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Abstract. Seulawah volcano, located in Sumatra, Indonesia, is renowned for its geothermal potential, a crucial source of cleaner energy for Indonesia’s 
future growth and security. Available studies of Seulawah volcano primarily focus on its general geological, geochemical, and regional characteristics, 
with limited research on its shallow subsurface conditions. This study aimed to fill this research gap and enhance our understanding of the geothermal 
system of Seulawah volcano. There are two objectives of this study: (1) to conduct a transient electromagnetic (TEM) survey across the study area 
and (2) to better visualize and characterize the shallow subsurface conditions of the geothermal system of Seulawah volcano. The TEM method, which 
employed 60 stations (with distances between stations ranging from 0.5 to 1 km) and intersected several geothermal manifestations as well as local 
and regional faults, was used to achieve the objectives of this study. The Occam algorithm was applied for 1D inversion of TEM data, which was then 
validated using magnetotelluric data. The results of this study indicate that the geothermal system of Seulawah volcano has the potential to generate 
up to 230 Mwe of electrical energy. Moreover, the shallow depth (<200m) of Seulawah volcano is dominated by a resistive zone, which is interpreted 
to be related to the basaltic rocks of the Lamteuba Formation. The reservoir layer is located at depths of 200–500 m, exhibiting moderate resistivity 
values of >10 Ωm. At a depth of 500 m, a conductive layer with resistivity values <10 Ωm was observed, interpreted as a clay cap where fluids from 
the reservoir layer accumulate. Validation with magnetotelluric data shows results consistent with the TEM data, confirming that the findings of this 
study are reliable. These findings contribute to a deeper understanding of the geothermal system of Seulawah volcano and are expected to support 
the development of greener, renewable energy sources for Indonesia. 
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1. Introduction 

Geothermal energy is an alternative renewable energy source 
that produces and supplies electrical power from the Earth's 
interior heat source of magma, where heat accumulates in the 
hot rocks beneath the surface at high temperatures (Moya et al., 
2018). The total global geothermal power generation capacity 
reached 16.127 MWe by the end of 2022, an increase of 273 
MWe compared to the 15,854 MWe installed capacity in 2021 
(Hochstein & Sudarman, 2008). The United States of America 
remains the leading country in geothermal power generation, 
followed by Indonesia in second place in 2022 (Hochstein & 

 
* Corresponding author 
Email: marwan.geo@usk.ac.id (Marwan) 

Sudarman, 2008). Indonesia is estimated to have geothermal 
energy potential amounting to 40% of the world's total, 
approximately 28,617 MWe. (Hochstein & Sudarman, 2008).  

At least 20 potential geothermal fields are estimated to be 
located in the northernmost part of Sumatra. These include the 
Jaboi volcano on Weh Island, with an estimated power of 80 
Mwe (Yanis, Ismail, et al., 2022), Geuredong and Burni Telong 
in Central Aceh (Nugraha et al., 2016; Yanis, Marwan, et al., 
2022), Peut Sagoe in the Pidie region (Yanis et al., 2023; Yanis, 
Novari, et al., 2020; Zaini et al., 2022), and Seulawah Agam 
(Marwan, Yanis, et al., 2019; Zaini et al., 2021), with an estimated 
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electrical energy potential of 230 Mwe (Marwan, Yanis, et al., 
2021). These potential geothermal fields, however, remain 
underexplored and undeveloped, likely due to the lack of 
government support and incentives. In the future, as the world 
transitions to greener and renewable energy sources, these 
geothermal potentials could serve as a substitute for today’s 
ubiquitous fossil fuels (oil, gas, coal, etc.). 

This research focuses on the geothermal potential of 
Seulawah Agam volcano, located in the Province of Aceh, 
Sumatra, Indonesia. Over the last two decades, numerous 
studies have been conducted to understand the large-scale 
dynamics of the Seulawah Agam volcanic geothermal area, 
which has an estimated energy potential of 230 Mwe (Marwan, 
Yanis, et al., 2019; Nasruddin et al., 2016). These earlier studies 
include geochemical investigations aimed at better 
understanding the geothermal water sources and predicting 
temperatures at several surface manifestations (Idroes et al., 
2019). Moreover, several integrated geophysical surveys have 
also been carried out, including the magnetotelluric (MT) 
method (Marwan, Yanis, et al., 2019, 2021), as well as remote 
sensing studies such as the use of Landsat series data to monitor 
thermal activity from 2010 to 2020 (Zaini et al., 2021), and the 
use of UAV data for thermal monitoring with higher resolution 
(Marwan, Idroes, et al., 2021).  

Most of the studies mentioned above were conducted on 
a regional scale using the MT method. However, the local 
subsurface structure models and some manifestations cannot be 
adequately described using the MT method, as its low-
frequency depth penetration can only explain deep anomalies 
with low resolution. Therefore, we have decided to use the 
transient electromagnetic (TEM) method to characterize 
volcanic layers in shallow areas and to overcome the limitations 
of the MT method.  

