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This paper reviews the performance characteristics of the Advanced Spaceborne Thermal Emission and Re-
flection Radiometer (ASTER) remote sensor, the standard data products, and applications of the most recently
developed image processing methods applied to ASTER data as a tool for mapping hydrothermal alteration
mineral zones associated with porphyry copper and epithermal gold mineralization and related host-rock li-
thology. Hydrothermal alteration zones associated with porphyry copper deposit such as phyllic, argillic, and
propylitic mineral assemblages can be discriminated from one another by virtue of their spectral absorption
features, which are detectable by ASTER SWIR spectral bands. The identification of the phyllic zone is impor-
tant in the initial stages of porphyry copper exploration as an indicator of high economic-potential for copper
mineralization.
Two new crosstalk-corrected ASTER SWIR reflectance products including AST-07XT and RefL1b are more re-
liable than previous ASTER data products for regional mineral mapping without use of additional spectral
data from the site for calibration. Four types of algorithms were used to extract spectral information of
ASTER data: 1) band-ratio, indices and logical operator based methods; 2) principal components and en-
hancement based methods such as Principal Component Analysis (PCA) and Minimum Noise Fraction
(MNF); 3) shape-fitting based algorithms such as Spectral Angle Mapper (SAM), Matched-Filtering (MF),
and Mixture-Tuned Matched-Filtering (MTMF); and 4) partial unmixing methods such as Linear Spectral
Unmixing (LSU) and Constrained Energy Minimization (CEM).
This review emphasizes that the logical operator algorithms can be best suited for hydrothermal alteration
mineral mapping, including phyllic and argillic zones associated with porphyry copper mineralization in a re-
gional scale. Shape-fitting based and partial unmixing algorithms are robust and reliable for detecting partic-
ular mineral and mineral assemblages in hydrothermal alteration zones in a district scale. Consequently, the
integration of the results derived from the logical operator, shape-fitting based, and partial unmixing algo-
rithms can produce comprehensive and accurate information for the reconnaissance stages of copper and
gold exploration at both regional and district scales. All of the methods and applications reviewed in this
paper demonstrate the utility of ASTER data for exploration of the porphyry copper and epithermal gold de-
posits around the world.
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1. Introduction

Porphyry copper deposits are generated by hydrothermal fluid pro-
cesses that alter themineralogy and chemical composition of the coun-
try rocks (e.g., Ferrier and Wadge, 1996; Ferrier et al., 2002; Hunt and
Ashley, 1979). Alteration produces distinctive mineral assemblages
with diagnostic spectral absorption features in the visible and near in-
frared (VNIR) through the shortwave length infrared (SWIR) (0.4–
2.5 μm) and/or the thermal infrared (TIR) (8.0–14.0 μm) wavelength
regions (Abrams and Brown, 1984; Abrams et al., 1983; Spatz and
Wilson, 1995).

Porphyry copper deposits typically occur in association with hy-
drothermal alteration mineral zones such as phyllic, argillic, potassic,
and propylitic (Fig. 1; Lowell and Guilbert, 1970). A core of quartz and
potassium-bearing minerals is surrounded by multiple zones that
contain clay and other hydroxyl-bearing minerals with diagnostic
spectral absorption properties in the visible and near infrared
through the shortwave length infrared portions of the electromagnet-
ic spectrum.

Supergene alteration processes over porphyry copper bodies produce
an oxide zone with extensive iron oxide/hydroxide minerals (yellowish
to reddish color altered rocks), which are collectively termed gossan
(Abdelsalam and Stern, 2000; Sabins, 1999). Iron oxide/hydroxide min-
erals such as limonite, jarosite, and hematite tend to have low reflectance
in visible and higher reflectance in near infrared wavelength region
(Hunt, 1977; Hunt and Salisbury, 1974). Electronic processes produce ab-
sorption features in the visible and near infrared radiation (0.4 to 1.1 μm)
due to the presence of transition elements such as Fe2+, Fe3+ and often
substituted by Mn, Cr, and Ni in the crystal structure of the minerals
(Hunt, 1977; Hunt and Ashley, 1979).

Hydroxyl-bearing minerals, including clay and sulfate groups, as well
as carbonate minerals present diagnostic spectral absorption features
due to vibrational processes of fundamental absorptions of Al–O–H,
Mg–O–H, Si–O–H, and CO3 groups in the shortwave length infrared re-
gion of the electromagnetic spectrum (Clark et al., 1990; Crowley and
Vergo, 1988; Hunt, 1977; Hunt and Ashley, 1979). Hence, shortwave
length infrared data can be used for the identification of hydrothermal al-
teration mineral assemblages including: (i) mineralogy generated by the
passage of low-pH fluids (alunite and pyrophylite); (ii) Al–Si-(OH) and
Mg–Si-(OH)-bearingminerals, including kaolinite andmica and cholorite
groups; and (iii) Ca–Al–Si-(OH) bearing minerals such as epidote group,
as well as carbonate group (calcite and dolomite) (Huntington, 1996).

