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Abstract

The Hanza region is located in the southern part of Urumieh—Dokhtar metallogenic belt
in SE Iran. This region includes six known porphyry copper deposits, and it is
considered as an ore-bearing region from the geochemical viewpoint. The aim of this
research work is to examine the effective processing techniques in the analysis of stream
sediment geochemical datasets and ASTER satellite images. The processing methods
have led to the identification of eight new prospective areas. These methods are aimed at
providing univariate geochemical maps. The stream sediment geochemical mapping for
Cu and Mo is performed by the sample catchment basin approach. The results derived
from this approach have been mapped in four classes associated with the first quartile,
third quartile, and threshold values obtained from the Median Absolute Deviation
method. False-colour composite and band ratio techniques are adopted as two well-
known methods for the processing of an ASTER scene spanning the studied area. Eight
new targets for possible mineralization have been resulted from geochemical data
analysis. Image processing techniques on the ASTER multi-spectral data have also
revealed widespread hydrothermal alterations associated with the known porphyry
copper deposits and the new prospects.

1. Introduction

Geochemical studies are an important part of the
geoscience research works to explore metallic and
non-metallic mineralizations [1]. In regional
mineral explorations, the stream sediment
geochemical data can be effective in identifying
new prospective areas and mapping geochemical
patterns in regional metallogeny. They have been
employed by many researchers in preliminary
stages of mineral explorations [2-11].
Geochemical anomaly delineation from stream
sediment dataset is a challenging task [12, 13].

Identification of mineral deposits associated with
geochemical anomalies in the exploration of new
mineralization is necessary, and geochemical
anomalies can be direct indicators for the
discovery of unknown mineralization [12, 14-17].
In geochemical data utilization, recognizing
anomalous areas is a basic task [12]. The anomaly
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delineation in geochemical exploration surveys is
based on a threshold, and the values higher than
the threshold are considered as the anomaly [18].
In geochemical datasets, various methods have
been introduced to set threshold for separating
anomalies from background including mean+2 x
standard deviation [19], Exploratory Data
Analysis (EDA) [20], fractal analysis [21], and
Median Absolute Deviation (MAD) [14]. In
surface geochemical exploration, one should not
only pay attention to the obvious anomalies
(extreme outlier values), since weak anomalies
may exist on the surface that could be associated
with ore mineralization, whereas strong anomalies
may also exist that are not related to the
mineralization in depth. The following reasons
could be addressed:
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1) Strong anomalies may be related to other
lithological units (e.g. shale), 2) the alluvial cover
may prevent exposing hidden deposits, 3) element
concentrations may vary significantly in different
deposits, 4) anthropogenic contaminations may
lead to a change in the nature of geochemical
features [17].

Remote sensing technology plays a significant
role in the preliminary stages of mineral
exploration, especially in arid and semi-arid
regions. Alteration mapping through remote
sensing has been broadly and successfully used
for the exploration of hydrothermal deposits,
particularly porphyry copper mineralization
[22-29]. Remote sensing processing methods
allow us to quantify alteration mineralogy and to
recognize key alteration minerals and implicit
chemical variations [24, 30-32]. As an important
criterion, results of satellite image processing
techniques can play a key role in consolidating
geochemical anomalous areas.

The Regional Reconnaissance Surveys (RRSs) is
the first stage of mineral exploration, and its main
purpose is to reduce the areas by identifying
prospects for further studies. The RRS stage is
very important in identifying new mineralizations.
Thus information provided at this stage could be
regional geophysics (e.g. airborne geophysical
surveys), geological map, remote sensing, and
regional geochemical data. Exact processing at
this stage can lead to the identification of new
prospective areas and new mineral deposits;
however, it may lead to their elimination.

