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ABSTRACT

Geothermal energy plays an important role as a sustainable energy. In order to meet the
future energy denmal, more geothermal resources and utilization are needed. However, the
geothermal industry is not only capHatensive, but also has high uncertainty wheeds
managementf high financial and technicalsks.Conducting exploration to obtain sufficien
information before starting or developing the projeaine 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 isedagud 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 témote sensing analysisnducted foASTER, Landsas,
Sentinel2, and HyMapmages in geothermal mineral mapping is evaludtaght types of target
detection algorithmeamely,Adaptive Coherence Estimat@xCE), Constrained Energy
Minimization (CEM), Match Filtering(MF), Orthogonal Subge ProjectiofOSP) Spectral
Angle Mapper(SAM), Mixture Tuned Match FilteringMTMF), Target Constrained
Interference Minimized FiltefTCIMF), and Mixture Tuned Target Constrained Interference
Minimized Filter(MTTCIMF ) areapplied to each satellite imagan/compare different satellite
imagery andhealgorithms performanceo create the best mineral mapping for geothermal
resource explorationThen a set ajuidelinesare developetbr indicator mineral mapping
using séellite images for geothermal sites.

It is found thatCEM, MF, TCIMF, MTTCIMF, and MTMRperformwell for the images
containing abundance of humarade structures (e.g. roads, buildings). On the other hand,
SAM and OSPperform better for the images witimited coverage of humamade structures
HyMap is usedor groundtruthing due to its high spatiaiha spectrakesolution Thenother
satellite data'accuracy is evaluated using HyMdye satellitedatathat givesbetter accuracfor
almost every method feund to beASTER, which is followed by Lands&tin the second place
and SentineP.
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CHAPTER 1
INTRODUCTION

Geothermaknergyplays a importantrole as a sustainable enerdyprovidesabout 0.4%
of global power generatiofvan der Meeket al.,2014) The bptengeothermal countries based
on installed power generation capaditg the USA, Indonesia, Philippines, Turkey, New
Zealand, Mexico, Italy, Kenya, Iceland and Japan (ThinkGeoEnergy, 202@jdy conducted
by Bertani (2086) shows thatvorldwide installed gothermal capacityncreased significantly
from 200megawatts electridfWe) in 1950 t012,635 MNe in 2015.This trend is predicted to
keep increasing in the futudeie toseveral factors such as population grqwtie increase
energy demandnd energy transitigm concern about fossil fuel linaition and its environmental
impacts, and also the advanwntof technologyin geothermal exploration and production.

In order to meet the future energy demandre geothermaksources and utilitian are
neededHowever, the geothermal industris not onlycapitatintensive but also has high
uncertaintysince itdeals withnatural resourcebeneath the earbhsurface The uncertainty
usually comes from geological features suchtasgcturer lithological characteristEwhich
were not predicted before. These uncertegdffect time and cosispecs in the development
and production stage, whielsolead to high riskrelatedto financial and technical aspecOne
of thewaysto minimize thesefuture projectisksis by condudhg exploration to obtain
sufficient information before starting or developing the project

TheESMAP Geothermal Handbook (201s2ated that the steps of geotherpralject
development are as follows:

1) Preliminary surveywhich is ainedat assessingeothermal potential within arlge area,
such as country or an island his stepusuallyincludesliterature reviewandmineral
mappingby using satellitémagery or known as remote sensinthis study is not limited
to geological or technical aspsdbut also to othgootential issues such as regulation,
political, environmental and cultural aspect

2) Exploration which is aimed at assessing geothermal poteatit@inore localized level
by going on to surface and ssbrfacesurveying ly using geabgical, geochemical and
geophysical method3his stage can consist of several stegsch aremovel from the
simplestone toamore complex onéAn example othegeologicalmethodused is

geological field mappingceochemical methodssed in tis stepinclude
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geothermometryelectrical conductivity, pH, and soil samplingeanwhile, geophysical
surveyingconsists ofjravity, resistivity, magnetotelluritemperature gradient drilling,
and seismic method$his step also includesoredetailed study about netechnical
aspects. All of these technical and ftenhnical analyis form the basis othe pre-
feasibility study resuihg from this stage.

3) Test drilling where the firsexploratory wells are drilledhis stepncludes drilling,
logging and testing worlAs a fulktechnical step, this wortkas the highest risk among
all development process

4) Project review and planningvhichgives afeasibility report as the resulkhis reportis
laterused to determine whether a projetlt go or not,by lookingatnot only technical
aspect, but all aspects comprehensivedych as environmentadocialand financial
aspec.

5) Field developmentwhich includes drillingpf production and reinjection welto meet
the proposed targdbuilding ofthe steam gathering systeamd securing financial source
for the project.

6) Power plant constructionvhich includes the building of all infrastructuresjtgred for
theproject.

7) Commissioning and operatipwhere the operational phase commenceaifall scale.

1.1 Role of Mineral Mapping in Geothermal Exploration

Among all ofthegeothermal development stapentioned abovereliminary survey and
explorationare twaocritical stefs which determine theuccess o& geothermal projeci crucial
component in these two steigamineral mappingThrough mineral mapping, tleecurrencef
minerals in all aresof a prospectivegeothermal sites mappedand used as the basis
delimiting the prospective areldot every part of @eothermal area has the saameount of
potentiaj therefore, delimitatiois important to focusnly onthearea withthe highest prospect.

Mineral mapping could be conducted limythfield mappingandremote sensing. Field
mappinggives highemlaccuracy butit needs much longer time ahdjher cost. Besides, its not
effective if theprospect area igerylarge. Therefore, remote sensing isséfiective toolfor
mineral mapping in thpreliminay survey sage when the target area is very lar§atellite
imageryfor remote sensinguch asAdvanced Spaceboriéghermal Emission and Reflection



(ASTER), Lands&8 and SentineR could be obtainedt no costwhile the one with higher
spatial and spectra¢solution such as WorldVie® and HyMapis relativelycosty. The
acquisition procesof these satellite imageglsoneeds less timascomparedo field mapping
in the whole areaBy doingmineral mappig using satellite imageryhe prospect area could be
delimited for the more detailethapping such adield mineralmappingin the exploration stage

In conducting remote sensiagalysis there arevarioussatellite imageesthat can be
used.Each has its own characteristics, such@ectral temporalandspatialresolution Besides,
each satellite imagery also needs differentgeessing methalsuch as radiometric
calibration and atmospheric correctidmerefoe, the comparison of the satellite imagery is
neededor anoptimum satellite imagergelection

Thereare manyalgorithmsthat can be usedr mineral mappingHowever, not all
algorithms can give the best redolt a givensatellite imageryThereforecomparingthe
performance of algorithms for mapping the minerals from different satellite images is .needed

When obtaining mineral maps using existing algongha method ahresholdings
needed. These thresholdg methodsare used taelimit the large area based oneatain
criterion However, sme methods give toamallanarea as theesult, whichis too specific and
could lead to high risk in thexploration stageSome othemethodson the other handjive a
very large area as the result, which does not medatiget ofthe preliminary surveyo delimit
the target ared herefore an evaluation ofhese thresholding methes alsoneeded to fid the

the besmethodof mineral mapping

1.2 The Research Goal
The goas of this thesisare
1) To compae different satellite imagg andvarious existing algorithms to create
the best mineral mapping for geothermedourceexploration in four siteBrady,
Desert Peak, Coso, and Kizildere.
2) To provide guidelines for indicator mineral mappuging satellite imagder

geothermal sites.



1.3 ThesisOutline

The structure of the thesis consists of the following chapters:

1 Chapter Igives an introductiorotremote sensing fageothermal explorationhesis goal,
and thesis outline.
Chapter gyives a brief explanation about thethodology used in this thesis.
Chapter Jyives a brief descriptioaf each geothermal site, which inclsagological
condition previous exploration in thegion and indicator minerals in easlie.
Chapter 4explainsthe methodology implementation in each siesult and analysis.

Chapter Joresents conclusion amecommendation for future study.



CHAPTER 2
METHODOLOGY
To compare the performance of existing mineral mapping algorithms with various
satellite imageshts thesis implements several methéaismineral mapping ithe geothermal
sites by usingASTER Landsat8, andSentinel2 imagery Themineral mappingesuls are
compared witha proxy forground truth, whichs generatedrom a very high spatial and spectral
resolution satellite imageyf HyMap. The flowchart othe methodology sl in this thesis

givenin Figure2.1.

Step 1: Identification of indicator minerals
Method: Literature review

|

Step 2: Data collection
Satellites: HyMap, ASTER, Landsat-8, Sentinel-2

!