Hydrothermal alterationminerals with diagnostic spectral absorption
properties in the visible and near infrared through the shortwave length
infrared regions can be identified by multispectral and hyperspectral
Fig. 1. Hydrothermal alteration zones associated with porphyry copper deposit, modified fro
of hydrothermal alteration mineral zones, which consist of propylitic, phyllic, argillic, and p
ation zone.
remote sensing data as a tool for the initial stages of porphyry copper
and epithermal gold exploration (Bedini et al., 2009; Carranza and Hall,
2002; Di Tommaso and Rubinstein, 2007; Gabr et al., 2010; Kruse et al.,
2003; Mars and Rowan, 2006; Moore et al., 2008; Perry, 2004; Pour et
al., 2011; Tangestani and Moore, 2002; Tangestani et al., 2008; Yujun et
al., 2007; Zhang et al., 2007). Porphyry copper deposits presently provide
nearly three-quarters ofworld's Cu, half theworld'sMo, perhaps one-fifth
of the world's Au, most of the world's Re, and minor amount of other
metals such as Ag, Pd, Te, Se, Bi, Zn, and Pb (Sillitoe, 2010). The differenti-
ation between the three hydrothermal alteration zones and especially tar-
geted identification of the phyllic zone are important in the exploration of
porphyry copper mineralization, because phyllic zone is an indicator of
high-economic potential for copper mineralization within the central
shell of mineralization as shown in Fig. 1. This alteration zone normally
overprints potassic and chlorite–sericite alteration assemblages (Dilles
and Einaudi, 1992; Sillitoe, 2010).

The Advanced Spaceborne Thermal Emission and Reflection Radi-
ometer (ASTER) remote sensor has sufficient spectral resolution in
the shortwave length infrared radiation bands for mapping hydro-
thermal alteration mineral zones associated with porphyry copper
and epithermal gold mineralization. Fig. 2 shows the wavelength lo-
cations of ASTER spectral bands across the electromagnetic spectrum
(after Pieri and Abrams, 2004).

Ideal porphyry copper deposits are typically characterized by hy-
drothermal alteration mineral zones (Fig. 1; Lowell and Guilbert,
1970), of which the core of quartz and potassium-bearing minerals
is surrounded by multiple zones. The broad phyllic zone is character-
ized by illite/muscovite (sericite) which yields an intense Al-OH ab-
sorption feature centered at 2.20 μm, coinciding with ASTER band 6.
The narrower argillic zone includes kaolinite and alunite, which col-
lectively displays a secondary Al-OH absorption feature at 2.17 μm
that corresponds with ASTER band 5. The mineral assemblages of
the outer propylitic zone include epidote, chlorite, and calcite which
all exhibit absorption features situated at 2.35 μm, which coincide
with ASTER band 8 (Fig. 3) (Clark et al., 1990; Crowley and Vergo,
1988; Dalton et al., 2004; Hunt, 1977; Hunt and Ashley, 1979; Mars
and Rowan, 2006; Rowan et al., 2006; Spatz and Wilson, 1995).

Since 2000, ASTER data have been widely and successfully used in
lithological mapping and mineral exploration. Accordingly, this paper
reviews the performance characteristics of ASTER sensor, ASTER stan-
dard data products, and applications of the most recently developed
image processing methods applied to ASTER data as a tool for map-
ping hydrothermal alteration mineral zones associated with porphyry
copper and epithermal gold mineralization and related host-rock
lithology.
m Lowell and Guilbert (1970), andMars and Rowan (2006). (A) Schematic cross section
otassic alteration zones. (B) Schematic cross section of ores associated with each alter-



Fig. 2. ASTER spectral bands in the wavelength of the electromagnetic spectrum (after
Pieri and Abrams, 2004).
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2. Advanced Spaceborne Thermal Emission and Reflection
Radiometer data

The Advanced Spaceborne Thermal Emission and Reflection Radi-
ometer (ASTER) is a high spatial, spectral, and radiometric resolution
multispectral remote sensing instrument. It was launched on NASA's
Fig. 3. Laboratory spectra of muscovite, kaolinite, alunite, epidote, calcite, and chlorite
resampled to ASTER bandpasses. Spectra include muscovite, which is typical in phyllic
alteration zone, with a 2.20 μm absorption feature; kaolinite and alunite, which are
common in argillic alteration zone, have 2.17 μm secondary absorption features; and
epidote, calcite, and chlorite, which are typically associated with propylitic alteration
zone and display 2.35 μm absorption features (Clark et al., 1993; modified from Mars
and Rowan, 2006).
Earth Observing System AM-1 (EOS AM-1) polar orbiting spacecraft,
Terra in December 1999. EOS AM-1 spacecraft operates in a near
polar, sun-synchronous orbit at 705 km altitude in a circular. The re-
current cycle is 16 days, with additional 4 day repeat coverage due to
its off-nadir pointing capabilities. ASTER is a cooperative effort be-
tween the Japanese Ministry of Economic Trade and Industry
(METI) and National Aeronautics and Space Administration (NASA).
It consists of three separate instrument subsystems, which provide
observation in three different spectral regions of the electromagnetic
spectrum, including visible and near infrared (VNIR), shortwave
length infrared (SWIR) and thermal infrared (TIR). The VNIR subsys-
tem has three recording channels between 0.52 and 0.86 μm and an
additional backward-looking band for stereo construct of Digital Ele-
vation Models (DEMs) with a spatial resolution of up to 15 m. The
SWIR subsystem has six recording channels from 1.6 to 2.43 μm, at
a spatial resolution of 30 m, while the TIR subsystem has five record-
ing channels, covering the 8.125 to 11.65 μm wavelength region with
spatial resolution of 90 m. ASTER swath width is 60 km (each individ-
ual scene is cut to a 60×60 km2 area), which makes it useful for re-
gional mapping, though its off-nadir pointing capability extends its
total possible field of view to up to 232 km. ASTER can acquire ap-
proximately 600 scenes daily, but is generally targeted and tasked
without continuous operation unlike other multispectral sensors
such as Landsat (Abrams, 2000; Abrams and Hook, 1995; Abrams
et al., 2004; Fujisada, 1995; Yamaguchi et al., 1999; Yamaguchi
et al., 2001).

