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Abstract

The geothermal potential in the Lake Ranau area comes from the remnants of the magmatic activity from Mount Seminung. Geother-
mal manifestations in the research area are indicated by the presence of hot springs dan controlled by geological structures. This
research aims to determine estimated geothermal system temperatures and subsurface model based on chemical geothermometer
analysis. The chemical geothermometer method is used to indirectly estimate the temperature of subsurface geothermal sys-
tem. Geothermal fluid manifestations in Kota Batu Village were chemically sampled by collecting three samples (LP 1—LP 3) and
Lombok Village by collecting three samples (LP 4 — LP 6). Chemical geothermometers used in the research are silica, Na/K, K/Mg
and Na—K—Ca geothermometers. The results of chemical geothermometer calculations on six samples from geothermal fluid
manifestation locations, determination of subsurface reservoir temperature of the geothermal system in research area ranges 177.0 -
285.6°C and included in the geothermal system with intemediate to high enthalpy. The subsurface model based on the calculation
results of various chemical geothermometers about geothermal system components such as cap rock, reservoir rock, heat source,
geological structure, thermal fluid and surface manifestations.
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1. INTRODUCTION intermediate temperature geothermal resources and the rest as
low temperature geothermal resources. According to the Direc-
torate General of EBTKE (2028), the realized installed capacity
of EBT power plants reached 13.155 MWe or 13.16 GW in
20238, including 2.417.7 MWe of geothermal power plants
(Ministry of Energy and Mineral Resources, 2024). History of
geothermal exploration in Indonesia began in 1970 to discover

Indonesia is located on three major tectonic plates (Eurasian,
Indo-Australian and Pacific), making it a complex tectonic set-
ting. This position makes Indonesia part of the Pacific Ring of
Fire (Hartati et al., 2026). The Pacific volcanic belt in some

parts of Indonesia and tectonic setting is considered to be the ba-
sis for the formation Kasbani (2009). Geothermal systems in In-
donesia are generally high-temperature hydrothermal systems

(>225°C) (Saptadji, 2009). Most of the developed geother-
mal fields in Indonesia are volcano-hosted high-temperature

resources, providing abundant lessons learned for developing

potential high temperature resources in the future (Shalihin

etal., 2024).

Based on data from the (Geological Agency, 2023), geother-
mal ;Zfenotzil ?ndlrrl(()lrgneseiz(l r;Z(‘(}ﬁ:; 123 ;(61\15( }GW an) dg?ffoj 1 leor_ subduction of the Indo-Australian Plate to the Eurasian Plate.

This process triggers the formation of the Great Sumatra Fault
(GSF), a series of quaternary volcanic activity and a geothermal
system that develops along the tectonic line (Khakim et al.,

and develop high temperature geothermal systems. Detailed
prospecting exploration discusses geological, geochemical and
geophysical methods are combined to assess the field charac-
teristics when defining exploration wells in order to predict
the presence of high temperatures (IHochstein and Sudarman,
2008).

Sumatra Island is tectonically controlled by the oblique

cation points in 30 provinces. According to 2023 data from
the Coal and Geothermal Mineral Resources Center, there
are 55 potential points, 42% of which are classified as high

C (9] . .
temperature geothermal resources, 71 potential points, 547% as 2023). There are two main types of geothermal systems in

Sumatra, the first is located on the slopes of volcanoes and the
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second is located in pull-apart basins along the Sumatra fault.
The latter type formed as thirteen pull-apart basins due to a
specific tectonic setting in the main Sumatran strike-slip fault
and volcanic zone in Sumatra (Muraoka et al., 2010).

The geothermal potential in the Lake Ranau area comes
from the remnants of the magmatic event associated with
Mount Seminung. This tectonic setting created the lake and
caused fractures in the area. These fractures subsequently
served as pathways for magma to reach the Earth’s surface. Ad-
ditionally, indications of the influence of the Liwa Fault located
were also found in the research area. This Liwa Fault structure
is an active fault within the Sumatra Fault System (Aribowo
et al., 2017). The Ranau Lake geothermal area is a geothermal
prospect in Indonesia and consist of eight hot springs and two
altered rocks. All hot springs are located in edge of the lake
(Wioso et al., 2022).

