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ABSTRACT 

Geothermal energy plays an important role as a sustainable energy. In order to meet the 

future energy demand, more geothermal resources and utilization are needed. However, the 

geothermal industry is not only capital-intensive, but also has high uncertainty which needs 

management of high financial and technical risks. Conducting exploration to obtain sufficient 

information before starting or developing the project is one of the effective risk management 

phases. 

A crucial component in geothermal exploration is mineral mapping, where the occurrence 

of minerals in all areas of a prospective geothermal site is mapped and used as the basis for 

delimiting the prospective area. Remote sensing is an effective tool for mineral mapping in the 

preliminary survey stage, when the target area is very large.  

In this thesis, performance of remote sensing analysis conducted for ASTER, Landsat-8, 

Sentinel-2, and HyMap images in geothermal mineral mapping is evaluated. Eight types of target 

detection algorithms namely, Adaptive Coherence Estimator (ACE), Constrained Energy 

Minimization (CEM), Match Filtering (MF), Orthogonal Subspace Projection (OSP), Spectral 

Angle Mapper (SAM), Mixture Tuned Match Filtering (MTMF), Target Constrained 

Interference Minimized Filter (TCIMF), and Mixture Tuned Target Constrained Interference 

Minimized Filter (MTTCIMF ) are applied to each satellite imagery to compare different satellite 

imagery and the algorithms̀ performance to create the best mineral mapping for geothermal 

resource exploration.  Then a set of guidelines are developed for indicator mineral mapping 

using satellite images for geothermal sites.  

It is found that CEM, MF, TCIMF, MTTCIMF, and MTMF perform well for the images 

containing abundance of human-made structures (e.g. roads, buildings).   On the other hand, 

SAM and OSP perform better for the images with limited coverage of human-made structures. 

HyMap is used for ground truthing due to its high spatial and spectral resolution.  Then other 

satellite data`s accuracy is evaluated using HyMapThe satellite data that gives better accuracy for 

almost every method is found to be ASTER, which is followed by Landsat-8 in the second place 

and Sentinel-2.  
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CHAPTER 1  

INTRODUCTION 

Geothermal energy plays an important role as a sustainable energy. It provides about 0.4% 

of global power generation (Van der Meer et al., 2014). The top ten geothermal countries based 

on installed power generation capacity are the USA, Indonesia, Philippines, Turkey, New 

Zealand, Mexico, Italy, Kenya, Iceland and Japan (ThinkGeoEnergy, 2020). A study conducted 

by Bertani (2016) shows that worldwide installed geothermal capacity increased significantly 

from 200 megawatts electric (MWe) in 1950 to 12,635 MWe in 2015. This trend is predicted to 

keep increasing in the future due to several factors such as population growth, the increase in 

energy demand and energy transition, a concern about fossil fuel limitation and its environmental 

impacts, and also the advancement of technology in geothermal exploration and production.  

In order to meet the future energy demand, more geothermal resources and utilization are 

needed. However, the geothermal industry is not only capital-intensive, but also has high 

uncertainty since it deals with natural resources beneath the earthôs surface. The uncertainty 

usually comes from geological features such as structures or lithological characteristics which 

were not predicted before. These uncertainties affect time and cost aspects in the development 

and production stage, which also lead to high risks related to financial and technical aspects. One 

of the ways to minimize these future project risks is by conducting exploration to obtain 

sufficient information before starting or developing the project. 

The ESMAP Geothermal Handbook (2012) stated that the steps of geothermal project 

development are as follows: 

1) Preliminary survey, which is aimed at assessing geothermal potential within a large area, 

such as a country or an island. This step usually includes literature review and mineral 

mapping by using satellite imagery, or known as remote sensing. This study is not limited 

to geological or technical aspects, but also to other potential issues such as regulation, 

political, environmental and cultural aspects.  

2) Exploration, which is aimed at assessing geothermal potential at a more localized level, 

by going on to surface and sub-surface surveying by using geological, geochemical and 

geophysical methods. This stage can consist of several steps, which are moved from the 

simplest one to a more complex one. An example of the geological method used is 

geological field mapping. Geochemical methods used in this step include 
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geothermometry, electrical conductivity, pH, and soil sampling. Meanwhile, geophysical 

surveying consists of gravity, resistivity, magnetotelluric, temperature gradient drilling, 

and seismic methods. This step also includes more detailed study about non-technical 

aspects. All of these technical and non-technical analysis form the basis of the pre-

feasibility study resulting from this stage.  

3) Test drilling, where the first exploratory wells are drilled. This step includes drilling, 

logging and testing work. As a full-technical step, this work has the highest risk among 

all development processes.  

4) Project review and planning, which gives a feasibility report as the result. This report is 

later used to determine whether a project will go or not, by looking at not only technical 

aspects, but all aspects comprehensively, such as environmental, social and financial 

aspects.  

5) Field development, which includes drilling of production and reinjection wells to meet 

the proposed target, building of the steam gathering system and securing financial source 

for the project. 

6) Power plant construction, which includes the building of all infrastructures required for 

the project.  

7) Commissioning and operation, where the operational phase commenced at a full scale.  

 

1.1 Role of Mineral Mapping in Geothermal Exploration 

Among all of the geothermal development steps mentioned above, preliminary survey and 

exploration are two critical steps which determine the success of a geothermal project. A crucial 

component in these two steps is mineral mapping. Through mineral mapping, the occurrence of 

minerals in all areas of a prospective geothermal site is mapped and used as the basis for 

delimiting the prospective area. Not every part of a geothermal area has the same amount of 

potential; therefore, delimitation is important to focus only on the area with the highest prospect.  

Mineral mapping could be conducted by both field mapping and remote sensing. Field 

mapping gives higher accuracy, but it needs much longer time and higher costs. Besides, it is not 

effective if the prospect area is very large. Therefore, remote sensing is an effective tool for 

mineral mapping in the preliminary survey stage, when the target area is very large. Satellite 

imagery for remote sensing such as Advanced Spaceborne Thermal Emission and Reflection 
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(ASTER), Landsat-8 and Sentinel-2 could be obtained at no cost, while the one with higher 

spatial and spectral resolution such as WorldView-3 and HyMap is relatively costly. The 

acquisition process of these satellite imagery also needs less time as compared to field mapping 

in the whole area. By doing mineral mapping using satellite imagery, the prospect area could be 

delimited for the more detailed mapping, such as field mineral mapping in the exploration stage. 

In conducting remote sensing analysis, there are various satellite imageries that can be 

used. Each has its own characteristics, such as spectral, temporal and spatial resolution. Besides, 

each satellite imagery also needs different pre-processing methods, such as radiometric 

calibration and atmospheric correction. Therefore, the comparison of the satellite imagery is 

needed for an optimum satellite imagery selection.  

There are many algorithms that can be used for mineral mapping. However, not all 

algorithms can give the best result for a given satellite imagery. Therefore, comparing the 

performance of algorithms for mapping the minerals from different satellite images is needed. 

When obtaining mineral maps using existing algorithms, a method of thresholding is 

needed.   These thresholding methods are used to delimit the large area based on a certain 

criterion. However, some methods give too small an area as the result, which is too specific and 

could lead to high risk in the exploration stage. Some other methods, on the other hand, give a 

very large area as the result, which does not meet the target of the preliminary survey to delimit 

the target area. Therefore, an evaluation of these thresholding methods is also needed to find the 

the best method of mineral mapping.  

 

1.2 The Research Goal 

The goals of this thesis are: 

1) To compare different satellite imagery and various existing algorithms to create 

the best mineral mapping for geothermal resource exploration in four sites: Brady, 

Desert Peak, Coso, and Kizildere. 

2) To provide guidelines for indicator mineral mapping using satellite images for 

geothermal sites.  
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1.3 Thesis Outline 

The structure of the thesis consists of the following chapters: 

¶ Chapter 1 gives an introduction to remote sensing for geothermal exploration, thesis goal, 

and thesis outline.  

¶ Chapter 2 gives a brief explanation about the methodology used in this thesis. 

¶ Chapter 3 gives a brief description of each geothermal site, which includes geological 

condition, previous exploration in the region, and indicator minerals in each site. 

¶ Chapter 4 explains the methodology implementation in each site, result and analysis.  

¶ Chapter 5 presents conclusion and recommendation for future study.   
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CHAPTER 2  

METHODOLOGY 

 To compare the performance of existing mineral mapping algorithms with various 

satellite images, this thesis implements several methods for mineral mapping in the geothermal 

sites by using ASTER, Landsat-8, and Sentinel-2 imagery. The mineral mapping results are 

compared with a proxy for ground truth, which is generated from a very high spatial and spectral 

resolution satellite imagery of HyMap. The flowchart of the methodology used in this thesis is 

given in Figure 2.1.  

 
Figure 2.1 The flowchart of mineral mapping 

 

The first step is to identify the indicator minerals in the geothermal site by doing a 

literature study (Figure 2.1). The second step is to collect the dataset, which is satellite imagery. 

The third step is to implement pre-processing steps, which are radiometric calibration and 

atmospheric correction. The fourth step is to process the imagery with a target detection method. 

