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Ardabil Province, and belongs to the Alborz-Azerbaijan structural-geological zone. In this study, the
identification and delineation of hypogene alteration zones in the area were conducted using remote

sensing data from ASTER and Landsat 9 sensors. To this end, following the necessary preprocessing

of satellite imagery, common and effective methods—including False Color Composites (FCC),

Keywords: Band Ratio, Principal Component Analysis (PCA), and Spectral Angle Mapper (SAM)—were
Firuzabad employed to differentiate and identify alteration zones. The results of the remote sensing analyses
Kowsar indicate the presence of argillic, silicic, carbonatic, and iron oxide alteration zones within the study
Alteration area. Subsequently, to validate the results derived from the satellite imagery, targeted field controls
Argillic and microscopic studies were performed on samples collected from the proposed zones. Furthermore,
Sensor the correlation between the alteration zones extracted via different detection methods, along with the
ASTER comparison of spectral curves from the delineated zones with standard spectral libraries from the
Landsat USGS, confirms the accuracy and reliability of the study’s results.

1. Introduction

Hydrothermal alterations result from the interaction between
hydrothermal fluids and the host rocks and are commonly
accompanied by changes in the chemical composition, mineralogy,
color, and texture of the rocks. Investigation of the type and spatial
distribution of alteration zones can provide valuable information
on the conditions of formation, concentration of mineralization,

and interpretation of geological processes, and can serve as a

reliable basis for further exploration studies. In this context,
remote sensing, as one of the widely used methods in geology and
mineral exploration, enables the identification and discrimination
of alteration zones over large areas with adequate accuracy, high
efficiency, and lower cost. In the present study, conventional remote
sensing techniques were applied to enhance and delineate alteration

zones within the study area. In addition, comparison of standard
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spectral curves with those of the study area, field investigations,
and microscopic analyses of thin sections were carried out to

validate the obtained results.

2. Research methodology
This research focused on the identification and delineation of
alteration zones within the Firuzabad region, utilizing remote sensing
data from the ASTER and Landsat 9 sensors. The SWIR bands of
ASTER, due to their sensitivity to alteration minerals, and its TIR
bands, for their capability in extracting thermal information relevant
to silicic alteration patterns, proved highly beneficial. LANDSAT
imagery was employed to identify altered areas, particularly those rich
in iron oxides. Processing methods included False Color Composite
(FCC), Band Ratioing (B.R.), Principal Component Analysis
(PCA), and Spectral Angle Mapping (SAM). In the subsequent
step, the results were validated through field visits, sampling,
microscopic studies of thin sections, and comparison of spectral
curves from the area with library standards in the ENVI software.
Based on the geological map of 1:100,000 scale of Kivi
(Hajialilou and Rezaei, 2001), the oldest outcrops in the Firuzabad
region belong to the Eocene, consisting of andesitic to basaltic lavas
accompanied by glassy tuffs. Younger units of the late Neogene
appear as red conglomerate (with fragments of Eocene volcanic
rocks) and alternating marl and sandstone. The youngest unit in the
region is Quaternary riverine deposits, including pebbles, gravel,
and sand in riverbeds. These outcrops are predominantly found on
both sides of the Ardabil-Khalkhal Road. The Firuzabad region of
Ardabil is located in the Alborz-Azerbaijan structural zone. Based
ona 1:1000 geological map (Figure 1; Azar Saroj Sabalan Company,
2023) the oldest and most extensive rock unit is the Eocene
sequence, comprising intermediate volcanic rocks with hydrothermal
alterations and agglomerate interlayers. Oligocene heterogeneous
red conglomerate unconformably overlies the Eocene units, covering
approximately 20% of the area, with the remainder covered by young
alluvial deposits. The region’s structure is influenced by numerous

fault systems with a dominant northeast-southwest trend.

3. Results and discussions

Remote sensing data, such as ASTER and Landsat 9, are an efficient
approach in mineral exploration due to their ability to identify
alteration minerals. These sensors, with their multispectral bands,
facilitate the spatial analysis of alteration zones on a regional scale.
Through satellite image processing techniques, spatial patterns of
alteration zones are identified and highlighted to aid in geological

interpretations and targeted field studies.

3.1. Landsat sensor

Landsat sensors (OLI/TIRS) with their visible, near-infrared, short-

wave infrared, and thermal infrared bands provide data with spatial
resolutions of 15-30 meters (for reflective bands) and approximately
100 meters (for thermal bands). This data is very useful for mapping
hydrothermal alteration zones (such as argillic and iron oxide) as

well as for identifying vegetation cover and tectonic structures.

