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Abstract

This research was performed with the objective of evaluating the accuracy of spectral angle mapper (SAM)
classification using different reference spectra. The Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) digital images were applied in the SAM classification in order to map the distribution
of hydrothermally altered rocks in the Kerman Cenozoic magmatic arc (KCMA), Iran. The study area
comprises main porphyry copper deposits such as Meiduk and Chahfiroozeh. Collecting reference spectra
was considered after pre-processing of ASTER VNIR/SWIR images. Three types of reference spectra
including image, USGS library, and field samples spectra were used in the SAM algorithm. Ground truthing
and laboratory studies including thin section studies, XRD analysis, and VNIR-SWIR reflectance
spectroscopy were utilized to verify the results. The accuracy of SAM classification was numerically
calculated using a confusion matrix. The best accuracy of 74.01% and a kappa coefficient of 0.65 were
achieved using the SAM method using field samples spectra as the reference. The SAM results were also
validated with the mixture tuned matched filtering (MTMF) method. Field investigations showed that more
than 90% of the known copper mineralization occurred within the enhanced alteration areas.

Keywords: Spectral Angle Mapper, ASTER, Hydrothermal Alteration, Porphyry Copper Deposit, Kerman
Cenozoic Magmatic Arc.

1. Introduction

The porphyry copper deposits have received a
considerable attention in the remote sensing
community in terms of mineral exploration [1-3].
The zones of hypogene hydrothermal alteration
and weathering associated with the porphyry
copper deposits are large enough to be detected
and mapped using multispectral remote sensing
data. Most of the known porphyry copper deposits
are characterized by a well-developed zonal
pattern of mineralization and wall-rock alteration
that can be defined by the assemblages of
hydrothermal alteration minerals. The mineral
assemblages associated with these alteration zones
show spectral absorption features in the
visible-near infrared (VNIR) and shortwave
infrared (SWIR) wavelength regions [4, 5].

The advanced space-borne thermal emission and
reflection radiometer (ASTER) covers the VNIR
(0.52-0.86 pm), SWIR (1.6-2.43 pm), and
thermal infrared (TIR) (8.125-11.65 pm) spectral
regions with 14 channels and a high spatial,
spectral, and radiometric resolution [6]. The three
VNIR bands in ASTER sensors are important
sources of information regarding absorption in
transition metals, especially Fe and some rare
earth elements (REEs). The ASTER SWIR bands
are important in distinguishing Al-OH, Fe—OH,
Mg-OH, H-O-H, and CO; absorption features,
thereby providing the potential to map important
minerals of hydrothermal alteration such as
hydroxyl and carbonate minerals [1, 7].
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Mars and Rowan (2006) performed ASTER data
by applying multiple band ratios and threshold
values for mapping argillic and phyllic zones over
the Iranian volcanic sedimentary belt, which
includes the present study area [1]. In addition,
Tangestani et al. (2008) used ASTER data to
analyse a small part of the Iranian volcanic
sedimentary belt (the Meiduk and Abdar deposits)
with the aim of detecting alteration zones based
on directed principal components and spectral
angle mapper (SAM) [8]. ASTER/ALI and
ASTER/ETM+ images were also employed with
the objective of hydrothermal alteration mapping
in the NW and SE parts of the Kerman Cenozoic
magmatic arc (KCMA) [9, 10]. The KCMA is
also known as the Dehaj-Sarduiyeh copper belt.
Hosseinjani Zadeh and Honarmand (2017)
accomplished discrimination of high- and low-
potential mineralization for porphyry copper
deposits using ASTER data [11]. Aryanmehr et al.
(2018) utilized the Quickbird and Landsat-8
datasets for mapping hydrothermal and gossans
alterations in reconnaissance porphyry copper
mineralization in the Babbiduyeh area, situated in
the Central Iranian Volcano-sedimentary Complex
[12]. Furthermore, several studies were carried out
to map hydrothermal alteration in local scale
using ASTER data on the major porphyry copper
deposits in the central part of the KCMA such as
Sar Cheshmeh and Darrehzar [13-15].

