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ABSTRACT

Understanding hydrothermal activity is crucial for mineral explorati on and geothermal energy

development, as it signi�cantly in
uences the formation of mineral deposits and geothermal reservoirs.

Modern geothermal systems serve as present-day analogs of epithermal ore-forming systems, providing

insights into hydrothermal mineralization processes and 
uid circulation patterns in the upper crust. This

study utilizes hyperspectral imaging to detect and map alteration minerals and their spatial distribution in

two distinct geological settings: the Castle Mountain low-sul�dation epithermal gold deposit and the Coso

Geothermal Field. At the Castle Mountain deposit, a UAV-based hyperspectral survey was conducted to

map alteration minerals. Ground truthing was performed using laboratory-based hyperspectral analysis on

ground control samples from the surveyed area. Multiple mineral identi�cation algorithms, including USGS

PRISM MICA, Minimum Wavelength Mapping (MWL), and Spectral Angle Mapp er (SAM) were utilized

and compared to map surface alteration at the Castle Mountain deposit. Our �ndings indicate that the

UAV-based hyperspectral scanning e�ectively identi�es alteration minerals, re
ecting the classic zonation

in epithermal systems. The USGS PRISM MICA algorithm outperformed others by providing the most

accurate results with the least complexity. In the Coso Geothermal Field, �ve reverse circulation chip drill

holes were analyzed using laboratory-based short-wave infrared (SWIR) scanning and SEM-based

automated mineralogy. The Illite Spectral Maturity (ISM) index and th e position of the 2200 nm

absorption feature were utilized to di�erentiate between illite , smectite, and their mixtures, enabling the

construction of thermal gradients for the studied drill holes. Our results con�rm the dominance of diorites

and granodiorites with occasional granite intrusions. The unsystematic distribution of alteration minerals

suggests multiple hydrothermal events. The ISM results correlated well with previous XRD studies.

Smectite and illite-smectite mixtures were found at greater depths than their thermal stability, suggesting

heating events within the geothermal system. This study validatesthe e�ectiveness of hyperspectral

imaging for mapping alteration. The proposed methodologies o�er a faster, non-invasive approach for

mineral identi�cation while enhancing data processing e�ciency and allowing detailed mineralogical and

lithological analyses. Which in turn improved our understanding of this complex geothermal system.
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CHAPTER 1

INTRODUCTION

Understanding hydrothermal activity is crucial for both mineral expl oration and geothermal energy

development as it plays a signi�cant role in the formation of mineral deposits and geothermal reservoirs

(Lowell et al., 2014). Modern geothermal systems are increasingly recognized as present-day analogs of

ancient epithermal ore-forming systems, providing valuable insights into ore-forming processes and 
uid

circulation patterns in the upper crust (Moncada et al., 2019). The genetic relationship between these

systems is particularly evident in their shared requirements for speci�c geological conditions: a magmatic

heat source, permeable host rocks, active 
uid circulation pathways, and appropriate structural controls

(Rhys et al., 2020).

Hydrothermal activity is usually manifested by distinct mineral assemblages that are usually dependent

on the nature of the circulating 
uids, temperature, and acidity. M inerals such as kaolinite, illite, alunite,

and various sulfates and clays are typically associated with hydrothermal alteration zones, re
ecting the

physicochemical conditions during mineral formation. Epithermal systems typically exhibit distinct

alteration zones that can be used to vector toward ore. In low-sul�dation systems, potassic-argillic

alteration occurs near ore veins and is characterized by minerals suchas adularia, quartz, and illite. This

zone is followed by argillic alteration, which includes clays like illite and smectite, and then by propylitic

alteration in the most distal areas, featuring minerals like chlorite and carbonates (Hedenquistet al., 2000;

John et al., 2018; Simmonset al., 2005). Similarly, geothermal systems display these alteration

assemblages, but they are not associated with ore. Understanding thesealteration zones is essential for

interpreting the thermal history of the system, assessing 
uid 
 ow controls and 
uid compositions, and

distinguishing between cap rock and reservoir zones (Cumming, 2016; Davatzes & Hickman, 2005). This

knowledge is crucial for developing e�cient geothermal systems, as engineers can utilize this information to

inform their designs and optimize resource extraction.

Most of these alteration minerals are detectable within the Visible andNear-Infrared to Short-Wave

Infrared (VNIR-SWIR) hyperspectral range due to their unique absorption features (Clark, 1999; Ga�ey,

1986; Hunt, 1977; Meyeret al., 2022). Hyperspectral imaging involves the acquisition and analysis of light

across a broad range of electromagnetic wavelengths, capturing detailed spectral signatures unique to

various minerals and materials (Clark et al., 1990). Unlike conventional imaging techniques, hyperspectral

imaging can detect subtle spectral variations, allowing for the precise identi�cation and characterization of

alteration minerals and hydrothermal assemblages (Lodhiet al., 2019). This capability is particularly
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advantageous in mineral exploration and geothermal resource assessment, where understanding the spatial

distribution of alteration minerals is essential for identifying pot ential ore bodies and geothermal reservoirs.

The application of hyperspectral imaging using Unmanned Aerial Vehicles (UAVs) and laboratory-based

systems has advanced our ability to study hydrothermal systems at various scales. UAV-based

hyperspectral imaging provides high-resolution data over large areas,making it ideal for mapping surface

mineralogy in inaccessible or rugged terrains (van der Meeret al., 2012). Laboratory-based hyperspectral

analysis o�ers controlled conditions for detailed spectral measurements, eliminating atmospheric e�ects and

enhancing data quality. Furthermore, integrating hyperspectral imaging with other remote sensing

technologies, such as Light Detection and Ranging (LiDAR), has enhanced itsapplicability by providing

high-resolution spatial data that complements the spectral information (Kurz & Buckley, 2016; van der

Meer et al., 2012). Over the past decade, advancements in data processing and machine learning have

signi�cantly improved the interpretation of hyperspectral data, en abling more accurate and e�cient

mapping of geological features (Asadzadeh & de Souza Filho, 2016). In this study, we aim to leverage the

capabilities of hyperspectral imagery to detect and map alteration minerals and their spatial distribution.

We present comprehensive work
ows and methodologies for data acquisition, processing, and

interpretation. Additionally, we integrate datasets from multiple s ensors, demonstrating how they

complement each other and operate synergistically to enhance overall analysis.

1.1 Study Locations and Geological Background

This thesis presents two distinct case studies that demonstratethe application of hyperspectral imaging

in geological exploration: the Castle Mountain low-sul�dation epithermal deposit and the Coso geothermal

�eld. Both projects leverage hyperspectral sensors to map alterationmineralogy, providing critical insights

into alteration zonation and guiding exploration and development strategies.

1.1.1 The Castle Mountain Epithermal Deposit

The Castle Mountain deposit is a low sul�dation epithermal gold deposit, situated within the Colorado

River extensional corridor in San Bernardino County, California (Fig. 1.1). This deposit is thought to be of

a Miocene age, formed through volcanic processes, hydrothermal 
uid
ow, and subsequent mineral

deposition (Capps & Moore, 1997). This low-grade large-tonnage gold deposit has aproven and probable

reserve of 4.17 million ounces of gold at an average grade of 0.51 g/t and is hosted in pervasively altered

volcanic succession (Secrestet al., 2021). Lithologically, the deposit is situated in a volcanic succession,

comprises highly permeable volcaniclastic rocks, and overlies a Proterozoic basement composed of granitoid

and metamorphic rocks (Capps & Moore, 1997).
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A UAV-based hyperspectral survey was conducted using a drone equipped with a Velodyne LiDAR

scanner and a HySpex Mjolnir VS-620 hyperspectral camera. Ground truthing and validation were

conducted on ground control samples collected from the surveyed area andanalyzed with a

laboratory-based hyperspectral scanner. A detailed work
ow was developed for data post-processing. After

post-processing, multiple mineral identi�cation algorithms, incl uding USGS PRISM MICA, Minimum

Wavelength Mapping (MWL), and Spectral Angle Mapper (SAM), were utili zed to ensure accurate mineral

identi�cation and validation.

1.1.2 The Coso Geothermal Field

The Coso geothermal �eld is located within the Coso Range in Inyo County, California, part of the

Basin and Range province and the northern Mojave Desert (Roquemore 1980;Bacon et al. 1981; Fig. 1.1).

It is considered one of the largest geothermal power plants in the UnitedStates with a maximum capacity

exceeding 270 megawatts (Sass & Priest, 2002). This system is thought to have been formed through three

periods of volcanic activity over the last six million years, resulting in a diverse range of igneous rocks

(Du�eld et al., 1980). The geological environment is characterized by intense tectonic activity, including

uplift and faulting, which has shaped the structural complexity of th e region (Davatzes & Hickman, 2006;

Whitmarsh, 1998). This system is situated in a volcanic succession thatincludes basaltic lavas from the

late Miocene, high-silica lavas from the Pleistocene, and bimodalvolcanic activity from the Pliocene. This

succession is underlain by Mesozoic plutons and minor metamorphic rocks.

Hyperspectral imaging was utilized to characterize alteration zones andhalos within this system. Five

reverse circulation (RC) chip drill holes were analyzed using a laboratory-based short-wave infrared

(SWIR) scanner and SEM-based automated mineralogy. This study presents a detailed work
ow that

integrates hyperspectral data acquisition, processing, and interpretation to map alteration assemblages,

which serve as indicators of subsurface temperature gradients.
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Figure 1.1 Location map of The Castle Mountain epithermal gold deposit, and The Coso geothermal �eld.
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CHAPTER 2

THE CASTLE MOUNTAIN EPITHERMAL DEPOSIT

2.1 Introduction

Epithermal deposits form in the shallow subsurface, typically less than 1,500 meters below the water

table and at low temperatures below 250‰ (John et al., 2018). These deposits host gold and/or silver

within veins, breccias, and disseminated structures. These deposits are found globally and are commonly

associated with convergent plate boundaries. Their sizes vary signi�cantly, ranging from tens of thousands

to over a billion metric tons of ore, with gold concentrations spanning from 0.1 to over 30 grams per metric

ton (Hedenquist et al., 2000; Johnet al., 2018; Sillitoe, 2015; Simmonset al., 2005). Epithermal deposits

are categorized into three main types (low-sul�dation, intermediate-sul�dation, and high-sul�dation

epithermal deposits) based on the composition of the 
uids involved anddepth of formation (Hedenquist

et al., 2000; Johnet al., 2018; Simmonset al., 2005). Historically, they have been signi�cant sources of gold

and silver production, contributing approximately 6% of global gold and 16% ofglobal silver, Frimmel

(2008) estimates that epithermal deposits hold about 8% of the world's gold resources. Their diverse

tonnage-grade characteristics make them attractive targets for explorationand mining endeavors.

The Castle Mountain low-sul�dation epithermal deposit, located on th e margin of the Colorado River

extensional corridor in Southern California, is a low-grade large-tonnage gold deposit that has proven and

probable reserves of 4.17 million ounces of gold at an average grade of 0.51 g/t and is hosted in pervasively

altered volcanic rocks (Secrestet al., 2021). It was originally discovered by prospectors who were exploring

for bonanza-type (> 300 g/t Au) crustiform veins, which were of limited tonnage (Linder, 1989). The

low-grade, large-tonnage resource of today's Castle Mountain deposit has amuch larger footprint and is

located within a � 6 km2 hydrothermal alteration halo, encompassing much of the southern portion ofthe

mountain range (Tharalson & Monecke, 2021). Mineralization at Castle Mountain ishosted by a

volcaniclastic-dominated host rock succession, which is inherently highly permeable promoting lateral 
uid


ow away from the controlling structures (Tharalson & Monecke, 2021). Fluid 
ow through this highly

permeable host rock succession was likely associated with cooling ofthe hydrothermal liquids, causing

deposition of metals as metal solubility decreased with decreasing temperatures resulting in the formation

of a disseminated ore body and the formation of a large alteration halo (Capps &Moore, 1997; Tharalson

& Monecke, 2021).

Mapping the minerals withing the alteration halo is critical for unde rstanding ore forming processes, the

extend of the ore forming system and therefore, the distribution of gold and concomitant exploration and
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mining e�orts (Hedenquist et al., 2000; Sillitoe, 1993; White & Hedenquist, 1995). Airborne hyperspectral

imaging can be used to e�ectively and accurately map alteration minerals, providing essential insights into

the zonation of these minerals and their surface expressions (Bedini, 2017; Kruse, 2012; van der Meeret al.,

2012). Epithermal systems typically exhibit speci�c alteration zones that can be used to vector toward

mineralization. Low-sul�dation systems commonly display potassic-argillic alteration (adularia, quartz and

illite) near ore veins, followed by argillic alteration with clays such as illite and smectite and propylitic

alteration with minerals like chlorite and carbonates in the most distal zones (Hedenquistet al., 2000; John

et al., 2018; Simmonset al., 2005). Most of these alteration minerals are detectable within the Visible and

Near-Infrared to Short-Wave Infrared (VNIR-SWIR) hyperspectral ran ge due to their unique absorption

features (Clark, 1999; Ga�ey, 1986; Hunt, 1977; Meyeret al., 2022). This capability makes airborne

hyperspectral imaging an invaluable tool for the exploration of epithermal deposits.

This study aims to utilize unmanned aerial vehicle (UAV) based airborne hyperspectral imaging to map

the surface alteration at the Castle Mountain epithermal deposit. The aim of this study is to develop and

employ newly developed methods and work
ows for UAV-based hyperspectral data collection, processing,

and interpretation. The UAV-based hyperspectral survey was conducted using a drone equipped with a

Velodyne LiDAR scanner and a HySpex Mjolnir VS-620 hyperspectral camera.Ground truthing and

validation included the use of hand samples collected from the surveyed area and analyzed with a

laboratory-based hyperspectral scanner. This study presents a comprehensive work
ow for co-registered

data acquisition and integrated hyperspectral data interpretation. By combining UAV-based and

laboratory-based hyperspectral imaging data of select sub-samples, the work
ow enhances the accuracy

and reliability of alteration mineral mapping.

2.2 Study Location and Geological Background

The Castle Mountain epithermal deposit is located in the Castle Mountain Range within the Colorado

River extensional corridor, San Bernardino County, California. The Colorado River extensional corridor is


anked by the Colorado Plateau to the east, the Lake Mead region to the north,and the Mojave Desert to

the west (Fig. 2.1).

The Castle Mountain deposit formed during the Miocene between (18.8and 13.5 Ma) due to volcanic

processes, hydrothermal 
uid 
ow, and subsequent mineral deposition (Capps & Moore, 1997).

According to Faulds et al. (2001), and Vargaet al. (2004), magmatic activity occurred in three stages:

1. Prior to the main extensional phase, magmatism was characterized by calc-alkaline to alkaline ma�c

to intermediate volcanism .
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2. The primary extensional phase when magmatism transitioned to bimodalcalc-alkaline and then to

alkaline volcanism, ma�c magmas were sourced from the enriched sub-continental lithospheric mantle

while intermediate to felsic magmas are signi�ed by partially melted continental crust.

3. E�usive eruption of tholeiitic to alkalic basalts during post-exte nsion, suggesting asthenosphere

melting.

The Castle Mountain volcanic succession overlies a Proterozoic basement primarily composed of older

volcanic and metamorphic rocks (Capps & Moore, 1997). The succession consists of the Castle Mountain

Conglomerate, Peach Spring Tu�, Jacks Well, Linder Peak, Hart Peak, Piute Range, and Unconsolidated

sediments (Fig. 2.2; Capps & Moore 1997; Tharalson & Monecke 2021). Pervasive hydrothermal alteration

of the Linder Peak formation as well as the elevated gold grades in massive rhyolite breccias and diatreme

breccias suggest that alteration and mineralization at Castle Mountain postdates the rhyolite 
ow and

dome volcanism (Capps & Moore, 1997; Tharalson & Monecke, 2021). In surface exposure, argillic-altered

rocks are largely covered by unconsolidated terrace sediments and colluvium, which makes the typical

alteration zoning around the deposit harder to recognize. In outcrop, intense argillic alteration is only

noted in several pits created by historical clay mining along the northwestern 
ank of the mountain range

(Linder, 1989).

Figure 2.1 Location map of the castle mountain deposit in San Bernardino County, California.

7



Figure 2.2 Geological map of the Castle Mountain deposit, San Bernardino County, California. Modi�ed
after Capps & Moore (1997).

8



2.3 Methods

The objective of this study is to develop and document new and updated methods and work
ows for

UAV-based hyperspectral data collection, processing, and interpretation. To accomplish this goal, ten


ight lines were captured to cover three discrete areas at the Castle Mountain deposit in California. The

survey areas were chosen to capture (I) the center of the ore system,(II) to support near-site exploration,

and (III) to gain a better understanding of the extent of the epithermal system (Fig. 2.3). Ground truthing

samples were selected from areas that were covered by the UAV-based hyperspectral surveys for subsequent

analysis and validation in the Core Scanning Facility at the Colorado Schoolof Mines. The outcome of this

study will present an integrated work
ow to collect, process, and interpret UAV-based hyperspectral data

and will improve our understanding of the alteration mineralogy at Castle Mountain.

