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A B S T R A C T   

Infrared spectroscopy (IRS) is a method used to identify minerals based on their spectral response to infrared 
light. Spot-based IRS (also known as ‘reflectance spectroscopy’) has frequently been used as an analytical method 
by the geothermal industry, while infrared imaging spectroscopy (IRIS) has only recently been introduced. 
Research applying IRIS to the geothermal industry is still limited to academic trials, but sufficient progress has 
been made in algorithm development and application cases to make this technology ready for uptake by the 
geothermal industry. In contrast, the mineral exploration industry has embraced IRIS for a number of years and is 
driving its development forward. In this paper, we review the work that has been done in the geothermal in-
dustry with spot-based and imaging IRS, as well as review relevant examples from the mineral exploration realm 
to look for pathfinders for future uses of the method within the geothermal industry. The review focuses on the 
application of visible to near infrared (VNIR) and short-wave infrared (SWIR) spectroscopy, as the application of 
long-wave infrared (LWIR) spectroscopy in the geothermal industry is still very limited. To cater for a wide range 
of audiences, we will explain the background of infrared spectroscopy as well as the commonly used geothermal 
index minerals and analytical techniques typically employed by the geothermal industry. Our review shows that 
IRS has a higher sensitivity in identifying kaolinite (along with its degree of crystallinity), ammonium-bearing 
minerals, and chemical variations of (spectrally-active) minerals compared to other methods. The ability of 
IRIS to obtain spectra with high spatial resolution enables the method to identify: (1) less common minerals, and 
(2) the potential to distinguish smectite and illite formed as interlayered minerals from those formed as two 
different grains. The latter identification typically cannot be done using spot-based IRS. Other parameters that 
can only be seen in IRIS include spatial relationships amongst minerals and more robust mineral abundance 
estimates. The mineral exploration industry has demonstrated that applying IRIS can go beyond just identifying 
minerals. It can also successfully identify host lithologies on intensely altered rocks, as well as identify and 
extract the position of veins and veinlets. The latter information is important for geothermal exploration, 
particularly to indicate permeability and cross-cutting relationships amongst alteration minerals. The IRIS ap-
plications that have been demonstrated by the mineral exploration community potentially represent the future 
trend in the geothermal industry. Spot-based IRS has already proven its added value in assisting geothermal 
exploration and exploitation. With the latest instruments and algorithm developments in place, imaging IRS is 
now on the brink of demonstrating its value to the geothermal industry.   

1. Introduction 

Hydrothermal alteration (HTA) minerals are an important source of 
information for characterising geothermal systems. The formation of a 
particular HTA mineral can only occur under specific conditions, such as 

stable temperature ranges, rock permeability, and/or fluid composition 
depending on the mineral chemical stability. Understanding the spatial 
distribution of HTA minerals within geothermal systems can provide 
insight into the thermal, permeability, and fluid chemistry arrangements 
of the systems. By comparing these three arrangements, the 
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configuration of how the hydrothermal fluids flow and circulate within 
the system can be revealed (e.g., Browne, 1978). Therefore, a thorough 
understanding of a geothermal system partially depends on the suc-
cessful identification of its HTA minerals. 

Every mineralogical analytical method has detection limits, such as 
grain size, abundance, and chemical composition. In order to obtain a 
more complete mineral identification, the use of several analytical 
methods is needed. Binocular microscopy, petrography, and X-ray 
diffractometry (XRD) are the main analytical methods currently used in 
geothermal research. In the 1980s, spot-based infrared spectroscopy 
(IRS), which is able to identify minerals based on their spectral char-
acteristics on visible to near infrared (VNIR) and short-wave infrared 
(SWIR) ranges (e.g., Clark, 1999), was first introduced to geothermal 
exploration (Marumo et al., 1980). However, the wider application of 
the method within the geothermal industry began in 2000, following the 
work of Yang et al. (2000). Spot-based IRS proved to be more sensitive 
than other methods for some minerals, including clay minerals and 
ammonium-bearing minerals (e.g., Simpson and Rae, 2018). 

Imaging IRS (IRIS) was initially developed as an airborne remote 
sensing method (Goetz et al., 1985). Spaceborne and airborne 
infrared-based remote sensing has been widely applied in geothermal 
exploration, including for surficial mineral mapping (for a review see 
van der Meer et al. (2014)). However, this airborne technique was first 
adapted in the laboratory realm for mineral exploration purposes 
(Kruse, 1996). The application of IRIS in mineral exploration has been 
growing since then. Compared to spot-based IRS, the new generation of 
IRIS can produce not only spectral information, but also a visualisation 
of the sample and its spatial patterns. IRIS was first tested in geothermal 
samples in recent years (Kamau et al., 2020; Kraal et al., 2018; Kraal and 
Ayling, 2019). While the laboratory-scale IRIS studies were 
research-orientated trials for adapting the technology to the geothermal 
context, sufficient progress has been made in algorithm development 
and application cases to make this technology ready for uptake by the 
geothermal industry. This is particularly relevant for volcanic-hosted 
geothermal systems, as they often underwent similar HTA processes to 
mineralised systems that are related to the volcanic heat source (i.e., 
porphyry and epithermal). Thus, the experience of the mineral explo-
ration industry in applying IRIS technology to study the HTA processes 
in their minerals can guide the geothermal industry to further apply the 
IRIS method. 

In this paper, we review the potential of infrared spectroscopy (both 
spot-based and imaging IRS) as a geothermal exploration tool by 
comparing and contrasting it to other commonly used mineralogical 
methods. In order to do that we will first review the important minerals 
that commonly occur in geothermal systems, as well as methods that are 
widely applied to analyse them. Then, we will introduce work that has 
been done on geothermal systems with spot-based and imaging IRS. 
Subsequently, we will look at how IRIS technology has been used by the 
mineral exploration industry to assess which practices are applicable for 
the geothermal industry. The emphasis is on the different purposes of 
IRIS application and, thus, different processing techniques will not be 
addressed. 

The scope of this review focusses on work that has been conducted on 
similar types of systems, namely volcanic-hosted geothermal systems 
and volcanic-related mineralisation systems. In terms of discussing the 
IRS method, this paper only focusses on VNIR and SWIR wavelength 
ranges. This choice was made because most research involving IRS (both 
spot-based and imaging IRS) applied to geothermal exploration is done 
in these wavelength ranges. Spot-based and imaging IRS for the long- 
wave infrared (LWIR) wavelength range exist, such as handheld spot- 
based FTIR instruments (Desta and Buxton, 2019) and IRIS equipped 
with LWIR cameras (Fox et al., 2017; Kraal and Ayling, 2019; MacLagan 
et al., 2019). However, this method is still in its infancy in geothermal 
exploration. As a matter of fact, studies that involve LWIR analysis for 
geothermal exploration have mostly used an instrument setup that can 
only analyse a small number of small grains or powdered samples (e.g., 

Guisseau et al., 2007; Liu et al., 2019; Preston et al., 2008). As these 
analyses used only a small portion of the samples, the research was 
intended to focus only on particular substances and not the integral 
characterisation (i.e., mineral identification) of, for example, 
geothermal drill samples. Therefore, they will not be reviewed in this 
paper. 

2. Mineralogical analyses in geothermal exploration 

2.1. Hydrothermal alteration minerals in geothermal systems 

In this section, we will review important HTA minerals that 
commonly occur in geothermal systems along with the information that 
each of the minerals can reveal about that geothermal system. This 
section will give an insight into the HTA minerals we are looking for and 
what analysis method (or methods), as discussed in Section 2.2, are best 
suited to identify and characterise those minerals. 

2.1.1. Parameters controlling the formation of HTA minerals 
The types of HTA minerals that occur in geothermal systems are 

generally similar from one system to another, but their distribution 
patterns vary strongly amongst systems. Their occurrence depends on 
the formation and stability of HTA minerals in geothermal systems, 
which is a function of: (1) temperature, (2) fluid composition, (3) 
permeability and porosity, (4) rock type, (5) water flow and time for 
reaction, and (6) pressure (Browne, 1978; Browne and Ellis, 1970). 

Each mineral has a different temperature range in which they are 
chemically stable. Temperature controls the dissolution and deposition 
of minerals. In response to changes in temperature, the reaction between 
hydrothermal fluid and rock takes place to reach a new equilibrium 
state. This reaction is indicated by mineral replacement or crystal 
development in a particular mineral. The latter can be seen in illite (e.g., 
Milicich et al., 2008) and kaolinite (e.g., Mas et al., 2003). Apart from 
temperature, the composition of the fluid also has a great influence on 
the HTA minerals formed. Control parameters include fluid source, pH, 
gas content, and moisture content (Reyes, 2000). Similar to tempera-
ture, the fluid composition parameters also vary within a geothermal 
system. For example, some parts of the system are affected primarily by 
magmatic fluid sources, while other parts are dominated by meteoric 
influences. As a result, the HTA mineral assemblages found in the two 
parts of this system will be different. HTA mineral formation is also 
controlled by permeability and porosity. Mineral reactions occur more 
intensively at higher permeability and porosity, while low permeability 
causes that no equilibrium state between water and rock is achieved. As 
a result, some minerals may persist above their stable temperature range 
(Browne, 1978). 

Because hydrothermal fluids interact with surrounding rocks, rock 
type also contributes to determining HTA mineral assemblages. The 
effect of rock type is significant until the temperature exceeds 280 ◦C 
(Browne, 1978). Although hydrothermal fluids will undergo a similar 
chemical reaction even though the wall rock composition is different, it 
is observed that there are variations in the resulting mineral assemblages 
(Reed, 1997). However, the main controlling factor of these rock types is 
due to the water-rock ratio (W/R ratio). Apart from wall rock, water 
flow also determines the W/R ratio. Changes in the W/R ratio indicate 
changes in dissolution and rock equilibrium and result in changes in the 
chemistry of hydrothermal fluids (as well as HTA mineral assemblages) 
(Giggenbach, 1988; Reed, 1997). The influence of pressure is mainly 
related to the boiling process, in which most of the steam is separated 
from the hydrothermal fluid leading to a change in chemistry of the 
remaining hydrothermal fluid. Depressurization in geothermal systems 
can occur naturally (e.g., Moore et al., 2002), or as a result of exploi-
tation (e.g., Truesdell et al., 1995). 
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2.1.2. The manifestation of hydrothermal alteration minerals within a 3- 
Dimensional geothermal system 

The distribution of temperature-dependant minerals within a 
geothermal system reflects the present-day and/or paleo-isothermal 
structure of the system. Mapping these mineral distributions and 
comparing them to their deduced stable temperature ranges can reveal 
the direction of the hydrothermal fluid flow. Hence, the location of 
boiling, heating, discharge and recharge zones can be determined from 
the distribution of temperature indicator minerals (Cox and Browne, 
1998). The typical temperature indicator minerals in geothermal sys-
tems are listed in Table 1. The associated temperature of each mineral 
has been obtained through empirical comparison to measured well 
temperature in many geothermal fields which show a generally consis-
tent number, thus inferred as the stable temperature range of the min-
erals (Elders and Moore, 2016 and references therein). It is important to 
note that some minerals may occur at different temperatures if one or 
more HTA controlling factors change. For example, kaolinite is normally 
formed at near-surface/shallow depth with low temperatures. However, 
it can also be formed at a greater depth where the temperature is above 
100 ◦C if the water/rock ratio exceeds the minimum ratio required. This 
minimum is a function of fluid temperature, the higher the temperature, 
the higher the ratio that is required (Norman and Moore, 2004). 

