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Abstract

This research was performed with the objective of evaluating the accurapgatfal anglenapper (SAM)
classification using different referenspectra The Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) digital images were appliedhi@SAM classificationin orderto map the distribution

of hydrothermally altered rocks in the KermannGeoic magmatic arc(KCMA), Iran. The study area
comprisesmain porphyry copper deposits suchMsiduk and ChahfiroozelCollecting reference spectra
was considered after pprocessig of ASTER VNIR/SWIR images. Three types of reference spectra
including image, USGS library, and field sangdpectra were used the SAM algorithm.Ground truthing
and laboratory studiesncluding thin section studiesXRD analysis and VNIRSWIR reflectance
spectroscopywere utilized to verify the resultsThe accuracy of SAM classification was numerically
calculated using a confusion matrikhe best accuracy of 74.01% and a kappa coefficient of \DesB
achieved using the SAM ntedd using field samples spectra as the referefice SAM results were also
validatedwith the mixture tuned matched filtering (MTMF) method. Fiétdestigationsshowed that more
than 90% of the known copper mineralizatamturredwithin theenhancedilteration areas.

Keywords: SpectralAngle Mapper ASTER Hydrothermal Alteration, Porphyry Copper Deposfierman

CenozoidMagmatic Arc.

1. Introduction

The porphyrycopper deposits have received
considerable attention in the remote sensing
community in terms ofmineral exploration[1-3].

The zonesof hypogene hydrothermal alteration
and weathering associated witihe porphyry
copper deposits are large enough to be detected
and mapped using mulgisctral remote sensing
data. Most of the known porphyry copper deposits
are characterizedby a welli developed zonal
pattern of mineralization and watbck 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
visiblei near infrared (VNIR) and shortwave
infrared (SWIR) wavelength regiof, 5.

The advanced spat®rne thermal emission and
reflection radiomete(ASTER) covers the VNIR
(0.520.86 pm), SWIR (1.62.43 pm), and
thermal infrared (TIR) (8.129.1.65 pm) spectral
regions with 14 channels and high spatial,
spectral, and radiometric resolutifg]. The three
VNIR bands in ASTERsensors are important
sources of information regarding absorption in
transition metals, especially Fe and some rare
earth elements (REEs). The ASTER SwWiénhds
are important in distinguishing AMDH, Fé& OH,
Mgi OH, HIOiH, and CQ absorption features,
therely providing the potential to map important
minerals of hydrothermal alteration such as
hydroxyl and carbonate minerals 7].
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Mars and Rowan (200§)erformed ASTER data
by applying multiple band ratios and threshold
values for mapping argillic and phyllmnesover

the Iranian volcanic sedimentary belt, which
includes the present study argd. In addition,
Tangestani et al. (2008) used ASTER data to
analyse a small part of thé&anian volcanic
sedimentanpelt (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+ imageswere alsoemployed with
the objective of hydrothermal alteration mapping
in the NW and SEpart of the KermanCenozoic
magmatic arc (KCMA)[9, 10]. The KCMA is
also knownas theDehajSarduiyeh copper belt.
Hosseinjani Zadeh and Honarmand (2017)
accomplished discrimination of highand low
potential mineralization for porphyry copper
deposits using ASTER dafal]. Aryanmehret al.
(2018) utilized the Quickbird and Landsat
datasets for mapping hydrothermal and gossans
alterations in reconnaissance porphyry copper
mineralization in the Babbiduyeh aresgtuated in
the Central Iranian Volcarsedimentary Complex
[12]. Furthermoreseveralkstudies were carried out
to map hydrothermal alteration in local scale
using ASTER data on the major porphyry copper
deposits in theentral part othe KCMA such as
SarCheshmeland Darrehzaf13-15|.

SAM is a supervised image classification method
based on calculation of the angle betwdba
image spectra and reference spectra, treating them
as vectors in a feature space with dimensionality
equal to the number of band&6]. The SAM
algorithm has praously been applied to
hyperspectral and multispectral data for mapping
the distribution of hydrothermal alteratiob3 14,
17-19]. In order to achieve more accuracy in
hydrothermal alteration mapping, it is necessary
to analyse some details before usimgage
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, fieldased spectra or a
library of standard spectr§Q].

