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Numerous present-day hot springs in the Sulawesi region are divided into two, generally
associated with non-volcanic and tectonics geothermal systems, only a small number are
associated with active volcanoes, but most do not yet have data to support their utilization.
Here we have conducted research at Makula Hot Springs South Sulawesi, the method used is
combined geochemical analysis with an estimation of subsurface temperature by using the
geothermometer at three sites at Makula Hot Springs. The percentage values of HCO*", CI-,
and SO4>" ion content in hot water samples were analyzed, indicating that the hot springs area
was included in the chloride water type. While the results of the estimation of subsurface
temperature by using the geothermometer Na - K from the three sites each show the following
temperatures: Site | is 124.69°C, Site Il is 122.65°C, and Site 111 is 114.75°C. All sites result
in estimations suggested including the low enthalpy which has a temperature limit of <125°C.
Furthermore, using the geothermometer Na - K - Mg is known, and the hot springs in the area
are included in the partial equilibrium. Geothermal energy in the study area is used for public
swimming baths, the development of a tourist attraction, and potentially for a power plant.
However, it is still necessary to investigate the geothermal characteristics to maximize the
utilization of the hot springs in this area.

1. INTRODUCTION

Indonesia is traversed by a volcanic route or known as the
Ring of Fire which passes through the islands of Sumatra, Java
Island, the Nusa Tenggara Islands, Sulawesi Island, and the
Maluku Islands. Most of these volcanic pathways have great
potential for geothermal energy [1]. Geothermal sources can
be formed due to three factors, namely the presence of a heat
source, meteoric water, and reservoir rock. Hot water or light
hot steam will move up and appear on the surface of the earth
through faults or joints which are water pass zones in the form
of hot springs, fumaroles, and solfatara [2].

Hot springs are natural bodies of water that are heated
underground near areas of active magma reservoirs or cooling
igneous bodies [3-5]. The heating process occurs as the water
becomes less dense and rises under pressure toward the Earth's
surface. The formation of hot springs relies on the presence of
a heat source at depth and areas where water can enter and exit
the system. When the heat source is associated with an active
magma chamber, the underground networks are classified as
volcanic or magmatic-hydrothermal systems [6, 7].

Fractures, faults, or other geological features provide a
conduit for the heated water to ascend toward the surface.
These pathways may be created by tectonic activity or the
natural fracturing of rocks [8, 9]. As the pressurized hot water
reaches the surface, it emerges through openings known as hot
springs. The water's temperature can vary greatly, ranging
from pleasantly warm to scalding hot, depending on the depth
and intensity of the heat source. Hot springs often exhibit
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unique characteristics due to the presence of dissolved
minerals in the water. These minerals are acquired as the
groundwater interacts with the surrounding rocks and minerals
during its underground journey. The dissolved minerals give
hot springs their distinct colors, textures, and therapeutic
properties [10, 11].

The geological structure observed in the study area is
strongly influenced by tectonic processes and volcanism, as
well as regional geological structures (Figure 1). These factors
play a significant role in shaping the characteristics of the hot
springs in the Wala Area, Sangalla Selatan District. The study
area, referred to herein as the Toraja South Sulawesi region,
differs from the other geothermal systems of the volcanic arc
Indonesia region and the northern Sulawesi areas. The region
has a tectonic history as arc volcanic past records mainly in
Neogene, but progressively into several phases of deformation
potentially associated with continent collision necessity and
importance [12, 13]. Therefore, it is necessary to provide
geochemical characteristic data for an understanding of the
geothermal system that is developing in this area.

The study aims to analyze the geothermal characteristics of
the Makula hot springs through geochemical analysis. By
conducting this analysis, the researchers seek to identify
several characteristics that have contributed to the
development of geothermal utilization in the research area. By
studying the geochemical characteristics, researchers can gain
a deeper understanding of the geothermal system and its
suitability for various applications.
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Figure 1. The study area in the geological map of the Toraja
region [12, 13]

2. GEOLOGY OF STUDY AREA

The research area exhibits a varied topography
characterized by undulating hills, ranging in elevation from
775 to 1014 meters above sea level. These hills have been
subject to erosion, specifically gulley erosion, which is the
primary process at work in the area. Gulley erosion refers to
the formation of channels or gullies caused by the removal of
soil and sediment by concentrated water flow. The landscape
unit of the study area can be identified through shape,
parametric, and genetic approaches, along with the analysis of
physical characteristics observed in the field. Based on these
assessments, the landscape unit in the study area can be
classified as a denudational wavy hill landscape unit (Figure
2).