The fifth step is to do post-processing, which is to apply a thresholding method to the target 
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detection result. The sixth step is to do the accuracy assessment which includes establishment of 

precision, recall and accuracy matrix. The last step is to create the final geothermal indicator 

mineral map by using the selected satellite and the selected algorithm. 

 

2.1 Identification  of Indicator Minerals  

The first step is to identify indicator minerals for the geothermal sites. This step is 

conducted by performing a literature study. The literature study is aimed at identifying indicator 

minerals in geothermal sites generally. Then it focuses on indicator minerals for each specific 

site, considering geological condition, mineralization, and alteration in the study region, as 

different sites can give different indicator minerals.  

Henley and Ellis (1983) made a list of indicator minerals in geothermal sites, which can 

be seen in Figure 2.2. This figure shows that the occurrence of a certain mineral can be used to 

identify the temperature of the geothermal system. For example, amorphous silica, calcite, 

montmorillonite, heulandite, stilbite, and ptilolite are correlated to a geothermal system with a 

lower temperature, which is about 100 °C; on the other hand, other minerals such as quartz, K-

Feldspar, calcite, illite, biotite, and epidote are correlated to a higher temperature, which is about 

300 °C. 

A common set of alteration minerals identified in remote sensing data for geothermal 

regions (Table 2.1) is arranged by Calvin et al. (2015). This table divides common alteration 

minerals based on the mineral groups, which are clay, sulfate, carbonate, silica, and borates, and 

explains its relevance to their occurrence in a geothermal site. For example, one common 

alteration mineral in geothermal sites is kaolinite, which is a clay mineral. The kaolinite occurs 

as the argillic alteration of feldspar.  

Calvin et al. (2015) made the list of geothermal indicator minerals mapped in some 

geothermal sites around Nevada (Table 2.2). One of the sites mentioned in this research is Brady 

and Desert Peak, where kaolinite, gypsum, travertine/tufa and sinter are found as indicator 

minerals. 
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Figure 2.2 Mineral occurrence based on the geothermal system temperature (Source: Henley and 

Ellis 1983) 

 

Table 2.1 Common alteration minerals identified in remote sensing data of geothermal regions 

(Calvin et al., 2015) 

  Mineral Chemical formula and geothermal relevance 

Clay 

Kaolinite 
Al2(Si2O5)(OH)4 
Argillic alteration of feldspars 

Illite 
K0.65Al2[Al0.65Si3.35O10](OH)2 
Argillic alteration of feldspars or muscovite 

Muscovite 
KAl2(AlSi3O10)(OH)2 
Phyllic alteration of feldspars 

Sulfate 

Alunite 
KAl3(SO4)2(OH)6 
Advanced argillic alteration of potassium 
feldspars. 

Gypsum 
CaSO4·2H2O 
Evaporite deposited by sulfur-rich springs. 
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Table 2.1 Continued 

  Mineral Chemical formula and geothermal relevance 

Carbonate Calcite 

CaCO3 
Comprises travertine and tufa, which are 
deposited by subaerial and sublacustrine 
calcium-rich springs, respectively; also occurs 
in veins. 

Silica Opal/chalcedony 

SiO2·nH2O 
Amorphous silica gel;may fill fractures or be 
deposited as hot spring sinter. As sinter ages, 
develops structural order similar to quartz. 

Borates Tincalconite 
Na2(B4O7)·5H2O 
Evaporite formed near borate-rich springs; 
observed in playas. 

 

Table 2.2 Geothermal indicator minerals mapped in geothermal sites around Nevada (Calvin, et 

al. 2015) 

 

 

2.2 Data Collection 

The second step of the methodology is data collection. This step includes a literature 

study about the characteristics of each type of satellite imagery, including spectral range, 

resolution, and availability for each target site. This list of satellite types and their characteristics 

forms the basis for selecting the types of satellite imagery to be used. The types of satellite 

imagery used for geothermal exploration can be seen in Table 2.3, which also shows the 

wavelength range, number of channels, and spatial resolution for type of satellite imagery.  The 

illustration of wavelengths covered by various satellite imagery can be seen in Figure 2.3, which 

shows that most satellite imagery, such as ASTER, Landsat-8, and Sentinel-2, has wavelengths 

in the range of Visible Near Infrared (VNIR) and Shortwave Infrared (SWIR).  

 

Geothermal Site Kaolinite Illite / muscovite GypsumAlunite Travertine / tufa Borate Sinter Shallow temp survey

Steamboat Springs X X X

.ǊŀŘȅΩǎπ5ŜǎŜǊǘ tŜŀƪX X X X

Pyramid Lake X X X X X X

Buffalo Valley X

Teels, Rhodes,Columbus X X X

Fisk Lake Valley X X X X X X

Dixie Valley X X X X
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Table 2.3 Types of satellite imagery used for geothermal exploration (modified from Calvin, et 

al. 2015) 

 

 
Figure 2.3 Illustration of wavelengths covered by various satellite imagery  

 

Instrument Operator Wavelength# of channelsSpatial resolution

0.5-0.9 3 15

1.6-2.45 6 30

8.0-12.0 5 90

Thermal InfraredMultispectral

Scanner (TIMS)
NASA & JPL 8.2-12.2 6 50

Spatially Enhanced Broadband Array

Spectrograph System (SEBASS)
Aerospace Corp 7.8-13.5 128 2

0.46-2.39 25

7.76-12.88 10

Airborne VisibleInfraredImaging

Spectrometer (AVIRIS)
NASA & JPL 0.45-2.5 224 5.2

HyperSpecTIR

(HST)
SpecTIR Corp 0.47-2.4 227 3

HyMap HyVista 0.45-2.5 126 3.0-5.0

ProSpecTIR SpecTIR 0.45-2.5 <400 2.0-3.0

0.43-2.29 8 30

0.5-0.68 1 15

10.6-12.51 2 100

0.490-0.842 4 10

0.705-2.190 6 20

0.443-1.375 3 30

0.45-0.8 1 0.31-0.34

0.4-1.04 8 1.24-1.38

1.195-2.365 8 3.70-4.10

4.05-2.245 12 30

NASA & USGSLandsat-8

WorldView-3 DigitalGlobe

ESASentinel-2

Advanced SpaceborneThermal

Emission andReflectionRadiometer

(ASTER)

MODIS-ASTER Simulator (MASTER) 5.0-10

NASA & Japan

NASA & JPL
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The types of satellite imagery used for this thesis are ASTER imagery from 2007 or 

earlier, Landsat 8 from 2021, Sentinel from 2021, and HyMap from 2003. ASTER, Landsat-8 

and Sentinel-2 images are used in this thesis as they are available at no cost. Besides, Table 2.4 

shows that many studies have been successful in mapping geothermal indicator minerals by 

using VNIR and SWIR bands of these three multispectral imageries. Hyperspectral HyMap 

imagery is utilized as the proxy for ground truth since HyMap has the highest spectral and spatial 

resolution, which gives relatively accurate mineral maps.  

 

Table 2.4 The utilization of VNIR and SWIR bands in geothermal mineral mapping 

 

 

ASTER is the product of National Aeronautics and Space Administration (NASA) and 

Japan's Ministry of Economy Trade and Industry (METI). ASTER captures broad spectral 

resolution data, which consists of 14 bands. Table 2.5 shows ASTERôs band specification which 

comprises three optical-sensing subsystems: VNIR, SWIR and Thermal Infrared (TIR) 

wavelengths. These ASTER datasets are obtained from https://search.earthdata.nasa.gov/search. 

ASTER product used in this study is the product of Level 1T, or widely known as 

AST_L1T, which is made by performing the geometric and radiometric corrections to a single 

resampling of the corresponding ASTER L1A (AST_L1A) product. ASTER L1T product is in 

digital numbers (DN) with coefficients provided to convert the data to either radiance or 

reflectance. 

 

Publication Site location ASTERLandsat 8Landsat 7Sentinel 2HyMap MASTERAVIRISProSpecTIR

Kennedy-Bowdoin et al. 

(2003, 2004)
Dixie Valley, Nevada x

Hellman and Ramsey 

(2004)

Yellowstone, Wyoming, 

Idaho, Montana
x x

Kratt et al. (2006) Brady-Desert Peak, Nevada x

Kratt et al. (2010) Pyramid Lake, Nevada x x

Lamb et al. (2011)
Dixie and Fairview Valleys, 

Nevada
x

Littlefield and Calvin (2014)Fish Lake Valley, Nevada x x x x

Abubakar et al. (2019) Yankari Park, Nigeria x x x

Salamba et al. (2018) Wayang Windu, Indonesia x

Erenoglu et al. (2019) Tuzla, Turkey x

Yalcin, et al. (2020) Afyonkarahisar, Turkey x

Tompolidi, et al. (2020) Nisyros, Greece x x x

Hewson et al. (2020) East Africa x

Mahdevar et al. (2014) Sheikhabad, Iran x

https://search.earthdata.nasa.gov/search
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Table 2.5 ASTERôs bands specification 

  

 

Landsat-8 is the product of NASA and the U.S. Geological Survey (USGS). Table 2.6 

shows Landsat-8 imagery specification that consists of nine Operational Land Imager (OLI) 

bands and two Thermal Infrared Sensors (TIRS) bands. These Landsat-8 datasets are obtained 

from https://glovis.usgs.gov/app. 

