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Abstract  
This study used optical remote sensors to identify surface hydrothermal alteration and thermal 
anomalies in the Sveifluháls-Krýsuvík high-temperature geothermal field. The study area is 
located in a volcanic fissure swarm in the central part of Reykjanes peninsula, in southwest 
Iceland. The area is characterized by intensive surface alteration, steam vents, mud pots, and 
hot springs. Multispectral Landsat and ASTER satellite images were used to identify 
hydrothermal alteration minerals and thermal anomalies. A hyperspectral image from Hyperion 
was used for the analysis of absorption features. Spectral analysis from the visible (VIS) to the 
short wavelength infrared (SWIR) allowed the identification of possible sulfur, iron oxides, and 
montmorillonite. A time series analysis of thermal anomalies using the nighttime satellite 
images from 2002 to 2017 detected extinct surface hydrothermal activity southwest of the study 
area, and a thermal anomaly possibly affected by crustal deformation in the southeast. In Seltún 
area, thermal infrared (TIR) images acquired by a camera on a drone were taken and compared 
with ground measurements; the aim was assessing the accuracy of the TIR images regarding 
the distance between the camera and the ground. The TIR image taken at 30m elevation was 
used to calculate radiative heat flux; values were in same order of magnitude than the heat flux 
estimated by using ground temperature measurements. This study provides insights for 
monitoring natural or induced changes on the surface geothermal activity in other geothermal 
fields. 
 
 
 

Útdráttur 
 
Verkefnið fjallar um hvernig nýta má fjarkönnun til kortlagningar, eftirlits og rannsókna á 
jarðhitasvæðum. Athugunarsvæðið er Sveifluháls, sem er hluti af eldstöðvakerfinu í Krýsuvík. 
Jarðhitasvæðin í Seltúni og Hveradölum voru skoðuð sérstaklega, vegna mikillar og sýnilegrar 
virkni á yfirborði: hveraútfellingar og ummyndunarsvæði, gufu og leirhverir, sem og heitar 
laugar. Fjölrófsmyndir úr Landsat og ASTER nemum voru nýttar til að greina 
ummyndunarsteindir og hitafrávik á yfirborði. Hyperion gögn, með mjög miklum fjölda rása, 
voru nýtt til að greina gleypni og áhrif lofthjúps. Hitamyndir voru teknar af Seltúni með 
hitamyndavél á flygildi. Ýmsar flughæðir voru prófaðar og bornar saman við mælingar af jörðu 
niðri. Hitamynd, sem numin var úr 30 m hæð yfir yfirborði, var grundvöllur útreikninga á 
varmastreymi frá svæðinu. Niðurstöðurnar eru af sömu stærðargráðu og beinar mælingar af 
varmastreymi um jarðveg. Myndgreiningin leiddi einnig í ljós kulnað jarðhitasvæði í 
suðvesturhluta rannsóknasvæðisins, og einnig svæði á suðaustur hluta rannsóknasvæðisins þar 
sem hitafrávik gæti tengst skorpuhreyfingum. Niðurstöður rannsóknarinnar sýna að mælingum 
með fjarkönnun á jarðhitasvæðum ber vel saman við mælingar af jörðu niðri, og því er ljóst að 
fjarkönnun getur komið að miklum notum við rannsóknir og eftirlit með jarðhitasvæðum. 
Tæknin hentar þannig vel til að fylgjast með náttúrulegum sem og manngerðum breytingum á 
slíkum svæðum. 
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1!Introduction 
 
 
Krýsuvík high-temperature geothermal field is a well-known geothermal area situated 
approximately 34 km southwest of Reykjavík, the capital city of Iceland. It is located in a 
central part of Reykjanes peninsula, which in Icelandic means steam peninsula because of the 
geothermal activity that it hosts.  
 
The landscape of Krýsuvík consists of lava flows covered by moss, open fissures, hyaloclastite 
ridges and craters. Among the steamy fumaroles one could imagine walking into the past when 
the primitive Earth crust was formed. 
 
This study is focused on the surface geothermal manifestations: alteration minerals and thermal 
anomalies by using optical remote sensors. Sveifluháls, the southeast sub-field of Krýsuvík has 
been taken as the study area for being the area with the main surface activity (Figure 1). 
 

 
Figure 1. Sveifluháls at Reykjanes peninsula. Landsat 8 natural color image (July 30, 2016). 
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This study used multispectral and hyperspectral satellite images for finding spectral signatures 
that led to mineral identification. For thermal analysis, the study used satellite and drone 
obtained thermal infrared (TIR) images.  
 
The methods applied to the satellite images have been developed mainly for the mining 
industry, agriculture, and monitoring of active volcanoes around the world, and have been 
adapted here to geothermal fields conditions. Basic physics related to the satellite images are 
in the literature review section of this thesis; having the basis was important during the 
development of this project. The large surface covered by the satellite images and the 
periodicity which they are acquired allowed a time series analysis of the thermal anomalies 
(from 2002 to 2017), which compared to the identified surface hydrothermal alteration, allowed 
the detection of natural changes on the surface geothermal activity. 
 
In the case of the images acquired using the drone, their popularity and accessibility for the 
public in general have been increasing in recent times. In this study, we assessed the accuracy 
and reliability of the data regarding the distance between the camera and the ground. For that, 
single TIR images over the same target at different elevation were compared with ground 
measurements. The calibrated TIR images gave reliable heat flux estimation values. This opens 
the opportunity for a practical way to study and monitor geothermal fields. This technology 
can also significantly contribute to the monitoring of active volcanoes and volcanic hazards.  
 
The combination of processing techniques, spectral and spatial resolution of the sensors, as 
well as the use of images of different acquisition date, allowed regional and local analysis of 
the surface activity of the area. The results in Sveifluháls area give insights for monitoring 
natural or induced changes on the surface geothermal activity in other geothermal fields, 
specially for having observations on terrains where is difficult or dangerous to access.  
 
This study contributes to the knowledge of the Krýsuvík geothermal field, which, despite its 
title of high temperature geothermal field, its geothermal energy utilization has been limited to 
direct uses, including space heating and visual attraction for tourists.  
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1.1!Research objectives 
 
1.1.1!General objective 
 

•! To identify surface hydrothermal minerals and thermal anomalies in Sveifluháls sub-
geothermal field of Krýsuvík by using optical remote sensors. 
 

1.1.2!Specific objectives 
 

•! To identify alteration minerals by using multispectral and hyperspectral satellite 
images. 

•! To identify thermal anomalies by using thermal infrared data from satellite images and 
a camera carried on a drone. 
 

 
1.1.3!Research question 
 

•! How to identify alteration mineral signatures by using multispectral and hyperspectral 
satellite images? 

•! How to identify thermal anomalies by using thermal infrared data from satellite images? 
•! How the high spatial resolution from a thermal infrared camera carried on a drone can 

be used to perform more detailed thermal analysis? 
 

1.1.4!Hypothesis 
 

•! Theoretical spectral signatures of specific minerals can be identified by combining, 
making ratios, and analyzing the band statistics of the multispectral satellite images.  

•! The pixel by pixel analysis of the reflectance curve from the hyperspectral data can be 
used to find the main absorption wavelength and lead to identify surface hydrothermal 
alteration mineralogy. 

•! The kinetic land surface temperature retrieved from satellite images can reveal thermal 
anomalies and the use of images from different acquisition time can be used to make 
time series analysis. 

•! High spatial resolution data from a thermal infrared camera carried on a drone can be 
used to perform heat flux estimation. 
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2!The study area  
2.1! Geologic setting - Icelandic geothermal fields 
 
Iceland is an elevated plateau in the middle of the North Atlantic and forms part of the North 
Atlantic Igneous Province (NAIP). The Icelandic basalt plateau is situated at the junction 
between the Reykjanes and Kolbeinsey Ridge segments, at the Mid-Atlantic Ridge. Its 
construction is by most considered to be the product of an interaction between a spreading plate 
boundary and a mantle plume which has been active for the last 70 million years and formed 
the NAIP (Figure 2). Iceland has crustal thickness of 10-40 km and covers about 350,000 km2; 
the oldest rocks exposed on land are about 14-16 million years old (Thordarson and Larsen, 
2007). 
 

 
Figure 2. Regional geology of Iceland. The axis of the Mid-Atlantic Ridge is shown in heavy 
solid line. The dots with numbers represent the position of the mantle plume from 65 million 
years to the present (Thordarson and Larsen, 2007). 
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The principal geologic structures in Iceland are the volcanic systems. Volcanic systems in 
Iceland are characterized by having volcanotectonic architecture that features a fissure swarm, 
with or without a central volcano. Typical lifetime of a central volcano being on the order of 
0.5-1.5 million years (Figure 3). According to Thordarson and Larsen (2007), the fissure 
swarms of each volcanic system are represented by faults and open fissures, generally sub-
parallel aligned to the axis of the hosting volcanic zone, while central volcanoes are the focal 
point of eruptive activity. They suggest that rifting is a response to replenishment and 
pressurization of magma within the deep-seated reservoir (>20 km), resulting in vertical dyke 
injections that mobilize the whole system, including the crustal magma chambers of central 
volcanoes. 
 

 
 
Figure 3. Distribution of active volcanic systems in Iceland. The open circle indicates the 
approximate center of the mantle plume. Numbers indicate each Icelandic system as follows: 
Reykjanes Volcanic Zone: (1) Reykjanes–Svartsengi, (2) Krýsuvík, (3) Brennisteinsfjöll; West 
Volcanic Zone: (4) Hengill, (5) Hróundartindur, (6) Grímsnes, (7) Geysir, (8) Prestahnjúkur, 
(9) Langjökull; Mid-Iceland Belt: (10) Hofsjökull, (11) Tungnafellsjökull; East Volcanic Zone: 
(12) Vestmannaeyjar, (13) Eyjafjallajökull, (14) Katla, (15) Tindfjöll, (16) Hekla–Vatnafjöll, 
(17) Torfajökull, (18) Bárðarbunga–Veiðivötn, (19) Grímsvötn; North Volcanic Zone: 
(20)Kverkfjöll,(21)Askja,(22)Fremrinámur,(23)Krafla,(24) Þeistareykir; Öræfajökul 
VolcanicBelt: (25)Öræfajökull, (26) Esjufjöll, (27) Snæfell; Snæfellsnes Volcanic Belt: (28) 
Ljósufjöll, (29) Helgrindur, (30) Snæfellsjökull. From Thordarson and Larsen (2007). 



  6 

The extensive volcanic activity in Iceland suggest a connection between the geothermal activity 
and the volcanism (Bodvarsson, 1961). Geothermal systems of Iceland have been classified on 
the basis of reservoir temperature as high temperature systems (>200°C) and low temperature 
systems (<150°C). Most of the high temperature systems are located in the central parts of the 
volcanic systems, in the area of central volcanoes. Low temperature systems are frequently 
associated to fractures and faults, some of them located within active fissure zones that run 
obliquely across Iceland and into older formation; however, low temperature reservoirs have 
been also found by deep wells in several places in Neogene formations with no surface thermal 
manifestations (Arnórsson et al., 2008; Axelsson et al., 2005; Bodvarsson, 1961; Fridleifsson, 
1979), (Figure 4.). 
 

 
Figure 4. Geothermal fields in Iceland. From Ármannsson et al., (2000). 

 
 
 

2.2! The Krýsuvík high-temperature geothermal 
field 

 
The Krýsuvík high-temperature geothermal field is located within the Krýsuvík volcanic 
system which is a fissure swarm with no central volcano. Subglacial volcanism during the late 
Pleistocene produced long hyaloclastite ridges, while the valleys between the ridges are mostly 
covered with Holocene lava flows of basaltic composition. A significant eruptive episode 
referred as “Krýsuvík fires” occurred in the 12th century CE. Eruptions were dominantly 
effusive with lava flows of around 0.22 km3 covering an area of 36.5 km2. Minor early 
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Holocene volcanic activity is associated with geothermal activity characterized by 
phreatomagmatic and phreatic eruptions creating maar-type craters with or without juvenile 
material in the rims (Einarsson et al., 2015). 
 
 

 
Figure 5. The Krýsuvík volcanic system. The Krýsuvík fissure swarm is shown within the 
dotted line.  (Einarsson et al., 2015). 

 
The hyaloclastite ridges are arranged in echelon order at approximately 45°NE. They are the 
most remarkable geomorphologic feature in the area, and they are used as guidelines for the 
sub-field division. Thus, Krýsuvík high-temperature geothermal field can be subdivided into 
four sub-fields: Trölladyngja in the northwest, Austurengjar in the northeast, Sveifluháls in the 
southeast, and Sandfell in the southwest (Orkustofnunar, 2015), shown in Figure 6. However, 
older studies just mention three sub-fields: Trölladyngja, Sandfell, and Sveifluháls; combining 
Sveifluháls and Austurengjar (e.g. Ármannsson et al., 2000; Ármannsson and Þórhallsson, 
1996). 
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Figure 6.Map of  Krýsuvík geothermal field (Orkustofnun, 2015). 

 
 
The geothermal activity in Krýsuvík is associated with two hyaloclastite ridges, Sveifluháls 
and Vesturháls. The main surface activity is confined to the Sveifluháls sub-field, mostly 
within Seltún and Hveradalir, characterized by intensive surface alteration, steam vents, mud 
pots and hot springs. 
 
Markússon and Stefánsson (2011) analyzed samples of waters and alteration products from 
Seltún and Hveradalir, noting that in areas of most intense activity, the basaltic rocks were 
altered to amorphous silica, anatase and pyrite with a crust of native sulphur at the surface. 
With decreasing activity, kaolinite, iron oxyhydroxides and oxides become important. Along 
the flanks of the area, montmorillonite is the predominant alteration product.  
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Figure 7. (a) Steaming ground and mud pots at Seltún in September 2017, (b) gypsum crystals 
(inset is a close up of the crystal bundle) in April 2016. (c) Fumaroles at Seltún in September 
2017, and (d) hydrothermal surface alteration at Hveradalir in September 2017. 

