lack of modern exploration technology,
there are numerous unexplored and additional prospects of porphyry copper and
epithermal gold deposits. High spectral, spatial and radiometric resolution remote
sensing sensors can be the most important tool to detect subtle anomalies associated
with unidentified porphyry copper and epithermal gold deposits.

This research develops a successful case application of ASTER, ALI and
Hyperion remote sensing data and image processing methods to detect hydrothermal
alteration zones associated with porphyry copper and epithermal gold mineralization
in the southeastern part of the Urumieh-Dokhtar Volcanic Belt, Iran. The results have
important implications in identifying of probable porphyry copper mineralization,
and can be extrapolated to virgin or remote areas for exploring high economic-
potential porphyry copper and epithermal gold mineralization zones in the arid and

semi-arid regions of the Earth.

In this investigation, we selected the NW-SE trending Urumieh-Dokhtar
Volcanic Belt as a case study that is located in the Tethyan Copper Belt of Iran. In
this belt, the abundance of known and mined porphyry copper and gold deposits
reflects its economic potential, which warrants the exploration for new and additional
prospects. Our image analyses focuses on the Meiduk and Sar Cheshmeh porphyry

copper deposits, which are located in the southeastern part of the Urumieh-Dokhtar



Volcanic Belt, SE Iran, where copper and molybdenum are actively being mined. As
the literature admits, few remote sensing studies were carried out in the Urumieh-
Dokhtar Volcanic Belt of Iran (Tangestani and Moore, 2002; Ranjbar et al., 2004;
Mars and Rowan 2006; Tangestani et al., 2008). However, the previous
investigations have been not studied many parts of the Urumieh-Dokhtar Volcanic
Belt in detail by the integration of the ASTER, ALI and Hyperion remote sensing

data and sophisticated image processing methods at both regional and district scales.

This study is concerned with an application of sophisticated image processing
methods to ASTER, ALI and Hyperion data for spectral information extraction to
highlight hydrothermal alteration zones associated with porphyry copper and
epithermal gold mineralization such as phyllic, argillic and propylitic mineral
assemblages in the southeastern part of the Urumieh-Dokhtar Volcanic Belt, SE Iran.
The most important purpose of this investigation is to use effective image processing
methods to ASTER, ALI and Hyperion data aimed at spectral information extraction
for the recognition of high economic-potential areas (the phyllic alteration zone)

associated with porphyry copper and epithermal gold mineralization.



1.3

Objectives

The objectives of this research are:

(1) To enhance the hydrothermally altered rocks associated with porphyry copper
mineralization, the boundary of lithological units and vegetation by applying
conventional image processing methods such as principal component
analysis, band ratio and minimum noise fraction using VNIR, SWIR and TIR
bands of ASTER, and VNIR and SWIR bands of ALI at regional scale.

(2) To discriminate the phyllic, argillic and propylitic alteration zones, as well as
to highlight high economic-potential areas (the phyllic alteration zone) for
porphyry copper mineralization by performing spectral mapping methods
such as spectral angle mapper, linear spectral unmixing, matched-filtering
and mixture-tuned matched- filtering using SWIR bands of ASTER and ALI
at both regional and district scales.

(3) To detect predominant hydrothermal alteration mineral assemblages in
specific alteration zones using spectral bands covering the visible and near
infrared (0.4 to 1.3 um) and shortwave infrared (2.0 to 2.4 pum) spectral
ranges of Hyperion data by running Analytical Imaging and Geophysics

(AIG)-Developed hyperspectral analysis processing methods.

(4) To compare the capability of image processing methods used and the results
derived from ASTER, ALI and Hyperion data to identify high economic-

potential areas for porphyry copper mineralization and lithological units.

(5) To verify the remote sensing results through comparison with comprehensive
field reconnaissance, X-Ray diffraction (XRD) analysis and laboratory

spectral measurements.



1.4 Scope of the Study

This contribution uses 14 bands of ASTER, 10 bands of ALI and 196 bands
of Hyperion data, including two cloud-free level 1B ASTER, ALI and Hyperion
scenes, which cover two large mining districts (Meiduk and Sar Cheshmeh porphyry

copper deposits) in the southeastern part of Urumieh-Dokhtar Volcanic Belt.

To accomplish specific image processing objectives, ASTER, ALI and
Hyperion images of both target sites were processed using the ENVI (Environment
for Visualizing Images) version 4.5, ERMapper version 6.4 and ERDAS IMAGINE
version 9.2 software packages.

A comprehensive field reconnaissance was carried out to verify the image
processing results during 10 to 15 December 2010. Geological locations were
measured by a Magellan GPS with an average accuracy 7 m. Samples for laboratory
studies were collected through a systematic sampling of fresh and surface-weathered
sides of representative hydrothermally altered rocks. The samples were taken from
two sites within the open-pit quarry of the Meiduk and Sar Cheshmeh mines and

surrounding areas.

Ground photos were taken of the geomorphology, rock units and
hydrothermally altered rocks. The mineralogy of fine grained samples was studied
using X-ray diffraction (XRD) technique for bulk mineralogy of the hydrothermally
altered rocks. The XRD analyses were implemented on bulk powder using an X-ray
diffractometer DSADVANCE model at the Material laboratory in Universiti
Teknologi Malaysia (UTM).

Spectral reflectance measurements were made using an Analytical Spectral
Devices (ASD) spectroradiometer Fieldspac® model, which records a reflectance
spectrum across an overall spectral range of 325-2500 nm (nanometer) with a 10 nm
individual band width. The measurements were performed at the remote sensing
laboratory in Universiti Teknologi Malaysia (UTM) using a contact probe and a built-

in illumination source.
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1.5 Publications derived from this research

This thesis is written based on our publications derived from the results of
comprehensive study using ASTER, ALI and Hyperion remote sensing data in
identifying of probable porphyry copper mineralization in the southeastern part of the
Urumieh-Dokhtar Volcanic Belt, SE Iran. This contribution achieved impact factor
7.586 by published journal papers. Some under review journal articles are still
waiting to be evaluated.

We attempted to write the thesis based on university format to conserve the
continuity and organization of the thesis. Litureture review has up dated to published
papers in recent months, and research methodology has been explained in detail to
give better information for broad readership. All of the published journal papers and
under review articles have been used in the results, analysis and discussion section.
However, conclusions can be found in the final chapter of the thesis. The published
journal papers, conference papers and under review articles are listed in Appendix A.
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