 

Table 2.6 Landsat-8ôs bands specification 

 

 

Landsat-8 product used in this study is the product of Level 1TP, or widely known as 

L1TP, which is the standard radiometrically and geometrically corrected Landsat-8 OLI data 

Module Band No. Spectral range (˃m) Spatial resolution (m)

Band no. 1 0.52-0.60

Band no. 2 0.63-0.69

Band no. 3N 0.78-0.86

Band no. 3B 0.78-0.86

Band no. 4 1.60-1.70

Band no. 5 2.145-2.185

Band no. 6 2.185-2.225

Band no. 7 2.235-2.285

Band no. 8 2.295-2.365

Band no. 9 2.360-2.430

Band no. 10 8.125-8.475

Band no. 11 8.475-8.825

Band no. 12 8.925-9.275

Band no. 13 10.25-10.95

Band no. 14 10.95-11.65

VNIR 15

SWIR 30

TIR 60

Band No. Band name {ǇŜŎǘǊŀƭ ǊŀƴƎŜ ό˃ƳύResolution (m)

1 New Deep Blue 0.43-0.45

2 Blue 0.45-0.51

3 Green 0.53-0.59

4 Red 0.64-0.67

5 NIR 0.85-0.88

6 SWIR 2 1.57-1.65

7 SWIR 3 2.11-2.29

8 PAN 0.50-0.68 15

9 SWIR 1.36-1.38 30

10 TIRS 1 10.6-11.19 100

11 TIRS 2 11.5-12.51 100

30

https://glovis.usgs.gov/app
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product. Barsi et al. (2018) mentioned this product as DN with coefficients provided to convert it 

to either radiance or reflectance. 

 Sentinel-2 is the product of the European Space Agency (ESA). The Sentinel-2 mission is 

a constellation of two identical satellites, namely Sentinel-2A (S2A) and Sentinel-2B (S2B), 

which work simultaneously and are located at 180° to each other. Table 2.7 shows Sentinel-2 

band specification that includes 13 spectral bands varing from VNIR to SWIR. These Sentinel-2 

datasets are obtained from https://scihub.copernicus.eu/dhus/#/home. 

 

Table 2.7 Sentinel-2ôs bands specification 

 

 

Sentinel-2 data product used in this study is a radiometrically and geometrically corrected 

image known as Level-1C (L1C), as this is the only Level-1 Sentinel product accessible for 

public. Different from ASTER L1T and Landsat-8 L1TP product that contained data in DN, this 

Sentinel-2 L1C product contains ortho-rectified scaled top-of-atmosphere (TOA) reflectance. 

 

Table 2.8 HyMapôs bands specification 

 

 

S2B

Central Wavelength 

(nm)

Bandwidth 

(nm)

Central Wavelength 

(nm)

Bandwidth 

(nm)

2 492.4 66 492.1 66

3 559.8 36 559 36

4 664.6 31 664.9 31

8 832.8 106 832.9 106

5 704.1 15 703.8 16

6 740.5 15 739.1 15

7 782.8 20 779.7 20

8a 864.7 21 864 22

11 1613.7 91 1610.4 94

12 2202.4 175 2185.7 185

1 442.7 21 442.2 21

9 945.1 20 943.2 21

10 1373.5 31 1376.9 30

Spatial Resolution 

(m)

10

20

60

Band Number

S2A

Module {ǇŜŎǘǊŀƭ ǊŀƴƎŜ ό˃ƳύSpatial resolution (m)

VIS лΦпр ς лΦуф 3-5

NIR лΦуф ς мΦор 3-5

SWIR1 мΦпл ς мΦул 3-5

SWIR2 мΦфр ς нΦпу 3-5

https://scihub.copernicus.eu/dhus/#/home
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HyMap, which is used as a proxy for ground truth, is a commercial hyperspectral sensor 

developed by Integrated Spectronics and operated by HyVista Corporation.  

Table 2.8 shows HyMapôs bands specification, with spectral ranges between 0.45 and 

2.48 ɛm, and comprises 126 channels and four modules: VIS, NIR, SWIR1 and SWIR2. HyMap 

satellite imagery is atmospherically corrected reflectance data. 

ASTER, Landsat-8, Sentinel-2, and HyMap have different bands specifications. Relative 

visualization of these spectral bands is given in Figure 2.4. It shows that ASTER, Landsat-8, 

Sentinel-2, and HyMap have wavelength in the range of VNIR and SWIR. However, HyMap has 

more channels that cover the whole ranges of VNIR and SWIR completely compared to the other 

three satellites. 

 

 
Figure 2.4 Relative visualization of ASTER, Landsat-8, Sentinel-2 and HyMap spectral bands 
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2.3 Pre-Processing  

The third step is to implement pre-processing steps, such as radiometric calibration and 

atmospheric correction. ASTER and Landsat-8 store the dataset as DN. Before being used in 

spectral analysis, these images must be converted to TOA reflectance or radiance. In ENVI, this 

conversion occurs through a process called radiometric calibration. 

 For ASTER, AST_L1T User Guide defines that the radiance can be obtained from 

ASTER L1Tôs DN values by using unit conversion coefficient (Table 2.9) through the equation 

below: 

 
Radiance at-sensor = (DN value ï 1) × Unit conversion coefficient 

 

(2.1) 

 

Table 2.9 Calculated unit conversion coefficients (AST_L1T User Guide, 2020) 

 

 

The Landsat-8 Data User Handbook defines DN conversion as: 

 L‗ = ML × Qcal + AL  
(2.2) 

 

Where: 

L‗ = Spectral radiance (W/(m2 * sr * ɛm)) 

ML = Radiance multiplicative scaling factor for the band, 

(RADIANCE_MULT_BAND_n from the metadata) 

High gain Normal Gain Low Gain 1 Low gain 2

1 0.676 1.688 2.25 N/A

2 0.708 1.415 1.89

3N 0.423 0.862 1.15

3B 0.423 0.862 1.15

4 0.1087 0.2174 0.29 0.29

5 0.0348 0.0696 0.0925 0.409

6 0.0313 0.0625 0.083 0.39

7 0.0299 0.0597 0.0795 0.332

8 0.0209 0.0417 0.0556 0.245

9 0.0159 0.0318 0.0424 0.265

10 N/A 6.822 x 10-3 N/A N/A

11 6.780 x 10-3

12 6.590 x 10-3

13 5.693 x 10-3

14 5.225 x 10-3

¦ƴƛǘ /ƻƴǾŜǊǎƛƻƴ /ƻŜŦŦƛŎƛŜƴǘ ό²κόƳнϝǎǊϝ˃Ƴύκ5bύ 
Band No. 
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AL = Radiance additive scaling factor for the band 

(RADIANCE_ADD_BAND_n from the metadata) 

Qcal = Level 1 pixel value in DN 

Besides radiometric calibration, atmospheric correction is another crucial pre-processing 

step in spectral analysis. Two of the best and most well-known atmospheric correction methods 

are QUick Atmospheric Correction (QUAC) and Fast Line-of-sight Atmospheric Analysis of 

Spectral Hypercubes (FLAASH). A technical note published by ENVI with the title Module: 

QUAC and FLAASH Userôs Guide gives a brief explanation about these two methods. 

QUAC is an atmospheric correction method for VNIR and SWIR bands that can be used 

for both multispectral and hyperspectral imagery. QUAC determines atmospheric compensation 

parameters directly from the information contained in the imagery, without ancillary 

information. QUAC works fast as its principle is based on the empirical finding that the average 

reflectance of a group of diverse spectra is scene independent. QUAC can give reasonably 

accurate result, even if the sensor does not have proper calibration or the solar illumination 

intensity is unknown. 

FLAASH starts from a standard equation as follows: 

 ὒ
ὃ”

ρ ”Ὓ
 
ὄ”

ρ  ”Ὓ
 ὒ 

(2.3) 

 

where: 

” = the pixel surface reflectance 

” = is an average surface reflectance for the pixel and a surrounding region 

S = the spherical albedo of the atmosphere 

ὒ = the radiance back scattered by the atmosphere 

A and B = coefficients that depend on atmospheric and geometric conditions  

 FLAASH equation also involves computing a spatially averaged radiance image ὒ, from 

which the spatially averaged reflectance ” is estimated using the approximate equation: 

 ὒ
ὃ ὄ”

ρ ”Ὓ
 ὒ 

(2.4) 

 

   

2.4 Image Analysis 

The fourth step is to process the imagery with a target detection algorithma. For this 

purpose ENVI software is adopted. Target detection is conducted by applying all available 
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algorithms in ENVI, namely Adaptive Coherence Estimator (ACE), Constrained Energy 

Minimization (CEM), Match Filtering (MF), Orthogonal Subspace Projection (OSP), Spectral 

Angle Mapper (SAM), Mixture Tuned Match Filtering (MTMF), Target Constrained 

Interference Minimized Filter (TCIMF), and Mixture Tuned Target Constrained Interference 

Minimized Filter (MTTCIMF )  

 

2.4.1 Adaptive Coherence Estimator   

Adaptive Coherence Estimator (ACE) is a uniformly most powerful (UMP) invariant 

detection statistic which is derived from Generalized Likelihood Ratio (GLR) approach. ACE is 

the ratio between a match filter output and two vector magnitudes. The calculation of ACE is: 

 Ὀ ὼ
Ὠɜ ὼ

Ὠɜ Ὠ ὼɜ ὼ
 

(2.5) 

 

Where: 

d = target spectrum 

ὼ = the spectrum of the evaluated pixel 

ũ = the background co-variance matrix 

 

2.4.2 Constrained Energy Minimization  

Constrained Energy Minimization (CEM) is commonly used in target detection and 

image classification. It selects the target signature to be detected. It designs a finite impulse 

response (FIR) filter to pass the target and minimizes results obtained from unknown sources. 

