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Spectral mapping techniques were applied on shortwave infrared of advanced spaceborne thermal
emission and reflection radiometer (ASTER) data for discriminating between hydrothermal alteration
zones, and the identification of high potential mineralized lithologic unit associated with hydrothermal
porphyry copper mineralization in the Central Iranian Volcanic Belt. In this study, shortwave infrared
radiations of ASTER data were processed with spectral angle mapping, linear spectral unmixing,
matched filtering, and mixture tuned matched filtering techniques. Two copper mining districts were
used as reference to demonstrate the applicability of the spectral mapping techniques for spectral
distinction of specific hydrothermal alteration zones such as argillic, phyllic and propylitic. The results
of this study showed that spectral information can be used for generating spatial alteration mineral
maps for purely virgin regions, and it can provide a cost-effective method to discriminate the new
prospects for porphyry copper exploration prior to detailed and costly ground investigations.
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INTRODUCTION

The advanced space-borne thermal emission and
reflection radiometer (ASTER) is a remote sensing
sensor with enhanced capabilities for mineral exploration,
which was built by Japan’s Ministry of Economy Trade
and Industry (METI), and launched by NASA on
EOS/Terra platform on 18th December 1999. ASTER is a
multispectral sensor with 14 bands that can measure
reflected and emitted electromagnetic radiation from
Earth’s surface in three subsystems consisting of (i)
visible and near infrared radiation (VNIR); (ii) shortwave
infrared radiation (SWIR); (iii) thermal infrared radiation
(TIR).

The spatial resolution of three recording bands in

*Corresponding author. E-mail: mazlanhashim@utm.my,
profmhashim@gmail.com. Tel: +607- 5530666. Fax: +607-
5531174,

(VNIR) between 0.52 and 0.86 um and six bands in
(SWIR) from 1.6 to 2.43 um and five bands in (TIR) the
8.125 to11.65 um wavelength region are 15 and 30 and
90 m, respectively (Yamaguchi et al., 1999; Abrams,
2000). The technical characteristics of ASTER data are
shown in the Table 1. The six spectral bands of the
ASTER SWIR subsystem were designed to measure
reflected solar radiation in order to distinguish Al-OH, Fe,
Mg-OH, Si-O-H, and CO3 absorption features (Abram
and Hook, 1995). Previous studies documented
identification of specific hydrothermal alteration minerals,
such as alunite, kaolinite, calcite, dolomite, chlorite, talc
and muscovite, as well as mineral groups, through
analysis of ASTER SWIR data, which have been proven
using in-situ field spectral measurements (Rowan et al.,
2006; Ducart et al., 2006; Di Tommaso and Rubinstein,
2007). Therefore, these properties making SWIR of
ASTER data suitable for detailed mineralogical alteration
mapping, that is important to distinguish the high
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Table 1. ASTER instrument characteristics (Yamaguchi et al., 1999).

Characteristic VNIR

SWIR

TIR

Band 1: 0.52-0.60, Nadir looking
Band 2: 0.63-0.69, Nadir looking
Band 3: 0.76-0.86, Nadir looking

Spectral range (um) Band 3: 0.76-0.86, Backward looking

Band 4: 1.600—1.70
Band 5: 2.145—-2.185
Band 6: 2.185— 2.225
Band 7: 2.235- 2.285
Band 8: 2.295— 2.365
Band 9: 0.360— 2.430

Band 10: 8.125-8.475
Band 11: 8.475-8.825
Band 12: 8.925-9.275
Band 13: 10.25-10.95
Band 14: 10.95-11.65

Ground resolution (m) 15 30 90
Swath width (km) 60 60 60
Singnal quantization level (bits) 8 8 12
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Figure 1. Hydrothermal alteration zones associated with porphyry copper deposit (Modified from Lowell and
Guilbert, 1970; Mars and Rowan, 2006). (A) Schematic cross section of hydrothermal alteration mineral zones,
which consist of propylitic, phyllic, argillic, and potassic alteration zones. (B) Schematic cross section of ores

associated with each alteration zone.