The present study is aimed to verify the effects of
different source spectra dke reference orthe
SAM classification in mapping the distribution of
hydrothermal alteration zones. The
Kuh-e-MosaheriiKuh-e-Madvar district, which is

a small part in the SE of the central Iranian
Cenozoicmagmatic 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 vegetatiogover, abundant outcrop, and
arid to seniiarid conditions, this part of the belt is
suitable for remote sensing studies

2. Geological settingand mineralization

The CICMB is the most prominent belat runs
parallel to the Zagros gésuture for about 18D
km from Azerbaijan in the NW to the north of
Makran in thesoutheastThis belt is a part of the
Alpinei Himalayan collisional orogenic belt,
which extends from Western Europe to Turkey,
across Iran into western Pakistan (Figuag[21].
Magmatismactivity in this zone started in the
Eocene and reached a climax during the Middle
Eocene for volcanic rocks and during the
Oligocené Miocene for plutonic rocks in many
parts of Irar{22].

The CICMB is one of the main Chearing
regions in the AlpineHimalayan 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 [2628].

The study area is located in the KCMA, whiclais
part of the southeast sector of the CICMB. Figure
1b shows a simplified geological map of the Kuh
e-MosaheniKuh-e-Madvar area. The Oligocehe
Miocene intrusive rocks were emplaced into the
Bahr Aseman (Eocene)Razak Eocene), and
Hezar volcanic complexs. 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 [230].

The Kuhe-MosaheriiKuh-e-Madvar area
contains several mineral deposits and many
important mineral occurrence®re deposits of
porphyry and veiftype have been identified. The
porphyryi type mineralizatioris dominant, mainly
near postEocene intrusive bodies in theo&ene
volcand sedimentary complex.The vein type
mineralization is controlled by faults showing
different trends, and is found both in intrusions
and in finegrained volcanic rocksThe most
important porphyry copper deposits in this area
are those at Kadge Godekolvary, lju, Serenu,
Chahfiroozeh, Parkam, Meiduk, and Abdar
(Figure b, 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 mineralsField observations and analyses of  copper mineralization (e.g. at lju and Parkam).
field samples reveal that sericitization is the most  Eight porphyry copper deposits in thisearare
intensive and widespread form of hydrothermal associated with wélbeveloped zones of

alteration in the study area(Figure 2). hydrothermal alteration including phyllic, argillic,
Argillization is also common, although not as  propylitic, silicification, and Jarositization zones
intensive as the sericitization.pidotization and (Table 1), with the first three of these zones being

carbonitization are associated with chloritization the most widely developedTable 1 presents
and jarositization occurs in the surface outcrops of charateristics of major copper deposits in the
hydrothermally altered rocks near the area of study area (modified after [31]).
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@ 4, Serenu porphyry copper depaosit @ 8, Abdar porphyry copper deposit
@ 1, Kader porphyry copper deposit @ 5, Chahfiroozeh porphyry copper deposit @ 9, Palangi impregnation type copper deposit
@ 2, Godekolvary porphyry copper deposit @ 6, Parkam porphyry copper deposit @ 10, Chahmesi vein type copper deposit
@ 3, lju porphyry copper deposit @ 7, Meiduk porphyry copper deposit
[ | Main mineralized area [ ] Ng3, sedimentary Rock(Upper Pliccene) [ &r, Razak velcanic complex(Eocene)
—— Fault [ ]Ng2, sedimentary RockiMiddle Pliocene) [ &1, Lower Razak Volcanic subcomplex(Eocene)
Ng1, Sedimentary Rock(lower Pliocene) |:| Eb, Bahr Aseman Volcanic Complex(Eccene)
|:| Q2, Recent aluvium and younger gravel fan(Quaternary) I:I Vm, Volcanic Rock(Miocene-Pliocene) - Es1, Sedimentary Complex(Lower Eocene)
[ a1, oider gravel fans(Quaternary) [ pa, Dehaj subvolcanic intrusive(Miocene-Pliocene) [l Cp, Palangi Conglomerate(Lower Eocene)
|:] Ab, Andesite-basalt lava flows(Neogene) - A, Kuh Panj type Subvolcanic intrusive(Miocene) - Ef, Flysch(Lower Eocene)
- B, Basalt lava flow(Neogene) Lr, Lower Red formation(Oligocene-Miocene) - G2 Acidic intrusives in the melange(Cretaceous-Eocene)
|:| Dp, Pyroclastic Rock(Neogene) I:l Eh, Hezar Volcanic complex(Oligocene) Cm, Ophiolite melange(Cretaceous-Eocene)

[l 0. Fine grained diorite in the volcanic plug(Neogene) [ o\ jebal Barez type intrusives(Eacene-Oligocene) [ | Kaf, Turbidites and flysch(Cretaceous)

Figure 1. (a) Relief map showing the position of CenozoimIcanic 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 depgsitre shown
(please refer to Table 1).
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Table 1. Characteristics of major copper deposits in the study area (modified aft¢B1]).