ASTER provides data useful for studying the interaction among the
geosphere, hydrosphere, cryosphere, lithosphere, and atmosphere of the
earth from an earth system science perspective. To be more specific,
wide range of science investigations and applications include: (a) geology
and soil studies; (b) land surface climatology studies; (c) vegetation and
ecosystem dynamic studies; (d) volcano monitoring; (e) other natural
hazard monitoring; (f) carbon cycle and marine ecosystem studies; (g)
hydrology andwater resource applications; (h) aerosol and cloud studies;
(i) seasonal evapotranspiration measurements; and (j) land surface and
land cover change analyses (Fujisada, 1995; Gillespie et al., 2005).

Significant from the standpoint of geologic mapping applications are:
(1) ASTER is the first multispectral spaceborne sensor that allows the dis-
crimination and identification of hydrothermal alteration minerals in the
shortwave infrared (SWIR) region of the electromagnetic spectrum
(Abrams and Hook, 1995); (2) ASTER visible and near infrared (VNIR)
and thermal infrared (TIR) data can provide sufficient capability for the
remote identification of vegetation and iron oxide minerals in surface
soil and the mapping of carbonates and silicates, respectively (Bedell,
2001; Ninomiya, 2003a; Rockwell and Hofstra, 2008).

ASTER standard data products are available ‘on-demand’ from the
Earth Remote Sensing Data Analysis Center (ERSDAC; Japan) and the
EROS data center (EDC; USA). Basically, all of the ASTER captured data
are processed to generate Level-1A data product, which consists of
unprocessed raw image data and coefficients for radiometric correc-
tion. The Level-1B (radiance-at-sensor) data product is a re-sampled
image data generated from the Level-1A data by applying the radio-
metric and geometric correction coefficients (Abrams et al., 2004).
Level-2 data products of measured physical parameters include: sur-
face radiance data with nominal atmospheric corrections (Level-
2B01), surface reflectance data contains atmospherically corrected
VNIR-SWIR data (Level-2B07 or AST-07), surface emissivity data
withMODTRAN atmospheric correction and a temperature-emissivity
separation (TES) algorithm (Level-2B04), which are all generated based
on user request (Gillespie et al., 1998; Thome et al., 1998; Yamaguchi et
al., 1999).

Level-4B data product is also generated under the user request from
the along-track stereo observation in the near infrared channel (band
3N and 3B) in order to construct Digital Elevation Models (DEMs).
Level-3A is a geometrically well-corrected orthorectified ASTER standard
data product with ASTER-driven DEM, which is radiometrically

image of Fig.�2
image of Fig.�3
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equivalent to Level-1B radiance-at-sensor data (Abrams, 2000; Ninomiya,
2003a, b, c; Ninomiya et al., 2005; Yamaguchi et al., 2001).

During scene acquisition of ASTER data, there is optical ‘crosstalk’ ef-
fect caused by stray of light from band 4 detector into adjacent band 5
and 9 detectors on SWIR subsystem (Iwasaki and Tonooka, 2005). Such
deviations from correct reflectance result in false absorption features
and distortion of diagnostic signatures which result in spectroscopic mis-
identification of minerals (Mars and Rowan, 2010). Fortunately, ASTER
Cross-Talk correction software is available from www.gds.aster.ersdac.
or.jp (Hewson et al., 2005; Iwasaki and Tonooka, 2005; Kanlinowski and
Oliver, 2004).

Recently, two new crosstalk-corrected ASTER SWIR reflectance
products had been released, which include: (1) AST-07XT SWIR re-
flectance data product available ‘on-demand’ from ERSDAC and EDC
(Iwasaki and Tonooka, 2005), and (2) RefL1b SWIR reflectance data
product generated and described by Mars and Rowan (2010). The
AST-07XT SWIR surface reflectance data product is similar to AST-
07 surface reflectance data in that it consists of the same VNIR and
SWIR bands. However, the crosstalk correction algorithm and atmo-
spheric correction (non-concurrently acquired MODIS water vapor
data) has been pre-applied to the data (Biggar et al., 2005; Iwasaki
and Tonooka, 2005; Mars and Rowan, 2010). RefL1b and AST-07XT
reflectance datasets both attempt to correct for the SWIR anomaly.
However, the differences between these datasets are caused by the
addition of the radiometric correction factors and use of concurrently
acquired water vapor data for atmospheric correction in the case of
the RefL1b data. Spectral analyst results for AST-07XT and RefL1b in-
dicated that these new ASTER products can be used for regional min-
eral mapping without use of additional spectral data from the site for
calibration. Especially, ASTER mineral mapping projects will be more
feasible using RefL1b data (Mars and Rowan, 2010).