As the literature admits, a few remote sensing
studies using ASTER data were carried out in the
southern part of the Urumieh—Dokhtar
Metallogenic Belt (UDMB) [e.g. 33-38],
examples of which include the following: (1)
Mohebi et al. [33] showed the distribution of
phyllic and argillic alteration zones and faults on
the ASTER image (RGB; 468) in the Hanza
Mountain district; (2) Mars and Rowan [34]
performed logical operator algorithms based on
ASTER defined band ratios for regional mapping
of hydrothermal alteration zones (phyllic and
argillic altered rocks) in the Zargros magmatic
zone (e.g. southern part of the Central Iranian
Volcanic Belt), and also they discriminated
hydrothermal  alterations  using  Relative
Absorption Band Depth; (3) Tangestani et al. [35]
evaluated ASTER satellite images for alteration
zone enhancement related to porphyry copper
mineralization in the southern UDMB; (4)
Khaleghi and Ranjbar [36] mapped hydrothermal
alteration zones associated with the porphyry

748

copper mineralization in the Hanza Mountain
district (e.g. Sarduiyeh area) using ASTER SWIR
data; (5) Beiranvand Pour ef al. [37] distinguished
the sericitic, argillic, and propylitic alteration
zones associated with Miduk and Sarcheshmeh
PCDs in the southern UDMB using ASTER band
ratio; and (6) Alimohammadi et al. [38]
discriminated hydrothermal alteration zones
related to the PCDs in the Hanza Mountain district
(Daraloo—Sarmeshk area) using false colour
composition of ASTER band ratio.

This paper is organized as five sections. The
literature review and the aim of this research work
are presented in the introduction section. The
general characteristics of the area and geological
features are described in the second section. The
methodology section comprises several methods
used for both the geochemical and remote sensing
approaches. The results obtained for both remote
sensing and geochemical data analysis are
discussed in the results and discussion section.
Finally, the conclusions are listed in the
conclusion section.

2. Studied area

The Hanza region is located in the northern part of
Sarduiye geological sheet with a scale of
1:100000 in the Kerman province, Iran. This area
is located between longitudes 57° 00" to 57°
30’and latitudes 29° 15" to 29° 30, and is a part
of Urumieh —Dokhtar Magmatic Belt (UDMB),
which contains many Porphyry Copper Deposits
(PCDs) such as Sarcheshmeh, Miduk, Darrehzar,
Sungun, and other types of mineralizations such
as gold and iron [33, 39-44]. The UDMB results
from the subduction of Neo-Tethys oceanic crust
underneath the Iranian microcontinent and the
subsequent collision of Iranian and Arabian plates
in Tertiary [41, 45, 46]. The Hanza region is
located in the southern part of UDMB, and this
region contains the known economic PCDs
including Daralu, Bondar Hanza, Sarmesk, Hanza,
and Gouro (Figure 1). Mohebi et al. [33] studied
distribution of major faults within the area. They
demonstrated that the NW-SE (N125°-145°) trend
was an important direction in the spatial
distribution of ore deposits and in localizing the
hydrothermal fluids, forming alteration zones, and
constituting PCDs. This trend, which also
coincides with that of the UMDB, should be
considered as an important direction for the
exploration of the PCDs in Kerman Cu belt. The
PCDs have occurred mainly within an assemblage
of normal and thrust faults in the region. The
NW-SE trending faults (brownish lines in Figure
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1) coincide with the PCD trend, the main thrusts
in the region as well as the trend of UDMB and
the trend of precursor granitoid pluton [33].

2.1. Alignments of known PCDs

According to [47], “At the regional scale,
porphyry Cu systems and their contained deposits
tend to occur as clusters or alignments that may
attain 5 to 30 km across or in length, respectively.
Clusters are broadly equi-dimensional groupings
of deposits, whereas alignments are linear deposit
arrays oriented either parallel or transverse to the
magmatic arcs and their coincident porphyry Cu
belts” (p.6). Sillitoe [47] stated that “the plutons
may act as hosts to a single deposit, as at Mount
Polley, British Columbia; or clusters of two or
more discrete deposits, as in the El Abra intrusive

complex, northern Chile; or an alignment of
coalesced deposits, as in the Los Bronces-Rio
Blanco district” (p. 6). The Hanza region is an
example of coalesced deposits that are aligned in
the northwest-southeast direction. In this area,
there are six known PCDs including 1-Daralu,
2-Sarmeshk, 3-Bondar Hanza, 4-Hanza, 5-Gouro,
and 6-Sorakhmar from NW to SE, respectively
(Figure 1). Based on the density of known PCDs
scattering along a certain direction, there is a high
probability of more PCD prospects in the studied
area along this direction. Thus this region was
selected in order to be reassessed during a national
project aimed at identifying new mineral deposits,
especially the Cu-Mo porphyry mineralization

type.
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Figure 1. Geology of the Hanza region showing the locations of PCDs and faults based on 1:100,000 Serduiyeh
map from the Geological Survey of Iran (modified after Djokovic et al., 1973 [42]).

