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Wae Sano volcano is included in the inner Banda arc, Mount Wae Sano is a
type C volcano and formed the Sano Nggoang crater lake. The magmatism
activity produces geothermal manifestations such as; hot spring, rock
alteration, and sulfur deposits, the hottest water temperature is 81 °C, with
neutral pH, but the Sano Nggoang Lake water has acid pH. It becomes
interesting to examine the characteristics of the geothermal system in that
area. The research was conducted by Volcanostratigraphic studies to
reconstruct the geological process and Geochemical sampling of hot springs,
lake water, ground air, and the soil side to understand the subsurface
characterization. The result showing some period of volcano products, with
the youngest come from the product of Sano Nggoang 2 that spills its product
to on the north-east side of Poco Dedeng volcano. The geochemical analysis
shows all manifestations originate from one reservoir, chloride water type,
NaCl type of the lake water with a few SO, influence, presumably, the hot

springs supply is influenced by seawater, the estimation of the reservoir has
a temperature about + 230 °C, with dacite and the rich organic sedimentary
rock, and located at + 1456 m from the manifestation, the isothermal section
shows the rate of temperature increase at 97.07 m/ 10 °C. The hypothetical
resource is counted about 1,488.6 kWe.

1. Introduction

The research location is in the Wae Sano area, Sano Nggoang District, West Manggarai Regency, East
Nusa Tenggara Province. The research area is on the Banda arc volcanic route [1], [2], where the volcano
is included in the type C volcano [3]. In this area, there is a case that lake water has an acidic pH, with
very high electro-conductivity properties, while the pH of hot springs that are the source of lake
irrigation is neutral pH. It is interesting to research geology to determine the distribution of rocks to
geological and geochemical conditions to determine the characteristics of the geothermal system in the
research area.

2. Methodology

The methodology of this research uses a wide scope to the specific scope of the study. The remote
sensing is used to aim the interest area, the geological mapping is conducted to know rock distribution,
the geochemical sampling is conducted to know characterization of the subsurface condition according
to the chemistry analysis, and the soil sampling is conducted to find the chemical interest distribution.

Interpretation of the available image data is the GDEM2ASTER image, where the image is drawn which
is estimated as a fracture and straightness, the lines must be the same length. The results of this image
interpretation will produce a straight line map and a fault fracture density (FFD) map [4]. Geological
mapping activities include geomorphological observations, collecting surface rock data, petrographic
observations, making stratigraphic columns, determining age through dating methods, making
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geological reconstruction sections, and reconstructing the geological history of the research area [5],
[6]. Geochemical data collection activities include hot water sampling, cold water sampling, hot water
temperature measurement, pH measurement for each water sample, manifestation water discharge
measurement, and measuring the electro-conductivity of each water sample. Cation water samples were
measured by an automatic atom spectrophotometer (AAS), while anion samples were measured by ion
chromatography. The measurement results of the samples were analyzed using the Cl1-SO4-HCO;
diagram, the Na-K-Mg diagram [7], the CI-Li-B diagram, the elemental geo-indicator, and the element
ratio [8], [9], [10]. Soil geochemical data collection includes soil sampling and soil CO», where the
sampling distance is = 1 km from other soil sampling points, sampling is carried out on soil horizon B,
or it is assumed to be = 1 m deep. Soil samples were measured with a mercury analyzer to determine
mercury levels, soil CO, samples were measured using the titration method to determine soil CO; levels
[10].

3. Results and discussion

3.1. The remote sensing analysis

Based on the results of the GDEM2ASTER image interpretation (Figure 1, left), the results of the
N3150E dominant straight line pattern are the dominant fracture patterns that are formed in the area. It
is assumed that the direction of the force that causes the fracture, apart from originating from inside the
volcano, also possibly originates from NW-SE, while the extensional force is in the direction of NE-
SW. The fracture intensity analysis (FFD) (Figure 2, right) shows that areas that have many fractures
are in the West, East, and Northeast of Wae Sano Lake. This is evidenced by the emergence of hot
springs (East of the lake), sintered silica (East of the lake), and altered rocks (all fractured areas are
large). The estimation from the FFD data is interpreted as a trace of hydrothermal activity, where the
hydrothermal fluid will pass through the existing fractures.
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Figure 1. The distribution of the lineaments (left), the FFD map (right)

