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Abstract 

The northwestern part of the Kerman Cenozoic magmatic arc (KCMA) 
contains many areas with porphyry copper mineralization. In this research, we 
used the advanced space-borne thermal emission and reflection radiometer 
(ASTER) and Enhanced Thematic Mapper plus (ETM+) images of this region to 
map the distribution of hydrothermally altered rocks, based on their mineral 
assemblages. The spectral measurements based on the spectra of field samples and 
on ASTER and ETM+ data, show dominantly Al-OH (sericite and clays) and FeO 
absorption features in the VNIR/SWIR spectral regions. Directed principal 
components analysis (DPCA), spectral angle mapper (SAM) and linear spectral 
unmixing (LSU) were performed on ASTER/ETM+ images to map zones of 
hydrothermal alteration and iron oxide/hydroxide minerals. The individual 
principal components (PC) images generated by DPCA reveal the distribution of 
individual alteration minerals such as sericite, illite, kaolinite, chlorite, and 
epidote. The best results, in terms of mapping the distribution of alteration, were 
obtained using the SAM and LSU methods; but the LSU method produced a more 
accurate map. The altered zones were sampled and then subjected to X-ray 
diffraction (XRD), laboratory spectral and chemical analyses.  Microscopic 
studies of the thin sections were also conducted. Field observations reveal that 
more than 90% of the known copper mineralized localities occur within the 
interpreted alteration areas. 
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Introduction 
The Urumieh-Dokhtar magmatic belt (UDMB) hosts 

porphyry copper deposits and is one of the main copper-
bearing regions in the world, with great potential for 
Cenozoic porphyry copper mineralization (Fig. 1a). 
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Figure 1. (a) Relief map showing the position of Cenozoic volcanic belts (compiled from Bazin and Hubner [3]; Shafiei et al. [51]). 
Abbreviations used: AMB, Alborz magmatic belt, UDMB, Urumieh-Dokhtar magmatic belt, KCMA, Kerman Cenozoic magmatic 

arc. (b) Simplified geological map of the study area (Adopted from Dimitrijevic [14]; Saric and Mijalkovic [50]). Locations of  
the copper deposits are shown. The red polygon outlines the KCMA (the outside of this boundary is masked). 

 
 

Magmatic activity in this zone started in Eocene and 
reached a climax during the middle Eocene for volcanic 
rocks and during the Oligocene–Miocene for plutonic 
rocks, in many parts of Iran [2,6,51]. Magmatic activity 
and copper mineralization within the UDMB is 
generally associated with porphyry copper and skarn 
mineralization, including deposits such as Sar Chesh-
meh [56,52,22], Sungun [23], Meiduk [20,6] and many 
other economic and sub-economic ore bodies [57]. 

The Kuhe Mosahem–Kuhe Madvar area, which is 
part of the Kerman Cenozoic magmatic arc (KCMA), is 
known for its porphyry copper mineralization. Figure 1b 

shows a simplified geological map of the study area. 
The oldest rocks are Cretaceous and Eocene flysch 
deposits in the north, and Cretaceous coloured mélanges 
in the south. The youngest features are Quaternary 
alluvial deposits and gravel fans. The Lower Eocene 
rocks are part of a volcanic complex (Bahr Aseman 
complex). The formation of this complex was followed 
by the development of volcanic complexes during the 
Eocene (Razak complex) and Oligocene (Hezar 
complex) [20]. The Oligocene–Miocene intrusive rocks 
were emplaced into the volcanic rocks as stocks and 
dykes. The volcanic complexes and intrusive rocks are 
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Table 1. Summary characteristics of  the major copper deposits in the  study area (modified after GSI [19]; NICICO.a [41]; 
NICICO.b [42]) 

 Deposit Type of 
mineralization Host rocks Main ore minerals Tonnage and 

grade 

1 Kader Porphyry Diorite porphyry, Quartz diorite 
porphyry 

Pyrite, Chalcopyrite, Chalcocite, 
Covellite ---------- 

2 Godekolvary Porphyry Diorite porphyry, Granodiorite, 
Andesite Pyrite, Chalcopyrite ---------- 

3 Iju Porphyry Diorite porphyry, Quartz diorite 
porphyry Pyrite, Chalcopyrite, Chalcocite 15.42 Mt, 0.59% 

Cu 

4 Serenu Porphyry Diorite porphyry, Quartz diorite 
porphyry, Andesite Pyrite, Chalcopyrite ---------- 

5 Chahfiroozeh Porphyry Granodiorite porphyry Malachite, Azurite, Chrysocolla,  
Pyrite, Chalcopyrite 

47.5 Mt, 0.63% 
Cu 

6 Parkam Porphyry Diorite porphyry, Micro diorite 
porphyry Pyrite, Chalcopyrite, Malachite ---------- 

7 Meiduk Porphyry Diorite porphyry Pyrite, Chalcopyrite, Chalcocite, 
Malachite 

144 Mt, 0.84% 
Cu 

8 Abdar Vein and Porphyry Granodiorite porphyry, Dasite 
porphyry, Andesite and diorite Pyrite, Chalcopyrite, Galena, Malachite ---------- 

9 Palangi Impregnation Andesite and pyroclastites Chalcopyrite, Malachite, Azurite, 
Chalcocite, Bornite 

0.224 Mt, 2.147% 
Cu 

10 Chahmesi Vein Andesite, Diorite porphyry Chalcopyrite, Chalcocite, Sphalerite, 
Malachite, Azurite, Galena 

1.825 Mt, 1.06 
%Cu 

 
 

partly covered by Late Miocene–Pliocene volcanic and 
subvolcanic rocks of the Mosahem stratovolcanoes. The 
youngest intrusive phase in the area is Dehaj-type 
subvolcanic bodies, and the youngest volcanic rocks are 
Quaternary trachytes and dacites [14, 20]. 