This study aims to improve the existing conceptual model of 
the Seulawah geothermal system using high-resolution TEM 
data and to identify the subsurface fluid pathways within the 

system. It is the first geophysical survey of the study area to 
focus on shallow depths (<1 km) at a local scale around 
geothermal manifestations and hydrothermal deposits, which 
typically exhibit high electrical resistivity (Ruiz-Aguilar et al., 
2020). There are two objectives of this research: (1) to conduct 
a transient electromagnetic (TEM) survey across the study area 
and (2) to better visualize and characterize the shallow 
subsurface conditions of the Seulawah volcanic geothermal 
system. 

 
2. Literature Study 

2.1 Geological Setting of Seulawah Volcano 

Seulawah volcano is primarily composed of the Lamteuba 
Formation, as shown in Fig. 1. This Formation consists of lava 
and pyroclastic rocks, ranging from basaltic to andesite and 
dacitic rocks, as well as volcanic breccias, tuff, and agglomerate. 
Furthermore, the study area includes other rock types, such as 
alluvium, sandstone, conglomerate, limestone, and the 
Indrapuri Formation (Bennett et al., 1981). Several geothermal 
manifestations are present within the study area, including hot 
springs, warm ground, and craters (Idroes et al., 2019; Marwan, 
Syukri, et al., 2019). The hot springs are located in Ie Jue, Ie 
Busuk, Ie Seu’um, Alue Utuen Pineung, Alue Pu, Ie Masam, and 
Alue Tungku. 

Generally, the volcanoes in Sumatra are controlled by the 
regional fault systems of the Great Sumatran Fault (Hochstein & 
Sudarman, 1993; Saptadji, 2001), which extends 1700 km from 
Lampung to the Andaman Archipelago in India (Rizal et al., 
2019; Sieh & Natawidjaja, 2000; Yanis, Faisal, et al., 2020). This 
fault is divided into 20 segments, two of which are located at the 
northern tip of Sumatra: the Aceh segment, which extends to 
Aceh Island, and the Seulimum segment, which leads to Weh 
Island (Abdullah et al., 2022; Marwan, Asrillah, et al., 2019; 
Yanis, Abdullah, et al., 2021). Seulawah Agam is one of the 

 

Fig 1. (a). Geological map of the Seulawah volcano, which is generally dominated by Lamteuba volcanic formation. This map was adopted 
from regional geological maps (Bennett et al., 1981), where (b) shows the location of the volcanoes at the northern tip of Sumatra Island in 

Aceh Province, while (c) is photographic documentation showing the high topography of one of the volcanoes, reaching up to 1700 m. 
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active volcanoes in Aceh Besar District, Aceh Province, in the 
north of Sumatera, Indonesia. This volcano was formed due to 
the tectonic activity of the Sunda megathrust on the east side of 
Sumatra Island, as shown in Fig. 1 (Hochstein & Sudarman, 
1993; Marwan, Syukri, et al., 2019; Yanis, Marwan, et al., 2021). 

In addition, the subduction zone along the west coast of 
Sumatra, at a depth of 100 km, has also caused shallower 
magnetization, with geothermal reservoir rocks typically found 
in sedimentary rocks. These fault systems may have provided a 
migration pathway for fluids, connecting them to the 
geothermal system of Seulawah Agam. Moreover, many surface 
geothermal manifestations are located near these fault systems, 
providing evidence of the close relationship between the fault 
systems and the geothermal system. 

The study area is primarily composed of the Lamteuba 
Formation (Fig. 1). This formation consists of lava and 
pyroclastic rocks, ranging from basaltic, andesite, and dacite to 
volcanic breccias, tuff, and agglomerate. Furthermore, the study 
area contains other rock types, such as alluvium, sandstone, 
conglomerate, limestone, and the Indrapuri Formation (Bennett 
et al., 1981). Several geothermal manifestations are found within 
the study area, including hot springs, warm ground, and craters 
(Idroes et al., 2019; Marwan, Syukri, et al., 2019). The hot springs 
are found at Ie Jue, Ie Busuk, Ie Seu’um, Alue Utuen Pineung, 
Alue Pu, Ie Masam, and Alue Tungku (Fig. 1). 

2.2 Basic Theory of Transient Electromagnetic 

Electromagnetic (EM) methods are geophysical 
techniques that measure electric and magnetic fields to obtain 
conductivity parameters from subsurface layers. (Ruiz-Aguilar et 
al., 2020; Yanis et al., 2017, 2019). Two different domains in EM 
methods are the time domain EM (TDEM) method, also called 
transient electromagnetics (TEM), and the frequency domain 
electromagnetics (FDEM). The TDEM method involves 
generating transient electromagnetic fields using a transmitter 
coil and measuring the resulting induced electromagnetic fields 
with a receiver coil. The transmitter coil is energized with a 
short pulse of current, typically lasting a few microseconds. The 
resulting transient EM field propagates through the subsurface 
and induces eddy currents in the conductive subsurface 
materials. The induced currents, in turn, generate secondary 
EM fields that are detected by the receiver coil. The response of 
the subsurface materials to the transmitted EM fields provides 
information about the subsurface geology (Nabigian, 2008; 
Chave and Jones, 2012; Vozoff, 1980). Faraday's principle of 
induction states that a rapidly changing current in the primary 
field induces eddy currents in the surrounding conducting 
medium (Vozoff, 1980). The transient of the EM field (H0) step 
function at the time t=0 is expressed as 