Figure 2.3 Map of Castle Mountain with surveyed areas outlined in red, �eld samples are indicated by red
triangles.
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2.3.1 UAV-based Hyperspectral Survey

Three UAV-based hyperspectral surveys were 
own at Castle Mountain during the summer of 2023. A

drone system featuring a Velodyne LiDAR scanner, and a HySpex MjolnirVS-620 hyperspectral scanner

was utilized (Table 2.1, Fig. 2.4).

Survey planning and data acquisition:Survey planning was done using the UgCS 
ight planner

software (Fig. 2.5). This software allows the user to control the 
ight parameters such as takeo� and

landing coordinates, number and type of turns, image overlap, and 
ight altitude and speed (these

parameters can be calculated using the supplementary calculations Excel sheet provided by HySpex;

Appendix A, Table A.1). In the software interface, the drone model, scanarea, and the above-mentioned

parameters need to be speci�ed.

Figure 2.4 BFG drone system equipped with a Velodyne LiDAR scanner and a HySpex Mjolnir VS-620
hyperspectral scanner.
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Figure 2.5 UgCS 
ight planner software interface.

Table 2.1 Sensor-speci�c geometrical parameters, modi�ed after HySpex Mjolnir VS-620 User's Manual,
HySpex (2022)

Parameters Mjolnir V-1240 Mjolnir S-620

Altitude (m) 120 120
Ground speed (m/s) 2.5 2.5
Overlap 0.25 0.25
Ground resolution along track (mm) 32.4 64.8
Ground resolution across track (mm) 32.4 64.8
Max frame time (s) 12.96 25.92
HFOV (degrees) 20 20
Swath on ground (m) 42.32 42.32
Spacing for 
ight lines (m) 33.85 31.74
Maximum integration time (s) 12.46 25.72
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Assembling the hyperspectral camera:After assembling the UAV the gimbal and the camera module

are attached. The camera should be balanced and stable before turning on the gimble, this will reduce the

power needed for the gimble to stabilize the camera module (Fig. 2.6). Several measurements are required

for sensor positioning relative to the gimbal and are detailed and explained in the supplementary

calculations sheet (Appendix A, Table A.2).

The next step involves wirelessly connecting the camera moduleto a designated control computer

equipped with Windows professional edition. This operating system supports remote access via the IP

address feature. The IP address can be found on the bottom left side of the camera.

IP address 192.168.168.20
Subnet mask 255.255.255.0
Username HySpexuser
Password 545454

Figure 2.6 Side view of the Mjolnir VS-620 sensor showing connector labels, modi�ed after HySpex Mjolnir
VS-620 User's Manual, HySpex (2022)
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Data acquisition: After connecting the designated control computer to the camera module, the HySpex

AIR software is launched. This application provides eight important options for controlling data

acquisition (Fig. 2.7):

1. Start session: this button is used to start the 
ight session. Whenpressed, a pop-up window will

appear. The required �eld is the name of the 
ight session (it is advised to use a naming scheme that

includes time, date, and 
ight number)

2. End session: this button should be pressed after the drone lands.

3. Close the application.

4. Shut down the camera: this button will close the application and shutdown the camera module.

5. Test acquisition: this button will start the sensors without recording data to give a visual sense of the

scene.

6. SWIR sensor parameters: these parameters are found in the supplementary calculations Excel sheet

used in 
ight planning (Appendix A, Table A.1).

7. VNIR sensor parameters: these parameters are found in the supplementary calculations Excel sheet

used in 
ight planning (Appendix A, Table A.1).

8. Start recording: this button will start acquiring real-time data.

Once the 
ight is completed, the session is ended and the camera module is shut down. It is crucial to

observe the light indicator on the side of the camera; when it shifts from blue to white, it is safe to cut the

power supply to the camera.

Data retrieval: There are two ways to retrieve the recorded data from the camera module: (I) eject the

hard drive from the camera and use it as an external hard drive, or (II) use an ethernet cable (Fig. 2.6,

labeled 4) to connect a designated computer to the camera using remoteaccess.

Files to be retrieved:

1. Flight log �le (session name.txt)

2. Raw sensor data (2 �les for VNIR and 2 �les for SWIR)

3. LiDAR data (session namelidardump.pcap)

Once these �les are retrieved, the 
ight Inertial Measurement Unit (IMU) �les from Applanix will be

downloaded. This IMU is connected internally to the camera via an Ethernet connection. IP address and

credentials are provided by HySpex and can be found on the bottom left side of the camera.
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Figure 2.7 Example of the HySpex AIR software interface.

IP address 192.168.168.100
Subnet mask 255.255.255.0
Username admin
Password password

To start downloading these �les, click Data logging/ Data �les/ Disable automatic logging/ Select the

corresponding �le system where the data were logged/ Click on the corresponding T04 �le and select the

option \Save target as"/ Enable automatic logging.

Data post-processing:This study outlines, a comprehensive post-processing work
ow to orthorectify

and correct the collected hyperspectral data (Fig. 2.8). Initially, raw hyperspectral data undergoes

radiometric calibration using the HySpex RAD software, producing at-sensor radiance values. Raw LiDAR

data is processed alongside raw GPS and IMU data using the POSPac UAV software producing

post-processed LiDAR and synchronized event �les. Event �les are used to provide timestamps that match

the exact moments when sensor data was captured. This allows for precise synchronization of data

collected from di�erent sensors that are operating simultaneously. These �les are further handled by

HySpex' NAV software, which provides sensor-speci�c navigation information for each frame. The

processed LiDAR data is imported into ArcMap to generate a DEM raster. This raster, along with the

earlier mentioned navigation information, is crucial for rectifying t he hyperspectral data in the Parametric
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Geocoding & Orthorecti�cation for Airborne Optical Scanner Data softw are (PARGE). Finally, the

datasets undergo atmospheric correction using the DROACOR software,resulting in a corrected re
ectance

cube, ready for analysis.

For post-processing, the required �les are:

1. Raw sensor data

2. Flight log �le

3. IMU �les (.T04)

4. LiDAR data

5. Base station �le

6. Sensor model �le (2 �les)

7. Boresight calibration �le (2 �les)

Software packages required are (Fig. 2.8):

1. HySpex RAD

2. HySpex NAV

3. Applanix POSpac UAV

4. LiDAR converter

5. ArcMap

6. ReSe PARGE

7. ReSe DROACOR

8. NV5 ENVI
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Figure 2.8 Flowchart describing steps, software, and metadata needed for post-processing of UAV-based
hyperspectral data.

Navigation �les and georeferencing:POSPac UAV was utilized to incorporate adjustments derived from

IMU �les to each image frame in a structured three-step process.

1. The hyperspectral cube is post-processed utilizing the GNSS inertial processor. This step involves

importing IMU �les, base station data, and LiDAR data into POSPac UAV. Measur ements and

angles are then edited according to the spatial relationships established between the camera and the

gimbal (see HySpex supplementary sheet for reference; Appendix A; Table A.2; Fig. 2.9). GNSS

inertial processor will utilize all of the above to adjust the Inert ial Navigation System (INS) data for

each captured frame

2. Use the LiDAR data to re�ne the INS adjustments further. This proce ss includes recalibration of all

measurements and angles for the LiDAR module and editing 
ight timing to exclude periods when
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the drone was grounded (Fig. 2.10). The LiDAR quality control feature is then employed to enhance

data precision (Fig. 2.11A). Subsequently, the LiDAR point cloud is generated by running the

corresponding feature in POSPac UAV, with the output saved at (project

name/mission1/export/lidar/export.las), as indicated in Figure 2.11B.

3. To generate Event �les for the hyperspectral cube, several parameters should be taken into account

and entered into POSPac UAV: lever arm parameters should be set individually (for SWIR and

VNIR) (see HySpex supplementary sheet for reference; Appendix A; Table A.2; Fig. 2.12), and the

projection system should be set to the correct projection zone (Fig. 2.13). Once all data is exported,

there should be four �les:

ˆ SWIR event

ˆ SWIR all

ˆ VNIR event

ˆ VNIR all

Figure 2.9 Example of the project settings menu in POSPac UAV indicating lever arms, and mounting
angles.
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Figure 2.10 Example of the project settings menu in POSPac UAV showingthe LiDAR lever arms.

Figure 2.11 LiDAR post-processing in POSPac UAV, (A) LiDAR calibration menu , (B) LiDAR point cloud
generator menu.
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Figure 2.12 Example of the project settings menu in POSPac UAV showingsensor lever arm measurements.

Figure 2.13 Example of the project settings menu in POSPac UAV showingthe export settings.
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To generate the navigation GPS �les for each cube, the following procedure needs to be followed: In

HySpex NAV, the 
ight log �le, along with the two previously created �le s (SWIR all and SWIR event)

are imported. After verifying there were no errors associated withany of the �les, the process can be `run'.

The resulting navigation �les are stored in the HySpex NAV directory. It is important to note that HySpex

NAV produces �les for both sensors; therefore, the appropriate �le must be selected based on the input �les

used in the process.

To orthorectify the hyperspectral cube, a Digital Elevation Model (DEM) is required as a reference.

The DEM provides the necessary elevation data to correct for distortions in the hyperspectral imagery

caused by the terrain's varying height. To create a DEM raster in ArcMap, the following steps are

necessary: (I) Import the LiDAR data (ensure the 3D analyst extension is included in the ArcGIS license).

(II) Use the "LAS Dataset to Raster" tool in the toolbox (Fig. 2.14). (III) Se lect the LAS �le in the tool's

pop-up window as the input �le. (IV) Chose a suitable location and name for the DEM raster and select

the triangulation method of 'Nearest Neighbor' for conversion. (V) Set the cell size to 0.0324 m,

corresponding to the pixel size of the VNIR sensor.

Figure 2.14 ArcMap software interphase showing the `LAS dataset to Raster'tool.
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Recti�cation in PARGE: The PARGE software package was utilized to rectify the hyperspectralcube

(Fig. 2.15). Initially, the HySpex RAD output needs to be chosen as the image �le, the HySpex NAV

output as the GPS/INS �le, the speci�c sensor �le provided by HySpex needs to be imported, and the

correct UTM projection zone needs to be set.

The DEM raster created previously is imported into PARGE and the 
igh t path is overlain on the

DEM to identify potential GPS/IMU-related errors. Subsequently, the boresight angles need to be

calibrated (Fig. 2.16), which is a critical step for correcting geometric distortions in the cube. This

calibration uses a �le typically supplied by HySpex unless the camera module is disassembled.

Disassembling the camera module will change the boresight angles thatare essential for accurate data

alignment. As a result, the original calibration �le provided by HySpex becomes invalid because it no

longer re
ects the current sensor orientations after reassembly.

Finally, the Inertial Guidance Module 'IGM main processor' is run (Fig. 2.17) as the IGM plays an

essential role in correcting distortions and inaccuracies in the spectral data due to changes in the drone's

position or movement during imaging. This ensures precise alignmentand stitching of the hyperspectral

imagery.

The next step geo-recti�es the hyperspectral cube using the outputs from the IGM main processor (Fig.

2.18). This process applies the IGM corrections calculated earlier tothe pixel level of the hyperspectral

cube. In the pop-up window, the 'guess range' button calculates the image extent based on the DEM. The

'guess pixel size' button was then selected, and if the calculationswere correct, the pixel sizes should have

registered as 0.0324 for VNIR and 0.0648 for SWIR. In this study, the 'fast near neighbor' method was

chosen for the recti�cation process. The number of tiles was set to 3and the exclusion distance was

adjusted to 10.
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Figure 2.15 PARGE import menu.

Figure 2.16 Boresight o�set �le menu in PARGE.
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Figure 2.17 Inertial Guidance Module processor menu in PARGE.

Figure 2.18 Inertial Guidance Module cube recti�cation menu in PARGE.
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Atmospheric correction: After geo-rectifying the hyperspectral cube, corrections were applied to the raw

re
ectance data using DROACOR. The input for DROACOR is the outpu t from PARGE, identi�ed by its

extension ( geo.bsq). It is crucial to note that all metadata generated by PARGE shouldbe in the same

directory for processing the cube in DROACOR.

After importing the geo-recti�ed cube, we ran the re
ectance processor, which is used to apply

atmospheric correction to the hyperspectral cube and interpolate bands so they can be interpreted using

the U.S. Geological Survey Processing Routines in IDL for Spectroscopic Measurements (PRISM) Material

Identi�cation and Characterization Algorithm (USGS PRISM MICA; Kokaly 2011). C loud shadow removal

was set to `minimum'; spectrum polishing was set to `weak', band interpolation was set to `interpolate all',

and remove bands were set to `none'.

Data analysis: This study uses a knowledge-based approach to classify the collected hyperspectral data.

The study focused on both Spectral modeling using the USGS PRISM MICA (Kokaly, 2011), as well as

absorption modeling calculating intensities and positions for certain features (Asadzadeh & de Souza Filho,

2016). The knowledge-based approach relies on the knowledge of the expected spectral behavior of a

desired target as it relies on distinct characteristics of absorption (Asadzadeh & de Souza Filho, 2016).

Post-processed hyperspectral cubes were imported into BreezeGeo (Fig. 2.19) and analyzed using the

USGS PRISM MICA to map alteration minerals using the USGS spectral Library 7 (Kokaly et al., 2017).

This analysis uses the raw spectra (no pretreatments applied) anda con�dence interval of 90%. The

analysis focuses on the 2-micron part of the spectra since it has the least atmospheric interference and is

usually used to distinguish white micas and clays (Meyeret al., 2022), which are common alteration

minerals in epithermal deposits (Hedenquistet al., 2000; Johnet al., 2018).

Other analytical methods such as minimum wavelength mapping (MWL) and the spectral angle

mapper (SAM) were applied to ensure the accuracy of mineral identi�cation. Minimum wavelength

mapping (MWL) is a technique that focuses on the position of absorption features in spectral data (van

der Meer, 2004). In this study, MWL was calculated and applied to identify the intensity and position of

the kaolinite doublet feature at 2160nm and 2205 nm. This doublet is characteristic of kaolinite and can be

used to distinguish it from other sheet silicates (Clarket al., 1990). The Spectral Angle Mapper (SAM) is

a physically based spectral classi�cation method that compares the angle between the reference spectra

vectors and observed spectra vectors in an n-dimensional space, where n is the number of bands (Kruse

et al., 1993). This method is relatively insensitive to illumination and albedo e�ects because it uses only the

vector direction and not the vector length (Dennison et al., 2004). Finally, the three kaolinite identi�cation

methods were overlain in a ternary (RGB) map, where each method wasused as a single band (Red =

USGS PRISM MICA, Green = MWL, Blue = SAM). Results are displayed in t he results section.
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Figure 2.19 Data analysis work
ow using Prediktera's Breeze Geo software.

2.3.2 Laboratory-based SWIR Scanner for Ground Truthing

In this study, the HySpex SWIR 384 spectral scanner, coupled with Prediktera's Breeze Geo software,

was used in the Core Scanning Facility at the Colorado School of Mines for data analysis. The HySpex

SWIR camera features a spectral range of 930 { 2500 nm, 384 spatial pixels, 288 spectral channels, 5.45 nm

spectral sampling, and a 16° �eld of view. Four ground truthing samples (Fig. 2.20) were collected from

the surveyed area with sizes no less than 18 cm to ensure each sampleexceeds the spatial resolution of the

Mjolnir VS-620 which has a pixel size of approximately 6 cm. This approachwas necessary to avoid mixed

pixel values in the data. Samples were then scanned using the laboratory-based hyperspectral scanner to

validate the UAV results and to assess the quality of the applied atmospheric corrections.

Laboratory-acquired spectra were averaged for each sample and then compared with the corresponding

pixel in the UAV-acquired cube.
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Figure 2.20 Location map for the collected ground truthing samples and drill holes where sub-samples for
thin sections were taken in the main pit (central survey area).
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2.4 Results

This study aims to enhance alteration mapping using UAV-based hyperspectral data by developing new

methods for data collection, processing, and interpretation. The research focuses on the Castle Mountain

low-sul�dation epithermal gold deposit in California. Three datasets were collected: (1) UAV-based

hyperspectral and LiDAR scans, (2) laboratory-based SWIR hyperspectraldata on hand samples for

ground truthing. The work
ow integrates co-registered UAV and laboratory- based hyperspectral data to

improve interpretation of subsurface alteration patterns and their surface expression, while accounting for

factors like weathering and atmospheric noise. The UAV-based hyperspectral survey covers three areas.

Each area was segmented into two �gures for better visualization (Fig. 2.21).

2.4.1 USGS PRISM MICA Mapping

Area A/B (Fig. 2.21) encompasses the main pit and includes a rhyolite dome outcrop. According to

mineral mapping resulting from the USGS PRISM MICA, this area consists mainly of smectites, followed

by kaolinite, and some minor presence of white mica (muscovite and illite). The outcropping rhyolite dome

in the center of the mapped area was predominantly classi�ed as kaolinite (Figs. 2.22, 2.23).