The Kuhe Mosahem–Kuhe Madvar area contains 
several mineral deposits and many important mineral 
occurrences. Porphyry-type mineralization is dominant, 
mainly near Post-Eocene intrusive bodies in the Eocene 
volcano-sedimentary complex. The most important 
porphyry copper deposits in this area are those at Kader, 
Godekolvary, Iju, Serenu, Chahfiroozeh, Parkam, 
Meiduk, and Abdar. An impregnation deposit occurs at 
Palangi, and a polymtallic vein-type deposit occurs at 
Chahmesi [14] (Fig. 1b; Table 1). The porphyry copper 
deposits in this area are associated with well-developed 
zones of hydrothermal alteration, including phyllic, 
argillic, propylitic, silicification, and Jarosite zones. 

Porphyry copper deposits have received considerable 
attention in the remote sensing community in terms of 
mineral exploration [eg., 34, 45, 24, 43, 27, 38, 54, 25]. 
Zones of hypogene hydrothermal alteration and 
weathering associated with porphyry copper deposits 
are large enough to be detected and mapped using 
multispectral remote sensing data. In porphyry systems, 
the potassic zone is located in the centre, progressing 
radially outward to the phyllic, argillic, and propylitic 

zones [37] (Fig. 2). The mineral assemblages associated 
with these alteration zones show spectral absorption 
features in the visible–near infrared (VNIR) and 
shortwave infrared (SWIR) wavelength regions [1]. 
Accordingly, multispectral images with sufficient 
spectral and spatial resolution can be used to map these 
hydrothermally altered zones. 

 
 

 

Figure 2. Model of hydrothermal alteration zones associated 
with porphyry copper deposit, which includes potassic, 

phyllic, argillic and propylitic alteration  
(Modified from  Sabins [49]). 
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Table 2. Summary of performance characteristics for ASTER and ETM sensors (Summarized from Sabins [49];  Hubbard and 
Crowley [27]). 

Multispectral sensor Subsystem Band number Spectral range (µm) Spatial Resolution (m) Swath Width (Km) 
ASTER VNIR 1 (nadir) 0.52-0.60 15 60 

  2 (nadir) 0.63-0.69   
  3 (nadir) 0.78-0.86   
  3 (backward) 0.78-0.86   
 SWIR 4 1.600-1.700 30  
  5 2.145-2.185   
  6 2.185-2.225   
  7 2.235-2.285   
  8 2.295-2.365   
  9 2.360-2.430   
 TIR 10 8.125-8.475 90  
  11 8.475-8.825   
  12 8.925-9.275   
  13 10.25-10.95   
  14 10.95-11.65   
      

ETM+ VNIR Panchromatic 0.520-0.900 15 185 
  1 0.450-0.515 30  
  2 0.525-0.605   
  3 0.630-0.690   
  4 0.750-0.900   
 SWIR 5 1.550-1.750   
  7 2.090-2.350   
 TIR 6 10.40-12.50 60  

 
 

Table 2 lists the characteristics of the advanced 
spaceborne thermal emission and reflection radiometer 
(ASTER) and Enhanced Thematic Mapper plus (ETM+). 
ASTER bands are more spectrally contiguous than the 
ETM+ sensor, especially in the SWIR and TIR (thermal 
infrared) regions. Thus, the ASTER sensor can achieve 
greater accuracy in the spectral identification of rocks 
and minerals by using their absorption and reflection 
features in the SWIR region of the spectrum. The VNIR 
bands contain important information regarding 
absorption features related to transition metals (e.g., 
Fe2+, Fe3+) within Fe-oxide/hydroxide minerals. ETM+ 
is able to map these minerals, because it has four 
spectral bands in the VNIR region. 

Mars and Rowan [38] used remotely sensed ASTER 
data to map zones of alteration at a regional scale in the 
Iranian volcano-sedimentary belt, which includes the 
present study area. The authors applied multiple band 
ratios and calculated threshold values for mapping 

argillic and phyllic zones. Tangestani et al. [54] used 
ASTER data in an analysis of a small part of this area 
(the Meiduk and Abdar deposits) with the aim of 
delineating areas of alteration. The authors performed a 
principal component analysis (PCA) and used spectral 
angle mapper (SAM) to detect zones of alteration. 
Geological survey of Iran in a project so called 
“Urumieh Dokhtar belt exploration” explored the area 
using TM data [40]. 

The aims of the present study are to (1) perform 
directed principal component analysis (DPCA), apply 
spectral angle mapper (SAM) and linear spectral 
unmixing (LSU) to map zones of hydrothermal 
alteration around porphyry copper deposits using 
ASTER and ETM+ data; (2) validate the results obtained 
using each method based on field data; and (3) 
determine which of the three methods performs best in 
mapping the distribution of alteration. 
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Figure 3. RGB colour composite of bands 4 (Red), 6 (Green) and 1 (Blue). The larger images of  
the mineralized areas are shown. The samples' locations are shown by black dots. 

 
 

Materials and Methods 
We analysed six individual ASTER scenes from 

cloud-free level-1B images (acquisition dates: 13 July 
2003, 18 April 2001, 10 August 2001, and 25 July 
2003). Crosstalk correction was applied on data 
acquired prior to 2001, using the crosstalk correction 
software (CCS) provided by the Earth remote sensing 
data centre (ERSDAC) [30]. This correction was 
performed to reduce the SWIR crosstalk effect, which is 
caused by the dispersion of incident light of the band 4 
detector to other detectors in the SWIR region. 