Step 3: Pre-processing
Methods: Radiometric calibration and Atmospheric
correction

l

Step 4: Image analysis
Methods: Target detection
(ACE, CEM, SAM, OSP, MF, MTMF, TCIMF, MTTCIMF)

|

Step 5: Post-processing
Method: Thresholding

l

Step 6: Accuracy assessment

I

Step 7: Mineral maps

Figure2.1 The flowchart of mineral mapping

The first step is to identifthe indicator minerals in the geothermal sitedbyng a
literature study{Figure2.1). The second step ts collect the dataset, which is satellite imagery
The third step is to implement ppeocessing stepsyhich areradiometric calibration and
atmospheric correctioffhe fourth step is to process the imagery with a target detectioondneth

The fifth step is to do pogirocessing, which ® applyathresholdingmethod to the target



detection resulfThe sixth step is to dihneaccuracy assessment which includstablishment of
precision, recall and accuracy matrix. The last stép ¢seate 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 identifyndicator minerals fothe geothermal site This step is
conducted byerformingaliterature studyTheliterature studys aimed atdentifying indicator
minerals in geothermal sggenerally.Then itfocuses onindicator minerals foeachspecific
site, consideringgeologicalcondition, mineralizatiopandalterationin the studyregion as
different sites can give different indicator minerals.

Henley and Ellis (1983nadeallist of indicator minerals in geothermal sitegich can
be seerin Figure2.2. This figure shows thahe occurrence of a certain minecah be used to
identify the temperature of tlgothermal system. For exampdenorphous silicecalcite
montmorillonite heulandite, stilbiteand ptilolite are correlated togeothermal system with
lower temperature, which is about 1T; on the otler handpther minerals such as quartz, K
Feldspar, calcite, illite, biotite, and epidote are correlatechigher temperature, which is about
300°C.

A common set of alteration minerals identified in remote sensing data for geothermal
regions Table2.1) is arranged by Calvin et al. (2015). This table divides common alteration
minerak based on the mineral groups, which are clay, sulfate, carbonate, silica, and borates, and
explains its relevance to their occurrenca geothermal site. For example, one common
alteration mineral in geothermal sitis kaolinite, which is a clay mineralhe kaolinite occurs
as the argillic alteration of feldspar.

Calvin et al. (2015) made the list of geotherimdicatorminerals mapped in some
geothermal sites around Nevadalfle2.2). 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.



Figure2.2 Mineral occurrence based on tpeothermal system temperature (Source: Henley and

Ellis 1983)

Table2.1 Common alteration minerals identified in remote sensing data of geothermal regions
(Calvin et al., 2015)
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Amorphous SiO
Quartz

K- Feldspar
Albite
Calcite
Montmorillonite
Mont-lllite
lllite
Chlorite
Chilorite
Biotite
Actinolite
Tremolite
Diopside
Gamet
Epidote
Prehnite
Heulandite
Stilbite
Ptilolite
Laumontite
Wairakite

100°

200° 300°C

Mineral

Chemical formula and geothermal relevanc

Clay

Kaolinite

Ab(Si0s)(OH)
Argillic alteration of feldspars

lllite

Ko.65AL[Alp.655k.35010] (OH)
Argillic alteration of feldspars or muscovite

Muscovite

KAL(AISiO10)(OH)
Phyllicalteration of feldspars

Sulfate

Alunite

KAE(SQ)(OH}
Advanced argillic alteration of potassium
feldspars.

Gypsum

CaS@2H0
Evaporite deposited by sulfuich springs.




Table2.1 Continued

Mineral Chemical formula and geothermal relevanc
CaC@
Comprises travertine and tufa, which are
Carbonate| Calcite deposited by subaerial and sublacustrine
calciumrich springs, respectively; also occu
in veins.
SiQ:nHO

Amorphous silica gel;may fill fractures or be
deposited as hot spring sinter. As sinter age
develops structural order similar to quartz.

Nax(B:Or)-5H0
Borates | Tincalconite Evaporite formed near boratgch springs;
observed in playas.

Silica Opal/chalcedony

Table2.2 Geothermalndicatorminerak mapped in geothermal sites around Nevada (Cad¢in

al. 2015)
Geothermal Site  |Kaolinite|lllite / muscovite| GypsumAlunite| Travertine / tufa| Borate| Sinter
Steamboat Springs X X X
. NF RéQamnm5$a&NIl t St X X X
Pyramid Lake X X X X X
Buffalo Valley X
Teels, Rhodes,Columblus X X
Fisk Lake Valley X X X X X X
Dixie Valley X X X

2.2 Data Collection

The second stepf the methodologys data collectionThis stepncludesalliterature
studyabout the characteristics of edagpe ofsatellite imageryincludingspectral range,
resolution,andavailability for eachargetsite. Thislist of satellite typs and their characteristics
formsthe basidor selecing thetypes of satellite imagerty be usedThe types of satellite
imagery usedor geothermal exploratiorac be seen iTable2.3, whichalso shows the
wavelength range, number of channels, and spatial resolution for type of satellite imBgery
illustration of wavelength covered by variousatellite imagery can been inFigure2.3, which
shows that most satellite imagesyich as ASTER, Lands8tand SentineR, haswavelengtls
in the range oVisible Nearinfrared(VNIR) andShortwavednfrared(SWIR).



Table2.3 Types of satellite imagery used for geothermal exploration (modified from Calvin, et

al. 2015)

Instrument Operator |Wavelength# of channelsSpatial resolution
Advanced SpaceborneThermal 0.5-0.9 3 15
Emission andReflectionRadiomete]f NASA & Japal 1.6-2.45 6 30
(ASTER) 8.0-12.0 5 90
Thermal InfraredMultispectral
Scanner (TIMS) NASA & JPL| 8.2-12.2 6 50
Spatially Enhanced Broadband Arrg
A C 7.8-13.5 128 2
Spectrograph System (SEBASS) erospace Lofp
. 0.46-2.39 25
MODIS-ASTER Simulator (MASTE NASA & JPL 7 76-12.88 10 5.0-10
Airborne VisibleInfraredimaging
Spectrometer (AVIRIS) NASA & JPL| 0.45-2.5 224 5.2
HyperSpecTIR
SpecTIRC 0.47-2.4 227 3
(HST) pec orf
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
Landsat-8 NASA & USG{ 0.5-0.68 1 15
10.6-12.51 2 100
0.490-0.842 4 10
Sentinel-2 ESA 0.705-2.19( 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
WorldView- D IGI
orldview-3 igitalGlobe 1.195-2.364 8 3.70-4.10
4.05-2.245 12 30
\ ASTER (3) | [ ASTER(6) |
| TIMS (6) |
\ SEBASS (128) |
MASTER (25) | | MASTER (10)
[ AVIRIS (224) |
\ HST (227) |
\ HyMap (126) |
\ ProSpecTIR (<400) |
‘ Landsat-8 (8+1) ‘
‘ Sentinel-2 (4+6+3) |
| WorldView-3 (1+8+8+12) |
VNIR SWRrR . TIR
0.4 0.9 2.5 7.8 12

Figure2.3 lllustration of wavelength covered by variousatellite imagery



The types of atellite imagery used for this thesis are ASTER imagery from 2007 or
earlier,Landsat 8 from 2021, Sentinel from 202hd HyMapfrom 2003 ASTER, Landsai8
and SentineR imagesareused in this thesis dlsey are availablat no costBesidesTable2.4

shows thatnany studiesiave been successfulnmappinggeothermal indicator minesby

usingVNIR and SWIR bands dhesethreemultispectral imagées Hyperspectral HyMap

imagery is utilizd as theroxy forground truth sincélyMap has the highespectraland spatial

resolution which giveselativelyaccurate mineral maps

Table2.4 The utilization of VNIR and SWIR bands in geothermal mineral mapping

Publication

Site location

ASTE

R andsat §

Landsat 7

Sentinel 2

HyMap| MASTERAVIRIS

bProSpecT]

Kennedy-Bowdoin et al.
(2003, 2004)

Dixie Valley, Nevada

X

Hellman and Ramsey
(2004)

Yellowstone, Wyoming,
Idaho, Montana

Kratt et al. (2006)

Brady-Desert Peak, Nevaga

Kratt et al. (2010)

Pyramid Lake, Nevada

Lamb et al. (2011)

Dixie and Fairview Valleys
Nevada

Littlefield and Calvin (2014ish Lake Valley, Nevada

Abubakar et al. (2019)

Yankari Park, Nigeria

Salamba et al. (2018)

Wayang Windu, Indonesia

Erenoglu et al. (2019)

Tuzla, Turkey

Yalcin, et al. (2020)

Afyonkarahisar, Turkey

Tompolidi, et al. (2020)

Nisyros, Greece

Hewson et al. (2020)

East Africa

Mahdevar et al. (2014)

Sheikhabad, Iran

X [ X | X | X |X

ASTER is the product dflational Aeronautics an8pace AdministrationNASA) and

Japan's Ministry of Economy Trade and Industry (MEABTER capturesroadspectral

resolution datawhich consists 014 bandsTable25s h o ws

ASTEROSs

compriseghree opticalsensing subsystems: VNIR, SWIR ahgermallnfrared (TIR)

wavelengthsThese ASTER datasets are obtained fhitps://search.earthdata.nasa.gov/search

band

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

speci

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

resanpling 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.
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Table25ASTERG6s bands specification

Module Band No. |Spectral rangeXm)| Spatial resolution (m)

Band no. 1 0.52-0.60
Band no. 2 0.63-0.69

VNIR Band no. 3N 0.78-0.86 15
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

SWIR Band no. 7 2.235-2.285 30
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

TIR Band no. 12 8.925-9.275 60
Band no. 13 10.25-10.95
Band no. 14 10.95-11.65

Landsat8 is the product of NASA anthe U.S. GeologicalSurvey (USGS)Table2.6
showsLandsat8 imageryspecification thatonsists ohine Operational Land Image©O(l|)
bandsandtwo Thermal Infrared Sensor§IRS) bands These Lands&e8 datasets are obtained

from https://glovis.usgs.govym.

