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ABSTRACT
Palu segment is a part of the East Anatolian Fault Zone (EAFZ), the most important active left-lateral 
strike-slip fault system in Turkey, and there are different mineral alterations in this zone. The study 
tested the spatial relationship between tectonic activity and mineral alterations with the Getis-Ord 
Gi* statistic in and around the Palu segment. Mineral alterations at the pixel level were determined 
from ASTER images by Ratio, Relative Band Depth (RBD), Mineral Indices, CROSTA, Constrained 
Energy Minimization (CEM), Mixed Tuned Matched Filter (MTMF) methods. According to the 
results, the spatial distribution of alteration minerals extend parallel to tectonically active fault lines 
and/or partially bounded by faults in the area. RBD, Mineral Indices, CROSTA, CEM, and MTMF 
image processing algorithms applied in the study gave consistent results in the spatial determination 
and mapping of mineral alterations. At 99% and 95% confidence intervals, statistically significant 
cold spot clusters indicate the proximity of alterations to faults concentrated around fault lines. This 
degree of clustering of mineral alterations indicates regions with high alteration rates close to fault 
lines and areas with tectonic activity along fault lines.
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1. Introduction

The East Anatolian Fault Zone (EAFZ) located in 
Eastern Turkey is a tectonically active fault system 
characterized by strike-slip movement. The Arabian 
and Anatolian plates are separated along a transform-
type plate boundary (Arpat and Şaroğlu, 1972; 
Hempton, 1981). The fault system originates at the 
triple junction in Karlıova and progresses southwest 
until it reaches a second triple junction in the Amik 
basin, close to Antakya (Over et al., 2004, Figure 1a). 
There are different thoughts about the age of the fault 
system. According to some researchers, the age of 
the fault system is Late Miocene and Early Pliocene 
(Arpat, 1972; Şengör et al., 1985, Dewey et al., 1986; 

Hempton, 1987, Perinçek and Çemen, 1990; Lyberis et 
al., 1992), while others, it is Late Pliocene (Arpat and 
Şaroğlu, 1972; Şaroğlu et al., 1987, 1992a, b; Emre 
and Duman, 2007). Based on the geological data and 
GPS records the present slip rate of the EAFS varies 
6-10 mm year- 1 and 11 ± 2 mm year- 1, respectively 
(Reilinger et al., 1997; McClusky et al., 2000). On the 
other hand, Taymaz et al. (1991) estimated slip rates of 
25-35 mm year-1 for the fault zone. Left-lateral strike-
slip fault character of the EAFS is confirmed with 
geologic and geodetic studies (Arpat and Şaroğlu, 
1972; Şaroğlu et al., 1992a, b; Reilinger et al., 1997; 
Herece, 2008; Duman et al., 2012; Duman and Emre, 
2013) and seismological observations (McKenzie, 
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1972; Taymaz et al., 1991; Örgülü et al., 2003; Gülerce 
et al., 2017; Güvercin et al., 2022). 

Based on field studies and historical earthquakes, 
the East Anatolian Fault (EAF) system has been 
systematically divided into distinct segments by 
various researchers. Hempton (1981) identified 
five segments characterized by geological features, 
seismicity patterns, and structural characteristics 
observed along the fault zone. Barka and Kadinsky-
Code (1988) expanded this segmentation to fourteen 
segments through detailed geological and geophysical 
studies. Şaroğlu et al. (1992a, b) proposed six 
segments based on their geological and tectonic 
analysis, while Herece (2008) delineated eleven 
segments using geological and geophysical data. 
Additionally, Duman and Emre (2013) defined 
seven segments based on their specific geological 
and geophysical findings. More recently, Bayrak et 
al. (2015) conducted comprehensive geological and 
geophysical studies resulting in a segmentation of 
five distinct segments. The Palu segment, which is 
one of the most striking fault segments mentioned 
in these studies, was chosen as the application area 
for this study (Figure 1b). According to Çetin et al. 
(2003), the Palu segment comprises small faults that 
run parallel to the main fault within a zone spanning 
54 km in length and 5 km in width. In contrast, Duman 
and Emre (2013) describe this fault segment as being 
77 km long and divided into three sub-sections. 
While previous studies have extensively covered the 
geology, activity, and characteristics of the faults 
in the area, there has been comparatively limited 
discussion regarding the mineral alterations within 
the region and their association with these faults. In 
recent years, increased access to multispectral satellite 
imagery has enabled the precise identification of 
mineral alterations at the pixel level and high spatial 
accuracy. This capability facilitates the association 
of these alterations with fault systems. Therefore, the 
approach proposed in this study is expected to offer a 
novel perspective on segmenting large fault systems 
like the EAFZ and correlating alteration minerals with 
the tectonic activity of faults.

In particular, the Advanced Space Source Thermal 
Emission and Reflection Radiometer (ASTER), a 

sensor launched by NASA in 1999 and located on the 
EOS/Terra platform has been an important resource 
for mapping mineral alterations. Because of the more 
diagnostic absorption properties of minerals in the 
visible and near infrared (VNIR), short wave infrared 
(SWIR), and thermal infrared (TIR) regions of the 
Electromagnetic Spectrum (EMS), ASTER data is 
frequently used in lithological mapping and mineral 
exploration. The VNIR component of the spectrum 
is crucial for the study of iron oxides and hydroxides 
because they often reflect more in the near-infrared 
(NIR) range than in the visible region (Hunt and 
Salisbury, 1974; Hunt, 1977; Yamaguchi and Naito, 
2003). As a result of a larger number of bands in 
the SWIR area, ASTER is the first multispectral 
spaceborne sensor capable of differentiating OH-
bearing minerals (Abrams and Hook, 1995). Based on 
their spectral signatures, several diagnostic groupings 
of hydrothermal minerals, mostly in the SWIR region 
of the electromagnetic spectrum, can be identified, 
including clays, phyllosilicates, sulfates, and 
carbonates (Hunt, 1977; Clark et al., 1990; Yamaguchi 
and Naito, 2003).

