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Abstract 

In areas of anomalously high crustal heat flow, geothermal systems transfer heat 
to the Earth’s surface often forming surface expressions such as hot springs, fuma-
roles, heated ground and associated mineral deposits. Geothermal systems are in-
creasingly important as sources of renewable energy, are natural wonders often af-
fording protected status, and their study is relevant to the monitoring of deeper 
magmatic processes. Thermal infrared (TIR) remote sensing provides a unique 
tool for mapping the surface expressions of geothermal activity as applied to the 
exploration for new geothermal power resources and within long term monitoring 
studies. In this chapter we present a review of the use of TIR remote sensing for 
investigations of geothermal systems. This includes discussion on the applications 
of TIR remote sensing to the mapping of surface temperature anomalies associated 
with geothermal activity, to the measurement of near-surface heat fluxes associat-
ed with these features as input into monitoring and resource assessment, and for 
mapping of surface mineral indicators of both active and recently active hydro-
thermal systems 

17.1 Introduction 

Geothermal systems occur in regions of anomalously high crustal heat flow that 
may be related to the presence of young igneous bodies or hot rocks located deep-
er in the crust. This elevated geothermal heat is normally transferred to the surface 
by the convection of ground waters that forms hydrothermal systems: surface wa-
ters circulate to depth where they are heated and rise to the surface via a subterra-
nean ‘plumbing system’ of closely spaced fractures or other zones of permeable 
rock (Figure 1). If rising hot waters reach the surface then characteristic geother-
mal features such as hot springs, fumaroles, and geysers may form. 
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When heat contained within the fluid filling fractures and permeable rocks is suf-
ficiently accessible this can be exploited for power generation or direct use (geo-
thermal energy). Around the world, geothermal energy accounts for approximately 
10,700 megawatts-electric (MWe) of power production with estimates of the po-
tential resource ranging from 35 - 2,000 gigawatts-electric (Fridleifsson et al., 
2008). In areas of high crustal heat flow, such as the Great Basin of the western 
United States, geothermal power offers an attractive low-carbon alternative to tra-
ditional fossil-fuel based energy and as such there is increasing interest in the ex-
ploration and development of new geothermal resources. 
 
The study of surface geothermal activity and heat loss associated with magmatic-
related systems is important for monitoring of subsurface igneous activity. For ex-
ample, the abundant geothermal features of Yellowstone National Park are the sur-
face expressions of the largest active volcanic system in North America. Surface 
hydrothermal activity at Yellowstone has been observed to change over time indi-
cating variations in the activity of the geothermal system that may be in-turn relat-
ed to changes in magmatic activity (Heasler et al., 2009). The surface expressions 
of many geothermal systems, including Yellowstone, are also of cultural im-
portance that has afforded them protected status. The need to explore and exploit 
some geothermal systems for power generation, and the need to preserve other ge-
othermal surface features in their natural state for cultural reasons, drives the cur-
rent practices on exploration and monitoring of geothermal systems. 
 
TIR remote sensing provides data with synoptic coverage for investigating the sur-
face manifestations of geothermal systems as applied to both energy production 
and also for more fundamental research and monitoring. TIR remote sensing pro-
vides a method for rapid mapping and quantifying surface geothermal features in 
support of exploration and assessment of new resources. In addition, TIR data can 
be used to monitor these features at developed reservoirs that may provide indica-
tions of unsustainable resource extraction or provide estimates of surface heat loss 
as input to reservoir models. The use of TIR data to map and quantify surface geo-
thermal features also supports long term monitoring of magmatic-related and/or 
protected systems. 
 
In this chapter we present a review of the use of TIR remote sensing for investiga-
tions of geothermal systems. This includes discussion on the application of TIR 
remote sensing to the mapping of surface temperature anomalies associated with 
geothermal activity, to the measurement of near-surface heat fluxes associated 
with these features as input into monitoring and resource assessment, and for 
mapping of surface mineral indicators of both active and recently active hydro-
thermal systems. 
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17.2 Surface manifestations of geothermal systems 

Geothermal systems display surface manifestations when there is sufficient per-
meability to enable geothermal waters to rise to and outflow at the surface. De-
pending upon the temperature and outflow rate of geothermal fluids, discrete sur-
face features can include hot springs, seeps, fumaroles, geysers, mud-pots, and 
steam-heated pools. More widespread areas of heated or steaming ground occur 
due to conductive heat loss above outflow zones containing geothermal fluids and 
as a result of the direct convective heating from steam or hot water (Figure 1). The 
temperatures of geothermal fluids show a considerable range: low-temperature 
systems (<90°C) are referred to as spring-dominated as outflow occurs via hot 
springs or seeps. Systems with intermediate (90-150°C) and high (150-240°C) 
temperature fluids are vapor-dominated as these fluids boil in the subsurface, due 
to lowering hydrostatic pressure, producing steam or water/steam dominated sur-
face features such as fumaroles, geysers, and steaming ground (Figure 1). 
 