This classification suggests that the dominant processes
shaping the landscape in the study area are related to
denudation. Denudation refers to the owverall process of
wearing away or stripping off the Earth's surface materials
through various mechanisms, such as erosion, weathering, and
mass wasting. In the context of the wavy hill landscape unit,
denudation processes are responsible for the formation of the
undulating hills observed in the area.

| Fault line at
§| the study site

Figure 2. Denudational wavy hill landscape unit and the
pattern of structural lineaments in satellite imagery map
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The Makula hot spring is an intriguing geothermal
phenomenon that emerges within granodiorite rock. Field
observations suggest that this particular granodiorite rock has
experienced deformation, likely due to tectonic forces acting
on the Earth's crust over time. As a result, the rock appears to
be fracturing, which plays a crucial role in the formation of the
hot spring. Previous studies have provided confirmation of the
brittleness of the granodiorite rock, as evidenced by its
tendency to fracture under stress. The mechanical forces acting
on the rock have also led to grain-size reduction of feldspars
and recrystallization of quartz. These changes in mineral
composition have important implications as they are directly
related to the main heat source of the hot spring.

The primary heat source for the Makula hot spring is the
recrystallized quartz found within the granodiorite rock. This
indicates that the hot spring is geothermally driven, where heat
generated from the Earth's interior is transferred to the surface
through the fractured and permeable granodiorite rock.

The granodiorite rock, which hosts the hot spring and its
heat source, belongs to the Palopo granitic rocks. Chemical
analysis of the granitoid reveals specific characteristics,
including high potassium (K), magnesium (Mg), and
peraluminous compositions. The term “peraluminous”
indicates an abundance of aluminum relative to other elements
in the rock's chemical makeup. Moreover, the granitoid
exhibits a calc-alkaline to alkali-calcic nature, suggesting a
specific geological setting and tectonic environment in which
it formed.

Geological dating of the Palopo granitic rocks has been
performed using zircon dating techniques, which have
confirmed the rocks to be of Pliocene age. This age estimation
places the formation of the Palopo granitic rocks within a time
range of approximately 5 to 6 million years ago.

To gain a better understanding of the geological context,
population data derived from several shear joints surrounding
the hot spring emergence points have been analyzed. The
results indicate a prevailing trend in the direction of the main
stress, aligning closely with north-northeast to south-
southwest orientation (N 344 <E). This directional trend
correlates with the general alignment of the Macula shear fault,
which exhibits a relatively northeast-southwest orientation
(Figures 2 and 3).

The presence of the Makula Shear Fault, with its specific
orientation, suggests an active tectonic regime in the study
area. This fault, along with associated fractures and faults,
likely plays a crucial role in facilitating the movement of water
from the surface to the underground reservoirs, contributing to
the formation of the hot springs. The tectonic activity
associated with this fault zone may also contribute to the
availability of the natural heat required for the geothermal
processes that heat the groundwater.

Furthermore, the influence of volcanism in the region
cannot be overlooked. Volcanic activity can introduce
additional sources of heat to the subsurface, further enhancing
the geothermal system's potential for generating hot springs.
The interaction between tectonic forces, volcanic activity, and
the regional geological structures creates a complex and
dynamic environment, providing favorable conditions for the
formation and maintenance of hot springs in the study area.

The interplay between tectonic processes, volcanism, and
regional geological structures shapes the geological
framework of the study area and contributes to the occurrence
of the observed hot springs. The alignment of shear joints with
the main stress direction and the presence of the Makula Shear



Fault suggests an active tectonic regime that influences the
movement of water and the availability of geothermal heat.
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Figure 3. Geological map of the study area

3. METHODOLOGY

At three hot spring locations in the Wala Area of South
Sulawesi, we conducted field observations of the Makula Hot
Springs. Along with taking spring and lithology samples, we
gathered a variety of data, such as the pH of the hot spring,
spring temperatures, physical and chemical features, and air
temperature. Two laboratories analysis was performed to
analyze the ions contents of the hot springs such as the calcium,
magnesium, chloride dan bicarbonate that was performed by
titrimetry analysis and sulphate, potassium, sodium, and
ammonia by Atomic Absorption Spectroscopy (AAS) analysis.