SAM is a supervised image classification method
based on calculation of the angle between the
image spectra and reference spectra, treating them
as vectors in a feature space with dimensionality
equal to the number of bands [16]. The SAM
algorithm has previously been applied to
hyperspectral and multispectral data for mapping
the distribution of hydrothermal alteration [13, 14,
17-19]. In order to achieve more accuracy in
hydrothermal alteration mapping, it is necessary
to analyse some details before using image
processing techniques. Hecker et al. (2008)
reported that the SAM classification method may
yield different results for the same mineral in the
case that different spectra are employed (e.g.
image—derived spectra, field-based spectra or a
library of standard spectra) [20].

The present study is aimed to verify the effects of
different source spectra as the reference on the
SAM classification in mapping the distribution of
hydrothermal alteration zones. The
Kuh-e-Mosahem—Kuh-e-Madvar district, which is
a small part in the SE of the central Iranian
Cenozoic magmatic belt (CICMB), was selected
as the study area. The CICMB is of utmost
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importance in terms of porphyry copper
mineralization. Due to poor soil development,
sparse vegetation cover, abundant outcrop, and
arid to semi—arid conditions, this part of the belt is
suitable for remote sensing studies.

2. Geological setting and mineralization

The CICMB is the most prominent belt that runs
parallel to the Zagros geo—suture for about 1800
km from Azerbaijan in the NW to the north of
Makran in the southeast. This belt is a part of the
Alpine-Himalayan collisional orogenic belt,
which extends from Western Europe to Turkey,
across Iran into western Pakistan (Figure 1a) [21].
Magmatism activity in this zone started in the
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 [22].

The CICMB is one of the main Cu—bearing
regions in the Alpine-Himalayan orogen.
Petrogenetic links between porphyry copper
mineralization and arc magmatism are well-
documented in continental arcs like the Andes,
North American Cordillera, Papua New Guinea,
and China [26-28].

The study area is located in the KCMA, which is a
part of the southeast sector of the CICMB. Figure
1b shows a simplified geological map of the Kuh-
e-Mosahem—Kuh-e-Madvar area. The Oligocene—
Miocene intrusive rocks were emplaced into the
Bahr Aseman (Eocene), Razak (Eocene), and
Hezar volcanic complexes. Faulting, fracturing,
hydrothermal alteration, and mineralization, both
within the intrusive bodies and the associated
volcanic rocks, are followed by formation of a
supergene environment and an oxidation zone in
some of the deposits [29-30].

The Kuh-e-Mosahem—Kuh-e-Madvar area
contains several mineral deposits and many
important mineral occurrences. Ore deposits of
porphyry and vein—type have been identified. The
porphyry—type mineralization is dominant, mainly
near post—Eocene intrusive bodies in the Eocene
volcano—sedimentary complex. The vein type
mineralization is controlled by faults showing
different trends, and is found both in intrusions
and in fine-grained volcanic rocks. The most
important porphyry copper deposits in this area
are those at Kader, Godekolvary, Iju, Serenu,
Chahfiroozeh, Parkam, Meiduk, and Abdar
(Figure 1b, Table 1) [24].

Hydrothermal alteration is widespread in this
region, producing illite/muscovite (sericite),
chlorite, epidote, carbonates, silica, jarosite, and
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clay minerals. Field observations and analyses of
field samples reveal that sericitization is the most
intensive and widespread form of hydrothermal
alteration in the study area (Figure 2).
Argillization is also common, although not as
intensive as the sericitization. Epidotization and
carbonitization are associated with chloritization
and jarositization occurs in the surface outcrops of
hydrothermally altered rocks near the area of
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copper mineralization (e.g. at Iju and Parkam).
Eight porphyry copper deposits in this area are
associated with well-developed zones of
hydrothermal alteration including phyllic, argillic,
propylitic, silicification, and Jarositization zones
(Table 1), with the first three of these zones being
the most widely developed. Table 1 presents
characteristics of major copper deposits in the
study area (modified after [31]).
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Figure 1. (a) Relief map showing the position of Cenozoic volcanic belts (compiled from [21, 23]). AMB: Alborz

magmatic belt, CICMB: Central Iranian Cenozoic magmatic belt, KCMA: Kerman Cenozoic magmatic arc. (b)

Simplified geological map of the study area (Adopted from [24, 25]). Locations of the copper deposits are shown
(please refer to Table 1).
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Table 1. Characteristics of major copper deposits in the study area (modified after [31]).