ASTER level-1B radiance images were converted to 
surface reflectance using fast line-of-sight atmospheric 
analysis of spectral hypercubes (FLAASH) software 
[39]. The images were pre-georeferenced to a UTM 
Zone 40 north projection with WGS-84 datum and once 
more orthorectified and reprojected using a digital 
elevation model (Shuttle Radar Terrain Mission with 
spatial resolution of 30 meters) and orthorectified 

Landsat ETM+ imagery. The six scenes were clipped 
and combined to form a single image mosaic with an 
approximate area of 5787 km2. 

ETM+ data, which were already in reflectance format 
(acquisition date: 31 July 2004), were orthorectified and 
reprojected using a digital elevation model. The ASTER 
(bands 3–9) and ETM+ (bands 1–3) data were combined 
to form a single 10-band file for further analysis. To 
perform spectral analysis, the ETM+, VNIR, and SWIR 
bands were atmospherically corrected using the internal 
average relative reflectance (IARR) method [32, 5]. In 
the IARR technique, the average scene spectrum is 
calculated and used as the reference spectrum, which is 
then divided by the spectrum at each pixel in the image. 

As this work was mainly focused on mapping of 
hydrothermal alteration in the volcano-plutonic belt, the 
sedimentary rocks outside the volcanic and plutonic 
rocks, that do not have porphyry copper potential, were 
masked (see Fig. 1b). 

Figure 3 shows a false-colour composite image 
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(ASTER bands R-G-B = 4-6-1) of the study area. At the 
bottom of the image, the major zones of porphyry-type 
copper mineralization are shown at a larger scale, 
revealing lithological variations. Hydroxyl-bearing 
minerals are shown by a magenta colour in the figure. 

PCA, SAM and LSU methods were used to map 
alteration zones associated with porphyry copper 
mineralization. The results, obtained from each method, 
were assessed and compared based on analyses of 
selected sites as ground control points (Fig. 3), from 
where samples were collected and subjected to spectral 
measurements, X-ray diffraction (XRD) analysis, and 
the studies of thin sections under a microscope. 

Spectral Characteristics of Alteration in Relation to 
ASTER and ETM+ Data 

For the present study area, the VNIR+SWIR spectral 
regions of ETM++ASTER data are expected to enable 
discrimination of the main alteration minerals. 
Hydrothermal alteration zones are widespread in this 
region. The main alteration minerals are muscovite 
(sericite), kaolinite, montmorillonite, chlorite, epidote, 
carbonates, silica and jarosite. 

Analyses of field samples, including observations of 
thin sections, XRD analysis, and spectroradiometer 
measurements reveal that sericitization is the most 
intensive and widespread form of hydrothermal altera-
tion in the study area. This type of alteration is usually 
directly associated with areas of copper mineralization. 
The sericite alteration is sometimes associated with 
argillization, silicification, and bleaching of the 
surrounding rocks. Argillization is also common, al-
though not as intensive as the sericitization. Choloriti-
zation affects ferromagnesian minerals in all rock types 
of the propylitic zone. Epidotization and carbonitization 
are associated with chloritization, and jarosite occurs in 
surface outcrops of hydrothermally altered rocks near 
areas of copper mineralization (e.g., at Iju, Parkam). 
Jarosite veinlets cut through previously altered rocks 
and are usually accompanied by goethite and hematite. 

Figure 4a shows the VNIR+SWIR reflectance 
spectra of important hydrothermal alteration minerals, 
and Figure 4b shows the secondary iron 
oxides/hydroxides bearing minerals of relevance to the 
present study. The hydrothermal alteration zones are 
characterised by mineral assemblages that contain at 
least one mineral that exhibits diagnostic spectral 
absorption features. The broad phyllic zone is 
characterized by illite/muscovite (sericite), and quartz. 
Muscovite and illite exhibit an intense Al-OH spectral 
absorption feature typically cantered at 2.20 μm 
(ASTER band 6; Fig. 4a), and a less intense feature near 

2.38 μm (ASTER band 8; Fig. 4a) [38]. In addition, 
phyllic zone rocks are commonly stained by jarosite, 
goethite, and hematite which exhibit a prominent 
spectral absorption feature near 0.44 μm in blue band of 
ETM+ (ETM+ Band 1; Fig. 5a). 

The argillic zone can be indexed by kaolinite and 
montmorillonite, which shows an Al-OH absorption 
feature near 2.20 µm (ASTER band 6, Fig. 4a); they 
show markedly different spectral shapes to those of 
muscovite and illite [28,29]. Kaolinite shows a 
secondary feature or shoulder at 2.17 µm (ASTER band 
5, Figs. 4a and 5a). 

In the propylitic zone, reflectance spectra of the 
mineral assemblage are characterised by Fe, Mg-OH 
absorption features, and CO3 features caused by 
molecular vibrations in epidote, chlorite, and carbonate 
minerals. These absorption features are situated in the 
2.35 µm (ASTER band 8, Figs. 4a and 5a) region [47,  

 

 
Figure 4. (a) Laboratory reflectance spectra of important 

hydrothermal alteration minerals and (b) iron oxide/hydroxide 
minerals (The spectra are taken from Livo et al. [35]). 
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38]. The clay, sericite, chlorite, epidote, and calcite 
minerals show high reflection in band 4 of ASTER data 
(Figs. 4a and 5a). 

ETM+ has more bands in the VNIR spectral regions 
than ASTER. Band 1 of ETM+ is associated with ferric-
iron absorption, and bands 2 and 3 are located in the 
reflective parts of the spectra for hematite, goethite, and 
jarosite (Figs. 4b and 5b). 