Depending on the improvements in remote sensing 
technologies from the past to present, different 
methods have been brought to the literature for pixel-
based detection of mineral alterations from Multi-
Spectral Scanner (MSS) images. Among these, the 
most widely used are Band Ratio, Relative Band 
Depth (RBD), Mineral Indices, CROSTA, Constrained 
Energy Minimization (CEM), Mixed Tuned Matched 
Filter (MTMF) methods (Holben and Justice, 1981; 
Crowley et al., 1989; Loughlin, 1991; Crowley, 1993; 
Harsanyi, 1993; Boardman et al., 1995; Farrand and 
Harsanyi, 1997; Sabins, 1999; Tangestani and Moore, 
2002; Zhang et al., 2007; Kayadibi, 2008; Gabr et al., 
2010; Wang and Zhang, 2011; Guha et al., 2014; Li et 
al., 2014; Pour et al., 2017, 2019; Tözün, 2021; Güzel, 
2023). 

In this study, the relationship between mineral 
alterations and active faults was evaluated through 
two distinct phases. Initially, alteration minerals were 
identified and extracted from ASTER images using a 
combination of methods including Band Ratio, RBD, 
Mineral Indices, CROSTA, CEM, and MTMF. Then, 
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the spatial relationship based on the distance between 
mineral alterations and fault lines was evaluated using 
the Getis-Ord Gi* statistic (Getis and Ord, 1992). 
This method helps in assessing the clustering and 
proximity of mineral alterations to fault lines, thereby 
elucidating the spatial relationship between geological 
processes and mineralogical changes.

The findings of this study revealed statistically 
significant cold spot values at both the 99% and 
95% confidence intervals, highlighting a pronounced 
concentration of alteration minerals near fault lines. 
Moreover, the spatial distribution analysis of these 
identified alteration minerals indicated a parallel 
displacement relative to fault offset. These observations 
underscore the spatial relationship between mineral 
alterations and active faults, suggesting a direct 
influence of fault structures on the distribution and 
concentration of alteration minerals in the study area.

2. Geology of the Study Area

According to the 1/100.000 scaled geological 
maps produced by the Turkish Mineral Research and 
Exploration General Directorate (MTA), the oldest unit 
in the study area is the Paleozoic, and the youngest unit 

is Quaternary (Figure 1c). The oldest geological unit 
in the study area is the Bitlis metamorphics (PzMzb), 
which is distributed in a small area (~0.5 km²) south of 
the Murat River (Table 1, Figure 1c). It was stated that 
the base of the massif is composed of gneiss, metatuff-
metavolcanic, and amphibolites, while the upper parts 
are composed of mica-schist, marble, marble-schist 
alternations (Erdoğan and Dora, 1983; Helvacı, 1983). 
On the other hand, Göncüoğlu and Turhan (1985) 
stated that Bitlis metamorphics made up of austere 
gneiss, garnet gneiss, biotite gneiss, amphibolite, 
quartzite, schist, marble, metatuff, calcschist, 
etc. This unit has a spread of ~0.29 % of the area 
(Table 1, Figure 1c).

The Guleman ophiolite (Kg), occurs in limited 
areas has a spread of ~0.39%, and consists of basic and 
ultrabasic rocks such as dunite, harzburgite, lerzolite, 
gabbro, pillow lava, and diabase. According to various 
researchers, the age of the unit is Late Cretaceous 
(Soytürk and Baştuğ, 1973), Jurassic (Açıkbaş and 
Baştuğ, 1975), and Cretaceous (Özkaya, 1978), Upper 
Toronian-Campanian (Herece, 2008).

The Yüksekova complex (Ky) covering ~49.48% 
of the study area includes volcano-sedimentary rocks 

Figure 1- a) Simplified active tectonic scheme of Turkey (modified from Şaroğlu et al., 1992a; Emre et al., 2013); b) major branches of EAFZ 
(modified from Şaroğlu et al., 1992b; Herece, 2008); c) Geology of the Palu Segment of the EAFZ (modified from Sümengen, 2011).
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(Table 1, Figure 1c). This unit was named by Perinçek 
(1979), and their age was accepted as Campanian-Early 
Maastrichtian. This unit consists of conglomerate, 
red-colored limestones, mudstones, sandstone, shale 
volcanic sandstone, tuff, agglomerate, basalt, spilite, 
pillow lava, diabase, and pelagic limestones (volcano-
sedimentary unit), and basic and ultrabasic rocks 
such as serpentinite, granite, granodiorite, gabbro 
(Sümengen, 2011).

The Hazar formation (Kh), which makes up about 
6.10% of the study area, contains alternations of 
gray shale, marl, sandstone, milstone, conglomerate, 
and clayey limestone (Table 1, Figure 1c). The unit 
starts with serpentinite and ultrabasic pebbly, grain-
supported unsorted conglomerate at the bottom, 
and passes into conglomerate-sandstone and rudist-
bearing packstone towards the top. The upper levels 
of the unit consist of alternations of gray, brownish 
shale, red fine-grained sandstone, siltstone and 
abundant-grained shell, gray, clayey limestone, and 
shale. Thin basalt levels are also present in the unit. 
Hazar formation overlies the Bitlis metamorphics, the 
Guleman ophiolites, and the Yüksekova complex with 
an angular unconformity (Sümengen, 2011). Based 
on fossils the age of the formation is Late Cretaceous 
(Ayhan, 1970).