Analysis of chloride, bicarbonate, and sulfate was carried
out to determine the hot springs' fluid type [14]. Typically, a
ternary diagram of chloride, bicarbonate, and sulfate is used to
determine the type of geothermal fluid. Each of the three ions
is stand for different geothermal characteristics [15]. In this
research, the Na-K geothermometer [16] is used to estimate
the subsurface reservoir temperature.

o 1390
[log(N%/,) + 1.750]

o

(1)

The Na/K geothermometer has undergone significant
advancements in recent years. It originated from the
observation that low Na/K ratios in geothermal waters were
indicative of high temperatures at depth. Over time,
researchers have worked on refining and calibrating the
temperature dependence of this ratio, resulting in more precise
measurements [16, 17]. In high-temperature geothermal
systems, the variation of sodium and potassium in geothermal
waters is primarily attributed to the ion exchange process
between co-existing alkali feldspars. This exchange of ions is
influenced by temperature, and as a result, the Na/K ratio can
be used as an indicator of the subsurface temperature [18].

In addition to the Na/K geothermometer, the Na-K-Mg geo
indicator is also utilized in geothermal research. This geo
indicator takes into account the concentrations of sodium,
potassium, and magnesium in geothermal waters. It serves
multiple  purposes, including determining  reservoir
temperature and identifying waters that have achieved
equilibrium with the host lithologies [19].

2381

4. RESULTS AND DISCUSSION

In the study area, geothermal manifestations are observed in
the form of Makula hot springs. The location of these hot
springs revealed the presence of three distinct springs, referred
to as Springs I, 11, and Ill. These springs were investigated
under sunny weather conditions, with the surrounding air
temperatures recorded at approximately 27-28°C. A
comprehensive overview of the physical and chemical
characteristics exhibited by each of the hot springs provides in
Table 1.

Table 1. Physical and chemical characteristics of hot springs

Parameters Hot Springs
| 1 11
Colour Transparent ~ Transparent  Transparent
Scent Sulfur Sulfur Sulfur
Flavor Acid Acid Acid
Temperature 41.5°C 41°C 37°C
pH 8.5 8 8.5

Each hot spring exhibits a transparent appearance. The scent
in all three springs is characterized by the presence of sulfur,
contributing to the distinctive sulfuric odor commonly
associated with geothermal features. Furthermore, the flavor
of the water in all springs is described as acidic.

Regarding temperature, Hot Spring | register a temperature
of 41.5°C, while Hot Spring Il measures 41°C. Hot Spring I11
has a slightly lower temperature of 37°C. These variations in
temperature indicate different levels of geothermal activity
and heat output among the springs.

The pH values of the hot springs also differ slightly. Hot
Springs | and 111 share a pH of 8.5, while Hot Springs Il has a
pH of 8. This information provides insight into the chemical
composition of the water and its alkalinity or acidity.

These physical and chemical characteristics provide
valuable insights into the distinct properties of each hot spring
within the Makula area. Such information is crucial for
understanding the geological and hydrological processes that
contribute to the formation and unique characteristics of these
hot springs.

4.1 Hot springs geochemistry

The geochemical analysis provides valuable information
about the hot springs in the study area, including their
classification as chloride-type springs and their association
with deep geothermal fluids. The study focuses on three
specific hot springs, as depicted in Figure 3. The analysis aims
to determine the type of hot spring and estimate the subsurface
temperature by employing a geothermometer. This estimation
is derived from the chemical element composition of the hot
spring samples. The findings of the geochemical analysis of
the hot springs in the study area are presented in Table 2.

The analysis primarily examines the percentage value of ion
content in the hot water samples, with a particular focus on
bicarbonate anions (HCO?), chloride (CI'), and sulfate (SO4%)
concentrations. Based on these measurements, it is possible to
determine that the three hot springs in the study area belong to
the chloride type. This determination is supported by the
relatively high concentration of chloride ions in the hot water
compared to bicarbonate and sulfate concentrations, as well as
the presence of a relatively alkaline pH range (pH 8-8.5) [20].