Figure 5 (a-b) shows the spectra of field samples 
from various alteration zones, as measured by a 
spectroradiometer.  The spectra of the samples from the 
phyllic zone show strong absorption features at 2.2 and 
2.4 µm, whereas kaolinite in the argillic zone shows 
absorption features at 2.18 and 2.4 µm. The jarosite, 
goethite and hematite minerals, associated with the 
phyllic zone, show strong reflectance at 0.74 µm and 
absorption at 0.4 µm. The absorptions coinciding with 
band 6 of ASTER in the field spectra representing 
jarosite and goethite are due to the fact that, the samples 
are also sericite bearing, such that they are stained with 
jarosite and goethite coatings at the surface (Figs. 5a 
and 5b ). The propylitic zone, which is characterised by 
chlorite, has strong absorption at 2.35 µm (Fig. 5a). 
Figure 6 shows the resulting image-derived spectra 
(endmembers) extracted from phyllic, argillic and 
propylitic alteration zones in the VNIR/SWIR data. A 
comparison between the spectra (for the ASTER and 
ETM bands regions) from image pixels, spectra from 
the USGS spectral library and measured in the field 
(Figs.4-6), indicate sufficient the similarity between the 
three spectral measurement types, such that they can be 
all used as a basis for deriving alteration maps using the 
ASTER and ETM imagery. In this case the field derived 
spectra were used as a basis for the image processing 
methods, as described in the next section. 

Principal Components Analysis 

PCA determines the eigenvectors of a variance–
covariance or a correlation matrix. The resulting 
components are often more interpretable than are the 
original images. PCA is widely used for mapping the 
distribution of alteration in metallogenic provinces [e.g., 
31,12,36,48,53,13,24,43,54,58]. PCA can be applied to 
multivariate datasets, such as multispectral remote 
sensing images, with the aim of highlighting spectral 
responses related to specific minerals produced by 
hydrothermal alteration [13]. In selective PCA analysis, 
only certain bands are chosen that contain absorption 
and reflection features of the mineral of interest. A 
reduction in the number of input channels results in an 
increased chance of defining a unique principal 
component for a specific mineral class [36,48]. 

 
Figure 5. (a) The reflectance spectra of the hydrothermal 

minerals within the alteration zones and (b) iron 
oxide/hydroxide minerals, measured using a portable field 

radiometer. The geographical coordinates for each  
spectrum is shown in the figure. 

 

 
Figure 6. The reflectance spectra of altered rock samples from 

phyllic, argillic and propylitic alteration zones, measured by 
using portable field radiometer,  resampled to the ASTER and 

ETM data (dotted line). Solid lines show the representative 
pixel spectral z-profiles extracted from ASTER and ETM 

images for the same location as rock samples' spectra.  
The geographical coordinates for the spectra  

are shown on the figure. 



Vol. 22  No. 3  Summer 2011 Honarmand et al. J. Sci. I. R. Iran 

228 

Endmember Extraction and Image Classification 

It is a challenging task to identify endmember pixels 
whose spectra are extreme, especially in high–
dimensional image data. This difficulty arises because 
most pixels contain varying proportions of different 
materials [33, 46, 4]. A spectral mixture model is a 
physically based model in which a mixed spectrum is 
modelled as a combination of pure spectra that are 
referred to as endmembers. The extraction of 
endmembers is commonly based on rigorous 
mathematical algorithms. 

The minimum noise fraction (MNF) transformation 
was used to reduce the data redundancy and extract 
features for classification. Noise can be effectively 
removed from multispectral data by transformation to 
the MNF space, smoothing or rejecting the most noisy 
components, and then retransformation to the original 
space [18, 9, 17, 15, 58]. The MNF transform applied to 
the ASTER data achieved a reasonable separation of 
coherent signal from complementary noise; 
consequently, the MNF transformed eigen–images were 
employed and coupled with PPI and n–dimensional 
visualization techniques to facilitate extraction of the 
major endmembers in the scene. 

The PPI is a means of finding the most spectrally 
pure or extreme pixels in multispectral and 
hyperspectral images from higher–order MNF eigen–
images, using the convex geometry argument [10]. This 
algorithm selects pixels whose spectra are extreme or 
spectrally pure and therefore represent the most suitable 
spectral categories. N–dimensional (n–D) visualization 
techniques enable the simultaneous analysis of all the 
spectral information embedded in a full scene [7]. 
Following the application of the PPI algorithm, the n–D 
visualizer is used to locate, identify, and cluster the 
purest pixels and the most extreme spectral responses in 
a data set. 

PPI was applied over the first six MNF images that 
were extracted from ASTER VNIR/SWIR bands with 
higher eigenvalues that contain 93.83% of the total data 
variance. The remaining MNF components contain 
noise [18]. The spectra of individual endmembers were 
then derived from the original images, based on their 
spatial location. To enable the identification of minerals, 
these spectra were compared with known spectra from 
the USGS spectral library and with data from samples 
collected in the field as part of ground truthing (i.e. 
XRD analysis, observations of thin sections, and 
spectral measurements). 

In this study, SAM and LSU were used for mapping 
the distribution of alteration zones. The SAM is a 
supervised image classification method that allows rapid 

mapping of the degree of similarity between image 
spectra and reference spectra. The reference spectra can 
be chosen from either laboratory or field spectra, or 
extracted from the image. This method assumes that the 
data have been reduced to apparent reflectance, with all 
dark current and path radiance biases removed. SAM 
compares the angle between the reference spectrum and 
each pixel vector in n-dimensional space, with smaller 
angles indicating a closer match to the reference [33]. 
The SAM algorithm has previously been applied to 
hyperspectral and multispectral data for mapping the 
distribution of hydrothermal alteration [e.g., 26, 27, 17, 
44, 55, 54, 21]. 