A simplified map of the study area is shown in Figure 8. The mapping of surface geothermal 
manifestations was elaborated using aerial photographs from Samsýn.is. (from 2017). The 
digital elevation model (DEM) from the Polar Geospatial Center (Release 6) is shown in hill 
shade effect as background. The faults, dykes, and gypsum were mapped taking as reference 
geothermal maps elaborated by Khubaeva (2007); Mawejje (2007); and Orkustofnun (2015).  
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Figure 8. Simplified geothermal map of Sveifluháls. 
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2.2.1!Geothermal utilization and previous studies  
 
 
The geothermal field of Krýsuvík has been utilized for different purposes over the time. It is 
known that the geothermal activity of Krýsuvík inspired the chemist Robert Bunsen (after his 
visit to Iceland in 1845 for the Hekla eruption) to develop “the theory of geyser” that is based 
on the fact that the boiling point of water increases with pressure. According to Ármannsson 
and Þórhallsson (1996), by the year 1857, Krýsuvík was mined to obtain sulfur by a British 
company, and when the sulfur mines where depleted around 1882, a Scottish company started 
prospective operations in the area to obtain boric acid, inspired by mining of the geothermal 
area in Toscana, Italy, but they were not successful. The next wave of activity in Krýsuvík 
started in 1940, when the road Krýsuvíkurvegur that goes along Kleifarvatn was built; in 1944 
some ideas about geothermal utilizations for agriculture and space heating were proposed and 
by the period from 1945 to 1950, 19 boreholes were drilled by the township of Hafnarfjörður. 
The boreholes were drilled with the purpose of electricity generation; 5.5 MW with the 
possibility to increase up to 11 MW were planned, but the project was not carried out because 
of the negative expectations for geothermal energy by the electricity committee that rather bet 
for hydroelectric power generation. After that, in 1959, the possibility of salt mining was put 
under discussion but again, it did not succeed; instead, a salt well was drilled in the Reykjanes 
field.  
  
In 1970, Sveinbjörn Björnsson from the National Energy Authority of Iceland, presented a 
program for the exploration of high temperature areas in Iceland, and by 1975, the results from 
the systematic exploration in Krýsuvík were given in  Arnórsson, et al., (1975). The exploration 
was carried out in two phases: surface exploration (geophysical, geochemical and geological) 
and drilling of slim 3 3/8 in. exploratory wells. Unfortunately, the exploratory wells named as 
H5, H6, H7 and H8, displayed inverse thermal gradients; maximum temperature in each well 
ranged from 180 to 260°C. By that year, Krýsuvík was designated as an official touristic place 
in Iceland, as part of the Reykjanes Geopark. 
 
A detailed geological study of Sveifluháls area was done by Imsland in 1973, and in 1992,  
Vargas-Morales from the UNU-GTP (United Nations University - Geothermal Training 
Program), made a geological study of Krýsuvík valley, covering Sveifluháls and Austurengjar 
sub-fields. Results led to geological and hydrothermal alteration maps. 
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Figure 9. Seltún at Krýsuvík as part of the Reykjanes Geopark (September, 2017). 

 

 
Figure 10. Krýsuvík abandoned farm and Hveradalir in the background (September, 2017). 

 
 
In 1999, a well in Seltún blew up, leaving a crater shape structure (Figure 11). Two new 
exploratory wells were drilled in Trölladyngja sub-field in 2002 and 2006, having maximum 
temperature of 320 °C at 2.3 km depth, but reversal temperature profiles below 700-800 m 
(Fridleifsson et al., 2012; Mortensen et al, 2006). 
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Figure 11. The crater shape structure after the well explosion at Seltún in 1999. 

 
In 2007, as part of the UNU-GTP, Khubaeva and Mawejje carried our geothermal mapping in 
Krýsuvík; the first mainly in the Hveradalir area and the second at Seltún. Both used portable 
GPS and a thermometer stick to locate and delineate the thermal manifestations, including hot 
(>50°C) and warm (15-50°C) grounds.  
 
Also in 2007, the continuous GPS station (KRIV) was set up at Krýsuvík, which together with 
InSAR images allowed to distinguish an uplift period from May to October 2009 
(Michalczewska et al, 2012). Then, a gas emissions monitoring using MultiGAS sensor system 
was carried out by Gudjónsdóttir (2014) where H2O-rich emissions were correlated to crustal 
movements. The exploration continued and in 2015, the results from a 3D inversion of 
magnetotelluric (MT) resistivity data from Krýsuvík were presented by Hersir et al., (2015).  

Hersir et al., (2015) showed that the subsurface resistivity structure in Krýsuvík has the same 
main features as other high temperature areas in Iceland, where above a shallow conductive 
cap, a high resistivity zone is seen. However, because of possible cooling of some areas of the 
reservoir, resistivity structure can indicate alteration mineralogy but not necessarily correlate 
with rock temperature. The inversion showed a relatively deep conductive anomaly in the 
central part of the field, which coincides with the inflation suggested by GPS and InSAR, 
accompanied by seismic swarms.  A recent geothermal mapping carried out by Hogenson 
(2017), shows an increase in surface activity associated with faulting activity and shifts in the 
strength of geothermal features.   
 
Regarding remote sensing studies in Krýsuvík, Ármannsson et al., (2000) mentioned by 
personal communication from Kolbeinn Árnarson that steady increases in temperature of 
geothermal manifestations and new hot springs reported by Torfason (1995) were revealed by 
thermal infrared aerial images taken during over-flights between 1991 and 1995. However, this 
data remains unpublished. 
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3!Literature review 
 

3.1!Basic physics of remote sensing  
 
Remote sensing can be defined as “the science of acquiring, processing, and interpreting 
images and related data from the Earth surface, acquired by satellites, aircrafts and/or drones, 
that record interaction between matter and electromagnetic energy” (Sabins, 1999).  
 
According to the definition, the main physical principle involved in remote sensing is the 
interaction between matter and electromagnetic energy, also called electromagnetic radiation. 
Electromagnetic (EM) radiation can be modelled by waves, or by particles called photons. 
According to the wave theory introduced by Thomas Young in 1802, then concretized by Clark 
Maxwell by his four electromagnetic equations in 1865, and then experimental proved by 
Heinrich Hertz in 1886, light travels in transversal waves at the speed of light, approximately 
to 2.998x108ms-1. Light waves have two oscillating components interacting, an electric field 
and a magnetic field mutually induced; an instance of a positive electric field coincides with a 
moment of negative magnetic field (Bakx et al., 2012) (Figure 12). 
 

 
Figure 12. The two oscillating components of the EM radiation; the electric and magnetic 
field (Bakx et al., 2012). 

 
The total range of wavelengths of EM radiation is called the EM spectrum. Isaac Newton was 
the first in use the term “spectrum” in his book “Opticks” from 1704, to describe the rainbow 
of seven colors (red, orange, yellow, green, blue, indigo, and violet) that combine to form the 
white light in the visible spectrum. The EM spectrum is continuous and does not have clear 
boundaries, however, we can differentiate and name portions or ranges within the EM spectrum 
as is shown in Figure 13,  where the range between 0.38-0.76 µm (1µm=10-6m) is the spectrum 
of visible light detected by the human eye. For practical purposes about units, radio and micro 
waves are described in terms of frequency using the Hertz; from the infrared to the Visible are 
described in terms of wavelengths using µm or nm, while X-rays and Gamma rays are defined 
in terms of electron volts.  
 



  15 

 
Figure 13. The electromagnetic spectrum (NASA Science 2017). 

 
A remote sensor is a device that detects EM radiation, quantifies it and, records it in an analogue 
or digital form. Adding the term “spectral” before each term means that is measured at a 
particular wavelength, so, the quantity becomes a function of !.  
 
The explanation on the primary components of a sensor system is taken from Harris (2013). 
Each detector produces a continuous electrical signal that is proportional to the in-coming 
energy. The electrical signal (voltage) is then amplified and converted from an analog to a 
digital signal by the Analog/Digital (A/D) converted. The digital signal is then sampled in time 
to output a discrete digital number (DN) for each spatial element, or pixel, of the image. 
Calibration allows the DN to the converted back to spectral radiance. Rotation of the scanning 
mirror builds the image pixel-by-pixel in the scan (E-W) direction, and motion of the 
satellite/aircraft builds the image line-by-line in the satellite track (S-N) direction. As a result, 
the energy emitted by each discrete unit area on the Earth’s surface, plus the energy reflected 
and scattered by the atmosphere, is measured in terms of an energy distributed across a detector 
footprint. This footprint is the equivalent of an image pixel. Thus, energy is recorded by each 
detector in terms of power (watts) per unit area (m2) per wavelength ("m) per solid angle 
(steradian), Figure 14. 
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Figure 14. The primary components of a sensor system. From Harris (2013). 

 
Spectral separation into channels needed can be done through a dispersion element 
(grating/prism) or a filter-based system. For hyperspectral devices, the channel measures 
radiance in a wavelength range that stretches few nanometers lower and higher to the center 
wavelength of the channel. Thus, for each spectral channel that the sensor acquires, the radiance 
is variable (Van Der Meer et al., (2015).  
 
The array of DN, stored in row and columns arrangement, represents an image; the discrete 
image elements are called pixels. Each band or channel is composed for an image (Figure 15).   
 

 
Figure 15. The array of DN for each band stored in row-column arrangement represents an 
image file (Bakx et al., 2012). 
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One important feature to consider in case of spectral images is the spatial resolution. It 
determines the discriminating power of the sensor. The sensor spatial resolution is determined 
by the height of the sensor above the Earth’s surface (Sh) and the detector instantaneous field 
of view (IFOV, #). The IFOV is defined as the cone angle within which incident energy is 
focused on the detector. Its size is determined by the instrument’s optical system and the size 
of the detector element. In a simple geometrical way, at nadir (point vertically below the 
satellite/aircraft/drone), the ground surface area covered by the IFOV will have a diameter 
(DIFOV) that corresponds to the pixel diameter (Figure 16). For off-nadir viewing, scan angle 
and Earth curvature effects have to be taken into account. 
 

 
Figure 16. Geometry required to estimate pixel radius and area at nadir. Pixel diameter for a 
detector with an angular field of view opening at angle #$and based on a satellite at height 
Sh. Taken from Harris (2013). 

 
Sometimes spatial resolution is confused with the sample spacing and coverage. Coverage is 
the IFOV. The sample spacing determines at which points a pixel is actually taken; it can be 
also expressed as a small angle or area on the ground. In a well-balanced designed system, the 
resolution is in the same order of magnitude as the sample spacing (Van Der Meer et al., 2015). 
 
 
3.1.1!Spectral reflectance 
 
All energy incident upon a body must either be absorbed by it, reflected from it, or transmitted 
through it. In the case of remote sensing and passive sensors, electromagnetic radiation from 
the sun hits the Earth, interacts with the elements of the atmosphere, then with the Earth’s 
surface materials, to finally leave the Earth’s surface together with the emitted EM radiation 
from Earth’s surface, interact again with the atmosphere, and reach the spectrometer (sensor) 
at the satellite, where the received energy is measured as shown in Figure 17. 
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Figure 17. Interaction of EM radiation and matter in remote sensing. From  Bakx et al., (2012). 

Reflectance, defined as the ratio of intensity of light reflected from a sample to the intensity of 
the light incident on it, is measured by reflection spectrometers, where a continuous reflectance 
spectrum of the sample is obtained in the wavelength region measured (Bakx et al., 2012).  
 
Through the atmosphere, the EM radiation will be absorbed mainly by ozone (O3), water vapor 
(H2O) and carbon dioxide (CO2). Only those wavelengths outside the absorption ranges of 
atmospheric gases can be used for remote sensing and receive the name of atmospheric 
transmission windows. Within the atmospheric windows, the emitted radiance suffers less 
attenuation. Most remote sensing instruments operate in those windows. In the case of optical 
remote sensors, they are between 0.30 and 14 µm (Figure 18). 
 

 
Figure 18. Optical atmospheric transmission windows. 
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3.1.1.1! Reflectance properties of materials 
 
Since radiation incident onto a material is preferentially absorbed by molecules forming the 
structure of the substance at wavelengths pre-determined by quantum mechanical principles, 
reflectance spectra have been used to obtain compositional information of the Earth surface.  
 

 
Figure 19. The concept of imaging spectroscopy. An airborne or space borne imaging sensor 
simultaneously samples multiple spectral wavebands over a large area in a ground-based 
scene. After appropriate processing, each pixel in the resulting image contains a sampled 
spectral measurement of reflectance, which can be interpreted to identify the material present 
in the scene. The graphs in the figure illustrate the spectral variation in reflectance of soil, 
water, and vegetation. Figure and caption from Shaw and Burke (2003). 

 
In this way, each mineral will have a specific reflectance signature along the EM spectrum. 
Spectral libraries of reflectance of different materials measured in the lab, can be used in remote 
sensing for identifying and mapping minerals. Features of the absorption curves of minerals, 
their position, shape, depth, and width, are controlled by the particular mineral composition 
and crystal structure (Van Der Meer et al., 2015). 
 
The total energy of a molecule Wt is the sum of the electronic energy We, the vibrational energy 
Wv, and the rotational energy Wr. Changes in energy states of molecules due to changes in 
rotational energy levels do not occur in solids, thus, in the case of minerals on the Earth surface, 
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just changes in electronic states and vibrational processes are taken into account and are 
explained by Van Der Meer et al., (2015); follow text is taken from them. 
 
Changes in electronic states occur when incident photons interact with the electrons of a 
material; absorption of a photon of a proper energy may cause the transition of the electron to 
a higher state. The most common electronic process in spectra of minerals is the crystal field 
effect as result of unfilled electron shells of transition elements (e.g., Fe, Cr, Co, Ni). Transition 
elements have identical energies in an isolated ion, but the energy levels are split when the 
atom is located in a crystal field. The splitting of the orbital energy states enables an electron 
to be moved from a lower level into a higher one by absorption of a photon. Absorption can be 
also due to charge transfers, for example Fe2+ to Fe3+. In general, electronic processes produce 
absorption features in the visible (VIS) and near infrared (NIR) wavelength region.  
 
Vibrational processes occur for the vibration of the bonds in a molecule or crystal lattice of 
minerals, the frequency of vibration depends on the strength of the bonds. The vibrations can 
be understood as small displacements of the atoms about their resting positions and occur at 
multiples of the original fundamental frequency (the lowest frequency of a periodic waveform) 
referred as overtones or tones if involves different vibration modes. Vibrational absorption in 
minerals occurs mainly for vibrational processes in H2O, OH- and CO3

-2 and they presence 
determine the absorption features in the short wave infrared (SWIR) region. 
 

 
Figure 20. Laboratory spectral library plots of (a) minerals which absorption features are 
result of vibrational processes, and (b) minerals which absorption features are dominated by 
electronic processes like iron absorption (Clark, 1993). 
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3.1.2!Thermal remote sensing 
 
All objects with temperature above absolute zero (0 K, equal to -273.15 °C) emit 
electromagnetic radiation. The Earth surface has an average temperature of about 300 K and 
its wavelength of peak emission is located in the thermal infrared (TIR) of the EM spectrum 
(Kuenzer and Dech, 2013). A thermal anomaly is defined by Harris (2013) as a feature that 
differs in temperature when compared with typical surface temperatures observed for a 
particular location over space or time. Most of the cases, geothermal activity causes thermal 
anomalies that can be identified by remote sensors. 
 