The Gehroz formation (Temg) covers ~2% of the 
area (Table 1, Figure 1c). This formation starts with 
red sandstone and marl at the bottom and transitions 
to massive, beige, gray, fossiliferous micritic and 
biomicritic limestones towards the top, and is of Early-
Middle Eocene age according to its fossil content 
(Özkaya, 1978).

The Gevleçayı formation (Tog), constitutes 
~24.98% of the study area (Table 1, Figure 1c). It is 
composed of conglomerate, sandstone, claystone, 
sandy limestone, and algal clayey limestone (Metin, 
1972; Sirel et al., 1975). The unit is deposited in a 
shallow marine environment. The section taken on 
the unit begins with a poorly sorted conglomerate 
level consisting of metamorphic, diorite, serpentinite, 
gabbro, and quartz pebbles at the base. It passes into 
sandstone-marl alternation towards the top. There 

are marly layers in the upper levels of the formation 
and between these are algal and clayey limestone 
layers. The age of the unit is thought to be Oligocene 
(Sümengen, 2011).

Okçular limestone (Tmo), is in the west of the 
study area and forms ~1% of the area (Table 1, Figure 
1c). It consists of fine tuff intermediate, medium-
thick bedded, white, gray colored algae, and clayey 
limestones rich in macro and microfossils. These units 
were named by Metin (1972). Based on the fossils the 
age of the formation is Early Miocene (Metin, 1972; 
Sirel et al., 1975).

Solhan formation (Tmpls), is found in limited 
areas in the study area and covers ~0.95% of the area 
(Table 1, Figure 1c). It consists of tuffite, basaltic 
andesite, pyroclastic intercalated lake sediments, 
tuffite-claystone intercalation, agglomerate, 
conglomerate, lamella branch, and lake sediments 
with gastropods. These sedimentary units are found 
in the formation as lenses with no lateral continuity. 
Lava consists of basalt, basaltic andesite, and andesitic 
basalt. The thickness of this unit varies between 20-
30 meters in the region (Sümengen, 2011). Sirel et al. 
(1975) defined the volcanic unit in the area as Karadağ 
basalts. There are lacustrine limestones (Tmplsk) both 
below and above this unit and the age of the unit is 
accepted as Late Miocene-Pliocene (Sümengen, 
2011). Alluvial (Qal) units, which make up about 
14.49% of the research area, are the youngest of the 
area (Table 1, Figure 1c).

Table 1- The spatial and percentage distribution of units in the study 
area.

Name Symbol Area (Km2) %

Bitlis massif PzMzb 0.56 0.29

Guleman formation Kg 0.75 0.39

Yüksekova complex Ky 96.06 4.48

Hazar formation Kh 11.84 6.10

Gehroz formation Temg 4.11 2.12

Gevleçayı formation Tog 48.50 24.98

Okçular limestone Tmo 1.91 0.98

Solhan formation Tmpls 1.84 0.95

Lacustrine limestone Tmplsk 0.45 0.23

Alluvium Qal 28.13 14.49
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3. Data and Data Preprocessing

3.1. ASTER Data Sets

The United States Geological Research Institution’s 
(USGIS) spectral library data, ASTER images, 
geology, and fault maps are the key datasets utilized to 
analyze the relationship between mineral alteration and 
tectonic activity. The ASTER image dated 29.08.2004 
was downloaded from the USGS website (https://
earthexplorer.usgs.gov/) in hierarchical data format 
(HDF). Wavelength ranges and spatial resolutions of 
ASTER bands are given in Table 2.

Table 2- Description of the ASTER data.

Bands Spectral Bandwidth 
(µm)

Spatial Resolution 
(m)

VNIR

Band-1 0.52-0.60

15
Band-2 0.63-0.69

Band-3N 0.78-0.86

Band-3B 0.78-0.86

SWIR

Band-4 1.60-1.70

30

Band-5 2.145-2.185

Band-6 2.185-2.225

Band-7 2.235-2.285

Band-8 2.295-2.365

Band-9 2.360-2.430

TIR

Band-10 8.125-8.475

90

Band-11 8.475-8.825

Band-12 8.925-9.275

Band-13 10.25-10.95

Band-14 10.95-11.65

The satellite images are in World Geodetic System 
1984 (WGS 84) - Universal Transversal Mercator 
(UTM) Zone 37. In the study, sensor calibration of the 
image was conducted by converting Digital Numbers 
(DN) to Top of Atmosphere (TOA) reflectance values, 
following the methodology proposed by Abrams 
and Hook (1998). Equation 1 was used for the 
transformation at this stage. 

Radiance=(DN-1) *ucc  (1)

Where DN is the digital number and ucc is the unit 
of conversion coefficient. 

For each ASTER band, a distinct unit conversion 
coefficient applies. These numbers are taken from the 
ASTER user manual, Version 1 (Abrams and Hook, 

1998). Then, to obtain in the VNIR-SWIR range with 
equal cell size, ASTER VNIR bands were resampled to 
30 m. cell size and stacked with SWIR bands in ENVI 
5.1 software environment. Then, the atmospheric 
correction algorithm Fast Line-of-sight Atmospheric 
Analysis of Hypercubes (FLAASH) () was applied. 
This algorithm is considered a first-class atmospheric 
correction tool that corrects VNIR through the NIR 
and SWIR regions up to 3 µm (ENVI, 2009).