𝒆𝒙(𝒛, 𝒕) =  
𝟐𝑯𝟎
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where 𝜎 represents the conductivity (S/m), 𝜇 denotes magnetic 
permeability, 𝑡 is time (s), and 𝑧 indicates the depth (m) 
(Nabigian, 2008).  

The measurement begins after the transmitter current is 
turned off; the current loop can be thought of as an image of the 
transmitter loop in the ground. Due to the finite ground 
conductivity, the current begins to decay immediately, which in 
turn induces a voltage pulse that drives more current to flow. 
The time-dependent response is measured using a multi-turn 

receiver coil. The time derivative of the vertical magnetic flux 
density (𝐁z = μ0𝐇z) is equal to the voltage induced in the 
receiver coil, V(t), divided by the receiver coil moment MRec 

(McNeill, 1980). The receiver coil moment is the product of the 
coil receiver area and the number of cables in the coil. 
Therefore, the measured EM response can be mathematically 
represented as (Fitterman & Stewart, 1986): 
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where the resistivity of half the surface space is ρ =1/𝜎 and 
MTrans denotes the transmitter loop moment (M = AI for square 
loops, where A is the area of the transmitter loop and I is the 
transmitter current). 

The initial time equation can be algebraically can be 
inverted to obtain the apparent resistivity value, as shown in 
eq4: 
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Alternatively, when considering the receiver moment, the 
equation becomes  
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where 𝜌𝑎 represents the resistivity value, assuming the field is 
detected using the vertical axis coil ( McNeill, 1980; Fitterman 
and Stewart, 1996; Zhdanov, 2009). The data obtained from the 
field must be processed before inversion. Finally, after 
processing, including noise filtering, stacking, and smoothing to 
obtain data with a high signal-to-noise ratio (SNR), the apparent 
resistivity value is determined using eq.5. Data modeling from 
the TEM method is performed through the application of 1D 
inversion, where the Occam algorithm is one of the commonly 
applied source codes (Strack, 1992). 

3. Methodology 

3.1. Design Survey of TEM Data 

One unit of TEM system typically consists of a source loop and 
a receiving loop. An inductive cable, embedded below the 
surface, serves as the source to generate an EM field, which is 
transmitted to the subsurface through the current flow in the 
wire. The receiver captures the time derivative of the secondary 
magnetic field. Specifically, the layer resolution and depth of the 
anomaly are influenced by the loop size and the magnitude of 
the transmitted current. To study the geothermal system and 
caldera margin of the volcano, all data points are measured to 
cover the volcanic area. A total of 60 measurement stations are 
distributed across the volcanic areas, with a distance of 500 m 
between points, in order to obtain a reasonable resolution of the 
model. The arrangement of the cable loops forms a square with 
a side length of 100 m. The design of the measurement survey 
is illustrated in Fig. 2a. 

Each station employed a low moment and a high current 
of up to 40A, with a switching time of 0.8–80 ms. Therefore, data 
points were also obtained in several manifestation areas, such 
as in the craters of Heutz, Cempaga, Ie Suum, and many other 
features. Based on the distribution of the TEM stations, a cross-
section for the 2D model with 9 profiles was created. These 
profiles cross regional faults from the GSF and local faults from 
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volcanoes in the NW-SE direction. The profiles were used to 
study the relationship between regional and local faults and 
volcanic systems, which may serve as access points for rising 
fluids to the surface. For example, the P1 profile crosses the 
regional fault and the Ie Suum manifestation, the P2-P3 profile 
covers the Ie Busuk manifestation, and the P5-P8 profiles cross 
the Heutz crater, Ceumpaga, and several other local faults. The 
Phoenix RXU-TMR and T-4 Transmitter were used in this 
research. They can operate with turn-off times as short as half a 
microsecond, allowing for maximum resolution of near-surface 
anomalies, as depicted in Fig. 2b. The Multem Receiver was 
used as the receiving instrument (Fig. 2c). The output current 
generated by the transmitter can reach up to 40 A, proving a 
strong response and high resolution to depths of up to 500 m, 
making it an ideal instrument for resistivity sounding over a 
wide area. 