2.2. Geological units

The Hanza Mountain area represents a monoclinal
structure, mainly composed of middle to late
Eocene volcanics. The outcrop of Eocene
volcanics show a well-developed recurrence of
phases, each beginning with andesite-basalt,
basalt, and a small number of alkali rocks
(trachyandesite, albite-trachyte) and ending with
acidic types (mostly rhyolites and rhyodacites).
Andesite-basalts are the most widespread. They
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are grey, purplish, and reddish-brown. These
rocks consist of abundant plagioclase phenocrysts,
augite, and totally altered olivine. The basalts
have less plagioclase and contain, in addition,
monoclinic ~ pyroxene and olivine. The
trachyandesites have very large phenocrysts, and
some show a transition to trachyandesites-basalts.
The rhyolites and rhyodacites are greyish-white in
colour. The rhyolites are compact, almost
aphanitic; phenocrysts show only K-feldespar and
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albite, and mafic minerals are represented only by
scarce contours of a mineral filled with limonite,
sericite, and chlorite. Rhyodacites and dacites
form rare lava flow, being represented mostly by
pyroclastic. They differ from rhyolite in having
quartz phenocrysts and larger quantity of mafic
constituents (mostly hornblend, with very rare
biotite and pyroxene) [42]. The Neogene
sediments are widely extended in the south of
Hanza mountains (the southernmost part of the
studied area). The lowermost outcropping unit
consists of reddish siltstones and fine-grained
sandstones, in alternation with greyish sandstones
and microconglomerates, which show a coarse
lamination. The middle part is a monotonous
sequence of semi-lithified greenish sandstones
consisting of angular fragments of volcanic rocks.
The uppermost horizon is similar to the middle
one but has a reddish colour and generally coarser
grain [42]. All volcanic rocks are intruded by
Oligocene—Miocene granitoids. The granitoids
that are mostly granodiorites, less commonly
diorites, with transitions into granodiorite
porphyries, diorite porphyries, and quartz diorite
porphyries, are intruded by numerous mafic
dykes. The major copper mineralization is
associated with the intrusive rocks with
granodiorite composition [33, 39, 42, 48, 49].

3. Materials and methods

Stream sediment geochemical mapping is a useful
method for prospecting one a regional scale [2- 6,
13]. Four hundred fifty-one samples from north of
Sardouiyeh sheet located in the Hanza region (the
studied area) were selected to be assessed for
identifying anomalous areas. The selection of two
elements (i.e. Cu and Mo), is closely related to the
porphyry type mineralization. The sample media
were stream sediments, collected by Geological
Survey of Iran by a sampling-density of one
sample per 1.5 km” for Sardouiyeh sheet (Figure
1). Weights of samples analyzed ranging from 2.5
kg to 3.5 Kg and the samples were collected out
of -80 mesh size (180 p) of stream sediment. The
samples were dried for 48 h in laboratory
temperature and then were pulverized to 75 p. At
every stage and between every sample, hot water
and compressed air were used to clean the
equipment for minimizing contamination.
Approximately 0.5 g of each milled sample was
digested in a Teflon vessel mounted on a hot box
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using a four-Acid Digestion (5 mL HCIl, 4 mL
HNO;, 4 mL HF, and 2 mL. HCIO,). Each solution
sample was chemically analyzed by the 735-Es

Series Inductively Coupled Plasma Optical
Emission Spectrometers (ICP-OES),
manufactured by the Varian Company in
Australia.