Subsurface geothermal fluids will tend to dissolve minerals in the rocks along the 
fluid circulation paths that they travel.  This can lead to the development of new 
alteration minerals, such as clays, zeolites, and calcite and the removal of minerals 
as the dissolved load in geothermal fluids (Glassley, 2010). Both the intensity and 
products of this alteration reflect the temperature and chemistry of geothermal wa-
ters, as well as the composition of the surrounding bedrock. As geothermal waters 
cool with distance from the heat source the dissolved mineral load may start to 
precipitate. In some cases, surface discharge of these fluids forms mineral deposits 
as the waters cool and the dissolved load precipitates that include: 1) siliceous sin-
ters encompassing various forms of silica deposited by high-temperature fluids 
(>175°C); 2) travertine, which is mainly calcium carbonate deposited by lower 
temperature geothermal fluids;  3) borates, sulfates, and chlorides (Glassley, 
2010). 
 
The lack of current surface activity does not necessarily indicate that a geothermal 
system is absent at depth. Many geothermal systems are classified as ‘blind’ when 
they do not display currently active surface expressions. This may arise when geo-
thermal fluids cool before they reach the surface or are not able to reach the sur-
face due to lateral flow in deeper aquifers or the presence of impermeable capping 
layers (Figure 1). As many geothermal systems are blind there has been consider-
able effort to identify these undiscovered resources. For example, Coolbaugh and 
Shevenell (2004) estimated that the undiscovered geothermal resources in the 
State of Nevada significantly exceed the known resources. 
 

(Insert Figure 1) 
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17.3 Mapping geothermal surface temperature anomalies 

TIR remote sensing data can be used to map and quantify temperature anomalies 
associated with surface geothermal features such as hot springs, geysers, fuma-
roles, and heated ground. This approach has been used for many years as a cost-
effective tool for geothermal exploration over large areas enabling subsequent se-
lection of targets for further exploration using more expensive ground-based sur-
veys (Hodder, 1970; Lee, 1978; Mongillo, 1994; Haselwimmer et al., 2011). In 
addition, TIR remote sensing has been applied to the inventory and long-term 
monitoring of thermal features associated with developed and protected geother-
mal systems (Mongillo, 1994; Seielstad and Queen, 2009).  
 
Much of the published research on the use of TIR remote sensing for mapping sur-
face temperature anomalies has focused on the use of airborne thermal imagery 
acquired with broadband or multispectral instruments. High resolution airborne 
thermal data (i.e. < 5 m pixels) enables detailed mapping of surface geothermal 
features that may be small in size or display limited temperature contrast with sur-
rounding non-geothermal surfaces. 
 
Hodder (1970) acquired pre-dawn broadband thermal imagery (in the 8-14 µm 
wavelength region) in the region of Long Valley and the Salton Sea, California, 
USA to map surface geothermal anomalies. Simple visual analysis and application 
of thresholds to the thermal data provided the basis for identification of hot waters 
at springs and heated ground overlying faults providing potential indicators of ge-
othermal upwelling zones. Lee (1978) also exploited pre-dawn airborne thermal 
imagery to map geothermal features in the Black Rock Desert area of Nevada, 
USA. The thermal data provided an effective method for inventorying known geo-
thermal features and mapping many previously unreported hot springs and related 
fractures.  
 
Mongillo (1994) utilized a GEOSCAN MkII aerial scanner to acquire 3 m spatial 
resolution, multispectral TIR data (6 bands in the 8.4 - 11.6 µm wavelength re-
gion) during 1992 and 1993 for a 100 km2 area covering the Waimangu-Waiotapu 
geothermal region with the aim of mapping and monitoring surface geothermal 
features. The acquired thermal data was empirically calibrated using in-situ meas-
urements of non-geothermal water bodies and the resultant surface temperature 
data was visually interpreted. The results enabled mapping of all the known and 
many previously unidentified geothermal features including hot springs, hot 
ground, and thermal seeps into lakes. The results clearly outlined that geothermal 
features at the Waiotapu field occur along lineations providing strong evidence for 
a fault controlling the upflow/outflow of geothermal fluids. Comparison of the re-
sults from the different years indicated that a large hot spring appeared in the 
Waimangu geothermal field between the two survey dates, which indicates the po-
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tential of TIR data for monitoring temporal changes in geothermal surface fea-
tures.  
 
Seielstad and Queen (2009) used airborne multispectral midwave- (MWIR: 3.6 – 
5.1 µm) and longwave-infrared (8.1 – 12.4 µm) data acquired with an ADS 
SpectraView and US Fish and Wildlife Service (USFWS) ‘Firemapper’ system re-
spectively to map and monitor thermal features in the Norris Geyser Basin, Yel-
lowstone National Park. The ~1-3 m spatial resolution data acquired during day-
time and nighttime surveys in 2005 and 2006 was calibrated to surface kinetic 
temperature values with an empirical correction using in-situ temperature meas-
urements. The TIR data enabled detailed mapping of surface geothermal phenom-
ena in the Norris Geyser Basin including discrete features such as hot springs and 
geysers as well as ‘background’ areas of sinter and heated ground. Seielstad and 
Queen (2009) used the data to broadly delineate the geographic boundaries of the 
Norris Geyser Basin that was previously poorly defined. In addition, more detailed 
mapping of a series of sub-basins within the Norris Geyser Basin was also under-
taken. For the 2005 data, snow fall prior to the survey facilitated the mapping of 
geothermal ground that was snow free in contrast to the surrounding snow covered 
non-geothermal areas. 
 