Table26lLandsat88 6 s bands specification

Band No. Band name { LISOG NI t |Resojubs (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 30
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

Landsat8 product used in this study is the product of Level 1TP, or widely known as

L1TP, which is the standard radiometrically and geometrically corrected Leh@dtdata
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product. Barsi et al. (2018) mentioned this product as DN with coefficientglptbio convert it
to either radiance or reflectance.

Sentined2 is the product othe European Space Agendy$A). The Sentinel2 missionis
a constellatiorof two identical satellites, name8entinel2A (S2A) and SentinekB (S2B),
which work simultaneously arate locatedt 180° to each othefable2.7 showsSentinel2
band specification that includ&8 spectral bandgring from VNIR to SWIR TheseSentind-2

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

Table2.7Sentinel2 6 s bands specificati on

Spatial Resolutio S2A - S28 -
(m) Band Number Central Wavelength| Bandwidth | Central Wavelength| Bandwidth

(nm) (nm) (hm) (nm)

2 492.4 66 492.1 66

10 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

20 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

60 9 945.1 20 943.2 21

10 1373.5 31 1376.9 30

Sentinei2 data productised in this studis a radiometricallyand geometrically corrected
imageknownas LevellC (L1C) as this is the only Levdl Sentinel product accessible for
public. Different from ASTERL1T andLandsat8 L1TP product that contained data ifN[ihis

Sentinei2 L1C product contains ortheectifiedscaled topof-atmosphere (TOA) reflectance.

Table2BHy Mapd6s bands specification

Module { LISOG NI £ |NSBpgtial SesobutiolY (@n)
VIS nénp ¢ phhdPyd 35
NIR noeydg ¢ mMmdop 35

SWIR1 Mm®énn ¢ MPyn 35

SWIR2 MdPpp ¢ HPny 35
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HyMap, whichis usedas aproxy for groundruth,is a commercial hyperspectral sensor
developed by Integrated Spectronics and operated by HyVista Corporation.

Table28s hows Hy Ma p 06 s iob, avithdpectral ragesibétweenad#45 and
2.48 em, and c o mp fourmadgles: V5 NIR; VAR arel ISWIRZA HyMap
satellite imagery is atmospherically corrected reflectance data.

ASTER, LandsaB, Sentine2, and HyMap have different bansisecifications. Relative
visualization of these spectral bands is giveRigure2.4. It shows that ASTER, Landsat
Sentinel2, and HyMap have waveigth in the range of VNIR and SWIR. However, HyMap has

more channels that cover the whole ragfeVNIR and SWIR completely compared to the other

three satellites.

(H | [H i \ e
0 /&.s | 1 ) ) 2 2.5um
L1
I H |
b /_05_ ) 5 : 2l5um
TN

(|] 0.5 1 1|_5 2 2.]5pm
Figure2.4 Relative visualization of ASTER,andsat8, Sentinel2 andHyMap spectral bands
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2.3 Pre-Processing

The third step is tanplement preprocessing stepsuch as radiometric calibratiamd
atmospheric correctioMSTER andLandsat8 store the dataset &N. Beforebeingusedin
spectral analysisheseimagesmust be converted BOA reflectanceor radianceln ENVI, this
conversioroccursthrough a processalled radiometric calibration

For ASTER,AST_L1T User Guidelefines that taradiance can be obtained from
ASTE R L DN @akiesby using unit conversion coefficient dble2.9) throughthe equation
below.

Radiance asensor = (DN valué 1) x Unit conversion coefficient (2.1

Table2.9 Calculated unit conversion coefficients (AST_L1T User Gua{®0
''yAG I 2y OBSNERAZY [ 2S8SFF

Band No. 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

TheLandsat8 Data User Handbook definBiN conversion as:

L_=ML x Qear+ AL (2.2)

Where:

L_ = Spectral radiance (W/{#f sr * em))

M. = Radiance multiplicative scaling factor for the band
(RADIANCE_MULT_BAND_n from the metadata)
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AL = Radiance additive scaling factor for the band
(RADIANCE_ADD_BAND_n from the metadata)

Qca = Level 1 pixel value in DN

Besides radiometric calibrationtn@osphericcorrectionis another crucial prprocessing
step inspectral analysis. Two of the bestd most wetknownatmospheric correction methed
are QJick Atmospheric Correction (QUAC) and Fast Liakesight Atmospheric Analysis of
Spectral Hypercubes (FLAASHA technicd note published by ENWith the title Module:
QUAC and FLAASH U sbheaf exgandBanialba thepe twensethads.

QUAC is an atmospheric correction methodW¥dNIR and SWIR bandthat can be used
for bothmultispectral and hyperspectral imageQUAC determines atmospheric compensation
parameters directly from the information contained in the imagetiyout ancillary
information.QUAC works fast agis principle is based ane empiricafinding that the average
reflectance of groupof diverse spectrs scene independerUAC can give reasonably
accurate result, even if the sensor does not peoggercalibration or the solar illumination
intensityis unknown

FLAASH starts from a stalard equation as follows:

0" 0" . (2.3

v p ” “Y p ” "Y U

where:
" = the pixel surface reflectance
" = is an average surface reflectance for the pixel and a surrounding region
S =the spherical albedo of the atmosphere
0 =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 imafgem
which the spatially averaged reflectaricas estimated using trepproximate equation:

. 0 07 . 2.4
vV — v @4
p Y

2.4 ImageAnalysis
The fourth step is to procege imagerywith atarget detectiomlgorithma For this

purposeENVI softwareis adoptedTarget detection isonductedy applying all available
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algorithmsin ENVI, namelyAdaptive Coherence Estimat@CE), Constrained Energy
Minimization (CEM), Match Filtering(MF), Orthogonal Subspace Projecti@SP) Spectral
Angle Mapper(SAM), Mixture Tuned Match FilteringMTMF), Target Constrained
Interference Minimized FiltefTCIMF), and Mixture Tuned Target Constrained Interference
Minimized Filter(MTTCIMF )

2.4.1 Adaptive Coherence Estimator

Adaptive Coherence Estimator (ACiE)a uniformly most powerful (UMPipvariant
detection statistievhich is derived fronGeneralized Likelihood Ratio (GLR) approa&CE is
the ratio between a match filter outgund two vector magnitudeshe calculation of ACE is:

Q3 (2.5)

O W - -
Q3 Q w3 w

Where:
d = target spectrum
w= the spectrum of the evaluated pixel

0 = the background cwariance matrix

2.4.2 Constrained Energy Minimization

Constrained Energy Minimization (CEN§ commonly used in target detection and
image classificationt selects the target signature to be detbdt designsa finite impulse
response (FIRfjliter to pass the targeind minimizegesuls obtained from unknown sources.
However,Wang et al. 2013) states that CEM is not the best algorithm as it igribesexistence

of unwanted targetand treatstias a part ofnterferenceThe calculation of CEM is:

o o Q3 w (2.6)
Q3 Q
Where:
d = target spectrum
w= the spectrum of the evaluated pixel
G = the background covariance
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2.4.3 Match Filtering

Match Filtering (MF) is quite similaio CEM. It doesa partial unmixingvhich focuses
on the target and minimizes the resulantinknown sourceMF calculates the result for each
pixel and examirgthe output for thexpectedarget Soydan 2017).The data mean in MF is
subtracted from ajp i x eektdrss which makedlF meancenteredThe calculation of this
problem is:
Q ‘3 w ' 2.7