. UTM Type of Main alteration Main Altered Main ore
Deposit R . R Host rocks + . + .
coordinates mineralization types minerals minerals
. . o . Pyrite,
X: 285503 Diorite pm:phyry, Phyllic, Argllhc, Ml.ls.covue., Chalcopyrite,
1. Kader . Porphyry Quartz diorite Propylitic, Kaolinite, Illite, .
Y: 3389840 orph Silicification Quartz, Natroalunite Chalcocite,
pPoTpayry ’ Covellite
Kaolinite,
X: 307128 Diorite porphyry,  Argillic, Phyllic, Muscovite, Pyrite,
2.Godekolvary Y- 3386478 Porphyry Granodiorite, Propylitic, Montmorillonite, Chalconvrite
’ Andesite Silicification Quartz, Chlorite, PYyT
Epidote
. Diorite porphyry, Phyllic, Ar.gllhc, Muscovite, Illie, Pyrite,
. X:303315 L Potassic, .. .
3. Lju ) Porphyry Quartz diorite " Quartz, Kaolinite, Chalcopyrite,
Y: 3380542 Propylitic, . . .
porphyry A Albite, Chlorite Chalcocite
Jarositization
Diorite poroh Muscovite, Illie,
) POTphyTY, . e Quartz, Albite, .
X: 305954 Quartz diorite Phyllic, Argillic, Pyrite,
4-Serenu v 3374148 Porphyry orph Propylitic, Potassic Orthoclase, Chalcopyrite
) porphyry, pylce, Kaolinite, chlorite pyr
Andesite .
Montmorillonite
Malachite,
) . . . Muscovite, Illie, Azurite,
5.Chahfiroozeh ;i .333069442214 Porphyry Grez)noilorlte Phyll)l;(c), Pﬁgtcssw, Quartz, Albite, Chrysocolla,
’ porpayry py Orthoclase Pyrite,
Chalcopyrite
Diorite porph: Phygi)ct;ll:srigﬂhc’ Muscovite, Illie, Pyrite
6. Parkam X: 321121 Porphyry Micropdir(r))riigy’ Propylitic’: Quartz, Jarosite, Chalc}:](r)py’rite
’ Y: 3369859 A Albite, Orthoclase, L
porphyry Jarositization, . Malachite
e . Kaolinite
Silicification
Muscovite, Illie, .
Quartz, Jarosite Ch Il’yrlte,
. X: 323885 .. Phyllic, Argillic, .2 > alcopyrite,
7. Meiduk Y: 3366900 Porphyry Diorite porphyry Potassic, Propylitic AlblE;g)l?;l;;clase, Chalcocite,
Montmorillonite Malachite
Granodiorite Muscovite, Illie, Pyrite
X: 336271 Vein and porphyry, Phyllic, Argillic, Quartz, Albite, Chalcopyrite,
8. Abdar 3354604 Porph Dasiteporphyry, Propylitic Kaolinite, Galena
’ phyry Andesite and py Montmorillonite, 2
. . Malachite
diorite Chlorite
Carbonatization, Chalcopyrite,
. . Propylitic, . . Malachite,
. X:368910 . Andesite and . Chlorite, Epidote, .
9. Palangi Y- 3355907 Impregnation lastit Chloritization, Calcite, Quart Azurite,
’ pyroclastites Sericitization, aette, Luatz Chalcocite,
Silicification Bornite
Chalcopyrite,
Chalcocite,
. X: 322676 . Andesite, Propylitic, Chlorite, Epidote, Sphalerite,
10. Chahmesi Y: 3365076 Vein Diorite porphyry Silicification Quartz Malachite,
Azurite,
Galena