In the research area, there have been studies on quartz
geothermometers by Zainal et al. (2024) and isotope geother-
mometer by Ibrahim et al. (2024b). The calculation results
show that the quartz geothermometer gives reservoir temper-
ature estimates of 280.5°C and the isotope geothermometer
gives reservoir temperature estimates of 270°C. Another re-
search by Afiat et al. (2020) that numerical model simula-
tion of geothermal reservoir temperature estimates for Lake
Ranau of 200-269°C. This result shows that the geothermal
potential in the area belongs to the high temperature category.
The integrated geothermometer approach enhances confidence
in determining reservoir temperature limits and developing
conceptual subsurface models. This research applies several
chemical geothermometers and statistical analysis integration.

Chemical geothermometers are the most commonly used
method for determining reservoir temperature in geothermal
systems. This geothermometer consists of equations calibrated
empirically or theoretically based on heterogeneous chemical
reactions that depend on temperature, which control the con-
centration of specific solutes in equilibrium conditions (Jiménez
etal., 2026). The chemical geothermometer method can be
used to predict the temperature of geothermal systems indi-
rectly at a cost is not too expensive, but the results do not deviate
far from the actual conditions in nature (subsurface). The prin-
ciple of geothermometers is based on the chemical behavior of
elements dissolved in geothermal fluids. This research expands
the interpretation by applying a multicomponent chemical
geothermometer framework and integrating equilibrium sen-
sitivity analysis and mixing interpretation. This approach is
more comprehensive of reservoir conditions and subsurface
system behavior than relying on temperature estimates using a
single method.

2. EXPERIMENTAL SECTION
2.1 Location of Research Area

The research area is administratively located at coordinates
UTM 380.000 mE —392.000 mE and 9.462.000 mN - 9.449.
200 mN, covering an area of approximately 127 km? (Ibrahim
etal., 2022). The Ranau Lake geothermal research area covers

© 2026 The Authors.

Science and Technology Indonesia, 11 (2026) 773-783

381090 382000 383080 384090 385080 386090 387090 388090 388090

Ranau Lake

9450980

9460980

9459980
9459980

Gedung Ranau
-

9458380
9458980

8457980
9457980

o
S
~

2 . 3 3
; X 2

§ Mt Seminuing A% T g

S T =

X/ e 1 N L

2 5 \ Jaga Raga 2
8 &S \ n < [2
3 / a P 130077 Y ' ; ™ ¥

381030 382090 133090 384090 385090 186050 387090 188050 389030

Legend LOCATION MAP OF RESEARCH AREA
b. Small River

3 w .@, B
2 Contour Index 3

Contour Interval

A a. River

o

o~~~ Road 0 05 1 2 3 4
Ranau Lake

8 Hot Springs

. Water Sampling Point

/\  wountain

Kota Batu District
L]

Figure 1. Location Map of Research Area (Modification
(Ibrahim et al., 2022))

an area of about 12 x 18 km? at an altitude of 500 - 1800
misl as shown in Figure 1. This research aims to calculate the
estimated temperature of the geothermal system and subsur-
face model based on the analysis of chemical geothermometer
method. Six samples were collected from two main manifesta-
tions (Kota Batu and Lombok), which correspond to the outflow
zone. These locations represent the dominant hydrothermal
discharge areas identified in the geological investigation. Sam-
pling focused on geochemically active zones and most of these
areas show surface manifestations.

The geology of the Ranau Lake area was consists of qua-
ternary deposits and tertiary rock formations. Quaternary de-
posits consist of alluvial deposits, Kukusan volcano deposits,
Seminung volcano deposits and Pugung volcano deposits as
shown in Figure 2. The stratigraphy of rock formations from
youngest to oldest during the Tertiary period consists of the
Ranau Formation, Bal Formation and Hulusimpang Forma-
tion (Ibrahim et al., 2020). The emergence of discharge zone
on the surface is marked by surface manifestations arising from
lithological contacts and faults formed around Mount Semi-
nung, located in the Kota Batu and Lombok regions (Geological
Resources Center, 2004).

