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Abstract. Porphyry copper deposits are accompanied by extensive aureoles
of hydrothermally altered rocks which make it possible to detect them on
satellite images in the absence of vegetation. The study is devoted to using
the Earth’s remote sensing data, particularly, satellite images from the Ja-
panese sensor ASTER (Advanced Spaceborne Thermal Emission and Re-
flection Radiometer), which are used to identify areas that are promising
for the discovery of porphyry copper deposits and ore occurrences within
the copper belt of Kazakhstan. The analysis of numerous publications that
offer various methods for processing ASTER images for the interpretation
of hydrothermally altered rocks accompanying porphyry copper occurren-
ces showed that the most effective method for this region is the Crosta
technique. The Crosta technique, unlike other methods, does not use prima-
ry bands, but their combinations are obtained by the principal components
analysis method. Thus, the combination of the results of the principal com-
ponents analysis with the use of index images and analysis of the geological
map made it possible to identify areas of hydrothermally altered rocks in
the study area. The described technique helps to predict promising areas
for porphyry copper mineralization of varying degrees of reliability, associ-
ated with their hydrothermal processing.
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KaroueBble cjioBa:

kocMocHUMKH ASTER, MeTo 1 rimaBHBIX
KOMITOHEHT, TH/IPOTEPMAITbHO H3MEHEHHBIC
TIOPOJIBI, EIM(PPUPOBAHIE KOCMOCHHMKOB

AHHOTauus. MeaHO-TopGUPOBBIE MECTOPOXKICHUS COMPOBONKAAIOTCS 00-
LIIMPHBIMHE OpEOJIaMH TUAPOTEPMAIBHO M3MEHEHHBIX I1OpPOJI, 3HAYUTEILHO
MPEBOCXOAAIINX UX IO IJIOIIaAX, KOTOPBIC IMO3BOJIAIOT O6Hapy)KI/IBaTL ux
Ha KOCMHYECKMX CHUMKAaX B YCIIOBHAX OTCYTCTBHUS pacTUTeIbHOCTH. Mc-
CIIE/TyeTCs MCIOJIb30BaHUE JaHHBIX UCTAHIIMOHHOTO 30HIUPOBAHMS 3EMJIH,
B YAaCTHOCTH KOCMHUYECKUX CHHMKOB sirioHcKoro cencopa ASTER (Advanced
Spaceborne Thermal Emission and Reflection Radiometer), mst Boizenenust
YYacTKOB, IEPCIIEKTUBHBIX Ha OOHAapyXeHHE MEIHO-TIOP(UPOBBIX MECTO-
POXIOEHUH U PYIOIpPOSBIEHUH B mpeaenax menHoro mosica KazaxcraHna.

AHaIM3 MHOTOYHCIICHHBIX MyOIUKAINA, B KOTOPBIX NPEIIAraloTCs pa3ind-
Hble MeTobl 00paboTku cHuMKOB ASTER mis nemedpupoBaHus ruapo-
TEpMaJbHO HM3MEHEHHBIX MOPOJ, COMPOBOXKIAIOIINX MEIHO-MOP(HUPOBHIC
PYIOTIPOSIBIICHUS, TIOKa3al, 4To Hanbonee 3()(HEeKTHBHBIM W3 HHUX Ui JIaH-
HOro paiiona sBisiercst Meroq Crosta. B oTinuume OT APYrHX METOIOB OH
HCTIONIB3YeT He TepBUYHbIe Mmonockl (band), a X KOMOWHALIUH, TTOTYYCHHbIC
METO/IOM TJIaBHBIX KOMIIOHEHT. TakuMm 00pa3oM, COYCTAaHHE PEe3yJIbTATOB
MeTOoJa TJIaBHBIX KOMIIOHEHT C MPUMEHEHNEM MHAEKCHBIX H300pakeHuH n
aHAJIM3a TeOJOTMYECKOH KapThl TO3BOJIMIIO BBIICIUTH O0OJIACTH TMAPOTEp-
MaJbHO M3MEHEHHBIX TIOPOJ B paiioHe uccienoBannii. Ha ocHoBanum omm-
CaHHON METOJWKH OMPEICICHbI MPOrHO3HbIC YYACTKH, MEPCIICKTUBHBIC HA
MeIHO-IOPPHUPOBOE OPYICHEHHE PA3INIHOI CTENEeHH JOCTOBEPHOCTH, CBSI-
3aHHBIE C UX TUAPOTEPMATLHON HepepaboTKO.

Jlns uMTHpOBaHUSA
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Introduction

Remote sensing is a widely used tool in mineral
exploration, as it has replaced the physical approach
to discovering deposits. The physical approach re-
quired spending much time, effort, and money look-
ing for geological studies.