The physics for thermal remote sensing is based on the Planck Function. Published in 1901 for 
Max Planck, describes how spectral radiant exitance, M(!,T), from a blackbody varies with 
temperature (T) and wavelength (!). A blackbody is considered to be an ideal radiator which 
totally absorbs and then reemits all energy incident upon it; a blackbody has reflectivity of 0, 
and absorptivity of 1. Thus, the spectral radiant exitance for a blackbody can be defined as the 
radiant flux leaving a surface per unit area of the surface, measured per unit wavelength as 
follows: 
 

& !, ( = 2+ℎ-.!/0 exp
45
678 − 1

/;
<=/.=/;  

 Eq. 1 

Where h is the Planck’s constant (6.6256x10-34 Js), c is the speed of light (2.9979x108 ms-1), 
and k is the Boltzman gas constant (1.38x10-23 JK-1). Because temperature and wavelength are 
the only variables, the expression can be simplified as (Harris, 2013): 

& !, ( = -;!/0 exp
5>
68 − 1

/;
<=/.=/;  

Eq. 2 

Using -; = 2+ℎ-. = 3.741$C$10/;E$<=. and -. = ℎ-/G = 1.4393$C$10/.$=I. 
 
Inversion of the Planck Function allows spectral exitance to be converted to temperature (in 
Kelvin). In the case of a thermal sensor, this temperature is called the radiant temperature of a 
surface (Trad), because it considers a blackbody surface (no emissivity effects). 
 

(JKL =
-.

!ln$ -;!/0
&(!, () + 1

 

Eq. 3 

The wavelength of peak exitance changes with the temperature of the blackbody; as 
temperature increases, the wavelength of peak spectral radiant exitance moves to shorter 
wavelengths. This is the Wien’s Displacement Law.  
 
If the spectral radiant exitance from a blackbody is integrated over all wavelengths, the radiant 
flux density (Mrad) is obtained. The Stefan-Boltzmann law is expressed as: 
 

&JKL = Q(JKLR $$$ <$=/.  
Eq. 4 

Where Q$is the Stefan-Boltzmann constant equal to 5.67x10-8 Wm-2K-4.  
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The total radiant exitance is the integration of the area under the blackbody radiation curve. 
Multiplying Eq. 4 by the surface area (Asurf) of the body emitting T, the radiant flux (SJKL)is 
obtained.  
 

&JKLTUVJW = SJKL$$$$(<$XY$Z[/;) 
Eq. 5 

 
Figure 21. Blackbody radiation curves at different selected temperatures as derived from Eq. 
1. The laws of Planck, Stefan-Boltzmann law (marked area under the 300 K curve) and Wien 
displacement law (green dotted line) are depicted. The blue bar indicates the VIS region 
(Kuenzer and Dech, 2013). 

 
Until now, all statements have been made assuming a blackbody, that means that the surface 
is considered to be an ideal radiator which totally absorbs and then reemits all energy incident 
upon it. A blackbody has reflectivity of 0, and absorptivity of 1.   
 
But in the real world, most surfaces only emit a fraction of the energy that a blackbody would 
emit. This emitting ability varies with wavelength and viewing angle and is expressed as a 
dimensionless ratio called emissivity \ !  (with values between 0 and 1). The emissivity of a 
material is defined by the ratio between the spectral exitance of a body (&(!, ()) and a 
blackbody (&]](!, ()). 

\ ! = &(!, ()
&]](!, ()

 

Eq. 6 

If the emissivity of a body is less than 1 and its emissivity is constant at all wavelengths will 
be called gray body, and if emissivity varies with wavelength, then the body is called a selective 
radiator. Emissivity of Earth’s surfaces changes according to the type of surface, its 
composition, age, and roughness. For example, in the 8-14 "m wavelength, the mean 
emissivity for a glassy pahoehoe Kilauea basalt of 2 months old is 0.91, and Etna ‘A’a 3 years 
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old basalt 0.97; fresh sulfur surface from Vulcano 0.74 and weathered sulfur surface from 
Vulcano 0.80. Being 0.95 the mean emissivity for basalts (Harris, 2013).  
 
Because in Eq. 3 emissivity has not been taken into account, this will provide an underestimate 
of the true, kinetic temperature. Based on Eq. 4 and the definition of emissivity, the conversion 
of radiant temperature to kinetic temperature is given by: 
 

(JKL = \;/R ∗ $(7_`$ 
Eq. 7 

 
Figure 22. Impact of different surface emissivity values of the same material at the same 
temperature Tkin on the measured Trad. Taken from Kuenzer and Dech ( 2013). 

 
 

3.2!Geothermal exploration and remote sensing  
 
Geothermal literally means “Earth’s heat”. Typically, in the Earth crust, the rate of increasing 
temperature with depth, or better called geothermal gradient is around 25-30°C per kilometer 
depth. The internal heat of the Earth is generated in the core by decay of radioactive elements 
and transferred to the surface by convection and conduction mechanisms. Externally, the Earth 
surface is heated by solar radiation. However, there are anomalous areas within the Earth crust 
where the geothermal gradient is above the typical values, it can cause the heating of 
underground hydrological systems; those specific geographical areas comprise geothermal 
fields.   
 
The set of elements involved in creating a geothermal field, including the heat source, the 
reservoir containing the hot fluid, as well as the recharge zone and the outflow structures, 
constitute the geothermal system (Saemundsson, 2009). Features of the geothermal system, 
including its physicochemical properties, are controlled by geological settings. 
 
Geothermal systems can be classified on the basis of  reservoir temperature or enthalpy, 
physical state or their nature and geological setting (Axelsson, 2013). Saemundsson (2009) 
classifies geothermal systems based on geological setting into three main categories: (a) 
volcanic geothermal systems with the heat source being hot intrusions or magma chambers in 
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the crust, (b) convective systems with deep water circulation in tectonically active areas or high 
geothermal gradient, (c) sedimentary systems with permeable layers at great depth, including 
geo-pressured systems often found in conjunction with oil resources.  
 
Geothermal energy is the energy contained as heat in the geothermal reservoirs (Barbier, 2002), 
and, as other natural energy resources, has been utilized-exploited by humans. Fluids from high 
temperature reservoirs (>200°C) can generate electricity by using the steam to drive turbines, 
while fluids from medium and low temperature reservoirs (<150°C) have been used for direct 
uses like space heating, bathing, drying of agricultural products, etc. Thus, in order to find the 
best suitable target locations for geothermal production, is necessary to understand the 
geothermal system; to know its size (vertical and horizontal boundaries), explain the nature of 
the heat source, locate the hot up-flow/recharge areas, define the flow pattern in the system, 
define temperature and pressure conditions of the reservoir and its phases, delineate the cap 
rock and identify subsystems; that is represented in conceptual models (Axelsson, 2013) 
(Figure 23).Traditional exploration methods include geophysical, geochemical and 
hydrological surveys, as well as inventory of surface thermal manifestations.  
 
Surface geothermal manifestations include hydrothermal alteration, fumaroles and steam vents, 
mud pots, hot ground, boiling springs, geysers, etc. They occurrence depends on the 
physicochemical properties of the reservoir. Surface geothermal manifestations constitute the 
first visible indicator of geothermal activity underground and they are usually the attributes 
that first attract for exploration. Their study provides important information for the site 
selection, exploration and monitoring during operational stages of geothermal reservoirs. 
Those geothermal manifestations are the target of study for geothermal remote sensing.  
 

 
Figure 23. Conceptual model of an ideal volcanic geothermal system. Taken from 
Saemundsson, (2009). 

 
Van der Meer et al., ( 2014) summarize the surface features and anomalies identified and 
measurable by remote sensing as “direct evidences” if they can be directly related to the 
geothermal activity, and as “indirect evidences” if they require further interpretation to link to 
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the geothermal activity. As direct evidences, they point out anomalous mineral assemblages at 
surface due to hydrothermal alteration, and surface thermal manifestations, often controlled by 
geologic structures. Variations in surface temperature, surface deformation (inflation, 
deflection), and effects on vegetation are considered as indirect evidences. They also classified 
the contributions of remote sensing to geothermal research in: surface deformation, gaseous 
emissions, structural analysis, mineral mapping, surface temperature mapping, heat flux, and 
geobotany.  
 
There are not remote sensors specifically developed for geothermal exploration, moreover, 
most of the techniques used in remote sensing for geothermal exploration, were developed 
initially for other purposes, for example oil and mines exploration or monitoring of active 
volcanoes. In addition, and very important, remote sensing depends on the developing of the 
optics of the sensors: its spectral and spatial resolution, as well the object that will carry the 
sensor (for example satellite, aircraft or drone).   
 
Just to name few works using satellite based remote sensors for geothermal research (or that 
have provided important techniques for it), they can be mentioned: the mapping of temperature 
and radiant geothermal heat flux in Yellowstone, USA using ASTER data by Vaugan et al., 
(2012), detection of geothermal anomalies in Bradys Hot Springs, Nevada, USA using ASTER 
by Coolbaugh et al., (2007), the Land Surface Temperature Retrieval methods developed for 
Landsat-5 by Sobrino et al., (2004), and for Landsat-8 by Jiménez-Muños et al., 2014; those 
for thermal and heat flux mapping, while for hydrothermal mineral alteration using 
hyperspectral data, the analysis of spectral absorption features using Hyperion by Van der Meer  
(2004) ,which technique is used in this work. 
 
For the case of airborne sensors, the first helicopter-based mapping of a geothermal area was 
made by Sekiola (1985), then, there are several studies mainly done in the USA, some of them: 
surface emissivity and mineral mapping of Virginia City and Steamboat Springs, Nevada using 
SEBASS hyperspectral thermal infrared data by Vaughan et al., (2003), the geothermal 
exploration over Fish Lake Valley, Nevada using AVIRIS, HyMap and ProSpecTIR by 
Littlefield and Calvin (2013), and the quantifying of heat flux of Pilgrim Hot Springs, Alaska 
using FLIR cameras by Haselwimmer et al., (2013). 
 
Recently, drones are being used for aerial imagery and creation of digital elevations models; 
and with the commercial thermal infrared cameras by Agema company in 1965, that in fact, 
became more popular since 1999, when the FLIR thermal infrared Cameras appeared on the 
market, some flights using FLIR images with drones have been done over geothermal areas, 
but in most of the cases, temperatures values lack of accuracy because of no calibration of the 
images. Just recently, the first georeferenced, temperature-calibrated thermal mapping using a 
drone over the geothermal area of Taupo, New Zealand was published by Harvey et al., (2016). 
This opens a new opportunity for research projects using sensors placed on drones. 
 
The selection of the sensors, whether it is satellite, aircraft and/or drones, depends of the type 
of study and the budget. They can be complementary for comparison and calibration and very 
important, is necessary to understand the physics behind each sensor, its acquisition mode, the 
different spectral and spatial resolutions, as well as the limitations in order to make appropriate 
observations over geothermal fields.  
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4!Data and methods 
 
 
Spectral signatures of hydrothermal alteration minerals were identified by using satellite 
images from Landsat and ASTER (multispectral sensors), and Hyperion (hyperspectral). The 
satellite images were selected avoiding as much as possible clouds coverage. Landsat and 
ASTER were also used for identifying thermal anomalies; nighttime scenes (ascending) were 
chosen in order to avoid the solar contribution. The acquisition date of the satellite images is 
shown in Table 1, and their spectral and spatial resolution are listed in Table 2. 
 
The satellite images were downloaded from the USA Geological Survey (USGS) 
EarthExplorer webpage. The processing levels of the downloaded satellite images were:  L1 
GT for Landsat, and L1T for ASTER and Hyperion. The standard data for those levels are at-
sensor radiometrically calibrated, with systematic geometric corrections applied using the 
spacecraft ephemeris data and DEM to correct for relief displacement, and rotated to a north-
up UTM projection. The scenes are provided in GeoTIFF format. 
 
 

Table 1. List of satellite image data sets used for this study. Data were downloaded from the 
USGS EarthExplorer webpage. 

Platform - Satellite Acquisition date Mapping 
purpose 

Landsat 7 ETM+ March 26th, 2002 (nighttime scene) 

Thermal 
anomalies 

Landsat 7 ETM+ September 28th, 2003 (nighttime scene) 
Terra - ASTER September 22nd, 2010 (nighttime scene) 
Terra - ASTER October 27th, 2011 (nighttime scene) 
Terra - ASTER November 12th, 2011 (nighttime scene) 
Terra - ASTER November 1st, 2013 (nighttime scene) 
Landsat 8 OLI&TIRS February 15th, 2014 (nighttime scene) 
Landsat 8 OLI&TIRS April 23rd, 2015 (nighttime scene) 
Landsat 8 OLI&TIRS July 30th, 2016 (nighttime scene) 
Landsat 8 OLI&TIRS August 18th, 2017 (nighttime scene) 
Landsat 5 TM September 15th, 1998 Hydrothermal 

alteration 
minerals  

Terra – ASTER  June 26th, 2007 
EO1 – Hyperion  December 2nd, 2010 
Landsat 8 OLI&TIRS July 30th, 2016 
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Table 2. Spectral coverage and spatial resolution from the satellite data used for this study; * 
indicates resampled. 

