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Abstract: This study was conducted in the geothermal potential area of Mount Seulawah, Aceh
province. The study was conducted using remote sensing methods to estimate and map the land
surfacetemperature (LST). Data used in this study is Landsat 8 OLI and TIRS. Methods used in this study
were split-window algorithm (SWA) to obtain the LST through NDVI analysis and landcover
classification, and image enhancement to obtain the lineament density through visual interpretation
referring to the results of band ratio and filter techniques. The results of the NDVI analysis show that
the study area has a value in the range of -0.57 to 0.97. The results of the LST analysis show that the
surface temperature in the area has a value in the range of 21.32 to 32.88 °C. Areas that have high LST
values can be estimated as areas that have anomalies. Based on the results of the lineament density
analysis, the higher density value in an area can indicate better permeability where geothermal
manifestations come out. The direction of the lineaments that control the study area is dominated by
the northwest-southeast following the direction of the main stress, namely the Seulimeum fault and
the Aceh fault which also has a northwest-southeast direction. The overall results show that the
Seulawah geothermal area has quite potential to be developed as a sustainable natural resource.

Keywords: geothermal, land surface temperature, Landsat 8, split-window algorithm,
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1. Introduction

According to the Ministry of Energy and Mineral Resources,
Indonesia has 40% of the world's geothermal reserves and
only 8.9% has been explored and utilized (Ministry of Energy
and Mineral Resources - Indonesia, 2022). Geothermal is
spread throughout Indonesia, one of which is in the volcanic
mountain in Aceh, namely Mount Seulawah. Information on
the properties of the surface that has high potential value for
exploration targets is represented in the form of hydrothermal
alteration zones (Bedini et al., 2007; Nouri et al., 2012; Pour &
Hashim, 2012; Rani et al., 2020). Monitoring of hydrothermal
alteration has the advantage of conserving geothermal
systems that are of cultural significance or economically
important (Bromley et al, 2010). In a hydrothermal
investigation, remote sensing has a key role in the part of
“identification” through its sensor’s ability to locate the
surface expression of a geothermal feature by surface object
temperature (Heasler et al., 2009).

Remote sensing techniques have been used for mineral
exploration and are helpful in mapping the altered minerals
(Ranietal., 2020). Numerous remote sensing sensors have been
utilized for alteration mapping through visual and automated
interpretation. Waldhoff et al. (2008) successfully mapped a
wide range of minerals for alteration zones utilizing
Multispectral and Hyperspectral images. Multispectral images
including Landsat-8 OLI and Landsat 7 ETM+ are mostly used for
hydrothermal alteration zone mapping (Amara et al.,, 2019;
Osinowo et al, 2021; Southworth, 2004). The spectral
characteristics contained in Landsat data through its pixel value
are valuable for hydrothermal alteration zone recognition
(Masoumi et al., 2016). Sener & Sener (2021) used Landsat 8 OLI
TIRS in determining the geothermal potential involving several
parameters including land surface temperature (LST),
geological formations and lineaments, and hot springs.

LST is the Earth’s surface temperature where the heat and
radiation from the sun are reflected, absorbed, and refracted
(Mishra et al.,2020). LST is a key parameter for volcano thermal
activity monitoring, and it typically can be estimated from
thermal infrared data of Landsat data products (Mia et al,,
2019). The recent products of Landsat data have been used
including Landsat 5, 7, and 8 for LST extraction with other
driven parameters through different retrieval algorithms and
provided good accuracies (Sekertekin & Bonafoni, 2020). To
perform the LST retrieval from Landsat data, thermal channels
are required, and in this case, Landsat 8 OLI/TIRS is the only
Landsat product that has two thermal channels, 10 and 11
(Alipouretal., 2003). Amethod for retrieval of LST from the two
thermal channels of Landsat 8 can be performed through the
Split-window algorithm (SWA).

SWA was developed by Rozenstein et al. (2014) leading to
progress in the determination of LST on Landsat-8 TIRS. SWA
is the most widely used algorithm for LST extraction through
surface emissivity information from TIRS data and it highly
influences the sensitivity of the algorithm (Zhang et al., 2019).
SWA was proven to generate good stability through analysis of
the sensitivity of Landsat-8 TIRS (Jin et al, 2015). SWA
normalizes the value of surface temperature at bands 10 and
11 so that obtains the best value representing field condition.
SWA method corrects the atmospheric effects based on
differential absorption in the adjacent infrared bands (Tan et
al., 2016). Besides emissivity information, SWA requires other
input parameters including the land cover of the interest area
to know the temperature of each land cover class (Twumasi et
al.,, 2021). Land cover mapping is useful for numerous
environmental monitoring and resources management
applications including hydrothermal potential mapping (Shi &
Yang, 2015).