LSU method determines relative abundances of 
materials being depicted in multi or hyper-spectral 
imagery based on their spectral characteristics [8]. An 
important assumption of LSU is that the reflectance at 
each pixel of the image is the linear proportion-
weighted combination of the reflectance of each 
endmember present within the pixel. The number of 
endmembers must be no more than n+1, where n is the 
number of spectral bands [16]. The results of spectral 
unmixing appear as a series of gray-scale images, one 
for each endmember with values from 0.0 to 1.0, plus a 
root-mean-square (RMS) error image. Higher 
abundances (and higher errors for the RMS error image) 
are represented by brighter pixels. Spectral unmixing 
results are highly dependent on the input endmembers, 
and changing the endmembers changes the results. 

The accuracy of the classified images can be 
quantified. The most commonly employed method of 
expressing classification accuracy is the preparation of a 
classification error matrix or confusion matrix [11]. This 
approach was used to assess the accuracy of the images 
using the SAM and LSU approaches. 

 
Table 3. Eigenvector loadings for 3 bands of ASTER data 

 PC1 PC2 PC3 Alteration minerals 
Band 4 0.62 -0.46 -0.63 

muscovite/sericite  
(phyllic zone) 

Band 6 0.53 -0.33 0.78 
Band 7 0.57 0.04 -0.82 

% of variance 98.55 0.64 0.81 
Band 4 0.63 0.76 0.10 

kaolinite/ 
montmorillonite  
(argillic zone) 

Band 5 0.55 -0.37 0.75 
Band 6 0.54 -0.52 -0.66 

% of variance 98.34 0.67 0.99 
Band 7 0.61 -0.78 -0.14 

chlorite/epidote  
(propylitic zone) 

Band 8 0.56 0.54 0.63 
Band 9 0.56 0.31 -0.76 

% of variance 99.11 0.48 0.41 
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Results and Discusion 
To map the distribution of alteration, we applied a 

selective PCA technique. To determine which image 
contains information related to the spectral signatures of 
specific target minerals, we employed an approach 
based on an examination of eigenvector loadings in each 
PC image. The PC image with moderate to high 
eigenvector loadings for the diagnostic absorptive and 
reflective bands of the index mineral is considered the 
specific image for that mineral. If the loading of the 
absorptive band is negative in sign, the target area is 
shown by bright pixels; if the loading of the reflective 
band is negative, the area is shown by dark pixels [12]. 

The main alteration types in the study area are 
phyllic, argillic, and propylitic. Table 3 lists the results 
of PCA on three ASTER bands. The bands were chosen 
based on the spectral characteristics of the alteration 
minerals. According to the eigenvector loadings of each 
of the three bands (Table 3), in PC3 (all three data sets), 
areas with minerals characteristic of the phyllic, argillic, 
and propylitic zones are shown as dark pixels. To show 
the areas containing hydrothermal alteration minerals as 
bright pixels, we obtained the inverse of PC3. PC3 
image shows areas containing muscovite, kaolinite/ 
montmorillonite, and chlorite/epidite in three alteration 
zones associated with porphyry copper deposits. Figure 
7 shows an image produced by the addition of PC3 
(phyllic) and PC3 (argillic). This image reveals the 
distribution of alteration haloes related to hydroxyl-
bearing minerals in and around areas of porphyry 
copper mineralization. Areas of phyllic and argillic 
alteration are indicated by bright pixels in porphyry 
copper deposits such as those at Kader, Godekolvary, 
Iju, Serenu, Chahfiroozeh, Parkam, Meiduk, and Abdar. 
The third PC (propylitic; Table 3) highlights areas of 
propylitic alteration because it contains higher loadings 
for bands 8 and 9, which have opposite signs to each 
other. The inverse of this PC is shown in Figure 8. The 
central phyllic/argillic zones (dark pixels) are 
surrounded by bright pixels related to the propylitic 
zone. Some northeastern and eastern areas in the image 
are also enhanced as bright pixels, corresponding to 
flysch and coloured mélange units, due to the spectral 
similarities between the minerals of the propylitic zone 
and those of the flysch and coloured mélange. 

Selected PCA was also applied to subsets of two 
ASTER bands and two VNIR bands of ETM+, using a 
modified version of the Crosta technique (Table 4). The 
selection of four bands as input for PCA was based on 
laboratory analyses and image spectra of the minerals 
associated with hydrothermal alteration and iron 
oxide/hydroxide minerals in the VNIR and SWIR 

regions (Figs. 4–6). 
The PCA eigenvector statistics for these bands (PC4) 

show high loadings with opposite signs for bands 6 
(0.47) and 7 (–0.52) for muscovite/sericite (phyllic 
zone), and for bands 4 (–0.70) and 5 (0.70) for 
kaolinite/montmorillonite (argillic zone). Because these 
two alteration zones are associated with iron 
oxide/hydroxide minerals, bands 1 and 3 of ETM+ also 
have high loadings with opposite signs in PC4. 
Consequently, areas of phyllic and argillic alteration 
associated with goethite, jarosite, and hematite are 
shown as dark pixels; although field investigations 
reveal that iron oxide minerals are more abundant in 
phyllic zone than in argillic zone. PC4 enhances the 
zone of propylitic alteration because of high loadings of 
bands 8 and 9 for chlorite/epidote (propylitic zone). 
Lower loadings of bands 1(–0.06) and 3 (0.05) in PC4 
are indicating that iron oxide/hydroxide minerals are not 
associated with the propylitic zone. 