The kaolinite ternary map for this area shows di�erent results acrossthe three algorithms used. The

algorithms displayed minimal agreement, with only two areas around the rhyolite dome showing

consistency across methods. Minimum wavelength mapping resultsappeared scattered and did not present

clear zoning patterns. The spectral angle mapper classi�ed the least number of pixels overall but presented

comparable kaolinite distribution to the USGS PRISM MICA around the rh yolite dome (Figs. 2.24, 2.25).

According to the USGS PRISM MICA, the C/D area located at the southern end of the study area (Fig.

2.21) consists mostly of smectites and kaolinite (Figs. 2.26, 2.27). Kaolinite is most abundant around

smaller rhyolite domes in the middle and the southern part of the scanned area. The kaolinite ternary map

shows that all three algorithms were able to identify kaolinite presence in two key areas around the smaller

rhyolite dome and in the southernmost part of the study area. However, the MWL algorithm produces

seemingly random results and misclassi�es vegetation as kaolinite. In contrast, the USGS PRISM MICA

demonstrates the most conservative classi�cation, classifying the fewest pixels as kaolinite (Figs. 2.28,

2.29). The third scanned area (area E/F) is located in the most distal northern part of the Castle

Mountain area and shows the lowest density of classi�ed pixels whencompared to the other areas.

According to USGS PRISM MICA mapping, classi�ed pixels predominantly consist of smectite with some

minor kaolinite and white mica (Figs. 2.30, 2.31). The kaolinite ternary map reveals minor kaolinite

occurrences that were exclusively detected by the SAM algorithm.Consistent with other areas, the MWL

algorithm incorrectly classi�ed vegetation as kaolinite. The USGS MICA classi�ed the least number of
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pixels as kaolinite in this area (Figs. 2.32, 2.33).

Figure 2.21 Map of the Castle Mountain area illustrating the location and extent of the mapped areas
(highlighted in red). Each area is segmented into two individual maps for a clearer representation of
mineral mapping.
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Figure 2.22 USGS PRISM MICA mineral abundance map for area (A) shown in Figure 21.

Figure 2.23 USGS PRISM MICA mineral abundance map for area (B) shown in Figure 21.

29



Figure 2.24 Kaolinite ternary map for area (A) showing the distribution of kaoliniteusing minimum
wavelength mapping (MWL), the USGS PRISM MICA as well as the spectral angle mapper (SAM). Areas
in yellow or teal show that two of the three methods identify kaolinite in the respective pixel, whereas
white pixels indicate that all three methods identify kaolinite i n the respective pixel.

Figure 2.25 Kaolinite ternary map for area (B) showing the distribution of kaoliniteusing minimum
wavelength mapping (MWL), the USGS PRISM MICA as well as the spectral angle mapper (SAM). Areas
in yellow or teal show that two of the three methods identify kaolinite in the respective pixel, whereas
white pixels indicate that all three methods identify kaolinite i n the respective pixel.
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Figure 2.26 USGS PRISM MICA mineral abundance map for area (C) shown in Figure 21.

Figure 2.27 USGS PRISM MICA mineral abundance map for area (D) shown in Figure 21.
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Figure 2.28 Kaolinite ternary map for area (C) showing the distribution of kaoliniteusing minimum
wavelength mapping (MWL), the USGS PRISM MICA as well as the spectral angle mapper (SAM). Areas
in yellow or teal show that two of the three methods identify kaolinite in the respective pixel, whereas
white pixels indicate that all three methods identify kaolinite i n the respective pixel.

Figure 2.29 Kaolinite ternary map for area (D) showing the distribution of kaoliniteusing minimum
wavelength mapping (MWL), the USGS PRISM MICA as well as the spectral angle mapper (SAM). Areas
in yellow or teal show that two of the three methods identify kaolinite in the respective pixel, whereas
white pixels indicate that all three methods identify kaolinite i n the respective pixel.
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Figure 2.30 USGS PRISM MICA mineral abundance map for area (E) shown in Figure 21.

Figure 2.31 USGS PRISM MICA mineral abundance map for area (F) shown in Figure 21.
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Figure 2.32 Kaolinite ternary map for area (E) showing the distribution of kaoliniteusing minimum
wavelength mapping (MWL), the USGS PRISM MICA as well as the spectral angle mapper (SAM). Areas
in yellow or teal show that two of the three methods identify kaolinite in the respective pixel, whereas
white pixels indicate that all three methods identify kaolinite i n the respective pixel.

Figure 2.33 Kaolinite ternary map for area (F) showing the distribution of kaoliniteusing minimum
wavelength mapping (MWL), the USGS PRISM MICA as well as the spectral angle mapper (SAM). Areas
in yellow or teal show that two of the three methods identify kaolinite in the respective pixel, whereas
white pixels indicate that all three methods identify kaolinite i n the respective pixel.
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2.4.2 Laboratory Analysis

The collected ground truthing samples (Table 2.2, Fig. 2.34) were scannedin a laboratory environment

using a HySpex SWIR-384 sensor. Sample GCP-1 was identi�ed to represent smectite, while samples

GCP-2, GCP-3, and GCP-4 were identi�ed as kaolinite with a negligible presence of smectite and white

mica (Figs. 2.35 { 2.38).

Table 2.2 Ground truthing sample location coordinates and identi�ed minerals.

Sample Id Coordinates (UTM) Identi�ed Mineral
GCP-1 672,448.6912 3,905,436.3670 Smectite
GCP-2 672,488.2963 3,905,447.2740 Kaolinite
GCP-3 672,524.4294 3,905,400.0141 Kaolinite
GCP-4 672,397.3805 3,905,511.0300 Kaolinite

Figure 2.34 Location of ground truthing samples on the USGS PRISM MICA mineral abundance map.
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Figure 2.35 Sample (GCP-1), (A) pseudo color composite, (B) USGS PRISM MICA mineral abundance
map.

Figure 2.36 Sample (GCP-2), (A) pseudo color composite, (B) USGS PRISM MICA mineral abundance
map.
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Figure 2.37 Sample (GCP-3), (A) pseudo color composite, (B) USGS PRISM MICA mineral abundance
map.

Figure 2.38 Sample (GCP-4), (A) pseudo color composite, (B) USGS PRISM MICA mineral abundance
map.
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Ground truthing sample data interpretation focuses on the 2-micron range of the spectra since it is not

a�ected by atmospheric absorption. The laboratory-produced spectra are smoother and exhibit less noise

compared to the UAV spectra but both spectra present similar absorption features. Sample GCP-1 shows

the 2200 nm feature for smectite with both methods (the Mjolnir as well as the SWIR-384 camera; Figure

39). Samples GCP-2, GCP-3, and GCP-4 show clear absorption features around2165 nm and 2205 nm

with both the Mjolnir as well as the SWIR-384 camera (Figs. 2.40 { 2.42).

Figure 2.39 Normalized re
ectance spectra for ground control point (GCP-1)showing data using the
HySpex SWIR-384 (averaged) and the HySpex Mjolnir VS-620, respectively.

Figure 2.40 Normalized re
ectance spectra for ground control point (GCP-2)showing data using the
HySpex SWIR-384 (averaged) and the HySpex Mjolnir VS-620, respectively.
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Figure 2.41 Normalized re
ectance spectra for ground control point (GCP-3)showing data using the
HySpex SWIR-384 (averaged) and the HySpex Mjolnir VS-620, respectively.

Figure 2.42 Normalized re
ectance spectra for ground control point (GCP-4)showing data using the
HySpex SWIR-384 (averaged) and the HySpex Mjolnir VS-620, respectively.
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2.5 Discussion

The utilization of airborne hyperspectral imaging to map alteration halos and zones presents a

signi�cant advancement in mineral exploration methodologies. The goal of this study is to extend the

general use of hyperspectral data for such applications by introducing new methods and work
ows for data

collection, processing, validation, and interpretation for UAV-based hyperspectral data. Focusing on surface

alteration patterns and their expression at Castle Mountain, this study integrates three datasets collected

at di�erent scales. (I) A UAV-based hyperspectral survey, (II) labor atory-based data on ground truthing

hand samples from within the UAV-based hyperspectral survey areas. This comprehensive approach is

crucial for enhancing the interpretation of UAV-based hyperspectral surveys, considering factors such as

atmospheric noise, and orthorecti�cation which impact data quality and r eliability. For the UAV-based

hyperspectral survey, a drone system equipped with a VelodyneLiDAR scanner and a HySpex Mjolnir

VS-620 hyperspectral camera was used. This system allows for high-resolution, and precisely recti�ed and

georeferenced hyperspectral data over three key areas of the Castle Mountain deposit. The �rst surveyed

area covers a small portion of the main pit and an outcrop of a rhyolite dome (area A/B, Fig. 2.21), the

second area is located at the southern part of the deposit (are C/D, Fig. 2.21), covering a smaller rhyolite

dome, and the last area is located at the northern part of the deposit (areaE/F, Fig. 2.21). Ground

truthing e�orts involve sample collection from the A/B area (area across the main pit, Fig. 2.34) for

laboratory analysis using a HySpex SWIR 384 hyperspectral scanner. Coordinates of these samples were

then matched with the UAV-based dataset. For each sample, spectra wereaveraged and compared with the

corresponding pixel to assess the quality of atmospheric correction and validate mineral mapping results.

2.5.1 Data Interpretation and Validation

For UAV-based hyperspectral data interpretation, this study utiliz es the USGS PRISM MICA in

conjunction with the USGS Spectral Library Version 7 (Kokaly et al., 2017) through the Breeze GEO

software. This method relies on spectral matching with the USGS spectral library, facilitating e�cient

identi�cation of alteration minerals. While USGS PRISM MICA identi� es several di�erent alteration

minerals, kaolinite and smectite are most abundant in the study areas. The high presence of kaolinite was

noted around the rhyolite domes of the Linder Peak formation (Fig. 2.21, area A/B), while smectite was

the dominant mineral in the more distal northern regions of the deposit (Fig. 2.21, area E/F). In this

study, two validation methods were applied: (I) a combination of di�e rent mineral identi�cation algorithms

to validate and con�rm the presence and distribution of kaolinite, and (II) ground truthing through

laboratory-based hyperspectral analysis on georeferenced samples from area A/B.
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Validation and con�rmation of the presence and distribution of kaolinite: Minimum wavelength

mapping (MWL) was utilized to detect the presence of the kaolinite doublet diagnostic features at 2165 nm

and 2205 nm (van der Meer, 2004), and spectral angle mapper (SAM) was used to map the presence of

kaolinite by calculating the angle between the reference spectra vector and the observed spectra vector.

This angle describes the similarity between the two spectra (Kruseet al., 1993). The MWL as well as the

SAM methods were combined with the USGS PRISM MICA mapping and are displayed in ternary maps

to highlight the presence of kaolinite (Figs. 2.24, 2.25, 2.28, 2.29, 2.32, and 2.33). Based on visual

inspection of the spectra and in conjunction with inspection of the geological map (Capps & Moore, 1997),

the USGS PRISM MICA provides the most consistent and robust results. Based on these ternary maps

MWL shows the most classi�ed pixels showing a seemingly random distribution across the map. This

scattered distribution of MWL kaolinite is consistent throughout all t hree datasets and is represented by

false positives related to MWL's sensitivity to noise. The MWL's sensitivity to noise is evident in its

tendency to detect false minima from even small 
uctuations in re
ectance values. Unlike the USGS

PRISM MICA, the MWL focuses on identifying a minimum within a sp eci�c spectral range, without

evaluating the broader shape or context of the absorption feature. As a result, minor noise or variability in

the data can be interpreted as a valid signal, leading to false positives (Fig. 2.24). Additionally, not

accounting for the full spectral pro�le of the material can lead to misclassi�cation. This can be noted in

the northern part of the deposit as MWL misclassi�es dry vegetation as kaolinite (Fig. 2.28), which can be

attributed to the overlapping spectral features. The SAM produces comparable results to the USGS

PRISM MICA for kaolinite, with some noted discrepancies in certain parts of the survey (i.e., Figs. 2.44 {

2.46). These discrepancies can be attributed to the di�erent ways these algorithms handle spectral data.

Compared to SAM, the USGS PRISM MICA algorithm is less sensitive to mixed pixels up to a certain

threshold. Additionally, the USGS spectral library includes references for common mixed spectra, in this

case, kaolinite and white mica. MICA will assign a lower score to a pixel the less similar it is to the

reference spectra (Fig. 2.43). Consequently, the resultant map will depend on the con�dence cut-o�

assigned by the user and the inclusion of mixed reference spectra (kaolinite and white mica) in the analysis.
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Figure 2.43 Map of the central surveyed area, showing the con�dence score of kaolinite that the USGS
PRISM MICA assigns for each pixel, in this study the con�dence threshold was set to 90 percent.

On the other hand, SAM requires a closer match in spectral shape, making it less tolerant for mixed

spectra, it does not estimate the proportions of di�erent materials within a pixel. It assigns the pixel to the

class with the smallest spectral angle, which might not re
ect the actual mixed composition. These

limitations, combined with using a high threshold (0.08 rad), led to SAM not identifying pixels that have

mixed spectra, and pixels that are surrounded by the presence of smectite (Fig. 2.44). The spectral angle

mapper (SAM) mislabeled white mica pixels as kaolinite in multiple areas of the survey (Figs. 2.45, 2.46).

This can be related to the nature of the algorithm, as it focuses on the overall shape of the spectra rather

than speci�c absorption features. By normalizing spectra, it diminishes the impact of spectral magnitude

and emphasizes spectral shape. Illite and kaolinite have similar overall spectral shapes but di�er in subtle

absorption features. This leads this algorithm to not distinguish between these two minerals e�ectively,

leading to misclassi�cation.
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Figure 2.44 USGS PRISM MICA mineral abundance map of area A, (A) a zoomed-in portion of the map, (B) USGS PRISM MICA con�dence score
for kaolinite, (C) pixels labeled as kaolinite by the SAM algorithm.
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Figure 2.45 USGS PRISM MICA mineral abundance map of Area B (Fig. 21), featuring spectral graphs for two pixels: Pixel 1 is indicated by a
blue circle, and Pixel 2 is indicated by a red circle. These graphsdemonstrate the misclassi�cation by the SAM algorithm: both pixels were
classi�ed as kaolinite by SAM. However, spectral analysis reveals that Pixel 1 corresponds to illite, while Pixel 2 is kaolinite. (A) Highlighted portion
of the map at the top, (B) a Close-up of the highlighted area (A) in the map, (C) USGS PRISM MICA con�dence scores for kaolinite of the
highlighted area (A) in the map, and (D) pixels labeled as kaolinite by the SAM algorithm of the highlighted area (A) in the map.
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Figure 2.46 USGS PRISM MICA mineral abundance map of Area A (Fig. 21), featuring spectral graphs for two pixels: Pixel 1 indicated by a blue
circle and Pixel 2 indicated by a red circle. These graphs demonstrate the misclassi�cation by the SAM algorithm: both pixels were classi�ed as
kaolinite by SAM. However, spectral analysis reveals that both pixels correspond to illite. (A) Highlighted portion of the map at the top, (B) a
Close-up of the highlighted area (A) in the map, (C) USGS PRISM MICA con� dence scores for kaolinite of the highlighted area (A) in the map, and
(D) pixels labeled as kaolinite by the SAM algorithm of the highlighted area (A) in the map.
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Ground truthing through laboratory-based hyperspectral analysis: Laboratory-based analysis of

ground truthing samples from the central area (area A/B, Fig. 2.34) was performed to evaluate the USGS

PRISM MICA performance when applied to UAV-based hyperspectral data. Figures (2.35 { 2.38) show the

origin of four ground truthing samples, which were analyzed in a controlled environment without the need

for atmospheric corrections (laboratory-based hyperspectral data acquisition) and compared to the

georeferenced pixels in the UAV-based hyperspectral survey. Thiscomparison of hyperspectral data

acquired on georeferenced ground truthing samples with corresponding pixels in the UAV-based

hyperspectral survey (Figs. 2.39 { 2.42) con�rms the robust UAV-based hyperspectral data interpretation

using the USGS PRISM MICA. Ground truthing samples collected near the rhyolite dome (GCP-2,

GCP-3, GCP-4; Figs. 2.36 { 2.38) are rich in kaolinite, while the sample froma more distal area (GCP-1;

Fig. 2.35) is dominated by smectite. It is crucial to ensure that ground-truthing samples exceed the spatial

resolution of the UAV-based hyperspectral dataset to avoid mixed spectra. This approach prevents data

inaccuracies and ensures that the spectral signatures from the samples can be georeferenced and compared

accurately with UAV-acquired hyperspectral data. The consistency between UAV-based hyperspectral

spectra and laboratory-based hyperspectral spectra, particularly inthe 2165 nm and 2205 nm absorption

features, provides strong evidence of the e�ectiveness and accuracy of the post-processing tools and

work
ow employed in this study. The use of user-friendly tools such as PARGE for georecti�cation and

DROACOR for atmospheric correction delivers accurate and precise results with minimum spatial and

spectral distortions. While both sensors show similar absorption features, the laboratory-based spectra are

smoother and exhibit less noise. This can be attributed to the controlled environment of the laboratory.