Clay minerals are one of the most widespread temperature indicator 
minerals. The transition of clay minerals from smectite to interlayered 
illite-smectite to illite is known to be temperature-dependant (e.g., 
Browne and Ellis, 1970) (Table 1). However, the coverage of these 
mineral alterations is different. The low-temperature clay mineral end-
members (i.e., smectite and smectite-rich illite-smectite interlayered) 
are formed pervasively (e.g., Steiner, 1968) in the near-surface, creating 
a clay cap. In the hydrological structure of geothermal systems, clay caps 
play an important role in increasing the span of the high enthalpy 
condition underneath by shielding the circulating hydrothermal fluids 
from spreading toward the surface (Sanchez-Alfaro et al., 2016). Apart 
from smectite clays, cap rock can also be created by silica and carbonates 
(Facca and Tonani, 1967) or a naturally impermeable layer of host rocks 
(Takahashi, 1996), but later studies proved that clay minerals are the 
main constituent to form impermeable structures at shallow depth (e.g., 
Cumming, 2009; Gunderson et al., 2000). 

On the other hand, the high-temperature clay mineral endmembers 
(i.e., illite-rich illite-smectite interlayered and illite) tend to form 
spatially close to faults/fractures which can be used to identify possible 
permeable zones at depth (Glaas et al., 2019; Steiner, 1968; Vidal et al., 
2018). Besides, permeability in 3-dimensional geothermal systems is 
indicated by several features. A high HTA intensity is one of the in-
dicators. Several minerals particularly associated with permeable zones, 
such as adularia (e.g., Browne, 1970) and wairakite (Reyes, 1990) 
(Table 1). 

The occurrence of acid fluid in geothermal systems is usually related 
to: (1) sulphate-rich waters percolating downward and mixing with 
more neutral pH fluids near the surface; or (2) introduction of rising 
magmatic fluids from below which are rich in SO2 (Moore et al., 2002; 
Reyes et al., 1993). On the other hand, benign or near-neutral pH fluid is 
usually directly connected to the reservoir. Comparing these two as-
semblages also reveal the hydrological structure of the system. In 
addition to fluid acidity, particular minerals suggest the occurrence of 
cold water influx which also contribute to the hydrological structure of 
geothermal systems, such as magnesium-rich minerals (e.g., vermiculite 
and dolomite) and oxygen-rich haematite (e.g., Reyes, 1990) (Table 1). 

It appears that the variation of all the factors controlling HTA min-
eral formation (as discussed in Section 2.1.1) within a geothermal sys-
tem, together with topography, create the 3D hydrological structure of 
the hydrothermal system. Thus, identifying the occurrence and distri-
bution of HTA minerals will give an insight into the present-day and/or 
paleo-hydrological structure of the systems. 

2.1.3. The way hydrothermal alteration minerals are interpreted in core/ 
cutting to provide information useful for utilizing the geothermal resource 

Each HTA mineral indicates the properties of the altering hydro-
thermal fluid. The detailed properties of the altering hydrothermal fluid 
can be determined by comparing the coexistence of several HTA min-
erals in so called “assemblages”. When identifying HTA assemblages, we 
need to pay attention to the alteration style, including distinguishing 
HTA minerals that were directly deposited in the open spaces (e.g., 
fractures and cavities) from those that replaced primary minerals. The 
former reflects the water-rock interactions between the hydrothermal 
fluids and wall rocks, while the latter reflects the processes that affect 
the hydrothermal fluids (i.e., heating, boiling, cooling, and mixing) (e. 
g., Utami et al., 2015). 

As water-rock interaction continues for an extended period, more 
HTA minerals are formed and the properties of the hydrothermal fluids 
also change. Understanding the history of these changes is essential to 
assist the exploration/exploitation. Therefore, in addition to mineral 
distribution, the concept of parageneses (i.e., through cross-cutting re-
lationships) of the minerals is used. The cross-cutting relationships of 
minerals are best used to understand the relative age of each HTA 
mineral assemblage and determine the HTA episodes (Utami and 
Browne, 1999). 

To better visualize the spatial distribution of the assemblages, HTA 
mineral zones are often used. The HTA mineral zones are usually 
labelled based on the dominating coexistent indicator minerals (e.g., 
chlorite-illite-epidote zone). Hence, the HTA mineral zones can indicate 
the associated fluid composition, namely acid and (near) neutral pH 
assemblages, as well as other parameters through the stability range 
(Table 1) of the minerals present in the assemblage. The use of HTA 
mineral zones was first introduced by Elders and colleagues (Elders 
et al., 1981), which then used to infer the hydrothermal system (i.e., 
thermal as well as hydrological structures). It is also used to further 
understand the history and evolution of the geothermal systems (Bignall 
and Browne, 1994; Chambefort et al., 2017; Elders et al., 1981). To 
obtain the more accurate (i.e., closer to the actual conditions) recon-
struction of relict HTA processes, a more complete mineral identification 
is needed. To achieve that, several different mineralogical analysis 
techniques are required. 

2.2. Analytical methods applied to mineral analysis in geothermal 
exploration 

In this section, we review analytical methods that have commonly 
been applied to mineralogical identification in geothermal exploration. 
The focus is on the strengths and limitations of each method and how 
they can supplement each another to obtain the complete mineralogical 
identification for geothermal needs. Infrared spectroscopy will be 
introduced in the comparison of methods summarised in Table 2, but 
will be discussed in detail in Section 3. 

To date, the most commonly used mineralogical analyses in 
geothermal exploration include the methylene blue (MeB) stain test, 
binocular microscopy, petrography, and X-ray diffractometry (XRD). 
Spot-based IRS has also been increasingly applied since the 2000s. Back- 
scattered electron (BSE) imaging combined with energy dispersive 
spectroscopy (BSE-EDS) and electron microprobe analysis (EMPA) are 
the next routine analyses applied in the more advanced level of 
geothermal exploration. The principles, strengths, and limitations of 
these methods are compared and summarised in Table 2. 

3. Infrared spectroscopy theory 

In this section, we discuss the theoretical background of infrared 
spectroscopy as a method for identifying minerals. Infrared spectroscopy 
identifies minerals based on their spectral response (i.e., the amount of 
light they reflect) to incoming light at different wavelengths. The tool 
uses an external light source to illuminate the sample. The light emits 
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Table 1 
Typical HTA minerals in geothermal systems used for indicators for various physical and chemical parameters. The temperature of 225 ◦C is used here to group the low- 
and high-temperature assemblages, following Elders and Moore (2016) temperature grouping.  

Alteration suite ( 
Reyes, 1990) 

Temperature (Browne, 1978;  
Henley and Ellis, 1983; Reyes, 
2000, 1990) 

Mineral Indicator for fluid components High steam/water 
ratio indicator* 

Permeability indicator 

Near neutral pH <225 ◦C Smectite   Low – if persists above 230 ◦C ( 
Reyes, 1990) 

Vermiculite Possible cold water influx (Reyes, 
1990)   

Kaolinite Possible water influx – if present at 
depth (Norman and Moore, 2004)   

Dolomite Possible cold water influx (Reyes, 
1990)  

Low – if persists above 180 ◦C ( 
Reyes, 1990) 

Opal    
Cristobalite  Yes (Reyes, 1990)  
Tridymite  Yes (Reyes, 1990)  
Zeolites**    

Both/ transition ranges Illite-smectite   Low – if persists above 230 ◦C ( 
Reyes, 1990) 

Chlorite Possible cold water influx – if Mg-rich 
(Reyes, 1990)   

Goethite Possible cold water influx (Reyes, 
1990)   

haematite Possible cold water influx (Reyes, 
1990)   

Calcite CO2-rich water (Moore et al., 2004;  
Reyes, 1990) 

Yes (Browne and 
Ellis, 1970) 

High – if abundant (Reyes, 1990) 

Quartz  Yes – if the texture is 
drussy (Reyes, 
1990)  

Albite    
Adularia  Yes (Browne, 1970) High (Browne, 1970; Reyes, 

2000) 
Hyalophane   High (Reyes, 1990) 
Anhydrite Trace of acidic fluids (Marini et al., 

2011; Moore et al., 2002; Reyes et al., 
1993)  

High (Reyes, 1990) 

Diaspore    
Pyrite   High – if abundant (Reyes, 1990) 
Pyrrhotite  Yes (Moore et al., 

2004; Reyes, 1990) 
Low – if abundant instead of pyrite 
(Browne and Ellis, 1970; Reyes, 
1990) 

>225 ◦C Illite   High (Mas et al., 2003; Reyes, 
1990) 

Wairakite Possible fluid mixing (Moore et al., 
2004) 

Yes (Reyes, 1990) High (Reyes, 1990) 

Prehnite   Low (Reyes, 1990) 
Epidote    
Actinolite    
Garnet    
Pumpellyite   Low (Reyes, 1990) 
Sphene   Low – if abundant instead of 

epidote (Reyes, 1990) 
Chalcopyrite Chloride-rich water (Reyes, 1990)   
Galena Chloride-rich water (Reyes, 1990)   
Sphalerite Chloride-rich water (Reyes, 1990)   

Acid <225 ◦C Kaolinite Possible water influx – if present at 
depth (Norman and Moore, 2004)   

Jarosite    
Ammoniojarosite    
Marcasite    
Opal    
Cristobalite  Yes (Reyes, 1990)  
Tridymite  Yes (Reyes, 1990)  

Both/ transition ranges Dickite    
Native sulphur Magmatic input (Henley and Ellis, 

1983)   
Anhydrite Trace of acidic fluids (Marini et al., 

2011; Moore et al., 2002; Reyes et al., 
1993)  

High (Reyes, 1990) 

Alunite Possible magmatic input – if occurred 
at depth (Reyes, 1990)   

Goethite Possible cold water influx (Reyes, 
1990)   

Pyrite   High – if abundant (Reyes, 1990) 
Quartz   

(continued on next page) 
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photons that are partially reflected by the samples, either directly by 
surface reflectance or through multiple scattering, and are captured by 
the sensor as reflectance values (Clark, 1999) (Fig. 1). A number of these 
photons will be absorbed by the materials. The spectral position, in-
tensity, and/or shape of the absorption features differ from one mineral 
to another, as a function of the chemistry and structure of the minerals 
(Clark, 1999). Other research may refer to this analytical technique as 
‘reflectance spectroscopy’ to highlight its principle of measuring re-
flected electro-magnetic radiation. 

