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Abstract 
This study presents a comprehensive analysis of the subsurface geological structures of the Sarulla 
geothermal field located in North Sumatera, Indonesia, utilizing satellite-based gravity modelling 
techniques. The aim of this study were to: a) Identify the presence and characteristics of fault struc-
tures in the Sarulla Geothermal Field using gravity derivative analysis; b). Interpret the subsurface 
lithology of the geothermal system through 2D forward gravity modelling; c). Evaluate the geother-
mal resource potential. Employing high-resolution satellite gravity data from the GGMplus model, 
gravity anomaly maps were generated and interpreted through advanced modeling approaches to 
identify density variations indicative of subsurface features such as faults, fractures, and lithological 
boundaries. The methodology integrates satellite gravity data processing, anomaly separation, and 
forward and inverse gravity modelling to construct a detailed subsurface structural model. Key find-
ings reveal significant gravity anomalies correlating with major tectonic structures and geothermal 
reservoirs, highlighting zones of enhanced permeability and heat flow. These results provide critical 
insights into the spatial distribution of geothermal reservoirs and the structural controls influencing 
fluid migration and heat accumulation. The study underscores the effectiveness of satellite gravity 
modelling as a non- invasive, cost-efficient tool for geothermal exploration, particularly in regions 
with limited ground-based geophysical data. The implications of this research extend to optimizing 
drilling targets, reducing exploration risks, and supporting sustainable geothermal development in 
the Sarulla field and similar geothermal systems worldwide. This work contributes to the growing 
body of knowledge on remote sensing applications in geothermal resource assessment and demon-
strates the potential of integrating satellite gravity data with geological and geophysical information 
for enhanced subsurface characterization. 
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1    Introduction 
Geothermal energy stands out as a vital 
renewable energy source due to its sus-
tainability, reliability, and low carbon 
footprint. Unlike intermittent sources 
such as solar and wind, geothermal en-
ergy provides a stable base-load supply, 
essential for supporting growing global 
energy demands and addressing climate 
change. (Eze et al., 2025);(Barasa 
Kabeyi & Olanrewaju, 2022). Indonesia, 
located on the Pacific Ring of Fire, holds 
the world’s second-largest geothermal 
potential, estimated at 29 GW. Among 
the regions with the highest potential is 
North Sumatera, which hosts major geo-
thermal fields  including the Sarulla Ge-
othermal Field (Alhusni et al., 2023). 
    The Sarulla field, located in North Ta-
panuli Regency, has an installed capacity 
exceeding 330 MW, making it one of the 
largest in Southeast Asia. It plays a criti-
cal role in Indonesia’s renewable energy 
strategy, contributing to the govern-
ment’s 23% renewable energy target by 
2025. Development of geothermal en-
ergy in North Sumatra also contributes to 
regional economic development, rural 
electrification, and environmental sus-
tainability (Nukman & Hochstein, 
2019). 
    The tectonic setting of the Sarulla 
area, part of the Sunda Arc, is character-
ized by complex subduction and vol-
canic processes. The geothermal system 
is associated with the Great Sumatera 
Fault, a major strike-slip fault accommo-
dating the convergence between the 
Indo-Australian and Eurasian plates. The 
field is underlain by Quaternary volcanic 
rocks, including andesitic to dacitic lava 
flows and pyroclastic deposits 
(Siringoringo et al., 2024). High-en-
thalpy geothermal reservoirs are hosted 
in fractured andesite and volcanic brec-
cias, with fluid circulation facilitated by 