The Lake Ranau area is known to have two geological struc-
tures which contribute to the process of geothermal fluid uplift,
namely structures with the direction of N 289° E and N 008°
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Figure 2. Geological Map of Research Area (Ibrahim et al., 2020)

E (Sugianto and Muttaqgin, 2011). In the direction of N 289°
E is known as the Kota Batu Fault, which is a normal fault with
a main north-south orientation. Meanwhile, the N 008° E
fault is the Lombok Fault, which is also a normal fault with
a hanging wall position located in the western part of Mount
Seminung.

2.2 Materials and Procedure Collect Data

The research method consists of steps taken by researchers to
collect data that will be processed and analyzed scientifically.
Geothermal fluid manifestations in Kota Batu Village were
chemically sampled by collecting three samples (LP 1 — LP 3)
and Lombok Village by collecting three samples (LP 4 — LP 6).
The research method used Atomic Absorption Spectrometer
(AAS), Turbidimetry and Titrimetry to measure anion and
cation content parameters in water samples. The anion and
cation content is used for the calculation of various types of
chemical geothermometers.

2.8 Water Chemical Analysis and Geothermometer

The units of cation and anion concentration data in mg/L were
converted to meq/L based on the atomic mass of each ion.
To ensure the accuracy of cation and anion ion concentration
data, the percentage of Charge Balance Error (CBE) was cal-
culated. CBE calculation is based on the law of conservation
of charge, which is a fundamental principle in solution chem-
istry (Domenico and Schwartz, 1998). If the CBE value is <5%

© 2026 The Authors.

then the charge balance is good (data is acceptable) and if the
CBE value is >5% then there may be errors in the analysis or
calculation. Calculation of CBE percentage value, as shown in
Equation (1) as follows:

>, cation — Y, anion

CBE(%) = ( x 100 (1)

Y cation + ), anion
Chemical geothermometers are an important geochemical
method for geothermal resource exploration and development.
Geothermometers are used to estimate subsurface tempera-
tures (Karingithi, 2009). This method is used based on the
development of empirical geothermometers involving a num-
ber of chemical elements (Na, K, Ca, Mg, and SiOy). Chemical
elements can be used in calculations using geothermometer
formulas. The RMS error value of the temperature calculated
using the geothermometer formula has a value of >5% (Utami
etal., 2019). There are several types of geothermometers used
as parameters to estimate temperature of subsurface geother-
mal systems are as follows:
1) Calculation of Silica Geothermometer (SiOg)
The silica geothermometers is used to measure the sol-
ubility of various types of silica in water as a function
of temperature. Silica geothermometers generally have
temperatures >180°C and exist in quartz equilibrium.
The temperature stability of silica reaches 250°C and
lowest solubility relative to polymorphic silica. Quartz
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2)

geothermometers are most commonly used to measure
reservoir temperatures >150°C and <150°C silica con-
tent controlled by chalcedony (Fournier, 1977). High
silica element can indicate the possibility of geothermal
fluid originating from the reservoir. The silica geother-
mometer is used to calculate subsurface temperature us-
ing Equation (2) in the quarz no steam loss and Equation
(3) in the quartz max steam loss as follows:
a) Calculation of quartz no steam loss

1309
5.19 — log(SiOg)

T(C) = ~973.15  (2)

b) Calculation of quartz max steam loss

1522

TCO =573 “Tog(SiOg)

-278.15  (3)

The quarz no steam loss is used during sampling and
not boiling condition, indicating a process of heat release.
The quartz max steam loss is used during sampling and
boiling condition (= 100°C), indicating no heat release
process when the water rise to the surface (Karingithi,
2009).
Calculation of Na/K Geothermometer
The Na—K geothermometer is used to chloride water
reservoirs with T >180°C. This geothermometer has the
advantage of being unaffected by steam loss and dilution
(mixing). However, this geothermometer is less accurate
when used at T <100°C (Simmons, 1988). The use of
this geothermometer considers the relationship between
sodium feldspar (Na) and potassium feldspar (K). Na—K
geothermometers are used to calculate subsurface tem-
peratures with calculation formulas by several experts in
Equations (4), (5) and (6) as follows:

a) Calculation of Na—K geothermometer by Truesdell

(1976)