"Based on field observations, thin section studies, spectral measurements, and XRD analysis (This study).
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Figure 2. Field photographs of typical alteration zones in the study area. (a) Phyllic alteration zone with silica
veinlets, (b) iron oxides (hematite and goethite) with argillic alteration, (c) phyllic alteration and jarositization,
(d) phyllic alteration stained with iron oxide and hydroxide minerals, (¢) phyllic alteration, (f) regional view of the
central alteration zone, (g) phyllic and propylitic alteration zones, and (h) regional view of propylitic alteration.

3. Spectral characteristics of hydrothermal
alteration and ASTER data

Hydrothermal alterationrelated to porphyry Cu
deposits usually exhibits a concentric zonal
pattern zoned from potassic zone at the core
outward through phyllic (quartz—sericite—pyrite),
argillic (quartz—kaolinite-montmorillonite), and
propylitic zones (epidote—calcite—chlorite)
[31-32]. The spectral reflectance characteristics of
minerals in the phyllic, argillic, and propylitic
hydrothermal alteration zones provide a basis for
identifying  hydrothermally  altered  rocks
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associated with porphyry copper deposits in
semi—arid and arid regions. The hydrothermal
alteration zones are characterised by mineral
assemblages containing at least one mineral that
exhibits diagnostic spectral absorption features.

As most hydrothermal alteration minerals have
absorption features in the SWIR region of the
electromagnetic spectrum, multispectral SWIR
data are commonly used for hydrothermal
alteration mapping. ASTER SWIR bands are
positioned to define absorption features of
common minerals that are typically formed by
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hydrothermal alteration processes. Thus, SWIR
images of ASTER sensor have successfully been
used for mapping some hydrothermal alteration
minerals such as illite/muscovite (sericite),
kaolinite, epidote, calcite, and chlorite [1].

For the present study area, the VNIR and SWIR
spectral regions of ASTER are expected to enable
discrimination of the main alteration minerals.

Hydrothermal alteration, which develops within
both intrusive and volcanic rocks, is widespread
over the present study area, and has the potential
to host porphyry copper mineralization. Important
absorption features of the minerals associated with
hydrothermal alteration zones within the SWIR
bands of the ASTER sensor is summarized in
Table 2 [33].

Table 2. Some important absorption features of the minerals associated with hydrothermal alteration zones in
the SWIR bands of ASTER sensor [1, 33-36].

ASTER Spectral Absorption Index minerals Alteration type
band range (nm) Source(s) Wavelength (um)

5 2.145-2.185 Al-OH 2.170 Kaolinite Argillic
Kaolinite Argillic

6 2.185-2.225 Al-OH 2.200 Montmorillonite Argillic
Muscovite (sericite) and illite Phyllic

8 2295-2 365 Al-OH 2.380 Muscovite (sericite) and illite Phyllic

) ) Fe, Mg-OH, and CO3 2.330 Epidote, chlorite, and carbonate Propylitic

4. Material and methods

In order to achieve the aim of this research, it was
necessary to collect different reference spectra in
the first step. Three types of reference spectra
including image spectra, the spectra of field
samples (as obtained using a FieldSpec3®
spectroradiometer), and spectra from a standard
library (USGS) were gathered. ASTER
VNIR/SWIR images were classified and
compared using the SAM method by applying
various types of reference spectra. Accuracy
assessment of the results was performed through
fieldworks and laboratory studies. The MTMF
method was also applied using endmembers
produced by pixel purity index (PPI) method to
compare hydrothermal alteration map with those
obtained by SAM classification.