3.1. Wavelength positions and mineral identification 

Infrared spectroscopy covers a wide range of wavelengths. The ab-
sorption of photons in each range is caused by different processes. VNIR 
covers wavelengths from ~400–1300 nanometres (nm). The spectral 
absorptions in this range are due to electronic transitions either in the 
form of crystal field arrangement, charge transfer absorptions, or con-
duction band transition (Clark, 1999; Hunt, 1977; Hunt and Ashley, 
1979). Minerals having spectral features in VNIR are mostly 
iron-bearing minerals. Nickel, copper, manganese, chromium, and 
REE-bearing minerals may also show absorption features in this range 
(Hunt, 1977; Hunt and Ashley, 1979; Turner et al., 2016, 2014). 

In the SWIR (1300–2500 nm) range, the spectral response is caused 
by vibrational processes of certain molecular bonds, including OH, H2O, 
AlOH, FeOH, MgOH and/or CO3 molecules (e.g., AusSpec International 
Ltd., 2008; Clark et al., 1990; Hunt and Salisbury, 1971, 1970) (Fig. 1). 
Non-hydroxylated minerals (i.e., silica and feldspar) will not show any 
spectral response in the SWIR range and are so-called ‘spectrally inac-
tive’ or ‘aspectral’. Recent observation of REE-bearing fluorocarbonates 
and phosphate minerals show that REE also has diagnostic absorption 
features in the VNIR and SWIR ranges (Turner et al., 2016, e.g., 2014). 

In longer wavelengths than SWIR (within LWIR range or referred to 
as thermal infrared (TIR) in some other research), more absorption 
features can be detected. Therefore, minerals from silicate, carbonate, 
sulphide, sulphate, oxide and hydroxide groups can be identified in this 
range (Schodlok et al., 2016). Silicate minerals, including quartz and 
feldspar are the main mineral constituents in volcanic-hosted 
geothermal systems, and show their fundamental diagnostic features 
in this wavelength range (Hunt and Salisbury, 1970). 

In previous studies, the list of mineral groups identifiable in each 
wavelength range has been summarised (Kosanke et al., 2017) and the 
wavelength position of the diagnostic absorption features from every 
mineral group has been collected (Krupnik and Khan, 2019). Based on 
the absorption features identifiable in each wavelength range as well as 
important HTA minerals in geothermal systems, we have summarised 
the minerals that are potentially identified in each wavelength range in 
Table 3. One of the advantages of IRS compared to other mineralogical 

analysis methods, such as XRD, is that it can identify not only crystalline, 
but also amorphous materials (Clark, 1999), such as opal. Although 
silica minerals are generally not identifiable in the SWIR range, opal can 
be determined by its water inclusion, which was also demonstrated by 
early SWIR research in a mineralised system (Thompson et al., 1999). 

3.2. Infrared imaging spectroscopy (IRIS) 

In terms of the form of data produced, there are two distinct types of 
infrared spectroscopy: spot-based IRS and IRIS. Spot-based spectroscopy 
is a handheld instrument which produces one spectrum for an approx-
imately 1–2 cm area. This type of IRS typically does the analysis on VNIR 
and SWIR ranges. 

IRIS is a recently developed analysis method which is an extension of 
the spot-based IRS. It is an adaptation from airborne infrared imaging 
spectroscopy (Goetz et al., 1985, 1983), an imaging instrument that 
produces a spectral visualisation of an object. Because the spectra are 
generated according to the spatial position of the object (Clark, 1999), it 
can search for particular spectral features and locate their position 
within the object. By using the diagnostic spectral features of the target 
mineral(s), an image processing technique/algorithm can be executed to 
map the mineral(s). The classic method for mineral mapping is by 
comparing the theoretical absorption feature values of target minerals 
with their recorded values (Carrere and Abrams, 1988). 

By taking into consideration all HTA minerals that can be present, 
IRIS can be used to distinguish hydrothermally altered rock from fresh 
rock, as demonstrated by Abrams et al. (1977). Instead of using theo-
retical values, this research used ratios between multiple recorded 
spectral values from different wavelength positions (i.e., band ratios). 
These were then used to set the image colour composite for generating 
mineral maps. Minerals that often have shifting in their absorption 
feature wavelength due to changes in mineral chemistry are also 
observed to be best mapped using band spectral ratios (van Ruitenbeek 
et al., 2006). In addition to mineral distribution, IRIS-generated mineral 
maps can also be used to estimate the abundance of each constituent (e. 
g., Boardman et al., 1995). These benefits of airborne IRIS were then 
adopted in a laboratory for studying mineral relationships at a sample 
scale. 

The airborne IRIS technique was first adapted for the laboratory 
realm by Kruse (1996). The method has been referred to with different 
names by other research, such as laboratory-level imaging spectroscopy 
(e.g., Kokaly et al., 2017b), hyperspectral imaging (HSI) (e.g., Kruse 
et al., 2010), and hyperspectral core imaging (HCI) (e.g., Martini et al., 
2017). Similar to airborne IRIS, this tool produces a spectrum for every 
pixel of the scanned images. Therefore, less common minerals will be 
more identifiable as long as they (spectrally) dominate at least a single 
pixel in an IRIS image. The results are visualised as mineral maps (e.g., 

Table 1 (continued ) 

Alteration suite ( 
Reyes, 1990) 

Temperature (Browne, 1978;  
Henley and Ellis, 1983; Reyes, 
2000, 1990) 

Mineral Indicator for fluid components High steam/water 
ratio indicator* 

Permeability indicator 

Yes – if the texture is 
drussy (Reyes, 
1990) 

>225 ◦C Illite   High (Mas et al., 2003; Reyes, 
1990) 

Pyrophyllite Possible magmatic input – if occurred 
at depth (Reyes, 1990)   

Tourmaline Magmatic input (Cavarretta and 
Puxeddu, 1990; Etzel et al., 2015;  
Moore et al., 2004)   

Andalusite Magmatic input (Reyes, 1990)   
Zunyite Magmatic input (Reyes, 1990)   
Topaz Magmatic input (Reyes, 1990)    

* If directly precipitated from the fluid (i.e., not as replacement minerals). 
** low-T zeolites include chabazite, scolecite, mordenite, heulandite, stilbite, ptilolite, laumontite (for high-T zeolite: see Wairakite). 
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Table 2 
Comparison of mineralogical analyses methods for HTA minerals identification in geothermal systems.   

Principle for mineral 
identification 

Preparation needed (for 
drill cuttings) 

Results on HTA products Turn- 
around 
time 
Fast ↔ 
Slow  

Strength Limitations 

Methylene Blue 
(MeB) stain test 

The chemical reaction 
between MeB cations 
(released during the 
decomposition of MeB 
in water) with cations 
of smectite clays (i.e., 
all swelling clays, but 
mostly smectite), either 
as a mineral or as a 
component in mixed- 
layer clays (Chiappone 
et al., 2004; Gunderson 
et al., 2000). 

No preparation is needed 
(Gunderson et al., 2000;  
Harvey et al., 2000). 
Washing is needed to 
remove drilling mud. 

• distinguishing swelling 
(smectitic) clays from 
other clay minerals ( 
Harvey et al., 2000) 
• semi-quantitative 
estimation of the 
amount of smectite 
and/or chlorite-bearing 
mixed clays in alteration 
mineral assemblages ( 
Harvey et al., 2000)  

• applicable onsite during 
drilling (Harvey et al., 
2000) 
• gives the first indication 
of a downhole isotherm 
increase by the decrease of 
smectite content (e.g., 
Dyaksa et al., 2016) 
• low cost (Harvey et al., 
2000) 
• only simple equipment is 
required (Harvey et al., 
2000) 
• able to identify high clay 
content lithologies which 
may cause 
instability/hazards during 
drilling (Gunderson et al., 
2000) 

• unable to identify other 
minerals except for 
smectite (even other clay 
minerals) (Gunderson 
et al., 2000) 
• low accuracy (Harvey 
et al., 2000) 

Binocular 
microscopy 

The physical 
appearance of minerals 
(e.g., colour, lustre, 
cleavage, fracture, and 
crystal habit). 

Drill cuttings need to be 
washed with clean water 
to remove impurities and 
dust (Lagat, 2010). 

• mineralogy 
composition 
• morphology of the drill 
cuttings chips (e.g., 
evidence for leaching, 
evidence for 
permeability) ( 
Karamenderesi, 2013)  

• applicable onsite during 
drilling (Steingrimsson 
and Gudmundsson, 2006) 
• portable equipment 
• able to observe the entire 
cuttings sample 

• observation is only based 
on the physical appearance 
of the minerals 
•unable to distinguish clay 
minerals 

Spot-based IRS The energy reflected by 
molecular vibrational 
processes upon 
incoming infrared 
radiation (Clark et al., 
1990; Hunt, 1977;  
Hunt and Ashley, 
1979). 

No preparation is 
needed, except for being 
dry (Simpson et al., 
2013). 
Washing is needed to 
remove drilling mud. 

• mineralogy 
composition which is 
dominant and/or more 
spectrally active (Calvin 
and Pace, 2016) 
• clay mineral 
characterisation ( 
Simpson and Rae, 2018) 
• the crystallinity of 
illite and kaolinite ( 
AusSpec International 
Ltd., 2010, 2008)  
• qualitative chemistry 
of certain minerals ( 
Simpson et al., 2006)  

• applicable onsite during 
drilling (Simpson et al., 
2006) 
• portable equipment 
• only need to take a few 
scans to get results on the 
entire cuttings sample 

• unable to identify 
indicator minerals that 
occur in low quantities ( 
Calvin and Pace, 2016) 
• the quality of the spectral 
profile is prominently 
influenced by rock 
colouration (Simpson et al., 
2006) 

Infrared imaging 
spectroscopy 
(IRIS) 

The energy reflected by 
molecular vibrational 
processes upon 
incoming infrared 
radiation (Clark et al., 
1990; Hunt, 1977;  
Hunt and Ashley, 
1979). 

No preparation is 
needed, except for being 
clean and dry. 

• more detailed results 
than spot-based infrared 
spectroscopy (Kraal 
et al., 2018; Mathieu 
et al., 2017) 
• accurate calculation of 
mineral abundances 
using specific algorithm 
(Kruse, 1996)  

• able to identify more 
endmember minerals (e.g., 
rather than mixtures) 
compared to spot-based 
IRS (Kraal et al., 2018) 
• able to reveal 
spectrally-active minerals 
underneath transparent 
spectrally-inactive 
minerals (Mathieu et al., 
2017) 

• unable to determine the 
spatial relationships 
between alteration 
minerals at lower 
resolution (Kraal et al., 
2018) 
• the proportion is 
normally overestimated 
due to the exclusion of 
spectrally-inactive 
minerals or due to the 
grouping of mixture with 
any endmember minerals ( 
Mathieu et al., 2017) 
• the darkness of the 
samples controls the 
quality of the spectra ( 
Mathieu et al., 2017) 

Petrography Optical properties of 
minerals (e.g., colour, 
pleochroism, 
birefringence, and 
extinction) (Gribble 
and Hall, 1985). 