However, despite the `real-world' data acquisition circumstances, the UAV-based hyperspectral data

correctly re
ect the alteration mineralogy within the surveyed areas, demonstrating its e�ectiveness in

mineral exploration applications.

2.5.2 UAV-based Hyperspectral Data in Alteration Mapping and Mineral Ex ploration

Epithermal systems exhibit characteristic alteration zones that canbe used as vectors toward

mineralized zones (Table 2.3). The typical deposit model suggests thatin low-sul�dation systems,

potassic-argillic alteration (e.g., adularia, quartz, illite) is common near ore-bearing veins and moving

outward, argillic alteration and clays like illite and smectite appear and are followed by propylitic alteration

in the most distal zones (Hedenquistet al., 2000; Johnet al., 2018; Sillitoe, 2015; Simmonset al., 2005).

Most of the aforementioned alteration minerals are visible in the VNIR-SWIR hyperspectral range due

to their unique absorption features (Table 2.4). While white micas andsheet silicates exhibit similar

absorption features due to the presence of OH and Al-OH molecules, subtle variations in their absorption
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Table 2.3 Summary of alteration mineral assemblages associated with low-sul�dation epithermal systems.

Alteration Low-Sul�dation Epithermal
Silicic Silica, Quartz, Chalcedony
Potassic-Argillic Quartz, Adularia, Illite (Sericite), Chalcedony, Calcite
Advanced Argillic Rare (can occur as overprint in shallow zones)
Argillic Illite, Smectite, Kaolinite (as overprint)
Propylitic Smectite, Chlorite, Zeolites

Table 2.4 Absorption features of common alteration minerals in epithermal systems.

Mineral Absorption Features in nm Reference
Illite, Muscovite 1400, 1900, 2200, 2350 (Clark et al., 1990; Meyer et al.,

2022)
Calcite 2350, 2550 (Ga�ey, 1986)
Alunite 1480, 1770, 2170 (Hunt, 1977; Clark et al., 1990;

Meyer et al., 2022)
Pyrophyllite 1390, 1900, 2160 (Hunt and Ashley, 1979; Clark et al.,

1990; Thompson et al., 1999)
Smectite 1400, 1900, 2200 (Hunt and Ashley, 1979; Clark et al.,

1990; Bishop et al., 2008)
Kaolinite 1400, 1900, 2160, 2200 (Hunt, 1977; Clark et al., 1990;

Bishop et al., 2008)
Chlorite 1400, 2250, 2350 (Hunt, 1977; Clark et al., 1990;

Bishop et al., 2008)

characteristics enable their di�erentiation. For example, alunite shows distinct absorption features around

1770 nm and 2170 nm while kaolinite exhibits a doublet absorption near 1400 nm and2200 nm due to

hydroxyl groups in its crystal structure (Clark, 1999; Clark et al., 1990; Hunt, 1977; Meyeret al., 2022).

Illite shows absorption bands near 1400 nm and 2200 nm and a weaker feature at 2340 nm, whereas

pyrophyllite shows strong absorption near 1390 nm and 2160 nm. Smectite is characterized by a large

water feature near 1900 nm and a broader AL-OH feature around 2200 nm compared to illite and

pyrophyllite (Clark, 1999; Hunt, 1977). Other minerals such as chlorite and carbonates display absorption

features caused by Fe-OH or Mg-OH combinations usually around 2350 nm and 2550 nm(Ga�ey, 1986;

Hunt, 1977).

These spectral signatures allowed airborne hyperspectral imaging tobe a useful tool to map the

alteration mineralogy, which is an important piece of information during mineral exploration. Unmanned

aerial vehicle-based hyperspectral data acquisition allows for precise high-resolution (3.2 cm pixel size for

VNIR and 6.4 cm pixel size for SWIR) hyperspectral mapping of alterationzones, providing a cost-e�ective

and e�cient method for vectoring towards ore bodies, particularly i n di�cult-to-access terrains.
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Various studies have demonstrated the e�ectiveness of hyperspectral methods for detecting alteration

minerals and mineral assemblages in epithermal systems. Rowanet al. (2003) used satellite-based Advanced

Spaceborne Thermal Emission and Re
ection Radiometer (ASTER) and Airborne Visible/Infrared Imaging

Spectrometer (AVIRIS) data to map hydrothermal alteration minerals such as alunite and kaolinite at

Cuprite in Nevada. In 2006, a similar study was conducted at the Zagros magmatic arc, Iran, utilizing

band ratio algorithms to map phyllic and argillic alteration across a large area(Mars, 2006). In the Los

Menucos gold district, Argentina, Kruse et al. (2009) used AVIRIS data to identify key minerals like

kaolinite, muscovite, and pyrophyllite, verifying results wit h �eld spectroscopy and Hyperion satellite data.

UAV-based hyperspectral mapping represents an intermediate scale that bridges the gap between

broad-scale satellite imagery, traditional airborne surveys, and detailed laboratory spectral measurements.

While satellite and airborne platforms o�er extensive coverage suitable for regional mapping, they often

miss �ne-scale mineralogical variations critical for detailed alteration mapping. On the other hand,

laboratory-based analysis usually provides higher quality data with less noise, but it is usually limited in

coverage due to sample size or in the case of point spectrometers, discrete sampling points. This

intermediate position of the UAV-based scanners allows it to be more detailed than satellite and airborne

imagery while covering a continuous 2D area compared to �eld-collected samples using a laboratory-based

scanner, making it a crucial part of mineral exploration e�orts. While UA V and airborne hyperspectral

imaging are accepted tools for mineral exploration, several factors can limit their e�ectiveness. Dense

vegetation cover imposes a challenge for airborne hyperspectral surveys as it can obscure surface minerals

due to mixed spectra (Zhouet al., 2022). Atmospheric conditions, especially cloud cover and water vapor,

can introduce distortions in hyperspectral data by absorbing and scattering light. Although atmospheric

correction is an important step during data post-processing, it can becomplex and may not fully eliminate

the distortions caused by atmospheric conditions (Kurz & Buckley, 2016;Zhou et al., 2022). Sedimentary

cover can also introduce challenges and mineralized zones are often masked making it impossible to directly

observe the hydrothermal alteration signatures (Laaksoet al., 2015). Finally, the time of day and weather

conditions can signi�cantly impact the quality of hyperspectral data. Surveys conducted during periods of

low sunlight or overcast weather can result in lower signal-to-noise ratios, reducing the visibility of subtle

mineral spectral features. Wet conditions such as recent rainfall introduce water absorption features that

can obscure the spectral signatures of minerals (Kurz & Buckley, 2016; Zhou et al., 2022).

2.5.3 Implications for Castle Mountain

The UAV-based hyperspectral survey described in this study covers three areas of the Castle Mountain

mine (Fig. 2.21). The USGS PRISM MICA in conjunction with the USGS Spectral Library Version 7 was
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used to map alteration minerals within these surveyed areas, identifying minerals such as kaolinite and

smectite. The high concentrations of kaolinite around rhyolite domes of the Linder Peak formation support

the idea that hydrothermal 
uids utilized syn-volcanic structur es to penetrate the volcanic stratigraphy,

with kaolinite formation indicating relatively high temperatures and acidic conditions proximal to the

dome (Capps & Moore, 1997; Tharalson & Monecke, 2021). Distal areas in the northernpart of the deposit

present fewer classi�ed pixels and are dominated by smectites with some minor kaolinite. Di�erences in

kaolinite abundance in the three surveyed areas can be interpreted to represent the distance of the area

from the center of the hydrothermal systems, the degree of erosion, or the presence of sedimentary cover.

Hedenquist et al. (2000), and Simmonset al. (2005) highlight that typical alteration zoning cannot always

be readily recognized at surface as argillic-altered rocks are often covered by unconsolidated terrace

sediments and colluvium and the limited presence of kaolinite in the northern area could be attributed to

extensive erosion. According to Tharalson & Monecke (2021), the Castle Mountain deposit has undergone

extensive erosion with the exception of the silici�ed volcanic rocks in the southern part of the deposit

which have been comparably resistant to weathering and erosion forming a notable topographic high

compared to the surrounding plain of the Mojave Desert. The less resistant rocks in the northern area have

been more susceptible to erosion, potentially removing kaolinite-bearing alteration assemblages. The high

abundance of kaolinite in the central zone can potentially be attributed to supergene processes, which can

be responsible for the formation of kaolinite as weathering and oxidation ofsul�des in the ore body can

create acidic conditions that lead to the breaking down of primary minerals and the formation of secondary

clay minerals like kaolinite (Hedenquist et al., 2000; Simmonset al., 2005). According to White &

Hedenquist (1995), minerals formed under relatively acidic conditions such as kaolinite generally do not

occur as gangue minerals in low-sul�dation deposits unless they appearas an overprint. Low-sul�dation

deposits are associated with less acidic alteration minerals like adularia, calcite, or illite. The presence of

advanced argillic alteration minerals such as kaolinite and alunite usually represent a near-surface overprint

unrelated directly to the ore mineralization.
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CHAPTER 3

THE COSO GEOTHERMAL FIELD

3.1 Introduction

Geothermal energy has become an important energy source for the green energy transition due to its

ability to provide a reliable, sustainable, and low-carbon alternative to conventional fossil fuels. As

countries aim to meet ambitious climate targets and reduce greenhouse gasemissions, geothermal energy

o�ers a stable, base-load power supply that complements other renewable energy sources like solar and

wind, which are intermittent by nature (Dickson & Fanelli, 1990). To m eet the energy demand, exploration

of geothermal resources, which can be time-consuming and costly, is becoming more important. Various

techniques are employed to locate the most promising geothermal areasand identify suitable targets for


uid production. Geothermal exploration projects aim to estimate te mperature, reservoir volume, and

permeability at depth; determine whether wells will produce steam or water; and assess the chemical

composition of the produced 
uid (Barbier, 2002). Exploration targets are often initially based on surface

manifestations and their physical and chemical characteristics, which can be obtained relatively

inexpensively (Glassley, 2014). Planning for more costly exploration strategies is based on these initial

�ndings and typically includes geological surveys to understand the structural and stratigraphic framework

and the region's volcanology. Hydrogeological surveys identify con�ned and uncon�ned aquifers to

reconstruct subsurface water circulation and understand the relationships between hydrothermal

manifestations and tectonic features like faults and fractures (Barbier, 2002; Dickson & Fanelli, 2003).

Fluid inclusion and geochemical surveys estimate the temperatureof deep reservoirs and the age of

geothermal 
uids through radiometric dating. Geophysical surveys provide valuable information on rock

properties, active faults that can channel hot 
uids, rock distribu tion at depth, and their geometric

characteristics. These surveys help identify the low resistivity of geothermal reservoirs, verify the presence

of high-temperature 
uids in areas without surface manifestations, andmore precisely determine deep

drilling in potentially productive areas (Cumming, 2016; Dickson & Fanelli, 1990). Geophysical surveys are

also used to delineate the boundaries of geothermal �elds and acquire data to evaluate the �eld's

geothermal potential (Barbier, 2002; Dickson & Fanelli, 2003; Glassley, 2014).

Over the past decade, hyperspectral imaging has been proven to be a powerful and low-cost tool to

characterize alteration zones and halos associated with hydro- and geothermal systems (Roonwal, 2018).

Hyperspectral imaging consists of the acquisition and analysis of spectral data along a wide range of

electromagnetic wavelengths, and unlike conventional imaging techniques, this allows subtle spectral
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variations to be detected (Lodhi et al., 2019). Hyperspectral imaging is a powerful tool to detect and

characterize alteration assemblages and their spatial occurrence, which in turn provides valuable vectors

and information in geothermal exploration (Peyghambari & Zhang, 2021).

The aim of this study is to improve our understanding of the makeup of the Coso geothermal �eld

located in Inyo County, eastern California, which represents one of the largest geothermal power plants in

the United States, with a maximum capacity exceeding 270 megawatts (Sass & Priest, 2002). To better

understand the alteration halo and mineralogy, �ve RC chip drill holes were collected and analyzed using

hyperspectral RC chip scanning and SEM-based automated Mineralogy.

The newly developed work
ow presented here using a laboratory-based short-wave infrared (SWIR)

scanner to image the alteration mineralogy of reverse circulation (RC) drill chips from �ve drill holes

unravels the makeup of this geothermal system and the underlying geology. Some of the most crucial

factors governing production rates in geothermal systems are subsurface temperatures and permeability.

Here, we focus on a detailed analysis of alteration assemblages as they advance our understanding of the

subsurface temperature gradients and permeability. In active geothermal systems, there is a continuous

cycle of mineral precipitation in these voids, followed by reactivation events. The type of minerals �lling

these voids signi�cantly impacts permeability and 
uid circulation (Davatzes & Hickman, 2005).

Understanding the distribution of the alteration mineralogy in the subsurface can advance our knowledge

and ability to extract energy more e�ciently and ensure longer run tim es.

3.2 Geological Background { Coso Geothermal System (or Similar)

The Coso Range is considered one of many Neogene volcanic centers in the Basin and Range province,

located in Inyo County, California, at the western edge of the province and the northern region of the

Mojave Desert (Fig. 3.1; Baconet al. 1981; Roquemore 1980). Three periods of volcanic activity occurred

within the Coso Range during the last 6 million years resulting in a geological environment dominated by a

diverse range of igneous rocks (ma�c, intermediate, and felsic; Du�eld et al. 1980). During the late

Miocene period, basaltic lavas dominated the northern 
ank of the range(Du�eld et al., 1980), followed by

the Pleistocene high silica lavas and the associated basaltic rockson the southwestern 
ank (Bacon, 1982).

Lastly, bimodal volcanic activity occurred during the Pliocene period, a�ecting the eastern and central

parts of the range (Baconet al., 1981; Du�eld et al., 1980). Locally, these volcanic units are bordered by

moderately dipping sedimentary rocks and lie on top of a basement complex composed of Mesozoic plutons

and minor metamorphic rocks (Baconet al., 1981). Throughout the volcanic range, late Cenozoic tectonic

activity is evident (Roquemore, 1980). On the north and west 
anks of the range, dipping formations

indicate relative uplift activity during the Pliocene, whereas at the south 
ank, uplift is considered active
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since the Pleistocene. This activity is also manifested in the topography of the area and as a series of

normal faults a�ecting the alluvial deposits, as well as ongoing high levels of seismicity (Roquemore, 1980;

Rotstein et al., 1976; Walter & Weaver, 1980).

Within the Coso volcanic �eld lies one of the US largest geothermal energy producers, the Coso

Geothermal Power Plant. The Coso Geothermal Power Plant is located within the Naval Air Weapons

Station China Lake near Ridgecrest, California, and has been a signi�cant contributor to the region's

energy production. The Coso Geothermal Power Plant is situated on landowned by the U.S. Navy and has

been operated by The Coso Operating Company, LLC since 1987. The Coso site comprises four interlinked

geothermal power plants. These plants collectively produce 270 megawatts of electrical power, making it

one of the top three geothermal power producers in the United States (Sass & Priest, 2002).

Figure 3.1 Location map of the Coso volcanic �eld and the Coso Power Station inCalifornia, NE of
Ridgecrest.
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3.2.1 Tectonic Activity

Du�eld et al. (1980) describe intense tectonic activity throughout the Coso Range, evident through

uplift and faulting. The range is segmented into several fault sets, re
ecting the structural complexity of

the region. Faults within the Coso Range can be grouped into three primary sets. two sets with linear

traces that extend regionally, while the third shows arcuate traces oflocal extent that are concentric around

the center of the Pleistocene rhyolite �eld. In the southern part of the Coso Range, northwest-trending

faults dig steeply to vertically and extend into the Sierra Nevadaand Argus Range. In contrast, arcuate

faults dominate the northern region, de�ning a signi�cant structural arc that is with major

northwest-trending features (Du�eld et al., 1980). These faults trace out an arc and merge with major

northwest-trending faults. The eastern range exhibits step-faulted terrain, typically bounded by arcuate

faults, which has been interpreted as a model for crustal subsidence, indicating the possible presence of a

crustal magma reservoir (Bacon, 1981). Whitmarsh (1998) introduced a re�nedtectonic description for the

Coso Range, relying on distinct structural features like the JoshuaRidge fault, brecciated zones, and the

Rosevel shear zone in the northwest part of the area. Whitmarsh (1998) also recognized the Haiwee Spring

fault zone as a major structure in the Coso Range, forming a new basis for the newly proposed tectonic

model for the area. This model suggests that the area experienced a right oblique extension, which is

expressed by both normal and strike-slip faults within the Coso Range(Fig. 3.2).