Haselwimmer et al. (2011) acquired ~1m spatial resolution airborne thermal im-
agery using a broadband FLIR systems A320 camera (operating in the 7.5 – 13 
µm wavelength region) during fall and winter-time surveys over Pilgrim Hot 
Springs located near Nome in Western Alaska. The TIR data was calibrated to sur-
face temperature values using a combination of MODTRAN and an empirical ad-
justment with in-situ temperature measurements. Georeferencing of the data was 
undertaken using the GPS positions of low-emissivity thermal blankets that pro-
vided distinctive ‘cold’ targets in the TIR imagery. The mosaicked and calibrated 
data enabled the detailed mapping of known and previously unmapped geothermal 
features including hot springs and pools, thermally anomalous ground (Figure 2), 
and ice free-areas on the nearby Pilgrim River that indicated geothermal outflow 
at a distance from the known spring’s site. The TIR data provided, in particular, 
very detailed information on the location and temperature of hot springs and 
sources of more diffuse geothermal outflow that were not obvious from field in-
vestigations. The mapping of these features indicated two broad swaths of general-
ly high temperature and low temperature springs that suggests an elongated zone 
of permeability, possibly related to the presence of an N-S oriented fault. The 
2011 TIR data, acquired during Alaskan winter-time conditions, was effective for 
mapping areas of heated ground that appeared as areas of anomalous snow-melt. 
These areas did not display anomalous surface temperatures in the fall 2010 sur-
vey, probably due to the presence of vegetation cover or the effects of solar heat-
ing.  
 

(Insert Figure 2) 
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Although coarse spatial resolution satellite thermal sensors (60-90 m pixels), such 
as Landsat or ASTER, have limited potential for detailed mapping of discrete geo-
thermal features a number of studies have exploited these datasets for broader 
scale detection of geothermal anomalies. These studies have commonly applied 
data processing techniques to enhance and detect what may be subtle surface tem-
perature anomalies. At the resolution of satellite TIR data, pixels corresponding to 
geothermal areas normally record a mixture of emitted radiance from geothermal 
sources as well as from background non-geothermal surfaces. This acts to reduce 
the measured temperature of pixels corresponding to geothermal. When this is 
compounded by other environmental factors such as land surface type, topogra-
phy, albedo, and thermal inertia then it can be difficult to locate geothermal anom-
alies with confidence. 
 
Kienholz et al. (2009) used multi-temporal Landsat thermal data to map geother-
mal anomalies on the Island of Akutan located on Alaska’s Aleutian Arc. Twelve 
summertime cloud-free scenes were selected from the Landsat archive corre-
sponding to acquisitions over Akutan Island between 1985 and 2008. The Landsat 
thermal bands were calibrated to surface kinetic temperature and an image stack-
ing procedure was used to highlight persistent surface temperature anomalies and 
subdue background transient temperature effects associated with local scene spe-
cific conditions. As some persistent temperature effects remained after stacking, 
the results were further classified based upon elevation, slope, vegetation type and 
geology. This processing strategy was able to map the locations of the known fu-
marole field and thermal springs and also revealed three new distinct regions of 
surface thermal anomalies providing targets for field investigations. 
 
A number of studies have used ASTER data to detect surface geothermal anoma-
lies by minimizing the temperature variations caused by diurnal solar heating ef-
fects (Coolbaugh et al., 2007; Eneva et al., 2007; Eneva and Coolbaugh, 2009). 
Factors such as albedo, topographic slope/aspect, emissivity, and thermal inertia 
affect the temperature changes of Earth surfaces  over the 24 hour temperature cy-
cle (Taranik et al., 2009). These variations may mask subtle temperature anoma-
lies related to subsurface geothermal heating in TIR data. An example of this is 
the main sinter terrace at Steamboat Springs, Nevada, USA, where pre-dawn TIR 
images do not detect a thermal anomaly in spite of their being numerous fuma-
roles present at the site (Taranik et al., 2009). This is explained by the low albedo 
of the sinter that reflects much of the sun’s energy during the day, and its low 
thermal inertia, which causes it to cool off rapidly at night.  
 