fault and fracture networks. 
    Understanding the subsurface struc-
ture of the Sarulla field is essential for 
optimizing exploration and development 
strategies (Purwanto, 2019). Traditional 
geophysical methods, while effective, 
are often limited by logistical and finan-
cial constraints. Satellite-based gravity 
modelling offers a cost-effective alterna-
tive with wide spatial coverage and high-
resolution data. This method measures 
variations in Earth's gravitational field 
caused by subsurface density differ-
ences, enabling the identification of 
faults, lithological boundaries, and geo-
thermal reservoirs (Dadrass Javan et al., 
2025). 
    This study utilizes gravity data from 
the GGMplus satellite model, which in-
tegrates measurements from GRACE 
and GOCE satellite missions. These data 
are processed using terrain corrections, 
filtering, and regional-residual separa-
tion to highlight geological features. For-
ward and inverse modelling techniques 
are applied to interpret subsurface struc-
tures and density anomalies. The ap-
proach has been successfully used in var-
ious geothermal regions, including the 
Taupo Volcanic Zone and East African 
Rift, demonstrating its reliability (Yusuf 
et al., 2021). 
    The significance of this study lies in 
its ability to enhance the understanding 
of Sarulla's complex geological frame-
work using a non-invasive, high-resolu-
tion approach. By identifying density 
anomalies linked to faults and lithology, 
the research contributes to more accurate 
drilling, better reservoir management, 
and reduced exploration risks (Abiyudo 
et al., 2021);(Cao et al., 2024).  Further-
more, it offers a replicable methodology 
for other geothermal fields facing similar 
challenges. 
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    Several previous studies have investi-
gated Sarulla's geothermal system using 
various methods. For example, (Afshar 
et al., 2023) employed gravity and mag-
neto telluric data to map fault systems, 
while (Catur Wibowo & Benaya 
Lumban Tobing, 2022) applied gravity 
and seismic methods in volcanic settings. 
Koesuma et al., (2025) integrated satel-
lite gravity with geological and geo-
chemical data to assess potential geo-
thermal zones. However, limitations in 
spatial resolution and modelling accu-
racy remain. This research addresses 
these gaps through advanced satellite 
gravity modelling and 2D forward mod-
elling, providing a refined structural in-
terpretation of the Sarulla geothermal 
system. 
    Objectives of the Study: (1)To iden-
tify the presence and characteristics of 
fault structures in the Sarulla Geothermal 
Field using gravity derivative analysis; 
(2) To interpret the subsurface lithology 
of the geothermal system through 2D 
forward gravity modelling; (3) To evalu-
ate the geothermal resource potential in 

the Sarulla area, North Tapanuli Re-
gency, North Sumatera Province. 
 
2      Methods 
2.1    Study Area and Data 
This research was carried out over a pe-
riod of five months, from December 
2024 to April 2025. The primary dataset 
used in this study consists of secondary 
gravity data obtained from the Global 
Gravity Model Plus (GGMPlus), which 
integrates satellite-derived gravity 
anomalies and terrestrial measurements. 
The gravity dataset was accessed 
through the National Research and Inno-
vation Agency (BRIN), located in Cibi-
nong, Indonesia. 
    The study area covers the Sarulla Ge-
othermal Field, situated in North Ta-
panuli Regency, North Sumatera Prov-
ince, Indonesia. Geographically, the re-
gion is bounded by 98°54′ to 99°12′ East 
Longitude and 1°42′ to 2°01′ South Lat-
itude, encompassing a broad zone of tec-
tonic and geothermal interest. A map of 
the study area is presented in Figure 1, 
indicating the spatial extent and coordi-
nate boundaries used in the analysis. 

 

 
Figure.1 Study Area of Sarulla Geothermal Field North Sumatera, Indonesia. 
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    The Sarulla Geothermal Field is situ-
ated in North Tapanuli Regency, within 
the province of North Sumatera, Indone-
sia.   This region is part of the Bukit 
Barisan mountain range, which extends 
along the western spine of Sumatera and 
is characterized by complex tectonic and 
volcanic activity associated with the Su-
matera Fault Zone (SFZ). 
    The topography is generally moun-
tainous, with elevations ranging from 
moderate hills to highland terrains, con-
tributing to a favorable geothermal gra-
dient. The area is also influenced by a 
tropical rainforest climate, with high an-
nual rainfall and dense vegetation cover. 
 
2.2    Regional Geology of The Sarulla 
Geothermal Field 
The island of Sumatra lies along the 
Sunda Trench, a northwest–southeast 
trending subduction zone forming the 
convergent boundary between the Indo-
Australian oceanic plate and the Eura-
sian continental plate. The oblique nature 
of this convergence results in complex 
tectonic deformation, characterized by 
the development of the Sumatran Vol-
canic Arc and the Sumatera Fault System 
(SFS), a major dextral (right-lateral) 
strike-slip fault trending N30° - 40°W 
(Dasgupta & Mandal, 2022).  
    The SFS accommodates oblique con-
vergence through lateral displacement 
and transtensional regimes, forming a se-
ries of segmented pull-apart basins and 
associated fracture networks. This struc-
tural setting promotes geothermal activ-
ity through enhanced permeability, heat 
flow, and magmatic intrusions (Kumari 
et al., 2018). 
 
As shown in Figure 2, the lithology of 

the Sarulla Geothermal Field comprises 
both volcanic and sedimentary for-
mations. Key stratigraphic units include: 
• Alluvium Formation (Qh): Con-
sisting of unconsolidated clay, silt, sand, 
and gravel deposits formed in fluvial and 
coastal environments. 
• Toru Formation (Qpto): Charac-
terized by tuffaceous silt and sand, indic-
ative of pyroclastic and epiclastic pro-
cesses. 
• Toba Tuff Formation: Composed 
of rhyodacitic ignimbrites deposited by 
the Toba supereruption, one of the larg-
est Quaternary volcanic events (Mucek 
et al., 2021). 
• Toru Volcanic Rocks: Consist 
mainly of andesite lavas, agglomerates, 
and breccias, reflecting proximal vol-
canic deposition. 
• Tapanuli Group: Includes meta- con-
glomerates, meta-arenites, and slates 
representing older basement lithologies. 
 
