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ABSTRACT

This research aims to integrate and interpret thermal infrared remote sensing data with geological and geophysical information of
Paipa geothermal zone. Thermal bands of Landsat 7 ETM+ and Landsat 8 TIRS are used to retrieve the land surface temperature
(LST). A radiometer station is used to record field data, like subsurface temperatures measured at one-meter depth, surface
temperatures, air temperatures, relativity humidity, and atmospheric pressure. Two thermal Landsat images of different dates are
corrected by emissivity and atmospheric distortions, using a single channel and split window algorithm to generate LST maps. One
hundred ninety-seven points were used to generate a subsurface temperature map, finding six anomaly areas with temperature ranging
from 19.1°C to 37°C. To validate the results of remote sensing a spatial comparison between land surface temperature anomalies and
soil temperature anomalies were conducted; the results show a good spatial correlation between most anomalies of surface and
subsurface temperature. Land surface temperature results indicate that thermal anomaly areas are correlated with porous sedimentary
rocks at surface and faulted structures. Also, a comparison between low-resistivity zones and land surface temperature anomalies
have an acceptable spatial correlation. Some of the LST anomaly areas are validated by field geothermal manifestations and
geophysical results (low-resistivity zones). In conclusion, thermal infrared remote sensing data is a valuable tool for geothermal
exploration areas, combined with field data and geological-geophysical information facilitate the detection of geothermal resources.

1. INTRODUCTION

In Colombia, the supply of energy is dominated by hydraulic (70.08%) and fossil power plants (27.22%) (DNP, 2017). Unlike other
Latin American nations (i.e., Mexico, El Salvador, Chile), Colombia does not take advantage of its renewable energy resources. One
of this renewable resource is geothermal energy that refers to the heat produced inside the earth. This energy is transported to the
surface through water or steam (DiPippo, 2015), and is considered one of the cleanest energy on the planet (Dickson & Fanelli, 2003).
The most important application of geothermal energy is electricity production; however, it also has several applications like heating
and cooling spaces, baths, chemical production, among others (Lund & Boyd, 2015). According to Battocletti (1999), Colombia has
a geothermal potential of 2,210 MW, which principally belongs to volcanic areas. Paipa is one prospective geothermal site located in
the eastern cordillera; it is~130 km? in area and has occurrences of hot springs and steam vents. The area is characterized by rugged
topography that difficult conventional geological and geophysical surveys. Despite, different field studies have been carried out in
Paipa (Alfaro Valero C., 2002; Vasquez L., 2002; Velandia F., 2003; Cepeda & Pardo, 2004; Alfaro Valero & Espinoza, 2004; Alfaro
Valero C. 2005; Alfaro Valero C., 2005b; Ortiz & Alfaro, 2010; Franco J., 2012; Vasquez L., 2012; Rodriguez Rodriguez & Vallejo
Rodriguez, 2013; Llanos et al., 2015; Moyano 1., 2015; Rueda J., 2016). Currently, there have been no studies using satellite thermal
infrared (TIR). Thermal remote sensing is an alternative and complement for surveys in Paipa geothermal area.

Thermal remote sensing has become a useful tool for the exploration of geothermal resources. Its attractive is the quick mapping of
thermal anomalies and the temperature quantification of these. TIR technology can perceive minor temperature anomalies on the
order of 0.05-0.5°C over areas of up to hundreds of square kilometers (Darge et al., 2019). During the last 50 years, the use of this
technology has helped to identify surficial temperature anomalies related to volcanic and higher anomaly heat flow areas (Allis et al.,
1999; Ayenew, 2001; Haselwimmer et al., 2013). Multispectral satellites, such as Landsat 7 ETM+ and Landsat 8 OLI/TIRS have
thermal bands that are used to determine thermal anomalies in volcanic and geothermal areas (Mia et al., 2014, Chan & Chang, 2018,
Cesarian et al., 2018; Sekertekin & Arslan, 2019). Landsat 7 ETM+ has a thermal band with a spatial resolution of 60 m and a spectral
range between 10.4 and 12.5 pm. A single-channel algorithm was applied to this band to determine surface temperature anomalies
(Jiménez-Muiioz et al., 2009). Similarly, Landsat 8 TIRS has two thermal bands with a spatial resolution of 100 m and a spectral
range between 10.6 to 11.19 pm (band 10) and 11.5 to 12.51 um (band 11). A two-channel algorithm (Split Window) was applied to
these two bands (Du et al., 2015). Although TIR technology is effective, it is advisable to record soil temperature measurements to
validate the results of the thermal remote sensing.