After pre-processing the ASTER image, the water 
body and vegetated areas were masked from the 
image. In this process, water bodies were extracted 
from ASTER images using the Normalized Difference 
Water Index (NDWI) (Equation 2) (Gao, 1996), and 
vegetated areas were extracted using the Normalized 
Difference Vegetation Index (NDVI) (Equation 3) 
Kriegler et al., 1969).

NDWI = (NIR-SWIR)/(NIR+SWIR) (2)

NDVI = (NIR-R)/(NIR+R) (3)

3.2. Spectral Library Data

The spectral library comprises reflections of target 
objects recorded in both field and laboratory settings 
using radiometers. Mineral spectra have a prominent 
place in spectral libraries. In the study, spectral 
reflectances of minerals, obtained from the USGS 
spectral library (http://speclab.cr.usgs.gov/spectral.
lib04/spectral_lib.html), were utilized. The minerals 
used are goethite, hematite, jarosite, limonite, 
alunite, epidote, illite, kaolinite, montmorillonite, and 
muscovite (Table 3). These minerals were extracted 
from the USGS library file and resampled to match 
the spectral range of the bands of the ASTER image.

Rocks and minerals have a higher reflectance 
value in the SWIR region than in the VNIR region, 
so the 6 band of the ASTER satellite, which is in the 
wavelength range of 1.60 to 2.430 (µm), is appropriate 
for identifying hydrothermal alteration minerals. The 
absorption properties of iron minerals such as jarosite, 
limonite, hematite, and goethite are especially related 
to Fe3+and Fe2+The absorption properties of Fe3+is 
about 0.49, 0.70, and 0.87 µm, while the absorption 
property of Fe2+is about 0.51, 0.55, and 1.20 µm. The 
absorption properties of Fe3+are approximately 0.49, 

http://speclab.cr.usgs.gov/spectral.lib04/spectral_lib.html
http://speclab.cr.usgs.gov/spectral.lib04/spectral_lib.html
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0.70, and 0.87 µm, while the absorption properties 
of Fe2+ are approximately 0.51, 0.55, and 1.20 µm 
(Figure 2). That is, in the visible and mid-infrared 
wavelength ranges, these minerals tend to show 
strong spectral reflection-absorption properties (Hunt 
and Salisbury, 1974; Hunt, 1977; Hunt and Ashley, 
1979; Cloutis, 1996; Rowan et al., 2006; Mars and 
Rowan, 2011; Fatima et al., 2017). Al-Si-(OH) and 
mg-Si-(OH) bearing minerals like montmorillonite, 
kaolinite, muscovite, illite, chlorite, and talc and Ca-
Al-Si-(OH) bearing minerals like sorosilicate group, 
epidote group, and alunite phyllosilicates, including 
OH-bearing sulfates, as well as carbonates can be 
recognized by their spectral reflection properties in 
the shortwave infrared regions (Hunt, 1977; Hunt 
and Ashley, 1979; Amin and Mazlan, 2011; El Janati, 
2019). Clay minerals such as alunite, kaolinite, and 

montmorillonite show high reflectance at 1.6 µm. 
However, they show intense absorption in the 2.1-
2.4 µm wavelength range (Hunt and Ashley, 1979; 
Figure 2).

3.3. Faults and Geological Maps

The faults of the study area were compiled from 
maps of different scales provided by the Mineral 
Research and Exploration General Directorate  
(MTA). 1:250.000 scale digital faults map in pdf 
format was downloaded from the Mineral Research 
and Exploration General Directorate website (www.
mta.gov.tr) to gain a comprehensive understanding of 
the tectonic features of the region. Turkey Geology 
K44 map of the study area at 1/100.000 scale was 
obtained from Mineral Research and Exploration 
General Directorate (MTA) with the necessary 
correspondence. Also, 1/100.000 scaled Atlas of East 
Anatolian Fault (Herece, 2008) was used in the study. 

4. Methods

4.1. Band Ratio, Relative Band Depth (RBD), and 
Mineral Indices

The Band Ratio technique was developed based 
on the principle that an object with high reflection 
in a certain wavelength range of the EMS gives low 
reflection in another wavelength range. This method 
detects alterations by dividing the wavelength range 
with high reflection by the wavelength range with low 
reflection. Thus, features that cannot be differentiated 
in a single band are highlighted by emphasizing the 
spectral differences between materials due to band 

Table 3- The USGS spectral library’s minerals used and their codes 
(http://speclab.cr.usgs.gov/spectral.lib04/spectral_lib.

html). 

Minerals Codes

goethit1.spc Goethite WS222

hematit2.spc Hematite GDS27

jarosit1.spc Jarosite GDS99 K-y 200C

limonite. spc Limonite HS41.3

alunite1.spc Alunit GDS84 Na03

epidote1.spc Epidote GDS26.a 75-200um

illite1.spc Illite GDS4 (Marblehead)

kaolini1.spc Kaolinite CM9

montmor1.spc Montmorillonite SWy-1

Muscovi2.spc Muscovite GDS108

Figure 2- Mineral spectra from the USGS library and resampling of these reflections to ASTER satellite bands. 

http://speclab.cr.usgs.gov/spectral.lib04/spectral_lib.html
http://speclab.cr.usgs.gov/spectral.lib04/spectral_lib.html
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rationing. In addition, this method also contributes 
to highlighting the target material in the image by 
reducing the shadow effect caused by solar illumination 
and topography (Holben and Justice, 1981; Sabins, 
1999; Kayadibi, 2008). In the study, band ratio values 
widely accepted in the literature were considered 
to determine the alterations of ferric oxide, gossan, 
alunite, iron oxide, amphibole, kaolinite, calcite, and 
kaolinite-montmorillonite minerals (Table 4).