Satellite Band number Wavelength (µm) 
Spatial 

resolution 
(m) 

Landsat 5 
TM 

1 – Blue 0.45-0.52 30 
2 – Green 0.52-0.60 30 
3 – Red 0.63-0.69 30 
4 – Near infrared (NIR) 0.76-0.90 30 
5 – Shortwave infrared (SWIR-1) 1.55-1.75 30 
6 – Thermal infrared (TIR) 10.40-12.50 120* (30) 
7 – Shortwave infrared (SWIR-1) 2.08-2.35 30 

Landsat 7 
ETM+ 

1 – Blue 0.45-0.52 30 
2 – Green 0.52-0.60 30 
3 – Red 0.63-0.69 30 
4 – Near infrared (NIR) 0.77-0.90 30 
5 – Shortwave infrared (SWIR-1) 1.55-1.75 30 
6 – Thermal infrared (TIR) 10.40-12.50 60* (30) 
7 – Shortwave infrared (SWIR-1) 2.09-2.35 30 
8 – Panchromatic 0.52-0.90 15 

Landsat 8 
OLI&TIRS 

1 – Ultra-Blue (coastal/aerosol) 0.435-0.451 30 
2 – Blue 0.452-0.512 30 
3 – Green 0.533-0.590 30 
4 – Red 0.636-0.673 30 
5 – Near infrared (NIR) 0.851-0.879 30 
6 – Shortwave infrared (SWIR-1) 1.566-1.651 30 
7 – Shortwave infrared (SWIR-2) 2.107-2.294 30 
8 – Panchromatic 0.503-0.676 15 
9 – Cirrus 1.363-1.384 30 
10 – Thermal infrared (TIRS-1) 10.60-11.19 100* (30) 
10 – Thermal infrared (TIRS-2) 11.50-12.51 100* (30) 

ASTER 

1 – Visible and near infrared (VNIR) 0.52-0.60 15 
2 - Visible and near infrared (VNIR) 0.63-0.69 15 
3 - Visible and near infrared (VNIR) 0.76-0.86 15 
4 – Shortwave infrared (SWIR) 1.60-1.70 30 
5 – Shortwave infrared (SWIR) 2.145-2.185 30 
6 – Shortwave infrared (SWIR) 2.185-2.225 30 
7 – Shortwave infrared (SWIR) 2.235-2.285 30 
8 – Shortwave infrared (SWIR) 2.295-2.365 30 
9 – Shortwave infrared (SWIR) 2.360-2.430 30 
10 – Thermal infrared (TIR) 8.125-8.475 90 
11 – Thermal infrared (TIR) 8.475-8.825 90 
12 – Thermal infrared (TIR) 8.925-9.275 90 
13 – Thermal infrared (TIR) 10.25-10.95 90 
14 – Thermal infrared (TIR) 10.95-11.65 90 

Hyperion 242 bands (1 to 242) 0.427 – 2.395 30 

 

A TIR camera Zenmuse XT by FLIR was carried by a drone DJI Inspire 1 V2.0. TIR images 
taken from the drone were used for heat loss calculations over Seltún on an area with warm 
ground and fumaroles. Single TIR images were taken over the same target at 10 m intervals, 
from 10 to 100 m high. The technical specifications of the TIR camera are shown in Table 3 
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and the theoretical spatial resolution (pixel size) of the TIR images at different flight altitudes 
is in Table 4. 
 
For comparison and further calibration of the TIR images, ground temperature measurements 
over the area covered by the TIR images were taken by using a type-K thermocouple 
temperature probe. Measurements were taken in soil at 1cm, 5 cm, and 12.5 cm deep, and also 
in the water and surrounding mud of the fumaroles covered by the images. GPS coordinates 
were taken for each point. 
 
The flight using the TIR camera was carried out by the company ReSource International on 
November 1st, 2017, between 17:00 and 17:30 hrs. (after the sunset during fall). The direct 
ground measurements were taken immediately after the flight. 
 
Geographically, all data were projected using Universal Transverse Mercator (UTM) 
projection zone 27 North, and the World Geodetic System (WGS) 1984 as geographic 
coordinate system, datum and spheroid. ENVI® 5.1 software was used mainly for processing 
and ArcGIS® 10.4.1 for georeferencing and displaying. 
 
Table 3.Basic technical specifications of the TIR camera carried by the DJI Inspire 1 V2.0 
drone. 

TIR camera: Zenmuse XT by FLIR 
(Carried by the drone: DJI Inspire 1 V2.0) 

FPA/DVDF 640 x 512 
Pixel Pitch 17 am 

Spectral Band 7.5-13.5 am 
Lens Model 13 mm 

FOV 45° x 37° 
IFOV 1.308 mr 

 

Table 4. Spatial resolution of the Zenmuse XT camera at different flight altitudes. 

Height of the camera (Sh) 
Image size (m) 

DFOV= Sh x FOV 
Pixel Size (cm) 

DIFOV= DFOV / number of pixels 
1 m 0.7854 x 0.6458 0.123 x 0.126 

10 m 7.854 x 6.458 1.227 x 1.261 

30 m 23.562 x 19.373 3.682 x 3.784 

50 m 39.27 x 32.29 6.136 x 6.306 

70 m 54.978 x 45.206 8.590 x 8.829 

100 m 78.54 x 64.58 12.272 x 12.613 

 

The data listed above were processed following the workflow showed in Figure 24. The 
processing steps are explained in the next section.  



  30 

 

 
Figure 24. General workflow followed in this study.
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4.1!Identification of hydrothermal alteration 
mineralogy   

 
The analysis of spectral signatures to identify hydrothermal alteration mineralogy was carried 
out by the spectral images interpretation. Two types of data were processed, multispectral 
(Landsat and ASTER) and hyperspectral (Hyperion). The main difference between 
multispectral and hyperspectral is the number of spectral bands; the multispectral imagery 
generally has from 3 to 15 bands recorded by a remote sensing radiometer, while the 
hyperspectral imagery can have hundreds of narrower bands recorded by an imaging 
spectrometer.  
 
4.1.1!Multispectral imagery 
 

 
Figure 25. Physical processes involved in the surface reflectance analysis from satellite 
images and the processing steps to identify hydrothermal alteration mineralogy. 

 
4.1.1.1! Radiometric calibration 
 
The radiometric calibration module of ENVI® 5.1 was used to calibrate the digital numbers 
(DN) to the top of the atmosphere (TOA) planetary reflectance (!") by using Eq. 8.  
 

!" =
%! ∗ '()* + ,!

sin0(2)
 

Eq. 8 
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Where %! is the reflectance multiplicative scaling factor for the band, '()* is the Level 1 
pixel value in DN, ,! is the reflectance additive scaling factor for the band, and 2 is the solar 
elevation angle. Those variables are obtained from the metadata file of each image. 
 
4.1.1.2! Conversion to surface reflectance 
 
In order to remove the effects of atmospheric scattering, the dark-object subtraction technique 
(Chavez, 1988) was used; the method forms part of the atmospheric correction tools of ENVI® 
5.1. The algorithm searches for the lowest reflectance value of each band (darkest object), and 
then, assuming that reflectance from dark objects includes a component of atmospheric 
scattering, the reflectance of those dark objects are assumed as atmospheric scattering and then 
subtracted from the other pixels in the band. After this process, the pixels from ASTER 
corresponding to the VIS-NIR bands (band 1,2 and 3) were resized from 15m to 30m for further 
processing.     
 
4.1.1.3! Band combinations 
 
The physics of this technique relies on our perception of color. The human eye has three 
different kind of light-sensitive receptors called cones. Those cones respond predominantly to 
the blue, green and red portion of the EM spectrum, then our brain receives the signal intensity 
for each EM region and gives us the sensation of color. The Red-Green-Blue (RGB) space is 
based on the additive mixing principle of color and is used on computers screens where we 
analyze multispectral images. Other tri-stimuli models of colors are the Intensity-Hue-
Saturation (HIS) space, which most closely resembles our intuitive perception of color, and the 
Yellow-Magenta-Cyan (YMC) space, which is based on the subtractive principle of color, this 
model is used by printer machines.  
 
Thus, by assigning the red, green and blue bands of a multispectral image to the screen channels 
of a computer, we will perceive a “true color image”, otherwise, assigning other bands to the 
RGB channels we will obtain a “false color composite”. This technique can create bigger 
contrast among geological elements to analyze.  

 
Figure 26.  The color spaces. (a) The additive RGB, (b) the subtractive YMC, (c) the HIS, 
and (d) a false color composite using multispectral imagery. From Bakx et al., (2012). 
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The band combination technique was performed for each calibrated and atmospheric corrected 
data set by changing the symbology of each RGB composite in ArcGIS® 10.4.1. Figure 27 
shows the Landsat 8 scene of Reykjanes acquired on July 30, 2016 (day scene); (a) shows the 
true color composite and (b) the 5,6,7 false color composite where vegetation looks orange-
brown, exposed rocks in green, clouds white, and the glaciers in red.   
 

 
Figure 27. Landsat 8 multispectral image of Reykjanes from July 30, 2016 (day scene). (a) 
True color composite and (b) 5,6,7 false color composite.  

 
 
4.1.1.4! Band ratios 
 
Dividing one spectral band by another produces an image that provides relative band 
intensities; the image enhances the spectral differences between bands. The chosen bands for 
the band ratios classification technique have to have contrasting responses within the 
absorption features of the reflectance curve of the target mineral or group of minerals. 
 
For geological purposes, more specifically for hydrothermally altered rocks in the mining 
industry, some authors (Sabins, 1999, and Ali and Pour, 2014) have proposed some ratios, for 
example 4/2 for iron oxides, 6/7 for hydroxyl bearing rocks, 7/5 for clay minerals, and 6/5 for 
ferrous minerals (using Landsat 8 bands).  
 
This technique was using the Band Ratios tool within the Band Algebra toolbox of ENVI® 
5.1. Those ratios can be combined in a RGB color ratio composite. The advantage of the color 
ratio image is that it combines the distribution patterns of groups of minerals, but the 
disadvantage is that the color patterns are not as distinct as in the individual ratio images 
(Sabins, 1999). 
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4.1.1.5! Principal Component Analysis (PCA) 
 
Principal component analysis (PCA) is a statistical procedure that uses an orthogonal 
transformation to convert a set of observations of possible correlated variables into a set of 
values of linearly uncorrelated variables called principal components (PC). The number of PC 
is equal to the number of original variables.  This transformation is defined in such a way that 
the first PC accounts for as much of the variability in the data, and each succeeding PC in turn 
would span the direction of the most variation under the constraint that is orthogonal to the 
preceding components. We can score the variables based on how much they influence the PC, 
that value is called eigenvector; as further the values from the cero are (either positive or 
negative), higher the influence of the variable on the PC. 
 

 
Figure 28. Simplified scheme of a 3D PCA showing the distribution of PC1, PC2 and PC3. 
The eigenvectors for some variables are also shown. Modified from https://statquest.org 

 
When multispectral image channels are treated as variables in the PCA, the PCs are influenced 
by the spatial abundance of the various superficial materials and by the image statistics. Each 
individual band in the output PCA image receives some contribution from all of the bands of 
the image. How much each original input band contributes to each PC can be determined by 
examining the eigenvectors from the PCA statistics file. The eigenvectors define the orientation 
of the PC axes; there is one eigenvector for each PCA band, and each eigenvector contains one 
element for each input band. 
 
In remote sensing, this technique has been also called “Crosta technique”, developed by Crosta 
and Moore in 1989 who called it the Feature Oriented Principal Components Selection (FPCS). 
The FPCS is based on the analysis of the eigenvector loadings for each PC to decide which of 
the PC images will concentrate information directly related to the theoretical spectral signatures 
of specific targets, predicting whether the target surface type is highlighted by dark or bright 
pixels in the PC image. Loughlin (1991) developed the technique for mapping iron oxides (F) 
and hydroxyl (H), using four bands to PCA (bands with contrasting response for those group 
minerals) for then generate a RGB composite of H, H+F, F for alteration zones. The PCA was 
applied by using the raw bands in ENVI® 5.1. 
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4.1.2!Hyperspectral imagery  
 
 
The Hyperion Imaging Spectrometer carried on the Earth Observing (EO)-1 by NASA was the 
first imaging spectrometer to routinely acquire Earth science-grade data. It was launched on 
November 2000 and despite of it was planning to operate for just one year, it was 
decommissioned until February, 2017. Hyperion scenes had to be requested, and just one image 
was found over the study area; the scene was captured on December 2nd, 2010.  
 
4.1.2.1! Hyperion pre-processing, data quality  
 
Hyperion images have 242 spectral bands (band 1 to band 242) with 30m spatial resolution. 
However, only 198 bands are calibrated, being band 9 to 58, and band 78 to 225 (0.427 to 2.395 
3m). The first pre-processing step is to remove the no-calibrated bands, for that, ENVI® 5.1 
takes the “bad bands” number from the header of the image and removes them. Water vapor 
absorption bands were also removed. Additionally, the bands were evaluated visually; finding 
that many bands had vertical striping. Vertical striping is an artifact where pixel brightness 
varies relative to other nearby pixels, this problem is because of the bad functioning of some 
detectors, it affects the image visualization and may negatively impact further image 
processing. This problem was tried to be solved by using the SPEAR Vertical Stripe Removal 
from ENVI® 5.1; this tool is a mask that works with the brightness of the dark and bright 
pixels, and is recommended for homogeneous images. After the vertical stripe removal, the 
bands where radiometrically calibrated and atmospherically corrected but the spectral profiles 
were still showing anomalous very high or very low reflectance responses, thus, after re-
evaluating by eye each band, the decision was to remove the bands with sharpest striping, 
which compromises the spectral range of the image, but removes the false reflectance 
responses. After this, only 81 bands remained, which means the quality of the image is very 
low (Table 5).  
 
Figure 29 displays the vertical striping problem taking as example bands 127 and 131. Areas 
of surface hydrothermal alteration previously identified are marked in red as reference; (a) 
shows a zoom in of the interest area, light pixels should represent high reflectance and dark 
ones absorption (images with vertical striping correction), however, when images are zooming 
out in (b), is notable that some absorption or reflection features are in fact following the vertical 
striping pattern, making impossible to recognize between real signal and artifacts. This 
reduction of the spectral range of the image complicates the mineral identification, for example, 
absorption in band 127 (1.417 3m) could be useful for montmorillonite and kaolinite mapping. 
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Figure 29.The vertical striping problem, taking as example bands 131 and 127. (a) Zoom in 
into the interest area, showing reflectance and absorption (light and dark pixels). (b) Zoom 
out of the images where the vertical striping is very clear even after the SPEAR correction. 
(c) Bands with no SPEAR correction. Red polygons represent the areas of previously 
identified hydrothermal alteration. 

 
Table 5. Number of bands removed and used from the Hyperion image over the study area: 
Hyperion data acquired on December 2nd, 2010. 

Band status Band numbers 
Not calibrated 1-8, 59-77, 226-242 
Bad with water 

vapor absorption 
121-126, 167-180, 222-224 

Used bands 

19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 
37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 51, 78, 80, 82, 84, 

86, 88, 93, 94, 102, 109, 113, 114, 115, 116, 117, 118, 142, 143, 144, 
145, 146, 147, 148, 149, 150, 151, 152, 153, 154, 155, 156, 157, 158, 
159, 160, 161, 162, 163, 199, 200, 201, 202, 203, 204, 205, 206, 207, 

208, 209 
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4.1.2.2! Radiometric calibration and FLAASH atmospheric correction 
 
The Hyperion Level-1R image was radiometrically corrected by using ENVI® 5.1. The 
radiometric calibration tool reads the gains and offsets from the metadata file and applies them 
into the previously shown Eq. 8. In the case of Hyperion, is necessary to apply the FLAASH 
(Fast Line-of-sight Atmospheric Analysis of Spectral Hypercubes) settings option, this will 
create a radiance band interleaved by line image (BIL), floating-point data type and scale factor 
of 0.1 (scales the output to units of 34/(( ∙ 78 ∙ 9:)). Those parameters are required for 
FLAASH®, which is an atmospheric correction tool included in ENVI® 5.1 for correcting 
wavelengths in the VIS, NIR and SWIR regions up to 303m. The algorithm/code was developed 
by the USA Air Force Research Laboratory, the Space Vehicles Directorate(AFRL/VS), the 
Hanscom AFB and the Spectral Sciences Inc. (SSI). FLAASH uses MODTRAN® (MODerate 
resolution atmospheric TRANsmission) computer code that is used to simulate the emission 
and absorption of EM radiation trough the atmosphere (Cooley, 2002).  
 