Table 2. Laboratory analysis of hot springs content

Parameters Unit I Hot Spl):'lngs i
Sodium (Na) ppm 82.42 83.47 84.4
Potassium (K) ppm 15 1.44 1.22
Ammonia (NHs) ppm 0.002 0.003  0.004
Sulphate (SO4) ppm 22.54 31.71 34.65
Bicarbonate (HCO:") ppm 0.018 0.018 0.014
Calcium (Ca) ppm 28.03 26.03 28.03
Magnesium (Mg) ppm 2.002 4.004 2.002
Chloride (CI") ppm 117.15 108.28 1136

The chloride fluid type is often associated with deep
geothermal fluids found in high-temperature systems. Hot
springs with a higher concentration of chloride ions are
typically fed more directly from deep reservoirs. These areas
with hot springs also help delineate permeable zones within
the geothermal field, as they represent locations with the
highest concentration of hot and large-flow springs [21].

The results obtained from plotting the values of chemical
element content in the Na - K - Mg triangle diagram (Figure 4)
have provided valuable insights into the nature of the studied
hot springs, particularly the Makula Hot Springs. The
positioning of these hot springs within the partial equilibrium
field on the diagram indicates that there has been significant
rock interaction between the hot fluid and the surrounding
geological formations before reaching the surface.

1000
Mg*0.5

10K

@ Makulal

“) Makula Il

@ Makula

Figure 4. Ternary diagram for determining subsurface
temperature of Makula

The process of partial equilibrium suggests that the hot
water has undergone substantial chemical exchange with the
rocks it encountered during its ascent. This interaction could
have led to alterations in the chemical composition of the
water and the incorporation of various elements from the
surrounding rocks. As a result, the chemical signature of the
hot springs reflects the influence of these rock-water
interactions.

Furthermore, based on the characteristics revealed by the
Na - K - Mg triangle diagram, the temperature of the hot water
in these springs is classified as belonging to the category of
low-temperature geothermal sources. This classification
implies that the hot springs are not driven by extremely high
geothermal gradients commonly associated with high-
temperature sources. Instead, the temperature is relatively
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moderate but still warm enough to be considered geothermally
influenced.

Additionally, the alkaline pH of the hot springs further
supports the idea of partial equilibrium and rock interaction.
The presence of alkaline pH suggests that the hot water has
acquired certain dissolved minerals from the rocks,
contributing to its alkalinity. Furthermore, the temperature of
this hot water is classified as a low-temperature geothermal
source. This means that the water is not as hot as high-
temperature geothermal sources but still exhibits significant
thermal energy. The relatively alkaline pH observed in these
hot springs further supports their classification as low-
temperature geothermal sources [22].

The comprehensive analysis of the Na - K - Mg triangle
diagram and the corresponding findings on the temperature
and pH characteristics of the Makula hot springs shed light on
their geological origin and behavior. The relatively low-
temperature and alkaline nature of these hot springs could
make them suitable for certain applications, such as spa and
therapeutic uses, as well as potentially serving as a viable
source for certain geothermal energy utilization endeavors.

4.2 Geothermal system

In the case of the study area, the relative content of CI,
HCO?®, and SO.* can provide valuable insights. Figure 5
illustrates that the hot water in the study area has a
significantly higher concentration of CI~ compared to HCO®
and SO42. The high CI™ content suggests that the hot water in
Macula and its surroundings originates from volcanic activity
[23]. Volcanic activity often involves the release of gases and
minerals from magma chambers, which can then infiltrate the
surrounding rock layers and interact with groundwater. This
interaction leads to the enrichment of certain elements, such as
CI7, in the hot water that emerges as hot springs. In this case,
the dominant presence of CI™ indicates a volcanic source,
further supporting the connection to volcanic activity in the
region.

(+]
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Figure 5. Chloride fluid type of the Makula hot springs

By analyzing the distribution of hot springs and the
temperature values obtained from dissolved elements
geothermometry, have deduced valuable insights about the
geothermal reservoirs in the study area, specifically the ones
supplying Makula I, Makula I1, and Makula I11 hot waters. The
calculated temperatures for these reservoirs are approximately
124.69°C, 122.65°C, and 114.75°C, respectively. Interestingly,



there is a notable trend in the reservoir temperatures
concerning their spatial distribution. As one moves further
north in the study area, the reservoir temperature is presumed
to be higher, suggesting that the geothermal activity is more
intense in that direction. Conversely, as the study area extends
southwards, the hot water reservoir temperatures tend to be
lower.