However, Wang et al. (2013) states that CEM is not the best algorithm as it ignores the existence 

of unwanted targets and treats it as a part of interference. The calculation of CEM is: 

 Ὀ ὼ
Ὠɜ ὼ

Ὠɜ Ὠ
 

(2.6) 

 

Where: 

d = target spectrum 

ὼ = the spectrum of the evaluated pixel 

ũ = the background covariance 
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2.4.3 Match Filtering  

Match Filtering (MF) is quite similar to CEM. It does a partial unmixing which focuses 

on the target and minimizes the result of an unknown source. MF calculates the result for each 

pixel and examines the output for the expected target (Soydan, 2017). The data mean in MF is 

subtracted from all pixelôs vectors, which makes MF mean-centered. The calculation of this 

problem is: 

 Ὀ ὼ
Ὠ  ‘ ɜ ὼ ‘

Ὠ  ‘ ɜ Ὠ ‘ᴂ
 

(2.7) 

 

Where: 

d = target spectrum 

ὼ = the spectrum of the evaluated pixel 

ũ = the background covariance 

‘ = vector containing the mean background 

 

2.4.4 Orthogonal Subspace Projection  

Orthogonal Subspace Projection (OSP) algorithm could reduce the dimensionality of the 

dataset, decrease the responses of unknown sources, and identify the occurrence of the target 

signature simultaneously (Harsanyi, 1994). 

 Ὀ ὼ
Ὠὖὼ

ὨὖὨᴂ
 

(2.8) 

 

Where: 

d = target spectrum 

ὼ = the spectrum of the evaluated pixel 

ὖ  = is the orthogonal subspace 

 Jin et al. (2009) stated that in this equation, ὖ  is the subtraction of Ὅ  ὟὟΠ, where L 

is the number of the bands, U is the matrix of non-target spectra, and ὟΠ = (ὟὟ Ὗ  is the 

pseudoinverse of U. 

 

2.4.5 Spectral Angle Mapper  

Kruse (1993) stated that Spectral Angle Mapper (SAM) defines similarity among spectral 

signatures by looking at the angle between two spectra and considering them as vectors in a 
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space with dimensionality equal to the band numbers. Soydan (2017) stated that this method uses 

multidimensional n-D angle to match the target pixels with reference spectra and attenuates 

illumination and albedo effects by concentrating on the trend of both spectra. Spectral angle 

calculation for n-D data cube is: 

 Ὀ ὼ
Ὠὼ

ὨὨ Ⱦ ὼὼ Ⱦ
 

(2.9) 

 

Where: 

d = target spectrum 

ὼ = the spectrum of the evaluated pixel 

 

2.4.6 Mixed Tuned Matched Filtering  

Mixed Tuned Matched Filtering (MTMF) is an MF algorithm which has been modified 

by adding an infeasibility image to the results. The function of the infeasibility image is to 

minimize false positive result, which is correlated with a high infeasibility and a low infeasibility 

value. Mundt, et al. (2007) that the steps to calculate the infeasibility value of each pixel are: 1) 

determining the target vector component of the pixel, 2) interpolating variance eigenvalues 

respective to the target vector component, and 3) calculating the standardized separation between 

a pixel and its ideal target vector component. The target vector component, which is the scalar 

product of its MF score and the target vector, is: 

 Ὀ ὼ Ὀ  ὸ  
(2.10) 

 

Where: 

Ὀ  = MF value of the pixel 

ὸ  = vector of the target spectra in Minimum Noise Fraction (MNF) space 

 

2.4.7 Target Constrained Interference Minimized Filter  

Target Constrained Interference Minimized Filter (TCIMF) is a modification of ACE. 

The difference is that TCIMF could manage undesired target spectrum, which is ignored by ACE 

(Wang et al., 2013).  

 Ὀ ὼ  ɜ  ὨόÄÕɜ Ὠό
ρ
π  

(2.11) 

 

Where: 
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d = desired target spectrum 

u = undesired target spectrum 

ὼ = the spectrum of the evaluated pixel 

ũ = sample autocorrelation matrix 

 

2.4.8 Mixture Tuned Target Constrained Interference Minimized Filter  

Mixture Tuned Target Constrained Interference Minimized Filter (MTTCIMF) method 

combines two target detection algorithms, namely MTMF and TCIMF. Mahan and Arfania 

(2018) stated that MTMF utilizes MNF transformed image to perform MF, then adds an 

infeasibility image to reduce the number of false positives, and then constraints TCIMF to reduce 

non-target and interference to improve the result quality.  

 

2.5 Post-Processing 

The fifth step is to conduct a post-processing. This step includes thresholding, which is one 

of the segmentation methods to distinguish an object from its surrounding. For a threshold t, the 

pixel with value f is categorized as an object if it is f  > t, and categorized as background 

otherwise. This threshold is needed to give the optimum object, or mapped, area for analysis, 

instead of giving too large or too small area. Thresholding methods include manual and 

automatic threshold in R. There are 16 automatic thresholding methods commonly used in image 

processing. These methods are Default, Huang, Intermodes, IsoData, Li, Max Entropy, Mean, 

Min Error (I), Minimum, Moments, Otsu, Percentile, Renyi Entropy, Shanbhag, Triangle, and 

Yen. 

Default method, or iterative intermeans, is a variation of IsoData threshold algorithm. The 

gray level histogram of an image usually gives two peaks: one is from the object and the other is 

from the surroundings. Ridler and Calvard (1978) stated that this technique chooses the optimum 

threshold, which should be between those peaks, based on an iterative process. The first step is to 

make an initial guess at t, for example based on the median value. The second step is to calculate 

the mean pixel value in each category, namely ɛ1 for those higher than t and ɛ2 for those lower 

than t. The next step is to re-estimate t as half-way between those two means: 
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 ὸ
ʈ  ʈ

ς
 

(2.12) 

 

 

The Huang method finds an appropriate threshold value by minimizing an input imageôs 

fuzziness, either based on Shannonôs entropy function or Yagerôs entropy function (Huang, 

1994). The entropy of an image set X with size M × N by using histogram information is defined 

as: 

 Ὁὢ
ρ

ὓ ὔÌÎς
Ὓ‘ Ὣ ὬὫ 

(2.13) 

 

Where: 

Ὣ = 0, 1, é, L-1 

ὬὫ = number of occurrences at the gray level Ὣ in an input image.  

‘ Ὣ = fuzziness at the gray level Ὣ in X 

 

Intermodes method, which considers the data as a bimodal histogram, does smoothing 

iteration to generate two local maxima, namely j and k. Prewitt (2006) stated that the threshold is 

the average of those local maxima which can be written as: 

 ὸ
Ὦ Ὧ

ς
 

(2.14) 

 

 

IsoData method is the basis of the Default algorithm. The difference is that this algorithm 

allows the pre-selection of bright and dark parts of the image. Similar to the Default algorithm, 

the idea is to guess the initial threshold (t), calculate the average value of the two groups: the 

pixels with lower than or equal to threshold value (ɛ1) and the pixels with higher value than the 

threshold (ɛ2). After that, the threshold value is incremented. The process is conducted iteratively 

until the value is bigger than the composite average: 

 ὸ
ʈ  ʈ

ς
 

(2.15) 

 

 

Li algorithm is based on Liôs Minimum Cross Entropy thresholding method which is 

conducted with iteration (Li  and Tam, 1998). For the image with the histogram h and gray level 

range [1, L], the zeroth and the first moments of the foreground portions are defined as 
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Í Ô and Í Ô respectively; the zeroth and the first moments of the background portions are 

defined as Í Ô and Í Ô respectively: 

 ʈ ὸ  
Í ὸ

Í ὸ
 

(2.16) 

 

 ʈ ὸ  
Í ὸ

Í ὸ
 

(2.17) 

 

After that, the portionsô means are defined as ʈ ὸ  and ʈ ὸ Ȣ4he equation to 

calculate the optimum threshold is: 

 ὸ ÒÏÕÎÄ
ʈ ὸ  ʈ ὸ

ὰέὫ ʈ ὸ ÌÏÇʈ ὸ
 

(2.18) 

 

Where: 

n Ó 0 

The iteration converges until ὸ  value is equal to ὸȢ 

 

MaxEntropy is based on Kapur-Sahoo-Wongôs maximum entropy thresholding method 

(Kapur, 1985). Glasbey (1993) wrote that this equation requires the partial sums: 

 Ὁ ώὰέὫώ  

(2.19) 

 

Where: 

j = 0, é , n-1 

The formula: 

 
% 

!
ÌÏÇ!  

% % 
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(2.20) 

 

is evaluated for j = 0, é , n-1, and t is set to the value of j at which it is maximized.  