856

O s s (%)

-273.15 (4)

b) Calculation of Na—K geothermometer by Fournier
(1979)

1217

o= 1.438 +1og(%)

-273.15  (5)

¢) Calculation of Na—K geothermometer by Giggen-
bach (1988)

1390

T(°C)= Tog(\_“)

-278.15 (6)

© 2026 The Authors.

3)

4)

T(¢C) =

5)
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Calculation of K/Mg Geothermometer

The K/Mg geothermometer is used to calculate the ratio
between K and Mg content, where shallow water has a
higher Mg content than deeper water. The K/Mg ratio
indicates the end condition of the reaction between fluid
and rock at the surface. The K/Mg geothermometer is
used to calculate subsurface temperature in Equation (7)
according to Giggenbach (1988) as follows:

4410

13.95+log(%)

T(°C) = -278.15 (7)

This geothermometer is commonly used at temperatures
of 100 - 800°C with Mg concentrations <0.01 mg/L and
most widely used in the research of low to intermedi-
ate systems when equilibrium is reached between fluid
and mineralogy composition (muscovite-clinoclore-k-
feldspar) of the host rock (Giggenbach, 1988).The water
maturity can be assessed from the contents of Na, K,
and Mg by plotting the values on a Na—K—Mg diagram
(Giggenbach, 1988). The presence of Mg is element with
low concentration at high temperatures (0.01-0.1 ppm),
caused by dilution (mixing) surface water containing high
concentrations of Mg (Ellis and Mahon, 1977).
Calculation of Na—K—Ca Geothermometer

The Na—K—Ca geothermometer is a type of geother-
mometer proposed by Fournier and Truesdell (1973)
and used in geothermal fluids with high calcium (Ca)
concentrations. The K/Mg geothermometer is used to
calculate subsurface temperature in Equation (8) accord-
ing to Fournier and Truesdell (1973) as follows:

1647

log (7) +B [10g (\g) N 2'06] " 2‘47—273.15

<z

®)

Application terms of Na—K—Ca geothermometer, as fol-
lows:
a) If the value of [log (

W) +2.06] <0, then g =1

Na
and T is calculated in °C.
b) If the value of [log (‘{\Cj’) + 2.06] > 0, then B = %
and the calculated T < 100°C is acceptable. If
the calculated T" > 100°C, then recalculate T' with
B=3
This geothermometer provides good results for use in
high temperature reservoirs (>180°C), but poorly when
used at low temperatures. This is caused by the geother-
mometer being affected by partial pressure of carbon
dioxide in solution, interrupted exchange reactions with
other ions (especially Mg) and precipitation of calcite
with the loss of carbon dioxide from solution during boil-
ing (Nicholson, 1993).
Integration of Multiple Geothermometers
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The integration of multiple geothermometer approach
is expected to enable more reliable assessment of target
reservoir temperatures, which could potentially reduce
geothermal exploration and development costs (Spycher
etal., 2014). Fach geothermometer is assessed according
to the principles of equilibrium and sensitivity to pro-
cesses of steam loss, dilution (mixing) and Mg addition.
Statistical consistency (mean, standard deviation and co-
efficient of variation) is evaluated for each geothermome-
ter to ensure internal consistency prior to interpretation.
The final reservoir temperature is determined through
an integration approach based on the mean calculation
of all geothermometer results.