3. Mapping mineralization-related hydrothermal alteration
mineral zones using ASTER data

In this section, we review applications of the most recently devel-
oped image processing methods applied to ASTER data as a tool for
mapping hydrothermal alteration mineral zones associated with por-
phyry copper and epithermal gold mineralization and related host-
rock lithology.

Rowan et al. (2003) evaluated the capability of the ASTER data for
mapping the hydrothermally altered rocks and the unaltered country
rocks in the Cuprite mining district in Nevada, USA. They used
Matched-Filtering (MF; Harsanyi et al., 1994) for identifying the sur-
face distribution of hydrothermal alterationminerals. Their results in-
dicated that spectral reflectance differences in the nine bands of
visible and near infrared through the shortwave infrared (0.52 to
2.43 μm) can provide subtle spectral information for discriminating
the main hydrothermal alteration mineral zones depicted in Fig. 1.
For example, they identified a silicified zone, an opalized zone, an
argillized zone and the distribution of unaltered country rock units.
Their results compared well with those obtained using Airborne
Visible/Infrared Imaging Spectrometer (AVIRIS) hyperspectral data.

Yamaguchi and Naito (2003) proposed several spectral indices
for lithological discrimination and mapping of exposed surface
rock types using ASTER shortwave length infrared (SWIR) bands.
For example, Alunite Index, Kaolinite Index, Calcite Index, and Mont-
morillonite Index were calculated using linear combinations of reflec-
tance values in each of the six SWIR bands.

Because ASTER has 14 spectral bands, many permutations of ratio
images, and thus more lithologic and mineralogic indices (including
complex logical operators such as those used by Mars and Rowan,
2006) can be derived from ASTER data. For example, Ninomiya
(2003a, 2003b) defined a vegetation index and mineralogic indices
for ASTER VNIR and SWIR bands, as well as lithologic indices for
ASTER TIR bands by considering the spectral absorption features of
vegetation and different minerals and rocks in ASTER spectral chan-
nels. The resulting indices are listed as follows:

Stabilized Vegetation Index ðStVIÞ ¼ band3
band2

� �
band1
band2

� �
ð1Þ

OH bearing altered minerals IndexðOHIÞ ¼ band7
band6

� �
band4
band6

� �
ð2Þ

Kaolinite Index ðKLIÞ ¼ band4
band5

� �
band8
band6

� �
ð3Þ

Alunite Index ðALIÞ ¼ band7
band5

� �
band7
band8

� �
ð4Þ

Calcite Index ðCLIÞ ¼ band6
band8

� �
band9
band8

� �
ð5Þ

Quartz Index ðQIÞ ¼ band11 � band11ð Þ
band10 � band12 ð6Þ

Carbonate Index ðCIÞ ¼ band13
band14

ð7Þ

Mafic Index ðMIÞ ¼ band12
band13

ð8Þ

These spectral indices have been applied to ASTER Level-1B radi-
ance at the sensor data covering the Cuprite district, Nevada in USA;
Yarlung Zangbo ophiolite zone in Tibet; Beishan Mountains area in
China; North-western Gansu province in China; and an ophiolite
zone in Oman (Ninomiya, 2003c, 2004; Ninomiya and Fu, 2002).
These indices provided accurate spectral information for vegetation,
minerals, and lithological mapping, while showing the spatial distri-
bution of these materials well. Also, the resulting maps yielded excel-
lent spatial coherency and strong correlations to published geologic
maps of the study areas.

Crosta et al. (2003) used Principal Component Analysis (PCA) on
ASTER VNIR and SWIR bands in order to target key alterationminerals
associated with epithermal gold deposits in Los Menucos, Patagonia,
Argentina. PCA was applied to selected subsets of four ASTER bands
according to the position of characteristic spectral absorption features
of key hydrothermal alteration mineral end-members such as alunite,
illite, smectite, and kaolinite in the VNIR and SWIR regions. Their re-
sults revealed that PCA technique can extract detailed mineralogical
spectral information from ASTER data by producing abundance im-
ages of selected minerals. Thus, this technique can be used for identi-
fying hydrothermal alteration minerals associated with precious and
base-metal deposits.

Velosky et al. (2003) distinguished the propylitic alteration zone
and gossan associated with massive sulfide mineralization in host
rocks by using ASTER (4/2, 4/5, 5/6) band ratio images covering the
Neoproterozoic Wadi Bidah shear zone, southwestern Saudi Arabia.
Xu et al. (2004) identified hydrothermal alteration mineral zones
around epithermal gold deposits using ASTER data in the northeastern
part of Laizhou region, China. They used PCA technique and band ratio
of 3/2, 4/1, and 4/6 for delimitating of vegetation, iron oxide, and clay
minerals, respectively.