3.1. Sample catchment basin approach

Stream sediments associated with a catchment
basin containing exposed mineralization would
have higher concentrations of elements, as
compared to stream sediments associated with
non-mineralized basins [8]. One of the widely
accepted and implemented techniques in the
analysis of stream sediment geochemical datasets
is the Sample Catchment Basin Approach (SCBA)
[8, 50-52]. This method tries to estimate the
background concentration of elements for every
sample in the catchment scale. In SCBA, the
geometry and boundary of every sample
catchment basin are delimited by the next sample
upstream; hence, the catchment basin area is
known as the partial (or incremental) area (Figure
2) [8, 50, 53, 54]. In other words, the catchment
basin area of every sample in this approach is not
extended to its natural boundaries upstream,
except for the uppermost sample for which there
is no sample above (SCB 9 in Figure 2). In fact,
the size of the area for a catchment basin refers to
the partial size limited between two samples, as
shown in figure 2 [8]. In SCBA, the geometry and
boundary of every catchment basin is independent
from the upstream or downstream catchment
basins. For example, in Figure 2, catchment basin
for the sample with code S8 is incremental
catchment area between a sample site (S8) and the
next sample site upstream (S9). As a result of this
approach, the studied area is divided into an
independent catchment basin from each sample
site, and the catchment basin of the downstream
sample does not merge with its upstream, and the
spatial recognition of the mineralization site is
more precise. In order to draw sample catchment
basins, digital elevation model (DEM) of the
studied area was utilized along with the stream
sediment sample locations. In the construction of
catchment basins, the spatial position of stream
sediment samples and the drainage density map
were employed, resulting in the production of a
map with basins independent from each other.



Habibnia et al./ Journal of Mining & Environment, Vol. 10, No. 3, 2019

¥
* Daposw -@-
= !
P A
[ S———

= .;_L___I__‘¥ g

»
ST STIFUE  SPUTE  SUyON  SCISUE S0 SR 5 -.@,
MRE T -". i b %
E "'.h .-"I i | E
£ C— P¥ rHE 0 e
] . cusa ¢ - i Sermam
3 -k"‘f -"f . 27 mamin
d o R
E— | "e 1:-51':."'_,_ il r- -E
o T ¥ —t|
B
BN et £
B i R
G
F
E SFRTE  STUOE  aridoE seaboe sraboe sreboe sboE selboe
o ]

Figure 2. Partial catchment basins for the studied area in 3D view.

3.2. Threshold estimation method

Identifying geochemical anomalies in the mineral
resource  exploration is  necessary, and
geochemical anomalies can be direct indicators
for the discovery of unknown mineralization [12,
14, 16, 17, 53]. In geochemical mapping, the
values more than threshold are introduced as
anomaly [18]. The threshold is estimated by the
MAD method. To show the efficiency of this
method for the identification of known PCDs and
new prospective areas, the copper and
molybdenum stream sediment geochemical maps
were made based on SCBA.

3.2.1. Median absolute deviation method

In threshold estimation, using median and median
absolute deviation (MAD) instead of mean and
the standard deviation may be preferable when
working with complex geochemical data (55, 56).
In this method, the threshold can be defined as
Mediant2MAD (Egs. 1 and 2). MAD is the
median absolute deviation, which is estimated as
the median of absolute deviations of all data
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values from the data median [14, 16, 20, 53, 55-
57].

MAD = Median [ | X;-median (x;) | ] (1)

2)

where x; is the concentration value for each
sample. In threshold estimation, methods that do
not strongly build on statistical assumptions
should be the first choice [14]. MAD is analogous
to SDEV (standard deviation) in classical
statistics, so mediant2MAD  threshold is
analogous to the classical meant2SDEV
threshold. In the MAD method, the threshold is
precisely and quickly estimated by fixed formulas,
and through determining parameters such as Q2
and MAD, the result of estimation does not
depend on an expert’s judgment.