In a study of Bradys Hot Springs, Nevada, USA, Coolbaugh et al. (2007) pro-
cessed a day/night pair of ASTER scenes (acquired on the same date) to minimize 
the effects of diurnal heating. Using the ASTER Level 2 on-demand surface kinet-
ic temperature product (AST08), Coolbaugh et al. (2007) applied corrections for 
albedo, topographic slope, and thermal inertia based upon a simplified heat energy 
model describing net surface radiation flux. Surface temperature variations related 
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to differences in albedo were corrected using the ASTER visible and infrared 
bands and a Digital Elevation Model (DEM) was used to correct for the effects of 
topographic slope and aspect. The impact of thermal inertia on surface tempera-
ture was corrected using mean surface temperatures for the diurnal cycle derived 
by adjusting the average of the ASTER day/night pair using field measurements of 
ground surface temperatures made over the same 24-hour period (Coolbaugh et 
al., 2007). In the resultant processed image (Figure 3), background variations in 
temperature were reduced by 30-50% whilst the intensity values of geothermal 
anomalies were retained. This made it easier to distinguish geothermal activity 
from false thermal anomalies associated with variations in topography, rock/soil 
types, and non-thermal springs (Coolbaugh et al., 2007). 
 

(Insert Figure 3) 
 
Eneva et al. (2006) applied a simplified version of the method used by Coolbaugh 
et al. (2007) to map thermal anomalies in the Coso geothermal field, California, 
USA, also using a daytime/nighttime pair of ASTER images. In this study, the 
correction for thermal inertia effects was simplified due to the lack of field meas-
urements of surface temperatures over the 24 hour cycle. In spite of this, the pro-
cessed ASTER data was effective in enhancing some thermal anomalies and sup-
pressing false positives. 
 
Whilst the method of Coolbaugh et al. (2007) is effective at enhancing geothermal 
anomalies and suppressing many non-geothermal effects, there are several limita-
tions of this approach. The method uses a simplified surface energy balance model 
that does not account for sensible and latent heat losses. The assumption of radia-
tion being the main control on heat loss is valid for dry non-vegetated ground, 
such as is commonly encountered in the Great Basin of the Western US, but will 
not hold for areas of moist ground or vegetation where heat loss will be dominated 
by evaporation and transpiration (Coolbaugh et al., 2007). Eneva and Coolbaugh 
(2009) also describe how elevation and temperature inversions may effect ASTER 
surface temperature values and that these factors should ideally be taken into ac-
count when processing thermal images to enhance geothermal anomalies. 

17.4 Quantifying geothermal heat fluxes 

Hot springs, fumaroles, mud-pots, and steaming or heated ground are the surface 
expressions of conductive and convective heat loss from geothermal systems. As 
described in the previous section, TIR remote sensing provides a means to map the 
spatial distribution, extent, and temperature of these features that can in turn be 
used to estimate the conductive and convective heat loss near the surface. The 
measurement of this surface heat loss (aka. the near surface Geothermal Heat Flux 
– GHF) is important for long-term monitoring of geothermal systems (Heasler et 
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al., 2009), can be used to assess the resource potential of undeveloped geothermal 
reservoirs (Wisian et al., 2001), and also be applied to monitoring and modeling of 
developed resources (Allis, 1980). 
 
Although TIR remote sensing has been widely used to monitor heat loss from vol-
canoes (Pieri and Abrams, 2004; Carter et al., 2008), it has been applied less in the 
monitoring of geothermal or hydrothermal systems. This is in spite of the fact that 
magmatic-related hydrothermal systems may be linked with volcanic activity and 
elevated surface heat loss (e.g. increased hot spring temperature or geyser activity) 
may provide indications of more deep seated magmatic unrest.  
 
Much of the work on the use of TIR remote sensing for monitoring of geothermal 
heat loss has been applied to Yellowstone National Park. Airborne thermal sur-
veys of the Norris Geyser basin acquired between 2002 and 2006 have been used 
to map surface geothermal activity and monitor the associated GHF (Seielstad and 
Queen, 2009). To quantify GHF Seielstad and Queen (2009) used the Stefan-
Boltzmann equation to calculate the radiative component of heat loss from air-
borne surface temperature data. For geothermal features this radiative heat loss 
was corrected for the background flux using the average radiative flux from non-
geothermal areas. This adjustment removed the background radiation from surfac-
es at ambient temperature to yield just the geothermal component and also had the 
effect of normalizing GHF estimates from the different survey dates. Rather than 
using a single value for the background flux, this was calculated for each land 
cover type. For example, the background flux of vegetation outside the geothermal 
areas was used to correct flux values of vegetated patches within elevated temper-
ature areas. Using this approach Seielstad and Queen (2009) estimated the GHF 
for Norris Geyser Basin from 2002, 2005, and 2006 airborne thermal data to be 
136, 137, and 114 megawatts of thermal energy (MWth), respectively. Given the 
uncertainty in background flux, combined with noise from calibration and emis-
sivity separation, Seielstad and Queen (2009) concluded that there was no detecta-
ble change in the GHF over this period. In addition, Seielstad and Queen (2009) 
highlighted that from a synoptic perspective most of the geothermal heat loss did 
not occur from discrete high temperature features, such as hot springs or fuma-
roles, but from the more spatially extensive areas of ‘background’ thermally 
anomalous ground. 
 