120 £ 120,005 E 120.01 E120015E

3.2. Geological map

The results of geological mapping show that geomorphologically, the research area is divided into 3
volcanic cones [11], namely the Poco Dedeng Volcanic Cone in the Southeast, the Sano Nggoang
Volcano Cone in the Middle, where the Sano Nggoang volcanic cone has caldera walls that make up the
ridge. Wae Sano Lake barrier, and Mbeliling Volcano Cone in the Northwest. Geologically, the Sano
Nggoang volcano is a Plinian volcanic explosion type where the position of the magma chamber tends
to be shallow and a bit thick, resulting in a large explosion and the formation of a caldera. Lake Wae
Sano is a caldera as a trace of a volcanic explosion, where the caldera is formed by deflationary forces
(shrinkage) caused by the belly of the volcano losing its style [6]. Judging from the lake pattern, if the
reconstruction is carried out there are two circles that converge, so it is assumed that the volcano has
experienced two volcanic eruption holes forming. The exposed rocks are divided into 5, namely; the
Poco Dedeng Lava Unit in the Southeast, the Sano Nggoang 1 Lava Unit which points to the Northwest,
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the Sano Nggoang 1 Pyroclastic Breccia Unit which points to the West, the Sano Lava Unit Nggoang 2
to the east, and the Sano Nggoang 2 Pyroclastic Breccia Unit to the northeast (Picture 2). Furthermore,
the correlation of rock units was carried out, to determine their relative and absolute age, based on the
dating results, it was found that the age of the Poco Dedeng Lava Unit was at the age of 0.3 Ma [12]or
equivalent to the Pleistocene, and the Sano Nggoang 1 Lava Unit was at the age of 0.2 Ma [12]or
equivalent to the Pleistocene. Then performed a geological cross-section reconstruction to determine the
geological history (Figure 2). In terms of petrographic, lava products, and pyroclastic coverage that
tends to be monomic, the results of the same petrographic analysis are obtained, namely Dacite [13].
This is a support that the Wae Sano volcano is a Pilinian explosion type volcano with magma that tends
to be thick.
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Figure 2. The geological map of the Wae Sano Geothermal field and the geological section of the
study area (left), the rock dating of the study area (top right), and the petrographic analysis

The end of the geological mapping section is making the geological history of the research area, where
at the Miocene age is the process of forming sedimentary rocks in shallow marine environments as
bedrock [12]. Then at the Pliocene-Pleistocene age, the seabed was lifted as a result of the collision of
the Eurasian plate with the Indies-Australia [2], [14], the uplifted seabed become island is forming
changes of sediment quality [15]. Subsequently, the Poco Dedeng volcano was formed as a result of the
subduction between the Eurasia and Indies-Australia plates and ended at the age of 0.3Ma. Then the
eruption of the Sano Nggoang 1 volcano product on the northwest slope of the Poco Dedeng volcano at
the age of 0.2Ma. Lastly, Sano Nggoang 2 volcano product was released on the northern slope of Poco
Dedeng volcano. After releasing volcanic products in the form of pyroclastic deposits, the volcano's
stomach loses pressure which causes deflation (shrinkage) of the volcano's body or collapses, so that the
Sano Nggoang caldera is formed (Figure 3).
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Figure 3. Reconstruction of Geological History

3.3. The water geochemistry

Based on field data, it was found 4 hot springs with a distance of each spring that is close together
(100m-500m). Then hot water sampling, and taking 3 cold water samples in the southern part of the
lake, northwest of the lake, and northeast of the lake (lake water drainage). Based on the results of the
plotting on the ternary diagram Cl - SO4 - HCO; (Figure 4, left) [10], [16], the results show that the
APWS1 and APWS2 samples are Cl water which is deep reservoir water [17], while the APWS4 sample
is SO4 water which is volcanic water [18].
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Figure 4. The trinary plot of the hot wz;ter type (left), the plot of the cold water type (right).
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The type of chloride hot water in this area is of course also influenced by leaching and the interaction
with sedimentary rock as the base rock, this assumption is supported by the value of electrical
conductivity and the content of the Cl composition which is higher than deepwater reservoirs in general.
This condition will greatly affect the geothermometer calculation of the reservoir in the geothermal
system in Wae Sano. SOy is water that comes from the volcanic activity where the water is strongly
influenced by volcanic gases so that it is very acidic. The APWS4 sample is thought to have originated
from a deep reservoir but there was mixing with volcanic gases so that the APWS4 sample entered the
SO, water type. The very acidic pH composition of lake water is the result of steam-heated, which is
captured by the H>O element, causing a lake with a diameter of 3 km and 30 m deep to become acidic
and around it will appear sulfur deposits.
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Based on the analysis of the trilinear anion and cation diagrams, the cold water sample in the lake is a
type of NaCl water [18], also known as saltwater. The appearance of this saltwater is closely related to
seawater, the water of one lake is NaCl water with little SO4 influence, the water source comes from a
reservoir that is affected by seawater, or there is also a possibility that formation water will then be
drained to the surface by heat when the water is collected (Figure 4, right). in the lake, the water is mixed
with volcanic gases. The brine intrusion model diagram helps explain this phenomenon, which, when
combined with geological data, shows the intrusion of saltwater from the sea, moreover there is the
influence of heat causing the water to rise to Sano Nggoang lake (Figure 5).

Saline

Saltwater intrusion

Figure 5. The reconstruction model (adapted from [19]) to explain how seawater is heated and rise to
the Sano Nggoang lake.