potential areas of economical mineralization of ore
deposits such as epithermal gold and hydrothermal
porphyry copper deposits. Each ideal porphyry copper
deposit is typically characterized by hydrothermal
alteration mineral zones (Figure. 1) (Lowell and Guilbert,
1970). A core of quartz and potassium-bearing minerals
is surrounded by broad phyllic zone and narrower argillic
and the outer propylitic zones. These multiple zones are
containing minerals with diagnostic spectral absorption
features in SWIR portion of the electromagnetic
spectrum, which can be distinguishable from each other
by SWIR of ASTER data (Hunt and Ashley, 1979; Mars
and Rowan, 2006). The broad phyllic zone is
characterized by illite/muscovite (sericite) that indicate an
intense AI-OH absorption feature centered at 2.20 ym
coincide with ASTER band 6, and the narrower argillic

zone including, kaolinite and alunite that display a
secondary AI-OH absorption feature at 2.17 um
correspond with ASTER band 5. The mineral assemblage
of the outer propylitic zone are epidote, chlorite, and
calcite that exhibit absorption features situated in the 2.35
pm that coincide with ASTER band 8 (Figure 2) (Hunt

and Ashley, 1979; Mars and Rowan, 2006). The
differentiation between alteration zones and the
identification of phyllic zone are important in the

exploration of porphyry copper mineralization, because
phyllic zone can be an indicator of high potential area
with economical mineralization of copper ore shell (Figure
1) (Lowell and Guilbert, 1970).

In this paper, spectral mapping techniques such as
spectral angle mapping (SAM), linear spectral unmixing
(LSU), matched filtering (MF), and mixture tuned
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Figure 2. Laboratory spectra of muscovite, kaolinite, alunite, epidote,
calcite, and chlorite resampled to ASTER bandpasses. Spectra include
muscovite, typical in phyllic alteration zone, with a 2.20 um absorption
feature; kaolinite and alunite, which are common in argillic alteration
zone, have 2.17 pm absorption features; and epidote, calcite, and
chlorite, which are typically associated with propylitic alteration zone and
display 2.35 pm absorption features (Clark et al., 1993b; Mars and

Rowan, 2006).

matched filtering (MTMF) were applied on SWIR of
ASTER data to discriminate the specific hydrothermal
alteration zones associated with porphyry copper
mineralization in two well-known mining districts in SE
Iran. The results can be as a guide in delimiting the high
potential mineralized lithologic units with respect to the
surrounding country rocks.

GEOLOGICAL SETTING

The major part of Iran is semi-arid with well-exposed and
spars vegetated surface, which is ideal for remote
sensing geological mapping. The Central Iranian Volcanic
Belt with trending NW-SE, located on the Tethyan
Copper Belt in Iran. It is classified as an Andean Volcanic
arc (Alavi, 1980; Berberian et al., 1982). In Iran, all known
porphyry copper mineralization are concentrated in this
belt (Figure 3). It is the product of Tethys oceanic plate
subduction under the Iranian micro-plate followed by
continent-to-continent collision of the Arabian and
Eurasian plates (Regard et al., 2004). Porphyry copper

deposits in this belt are associated with Miocene adakite-
like orogenic granitoids which intruded the Eocene
volcanic rocks (Shafiei et al., 2009). The Central Iranian
Volcanic Belt is a volcano-plutonic complex contains
extrusive and intrusive rocks of Eocene to Quaternary
age (Stocklin, 1974; Farhoudi, 1978). Geochemical
investigations have shown that this volcanic belt
generally consists of subduction-related calc-alkaline
rocks (Forster et al., 1972; Berberian et al., 1982;
Shahabpour, 2005, 2007).