3.2. ASTER sensor

The ASTER sensor features 14 spectral bands: 3 VNIR bands with
a spatial resolution of 15 meters, 6 SWIR bands with a spatial
resolution of 30 meters, and 5 TIR bands with a spatial resolution
of 90 meters. This sensor, with an approximate image coverage
of 60 kilometers, is a capable tool for identifying and mapping
hydrothermal alteration zones and for geological analyses (NASA
Earthdata, 2023; NASA, 2005). The SWIR bands are effective in
detecting characteristic alteration minerals and extracting spectral
indices, while the TIR bands assist in extracting surface emissivity
information and thermal variations, useful for analyzing silicic
alterations and surface tectonics (Chen et al., 2022; El-Desoky et

al., 2022; Semi-Automatic Classification Plugin, 2023).

3.3. Preprocessing of satellite images

To extract spectral information, geometric and radiometric
preprocessing was performed on the images. ASTER images at
the L1T level were only subjected to radiometric corrections, and
for this purpose, the QUAC method was used in ENVI software.
ASTER thermal bands were also corrected separately. Landsat
9 images were at level 2 and collection 2 and did not require re-

correction. All processing was performed using ENVI 5.6 software.

3.4. Satellite Image Processing

Satellite image processing, through the analysis of spectral and
spatial data, serves as an effective tool in geological studies,
environmental monitoring, and natural hazard assessment, and
improves the accuracy of producing reliable maps. This processing
is conducted within visual and digital frameworks, and their
integration enhances the discrimination of surface features. In the
visual approach, interpretation is based on the qualitative analysis
of spectral and spatial patterns and the generation of false color
composite (RGB) images (Mokhtari et al., 2013).

3.5. False Band Combination Method

Satellite data processing was performed in two frameworks:
visual and digital processing. In visual processing, false color
combinations were used to analyze spectral and spatial patterns.
The RGB-468 false color combination of the ASTER sensor was
used to identify argillic and propylitic alterations, and the RGB-
461 combination was used to highlight areas with iron oxide and

hydrothermal alterations (Figure 2).
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3.6. Band Ratio Method

In Landsat images, the band ratio of 6/7 was used to identify altered
areas and the band ratio of 4/2 was used to highlight iron oxides
(Figure 3-a and b). In order to avoid interference from vegetation,
this cover was also identified (Figure 3-c). The color combination
R:6/7 G:4/2 B:6/5 also allowed for the differentiation of alteration
types (Figure 3-d). In ASTER data, different band ratios were
used to identify argillic, phyllic, and propylitic alterations, and the
resulting color combination identified the alteration zones (Figure
4). Also, band ratios of 12/14 and 13/14 were used to identify silicic

and carbonate alterations, respectively (Figure 5).

3.7. Principal Component Analysis Method

In the principal component analysis (PCA) using the Crusta method,
the bands were selected based on the spectral characteristics of the
indicator minerals associated with each alteration zone. The results
obtained for the argillic, phyllic, and propylitic alteration zones are
presented in Tables 1-3, respectively, and the corresponding images
are shown in Figure 6. The final color composite image generated
using this method provides a clear separation of the alteration zones
in the study area (Figure 6-d).

Also, using the principal component analysis method using the
Crust method, iron oxide areas were identified on Landsat bands
2,4, 5, and 6. The highest iron oxide differentiation (reflectance in
band 4 and absorption in band 2) was seen in the PC4 component

of the Crust method (Table 4) and its image is shown in Figure 7.

3.8. Spectral Angle Mapping Method

Spectral angle mapping was used as a supervised classification
method, using the USGS reference spectra for the indicator
minerals of each alteration type. The spectra of alunite, kaolinite,
chlorite, epidote, muscovite, quartz and calcite minerals were used
to highlight the argillic, propylitic, phyllic, siliceous and carbonate
zones, respectively. The results of this method are displayed on the
corrected ASTER image and the SAM angle values are presented in
Table 5 (Figures 8 and 9).
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3.9. Alterations

After the initial identification of alteration zones using remote
sensing data, field and microscopic studies are essential to
confirm their geological nature. These studies, by analyzing
outcrops and examining thin sections, help in interpreting
mineralogy, determining the type of alteration, and validating
remote sensing results. Therefore, alteration serves as an
interpretative-confirmatory stage, complementing satellite
image analyses.