The LST retrieval for hydrothermal alteration zone mapping
is inseparable from geological structural elements (Twumasi et
al., 2021). The geological structure is the main factor that
controls the distribution of geothermal manifestation. An area
with high fault and fracture density has a high probability of the
distribution of geothermal manifestation and it can be utilized
formapping hydrothermal alteration (Sheikhrahimi et al., 2019).

This study focuses on using Landsat-9 imagery to estimate
and map the hydrothermal alteration through information
extraction of LST using the Split-window algorithm and
ancillary data such as NDVI and lineament. The benefit of this
study is to be a reference in further scientific research using
Landsat 8 image, to identify the high hydrothermal potential
zone for environmentally friendly geothermal exploration
management.

2. Materials and methods

2.1. Study area

Acehis one of 34 Indonesian provinces located on the western
end of the Sumatran archipelago. As a region at the western
end of Indonesia, the map of Aceh has a geographical position
between 2°-6° north latitude and 95°-98° south latitude with an
altitude of 125 meters above sea level (Fadhil & Akhyar, 2023;
Farhan & Akhyar, 2017; Sugianto et al, 2023). Mount Seulawah
was formed because of the Indo-Australian plate moving
relative to the north subduction under the Eurasian
continental crust plate. As a result of the subduction, there
was a process of melting of the Indo-Australian oceanic crust
into magma which then broke through to the surface through
the weak zone and then formed Mount Seulawah. The
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manifestation of Mount Seulawah is in the form of hot springs,
namely le Seu Um and le Ju, and there are also manifestations
inthe form of mud pools, altered rocks, fumaroles, and steamy
ground. Figure 1 presents the study area map, the region to be
analyzed (the study area) is about 86.14 km?.

The study region was chosen because Mount Seulawah
Agam and its surroundings had surface geothermal
manifestations. The le-Seu'um, le-Brouk, le-Jue, and Van-
Heutz crater hot springs and hot steam in this region are
geothermal manifestations (Idroes et al., 2019). The faults and
fractures that are created by the tectonic activity in the earth's
crust have the potential to serve as channels for geothermal
fluids to flow toward the surface (Hermawan & Rezky, 2011).

2.2. Materials

This study uses Landsat-8 data with a sensing date of
December 04, 2021. Some information can be extracted from
its bands (OLI and TIRS) including NDVI, LST, and lineament.
The image was selected considering the less cloud coverin the
study area to get the real LST values only from the land surface
without being interfered with by cloud values. Data was
downloaded from the United States Geological Survey (USGS)
at https://glovis.usgs.gov/ and data has been calibrated
radiometrically and geometrically.

Applications for remote sensing and analysis of Landsat-8
imagery have been used. This application can identify
geothermal potential zones related to ground surface
temperature through a split-window algorithm. The following
remote sensing applications require the following system
configurations: operating systems include Windows, Linux,
and Windows; 4 GB or more of disk space for installation;
Memory (RAM): 8GB minimum; a graphics card with at least 1

HUVE e
1 1

95°340E

GB of Memory and support for OpenGL 2.0 or later,a minimum
of 2 computing cores, and a recommendation of 4 or more
(Farhan, 2024).

An essential step in processing remote sensing data from
satellites such as Landsat 8 is radiometric and geometrical
calibration. The process of radiometric calibration involves
converting the digital numbers (DN) that the satellite acquired
into physical units of radiance or reflectance. Digital number
(DN) typically assigns a value to a pixel in the form of a binary
integer in the range of 0 to 255 that represents the strength of
the land cover reflectance. First, the Landsat 8's unitless DN
was converted to top-of-atmosphere (ToA) radiances across
all bands (LToA). A correction for atmospheric influences was
necessary because surface leaving radiance from satellite
pictures was altered by the atmosphere. As the whole research
area overlapped inside a single image and there was no cloud
cover effect, the atmospheric correction could be managed
using a straightforward model method (Li et al., 2014).