The three hot springs, Makula I, Makula Il, and Makula 111,
are identified as chloride-type springs, indicating that they
directly output (up-flow) reservoir water without significant
alteration or mixing with other sources. This characteristic is
noteworthy, as it helps establish a clear connection between
these hot springs and the specific geothermal reservoirs from
which they originate.

The application of Na-K geothermometer calculations and
the analysis of dissolved elements have provided valuable data
to characterize the temperature distribution and nature of the
geothermal reservoirs in the study area, shedding light on the
behavior of these hot springs and the geothermal system as a
whole.

The hot spring reservoir falls under the category of low
enthalpy, characterized by temperatures below 125°C, making
it classified as a low-temperature geothermal system [24]. The
existence and emergence of hot springs depend on the
presence of a geothermal magma chamber as a heat source
beneath the Earth's surface. Without such a magma chamber,
hot springs cannot form or become visible on the surface.

The location and depth of the magma chamber are crucial
factors determining the presence of hot springs. In the study
area, the size of the magma chamber is closely linked to
volcanism, which influences the geological characteristics of
the region. As magma ascends towards the surface, it
undergoes differentiation and chemical changes based on its
depth, resulting in different compositions of elements in the
hot water of each hot spring within the study area. The
variation in chemical arrangements gives rise to differences in
the percentage of hot water elements observed in different hot
springs [25, 26].

It's important to note that there was no steam present in the
study area's hot springs due to the lack of contact with the air.
Instead, the hot water emerged to the Earth's surface through
cracks or fractures in the rocks caused by the geological
structure of the area. This indicates that the path of the hot
water from the underground reservoir to the surface is
facilitated by the presence of these structural features,
allowing the hot springs to manifest in specific locations
within the study area [27].

In the geothermometer analysis, taking into account the
surface temperature of hot water in the study area, which is
measured at 41.5°C. By comparing it with the subsurface
temperature, which is approximately 124.69°C, they can
calculate the geothermal gradient or depth of the magma
chamber. Based on the non-volcanic magmatic pathway
assumption, they find that for every 100 meters of descent or
depth, the temperature increases by about 2.5°C to 3°C. Using
this information, they estimate that the depth of the magma
chamber in the study area is approximately 3.71 kilometers
from the surface. This calculation is based on the temperature
difference between the surface and subsurface measurements
[28].

Furthermore, conducted additional analyses at different
temperature points. For instance, when the surface temperature
of hot water is measured at 41°C and the subsurface
temperature at 122.65°C, the geothermal gradient is estimated
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to be around 3.66 kilometers from the surface. Similarly, at a
surface temperature of 37°C and a subsurface temperature of
114.75°C, the geothermal gradient is calculated to be
approximately 3.53 kilometers [29].

Even though the geothermal system produces energy
resources that are always renewable, it does not mean that they
will last indefinitely, thus there must be an effort to determine
the activity lifetime of a geothermal source. Indirect age
determination of an active geothermal system. Determining
the age in this way is carried out through a comparative study
of the relative age of the rocks in the study area with the results
of the hydrothermal process on the age of the reservoir rock so
that the age of this geothermal activity can be known indirectly.
This age determination is carried out through studies on the
role of structural openings in hydrothermal processes, closing
of structural openings, and reshaping of openings/fractures. As
well as the age of the overburden and the age of the structure.
The Pliocene of Palopo granitic rock’s regional physical
characteristics is compared to the lithology found in the study
area to estimate the age of the Makula hot springs geothermal
system [30].

In the research area, the non-permeable or covered rock that
acts as an impermeable cap is specifically identified as
granodiorite rock (Figure 6). This type of rock serves a critical
role in the geothermal processes occurring beneath the Earth's
surface. Due to various structural processes at work in the
research area, geothermal energy is able to rise to the surface,
manifesting itself as geothermal features, specifically in the
form of hot springs.