Drill cuttings have to be 
mounted/glued with 
epoxy before being 
sliced into thin section ( 
Hulen and Sibbett, 
1981). 

• mineralogy 
composition 
• HTA paragenesis ( 
Chambefort et al., 2017) 
• lithology as well as 
faults and fractures ( 
Elders and Moore, 2016)  

• the ability to interpret 
mineral paragenesis 
within cuttings fragments, 
including vein mineral 
paragenesis (Chambefort 
et al., 2017) 
• can be extended to point 
count the filled vesicles to 
study fluid-rock 
interactions within the 

• not representing the 
entire cuttings sample 
exactly since the grain 
mount incorporates only a 
small portion. All type of 
cuttings chips along as 
their abundance may not 
be reflected by the grain 
mounts (Hulen and 
Sibbett, 1981) 

(continued on next page) 
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Mathieu et al., 2017; Taylor, 2000) where the percentage area of the 
minerals can be used as a rough estimation of the mineral abundance. 
However, it should be noted that non-spectrally active minerals will not 
be taken into account in the abundance calculation. IRIS application in 
geothermal exploration is still limited. Therefore, its true potential for 
analysing geothermal samples is still poorly understood. 

4. How has spot-based IRS been applied in geothermal 
exploration? 

In this section, we review relevant studies in the geothermal field 
that apply spot-based infrared spectroscopy as a mineralogical identifier 
tool. The performance of the tool in identifying minerals (and clay 
minerals in particular) is discussed in Sections 4.1 and 4.2. Most of the 
reviewed works provide mineralogical identification results obtained 
using other analytical methods as well, mainly petrography and XRD, 
which allows us to compare and contrast the spot-based IRS analysis 
results to other methods (Table 4). This will be discussed in more detail 

in Section 4.3. 
Spot-based IRS was first applied in geothermal exploration in 1980 

(Marumo et al., 1980). However, it was only used to distinguish kaolin 
members and sericite poly-types to support the XRD results as it is not 
practical to do that in the latter method. While only a few uses of IRS 
were described in the 1980s-1990s, it has been frequently used since the 
early 2000s (e.g., Calvin and Solum, 2005; Kratt et al., 2004; Yang et al., 
2001, 2000). In 2000–2005, there were a number of studies assessing 
the performance of this tool in characterising HTA minerals in 
geothermal fields, both on surface and subsurface samples. The tool was 
tested and compared to XRD which had been the most prominent 
analysis for clay minerals, while more recent work has shown that IRS 
works better on clay minerals. Currently, spot-based IRS is applied more 
frequently as one of the tools to characterise HTA minerals in 
geothermal exploration. 

Table 2 (continued )  

Principle for mineral 
identification 

Preparation needed (for 
drill cuttings) 

Results on HTA products Turn- 
around 
time 
Fast ↔ 
Slow  

Strength Limitations 

geothermal system ( 
Franzson et al., 2008) 

•unable to distinguish clay 
minerals 

X-ray 
diffractometry 
(XRD) 

The diffraction of X-ray 
by crystals as a function 
of the atomic 
arrangement within the 
crystal (i.e., crystal 
structure) (Moore and 
Reynolds, 1989). 

Drill cuttings have to be 
crushed into powder. For 
identifying clay 
minerals, they need to be 
separated from the bulk 
powder through 
ultrasonic 
disaggregation/ 
centrifugation and 
analysed in three 
different modes: air- 
dried, glycolated, and 
heated (Moore and 
Reynolds, 1989). 

• mineralogy 
composition based on 
average bulk 
composition (Moore and 
Reynolds, 1989) 
• crystallinity of clay 
minerals (Ji and 
Browne, 2000) 
• a semi-quantitative 
mineral abundances ( 
Chipera and Bish, 2001;  
Poppe et al., 2001)  

• favourable method for 
clay characterisation since 
the clay fraction is 
analysed separately from 
the sand/silt fraction ( 
Ruessink and Harville, 
1992) 

• sample orientation causes 
overestimation in the 
quantification (Ruessink 
and Harville, 1992) 

Back-scattered 
electron (BSE) 
imaging 
combined with 
energy 
dispersive 
spectroscopy 
(EDS) 
(i.e., BSE-EDS) 

The images capture the 
compositional contrast 
produced by scanning 
the electron beam.  

Drill cuttings have to be 
mounted/glued with 
epoxy before being 
polished until the 
surface is flat and 
smooth. Next, the 
polished mount has to be 
coated to provide 
conductivity (Streck, 
2008). 

• maps of chemical 
compositional data 
• a semi-quantitative 
chemical composition ( 
Reed, 2005) 
• HTA paragenesis  

• the chemical 
composition imaging 
clearly shows if there are 
any changes in the mineral 
chemistry - suitable 
method to study about 
mineral zoning (Streck, 
2008) 

• a sophisticated apparatus 
and experimental 
instrument is required 
• not representing the 
entire cuttings sample 
exactly 
• the topography of the 
grain mount surface (due to 
unfinished polishing) may 
interfere with the resulting 
compositional imaging ( 
Flegler et al., 1993; Streck, 
2008) 
• the EDS mode has limited 
spectral resolution so that 
it is only good for 
semi-quantitative analysis ( 
Streck, 2008) 

Electron 
microprobe 
analysis (EMPA) 
– 
can be combined 
with BSE 

The X-ray spectrum 
represents the content 
of the element 
(qualitative analysis). 
Comparing their 
intensities with those 
emitted from standard 
samples will measure 
the element 
concentration 
quantitatively. 

Drill cuttings have to be 
mounted/glued with 
epoxy before being 
polished until the 
surface is flat and 
smooth. At last, the 
polished mount has to be 
coated to provide 
conductivity (Streck, 
2008). 

• quantitative chemical 
composition of minerals 
• can be extended to 
produce elemental X-ray 
maps if attached to BSE ( 
Blundy and Cashman, 
2008; Flegler et al., 
1993)  

• able to identify the 
chemistry of particular 
minerals (not in bulk) 

• a sophisticated apparatus 
and experimental 
instrument is required 
• not representing the 
entire cuttings sample 
exactly 
• can only measure a small 
area in the sample ( 
Chatterjee, 2017; Streck, 
2008) 
• WDS mode cannot detect 
all elements in a single run 
(Blundy and Cashman, 
2008)  
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Fig. 1.. Principle of infrared spectroscopy (modified from Laukamp, 2016) (top) and an example infrared spectrum of illite (bottom). The sensor will detect all the 
reflected radiation. Light is reflected either directly at the sample surface or through multiple scattering. Specific wavelengths are preferentially absorbed by the 
material and form diagnostic absorption features in the infrared spectrum. These spectral features are a function of mineral chemistry and structure. 

Table 3 
Summary of important geothermal index minerals identifiable by each wavelength range.   

Near neutral pH environment Acid environment  
< 225◦ > 225◦ < 225◦ > 225◦

VNIR Goethite, haematite Goethite, haematite Jarosite Pyroxene 
SWIR Vermiculite, smectite, illite-smectite 

interstratification, chlorite, opal, zeolite1, 
carbonates2 

Illite-smectite interstratification, illite, biotite, 
chlorite, prehnite, epidote/clinozoisite, 
actinolite, tremolite, calcite, zeolite1 

Kaolinite, dickite, 
natroalunite, alunite, jarosite, 
opal, diaspore, sulfur 

Dickite, pyrophyllite, illite, 
muscovite, alunite, zunyite, topaz, 
tourmaline, hornblende, diaspore 

LWIR 
* 

Cristobalite, tridymite, albite, adularia, 
hyalophane, zeolites low T1,3, carbonates2, 
anhydrite, titanite, rutile 

Albite, adularia, hyalophane, epidote/ 
clinozoisite, actinolite, wairakite1, titanite/ 
sphene, anhydrite, rutile, garnet 

Anhydrite, chalcedony, 
cristobalite, tridymite, 
quartz, apatite 

Anhydrite, quartz, andalusite, 
lazulite, hornblende, pyroxene  

1 All members of zeolites have similar diagnostic absorption features in SWIR, except analcime and natrolite which have additional diagnostic features (Calvin and 
Pace, 2016). Some zeolite members may be distinguished in LWIR (Mozgawa et al., 2011). 

2 Carbonates include calcite, siderite, dolomite, ankerite, magnesite. 
3 Low-temperature zeolites include chabazite, scolecite, mordenite, heulandite, stilbite, ptilolite, laumontite. 
* This wavelength range is not discussed in this paper. 

Columns are based on: Browne (1978); Henley and Ellis (1983); Reyes (2000, 1990); and Reyes et al. (1993). 
Rows are based on: Hunt and Salisbury (1971, 1970); Hunt and Ashley (1979); Clark (1999); Mozgawa et al. (2011); Lafuente et al. (2015); and Krupnik and Khan 

(2019). 
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Table 4 
Comparison between spot-based IRS and other analytical methods for mineral 
identification.  

Alteration 
suite 

Temperature Identified 
minerals in spot- 
based IRS 

Validation to/ 
comparison 
with other 
methods 

References 

Near 
neutral 
pH 

<225 ◦C Smectite: 
- 
Montmorillonite 
- Beidellite 

- Detected by 
XRD on clay- 
separated 
samples 
- Difficult to 
distinguish 
from other 
clay minerals 
in thin section 
- IRS is more 
sensitive to 
capturing 
variation of 
chemical 
composition in 
this mineral 

(Calvin 
et al., 2010, 
2005;  
Calvin and 
Pace, 2016;  
Calvin and 
Solum, 
2005; Canet 
et al., 2015, 
2010;  
Chambefort 
et al., 2017;  
Littlefield 
et al., 2012;  
Ruiz and 
Zúñiga, 
2015;  
Simpson 
et al., 2013, 
2006;  
Simpson and 
Rae, 2018;  
Yang et al., 
2001, 2000)   

Kaolinite (+
crystallinity) 

- Also 
identified in 
XRD, but IRS is 
more sensitive 
to this mineral 
- The 
crystallinity is 
better 
identified with 
IRS than XRD 
- Difficult to 
distinguish 
from other 
clay minerals 
in thin section 

(Calvin 
et al., 2010;  
Calvin and 
Pace, 2016;  
Canet et al., 
2015;  
Chambefort 
et al., 2017;  
Littlefield 
et al., 2012;  
Marumo, 
1980; Ruiz 
and Zúñiga, 
2015;  
Simpson 
et al., 2013, 
2006;  
Simpson and 
Rae, 2018;  
Yang et al., 
2001)   

Dolomite - No direct 
comparison to 
other 
mineralogical 
analysis 
methods in the 
reviewed 
works 

(Kratt et al., 
2004)   

Opal - Also detected 
by XRD, but 
not always in 
the same 
samples 

(Calvin and 
Pace, 2016;  
Canet et al., 
2015)   