    This region is tectonically and volcan-
ically active, dominated by northwest–
southeast trending faults, and exten-
sively covered by Quaternary volcanic 
deposits. These conditions contribute to 
its high geothermal prospectivity (J. 
Zhang et al., 2024). 
     Surface geothermal manifestations at 
Sarulla are spatially associated with fault 
zones and fracture systems generated by 
the Great Sumatera Fault. The strike-slip 
dextral motion of the fault has produced 
transtensional basins and fault intersec-
tions that act as permeable pathways for 
geothermal fluids (Sutrisno et al., 2019). 
Key manifestations include hot springs, 
warm springs, fumaroles, gas seeps (hot 
and cold), and areas of hydrothermal al-
teration. 



Upveiling subsurface structures of the Sarulla geothermal field of north Sumatera through …                                 109 

 
Figure 2. Geological Map of Sarulla Geothermal Field. 

 
    Geothermal manifestations in the 
Sarulla field are distributed across four 
main zones: Namora-I-Langit, Silang-
kitang, Donotasik, and Sibualbuali 
(Maulana et al., 2024). These features 
are aligned northwest–southeast along 
fault-controlled structures. The geother-
mal system is hosted by relatively young 
volcanic units (Quaternary) and locally 
exposed Tertiary and basement for-
mations, with a high-enthalpy reservoir 
(>300 °C) located at depth (Chaudhary et 
al., 2025). 
    The regional geological framework, 
particularly the interaction between vol-
canism and faulting, plays a critical role 
in reservoir development, fluid migra-
tion, and heat distribution (Tavakoli & 
Barfizadeh, 2024). Accurate structural 
interpretation is thus essential for sus-
tainable resource management and drill-
ing optimization. 
 
2.3    Geothermal System 
Geothermal energy is a form of renewa-
ble energy derived from the natural heat 
of the Earth's interior, transferred to the 
surface primarily through conduction 
and convection mechanisms. Conduc-
tion occurs via thermal transmission 

through rocks, whereas convection in-
volves the movement of fluids typically 
meteoric water that interacts with heat 
sources at depth. A geothermal system is 
defined as a natural heat transfer process 
occurring within a specific volume of the 
Earth's crust, channeling thermal energy 
from a deep heat source to the surface, 
where it manifests through various ther-
mal expressions (Firdaus et al., 2014).  
    Although geothermal heat exists be-
neath most of the Earth's surface, viable 
geothermal energy resources are local-
ized in regions with specific geological 
configurations, as illustrated in Figure 3. 
 

 
Figure 3. Model of Geothermal System (Kumar et 
al., 2019). 
 
    This model demonstrates how rainwa-
ter infiltrates the subsurface through 



110                                                                             Turmudi et al.     Iranian Journal of Geophysics, Vol 20 NO 6, 2027 

fractures and porous rock matrices, mi-
grating downward until it encounters 
high-temperature rocks (Kumar et al., 
2019). Upon contact, the water is heated, 
partially vaporized, and forms a pressur-
ized geothermal fluid that circulates via 
convective processes. As fluid pressure 
builds, it seeks pathways such as faults 
and fractures to ascend, eventually dis-
charging at the surface as geothermal 
manifestations hot springs, mud pools, 
fumaroles, or geysers (Putri et al., 2014). 
    According to Suharno, (2013), a geo-
thermal system is structurally and ther-
mally controlled by several key compo-
nents: (1) a deep-seated magmatic or plu-
tonic heat source, (2) a permeable reser-
voir rock capable of storing and transmit-
ting fluids, (3) an overlying impermeable 
cap rock, usually composed of clay, act-
ing as a seal, (4) geologic structures such 
as faults, folds, fractures, or unconform-
ities that serve as conduits for fluid flow, 
and (5) a recharge area where surface 
water enters the subsurface system. The 
interplay of these elements governs the 
behaviour, sustainability, and potential 
exploitation of a geothermal system. 
 