Watson et al. (2008) mapped a lower bound for the surface GHF for Yellowstone 
National Park using Landsat 7 ETM+ data by calculating a residual terrestrial 
emittance anomaly (TEA) for snow-free areas that accounted for elevation and so-
lar effects. Processing of the ETM+ thermal data involved calibration to surface 
emittance by correcting for atmospheric and surface emissivity effects and inte-
grating the cosine of the emission angle over the emissive hemisphere (Watson et 
al., 2008). Calculation of TEA was undertaken by developing a multiple linear re-
gression model linking surface heat losses to the surface temperature and non-
geothermal heat gains to elevation and absorbed solar radiation. The latter was de-
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rived from a simple model of solar irradiation of hilly terrain, and surface albedo 
estimated from summation of the non-thermal bands of the ETM+ data (Watson et 
al., 2008). TEA was calculated as the residuals of this multiple linear regression 
model. Using this approach, Watson et al. (2008) mapped the TEA with values 
ranging from 0 W m-2 up to 94 W m-2  throughout Yellowstone National Park that 
clearly discriminated geothermal from non-geothermal areas. The TEA results 
were validated against values of GHF calculated from the inversion of a snowpack 
model. Comparison of TEA and GHF values showed good agreement although the 
TEA was consistently lower and provided a lower bound on GHF for the Yellow-
stone geothermal system (Watson et al., 2008). 
 
Vaughan et al. (2011) analyzed ASTER and MODIS thermal data for Yellowstone 
National Park acquired in the 2000 to 2010 period with the aim of monitoring sur-
face geothermal activity by calculating the radiant component of heat loss for geo-
thermal areas. The frequent but low resolution (1km) MODIS data was analyzed 
and a method for subtracting the seasonal variation in background thermal flux 
was developed. This aimed to identify normal background thermal changes so that 
significant or abnormal changes related to geothermal activity could be recog-
nized. Analysis of the MODIS data using this method indicated that all of the 
thermal areas were stable during the 2000 to 2010 period. Vaughan et al. (2011) 
also used higher spatial resolution but less frequently acquired ASTER thermal 
data to calculate radiant GHF for the whole of Yellowstone National Park that re-
sulted in an estimate of ~2 GWth (gigawatts thermal energy), which is somewhat 
lower than the value of 4-6 GWth calculated from geochemical methods. 
 
A number of studies have applied airborne TIR remote sensing to estimate geo-
thermal heat flow in support of the assessment of new geothermal prospects and 
monitoring of existing developed resources. Allis et al., (1999) analyzed pre-dawn 
airborne thermal imagery over the Dixie Valley (Nevada, USA) and Wairakei 
(New Zealand) developed geothermal fields with the aim of mapping the near-
surface conductive component of GHF. Using in-situ shallow temperature meas-
urements and a fixed value of soil thermal conductivity (~0.5 W/m°C), Allis et al. 
(1999) established an empirical relationship between surface conductive heat flow 
and thermal infrared surface temperature values for areas of heated ground. Alt-
hough this approach provided a simple method of converting TIR imagery into 
surface heat flow maps, Allis et al. (1999) point out a number of significant limita-
tions and uncertainties with this approach: 1) the ‘ambient’ temperature of non-
geothermal ground must be in the range 15-20°C; 2) the surface soil temperature 
for geothermally heated ground must be less than 90°C so that steam does not af-
fect TIR-derived temperature values; 3) the effects of solar heating, emissivity or 
rainfall should be minimized. Mongillo and Graham (1999) applied the same em-
pirical approach to estimate conductive heat flow using airborne thermal data ac-
quired over part of the Taupo geothermal area in New Zealand. They mapped 
anomalous geothermal features with temperatures > 2°C above background and 
estimated a conductive heat flow of ~2.5 MWth that was supporting these features. 
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Bromley et al. (2011) used airborne thermal imagery to estimate the heat flux as-
sociated with steaming ground at the Wairakei-Tauhara geothermal system in New 
Zealand for the purposes of providing improved estimates of surface heat loss for 
reservoir simulation models. Three different approaches were applied to the air-
borne thermal data to calculate the heat flux associated with steam-heated ground: 
1) for thermally anomalous ground, areas of steam heating were delineated (based 
upon a dip in expected surface temperature related to the presence of steam) and 
surface temperature values for these areas were used to derive boiling point depths 
that then formed the basis of heat flux estimates using an empirical relationship; 2) 
for areas of steam-heating, the heat flux was directly calculated using an empirical 
relationship between heat flux and the temperature difference between steam heat-
ed ground and ambient atmosphere; 3) for areas of steam-heated ground, the ther-
mal flux was calculated directly from the surface temperature data by accounting 
for radiative, convective and conductive heat fluxes from anomalously hot ground 
to the air. Bromley et al. (2011) produced consistent values for heat flux associat-
ed with steam heated ground of 35.6, 33.4, and 32.4 MWth respectively for the 
three different methods. When these measurements were coupled with heat flux 
estimates from springs, seeps, and craters a total heat flux of ~86 MWth was calcu-
lated for the Wairakei-Tauhara area. 
 