Threshold = Median+t2MAD

3.3. Remote sensing

PCDs are typically characterized by zoned
assemblages of hydrothermal alteration minerals
(Figure 3) [34, 58]. These minerals represent
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spectral reflection and absorption features in the
different wavelength regions [34, 59, 60].
Multi-spectral images with sufficient spectral and
spatial ~ resolution to determine  spectral
absorption/reflection features can be used to
identify and remotely map hydrothermal alteration
zones [34]. Argillic and phyllic hydrothermal
alterations associated with porphyry systems are
surrounding the porphyry systems (Figure 3) [34,
47]. Alteration zones are formed in a wide range
of  geological  environments such  as
volcano-plutonic rocks and with hydrothermal
mineral deposits, which can be the exploratory
targets [61]. Argillic alteration is characterized by
the formation of clay minerals due to intense H"
metasomatism and acid leaching [62]. Kaolinite,
pyrophylite, montmorlionite, and alunite are the
common hydrothermal alteration minerals in this
zone. Phyllic or quartz-sericite alteration is
typified by the assemblage quartz-sericite-pyrite
(QSP). The phyllic alteration is one of the most
common types of hydrothermal alteration as it is
present in almost all hydrothermal mineral

deposits, especially PCDs [62]. Muscovite is the
indicator mineral in this zone that can be detected
by remote sensing techniques.

Key minerals of argillic and phyllic alterations
were identified by remote sensing techniques
based on their spectral characteristics. ASTER is a
multi-spectral imaging sensor that measures the
reflected and emitted electromagnetic radiation
from the Earth’s surface and atmosphere in 14
bands [37]. The ASTER data used in this work
was obtained from https://earthexplorer.usgs.gov/
and consisted of level 1T ASTER scenes of the
studied area in the southeastern part of the Central
Iranian Volcanic Belt. The images were acquired
on July 13, 2005. The images were georeferenced
to UTM zone 40 North projection using WGS-84
as
Reflection (IARR) correction was performed on
these images as atmospheric correction based on
the procedure by [63]. False-Colour Composite
and Band Ratio techniques were adopted as two
well-known methods
ASTER images of the studied area.
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hydrothermal alteration minerals and types, which include

propylitic, phyllic, argillic, and potassic alteration.

(B) Schematic cross-section of ores associated with each alteration type.

3.3.1. False- colour composite (FCC) method

Most of the satellite imageries are in the form of
multi-bands. Analyzing a band cannot alone
provide the maximum of information, and the use
of colour composite images of multi-bands is
common and can provide ample geological
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information [64, 65]. For any band of
multi-spectral image, the interpreter can assign a
display colour, and it is done in freewill ways. In
the displayed image, the colour of an object does
not have any similarity with its true colour and is
known as a false colour composite (FCC) image
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[66]. The displayed colour for each image also
may not match the actual wavelength for that
colour. Many band combinations are possible but
convention logic and information requirements
will dictate those that are most useful [67]. By
using colour composite image in Red-Green-Blue
(RGB) with band combinations, it is possible to
construct images that differentiate some surface
materials (e.g. different lithological units) based
on colour variation [67]. FCC images have been
created and used by many researchers for
hydrothermal alteration mapping [68, 69]. The
interpretation of FCC images depends on how
these bands are assigned to the three principal
colours in Red, Green and Blue [70].

3.3.2. Band ratio (BR) method

The BR transformation of ASTER data is a
powerful technique for visualizing the anomalies
and quantitative detection of hydrothermal
alteration minerals [24, 59, 68]. It is a technique
where the digital number (DN) value of one band
is divided by the corresponding DN value of
another band. BRs are a useful technique for
detection of some features that cannot be seen in
the raw bands [29, 71]. The ASTER BR technique
has also reported wide acceptance in mineral
exploration in the recent years, and ratio images
display the spectral contrast of absorption and
reflection features in order to identify
hydrothermal alteration minerals [29, 30, 34, 72-
74]. Selected ASTER VNIR and SWIR bands
have been used for BR in this work. The ASTER
BR and Relative absorption Band Depth image
(RBD; [75]) methods are useful in hydrothermal
alteration mapping and also lithological mapping
[68]. The ASTER RBD images are useful for
displaying AIl-O-H, Fe, Mg-O-H, and CO;

absorption intensities. For each absorption feature,
the numerator is the sum of two reflection bands,
and the denominator band is the nearest position
to the minimum absorption feature [34, 75].

