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Fig. 1. Geographic map of the study area (Shahabpour, 2005), A: The location of the study area (Bezanjan-Baft) in

volcanic belt of the central Iran and Gogher-Baft ophiolite complex, B: Geological map of the study area (Bezanjan)
(Geological Survey of Iran, 1973)
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Fig. 2. Color composites of Bands 7, 4 and 1 in Landsat ETM sensed image and mineralization zones (Gd: Granodiorite
and Andesite, Kop: Ghogher-Baft ophiolite complex, Es: Sedimentary rocks)
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Fig. 3. Principal component analysis, A:bivariate data showing two bands of Landsat ETM, High correlation two bands
(band 1 and 2) to create an elliptical is stretched in two-dimensional space, B: Based on the mean values of two bands,
the center of axis has moved, C: The axes are then rotated so one is aligned with the maximum variance in the data, (Ott

et al., 2006).
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Fig. 4. Reverse principal component analysis, A: Bivariate plots of two bands of Landsat ETM+, B: The first principal
component has been stretched after rotation of the axes to principal component space, C: In the next step the second
principal component has been stretched, D: Decorrelated data are rotated back to the original feature space (Ott et al.,

2006).
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Table 1. Eigenvectors extracted by PCA from Landsat ETM+ images
Band 1 Band 2 Band 3 Band 4 Band 5 Band 7 Max Min
pc1  -0.16753  -0.27503  -0.44346  -0.35715  -0.58119  -0.48405  -0.16753  -0.58119
pc2  -0.45483  -0.40992  -0.55997  0.276215  0.463426  0.14311  0.463426  -0.55997
pc3y  0.048906  0.054369  0.042157  0.860365  -0.22734  -0.44829  0.860365  -0.44829
PC4 0.46451 0.141096  -0.54491  0.184492  -0.35824  0.552292  0.552292  -0.54491
PC5 -0.4584 -0.33942  0.398224  0.147614  -0.50725  0.552292  0.552292  -0.50725
pcy 0580326  -0.78629  0.180273  0.009801  0.100658  -0.04733  0.580326  -0.78629
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Table 2. A matrix showing spectral significance in Landsat ETM+ images and special potential of each component in
enhancement of mineral spectral data

PCx« Band 1 Band 2 Band 3 Band 4 Band 5 Band 7

Band1 |B1-Bl|

Band2 |B1-B2| |B2-B2|

Band3 |B1-B3| |B2-B3| |B3-B3|

Band4 |B1-B4| |B2-B4| |B3-B4| |B4-B4|

Band5 |B1-B5| |B2-B5| |B3-B5| |B4-B5| |B5-B5|

Band7 |B1-B7| |B2-B7| |B3-B7| |B4-B7| |B5-B7| |B7-B7|

M 5N sl sy pX ailge il s olies | Bn-Bm | X Lol ailze (PCx
The main components of the Xth, | Bn-Bm | spectral significance of PCx for bands of m and n.

Gl 58 08T gl yy el BB (i 5110 35 1 sloaily ;o ailho (ol pylaz (ol adle (il (5 lolins oy ile 3 Jour
Table 3. Significance matrix for PC4, This PC have the highest spectrum disorder for iron oxide in bands 1 and band 3.

PC 4 Band 1 Band 2 Band 3 Band 4 Band 5 Band 7
Band 2 0
Band 3 0.323414 0
Band 4 *1.009417  0.686003 0
Band 5 0.280018 0.043396  0.729399 0
Band 7 0.822749 0.499335 0.186668  0.542731 0
Band 7 0.087782 0.411196  1.097199 0.3678 0.910531 0

“Target values for iron oxide



SN g (ot (F95S

188

sl (y Sl (sl el IS o iy 0 T 5D (slaaily o adlie cnl oty ol adlie (il (s llixs ey le 4 Jguz
Table 4. Significance matrix for PC5, This PC have the highest spectrum disorder for clay minerals in bands 5 and band