Haselwimmer and Prakash (2011) used airborne thermal imagery acquired over 
Pilgrim Hot Springs during two surveys to quantify the convective heat flux and 
corresponding outflow rate of surface geothermal fluids as input into the resource 
assessment of this undeveloped system. The convective geothermal heat flux as-
sociated with surface geothermal fluids (i.e. hot springs, hot pools) was estimated 
from calibrated TIR surface temperature data for areas of hot water by accounting 
for radiative, evaporative, and sensible heat losses as well as heat gains from the 
geothermal source, incoming solar and atmospheric TIR radiation under no wind 
conditions. Using this approach the total convective heat flux supporting geother-
mal fluid outflow was conservatively estimated at ~3.65 MWth, which correspond-
ed to a flow rate, assuming a fixed hot spring temperature of 81°C, of ~195 gal-
lons per minute (GPM). These estimates were almost double that previously 
derived using in-situ measurements that demonstrated the value of the synoptic 
coverage of airborne TIR remote sensing, which was able to map all sources of 
hot fluid including those that were diffuse or of low temperature. 

17.5 Mapping geothermal indicator minerals  

Surface minerals deposited by geothermal waters or produced as a result of hydro-
thermal exhibit wavelength-dependent spectral absorption features across the visi-
ble to TIR wavelength regions. These spectral features provide the basis for map-
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ping of these materials using multispectral and hyperspectral remote sensing that 
can be used to map both active and blind geothermal systems (Kratt et al., 2006). 
 
Numerous studies have exploited the visible/near-infrared to shortwave infrared 
(VNIR/SWIR) wavelength region for mapping hot spring deposits and related 
bedrock alteration products using multispectral (Kruse, 2002; Hellman and 
Ramsey, 2004; Kratt et al., 2006) and hyperspectral (Hellman and Ramsey, 2004; 
Nash et al., 2004; Kratt et al., 2006; Littlefield and Calvin, 2010) remote sensing. 
In the 0.4 – 2.5 µm wavelength region mineral spectral absorption features record 
the interaction of light with both cations (Fe, Mg, Al), and anions (OH, H2O, CO3) 
in mineral structures (Hunt, 1977). Minerals displaying diagnostic absorption fea-
tures that occur in and typify hydrothermal alteration systems include hydroxyl 
bearing clays, sulfates, carbonates, and sinters (Huntington, 1996). 
 
In the TIR wavelength region mineral groups including silicates, carbonates, sul-
fates, phosphates, and hydroxides display diagnostic spectral features that appear 
as emissivity minima, which are related to fundamental molecular vibrations with-
in different anion groups such as CO3, SO4, PO4, and SiO4 (Christensen et al., 
2000). Further, the stretching and bending modes of major cations (e.g. Mg, Fe, 
Ca, Na) provide the basis for detailed discrimination of mineral species and excel-
lent identification of specific silicate and carbonate minerals. The assumption of 
linear mixing of end-member emitted radiances also provides the basis for quanti-
tative estimation of modal compositions of mixed thermal emission spectra 
(Ramsey and Christensen, 1998). Typical minerals deposited by hot springs or as-
sociated with hydrothermal alteration display unique spectral emission features in 
the thermal infrared (Figure 4). Although many minerals of importance for geo-
thermal exploration do display distinctive absorption features in the VNIR/SWIR 
region, emission data provides capabilities in particular for discrimination of sili-
cate and carbonate minerals. The synergistic use of VNIR/SWIR and TIR spectral 
data provides the greatest potential for unambiguous mapping of specific mineral 
occurrences in support of geothermal exploration (Riley et al., 2008). 
 