Relative Band Depth (RBD) was proposed by 
Crowley et al. (1989) to detect diagnostic mineral 
absorption properties. This method is based on 
the band rationing principle and, like this method, 
minimizes reflection variations related to slope and 
albedo differences in topography. The total of many 
data channels near an absorption band is divided by 
the sum of numerous channels near the minimum 
band to produce an RBD image. RBD images are too 
sensitive to the presence of certain mineral absorption 
properties besides extremely specific. Furthermore, 
spectral features that arise when using other data 

normalization techniques are neither modified nor 
suppressed with the methodology. The RBD technique 
is particularly well suited for detecting weak NIR 
spectral features produced by soils, allowing better 
mapping of fine lithological and structural details 
in semi-arid terrains (Crowley et al., 1989). In the 
study, RBD ratios widely accepted in the literature 
were used to determine alterations of amphibolites, 
dolomite, carbonate-chlorite-epidote, alunite-
pyrophyllite, alunite-pyrophyllite-kaolinite, kaolinite-
montmorillonite, ilite-smectite-muscovite minerals 
(Table 4).

Compared with the band ratios, mineral indices 
provide a contrast difference between materials by 
taking advantage of the electromagnetic energy 
difference between the absorption and reflection bands. 
The difference between band indices and band ratios is 
expressed by multiplying or adding two different band 
ratios. The logic behind combining two distinct band 
ratios is to enhance differentiation among materials 
that exhibit similar spectral reflectance characteristics. 

Table 4- ASTER Band Ratio, Relative Band Depth (RBD), and Mineral Indices employed for the identification of alteration minerals.

Methods Minerals Band Ratios References

Band 
Ratios

Ferric Oxide (Band 4 / Band 3) Hewson et al., 2001

Gossan (Band 4 / Band 2) Volesky et al., 2003

Alunite (Band 4 / Band 5) Rouskov et al., 2005

Iron Oxide (Band 2 / Band 1) Hewson et al., 2001

Amphibole (Band 6 / Band 8) Hewson et al., 2005

Kaolinite (Band 7 / Band 5) Hewson et al., 2005

Kaolinite (Band 7 / Band 6) Van der Meer et al., 2014

Calcite (Band 4 / Band 7) Rouskov et al., 2005

Kaolinite-Montmorillonite (Band 4 / Band 6) Rouskov et al., 2005

RDB Amphibolites (Band 6+Band9) / (Band 8) Hewson et al., 2005

Dolomite (Band 6+Band8) / (Band 7) Rowan and Mars, 2003

Carbonate-Chlorite-Epidote (Band 7+Band9) / (Band 8) Rowan and Mars, 2003

Alunite-Pyrophyllite (Band 6+Band7) / (Band 5) --

Alunite-Pyrophyllite-Kaolinite (Band 4+Band6) / (Band 5) Rowan and Mars, 2003

Kaolinite-Montmorillonite (Band 4+Band7) / (Band 6) Fatima et al., 2017

Illite-Smectite-Muscovite (Band 5+Band7) / (Band 6) Rowan and Mars, 2003

Mineral 
Indices

OH (Band 7/ Band 6) * (Band 4/ Band 6) Ninomiya, 2004

Kaolinite (Band 4/b 5) * (Band 8/Band 6) Ninomiya, 2004

Alunite (Band 7/b 5) * (Band 7/Band 8) Ninomiya, 2004

Calcite (Band 6/ Band 8) * (Band 9/Band 8) Ninomiya, 2004

Iron (Band 2/Band 1) * (Band 3/Band 2) Gopinathan et al., 2020

Ferrus Iron (Band 1+ Band 4) / (Band 2/Band 3) Rockwell, 2013



Bull. Min. Res. Exp. (2024) 175: 149-165

156

The Mineral Index is formulated by selecting one 
absorption band and two reflection bands. In this 
study, Table 4 lists the band indices recognized in the 
literature for identifying alterations associated with 
OH, kaolinite, alunite, calcite, iron, and ferrous iron 
minerals.

4.2. Crosta

Crosta and Moore (1989) applied a different 
approach to Principal Component Analysis (PCA), 
which they defined as feature-orientated principal 
component selection (FPCS), in their work. Later, 
this approach was introduced into the literature 
by Loughlin (1991) as the CROSTA technique 
and has been applied to various satellite images to 
detect hydrothermal alteration minerals in ongoing 
investigations (Loughlin, 1991; Tangestani and 
Moore, 2002).

Using this strategy, the user selects 4 or 6 spectral 
bands according to the spectral reflectance of the 
objects. In the band selection, the band gap of the 
target mineral with the highest reflectance and the 
lowest reflection is selected and PCA is applied 
to these selected bands. For this reason, the most 
crucial point to be considered while performing the 
CROSTA analysis is the correct band selection. When 
the obtained PCs are examined, it is seen that the 
absorption bands of the mineral gave a brighter image 
with positive values, while the desorption bands gave 
a darker image with negative values.