Where:

d = target spectrum

w= the spectrum of the evaluated pixel

G = the background covariance

= vector containing the mean background

2.4.4 Orthogonal Subspace Projection
Orthogonal Subspace Projection (Q@Rjorithmcould reduce the dimensionality of the
datasetdecreas¢he reponses of unknown sources, adentify the occurrence of the target

signaturesimultaneouslyHarsanyi, 1994)

C

Q
Q

@ (2.8)
Qe

0 w

C4

Where:
d = target spectrum
w= the spectrum of the evaluated pixel
0 =is the orthogonal subspace
Jinet al.(2009)statel that in this equation)) is the subtraction 6D Y™¢, where L
is the number of the bands, U is the matrix of-temget spectraand™¥'= (Y Y 7Y is the

pseudoinverse of U

2.4.5 Spectral Angle Mapper
Kruse (1993) stated th&pectral Angle Mapper (SAM)efinessimilarity among spectral
signaturs by lookingatthe angle between two spectra aodsideing them as vectors in a
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spae with dimensionalityequal to the band numbe&oydan (2017) stated that this method uses
multidimensional FD angle tomatch the target pixels with reference speatrd attenuates
illumination and albedo effects by concentngton the trend of both spect&pectral angle
calculation for rRD data cubes:

Qw (2.9)

QQ 7T o 7

0

Where:
d = target spectrum

w= the spectrum of the evaluated pixel

2.4.6 Mixed Tuned Matched Filtering

Mixed Tuned Matched Filterind{TMF) is anMF algorithm which has beenodified
by addng an infeasibility image to the results. Thumction oftheinfeasibility image is to
minimizefalse positiveresult which is correlated witha high infeasibility and a low infeasibility
value.Mundt, et al. (2007) thahe steps tacalculae theinfeasibility value of each pixalre: 1)
determiningthe target vector component of the pj»@) interpolaing varianceeigenvalues
respective to the target vector component, and 3) caluylaie standardized separation between
apixel and its ideal target vector compondrtetarget vector componenwhichis the scalar
product of its MFscae and the target vectas;

0 o O o (2.10)

Where:
O = MF value of the pixel

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

2.4.7 Target Constrained Interference Minimized Filter

TargetConstrained nterferencéMinimized Filter (TCIMF) is a modification of ACE.
The difference is that TCIMF could manage undesired target spectrum,is/igaored by ACE
(Wang et al., 2013).

P (2.12)

0 ® 3 Q6 AD3 Q6 o

Where:
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d =desiredtarget spectrum
u = undesired target spectrum
w= the spectrum of the evaluated pixel

{ sample autocorrelation matrix

2.4.8 Mixture Tuned Target Constrained Interference Minimized Filter

Mixture Tuned Targe€onstrained Interference Minimized FiltéddTTCIMF) method
combirestwo target detection algorithms, namely MTMF and TCIMRhan and Arfania
(2018)stated thaMTMF utilizes MNF transformed image to perform M#ienadds an
infeasibility image to reduce the number of false positimadthenconstraints TCIMF to reduce

nontarget and interference to improve the result quality.

2.5 PostProcessing

The fifth step is tawonduct gpostprocessingThis step includethresholding whichis one
of the segmentation methotdsdistinguish an object from its surroundifgr a threshold, the
pixel with valuef is categorized aan objecif it isf >t, and categorized dsmckground
otherwiseThis threshold is needed givethe optimumobject, or mappedirea for analysis,
instead ofyiving too large or too small aredhresholding methainclude manual and
automatic threshold in Rthere arel6 automaticdhresholding methodsommonly useah image
processingThese methodareDefault, HuangintermodesisoData Li, Max Entropy, Mean,

Min Error (1), Minimum, MomentsOtsu, PercentileRenyi Entropy ShanbhagTriangle and
Yen.

Defaultmethod or iterative intermeas)is a variation oflsoDatathresholdalgorithm.The
gray level histogram of an image usually gives two peaks: one is from the object and the other is
from the surrounding Ridler and Calvard (1978) stated that this technahaoses the optimum
threshold which should be between those pedlesed oraniterative processlhefirst stepis to
make an initial guess dt for example based on the median valilee second step is to calculate
the mean pixel value in each categar@melye; for those higher that ande: for those lower

thant. The next step is te-estimate t as halvay between those two means
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t t (212

The Huangmethodfinds an appropriate threshold valuetloynimizingan i nput | ma g ¢
fuzzinessei t her based on Shannonds entfHogny, functi o
1994) The entropy of an image s€twith sizeM x N by using hstogram informations defined
as

06 —P _ ~¢ 00 (2.13)

Where:
=0, 1;1 ¢é,
"Q"Q = number of occurrences at the gray Ie@®h an input image.

"Q = fuzzinessat the gray levellin X

Intermodegnethod whichconsiders the data as a bimodal histogram, soe®othing
iterationto generag¢ two local maximanamely] andk. Prewitt (2006) stated thdte threshold is
the average of those local maximhbich can be written as:

5 ”Q_~Q (2.149)
C

IsoDatamethodis the basis ofhe Default algorithm The difference is that this algorithm
allows the preselection of bright and dark padf the imageSimilarto theDefault algorithm,
theidea isto guess the initial thresho(t), calculate thaverage value dhe two groups: the
pixels with lower tlan or equal to threshold valgeg and the pixels with higher valdkan the
threshold( 2. After that,the tireshold value i;xcremented. The process is conducted iteratively

until the value is bigger than the composite average

t t (2.15)
C

0

Li algorithmisbased n Li 6 s Mi ni mum Cr oss \Whichis opy t hr e
conductedwith iteration(Li and Tam 1998) For the image with the histogramand gray level

range [1, [, the zeroth and the first moments of the foregrquortionsaredefined as
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i Oandi  Orespectivelythezeroth and the first moments of the backgropadionsare

definedasi Oandi  Orespectively
i o 2.16
P I« (2.16)
I 0
i o 21
t o — (217
I 0

Afterthatt he porti ons & nedaandt a r8dheeduatioioned as

calculate the optimum threshold is:
e t o (2.18)

‘ Ol OFA S S
© aERoOo I 1tCo

Where:

n O O
The iteration caverges untib  value is equal to 8

MaxEntropyis based orKapurSahoeWo n g6 s maxi mum entropy t hr e

(Kapur, 1985)Glasbey (1993) wrote &t thHs equation requires the partial sums:

(2.19)
(0 O E

Where:
j = 01 é
The formula

% . % % . .
2 il —= 1ic ! (2.20

is eval uat e d-1,faraltis s¢t to the @lue gfat which it is maximized.
Meanalgorithmconsiders the mean gfey levels as the thresholdl could be used when
therelativeproportion of theéwo categories is unknow(@lasbey, 1993)The calculation is:

5 %_ (2.21)

Min Error (1) was proposed b¥Kittler and Illingworth(1986. This algorithm is
commenced by guessing the initial value.dfhe secondtep isto calculae the proportion 1),

means‘(  and variance(:?) for two groupsthose pixelsvith values lower than or equal to
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and those pixels with values higher thahhe third step is toe-estimate the value of which is
defined by:

M # (2.22)
0
I

Where

)

6 — —

o ‘ ‘ \ ,th

o — — as—Qq—

The next step is to repeat the second and the third step vadtie converges to be stable.

Minimum algorithmis similarto intermodes method, which assumes the existenae of
bimodal histogramThe final threshold is such that

Vi 12O wy (2.23)

Moments method isbasedon Ts a thésholding Theideais to preservéhefirst three
momens as the gray level imag&lasbey 193). For an imagé with n pixels thefirst three
momens can be defined as

m=B § & ifori= 1, 2, 3, ¢ (224)