Most research on the application of thermal emission data for mapping geothermal 
indicator minerals has focused on the use of the airborne SEBASS (the Spatially 
Enhanced Broadband Array Spectrograph System) and MASTER (MODIS-
ASTER Airborne Simulator) instruments particularly for study sites located in the 
Great Basin of the Western United States. SEBASS is an airborne push-broom 
hyperspectral imaging spectrometer designed by the Aerospace Corporation that 
acquires 128 channels of data in each of the 2.5 – 5.2 and 7.5 – 13.5 µm wave-
length regions (Hackwell et al., 1996). The MASTER system was designed by the 
NASA AMES Research Center and JPL to simulate the MODIS and ASTER in-
struments on board the NASA Terra satellite (Hook et al., 2001). MASTER ac-
quires multispectral TIR imagery using 15 and 10 bands covering the 3.1 – 5.2, 
and 7.8 – 12.9 µm wavelength regions, respectively.  
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Vaughan et al. (2005) have made the most significant contribution to the geother-
mal remote sensing literature in their study of the Steamboat Springs active geo-
thermal system in Nevada, USA. This study used high spatial resolution MASTER 
(5 m) and SEBASS (2 m) thermal emission data acquired on airborne surveys over 
Steamboat Springs during September 1999. The at-sensor long-wave infrared ra-
diance data for the two instruments was atmospherically corrected using the 
MODTRAN radiative transfer model (Berk et al., 1989) and the ISAC (In Scene 
Atmospheric Compensation) (Johnson, 1998; Vaughan et al., 2003) algorithm, re-
spectively followed by temperature-emissivity separation using the TεS (Gillespie 
et al., 1998) and emissivity-normalization (Kealy and Gabell, 1990) methods, re-
spectively. Mineral mapping of SEBASS and MASTER thermal emission data 
was undertaken using the commonly applied ‘hour-glass’ processing workflow 
(Kruse et al., 2003) that couples procedures for image data reduction (Minimum 
Noise Fraction transformation), end-member extraction (Pixel Purity Index), and 
spectral classification (Spectral Angle Mapper / Matched Filter). The mineralogy 
of mapped end-member classes was interpreted with reference to the spectra of 
pure minerals from the ASTER (Baldridge et al., 2009) and Arizona State Univer-
sity (ASU) (Christensen et al., 2000) spectral libraries. For the SEBASS results, 
linear mixtures of pure mineral library spectra were calculated to approximate the 
SEBASS end-member spectra and identify the presence of the dominant mixed 
components. The results of mineral mapping with MASTER data enabled broad 
discrimination of silica- and sulfate-rich ground (mapped as quartz, alunite, or 
opal) representing active geothermal areas and clay-rich ground (mapped as kao-
linite or montmorillonite) corresponding to areas of hydrothermal alteration. The 
spectral resolution of the SEBASS data enabled more detailed discrimination of 
pure minerals and assemblages including opal, quartz, alunite, albite, andesine, 
kaolinite, and a Na-Al sulfate. These mineral maps provided the basis for mapping 
of: 1) opaline sinter formed by recent geyser activity; 2) chalcedonic sinter 
(quartz) formed by older geyser activity; 3) Na-Al sulfates formed around active 
fumaroles; and 4) rocks that have undergone steam heated acid-sulfate alteration. 
Vaughan et al. (2005) found that the SEBASS thermal emission data provided the 
unique capability for discrimination of opaline sinter, which is a primary indicator 
mineral characteristic of active or recently-active geothermal systems. 
 

(Insert Figure 4) 
 
More recently, Reath and Ramsey (2011) analyzed SEBASS data acquired during 
airborne surveys in 2009 and 2010 over the Salton Sea active geothermal field in 
California, USA. Linear spectral deconvolution (Ramsey and Christensen, 1998) 
was applied to the 128 long-wave infrared channels to map surface mineral as-
semblages associated with geothermally active areas. Mapped minerals included 
anhydrite, gypsum, and an unidentified sulfate mineral. Mapping results for the 
latter indicate variations in abundance and extent between the two data acquisi-
tions suggesting this mineral is of a transitory nature having been formed due to 
surface and ground water activity. Scherer et al.  (2009) integrated SEBASS with 
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the airborne VNIR/SWIR ProspectTIR (www.spectir.com) sensor to acquire full 
wavelength hyperspectral data in 600 channels across the VNIR/SWIR, mid-wave, 
and long-wave (thermal) infrared regions for the purposes of mineral mapping. 
The use of this combined system provided complimentary spectral information to 
map a variety of minerals associated with active and recently active hydrothermal 
systems. 
 
Littlefield and Calvin (2009) used MASTER data to undertake geothermal explo-
ration in the region of Buffalo Valley, Nevada, USA. Mineral mapping using the 
MASTER thermal bands discriminated silica- and clay-rich surface materials. The 
MASTER VNIR/SWIR bands mapped carbonate and green vegetation. Overall, 
the results were inconclusive in terms of identifying specific geothermal indicator 
minerals. Littlefield and Calvin (2009) attribute this to either the absence of these 
surface minerals or to the low spectral resolution of MASTER data that was una-
ble to uniquely identify geothermal minerals. 
 
Although ASTER satellite multispectral TIR data (bands 10-14) has been used to 
map surface temperature anomalies associated with geothermal systems 
(Coolbaugh et al., 2007) and for broader lithological mapping (Ninomiya et al., 
2005) it has not been used extensively in the mapping of specific geothermal indi-
cator minerals. This reflects the low spatial (90m) and spectral resolution of this 
instrument that has limited potential for mapping small exposures of minerals pro-
duced by hydrothermal activity (Kruse, 2002; Littlefield and Calvin, 2009). 
ASTER thermal data does have potential to contribute regional-scale information 
that could be used to generate exploration targets or provide context for higher 
spatial resolution airborne surveys. For example, Rockwell and Hofstra (2008) in-
vestigated the potential of ASTER thermal emission data to contribute to geologi-
cal mapping and resource exploration studies across northern Nevada. This work 
analyzed a regional mosaic of ASTER thermal emission to map quartz and car-
bonate minerals. For a number of localities these mineral maps corresponded to si-
liceous and travertine deposits associated with active hot springs. 