In the study area, various types of alterations including silicic,
argillic, carbonate, and iron oxide are observed in different rock
units. Silicic alteration has mainly occurred in the northeastern and
southwestern parts of the area and is often associated with iron oxide
and argillic alterations. Argillic alteration is also seen in association
with various units and alongside other alterations. Carbonate
alteration appears more limitedly and is usually associated with
argillic alteration, while iron oxides are dispersedly present in the

latitic units. (Figures 10)

4. Conclusion

This study, using data from ASTER and Landsat 9 sensors, has
identified alteration zones in the Firuzabad region with remote
sensing methods such as false color composition, band ratio,
principal component analysis (Crusta), and spectral angle mapping
(SAM). Due to its higher spectral resolution, the ASTER sensor has
been superior in identifying hydrothermal, silicic, and carbonate
alterations, while Landsat 9 has been effective in identifying
iron oxides. The results indicate the spread of argillic and silicic
alterations, while more limited and phyllic carbonate alteration is
seen in association with argillic. Propylitic alteration also has a
small spread. Overall, the SAM method showed good capability
in identifying and discriminating alteration zones through
spectral matching with a reference spectral library, with its results
showing good agreement with geological and spectral evidence.
Remote sensing data are therefore an effective tool for the initial

identification of alteration zones.
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Figure 2. False Color Combination images of the ASTER sensor in the study area: a) RGB-468, where the pink areas

indicate argillic alteration in the study area. b) RGB-461; in the study area, the pinkish areas indicate argillic alteration

and the light green areas indicate iron oxide. The blue areas at the edge of the image are cloud cover and are not related

to propylitic alteration in the area.
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Figure 3. Landsat images processing: a) Ratio of bands 6 to 7; bright pixels in the image indicate

alteration areas in the region. b) Ratio of bands 4 to 2; bright pixels indicate iron oxide areas. c) NDVI

(Normalized Difference Vegetation Index) index, in which bright pixels in the resulting image indicate

vegetation cover in the region. d) Color combination R:6 /7 G:4 /2 B:6 / 5, in the study area, pink

areas indicate argillic alteration.

b-FJKE)# &V bl Cos 51 6Sd Slo S5 claag ol a - F JSE)
o3lizl (€~ FUSE) 0 4 F (ol o 3 S 5,T o s slaaig @l s
K S5 sy I OIS Shl Sl 03)5T s 4 I Ay S
Jolo geas 53 .(d = ¥ JS8) 3 8 eslizul R:4/5 GiS/8 BiT/6 &y ot 3
O o sl JuSy L 5T gy SO )30 oo o 35 5 3 sla oSy
il g anllae ) g0 adlete 5 SIS gy S5 T (sl S 5 <S5 5 iy

3950 ol SWIR 03 guoes ol 035 ls s 4 2l szt (slaosls

33l sl S Dbl (57 gl 0l S5 bl (53Laiob b alaly 53 o
5 S5 hls slasil 5 ag OT Lasle sl SIS 4 ar 5L Sl S5 agy
5 s 2 ENVIS.6 13le 3 b 6loulS bau 5 o cla SIS ol b 5 (5 6
35 g 03l OT 035 aseiie 5 otlides Gl (S e 1 cilods e
A4 b ladil s 5 Sty gy Sl B3 4 by e slaagy 035 Dbl ol

\Y#



15 =119 :(P) 9 <1 Fo o pgle/layl 031 jule G S (pad/.... ST g a8 639320 > Landsat g ASTER (glolgalo (glaesls o

R.B:7/6
a b
48°20E 48°10E 48°15E
z z
§ g g g
& £ 5 5
2 E
z Z
8 g 8 4
Z Z
48°10E 48°15'E 48°20E 48°10E 48°15E 48°20E
N N
0 2 4 6 0 2 4 6
HHEF—— Km HHEF—T  Km
Map Scale 1:110,000 Map Scale 1:110,000
B.R:4/5 R:4/5 G:5/8 B:7/6
¢ d
48°10E 48°15'E
z Z
3 g 3 4
5 & & &
Z Z
z Z
@A g @ g
Z Z
48°10E 48°15E 48°20E 48°10E 48°15E 48°20E
N N
0 2 4 6 0 2 4 6
HHFE—T""Km HHFE—T " "TKm
Map Scale 1:110,000 Map Scale 1:110,000

adlate 5> Sy gy Lo 53 0dias0li gl 53 ) S8 JnSiy A 40 Wil (6,8 Ld i) @l izt sl i3l 5 —F JSC
D 0 F bl (6,5 S (€ bl gr atlate 53 S Sl Bs edinsOlsS by, Gl oSy F 4V sla il (5,8 s b il o
bl andllas 5 go aibeie 3 S Ri4/5 Gi5/8 Bi7/6 Ky oS 5 (d .dnsl o aiate 55 &S 5,T ole s odias ol gy sle oSy

bl g ST Gl B3 Sl oK, Sose b 53

Figure 4. ASTER sensor images processing: a) Ratio of bands 5 to 8; bright pixels in the image indicate
propylitic alteration in the area. b) Ratio of bands 7 to 6; bright pixels indicate phyllic alteration in the
area. ¢) Ratio of bands 4 to 5; bright pixels indicate argillic alteration in the area. d) Color combination

R:4 /5 G:5/8 B:7/6, in the study area, red to pink areas indicate argillic alteration.
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Figure 5. ASTER sensor images processing: a) Ratio of bands 14 to 12; bright pixels indicate silicic alteration aeras.

b) Ratio of bands 13 to 14; bright pixels indicate carbonate alteration in the region.
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Table 1. Demixed Principle Component Analysis for the argillic alteration zone.