7.
PC5 Band 1 Band 2 Band 3 Band 4 Band 5 Band 7
Band 2 0
Band 3 0.118974 0
Band 4 0.856619 0.737645 0
Band 5 0.606009 0.487035 0.25061 0
Band 7 0.048859 0.167833  0.905478  0.654868 0
Band 7 1.010687 0.891713  0.154068  0.404678 **1.059546 0

0y SllS sl Ban ol ¥
**Target values for clay minerals
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Fig. 5. Average of inversed PC4 and negatively inversed PC3 (light pixels is vegetation capping in Bezanjan-Baft area)
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Fig. 7. Based on the results obtained from Selectivity of the six main components (Table 5) as well as using Equation 1
and 2, illustration iron oxide and clay mineral picture was taken A: Fe-oxide bearing units in the upper (Red sandstone
and conglomerate) and left of the acquired image and ferrous alteration in the right side, are enhanced by light color, B:
Carbonate veins (left) and clay minerals (right) enhanced by light color.
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Fig. 8. According to statistical data, as well selectivity of the six main components in the enhancement of carbonate
minerals, Color composites of negative PC1 in red, PC2 in green band and negative PC3 in blue band showing

carbonate vein (western areas).
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Fig. 9. This picture acquired from classified images (Fig. 6 and 8) that have been prepared in ten classes, the highest
value is as the highest class. Classes 1, 2 and 3 (figure 6) is igneous outcrops in figure 6 and volcano sedimentary units
in figure 8. Vegetation capping is acquired from class of 10 in figure 5. A symbolizes the field sampling points.
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Fig. 10. A: Hydrothermal alteration patterns and prospecting zones for porphyry Copper exploration in study area
(Bezanjan-Baft), The image is acquired from classified images (figures 7-A, 7-B and 8) that prepared in ten classes. the
highest value is as the highest class, Class 10 indicates Fe oxides (The units in western and northern regions are
sandstone and red conglomerate outcrop and in the eastern regions are these are iron oxide alteration), clay minerals
(phyllic alteration) and propylitic alteration in figures 7-A, 7-B and 8, respectively, Class 10 in Figure 8, represents
propylitic alteration (eastern region) and carbonate minerals (western region), B: Prospecting areas for exploration of
porphyry copper and coexistence of propylitic alteration, iron oxides and phyllic alteration.
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Fig. 11. A: coexistence of volcano- sedimentary units and plutonic rock of Eocene age in the north of the study area
(Bezanjan-Baft), B: Reaction halo around enclaves in the contact of volcano- sedimentary units and plutonic rock, C:

and D: Highly altered phyllic zone in the east of the study area, (E) Propylitic alteration within volcanic rocks, F:
Intrusion of dibasic dikes into the sandstone rocks in the west of the study area, G and H: Silicified carbonate veins
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Fig. 12. A: Contact between granodiorite and quartz-diorite enclaves in the north of the study area, B: Carbonate veins
containing iron oxides, manganese and silica in contact of dibasic dikes, C: Highly altered phyllic zone and presence of
quartz and sericite, D: Highly altered propylitic zone within porphyritic andesite, E: Chlorotic and argillic alteration
within dibasic porphyritic andesite, F: Pyrite is accompanied by chlorite and secries, G: Chlorite and sericite formed by
hydrothermal alteration, (Bio: biotite; Ser: sericite; Cal: calcite; Epi: epidote; Plg: plagioclase; Op: opaque minerals,
Chl: chlorite; Fe: hematite; Si: silica, Fe & Mn: iron and manganese) (Magnification scale for imagesno A, B, C, E, F
and G is 2X and image no D, is 4X)
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Introduction

In remote sensing studies, especially those in
which multi-spectral image data are used, (i.e.,
Landsat-7 Enhanced Thematic Mapper), various
statistical methods are often applied for image
enhancement and feature extraction (Reddy,
2008). Principal component analysis is a
multivariate statistical technique which is
frequently used in multidimensional data analysis.
This method attempts to extract and place the
spectral information into a smaller set of new
components that are more interpretable. However,
the results obtained from this method are not so
straightforward and require somewhat
sophisticated techniques to interpret (Drury,
2001). In this paper we present a new approach
for mapping of hydrothermal alteration by
analyzing and selecting the principal components
extracted through processing of Landsat ETM+
images.