Low-T Zeolites: 
- Analcime 
- Natrolite 
- Mordenite 

- No direct 
comparison to 
other 
mineralogical 
analysis 
methods in the 
reviewed 
works 
- It is difficult 
to distinguish 
zeolite species 
from IRS 

(Calvin and 
Pace, 2016;  
Calvin and 
Solum, 
2005;  
Littlefield 
et al., 2012;  
Simpson and 
Rae, 2018;  
Yang et al., 
2001, 2000)  

Table 4 (continued ) 

Alteration 
suite 

Temperature Identified 
minerals in spot- 
based IRS 

Validation to/ 
comparison 
with other 
methods 

References 

spectra due to 
the similarity 
of the main 
absorption 
features of the 
zeolite group, 
except 
analcime and 
natrolite 
which are 
spectrally 
distinctive  

Both/ 
transition 
ranges 

Illite-smectite* - Can only be 
identified as 
interlayered 
clay in XRD 
- A mixture 
with too little 
smectite/illite 
content will be 
assigned by 
IRS as either 
smectite or 
illite, 
respectively 
- Difficult to 
distinguish 
from other 
clay minerals 
in thin section 

(Calvin 
et al., 2010;  
Canet et al., 
2015;  
Simpson 
et al., 2013, 
2006;  
Simpson and 
Rae, 2018)   

Chlorite: 
- Fe-rich 
- Mg-rich 

- Comparable 
results to XRD 
and 
petrography 
- IRS is more 
sensitive to 
capturing 
variation of 
chemical 
composition in 
this mineral 

(Calvin 
et al., 2010;  
Calvin and 
Pace, 2016;  
Canet et al., 
2010;  
Chambefort 
et al., 2017;  
Littlefield 
et al., 2012;  
Ruiz and 
Zúñiga, 
2015;  
Simpson 
et al., 2006;  
Simpson and 
Rae, 2018;  
Yang et al., 
2001, 2000)   

haematite - IRS is more 
sensitive to 
this mineral 
than XRD and 
petrography 

(Calvin 
et al., 2010;  
Kratt et al., 
2004;  
Littlefield 
et al., 2012)   

Calcite - Also detected 
by XRD, but 
not always in 
the same 
samples 
- Better 
identified in 
thin section, 
especially 
when 
abundance is 
low (or with a 
drop of 
hydrochloric 
acid) 

(Calvin 
et al., 2005;  
Calvin and 
Pace, 2016;  
Canet et al., 
2010;  
Chambefort 
et al., 2017;  
Kratt et al., 
2004;  
Littlefield 
et al., 2012;  
Ruiz and 
Zúñiga, 
2015;  
Simpson and 
Rae, 2018)   

Anhydrite 

(continued on next page) 
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Table 4 (continued ) 

Alteration 
suite 

Temperature Identified 
minerals in spot- 
based IRS 

Validation to/ 
comparison 
with other 
methods 

References 

- Frequently 
identified in 
XRD 
- Best 
identified in 
thin section 

( 
Chambefort 
et al., 2017)  

>225 ◦C Illite: 
- K-rich 
(paragonitic) 
- Phengitic 
- Na±illite 

- Detected by 
XRD on both 
clay-separated 
and bulk 
samples 
- Difficult to 
distinguish 
from other 
clay minerals 
in thin section 
- IRS is more 
sensitive to 
capturing 
variation of 
chemical 
composition in 
this mineral 

(Calvin 
et al., 2010, 
2005;  
Calvin and 
Pace, 2016;  
Canet et al., 
2015;  
Chambefort 
et al., 2017;  
Littlefield 
et al., 2012;  
Ruiz and 
Zúñiga, 
2015;  
Simpson 
et al., 2013, 
2006;  
Simpson and 
Rae, 2018;  
Yang et al., 
2001, 2000)   

Wairakite - Frequently 
identified in 
XRD 
- Best 
identified in 
thin section 

( 
Chambefort 
et al., 2017;  
Yang et al., 
2001)   

Prehnite - IRS is more 
sensitive to 
this mineral 
than XRD 
- Comparable 
results to thin 
section 

(Calvin 
et al., 2010;  
Calvin and 
Pace, 2016;  
Chambefort 
et al., 2017;  
Littlefield 
et al., 2012)   

Epidote - Comparable 
results to XRD 
- Best 
identified in 
thin section 

(Calvin 
et al., 2010;  
Calvin and 
Pace, 2016;  
Canet et al., 
2010;  
Chambefort 
et al., 2017;  
Littlefield 
et al., 2012;  
Simpson and 
Rae, 2018;  
Yang et al., 
2000)   

Actinolite - IRS is more 
sensitive to 
this mineral 
than XRD 
- Comparable 
results to thin 
section 

( 
Chambefort 
et al., 2017) 

Acid <225 ◦C Kaolinite See notes for 
kaolinite in 
‘Near neutral 
pH’ row above 

See 
references for 
kaolinite in 
‘Near neutral 
pH’ row 
above   

Jarosite - No direct 
comparison to 
other 
mineralogical 
analysis 

(Calvin 
et al., 2010)  

Table 4 (continued ) 

Alteration 
suite 

Temperature Identified 
minerals in spot- 
based IRS 

Validation to/ 
comparison 
with other 
methods 

References 

methods in the 
reviewed 
works   

Ammoniojarosite - Absent in 
XRD 

(Canet et al., 
2015)   

Opal See notes for 
opal in ‘Near 
neutral pH’ 
row above 

See 
references for 
opal in ‘Near 
neutral pH’ 
row above  

Both/ 
transition 
ranges 

Dickite - IRS is more 
sensitive to 
this mineral 
than XRD and 
petrography 

( 
Chambefort 
et al., 2017;  
Marumo, 
1980; Ruiz 
and Zúñiga, 
2015;  
Simpson 
et al., 2006)   

Anhydrite See notes for 
anhydrite in 
‘Near neutral 
pH’ row above 

See 
references for 
anhydrite in 
‘Near neutral 
pH’ row 
above   

Alunite - Comparable 
results to XRD 

(Canet et al., 
2015; Ruiz 
and Zúñiga, 
2015;  
Simpson 
et al., 2006)  

>225 ◦C Illite See references 
for illite in 
‘Near neutral 
pH’ row above 

See 
references for 
illite in ‘Near 
neutral pH’ 
row above   

Pyrophyllite - Also detected 
by XRD, but 
not always in 
the same 
samples 
- IRS is more 
sensitive to 
this mineral 
than 
petrography 

( 
Chambefort 
et al., 2017;  
Ruiz and 
Zúñiga, 
2015)   

Andalusite - IRS is more 
sensitive to 
this mineral 
than XRD 
- Comparable 
results to thin 
section 

( 
Chambefort 
et al., 2017)   

Topaz - IRS is more 
sensitive to 
this mineral 
than XRD and 
petrography 
- IRS 
identification 
of topaz was 
confirmed by 
BSE-EDS 
imaging 

( 
Chambefort 
et al., 2017)  

* Spot-based IRS can only identify the occurrence of both minerals without 
being able to detect whether the two minerals are formed as: (1) interlayered 
clay; or (2) two minerals which are formed close to one another. 
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4.1. What information can be obtained using spot-based IRS on 
geothermal systems? 

A number of works proposed using spot-based IRS to identify li-
thology (Calvin et al., 2005; Kratt et al., 2004). However, this is not 
always practicable in volcanic-hosted geothermal systems. In these 
geothermal systems, the lithology is dominated by volcanic and volca-
niclastic rocks with similar chemical and mineral composition. Identi-
fying changes in a lithological unit by looking at the general shape of the 
spectra, as demonstrated in Calvin et al. (2005), cannot be done with 
high confidence unless we have a distinct stratigraphic marker to help 
distinguish groups of spectra from different lithology. 

Although not particularly suitable for lithological unit identification, 
previous work shows that the tool can identify many important minerals 
in geothermal systems, including clay minerals, muscovite, alunite, 
chlorite, biotite, carbonates (calcite, siderite, ankerite), epidote, actin-
olite, prehnite, topaz, gypsum, anhydrite, andalusite, haematite, 
lepidolite(-strontianite), opal, zeolites, and ammonium-bearing min-
erals. Clay minerals include (smectite (e.g., montmorillonite and bei-
dellite), illite, kaolinite, dickite, pyrophyllite). amongst these minerals, 
the tool is used more prominently to characterise clay minerals and its 
application to these minerals will be discussed specifically later in the 
text. 

Chlorite composition (Fe-rich versus Mg-rich) can be determined 
with spot-based IRS. This compositional variation is often linked to 
changes in lithology (Simpson and Rae, 2018; e.g., Yang et al., 2000). In 
the Ngatamariki Geothermal Field, New Zealand, topaz was first 
detected using spot-based IRS and confirmed by BSE-EDS imaging, but it 
was never detected in XRD nor petrography results (Table 4). Siderite 
and ankerite can also appear in IRS results while being absent in 
petrography and XRD (Chambefort et al., 2017). Gypsum is a hydrated 
calcium sulphate mineral and thus it is identified by the distinct multiple 
water absorption features (AusSpec International Ltd., 2008). On the 
other hand, anhydrite and andalusite do not have hydroxyl bonds, but 
Chambefort et al. (2017) reported their identification from spot-based 
IRS (Table 4). A lithium-bearing mineral, lepidolite, was also identi-
fied in IRS spectra, sometimes mixed with strontianite (Madubuike et al., 
2016). 

Most forms of silica go undetected by spot-based IRS. Nonetheless, 
opal is hydrated amorphous silica and its water content makes the 
mineral identifiable in IRS, as validated by XRD (Calvin et al., 2010; 
Calvin and Pace, 2016; Canet et al., 2015). However, the spectral fea-
tures of amorphous silica, including silica sinter and silica scale deposits, 
often overlap and cause misclassification as smectite (Simpson and Rae, 
2018). Compared to silica crystallinity as defined by XRD, the changes in 
water absorption features in infrared spectra agree with an increasing 
degree of crystallinity of silica sinter. In this case, the water absorption 
features become flatter (i.e., reduce in intensity) with a more rounded 
trough as the degree of crystallinity increases (Lynne et al., 2008). 
Quartz is detected if it contains fluid inclusions (referred to as ‘hydrated 
quartz’ by Calvin et al. (2010) and Calvin and Pace (2016)). The tool will 
detect water absorption features of the fluid inclusions at 1400 and 
1900 nm but is featureless in longer wavelength. 

One of the advantages of spot-based IRS over other mineralogical 
analyses is that it can detect ammonium-bearing minerals. The identi-
fied ammonium-bearing minerals in geothermal systems include bud-
dingtonite (ammonium feldspar), tobelite (ammonium illite), and 
ammoniojarosite (Canet et al., 2015, 2010; Simpson and Rae, 2018; 
Yang et al., 2001). Except for ammoniojarosite which was only found on 
the surface, these minerals can be present in both surface and subsurface 
samples. These ammonium-bearing minerals were not detected by other 
methods. 