The tool requires as input, radiance BIL image obtained before by the radiometric calibration, 
as well as additional data like: sensor altitude (705 km for Hyperion), ground elevation (0.2 
km as average for the study area), pixel size (30 m), flight date (December 2nd, 2010), and flight 
time (12:12:08). The summary of outputs once applying FLAASH are: Surface reflectance, 
water vapor (image of column water vapor in );: ∙ (:), and cloud map.  
 
The relationship between the surface reflectance !<0and the at-sensor reflectance !∗is the 
physics-based model for FLAASH and can be represented by: 
 
 
 

!∗ = !=>? +
!<>?>

↓>↑

1 − !=DEF
+
!=DE − !<)0>?>

↓>↑

1 − !=DEF
8  

Eq. 9 

 

Where Tg is the gaseous transmittance, ρa is the atmospheric reflectance, T↓ and T↑ are the 
upward and downward scattering transmittances, r is the diffuse-to-total transmittance ratio for 
the ground sensor path, and S is the spherical albedo of the atmosphere. The parameter ρadj 
represents the surface reflectance averaged over a region around the pixel to account for 
scattering into the pixel to-sensor path, known as the adjacency effect (Griffin and Burke, 
2003). 
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Figure 30. Scheme of the FLAASH code to convert the sensor measured radiance to surface 
reflectance and secondary products such as the column water vapor and the aerosol optical 
depth. The dotted connection lines indicate an optional selection. Taken from Griffin and 
Burke (2003). 

 
4.1.2.3! Analysis of spectral absorption features  
 
The position, shape, depth, and width of the absorption features of reflectance curves are 
controlled by the particular crystal structure and the chemical structure of the material (Van 
der Meer, 2004). Some of the developed techniques that use absorption features to obtain 
surface compositional information include algorithms developed at the USGS laboratory 
(Clark et al., 1990a; Clark et al., 2003; Crowley et al., 1989). 
 
Methods that use absorption features work on the continuum removed reflectance spectra. The 
absorption in a spectrum has two components, a continuum and individual features, where the 
continuum or background is the overall albedo of the reflectance curve (Figure 31). The 
continuum removal which normalize reflectance spectra in order to be able to compare 
individual absorption features from a base line, was made by using ENVI® 5.1. The first and 
last bands in the output continuum-removed spectrum (Scr) data file are made equal to 1.0. The 
continuum (C) is removed by dividing it into the actual spectrum (S) for each pixel in the image 
as follows: 

FGH = (
F

I
) 

Eq. 10 

Then, the absorption-band position, the absorption-band depth, and the absorption-band 
symmetry are calculated from the continuum removed spectrum (Figure 31). The absorption-
band position is defined as the band having the minimum reflectance over the absorption range 
of the absorption feature. The depth of the absorption feature is defined as the reflectance value 
at the shoulders minus the reflectance value at the absorption-band minimum. The asymmetry 
factor is defined as de ratio between the areas (left and right) of the absorption from the 
shoulders to the point of maximum absorption (Van der Meer, 2004). 
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Figure 31. The continuum and continuum removal spectrum using kaolinite spectrum as 
example. From Van der Meer (2004). 

This work uses “the simple linear approximation method of the absorption feature parameters” 
proposed by Van der Meer (2004). In order to quantify the absorption features, DISPEC 3.2 
was used. DISPEC is an IDL program developed by Harald van del Werff (2010) in the ITC. 
The parameters used in the linear interpolation of absorption feature characteristics are defined 
in Figure 32  and explained below. 
 

 
Figure 32. Parameters used in the linear interpolation method of Van der Meer (2004). 
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The shoulders of the absorption feature correspond to the image bands chosen for the analysis 
of the absorption feature of interest. The short wavelength shoulder is denoted as S2 and the 
long wavelength shoulder as S1. Those shoulders are used in the continuum-removed. The 
interpolated wavelength position (wavelength of maximum absorption) is calculated by 
interpolating between the shoulders and the absorption points A1 and A2 as follows: 
 
 

,J7K8L;MK90N)OP*P9Q;ℎ = 0−
ST

STUSV
×0 ,X − ,Y + ,X000or   

Eq. 11 

,J7K8L;MK90N)OP*P9Q;ℎ = 0
IY

IY + IX
×0 ,X − ,Y + ,Y 

Eq. 12 

Where IX = 0 (ZPL;ℎX)
Y + (FX − ,X)

Y   and IY = 0 (ZPL;ℎY)
Y + (FY − ,Y)

Y  
 
 
The absorption-band depth is derived as: 

,J7K8L;MK90ZPL;ℎ = 0
[T\=]<^H_`a^b0c=defeb?`g

[T\hT
×ZPL;ℎX   or 

Eq. 13 

,J7K8L;MK90ZPL;ℎ = 0
=]<^H_`a^b0c=defeb?`g\0[V

hV\[V
×ZPL;ℎY  

Eq. 14 

The asymmetry of the absorption feature is calculated as: 
 

,7i::P;8i = )J7K8L;MK90N)OP*P9Q;ℎ − FY − (FX − )J7K8L;MK90N)OP*P9Q;ℎ) 
Eq. 15 

 
This gives 0 for a perfect symmetric absorption, negative values for absorption asymmetric 
features skewed toward the short wavelength and positive values if features are skewed toward 
the long wavelength. 
 
In this way, pixel by pixel from the Hyperion atmospheric corrected and continuum removed 
reflectance spectra was analyzed using DISPEC in in order to identify the wavelength position 
and depth of the most prominent absorption features of the spectrum between 0.539 and 2.244 
3m. The polygons of the hydrothermal alteration zones were taken as a reference for choosing 
the analyzed pixels.  
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Figure 33. Spectral profile of one single pixel of the corrected Hyperion reflectance image 
processed in DISPEC for quantifying absorption features. 

 
 
 
 

4.2! Identification of thermal anomalies   
 
4.2.1!Satellite based LST retrieval  
 
Surface thermal anomalies in a geothermal field have the wavelength of peak emission located 
in the TIR (Kuenzer and Dech, 2013). Land surface temperature (LST) retrieval from satellite 
based remote sensors is a challenging task and not a straightforward process; it requires a 
clearly understanding of the physical processes involved between the heterogeneous target 
(Earth’s surface) and the sensor in space, as well as some important assumptions.  
 
Zhao-Liang et al., (2013) evaluate the current status and perspectives of satellite-derived LST. 
The starting point is the radiative transfer equation (RTE), where, assuming a cloud-free 
atmosphere under local thermodynamic equilibrium, the channel infrared radiance Ii received 
by a sensor at the top of the atmosphere (TOA) can be written as: 
 

ja 2, l = 0ma 2, l na 2, l 00+ 0m=`o↑ 2, l 00+ 00m<fo↑ 2, l  
 
 

                                           Surface outgoing radiation      Atmospheric emission    Atmospheric scattering  
                                                               attenuated by the atmosphere 

Eq. 16 
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whit Ri being the channel radiance observed in channel i at ground level given by: 
 

ma 2, l 0= pa 2, l qa >< +0 1 − pa 2, l m=`o↓ + 0 1 − pa 2, l m<fo↓ 
   

        

                                           Surface emission      Surface reflected downwelling       Surface reflected downwelling  
                                                                                                      atmospheric emission                     atmospheric scattering 
 
 

+!]o(2, l, 2<, l<)racos0(2<)na(2<, l<) 
                                                         
                                                                                     

                                                                                        Surface reflected downwelling solar beam 
Eq. 17 

where θ and φ represent the zenithal and azimuthal viewing angles. τi is the effective 
transmissivity of the atmosphere in channel i. Riτi is the radiance observed at ground level 
attenuated by the atmosphere (1 in Figure 34). Rati↑ is the upward atmospheric thermal radiance 
(2 in Figure 34). Rsli↑ is the upward solar diffusion radiance resulting from atmospheric 
scattering of the solar radiance (3 in Figure 34). εi and Ts are the effective surface emissivity 
and surface temperature in channel i. εiBi(Ts) represents the radiance emitted directly by surface 
(4 in Figure 34). Rati↓ is the downward atmospheric thermal radiance. Rsli↓ is the downward 
solar diffusion radiance. (1-εi)Rati↓ and (1-εi)Rsli↓ represent the downward atmospheric thermal 
radiance and solar diffusion radiance reflected by the surface (5 and 6 in Figure 34). ρbi is the 
bi-directional reflectivity of the surface, Ei is the solar irradiance at the TOA, θs and φs are the 
solar zenithal and azimuthal angles. ρbiEicos(θs)τi(θs,φs) is the direct solar radiance reflected by 
the surface (7 in Figure 34). Because the contribution of solar radiation at the TOA is negligible 
in the 8–14 µm (TIR) window during both day and night (modeled using MODTRAN®) the 
solar-related items (3, 6 and 7 in Figure 34) in Eq. 16 and Eq. 17 cab be neglected without loss 
of accuracy. 

 
 
Figure 34. Illustration of radiative transfer equation in infrared regions (see text for the 
definitions of symbols). From Zhao-Liang et al., (2013). 
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Thus, LST retrieval from the measured radiance at the TOA requires corrections for 
atmospheric and emissivity effects.  
 
For Eq. 16 and Eq. 17, the radiance is measured in N channels, so, there will always be N+1 
unknowns, corresponding to N emissivity values in each channel and an unknown LST for N 
equations, making the solution of the RTE mathematically underdetermined and unsolvable, 
even if atmospheric variables are accurately estimated (Kealy and Hook, 1993; Zhao-Liang et 
al., 2013). 
 
Nevertheless, many LST algorithms have been proposed and LST estimation from satellite TIR 
measurements has significantly improved. Those algorithms have been proposed in some cases 
in a general way or for specific sensors, utilizing different assumptions and approximations. 
Zhao-Liang et al., (2013) classify those algorithms in two groups depending if land surface 
emissivity (LSE) is known or unknown. Algorithms where LSEs are known can be grouped 
into: single-channel methods, multi-channel methods, and multi-angle methods. Algorithms 
where LSEs are unknown include stepwise retrieval method, simultaneous retrieval of LSEs 
and LST with known atmospheric information, and simultaneous retrieval with unknown 
atmospheric information.  
 
Some of those methods were tested for the different images used in this work. However, 
sometimes due to the specific coefficients used for each sensor of for the lack of information 
about atmospheric conditions, it was difficult to get consistent kinetic temperature values for 
all data sets. Nevertheless, in all cases, thermal anomalies were very well identified. For this 
reason, the decision was to use an emissivity normalization method with surface kinetic 
temperature output and then proceed to identify thermal anomalies using standard deviations 
for above the background temperature. 
 
Each processing step is explained below. Figure 35 shows the simplified scheme of the physical 
processes involved for surface kinetic temperature retrieval using satellite based TIR bands 
(night scenes), as well as the processing followed for thermal anomalies detection. 
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Figure 35. Processing steps to retrieve kinetic LST using TIR satellite images (nighttime 
scenes). 

 
4.2.1.1! Radiometric calibration 
 
The radiometric calibration module of ENVI® 5.1 is used to calibrate image data (pixel values 
in DN) to radiance, reflectance or brightness temperatures; in this case the radiance output was 
chosen.  
 
To compute radiance (uv), the thermal bands from Landsat and ASTER were selected, the 
module takes the gains and offsets for each band from the metadata file and uses them into the 
next equation: 
 

uv = w)M9 ∗ xy + z{{7P; 
Eq. 18 

The units of the output radiance are 4/(:Y ∗ 78 ∗ 3:). 
 
 
4.2.1.2! Thermal Atmospheric Correction 
 
Radiation arriving at the satellite integrate surface and atmospheric components (Figure 35). If 
this integrated radiance is converted to a temperature using Planck’s formula, the value 
obtained will be the brightness temperature. The atmospheric correction is used to deal with 
the unwanted atmospheric components in the process to obtain the surface temperature. 
 
In the case of thermal infrared data, the reflection and scattering of solar radiation makes a 
negligible contribution to the total at-satellite radiance (modeled using MODTRAN®), thus, 
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the at-sensor signal has to be corrected just for atmospheric up-welling radiation and 
atmospheric attenuation. Since we are interested in surface temperature, it can be written as: 
 

u ", >< = 0 u ", >∗ − u}(") / n(")p(")  
Eq. 19 

Where u ", ><  is the radiance of a black body at the surface, u ", >∗  is the radiance arriving 
to the sensor (corresponding to brightness temperature), u}(") the up-welling radiance from 
the atmosphere, and n(")p(") the transmissivity and emissivity. Transmissivity is the 
attenuation effect from the atmosphere, having a value of one for a perfectly transparent 
atmosphere, and zero for an opaque atmosphere; the radiance emitted by the surface and 
arriving at the sensor will be reduced by a factor described by the atmospheric transmissivity 
(Harris, 2013).  
 
The Thermal Atmospheric Correction of ENVI® 5.1 is used to approximate and remove the 
atmospheric contributions from thermal infrared radiance data. In order to approximate the 
upwelling atmospheric radiance and the atmospheric transmission, the module first estimates 
the brightness temperature for each pixel, then, a trend line is fitted to a scatter plot of radiance 
vs. brightness temperature. The scatter plot fitting technique used was the Top of Bins. The top 
of the scatter plot corresponds to those pixels whose emissivity is closest to 1. This fit is 
achieved by doing a standard least squares regression on the top 5% of the data in the scatter 
plot. The atmospheric upwelling and transmission are then derived from the slope and offset 
of this line (Harris Geospatial Solutions, 2017). 
 

 
 
Figure 36. Upwelling and transmission plots derived from the Thermal Atmospheric 
Correction of ENVI® 5.1. The plots correspond to the ASTER scene from October 27th, 2011. 

 
4.2.1.3! Emissivity normalization 
 
After the thermal atmospheric correction, the surface kinetic temperature is retrieved by the 
Emissivity Normalization Method (Kealy and Hook, 1993) by using ENVI® 5.1. ENVI also 
has the option of emissivity retrieval from single reference channel and emissivity alpha 
residuals, however, the emissivity normalization method was chosen because of its good 
response in scenes dominated by rocks and soils (Kealy and Hook, 1993). 
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In the emissivity normalization method temperatures are calculated from each channel using a 
constant emissivity value in the Planck function (Eq. 3 and Eq. 7), the highest of these is 
designated as the temperature of the pixel. With the temperature defined, emissivities can be 
calculated. The constant emissivity value used was 0.95, being the mean emissivity for basalts 
(Harris, 2013).  
 