Since 1920, the use of aerial photographic in-
terpretation in the field of Earth sciences has be-
come a fast and effective tool for the exploration of
natural resources [1]. Therefore, the launch of
Landsat-1 in 1972 and the continued development
of new sensors have increased the spatial-temporal-
spectral resolution of Earth observation data [2].
This made the digital imagery of the electromagne-
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tic spectrum available for interpretation and use in
mineral explorations in a short time.

Remote sensing is a comprehensive method
that enables scientists to identify an object, by col-
lecting all needed information about it. The inter-
pretation of satellite images requires applying two
basic paradigms, namely, data-driven, and knowledge-
driven models. Both models are the dominant para-
digms for spatio-temporal modeling and spatio-
temporal decision-making [2].

The main idea behind this is that everything on
Earth has its unique spectral signature, which provides
the ability to identify features or abstract information
about what is displayed on Earth's surface. Spectral sig-
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nature is the energy reflected from features on earth and
stored as bands. Mostly, bands will capture the visible,
NIR, and SWIR regions which tend to contain more
useful information about the earth’s surface.

Minerals have distinctive spectral reflectance
patterns at visible wavelengths and especially at
reflected IR wavelengths [3]. Multispectral image
data has been used for mapping hydrothermal alter-
ation zones. Since 2000, and after the launch of Ad-
vanced Spaceborne Thermal Emission and Reflec-
tion Radiometer (ASTER) in 1999, it has become
more applicable for mineralogical and lithological
studies to be run using the multispectral images
provided by ASTER on a wide range of samples.
ASTER covers a wide spectral region of the electro-
magnetic spectrum, from visible near-infrared (VNIR)
to thermal infrared (TIR) [4].

The spectral range in ASTER consists of three
main subsystems with different spatial resolutions
and wavelengths. the subsystems are Visible near-
infrared (VNIR), shortwave infrared (SWIR), and
thermal infrared (TIR) [4].

SWIR spectral bands were designed to identify
reflected radiation to distinguish Al-OH, Fe, Mg-OH,
Si-O-H, and CO3 absorption features [5]. There-
fore, scientists could identify specific hydrothermal
alteration minerals like alunite, kaolinite, calcite,
dolomite, chlorite, talc, and muscovite, as well as

-
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mineral groups. Hence, the SWIR properties make
it suitable for mapping alteration zones in mineral
exploration [6].

Applying statistical methods to the produced
maps from remote sensing has been helping scien-
tists with different approaches to analyzing point
data but also filtering the data (removing missing
pixels or filling the voids). Also, combining statisti-
cal methods with GIS layers obtained from remote
sensing helps improve the generation of DEMs,
simulate them, and optimize spatial sampling, the
selection of spatial resolution for image data, and
the selection of support size for ground data. Geo-
statistics is a subset of statistical methods used to
analyze and interpret geographical data. Geostatis-
tics enables mapping environmental variables using
different techniques [7].

Advanced Spaceborne Thermal Emission and
Reflection Radiometer give us the potential to map
mineralogical alteration zones at low cost with high
accuracy. Mapping these zones is important to dis-
tinguish high-potential areas of economical minerali-
zation such as epithermal gold and hydrothermal por-
phyry copper deposits. Hydrothermal porphyry depo-
sits consist of alteration mineral zones (Figure 1) [8].
These zones (phyllic, argillic, and propylitic) con-
tain minerals that can be distinguished from each
other using SWIR from ASTER data [9-11].

~ Pyrite shell
N\, % Explanation:
2. py 10% Chi - Chlorite
Epi - Epidote
Carb - Carbonate
Q - Quartz
Ser - Sericite
Ore K-feld - Potassium
Feldspar
Bi - Biotite
Anh - Anhydrite
1 py - Pyrite
,' Kaol - Kaolinite
’l Alun - Alunite
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] gal - Galena
! sl - Sulfide
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! Ag - Silver
mb - Molybdenite
mag - Magnetite

Figure 1. Hydrothermal alteration zones are associated with porphyry copper deposits:
a - a schematic cross-section of hydrothermal alteration mineral zones, which consist of propylitic, phyllic, argillic, and potassic alteration zone;
b — a schematic cross-section of ores associated with each alteration zone
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1. Geological settings

Hydrothermal deposits of porphyry copper are
usually formed in areas of magmatic rock develop-
ment. The deposits are usually associated with calc-
alkaline plutons. Each hydrothermal copper-porphyry
deposit is characterized by hydrothermal alteration
mineral zones.

The area under consideration is characterized
by low vegetation, which could mask part of the
data, causing problems in image processing. It is
located within the Zhilanda-Aygyz subzone of
the Predchingiz zone. The study is in the Eastern
Pribalkhash region and represents a fragment of
the Kazakhstan Copper Belt.