In this belt, mountains include a volcanic succession of
Eocene calc-alkaline basaltic andesites and Oligocene
shoshonitic rocks intruded by Neogene quartz diorites,
quartz monzonites, and granodiorites which contain vein
type and porphyry copper mineralization. Additional
plutonic rocks include granite and gabbro, and volcanic
rocks contain basalt, andesite, and dacite, which were
erupted as lava flows, ignimbrites, and pyroclastic flows
(Huber, 1969; Hassanzadeh, 1993). The most of
volcanism occurred from Eocene to Miocene time in this
belt (Huber, 1969; Dimitrijevic, 1973; Hajian, 1977; Amidi,
1984). Extensive mineralization occurred from Miocene to
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Figure 3. (a) Location of the Central Iranian volcanic belt and distribution of porphyry Cu deposits in Iran. (b) Simplified litho-
structural map of the southeastern of the volcanic belt and location of major porphyry Cu deposits and prospects (Shafiei,
2010). Study areas are located in ellipsoidal polygons.

Pliocene time and produced porphyry copper and vein- (Hassanzadeh, 1993).

type mineralization. Giant porphyry copper ore deposits In this volcanic belt the abundance of known porphyry
in this belt, including Sarcheshmeh and Meiduk are in a copper deposits reflects the economic potential
granodiorite and a quartz diorite, respectively importance, and also warranting the exploration of new
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Figure 4. Geological map of Sarcheshmeh region (Modified from Huber, 1969).

prospects. Therefore, it is the best candidate with great
potential for exploration new prospects of porphyry
copper and vein-type epithermal gold deposits by ASTER
remote sensing data.

This study focuses on two giant and largest deposits: (i)
Sarcheshmeh; and (ii) Meiduk porphyry copper deposits,
where Cu and Mo are currently mined. The Sarcheshmeh
porphyry copper deposit (55° 52" 20" E, 29° 58’ 40" N) is
located 60 Km southwest of Kerman city. The deposit is
within a belt of Eocene volcanic rocks and Oligo-Miocene
subvolcanic granitoid rocks. The oldest host rocks at the
Sarcheshmeh porphyry copper deposit belong to an
Eocene volcanogenic complex, also known as the
Sarcheshmeh complex (Waterman and Hamilton, 1975).
The complex consists of pyroxene trachybasalt, pyroxene
trachyandesite of potassic and shoshonitic affinity (Aftabi
and Atapour, 1997), less abundant andesite and rare
occurrences of agglomerate, tuff, and tuffaceous
sandstone (Figure 4). These were intruded by a complex
series of Oligo-Miocene granitoid intrusive phases such
as quartz diorite, quartz monzonite and granodiorite. The
granitoid rocks are cut by a series of intramineral
hornblende porphyry, feldspar porphyry and biotite
porphyry dykes (Waterman and Hamilton, 1975).
Hydrothermal  alteration and  mineralization  at
Sarcheshmeh are centered on the stock and were
broadly synchronous with its emplacement. Early
hydrothermal alteration was dominantly potassic and

propylitic, and was followed later by phyllic, silicic, and
argillic alteration (Hezarkhani, 2006).

On the other hand, the Meiduk porphyry copper deposit
(55°10" 05" E, 30° 25" 10" N) is located 45 km northeast
of Shahr-e-Babak, Kerman province. Figure 5 shows
geological map of the Meiduk area. Lower Eocene rocks
are parts of a volcanic complex consisting of rhyolite
lavas, breccias, acidic tuffs, and pyroclastic rocks. This
volcanic complex followed by another Eocene to
Oligocene volcanic complex, which consists of
trachybasalt, andesite and trachyandesite, andesite-
basalt, and acidic tuff. The intrusive rocks were emplaced
into the volcanic rocks as stock dykes at the Meiduk ore
deposit. The volcanic complexes and intrusive rocks are
partly covered by late Miocene-Pliocene volcanic and
subvolcanic rocks of the Masahim stratovolcano
(Hassanzadeh, 1993). The youngest volcanic rocks in the
study area are quaternary in age and range from trachyte
to dacite. The Cu-mineralization and associated
hydrothermal alteration zones are focused on the
Miocene dioritic Meiduk porphyry and Eocene andesitic
rocks (Boomeri et al., 2009). However, distribution of the
various alteration types is irregular. The concentric
alteration zones from the centre outward are potassic,
phyllic, and propylitic. This pattern is similar to alteration
envelopes that are associated with many other porphyry
Cu—Mo deposits. Amiraie, (1991) recognized potassic,
phyllic, argillic, and propylitic alteration zones at Meiduk