3.2. Data Processing 

Occam is an inversion algorithm introduced by Parker and 
Constable in 1987, based on the principle that allows for 
continuous resistivity variations with depth (Hördt et al., 1992). 
The Occam inversion provides a smooth resistivity model with 
a minimum target misfit value. This inversion typically yields 
realistic and smooth results when applied to resistivity 
structures. (Li et al., 2015). The thickness of the Earth’s layer in 
the Occam inversion is considered equivalent to the distance in 
logarithmic space. Unlike traditional least-squares inversion, the 
Occam inversion demonstrates the best-fitting smooth model. 
To represent and understand our data, we typically require a 
preferred model, even though inverted electromagnetic data is 

known to be nonunique. It is advisable to avoid incorporating 
characteristics that are not truly necessary for the data and to 
ensure the model is independent of the number of layers or the 
initial model selected (Li et al., 2015). 

The Earth model in this inversion is constructed 
continuously based on the horizontal layer approach, which is 
mathematically expressed by eq.6: 

𝐔 =  𝛍−𝟏(𝛘𝟐 − 𝛘∗𝟐) + 𝐑  ,     (6) 

where the Lagrangian function is denoted as μ, the misfit value 
is symbolized as (χ∗), and the chi-square error (χ2) is the 
calculation between the calculated data and the measured data, 
as expressed in eq.7: 

𝛘𝟐 = ∑ (
 𝐝𝐢 −  𝐟𝐢(𝐦)

𝛔𝐢
)

𝟐
𝐧
𝐢=𝐧     ,      (7) 

where n represents the number of data points at the measured 
locations (d1...dn), with the corresponding standard deviations 
(𝜎1 … 𝜎n). The calculation data (f1 (𝑚) … 𝑓𝑛)) depends on the 
model vector m1 … mn, which varies based on the resistivity 
values and the layer thickness. Specifically, the Occam inversion 
equation can be adjusted as shown in eq.7:  

U =𝛍−𝟏   {‖𝐖̃𝐝 −  𝐖̃𝐆𝐦‖
𝟐

−  𝛘∗𝟐} + |𝛛̃m|2 .   (8) 

For each 𝜇 value that does not change, the value of the gradient 
U with respect to m will be removed, so that the model form (m) 
of the Occam inversion is mathematically shown by eq.8: 

m = [𝛍𝛛𝐓𝛛 + (𝐖̃𝐆)𝐓𝐖̃𝐆]
−𝟏

 (𝐖̃𝐆)𝐓 𝐖̃𝐝      .      (9) 

 

Fig 2. Topographic map of the 60 TEM data points and 9 profiles, which were obtained from the entire station, illustrating regional and local 
faults as well as some manifestations such as the Heutz and Cempaga craters. The symbol P represents the TEM profile, and the symbol 'x' 
denotes the 1D data points, which are plotted to explain the depth of the resistivity layer. Panel (b) shows the Phoenix RXU-TMR and T-4 
Transmitter, while panel (c) displays the receiver loop model used in this study, the MulTEM-AL, developed by Phoenix Corporation of 

Canada. 
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Variations in the value of 𝛍 produce the true model shape. The 
value of 𝛍 must be determined such that the misfit value can be 
known (Constable et al., 1987; Siripunvaraporn & Egbert, 2009; 
Yanis, Marwan, et al., 2022).  

A one-dimensional Earth model can be obtained using the 
Occam inversion code developed by Constable et al. (1987) to 
produce a precise solution for the subsurface 1D structure. 
TEM-sounding curves provide information about the general 
structure, which may be expected from subsequent 2D and 3D 
modeling. The filtered apparent resistivity data and time are 
used as input parameters in the inversion, assuming five 
resistivity layers based on the initial standard model and a depth 
of 100 to 1000 m (Telford et al., 1990). Additionally, the provided 
homogeneous half-space resistivity parameter value is set to 
100 Ωm, with 10 iterations, and errors assessment reveals a root 
mean square (RMS) value limit of 6.5%. 

4. Result and Discussion 

4.1 1D Inversion of TEM Data 

Fig. 3 shows examples of 1D TEM data inversion results using 
the Occam algorithm, which focuses on locations directly 
influenced by volcanic activity, including regional and local 
manifestations, as well as fault areas. At site 49 (Fig. 3a), near 
the crater, the resistivity values vary with depth up to 1 km 
below the surface. At depths between 0 and 200 m, the obtained 
resistivity values are relatively high (26.13 m). This shows a 

response from the resistive layer, which is believed to be a 
basaltic layer or volcanic deposit near the Heutz crater. This 
rock is classified as the Lamteuba Formation, part of an 
extrusive igneous rock that has cooled at the Earth’s surface, 
and it is the dominant volcanic rock mostly found in tropical 
areas (Wang et al., 2018). Furthermore, at depth of 200 to 400 
m, a conductive anomaly with a value of 3.94 Ωm is obtained. 
This represents a response from the clay cap layer, which acts 
as a reservoir for fluid accumulation. If a fault is present, then 
the fluid in this layer will rise to the surface, forming surface 
manifestations. 