4.3. Constrained Energy Minimization (CEM)

The Constrained Energy Minimization (CEM) 
technique was developed by Harsanyi (1993). This 
technique is a quick and efficient way to increase 
the reflections of the desired object while decreasing 
the effects of undesirable objects in the data, namely 
their spectral reflections. All that is required for this 
technique is the spectra of the desired target, which 
is the spectra of the minerals for this study. CEM 
allows us to highlight the signature of interest while 
minimizing unwanted, and unknown background 
signatures of each pixel in the multispectral image 
sequence. Using a Finite Pulse Response (FIR) filter, 
the CEM method linearly limits a targeted object 
while minimizing interference from other unidentified 

signal sources. The CEM technique’s capacity to 
manage a variety of spectral backgrounds and accept 
nonlinear blends of background elements is among its 
advantages (Farrand and Harsanyi, 1997). Researchers 
have demonstrated that this method effectively isolates 
the target signature from satellite images (Zhang et al., 
2007; Gabr et al., 2010; Li et al., 2014; Guha et al., 
2014; Pour et al., 2017, 2019).

4.4. Mixed Tuned Matched Filter (MTMF)

The Mixed Tuned Matched Filtering (MTMF) 
technique is a sub-pixel mapping method that 
comprises a combination of the Linear Spectral Mixed 
and the Statistical Matched Filtering (MF) techniques 
(Boardman et al., 1995). However, in addition to a 
feasibility index gives more weight to the output of 
each end-member and results in an improved technique 
that can detect small spectrum changes and signal the 
most favorable locations. The MTMF consists of two 
phases: an MF calculation for estimating abundance 
and a mix adjustment calculation for identifying and 
rejecting false positives. The outcomes of the MTMF 
give two sets of gray images for each target, containing 
the MF image score and the feasibility image. With 
values ranging from 0 to 1.0, the MF image leads a 
way to assess the degree of similarity to the reference 
spectrum and the approximate subpixel abundance. 
In the MF technique, the feasibility perspective is 
occasionally employed to mitigate false positives by 
integrating the physical constraints of mixture theory 
with the advantages of matched filtering. The mixture-
tuned technique utilizes linear mixed-spectrum theory 
to constrain the feasibility of mixed outcomes and 
thereby reduce the occurrence of false signals (Wang 
and Zhang, 2011).

4.5. Getis–Ord Gi* Statistics

Getis-Ord Gi* statistics is a local spatial 
autocorrelation index (Getis and Ord, 1992; Ord and 
Getis, 1995). This statistic is suitable for identifying 
a group of features in the entire study region that 
occurs within a specified distance and has a high or 
low concentration. The Gi* statistic yields a z-score 
and p-values for each feature in the dataset, indicating 
spatial clusters of high or low attribute values. The 
clustering of high attribute values (hot spot) is shown 
by statistically significant positive z-scores. However, 
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the clustering of low attribute values is shown by 
statistically significant negative z-scores (cold spot). 
Gi* is the spatial autocorrelation statistic of an event 
I over n occurrences, and it is determined using 
Equation (4):

  (4)

where xj describes the attribute value of feature j, Wij 
is the spatial weight between the feature I and j, and 
Gi* is the spatial autocorrelation statistic of an event 
I over n events.

5. Discussions

Active tectonics can significantly influence 
mineral alterations by creating conditions conducive 
to hydrothermal processes and deformation. Tectonic 
activities such as faulting, folding, and uplift can 
introduce fluids into the Earth’s crust, facilitating 
the alteration of minerals through processes such 
as metasomatism and hydrothermal replacement. 
Fault zones, in particular, act as pathways for fluid 
migration, which can induce chemical reactions 
leading to the formation of new minerals or the 
alteration of existing ones. Moreover, the intensity and 
frequency of seismic activity associated with active 
tectonics can contribute to the fracturing and shearing 
of rocks, further promoting mineral alterations. This 
relationship underscores the importance of considering 
tectonic settings and associated geological structures 
when studying mineral alterations and their spatial 
distribution in geological contexts. 

In the study, to determine the relationship between 
active tectonics and mineral alterations, Band Ratio, 
RBD, Mineral Indices, CROSTA, CEM, and MTMF 
algorithms were applied to the ASTER data to map 
the alteration minerals at the pixel level. The analysis 
of the Band Ratio identified that kaolinite (28.23%) 
and ferric oxide (17.50%) constitute the highest 
percentages of minerals in the region, whereas gossan 
(1.46%) and alunite (4.03%) represent the lowest 
percentages. (Table 5). Rockwell (2013) states that 
automated ASTER data processing techniques provide 
outcomes for individual material indices using ratio-
based spectral analysis programs. The high-end values 
of an index will be displayed as a detection result even 
if there are no minerals of the type it was intended to 
highlight in the scene. As a result, the maps produced 
by ratio-based analysis algorithms are those with a 
high likelihood of containing a certain item. Since the 
mineral groups determined by band ratio in this study 
are quite common in the study area, no significant 
incorrect mineral group detections related to the 
algorithm itself were observed in the tests performed 
for this study. According to the results, kaolinite 
alterations are widely distributed in the Yüksekova 
complex (Ky), especially in the northeastern part of 
the complex and around the Murat River. On the other 
hand, intense amphibolite alterations are limited to 
the fault lines at the northeast and southwest ends of 
the Palu fault segment. Ferric oxide and iron oxide 
alterations dispersed along the fault line and in the 
immediate vicinity (Figure 3a1). According to findings 

Table 5- Mineral alterations and their respective percentage distributions derived from Band Ratio, RBD, and Mineral Indices analyses.