6) Classification of Geothermal Systems Based on Reservoir
Enthalpy
The classification of geothermal systems based on reser-
voir enthalpy according to (Hochstein, 1990), is divided
into three categories (Table 1) as follows:

Table 1. Reservoir Enthalpy Classification (Hochstein, 1990)

Classification Reservoir Enthalpy (°C)
Low Enthalpy <125
Intermediate Enthalpy 125 - 225
High Enthalpy > 225
Na/1000
B Kota Batu (1)
:E;., . - B Kota Batu (2)
[l ¥ota Batu (3)
o - [] Lombak {1)
[ Lombek (2)

Il Lombak (3)

4 .
] I I

K‘/1 00 ﬂﬂiﬂ BO% Toiﬂ- Eé“ 0% A% 0%
Figure 3. Giggenbach Na—K—Mg Diagram

3. RESULTS AND DISCUSSION

This research uses Atomic Absorption Spectrometer (AAS),
Turbidimetry, and Titrimetry analysis in the laboratory to mea-
sure the parameters of cation and anion ion content in water
samples. Atomic Absorption Spectrometry (AAS) uses multi-
point standard solutions with a correlation coeflicient >0.995
(Salih, 2024). Analytical accuracy is better than + 8% based

© 2026 The Authors.
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on repeat measurements and the detection limit for major
cations (Na, K, Ca, Mg) is within the ppm range according to
instrument specifications. Turbidimetry (for SO, analysis)
has an accuracy within +5%, with a detection limit in accor-
dance with standard laboratory procedures (Kelley et al., 2014).
Titrimetry (for Cl~ and alkalinity) has an analytical uncertainty
within + 2-5%, depending on the concentration range, based
on repeated titration tests and verification of standard solutions
(American Public Health Association, 2017).

3.1 Water Samples Concentration

The results of laboratory analysis for the chemical characteris-
tics of water in the research area resulted in the values of cation
and anion ions contained in the water (Table 2) as follows:

3.2 Silica Geothermometer

(SiOy) The results of silica geothermometer (SiOg) calcula-
tions according to Fournier (1977) show that the temperature
no steam loss ranges 177.0 to 184.0°C and the maximum
steam loss ranges 165.7 to 171.5°C (Table 3). The lowest
temperature value was found in Kota Batu (3). The highest
temperature value was found in Lombok (8). Silica geother-
mometer calculations reached a temperature of T >150°C, so
that the silica content was not controlled by chalcedony.

3.3 Na-K Geothermometer
The results of Na-K geothermometer calculations according
to three reference sources (Table 4). Na-K geothermometer
calculations based on Truesdell (1976) produced temperature
values ranges 220.7 to 263.6°C. Calculations of the Na-K
geothermometer according to Fournier (1979) produced tem-
perature values ranges 165.7 to 171.5°C. Calculations of the
Na-K geothermometer according to Giggenbach (1988) pro-
duced temperature values ranging from 256.2 to 285.6°C.
Based on the lowest temperature recorded in Lombok (3)
and the highest temperature recorded in Kota Batu (3). The
Na-K geothermometer calculation shows a temperature of T
>180°C, independent of dilution (mixing) or steam loss.

3.4 K/Mg Geothermometer
The results of K/Mg geothermometer calculation according to
Giggenbach (1988) produced temperature values ranges 70.9
to 86.3°C (Table 5). The lowest temperature value was found
in Kota Batu (1) and the highest temperature value was found in
Lombok (1). The K/Mg geothermometer calculation reached
a temperature of T <100°C with a Mg contens >0.01 mg/L
and influenced by the equilibrium between fluid composition
and mineralogy (muscovite-clinoclore-k-feldspar) of the host
rock. Therefore, the K/Mg geothermometer calculation results
are not used in reservoir temperature conditions.
Temperature estimations using the K/Mg geothermometer
are comparatively low, which is inconsistent with the interme-
diate to high enthalpy classification. The K/Mg geothermome-
ter is strong sensitivity to magnesium enrichment, which fre-
quently happens as a result of interaction with shallow ground-
water or poor chemical equilibrium during fluid ascent. The
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Table 2. Water Samples Concentration of Major lon Content

Ion Content Parameters

Location Cations (meq/L)

Anions (meq/L) CBE (%)

Na K Ca Mg Cl HCO3 SO,

KotaBatu (1) 4.49 047 346 186 376 4.82 1.35 1.78
Kota Batu (2) 4.60 0.47 3380 1.78 320 501 1.15 3.80
Kota Batu (3) 4.52 049 3.53 1.76 320 5.10 1.15 4.30
Lombok (1) 11.61 0.98 4.24 227 433 7.75 580 3.30
Lombok (2) 11.02 0.97 449 38.08 433 798 6.26 2.60
Lombok (8) 10.69 0.83 4.31 38.05 4.33 747 5.66 3.91

higher water rises to the surface and the higher concentration
magnesium dissolved (Ibrahim et al., 2024a).