The kinetic LST (corresponding to the integrated temperature over the pixel size of 30x30 m 
for Landsat and 90 x 90 m for ASTER), was calculated for the ten satellite images used for 
thermal mapping in this study. Figure 37 shows the temperature values in degrees Celsius for 
the Landsat 7 ETM+ night scene captured on September 28th, 2003; the highest temperatures 
(red and orange values) are consistent with the surface geothermal areas from the reference 
map previously shown in Figure 8. Lakes and surrounding sediments also show high 
temperature values but those are not related to geothermal activity; the main reason for their 
high temperature is because of the heat capacity of the surface water makes them to cool down 
slower at night than soils and rocks (Van der Meer et al., 2014). 
 

 
Figure 37. Kinetic LST of Sveifluháls-Krýsuvík geothermal field derived from Landsat 7 
ETM+ September 28th, 2003, nighttime scene. 



  47 

4.2.2!TIR camera carried by a drone 
 
In recent times, the popularity of drones and access to thermal cameras for the general public 
has increased. However, most of the times, the physics behind the acquisition of the images is 
not fully understood and the values (either absolute or relative) can lack of accuracy. 
 
In this study, we wanted to assess the accuracy and reliability of the data regarding the distance 
between the camera and the ground. Single TIR images were taken over the same target at 
different elevation and compared to surface ground measurements. 
 
The flight was planned using DJI GO and the images were acquired in TIFF format with raw 
data in counts units. For georeferencing the thermal images, we used aluminum foil plates 
(referred as Plate 1 to 4) (Figure 41); GPS coordinates were taken at each aluminum plate and 
used to create links to the images. The georeferencing process was executed in ArcGIS® 10.4.1 
by using the “adjust” transformation.  
 
Additionally, a RGB mapping 100 m high was taken by using a RGB camera Zenmuse X3; the 
flight was planned using Pix4d Capture and the orthomosaic was created in Pix4d Mapper.  
 
 

 
Figure 38. The DJI Inspire 1 V2.0 drone at Seltún. 
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Figure 39. RGB mapping over Seltún. 

 

 
Figure 40. Area covered by the TIR image acquired by the drone at 30 m of elevation (dark 
rectangle). 
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Figure 41. Aluminum plates used for georeferencing the thermal images. 

 

 
Figure 42. Raw thermal image in counts units taken at 30 m of elevation. Brightest-lightest 
grays represent hottest surfaces while the darkest represent the coolest surfaces. The 
aluminum plates appear as dark spots due to the low emissivity of the aluminum. The image 
also shows an image of the fumaroles as reference to the detail reached by the thermal 
camera (≈3.7 cm pixel size for the image taken at 30 m elevation). 
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To obtain temperature values in °C from the images in counts units, the next calibration was 
performed for each thermal image by using ENVI® 5.1 band math. According to the Zenmuse 
XT specifications:  
 

,J7K*�;P0;P:LP8);�8P0M90℃ = 00.04 ∗ (K�9;7 − 273.15 
Eq. 20 

Direct measurements using a type-K thermocouple temperature probe were taken as hard data 
for comparison with the thermal images (Figure 43). The direct measurements were taken in 
the ground (soil) at 1cm, 5 cm, and 12.5 cm deep and referred as gpc (ground control point) 
and temp1-3. The temperature of the water and mud around fumaroles was also taken and 
referred as water and mud respectively (Table 6). GPS coordinates were taken for each point. 
The measurements were immediately after the flight. 
 
 

 
Figure 43. Direct measurements using the type-K thermocouple temperature probe. 
Measurements taken in the ground (a), water in fumaroles (b), and mud surrounding the 
fumaroles (c). 
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Table 6. Temperature measurements in ground and fumaroles (water and surrounding mud). 

Direct 
measurement 

Fumarole  
Water Surrounding mud 
Temp 
(degC) 

Temp 1cm depth 
(degC) 

Temp 5 cm 
depth (degC) 

Temp 12.5 depth 
(degC) 

water1 93.8    
mud1  15.71 23.78 32.47 
water2 94.28    
mud2  41.02 47.2 48 
water3 88.7    
mud3  19.68 31.5 38.8 
water4 95.2    
mud4  32.1 39.02 48.03 

Ground 
measurement 

Soil 

  Temp 1cm depth 
(degC) 

Temp 5 cm 
depth (degC) 

Temp 12.5 depth 
(degC) 

gcp15  4.7 8.3 13 
gcp16  28.93 50.9 82.25 
gcp18  9.7 13.5 18.4 
Plate3  14.3 26.32 35.61 
gcp19  4.75 11 18.76 
temp1  17.915  84.4 
temp2  24.763  93.28 
temp3   11.6   16.13 

 
 

 
 

 
Once the thermal images were georeferenced and converted to °C, the pixel temperature values 
were extracted from the same points where the direct measurements were taken  
 
Table 7. Then, those values were plotted against the ground measurements at 1cm deep. The 
depth of 1 cm is because it corresponds to the end of the temperature probe where the 
measurements are taken, and can be acceptably comparable with the surface temperature 
obtained from the thermal camera. The plots show a linear relation for all altitudes (Figure 45); 
just the highest temperatures, corresponding to the water of fumaroles show more dispersion 
by increasing the elevation. 
 
The linear regression equation was fitted by using Microsoft Excel and that equation was used 
to calibrate the thermal images. The coefficient of determination or R2 for the linear regressions 
was about 0.95 for thermal images taken from 10 m to 30 m high and decreased with altitude 
of the camera to reach 0.77 at the 100 m high image. The plots for each image at different 
altitude, with their corresponding linear regression equation are shown in Figure 45. 
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Figure 44. Thermal image in °C taken at 30 m high. Labels of the direct measurements are 
shown. The lowest temperatures of about -10°C correspond to the aluminum plates used as 
ground control points. The black and red lines surrounding the thermal anomalies 
correspond to the isotherms of 13.95°C and 6.35°C respectively (taken from the statistics-
standard deviations of the data). 

 
 
 
 
 
 
 
 



  53 

  

  

  

  

  
 

Figure 45. Plots of temperatures extracted from the thermal images acquired by the drone at 
different altitudes vs. temperature measurements of water and soil at 1 cm deep. Linear 
regression equations and R2 are also displayed.  
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Table 7. Extracted temperatures in °C from the thermal images at the same location where 
the direct measurements were taken. 

 
 

 
 
 
 
4.2.2.1! Heat flux estimation 
 
Having a thermal anomaly or hot spot, the heat flux density (in W/m2) can be estimated. If the 
area is known, this can be converted to heat flux (in W) by multiplying the heat flux density 
by the area of the emitting surface (Harris, 2013).  
 
Heat losses from a geothermal surface depend on the type of geothermal manifestation; for 
example, in hot springs where water is involved, heat losses can involve evaporation, 
conduction and radiation (Harvey et al., 2016). In the case of the area where the TIR images 
were taken, the geothermal manifestations are warm ground and small fumaroles. Heat losses 
involved in this case can be related to conduction trough the soil and radiation. Following the 
Fourier’s Law, conductive heat loss density requires an estimation of temperature gradient 
from the soil, but, because of from the thermal images we can just obtain the surface 
temperature, the only heat loss mechanism taking into account was radiation. The radiation 
heat loss was obtained using the Stefan-Boltzman law: 
 

áH = ,pà ∙ >â
ä − >hãå

ä  
Eq. 21 

Where A is the area of the pixel in m2, p is the emissivity constant (0.95), à is the Stefan-
Boltzman constant (5.68 x 10-8 J/sm2), TP is the pixel temperature in Kelvin and TATM is the air 
temperature in Kelvin (275.05 K at the moment of the flight). Calculations were executed in 
the band math of ENVI® 5.1. 
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For comparison, the direct temperature measurements were used to estimate the heat flux 
density through the soil (ç<) using the method of Dawson (1964) (Eq. 22). This method was 
initially calibrated at the Wairakai geothermal field at New Zealand, and used for heat flux 
estimation through soil in Reykjanes geothermal area by Fridriksson et al., (2006).  
 

ç< = 5.20×010\é0;Xè
ä  

Eq. 22 

This method uses t15 that corresponds to the soil temperature at 15 cm depth (in degrees 
Celsius). For this study, the maximum depth measured in the soil was 12.5 cm (total length of 
the temperature probe), thus, the results were proportionally adapted to this depth. The results 
of heat flux estimations will be discussed in the section 5.3. 
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5!Results 
 

5.1! Identification of hydrothermal alteration 
mineralogy  

 
For easier analysis of the maps, it is suggested to focus the attention within the geothermal 
areas of Seltún and Hveradalir. The legend used corresponds to the geothermal reference map 
previously shown in Figure 8. The gypsum was mapped taking as reference geothermal maps 
elaborated by Khubaeva (2007); Mawejje (2007); and Orkustofnun (2015).   
 

 
Figure 46. Legend used in the maps for identification of hydrothermal alteration mineralogy. 
It corresponds to the reference map shown in Figure 8. 

Band combinations of the multispectral images were used as first approach to identify 
hydrothermal alteration minerals over the study area. The RGB false color composite using 
bands 9, 2 and 4 of ASTER (June 26, 2007) is shown in Figure 47. In the 9,2,4 false color 
image, the alteration zones are shown in bright white, vegetation in purple, and exposed rocks 
in brown. 

 
Figure 47. False color image over the study area using the band combination 9,2 and 4 of 
ASTER from June 26, 2007. 
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For identifying specific minerals, the spectral signatures of specific alteration minerals 
identified in the Krýsuvík geothermal area using XRD (X-ray diffraction) and SEM (Scanning 
electron microscopy) by Markússon and Stefánsson (2011) were taken as reference (Table 8). 
The spectral signatures of those minerals were selected from the spectral library of ENVI® 5.1. 
They were plotted and staked in  Figure 48; sulphur was also included because its occurrence 
is reported in the same study by Markússon and Stefánsson (2011). The yellow stripes represent 
the spectral band coverage of the Landsat 8 images.  
 
 
Table 8. Summary of the geothermal minerals identified in the Krýsuvík geothermal area, 
taken from Markússon and Stefánsson (2011).   

 
 

 
 
Figure 48. Stacked reflectance curves  for the geothermal minerals identified in Krýsuvík for 
Markússon and Stefánsson (2011). Spectral library from ENVI® 5.1.  The yellow stripes 
represent the spectral bands coverage of Landsat 8. 
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In the band ratios technique, the chosen pair of bands have to have contrasting responses within 
the absorption features of the reflectance curve of the target minerals. Taking the reference 
minerals was useful for choosing the pair of bands used for individual band ratios. 
 
Thus, using Landsat 8, we can divide band 2 between band 1, it will give high values for 
minerals with high reflectance in band 2 and high absorption in band 1. Almost all the reference 
minerals present this condition, however, for sulphur, anatase and covelite, this is the most 
remarkable absorption feature; for those minerals, reflectance for the rest of the bands is almost 
constant. In the same way, by dividing band 6 between band 5, is possible to recognize hematite 
and goethite, while dividing band 6 between 7 can lead to identify montmorillonite, kaolinite 
and antigorite. There are minerals like gypsum and antlerite which absorption features are 
difficult to distinguish because there is not a specific pair of bands that can give a useful ratio. 
So, the proposed minerals are those which can respond stronger to just one band ratio.  
 
Figure 49, Figure 50, and  Figure 51 show the 2/1, 6/7, 6/5 single band ratios for the Landsat 8 
(July 30, 2016) image. In those gray scale images, areas where the ratio between bands has 
high values will appear in white-light gray, while pixels with low ratio will appear in dark gray.  
 

 
Figure 49. Band ratio 2/1 of Landsat 8 from July 30, 2016. Light areas denote high 2/1 ratio 
values and can be interpreted as possible sulphur, anatase and covelite. 
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Figure 50. Band ratio 6/7 of Landsat 8 from July 30, 2016. Light areas denote high 6/7 ratio 
values; within the geothermal area can be interpreted as possible montmorillonite, kaolinite 
and antigorite. Outside the geothermal area represent vegetation. 

 
Figure 51. Band ratio 6/5 of Landsat 8 from July 30, 2016. Light areas denote high 6/5 ratio 
values; within the geothermal area can be interpreted as possible hematite and goethite. 
Outside the geothermal area are related to unaltered rocks. 
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Figure 52 displays the RGB false color composite of the 6/7, 6/5, 2/1 band ratios. This colorful 
image can be interpreted by taking into account the reflectance curve of the reference minerals 
and the RGB additive theory of colors.  
 
In this way, magenta colors that are formed with red and blue, represent areas where the ratios 
6/7 and 2/1 are high. The yellow colors, formed with red and green, represent high 6/7 and 6/5 
ratios. The bright white colors represent areas where the three ratios are high. The red colors 
represent vegetation and the green the unaltered rocks. 
 

 
Figure 52. RGB false color composite using 6/7, 6/5, 2/1 band ratios of Landsat 8 from July 
30, 2016.  
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PCA technique was also applied. The statistics used for the “Crosta technique” using the 
Landsat 8 (July 30, 2016) data set are shown below. Table 9 displays the PCA using the bands 
2,4,5,6. For iron absorption, is expected to have high negative eigenvectors for bands 2 and 5, 
and high positive for band 6; this condition is achieved by PC3.  
 
 
Table 9. PCA for iron absorption identification. Statistics using Landsat 8 images from July 
30, 2016. PC3 was chosen as F. 

  Eigenvector     
  Band 2 Band 4 Band 5 Band 6   Eigenvalue 

PC 1 0.021882 0.053425 0.896716 0.438826  11239792.31 
PC 2 -0.258304 -0.568441 0.375392 -0.685007  1796755.346 
PC 3 -0.379865 -0.681286 -0.234119 0.580293  245859.9127 
PC 4 -0.887977 0.458115 0.013052 -0.038166   28954.80646 

 
 

 
Table 10 displays the PCA using the 2,5,6,7 bands. For hydroxyl bearing rocks (H), is expected 
to have high negative eigenvector for band 7. The highest eigenvector for band 7, compared to 
the other bands, is achieved in PC4, but with opposite sign (high positive); in those cases, the 
PC needs to be multiplied by -1. For Table 9 and Table 10, PC1 has all eigenvectors positive, 
and the highest eigenvalue indicating that is the PC with more variance. In both cases PC1 
represents the albedo.  

 

 
Table 10. PCA for hydroxyl absorption identification. Statistics using Landsat 8 images from 
July 30, 2016. PC4 (multiplied for -1) was chosen as H. 