4. Results and discussion

4.1. Geochemical dataset processing

There are 14 significant anomalous areas that
include six known PCDs and eight new
prospective  areas of  copper-molybdenum
porphyry mineralization. Copper and
molybdenum elements, as indicator elements, are
extensively used in exploring
copper-molybdenum porphyry systems by many
researchers [47, 76-78]. It is vital to have
geochemical maps of these elements and also
determine their anomalous areas to identify
promising areas. Thus to identify anomalous
areas, the copper and molybdenum stream
sediment geochemical maps have been made
based on SCBA in four classes associated with the
first quartile, third quartile, and threshold values
obtained from Median Absolute Deviation method
(Figure 4). Class 1: values less than the first
quartile as low background, Class 2: values
between the first quartile and the third quartile as
background, Class 3: between the third quartile
and the threshold value as high background, Class
4: values more than the threshold as anomaly. The
threshold of Cu and Mo elements was estimated
by the MAD method. This method is independent
from the element distribution. In this method, all
data values must be included in calculation for
accurate calculation of the absolute deviation. The
results of this method are shown in Table 1. In
this research work, the efficiency of the MAD
method is determined based on the'success rate",
which is defined as below:

S Rate = (NS) x 100
uccess Rate = |y

Ns= Sum of identified anomalous areas,

Nt = Total of known anomalous areas

Success Rate

Efficiency

80-100%
60-80%
50-60%
40-50%
20-40%

<20%

Very high
High
Fairly high
Fairly low
Low
Very low

The success rate in the following table shows the
efficiency of the MAD method in identifying
anomalous areas (Table 2). It is worth noting that
the success rate in identifying an anomalous area
depends on different factors as below but these
factors are considered the same and fixed in this
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paper. These factors are 1- Appropriate design of
sampling grid 2- Spatial position of sampling
points relative to anomalous areas.

The principle of the MAD technique is unlike the
conventional statistical techniques because it does
not require a dataset to follow normal distribution.
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In this work, the success rate of the MAD method
in identifying anomalous areas is 86 % and 93%
for Cu and Mo, respectively (Table 2). Six known
PCDs (i.e. Daralu, Sarmeshk, etc.) have been
identified as anomalous areas in the stream
sediment geochemical map of molybdenum. The
efficiency of the MAD method in the threshold
estimation and recognizing the mineralization
areas, as anomaly, is high. Amongst six known
PCDs, with economic value, copper anomalies

were not visible in the Hanza and Sorakhmar
deposits but molybdenum anomalies became
apparent in all deposits. Whilst among the eight
new prospective areas (i.e. polygons no. 1-8),
molybdenum anomaly was not visible only in
polygon 1, and in the remained polygons, both
copper and molybdenum anomalies became
apparent, which could indicate the very high
efficiency of the MAD method for identifying
new mineralization areas.

Table 1. Results of threshold estimation by MAD method.

Cu Mo

Median (Q2)
MAD = Median [ | Xi — Q2]
Threshold

34.5
5.08
44.73

0.81
0.10
1.02

Cu
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Table 2. The success percentage of MAD method to identify the sum of anomalous areas based on geochemical
maps (Yes; identified, No: not identified).

known porphyry copper
deposit Area

new prospective
Area

Success

D* S B G H So 1 2 3 4 5 6 7 8 rate Efficiency
Cu Yes Yes Yes Yes No No Yes Yes Yes Yes Yes Yes Yes Yes 86 % Very high
Mo Yes Yes Yes Yes Yes Yes No Yes Yes Yes Yes Yes Yes Yes 93 % Very high

*Abbreviations of the known PCDs: D-Daralu, S-Sarmeshk, B-Bondar Hanza, G-Gouro, H-Hanza, S-Sorakhmar

4.2. Results of remote sensing data processing
Regional scale identification and mapping of
hydrothermal alterations is an important
preliminary step in mineral exploration [69, 79].
The satellite image processing was done to
enhance the anomalous areas for both the proved
PCDs and the newly-identified ones.