Mean algorithm considers the mean of grey levels as the threshold. It could be used when 

the relative proportion of the two categories is unknown (Glasbey, 1993). The calculation is:  

 ὸ
"

!
 

(2.21) 

 

 

Min Error (I) was proposed by Kittler and Illingworth (1986). This algorithm is 

commenced by guessing the initial value of t. The second step is to calculate the proportion (p1), 

means (‘  and variance ů1
2) for two groups: those pixels with values lower than or equal to t, 
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and those pixels with values higher than t. The third step is to re-estimate the value of t, which is 

defined by: 

 ὸ  
" Ѝ" !#

!
 

(2.22) 

 

Where: 
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The next step is to repeat the second and the third step until t value converges to be stable.  

 

Minimum algorithm is similar to intermodes method, which assumes the existence of a 

bimodal histogram. The final threshold t is such that: 

 ytī1 > yt Ò yt+1 
(2.23) 

 

Moments method is based on Tsaiôs thresholding. The idea is to preserve the first three 

moments as the gray level image (Glasbey, 1993). For an image f with n pixels, the first three 

moments can be defined as: 

 mi = В ὴ ᾀ i for i = 1, 2, 3, é 
(2.24) 

 

Where: 

ὴ = ὲȾὲ 

ᾀ = gray values 

 

Otsu algorithm is known as a nonparametric and unsupervised automatic thresholding 

method. It maximizes the separability of the resultant classes in gray levels by utilizing the 

zeroth- and the first-order cumulative moments of the gray-level histogram (Otsu, 1979). The 

first step of this algorithm is to normalize gray-level histograms and to determine both the 

probabilities of class occurrence (ɤ) and the class mean levels (ɛ) for each class. The next step is 
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to determine the class variance „ ὸ. The optimum threshold is related to the maximum value of 

„ ὸȢ 

Percentile method assumes the fraction of foreground pixels to be 0.5. One thing to 

consider about this algorithm is that it gives more information than what is needed. This too 

much information can lead to incorrect conclusions as the unnecessary information can dismiss 

the most important part of the result.  

Renyi Entropy method is similar to the Max Entropy method, which is based on Kapur-

Sahoo-Wongôs thresholding method (Kapur, 1985) but using Renyi entropy.  

Shanbhag algorithm is the modification of Kapur-Sahoo-Wongôs thresholding method 

(Shanbhag, 1994). The optimum threshold selected in this algorithm is the one that minimizes 

the discrepancy of information obtained from the two groups.  

Triangle method assumes the mode of the data is near one side of the histogram. The idea 

of this algorithm is to find on which side the skewness goes and determine the threshold in that 

range (Zack, 1977).  

Yen method is based on Yenôs Automatic Multilevel Thresholding. Yen et al (1995) stated 

that there are two important factors in this algorithm: (1) the discrepancy between the 

thresholded and original image, and (2) the number of bits required to represent the thresholded 

image.  

 

2.6 Accuracy Assessment 

The sixth step is to carry out an accuracy assessment which includes establishment of 

precision, recall and accuracy values. These values are used to evaluate the prediction result, by 

comparing it to the ground truth. These three matrices are closely related with the confusion 

matrix (Table 2.10), which shows the connection between the ground truth and the prediction 

value. The confusion matrix also shows how to classify the values as True Positive (TP), True 

Negative (TN), False Positive (FP), and False Negative (FN). From Table 2.10, it can be seen  

that TP is when the ground truth and prediction values are positive; TN is when both give 

negative values; FP is when the ground truth value is positive, while the prediction value is 

negative; and FN is when the ground truth value is negative, while the prediction value is 

positive. These definitions are not limited to positive and negative values, but also to other types 

of classification.  
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Table 2.10 A typical confusion matrix 

 

 

Precision is used to measure the percentage of TP among all positive predicted values. 

Recall is used to measure the percentage of TP among all positive ground truth values. Accuracy 

is used to measure the percentage of correct predictions, which are TP and TN, among total 

predictions.  

 Precision =  (2.25) 

 Recall =  (2.26) 

 Accuracy =  (2.27) 

 

These values are used as the basis for determining the most suitable satellites and the best 

algorithm for geothermal indicator mineral mapping. This evaluation also considers the visual 

aspect by looking at the intensity and the trend of the mineral appearance in the predicted map. 

 

2.7 Mineral Map s  

After doing all of those steps, the last step is to create the final geothermal indicator 

mineral map by applying the selected algorithm to the selected satellite imagery ASTER for all 

sites. In this final mineral map, all minerals were fused by summing the occurrence probability 

of each individual minerals. If more than one algorithm were selected, the mineral fusion map of 

each method is fused to make the final fusion map. 
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CHAPTER 3  

DESCRIPTION OF THE CASE STUDIES  

The methodology described in Chapter 2 is implemented to the Brady, Desert Peak, Coso, 

and Kizildere geothermal sites. Figure 3.1 shows the location of  Brady and Desert Peak sites in 

Nevada, which are on the northwestern side of the Great Basin; while Coso is located in 

California, on the north of Los Angeles and on the west of Las Vegas. They are located in the 

United States and selected as they are well documented; therefore, they can support this research 

with reliable information. Figure 3.2 shows the location of Kizildere in Turkey, in the west of 

Denizli, and chosen as an evaluation site to apply the selected method in a relatively different 

environment, either from geological or geographical aspect, to test the potential of remote 

mineral mapping on a global scale. 

 
Figure 3.1 The location of Brady, Desert Peak, and Coso geothermal sites in the United States 
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Figure 3.2 The location of Kizildere geothermal site in Turkey 

 

3.1 Brady and Desert Peak Geothermal Sites 

Figure 3.3 shows Brady and Desert Peak geothermal sites, which are located in Churchill 

County, Nevad and in the Northwest Basin and Range Geothermal Exploration Region. They are 

both owned and operated by Ormat Technologies. 

The Brady power plant is currently operating with a mean capacity of about 26 MW. The 

commissioning was undertaken in 1992. There are three injection and six production wells active 

on Brady geothermal field. The range of reservoir temperature is between 180-193 °C, with 

estimated reservoir volume about 3.17 km3. Related to the hydrothermal activity, Bradyôs fault 

zone is the most significant fault in the region. The lithology of its host rock is metamorphic 

rock, while the lithology of its cap rock is hydrothermally altered volcanics. The surface feature 

of this geothermal site is a 4-km-long, including NNE-trending zone of extensive sinter, warm 

ground, fumaroles, and mud pots along the Bradyôs fault system.  

The Desert Peak power plant is currently operating. The commissioning was conducted 

in 2007. Its mean capacity is about 23 MW, with mean reservoir temperature 208 °C and 

estimated reservoir volume about 9.45 km3. Different from Brady, which has surface 

manifestations, Desert Peak is a blind geothermal system with no surface manifestations like hot 



27 

 

springs or fumaroles. Benoit et al., (1982) mention  Desert Peak as the first blind geothermal 

system found in the southwestern U.S. Its geothermal activity is only expressed by minor 

deposits such as silicified root casts, and silicified sands and gravels (Kratt et al, 2006). The 

lithology of its host rock is greenstone, while the lithology of its cap rock is lacustrine 

sedimentary rocks.  

 
Figure 3.3 The location of Brady and Desert Peak geothermal sites 

 

Brady and Desert Peak are two geothermal sites located in the northern Hot Spring 

Mountains, northwestern Great Basin. Littlefield and Calvin (2014) stated that the most 

commonly geothermal indicator minerals in this Great Basin are alunite, opal, calcite, muscovite, 

montmorillonite, chlorites, gypsum, and tincalconite. Littlefield and Calvin (2014) also 

mentioned the occurrence of kaolinite and hematite, including iron-stained kaolinite.  

Benoit et al. (1982) stated that one of the earliest papers focused on geology and 

geothermal development of Bradyôs Hot Spring was written by Oesterling and Antcil in 1962, 

which mentioned the occurrence of an opaline sinter. Meanwhile, Olmsted et al. (1975) 

described alteration products in Bradyôs Hot Spring as tufa, sinter, salts, silicification of rocks, 

oxidation of metallic elements to orange, yellow, and white deposits, formation of kaolinite.  
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Kratt et al. (2003) validated the occurrence of calcite, opal and kaolinite in Bradyôs Hot 

Spring. Kratt et al. (2006) did a mineral mapping of kaolinite, gypsum, opaline sinter, and tufa 

(calcite) in Brady and Desert Peak. Kratt et al. (2006) mentioned the occurrence of chalcedonic 

silica in the north and south part of Bradyôs Hot Spring, even though chalcedony is not included 

in their mineral map. More mineral varieties in Brady and Desert Peak are found and did not 

only include commonly found minerals such as chlorite, kaolinite, opal, etc., but also rarely 

found minerals such as laumontite and analcime (Lutz et al, 2003; Lutz et al, 2004; Lutz et al, 

2009 and Lutz et al, 2011).  

Based on the literature study, indicator minerals in Brady and Desert Peak geothermal 

sites and their presence in the previous studies is summarized in Table 3.1. This table shows that 

the most commonly found mineral in the area is kaolinite, which is mentioned in nine literature 

studies. The next commonly found minerals are calcite, chlorite and hematite. This list is 

adjusted in the mineral selection, based on their occurrence as rock forming minerals or 

alteration minerals, and also based on their abundance, which shows their occurrence as 

signature minerals or not. 