Methods Minerals % Minerals %

Band Ratios

Ferric oxide 17.50 Amphibolites 17.37

Gossan 1.46 Kaolinite 28.23

Alunite 3.03 Calcite 8.60

Ferric oxides 20.78 Kaolinite-Montmorillonite 3.03

RDB

İlit-Smektit-Muskovit 13.14 Carbonate- chlorite-epidote 6.29

Kaolinite-montmorillonite 6.84 Dolomite 19.70

Alunite-Pyrophyllite-Kaolinite 12.76 Amphibolites 18.84

Alunite-pyrophyllite 22.41

Mineral Indices

OH 6.52 Alunite 14,75

Kaolinite 9.99 Ferrus iron 47.26

Calcite 21.48
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of the Getis–Ord Gi* statistics at the 99 and 95% 
confidence intervals the clustering of the cold spots 
indicating closeness to the faults, are more intensely 
clustered around the fault lines and parallel to the 
fault lines. On the other hand, at the same confidence 
intervals, statistically significant hot spot (positive 
z-scores) values are clustered independently from the 
fault lines (Figure 3a2).

Based on the findings of the RDB analysis, the area 
exhibits the highest percentages of alunite-pyrophyllite 
(22.41%), dolomite (19.70%), and amphibolite’s 
(18.84%), whereas kaolinite-montmorillonite (6.84%) 
and carbonate-chlorite-epidote (6.29%) minerals 
show the lowest percentages. Dolomite alterations 
are prevalent throughout the area, with amphibole 
alterations observed intermittently, particularly 
concentrated around fault lines and aligned parallel to 
their extensions (Figure 3b1). According to the results 
of the Getis–Ord Gi* statistics at the 99% and 95% 
confidence intervals, findings were consistent with 
those obtained from band ratio analyses (Figure 3b2).

The findings of the Mineral Indices indicate 
ferrous iron (47.26%), and calcite (21.48%) 
alterations are the most common in the area 
(Table 5). Based on the spatial pattern of mineral 
alterations, calcite modifications predominantly 
cluster in the northeastern and southwestern sectors 
of the Palu fault segment. Ferrus iron alterations 
are observed proximal to the fault lines and align 
parallel to their extension (Figure 3c1). The results 
of the Getis–Ord Gi* statistics at the 99% and 95% 
confidence intervals indicate that cold spot clusters are 
predominantly located along the fault lines and in their 
immediate vicinity, consistent with the findings from 
Band Ratio and RBD analyses (Figure 3c2). 

In the study area, alunite, kaolinite, muscovite-
sericite, and ferric oxide alterations were identified 
using the CROSTA method. In this analysis, the 
selected ASTER bands (Crosta et al., 2003; Boloki 
and Poormirzaee, 2010) to determine each mineral 
alteration are given in Table 6.

Figure 3- Alteration minerals determined by Band Ratio (a1), RBD (b1) and Mineral Indices (c1) and results of the Getis–Ord Gi* statistics of 
these alterations according to fault lines (a2; b2; c2, respectively).
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Table 6- The ASTER bands selected to detect alteration minerals in 
the CROSTA method.

CROSTA Bands Minerals References

B1-B3-B5-B7 Alunite Crosta et al., 2003

B1-B4-B6-B7 Kaolinite Crosta et al., 2003

B1-B3-B5-B6 Muscovite&sericite Crosta et al., 2003

B1-B2-B3-B4 Ferric oxides Boloki and Poormirzaee, 
2010

After selecting the necessary 4 bands for each 
alteration, PCA analysis was conducted on these 
bands. Eigenvector values of each PC obtained from 
this analysis are given in Table 7. The eigenvalues 
provided in the table are crucial for the principal 
components analysis (PCA), which is essential 
for identifying minerals such as alunite, kaolinite, 
muscovite-sericite, and ferric oxide. According to the 
eigenvector values, PC 4 is considered most suitable 
for identifying alunite, kaolinite, muscovite-sericite, 
and ferric oxides. In this component, the identification 
of mineral types reveals distinct spectral signatures 
across various bands. Specifically, for alunite minerals, 
the spectral reflectance ranges from a minimum value 
observed in Band 5 (-0.638) to a maximum in Band 7 
(0.729). For kaolinite minerals, the spectral reflectance 
varies from its lowest in Band 6 (-0.695) to its highest 

in Band 7 (0.718). Muscovite-sericite minerals exhibit 
spectral reflectance values ranging from a minimum 
in Band 3 (-0.023) to a maximum in Band 7 (-0.698). 
Finally, for ferric oxides, spectral reflectance ranges 
from a minimum observed in Band 3 (-0.682) to a 
maximum in Band 1 (0.719).

The rule-based classification methods were then 
used to map modifications after selecting the PCs 
needed to determine the alteration minerals alunite, 
kaolinite, iron oxide, muscovite and sericite (Figures 
4a1, b1, c1, d1 respectively). In the CROSTA method, 
by selecting the bands with the highest and lowest 
spectral reflections for each mineral and reducing the 
number of bands, the chance of identifying a unique PC 
for a particular mineral class increased as mentioned 
in Loughlin (1991). According to the findings of the 
CROSTA analysis, occurrences of alunite, kaolinite, 
iron-oxide, and muscovite-sericite alterations were 
predominantly noted in the northeastern, southern, 
and central parts of the study area. Considering the 
results of the Getis–Ord Gi* statistics at the 99 and 
95% confidence intervals, cold spot values are mainly 
distributed along the fault lines and limited by the 
fault lines. On the other hand, especially alunite 
and kaolinite hot spot values are clustered in the 
northeastern part of the area. Notably, alunite and 
kaolinite hot spot values are more densely clustered 
in the northeast part of the area concerning Iron-oxide 
and muscovite sericite hot spot values (Figures 4a2, 
b2, c2, d2).