922 Int. J. Phys. Sci.

30730N
L

L~ Fault
A
@ Voleano Crater

[] Quaternary Unditferentiated
[ Quaternary Tuff and Agglomerate
[[] Pliccene Conglomerate
[[] Neogene Redbeds
[zl Neogene Conglomerate
Bl Meogene Voleanic Rock and Tuff
Il MNeogene Diorite, Quartz Diorite,
and Grancdiorite Porphyry
O Eccens Granodicrite and Monzenite
[ Eccene-Qligacene Tuft
[l Eocene-Oligecene Yolcanic Rock
] Eocene-Oligocene Shale and Siltslone
B Palecgene Tulf and Agglomerate
B Lower Eccane Tuff and Voleanic Rock
[ Palecgene Flysch
i Il Palecgene Conglomerate
] Gretacecus Melange
[] Cretacecus Limestone
B Cretacecus Flysch

L]
S5°30°E

Figure 5. Geological map of Meiduk region (Modified from Huber, 1969).

area.

DATA CALIBRATION AND IMAGE PROCESSING METHODS

Two cloud-free level 1B ASTER scenes used in this study were
acquired over Sarcheshmeh and Meiduk areas on June 20th, 2006
and July 15th, 2007, respectively. The level 1B data product
measures radiance at the sensor, without atmospheric corrections
and were produced from the original level 1A format by Earth and
Remote Sensing Data Analysis Center (ERSDAC) Japan. The 1B
format data also has been applied for both geometric and
radiometric corrections (Abrams, 2000). The images have been pre-
georeferenced to UTM zone 40 North projection with WGS-84
datum. The calibration and data analysis steps implemented to the
original ASTER scenes are as follows.

The crosstalk correction was performed to data set, aimed at
removing the effects of energy overspill from band 4 into bands 5
and 9 (lwasaki and Tonooka, 2005). In doing so, the Cross-Talk
correction software that is available from
www.gds.aster.ersdac.or.jp was used. Atmospheric correction was
applied by fast line-of-sight atmospheric analysis of spectral
hypercubes (FLAASH) algorithm on SWIR subsystem (Thome et
al., 1998). In addition, the ASTER Level 1B data converted to
reflectance using the Internal average relative reflection (IARR)
method. Ben-Dor et al. (1994) recommended IARR reflectance
technique for mineralogical mapping as the preferred calibration
technique which does not require a prior knowledge of samples
collected from the field area. ASTER SWIR surface reflectance
scene of the study area were processed and analyzed by
environment for visualizing images (ENVI) 4.5 software package.

With spectral mapping techniques such as spectral angle
mapping, linear spectral unmixing, matched filtering and mixture
tuned matched filtering, pixels that have mixed spectral signatures
are extractable and can be separated from the undesirable
background, and thus mineral abundance maps can produce free of
diluting effects of the environment. Performing these techniques for
mapping surface mineralogy are often based on the comparison of

image reflectance spectra with library spectra of end-member
minerals, which are presented at the ground surface.

In this investigation, the spectra of selected end-member
minerals have been taken from the ASTER spectral library version
2.0; which can be ordered from http://speclib.jpl.nasa.gov/
(Baldridge et al., 2009). We selected the spectra of dominated end-
member minerals consist of muscovite (K Al2(Si Al3) O10(OH,F)2
as the indicator of phyllic zone, and kaolinite (Al2 Si2 O5 (OH) 4) as
the indicator of argillic zone, and epidote (Ca2(Al Fe3+)30
(SiO4)(SiO7)(0OH) as the indicator of propylitic zone to discriminate
the alteration zones, respectively. Figure 2 shows the spectral
characteristics of the three minerals of interest that re-sampled to
ASTER bandpasses. The spectral absorption feature of muscovite
as indicator of phyllic zone is centered at 2.20 ym coincide with
ASTER band 6, kaolinite as indicator of argillic zone at 2.17 ym
correspond with ASTER band 5 and epidote as indicator of
propylitic zone at 2.35 ym coincide with ASTER band 8 (Figure 2)
(Mars and Rowan 2006).