17.6 Conclusions 

TIR remote sensing provides a unique tool for qualitative and quantitative investi-
gations of surface geothermal activity that can be applied to the exploration for 
new geothermal power resource and within the study and monitoring of geother-
mal systems. Airborne broadband TIR data enables detailed mapping of discrete 
surface geothermal features such as hot springs and fumaroles as well as more ex-
tensive areas of thermally anomalous ground. This supports geothermal power ex-
ploration by providing a means to locate unidentified resources as well as enabling 
detailed mapping of known systems that can contribute to targeting and planning 
of field work (e.g. using maps of hot spring locations to guide water sampling). 

http://www.spectir.com/�
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Airborne TIR data supports long-term monitoring of geothermal systems by 
providing a rapid and repeatable method of inventorying surface geothermal fea-
tures. In addition, methods for relating the temperatures of surface geothermal 
phenomena to estimates of near-surface thermal heat loss provide important inputs 
to the monitoring of geothermal activity and as applied to geothermal resource as-
sessment. The application of these methods to high resolution airborne TIR data 
provides estimates of conductive or convective heat loss supporting specific sur-
face geothermal features. This information, when integrated over the larger geo-
thermal area, can provide system-wide estimates of near-surface heat loss. Time 
series of these data may indicate changes in geothermal activity related to deeper-
seated magmatic unrest, hydrological changes, or caused by unsustainable produc-
tion of developed geothermal reservoirs. The increasing availability of low-cost 
broadband and multispectral TIR imaging systems, Unmanned Aerial Vehicles 
(UAV’s), and advanced image processing software (particularly for automated 
image registration and mosaicking) will reduce the costs of acquiring high spatial 
resolution airborne TIR imagery over large areas. This will support the use of air-
borne TIR imaging as a routine tool for exploration and monitoring of geothermal 
systems. 
 
Although the spatial resolution of satellite TIR data is too coarse to investigate 
specific geothermal features it has an important role to play in geothermal explora-
tion and monitoring. Approaches to enhancing geothermal anomalies in TIR data 
have potential to facilitate the mapping of undiscovered resources, including blind 
systems, over large areas and at low-cost. The repeat coverage of satellite TIR 
sensors also provides a crucial capability for long-term monitoring studies and 
augments airborne surveys by providing rapid, basin-wide estimates of geothermal 
heat loss in a consistent and repeatable manner. Both exploration and monitoring 
of geothermal systems will be supported by current and future satellite TIR imag-
ing instruments. In particular, the enhanced spatial and temporal resolution of the 
proposed NASA HyspIRI instrument has potential to enhance monitoring capa-
bilities. 
 
Airborne hyperspectral thermal emission data, whilst currently not routinely used 
for mapping of surface mineral deposits or alteration products in support of geo-
thermal exploration, has potential in the future to support these activities in syner-
gy with hyperspectral VNIR/SWIR data. Hyperspectral TIR emission data pro-
vides improved capabilities over data from the VNIR/SWIR region for 
quantitative mapping of silicates and carbonates that may be associated with sur-
face hydrothermal activity. This has potential to improve the mapping of blind ge-
othermal systems based upon the recognition of old hot spring deposits. The ap-
plication of -hyperspectral TIR emission data for these purposes will be supported 
by the further development of instrumentation by both government and commer-
cial organizations. 
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Figures 
 

 
 
Figure 1 – Schematic diagram of geothermal systems (A) formed by deep circula-
tion of fluids along faults and (B) related to magmatic activity. Arrows indicate di-
rection of flow of meteoric and geothermally-heated waters. Numbers on the fig-
ure indicate: 1) zone of recharge of meteoric waters; 2) conductive heating of 
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waters by geothermal source; 3) upflow along fault or fractures; 4) lateral outflow 
in deep aquifer forming a blind reservoir; 5) outflow in shallow aquifer with asso-
ciated surface manifestations; 6) boiling of geothermal waters in the subsurface. 
 

 
 
Figure 2 – Calibrated surface temperature data for part of Pilgrim Hot Springs ac-
quired during winter 2011 (left) and fall 2010 (right) airborne surveys using a 
FLIR thermal camera. This data highlights the location of hot springs, hot pools 
and areas of heated ground as manifested in areas of anomalous snow melt in the 
winter 2011 data (from Haselwimmer et al., 2011). 
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Figure 3 – ASTER day-night image for the Brady's Hot Springs area processed to 
minimize variations in temperature related to albedo, topographic slope/aspect, 
and thermal inertia (a) and unprocessed ASTER nighttime surface kinetic tem-
perature (AST08) image (b). Around 34-53% of temperature variation in (b) has 
been removed in (a) as evidenced from the variances in temperature of the areas 
encompassed in boxes 1 and 2. This processing has resulted in the Fumaroles at 
Brady’s Hot Springs being more readily discernible. Abbreviations: c = clouds, s 
= ground water springs, v = vegetation, W = ‘warm’ ground (from Coolbaugh et 
al., 2007) 
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Figure 4 – Top: results of mineral mapping using SEBASS data for Steamboat 
Springs - mapped minerals are shown in the different colors overlaid onto a gray-
scale emissivity image. Bottom: SEBASS spectra (colored lines) for the field lo-
calities indicated by triangles on the mineral map shown next to pure and mixed 
mineral library spectra (black lines) (from Vaughan et al., 2005). 
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