Eigenvector Band 4 Band 5 Band 7
PC1 0.686264 0.573355 0.447555
PC2 0.724677 -0.591703 -0.353172
PC3 -0.62327 -0.566702 0.821562
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Figure 6. ASTER sensor images processing by the Crusta method: a) Image (PC2) related to the combination of
bands 4, 5, 7; bright pixels in the image indicate argillic alteration in the study area. b) Image (-PC3) related to
the combination of bands 1, 2, 5, 8; bright pixels indicate propylitic alteration in the study area. c) Image (-PC2)
related to the combination of bands 6, 7, 8; bright pixels indicate phyllic alteration in the study area. d) False color
combination R: PC2(457), G: -PC2(1258), B: -PC2(678); red to pink areas indicate argillic alteration in the study

area.
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Table 2. Demixed Principle Component Analysis for the propylitic alteration zone.

Eigenvector Band 1 Band 2 Band 5 Band 8
PC1 -0.643948 -0.741159 -0.147736 -0.119110
PC2 -0.201146 -0.075094 0.785208 0.580818
PC3 -0.731981 0.660107 -0.161199 0.049774
PC4 0.095259 -0.096450 -0.579342 0.803732
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Table 3. Demixed Principle Component Analysis for the phyllic alteration zone.

Eigenvector Band 6 Band 7 Band 8
PC1 0.681255 0.529185 0.505821
PC2 0.732002 -0.500014 -0.462773
PC3 -0.008025 -0.685528 0.728002
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Figure 7. Landsat sensor images Processing by the Crusta
method; Image (PC4) is a combination of bands 2, 4, 5, 6;
bright pixels in the image indicate Iron oxide in the study

area.
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Table 4. Demixed Principle Component Analysis for Iron oxide.

Eigenvector Band 2 Band 5 Band 6
IXCIl -0.204147 -0.470953 -0.573043 -0.638865
PC2 0.189427 0.346617 -0.818167 0.417824
PC3 -0.346402 -0.679352 -0.038223 0.645775
PC4 -0.895794 -0.027637 -0.015772
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Figure 8. ASTER sensor images Processing by spectral angle mapper method: a) Highlighting the indicator minerals of the

argillic alteration zone, b) Highlighting the indicator minerals of the propylitic alteration zone,
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Continued from Figure 8. ASTER sensor images Processing by spectral angle mapper method: c¢) Highlighting the
indicator minerals of the phyllic alteration zone, d) Highlighting the indicator minerals of the siliceous alteration zone,
e) Highlighting the indicator minerals of the carbonate alteration zone, f) Highlighting the alterations in the study

area; the indicator minerals of each zone are displayed in different colors.
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Table 5. Angle values of the spectral angle mapper method for the indicator minerals of each spectral class.

spectral class Mineral SAM
L . Alunite 0.22
Argillic alteration zone —
Kaolinite 0.22
. . Chlorite 0.073
Propylitic alteration zone -
Epidote 0.2
Phyllic alteration zone Muscovite 0.099
Silicic alteration zone Quartz 0.048
Carbonate alteration zone Calcite 0.045
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Figure 9. Comparison of the spectra of pixels identified using the SAM method with the USGS reference spectra for the indicator minerals
of the alteration zones in the study area: a) indicator minerals of the argillic alteration zone (kaolinite), b) indicator minerals of the argillic
alteration zone (alunite), ¢) indicator mineral of the propylitic alteration zone (chlorite), d) indicator mineral of the propylitic alteration zone
(epidote), e) indicator mineral of the phyllic alteration zone (muscovite), f) indicator mineral of the silicic alteration zone, and g) indicator

mineral of the carbonate alteration zone.
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Figure 10. Microscopic images of carbonate alteration in the study area: a) Thick vein of silica, b) Microscopic image of a sillica vein (XPL),
¢) Manual sample of argillic alteration, d) Microscopic view of the altered matrix in thin section (XPL), e) Scattered carbonate alteration in

the field (XPL), f) Carbonate delayed vein (XPL), g) Iron oxide outcrop in the form of stockwork, h) Iron oxides observed in thin section

microscopy (PPL). Cal= Calcite, Fe-Ox=Iron Oxide, QZ= Quartz (Whitney and Evans, 2010).
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