To locate areas with copper, molybdenum, lead,
and zinc anomalies, as well as to locate pink rhyolite
porphyry in the central zone, where contact changes
are apparent and suggest the presence of a copper-
molybdenum porphyry mineralization process,
Viktor V. Diakonov and Alexander E. Kotelnikov,
2016 conducted geological and geochemical analy-
sis in the study area in 2016. They also linked these
data to geophysical anomalies to further their un-
derstanding of the research area [12; 13].

2. Multispectral properties
of hydrothermal alteration zone
by ASTER data

The Advanced Spaceborne Thermal Emission
and Reflection Radiometer is a multispectral remote
sensing instrument that is a highly spatial, spectral,
and radiometric instrument. ASTER is a coopera-
tive effort between the Japanese Ministry of Eco-
nomic Trade and Industry (METI) and the National
Aeronautics and Space Administration (NASA).
It was launched in December 1999.

ASTER consists of three main subsystems with
a total of 14 bands that provide observation in these three
different spectral regions of the electromagnetic spec-
trum: visible near-infrared (VNIR), shortwave infrared
(SWIR), and thermal infrared (TIR), which contain 3, 6,
and 5 bands, respectively, with different ranges of
wavelength. In the VNIR subsystem, bands’ ranges
differ (from 0.52 to 0.86 wm) with a spatial resolution
of 15 m. While the SWIR subsystem's bands' ranges
differ (from 1.6 to 2.43 um) with a spatial resolution of
30 m, TIR, the last subsystem, has bands’ ranges (from
0.1.6 to 2.43 um) with a spatial resolution of 90 m [6].

ASTER provides data that can be useful in a wide
range of scientific investigations and applications,
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including (a) geology studies, (b) climatology stu-
dies, (c) volcano monitoring, (d) hydrothermal and
water resource applications, and in other different
fields of science [14]. It has significant properties
widely applied in geology: (1) it allows the dis-
crimination and identification of hydrothermal al-
teration minerals in the SWIR electromagnetic re-
gion; (2) it gives the ability to identify the vegeta-
tion and iron oxide minerals on the surface and map
carbonates and silicates [15; 16]. ASTER generates
two data products: Level-1A, which is raw image
data, and Level-1B, which is a data product gene-
rated from Level-1A by applying radiometric and
geometric correction coefficients [17].

3. Image analysis

Different image-processing techniques can be
used on ASTER data, such as principal component
analysis (PCA), band ratio, and minimum noise
fraction (MNF) [18; 19]. The alteration zone as de-
scribed previously is separated into three main
parts; each of these zones is distinguished by speci-
fic minerals that work as indicators as they all have
different spectra (Figure 2).
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Figure 2. Laboratory spectra
of common hydrothermal alteration minerals [18]
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ASTER minerals' spectra are important indicators
for different hydrothermal alteration zones, as summa-
rized in Figure 2, and can indicate the zone as follows:
(1) muscovite as an indicator for phyllic alteration
zones with a 2.20 pum absorption feature shown in the
6th ASTER band; (2) kaolinite and alunite as indica-
tors for argillic alteration zones with a 2.20 and 2.17
um, respectively, absorption feature shown in the 5th
ASTER band; (3) epidote, chlorite, and calcite are
associated with propylitic alteration zones with 2.31—
2.33 pm absorption features shown in the 8th ASTER
band. Therefore, these unique absorption features for
minerals led to many useful approaches for mapping
and discriminating hydrothermal alteration zones [3].

4. Principal component analysis

PCA used the principal component transfor-
mation technique to reduce the dimensionality of the
correlated multispectral data. The PCA method is
widely used to map alteration zones [18]. The PCA
technique aims to extract specific spectral responses,
as in the case of hydrothermal alteration minerals.

The likelihood of having a specific spectral contrast
increases as the number of input channels decreases.
In this study, the bands that have been used are those
that have the potential to show more common spec-
tral features of the alteration mineral.

To confirm the occurrence of minerals, a PCA
technique was applied to find the relationship be-
tween the spectral responses of target minerals or
rocks. The relationship is used to determine which
of the PCs contain the spectral information due to
the minerals and whether the pixels have high or
low values related to the presence of the target mi-
neral in that pixel or the absence of it [20].

Applying PCA to map hydrothermal alteration
zones has been widely used as an advanced tool for
statistical data reduction and satellite image proces-
sing. As it was recommended in the articles [21; 22]
to map alteration minerals to indicate different altera-
tion zones, for example, using a subset of ASTER
bands (1, 4, 6, and 7) to map Kaolinite Also, band
subsets (1, 3, 5, and 7) and (1, 3, 5, and 6) for map-
ping Alunite and Illite, respectively.
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Figure 3. A curve showing that the first few bands contain most of the data,
and the signal decreases with increasing noise towards the the curve tail
(the graph is made using ENVI 5.3)

The eigenvalues of the 14 ASTER bands show
that PC1, PC2, and PC3 have over 97% of the spectral
information displayed in Figure 3; the rest of the low-
order PCs have less than 3%; they usually contain low
signal-to-noise ratios. PCs that contain more than 97%
are widely used for lithological mapping [20].