4.1. Pre-processing of ASTER data

Level-1B (radiance at sensor) and cloud-free
ASTER images, acquired on 25 July 2001, were
selected for this study. Crosstalk correction was
applied using the crosstalk correction software
(CCS) provided by the Earth Remote Sensing
Data Centre (ERSDAC) [37]. 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 data were converted to
surface reflectance wusing fast line—of-sight
atmospheric analysis of spectral hypercubes
(FLAASH) software [38]. 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
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elevation model and orthorectified Landsat
ETM+ imagery. The six scenes were clipped and
combined to form a single image mosaic with an
approximate area of 5787 km”.

4.2. Reference spectra collection

4.2.1. Library spectra

The United States Geological Survey (USGS)
spectral library (2007)was used to choose the
VNIR/SWIR reflectance spectra of important
hydrothermal alteration minerals and the
secondary iron oxide/hydroxide bearing minerals
of relevance to the present study [39]. The
selected spectra were re-sampled to match either
the response of ASTER instrument. Figure 3
represents the library spectra that were prepared to
use in the SAM algorithm.

4.2.2. Rock samples spectra

Figure 4 shows the field spectra of samples
obtained from various alteration zones, as
measured by a FieldSpec3® spectroradiometer
(Analytical Spectral Devices, Inc., Boulder, CO,
USA). The spectra of the samples from the phyllic
zone show a strong absorption feature at 2.2 um
and a low absorption at 2.4 um due to sericite
(Figures 3a and 4a). Kaolinite in the argillic zone
shows absorption features at 2.18 and 2.4 pm
(Figures 3a and 4b). The jarosite, goethite, and
hematite minerals associated with the phyllic zone
show a strong reflectance at 0.74 pm and
absorption at 0.4 pm (Figures 3b and 4a). The
propylitic zone, which is characterised by chlorite
and epidote, has a strong absorption at 2.35 um
(Figures 3a and 4b).
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Figure 3. (a) Laboratory reflectance spectra of important hydrothermal alteration minerals and (b) iron
oxide/hydroxide bearing minerals. ASTER bands’ widths are shown in the figure (after [30]).
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Figure 4. Spectra of the samples from the (a) phyllic, (b) argillic, and propylitic zones measured by a
spectroradiometer.
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4.2.3. Image spectra

Image spectra can be directly extracted through
Z-profiling of known hydrothermal alteration
zones. This type of image spectra was also used in
the SAM algorithm. The application of MTMF
method  requires pure image spectra
(endmembers). Endmembers can be derived by
applying minimum noise fraction (MNF), pixel
purity index (PPI), and n-—dimensional
visualization techniques from ASTER images. A
challenging task is 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 [16, 40, 41]. A

12 3

(ASTER bands) 4

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.

Figure 5 shows the image—derived spectra of the
major  hydrothermal alteration types for
VNIR/SWIR bands of ASTER data in the study
area. In order 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,
observation of thin sections, and spectral
measurements).
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Figure 5. Image spectra of selected endmembers used as reference spectra in MTMF method.

4.3. Image classification

4.3.1. SAM

SAM is known as a powerful and rapid
classification method that operates based on 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. 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
[16]. SAM depends on an overall spectral fit
rather than the shape of individual absorption
features. The spectral angle is the average fit over
the entire spectral range of the dataset used in the
classification. This may include non—diagnostic
parts of the spectrum as well as spectral trends
that influence the absorption depth and the
positions of superimposed features [20].

4.3.2. MTMF

MTMF is a hybrid method based on a
combination of well-known signal-processing
methodologies and linear mixture theory. This
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method benefits the ability to map a single known
target, without the knowledge of all endmember
signatures, with the leverage of mixed pixel
models, including placing constraints on
feasibility. MTMF suppresses background noise
and estimates the sub—pixel abundance of a single
target material. The MTMF method includes three
main steps: (1) a MNF transformation of apparent
reflection data [42], (2) matched filtering for
abundance estimation, and (3) mixture tuning to
identify infeasible or false-positive pixels [43].