4.2. Clay minerals characterisation 

Clay minerals are strongly spectrally active in IRS, particularly in the 

wavelength range used in spot-based IRS. Hence, even a small amount of 
these minerals can dominate the spectral signal and be detected by IRS. 
Kaolinite is a good example of this (Simpson and Rae, 2018). It appears 
that a very small amount of kaolinite under the detection limit of XRD 
can still appear in infrared spectra. Although XRD is good at identifying 
minerals including kaolinite, spot-based IRS is more sensitive to differ-
entiating kaolin/kandites group members (Ruiz and Zúñiga, 2015; 
Simpson et al., 2006) and defining the crystallinity of kaolinite minerals 
(Yang et al., 2001) (Table 4). 

XRD generally identifies smectite minerals as part of the smectite 
group, while IRS can distinguish the specific smectite members within 
the group. This enables the observation of relative compositional 
changes in the samples. Smectite, smectite-illite mixture, and illite can 
be distinguished in infrared spectra based on the depth ratio of the 
water/AlOH spectral features (Simpson et al., 2013; Simpson and Rae, 
2018). However, the sensitivity of spot-based IRS is lower than XRD. 
Any mixture with less than 20% of either smectite or illite will not be 
identified accurately using this ratio (Simpson et al., 2013). 

Later work by Simpson and Christie (2019) added that calculating 
the ratio from continuum-removed spectra works best on geothermal 
samples, while calculating on uncorrected spectra is a better fit for 
epithermal samples. As the spot-based IRS spectrum is the result of the 
reflection from all materials within the scanned area, this method cannot 
identify whether the smectite and illite in the mixture are interlayered or 
whether they occur as separate minerals in different parts of the sample. 
Instead, with the calculated water/AlOH ratio, it can only indicate the 
overall proportion of smectite and illite in the scanned area. Further 
work by Mielke et al. (2015) used this ratio to study the relationship 
between grain density and specific heat capacity. They demonstrated 
that both grain density and specific heat capacity increase with the 
transition from smectite to illite. 

Using the water/AlOH ratio calculation, spot-based IRS can indicate 
the distribution of clay transition within the systems, which is further 
used to deduce the thermal structure of the system. In the early phase of 
geothermal exploration, such information has usually been obtained 
through MeB staining and/or geophysical resistivity values. Correa 
et al. (2013) compared the clay characterisation obtained from 
spot-based IRS with MeB and resistivity values. This study showed that 
the decrease of electrical conductivity as well as MeB stain test values 
does not always correlate to the transition from smectite to illite but may 
also reflect the decrease of smectite abundance. Furthermore, the central 
part of the conductive layer in the studied geothermal system (i.e., 
Wairakei Geothermal Field, New Zealand) coincides with the area 
dominated by smectite and illite mixture as shown in IRS which have 
approximately 10% smectite as indicated by the MeB value. Spot-based 
IRS can identify illite and smectite content in the samples, while the MeB 
stain test and resistivity model can only detect the proportion of smectite 
in the samples by its ability to react to the MeB dye and its high con-
ductivity, respectively. In this way, spot-based IRS can help the MeB and 
resistivity model to better locate the distribution of clay minerals within 
the system, including in the clay cap. 

In addition to identifying the types of clay minerals, the spectral 
resolution of spot-based IRS allows the distinction of illite and muscovite 
into phengitic (Mg and/or Fe-rich), paragonitic (potassium-rich) or 
Na±illite (sodium-rich) compositions. This is done based on a shift in 
wavelength (van Ruitenbeek et al., 2006) of the 2200 nm absorption 
feature. The wavelength positions of those illite endmembers are >2210 
nm, 2196 to 2208 nm, and near 2190 nm, respectively (Yang et al., 
2001). No close relationship has been found between white mica 
compositional variation with the host lithology in geothermal systems 
(Simpson and Rae, 2018; Yang et al., 2001). However, it was found that 
this chemical variation in volcanic-hosted massive sulphide (VHMS) 
setting is spatially related to the HTA zoning related to, for example, 
hydrological structure and proximity to the mineralisation centre (Yang 
et al., 2011). A recent study in a uranium mineralisation setting found 
that the paragonitic type of illite is associated with kandites group 
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minerals (i.e., kaolinite and dickite) and thus was thought to form in 
more acidic environments (Zhang et al., 2019). 

4.3. Where do the strengths of spot-based IRS lie compared to other 
analytical methods? 

From the research on spot-based IRS within the geothermal industry, 
we have compared the IRS mineralogical analysis results to those ob-
tained using other tools, mainly petrography and XRD (Table 4). In 
general, many more minerals are identifiable using petrography than 
IRS. However, comparing Table 1 and Table 4 shows that IRS can 
identify most of the geothermal temperature-indicator minerals from 
both a near-neutral pH and an acid environment. It is difficult to detect 
high steam/water ratio indicator minerals as they are mostly silica 
minerals (i.e., cristobalite, tridymite, quartz, adularia, and pyrrhotite). 
Some of the permeability indicator minerals can be identified, while 
some others cannot or have not yet been identified in IRIS, including 
adularia, hyalophane, pyrite, pyrrhotite, pumpellyite, and sphene. IRS 
cannot identify sulphide minerals (e.g., pyrite, chalcopyrite, sphalerite, 
galena, and marcasite) (Table 1). From an experiment on sulphide 
minerals using other IRS instrument types by Bolin and Moon (2003), 
there was no spectral response found from the mineral sought. Hence, 
spectral differences (i.e., colour) together with albedo (i.e., brightness 
intensity) were used to identify the ‘possible’ sulphide minerals. 
Nevertheless, the identification of sulphide minerals is still more reliable 
using other methods. 

Previous works show that IRS sensitivity for detecting some minerals 
is higher than in other methods. Even a trace amount of the minerals (i. 
e., under the detection limit of other methods) can still have detectable 
absorption features in infrared spectra. The sensitivity of IRS is higher 
for ammonium-bearing and clay minerals. It is not possible to identify 
the ammonium content in the mineral under a polarisation microscope 
because variation in chemical composition is not always reflected by 
mineral optical properties. Although XRD identifies bulk composition of 
samples, identifying ammonium-bearing minerals is challenging. The 
ammonium-bearing illite is identified in XRD by the shift of all re-
flections of illite in the diffraction pattern towards lower 2θ values 
(Šucha et al., 1994). However, some of these reflections may not be 
easily detected due to the interference of other minerals, such as quartz 
and kandites group minerals (Canet et al., 2010). In addition to 
ammonium-bearing minerals, other research also identified siderite, 
ankerite, and topaz when they were absent in petrography and XRD 
(Chambefort et al., 2017). 

For other minerals (e.g., illite), IRS can give more detailed infor-
mation than other methods. It can distinguish different endmembers of 
illite by its mineral chemistry (paragonitic versus phengitic). It is diffi-
cult to do so in petrography and XRD and would require detailed 
chemical analysis like EMPA or EDS. Furthermore, the strength of IRS 
compared to the MeB stain test is that it can detect the illite content in 
the samples, making the identification of clay mineral distribution more 
accurate. 

As spot-based IRS gives a spectrum for an approximately 1–2 cm 
wide area, the obtained spectra can easily be affected by non-mineral 
materials which may obscure the absorption features of the target 
minerals themselves. The occurrence of foreign materials which have 
been found interfering with the spectra includes cuttings chip trays 
(Calvin and Pace, 2016), walnut chips used as an additive material to 
prevent loss of circulation (Calvin et al., 2010), epoxy glue used to 
mount drill cuttings (Kratt et al., 2004), drilling mud (i.e., bentonite) 
(Calvin and Solum, 2005; Littlefield et al., 2012), and volcanic glass 
(Simpson et al., 2013; Simpson and Rae, 2018). 

The ability of spot-based IRS to detect minerals is limited by: (1) 
some minerals being spectrally less active or inactive; (2) low spatial 
resolution of the tool so that it is difficult to have spectra of single 
minerals; and (3) excessive level of noise due to low alteration intensity 
(e.g., a small number of reflective minerals in andesitic rock, but also in 

unaltered granite). Studies have developed different approaches to 
optimise the analysis in difficult settings, such as applying second- 
derivative to identify minerals showing weak features in mixed 
spectra (Yang et al., 2000) or applying a statistic-based approach to 
either reduce noise (e.g., Littlefield et al., 2012) or minimise subjectivity 
and the need for extensive validation (Canet et al., 2010). 

5. How can infrared imaging spectroscopy benefit geothermal 
exploration? 

In this section, we review works that have applied infrared imaging 
spectroscopy (IRIS) to geothermal exploration (Section 5.1). As this 
technique is still actively being developed for the geothermal context, 
we include an example of an ongoing study (Section 5.2) and borrow 
recent experiences from the mineral exploration industry to get insights 
into where the developments of IRIS within the geothermal industry 
could go next (Section 5.3). 

5.1. Current status of IRIS practise in geothermal exploration 

In 2018, IRIS was demonstrated on geothermal drill cores for the first 
time (Kraal et al., 2018). In this work, both spot-based IRS and IRIS were 
applied and it was observed that IRIS was able to obtain ‘pure spectra’ 
more often, while spot-based IRS tends to obtain mixed spectra. Soon 
after the first IRIS experiment on geothermal drill cores, Kraal and 
Ayling (2019) and Kamau et al. (2020) published their IRIS results ac-
quired from geothermal drill cuttings. The latter work shows that tem-
perature indicator minerals, such as epidote and actinolite, can be 
identified throughout the well even though their occurrence is minor. 
Most of these minerals are present either in small amounts or as mixed 
spectra. Additionally, Kamau et al. (2020) found that the vertical dis-
tribution of epidote in their samples varies from one well to another. It 
occurs continuously in some wells but sporadically in other wells. IRIS 
provides the possibility to analyse cuttings with a high vertical spatial 
resolution (i.e., shorter depth intervals), allowing us to see the distri-
bution of certain minerals. 

Kraal and Ayling (2019) combined SWIR with LWIR, allowing them 
to identify quartz and feldspar (Kraal and Ayling, 2019). The 
IRIS-generated mineral maps of drill cuttings also gave similar infor-
mation to those obtained from the drill core. However, it was observed 
that the IRIS results on cores and cuttings are not identical. Muscovite, 
epidote, kaolinite, and feldspar were only identified in drill cores. These 
different results found in cores and cuttings were interpreted as un-
avoidable effects of drilling and sampling treatments as well as different 
IRIS analysis procedures being applied (Kraal and Ayling, 2019). The 
unavoidable effects of drilling and sampling treatments include: (1) loss 
of certain minerals during transport from the subsurface for surface 
collection or washing; (2) hydration of minerals due to exposure to hot 
drilling mud; and (3) homogenisation of cuttings chips and domination 
of certain minerals and/or lithology in cuttings. This last effect leads to 
more mixed mineral spectra being generated and less common materials 
being masked by more common minerals. Further investigation showed 
that this effect is the most likely cause of the differences between core 
and cutting results (K. Kraal, personal communication, April 24, 2021). 
Meanwhile, the different IRIS analysis procedures applied by Kraal and 
Ayling (2019) differed in the way spectral classes were treated for the 
classification of the images: For the drill cuttings, the spectral classes 
were determined based on the entire borehole, while for the core, spe-
cific classes were optimised for each section of the core that was imaged 
(Kraal and Ayling, 2019). 