Using this approach, this study used for the first time thermal remote sensing in the exploration of Paipa geothermal zone. We intend
to demonstrate the effectiveness of the TIR technology to determine geothermal anomalies, supported by field measurements that
allow the validation of satellite data. The main objective of this research is to define geothermal targets for commercial use (electricity,
baths, greenhouses).

2. STUDY AREA

Paipa is located in the eastern Cordillera of Colombia. This region has an altitude between 2500 and 2800 m.a.s.l. The area is framed
in the coordinatesW73°9°45.89°°, N5°46°15.676°” and W73°3°16.069°°, N5°38°42.717"" (Figure 1). The geology of the area includes
rocks such as sandstones (K1u, K2It, E1-2b, N1t, Qal), limestones (K1t), mudstones (K2ch, K2¢, K2p, K2E1g), siltstones (K2pl),
rhyolites, and volcanic deposits (Velandia, 2003) (Figure 2). The volcanic deposits are classified as ash flows, and ash falls,
ignimbrites, and domes blocks; the rhyolites correspond to body domes (Cepeda & Pardo, 2004). Volcanism is associated with
magmatic rise due to molten mantle material, perhaps due to the subduction of the Caribbean plate under South America (Jaramillo
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& Rojas, 2003). According to the results of apatite fission tracks and U-Pb dating, the volcanic activity occurred between 5.9 and 1.8
Myr (Bernet et al., 2016). These age match with the maximum uplift time of the eastern cordillera. From geological, geochemical,
and geophysical surveys carried out in Paipa propose the existence of two potential geothermal reservoirs, one deep with a temperature
0f~230°C and another shallow with a temperature of~75°C (Alfaro et al., 2017). The surface manifestations of the geothermal activity
are indicated by several hot springs and one steam vent, and they are located around of Paipa Tourism Institute and El Delfin and La
Playa pools.
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Figure 1. Location of the study area in Paipa-Boyaca, Colombia (the black dashed rectangle marks research area). The red
edge triangles represent main geothermal manifestations, and yellow edge circles represent well know geographic

reference points.
3. MATERIAL AND METHODS
3.1. Materials
3.1.1. Satellite data

Landsat images are primary information sources in this study. The images include scenes from Landsat 7 ETM+, Landsat 8 OLI/TIRS,
MODIS/Terra and ALOS-PALSAR. The spectral bands of red (30m / pixel), near infrared (30m/ pixel) and thermal infrared (60m-
100m/pixel) of Landsat images were used to determine the land surface temperature anomalies. We also used images of water vapor
content of the product MODO05_L2 (1000m/pixel) of MODIS/ Terra, which is used to correct the thermal emissivity of the surface
atmospherically. Also, a digital elevation model-DEM (12.5m/pixel) of the zone was obtained from the ALOS-PALSAR satellite.

The images cover path 7 and row 56 of Landsat images. Two Landsat diurnal images were used. These were acquired on the dates
2002-03-06 and 2016-02-01, for Landsat 7 and Landsat 8, respectively. These images were selected because they presented 0%
cloudiness for the research area and are of excellent quality.
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Figure 2. Geologic Map of the study area, from Velandia (2003) and Cepeda & Pardo (2004).

3.1.2. Field data

Fifty field measurements of soil, air, and surface temperatures, relative humidity, and atmospheric pressure were acquired. A
radiometric station RS (powered by solar energy) and a FLIR CAT-S60 thermal camera were used. The RS is composed of a data
logger, a solar panel, a radiometer, an infrared radiometer, a thermistor, and a multiparameter environmental sensor (Figure 3). Table
1 provides details of the RS sensors. Air and surface temperature data were used to correct and validate the temperature values of the
satellite images. The soil temperature data was used to create a map of soil temperature anomalies in the area.