Davatzes & Hickman (2006) described a set of normal faults trending N to NNE,with dips to both the

west and east. The most prominent of which is the Coso Wash Fault (Fig. 3.2), which is described as a

normal fault consisting of several en-echelon segments located at theeastern margin of the geothermal

�eld. This normal fault is considered active according to several noted features such as geomorphic

expression (Davatzes & Hickman, 2006), o�setting hydrothermal deposits(Hulen, 1978), and basalt 
ows

(Du�eld et al., 1980). Additionally, a subset of these normal faults also displaces Holocene basin sediments

(Unruh et al., 2001) and is associated with seismic activity. These faults divide the geothermal �eld into 3

distinct parts: (I) the main �eld, which is associated with high seismicity rates, high temperatures (>

337°C at < 10,000 ft depth), and Quaternary rhyolite domes (Bishop & Bird, 1987), (II) t he east 
ank

region, which is also associated with high temperatures and seismicity, and (III) the Coso Wash, which

consists of a series of sub-basins associated with segments of the CosoWash fault and experiences the least

seismicity and comparatively low temperatures (Davatzes & Hickman,2006).
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Figure 3.2 Structural map of the Coso geothermal �eld, modi�ed after Whi tmarsh (1998) and Davatzes &
Hickman (2006). The cross-section was modi�ed after Unruhet al. (2001).
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3.2.2 Lithologies

According to Du�eld & Dalrymple (1977), the Coso Range consists of lithological units that date back

to the pre-Cenozoic era (Fig. 3.3). Middle to late Mesozoic units can befound throughout the range: the

central and northern parts of the range are dominated by granitic plutons, while the southern and eastern

parts are predominantly consisting of dioritic to gabbroic plutons accompanied by metamorphic rocks.

Pliocene volcanic rocks are usually spread throughout the range, consisting mostly of andesite, dacite, and

rhyodacite. The Pleistocene volcanic sequence found in the area predominantly consists of rhyolite domes

that are clustered in the central part of the range. Sedimentary unitsmore widespread and are from

Miocene to Holocene in age. The oldest identi�ed sedimentary unit is the Coso formation (Schultz, 1937),

consisting of tu�aceous lacustrine beds, pyroclastic deposits, andcontinental clastic facies. This formation

is exposed at the west and north 
anks of the range. The White Hills formation is a sequence of generally

south-dipping sedimentary rocks that are exposed locally on the south 
ank of the Coso Range. The

sequence consists predominantly of siltstone and silty claystone interbedded with sandstone and cobble

conglomerate. This formation is thought to be younger compared to the Coso formation (von Huene,

1971). The youngest group of sedimentary deposits is thought to be Quaternaryin age, consisting of

alluvial fan deposits, 
uvial gravel, sand and silt, wind-blown sand, and silt and clay in local playas

(Du�eld & Smith, 1978).

The East Flank is dominated by quartz diorites, granodiorites, and granites. The quartz diorites and

granodiorites are Mesozoic in age and represent part of the Sierra Nevada batholith (Du�eld et al., 1980).

Field relationships and age dates indicate that the granitic intrusionsare younger than the other igneous

rocks in the area (Du�eld et al., 1980; Mooreet al., 2004). Kovacet al. (2005) published their petrography

work on several wells in the east 
ank of the Coso range and reported a similar succession of hornblende

quartz diorite, meta diorite, biotite granodiorite, biotite quartz d iorite, and granite, with various types of

veining consisting of calcite, quartz, hematite, chlorite, epidote, and pyrite.
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Figure 3.3 Lithologic map of the Coso geothermal �eld, modi�ed after Whitmar sh (1998).
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3.2.3 Alteration

Understanding geothermal alteration mineral assemblages is essential foroptimizing geothermal energy

extraction. According to Lutz et al. (1996) and Kovacet al. (2005), secondary minerals found in the

reservoir rocks of the Coso geothermal system were likely in
uenced by regional metamorphism, magmatic

intrusions, and the activity of the current geothermal system. The authors describe these secondary

mineral assemblages to be similar to primary mineral assemblages. However, there are notable exceptions:

(I) younger veins are dominated by calcite and quartz and lack abundant epidote, (II) euhedral to

subhedral calcite crystals occur in open space �llings, which weredetermined to show 
uid inclusion data

related to the current geothermal system (Kovacet al., 2005), whereas anhedral crystals in sealed veins do

not, and (III) secondary minerals that are thought to be related to the current geothermal system are

represented by various clays, zeolites, aragonite, iron and magnesium carbonates, chlorite, sericite, epidote,

wairakite, potassium feldspar, hematite, pyrrhotite, and pyrite. B ased on clay separation and X-ray

di�raction of about 150 samples from ten wells, Lutz et al. (1996) proposed three discrete clay mineral

zones (Fig. 3.4): (I) The shallow smectite zone, which is characterized by intense veining that consists of

chlorite-smectite, stilbite, and zeolite. In general, this zone is dominated by smectite with minor kaolinite

near the base. (II) The mixed illite{smectite zone, which is characterized by fewer veins compared to the

smectite zone, consisting of calcite, hematite, and minor quartz. (III) The illite zone which is de�ned by

strong illite development replacing potassium feldspar and plagioclase in metamorphic and intrusive rocks.

This zone is host to calcite veins with chlorite selvages, minor quartz, hematite, and pyrite. Near the

granite contact, veins contain wairakite, quartz, epidote, chlorite, adularia, and pyrite.
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Figure 3.4 The proposed clay mineral zones, modi�ed after Lutzet al. (1996).

3.2.4 Previous Work

Geothermal systems are natural heat sources within the Earth's crustthat can be harnessed for

electricity generation. These systems are characterized by the presence of hot water and steam reservoirs

found at varying depths beneath the Earth's surface (Barbier, 2002; Dickson & Fanelli, 2003; Glassley,

2014). Geothermal energy is considered a renewable resource, provides a stable and continuous power

supply and emits signi�cantly lower greenhouse gases compared to fossil fuels. However, exploration and

development of geothermal systems are expensive, and the resource islimited to regions with favorable

geological conditions and over-extraction can lead to a decrease in reservoir pressure and temperature,

reducing the system's e�ciency over time. Geothermal systemsare commonly recognized to consist of a

clay-rich caprock, located above a permeable reservoir zone (Davatzes & Hickman, 2005). This permeable

reservoir is usually a result of structural activity. In active geothermal systems, there is a continuous cycle

of mineral precipitation in these voids, followed by reactivation events. The type of minerals �lling these

voids signi�cantly impacts permeability and 
uid circulation. High- temperature 
uids often deposit silica,

forming veins and coatings within the reservoir rocks, which can enhance permeability if they create rigid

structures (Browne, 1984; Dobsonet al., 2003). Interaction with cooler, lower pH 
uids can lead to the

formation of clay minerals, which tend to block 
uid pathways and reduce permeability (Reyes, 1990).

Several studies were conducted on this geothermal �eld to understand alteration assemblages: Bishop &
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Bird (1987) conducted a study on white micas from the Coso geothermal system, identifying coarse-grained

relict muscovite in low-permeability zones and �ne-grained sericite near fracture zones. They determined

that sericite is in equilibrium with the geothermal 
uids, unlik e the metastable relicts of muscovites. Lutz

et al. (1996) and Kovacet al. (2005) utilized X-ray di�raction analysis on 150 samples from ten drill holes

to determine the composition and distribution of �ne-grained hydroth ermal clays in the geothermal �eld.

They proposed three distinct clay mineral zones: a shallow smectite zone, a mixed illite-smectite zone at

intermediate depths, and a deep illite zone. By analyzing the presence and distribution of these clay

minerals, they were able to approximate paleotemperatures within the geothermal system. Their �ndings

suggest that this geothermal �eld has undergone multiple hydrothermal events. Minerals such as chlorite,

smectite, and illite are especially signi�cant because they have relatively restricted thermal stabilities. In

active geothermal systems, smectite is stable up to temperatures of� 180� C, interlayered illite-smectite to

temperatures of � 225� C, and illite and micas at greater temperatures of up to 350� C (Browne, 1984;

Henley & Ellis, 1983).

3.3 Methods

The SWIR spectral range (1,300 { 2,500 nm) is suitable for determining the alteration mineralogy in

geothermal systems because of its ability to detect fundamental absorption features attributed to OH,

H2O, CO3, NH4, AlOH, FeOH, and MgOH molecular bonds (Clark, 1999). It has been proven useful in

accurately determining a wide range of mineral groups including hydrated silicas, micas, chlorites, and

carbonates (Asadzadeh & de Souza Filho, 2016). The relative strengths of di�erent spectral absorption

features allow an estimate of the relative abundance of identi�able minerals in simple assemblages

(Thompson et al., 1999), as well as the crystallinity of certain phyllosilicates. In this study, we utilize these

strengths to determine the occurrence and abundance of key alteration minerals the Coso geothermal �eld.

3.3.1 Hyperspectral Data Acquisition

Five drill holes were sampled at the Coso geothermal �eld (Fig. 3.5): 63A-18 (490 ft { 5700 ft), 58A-18

(130 ft { 8670 ft), 33-7 (80 ft { 9999 ft), 38B-9 (800 ft { 9000 ft), and 24C-20 (2400 ft { 7700 ft). T hese

drill holes were chosen strategically as they are spread across the eastern part of the �eld. Drill holes

consist of air-dried recirculation drilling chips, which were transferred into plastic chip trays with true

depth labels for each compartment.
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Figure 3.5 Location of the sampled drill holes from the Coso geothermal �eld.
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Sample preparation: In preparation for hyperspectral scanning at the core scanning facility at the

Colorado School of Mines, it was necessary to uniformly position the chips at a consistent height. This was

achieved by using cotton since it has minimum spectral interference and we are familiar with its spectral

shape. This height standardization is crucial as the SWIR spectral scanner used in this study is a push

broom camera that focuses on a single height setting. Sample preparationensures a swift and continuous

scanning process.

HySpex SWIR scanner:In this study, we used the HySpex SWIR 384 spectral scanner, coupledwith

Predictera Breeze Geo software for data analysis. This camera has a spectral range of 930-2500 nm, 384

spatial pixels, 288 spectral channels, 5.45 nm spectral sampling, and a 16° �eld of view. Using Breeze, a

project was generated to group the scans and a subgroup was generated for eachdrill hole. After scanning

all drill holes, RC chip compartments were segmented from background and shadowed areas. The plastic

trays were carefully masked as plastic has a detrimental e�ect on thesample spectra. The Breeze software

package was developed to natively control the HySpex SWIR 384 and includesthe capability for depth

registration of scanned samples. We used true depth markers to depth-register each segment. A smoothing

pretreatment was applied to the spectra using the Savitzky-Golay algorithm (Savitzky & Golay, 1964) then

we used the USGS PRISM Material Identi�cation and Characterization Algori thm (MICA; Kokaly 2011)

to identify minerals in each compartment (Fig. 3.6).

Material Identi�cation and Characterization Algorithm (MICA) identi�es materials and minerals by

analyzing the spectral features of a sample and matching them to a reference library of known spectra.

This is primarily done using continuum-removed absorption features, focusing on diagnostic wavelengths

that reveal speci�c chemical bonds or physical structures (Kokaly, 2011). Continuum removal is a

preprocessing step where the general shape of the spectrum is normalized, isolating speci�c absorption

features. Mathematically, the continuum is modeled as a convex hullover the re
ectance spectrum across a

given wavelength range (Kokaly, 2011). Once continuum removal is complete, MICA compares the isolated

absorption features between the unknown spectrum and reference spectra held in the USGS Spectral

Library Version 7 (Kokaly et al., 2017). The algorithm uses a �t value that measures the similarity

between the two continuum-removed spectra over selected diagnostic wavelength ranges.
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Figure 3.6 Flowchart describing the proposed work
ow to identify the alteration mineralogy using the
Breeze GEO software package with USGS PRISM MICA.

3.3.2 Sheet Silicates Analysis

This study focuses on analyzing alteration minerals and understanding the thermal gradient within the

geothermal system, with particular attention given to white micas and clays. Smectites are usually one of

the �rst clay minerals to form in a geothermal environment, usually at temperatures below 200°C. It forms

due to the breakdown of feldspars, volcanic glass or other silicate minerals (L�evy et al., 2020). As

temperature increases, smectite may evolve into illite through aprocess called (illitization). During this

process, a continuous loss of unbound water and an increase in crystalline maturation occurs, indicating a

higher order of clay minerals. Usually, this process is gradual, whichleads to the presence of both minerals

in a mixed layer structure (Gal�an & Ferrell, 2013).

Usually distinguishing between these minerals is done using X-raydi�raction analysis (XRD) via a

parameter known as the Kubler's index (KI) formally known as the Ill ite crystallinity index (Drits et al.,

1997).

Spectrally, smectite, mixed-layered illite-smectite, and illite re
ect absorption features near 1400 nm

due to OH stretching, near 1910 nm due to water absorption, and near 2200 nm dueto Al-OH stretching

and bending. Illite displays additional absorption features near 2350 nm and near 2450 nm due to
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metal-OH and Al-OH bonds while having a more dominant 2200 nm feature compared to the 1900 feature

(Fig. 3.7). Smectite (here montmorillonite) displays a shallower 2200feature and a much deeper 1900

feature (Fig. 3.7). Mixed-layered illite-smectite shows intermediate characteristics, sometimes with

additional absorption near 2350 nm and near 2440 nm, similar to illite (Simpson &Rae, 2018).

Several studies have successfully correlated the XRD-derived Kubler's index (KI) with the spectrally

derived illite spectral maturity (ISM) (Reijonen et al., 2024; Simpson & Rae, 2018; Wanget al., 2024).

Unlike (KI), ISM does not determine the crystallinity of illite ( Guggenheimet al., 2002), it detects changes

that happen during the evolutionary sequence, such as changes in unbound water content. Illite spectral

maturity (ISM) values represent an indirect measurement of the number of expandable interlayers (i.e.

smectites) in between illite tetrahedral-octahedral-tetrahedral layers. Illite spectral maturity focuses on the

2200 nm and 1900 nm absorption features, hence its ability to explain the successive loss of unbound water

during increasing temperature (Cudahyet al., 2008).

Figure 3.7 A spectral graph illustrating montmorillonite (a smectite ) and illite using the USGS Spectral
Library Version 7 (Kokaly et al., 2017).
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Several parameters were proposed in the literature to measure the ISM, The proposed methods are (I)

the depth ratio of the 2200 and 1900 nm features (2200D/1900D), (II) the depth ratio ofthe 2200 and 1400

nm features (2200D/1400D), which takes into account changes in hydroxyl content with increasing

metamorphism, and (III) the asymmetry of the 2200 feature (Doublier et al., 2010). In this study, we used

the depth ratio of the 2200 nm and 1900 nm features (2200D/1900D), as it shows the highest correlation

with XRD-derived (KI) data according to Cudahy et al. (2008).

Prior to applying spectral calculations, we masked each compartment leaving only pixels marked as

muscovite, illite, and smectite using the USGS PRISM MICA algorithm. Then we utilized the Minimum

Wavelength Mapping (MWL) feature in Breeze to calculate the wavelength location as well as the

absorption intensities for the 1900 nm and 2200 nm features. The positions anddepths of these absorption

features were calculated for each pixel in the dataset. Using the `combine properties' feature in Breeze

GEO software, we calculated the 2200 nm/1900 nm ratio by dividing the 2200 feature depth by the 1900

feature depth (Fig. 3.8).

Figure 3.8 Flowchart describing the proposed work
ow for ISM and the 2200feature position analysis
using the Breeze GEO software package.
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3.3.3 Validation Using Automated Mineralogy

To validate our hyperspectral results, we chose 3 samples from each drill hole (15 samples in total) to

be analyzed using automated mineralogy. We conducted a Principal Component Analysis (PCA) on the

hyperspectral data to identify key patterns and groupings within the dataset (Figs. 3.9 { 3.11). Based on

the PCA results, we strategically selected three samples from eachdrill hole, ensuring they were drawn

from distinctly di�erent clusters to capture the variation withi n the data.

Figure 3.9 Principal component analysis for drill hole 38B-9. Selected sub-samples are indicated in yellow,
blue, and green.
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Figure 3.10 Principal component analysis for (A) drill hole 24C-20 and (B) drill hole 33-7. Selected
sub-samples are indicated in yellow, blue, and green.
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Figure 3.11 Principal component analysis for (A) drill hole 58A-18 and (B) drill hole 63A-18. Selected
sub-samples are indicated in yellow, blue and green.
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Samples were loaded into the Hitachi �eld-emission SEM SU5000 platform andanalysis was initiated

using the control program AMICS. An energy dispersive X-ray spectrometers from Bruker acquired spectra

from each point with a user-de�ned resolution. The scans were performed at 100x magni�cation, a

stepping size of 15 microns, an acceleration voltage of 20 keV, and a specimencurrent of 65 nA.