5. Results and discussion

By applying the principal component analysis
(PCA) to ASTER bands, we can highlight different
areas of the hydrothermal alteration zones, as each
zone has its rocks with specific minerals. Different
minerals can be identified, like kaolinite and alu-
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nite, which show an absorption behavior in band 6
due to Al-OH; these two also show a reflection be-
havior that corresponds with the argillic zone [23].

Ilite, smectite, and sericite minerals give an ab-
sorption behavior in band 6 and a reflection behavior
in band 5, which correspond with the phyllic zone.
The propylite zone is shown as a response to the re-
flecting of chlorite, epidote, and calcite, which shows
absorption behavior in the 8th band and reflecting
behavior in the 5th band [23].

PCA is a statistical tool used to extract specific
spectral features. In 1989, Crosta and Moore deve-
loped a PCA technique using Landsat TM to map
oxide/hydroxide iron minerals related to sulfide ore
bodies in the granite-greenstone belt. PCA is calcu-
lated by forming a relationship between the spectral
responses of minerals under consideration and va-
lues extracted from the eigenvector matrix.

Using a few selected bands to avoid mapping
certain materials like vegetation and applying PCA
to them helps extract information about targeted
materials (hydrothermal alteration). This procedure
is called the “Crosta technique” and has been wide-
ly used for mineral exploration due to its ease [24].

Choosing subsets of ASTER bands proposed by
Loughlin (1991) according to spectral features rela-
ted to hydrothermal alteration minerals in VNIR and
SWIR and applying PCA to each chosen subset gives
information about the target mineral. To identify which
PC has the target information, we choose the PC that
has the highest eigenvector value difference among
bands. In the application of PCA to ASTER bands,
subsets 1, 4, 6, and 7 were used to successfully map
the argillic alteration zone as bright pixels into the
PC-3 image shown in Figure 4, a. This is evident by
the low negative contribution of band 7 and the high
positive contribution of band 4 (Table 1).

To map the phyllic alteration zone, we used sub-
sets 1, 3, 5, and 6. The phyllic zone shows a dark
color pixel value in the PC-4 image (Figure 4, b),
due to the high positive contribution of band 5 and
the low negative contribution of band 6 (Table 2).

Implementation of PCA in ASTER bands 1, 3,
5, and 7 suggests information on the propylitic al-
teration zone. The spatial map shows the alteration
zone as bright pixels in PC-3 (Figure 4, c¢), due to
the high positive contribution of band 3 and the low
negative contribution of band 5 (Table 3).

Table 1
Eigenvectors values for PCbands 1,4, 6, and 7
Eigenvectors
Input layer
PC1 PC2 PC3 PC4
Band 1 0.69778 -0.7139 0.05644 0.01627
Band 4 0.35619 0.41171 0.83287 —-0.09976
Band 6 0.44468 0.42624 -0.31436 0.72233
Band 7 0.43416 0.37303 -0.45202 -0.68413
Table 2
Eigenvectors values for PCbands 1, 3,5, and 6
Eigenvectors
Input layer
PC1 PC2 PC3 PC4
Band 1 0.7678 -0.27059 -0.58071 -0.00636
Band 3 0.42198 -0.4684 0.77623 -0.00297
Band 5 0.3278 0.56166 0.16356 0.74184
Band 6 0.3535 0.62603 0.18303 —-0.67054
Table 3
Eigenvectors values for PCbands 1, 3,5and 7
Eigenvectors
Input Layer
PC1 PC2 PC3 PC4
band 1 0.77196 —-0.23351 -0.59107 0.01353
band 3 0.42365 -0.50435 0.7524 —-0.00656
band 5 0.32243 0.57527 0.21036 0.7217
band 7 0.34732 0.60014 0.20068 -0.69204
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Figure 4. Applying the Crosta technique indicates places that show the presence or absence
(the map is made using QGIS 3.18.3):
a — Kaolinite as an indicator of Argillic zone; b — lllite indicates Phyllic’s zone;
¢ - Alunite indicates Propylitic’s zone; d - false-color composite image of PC 3, PC 4, PC 3 image
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Figure 5. Predictions of hydrothermal alteration zones
assigned as Argillic, Phyllic, and Propylitic on a geological base map [1; 2]

Conclusion

Analysis of ASTER satellite images using PCA and
applying the Crosta technique gives promising findings
and an understanding of the area under consideration.
The satellite image interpretation and integration with
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the geological map of the area show that PCA is an ap-
plicable technique to be used in our study area to map
hydrothermal alteration zones. Also, the result shows
that our study area is suitable for this kind of image pro-
cessing as it is characterized by a low vegetation mask.
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