Where:
n =¢7e

G = gray values

Otsualgorithm is known aa nonparametric and unsupervised automatic thresigpld
method It maximizes the separability of the resultant classes in dggaglsby utilizing the
zeroth and thefirst-order cumulative moments of the gti@yel histogran(Otsu,1979) The
first step of this algorithm itnormalize grayevel histogrars andto determineboththe

probabilities of class occurrence fand the class mean levélssfgr each classThe next step is
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to determine the class variange 0 . The optimum threshold is related to the maximum value of
., 08
Percentilemethodassimes thdraction of foreground pixels to be 0Gne thingto
consider about this algorithm is that it gives more information Wizt is neededr his too
much informatiorcanlead toincorrectconclusiors as the unnecessarnformation cardismiss
the most important padf the result.
Renyi Entropy method is similar to the Max Entropy method, which is based on-Kapur
SahoewWongé6s t hresholding method (Kapur, 1985) b
Shanbhaglgorithm isthe modificationof KapurSaltooWongés t hreshol di ng
(Shanbhagl994) The optimum threshold selected in this algorithm is the one that minsmize
the discrepancy of information obtained fréme two groups.
Trianglemethod assumeabemode of thedatais nearone side of the histogram. The idea
of this algorithm $ to findon which side the skewness goes and deterthahreshold in that
range(Zack, 1977).
YenmethodisbasednYen6s Aut omati c Mul tetal(189b)statedT hr e s h
that therearetwo important factors in this algorithr{il) the discrepancy betwedme
thresholded and original imagend (2)the number of bits required to represent the thresholded

image

2.6 Accuracy Assessment

The sixth step is toarry outanaccuracy assessment which includstablishment of
precision, recall and accuraeglues Thesevaluesare used to evaluate tpeediction result, by
comparing it to thground truth These threenatrices are closely related witie confusion
matrix (Table2.10), which shows the connectiorbetweernthe ground truthandthe prediction
value The confusion matrix also shewow to classify the valsasTrue Positive (TP), True
Negative (TN), False Positive (FP), and False Negative. A& Table2.10, it can be seen
that TP is when thground trutheand prediction valuearepositive TN is when both give
negative valug FP is when thground truthvalue is positivewhile the prediction value is
negative andFN is when thground truthvalue is negative, while the prediction value is
positive. These definiti@arenot limited to positive and negative vafibut also to other types

of classification.
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Table2.10 A typical confusion matrix
ACTUAL

Negative Positive

FALSE
Negative NEGATIVE
FALSE
Positive POSITIVE

Precision isused to measure the percentage of TP among all pgsitdectedvalues

PREDICTION

Recall is used to measure the percentage of TP among all pgsitived truthvalues.Accuracy

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

predictions.
Precision = (2.25)
Recall =—— (2.26)
Accuracy =—— (2.27)

Thesevaluesare used as the basws determining thenost suitable satellites ancetbest
algorithm forgeothermal indicator mineral mapping. This evaluation also cosshdevisual

aspect by looking at thatensity and the trend ¢fie mineral appearance in theedicted map

2.7 Mineral Map s
After doing allof those steps, the last stepidreatethe finalgeothermal indicator
mineral magby applying the selected algorithm to the selected sateihitgeryASTER for all
sites.In this final mineral map, alinerals 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 SIDIES
The methodology described in Chapter 2 is implemetatéae Brady, Desert Peak, Coso,
andKizildere geothermal sitegrigure3.1 showsthe location ofBrady and Desert Pealtesin
Nevada which areonthe northwestersideof the Great Basinwhile Coso is located in
California, on the north of Los Angeles amwththewest of Las Vegaslhey are located irthe
United Statesindselected as they are well documenteérefore, they can support this research
with reliable informationFigure3.2 showsthe location oKizildere in Turkey in the west of
Denizli, andchose& asan evaluation site to apptiie selectednetod in arelatively different
environment, either from geological or geographical aspetést the potential of remote

mineral mappingn aglobal scale.
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Figure3.1 The location of Brady, Desert Peak, and Coso geotherrealrsthe United States
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Figure3.2 The location of Kizildergeothermasitein Turkey

3.1 Brady and Desert PeakGeothermal Sites
Figure3.3 showsBradyand Desert Peajeothermaskites whicharelocatedin Churchill
County, Nevadandin theNorthwest Basin and Range GeotherigblorationRegion They are
both owned and operated by Ormat Technologies.
TheBrady power plant is currentlyperatingwith amean capacitpf about 26 MW The
commissioning was undertaken in 199Bere are thremjection and six production wells active
on Brady geothermal fieldherange ofreservoir temperature etweerl80-193°C, with
estimated reservoir volume ab&ut7 kn?. Related tatheh y dr ot her mal acti vity,
zoneis the most significant fault in the regiorhe lithology of its host rock is metanphic
rock, while the lithology of its cap rock is hydrothermally altered volcafibge.surface feature
of this geothermal site B 4km-long, includingNNE-trending zme of extensive sinter, warm
ground, fumaroles, and mud pots along the Bra
TheDesert Peak power plant is currently operating. The commissisr@agonducted
in 2007. Its mean capacity is about 23 MW, with mean reservoir temperatut€ 208
estimated reservoir volume about 9.45°kBifferent from Brady, which has surface

manifestations, Desert Peak is a blind geothermal system with no surface manifestations like hot
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springs or fumaroles. Benoit et al., (1982) mentidesert Peak abe 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 greenstonehile the lithology of its cap rock is lacustrine

sedimentary rocks.
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Figure3.3 The location of Brady and Desert Peak geotherma site

Brady and Desert Peak are two geothermal sites locatkd imorthern HoSpring
Mountains, northwestarGreat BasinLittlefield and Calvin (2014) stated that the most
commonlygeothermal indicator minerals in this Great Basin are alunite, opal, calcite, muscovite,
montmorillonite, chlorites, gypsum, and titaanite. Littlefield and Calvin (2014) also
mentioned the occurrence kdolinite and hematite, includingon-stainedkaolinite.

Benoit et al. (198) stated that one of the earliest papers focused on geology and
geot her mal devel op meavastwritterf by Bestarlthy and Antiéilol962,Spr i n g
which mentioned the occurrenceasfopaline sinterMeanwhile,Olmsted et al. (1975)
described altetion products in Brady Blot Spring as tufa, sinter, salts, sification of rocks,

oxidation of metallic elements to orange, yellow, and white deposits, formatiaoldiite.
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Kratt et al. (2003) validated the occurrence of calcite, opal and kadlimte Br ady 6 s Ho
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 nort otSprmg evenadhouginchacadony is adt incBided d y 0 s
in their mineral map. More mineral vaiiegin 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 suchs 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 studigsmmarizedn Table3.1. This table shows that
the most commonly found mineral in the area is kaolinite, which is mentiomaaeliterature
studies The next comnonly found minerals are calcite, chlorite and hematite. Thisslist
adjusted in the mineral selection, based on their occurrence as rock forming minerals or
alteration minerals, and also based on their abungdasmieh showgheiroccurrence as

signatureminerals or not.

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

power plants anthetotal of nine 30 MW turbingenerators, which produce a total capaofty
270 MW. Thereservoir temperatutie 298°C and estimated reservoir volume 35.51kits
host rock lithology is granitic. The surface features of this geothermal site are fumaroles, hot
springs, hydrothermally altered rocks, and travertine deposition.

Figure3.4 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 Lakesdntly funded by pivate

investment. It is currently owned and operated by Coso Operating Company.
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Table3.1 Indicator minerals in Brady and Desert Peak geothermal site

Key minerals in {ﬁa & b 1‘ 6@\ & &'\»\ z&"’\g@ “*%clh@ &ée@ -C}\Iégr: ch;\ @ ’zb @
Brady and Desert Peak & -6 <b o Q by \f\\‘o’ & *@'5’ S N Y *ér‘.’& of &8
Alunite X 1
Amphibole, Hornblende /Actinolite * b ¥ X 3
Analcime X 2
Anhydrite 1
Ankerite X 1
Biotte®* X X X 3
Calcite * X X X X X x X -
Carbonate® % 1
Chalcedony X % X 3
Chlorite* X X ] X X 5
Clinoptiolite X b 2
Clinopyroxene x b X 3
Cristo balite X 1
Dolomite b b X b 4
Epidote® % ® % 3
Epsomite X 1
Gypsum* X X X 3
Hematite * X X X X X 5
ite x x X x 4
Kaolinite X X x x X X x X x -
K-feldspar® % ® ® % 4
Laumontite X X 2
Magnetite b b X 3
Montmoerillonite X 1
Muscovite * X 1
Opa X x X X 4
Pyrite * X b b X 4
Quartz* % E * X 4
Serpentine X X 2
Siderite X 1
Sinter X X x 3
Smectite x x X x 4
Sphene (Titanite )* b 1
Stilbite X 1
Tincalconite X 1
Tourmaline X ¥ X X 4
Travertine X 1
Tufa X X X 3

WY
L

* Rock forming minerals

Least abundant
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Figure3.4 The location of Coso geothermal site

Ross and Yates (1943) stated tihatrimal phenomena in Cobavebeen known since
1875. An associated lowgrade mercury deposits of the Devil's Kitchen and Nicol prospects were
discoverd in 1929 Hulen (1978) stated that in 1948etU.S. Bureau of Mines drillexbme
holes in each of tleeprospects butlid not findcommercial concentrations of mercury ore.
Hulen (1978) also stated thaetpotential of the Coso Hot Springs area as a source of
geothermal energy was first recognized by Austin and Prindl87Q subsequently classified as
a Known Geothermal Resource Area (KGR¥)Godwin and otheris 1971