In another manifestation, site 57 is located at the Cempaga 
crater (Fig. 3b), where a similar layer model was obtained at the 
previous manifestation site. A resistive anomaly was observed, 
which corresponds to the basaltic layer covering the fluid in the 
clay cap. This fluid can also be traced at depths between 200 
and 400 m, where it exhibits low resistivity. These results show 
that the reservoir in the Cempaga crater area is much deeper 
than that in the Heutz crater. In other locations near the volcano, 
such as sites 29 (Fig. 3c) and 59 (Fig. 4d), similar resistivity 
layers are found as in the crater areas, but at different depths. 
This is due to volcanic activity, although there are no specific 
volcanic manifestations. For example, in the first layer, a 
resistive layer is obtained to a depth of 0–400 m, which is 
suspected to be a volcanic base layer. A conductive layer is then 
suspected to be a caprock at depths between 400 and 500 m 
below the surface.  

At a location close to the fault, such as at site 15 (Fig. 3e), 
the results of the Occam 1D inversion show that the first layer 
is very resistive and then becomes conductive at the same depth 
as the TEM point near the crater. This behavior is due to the 
location of the point within the regional GSF area, meaning that 
in the near-surface region, the resistivity is not significantly 
affected. Therefore, the inversion data only visualizes the 
resistivity changes due to volcanic activities. Meanwhile, at the 
local fault location, site 36 (Fig. 4f), a high resistivity value is 
found at a depth of less than 200 m, which then changes to 
become highly conducive at a depth of 500 m. This change in 
conductivity is caused by volcanic activities and the presence of 
a local fault, which is also the main controller of the Seulawah 
geothermal system. To examine the full extent of the TEM data, 
eight cross-sectional profiles were created, covering 
manifestations, volcanoes, and regional and local faults. 

The 1D inversion of TEM data has revealed the geometry 
of the Seulawah Agam geothermal system, especially in shallow 
areas. The data is also validated with magnetotelluric 
measurements, which is an effective method used in geothermal 
studies. The results of this 1D inversion provide information 
only on the variation in resistivity with depth. Therefore, a 
pseudo-2D visualization is created to describe the overall 
mechanism of the geothermal system. The first layer is 
dominated by a resistive zone, which corresponds to basaltic 
rock reaching depths of 0 to 200 m. Below this, a conductive 
clay cap layer is located at depths between 200 and 500 m, while 
a moderately resistive reservoir layer is identified at profile 4, 
between 400 and 500 m, and is interpreted as the reservoir. 
Additionally, several 2D cross-sections map the presence of 
regional and local faults, which are key mechanisms in the 
formation of geothermal elements in volcanic areas. These 
faults act as conduits, transporting fluids from the clay cap layer 
to the surface, creating manifestations such as Ie Jue, Ie Suum, 
Heutz, and Cempa craters. 

According to previous studies (Hochstein & Sudarman, 
2008; Nasruddin et al., 2016), several models of geothermal 
reservoirs exist, including hydrothermal systems that contain 

 

Fig 3. Some examples of 1D TEM data models processed using 
the Occam algorithm for all stations: (a) station 49 and (b) station 
47, which is close to the volcanic manifestation, (c) station 29, and 
(d) station 59, which is located at the caldera margin area of 
Seulawah, while (e) station 15 and (f) station 36, which are close to 
the regional fault of the Seulimum segment and local faults near 
the volcano. 
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fluids in the form of gas, liquid, or a mixture of both, depending 
on the pressure and temperature within the reservoir. In 
addition, there is the hot dry rock system, which does not 
contain steam and water; the operation of this system requires 
injection and production wells to produce fluid that flows 
through the hot dry rock (Purnomo & Pichler, 2014). Therefore, 
understanding the presence of faults in volcanoes is crucial for 
geothermal development, as faults serve as pathways for fluid 
to enter and exit (Rybach, 2003; Yanis, Ismail, et al., 2022). 
However, in some areas dominated by resistive rocks, such as 
basalt, at the surface, fault activity may not bring fluids to the 
surface, preventing the formation of manifestations in those 
area. A 1D analysis of TEM data also shows that the resulting 
resistivity pattern is consistent with many of the world's 
geothermal systems (Ledo et al., 2021; Ruiz-Aguilar et al., 2020), 
where there is a high resistivity permeability layer and a low-
resistivity clay cap covering the reservoir with more resistive, 
high-permeability zones. 

4.2 Pseudo-2D Visualization of TEM data 

Pseudo-2D analysis was performed on all TEM profiles that 
cross faults and volcanic manifestations. However, for the 

geothermal generation system, we only presented three 
profiles, such as Line 4, which crosses the Ie Jue manifestations, 
as illustrated in Fig. 4. The overall length of the track is 10 km, 
with 7 TEM station data varying between 1 and 2 km. This line 
passes through manifestations of hot springs and several local 
faults that control the volcanic system. The results of this 
pseudo-2D cross-section show a resistive zone between 0 and 6 
km, with resistivity values ranging from 280.63 to 2542.4 Ωm, 
and a thickness of 200 m below the surface. This anomaly is 
predicted to be a basaltic layer that inhibits fluid flow to the 
surface. The same resistive zone is also found on the east side, 
near the volcano’s peak, with a resistive log of 3 Ωm. 