The Giggenbach (1988) Na—K—Mg diagram shows that
Mg content is very dominant relative to Na and K content and
classifies all samples as immature water, as shown in Figure 3.
Water classified in the immature water shows the dominant
influence of surface water or meteoric water. The high Mg
content in water indicates rock dissolution (leaching) near the
surface. The immature water condition is also caused by high
temperature and pressure prior to reaching the surface.

3.5 Na—K-—Ca Geothermometer
The results of Na—K—Ca geothermometer calculations accord-
ing to Fournier and Truesdell (1973) produced temperature

© 2026 The Authors.

values ranges 189.7 to 197.0°C (Table 6). The lowest tem-
perature value was found in Lombok (3) and the highest tem-
perature value was found in Lombok (2). Na—K—Ca geother-
mometer calculations indicate a temperature T >180°C, which
was not affected by COyq partial pressure, exchange reactions
(especially Mg) and precipitation from the solution during the
boiling process.

3.6 Temperature Estimation of Geothermal Systems

The results of the calculation differences for subsurface temper-
atures using chemical geothermometers (Table 7). This is very
likely to occur because when geothermal fluids from beneath
the surface of the geothermal system move toward the surface,
the fluids become contaminated by other chemical elements,
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Table 3. Silica Geothermometer (SiOg)

No
Steam Max
Location SiOg (mg/L) Steam
Loss Loss (°C)
Q)
Kota Batu (1) 204.68 181.5 169.4
Kota Batu (2) 194.2 178.0 166.5
Kota Batu (3) 190.91 176.8 165.6
Lombok (1) 204.37 181.4 169.3
Lombok (2) 211.42 183.8 171.2
Lombok (3) 211.75 183.9 171.3

rocks, dissolution and dilution (mixing) with shallow fluids,
thereby forming a new equilibrium.

Based on all geothermometer results, the reservoir con-
ditions in the research area were classified as intermediate
to high enthalpy according to Hochstein (1990). The high
enthalpy classification is determined by Na—-K geothermome-
ter, which consistently temperatures exceed 225°C. The in-

© 2026 The Authors.

termediate enthalpy classification is determined by silica and
Na—-K-Ca geothermometers, which consistently temperatures
125-225 °C. The K-Mg geothermometer has a temperature
below 125°C and does not represent reservoir conditions.

The overall range (171-285°C) appears wide when the
extreme values of various geothermometers are compared, but
each type of geothermometer shows low standard deviation
and low coeflicient of variation. A coefficient of variation (CV)
value <10% indicates that the data variation is relatively low
and the estimated results can be considered relatively consis-
tent and stable. This indicates that the wide range does not
reflect statistical dispersion, but rather systematic differences
between geothermometer principles (silica equilibrium vs. al-
kali feldspar equilibrium vs. Mg reaction).

Na-K and Na—-K-Ca geothermometers are less sensitive to
steam loss and shallow mixing reflecting reservoir conditions.
Silica geothermometers provide an independent equilibrium
limit. K/Mg geothermometers are considered indicators of re-
equilibrium and shallow fluid interaction rather than primary
reservoir temperature due to their high sensitivity to Mg.