The processing of remote sensing data from satellites
Landsat 8 also includes geometric calibration, which is a
crucial phase. The function of image-to-map rectification is
that the map being used should have more precise
coordinates and a projection system so that it may be utilized
as areference by the image. This kind of geometric adjustment
is always necessary for remote sensing applications that call
for precise measurements of distance, direction, and area.
Choosing a pair of coordinate coordinates on the image (row-
column) and the map (x-y/ latitude-longitude), eliminates
geometric distortion in the image. We will determine the
coefficients of the transformation equation that transforms
the image coordinate system into the map coordinate system
(Budi & Akhyar, 2022).

95°360E

95°36UE

Figure 1. Study area.
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2.3. Methods

In this study, to estimate the hydrothermal potential, the
hydrothermal alteration was identified through some
processing steps; land surface temperature (LST) retrieval
consisted of NDVI calculation and land cover classification,
lineament extraction consisted of spectral and spatial
enhancement, and potential hydrothermal distribution
mapping, flow chart as shown in Figure 2.

Spectral &
spatial

NDVI
calculation

Topo Map {RBI}
1:50,000

Landsat 8

Potential
hydrothermal
distribution
map

Geometric
& Radiance
Correction

LsT

lineament
aextraction

land cover
classification

Figure 2. Study flow chart.

Split-window algorithm, SWA uses some variables from 10
and 11 bands, including 1) brightness temperature, mean, and
differencein land surface emissivity (Saleh, 2017). 2) emissivity
and algorithm transmittance (Li & Jiang, 2018; Rozenstein et
al., 2014). SWA works by taking separately into account
atmospheric water vapor, surface emittance, and air surface
temperature difference and results from the land surface
temperature utilizing a formalism valid for a wide range of
atmospheric water vapor and surface emittance (Ulivieri et al.,
1994). Each object on the earth’s surface has a different
emissivity through its radiance transmission (Sutanto, 1987).
The emission of energy from the Earth’s surface in bands 10
and 11 is functioned to convert land cover type into emissivity
value units (Southworth, 2004). Atmospheric transmission is
obtained from the conversion of water vapor using only
reflectance value from MODIS (Rozenstein et al., 2014).

Lineament extraction, in this study, applied two image
enhancement techniques: spectral enhancement and spatial
enhancement. The main purpose of image enhancement is to
process the image so that the result is more compatible than the
original image for a specific application, by enhancing the
contrast and removing the noises to increase the image quality
(Saleem & Razak, 2014). The change of image resulting from the
band ratios technique was the enhancement of spectral
variations of target anomalies (lineaments) as seen in Figure 3.
It refers to Sadiya et al. (2016) that found a correlation between
locations with purple hues and locations with the prevalence of
lineaments. The band ratios technique was performed in this
study to enhance the appearance of geological units by
discriminating anomalous pixels to generate the alteration map
using spectral bands, which is based on the multiplication,
division, addition, and subtraction of distinctive bands (Askari et
al., 2018; Maleki et al., 2021).

£ S i

Band Ratio 6/5

A . 5 < «’\1- . ‘:_._ :
= Band Ratio 4/5

Figure 3. Band ratio-based images.

The result of spectral enhancement was forwarded to the
spatial enhancement process examining filter technique on
different image samples including band ratio 6/2, composite
567, and band ratio 6/2, 6/5, 4/5, as seen in Figure 4. High pass
filtering was chosen in this study as a fundamental operation
for sharpening the image display bypassing the high
frequencies and attenuating frequencies lower than the cut-
off frequency (Makandar & Halalli, 2015). Due to the small
study area, lineament extraction was performed by
visual/manual interpretation that enabled the interpreter to
export lines accurately. Interpretation of lineament relies on
the use of brightness information and the identification of
features in the image.
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| Filer and Ratio ,'2

Filter Composite 567
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Figure 4. High pass filtering-based images.

The process of constructing the geothermal potential map
can be done through spatial analysis by involving the
integration of several parameters such as LST and lineament
density (Omwenga, 2020). Geographic information systems
(GIS) can be utilized as a decision-making tool to target the
geothermal zone potential indicating the high-temperature
geothermal resources (Dezayes et al., 2022). This integration
can estimate the areas with high potential for the geothermal
field through weighted overlay analyses (Rahmati et al., 2019).
This technique overlays several parameters in the form of a
raster and uses the common measurement scale and weights
of each parameter according to its importance. This study
determined the impact factors of parameters in weighted

overlay referring to weighted information models by Zhao et
al. (2021) which found the LST value as the highest impact
factor in geothermal potential estimation.