RESULTS AND DISCUSSION
Alteration mapping

We applied spectral mapping techniques on SWIR
subsystem of ASTER data to map the surface mineralogy
of hydrothermal alteration zones related to porphyry
copper mineralization in Sarcheshmeh and Meiduk
regions.

The spectral angle mapping (SAM) is a classification
technique that permits rapid mapping by calculating the
spectral similarity between the image spectrums to
reference reflectance spectra. SAM measures the
spectral similarity by calculating the angle between the
two spectra, treating them as vectors in n-dimensional
space (Kruse et al., 1993). This technique applied on two
full ASTER scenes of Mieduk and Sarcheshmeh regions.
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(A) Meiduk; and (B) Sarcheshmeh region.

SAM technique was implemented according to optimal
threshold angles (radians), so as to avoid spectral
confusion with other minerals and minimize the number
of unclassified pixels. The optimal threshold angles
(radians) for indicator minerals are 0.01 for muscovite,
0.05 for kaolinite and 0.03 for apidote (Castro, 2004). The
output from SAM is a set of grey-scale rule images (one
per mineral end-member). We assigned false colour
composite to muscovite, kaolinite and epidote rule
images, respectively. Results exhibited the differences
between hydrothermal alteration zones (Figure 6 A-B).
The broad red areas are phyllic zone, the locally narrower
green areas are argillic zone, and blue areas are
propylitic zone that surround phyllic and argillic zones.

According to previous remote sensing and geology
studies in this area (Tangestani and Moore, 2002;
Ranjbar et al., 2004; Mars and Rowan, 2006; Tangestani,
et al.,, 2008), this technique efficiently revealed the
alteration halos around known copper deposits and also
new prospects have been identified, which is marked by
(P) in Figure 6 (A-B). Unfortunately, in comparison with
geologic maps there is some interference of sedimentary
rocks (inside rectangles) as red to light red colour in north
of Meiduk scene and south of Sarcheshmeh scene.
Sedimentary rocks (mudstone, shale, claystone, etc.) can
play a role such an erroneous material in mapping
hydrothermal alteration minerals because of large
amounts of detrital clays such as montmorillonite, illite,
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muscovite and kaolinite in their compositions (Mars and
Rowan, 2006).

Because of the presence of sedimentary rocks in study
area and by the virtue of their role as erroneous materials
in the mapping alteration zones and the difficulty of
recognition of specific alteration zones in regional scale.
Hereafter, we have selected two subscene windows
(500x500 pixels) extracted from ASTER full scenes
consist of Mieduk, Sara and Sarcheshmeh mines. We
used them as test sites for applying linear spectral
unmixing (LSU), matched filtering and mixture tuned
matched filtering techniques.

Linear spectral unmixing (LSU) technique is used to
determine the relative abundance of materials that are
depicted in multispectral or hyperspectral imagery based
on the materials' spectral characteristics. The reflectance
at each pixel of the image is assumed to be a linear
combination of the reflectance of each material (or end-
member) present within the pixel. This technique also
known as sub-pixel sampling, or spectral mixture

analysis, is a widely used procedure to determine the
proportion of constituent materials within a pixel based on
the materials’ spectral characteristics (Boardman, 1992).
The unconstrained unmixing algorithm was performed on
selected subscenes. The visual results displayed a series
of gray scale images, one for each end-member; false
colour composite assigned to muscovite, kaolinite and
epidote abundance images, respectively.

The achieved results manifested phyllic zone as yellow,
argillic zone as green and propylitic zone as blue colour
that surround phyllic and argillic zones (Figure 7 A-B).

The matched filtering (MF) technique performs a partial
unmixing of spectra to estimate the abundance of user-
defined end members from a set of reference spectra.
This technique maximizes the response of the known end
member and suppresses the response of the composite
unknown background, thus matching the known signature
(Boardman et al., 1995). Figure 8 (A-B) is shown the MF
score images for each selected end-members as false
colour composite assigned to MF score images for
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making easier to distinguish alteration zones. The derived
results revealed phyllic zone as yellow colour, argillic
zone as green and propylitic zone as blue colour.