The study area is located in a mountainous region
of southern Kerman. Geologically, it lies in the
volcanic belt of central Iran adjacent to the
Gogher-Baft ophiolite zone. The region is highly
altered with sericitic, propyliticand argillic
alterationwell developed, and argillic alteration is
limited (Jafari, 2009; Masumi and Ranjbar, 2011).
Multispectral data of Landsat ETM+ was acquired
(path 181, row 34) in this study. In these images
the color composites of Band 7, Band 4 and Band
1 in RGB indicate the lithology outcropping in
the study area. The principal component analysis
(PCA) ofimage data is often implemented
computationally using three steps: (1) Calculation
of the variance, covariance matrix or correlation
matrix of the satellite sensor data. (2)

*Corresponding authors Email: ukgeology@yahoo.com

Computation of the eigenvalues and eigenvectors
of the variance-covariance matrix or correlation
matrix, and (3) Linear transformation of the image
data using the coefficients of the eigenvector
matrix.

Results

By applying PCA to the spectral data, according
to the eigenvectors obtained, 6 principal
components were extracted from the data set. In
the PCA matrix, theeigen vector differences
between the means of the level of significance
between two bands (or spectral significance of the
PC). The higher value is regarded as the Target
Value of the bands which show a lower
correlation. The components having maximum
spectral significance of PCs, in bands 1 and 3, 5
and 7 and 5 and 3, were selected for enhancement
of iron oxides, clay minerals and carbonate
minerals, respectively. In each PC matrix, the sum
of the significances is regarded as the spectral
weight of that PC.

The spectral weight of the extracted PCs, was
found to be as follows:

PC5> PC4>PC2>PC3>PC7>PC1

The inverse PC4 and -PC3 provide valuable
information on vegetation mapping. In order to
map the alteration zones and igneous rocks
outcropped in the study area, the color composites
of the PC5, -PC4 and average of each PC are
included in RGB, respectively. The spectral
proportion of each PC pertaining to each mineral
was calculated as spectral significance in the two
bands (e.g. Bands 5 and 7 for clay minerals and
Bands 3 and 1 for Fe oxide minerals) divided by
spectral weight of that PC. Based on the obtained
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results, the selectivity of the extracted components
for enhancement of clay minerals and Fe oxide
minerals was calculated and images of these
minerals were produced using the following
expressions:

Fe oxide minerals:

Clay minerals:

For carbonate minerals, the proportion of each PC
is calculated in terms of the eigenvectors of bands
5 and 3. The selectivity of the PCs used in
enhancing of spectral data of carbonate minerals
is as follows: PC5>PC2>PC1>PC3>PC4>PC7

In the remotely sensed image, PC5 with high
spectral weight was selected as the informative
PC for clay minerals, iron oxides and carbonate
minerals. This is becausepropylitic alteration and
the formation of carbonate minerals can be easily
enhanced in the processed images. Eventually,
overlapping of the processed images provides
patterns of hydrothermal alterationwhich indicate
the areas to be prospected. In order to validate
the obtained results of the image processing with
geological evidence,petrographic studies of rock
samples collected from major outcrops in the
study area were made. It was found that quartz,
calcite, epidote, sericite and chlorite are the main
constituents of sericiticand propylitic alteration
assemblages in the study area. The minerals are
virtually enhanced in Landsat ETM+ using the
proposed methods and confirm the results
obtained from multispectral data analysis.

Conclusion
This study provides a new and improved approach
to obtain the most meaningful spectral data for

oxides, carbonates and clay minerals in
multispectral images. As these minerals are
typically found in hydrothermal alteration, the
method presented in this article can be used for
enhancement of such mineral spectral data, which
can be very helpful in prospecting and exploration
for hidden mineral deposits.
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