Data processing is performed to identify areas rich
in kaolinite and sericite/muscovite. These are the
key minerals for argillic and phyllic alteration
zones, respectively. Distinguishing muscovite rich
area can be a significant indicator for mapping the
effect of hydrothermal alteration processes on
related host rock [37, 80-82]. Experimental
analysis shows that a 4-6-8 bands-colour
composite is a good colour combination for
distinguishing alteration zones [38]. ASTER False
colour composite 468 (in RGB) images typically
show argillic and phyllic alteration zones as red to
pink tones and propylitic alteration zone as green
tones (Figure 5) due to Al-OH (centered at
ASTER band 6) and Fe—,Mg—O—OH (centered at
ASTER band 8) absorption features, respectively
[24, 31, 38]. Three BRs have been performed such
as: (i) 4/5 band ratio for identifying kaolinite, (ii)
4/6 band ratio for identifying muscovite, and (iii)
4/7 band ratio for identifying jarosite [24, 38] in
the supergene alteration zones. In the supergene
zone, jarosite is the main secondary Fe’* phase,
and is formed under conditions of weathering (i.e.
oxidation) in arid climates [83]. Jarosite is formed
only in altered environments, while hematite is
formed in both altered and unaltered (especially
sedimentary rocks) environments. Therefore, in
the identification of oxide-alterations associated
with porphyry deposits, detection of jarosite is
more important than hematite (e.g. b4/b7 in
ASTER bands). The vegetation effect, due to the
selection of band four as numerator, was first
removed by subtracting 3/2 band ratio from all
band ratios. Three BR ratios were assigned to
RGB (red, green, and blue) colour combination.
Then thresholds were selected using X+2s. In the
resulted RGB, (R = [(4/5)-(3/2)], G = [(4/6)-
(372)], and B = [(4/7)-(3/2)]), the area in white
colour shows a response of band 5, band 6
(Al-OH), and band 7 (Fe—OH) (Figure 6), white
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areas are the alteration zones that are associated
with porphyry system [38].

In addition to these three BRs (i) 7/6 band ratio
for identifying muscovite, [37], (ii) band ratio of
5/6 for identifying kaolinite, and (iii) band ratio of
9/8 for identifying propylitic alteration zones [31,
37] have also been performed. Three BRs were
assigned for RGB (red, green, and blue) colour
combination to delineate argillic, phyllic and
propylitic hydrothermal zones (Figure 7). Argillic
alteration zone depicts as green and phyllic
alteration zone as yellow to reddish yellow
colours and propylitic alteration zone as light blue
in the studied area. Three RBD ratios have
adopted in this study; RBD5, RBD6, and RBDS.
The RBD ratios have been derived based on [73]
as RBDs = [(ASTER band 4 + ASTER band 6)/
ASTER band 5], RBDs = [(ASTER band 5 +
ASTER band 7)/ ASTER band 6] and RBDg =
[(ASTER band 7 + ASTER band 9)/ASTER band
8]. The vegetation effect has been eliminated from
RBDS5. Then thresholds were selected using X+2s.
Three RBD ratios were assigned for RGB (R =
RBD6, G = [(RBD5)-(3/2)], and B = RBDS)
colour combination (Figure 8). Argillic alteration
zone appears as bluish green and phyllic alteration
zone as yellow colour, and propylitic alteration
zone as blue and violet in RGB image.

RGB in Figure 6 is useful in showing argillic and
phyllic hydrothermal alteration types. The white
zones reflect the simultaneous presence of red,
green, and blue bands with three key minerals of
kaolinite, muscovite, and jarosite, respectively.
The displayed white zones in the known deposit
areas (especially Daralo, Sarmeshk, Gouro, and
Sorakhmar) are consistent with the actual facts on
the ground. The three key minerals in and around
these deposits are widespread. FCC images show
propylitic zone along with argillic and phyllic
alteration zones in Figures 7 and 8. Amongst FCC
images, the RGB in Figure 7 is the most useful in
showing propylitic hydrothermal alteration.
According to the geological map, the blue areas
are carbonate units, and the light blue (sky blue)
areas are andesite-basalt with propylitic alteration
in FCC image of band ratios 7/6 (R)-5/6 (G)-9/8
(B). A good discrimination has been created
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between these two geological units by this image.
In Figure 7, propylitic alteration with light blue
colour (only the effect of 9/8 in the blue band) is
well-revealed in these rocks but in Figure 8, these
areas are mainly represented in violet colour
(composition of red and blue bands) that is not
consistent with the ground reality. In the
propylitic environment, the presence of muscovite
and montmorillonite minerals is very low.
Therefore, the best FCC image to reveal the
hydrothermal alteration zones that are associated
with the porphyry deposits is [(4/5)-(3/2) in R] -
[(4/6)-(3/2) in G] - [(4/7)-(3/2) in B]. The best
image to show propylitic alteration zone along
with argillic and phyllic zones is R-G-B of band
rations 7/6-5/6-9/8.