Table 1. Instruments used in the field data collection

Variable Units Sensor Brand / Model
Soil Temperature °C Thermistor Apogee / ST100
Surficial C Non-contact Apogee / SI-
Temperature Infrared 4H1

P thermometer
Object surficial °C CAT FLIR /

Thermal camera
Temperature S60
Air Temperature °C
Vapor pressure kPa
Relative Humidity % VP-4 Decagon/PASS
RHT

Atmospheric kPa
Pressure

Figure 3. Radiometric Station (RS) used in field
acquisition.
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3.2. Methodology

This study was carried out with primary and secondary information (Figure 4). Primary information is satellite and field data.
Secondary information, they are previous work as geological map (Velandia, 2003), soil temperature data (Rodriguez & Vallejo,
2013), magnetotelluric survey (Gonzalez-Idarraga et al., 2017), and geothermal information (Alfaro et al., 2017). First, the satellite
images were processed digitally; second, a soil temperature map was generated; third, primary and secondary information were
overlayed; finally, geothermal anomalies were interpreted.
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Figure 4. General Methodological Framework.

3.3. Data processing
3.3.1. Satellite data processing

The physical basis of LST retrieval is the Blackbody radiation and the Planck function. Using this approach, different authors have
proposed algorithms to retrieve LST. In this study, we used a single channel algorithm for Landsat 7 ETM+ (Jiménez-Mufioz &
Sobrino, 2003; Jiménez-Muiioz et al., 2009) and a split window algorithm for Landsat 8 TIRS (Du et al., 2015). Before using these
algorithms, digital numbers of Landsat have to be radiometrically calibrated DN—L2 (USGS, 2018 and 2016). Once with the
radiance values (Lz), an atmospheric correction was applied to the visible and near-infrared bands. This correction is applied due to
absorption and dispersion processes, as a result of the existence of water vapor, gases (Ozone, Oxygen, Carbon Dioxide, Nitrogen
Oxide, etcetera.) and molecules in the atmosphere, which affect the amount of radiation received by the sensor. The atmospheric
correction module Fast Line-of-Sight Atmospheric Analysis of Spectral Hypercubes (FLAASH) was used. FLAASH is a first-
principles atmospheric correction tool incorporating the MODTRAN (MODerate resolution atmospheric TRANsmission) radiation
transfer model to compensate for atmospheric effects, which is being established by the Air Force Phillips Laboratory, Hanscom AFB
and Spectral Sciences, Inc. (Adler-Golden et al., 1998 in Chan et al., 2018). Spectral reflectance of the visible (pred) and near-infrared
(pnir) bands were obtained. Next, thermal surface emissivity is calculated using NDVI threshold method (NDVI™). Sobrino et al.,
(2004) proposed this method, it is based on the determination of the emissivity for each pixel, based on the proportion of vegetation
Pv, obtained from the values of the Normal Differential Vegetation Index (NDVT), equation (1).

NDVI = PNR ~ Prep )
PNR ~ PrED

NDVI™ consider three different surface classes, dependent on the NDVI values: a) Bare soil (NDVI <0.2), b) mixed surface
(0.2>NDVI<0.5), and c) Surface fully covered with vegetation (NDVI> 0.5).

a) Bare soil (NDVI <0.2): The emissivity value for Landsat 7 images is established as constant € = 0.97. In the case of Landsat 8
images, the emissivity was determined from the pred, for each of the thermal bands, £10=0.973-0.047pred, and £11=0.984-0.026pred
(Yu etal., 2014).

b) Mixed surface (0.2 > NDVI <0.5): The pixels are considered as a mixture between vegetation and bare soil. The emissivity is
obtained as a function of the proportion of vegetation, as follows, e=gv Pvtes (1-Py)+de, where, &y is the emissivity of the
vegetation, &s is the soil emissivity, and de is a term which includes the effect of geometric distribution of natural surfaces and

_ 12
internal reflections (Sobrino et al., 2004). The Py is calculated from the following equation, P, = [%] , where
max min

NDVImin=0.2 and NDVImax=0.5. de is calculated in the following way de=(1-&s )(1-Pv )*F*ey, where F is a form factor, with a
mean value of 0.55, which considers different kinds of geometric distribution.
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For the case of the Landsat 8 thermal bands, the average emissivity values of the soil and vegetation of each one were taken into
account: &10= 0.9668, &s11= 0.9747, &vi0= 0.9863 y &y11= 0.9896 (Yu et al., 2014).
¢) Surface fully covered with vegetation (NDVI> 0.5): It was assumed for both Landsat 7 and Landsat 8 images, a constant value
£=0.99.