4.4. Accuracy assessment

The collection of field data is an important part of
any remote sensing study. With the aim of
assessing the accuracy of the image processing
results, 15 field sites were selected for ground
control and sampling, from where 227 samples
were collected according to a research project
agreement (No. 4028) with the Institute of Science
and High Technology and Environmental
Sciences, Graduate University of Advanced
Technology, Kerman, Iran. This follow—up work
included visits to all the known sites of copper
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mineralization reported in previous studies as well
as the alteration zones identified in the present
study (Table 1), in an attempt to better understand
the nature of hydrothermal alteration in each site.
At each station, altered rock samples were
collected along with GPS reading and taking
photographs of altered outcrops (as seen in Figure
2). After that, rock samples were prepared for thin
section studies and XRD analysis. The spectra of
the representative samples from altered zones
were also measured using a FieldSpec3®
spectroradiometer. Finally, the accuracy of the
classified images was examined using a confusion
matrix [44].

5. Results

Figure 6 shows the eigenvalues of the nine output
MNF images of the ASTER VNIR/SWIR bands.
As the hydrothermal alterations are seen in the
MNF components 2, 3, and 4, a three—band
false—colour composite image (RGB: MNF2,

270000 280000 290000 300000 310000 320000
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2, Godekolvary porphyry copper deposit
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MNF3, MNF4) was selected to delineate
hydrothermal alteration zones (Figure 7). This
image shows a good result in terms of enhancing
the altered areas, which are shown by white to
cyan pixels.
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Figure 6. The MNF eigenvalues plot of the nine
eigen—images of the ASTER data.
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Figure 7. A colour composite of MNF bands (MNF2=red, MNF3=green, MNF4= blue). The larger images of the
mineralized areas are shown. The altered areas are displaying in white to cyan colours. The areas A to G show
weak alterations that are not associated with mineralization.
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The PPI was applied over the first six MNF
images that were extracted from ASTER
VNIR/SWIR bands with higher -eigenvalues
containing 93.83% of the total data variance (see
Figure 6). Five main endmembers were identified
using the PPI technique from the six MNF
images: muscovite/illite,
kaolinite/montmorillonite, chlorite/epidote,
unaltered units in volcanic rocks, and green
vegetation (Figure 7). The muscovite/illite
endmember is generally restricted to the phyllic
alteration zone. The kaolinite/montmorillonite
endmember is limited to the argillic alteration
zone, and the chlorite/epidote endmember
corresponds to the propylitic alteration zone,
although there is some overlap in the occurrence
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of the associated minerals. In this research, we
sought to map the distribution of three alteration
zones over the eight copper—mineralization
districts using the endmembers derived from the
n—dimensional endmember visualization method
as the reference spectra for MTMF classification.
Figure 8 shows the final image-derived from
MTMEF analysis.

The SAM classification was applied on the
ASTER VNIR/SWIR data using the USGS
spectral library (SAMI1), spectra from field
samples (SAM?2), and image spectra derived from
ASTER data (SAM3). Figures 9 to 11 show the
results obtained using the SAMI1, SAM2, and
SAMS3 classifications for different spectral types.
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Figure 8. MTMF results for hydrothermal alteration mapping using the endmember spectra in Figure 7, around
the porphyry type deposits in the study area. (a) Kader, (b) Godekolvary, (¢) Iju, (d) Serenu, (¢) Chahfiroozeh,
(f) Meiduk and Parkam, (g) Abdar.
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Figure 9. Results of SAM classification using USGS spectral library (SAM1). (a) Kader, (b) Godekolvary, (c¢)lju,
(d) Serenu, (¢) Chahfiroozeh, (f) Meiduk and Parkam, (g) Abdar.
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Figure 10. Results of SAM classification using spectra from the field samples (SAM?2). (a) Kader, (b)
Godekolvary, (c¢) Iju, (d) Serenu, (e¢) Chahfiroozeh, (f) Meiduk and Parkam, (g) Abdar.
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Figure 11. Results of SAM classification using image-derived spectra (SAM3). (a) Kader, (b) Godekolvary, (c)
Iju, (d) Serenu, (¢) Chahfiroozeh, (f) Meiduk and Parkam, (g)Abdar.