The CEM method was applied to the VNIR and 
SWIR regions of the ASTER data. With this method 
hematite, goethite, jarosite, and limonite minerals 
were determined in the VNIR region (Figures 
5a1, 5a2). On the other hand, alunite, kaolinite, 
montmorillonite illite, muscovite, and epidote 
minerals were determined in the SWIR region. 
According to the results obtained, limonite and illite 
alterations detected in the northwestern parts of the 
area are limited by fault lines in places. On the other 
hand, epidote alterations are intensely present on the 
fault surroundings extending along the northeast of 
the study area and limited by faults. Considering the 
results of the Getis–Ord Gi* statistics at the 99 and 
95% confidence intervals cold spot values are mainly 

Table 7- Eigenvectors of alunite, kaolinite, muscovite and sericite, 
and ferric oxides for selected ASTER bands (PCA for 4 
bands).

Eigenvectors-Alunite B1 B3 B5 B7 
PC 1 -0.485 -0.562 -0.469 -0.475
PC 2 -0.399 0.823 -0.300 -0.268
PC 3 0.777 0.070 -0.470 -0.411
PC 4 -0.025 -0.024 -0.683 0.729
Eigenvectors-Kaolinite B1 B4 B6 B7
PC 1 -0.447 -0.595 -0.486 -0.455
PC 2 -0.832 0.549 0.063 0.030
PC 3 0.326 0.584 -0.524 -0.525
PC 4 -0.009 0.026 -0.695 0.718
Eigenvectors-Muscovite 
and Sericite B1 B3 B5 B6
PC 1 -0.479 -0.544 -0.468 -0.504
PC 2 -0.377 0.835 -0.289 -0.273
PC 3 0.791 0.068 -0.430 -0.427
PC 4 -0.009 -0.023 0.715 -0.698
Eigenvectors- Ferric oxides B1 B3 B5 B6
PC 1 0.414 0.545 0.475 0.551
PC 2 0.448 0.440 -0.770 -0.106
PC 3 -0.330 -0.206 -0.423 0.817
PC 4 0.719 -0.682 0.011 0.123
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dispersed along the fault lines and limited by the fault 
lines (Figure 5a3).

The MTMF technique was applied to the ASTER 
VNIR and SWIR bands according to the reflection 

spectrum of the minerals of interest selected from the 
spectral library. According to the VNIR wavelength 
range results of the MTMF, limonite alteration 
clustered in some areas was detected on the fault 
line in the southern part of the study area and in its 

Figure 5- Alteration minerals determined by CEM and MTMF analyses applied to the ASTER VNIR (a1, b1) and SWIR (a2, b2) bands, 
respectively. The Getis–Ord Gi* statistics of these alterations resulting CEM (a3) and MTMF (b3).

Figure 4- Alteration minerals determined by CROSTA analysis (a1, b1, c1, d1) and results of the Getis–Ord Gi* statistics of these alterations 
according to fault lines (a2, b2, c2, d2).
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immediate vicinity. On the other hand, in the SWIR 
region, illite alterations were observed northwest part 
of the area like the results of the CEM (Figures 5b1, 
5b2). When the Getis–Ord Gi* statistics at the 99 and 
95% confidence intervals of these mineral alterations 
are examined, the distribution of cold spot clusters 
was mainly placed parallel to the extension of the fault 
lines and limited with the fault lines (Figure 5b3).

According to the visual and spatial comparisons 
of the mineral alterations determined at the pixel 
level, it was determined that the distributions of the 
alteration minerals determined from the ASTER data 
were mostly consistent. This result, in a way, indicates 
the accuracy of the analysis results of the applied 
methods. The good correlation of the alteration 
minerals results with each other near the fault lines 
also proved the consistency of these applied methods. 
In addition, in the mineral alterations detected along 
the fault lines, left lateral offsets were observed in 
some places, consistent with the general character of 
the fault system. It is thought that mineral alterations 
concentrated on active fault lines will also contribute 
to determining fault lines that cannot be resolved with 
field studies.

6. Conclusion

The spatial distribution of alteration minerals, 
which extends in a manner parallel to tectonically 
active fault lines and is influenced by fault boundaries 
within the area, provides valuable insights into 
the spatial interplay between tectonic activity and 
the processes of mineral alteration. Through the 
utilization of RBD, Mineral Indices, CROSTA, CEM, 
and MTMF image processing algorithms, the study 
consistently achieved accurate spatial identification 
and mapping of mineral alterations across the entire 
study area. Statistical validation through Getis-Ord 
Gi* statistics further supports the reliability and 
consistency of these spatial patterns.

The observed displacements along fault lines, 
especially in active tectonic zones, significantly 
enhance the rates of mineral alteration processes. 
The alignment of alteration mineral distributions 
in specific areas parallel to the orientation of active 
fault lines suggests the existence of underlying fault 
characteristics even in regions where faults are not 

visibly apparent. This spatial relationship underscores 
the study’s significance by providing foundational 
insights to geoscientists before conducting field 
investigations. Moreover, these findings serve as 
critical spatial indicators for on-site identification 
and mapping of fault systems, thereby contributing 
to a deeper understanding of the geological dynamics 
influencing mineral alteration processes.
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