Hewson et al. (2005) generated “seamless” regional-scale maps of
Al-OH and Mg-OH/carbonate minerals and ferrous iron content from
ASTER SWIR data, as well as a map of quartz content from ASTER TIR
data for the Broken Hill–Curnamona province of Australia. Rowan et
al. (2005) evaluated ASTER band ratios and Relative absorption
Band Depth images (RBD —Crowley et al., 1989), Matched-Filtering
(MF —Harsanyi et al., 1994) and Spectral Angle Mapper (SAM —

Kruse et al., 1993) methods for lithological mapping of the ultramafic
complex of Mordor Pound, NT, Australia. They identified subtle and

http://www.gds.aster.ersdac.or.jp
http://www.gds.aster.ersdac.or.jp
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major spectral features useful for distinguishing and classifying felsic
and mafic–ultramafic rocks, alluvial–colluvial deposits and quartzose
to intermediate composition rocks from one another. Their classifica-
tion results were based on spectral absorption features of Al-OH and
ferric-ironmineralogical groups for felsic rocks; and ferrous-iron and
Fe,Mg-OH mineralogical absorption features for mafic–ultramafic
rocks using the VNIR+SWIR bands of ASTER. Additional Si–O spec-
tral features were used to mapmore lithologic diversity within ultra-
mafic and adjacent rocks such as mafic–gneisses, felsic–gneisses,
intermediate composition rocks such as syenite, and quartzite
using ASTER TIR data.

Galvao et al. (2005) used the Spectral AngleMapper (SAM)method
on ASTER SWIR bands to investigate spectral discrimination of hydro-
thermally altered minerals in a tropical savannah environment, in the
northern portion of Gious state, central Brazil. Their results showed
the efficacy of ASTER SWIR data in discriminating areas of altered min-
erals from the surrounding vegetated environment.

Rowan et al. (2006) identified the distribution of hydrothermally
altered rocks consisting of phyllic, argillic and propylitic alteration
zones based on spectral analysis of VNIR+SWIR ASTER bands. Addi-
tional hydrothermally silicified rocks were mapped using TIR ASTER
bands covering the Reko Diq, Pakistan Cu–Au mineralized area.

In a follow up study, Mars and Rowan (2006) developed logical oper-
ator algorithms based on ASTER defined band ratios for regionalmapping
of phyllic and argillic altered rocks in the Zargros magmatic arc, Iran. The
logical operator algorithms were used to illustrate distinctive patterns of
argillic and phyllic alteration zones associatedwith Eocene toMiocene in-
trusive igneous rocks, as well as known and undiscovered porphyry cop-
per deposits. Numerous high-potential areas of porphyry copper and
epithermal or polymetallic vein-type mineralization were identified
based on argillic and phyllic alteration patterns in the study area.

Ducart et al. (2006) applied Mixture-Tuned Matched-Filtering
(MTMF —Boardman et al., 1995) method to ASTER SWIR data to pro-
vide regional and local information on the spatial distribution of hy-
drothermal alteration zones associated with epithermal gold
mineralization at the Somún Curá Massif, Patagonia, Argentina.
Three major areas of alteration were clearly recognized: Cerro La
Mina, Cerro Abanico, and Aguada de Guerra. They identified alteration
zones such as advanced argillic, argillic, and silicic with satisfactory
correlation with their field spectroscopy data.

Di Tommaso and Rubinstein (2007) used band ratios, certain
color band combinations, and the Spectral Angle Mapper (SAM)
method for mapping hydrothermal alteration minerals associated
with Infiernillo porphyry copper deposit using ASTER data covering
the San Rafale Massif, southern Mendoza Province, Argentina. They
detected illite, kaolinite, sericite and jarosite through spectral analy-
sis of SWIR bands, and surface silica and potassic alteration using
ASTER TIR bands. Yujun et al. (2007) delineated hydrothermal alter-
ation anomalies for predicting Cu–Aumineral resources using ASTER
data covering Oyu Tolgoi, Mongolian, the Spectral Angle Mapper
(SAM) algorithm and Principal Component Analysis (PCA).

Zhang et al. (2007) evaluated ASTER surface reflectance (AST-07)
data for gold-hosted lithologic mapping and alteration mineral detec-
tion in the south Chocolate Mountains area, California, USA. They ap-
plied PCA transformation to mineralogic indices, including the OH
bearing altered mineral Index (OHI), Kaolinite Index (KLI), Alunite
Index (ALI), and Calcite Index (CLI) for delineating alteration zones.
The Constrained Energy Minimization (CEM) technique (a subpixel
linear spectral unmixing-LSU algorithm —Farrand and Harsanyi,
1994) was used to detect alunite, kaolinite, muscovite, and montmo-
rillonite fractional abundances using ASTER VNIR and SWIR surface
reflectance data and reference spectra from the ASTER spectral library
(Baldridge et al., 2009).

Moghtaderi et al. (2007) used ASTER data for distinguishing sodic–
calcic, potassic, and silicic–phyllic alteration patterns associated with
hydrothermal iron oxide features across the Chadormalu paleocrater,
Bafq region, Central Iran. The alteration minerals were identified by
using False Color Composite (FCC) images, Decorrelation-stretch im-
ages, and Minimum Noise Fraction (MNF) images.