Interactions between the beam and the sample were modeled through Monte Carlo simulation. The EDS

spectra were compared with spectra held in a look-up table allowing a mineral or phase assignment to be

made at each acquisition point. The assignment makes no distinction between mineral species and

amorphous grains of similar composition. Results were output by the AMICSsoftware as a spreadsheet

giving the area percent of each composition in the look-up table. This procedure allows a compositional

map to be generated. Composition assignments were grouped appropriately.

3.4 Results

In this section, we present the �ndings from our analysis of the Coso geothermal �eld's subsurface

alteration mineralogy. Using a HySpex laboratory-based short-wave infrared (SWIR) scanner, we scanned

RC drill chips from �ve drill holes. The data were processed using the USGS PRISM Material

Identi�cation and Characterization Algorithm (MICA) through Breeze GEO s oftware. White micas were

further analyzed using Illite Spectral Maturity (ISM) and the posi tion of the 2200 nm absorption feature.

These �ndings enhance our understanding of the Coso geothermal systemby shedding light on alteration

minerals.

The work
ow presented above provides detailed information on the alteration mineralogy of �ve reverse

circulation drill holes from the Coso geothermal system. This analysiswas done by utilizing the USGS

Spectral Library Version 7 (Kokaly et al., 2017) in Breeze GEO software. Some minerals were excluded

from the analysis (i.e., epidote and carbonates). Epidote shares similar diagnostic features to chlorite,

especially Fe-rich chlorite, which can lead to misidenti�cation. This exclusion was done after inspecting

spectra individually and based on previous studies (Jones & Moore, 2011;Kovac et al., 2005). Identifying

carbonates using SWIR spectroscopy is challenging because it relieson a single diagnostic feature in the

2300{2350 nm range. This diagnostic feature arises from the overtone and combination bands of the

carbonate ion (CO2�
3 ), speci�cally associated with C{O stretching and bending vibrati ons. This feature

can overlap with Mg-rich chlorite. Additionally, the misidenti�cat ion of vegetation as a carbonate signature

was also observed.

The mineral groupings for the USGS PRISM MICA results were tailored speci�cally for this study:

kaolinite and smectite were combined and reported as 'clays', as theyhave similar temperature stability.

Muscovite and illite were grouped and reported as white mica as they are undistinguishable in SWIR.
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Mineral groups identi�ed and classi�ed in this study are unclassi�e d, biotite, chlorite, chlorite/white mica,

white mica, and clay.

3.4.1 Hyperspectral Data Interpretation Using USGS PRISM MICA

All reverse circulation drill holes were scanned using HySpex SWIR384 and interpreted using the

USGS PRISM MICA through Breeze GEO software with the above-mentioned mineral groups

(unclassi�ed, biotite, chlorite, chlorite/white mica, white mic a, and clay; Figs. 3.12 { 3.15).

At shallow depths, we notice higher percentages of White Mica, accompanied by the presence of lower

percentages of clays (Fig. 3.12). Drill holes 63A-18 and 58A-18 show relatively consistent biotite with

moderate chlorite and chlorite/white mica concentrations. Drill hol es 33-7 and 38B-9 display lower biotite

and higher chlorite concentrations (Fig. 3.12).

With increasing depth, chlorite and chlorite/white mica concentr ations increase and clay concentrations

decrease. Drill holes 63A-18 and 58A-18 display high concentrations of biotitewith localized higher

concentrations in chlorite. Drill hole 33-7 shows the lowest biotiteand the highest white mica and

chlorite/white mica concentrations compared to the other drill holes. Drill hole 24C-20 shows a modest

increase in biotite and chlorite downhole with the majority of pixels being unclassi�ed (Fig. 3.13). In the

deeper sections (Fig. 3.14), chlorite becomes less prevalent in all drill holes except 33-7. Drill holes 38B-9

and 24C-20 display a noticeable increase of white mica at around 7000 ft, whereas drill hole 33-7 shows a

noticeable increase in clay content around a similar depth (Fig. 3.14). The deepest intervals (Fig. 3.15),

the amount of unclassi�ed pixels is dominant and drill hole 33-7 continues to show the highest percentage

of chlorite with lower concentrations of biotite.
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Figure 3.12 Hyperspectral data from drill holes 63A-18, 58A-18, 33-7, 38B-9, and 24C-20 for depths from 0
ft to 2500 ft, interpreted using the USGS PRISM MICA in conjunction w ith the USGS Spectral Library
Version 7 (Kokaly et al., 2017).
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Figure 3.13 Hyperspectral data from drill holes 63A-18, 58A-18, 33-7, 38B-9, and 24C-20 for depths from
2500 ft to 5000 ft, interpreted using the USGS PRISM MICA in conjunction with the USGS Spectral
Library Version 7 (Kokaly et al., 2017).
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Figure 3.14 Hyperspectral data from drill holes 63A-18, 58A-18, 33-7, 38B-9, and 24C-20 for depths from
5000 ft to 7500 ft, interpreted using the USGS PRISM MICA in conjunction with the USGS Spectral
Library Version 7 (Kokaly et al., 2017).
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Figure 3.15 Hyperspectral data from drill holes 63A-18, 58A-18, 33-7, 38B-9, and 24C-20 for depths from
7500 ft to 10000 ft, interpreted using the USGS PRISM MICA in conjunction with the USGS Spectral
Library Version 7 (Kokaly et al., 2017).
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3.4.2 Sheet Silicates Analysis Using the Illite Spectral Maturity Index

In this study, we calculated the Illite spectral maturity (ISM) an d analyzed the precise position of the

2200 nm absorption feature to better understand the thermal maturity and alteration processes within the

Coso geothermal �eld. The 2200 nm absorption feature of white micas is sensitive to variations in their

octahedral cation composition and serves as a diagnostic indicator of alteration type, intensity, and 
uid

geochemistry. The ISM index was utilized to distinguish between illite, smectite, and their mixtures. It is

e�ective in identifying these sheet silicates based on their spectral characteristics, allowing us to map their

distribution accurately. Di�erentiating between illite, smec tite, and mixed-layer illite-smectite is crucial

because their presence and proportions are temperature-dependent, re
ecting the thermal conditions of the

geothermal system.

Drill hole 63A-18: At shallow depths, this drill hole displays relatively low percentages of alteration

minerals (chlorite, white mica, clay) with white Mica peaking around 750 ft, 1100 ft, and 1650 ft. The Illite

Spectral Maturaty (ISM) ratio is typically below 0.7 with certain ex ceptions that correlate with increased

white mica concentrations. The 2200 feature position shows a trend of being shifted towards longer

wavelengths (Fig. 3.16).

With increasing depth, alteration mineral concentrations increase with a pronounced increase in chlorite

and chlorite/white mica. Chlorite concentrations peak at depths around 3100ft, 3800 ft, 4420 ft, and 4800

ft, which correlates with the lowest white mica percentages (Fig.3.17). The ISM ratio increases with

increasing depth and shows a noticeable shift to higher values around3700 ft, whereas the 2200 feature

shift stays consistent with a larger spread (Figs. 3.17, 3.18).
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Figure 3.16 Drill holl 63A-18 interpreted using the USGS PRISM MICA in conjunction with the USGS
Spectral Library Version 7 (Kokaly et al., 2017). The downhole plots from 0 to 2500 ft show the alteration
mineralogy, recorded temperature in blue (Zimmerman, personal communication), the ISM (2200/1900),
and the 2200 feature position.
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Figure 3.17 Drill holl 63A-18 interpreted using the USGS PRISM MICA in conjunction with the USGS
Spectral Library Version 7 (Kokaly et al., 2017). The downhole plots from 2500 to 5000 ft show the
alteration mineralogy, recorded temperature in blue (Zimmerman, personal communication), the ISM
(2200/1900), and the 2200 feature position.
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Figure 3.18 Drill holl 63A-18 interpreted using the USGS PRISM MICA in conjunction with the USGS
Spectral Library Version 7 (Kokaly et al., 2017). The downhole plots from 5000 to 7500 ft show the
alteration mineralogy, recorded temperature in blue (Zimmerman, personal communication), the ISM
(2200/1900), and the 2200 feature position.
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Drill hole 58A-18: Alteration mineral concentrations are generally low at the top of the drill how with

some exceptions around 1000 ft - 1500 ft, and around 2400 ft where chlorite/ whitemica and white mica

concentrations peak. The ISM ratio in this drill hole is similar to ISM ratios in drill hole 63A-18 with most

ratios being less than 0.7. The 2200 feature position in this drill hole alsoshows similarities with drill hole

63A-18 consistently falling within the 2200 { 2210 nm range (Fig. 3.19).

Increasing chlorite concentrations with peak concentrations around 3100 ft and 4000 ft can be observed

with increasing depth. Chlorite/white Mica and white mica concentrations peak around 3500 ft, 4280 ft,

and 4600 ft. The 2200 feature position shows predominantly consistent values downhole with only some

minor exceptions. The ISM ratio displays a distinct shift to higher values around 3000 ft which is

comparable to drill hole 63A-18 (Figs. 3.20 { 3.22).

Drill hole 33-7: This drill hole shows higher alteration mineral concentrations at the top of the drill hole

compared to all other drill holes. The �rst 500 ft are dominated by clay minerals, which shift with depth

towards a combination of chlorite, white mica, and clay. White mica concentrations peak around 1220 ft -

1700 ft clay concentrations reach almost 70% at 2000 ft. The 2200 feature position is shifting towards

longer wavelengths at the top of the drill hole with a shift back to approximately 2200 nm at around 1500

ft (Fig. 3.23, p. 83). The ISM ratio shows values that are typically less than 0.7 throughout the shallow

drill hole intervals, similar to other drill holes. At greater depth s, the mineral distributions are similar to

those at shallower depths, except for clays, which occur in lowerpercentages. The 2200 feature position

shows a wider spread between 2200 nm and 2210 nm at around 3000 ft. Between depths of 2700 ft and

4500 ft, the ISM ratio becomes more variable, ranging from less than 0.7 to more than 1.5 in a sequential

pattern. (Fig. 3.24, p. 84).

Below the 5000 ft mark (Fig. 3.25, p. 85), this drill hole shows lower concentrations of alteration

minerals with chlorite being the most abundant mineral followed by white mica and chlorite/white Mica.

The 2200 feature position continues to show a scattered distribution throughout the rest of the drill hole,

whereas the ISM ratio shifts to higher values around 6300 ft with few exceptions around 8500 ft and 9000

ft (Fig. 3.26, p. 86).
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Figure 3.19 Drill holl 58A-18 interpreted using the USGS PRISM MICA in conjunction with the USGS
Spectral Library Version 7 (Kokaly et al., 2017). The downhole plots from 5000 to 7500 ft show the
lithology, alteration mineralogy, recorded temperature in blue (Zimmerman, personal communication), the
ISM (2200/1900), and the 2200 feature position.
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Figure 3.20 Drill holl 58A-18 interpreted using the USGS PRISM MICA in conjunction with the USGS
Spectral Library Version 7 (Kokaly et al., 2017). The downhole plots from 5000 to 7500 ft show the
lithology, alteration mineralogy, recorded temperature in blue (Zimmerman, personal communication), the
ISM (2200/1900), and the 2200 feature position.
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Figure 3.21 Drill holl 58A-18 interpreted using the USGS PRISM MICA in conjunction with the USGS
Spectral Library Version 7 (Kokaly et al., 2017). The downhole plots from 5000 to 7500 ft show the
lithology, alteration mineralogy, recorded temperature in blue (Zimmerman, personal communication), the
ISM (2200/1900), and the 2200 feature position.
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Figure 3.22 Drill holl 58A-18 interpreted using the USGS PRISM MICA in conjunction with the USGS
Spectral Library Version 7 (Kokaly et al., 2017). The downhole plots from 5000 to 7500 ft show the
lithology, alteration mineralogy, recorded temperature in blue (Zimmerman, personal communication), the
ISM (2200/1900), and the 2200 feature position.
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Figure 3.23 Drill holl 33-7 interpreted using the USGS PRISM MICA in conjunction with the USGS
Spectral Library Version 7 (Kokaly et al., 2017). The downhole plots from 0 to 2500 ft show the alteration
mineralogy, recorded temperature in blue (Zimmerman, personal communication), the ISM (2200/1900),
and the 2200 feature position.
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Figure 3.24 Drill holl 33-7 interpreted using the USGS PRISM MICA in conjunction with the USGS
Spectral Library Version 7 (Kokaly et al., 2017). The downhole plots from 2500 to 5000 ft show the
alteration mineralogy, recorded temperature in blue (Zimmerman, personal communication), the ISM
(2200/1900), and the 2200 feature position.
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Figure 3.25 Drill holl 33-7 interpreted using the USGS PRISM MICA in conjunction with the USGS
Spectral Library Version 7 (Kokaly et al., 2017). The downhole plots from 5000 to 7500 ft show the
alteration mineralogy, recorded temperature in blue (Zimmerman, personal communication), the ISM
(2200/1900), and the 2200 feature position.
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Figure 3.26 Drill holl 33-7 interpreted using the USGS PRISM MICA in conjunction with the USGS
Spectral Library Version 7 (Kokaly et al., 2017). The downhole plots from 7500 to 10000 ft show the
alteration mineralogy, recorded temperature in blue (Zimmerman, personal communication), the ISM
(2200/1900), and the 2200 feature position.
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Drill hole 38B-9: At shallow depths, this drill hole displays relatively high concentrations of alteration

minerals with the highest being white mica, followed by chlorite and clays. The ISM ratio follows the same

trend of drill holes (63A-18, 58A-18) dominated by low values at these depths (Fig. 3.27). The 2200 nm

feature position shifts towards longer wavelengths, but it returnsto approximately 2200 nm around 1700 ft.

As depth increases, the feature shifts again towards 2210 nm until around 3000ft, where it abruptly

returns to 2200 nm. (Figs. 3.27, 3.28).

At depth (5000 ft { 7300 ft; Fig. 3.29), clay and chlorite are diminishing, and white mica dominates,

whereas the 2200 feature position shows a distinct shift to 2195 nm and shifts back to 2200 nm for the rest

of the drill hole. The ISM ratios display higher values starting at around 6500 ft (Fig. 3.30) and a distinct

presence of clays and chlorites is noted at 7400 ft.

Drill hole 24C-20: This drill hole starts at a deeper depth (2500 ft) compared to the rest ofthe drill

holes studied here. White mica shows distinct peaks in concentration at 2700 ft, 3000 ft, 3200 ft, and 4600

ft and correlates with low clay concentrations that cease at around 3200 ft. Chlorite concentrations peak at

3400 ft and 3600 ft. The 2200 feature positions are scattered, ranging between 2200 nm and 2210 nm. The

ISM ratio increases with depth, with a notable shift around 3500 ft, where values below 0.7 become

minimal. (Fig. 3.31, p. 92).

Deeper segments show lower concentrations in alteration minerals (5000ft { 6800 ft), the 2200 feature

shows values below 2200 nm, whereas the ISM ratio continues the earlier mentioned trend with values

increasing as depth increases. An increase in white mica, and chlorite/white Mica concentrations is noted

at around 6900 ft with white mica reaching almost 70 % (Fig. 3.32, p. 93, and Fig. 3.33, p. 94).
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Figure 3.27 Drill holl 38B-9 interpreted using the USGS PRISM MICA in conjunction with the USGS
Spectral Library Version 7 (Kokaly et al., 2017). The downhole plots from 0 to 2500 ft show the lithology,
alteration mineralogy, recorded temperature in blue (Zimmerman, personal communication), the ISM
(2200/1900), and the 2200 feature position.
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Figure 3.28 Drill holl 38B-9 interpreted using the USGS PRISM MICA in conjunction with the USGS
Spectral Library Version 7 (Kokaly et al., 2017). The downhole plots from 2500 to 5000 ft show the
lithology, alteration mineralogy, recorded temperature in blue (Zimmerman, personal communication), the
ISM (2200/1900), and the 2200 feature position.
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Figure 3.29 Drill holl 38B-9 interpreted using the USGS PRISM MICA in conjunction with the USGS
Spectral Library Version 7 (Kokaly et al., 2017). The downhole plots from 5000 to 7500 ft show the
lithology, alteration mineralogy, recorded temperature in blue (Zimmerman, personal communication), the
ISM (2200/1900), and the 2200 feature position.
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Figure 3.30 Drill holl 38B-9 interpreted using the USGS PRISM MICA in conjunction with the USGS
Spectral Library Version 7 (Kokaly et al., 2017). The downhole plots from 7500 to 10000 ft show the
lithology, alteration mineralogy, recorded temperature in blue (Zimmerman, personal communication), the
ISM (2200/1900), and the 2200 feature position.
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Figure 3.31 Drill holl 24C-20 interpreted using the USGS PRISM MICA in conjunction with the USGS
Spectral Library Version 7 (Kokaly et al., 2017). The downhole plots from 2500 to 5000 ft show the
alteration mineralogy, the ISM (2200/1900), and the 2200 feature position.
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Figure 3.32 Drill holl 24C-20 interpreted using the USGS PRISM MICA in conjunction with the USGS
Spectral Library Version 7 (Kokaly et al., 2017). The downhole plots from 5000 to 7500 ft show the
alteration mineralogy, the ISM (2200/1900), and the 2200 feature position.
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Figure 3.33 Drill holl 24C-20 interpreted using the USGS PRISM MICA in conjunction with the USGS
Spectral Library Version 7 (Kokaly et al., 2017). The downhole plots from 7500 to 10000 ft show the
alteration mineralogy, the ISM (2200/1900), and the 2200 feature position.
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3.4.3 Automated Mineralogy

Automated mineralogy analysis was applied on 15 samples to validate the USGS PRISIM MICA results

and to approximate lithologies in the studied drill holes. We conducted a Principal Component Analysis

(PCA) on the hyperspectral data (Figs. 3.9 { 3.11) to identify key patter ns and groupings within the

dataset. Based on the PCA results, we selected three samples from each drill hole, totaling 15 samples.