3. Results and discussion

3.1. NDVI analysis
The range of NDVI values in the le Seu Um and le Ju areasis in
the range of -0.573092 to 0.979054. The rare vegetation class
has a value of -0.573092 to 0.1 represented by a white-green
color. This areaisinterpreted as an area with grass and shrubs.
While the dense vegetation class range is from 0.7 to 0.9
represented by a dark-green color. Thus, this area is
interpreted as a dense forest area. Geothermal manifestation
areas of Um and le Ju seen in Figure 5 are classified as dark
green but in the field, the area is an empty land due to the
manifestation, however, because the area is small so through
remote sensing it is still interpreted as part of a dense forest.
The surface temperature of an area is very dependent on its
vegetation density. The above Figure 5 shows the distributions
of high and low vegetation density. Good vegetation shows
low surface temperature values. Meanwhile, areas of poor
vegetation have high surface temperature values.

3.2. Land cover classification

Figure 5 shows the land cover map of the study area. The
classification was conducted referring to the threshold value of
the NDVI map. The study area contains five classes, namely dry
bare land which is marked in red, vegetation with high density,
which is marked in green, vegetation with low vegetation
density which is marked in light green, and water body which is
marked in blue, and wet bare land which is marked in brown.
The geothermal manifestation area, namely the le Seu Um and
le Ju areas based on remote sensing, is a green area or an area
with low density, while based on field data, the two areas are
included in an empty area due to the high temperature that
appearson the surface in the form of the eye hot springs, steamy
ground, mud pool, and altered rock (Figure 6).

3.3. Land surface temperature analysis

Based on Landsat 8 image processing as seenin Figure 7, it can
show that the surface temperature in the study area around
Mount Seulawah has a range value of 21.32 to 32.88 °C. The
distribution of low LST that has a temperature of 21.32 °C
which is indicated by green to ancient colors on the map is
more dominant than areas with high LST. This is the influence
of high-density vegetation in the form of forests. The
distribution of high LST which has a temperature of around
32.88 °C is shown in red on the map (Figure 7). le Seu Um and
le Ju hot springs are two of Mount Seulawah's manifestations.
Mud pools, altered rocks, fumaroles, and steamy ground are
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also manifestations in the form. Field checking at Seu Um and
le Ju is shown in Table 1, together with specific temperature
measurement data.

As seen in the hot spring manifestation areas validated in
the field by measuring the temperature (Figure 7), le Ju and le

5°320°N

Seu Um hot springs have high LST. High LST is influenced by
the presence of geothermal manifestations below the surface
which affects the surface temperature. Geothermal

manifestations can be used as a review of the geothermal
potential on Mount Seulawah.

520N

500N

Figure 5. NDVI map of the study area.

95°34'0°E

5°320°N

§'300°N

95'360°E 95'380°E

5320°N

5°300°N

Figure 6. Land cover map of the study area.
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3.4. Lineament density analysis

Figure 8 shows the lineament density map generated from the
visual interpretation of lineament. The lineament density map
is used to interpret the permeability in several study areas. The
higher density value can indicate that the area has better
permeability than the area with a lower density. Based on
Figure 8, it can be interpreted that several areas have a higher
density value as seen in the red image. Areas that have good
permeability are places where geothermal manifestations
come out (weak zones).

Interpretation in Figure 8 shows that weak zones can be
formed due to several things, namely due to the presence of
primary and secondary geological structures. The direction of
the lineaments in the study area is northwest-southeast. This
direction follows the direction of the main stress, namely the
Seulimeum fault and the Aceh fault which also has a
northwest-southeast direction.

3.5. Geothermal potential mapping

Based on the results of the LST map and lineament density
map, a map of geothermal potential is obtained. In Figure 9,
there are 3 color groupings, namely areas with red color which

5°300"N

have high geothermal potential, while those colored orange
have moderate geothermal potential, while areas with
yellow color indicate areas that have low geothermal
potential.