5.2. An example of IRIS results on geothermal drill cuttings 

In this section, we will give a practical idea of IRIS results on mineral 
characterisation of drill cuttings. The following example illustrates how 
IRIS can identify (spectrally active) minerals and visualise them in the 
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scanned image of the samples. The IRIS analysis was undertaken on 
geothermal drill cuttings from a volcanic-hosted geothermal field in 
Sumatra, Indonesia. The hyperspectral SWIR images were acquired 
using a Specim SWIR 3 spectral camera manufactured by Specim Spec-
tral Imaging Ltd. The camera was attached to a Specim LabScanner 100 
× 50 imaging station equipped with external light source (Fig. 2). The 
instrument measures short-wave infrared light (1.0 – 2.5 µm) in 288 
spectral bands and 384 spatial pixels. The images are generated gradu-
ally by moving the sample on a scanning stage underneath the line 
scanner during image acquisition. The spatial resolution (individual 
pixel size) of the images as used in this setup is 0.26 mm. Black-painted 
aluminium cups with 5 cm diameter are used as sample holders. The 
detailed processing steps are described in Savitri et al. (2021). 

Visual comparison of the image spectra with the USGS spectral li-
brary (Kokaly et al., 2017a) revealed 13 pure minerals and six mineral 
mixtures, one spectrum of wood (as lost circulation material ‘LCM’), and 
three spectra that have not been conclusively assigned to a mineral 
phase yet. The identified minerals include smectites (montmorillonite 
and nontronite), illite, dickite, chlorite, opal, prehnite, epidote (with 
trace absorption features of illite), carbonates (calcite and ankerite), 
gypsum, and two spectra of zeolites. Fig. 3 shows a representative 
reflectance spectrum for each of these mineral classes. These spectra are 
taken from individual IRIS image pixels which were chosen through 
manual observation to represent the ‘purest’ spectrum of each mineral 
(i.e., the spectrum that had the least spectral influence from other 
minerals). 

By comparing each image pixel to the spectra in our so-called 
‘spectral library’ (Fig. 3), we can apply a choice of classifier algorithm 
to assign each of the image pixels to a mineral class based on its spectral 
response. Fig. 4 shows a classification result from drill cuttings from 
three different depth intervals of the same geothermal exploration well. 
From the IRIS-generated mineral maps, we can easily observe the 
mineralogical changes from ~50 m depth to ~500 m depth (Fig. 4a-c). 
The dominant minerals change from dickite in the shallowest sample to 
smectite at ~260 m depth and, finally, to chlorite and illite at ~520 m 
depth. Since scanning the samples under the IRIS instrument is fast and 
does not require any sophisticated treatment, it is possible to analyse 

hundreds of samples or hundreds of metres of cores/cuttings per day. 
This leads to a continuous dataset that can complete the information 
between the often discrete XRD and petrography sampling locations. 

An additional advantage of IRIS is that it is possible to observe the 
spatial relationships between minerals in the sample as long as the 
relationship is coarser than the spatial resolution used for the analysis. 
With a pixel size of 0.26 mm, spatial relationships between minerals are 
visible but only on bigger cutting chips. Several grains in our sample 
show a mineral ‘halo’, such as illite surrounding opal and zeolite 
(Fig. 4c). Cross-cutting relationships between HTA minerals is mostly 
seen in veins and veinlets, but these are hardly visible in drill cuttings. 

5.3. Lessons learnt from mineral exploration on fossil hydrothermal 
systems 

In mining exploration, IRIS is routinely used in integration with 
airborne and outcrop-scale infrared imaging spectroscopy (Cudahy, 
2016; Graham et al., 2018; Kokaly et al., 2017b; Kruse et al., 2012). 
Previous research has demonstrated the success of this integrated 
approach in building a comprehensive model of the mineralisation 
system at different scales. In Kruse et al. (2012), the authors specifically 
highlight how IRIS assists in understanding the spatial distribution of 
minerals at the outcrop scale. A technical review on how the various 
scales of infrared imaging spectroscopy have been integrated and 
applied to mineral exploration has recently been published by Krupnik 
and Khan (2019). 

The IRIS application for mineral exploration has been extensively 
developed. The purpose of the tool is no longer limited to identifying 
minerals based on their spectral absorption features. Here, we review 
how other research uses IRIS to understand HTA processes, especially in 
mineral exploration. We propose that we can use the experience from 
the mineral exploration industry (on fossil hydrothermal systems) as a 
pathfinder for future applications of IRIS in the geothermal industry. 

5.3.1. Understanding the host of geothermal systems 
Intensely altered rocks, where all the primary minerals have been 

replaced by HTA minerals, are common in geothermal systems. Rock 

Fig. 2.. The Specim SWIR 3 spectral camera 
used to acquire hyperspectral images, mounted 
on the Specim LabScanner 100 × 50 imaging 
station. The images are taken gradually while 
the sample table moves. Inset: the layout of 
samples being scanned. A box with quartz sand 
was used to raise the samples closer to the focus 
of the camera. Quartz sand was chosen as it has 
no absorption in the SWIR itself and thus, in the 
images, it is easily separable from other mate-
rials, especially from the samples. Arrow in-
dicates the movement direction of the sample 
table. The facility is the property of the Faculty 
of Geo-Information Science and Earth Obser-
vation, University of Twente.   
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textures are often not preserved, making the identification of the host 
rocks problematic. However, even intensively altered rocks are thought 
to still contain the original rock texture, although they are too small to 
be visible. Recently, a method using IRIS was proposed to identify the 
type of host rocks in altered rocks (van Ruitenbeek et al., 2019). In this 
proposed method, the IRIS-generated mineral maps were first 
segmented. From these segmented mineral maps, the authors then 
calculated object shape parameters from every object bigger than 200 
pixels using algorithms, including features (e.g., crystals, fragments, 

vesicles, etc.) along with their shapes (e.g., euhedral, subhedral, or 
anhedral for igneous; or roundness and sphericity for sedimentary), 
orientation, and distribution. This method could also be useful for the 
geothermal industry to help identifying host rocks in pervasively altered 
geothermal systems. 

As the spectral features are proxies for mineral composition, IRIS can 
also give insight to the chemistry of the host rock. Volcanic-hosted 
geothermal systems mostly occur in young volcanic areas where the li-
thology mainly consists of volcanic and volcaniclastic rocks. In order to 

Fig. 3.. Representative spectra of the 13 minerals identified by IRIS taken from individual pixels. Left: spectra of clay minerals, characterised by strong AlOH 
absorption features at ~1.4 and ~2.2 µm and H2O absorption at 1.9 µm. Right: spectra of non-clay minerals. The x axis represents wavelength in µm and the y axis 
represents continuum-removed reflectance intensity. Continuum removal was applied to normalise the spectra to a baseline (i.e., value of 1) so that the smaller 
features become more visible. The spectra are vertically offset from each other so they can be observed more clearly. 

Fig. 4.. Mineral maps of samples from: (a) 57–60 m depth; (b) 261–264 m depth; and (c) 522–525 m depth. The field of view is 5 cm in diameter.  
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do stratigraphic correlation, identifying the composition of the host 
volcanic rocks is necessary. In Cudahy (2016), it was demonstrated that 
the occurrence of 2240 nm in kaolinite, which is not the diagnostic 
feature of the mineral, can be used as a proxy for high levels of Fe and/or 
Mg substitution which reflects a ferromagnesian host rock (i.e., inter-
mediate, mafic, and ultramafic). In other words, kaolinite formed from 
felsic host rock will not develop this feature. In addition, the crystallinity 
of kaolinite minerals as seen in IRIS spectra was also used to distinguish 
transported materials from in situ weathered regolith in lateritic 
exploration (Cudahy, 2016). However, this work was conducted in a 
deeply weathered environment in Australia. There has been no further 
investigation as to whether this approach is applicable in fresh hydro-
thermally altered rocks. Moreover, kaolinite crystallinity is considered 
to be a temperature indicator in geothermal systems. Further research 
has to be undertaken on how the two proxies (i.e., kaolinite crystallinity 
and temperature) work and influence each other in geothermal systems. 

5.3.2. Finding the ‘unknown’ 
Using spot-based IRS methods in a traditional sense allows us to find 

mineralogical evidence that we expect, but it may be difficult to detect 
unknown mineral phases that we are not actually looking for. IRIS gives 
a continuous dataset that cannot only be used to look for expected 
minerals, but also (statistically) anomalous areas which we can target 
for detailed follow up studies. It has previously been applied on outcrop 
and hand samples of serpentinite deposit (Greenberger et al., 2015b) 
which mapped the distribution of a spectral feature at 450 nm, a diag-
nostic feature of tetrahedral Fe3+. During serpentinisation, the produc-
tion and substitution of Fe3+ into the serpentine structure is 
accompanied by the production of H2 gas. Hence, the 450 nm feature 
was used to locate the highest H2 gas accumulation in a homogenous 
serpentine lithology. The high spatial resolution of IRIS allows us to 
observe multiple spectra stemming from the same minerals. Therefore, it 
is also possible that we will find previously concealed features which tell 
us more about the studied hydrothermal/geothermal systems. In 
geothermal systems, it may also be the first scanning tool to select 
samples suitable for further analyses (e.g., fluid inclusion micro-
thermometry or for geochemical analysis). 

5.3.3. Capturing variation of chemical composition 
The high spectral resolution of recently developed IRS and IRIS 

systems can capture small variations of wavelength position of the 
spectral absorption features at the scale of nanometres. These small 
shifts can be used as proxies for variation in chemical composition of the 
minerals. As introduced in Section 4, this principle has been applied in 
geothermal exploration using spot-based IRS to plot the chemistry 
variation in chlorite (Simpson and Rae, 2018; e.g., Yang et al., 2000) and 
white mica (e.g., Simpson and Rae, 2018; Yang et al., 2001). 

Research by Roache et al. (2011) from the mineralisation field sug-
gests that this can also be observed in epidote. One of the diagnostic 
features of epidote is at 1540–1565 nm wavelength range. The work by 
Roache et al. (2011) showed that epidote will show the feature at 
wavelengths less than 1553 nm, while the shift of the feature to a longer 
wavelength is an indication of changes in iron content (towards clino-
zoisite). In geothermal systems, the crystal occurrences and morphology 
of epidote is known to be temperature dependant where the temperature 
stability increases from incipient epidote to epidote type 1 and, finally, 
to epidote type 3 (Reyes, 2000, 1990). However, the relationships be-
tween compositional variation in epidote and hydrothermal fluid/-
lithology changes in geothermal systems has not been understood. With 
the ability of IRIS to determine the composition variation of epidote 
even in small quantities in the drill samples, it is highly likely that it can 
contribute towards unravelling this relationship in the future. 