Scanning electron microscopy-based automated mineralogy data highlightsthe mineral modal abundance

and textural relationships of minerals and phases that are both non-SWIR active as well as SWIR active.

The mineralogical composition of samples analyzed from the Coso geothermal �eld (Table 3.1) highlights

the presence of primary minerals such as quartz, plagioclase, and K-feldspar, along with signi�cant

amounts of secondary minerals such as White Micas (muscovite, and illite), biotite, and hornblende.

Quartz content varies considerably, ranging from 10% in sample 6540ft from drill hole 58A-18 to 38% in

sample 4420ft from drill hole 24C-20. Plagioclase presents concentrations ranging from 19% in sample

1290ft from drill hole 33-7 to 53% in sample 6790ft from the same drill hole. K-feldspar ranges from 2% in

sample 3350ft from drill hole 24C-20 to 37% in sample 1210ft from drill hole 58A-18. Thesepercentages

are indicative of the intermediate composition of rocks hosting the Coso geothermal system.

Muscovite content varies widely from as low as 2% in sample 2040 ft from drill hole 38B-9 (Fig. 3.34A)

to 27.96% in sample 4420 ft from drill hole 24C-20 (Fig. 3.34B). Biotite content ranges from 1% to 15%

with samples such as 5920ft from drill hole 58A-18 and 3530ft from drill hole 33-7 (Fig.3.34C) showing

elevated biotite concentrations (15% and 13%, respectively). Hornblende content is variable across the

samples with a maximum concentration of 15%. Chlorite content ranges from less than 1% in sample

1290ft from drill hole 33-7 to 13% in sample 3350ft from drill hole 24C-20 (Fig. 3.34D). Minor and trace

minerals concentrations were recorded for carbonates, pyrite, titanite, rutile, and apatite (Table 3.1).
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Table 3.1 Automated mineralogy results showing mineral percentages fromRC chips samples.

33-7 38B-9 58A-18 63A-18 24C-20
1290 ft 3530 ft 6790 ft 2040 ft 3380 ft 4820 ft 1210 ft 5920 ft 6540 ft 3570 ft 4240 ft 5340 ft 3350 ft 4420 ft 6060 ft

Quartz 37 31 13 19 21 37 27 10 17 10 13 31 14 38 19
Plagioclase 19 20 53 42 32 25 25 49 38 39 48 21 30 5 40
K-Feldspar 21 16 4 6 15 18 37 4 6 5 5 33 2 10 10
Muscovite,Illite 14 17 4 2 8 14 8 3 3 8 5 11 6 28 3
Kaolinite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Biotite 1 3 13 12 9 3 2 15 10 9 13 1 12 2 15
Chlorite 1 4 2 1 1 0 0 1 5 7 4 0 13 6 2
Hornblende 0 1 5 11 6 0 0 12 5 13 3 0 15 0 6
Anhydrite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Carbonates 1 4 1 4 3 1 0 1 9 4 1 1 6 4 1
Fe-oxide 1 0 1 0 1 0 0 1 4 0 1 0 0 0 2
Titanite 0 0 1 1 1 0 0 1 1 1 1 0 0 0 0
Rutile 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Apatite 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0
Pyrite 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0
Chalcopyrite 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Unidenti�ed 4 3 2 1 2 1 1 1 1 1 5 2 1 7 2
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The mineral modal abundance data for quartz, K-feldspar, and plagioclasewere used to approximate

the type of rock for each of the 15 samples scanned using automated mineralogy. Results show that the

most common rock types are diorites, granodiorites, and granites (Fig. 3.35).

Figure 3.34 Automated mineralogy mineral mapping: (A) sample 3530 ft from drill hole 33-7, (B) sample
2040 ft from drill hole 38B-9, (C) sample 3350 ft from drill hole 24C-20, and (D) sample 4420 ft from drill
hole 24C-20.
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Figure 3.35 A QAP ternary diagram illustrating types of igneous rocks inferred from automated
mineralogy analysis.

3.5 Discussion

The aim of this study is to better understand the alteration mineralogy and to construct the thermal

gradient of the subsurface at the Coso geothermal system by tracking thedistribution of sheet silicates

(illite, smectite). Short-wave infrared hyperspectral data acquisition in conjunction with automated

mineralogy was done on �ve drill holes (four located at the main �eld area (58A-18, 63A-18, 33-7, 24C-20)

and one at the east 
ank (38B-9; Fig. 3.36). In this section, the �ndings of this study will be discussed and

compared to results and conclusions of two previous studies conducted at the Coso geothermal �eld. The

work by Kovac et al. (2005) focused on understanding the geologic framework, mineral alteration,and

thermal history of the Coso geothermal �eld and includes three drill holes from the east 
ank area (38C-9,
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34A-9, and 34-9RD2; Fig. 3.36) and one from the main �eld area (46A-19RD; Fig. 3.36). Similarly, Jones

& Moore (2011) focus on drill holes (33A-7, 33A-7 ST-1, and 83-11; Fig. 3.36) located in thenorthwestern

part of the main �eld. These authors used a combination of XRD, 
uid inclu sions, and petrography studies

to unravel the geologic framework, mineral alteration, and history of the Coso geothermal �eld. In this

study, a unique integration of hyperspectral data acquisition and automated mineralogy analysis is

presented. Principal component analysis was applied to detect signi�cant spectral di�erences in the dataset

and was later used as a subsampling strategy for automated mineralogy analysis. Fifteen subsamples (three

from each drill hole; Figs. 3.9 { 3.11) were used to corroborate SWIR hyperspectral data interpretation

and to estimate lithologies.

Figure 3.36 Map showing the location of studied (this and previous studies) drill holes and the sub-regions
of the Coso geothermal �eld. Modi�ed after (Davatzes & Hickman, 2006)
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3.5.1 SWIR Hyperspectral Data Interpretation and Estimated Lithologies at the Coso
Geothermal Field

Short-wave infrared hyperspectral data were interpreted usingthe USGS PRISM MICA in conjunction

with the USGS Spectral Library Version 7 (Kokaly et al., 2017) and corroborated with automated

mineralogy and manual spectra inspection. The USGS PRISM MICA e�ectively identi�ed alteration

minerals such as chlorite, white mica (illite), sheet silicates(smectites), and rock-forming minerals like

biotite. The USGS PRISM MICA results were validated by comparing minerals that can be identi�ed both

with SWIR hyperspectral scanning as well as with automated mineralogy.Even though minor

discrepancies in mineral modal abundance data of the two methods were noted (possibly due to sampling

size and instrument resolution), overall agreement is good. In all �ve drill holes investigated in this study,

the distribution of these minerals was found to be unsystematic, andall detected minerals were found at

various depths in varying amounts. Similar observations were reportedby Kovac et al. (2005), and Jones &

Moore (2011), who concluded that the distribution of alteration minerals was random and that the system

underwent at least two distinct hydrothermal events.

Based on automated mineralogy, several di�erent lithologies were identi�ed. Lithologies in drill holes

investigated include diorite, biotite quartz diorite, quartz dior ite, granodiorite, monzogranite, and granite.

These �ndings are in agreement with previous studies (Jones & Moore,2011; Kovacet al., 2005). Mineral

modal abundance data derived in this study were compared with mud logsprovided by the Navy

Geothermal Program O�ce (GPO) (Zimmerman, personal communication). In drill hole 58-18 (Fig. 3.37),

USGS PRISM MICA derived mineral abundance data show the highest concentration of chlorite in units

that were logged as `altered rocks', whereas diorite units show the highest abundance of biotite, with

granodiorite showing the second highest abundance. Drill hole 38B-9 (Fig. 3.38) also shows the highest

abundance of chlorite in altered rocks, followed by diorite. White mica is most abundant in granodiorite.

Biotite shows the highest abundance in diorites followed by granodiorite. In both drill holes, the

distribution of clays is random (Figs. 3.37, 3.38). High chlorite concentrations can be indicative of

hydrothermal alteration and diorite and granodiorite typically contain abu ndant biotite. However, the

random distribution of sheet silicates (illite and smectite) and their occurrence in all lithologies suggests

that these minerals are not con�ned to speci�c lithologies.
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Figure 3.37 Drill hole 58A-18: SWIR hyperspectral data interpreted using the USGS PRISM MICA in
conjunction with the USGS Spectral Library Version 7 (Kokaly et al., 2017), and compared to mud log
lithologies (Zimmerman, personal communication).

Figure 3.38 Drill hole 38B-9: SWIR hyperspectral data interpreted using the USGS PRISM MICA in
conjunction with the USGS Spectral Library Version 7 (Kokaly et al., 2017), and compared to mud log
lithologies (Zimmerman, personal communication).
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Biotite and hornblende abundance from automated mineralogy data show the highest concentrations in

diorites and the lowest (almost nonexistent) in granitic rocks. leveraging this observation in SWIR analysis

we were able to approximate locations of felsic dikes. This was accomplished by �ltering for minimal

concentrations of biotite and chlorite to ensure that low biotite levels were not due to its alteration into

chlorite. This approach shows moderate agreement with the location of felsic dikes (granite, and

microgranite) in the detailed lithological description of drill hole 38B-9 (Fig. 3.39) done by Kovacet al.

(2005). It is interesting to note, however, that the inferred felsic dikes (Fig. 3.39) typically exhibit minimal

alteration themselves but are 
anked by zones of intensely altered material (illite with a higher abundance

of smectite compared to chlorite in shallow intervals, and illite with a higher abundance of chlorite

compared to clay minerals in deeper intervals). The felsic dikesare interpreted to serve as a pathway for

hydrothermal 
uids. Similar �ndings were noted by Hickman & Davatzes (2010), and Buck (2022).
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Figure 3.39 Downhole �gure illustrating inferred felsic dikes for drill hole 38B-9. Left: SWIR hyperspectral
data interpreted using the USGS PRISM MICA in conjunction with th e USGS Spectral Library Version 7
(Kokaly et al., 2017). Right: Lithologies as described by Kovac et al. (2005).
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3.5.2 Thermal Gradient

Understanding the paleo-thermal gradient, and the distribution of sheet silicates is crucial in

understanding geothermal systems. Clay mineral zonation within these systems can re
ect past subsurface

temperatures, which, when compared to present-day temperaturegradients, can indicate whether the

system is heating up or cooling down. This information helps assess the system's lifespan. This information

is useful as geothermal systems are categorized according to their temperatures, systems with low

temperatures require di�erent mechanisms and special circulating 
uids when compared to

high-temperature systems (Dickson & Fanelli, 1990). Sheet silicates, particularly smectites, reduce

permeability even in small-volume fractions. In particular, the formation of secondary permeability is

inhibited in smectite-bearing rocks even when they are fractured (Hickman & Davatzes, 2010). The

smectite alteration cap over a geothermal reservoir accumulates heat bytrapping the buoyant thermal

up
ow. This causes the steep temperature gradient in the clay cap overlying the lower-temperature

gradient in the underlying convecting reservoir (Cumming, 2016). If the temperature gradient is high, the

temperature rises quickly, allowing energy companies to access high temperatures at shallower depths,

reducing drilling costs and environmental impact. This information is crucial for sustainable management

of the resource, ensuring a reliable, long-term energy supply (Barbier, 2002). To construct a thermal

gradient for the studied drill holes at the Coso geothermal �eld, two spectral analyses were utilized to

understand and approximate the abundance and distribution of di�erent sheet silicates (illite, smectite,

and their mixtures) as these minerals have a set stability temperature range, which make them excellent

temperature indicators. In active geothermal systems, smectite isstable up to temperatures of� 180ºC,

interlayered illite-smectite to temperatures of up to � 225ºC, and illite and micas at greater temperatures

of up to 350ºC (Browne, 1984; Henley & Ellis, 1983). The illite-smectite maturity index (ISM) was

presented in Figures 3.16 through 3.33 and used to di�erentiate between illite and smectite. The di�erent

temperature stability ranges can be used to construct the thermal gradient for the studied drill holes. The

2200 nm feature position can be used to distinguish between types of white micas. The 2200 nm feature is

often associated with hydroxyl (OH) groups and water in sheet silicates. Di�erent sheet silicates (i.e.,

kaolinite, illite, muscovite, etc.) have unique absorption features that can be used to better identify and

di�erentiate between speci�c sheet silicates.

llite spectral maturity index (ISM): The ISM index is a valuable tool in geothermal system analysis as

it helps determine the thermal history of the subsurface. The ISMvalues provide an indirect measurement

of the number of expandable smectite layers within the illite's tetrahedral-octahedral-tetrahedral structure.

By focusing on the 2200 nm and 1900 nm absorption features, ISM e�ectively captures the progressive loss
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of unbound water associated with increasing temperature (Cudahy et al., 2008). To resolve the thermal

history of the Coso geothermal �eld, the ISM index is utilized to di� erentiate between illite, smectite, and

their mixtures and to construct a thermal gradient for the studied drill holes taking advantage of their

relatively restricted thermal stabilities. The ISM results are presented in detail in Figures 3.16 through

3.33 and were segmented into four ranges:< 0.7, 0.7 { 1.0, 1.0 { 1.5, and> 1.5. Among these, the< 0.7

segment (referred to as ISM-1) and the 1.0 { 1.5 segment (ISM-2) seem tobe most e�ective for assessing

the thermal maturity and for producing results comparable to USGS PRISM MICA in conjunction with

the USGS Spectral Library Version 7 (Kokaly et al., 2017) and published XRD data from nearby drill holes

(Jones & Moore, 2011; Kovacet al., 2005). For a generalized representation, we applied a smoothing

algorithm consisting of a 50-foot rolling average to graph these ISM ranges. Values of ISM-1 show a strong

correlation for smectite presence when compared to the USGS PRISM MICA results, con�rming its

reliability for mineral identi�cation and abundance patterns. The sm ectite cut-o� is set at the depth where

ISM-1 drops below 50%, accompanied by an increase in ISM-2. The illite-smectite cut-o� is de�ned where

ISM-1 drops below 10% with ISM-2 reaching up to 50%. In the main �eld area of the Coso geothermal

�eld (Fig. 3.36), four drill holes were analyzed using the ISM index. These drill holes were chosen because

XRD data from Kovac et al. (2005), and Jones & Moore (2011) from adjacent drill holes are available.

Starting from the center of the main �eld, in drill hole 63A-18, the smectite cut-o� (180 °C) was set at

approximately 2500 ft, whereas the illite-smectite cuto� (225°C) was set at approximately 3500 ft (Fig.

3.40A). Drill hole 58A-18 (Fig. 3.40B) shows a similar pattern but at deeper depths, the smectite cut-o�

(180°C) is at approximately 3500 ft, whereas the illite-smectite cuto� is at approximately 6300 ft. In the

southern part of the main �eld, drill hole 24C-20 shows cut-o� values at depths that fall in between the

central drill holes: the smectite cut-o� (180°C) is at approximately 3300 ft, whereas the illite-smectite

cuto� (225 °C) is at approximately 4600 ft (Fig. 3.41A). In the northern part of the main �el d, drill hole

33-7 displays di�erent mineral transitions compared to other drill h oles in the main �eld. It has the

shallowest smectite cut-o� depth at approximated 2000 ft, whereas theillite-smectite cut o� is the deepest

among the main �eld drill holes, at around 7200 ft (Fig. 3.41B). Lastly, drill hol e 38B-9 (Fig. 3.42),

located on the east 
ank (Fig. 3.36), shows the deepest mineral transition values, with a smectite cut-o�

depth of approximately 5500 ft (180°C) and an illite-smectite cut-o� depth near 8000 ft (225°C).
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Figure 3.40 SWIR hyperspectral data interpreted using the USGS PRISM MICA, the present-day
temperature pro�le in blue (Zimmerman, personal communication), and the illite spectral maturity (ISM)
pro�le for: (A) drill hole 63A-18 and (B) drill hole 58A-18.
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Figure 3.41 USGS PRISM MICA mineralogical pro�le, the present-day temperature pro�le in blue
(Zimmerman, personal communication), and illite spectral maturity ( ISM) pro�le for; A: drill hole 24C-20,
B: drill hole 33-7.
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Figure 3.42 USGS PRISM MICA mineralogical pro�le, the present-day temperature pro�le in blue
(Zimmerman, personal communication), and illite spectral maturity ( ISM) pro�le for drill hole 38B-9.