After applying these techniques, the results were
compared using the selected sites as ground
control points, from where samples were collected
for XRD analysis, spectral measurement of
representative samples using a FieldSpec3®
spectroradiometer, and for observation in thin
sections (see Table 1).

Table 3 shows the accuracy assessment matrix of
the SAM and MTMF analysis results based on
227 samples. Although, visual comparison of the
SAM and MTMF images for hydrothermal
alteration mapping (Figures 8 to 11), 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
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comparison. As stated above, the SAM
classification was performed using three different
spectra. The highest accuracy was obtained using
the SAM2 approach with field samples spectra
(74.01%; kappa coefficient, 0.65). Similar
accuracies were obtained for SAM3 and SAMI1
classifications using the image-derived spectra
and the USGS spectral library, respectively. The
overall accuracy estimated for zones of phyllic
and propylitic alteration is higher than that for
argillic zones. The MTMF-based classification
yielded a better result than SAM, especially for
the phyllic zone. The overall estimated accuracy
for the MTMF analysis was 81.5% (kappa
coefficient, 0.71).
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Table 3. Accuracy assessment matrices for different classification methods.

Phyllic Argillic Propylitic Unaltered Total Percent
a) Classification accuracy assessment for the spectral angle mapper approach using USGS spectral library (SAM1).
Phyllic 87 4 8 2 101 86.14
Argillic 14 22 8 2 46 47.83
Propylitic 4 0 39 2 45 86.67
Unaltered 9 8 8 10 35 28.57
Total 114 34 63 16 227
Percent 76.32 64.71 61.90 62.50 69.60

Kappa coefficient: 0.59

b) Classification accuracy assessment for the spectral angle mapper approach using spectra from field samples (SAM2).

Phyllic 89 2
Argillic 13 24
Propylitic 5 2
Unaltered 7 6
Total 114 34
Percent 78.07 70.59

5
6
44
8
63
69.84

2 98 90.82
2 45 53.33
1 52 84.61
11 32 34.37
16 227

68.75 74.01

Kappa coefficient: 0.65

¢) Classification accuracy assessment for the spectral angle mapper approach using image spectra (SAM3).

Phyllic 88 6
Argillic 16 24
Propylitic 5 0
Unaltered 5 4
Total 114 34
Percent 77.19 70.59

9
7
39
8
63
61.90

1 104 84.61
3 50 48.00
2 46 84.78
10 27 37.04
16 227

62.50 70.92

Kappa coefficient: 0.61

d) Classification accuracy assessment for the Mixture Tuned Matched Filtering (MTMF) approach.

Phyllic 95 2
Argillic 8 27
Propylitic 5 0
Unaltered 6 5
Total 114 34
Percent 83.33 79.41

2
3
50
8
63
79.36

1 101 94.06
1 39 69.23
1 55 90.91
13 32 40.62
16 227

81.25 81.50

Kappa coefficient: 0.71

6. Discussion

Figure 5 shows the image—derived spectra of the
phyllic, argillic, and propylitic alteration zones for
VNIR/SWIR data. Comparison of the laboratory
reflectance spectra for selected samples (as
measured by spectroradiometer, Figure 4) and the
corresponding spectra derived from the images
(Figure 5) reveals that the overall shapes of the
ASTER image spectra are slightly different from
the United States Geological Survey (USGS)
laboratory spectra (Figure 3) due to the effects of
several factors that influence the image spectra
(these effects are absent in the laboratory
conditions). These effects include the presence of
variable mixtures of minerals, the products of
surface weathering, vegetation, grain size
variations, and residual atmospheric absorption
features.