Mixture tuned matched filtering (MTMF) technique is a
combination of the best parts of the linear spectral mixing
model and the statistical matched filter model while
avoiding the drawbacks of each parent method
(Boardman, 1998). The derived results of this technique
were presented as grey scale images; false colour
composite generated to show the distribution of indicator
minerals (end-members) in order to the differentiation of
alteration zones (Figure 9 A-B). Results showed phyllic
zone as yellow colour, argilic zone as green and
propylitic zone blue colour.

FIELD VERIFICATION

The identified alteration zones from processed ASTER
images are verified with in-situ inspection. The field
photographs of the geomorphology, rock units and
porphyry copper deposits in the study area are shown in
Figure 10 (A-F). Moreover, systematic rocks sampling of
identified alteration zones were carried out to measure
spectral reflectance and mineralogical descriptions. X-
Ray diffraction (XRD) was applied for analyzing bulk
mineralogy and spectral reflectance analysis using
analytical spectral devices (ASD). X-ray diffraction (XRD)
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analysis was implemented by D8ADVANCE X-ray
diffractometer on rock samples. The minerals
predominantly detected in the specific alteration zones
including muscovite, illite and quartz in phyllic zone,
kaolinite and quartz in argillic zone, and epidote, chlorite,
calcite and quartz in propylitic zone, respectively (Figure
11 A-C). Spectral reflectance measurements were made
using an analytical spectral devices (ASD) filed-portable
spectrometer Fieldspac® HandHeld (HH) model, which
records a reflectance spectrum across an overall spectral
range of 325 to 2500 nanometer (nm) with a 10 nm
individual band width. Figure 12 (A-C) indicates spectra
of rocks samples for specific alteration zones. It should
be noted that all results were observed in a laboratory
condition. Spectral reflectance was measured using an
artificial light source. The spectra of phyllic rock sample
exhibited absorption features in 2200 nm, as shown in
Figure 12 A, Argillic rock sample in 2170 nm and 2200
nm and propylitic rock sample in 2350 nm, which are
shown in Figure 12 B and C. Figure 13 shows the
alteration maps of Sarcheshmeh mine (Waterman and
Hamilton, 1975; Jacobsen, 1975), which used to verify
the results of the present investigation. In compare with
this map, delimited alteration zones in the processed
images were situated in correct locations.  Thus, phyllic
and propylitic zones were identified quite well in the
processed images, and Argilic zone was also
discriminated as small parts of alteration system.



926 Int. J. Phys. Sci.

Altered Volcanic Rocks

Figure 10. Field photograph of the geological structures of the study area (A) Regional view of
volcanic rocks; (B) Sedimentary rocks; (C) View of the distribution of vegetation; (D) Altered volcanic
rocks; (E) Meiduk porphyry copper deposit; (F) Sarcheshmeh porphyry copper deposit.
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Figure 11. Results of XRD for specific alteration zones (A) Phyllic rock sample; (B) Argillic rock sample; (C) Prophylitic
rock sample.
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Figure 12. Laboratory reflectance spectra of alteration rock samples, arrows pointed the maximum absorption
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Figure 13. Alteration map of Sarcheshmeh porphyry copper mine. Phyllic and propylitic zones were

identified by processed images.

CONCLUSIONS

This study presents specific example of the advantages
of spectral mapping techniques such as spectral angle
mapping (SAM), linear spectral unmixing (LSU), matched
filtering (MF), and mixture tuned matched filtering
(MTMF) on SWIR of ASTER data. The spectral
properties of reference minerals from the ASTER spectral
library version 2.0 were used for the identification of high

potential alteration zones associated with hydrothermal
porphyry copper mineralization. Results exhibited that
these image processing techniques are reliable and
robust, fast and can be extrapolated to similar or virgin
regions as initial steps of mineral exploration for the
identification of high potential copper mineralized
lithological units. The techniques were applied on two
well-known copper mining districts in SE Iran and their
reliability was confirmed with the field and experimental
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results.
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