Interpreting these cut-o� values with respect to their proposed temperature ranges and comparing them

to the present-day temperatures (Zimmerman, personal communication) and shown in Figures 3.40
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through 3.42, it is evident that in the central part of the main �led area, sm ectite and illite-smectite occur

at a greater depth than what the present-day temperature gradient indicates. Both drill holes 63A-18 and

58A-18 reach 200°C below 1000 ft, whereas their smectite cut-o� values are located at 2500 ftand 3500 ft

respectively (Fig. 3.40). In the northern part of the main �eld area, the opposite is noted. In drill hole

33-7, at the smectite cut-o� depth (2000 ft; 180°C) the present-day temperature is at approximately 160°C,

and at the illite-smectite cut-o� depth (7200ft; 225 °C) it is approximately 210°C (Fig. 3.41A). in this area,

the cut-o� values are in agreement with present-day subsurface temperatures. In contrast, the east 
ank

results indicate an increase in temperature with present-day temperatures at the smectite cut-o� depth

(5500 ft; 180°C) at around 220°C, and at the illite-smectite cut-o� depth (8000 ft; 225 °C) at approximately

250°C (Fig. 3.41B). These values suggest that the southern and the central partof the main �eld area are

experiencing higher temperatures than the northern part and the east 
ank area. The shallower position of

the illite-smectite cut-o� in drill holes 24C-20, 63A-18, and 58A-18 suggests higher temperatures at

shallower depths, indicative of a steeper thermal gradient or proximity to heat sources. Whereas the deeper

cut-o�s in drill holes like 33-7 and 38B-9 imply that higher temperatures are reached at greater depths. It

is interesting to note that drill holes 63A-18, 38B-9, and 24C-20 (all of which indicate an increase in

temperature) are located near faults, whereas drill holes 33-7 and 58A-18 arelocated more distal to

mapped structures (Fig. 3.43). Several studies have successfullycorrelated the XRD-derived K•ubler's

Index (KI) with spectrally derived ISM values (Reijonen et al., 2024; Simpson & Rae, 2018; Wanget al.,

2024) and the �ndings reported here align with XRD-derived cut-o� values f rom previous studies (Jones &

Moore, 2011; Kovacet al., 2005). When compared to cut-o� values from drill holes 38C-9, 34A-9, 34-9RD2,

46A-19RD, and 33A-7 (Jones & Moore, 2011; Kovacet al., 2005), proposed cut-o� values in this study are,

on average, approximately 1000 ft shallower compared to literature values(Figs. 3.40 { 3.42). With the

exception of drill hole 33-7, located in the northernmost part of the main �eld area, the Coso geothermal

�eld experiences an increase in temperature. Drill hole 33-7 (the northernmost part of the main �eld area)

shows the deepest smectite occurrence (using the USGS PRISM MICA; 7000 ft). This �nding is in

agreement with the ISM index (ISM-1 in Fig. 3.41A) and with �ndings by Jon es & Moore (2011), who

identi�ed illite-smectite mixtures with more than 50% smectite at a depth of 7500 ft. Based on x-ray

di�raction results, which indicate that clay-derived thermal grad ients are lower than present-day

temperatures, Kovacet al. (2005), and Jones & Moore (2011) concluded that the Coso system is

experiencing an increase in temperature. Figure 3.44 shows results from this study and highlights a

simpli�ed thermal gradient pro�le re
ecting paleo-temperatures at the Coso geothermal �eld. By

correlating mineralogical transitions with known temperature stabil ity ranges, I mapped the subsurface

temperature distribution, which enhances our understanding of the geothermal system's structure.
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Figure 3.43 Map of the Coso area with drill hole locations indicated as wellas mapped structures after
Whitmarsh (1998), and Davatzes & Hickman (2006). Drill holes that show an increase in temperature
relative to the ISM results are indicated in red, whereas drill holes that show a stable temperature
distribution downhole are indicated in yellow.
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Figure 3.44 Simpli�ed clay mineralogy cross-section inferred from the illite spectral maturity index values
for the main �eld.

Analysis of the 2200 nm feature position:The diagnostic absorption feature of white micas occurs at

approximately 2200 nm and is highly sensitive to the octahedral cation composition of the mineral (Meyer

et al., 2022). Variations in the precise position of this 2200 nm feature can indicatedi�erences in white

mica chemical composition and can be used as an indicator to unravel the alteration type and intensity,

and 
uid geochemistry (Harraden et al., 2013). In this study, the position of the 2200 nm absorption

feature is used to analyze chemical variations in white micas in drillcore from the Coso geothermal �eld.

The 2200 feature position results were found to be unsystematic and didnot show any patterns when

compared to depth, lithology, or mineral composition. This could be due to several reasons: (1) The

complexity of the system, which was also reported by Davatzes & Hickman (2005), Kovacet al. (2005), and

Jones & Moore (2011). The 2200 feature position is an extremely sensitive measure that can be a�ected by

temperature, water content, crystallinity, and ion substitutions . Moreover, the 2200 feature position is

typically calculated based on data acquired by a point spectrometer that ensures minimum spectral
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interference with other minerals. This study utilized a continuous hyperspectral scanner on rock chips with

small grain sizes, which can have a major e�ect on the 2200 feature positionas most of the drill holes were

dominated by biotite and chlorite which can also shift the position of this feature. Although a spectral

masking �lter for white micas and clays was applied before performingthe minimum wavelength analysis,

these e�ects are still present.

3.5.3 Summary and Limitations

Our �ndings con�rm the dominance of diorites and granodiorites, with occasional younger granitic

intrusions at the Coso geothermal �eld. Biotite and hornblende predominantly occur in diorites but were

also used to approximate the location of felsic dikes, which appear toprovide pathways for hydrothermal


uids. The distribution of alteration minerals, particularly chlori te, white mica (illite), and smectites were

found to be unsystematic, suggesting that the Coso geothermal system underwent multiple hydrothermal

events. The use of the ISM index helps to di�erentiate between illite, smectite, and their mixtures, which

in turn was used to construct thermal gradients for the studied drill holes. The illite spectral maturity

index results correlate well with the USGS PRISM MICA results, previous XRD studies, as well as

present-day temperature logs. This study indicates that smectite and illite-smectite occur at greater depths

than their thermal stability at present-day temperatures would suggest, implying a recent heating of the

Coso geothermal system. These �ndings validate the e�ectiveness of the proposed methods and work
ow in

geothermal exploration. The �ndings shown in this study demonstrate that the integration of SWIR

hyperspectral data analysis through USGS PRISM MICA mapping and illite spectral maturity is

comparable to traditional XRD analysis while o�ering signi�cant advantages. Hyperspectral data

acquisition and analysis provides a faster, non-invasive method for mineral identi�cation with broader

spatial coverage, enabling rapid assessment of the mineralogy across large sample areas and downhole.

Pairing hyperspectral analysis with automated mineralogy using PCA tosubsample hyperspectral datasets

enhances data processing e�ciency while allowing detailed mineralogical and lithological analysis through

automated mineralogy, which can then be used to validate hyperspectral-based mineral identi�cation. Our

�ndings align with past studies (Buck, 2022; Hickman & Davatzes, 2010; Jones & Moore, 2011; Kovac

et al., 2005) and report similar lithologies and hydrothermal alteration patterns. Similar to previous

studies, this study faced limitations related to the inherent complexity of the Coso geothermal system,

which is manifested in the random distribution of alteration minerals and the 2200 feature position

analysis. Although the latter could be related to the instrument used. The use of continuous hyperspectral

scanning on rock chips as opposed to point spectrometry may have a�ected the precision of the 2200 nm

feature position due to spectral interference and grain size e�ects. Despite these challenges, the
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methodologies employed demonstrate a robust and adaptable work
ow, o�ering valuable contributions to

geothermal exploration techniques and to our understanding of complex geothermal systems.
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CHAPTER 4

CONCLUSIONS

This study underscores the transformative potential of hyperspectral imaging in both mineral

exploration and geothermal resource assessment through its application intwo distinct geological settings:

the Castle Mountain low-sul�dation epithermal gold deposit and the Coso Geothermal Field. By leveraging

advanced hyperspectral technologies, this research has demonstratedsigni�cant advancements in the

detection, mapping, and interpretation of alteration minerals, which are critical indicators of underlying

hydrothermal and geothermal processes.

4.1 The Castle Mountain Epithermal Deposit

The use of hyperspectral imaging for mapping alteration minerals has proven to be a signi�cant tool for

mineral exploration. This study demonstrates that integrating UAV-based hyperspectral scanning with

LiDAR and laboratory spectral measurements, combined with the proposed methods and work
ows for

data collection, processing, validation, and interpretation. Our �nd ings indicate that these proposed

methods successfully identify alteration minerals within the surveyed areas. The spatial distribution of

these minerals re
ects the classic alteration zonation in epithermalsystems and supports �ndings from

previous studies at the Coso geothermal �eld. Hydrothermal 
uids util ized syn-volcanic structures to

penetrate the volcanic stratigraphy, resulting in varying hydrothermal alteration intensities. This study

shows that the USGS PRISM MICA algorithm outperforms other mineral identi�cation algorithms by

providing the most comparable results to the ground truthing samples while being the least complex to

implement. Minimum wavelength mapping (MWL) was prone to false positives due to its susceptibility to

noise and lack of consideration for the overall spectral shape, leading toscattered misclassi�cations across

the map. Spectral angel mapper (SAM) o�ered results comparable to USGS PRISM MICA with some

discrepancies in certain areas, primarily due to its sensitivityto spectral shape and di�culties handling

mixed pixels. In contrast, the USGS PRISM MICA algorithm was the least complex to apply and

presented less sensitivity to noise and mixed pixels, making ita more e�cient and e�ective tool for mineral

mapping in this context. The validation of UAV-based hyperspectral data with laboratory-scanned hand

samples con�rmed the e�ectiveness of the proposed post-processing tools and the accuracy of the mineral

mapping results. The consistency in absorption features between UAV-based and laboratory-based spectra

underscores the reliability of our methods. However, the study acknowledges limitations such as the

potential for mixed pixels due to spatial resolution constraints and the in
uence of atmospheric noise on

data quality.
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4.2 The Coso Geothermal Field

The extensive spectral analysis of �ve drill holes has provided signi�cant insights into the geological

characteristics of the Coso geothermal �eld. Our �ndings con�rm the dominance of diorites and

granodiorites as well as occasional granitic intrusions. Automated mineralogy allowed us to approximate

the locations of felsic dikes and �ndings were applied to hyperspectral data interpretation. These granitic

dikes appear to in
uence the intensity of hydrothermal alteration by providing pathways for hydrothermal


uids. The unsystematic distribution of alteration minerals suggests that the system has undergone

multiple hydrothermal events. The use of the Illite Spectral Maturity (ISM) index e�ectively di�erentiated

between illite, smectite, and their mixtures, enabling us to construct thermal gradients for the studied drill

holes. The ISM index results correlated well with USGS PRISM MICA mapping, previous XRD studies,

and present-day temperature logs. Smectite and illite-smectitemixture were found at greater depths than

their thermal stability and present-day temperatures would suggest, implying a recent heating event within

the Coso geothermal system. The integration of SWIR hyperspectral dataanalysis through USGS PRISM

MICA mapping and ISM successfully reproduced results that are comparable to traditional XRD analysis

while being a faster, non-invasive method for mineral identi�cation with broader spatial coverage. Pairing

hyperspectral analysis with automated mineralogy enhances data processing e�ciency and allows for

detailed mineralogical and lithological analysis. This approach also servesto validate hyperspectral-based

mineral identi�cation. Issues such as spectral interference and grain size e�ects, possibly due to the use of

continuous hyperspectral scanning on rock chips instead of point spectrometry, were acknowledged.

Nonetheless, the study o�ers valuable contributions to geothermal exploration techniques and enhances our

understanding of this complex geothermal system.

4.3 Outlook and Future Work

Building on the observations from this study, several approaches are proposed to further enhance the

application of hyperspectral imaging in mineral exploration and geothermalenergy development.

Speci�cally, for UAV-based surveys, several key points were identi�ed:

4.3.1 UAV-based Hyperspectral Analysis at the Castle Mountain Deposit

The use of hyperspectral imaging for mapping alteration minerals has proven to be a signi�cant tool for

mineral exploration at the Castle Mountain Epithermal Deposit. To furt her enhance this application:

ˆ Initiating survey planning with the public and readily available ai rborne and satellite-based

hyperspectral datasets such as the Airborne Visible / Infrared ImagingSpectrometer (AVIRIS) could

e�ectively guide the focus of more detailed UAV-based investigations.Utilizing these datasets allows
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for the assessment of larger areas, which can lead to the identi�cation of prospective zones before

deploying UAV systems. This systematic approach aligns with our proposed multi-scale method and

allows for focused exploration of areas of interest.

ˆ Further simpli�cation of post-processing steps of UAV-based hyperspectral data is necessary for this

method to be implemented in industry settings. Adopting less complex and time-consuming

atmospheric correction methods such as empirical line correction using ground truthing samples can

streamline the data processing work
ow. Empirical line correction is used to calibrate hyperspectral

data based on in-�eld spectral measurements of known targets, reducing dependencies on detailed

atmospheric modeling and minimizing processing time without signi�cantly compromising data

quality.

ˆ Integrating existing SWIR-scanned drill core data from the Castle Mountain deposit presents an

opportunity to enhance our understanding of subsurface mineralogy and its relationship with surface

alterations. Comparing our survey data to the subsurface can provide insights into the vertical extent

of alteration zones and improve the interpretation of alteration patterns.

4.3.2 Laboratory-based Hyperspectral Analysis at the Coso Geothermal Fiel d

The spectral analysis of drill holes in the Coso Geothermal Field has provided signi�cant insights into

its geological characteristics. To re�ne the proposed methodologies and further enhance our understanding:

ˆ The in
uence of grain size on captured spectra, particularly in rock chips, requires further

examination. The e�ect of grain size on the captured spectra was noted consistently throughout this

study, leading to potential inaccuracies in mineral identi�cation. A detailed investigation into how

grain size variations are impacting spectral measurements could improve the proposed data

processing and analysis.

ˆ The identi�cation of chlorite-white mica as an endmember in SWIR analysis presents an opportunity

for deeper investigation. Future work should focus on analyzing thesemixtures and quantifying the

endmembers more accurately.

ˆ The approximation of felsic dike locations is a method that requiresvalidation. Testing this approach

across additional drill holes would assess its e�ectiveness and reliability. This e�ort will require access

to accurate and detailed lithological data from mud logs.

ˆ Using the proposed methods on drill holes that were included in priorstudies using XRD to identify

di�erent alteration minerals would enable a direct comparison and validation of the ISM accuracy

116



and mineral cut-o�s. Furthermore, including additional drill holes from various parts of the

geothermal �eld can enhance the spatial resolution of the proposed thermalgradient model, providing

a more detailed view of the geological framework of the system.

ˆ Testing the proposed methodologies on other geothermal systems is essential to evaluate their

accuracy, adaptability, and reproducibility. This will provide an opportunity to assess the robustness

of these techniques and the proposed work
ow.
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APPENDIX

SUPPLEMENTARY CALCULATIONS SHEETS PROVIDED BY HYSPEX

Table A.1 Speci�c sensor parameters supplied by hySpex.

Camera 1 Camera 2
Camera Mjolnir V-1240 Mjolnir S-620
FOV Expander No No
FOV Factor 1.00 1.00
Altitude 120 m 120 m
Frame time 9 18
Overlap 0.25 0.25
Ground resolution along track (according to iFOV) 32.4 mm 64.8 mm
Ground resolution across track 32.4 mm 64.8 mm
Ground speed 3.6 m/s 36 m/s
HFOV 20 20
Swath on ground 42.32 42.32
Spacing for 
ight lines 31.74 31.74
Max Integration time 8.50 17.80
Actual frame time 8 m/s 16 m/s
Actual integration time 7.50 15.80
Oversampling factor alongtrack 1.13 1.13
Min frame time 3.51 3.51
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Table A.2 Sensor position and angles calculation sheet supplied by HySpex.

Gimbal External sensor Center of
Quick
release

Reference
to IMU
Lever
Arm

Reference
to Remote
IMU
Lever
Arm

Reference
to
Primary
GNSS
Lever
Arm

Reference
to Mj�lnir
Sensor
Lever
Arm

Reference
to
External
sensor
Lever
Arm

Mounting
angles of
External
sensor

H16 XL - NEO VLP32C on VS-620-V2 X1 197
-34 22 X2 76 0.0328 -0.0325 -0.214 -0.043 -0.155 90
0 -89 Y 89 -0.0375 -0.0755 0 -0.0375 0 -62
-277.5 224 Z 193 0.0247 -0.265 -0.4625 -0.0452 0.1395 90
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