For mineral prospectivity mapping of a deposit-
type in an area, spatial datasets used are based on
a conceptual model of prospectivity of that
deposit-type. Then from individual spatial
datasets (e.g. mineral alteration, distance to
structures, geological complexity, geochemical
signature, etc.) the corresponding evidential maps
are generated, weighted, and integrated to
delineate target areas [84]. Therefore, evaluating
the relative importance of every evidential map
derived from particular spatial datasets is a highly
important exercise [85, 86]. In this regard,
because the MAD method has a high ability to

identify anomalous areas, the geochemical map
obtained from this method can be considered as
an evidential map. Furthermore, hydrothermal
alteration zones are formed in a wide range of
geological environments with hydrothermal
mineral deposits, which can be the exploratory
targets. In this research work, four hydrothermal
alteration images were introduced, and each could
be valid as an evidential map. However, the
researcher should choose one as an evidential
map.  Evaluating and  comparing four
hydrothermal alteration images was performed
based on the identification of the known
significant anomalous areas (i.e. 14 anomalous
areas). RGB in Figure 6 is useful in showing the
argillic and phyllic hydrothermal alteration types
in all the anomalous areas. However, the
distinguished image to show propylitic alteration
zone along with argillic and phyllic zones is R-G-
B of band ratios 7/6-5/6-9/8 (Figure 7). It is
noteworthy that RGB in Figure 5 is good in
showing hydrothermal alteration types in all the
anomalous areas. Therefore, choosing the best
image depends on the expert's judgment and
cannot extrapolate the results obtained from a
processed image in an area to another. However,
according to the authors’ opinion, the best image
(as the evidential map) is R-G-B of band ratios
[(4/5)-(3/2)]-[(4/6)-(3/2)]-[(4/7)-(3/2)] (Figure 6).
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Figure 5. Demonstration of ASTER data processing in order to identify areas rich in kaolinite and muscovite,
False-colour composite in RGB mode (R =4, G = 6, B = 8). In this colour composite, propylitic alteration appears
as green, and phyllic alteration zones with large quantities of AI-OH minerals are pinkish to yellowish in colour.
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5. Conclusions

1- The success rate can be used as assessment
criteria to examine the effective processing
techniques (i.e. the threshold estimation methods
in the analysis of stream sediment geochemical
datasets). In this research work, the success rate of
the MAD method in identifying anomalous areas
is very high for both Cu and Mo. Generally, the
efficiency of this method in identifying anomalies,
especially weak anomalies, is appropriate.
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2- Given that the calculation of the MAD method
is fast and convenient, hence, it is recommended
in lieu of X+2S because it does not require a
dataset to follow a normal distribution.

3- The geochemical map obtained from the MAD
method as an evidential layer can be used to
generate a mineral prospectivity map in
combination with other exploratory data such as
remote sensing and geophysics.
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4- Image processing of ASTER satellite images,
especially band ratios of ASTER images in R-G-
B: [(b4/b5)-(b3/b2)] - [(b4/b6)-(b3/b2)] - [(b4/b7)-
(b3/b2)], which were employed in this work had a
high efficiency in mapping of argillic and phyillic
alteration zones and it could be used as a valid
criterion for regional exploration. In the Hanza
region, six known deposits have been detected
with obvious and widespread argillic and phyillic
hydrothermal alterations.

5- False-colour composite of band ratios (R =
b7/b6, G = b5/b6, B = b9/b8 of ASTER bands) is
also an efficient image for detection of different
type of hydrothermal alterations associated with
porphyry deposits in the vegetated areas.

6- RBDs and band ratios have shown that
hydrothermal alteration zones can be effectively
enhanced in this semi-arid area.
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