 

3.2 Coso Geothermal Site 

The Coso geothermal plant has been in operational phase since 1987. It consists of four 

power plants and the total of nine 30 MW turbine-generators, which produce a total capacity of 

270 MW. The reservoir temperature is 298 °C and estimated reservoir volume 35.51 km3. Its 

host rock lithology is granitic. The surface features of this geothermal site are fumaroles, hot 

springs, hydrothermally altered rocks, and travertine deposition. 

Figure 3.4 shows Coso geothermal site, which is located in Inyo County, California, with 

an exploration region in Walker Lane Transition Zone. This geothermal field is located within 

the boundary of the Naval Air Weapons Station, China Lake and is fully funded by private 

investment. It is currently owned and operated by Coso Operating Company.  
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Table 3.1 Indicator minerals in Brady and Desert Peak geothermal site 
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Figure 3.4 The location of Coso geothermal site 

 

Ross and Yates (1943) stated that thermal phenomena in Coso have been known since 

1875. An associated low-grade mercury deposits of the Devil's Kitchen and Nicol prospects were 

discovered in 1929. Hulen (1978) stated that in 1948, the U.S. Bureau of Mines drilled some 

holes in each of these prospects but did not find commercial concentrations of mercury ore. 

Hulen (1978) also stated that the potential of the Coso Hot Springs area as a source of 

geothermal energy was first recognized by Austin and Pringle in 1970, subsequently classified as 

a Known Geothermal Resource Area (KGRA) by Godwin and others in 1971. 

Later, Hulen (1978) did research about geology and alteration in the region. He found 

that surface alteration at Coso consisted of three main types: clay-opal-alunite alteration, weak 

argillic alteration, and stockwork calcite veins and veinlets, which are locally associated with 

calcareous sinter. Galbraith (1978) published an article related to geological and geophysical 

analysis in a geothermal exploration hole in Coso. This article mentioned about the finding of 

two main types of alteration in the hole. The first was plagioclase grains, which are altered to 

sericite, epidote, and carbonate. The second type was chloritization. 

In 1986, Echols did a study about Surficial Alteration and Spring Deposits of the Wheeler 

Mercury Prospect, Coso geothermal Area. The types of alteration observed in the prospect were:  
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(1) Silicious sinter: Opal, chalcedony 

(2) Silicious breccia 

(3) Acid sulphate alteration 

(4) Calcareous deposits 

(5) Chloritization, and  

(6) Sericite, illite, smectite 

One year later, Bishop did a study about sericite compositions in Coso, which found that 

alteration in the fracture zones was dominated by sericite, calcite, quartz, hematite, biotite, 

epidote, chlorite. 

In 1996, Lutz did a study about mineralogical and fluid inclusion in Coso, which 

observed types of alteration are as follows:  

(1) Smectite zone: smectite, kaolin, stilbite and carbonate minerals 

(2) Illite-smectite zone: illite-smectite and chloritesmectite, calcite, hematite 

(3) Illite zone: illite, chlorite, epidote, and wairakite 

Adams (2000) did a study about geologic history in Coso. He found fossil sinter and 

travertine deposit (calcite) on the east side. Echols (1986) mentioned the occurrence of an 

opaline sinter deposit at the Wheeler prospect. Kovac (2005) studied geologic framework in East 

Flank, Coso. He found types of alteration as follows:  

(1) calcite, quartz, chlorite, and hematite at shallow depths, and  

(2) epidote, chlorite, quartz, adularia, and wairakite in the deepest portions of East Flank 

wells.  

In 2014, Hwang did a study about water-rock interaction in Coso, which observed the 

types of alteration as follows: 

(1) Albitization of calcic-plagioclase 

(2) Potassic alteration: secondary K-feldspar, biotite or chlorite, sericite, and quartz 

(3) Sericitization after plagioclase 

(4) Propylitic alteration: epidote, chlorite 

(5) Carbonate alteration: Calcite 

(6) Silicification: quartz, chalcedony or opaline silica 

Based on the literature study, indicator minerals in the Coso geothermal site and their 

presence in the previous study can be summarized as Table 3.2. This table shows that the most 
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commonly found minerals in the area are calcite, chlorite and quartz, which are rock forming 

minerals. Other minerals are epidote, smectite, opal, and sericite. Chalcedony and kaolinite are 

also mentioned in four of the literature.  

 

Table 3.2 Indicator minerals in Coso geothermal site 

 

 

3.3 Kizildere Geothermal Site 

The Kizildere geothermal site is located in Sarayköy district, Denizli Province (Figure 

3.5). Kizildere is in the Aegean-West Anatolian Extensional Region and hosted by the Buyuk 

Menderes graben in Denizli Province (Halacoglu et al., 2018). The power plant is one of the 

earliest and biggest geothermal power generators in Turkey. This field is currently operating and 

utilizing 42 production and 28 injection wells, with a total gross capacity of 250 MW. The first 

power plant was commissioned in 1984, which was followed by the second and the third 

installations in 2013 and 2018, respectively. The current operation has been conducted by Zorlu 

Energy Inc. since 2008.  
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Figure 3.5 The location of Kizildere geothermal site 

 

 

The range of source temperature at the first reservoir found in the area is between 240ï

260 °C. The Kizildereôs estimated reservoir volume is about 7.8 km3. Generally, its host rock 

lithology is limestone, while its cap rock lithology is clay. Surface features of this geothermal 

field are fumaroles, hot spring, and alteration zones. 

Simsek (1985) conducted a study with the scope of thermal fields consisting of Kizildere-

Tekkehamam-Buldan-Pamukkale. This study found that the basement rocks in these fields are 

characterized by alteration of marble, calcschist, quartzite and schist, schist and gneiss. Quartzite 

is mainly composed of quartz; calcschist and marble are mainly dominated by calcite; schist and 

gneiss consist of various minerals such as chlorite, biotite, feldspar, muscovite, hornblende, and 

quartz.  

The basement is overlain by sediments with continental and lacustrine characteristics, 

which was categorized into four lithologic units (Simsek, 1985), namely:  

(1) Kizilburun formation,which consists of alternating red and brown conglomerates, 

sandstones and claystones, and lignite seams 

(2) Sazak formation, which contains intercalated gray limestone, marls and siltstone 
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(3) Kolankaya formation, which consists of alternating layers of sandstone, claystone and 

clayey limestone  

(4) The Tosunlar formation, which is poor consolidated conglomerate, sandstone and 

mudstone with fossiliferous claystone. 

Ozgur et al., (1998) performed research on alteration in the Kizildere geothermal field. 

This study found that the type of hydrothermal alteration in the area includes phyllic, argillic, 

silicic, hematitization, and carbonated alteration zones. Phyllic is related to illite, quartz, and 

pyrite; argillic is represented by kaolinite and smectite group, such as montmorillonite; silicic is 

commonly characterized by the occurrence of silica; hematitization and carbonatization are 

related with hematite and carbonate, respectively.  

Karamanderesi (2013) mentioned the distribution of hydrothermal minerals in Kizildere 

and found quartz, kaolin, illite, chlorite, sulphur, pyrophyllite, talc, calcite, epidote, albite, 

hematite, and pyrite in the location. 

Based on the literature study, indicator minerals in Kizildere geothermal site and their 

presence are summarized in Table 3.2, which shows that the most commonly found mineral in 

Kizildere area is quartz, which is a rock forming mineral. Other commonly found indicator 

minerals are calcite, chlorite, hematite, illite, and kaolinite. 

 



35 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.3 Indicator minerals in Kizildere geothermal site 
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CHAPTER 4  

METHODOLOGY IMPLEMENTATION AND ANALYSIS 

4.1 Identification of Indicator Minerals  

Based on the summary of indicator minerals in Brady and Desert Peak geothermal sites 

(Table 3.1), the percentage of the minerals mentioned in the literature can be seen in Figure 4.1. 

From Table 3.1 and Figure 4.1, it is determined that the indicator minerals in Brady and Desert 

Peak Geothermal sites are kaolinite, hematite, chalcedony, and gypsum. These four minerals are 

used in one of the latest research projects in the area, which was conducted by Colorado School 

of Mines (2021). Kaolinite is chosen since Figure 4.1 shows that it is the most commonly found 

indicator mineral in the area. Table 2.2 also shows that kaolinite is used in five out of seven 

geothermal studies in Nevada. Hematite is chosen as it is the fourth highest in mineral ccurrence 

in the area. Besides, Kratt et al. (2006), who conducted a remote sensing related research in this 

area, mentioned that hematitically stained kaolinite was found around the mudpots and fumaroles 

along the Brady's fault. This research also indicated the contribution of hematite in kaolinite 

image spectra. This finding is supported by Rye et al. (1992), who stated that hematite, together 

with kaolinite, is the product of sulfide-rich deposits. Chalcedony and gypsum are also used in 

the research of Kratt et al. (2006).  

In this study, all spectral signatures of the minerals are obtained from the USGS spectral 

library. Spectral signatures of the indicator minerals in Brady and Desert Peak geothermal sites 

can be seen in Figure 4.2. 