Later,Hulen (1978)id researctabout geology and alteration in the region. He found
that surface alteration at Cosmnsistedf three main typeslay-opatalunite alterationweak
argillic alteration andstockwork calcite veins and veinlets, which are locally associated with
calcareus sinterGalbraith (1978published an articleelated to geological and geophysical
analysisin a geothermal exploration hole in Coso. Tdmiicle mentioned about the finding of
two main ypes of alterationin the hole. The first wadggioclase grainswvhichare altered to
sericite epidote andcarbonateThe second type wakloritization

In 1986, Echols did a study about Surficial Alteration and Spring Deposits of the Wheeler
Mercury Prospect, Coso geothermal ArElae types of alteration observeth 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 compositoesq which found that
alterationin the fracture zonesas dominated byesicite, calcite, quartz, hematite, biotite,
epidote, chlorite

In 1996, Lutz did a study abontineralogical and fluid inclusioim Cosq which
observedypes of alterationare as follows:

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

(2) llite -smectite zone: illitesmectite and chloritesmectite, calcite, hematite

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

Adams (2000¥id a study abut geologichistoryin Coso Hefoundfossil sinter and
travertine deposit (calcite) on the east skehols (1986) mentionetie occurrence adn
opaline sinter deposit at the Wheeler prosp€otac (2003 studied gologicframeworkin East
Flank, CosoHe found ypes of alterationas bllows:

(1) cdcite, quartz, chlorite, and hematite at shallow depdhsl

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

wells.

In 2014, Hwanglid astudy about waterock interaction in Cosayhich observed the
typesof alterationas follows:

(1) Albitization of calciecplagioclase

(2) Potassialteration: secondary-keldspar, 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 literatusgudy, indicator minerals in the Coso geothermal site and their

presence in the previous study can be summariz&dlds3.2. 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 ifour of the literature.

Table3.2 Indicator minerals in Coso geothermal site

23 ) S\ N SN @\
AP
A > 5 S &S \:?@
Key minerals in = ) ‘?

& &
Coso ‘s'{a < &@0 +° & W & & e oF

Albite X
Alunite X
Apatite® X
Biotite™® b b
Calcite® X X X X X

Carbonate® X
Chalcedony X
Chlorite™® X

Epidote® X %
Goethite™ X

Gypsum*
Hematite® X
lllite X X
Kaolinite X

3 3|3 [ [

EREREN RN N

[ | |

K-feldspar® X X X
Montmorillonite X
Opal X X X X X
Pyrite® %
Pyrrhotite®
Quartz* X X X
Sericite X
Smectite X X X
Sphene (Titanite)* X
Stilbite X
Wairakite X X

|3 | | [
¢

3 3 |5 [

x [%
s | | [
4
NHN.E.HNLHH&J‘I&UHW.EE.MHHH
‘

* Rock forming minerals

Least abundant

3.3 Kizildere Geothermal Site

TheKizildere geothermal sitis located in Saraykdy district, Denizli Provingggure
3.5). Kizildere is in the AegeallVest Anatolian Extensional Regiand hosted by thBuyuk
Menderes grabeim Denizli Province (Halacoglu et al., 2018he power plant is one of the
earliest and biggest geothermal power generators in Turkey. Thissfeeldently operating and
utilizing 42 production and 28 injection wells, with a total gross capat@p0 MW. The first
power plant was commissioned in 1984, whigksfollowed by the second and the third
installations in 2013 and 20&spectivelyThe currentoperation has bearonducted byorlu
Energy Inc. since 2008.

32



28°50'0"E 28°52'30'E

N
LEGEND

[ kizildere geothermal site

z
o
‘g
A
&
i
®

37°57'30"N

37°55'0"N
37°55'0"N

00.376.75 15 225 3
[ = Km

A

28

e

°52'30"E

28°50'0"E

Figure3.5 The location of Kizildere geothermal site

The range of source temperature at the first reservoir found in the area is between 240
260°C.TheKi zi |l dereds estimated P 6esaalyitshostrocko! ume
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¢onducted study with the scope of thermal fields consisting of Kizildere
TekkehamanBuldanPamukkale. 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 maal@enainly dominated by daite; schist and
gneiss consist of various minerals such as chlorite, biotite, feldspar, muscovite, hornblende, and
quartz.

The basement is overlaiby sedimentsvith continental and lacustrine characteristics
which was categorizeidto four lithologic units (Simsek, 1985nhamely:

(1) Kizilburun formationwhich consists otlternating red and brown conglomerates,

sandstones and claystones, and ligegams

(2) Sazak formatin, whichcontaingntercalated gray limestonmarls and siltstone
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(3) Kolankaya formationwhich consistsof alternating layers afandstone, claystone and

clayey limestone

(4) The Tosunlar formatigrwhich ispoor consolidated conglomerasandstonand

mudstone witHossiliferous claystone

Ozgur et al.(1998 performedresearclon alteration intheKizildere geothermal field.
This studyfound that the tyg of hydrothermal alteratiom the areancludes phyllic, argillic,
silicic, hematitiation, and carbonatl alteration zones$hyllic isrelated to illite, quartz, and
pyrite; argillic is represented by kaolinite and smectite group, such as montmorijllicte is
commonly characterized by the occurrence of sileanatitization and carbonatization are
related with hematite and carlaig respectively.

Karamandereg013) mentioedthe distribution of hydrothermal minerafsKizildere
andfoundquartz kaolin, illite, chlorite, sulphur, pyrophyllitéalc, calcite, epidote, albite,
hematite, and pyrita the location.

Based orthe literaturestudy, indicator minerals ifizildere geothermal site and their
presencaresummarizedn Table3.2, which shows that the most commonly found mineral in
Kizildere area is quartz, which is a rock forming mineral. Other commonly fioginchtor

minerals arealcite, chlorite, hematite, illitendkaolinite.
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Table3.3 Indicator minerals in Kizildere geothermal site

N &> 2
Key minerals in 0@" éq}. o\ Qbééﬁ\ «59
Kizildere & 8 Q?c’ & a0
‘;\@ 01. @0 é‘

Albite X 1
Amphibole, Hornblende/Actinolite® X 1
Biotite® X 1
Calcite* X X 2
Carbonate™ X 1
Chlorite® X X 2
Epidote® X 1
Hematite® X X 2
1llite X X 2
Kaolinite X X 2
K-feldspar*® b 1
Montmorillonite X 1
Muscovite® X 1
Pyrite® X b 2
Pyrophyllite X 1
Quartz* X b X -
Smectite X 1
Talc X 1

* Rock forming minerals

Least abundant

35



CHAPTER 4
METHODOLOGY IMPLEMENTATION AND ANALYSIS

4.1 ldentification of Indicator Minerals

Based on the summary ioidicator minerals in Brady and Desert Peak geothermal sites
(Table3.1), the percentage of the minerals mentioned in the literature can be segure#.1.
FromTable3.1 andFigure4.l, it is determined thaheindicator 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). Kaolin# is chosen sindéigure4.1 shows that it is the most commonly found
indicator mineral in the aredable2.2 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. (2Q08ho 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
imagespectra. This finding is supported by Rye et al. (1992), who stated that hematite, together
with kaolinite, is the product of sulfideéch deposits. Chalcedony and gypsum are also used in
the research of Kratt et al. (2006).

In this studyall spectral ggnatures 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 iRigure4.2.

Based on the summary of indicator minerals in the Coso geothermdiaite3.2), the
percentage of the minerals mentioned in the literature can be déigniie4.3. From Table3.2
andFigure4.3, it is determined @it indicator minerals in the Coso Geothermal site are kaolinite,
hematite, chalcedongpidote, and opaEven though epidot®as not used in previous remete
sensing studies, epidote is mentiomedix out of ten previous studies in this area. This indicates
a sitespecific 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
consdered in remotsensing studies in the ardable2.1). Spectral signatures of the indicator

minerals in Coso geothermal site can be seé&iguare4.4.
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MINERAL OCCURENCE IN BRADY AND DESERT PEAK
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Figure4.2 Spectral signatures for indicator minerals in Brady and Desertde=mkermal site
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MINERAL OCCURENCE IN COSO

Albite Stilbi
i § Al tilbite
Montmorillonite 1 Alunite :

1% Pyrrhotite

: 6
1% . Gypsum 1% Calcite
1% 10%

K-feldspar
5%

Ch i Epidote
7%
Kaolinite
5%
Hematite

6% Opal

6%

I Kaolinite Hematite [l Chalcedony [llEpidote [ Opal
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Figure4.4 Spectral signatures for indicator minerals in Coso geothermal site
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Despite their high frequency of occurrence in Brady, Desert Peak and Coso sites, other
minerals such as calcite and chloritere not selected. The main reason is that these minerals are
abundant in the selected geothermal sites and could lead to migtaggn since they occur as
both rock forming minerals and alteration minerals.