Based on the map result in Figure 9, the Seulawah
geothermal potential area based on the map isin the eastern
area of le Seu Um because the area has a high surface
temperature, there is an important level of lineament
density, and the vegetation in this area varies from water
bodies to moderate. This area also has 5 main components
of the geothermal system, which have geothermal
manifestations in the form of le Seu Um and le Ju in the form
of hot springs, steamy ground, alteration rock, and mud
pools. In addition, it has a reservoir which is marked by the le
Seu Um spring which has a high chloride element which is
interpreted as the le Seu Um spring is close to the reservoir.
It has covered rocks in the form of andesite to dacite volcanic
rocks which have poor permeability. It has a structure that
serves as a path for geothermal fluids to outflow and inflow.
This structure can be seen in the geothermal prospect area
with high lineament density values. The main component of
a geothermal system is the presence of a heat source.

5320°N

SWUN

Figure 7. Land surface temperature map of the study area.
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Table 1. Detailed temperature measurement data, at the field checking Seu Um and le Ju.

Locations

No.

Tempe-
rature (°C)

Average
temperature (°C)

Coordinate

Elevation
(masl)

Manifestation type

le SeuUm

Point 1

88.1

88.6

88.5

88.4

5°32°51”

95°32’55”

70

Hot springs

Point 2

89.2

89.2

5°32°50”

95¢32’55”

70

Hot springs

Point 3

89.2

87.7

89.1

88.7

5°32’50”

95°32’55”

70

Hot springs

leJul

Point 1

100.3

99.8

100.2

100.1

5°30°23,23”

95°37°47,36”

265

Hot mud

Point 2

76.4

76.5

82.5

78.5

5°30°22,82”

95°37°47,14”

260

Steam ground and
pits

Point 3

103.7

105.1

103.6

104.1

5°30°23,24”

95°37°48,44”

260

Steamy ground and
altered rock

Point 4

101.1

101.9

102.1

101.7

5°30°22,90”

95°37°47,03”

265

Steamy ground

le Ju?2

Point 1

101.2

1015

102.9

101.9

5°30'22,87”

95°37°46,64”

250

Hot mud

Point 2

104.4

102.5

104.5

103.8

5°30'22,87”

95°37°46,64

250

Hot mud

Point 3

105.2

105

104.8

105.0

5°30°24,38”

95°37'44,41

250

Hot mud

Point 4

105.9

106

104.5

105.5

5°30°24,56”

95°37°44,10”

250

Hot mud

leJu3

Point 1

105.2

107.6

102

104.9

5°30°23,72

95°37°40,95”

240

Hot springs

Point 2

107.9

104.2

104.6

105.6

5°30°23,55”

95°37°40,84”

240

Hot springs
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95°IE0'E

5°320"N
5°320°N

5°300°N
5°300"N

95°34'0°E 95°36'0'E 95°38'0°E

5°320°N

Figure 9. Geothermal potential map of the study area.
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4, Conclusions

This study tries to identify the geothermal potential of Mount
Seulawah, Aceh. The study was conducted based on a surface
temperature map using remote sensing methods. It is also
based on NDVI maps and lineament density. The results of the
NDVI map show that the Mount Seulawah area is dominated
by dense vegetation. In the le Seu Um and le Ju geothermal
manifestation areas shown in the picture they are classified as
dense vegetation but, in the field, the area is an empty land
due to the manifestation, but because the area is small
through remote sensing it can still be interpreted as part of a
dense forest. The vegetation density map is also related to the
surface temperature. Good vegetation exhibits low surface
temperatures. While the area of poor vegetation has a high
surface temperature value.

Based on the distribution map of the soil surface
temperature, the geothermal manifestation areas of le Ju and
le Seu Um have high LST. High LST isinfluenced by geothermal
manifestations below the surface which affect the surface
temperature. Geothermal manifestations can be used as
geothermal potential on Mount Seulawah. The LST results
were also validated by measuring the temperature in the field.
Meanwhile, the results of the straightness density map show
that the ie sum and ie ju manifestation areas have good
density values because they are in the weak zone. Weak zones
can be formed due to several things, namely due to the
presence of primary and secondary geological structures. The
direction of the lineaments in the study area is northwest-
southeast. This direction follows the direction of the main
stress, namely the Seulimeum fault and the Aceh fault which
also has a northwest-southeast direction.

According to the interpretation of the NDVI, LST, and
lineament density maps, the geothermal prospect area is in the
eastern area of the le Seu Um manifestation. The soil surface
temperature in this area is at a moderate to an elevated level
and a vegetation density level from medium to low and there
are many structures as outflow and inflow pathways.
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