This basaltic layer prevents the formation of 
manifestations along the volcanic zone. However, at a distance 
of 7 km from the measurement line, a conductive layer is 
obtained with resistivity values ranging from 2.12 to 12.04 m. 
This anomaly extends along the trajectory at a depth of 500 m, 
which is suspected to be a clay cap layer acting as a permeability 
shield of the fluid in the reservoir below. This fluid rises to the 
surface due to a local fault, which provides a pathway from the 
clay cap area. The fault can be mapped clearly at a depth of less 
than 500 m, directly beneath the Ie Jue manifestation, as 

 
Fig 4. 2D pseudo-cross-section model in profile 4 spans across the manifestations of the Ie Jue volcano. This model was derived from the 

analysis of the Occam 1D algorithm. The clay cap zone exhibits a strong contrast with high conductivity at 100–500 m depth. 
 
 

 
Fig 5. 2D cross-section model in profile 5 is measured across regional faults from the GSF and local faults, the main mechanism for 

controlling fluid in the volcano. The conductive zones, likely representing faults, can be seen clearly at 2, 6, and 9 km from the measurement 
path. 
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indicated by the geological map (Bennett et al., 1981). 
Additionally, at a depth of 500 m in the volcanic area, there is 
also a conductive zone, which is thought to represent the 
continuation of the clay cap. Due to the volcanic deposit layer, 
the fluid cannot penetrate to the surface, preventing 
manifestations in the area. Moreover, a moderate resistivity 
value was obtained to the NE of the volcano, with the anomaly 
extending to a depth of 200 to 500 m. This is suspected to be a 
reservoir layer, which is crucial for geothermal drilling. 

On the east side, the high-resistivity anomaly is thought to 
represent the basaltic layer of the volcano, but further inversion 
is required, as the area is only represented by one TEM station. 
Profile 5, as shown in Fig. 6, crosses several regional and local 
faults. Overall resistivity values range from 1.09 to 1935.4 Ωm. 
At a distance of 0 to 9 km from the high-resistive zone, the 
resistive layer, with values ranging from 185.71 to 1935 Ωm and 
extending to a depth of 300 m below the surface, is suspected 
to be a basaltic or volcanic deposit that hinders fluid access. At 
a depth of 500 m on the west side, there is a conductive layer. 
Between 3 and 9 km, the conductive layer extends to a depth of 
1 km and is suspected to be an anomaly related to the clay cap, 
which accumulates geothermal fluid. 

One factor contributing to the separation of this 
conductive zone at a distance of 2 km is the presence of the 
Seulimum segment of the GSF, which is also responsible for 
controlling the geothermal mechanism in the volcano. In 
addition, local faults are clearly visible at distances of 6 km and 
10 km from the measurement line (Fig. 1). While there are many 
faults in the area, the fluid in the clay cap layer cannot rise to 
the surface because the base layer is dominated by dense 
resistive zones, such as basaltic rock. This prevents the 
formation of manifestations in the area. Even near the surface, 
at a distance of 8 km, the resistive zone, suspected to be a 
volcanic deposit, can be mapped clearly. At a depth of 500 m, a 
moderate resistive value ranging from 25.75 to 116.32 Ωm was 
observed. This layer is suspected to be a geothermal reservoir 
for storing and circulating thermal fluids, such as steam or hot 
water. This area represents a sought-after anomaly for 
geothermal production, as the hot fluid can drive turbines to 
generate electrical energy (Hartono et al., 2020; Hochstein & 
Sudarman, 1993). 

A 2D pseudo-cross section of profile 7 was measured across 
the Heutz fault and crater, as illustrated in Fig. 6. In this line, the 

resistivity values ranged from 0.5 to 1750 Ωm to a depth of 
approximately 500 m below the surface. In volcanic areas with 
high topography, dominated by basaltic rock with high 
resistivity (187.85 – 1750 Ωm), this zone can be mapped at a 
depth of 500 m, extending from 0 to 7 km from the 
measurement profile. The same anomaly is also found on the 
eastern side of the volcano, in the lower topography.  

While at a depth of 200–500 m, a conductive layer with low 
resistivity values ranging from 0.56 to 15.75 Ωm is obtained. 
This anomaly is thought to be a response to the clay cap area, 
which covers the hydrothermal flow from the reservoir. The 
fluid contained in the clay cap layer cannot rise to the surface, 
even though faults exist in some locations, such as the Seulimum 
segment at a distance of 2 km and a local fault of 5 km. This is 
due to a thick basaltic layer, extending up to 300 m, which 
prevents the formation of manifestations. Meanwhile, in areas 
without a basaltic layer, such as at a distance of 7 km, surface 
manifestations are observed at the Heutz crater, where fluid 
rises through the local fault that controls the area. This fault is 
also clearly visualized in the results of the Occam 1D inversion. 
Overall, the TEM data cross-section model has provided 
valuable information about the geothermal system in shallow 
structures. The model offers insights into basaltic layers near the 
surface, clay cap layers, reservoirs, and the faults that control 
the volcano. 