For Kizildere geothermal site, the selected indicator minerals are hematite, kaolinite,
illite, andepidote This selection is based on one of the latest alteratinaralstudies
conductedn the area by Ozgur et al., (199Quartz and otheminerals with higHrequency of
occurrence irKizildere, such as calcite and chloritgere not selected d@keir dual characteristic
as both rock forming minerals and alteration mirsecalld lead to misinterpretatioSpectral

signatures of the indicator mineralskizildere geothermal site can be seerfFigure4.6.

MINERAL OCCURENCE IN KIZILDERE
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Figure4.5 Percentage of indicator minesalccurrencen Kizildere geothermal site
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Figure4.6 Spectral signatures for indicator mineral€iaildere geothermal site

4.2 Data Collection

The types of satellite imagery used in Brady and Desert Peak sites are ASTER,-Bandsat
andSentinel2. Proxy forthegroundtruth isobtainedfrom HyMap satellite imageryAll can be
seenfrom Figure4.7 to Figure4.10. Thetypes of satellite imagery usedthe Coso siteare
ASTER, Landsa8, and SentineR, which can be sedrom Figure4.11to Figure4.13. The
types of satellite imagery usadtheKizildere siteare ASTER, Lands&, and Sentine2, which
can be seefrom Figure4.14to Figure4.16. Datum used in these datasets is W&8SThe
spatial projection is UTM, with zone 11 for Brady, Desert Peak, and Coso; and zone 35 for
Kizildere. All the satellite images are resamplethreemetersto be compatible with theroxy

of ground truth, whiclis amineral map from HyMap witthree meterspatial resolution
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Figure4.7 ASTER imagery for Brady and Desert Peak
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Figure4.8 Landsat8 imagery for Brady and Desert Peak
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Figure4.9 Sentinel2 imagery for Brady and Desert Peak
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Figure4.10 HyMap imagery for Brady and Desert Peak

42




117°52'30"W 117°50'0"W "W 117°45'0"W

N

LEGEND

[] Coso geothermal site

36°5'0"N
36°5'0"N

z
)
o4
&1
o
©

0051 2 3 4
O — — KT

117°52'30"W 117°50'0"W 117°47'30"W 117°45'0"W

Figure4.11 ASTER imagery for Coso
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Figure4.12 Landsat8 imagery for Coso
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4.3 Pre-Processing Implementation

In the pre-processingradiometric calibration and atmospheric correctiane conduced
for ASTER andLandsat8 imagedfor all sites For Sentinel2 imagery only atmospheric
correctionwas carried ouas it hal already been in DN formatlyMap did not need any pre

processing step as itdelivered inatmospherically corrected reflectance.

4.4 Imagery Analysis

The methoduised for imageprocessingvas target detectiorwhich consists of eight
methodsACE, CEM, SAM, OSP, MF, MTMF, TCIMRandMTTCIMF as described in Chapter
2. In thefirst part imageanalysiswvas performedfor Brady and Desert Peak stg@incethe proxy
for theground truthfrom HyMap imagerywas only available for these two sitd$e ®lected
mineral for the first trialvas kaolinite as the most commonly found mineral in the diea.
mineral map fromHyMap imageryasproxy forground truth wadased omesearcttonducted
by Colorado School of Mine®021) That researcitatel that for HyMapthe most suitable
algorithms areMTMF, MTTCIMF, OSP and SAM. Both CEM and Mife considered to bess
accurate than MTMFwhile TCIMF is less accurate than MTTCIMBNdACE gives notably
differentresults fromother algorithms.

FortheBrady sitethe proxy forground truthifrom HyMap imagery can be seenkiigure
4.17. Figure4.17 showsmineral map with sufficient amount kéolinite detected, which means
that kaolinitepredicted is not too much, but also not too liffleeimage analysisesult of
ASTERIs shown inFigure4.18. In contrast to proxy for ground trutRigure4.18 shows
scattered predicti@with rardom abundance for the target mineFar example ACE method
implementatiorresultshowsa small number of target mineggkels SAM and OSP methad
resultin too largeanarea of target mineral This unbalanced abundanseadue tono threshold
application which caused all minerals found to be shown in the réeBudtiefore, his abundance
must beadjusted by setting the right threshold value, which is discussed in the nesdcsian.
The processing results for all satellites in Brady and iD&s&ak siteare shown ilAppendix A.
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Figure4.18 The processing result of ASTER imagery Byady

4.5 PostProcessing

In the previous suisectionjmageprocessingesuls show scattered prediction with
random abundance for the target minerakr€fore, the right threshold value must be
determined as a part tife postprocessing stefp obtainthe optimum resulfThe most suitable
thresholding method must be selecéaaong all available manual and automatic threshélor

themanual threshold, the value was determined based @¥fthgercentileof proxy forground
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truth, which is HyMapThe 99" percentilethresholds commonly usedince it indicates the top
one percent of overall valugsor Brady, histhresholdhg method gived2,143pixelsfor the
resultof SAM and 12315 pixels for the result of other algorithrer Desert Pegkhis

thresholding method givez5,150 for the result of SAM and 238 for the result of other
algorithms Automatic thresholidg method are Default, Huang, Intermodes, IsoData, Li, Max
Entrgpy, Mean, Min Error (I), Minimum, Moments, Otsu, Percentile, Renyi Entropy, Shanbhag,
Triangle, and Yepas discussed iBection2.5.

To select the most suitable thresholding metladichf these methodsere appliedo the
HyMap resulf with kaolinite as théargetmineral As an overview,hreshold comparisofor
TCIMF methal implementation result in Brady and Desert Peak sdadeseenn Figure4.21
andFigure4.22. Threshold comparison fa@ll method in Bradyand Desert Peadites are shown
in Appendx B. Figure4.19 andFigure4.20 show that most of automatic thresholding method
givetoo abundant kaolinite that covers all ased ethodsof minimum, intermodes, and
shanbhag give too small arebkaolinitein Bradysite, which is difficult to identify.Moments,
Renyi Entropy, Shanbhag, and Triangle methods give sufficient amount of kaolinite in Brady
site. However, among the&rur thresholding methodsnly Trianglemethodgivessufficient

amount ofkaolinite.

HyMap: Brady - Kaolinite - TCIMF

Groundtruth/
99t Percentile

Thresholing 2
Method IIDefault Huang Huang2 Intermodes IsoData Li

MaxEntropy Mean

Threshold

0.177

0.142

0.143

0.142

0.143

0.145

0.143

Pixels

12,315

446,066

588,382

540,171

588,382

540,171

540,171

Thresholing
Method

MinErrorl

Minimum

Moments

Otsu

Percentile

RenviEntropy.

Shanbhag

Triangle

Yen

Threshold

0.143

0.787

0.171

0.146

0.142

0.230

0.462

0.184

0

Pixels

16

23,067

402,154

1,892

79

7,404

1,097,338

540,171

588,382
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HyMap: Desert Peak - Kaolinite - TCIMF

Thresholing Method Groundtruth Default Huang Huang2 Intermodes IsoData,

Threshold 0.482 0.415 0.421 0.419 0.634

Pixels 25,338 1,492,718 1,233,577 1,321,486 148

Thresholing Method Li MaxEntropy. Mean

‘‘‘‘‘‘‘‘‘‘‘‘‘‘ Minimum Moments
Threshold 0.420 0.012 0.419 0.830 0.415
Pixels 1,277,635 2,478,725 1,321,486 1,321,486 8 1,492,718

Thresholing Method Otsu Percentile RenviEntropy. Shanbhag Triangle Yen

Threshold 0.418 0.420 0.265 0.419 0.487 0.012
635 2,477,268

Pixels 1,364,770

486 19,066 2,478,725

The grapls of threshold value comparison among various algorithms in Brady and Desert
Peak can be seenkigure4.21 andFigure4.22. Thesegrapls showthat Triangleis quite close
with the proxy forgroundtruth, except forACE method. 8meotherthresholihg methods, such
as Otsu and Ligive similar trendwvith the groundruth threshold However,due toinconsistency
shownin some algorithmananual threshold isonsideredo be rightchoice.