Based on the results of the Na/1000-K/100-VMg trilinear diagram analysis (Figure 6, left), it shows that
the APWS1 and APWS2 samples are partial equilibrium water [7]or water that has been in equilibrium
with the reservoir rock, so the chemical content characteristics of the sample represent the characteristics
of the reservoir rock. Then for the APWS4 sample, it is a sample of immature water [10] or water that
is no longer balanced because the water has been mixed with other water, so it does not reflect the
characteristics of the water's origin. Geothermometer calculations show that the APWS1 and APWS2
samples are at a reservoir temperature of + 230 °C [7]. Based on the temperature, it is included in high
enthalpy resources [10].

The results of the CI/ 100-Li-B / 4 analysis showed that the APWS1 and APWS2 samples were derived
from side rocks between Rhyolite - Basalt [17], this is synchronous with the geological identification

results, the name side rocks tend to be Dacitic.
Na/1000 Ciroo
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Figure 6. The trinary plot to know the geoindicator and geothermometer (adapted from [7], [10]) (left).
The trinary diagram to know the rock type of the reservoir (adapted from [10]) (right).

Geoindicator analysis shows, Boron with a high enough value, so there is a possibility of the influence
of sedimentary rocks, the sea sediment conditions enrich the CI element in the hot fluid so that the value
is very high. APWS3 and APWS4 are samples that have occurred mixing with meteoric water, seen
from very low APWS3 is water with poor ion balance (-16.99%), also low APWS4 samples show
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immature water. The HCO3 / SO4 ratio to determine the flow or outflow zone, APWS1, APWS2,
APWS3, and APWS4 are upflow zones, fluids are affected by seawater, and in the same reservoir.
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Figure 7. the diagram to know the reservoir depth (adapted from [20]) (left), the diagram to know the
fluid phase in the reservoir (adapted from [21]) (right).

The results of the analysis of geothermal calculations at 230 °C are then entered into the temperature
equation against the depth of the temperature gradient equation for the depths of all geothermal fields
in Indonesia [20]. Based on the estimation diagram into the reservoir, the estimation results of the
reservoir depth are at + 1456 m below the manifestation (Figure 7, left).

The results of the reservoir depth estimation are then analyzed using the boiling point depth diagram.
Where this diagram serves to determine the boiling point of water at a certain depth and pressure,
because naturally the higher the environmental pressure, it will require a higher temperature to boil a
solution. The diagram shows, for a depth of + 1456m, a temperature of + 345 °C is needed to boil NaCl
water. So it can be concluded that the phase system in the reservoir is in the liquid phase. The reservoir
in the liquid phase is quite supportive as the reason why lake water is the NaCl type. Theoretically, when
seawater evaporates, H,O will evaporate while NaCl will remain in the sea. Because of this theory, the
reservoir system has a liquid phase (does not evaporate) (Figure 7right) when the water is lifted causing
NaCl to be carried up to the surface so that the lake water at an elevation of + 650 meters above sea level
tends to be of the NaCl type.

3.4. The soil geochemistry

A sampling of soil and soil CO; each of 28 samples. The sampling locations were spread out with a
distance of £ 1 km from each sampling location. Then the samples were analyzed in the laboratory to
determine the soil Hg content and the percentage of soil CO,. CO; is a gas that indicates a gas from
combustion so that it is an indication that the underground is heating up, then the soil CO, gas will be
trapped in the soil pores. Hg is one of the metal elements that is easily evaporated, so it is estimated that
from underground if there is heat activity it can result in the evaporation of Hg so that Hg will be trapped
in the pores of the soil layer.

On the Hg distribution map (Figure 8 left), it was found that the two areas had quite high levels of Hg.
Southeast area map and East lake area. This is an assumption that the area has experienced heating from
underground, supported also when altered rocks are found in the area, as an indication that alteration is
also closely related to hydrothermal processes. The Southeast area is also in the field supported by many
hot springs.

On the CO; distribution map (Figure 8 right), it was found that 4 areas had a fairly high percentage of
CO,. Where the Southeast and East regions have hot water output, then the West area of the lake is an
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area that actively releases gas bubbles, while for the northern area there is no waterlogging, because the
area is steep, so that neither hot water nor gas bubbles are found.
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Figure 8. The Hg content distribution map (left), the CO, percentage distribution map (right).
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3.5. The geothermal resources calculation

The calculation of resources is carried out using the heat loss method, where the laws of physics state
that Q out = Q in, so the calculation of natural heat loss can represent the amount of energy in the
reservoir by calculating the amount of mass that comes out of all springs. It is estimated that the amount
of speculative geothermal resources in the study area is 1488.6 kWe. The results of the calculation of
the depth rate against temperature in the isothermal section show that from a temperature of 81 °C to
230 °C a depth distance of + 1456 m is required so that the rate of the temperature per depth is 97.07 m
/10 °C.

4. Conclusion

A conceptual model is made as to the conclusion. Conceptual models are made based on the
interpretation of remote sensing data, the interpretation of geological data, the interpretation of reservoir
conditions based on the results of water geochemical analysis, data from previous researchers, and also
supported by the results of soil geochemical analysis.
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