Finally, the LST result is computed from a single channel (Landsat 7) and split window (Landsat 8) algorithm, equations 2 and 3,
respectively.

1
LST = 7/|:g(¢1Lsen + ¢)2)+ ¢3:l + 5 (2)

Where ¢ is the emissivity of the surface; y and § are two parameters dependent on the Planck functions, expressed in the following

TZ T2 . . K
way,y & —2and § ~ =2 | where Tsn is the temperature of brightness at the sensor Tyser, = ——>—, where Ki [W.m-?sr'.um-']
byLsen by ln(ﬁﬂ)

Ly

and K [K] are calibration constants (Table 2); LA is the spectral radiance in the sensor [W/(m2.sr.um)] and In is the natural logarithm.
; by is a constant, with a value of 1277 K and Lsen is the spectral radiance at the sensor. Finally, ¢1, ¢2, ¢3 are atmospheric functions,
@, = 0.14714w? — 0.15583w + 1.1234 ; ¢, = —1.1836w? — 0.37607w — 0.52894 and @5 = —0.04554w? + 1.8719w —
0.39071, where o is the water vapor content (WVC) in the atmosphere in g/cm?. The product MODO05_L2 of the MODIS sensor,
offers continuous values of ® at a spatial resolution of 1 km?, being appropriate due to the small spatial variation of ® in the

atmosphere (Ren et al., 2015). The values of WVC of the product MODO05_L2 were validated using the values of relative humidity
17.27+T,

and air temperature, collected in the field, by applying next equation WV C = 0.0981 (10 x 0.6108 * exp —] * RH) +0.1697,

237.3+T,
where Ty is the surface air temperature, RH is the relative humidity of the air, and WVC is given in g/cm?.

The WVC values obtained from the field data vary from 0.52 g/cm? to 1.46 g/cm?, which are very similar to the average values of
WVC obtained by the MODIS sensor in the time of the Landsat 7 image (Table 3). This similarity allowed the validation of the WVC
satellite values.

Table 2. Calibrations constants used to convert spectral radiance in brightness temperature, for Landsat 7 ETM+ and
Landsat 8 TIRS.

Satellite Band Ki K2

Landsat 7 6 666.09 1282.71

10 774.8853 1321.0789
Landsat 8
11 480.8883 1201.1442

Table 3. Water vapor content statistics of the MODO0S_L2 image acquired March 6, 2002.

Statistics Water vapor content

Min 0.706861
Max 1.71515
Mean 1.145315

+b,(1+T) o

g

l+¢ Ang,»+T( l1-¢ Angi+T,
&

LST=b0+(bl+b2+b32 Sy by +b; ——+by—
& £ 2

Where Ti and Tj are the brightness temperatures of bands 10 and 11 of Landsat 8, respectively; € is the average emissivity of the
thermal bands e=(git¢;j)/2; Ae is the difference of the emissivity Ag=gi-gj, and bo, by, ...b7 are the coefficients determined for each
WVC range. The coefficients used correspond to the values defined for a range of WVC between 0.0 and 2.5 g/cm?, determined
thanks to the record of the MODIS images and the field values, whose average value is 1.3 g/cm?.

3.3.2. Field data processing

A soil temperature map of the Paipa geothermal system was made. One hundred ninety-seven temperature probes were used, recorded
at depths greater than one meter. The Geostatistical wizard tool of ArcMap© was used by applying an interpolation method of kriging.
The 197 soundings are constituted by 147 soundings taken by the CGS (Rodriguez & Vallejo, 2013) and 50 new temperature data
acquired in the field throughout this study.
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3. RESULTS AND DISCUSSION
3.1. Satellite image processing

Landsat bands were radiometrically calibrated and atmospherically corrected. The results were used to calculated NDVI, land surface
emissivity, and thermal anomalies. NDVI values range between -1 and 1 for both images (2002-03-06 and 2016-02-01) (Figure Sa
and 5b). Figure Sa and 5b could be considered land cover maps, the values above 0.5 represent vegetated areas, values between 0.2
and 0.5 represent mixed surfaces (bare soil and vegetation), values between 0.0 and 0.2 are bare soil and values below 0 represent
water. It is readily appreciable that most of the land cover in both images is dominated by mixed surface (yellow area). The Mixed
surface increased for 2016, almost wholly reducing the bare soil area observed in 2002. The vegetated area increased a little for 2016
but in general, occupies 40% of the study area. Different authors agree that dense vegetation masks the thermal emissivity of the soil,
therefore, it is better to have bare soil and mixed surfaces, so the sensor can accurately record the thermal signal of the underground
(Eneva et al., 2006; Kuenzer & Dech, 2013; Citra Aulian Chalik et al., 2019).