Figure 9 shows the inverse of PC4 (argillic zone; 
red), inverse of PC4 (phyllic zone; green), and inverse 
of PC4 (propylitic zone; blue) in RGB. White areas 
indicate zones of phyllic and argillic alteration 
associated with iron oxide/hydroxide minerals. The 
propylitic zone is shown as a greenish colour. 

As this study aimed to map the distribution of haloes 
of hydrothermal alteration around areas of porphyry 
copper mineralization, the spectra of selected alteration 
minerals, as obtained from field samples, were used as 
reference spectra for SAM. These minerals were 
selected based on the results of field studies, XRD 
analyses, and spectral measurements. Muscovite 
(sericite) and illite are representatives of the phyllic 
zone; kaolinite and montmorillonite are representative 
of the argillic zone, and chlorite and epidote are 
representatives of the propylitic zone. Jarosite, goethite, 
and hematite were also selected as secondary minerals 
in the phyllic zone. Figures 10 and 11 show the results 
obtained using the SAM method.  The SAM method 
was used to map the distribution of 
phyllosilicate/chlorite/epidote minerals in their 
respective alteration zones and also in the ferric-iron-
rich phyllic zone (Fig. 10). As shown in Figure 5a, the 
phyllic zone shows two spectra. These two spectra were 
used to generate ferric-iron-rich phyllic zones and 
phyllic zones (Fig. 10). To create the alteration map 
shown in Figure 10, a threshold value of 0.06 radians 
was used for the phyllic and argillic zones, 0.05 radians 
was used for the propylitic zone, and 0.05 radians for 
goethite, jarosite, and hematite. These threshold values 
were selected in conjunction with field-based ground–
truthing and the results of previous remote sensing-
based mapping studies [e.g., 38]. Each alteration zone 
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Figure 7. The inverse of PC3 (phyllic, Table 3) + PC3 (argillic, Table 3) that highlights the hydroxyl minerals bearing areas. 

 

 
Figure 8. The image shows inverse of PC3 (Table 3) that depicts the areas affected by propylitic alteration (bright pixels). 
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Table 4. Eigenvector loadings for 4 bands of ASTER and ETM data 

 PC1 PC2 PC3 PC4 Alteration minerals 
Band 1 (ETM) 0.50 0.55 0.41 0.53 

muscovite 
+iron oxide/hydroxide minerals 

(phyllic zone) 

Band 3 (ETM) 0.50 0.44 -0.57 -0.48 
Bnad 6 (ASTER) 0.50 -0.60 -0.41 0.47 
Band 7 (ASTER) 0.50 -0.38 0.57 -0.52 

% of variance 76.32 19.18 2.74 1.76 

Band 1 (ETM) 0.49 0.56 0.56 0.15 

kaolinite/montmorillonite +iron 
oxide/hydroxide minerals 

(argillic zone) 

Band 3 (ETM) 0.50 0.44 -0.47 -0.20 

Band 4 (ASTER) 0.50 -0.51 -0.05 -0.70 

Band 5 (ASTER) 0.50 -0.48 0.14 0.70 

% of variance 74.22 22.63 1.98 1.17 

Bnad 1 (ETM) 0.49 -0.54 -0.67 -0.06 

chlorite/epidote 
(propylitic zone) 

Band 3 (ETM) 0.50 -0.46 0.73 0.05 
Band 8 (ASTER) 0.50 0.51 0.02 -0.70 
Band 9 (ASTER) 0.50 0.49 -0.08 0.71 

% of variance 76.68 20.98 1.52 0.82 

 
 

was mapped separately and showed on a base image of 
ASTER band 1 (Figs. 10 and 11). 

Five main endmembers were identified, using the 
PPI technique, from the six MNF images: muscovite/ 
illite (phyllic), kaolinite/monmorillonite (argillic), 
chlorite/ epidote (propylitic), unaltered units in volcanic 
rocks, and green vegetation. There are some overlaps in 
the occurrence of associated minerals. Since the aim of 
this research was to map the alteration minerals and to 
estimate their abundances near copper–mineralization 
districts at the study area rather than mapping all the 
exposed lithological units, the output results of 
diagnostic alteration endmembers including phyllic, 
argillic, and propylitic were discussed.  In this study, we 
sought to map the distribution of three alteration zones 
over the eight copper–mineralization districts by using 
the endmembers derived from the n–dimensional 
endmember visualization method as reference spectra 
for LSU classification. Figure 12 shows the final image 
that resulted from LSU analysis. In this Figure each 
alteration zone was assigned a unique colour and was 
displayed over a gray scale image. Phyllic zone is 
depicted in dark red and red colours which highlight the 
intense phyllic and phyllic alteration respectively.  
Comparison of Figures 10 and 12 shows that the areas 
which are shown as intense phyllic zone in Figure 12 is 
overlapping the areas with ferric iron-rich phyllic zone 
in Figure 10. 