The reservoir temperature indicates the presence of a geothe
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Table 4. Calculation Results of Na—K Geothermometer
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Location Na (ppm) K (ppm) By Truesdell (1976) By Fournier (1979) By Giggenbach (1988)
Kota Batu (1) 103.18 18.44 260.5 272.6 283.5
Kota Batu (2) 105.80 18.40 256.5 269.7 280.9
Kota Batu (3) 103.81 18.97 263.6 274.9 285.6
Lombok (1) 266.88 38.23 230.3 250.0 262.9
Lombok (2) 253.39 38.05 236.4 254.7 267.1
Lombok (3) 245.73 32.63 220.7 242.7 256.2
Table 5. Calculation Results of K/Mg Geothermometer 8.7 Subsurface Geothermal System Model
Subsurface geothermal system model based on the chemical
Location K (ppm) Mg (ppm) K/Mg Geother- geothermometer calculation in the research area can be visu-
o mometer (°C) alized using cross-sections A-B-C as shown in Figure 4. This
Kota Batu (1) 18.44 9960 70.9 cross-section provides an overview of the subsurface geological
Kota Batu (2) 18.40 91.04 717 conditions, including geological structures (faults) and compo-
Kota Batu (3)  18.97  21.39 79.9 nents of the geothermal system.
Lombok (1) 38.93 97 54 86.3 Subsurface geothermal system model based on the results
Lombok (2) 38.05 37 37 89 3 of various chemical geothermometer calculations as shown in
Lombok (3) 39.63 3711 78 6 Figure 5. The heat gradient line is derived from the average

Table 6. Calculation Results of Na—K—Ca Geothermometer

Na—K—-Ca

. Na Ca Geother-

Location (ppm) K (ppm) (ppm) mometer
“C)

Kota Batu (1) 103.13 18.44  69.30 192.3
Kota Batu (2) 105.80 1840  66.16 191.6
Kota Batu (3) 103.81 18.97  70.75 193.4
Lombok (1) 266.88 38.23  84.87 195.8
Lombok (2) 253.39 38.05 89.95 197.0
Lombok (3) 245.73 382.63  86.31 189.7

rmal system with intermediate to high enthalpy based on the
consistent high temperature readings produced by Na—K and
Na—-K-Ca geothermometers. Chemical geothermometer data
collection is the primary basis for the interpretation of reservoir
temperatures and the development of conceptual models of
subsurface geothermal systems. This emphasizes how crucial
it is to use supplementary geophysical or isotopic data in order
to increase data accuracy.

A comparison between the current geothermometer mea-
surements and previously published temperature estimates
(Tabel 8). Geothermometer results generally indicate that the
research area is dominated by intermediate to high reservoir
temperatures. The estimated reservoir temperature results are
used as the basis for developing subsurface geothermal system
model in the research area.

© 2026 The Authors.

estimated geothermal system temperature from the K—Mg
geothermometer of 77.0°C, silica (SiOy) geothermometer of
174.9°C, Na—K geothermometer of 259.4°C and Na—K—Ca
geothermometer of 193.3°C. This research uses a thermal
gradient calculation ranges 30-40°C/km. The reservoir tem-
perature of around 171-285°C indicates an estimated reservoir
depth of around 4-7 km, taking into account the uncertainty
caused by possible convective heat transfer. Structural geom-
etry parameters indicate the presence of normal faults with
directions N 289°E and N 008°E, which are interpreted as
permeable upflow conduits, localized convective heat trans-
fer is likely to reduce the effective depth of high temperature
fluid circulation relative to conductive estimates. This model
also contains information about geothermal system compo-
nents such as cap rock, reservoir rock, heat source, geological
structure, thermal fluid and surface manifestations.

In geothermal systems, hydrological processes occur that
involve the movement, distribution and interaction between hot
and cold fluids. This movement is influenced by fluid pressure,
heat gradient and geological structure. Geological structures
(normal faults) play an important role as permeable zones that
become pathways for hot fluids to escape to the surface in the
hot springs form. The point of geothermal manifestation at
the surface is within the outflow zone.

Each geothermometer is evaluated based on steam loss, di-
lution (mixing) and Mg accumulation processes. The K/Mg
geothermometer represent sensitivity to shallow groundwa-
ter interaction, indicating re-equilibrium during fluid ascent.
Na-K and Na—K-Ca geothermometers represent equilibrium
conditions controlled by feldspar minerals in high tempera-
tures and relative resistant to dilution (mixing) effects. Silica
geothermometers represent an independent equilibrium limit.