4.3 Pseudo-3D Analysis of TEM 

To study the existence of various geothermal systems at 
different depths, we analyzed the depth slice model of Occam's 
1D inversion result (Fig. 7). For example, at a depth of 0–100m 
(Fig. 7a), which characterizes the surface area of the 
measurement site, a conductive value with resistivity of less 
than log 1.5 Ωm is observed. This anomaly is primarily 
concentrated on the north side, corresponding to the activities 
of several manifestations, such as Ie suum, Ie Busuk, and Ie Jue. 
In addition, the area is dominated by conductive anomalies near 
the volcanoes, including the Heutz crater. However, the dense 
basaltic layer with high resistivity (greater than log 2 Ωm), which 
focuses on the volcanic surroundings, makes the 1D TEM model 
response insensitive to conductive changes in the Cempaga 
crater. 

 
Fig 6. Pseudo-2D cross-section model on profile 7 measured across the Heutz crater and several faults from the volcano. At 8 km, a 

conductive zone is obtained which is thought to be a fault serving as the medium for accessing the fluid to the surface. 
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The impermeable basaltic layer also inhibits fluid flow from 
the clay cap area, preventing the formation of manifestations. 
Additionally, some local faults near the Heutz crater can be 
mapped clearly, while the regional faults of the GSF do not 
significantly affect the resistivity values at this shallow depth. 
GSF tectonic activity generally forms several local faults in the 
SE–NW direction in the Seulawah area.  

These faults are associated with a low-resistivity anomaly, 
which can be interpreted as a channel that transports thermal 
energy from the heat source to the surface (Peacock et al., 
2016). Therefore, some low-contrast anomalies with multiple 
conductors are closely related to local faults and fractures from 
Seulawah Agam. At a depth of 100–200 m (Fig. 7b), the same 
anomaly observed at the previous depth was found, with a 
conductive anomaly appearing in the crater, indicating volcanic 
activity or a suspected hydrothermal area. 

At a depth of 300–400 m (Fig. 7c), a conductive anomaly is 
observed on the west side of the volcano. This may be due to 
the clay cap layer covering the thermal fluid from the reservoir. 
Clay caps serve as good indicators of an underlying high-
temperature geothermal reservoir in high-temperature 
geothermal fields, acting as a reservoir seal to prevent the loss 
of hot liquid to the atmosphere (Lichoro et al., 2017). 
Furthermore, at depths between 100 and 400 m, the conductive 
anomalies clearly map the presence of Seulawah volcanic 
manifestations, such as the Heutz and Cempaga craters, while 
the presence of regional faults from the GSF can also be 
visualized. This indicates that, in addition to the local fault, the 
Seulimum segment also plays a crucial role in controlling the 
geothermal system on the Seulawah volcano. At a depth of 400 
to 500 m, a more conductive anomaly is obtained, which 
corresponds to a reservoir with high porosity and permeability. 
This anomaly is traced on the northeast side of the volcano and 

 

Fig 7. Depth slice of 3D resistivity combined from the results of the 2D inversion model on several paths. This 3D model is sliced 
at various depths ranging from (a) 0–100 m, (b) 100–200 m, (c) 300–400 m, and (d) 400–500 m, for mapping fractures and 
hydrothermal flows in volcanoes. Geological faults are shown as black lines (Bennett et al. 1981), and the distribution of TEM 
points is indicated by black dots. 
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is the main target for geothermal drilling for electrical energy 
generation. 

4.4 Geochemical analysis 

In this study, we also analyzed geochemical data from 
previous research (Idroes et al., 2019) on several unexplained 
manifestations, such as those in the Ie Masam, Alue PU, and 
Alue Teungku areas in the southern volcanic area. The aim is to 
explain the type of water geothermometer, estimate the depth 
temperature, and characterize the geothermal water type, 
specifically using the geochemical analysis data presented in 
Table 1. 

The determination of the dominant chemical composition 
for the characterization of geothermal water in the Seulawah 
volcano area was conducted using a piper diagram (Piper, 
1944), as depicted in Fig. 8. Based on the diagram, the 
manifestations of IM, PU, and AT exhibit a chemical 
composition of sodium–calcium–bicarbonate (Ca–Na–HCO3). 
The determination of the geothermal water type is based on the 
dominant anion content, specifically the bicarbonate water type. 
In general, the characteristics of bicarbonate water are 
indicative of immature waters, suggesting that the geothermal 
water is not in equilibrium. This condition also reflects the 
influence of surface water mixed with geothermal fluids during 

the formation of hot springs (Giggenbach, 1988). The Na/K 
geothermometer, developed by several researchers with 
various systematic equations based on the mineral content of 
Na and K, estimates depth temperature (Giggenbach, 1988). 
This geothermometer is effective for geothermal fluids with 
temperatures between 180 and 350°C, and for low temperatures 
not exceeding 120°C. Table 2 shows the temperature estimates 
from the depth of manifestation using several Na/K 
temperature equations (Arnórsson et al., 1983; Fournier, 1979; 
Giggenbach, 1988; Tonani, 1980). 