The field and laboratory results show that SAM and 
LSU enable the identification of different alteration 

zones around porphyry copper deposits in the study area 
(Table 5). In the Kader area, three zones of 
hydrothermal alteration are relatively uniform over an 
area that includes zones of phyllic, argillic, and 
propylitic alteration. Figure 13a shows a photograph of 
an outcrop of the argillic zone in the Kader area. The 
feldspars in the altered rocks are converted to kaolinite, 
illite, and sericite (Fig. 13b). Because of the difficulties 
in identification of clay minerals in thin section, we 
analyzed the rock samples by XRD and 
spectroradiometer (Figs. 13c and 13d). Argillic 
alteration is present in the deposits at Kader, Serenu, 
Meiduk, Parkam, Godekolvary and Abdar (Table 5). 
Sericite alteration is dominant at the Iju, Serenu, 
Chahfiroozeh, Meiduk, Parkam, Kader, and Abdar 
porphyry copper deposits. Two types of phyllic 
alteration can be identified, both in the field and from 
processed satellite images, enabling the discrimination 
of outcrops of phyllic alteration (Fig. 14) and ferric-
iron-rich phyllic alteration (intense phyllic) (Fig. 15). 
Although a small amount of iron oxide minerals is 
present in the phyllic alteration, absorption of the blue 
band was not apparent in the rock spectra (Fig. 14d). 
The iron-oxide-rich phyllic zone contains a large 
amount of iron oxide minerals on the surface, and shows 
strong absorption in the blue band (Fig. 15c). The iron 
oxide/hydroxide minerals are in the form of goethite, 
jarosite and minor hematite (see Fig. 5b), which are 
common secondary minerals at the Kader, Iju, Serenu, 
Parkam, Meiduk, and Abdar deposits. 
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Figure 9. The colour combinations of PC4 (argillic zone in red), PC4 (phyllic zone in green) and PC4 (propylitic zone in blue). 

Bright Pixels show phyllic and argillic alteration zones associated with iron oxide/hydroxide  
minerals. Propylitic zone is shown in greenish colour. 

 

 
Figure 10. The result of SAM classification for alteration minerals, overlain on ASTER band 1 image. 
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Figure 11. The result of SAM classification for iron oxide/hydroxide minerals, overlain on ASTER band 1 image. 

 

 
Figure 12. LSU processing results for hydrothermal alteration mapping by using the endmember spectra, around porphyry type 

deposits in the study area, overlain on ASTER band 1 image. Sample location of Fgures 13-16 are shown by blue dots. 
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Table 5. Alteration types and geochemical characteristics of  the major copper deposits in the  study area 

 Deposit Main alteration types* Main Altered minerals* Cu†(ppm) Mo†(ppm) 

1 Kader Phyllic, Argillic, Propylitic, 
Silicification 

Muscovite, Kaolinite, Illite, Quartz, 
Natroalunite 94 (8 ) 6.5 (8 ) 

2 Godekolvary Argillic, Phyllic, Propylitic, 
Silicification 

Kaolinite, Muscovite, 
Montmorillonite, Quartz, Chlorite, 

Epidote 
180 (4 ) 17 (4 ) 

3 Iju Phyllic, Argillic, Potassic, 
Propylitic, Jarositization 

Muscovite, Illite, Quartz, Kaolinite, 
Albite, Chlorite 220 (20 ) 20 (20) 

4 Serenu Phyllic, Argillic, Propylitic, 
Potassic 

Muscovite, Illite, Quartz, Albite, 
Orthoclase, Kaolinite, Chlorite 

Montmorillonite 
108 (11) 6.9 (11 ) 

5 Chahfiroozeh Phyllic, Potassic, Propylitic Muscovite, Illite, Quartz, Albite, 
Orthoclase 438 (14) 8.5 (14) 

6 Parkam 
Phyllic, Argillic, Potassic, 
Propylitic, Jarositization, 

Silicification 

Muscovite, Illite, Quartz, Jarosite, 
Albite, Orthoclase, Kaolinite 210 (5) 5.4 (5) 

7 Meiduk Phyllic, Argillic, Potassic, 
Propylitic 

Muscovite, Illite, Quartz, Jarosite, 
Albite, Orthoclase, Kaolinite, 

Montmorillonite 
N.A N.A 

8 Abdar Phyllic, Argillic, Propylitic Muscovite, Illite, Quartz, Albite, 
Kaolinite, Montmorillonite, Chlorite 145 (9) 7 (9) 

9 Palangi 
Carbonatization, Propylitic, 

Chloritization,  Sericitization, 
Silicification 

Chlorite, Epidote, Calcite, Quartz N.A N.A 

10 Chahmesi Propylitic, Silicification Chlorite, Epidote, Quartz N.A N.A 

*based on field observations, thin section studies, spectral measurements and XRD analysis. 
† Mean values. Number of samples are shown in brackets.  Chemical analysis by inductively coupled plasma (ICP). The samples are 
taken randomly from the outcrops in the phyllic and argillic zones.  N. A= Not available. 

 
 

Table 6. Accuracy assessment matrices for SAM and LSU methods 

 Phyllic Argillic Propylitic Unaltered Total Percent 

a) Classification accuracy assessment for the spectral angle mapper (SAM) approach 

Phyllic 89 2 5 2 98 90.82 
Argillic 13 24 6 2 45 53.33 

Propylitic 5 2 44 1 52 84.61 
Unaltered 7 6 8 11 32 34.37 

Total 114 34 63 16 227  
Percent 78.07 70.59 69.84 68.75  74.01 

Kappa coefficient: 0.65 

b) Classification accuracy assessment for the linear spectral unmixing (LSU) approach 

Phyllic 95 2 2 1 101 94.06 
Argillic 8 27 3 1 39 69.23 

Propylitic 5 0 50 1 55 90.91 
Unaltered 6 5 8 13 32 40.62 

Total 114 34 63 16 227  
Percent 83.33 79.41 79.36 81.25  81.50 

Kappa coefficient: 0.71 
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Because of the presence of minerals such as chlorite 
and epidote, the spectra of propylitic rocks show strong 
absorption in 2.33 μm (Fig. 16). Propylitic alteration 
occurs around most of the mineralized areas. In 
addition, vein-type mineralization in the area is affected 
by propylitic alteration. As an example, the Palangi 
copper deposit is a deposit most strongly dominated by 
propylitic alteration. 