The land surface emissivity was calculated using the NDVI™ method; the values range between 0.97 and 0.99. Then the land surface
temperature (LST) was estimated using a single channel and split-window algorithm for Landsat 7 and Landsat 8, respectively. LST
in the study area varies from 20°C to 50°C for both thermal Landsat imagery (Figure 6a and 6b). Anomalous areas are produced by
higher LST ranging from 43°C to 50°C. These anomalies have a temperature 3-8°C higher than the surrounding background, and they
could have a geothermal origin. Most temperature anomalies are located to the west of the study area.

3.2. Field data processing

Figure 7 shows the soil temperature map retrieve by the 197 temperature soundings in the study area. The lowest temperature around
the area is 15°C while the highest temperature is 37°C. It is assumed that the temperatures over 19.1 °C have geothermal influence.
The temperature map shows six thermal anomalies numbered from 1 to 6, possibly associated with a geothermal genesis. Anomalies
1 and 4 are located where the two unique hydrothermal discharge zones of the geothermal system of Paipa come to the surface (hot
springs of ITP-Infiboy and El Delfin-La Playa Thermal Pools).

3.3. Spatial correlation between LST anomalies and soil temperature anomalies, surficial geothermal manifestations,
resistivity profiles, and geology

3.3.1. LST and Soil temperature anomalies

Surface temperature anomalies can be used with confidence once they have been appropriately validated. The approach used here is
the spatial comparison between surface temperature anomalies and soil temperature anomalies since the latter is a direct expression
of the heat present in the underground. In general, five of the six soil temperature anomalies correspond spatially with satellite surface
temperature anomalies (Figure 8 a to 1), demonstrating the geothermal component in thermal satellite images.
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Figure 8. Spatial comparison of soil temperature anomalies and satellite temperature anomalies. a-b) Anomalies to the
southeast of Lake Sochagota; c-d) Anomalies to the southwest of Lake Sochagota towards the Durazno sector; e-f)
Anomalies to the sector of El Delfin and La Playa pools, where the presence of the second most important
manifestations of the Paipa geothermal system occurs.
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Continuation figure 8. Spatial comparison of soil temperature anomalies and satellite temperature anomalies. g-h) Anomalies
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east of the El Delfin and La Playa pools, close to Cemex quarry; k-1) Anomalies to the southwest of the El Delfin and
La Playa pools, and northwest of Los Volcanes high.
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3.3.2. LST and Surficial geothermal manifestations

In the Paipa geothermal zone exist two hydrothermal discharge zones, one southeast of Sochagota lake (ITP-Infiboy hot springs) and
the second 3.5 km to the south of the same lake (EI Delfin-La Playa hot springs). In the ITP-Infiboy area, there are ten hot springs,
and in the El Delfin-La Playa area, there are eight hot springs and one steam vent (Alfaro et al., 2017). The temperature of the spring
water at ITP-Infiboy is as high as 72.1°C (Figure 9c), and at El Delfin-La Playa is as high as 54.1°C (Figure 10b). These surficial
geothermal manifestations validate two of the thermal anomalies. Figures 9a and 10a show the correlation between the hot springs
and the thermal anomalies retrieve by the Landsat 7 thermal image.
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Figure 9. a) Overlaying hot springs and thermal anomalies Landsat 7. b) Thermal and visible photography of the Hot spring
located next to the Hotel Lanceros; a maximum temperature of 51.3°C was recorded. ¢) Thermal and visible picture
from the hot spring of the devil's eye; a temperature of 72.1°C was registered.
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Figure 10. a) Overlaying hot springs and thermal anomalies Landsat 7. b) Thermal and visible picture of the spring III El
Delfin, it has a temperature of 54.1°C. ¢) Thermal and visible picture of hot springs I and II El Delfin. d) Thermal and
visible picture of the steam vent in the La Playa sector; a maximum temperature of 64.6°C was registered.