  Eigenvector     
  Band 2 Band 5 Band 6 Band 7   Eigenvalue 

PC 1 0.024016 0.881429 0.441667 0.165641  11506813.31 
PC 2 -0.228299 0.444319 -0.666987 -0.5528  1835335.606 
PC 3 0.802138 0.145755 -0.464288 0.346072  104077.266 
PC 4 -0.55125 0.066479 -0.380125 0.739736   47088.28113 

 
 
 
Once the PCA are analyzed, the F, F+H, H technique (Loughlin, 1991) can be performed. The 
RGB composite of the PCA using the Landsat 8 data set from July 30, 2016 is shown in Figure 
53, where red colors within the geothermal area represent the iron absorption, interpreted as 
possible hematite and goethite, dark blue represent the hydroxyl absorption, interpreted to 
represent possible montmorillonite and kaolinite; orange and cyan represent a mixture where 
in the first case the iron absorption dominates and in the second case the hydroxyl absorption 
dominates. 
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Figure 53. PCA for Landsat 8 (July 30, 2016) using the Crosta technique and the F, H+F,H 
composite (Loughlin, 1991). Red colors within the geothermal area represent iron 
absorption, and dark blue hydroxyl absorption. Orange and cyan indicate a mixture. 

 
 
The same PCA technique was applied to the Landsat 5 scene from September 15, 1998. The 
statistics are shown in Table 11 and Table 12. For iron absorption minerals, bands 1,3,4,5 were 
used, having PC3 as F. Bands 1,4,5,7 were used for identifying hydroxyl bearing rocks, having 
the negated (multiplied per -1) PC4 as H.  
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Table 11. PCA for iron absorption identification. Statistics using Landsat 5 images from 
September 15, 1998. PC3 was chosen as F. 

  Eigenvector     
  Band 1 Band 3 Band 4 Band 5   Eigenvalue 

PC 1 0.101151 0.1627 0.569888 0.799078  397.712161 
PC 2 0.44028 0.564085 -0.638012 0.284433  46.19142 
PC 3 -0.426709 -0.519442 -0.517841 0.529093  10.798789 
PC 4 0.78348 -0.6209 0.002925 0.025158   2.202226 

 
 
 
 
Table 12. PCA for hydroxyl absorption identification. Statistics using Landsat 5 images from 
September 15, 1998. PC4 (multiplied for -1) was chosen as H. 

  Eigenvector     
  Band 1 Band 4 Band 5 Band 7   Eigenvalue 

PC 1 0.098474 0.555218 0.784728 0.257367  414.359351 
PC 2 0.401022 -0.731257 0.319534 0.449825  41.570419 
PC 3 -0.88346 -0.326342 0.335636 0.018673  7.033873 
PC 4 -0.221322 0.224715 -0.411642 0.855027   3.022068 

 
 
 
 
 
The map in Figure 54 represents the F, H+F, H composite. Red colors within the geothermal 
area represent possible hematite and goethite, dark blue-purple possible montmorillonite and 
kaolinite, orange and cyan represent a mixture of iron and hydroxyl absorption. 
 
Results are consistent in a general way with the PCA obtained from Landsat 8 - July 30, 2016; 
slight differences in colors and tones are because of small differences in the spectral bands 
definitions of Landsat 5 and Landsat 8.  
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Figure 54. PCA for Landsat 5 (September 15, 1998) using the Crosta technique and the F, 
H+F,H composite (Loughlin, 1991). Red colors within the geothermal area represent iron 
absorption, and blue colors hydroxyl absorption. Orange and cyan indicate a mixture. 

 

Regarding the hyperspectral data, and despite the low quality hyperspectral image over the 
study area, the full processing chain was carried out, and the continuum removal spectrum was 
analyzed pixel by pixel by using DISPEC. The pixels were selected from the alteration area 
that has been used as reference. In this way, the wavelength position and depth of the main 
absorption feature was obtained and mapped.  The absorption depth is an indicator for the 
abundance of minerals, while the wavelength position is indicative of the mineral composition 
(Van der Meer, 2004).  
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The wavelength positions of the main absorption features were grouped into two spectral 
ranges: 0.671 to 1.500 µm and 1.500 to 2.224 µm, corresponding to the NIR and SWIR 
respectively. In general, iron oxides will have absorption features dominated by electronic 
processes in the VIS and NIR, while the absorption features in the SWIR are related to 
vibrational processes linked to H2O, OH- and CO3

-2. The main wavelength position mapping 
in the study area is shown in Figure 55 and the absorption depth in Figure 56.  
 
 
 

 
Figure 55. Wavelength position of the main absorption feature by using the hyperspectral 
Hyperion image from December 2, 2010 over the study area. The results were grouped into 
two spectral ranges: 0.671 to 1.500 µm (NIR,) and 1.500 to 2.224 µm (SWIR). 
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Figure 56. Depth of the main absorption feature by using the hyperspectral Hyperion image 
from December 2, 2010 over the study area. The absorption depth can be related to the 
mineral abundance (Van der Meer, 2004). 

5.2! Identification of thermal anomalies   
 
The ten nighttime satellite images from Landsat and ASTER were processed for kinetic land 
surface temperature retrieval by using the emissivity normalization method explained in 
section 4.2.1.3. In order to normalize the results, the thermal anomalies were categorized 
according to standard deviations (SD) above the background (BG) temperature.  
 
Figure 57 shows the time series of thermal anomalies over Sveifluháls area using Landsat and 
ASTER imagery. Thermal anomalies 2SD above the BG are shown in yellow, thermal 
anomalies 4SD above the BG are in orange, and areas with more than 6SD above the GB are 
red. The BG temperature is shown in grey. Looking at the thermal anomalies from 2002 to 
2017, they show consistent spatial distribution over the time. Nevertheless, a thermal anomaly 
at the southeast is not detected on September 22, 2010 and November 12, 2011 and it will be 
discussed in the discussion section of this thesis. Other variations, mainly in thermal anomalies 
of 2SD>BG can be related to the different seasonal acquisition time.  
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Figure 57. Thermal anomalies over the Sveifluháls sub-geothermal field. Thermal anomalies were categorized by standard deviations (SD) 
above the background (BG) temperature. LT and AST are for Landsat and ASTER respectively. 
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5.2.1!Heat flux estimation 
 
Heat flux estimation was done by using the 30 m high TIR image taken from the drone. This 
image was chosen because it covers all the points where the ground measurements were taken 
and because of its high coefficient of determination (R2 value). 
 
The thermal radiant loss or the instant radiated thermal power was calculated for the pixels of 
the calibrated thermal image (in degrees Kelvin) using Eq. 21, where 1.39 x10-3 m2 was the 
pixel area. Then, the thermal radiant loss of the pixels contained within the isotherm of 6.35 
°C (279.5 K) were summed up. This isotherm represents the main thermal anomaly. The 
obtained heat flux was 4.09 kW in an area of 102.5 m2. 
 

 
Figure 58. TIR image taken at 30 m of altitude, calibrated by its regression equation and in 
degrees Kelvin. The pixel values were used for estimation of the heat flux by radiation. The 
red and yellow lines surrounding the thermal anomalies correspond to the isotherms of 
13.95°C and 6.35 °C (taken from the statistics-standard deviations of the data). 
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Regarding the direct temperature measurements, the heat flux values through the soil obtained 
by the method of Dawson (1964) (Eq. 22) were classified according to their position within the 
isotherms of 6.35 °C and 13.95 °C. So, heat flux density values within the 6.35 °C isotherm 
but out of the one of 13.95 °C, were averaged and multiplied by the area of 82.23 m2, while 
heat flux values within the 6.35 °C isotherm were averaged and multiplied by 20.24 m2. The 
total heat flux through soil was 5.17 kW in 102.5 m2. 
 
 
Table 13. Calculations using the ground measurements for the heat flux estimation through 
soil following the method of Dawson (1964). 
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6!Discussion 
 
 
The analysis of the spectral reflectance and radiance of the satellite images allowed the 
identification of hydrothermal alteration minerals and thermal anomalies over Sveifluháls area. 
If all the resulting maps made during this study are overlaid, it becomes clear that the 
geothermal surface manifestations are very well confined within the known geothermal area, 
where Hveradalir and Seltún are the most active zones. Those areas are located at relatively 
medium and low elevation of the east flank of the ridge, as seen in the 3D view of the 
topography of  Figure 59. 
  

 
Figure 59. 3D view of the topography of Sveifluháls area. DEM from the Polar Geospatial 
Center (Release 6). ArcScene of ArcGIS® 10.4.1. The white spot is due to lack of information 
over Graenavatn lake. 

 
In the case of the thermal anomalies and remote sensing, it is important to take into account 
the size of the target, and the purpose of the study. In general, a geothermal field will produce 
thermal anomalies detectable by the spatial resolution of a satellite based remote sensor. One 
important advantage of satellite images is the option of going back in time, and make regional 
time series analysis. However, there is always the possibility of not finding images of good 
quality (cloud free) taken during the night. That was the main problem concerning this study, 
no useful data for thermal analysis were found before 2002; having data before 2002 would be 
useful for analyzing the explosion at Seltún in 1999. 
 
The time series of thermal anomalies from 2002 to 2017 shows that the thermal anomalies and 
its intensity seem to be largely consistent within the surface of  the geothermal area over that 
period of time. However, there is a thermal anomaly at the southeast of the study area that is 
not detected on September 2010 and November 2011(Figure 60).  
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Figure 60. The area where a thermal anomaly is not detected on September 22, 2010 and 
November 12, 2011 (within the blue dotted line). The thermal anomaly in Seltún on 
September 22, 2010 is not detected because of a cloud covering that area. Thermal 
anomalies go from 2SD >BG in yellow to 6SD>BG in red. 

 
September 22, 2010 and November 12, 2011 are close to the beginning and the end of a change 
in trend of the vertical component detected by CGPS stations around Krýsuvík (Figure 61). It 
is interesting that around that time, there is an uplifting period reported by Michalczewska et 
al., (2012). The absence of the thermal anomaly can be related to the peaks of the deformation 
trend.  Further studies for that specific area are needed for better interpretation. 
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Figure 61. Time series of vertical displacements detected by CGPS around Krýsuvík. The red 
arrows are located in September, 2010, and November 2011. The stations belong to the 
Institute of Earth Sciences of the University of Iceland. 

For more detailed analysis, for example to monitor changes in position and occurrence of 
fumaroles or steam vents, it is required to use remote sensors with higher spatial resolution. 
The use of thermal cameras carried on drones or airplanes can be an appropriate solution.  
 
In this study, an experiment of taking single TIR images at different elevations was carried out. 
The accuracy of the measurements at different elevations was assessed by comparing the TIR 
images with direct temperature measurements of the ground surface (section 4.2.2). The 
relation between the values from the TIR images and the ground measurements have a linear 
relationship; the coefficient of determination or R2 for the linear regression equations was about 
0.95 for thermal images taken from 10 m to 30 m high and decreased with altitude of the camera 
to reach 0.77 at the 100 m high image. The dispersion of the measurements is higher for the 
highest temperatures that correspond to the water of the fumaroles. This makes sense because 
of the water of the fumaroles covered a small area, so, due to the fixed FOV of the camera, by 
increasing elevation, the pixel size increases and the temperature of the pixel becomes 
integrated. On the other hand, at low altitudes, very high spatial resolution is reached, but the 
area covered by the images decreases. In addition, for very low flights, for example 10 m, the 
steam from the geothermal manifestations could cause problems of instability of the drone 
because of convection.   
 
The TIR image taken at 30 m high was used for estimation of radiated heat flux. This altitude 
was used because of its representative area covered on the surface, the good spatial resolution 
and the good coefficient of determination. The obtained heat flux was 4.09 kW in 102.47 m2. 
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Results are of the same order of magnitude as the heat flux through the soil estimated by using 
direct temperature measurements; this demonstrates the reliability and high spatial resolution 
of the TIR images. Detailed mapping of thermal anomalies and heat flux estimations using TIR 
cameras on drones can give reliable results if the TIR images are acquired and processed 
properly.   
 
As reference, Figure 62 shows the area covered by the 30 m high TIR image taken by the drone 
(dark rectangle) as well as how the area is viewed by the Landsat and ASTER satellite based 
sensors. For Landsat and ASTER, the area belongs to a pixel which thermal anomaly goes from 
2SD to 4SD>BG. Given the size of the hot spots, the use of the drone data was an important 
key for heat flux estimation; at the spatial resolution of the satellite images it is not effectively 
solved.  
 

 
Figure 62. Comparison between spatial resolutions. The dark rectangle represents the area 
covered by the TIR image taken 30 m high with a drone, and the yellow squares are the        
2-4SD>BG thermal pixels from Landsat and ASTER. 

Nevertheless, and as explained earlier, the purpose of the study will determine the spatial 
resolution that is needed from the sensor. In this case, the temporal and spatial resolution of 
satellite images allowed a regional time series study of thermal anomalies. A regional study 
using the TIR camera on a drone will require more flight hours because of the battery 
consumption by the drone and the dependency of good weather conditions. Batteries in cold 
weather like Iceland, only last for about 15 min for flights that cover no more than 0.1 km2.  
 
In the case of the hydrothermal alteration minerals, as the name indicates, they are the chemical 
product of the interaction between hot fluids and the rock. After they are formed, they can 
remain as witnesses of hydrothermal processes, even in the absence of the hot fluid component. 
For this reason, it is not surprising that spectral signatures of the surface mineral assemblage 
over the area of study looks similar for all the analyzed images.  
 
Analyzing the thermal anomalies and the hydrothermal alteration zones, there is a zone at the 
southwest of the study area where hydrothermal alteration was identified but no thermal 
anomalies are noted. This zone is marked within dotted ovals in Figure 63. This observation 
reveals that the zone had thermal anomalies in the past but not anymore. This can be related 
for example to cooling of that part of the field, clogging of the fractures or changes in the water 
table level, however, further studies have to be done in the area in order to give a better 
interpretation.
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Figure 63. The area where hydrothermal alteration was identified but no thermal anomalies are currently noted (within the dotted oval). 
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For mineral identification, is important to take into account that the identified spectral 
signatures for each pixel correspond to a mixture of the spectral signatures of the minerals that 
are present on the ground surface covered by the pixel. However, hydrothermal minerals do 
not appear randomly, they are related to the level of geothermal activity and can be spread 
enough over the surface to have a strong spectral signature detectable by the satellite remote 
sensor. 
 
The results given by the band ratios and PCA are consistent among themselves, demonstrating 
that the processing techniques are reliable no matter which sensor is used. However, the 
interpretation based on the hyperspectral data used in this study can have significant 
uncertainties because of the many bands that were discarded due to vertical striping problem. 
 