Based on the summary of indicator minerals in the Coso geothermal site (Table 3.2), the 

percentage of the minerals mentioned in the literature can be seen in Figure 4.3. From Table 3.2 

and Figure 4.3, it is determined that indicator minerals in the Coso Geothermal site are kaolinite, 

hematite, chalcedony, epidote, and opal. Even though epidote was not used in previous remote-

sensing studies, epidote is mentioned in six out of ten previous studies in this area. This indicates 

a site-specific mineral and could be a good indicator of a geothermal resource. Opal, hematite, 

kaolinite, and chalcedony are selected due to their high presence in the area. They are also 

considered in remote-sensing studies in the area (Table 2.1). Spectral signatures of the indicator 

minerals in Coso geothermal site can be seen in Figure 4.4. 
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Figure 4.1 Percentage of indicator mineral occurrence in Brady and desert Peak geothermal sites 

 

 

Figure 4.2 Spectral signatures for indicator minerals in Brady and Desert Peak geothermal sites 
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Figure 4.3 Percentage of indicator mineral occurrence in Coso geothermal site 

 

 

Figure 4.4 Spectral signatures for indicator minerals in Coso geothermal site 



39 

 

Despite their high frequency of occurrence in Brady, Desert Peak and Coso sites, other 

minerals such as calcite and chlorite were not selected. The main reason is that these minerals are 

abundant in the selected geothermal sites and could lead to misinterpretation since they occur as 

both rock forming minerals and alteration minerals. 

For Kizildere geothermal site, the selected indicator minerals are hematite, kaolinite, 

illite, and epidote. This selection is based on one of the latest alteration mineral studies 

conducted in the area by Ozgur et al., (1998). Quartz and other minerals with high frequency of 

occurrence in Kizildere, such as calcite and chlorite, were not selected as their dual characteristic 

as both rock forming minerals and alteration minerals could lead to misinterpretation. Spectral 

signatures of the indicator minerals in Kizildere geothermal site can be seen in Figure 4.6. 

 
Figure 4.5 Percentage of indicator minerals occurrence in Kizildere geothermal site 
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Figure 4.6 Spectral signatures for indicator minerals in Kizildere geothermal site 

 

4.2 Data Collection 

The types of satellite imagery used in Brady and Desert Peak sites are ASTER, Landsat-8, 

and Sentinel-2. Proxy for the ground truth is obtained from HyMap satellite imagery. All  can be 

seen from Figure 4.7 to Figure 4.10. The types of satellite imagery used in the Coso site are 

ASTER, Landsat-8, and Sentinel-2, which can be seen from Figure 4.11 to Figure 4.13. The 

types of satellite imagery used in the Kizildere site are ASTER, Landsat-8, and Sentinel-2, which 

can be seen from Figure 4.14 to Figure 4.16. Datum used in these datasets is WGS-84. The 

spatial projection is UTM, with zone 11 for Brady, Desert Peak, and Coso; and zone 35 for 

Kizildere. All the satellite images are resampled to three meters to be compatible with the proxy 

of  ground truth, which is a mineral map from HyMap with three meters spatial resolution. 
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Figure 4.7 ASTER imagery for Brady and Desert Peak 

 

 
Figure 4.8 Landsat-8 imagery for Brady and Desert Peak 
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Figure 4.9 Sentinel-2 imagery for Brady and Desert Peak 

 

 
Figure 4.10 HyMap imagery for Brady and Desert Peak 
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Figure 4.11 ASTER imagery for Coso 

 

 
Figure 4.12 Landsat-8 imagery for Coso 
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Figure 4.13 Sentinel-2 imagery for Coso 

 

 
Figure 4.14 ASTER imagery for Kizildere 
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Figure 4.15 Landsat-8 imagery for Kizildere 

 

 
Figure 4.16 Sentinel-2 imagery for Kizildere 
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4.3 Pre-Processing Implementation 

In the pre-processing, radiometric calibration and atmospheric correction were conducted 

for ASTER and Landsat-8 images for all sites. For Sentinel-2 imagery, only atmospheric 

correction was carried out as it had already been in DN format. HyMap did not need any pre-

processing step as it is delivered in atmospherically corrected reflectance.  

 

4.4 Imagery Analysis 

The method used for image processing was target detection, which consists of eight 

methods: ACE, CEM, SAM, OSP, MF, MTMF, TCIMF, and MTTCIMF as described in Chapter 

2. In the first part, image analysis was performed for Brady and Desert Peak sites since the proxy 

for the ground truth from HyMap imagery was only available for these two sites. The selected 

mineral for the first trial was kaolinite as the most commonly found mineral in the area. The 

mineral map from HyMap imagery as proxy for ground truth was based on research conducted 

by Colorado School of Mines (2021). That research stated that for HyMap, the most suitable 

algorithms are MTMF, MTTCIMF, OSP and SAM. Both CEM and MF are considered to be less 

accurate than MTMF; while TCIMF is less accurate than MTTCIMF; and ACE gives notably 

different results from other algorithms. 

For the Brady site, the proxy for ground truth from HyMap imagery can be seen in Figure 

4.17. Figure 4.17 shows mineral map with sufficient amount of kaolinite detected, which means 

that kaolinite predicted is not too much, but also not too little. The image analysis result of 

ASTER is shown in Figure 4.18. In contrast to proxy for ground truth, Figure 4.18 shows 

scattered predictions with random abundance for the target mineral. For example, ACE method 

implementation result shows a small number of target mineral pixels. SAM and OSP methods 

result in too large an area of target minerals. This unbalanced abundance is due to no threshold 

application, which caused all minerals found to be shown in the result. Therefore, this abundance 

must be adjusted by setting the right threshold value, which is discussed in the next sub-section. 

The processing results for all satellites in Brady and Desert Peak sites are shown in Appendix A. 
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Figure 4.17 The ground truth of HyMap imagery for Brady 

 

 
Figure 4.18 The processing result of ASTER imagery for Brady 

 

4.5 Post-Processing 

In the previous sub-section, image processing results show scattered prediction with 

random abundance for the target mineral. Therefore, the right threshold value must be 

determined as a part of the post-processing step to obtain the optimum result. The most suitable 

thresholding method must be selected among all available manual and automatic thresholds. For 

the manual threshold, the value was determined based on the 99th percentile of proxy for ground 
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truth, which is HyMap. The 99th percentile threshold is commonly used since it indicates the top 

one percent of overall values. For Brady, this thresholding method gives 12,143 pixels for the 

result of SAM and 12,315 pixels for the result of other algorithms. For Desert Peak, this 

thresholding method gives 25,150 for the result of SAM and 25,338 for the result of other 

algorithms. Automatic thresholding methods are Default, Huang, Intermodes, IsoData, Li, Max 

Entropy, Mean, Min Error (I), Minimum, Moments, Otsu, Percentile, Renyi Entropy, Shanbhag, 

Triangle, and Yen, as discussed in Section 2.5.  

To select the most suitable thresholding method, all of these methods were applied to the 

HyMap result, with kaolinite as the target mineral. As an overview, threshold comparison for 

TCIMF method implementation result in Brady and Desert Peak sites can be seen in Figure 4.21 

and Figure 4.22. Threshold comparison for all methods in Brady and Desert Peak sites are shown 

in Appendix B. Figure 4.19 and Figure 4.20 show that most of automatic thresholding methods 

give too abundant kaolinite that covers all areas. Methods of minimum, intermodes, and 

shanbhag give too small area of kaolinite in Brady site, which is difficult to identify. Moments, 

Renyi Entropy, Shanbhag, and Triangle methods give sufficient amount of kaolinite in Brady 

site. However, among these four thresholding methods, only Triangle method gives sufficient 

amount of kaolinite.  

 
Figure 4.19 Thresholding method comparison for TCIMF algorithm in Brady site 
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Figure 4.20 Thresholding method comparison for TCIMF algorithm in Desert Peak site 

  

The graphs of threshold value comparison among various algorithms in Brady and Desert 

Peak can be seen in Figure 4.21 and Figure 4.22. These graphs show that Triangle is quite close 

with the proxy for ground truth, except for ACE method. Some other thresholding methods, such 

as Otsu and Li, give similar trend with the ground truth threshold. However, due to inconsistency 

shown in some algorithms, manual threshold is considered to be right choice.  