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 thresholtbr ASTERcan be seem Figure4.23 andFigure4.24. Figure4.23 andFigure
4.24 show that aftemanual threshold applied, target detection result giuéfgcient amount of
mineral, similar withtarget detectionasultof proxy forthegroundtruth. The result of target

detection after applying manual threshold for all satellite imagery can be seen in Appendix C.
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Figure4.21 Threshold value comparison amoveyious algorithms in Brady site
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Figure4.22 Threshold value comparison among various algorithms in Brady site
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Figure4.24 The processing result of ASTER imagery Rersert Peakvith manual threshold

4.6 Accuracy Assessment
Accuracy assessmentdenductedn R, which includesomputation oficcuracymetric

namely accuracyprecision, recall an&l.
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4.6.1 Accuracy Assessment for a Single Mineral: Kaolinite

In order b simplify theearly stage odssessment, kaolinite is chosenthe illustratiorno
bediscussedThe comparison and overlapping area of the result of the TCIMF method i for
proxy for groundruth (HyMap) and ASTER imagery in Brady site is showrFigure4.25.
Figure4.25 shows that from visuahvestigation TCIMF for HyMap(a) and ASTER imagery
(b) gives asimilar pattern of kaolinite deteoh resulf which mainly is located in the middle part
of the area, in the southeast side of the rdad similar pattern is confned byoverlapped

area of these two imags(c).

N

A

] oseyoeanematsie

Target Detection Result

0 0.2250.45 0.9 135
- — KM

(a) HyMap (b) ASTER (c) Overlapped area of

Figure4.25 The result of TCIMF method implementation for HyMap (a) and ASTER (b)
imagery, and the overlapped asedHyMap and ASTER (c) in Brady site

Besides visual assessment, accuracy assessment is undertaken through accuracy
calculation. Tablé.11 showshe accuracy matrix, which gives accuracy value of 98.28%le
4.2 shows precision, recall and Falues.Precision, recall and F1 value are quite low if
compared to the accuracy value. This is expeetethe resolution gap between HyMap and
ASTER satellite imagery is more than 10 timBse canparison of precision, recall, and
accuracy valugis shown inFigure4.26. Although it is not common to have the similar precision
and recall valas,the thresholdralue 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 Pgak site
can beseen in Appendix D. Recapitulation of accuracy assessment result for all methods can be

seen in Appendix E.
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Table4.1 Accuracy matrix of TCIMF method implementation for HyMap and ASTER imagery
in Brady site

Prediction Reference
Non-Kaolinite Kaolinite
Non-Kaolinite 1,208,628 10,527
Kaolinite 10,523 1,788
Accuracy 98.29%

Table4.2 Precision, recall and F1 matrix of TCIMF method implementation for HyMap and
ASTER imagery in Brady site

Precision Recall F1
Non-Kaolinite 99.137%  99.137% 99.1379
Kaolinite 14.519%  14.524% 14.5219

Precision, Recall and Accuracy

12

Precision
—i—Recall

—e8— Accuracy

0 0.2 04 0.6 0.8 1

Figure4.26 The comparison of precision, recall, and accuracy value

4.6.2 Fusion ofMinerals Maps

The mneralsmaps are obtained by fusingsultof TCIMF methodfor ASTER imagery
in Bradyand Desert Peatdites ( Figure4.27 andFigure4.28). Figure4.27 shows thamineral
detection result in Brady is concentrated in three main afEas the southast side of the road,
(2) in the westerpart of the site, andJ in the soutkastern part of the sité&igure4.28 shows
that mineral detection result in Desert Peak is concentratesimain areas(1) in the middle
western part of the site, and (2)the northrwestern part of the sitdhe nmineralsfusion result
for each algorithm foall satelliteimagery inBrady andDesert Peak sisecan be seeim

Appendix F
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Figure4.28 Fusion map of all minerals fromCIMF method for ASTER imageriyn Desert Peak
site

4.6.3 Accuracy Assessmentor All the Indictor Minerals
Based on the accuracy assessnahimethods give more than 98% accuréayall
minerals Precision, recall and F1 values vdoy each methoffom one mineral to the others.
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Sulsection 4.6.1, Appendix D and Appendix Bive figures of accuracief®r each method ia
mineralmap

Figure4.29 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 bMTTCIMF and MTMF, which are the modification of TCIMF and
MTMF. OSP gives high precision value for Sentiigbut it shows inconsistency by giving low
precision value fotandsat8 and ASTER.

Figure4.30 summarizes the accuracy assessment for kaolinite in DesertHrpaie4.30
shows that OSP givesgh precision value for all types eételliteimagey. CEM and MF give
better precision value than TCIMF in Desert Peak site, except for Sehtimalgery.

Precision, Recall and F1 value comparison for Brady site
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Figure4.29 Accuracy assessment comparisonBrady site



Precision, Recall, and F1 value comparison for Desert Peak site
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Figure4.30 Accuracy assessment comparison for Desert Peak site

The a&curacy assessment resttir all mineralscan be seen in Appendik The acuracy
assesment result for each mineral shows tiat application of these methods on multispectral
imagery gives precision and recall vadweéhich arenot as high as the accuracy valtkis is
expecteds the resolution of these multispectral imad@&STER, Sentinel2, and SentineR) is
not as high as t h édyNap)pesolutplanaherfastdrthat mag cpese y 6 s
this low precisiorwould be themineral specarused In this study, sperl signatures of the
minerals ar@btainedrom theUSGS spectral library, whiamay not exactlyepresent the site
material. However, from the visupérspecive, these two types of satellite imagery show similar
patterrs, which means multispectral imageand USGS spectral library can be used for
exploration, particularly in the early stage.

Accuracy assessment @@l minerakin each siteare shown aReceiver Operating
Characteristic (ROC) curveom Figure4.31to Figure4.36. Figure4.31 to Figure4.36 show
thatCEM, MF, TCIMF, MTTCIMF and MTMF give good resslin Brady.The fivealgorithms
actually come from the same idea, as CEM and MF are quite ide@MF is the
modification of ME andMTTCIMF 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 MTMpserform bettewith images containing
humanmade strutres (e.g. buildings, roadsSAM and OSherform bettewith images

containing limited or no humamade structures (e.g. buildings, roads).

Brady - ASTER
1
02 / ——ACE
0.8
CEM
0.7
- SAM
05 0sP
0.4 MF
03 —TCIMF
02 ——MTTCIMF
0.1
——MTMF
0
0 0.2 0.4 06 0.8 1
Figure4.31ROC for ASTER imagery in Brady site
Brady - Landsat-8
1
02 ——ACE
0.8
CEM
0.7
o SAM
05 ospP
04 MF
03 ——TCIMF
0-2 ——MTTCIMF
01
——MTMF
0
0 0.2 0.4 0.6 0.8 1

Figure4.32 ROC for LandsaB imagery in Brady site
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Figure4.33ROC for Sentinel imagery in Brady site
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Figure4.34 ROC for ASTER imagery in Desert Peak site
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Figure4.35ROC for LandsaB imagery in Desert Peak site
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The satellitedatathat gives good results for almost every method is ASTE&Sides, it

gives the highest number of algorithms result with more than 5% precision vasuelltiwed

Figure4.36 ROC for SentineR imagery in Desert Peak site

by Landsai8 and Sentinel.

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

Desert Peak siseKaolinite and chalcedony angell detected atheir spectrakignatureshow
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absorbance in 2.25n (Figure4.37), which is correspondingto ASTBRs SWI R channel
Hematite is alswerywell detected ilA ST ER 0 s Desed Belksince itshows reflectance

and absdrance in the spectral range of GZB0>m (Figure4.37), which is correlated with
ASTERO s V NILBhdsa8 givesgoadresulsfor all mineralsn Desert Peak, kaich

meanghatit can be used in an area with limited number of humande structuressentinei2

gives a random resuibr all minerals, without showing a certain mineral specialization

Spectral Library Plots

B Kaolinite
Hematite

B Chalcedony

B Gypsum

B Epidote

Il Opal

o lllite

Figure4.37 Spectral signatures for indicator minerals

4.7 Mineral Maps for All the Considered Sites

Thefinal version ofmineral mag can be seem Figure4.38, Figure4.40, Figure4.42, and
Figure4.44. Mineralsfusionmapscan be seen iRigure4.39, Figure4.41, Figure4.43, and
Figure4.45. The application of other methodan be seaein AppendixF.

Figure4.38andFigure4.39s how t hat Bradyds pmhichis geot her m:
concentrated in tlee main areas: (bn the southeast side of the road,d@)he western part of
the site, and (3)n the southeastern part of the site. This result is quite similar wifirdbg for
ground truth of HyMap imagery.

Figure4.40 andFigure4.41 show that geothermal activity in Desert Peak is concentrated
in two main areas: (I9n the middlewestern part of the site, and (&) the northwestern part of
the siteln this case study, @vonly use OSP, in accordance with RoC result.
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Figure4.38 Minerals map generated by usi@EM/MF, TCIMF, MTTCIMF, andMTMF for
ASTER imagery in Brady site

Figure4.39 Minerals fusionmapgeneratedy usingCEM/MF, TCIMF, MTTCIMF, andMTMF
for ASTER imagery in Brady site
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