Thus, in order to identify specific minerals, the spectral signatures, have to be analyzed taking 
into account theoretical spectral signatures of specific targets. This makes satellite remote 
sensing dependent on a certain way of previous studies, for example geochemistry, but at the 
same time, once the target minerals are identified, this can be used for regional assessment or 
long-term monitoring, especially in areas of dangerous or inaccessible terrain where the 
integrity of the person taking the measurements may be compromised.  
 

 
Figure 64. Remote sensing studies can be a solution for the assessment and long-time 
monitoring of geothermal fields located at dangerous or inaccessible terrains. 

 
The results of this study show that three groups of spectral signatures can be recognized 
according to the position of the main absorption feature: absorption in the VIS, NIR and SWIR. 
Spectral signatures which main absorption is located in the VIS and NIR, match with thermal 
anomalies that are greater than 4SD above the BG. Spectral signatures with absorption in the 
SWIR are widely distributed in the geothermal area, but they are dominant where thermal 
anomalies are around 2SD>BG. This arrangement can be grouped into three levels: 
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•! High activity. Characterized by thermal anomalies of 6SD>BG and absorption in the 

VIS and NIR that can be interpreted as spectral signatures of sulfur and iron oxides. 
For those areas all the geothermal surface manifestations are present, including hot 
springs, steaming ground, fumaroles, and mud pots. 

•! Medium activity. Thermal anomalies are 4SD>BG, the spectral analysis suggests a 
mixture of minerals with absorption in the NIR and SWIR, but the NIR predominates. 
This can be associated to iron oxides like hematite and goethite. Those areas host small 
fumaroles and hot ground. 

•! Low activity. The thermal anomalies are 2SD>BG mainly because of warm ground.  
Spectral signatures show absorption in the SWIR and can correspond to 
montmorillonite. 

 
Figure 65 summarizes the three activity levels identified and illustrates them in a schematic 
cross section over Hveradalir. The section shows the topography of the area but is off-scale. 
The dyke intrusion in inferred from the mapping of Orkustofnun (2015) and Khubaeva (2007). 
 

 
Figure 65. Schematized cross section over Hveradalir. The three proposed activity levels are 
shown. The dyke intrusion is inferred from the mapping of Orkustofnun (2015) and Khubaeva 
(2007).  
 
Gypsum is a mineral mapped in all previous studies. However, its spectral signature can be 
confused with other minerals when using multispectral satellite images. In the case of kaolinite, 
its spectral signature is very similar to montmorillonite and in this study it was not possible to 
distinguish between them. However according to the description of Markússon and Stefánsson 
(2011), kaolinite is found in areas of high activity and montmorillonite in low activity areas. 
Thus, the SWIR absorption can be attributed to kaolinite in areas of high thermal anomalies, 
and to montmorillonite in areas of low thermal anomalies. The use of hyperspectral data can 
help to solve those minerals, so it is suggested the use of hyperspectral cameras mounted on 
planes or drones, or the use of portable hyperspectral remote sensors that allow the 
discrimination of those minerals by remote sensing.  
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7!Concluding remarks 
 
The processing of the set of satellite images, and thermal images acquired by a camera on a 
drone, allowed spatial and temporal analysis of the surface geothermal manifestations in 
Sveifluháls sub-field. The concluding remarks are: 
 

•! Based on the position of the main absorption feature from the multispectral and 
hyperspectral satellite images, three groups of spectral signatures can be recognized 
within the geothermal area: absorption in the VIS, NIR and SWIR. Specific minerals 
for each group can be proposed/interpreted by using geochemistry analysis as reference. 

 
•! The kinetic LST retrieved from the TIR bands of Landsat and ASTER allowed a time 

series analysis of thermal anomalies from 2002 to 2017. The analysis shows consistent 
spatial distribution of the thermal anomalies in the study area. 

 
•! According to the position of the main absorption features, and the thermal anomalies, 

the geothermal activity in Sveifluháls was categorized into three levels: 
 

 
o! High activity. Characterized by thermal anomalies 6SD>BG, absorption in the 

VIS and NIR that can be interpreted as spectral signatures of sulfur and iron 
oxides. Within the high activity areas, all the geothermal surface manifestations 
are present, including hot springs, steaming ground, fumaroles, and mud pots. 
 

o! Medium activity. Thermal anomalies are 4SD>BG, the spectral analysis 
suggests a mixture of minerals with absorption in the NIR and SWIR, but the 
NIR predominates. This can be associated to iron oxides like hematite and 
goethite. Those areas host small fumaroles and hot ground. 

 
o! Low activity. The thermal anomalies are 2SD>BG mainly because of warm 

ground.  Spectral signatures show absorption in the SWIR and can correspond 
to montmorillonite. 

 
•! The use of the high spatial resolution TIR images taken from a drone allowed detailed 

thermal analysis at Seltún. Radiation heat flux calculated using the TIR image taken at 
30 m elevation gave 4.091 kW over an area of 102.47 m2; same order of magnitude 
than the heat flux through the soil estimated by using ground temperature 
measurements.  
 

•! Detailed mapping of thermal anomalies and heat flux estimations using TIR cameras 
on drones can give reliable results if the TIR images are acquired and processed 
properly. Flights at 30 m of elevation seem to be appropriate.  

 
•! The time series analysis of thermal anomalies reveals a zone at the southeast of the 

study area where thermal anomalies are not detected on the maps of September 22, 
2010 and November 12, 2011. Those dates match with the beginning and the end of an 
uplifting period detected by the CGPS stations around Krýsuvík. Further studies of 
seismicity and crustal deformation for that specific area are needed for better 
interpretation. 
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•! There is a zone at the southwest of the study area where hydrothermal alteration was 

identified but no thermal anomalies are currently noted. This can be related to cooling 
of that part of the field, clogging of the fractures or water table level changes. Further 
studies are needed. 

 
•! This study demonstrates that the combination of processing techniques, the use of 

sensors with different spectral and spatial resolution, as well as using images with 
different acquisition dates, allows regional and local analysis of the surface 
manifestations in a geothermal field.  

 
•! This study provides insights for monitoring natural or induced changes on the surface 

geothermal activity in other geothermal fields.  
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Appendix   
 
The dual-band technique using the TIR bands from Landsat was tested in this study. The 
algorithm was executed by using IDL (scientific programming language) and ENVI® 5.1. The 
algorithm was taken from Aufaristama et al., (2017) and adapted to the study area parameters. 
The method was not successful due to the lack of reproducibility using other images and the 
no control over the assumed Tc parameter.  
 
Nevertheless, I consider is important to document failures that can work as reference for further 
research jobs; either adding new ideas, finding the mistake or rejecting the method for 
geothermal areas.  
 
The procedure followed applying the dual-band technique, by using TIR bands over Krýsuvík 
is explained below.  
 
 
The dual-band technique to solve the thermal mixed pixel 
 
Temperatures from the kinetic LST maps correspond to the integrated temperature over the 
pixel size of 30 x 30 m for Landsat and 90 x 90 m for ASTER. However, sizes of geothermal 
surface manifestations for example hot springs, steam vents, fumaroles, or mud pots are in 
general from centimeters to few meters long and hardly ever reach the 30 m long, that means 
that the obtained temperature value from the pixel is in fact an integrated temperature, a 
composite signature which value does not match with the pure signature of the sub-pixel 
geothermal features we want to analyze. 
 
The thermal mixed pixel problem is schematized in Figure 66 taking as a reference hot spots 
from a lava flow. 
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Figure 66. The thermal mixed pixel. a) Schematic showing isothermal lava flow advancing 
across a pixel grid of isothermal ambient pixels. b) Effect of increasing pixel size: now all 
pixels across the lava flow are mixed. (c) Modeling the lava flow surface as a warm crust 
occupied by hot cracks. All pixels central to the lava flow are mixtures of two thermal 
components (warm crust + hot cracks), and edge pixels are mixtures of three components 
(warm crust + hot cracks + cold background). (d) Mixed pixel possibilities when small hot 
vents are scattered across the pixel grid, with the vents either falling within a pixel or 
straddling two or more pixels depending on the placement of the grid with respect to the 
scattered hot spots. Figure and caption taken from Harris (2013). 

 
 
In order to solve this problem, the dual-band method developed for Dozier (1981) was tested. 
The method was initially applied to steel mills and oil field gas flares and has been applied to 
active volcanoes (Harris, 2013). The physics of the method is based on the hybrid Planck curve 
showed in Figure 67 . Taking as a reference the example from Harris (2013) applied to a 
volcanic eruption, the Planck curves for surfaces from 0 to 950°C are plotted, as well as the 
responses of those curves on the center wavelength of the NIR (1.6!"m), SWIR (2.22!"m), 
MIR (3.74 "m), and TIR (11.4 "m). The Planck hybrid curve corresponds to a hot vent of 2 m 
radius at 950°C centered in a 30x30 m pixel with background temperature of 25°C. The hybrid 
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curve crosses the pure Planck curves and is closer to the hot Planck curve close to the NIR and 
closer to the cold Planck curve close to the TIR.  
 

 
Figure 67. Planck curves for pure hot and cold surfaces, and the hybrid Planck curve for a 
mixed pixel corresponding to a 2 m radius hot vent of 950°C centered in a 30x30 m pixel with 
background temperature of 25°C, (Harris, 2013). 

The dual-band method takes advantage from the behavior of the hybrid Planck curve across 
the different spectral bands; for a pixel containing two components: one cold and one hot spot, 
we can use two bands, assuming that the radiance detected for each band corresponds to the 
hot spot radiance occupying 100% of the pixel. However, knowing that the hot spot has a 
portion p in the pixel area, once both curves are plotted temperature vs. pixel portion, the 
interception will give the hot component temperature Th and the pixel portion p occupied by 
that hot spot. This is schematized in Figure 68.  
 

 
Figure 68. The dual-band technique. The MIR and TIR p and Th combinations are plotted 
showing convergence at the solution p=0.0140 ant Th=950°C, corresponding to the size and 
temperature of a hot vent  into the pixel. 
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The numerical solution uses two simultaneous equations corresponding to the spectral radiant 
exitance for the two bands (#$!%&'!#() at the pixel-integrated kinetic temperatures Tint. 
 

* #$, ,-./ = 1* #$, ,2 + 1 − 1 *(#$, ,7) 
Eq. 23 

* #(, ,-./ = 1* #(, ,2 + 1 − 1 *(#(, ,7) 
Eq. 24 

Those two equations have three unknowns, the hot temperature component Th, the cold 
component Tc, and the proportion p, thus, in order to be able to solve them one of those three 
unknowns has to be assumed. Re-arranging the pair of equations as follows (Eq. 25 and Eq. 
26), we can take the integrated temperature from each pixel, set the background temperature 
(for example the ambient temperature) as Tc, set Th above Tc (for example Tc + 1°C) and repeat 
the process increasing Th until!89$/ 89( = 1.  
 

89$ =
* #$, ,-./ − * #$, ,7
* #$, ,2 − * #$, ,7

 

Eq. 25 

89( =
* #(, ,-./ − * #(, ,7
* #(, ,2 − * #(, ,7

 

Eq. 26 

The dual-band technique solves the thermal pixel assuming two components, but in reality, 
many thermal components are composed within the thermal pixel. For solving for more than 
two components, three thermal bands are required as well as a more complex interaction among 
them, however, the dual-band technique can be a good approach when the studied hot spot has 
very contrasting temperature compared with the background, for example lava flowing at the 
surface.  
 
For the case of geothermal thermal anomalies, the challenge is the low contrast between the 
geothermal surface manifestation and the background temperatures. The geothermal hot spots 
have relatively low temperature (from few degrees above the background to around 90°C as 
maximum), so they are detectable just for the TIR bands. Nevertheless, during this research the 
dual-band method was tested by using TIR bands. The algorithm was executed by using IDL 
and ENVI® 5.1. The algorithm was taken from Aufaristama et al., (2017) and adapted to the 
study area parameters.   
 
Figure 70 shows the hot component temperature map derived from the dual-band technique on 
the Landsat 8 data set from July 30, 2016. The Tint input was obtained for the TIR bands (band 
10 and 11) using the Planck function (Figure 69). The model had to assume a Tc value, for that, 
first the ambient temperature (5°C) was chosen. The algorithm works in a loop, pixel by pixel 
until the condition 89$/ 89( = 1 is achieved, after that, the Th for each pixel is obtained. By 
using 5°C as Tc, values of around 200°C were obtained for areas where No thermal anomalies 
were expected. After that, many random trials were done, until the discovery of the -33°C value 
for Tc. That value makes sense after the analysis of the integrated temperature histogram for 
the whole scene, since that value matches the lowest value of the image. With -33°C as Tc 
value, the hot component temperature map (Figure 70(a)) was obtained. The way to interpret 
the map is in conjunction with the plot of hot component temperature vs. pixel portion of Th 
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(Figure 70(b)). By doing this, we can see that the hottest areas with values around 100°C 
occupy around 20% of the pixel size (red area in the plot), which means a 13 x 13 m hot spot.  
 

 
Figure 69.  Tint input for the TIR bands 10 (a) and 11 (b) of the Landsat 8 TIRS from July 30, 
2016. 

 
Figure 70. The dual-band technique results; (a) Hot component temperature map. (b) Hot 
component temperature vs. Pixel portion of Th plot. Tc assumed= -33°C and pixel size 30 x 
30m. Landsat 8 TIRS from July 30, 2016.  

 
 

 
With the assumed Tc, and the obtained Th and p (fot Th), is possible to calculate a new integrated 
temperature by using Eq. 27. Obtained values are very similar to the Tint that was used as input. 
The corrected integrated temperature map is shown in Figure 71. 
 

,-./ = !,2 1 +!,7(1 − 1) 
Eq. 27 
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Results from this test, with this particular image (Landsat 8 TIRS data set from July 30) seemed 
to solve the thermal mixed pixel with values close to the expected real scenario. However, 
when the same method was applied to other satellite images, very high temperatures for Th 
were obtained, close to 200°C, and just decent values came up when very low values for Tc 
were set, for example -130°C. The problem continued with the ASTER images (bands 10 and 
14). The Tc value assumed from the histograms released very high and unrealistic Th; just 
random very low temperatures seemed to work.  
 
Although the method was not successful for the lack of reproducibility and the no control over 
the assumed Tc parameter, the test done during this research work can be taken as reference for 
further projects where un-mix the thermal pixel of geothermal areas is needed.   
 
 

 
Figure 71. Corrected integrated temperature map for the Landsat 8 TIRS from July 30, 2016. 
Pixel size 30 x 30m. Th and p for Th calculated assuming Tc= -33°C.  

 
 
 