Rockwell and Hofstra (2008) used ASTER thermal infrared emissivi-
ty data for identifying quartz and carbonateminerals in northern Nevada,
USA. A Quartz Index (QI) and a Carbonate Index (CI) were implemented
using ASTER Level 2 surface emissivity (Level-2B04) data for geologic
mapping and mineral resource investigation purposes. They concluded
that mapping hydrothermal quartz and carbonate rocks at regional and
local scales have considerable economical attention for ore deposit explo-
ration, because these rocks can be host rock a wide range of metallic ore
deposit types.

Tangestani et al. (2008) evaluated ASTER Level-1B ‘radiance-
at-sensor’ and surface reflectance (AST-07) data for alteration zone
enhancement related to porphyry copper mineralization in northern
Shahr-e-Babak, Iran. Directed Principal Component Analysis (DPCA)
and Spectral Angle Mapper (SAM) methods were used to map pixels
containing illite, chlorite, and muscovite minerals. Moore et al. (2008)
mapped mineral alteration associated with gold deposits using ASTER
Level 1A data in the Takab area, north-west Iran. They applied selective
band principal component analysis, Relative absorption Band-Depth
(RBD), andMatched-Filtering (MF)methods for discriminating between
argillic and silicic alteration types.

Kratt et al. (2010) analyzed ASTER VNIR and SWIR band combina-
tions using a decorrelation stretch algorithm for identifying areas contain-
ing hydrothermally altered rocks and tufa deposition at Pyramid Lake,
Nevada, USA. Gabr et al. (2010)detected areas of high-potential goldmin-
eralization using ASTER surface reflectance (AST-07) data covering Abu-
Marawat, North-EasternDesert of Egypt. Spectral discrimination between
high-potential and low-potential areas of gold mineralization was recog-
nized by utilizing PCA transformed mineral indices, color ratio images
(e.g., 4/8, 4/2, 8/9 displayed as RGB), Constrained Energy Minimization
(CEM) and Spectral Angle Mapper (SAM) methods. The results of their
field investigations proved the accuracy of their image processing results.

Mars and Rowan (2010) assessed two new ASTER SWIR surface
reflectance data products, namely RefL1b and AST-07XT for spectro-
scopic mapping of rocks and minerals. Their results indicated that
the new ASTER products are more reliable than previous ASTER prod-
ucts for discriminating hydrothermal alteration minerals and mineral
groups without use of additional spectral data from the site for
calibration.

Pour et al. (2011) discriminated hydrothermal alteration zones as-
sociated with Meiduk and Sar Cheshmeh porphyry copper deposits
using ASTER Level-1B ‘radiance-at-sensor’ data in the Urumieh-Dokhtar
volcanic belt, southeastern Iran. They applied shape-fitting based and
partial unmixing algorithms, including Spectral Angle Mapper (SAM),
Linear Spectral Unmixing (LSU), Matched-Filtering (MF), and Mixture-
Tuned Matched-Filtering (MTMF) to shortwave infrared length radia-
tion bands of ASTER. These methods discriminated the phyllic, argillic,
and propylitic alteration zones, as well as highlighting the phyllic zone
as indicator of high-economic potential area for copper mineralization.
Pour and Hashim (2011) investigated spectral transformation of ASTER
bands using Principal Component Analysis (PCA), MinimumNoise Frac-
tion (MNF), and band ratio methods for two major copper mining dis-
tricts (Meiduk and Sar Cheshmeh) in the Urumieh-Dokhtar volcanic
belt, southeastern Iran. PCA images detected vegetation and iron
oxide minerals using the VNIR bands. Clay minerals and silicate-rich
rocks were identified using SWIR and TIR PCA images, respectively.
Their PCA results have been verified by minimum noise fraction and
band ratio methods, as well as prior knowledge about the study areas.

As the literature admits, there are four types of algorithms that
can be applied to ASTER data to map, enhance, and discriminate
hydrothermal alteration mineral types associated with porphyry
copper and epithermal gold mineralization as follows. 1) Band-
ratio, indices and logical operator based methods (Crowley et al.,
1989; Goetz et al., 1983; Mars and Rowan, 2006; Ninomiya,
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2003a, 2003b; Rowan et al., 1977; Sabins, 1987); 2) principal
components and enhancement/display based methods such as
Principal Component Analysis (PCA) (Singh and Harrison, 1985)
and Minimum Noise Fraction (MNF) (Boardman et al., 1995;
Green et al., 1988), or simple color display of key bands and/or
band ratios (Gad and Kusky, 2007; Inzana et al., 2003); 3)
shape-fitting based algorithms such as Spectral Angle Mapper
(SAM) (Kruse et al., 1993), Matched-Filtering (MF) (Boardman
et al., 1995; Harsanyi et al., 1994), and Mixture-Tuned Matched-
Filtering (MTMF) (Boardman, 1998; Boardman et al., 1995)
which are a step above Principal Component Analysis (PCA), but
a “partial unmixing” alternative below Linear Spectral Unmixing
(LSU) (Adams et al., 1993; Boardman, 1993); and 4) Linear Spec-
tral Unmixing (LSU) and similar methods such as Constrained En-
ergy Minimization (CEM) (Boardman, 1989, 1992; Farrand and
Harsanyi, 1994, 1997; Resmini et al., 1997). Table 1 lists summa-
rized descriptions of the applied algorithms to ASTER data.