 

 

Figure 13. (a) An outcrop of argillic alteration in Kader area, 
(b) thin section of a rock sample collected from (a) that shows 
the conversion of feldspars into kaolinite, illite and sericite, (c) 

XRD of a rock sample which shows the peaks related to the 
minerals such as kaolinite, quartz, muscovite and illite, and (d) 

spectra of a sample collected from outcrop shown in (a). 
Sample location is shown in Figure 12. Plg: plagioclase; Ser: 

sericite; Opc: opaque minerals. 

 

 

Figure 14. (a) General view of phyllic alteration in Parkam 
deposit, (b) outcrop of phyllic alteration, (c) thin section of the 
altered rock that shows abundant sericite, quartz and opaque 
minerals, and (d) Spectra of a rock sample from phyllic zone 
collected from (b). Sample location is shown in Figure 12. 

Ser-sericite; Qtz-quartz; Opc-opaque minerals. 

Areas A through G (mapped in Figs. 9-12) contain 
zones of argillic and phyllic alteration. Field 
investigations revealed that these areas are not 
associated with mineralization. 

To assess the accuracy of the image processing 
results, 15 field sites were selected for ground control 
and sampling, from where 227 samples were collected. 
This follow-up work included visits to all the known 
sites of copper mineralization reported in the previous 
studies, as well as alteration zones identified in the 
present study (Table 5), in an attempt to better 
understand the nature of hydrothermal alteration in each 
site. At each station, we performed field observations, 
took global positioning system (GPS) readings, 
collected samples for petrographical/XRD analysis, and 
took field photographs. The spectra of the representative 
samples from altered zones were also measured using a 
spectroradiometer. Areas A–G (Figs. 9–12) were also 
sampled and the enhanced altered areas include 
kaolinitization and sericitization accompanied by 
silicification. Field observation showed that these areas 
have weaker alteration compared with the mineralized 
areas. 

Table 6 shows the accuracy assessment matrix of the 
SAM and LSU analysis results based on 227 samples. 
Although visual comparison of the SAM and LSU 
images for hydrothermal alteration mapping  (Figs. 10 
and 12), in general,  show similar results, detailed direct 
comparison of the mapping results using a confusion 
matrix approach demonstrates that their similarities are 
not as great as may be thought from visual comparison.  
A detailed direct comparison of the mapping results 
using a confusion matrix approach reveals that the LSU 
method has a higher accuracy (81.5%; kappa 
coefficient, 0.71) than SAM classification method 
(74.01%; kappa coefficient, 0.65).The LSU method is 
superior to the SAM classification method in its ability 
to enhance various alteration zones, especially in the 
Kader, Godekolvary, Serenu, and Abdar areas (compare 
Figs 10 and 12). There exists one alteration zone in the 
Godekolvary area which is enhanced in the LSU image 
(as outlined in Figure 12 by black circle, but is not 
prominent in the SAM classification image). The 
argillic zone in the Kader area is more strongly 
enhanced in the LSU image than in the SAM image. 
The extent of the enhanced argillic zone in the SAM 
image is inaccurate. Compared with the SAM image, 
the propylitic zone is more accurately enhanced in all 
areas in the LSU image. 

SAM depends on an overall spectral fit rather than 
the shape of individual, diagnostic absorption features 
[21]. In contrast, the LSU is a mixed pixel classification 
in which a partial unmixing method suppresses 
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background noise and estimates the sub–pixel 
abundance of a single target material. This may explain 
why the LSU technique yielded a better result than did 
the SAM method. The results obtained for various sites 
of mineralization indicate that the LSU mapping method 
can be used to produce a reliable alteration map at the 
preliminary stage of mineral exploration and this 
algorithms can be used for further exploratory 
investigations. 

Three–band directed principal component analysis 
was successful in highlighting the distribution of  

 

 

Figure 15. (a) General view of the ferric iron-rich phyllic zone 
in Iju area, (b) outcrop of a phyllic zone that has goethite and 
jarosite minerals at the surface, and (c) spectra of a sample 
collected from phyllic zone (b) that shows blue band iron 
oxide absorption.Sample location is shown in Figure 12. 

 

 

Figure 16. (a) General view of phyllic and propylitic 
alterations in Serenu area, (b) thin section of a rock sample 
that is rich in chlorite, and (c) spectra of a rock sample with 

propylitic alteration shown in (b). Sample location is shown in 
Figure 12. Chl-chlorite; Plg-plagioclase; Ser-sericite. 

individual alteration minerals (sericite, kaolinite, illite, 
chlorite, and epidote) present in the alteration zones of 
the northwestern part of the Kerman Cenozoic 
magmatic arc, southeast Iran. Although ASTER data do 
not contain the blue band, a combination of ETM+ and 
ASTER data can be used in mapping the distribution of 
iron oxide/hydroxide minerals. The application of 
directed principal component analysis (DPCA) to 
combined ETM+ and ASTER data reveals the 
distribution of areas of phyllic/argillic alteration that are 
associated with iron oxide/hydroxide minerals. The 
supervised classification of ASTER and ETM+ data 
using spectral angle mapper (SAM) results in more 
accurate maps of alteration than those obtained using 
DPCA. The spectra derived from the PPI method were 
used as reference spectra in the linear spectral unmixing 
(LSU) method, which produced a more accurate 
classification than that obtained using the SAM method. 
Field studies confirmed that the LSU method is reliable 
in terms of mapping alteration haloes during the 
preliminary stages of exploration for porphyry–type 
mineralization. Samples of altered rocks were subjected 
to XRD analysis and observed in thin section under the 
microscope. Field studies revealed that less than 10% of 
the mineralized areas (mainly vein-type mineralization) 
are unrelated to zones of phyllic/argillic alteration.  
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