5.3.4. Identifying veins and potential permeability 
In geothermal systems, veins are indications of potential perme-

ability, whether present-day or paleo-permeability. Nonetheless, some 

veins are too small to be visible in most analytical methods. In high 
spatial resolution IRIS-generated mineral maps, veins and veinlets are 
also not always obvious. However, Wang et al. (2017) demonstrated the 
use of IRIS-generated mineral maps to get the abundance and shape of 
the minerals, which were then used to (indirectly) identify veins in the 
samples. Moreover, other work has demonstrated that IRIS-generated 
mineral maps can be used not only to observe the cross-cutting re-
lationships between veins and/or veinlets, but also to estimate geolog-
ical structure (Tusa et al., 2019, 2018). In Tusa et al. (2019), the shape of 
the veins and veinlets were extracted and their orientation plotted in a 
rose diagram. A recent paper even showed that IRIS-generated mineral 
maps can be combined with fracture parameter information from core 
topography to identify fracture mineralogy and estimate geotechnical 
rock parameters (Harraden et al., 2019). 

In geothermal systems, this approach can be applied to identify the 
orientation and location of the structures controlling permeability in the 
system. A recent study by Glaas et al. (2019) demonstrated the use of 
spot-based IRS in combination with geophysical logs to identify fracture 
zones and distinguish whether they control paleo- or present-day 
permeability. Their work used the 2200 nm absorption value as an in-
dicator of illitization intensity, showing that IRS could assist the iden-
tification of potential permeability zones. With the development of IRIS, 
more spectral features are obtained, including a more detailed mineral 
identification. Therefore, it is more likely to reveal the relationships 
between spectral characteristics and occurrence of structures/perme-
ability. A recent study by Kraal et al. (2021) used the imaging advantage 
of IRIS to do comprehensive mineral mapping into HTA mineral zones. 
The zones were then compared to geophysical and drilling data to 
identify the permeability of the geothermal system along with its 
possible changes through time. 

5.3.5. Reconstructing hydrothermal history from spatial relationships 
between minerals 

The IRIS hyperspectral images allow us to observe samples visually 
and provide the possibility to see the spatial relationships between 
minerals. Greenberger et al. (2015a) found two types of calcite present 
in their samples, with one of them formed by diagenesis instead of HTA. 
The diagenetic calcite was distinguished from the HTA calcite in IRIS by 
the lack of a 1900 nm feature, suggesting that the former calcite has little 
to no evidence of hydration. On the other hand, the HTA calcite had 
stronger evidence for hydration, in which the H2O could be either 
incorporated in the mineral structure or present as fluid inclusions 
(Greenberger et al., 2015a). Additionally, the diagenetic calcite was also 
seen in IRIS images coated by another mineral, which was identified as 
albite by EMPA (Greenberger et al., 2015a). 

Likewise, Turner et al. (2017) found evidence for the physicochem-
ical condition which accompanied corundum mineralisation from the 
occurrence of prehnite in IRIS. Prehnite in the area was not visible in 
hand specimens and thin sections due to its fine grain size. It was pre-
viously only found using XRD. Its diagnostic features in infrared spectra 
make prehnite identifiable in IRIS. Using this method, the authors 
identified the mineral and observed that its occurrence was restricted to 
the corundum mineralisation zones. This finding helped them to better 
understand their mineralisation systems (Turner et al., 2017). 

Another advantage of IRIS that has been employed substantially in 
mineral exploration is its ability to see the spatial distribution of a 
mineral in more detail. This advantage, combined with the ability of 
IRIS to capture the chemical variation of minerals, was able to reveal 
hidden HTA evidence. Lypaczewski et al. (2019) used IRIS to observe the 
compositional variation of biotite and white mica along with their dis-
tribution. The absorption feature of biotite at 2250 nm was used to es-
timate the magnesium content (calculated as molar Mg/[Mg+Fe]). The 
content increases as the absorption feature shifts towards shorter 
wavelengths. The chemical composition of white mica was estimated 
using the absorption feature at 2200 nm. The distribution of the biotite 
magnesium content variation only occurred in a restricted area, unlike 
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the variation of white mica composition. From this observation, they 
inferred that the chemical variation of biotite did not reflect the regional 
HTA processes. 

Another demonstration that IRIS can reveal hidden HTA evidence 
was shown by Zhou et al. (2017). The authors used both spot-based IRS 
and IRIS. The approach was able to distinguish sodic from potassic 
alunite using the former method. Based on the spot-based IRS identifi-
cation of both alunites at shallower depths, the sodic alunite was 
inferred to be overlapping the potassic alunite. However, the fact that 
the sodic alunite only occurs in breccia clasts and fine fragments only 
became apparent when IRIS is applied. Only with the imaging results, 
they confirmed that potassic alunite alteration was preceeded by an 
earlier sodic alunite alteration, which was then brought in fragments to 
shallower depths by a phreatomagmatic process (Zhou et al., 2017). The 
mentioned work on mineralised systems implies that, even for 
well-studied hydrothermal systems, IRIS may aid a better (or even 
revised) understanding of the system and its historic development. The 
method has the same potential benefits for the geothermal industry. 

6. Discussion and conclusion 

Infrared spectroscopy has been occasionally applied as a mineral-
ogical analysis tool in geothermal exploration. However, the geothermal 
industry has mostly applied spot-based IRS to date. The tool has proven 
its added value in identifying most HTA minerals. It can identify most of 
the temperature-indicator minerals in both near-neutral pH and acid 
environments. Non-hydroxylated minerals, however, cannot be detec-
ted. Therefore, it is not possible to detect HTA minerals indicating 
permeability and a high steam/water ratio (e.g., adularia and silica, 
respectively) using this method. 

XRD and petrography can identify more minerals compared to spot- 
based IRS. However, IRS sensitivity is higher for kaolinite and 
ammonium-bearing minerals. The tool can detect trace amounts of these 
minerals which are below the detection limits of other methods, 
including XRD. Compared to XRD, IRS can better identify the crystal-
linity of kaolinite, which is not visible in petrography. Although IRS is 
limited in identifying non-hydroxylated minerals, IRS sensitivity to 
water content allows identification of fluid inclusion on quartz. A 
strength of IRS over the MeB stain test is that it can identify illite con-
tents in the samples. Thus, if the latter method can only show a decrease 
of smectite content, IRS can better indicate if the decrease is associated 
with increasing temperature (i.e., with an increase in illite content) or 
approaching the margin of the geothermal system (indicated by a 
reduction in smectite). 

The spectral shift of absorption features in IRS spectra is a proxy for 
chemical variations of minerals. Evidence has been shown for chlorite, 
illite-smectite mixture, and illite. The tool is able to distinguish: (1) Fe- 
rich from Mg-rich chlorite; (2) smectite from illite-smectite mixture to 
illite; and (3) paragonitic from phengitic (and Na-) illite in geothermal 
samples. The chemical variation in chlorite has been observed to be 
closely related to the composition of host rocks, while the smectite to 
illite transition is temperature-dependant. The latter differentiation can 
be determined in IRS using the water/AlOH ratio. Furthermore, the 
mineral exploration industry found that epidote could be distinguished 
from clinozoisite, a finding that has not been capitalised on in the 
geothermal industry. These changes in chemical composition are not 
easily visible in other mineralogical analysis methods and may require 
further determination using methods such as EMPA and EDS. 

In relation to the ability of IRS to distinguish chemical variations in a 
mineral species as well as crystallinity in kaolinite, some knowledge 
gaps have not been resolved yet, including: 

- As kaolinite crystallinity is a function of temperature of the hydro-
thermal fluids, how do these temperature changes influence the 
shape of the infrared spectra?  

- How do chemical variations in illite relate to the changes of the 
geothermal system (i.e., temperature (and/or pressure), hydrother-
mal fluid chemistry, and/or permeability)?  

- Is the differentiation of epidote from clinozoisite, as observed in the 
mineral exploration industry, also applicable for epidote in 
geothermal systems? If so, what are the factors controlling this 
variation in geothermal systems? 

Since spot-based IRS gives a spectrum for an approximately 1–2 cm 
wide area, the resulting spectra are most likely a function of several 
minerals. Mixed spectra make it difficult to identify individual minerals, 
particularly those less common or spectrally less active. This limitation 
includes the inability of spot-based IRS to distinguish interlayered illite- 
smectite from individual illite and smectite grains that appear together 
in the same sample. 

IRIS has just started to be embraced by the geothermal industry. 
Previous research in both geothermal and mineralisation fields show 
that IRIS can obtain both qualitative and quantitative parameters. The 
qualitative parameter includes spatial relationships between HTA min-
erals. The high spatial resolution of IRIS makes the spatial relationships 
between HTA minerals visible. Such relationships reveal the number 
and, to some extent, the order of the HTA episodes. Our results presented 
show that IRIS can even show spatial relationships between minerals in 
drill cuttings, as long as the relationship has a bigger dimension than the 
spatial resolution used for the analysis. 

Quantitative parameters that can be obtained through IRIS include 
mineral abundances and wavelength shifts of absorption features. From 
the IRIS-generated mineral maps, pixel-based percentage area of min-
erals can be calculated, which also reflect the apparent abundance of the 
minerals. A benefit of IRIS compared to other methods is that it allows 
the analysis of large datasets, not only a limited area or portion of the 
samples. If applied to the entire cored section of a well, not only the 
changes of mineral assemblages will be obtained, but also the changes of 
mineral abundances will be visible. When analysing a large dataset in 
high spatial resolution, IRIS also allows us to observe multiple spectra 
from the same minerals. In this way, we can statistically observe if there 
are changes/anomalies in absorption features. This makes it easier to see 
the trend of chemical variation (and/or crystallinity) of a mineral 
throughout the dataset. Additionally, we can find previously hidden 
features which will tell us more about geothermal systems, as previously 
demonstrated in IRIS application in mineral exploration. It may also be 
applied to find samples suitable for further analyses (e.g., fluid inclusion 
microthermometry or geochemical analysis). 

Since an individual IRIS pixel records a much smaller area than a 
spot-based IRS system, the chance of identifying less common minerals 
in the samples is much greater. This has allowed the mineral exploration 
industry to revise what had been known about the hydrothermal history 
of some of the mineralised systems. It holds the same potential for the 
geothermal industry. In addition, we postulate that, when applied to 
geothermal samples, IRIS will most likely be able to differentiate be-
tween smectite-illite which is formed as interlayered clay and individual 
smectite and illite which are placed close together. 

In mineral exploration, the purpose of this spectral tool is no longer 
limited to identifying minerals based on the wavelength position of 
absorption features. It has also been applied to help identifying the host 
rocks of intensively altered rocks as well as identifying veins and veinlets 
which are sometimes not immediately visible. Although the IRIS 
research done by the geothermal industry have been limited to academic 
and technical trials for adapting the technology to the geothermal 
samples and context, sufficient progress has been made in algorithm 
development and application cases which makes this technology now 
applicable for uptake by the geothermal industry. 
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