This review indicated that several image processing methods are ap-
plicable to ASTER data to detect hydrothermal alteration mineral zones
associated with porphyry copper and epithermal gold mineralization
and related host-rock lithology at both regional and district scales. Logical
operator algorithms can be best suited for hydrothermal alteration map-
ping, including phyllic and argillic zones associated with copper/gold
mineralization using ASTER data in a regional scale. The algorithms per-
form multiple band ratio and threshold value calculations, which can be
applied to a scene of ASTERusing a single algorithm, thus eliminating sep-
arate production and application of vegetation and dark pixel masks
Table 1
Descriptions of the algorithms applied to ASTER data.

Algorithm Reference Descrip

Principal Component Analysis (PCA) Singh and Harrison (1985) Princip
uncorre
compon

Minimum Noise Fraction (MNF) Green et al.(1988); Boardman et al.
(1995)

Minimu
dimens
require

Band ratio, Relative Absorption Band
Depth (RBD), band indices, and
logical operators

Rowan et al. (1977); Goetz et al. (1983);
Sabins (1987); Crowley et al. (1989);
Ninomiya (2003a, 2003b); Mars and
Rowan (2006)

Band ra
numbe
materia
useful t
each ab
and the
indices
operato
determ
predete
order fo
a byte i

Spectral Angle Mapper
(SAM)

Kruse et al. (1993) The Spe
the ang

Linear Spectral Unmixing (LSU) Boardman (1993);
Adams et al. (1993)

Linear S
of the i
end-me

Matched-Filtering (MF) Harsanyi et al. (1994);
Boardman et al. (1995)

The Ma
abunda
maxim
compos

Mixture-Tuned Matched-Filtering
(MTMF)

Boardman et al. (1995);
Boardman (1998)

Mixture
Unmixi
inherits
backgro
Spectra
constra
Matche
outperf

Constrained Energy Minimization
(CEM)

Farrand and Harsanyi (1994, 1997);
Resmini et al. (1997)

The Con
filtering
by anal
process
spectru
(Mars and Rowan, 2006). Some organic materials such as lignin-cellulose
have spectral absorption features centered near 2.10 and 2.30 μm,
which are near the distinctive absorption features of hydrothermal alter-
ation minerals. The presence of organic materials has affected the
remote detection of hydroxyl-bearing minerals (Mars and Rowan, 2006;
Van Ruitenbeek et al., 2006). Thus, the elimination of vegetation is para-
mount in discriminating of hydrothermally altered rocks from surround-
ing area. Argillic and phyllic band-ratio logical operators use band ratios
that define the 2.17 μmand 2.20 μm absorption features to map kaolinite
and alunite, which are typical in argillic-altered rocks, and muscovite,
which is a common mineral in phyllic-altered rocks (Mars and Rowan,
2006). Results extracted from the algorithms for detecting the spatial dis-
tributionof phyllic and argillic zones have good function in identifyinghy-
drothermally altered mineral areas without any disturbances of
vegetation effects.

Performing shape-fitting based and partial unmixing algorithms
such as Spectral Angle Mapper, Matched-Filter, Mixture-Tuned
Matched-Filtering, Linear Spectral Unmixing, and Constrained Energy
Minimization is based on comparison of image reflectance spectra with
library spectra of end-member minerals or reference spectra extracted
directly from the image. Fortunately, as part of the ASTER activities, a li-
brary of over 2000 spectra of natural andman-madematerials was com-
piled as the ASTER Spectral Library version 2.0 and made available from
http://speclib.jpl.nasa.gov. The library includes spectra of rocks, min-
erals, lunar soils, terrestrial soils, manmade materials, meteorites, vege-
tation, snow and ice covering the visible through thermal infrared
wavelength region (0.4–15.4 μm) (Baldridge et al., 2009). So, the spectra
tion

al Component Analysis (PCA) is a multivariate statistical technique that selects
lated linear combinations (eigenvector loadings) of variables in such a way that each
ent successively extracted linear combination and has a smaller variance.
m Noise Fraction (MNF) transformation is used to determine the inherent
ionality of image data, segregate noise in the data, and reduce the computational
ments for subsequent processing.
tio is a technique where the digital number value of one band is divided by the digital
r value of another band. Band ratios are very useful for highlighting certain features or
ls that cannot be seen in the raw bands. Relative Absorption Band Depth (RBD) is a
hree-point ratio formulation for detecting diagnostic mineral absorption features. For
sorption feature, the numerator is the sum of the bands representing the shoulders,
denominator is the band located nearest the absorption feature minimum. Band
for ASTER VNIR, SWIR, and TIR have been explained in the text of this paper. Logical
r algorithm performs a series of band ratios for each pixel. Each logical operator
ines a true or false value for each ratio by comparing the band ratio to a
rmined range of threshold values. All of the ratios in the algorithm have to be true in
r a value of 1 to be assigned to the byte image; otherwise a 0 value is produced. Thus,
mage consisting of zeros and ones is produced with each algorithm.
ctral Angle Mapper (SAM) technique measures the spectral similarity by calculating
le between the two spectra and treating them as vectors in n-dimensional space.
pectral Unmixing (LSU) is known as sub-pixel sampling, the reflectance at each pixel
mage is assumed to be a linear combination of the reflectance of each material (or
mber) present within the pixel.
tched-Filtering (MF) technique performs a partial unmixing of spectra to estimate the
nce of user-defined end-members from a set of reference spectra. This technique
izes the response of the known end-member and suppresses the response of the
ite unknown background, thus matching the known signature.
-Tuned Matched-Filtering (MTMF) technique is a combination of the Linear Spectral
ng technique and the statistical Matched Filtering model. From Matched Filtering it
the advantage of its ability to map a single known target without knowing the other
und end-member signatures, unlike traditional Spectra Mixture modeling. From
l Mixture modeling it inherits the leverage arising from the mixed pixel model, the
ints on feasibility including the unit-sum and positivity requirements, unlike the
d Filter which does not employ these fundamental facts. As a result MTMF can
orm either method, especially in cases of subtle, sub-pixel occurrences.
strained Energy Minimization (CEM) technique is an implementation of matched
methods in the context of hyperspectral analysis. The CEM technique was developed