The subsurface geothermal model described in this work is
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Table 7. Compilation of Chemical Geothermometer Calculation Data

Types of Geothermometers

Location Silica (SiOg) Na-K (°C) K/Mg (°C) Na—K—Ca (°C)
No Steam Slt/lafn (Truesdell, (Fournier, (Giggenbach, (Giggenbach, (Fournier and
Loss ca 1976) 1979) 1988) 1988) Truesdell, 1973)
Loss
Kota Batu (1) 181.5 169.4 260.5 272.6 283.5 70.9 192.3
Kota Batu (2) 178.0 166.5 256.5 269.7 280.9 71.7 191.6
Kota Batu (3) 176.8 165.6 263.6 274.9 285.6 72.2 193.4
Lombok (1) 181.4 169.3 230.3 250.0 262.9 86.3 195.8
Lombok (2) 183.8 171.2 236.4 254.7 267.1 82.3 197.0
Lombok (3) 183.9 171.3 220.7 249.7 256.2 78.6 189.7
Mean 174.9 259.4 77.0 193.3
Reservoir Low (Not
Enthalpy Intermediate High Reservoir Intermediate
Classification Conditions)
Standard 6.77 19.17 6.55 9.7
Deviation
Coeflicient of 39 74 35 14

Variation (%)

Table 8. Comparison of Reservoir Temperature Estimates and
Enthalpy Classification from Geothermometers and Previous

Studies
Temperature Reservoir
Method . o Enthalpy
Estimate (°C) Classification
Silica 174.9 Intermediate
Geothermometer
Na—K .
Geothermometer 2594 High
K/Mg Low (N(')t
77.0 Reservoir
Geothermometer ..
Conditions)
Na—K-Ca 193.3 Intermediate
Geothermometer
Quartz
Geothermometer by 280.5 High
Zainal et al. (2024)
Isotope
Geothermometer by 970 High
Ibrahim et al.
(2024b)
Numerical Model Intermediate—
Simulation by Afiat  200-269 crmediate
High

et al. (2020)

© 2026 The Authors.

conceptual in nature and mostly derives on chemical geother-
mometer interpretations and surface geological observations.
Uncertainties emerge from assumptions relating to fluid-rock
equilibrium, potential mixing with shallow groundwater and
variances in geothermometer sensitivity. Alternative interpre-
tations of the subsurface configuration, including differences
in reservoir depth, fluid pathways and heat source geometry
remain possible.

4. CONCLUSIONS

Based on the results of chemical geothermometer calculations
on six samples of geothermal fluid manifestation locations,
the estimated temperature of the subsurface geothermal sys-
tem in the research area ranges 171.2 - 285.6°C. The sil-
ica (SiOy) geothermometer produces temperature estimates
ranges 165.6 - 184°C. The Na—K—Ca geothermometer pro-
duces estimated temperatures ranges 189.7 - 197.0°C. The
K/Mg geothermometer produced temperature estimates ranges
70.9 - 86.3°C. The high Mg concentrations and low K/Mg
derived temperatures (<100°C) indicate that geothermal fluids
and reservoir minerals are not in equilibrium. The Na—-K and
Na—K-Ca temperature values are consistently high (>180°C)
suggest that deeper reservoir signatures. The geothermal sys-
tem shows the potential for geothermal resources with interme-
diate to high enthalpy. The chemical equilibrium relationship
between geothermal fluids and reservoir minerals is approx-
imated by chemical geothermometers, this assumption fluid
steam loss, dilution (mixing) or re-equilibrium throughout the
ascent process. Additional sampling data (temporal and spatial)
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are not available, this research was conducted on six represen-
tative geothermal fluid samples from the main manifestation
areas (Kota Batu and Lombok). The subsurface model contains
information about geothermal system components such as cap
rock, reservoir rock, heat source, geological structure, thermal
fluid and surface manifestations. Hydrological processes in-
volving the movement, distribution and interaction between
hot and cold fluids. Geological structures (normal faults) play
an important role as permeable zones that become pathways
for the release of hot fluids to the surface in the hot springs
form (outflow zone).
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