10



Calderon-Chaparro and Vargas-Cuervo

3.3.3. LST and Resistivity profiles

Magnetotelluric (MT) survey is applied for exploring structures of the geothermal reservoir (Chan et al., 2018). MT is an
electromagnetic method in the frequency domain that obtain the underground resistivity after the electric and magnetic fields are
calculated (Vozoff (1972) in Gonzalez-ldarraga et al., 2017). One hundred sixty-two MT soundings were acquired for the Paipa
geothermal area. Thus six 2D resistivity profiles were obtained (Gonzalez-Idarraga et al., 2017). Figure 11 shows the location of the
six 2D resistivity sections. In the resistivity sections, the conductive anomalies (red) are associated with geothermal fluids. Figures
12-13-14-15 show the resistivity sections and their corresponding LST profiles; these profiles are inside the study area (dashed black
line figure 11). Several low-resistivity anomalies observed in the resistivity sections are aligned with the high-temperature zones of
the LST profiles.

73°16'0"W 73°12'0"W 73°0'0"W

73°8'0"W

73°4'0"W

' ,-_Paiés Té'wn

N SALPA
Sochagota Lake &'#
Infiboy/ITP &
3
=z Pantano de Vargas =Z
e o
< s <
= brCemex Quarry, o
n Alfagrez*Quarry, A
High 4
Los Godos
High
Los Volcanes
z z
e o
o o
Sl o
in in

"

73°0'0"W

73°8'0"W

73°16'0"W 73°12'0"W 73°4'0"W
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3.3.4. LST and Geology

Unlike geothermal reservoirs in active volcanic zones where thermal anomalies are located following a linear pattern according to
the fault lineaments (Wu et al., 2012, Norini et al., 2015), the geothermal system of Paipa is different as the geothermal reservoirs are
located through sedimentary rocks, which generates a lateral distribution of the hot fluids. The location of the thermal anomalies is
found mainly to the northwest of the geothermal area (Figure 6). This location can be a product of the circulation of hot fluids at
shallow depth, through porous stratigraphic units of the Tilata Nit, Bogota Ei2b, Guaduas K2E1g, Labor-Tierna Kolt, and Los Pinos
Kop formations, and facilitated by the faults, which function as migration paths. Figure 2 shows the El Batan overthrust fault, with a
northeast strike, of vergence towards the east, functioning as a limit (restricting), for the lateral circulation of hot fluids. The anomalies
of surface temperatures found between the El Hornito and Canocas faults, southwest of Lake Sochagota (Figures 2 and 6), would be
validated, according to the conceptual geothermal model proposed by the CGS (Alfaro et al., 2017), who proposed the existence of a
secondary thermal system differing from the main one. This secondary system has a circulation of hot fluids at a shallow depth
towards the northeast, by the porous sediments of the Guaduas K2E1g and Bogota Ei1-2b formations.

4. CONCLUSIONS

The combination of TIR technology, field data, and previous works is useful to identify geothermal areas. The land surface
temperature has been retrieved from the calibrated Landsat 7 ETM+ and Landsat 8 OLI/TIRS data. The land surface temperature
anomalies were verified by comparison with the soil temperature anomalies, surficial geothermal manifestations, resistivity profiles,
and geology. Several thermal anomaly areas were identified with the Landsat images; in general, the anomalies are located to the
west of the study area, with a temperature 3-8°C higher than their surrounding background. Two of these thermal anomalies are in
close agreement with the geothermal manifestations (hot springs ITP-Infiboy and El Delfin-La Playa). On the other hand, five of six
soil temperature anomalies have an acceptable correlation with the satellite thermal anomalies. Likewise, most of the conductivity
anomalies are in close agreement with the highest temperature of the LST profiles. As a final point, the spatial distribution of the
thermal anomalies allows interpreting that the hydrothermal fluids are accumulated through porous rocks and laterally control by the
faults. In conclusion, the use of thermal satellite images for the correct identification of geothermal anomalies requires the
incorporation of geological-geophysical analysis; this integration considerably improves the interpretation of satellite thermal data.
It is essential to keep in mind that satellite thermal data is limited to detecting the surficial and shallow geothermal resources.
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