. UTM Type of Main alteration Main Altered Main ore
Deposit . . o Host rocks - .
coordinates mineralization types’ minerals” minerals
. . - . Pyrite
. Diorite porphyry,  Phyllic, Argillic, Muscovite, -
1. Kader X 285503 Porphyry Quartz diorite Propylitic, Kaolinite, lllite, Chalcop){rlte,
Y: 3389840 orphyr Silicification Quartz, Natroalunite Chalcocite,
porphyry ! Covellite
Kaolinite,
. Diorite porphyry,  Argillic, Phyllic, Muscovite, .
2.Godekolvary 3(3?3?876142788 Porphyry Granodiorite, Propylitic, Montmorillonite, Chz%gte,rite
' Andesite Silicification Quartz, Chlorite, Py
Epidote
X: 303315 Diorite porphyry, Phyg'c():t’aAs;?g"C’ Muscovite, lllie, Pyrite,
3. lju N Porphyry Quartzdiorite o Quartz, Kaolinite,  Chalcopyrite,
Y: 3380542 orphyr Propylitic, Albite, Chlorite Chalcocite
porphyry Jarositization '
I Muscovite, lllie,
Diorite porphyry, Quartz, Albite
4. Serenu X: 305954 Porphvr Quartz diorite Phyllic, Argillic, Orthc;clase ’ Pyrite,
' Y: 3374148 phyry porphyry, Propylitic, Potassic L . Chalcopyrite
. Kaolinite, chlorite
Andesite A
Montmorillonite
Malachite,
. . . : Muscovite, lllie, Azurite,
5.Chahfiroozeh \i( 33??: :'24 414 Porphyry Gra;r;oﬁlc;nte Phylljllrg, PI(i)ttizssm, Quartz, Albite, Chrysocaolla,
’ porphyry Py Orthoclase Pyrite,
Chalcopyrite
Phyllic, Argillic . .
. A Muscovite, lllig .
6. Parkam X: 321121 Porphyry Dll?ﬂl’ilé(reopgigpr?e”y’ PF;gE;SIﬁ:g Ql.JartZ’ Jarosite, Chglzgtpey’rite
) Y: 3369859 A Albite, Orthoclase, A
porphyry Jarositization, L Malachite
e Kaolinite
Silicification
Muscovite, lllie, .
. - Quartz, Jarosite ch Plyrlte, it
. X: 323885 . Phyllic, Argillic, - ’ ! alcopyrite,
7. Meiduk Y: 3366900 Porphyry Diorite porphyry Potassic, Propylitic AlbltliécC))”r:]?t(;CIase, Chalcocite,
L Malachite
Montmorillonite
Granodiorite Muscovite, lllie, Pyrite
X: 336271 Vein and porphyry, Phyllic, Argillic, Quartz, Albite, Chalcopyrite,
8. Abdar . Dasiteporphyry, ¥ Kaolinite,
Y: 3354694 Porphyry . Propylitic S Galena,
Andesite and Montmorillonite, -
o . Malachite
diorite Chlorite
Carbonatization, Chalcopyrite,
. X: 368910 . Andesite and Prop_ylltlt_:, Chlorite, Epidote, Malac_hlte,
9. Palangi . Impregnation . Chloritization, . Azurite,
Y: 3355907 pyroclastites S Calcite, Quartz ;
Sericitization, Chalcocite,
Silicification Bornite
Chalcopyrite,
Chalcocite,
. X: 322676 . Andesite, Propylitic, Chlorite, Epidote, Sphalerite,
10. Chahmesi v 3365076 vein Diorite porphyry  Silicification Quartz Malachite,
Azurite,
Galena

"Based on fieldbservations, thin section studies, spectral measurements, and XRD afiaigstugy).
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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 ir on oxide and hydroxide minerals, (ephyllic 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 alteratiamlated to porphyry Cu
deposits usually exhibits a concentric zonal
pattern zoned from potassizone at the core
outward through phyllic (quartsericite pyrite),
argillic (quarti kaoliniter montmorillonite), and
propylitic zones (epiddei calcité chlorite)
[31-32]. The spectral reflectance characteristics of
minerals in the phyllic, argillic, and propylitic
hydrothermalalteration zones provide a basis for
identifying  hydrothermally  altered  rocks
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associated with porphyry copper deposits in
semiarid and arid regions. The hydrothermal
alteration zones are characterised by mineral
assemblagesontainng at least one minerahat

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. ABER SWIR bands are

positioned to define absorption features of
common minerals that are typically formed by