ogy to the solution of the typical adaptive beam-forming problem in the signal
ing community. The CEM algorithm attempts to maximize the response of a target
m and suppress the response of the unknown background signature(s).

http://speclib.jpl.nasa.gov
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of selected end-member minerals can be taken from the ASTER Spectral
Library version 2.0 for distinguishing hydrothermal alteration minerals.
In addition, reference spectra can be extracted directly from ASTER
image using AIG-Developed Hyperspectral Analysis methods which
were developed by Kruse and Boardman (2000) and associates at Ana-
lytical Imaging and Geophysics LLC (AIG) for analyzing hyperspectral
data. These approaches are implemented and documented within the
“Environment for Visualizing Images” (ENVI) software system originally
developed by AIG scientists (now an Eastman Kodak/Research Systems
Inc. (RSI) commercial-off-the-shelf (COTS) product) (Kruse et al., 2003;
Research Systems, Inc., 2001).

It is shown that the results derived from the shape-fitting based and
partial unmixing algorithms are robust and reliable for detecting a partic-
ular mineral and mineral assemblages in hydrothermal alteration zones
in a district scale. Consequently, the integration of the results derived
from the logical operator, shape-fitting based, and partial unmixing algo-
rithms can produce comprehensive and accurate information using
ASTER data for the reconnaissance stages of copper and gold exploration
at both regional and district scales.

4. Conclusions

This paper reviewsperformance characteristics of ASTER, the standard
data products, and applications of the most recently developed image
processing methods applied to the data as a tool for mapping hydrother-
mal alteration mineral zones associated with porphyry copper and
epithermal gold mineralization and related host-rock lithology. The use
of ASTER data in mineral exploration and lithological mapping has been
increased in recent years due to: (i) spectral characteristics of the unique
integral bands of ASTER,which are highly sensitive to hydrothermal alter-
ation minerals especially in shortwave length infrared radiation region;
(ii) the possibility of applying several image processing techniques; (iii)
‘on-demand’ data product availability with low cost (~$60 US or Yen
equivalent); and (iv) broad 60×60 km scene coverage useful for regional
scale mapping. It is this enhanced spectral resolution of ASTER in the
SWIR wavelengths that allows for reconnaissance mineral exploration
from a spaceborne platform.

Application of several image processing methods to ASTER data al-
lows rapid extraction of useful information of interest such as alter-
ation mineral types and abundances. Also, the availability and
diversity of ASTER standard data products make them suitable remote
sensing data for mineral exploration purposes. AST-07XT and RefL1b
ASTER SWIR reflectance products can be used for mineral mapping
projects without use of additional spectral data from the site for cali-
bration. Especially, RefL1b data are more suitable for regional mineral
mapping. Hydrothermal alteration zones associated with porphyry
copper deposit such as phyllic, argillic, potassic, and propylitic can
be discriminated from one another by virtue of spectral absorption
features of their most dominant minerals, which are recognizable by
ASTER SWIR special bands. Differentiation between phyllic, argillic,
and propylitic zones can be critical as an indicator of highest mineral-
ization potential, which is typically associated with phyllic alteration
zones.

Four types of algorithms can be used to extract spectral information of
ASTER data: (i) band-ratio, indices and logical operator based methods;
(ii) principal components and enhancement based methods such as
PCA and MNF; (iii) shape-fitting based algorithms such as SAM, MF, and
MTMF; and (iv) partial unmixing methods such as LSU and CEM. Logical
operator algorithms can be best suited for detecting of phyllic and argillic
zones without any disturbances of vegetation effects in a regional scale.
Shape-fitting based and partial unmixing techniques are robust and reli-
able for distinguishing specific mineral and mineral assemblages in hy-
drothermal alteration zones in a district scale. The integration of the
logical operator, shape-fitting based, and partial unmixing algorithms
can create comprehensive and precise information for the reconnaissance
stages of copper/gold exploration. Accordingly, ASTER data can be best
processed and analyzed to yield information about the spatial distribution
of hydrothermal mineral alteration zones associated with porphyry cop-
per and epithermal gold mineralization around the world, including
those yet to be discovered.
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