Non-Permeable Rocks
Cap Rock

Permeable Reservoir Rock
Conveetion Circolition

Ieat Source

Figure 6. The conceptual model of the geothermal in the
study area

The granodiorite rock acts as an effective barrier,
preventing the geothermally heated water from escaping
prematurely and ensuring that the necessary pressure and heat
build-up can occur. Its impermeable nature restricts the
upward movement of water, allowing it to accumulate and
become heated in the underground reservoir. As a result, the
geothermally heated water, enriched with dissolved minerals
and heat energy, gradually rises through fractures and faults in
the surrounding rock layers.

These structural processes, which could include faulting,
folding, or other tectonic activities, create pathways for the
heated water to ascend toward the surface. As the water travels
along these fractures and faults, it gradually gains temperature
and reaches a point where it emerges as hot springs.

The presence of the granodiorite cover rock, coupled with
the interplay of geological forces in the research area,
contributes to the formation and manifestation of geothermal



energy in the form of hot springs. The emergence of these hot
springs not only provides unique geological and hydrothermal
features but also serves as a valuable indicator of the
underlying geothermal energy potential in the region.

4.3 Geothermal utilization in the research area

To optimize geothermal resources, it is beneficial to explore
the potential of geothermal energy for direct use, in addition
to its utilization as an alternative source of electricity. The
identification of a hot water source involves examining its
physical characteristics, conducting chemical analysis to
determine factors like pH value, and measuring the
temperature of the hot water. This comprehensive evaluation
allows for a better understanding of the resource and facilitates
its utilization in various applications, including the
development of hot springs as tourist attractions.

By analyzing the physical characteristics of a hot water
source, such as its flow rate, pressure, and geologic features,
experts can assess the potential of the resource for different
uses. Chemical analysis, including pH measurements and
assessment of mineral content, provides insights into the
water's suitability for specific purposes. For instance, if the
water contains high levels of certain minerals, it may be
suitable for therapeutic or medicinal uses, which can enhance
the appeal of hot springs for health and wellness tourism.

Temperature measurements play a crucial role in
determining the energy potential and heat output of the hot
water source. Higher temperatures indicate a greater capacity
for energy production or direct utilization, such as space
heating, industrial processes, or agricultural applications.
Lower temperature sources may still be suitable for
recreational uses, like hot tubs or bathing facilities, and can
contribute to the development of leisure-focused hot spring
destinations.

In the context of geothermal energy development, direct-use
applications have gained attention as they provide a more
localized and efficient means of utilizing the resource. By
harnessing geothermal heat directly from the source, without
the need for electricity generation and transmission, the overall
energy efficiency can be improved. This approach aligns with
sustainability goals and reduces greenhouse gas emissions
associated with conventional energy sources.

Furthermore, the development of geothermal resources for
direct use, such as hot springs, can have significant economic
benefits. These sites often attract tourists, contributing to local
economies through increased tourism revenue, job creation,
and business opportunities. Hot springs, in particular, offer
recreational and relaxation experiences, promoting wellness
tourism and providing a unique natural attraction for visitors.

Optimizing geothermal resources involves not only
exploring their potential for electricity generation but also
assessing their direct-use applications. By considering
physical characteristics, conducting chemical analysis, and
evaluating temperature profiles, experts can identify hot water
sources suitable for various purposes. The development of hot
springs as tourist attractions is one such application, offering
economic and recreational benefits while leveraging the
natural geothermal resource.

5. CONCLUSION

The geothermal characteristic study of the Makula hot

2384

springs has several unique properties including a high content
of chloride ions when compared to the bicarbonates and
sulphate this chloride type is a geothermal fluid that is fed
directly from the deep reservoir in the research area. The
estimated temperatures are quite similar, defining that these
hot springs are fed from the same reservoir with a range from
114°C to 124°C, the low enthalpy geothermal area. The
Makula 111 hot springs have the lowest temperature which can
be interpreted that Makula 11l is the area that has the most
diluted than the other hot springs which are contaminated with
groundwater or meteoric water on the surface.

The basis of geochemical interpretation led to the creation
of the geothermal system model in this study which includes
geothermal system components a represent the main heat
source for non-volcanic hot springs govern by meteoric water
that has possibility generated in deep-seated. Future research
in geology and geophysics is necessary to analyze and create
detailed geothermal conceptual models that can aid in future
geothermal utilization.
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