Based on Table 2, the estimated depth temperatures are 
consistent with the results from the Na/K geothermometer. The 
estimated depth temperatures for the manifestations at Ie 
Masam, Alue PU, and Alue Teungku are 333.1 ± 27.9°C,, 302.1 
± 21.4°C,, and 276.4 ± 17.5°C,, respectively. All these 
manifestations are located in the southern zone of Mount 
Seulawah, with the dominant geothermal water content being 
bicarbonate ions, similar to the Ie-Brôuk manifestation in the 
northern zone. According to Hochstein & Sudarman (2008), the 
dominant bicarbonate manifestation results from the formation 
of CO2 during the gas and steam condensation process, which 
leads to the formation of underground hot springs generally 
found on the slopes of volcanoes with high-temperature water 
conditions. Fig. 9 displays some documentation of the 

Table 1 
Results of the geochemical analysis of geothermal water (in units of 1. mg.L−1) 

Location Code K+ Na+ Mg2+ Ca2+ Li+ B+ Cl- SO4
2- HCO3

− 

Ie Masam IM 20.21 77.02 62.18 113.84 0.11 0.681 20.25 77.52 602.80 

Alue PU PU 10.07 50.02 34.47 53.17 0.05 0.440 10.47 49.75 401.38 

Alue Teungku AT 8.30 48.52 33.86 79.03 0.01 0.892 8.37 48.56 384.15 

 

 

 

 
Fig 8. Piper diagram for the dominant composition of anion and cation content. 
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manifestations of Seulawah Agam, such as hot springs which are 
marked by the emergence of geothermally heated groundwater 
to the Earth’s surface, and warm ground, which has a high 
temperature due to volcanic gases and high-temperature water 
vapor rising to the surface. Generally, temperatures in the Ie Jue 
and Ie Seum areas range from 30°C to 40°C. Additionally, there 
are also two craters in the volcanic area, namely Heutz and 
Cempaga, where there are fumaroles as volcanic gas that are 
predominantly water vapor such as carbon dioxide and sulfur 
dioxide, hydrogen chloride, and hydrogen sulfide.  

 
7. Conclusion 

We used the transient electromagnetic method to determine the 
shallow structure of the Seulawah Agam geothermal area in 
greater detail. Measurements were taken at 60 points, covering 
the entire volcanic area, with a distance of 500 m between each 
point. Several manifestations in the research area indicate an 
existing structure that serves as a medium for transferring hot 
fluids to the Earth's surface. The analyzed data is then inverted 
to create subsurface models in 1D, pseudo-2D, and pseudo-3D 

formats, revealing the horizontal distribution of resistivity 
anomalies. The results show that high resistivity values, ranging 
from 280.63 to 2542.4 Ωm, are likely due to basalt rock at a 
depth of 0 to 200 m. Furthermore, the first layer is presumed to 
consist of volcanic deposits with lower resistivity, especially in 
the valleys. Additionally, a conductive zone, identified as a clay 
cap, is present in the second layer with resistivity values of less 
than 13 Ωm. The lowest layer displays moderate resistivity 
values ranging from 9.56 to 165.04 Ωm, suggesting the presence 
of rocks with potential as geothermal reservoirs. From the 2D 
model, the resistivity contrast indicates the possible presence of 
local faults around the volcanic area, some of which are close to 
the manifestations. This is also supported by geological data, 
which identifies faults in the area. The horizontal distribution of 
resistivity values, analyzed from the pseudo-3D model, shows a 
low anomaly at shallow depths (<100 m) in the northern part of 
the study area, where manifestations are located. Between 
depths of 200 to 1000 m, a conductive layer dominated by the 
clay cap is present, while at depths greater than 1000 m, the 
area is dominated by reservoir rocks, which are the main targets 
for geothermal exploration. Based on geochemical analysis, the 

Table 2 
Geothermometer equation for temperature estimation of the depth of manifestation 

Location 
Na/K 

Fournier (1979)  
(°C) 

Na/K 
Tonani (1980) 

(°C) 

Na/K 
Arnorsson (1983) 

(°C) 

Na/K 
Giggenbach (1988) 

(°C) 

Ie Masam 315.9 374.7 318.9 322.7 

Alue PU 290.3 333.0 285.6 299.6 

Alue Teungku 268.6 298.9 258.0 279.9 

 

 

 

 
Fig 9. Documentation of various traces of manifestations in the Seulawah Agam volcano, (a) in the form of a hot spring in Ie Jue and, (b) in the 
form of warm ground, where in general there are two craters on the north and south sides, namely (c) Heutz crater, which is close to the peak, 
and (d) is the fumarole, which is also close to the Heutz crater. 
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temperature at Seulawah Agam indicates that the volcano has 
the potential for high-enthalpy geothermal development. 
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