After choosing the most suitable threshold, the next step is to apply the selected threshold 

to every algorithm in all of the satellite images. The result of target detection after applying 

manual threshold for ASTER can be seen in Figure 4.23 and Figure 4.24. Figure 4.23 and Figure 

4.24 show that after manual threshold applied, target detection result gives sufficient amount of 

mineral, similar with target detection result of proxy for the ground truth.  The result of target 

detection after applying manual threshold for all satellite imagery can be seen in Appendix C. 
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Figure 4.21 Threshold value comparison among various algorithms in Brady site 

 

 
Figure 4.22 Threshold value comparison among various algorithms in Brady site 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

ACE CEM SAM OSP MF TCIMF MTTCIMF MTMF

Brady

IJDefault Huang Huang2 Intermodes
IsoData Li MaxEntropy Mean
MinErrorI Minimum Moments Otsu
Percentile RenyiEntropy Shanbhag Triangle
Yen Groundtruth

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

ACE CEM SAM OSP MF TCIMF MTTCIMF MTMF

Desert Peak

IJDefault Huang Huang2 Intermodes
IsoData Li MaxEntropy Mean
MinErrorI Minimum Moments Otsu
Percentile RenyiEntropy Shanbhag Triangle
Yen Groundtruth



51 

 

 
Figure 4.23 The processing result of ASTER imagery for Brady with manual threshold 

 

 
Figure 4.24 The processing result of ASTER imagery for Desert Peak with manual threshold 

 

4.6 Accuracy Assessment 

Accuracy assessment is conducted in R, which includes computation of accuracy metric, 

namely accuracy, precision, recall and F1.  
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4.6.1 Accuracy Assessment for a Single Mineral: Kaolinite 

In order to simplify the early stage of assessment, kaolinite is chosen as the illustration to 

be discussed. The comparison and overlapping area of the result of the TCIMF method i for 

proxy for ground truth (HyMap) and ASTER imagery in Brady site is shown in Figure 4.25. 

Figure 4.25 shows that from visual investigation, TCIMF for HyMap (a) and ASTER imagery 

(b) gives a similar pattern of kaolinite detection result, which mainly is located in the middle part 

of the area, in the southeast side of the road. This similar pattern is confirmed by overlapped 

areas of these two images (c).  

 
Figure 4.25 The result of TCIMF method implementation for HyMap (a) and ASTER (b) 

imagery, and the overlapped areas of HyMap and ASTER (c) in Brady site  

 

Besides visual assessment, accuracy assessment is undertaken through accuracy 

calculation. Table 4.11 shows the accuracy matrix, which gives accuracy value of 98.28%. Table 

4.2 shows precision, recall and F1 values. Precision, recall and F1 value are quite low if 

compared to the accuracy value. This is expected, as the resolution gap between HyMap and 

ASTER satellite imagery is more than 10 times. The comparison of precision, recall, and 

accuracy values is shown in Figure 4.26. Al though it is not common to have the similar precision 

and recall values, the threshold value used for this research is located at the intersection of these 

values. The result of all target detection methods for all satellites in Brady and Desert Peak sites 

can be seen in Appendix D. Recapitulation of accuracy assessment result for all methods can be 

seen in Appendix E.  
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Table 4.1 Accuracy matrix of TCIMF method implementation for HyMap and ASTER imagery 

in Brady site 

 

 

Table 4.2 Precision, recall and F1 matrix of TCIMF method implementation for HyMap and 

ASTER imagery in Brady site 

 

 

 

Figure 4.26 The comparison of precision, recall, and accuracy value 

 

4.6.2 Fusion of Minerals Maps  

The minerals maps are obtained by fusing result of TCIMF method for ASTER imagery 

in Brady and Desert Peak sites ( Figure 4.27 and Figure 4.28). Figure 4.27 shows that mineral 

detection result in Brady is concentrated in three main areas: (1) in the southeast side of the road, 

(2) in the western part of the site, and (3) in the southeastern part of the site. Figure 4.28 shows 

that mineral detection result in Desert Peak is concentrated in two main areas: (1) in the middle-

western part of the site, and (2) in the north-western part of the site. The minerals fusion result 

for each algorithm for all satellite imagery in Brady and Desert Peak sites can be seen in 

Appendix F. 

Non-Kaolinite Kaolinite

Non-Kaolinite 1,208,628              10,527        

Kaolinite 10,523                   1,788          

Accuracy

Prediction
Reference

98.29%

Precision Recall F1

Non-Kaolinite 99.137% 99.137% 99.137%

Kaolinite 14.519% 14.524% 14.521%
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Figure 4.27 Fusion map of all minerals from TCIMF method for ASTER imagery in Brady site 

 
Figure 4.28 Fusion map of all minerals from TCIMF method for ASTER imagery in Desert Peak 

site 

 

4.6.3 Accuracy Assessment for All the Indictor Minerals  

Based on the accuracy assessment, all methods give more than 98% accuracy for all 

minerals. Precision, recall and F1 values vary for each method from one mineral to the others. 
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Subsection  4.6.1, Appendix D and Appendix E give figures of accuracies for each method in a  

mineral map.  

Figure 4.29 summarizes the accuracy assessment for kaolinite in Brady site, which shows 

that TCIMF gives the highest values. TCIMF is followed by CEM and MF in the second place. 

They are also followed by MTTCIMF and MTMF, which are the modification of TCIMF and 

MTMF. OSP gives high precision value for Sentinel-2, but it shows inconsistency by giving low 

precision value for Landsat-8 and ASTER.  

Figure 4.30 summarizes the accuracy assessment for kaolinite in Desert Peak. Figure 4.30 

shows that OSP gives high precision value for all types of satellite imagery. CEM and MF give 

better precision value than TCIMF in Desert Peak site, except for Sentinel-2 imagery. 

 

 
Figure 4.29 Accuracy assessment comparison for Brady site 
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Figure 4.30 Accuracy assessment comparison for Desert Peak site 

 

The accuracy assessment results for all minerals can be seen in Appendix E. The accuracy 

assessment result for each mineral shows that the application of these methods on multispectral 

imagery gives precision and recall values which are not as high as the accuracy value. This is 

expected as the resolution of these multispectral imagery (ASTER, Sentinel-2, and Sentinel-2) is 

not as high as the hyperspectral imageryôs (HyMap) resolution. Another factor that may cause 

this low precision would be the mineral spectra used. In this study, spectral signatures of the 

minerals are obtained from the USGS spectral library, which may not exactly represent the site 

material. However, from the visual perspective, these two types of satellite imagery show similar 

patterns, which means multispectral imagery and USGS spectral library can be used for 

exploration, particularly in the early stage.  

Accuracy assessment for all minerals in each site are shown as Receiver Operating 

Characteristic (ROC) curve from Figure 4.31 to Figure 4.36. Figure 4.31 to Figure 4.36 show 

that CEM, MF, TCIMF, MTTCIMF and MTMF give good results in Brady. The five algorithms 

actually come from the same idea, as CEM and MF are quite identical; TCIMF is the 

modification of MF; and MTTCIMF and MTMF are the modification of TCIMF and MF 
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respectively. For Desert Peak, SAM and OSP work better than other algorithms. Therefore, it can 

be said that CEM, MF, TCIMF, MTTCIMF, and MTMF perform better with images containing 

human-made structures (e.g. buildings, roads). SAM and OSP perform better with images 

containing limited or no human-made structures (e.g. buildings, roads). 

 

 
Figure 4.31 ROC for ASTER imagery in Brady site 

 

 
Figure 4.32 ROC for Landsat-8 imagery in Brady site 

 



58 

 

 
Figure 4.33 ROC for Sentinel-2 imagery in Brady site 

 

 
Figure 4.34 ROC for ASTER imagery in Desert Peak site 
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Figure 4.35 ROC for Landsat-8 imagery in Desert Peak site 

 

 
Figure 4.36 ROC for Sentinel-2 imagery in Desert Peak site 

 

The  satellite data that gives good results for almost every method is ASTER.  Besides, it 

gives the highest number of algorithms result with more than 5% precision value. It is followed 

by Landsat-8 and Sentinel-2.  

ASTER shows good detection result of kaolinite and chalcedony, for both Brady and 

Desert Peak sites. Kaolinite and chalcedony are well detected as their spectral signatures show 
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absorbance in 2.25˃m (Figure 4.37), which is corresponding to ASTERôs SWIR channel. 

Hematite is also very well detected in ASTERôs result in Desert Peak, since it shows reflectance 

and absorbance in the spectral range of 0.75-1.00˃ m (Figure 4.37), which is correlated with 

ASTERôs VNIR channel. Landsat-8 gives good results for all minerals in Desert Peak, which 

means that it can be used in an area with limited number of human-made structures. Sentinel-2 

gives a random result for all minerals, without showing a certain mineral specialization.  

 

Figure 4.37 Spectral signatures for indicator minerals  

 

4.7 Mineral Maps for All the Considered Sites 

The final version of mineral maps can be seen in Figure 4.38, Figure 4.40, Figure 4.42, and 

Figure 4.44. Minerals fusion maps can be seen in Figure 4.39, Figure 4.41, Figure 4.43, and 

Figure 4.45. The application of other methods can be seen in Appendix F.  

Figure 4.38 and Figure 4.39 show that Bradyôs main geothermal prospect, which is 

concentrated in three main areas: (1) on the southeast side of the road, (2) on the western part of 

the site, and (3) on the southeastern part of the site. This result is quite similar with the proxy for 

ground truth of HyMap imagery. 

Figure 4.40 and Figure 4.41 show that geothermal activity in Desert Peak is concentrated 

in two main areas: (1) on the middle-western part of the site, and (2) on the north-western part of 

the site. In this case study, we only use OSP, in accordance with RoC result.  
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Figure 4.38 Minerals map generated by using CEM/MF, TCIMF, MTTCIMF, and MTMF for 

ASTER imagery in Brady site 

 
Figure 4.39 Minerals fusion map generated by using CEM/MF, TCIMF, MTTCIMF, and MTMF 

for ASTER imagery in Brady site 

 




























































































































