The SAM-classified images using the USGS
spectral library (SAM1), spectra measured from
field samples (SAM2), and image spectra (SAM3)
give approximately similar results but the
accuracy assessment method using confusion
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matrix showed that SAM2 was more accurate (see
Table 3). The MTMF image is generally in good
agreement with the mapped distribution of
hydrothermally altered rocks in the study area. A
comparison between the MTMF mapping result
(Figure 8) and the SAM2 (using field samples
spectra) classification result (Figure 10) reveals
similar patterns of alteration zones, although with
marked differences in some areas. The MTMF
classification method is superior to the SAM2
classification method in its ability to enhance
various alteration zones, especially in the Kader,
Godekolvary, Serenu, and Abdar areas (compare
Figures 8 and 10). There exists one alteration zone
in the Godekolvary area, which is enhanced in the
MTMF classification image, as outlined in Figure
8b by white circle, but is not prominent in the
SAMI1-3 classification image (see Figures 9b,
10b, and 11b). The argillic zone in the Kader area
is more strongly enhanced in the MTMF
classification image than in the SAM (1-3)
images. The areal extent of the enhanced argillic
zone in the SAM?2 image is inaccurate (compare
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Figures 8a and 10a). Compared with the SAM
images, the propylitic zone is more strongly
enhanced in all areas in the MTMF image (see
Table 3).

The Meiduk open—pit mine (see Figure 2) is the
only site in the study area that has been excavated;
the fresh and altered material is exposed in and
around the pit. This material that is rich in sericite
and clay minerals was mapped more accurately
using MTMF and SAM2 methods.

SAM depends on an overall spectral fit rather than
the shape of individual, diagnostic absorption
features [42]. In contrast, MTMF is a mixed pixel
classification, in which a partial unmixing method
suppresses the background noise and estimates the
sub—pixel abundance of a single target material
[20]. This may explain why the MTMF technique
yielded a better result than did the SAM method.
The results obtained for various sites of
mineralization indicate that the MTMF mapping
method can be used to produce a reliable map of
alteration at the preliminary stage of mineral
exploration, and this algorithm can be used for
further exploratory investigations.

Field and laboratory studies confirmed that the
altered areas enhanced using image processing
techniques are clearly visible at the surface
(Figure 2). The sites classified as altered areas in
the processed images consist of rocks that contain
sericite, illite, kaolinite, montmorillonite, chlorite,
epidote, quartz, smectite, albite, calcite, alunite,
pyrophyllite, goethite, jarosite, and orthoclase,
with the most common of these minerals being
sericite, illite, kaolinite, and chlorite. These areas
also show the development of secondary iron
minerals at the surface, particularly in phyllic
alteration zone. Table 1 lists the results of XRD
analyses of the major phases of alteration minerals
in the study area. In addition to these areas of
alteration, several new anomalous areas (areas A—
G, see Figure 7) were also sampled, revealing the
areas of alteration affected by kaolinitization,
sericitization, and silicification. Field observations
indicated that these areas were weakly altered
compared with the mineralized areas, and no
copper mineralization was observed. More than
90% of the existing copper mineralization was
located within the interpreted areas of alteration.
The remaining 10% of the copper mineralization
was of vein type that did not show prominent
alteration haloes at the surface.

7. Conclusions
The accuracy of image processing for
spectrum-based methods such as SAM depends on
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the input spectra. This study concentrated on
studying the effect of input spectra on the SAM
results for hydrothermal alteration mapping. The
results of accuracy assessment showed little
difference in the application of image spectra,
spectra from field samples, and spectra from the
USGS spectral library for hydrothermal alteration
mapping by the SAM method, although the
highest accuracy was obtained using the field
samples spectra. The spectra derived from the PPI
method, used as the reference spectra in the
MTMF method, led to perform a more accurate
classification than the results obtained from the
SAM method. Field studies confirmed that the
MTMF method was reliable in terms of mapping
hydrothermal alteration haloes during the
preliminary stages of exploration for porphyry—
type mineralization. The results of field and
laboratory studies revealed that more than 90% of

the mineralized areas occurred within the
interpreted alteration zones; the remaining
mineralized areas  were of  vein-type
mineralization.
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