2.4  Gravity Method in Geothermal 
Exploration 
The gravity method is one of the most 
widely applied geophysical techniques 
in resource exploration, tectonic studies, 
and natural hazard assessment. It allows 
for the delineation of subsurface geolog-
ical formations by measuring spatial var-
iations in the Earth's gravitational field, 
which arise due to heterogeneities in 
rock density (Liu et al., 2023). This 
method is particularly effective in identi-
fying structural features such as faults, 
fractures, and subsurface reservoirs asso-
ciated with geothermal activity. The the-
oretical foundation of gravity surveys is 
based on Newton's Law of Universal 

Gravitation (Figure 4), which states that 
the gravitational force  𝐹⃗𝐹12  between two 
masses m1 and m2 separated by a dis-
tance r is proportional to the product of 
the masses and inversely proportional to 
the square of the distance (Harsita et al., 
2024). The direction of the unit vector is 
from particle 1 to particle 2, so that the 
force exerted by particle 1 on particle 2 
is expressed by: 
 
𝐹⃗𝐹12  =  −𝐺𝐺 𝑚𝑚1𝑚𝑚2

𝑟𝑟2
 𝑟𝑟12                         (1) 

Where 𝐹⃗𝐹12 is the force exerted by particle 
1 on particle 2 and 𝑟𝑟12 is its value and 
unit vector, and the negative sign indi-
cates that the two particles attract each 
other. The force exerted by particle 2 on 
particle 1, namely  𝐹⃗𝐹21 , is the same as 
𝐹⃗𝐹12 and so on in the opposite direction, 
which is in accordance with Newton's 
third law (Serway and Jewett, 2016). 
 

 
 
Figure 4. Gravitational force between two particles 
(Serway and Jewett, 2016).   
 
2.5    GGMPlus 2013 Gravity Data 
Gravity data used in geophysical studies 
can be acquired either through direct 
field measurements or obtained from sat-
ellite-derived global models. The latter 
approach has gained increasing im-
portance, particularly for studies con-
ducted in remote or data-sparse regions. 
Various global gravity models are now 
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openly accessible, such as TOPEX, BGI, 
EGM2008, SRTM2 and GGMPlus (Li et 
al., 2025), each offering different resolu-
tions and processing techniques. 
    GGMPlus 2013 is an ultra-high-reso-
lution global gravity model developed 
through the collaboration between Cur-
tin University (Australia) and the Tech-
nical University of Munich (Germany). 
This dataset integrates satellite-based 
gravity data from GRACE (Gravity Re-
covery and Climate Experiment) and 
GOCE (Gravity Field and Steady-State 
Ocean Circulation Explorer) with the 
EGM2008 model to produce a refined 
gravity field (Nov et al., 2015). The en-
hancement involves the application of 
topographic gravity forward modelling 
based on spherical harmonic expansions 
over a geopotential reference surface, re-
sulting in a final dataset with a resolution 
of approximately 7.2 arcseconds (about 
200 meters in the north–south direction). 
    GGMPlus provides gravity disturb-
ance values, which are physically com-
parable to free-air gravity anomalies and 
reflect deviations from a reference ellip-
soidal gravity field due to mass and topo-
graphic distributions (Camacho & 
Alvarez, 2021). These high-resolution 
disturbances enable enhanced interpreta-
tion of gravity anomalies and are partic-
ularly effective in resolving subsurface 
geological structures. 
    The GGMPlus dataset has been 
widely used in regional geological map-
ping, structural analysis, and geothermal 
resource assessments. Its application in 
gravity forward or inverse modelling al-
lows for better constraint on key geo-
physical parameters such as density con-
trast, geometry, and depth of anomalous 
bodies, thus improving the reliability of 
subsurface models (Agustin & Wibawa, 
2022). 
 

2.6    Forward Modeling of Gravity 
Field Data 
In geophysical studies, subsurface mod-
eling plays a crucial role in interpreting 
gravity anomalies and understanding the 
geological framework of the Earth’s 
crust. There are two principal modeling 
approaches: forward modelling and in-
verse modelling (Blakely, 1995; Telford 
et al., 1990). 
    Forward modelling involves con-
structing a hypothetical subsurface 
model based on geological assumptions 
and calculating the theoretical gravity re-
sponse at the surface. The model is itera-
tively adjusted until the calculated anom-
aly closely fits the observed gravity data. 
This approach is particularly useful 
when prior geological or geophysical 
constraints are available, providing a di-
rect means to evaluate different subsur-
face scenarios (Neugebauer, 1988). 
    Conversely, inverse modelling works 
in the opposite direction—starting from 
the observed gravity data and using 
mathematical inversion techniques to es-
timate the parameters of the subsurface 
model. This data-driven method, often 
referred to as data fitting, seeks to mini-
mize the misfit between measured and 
predicted anomalies, producing a model 
that best explains the observations within 
an acceptable error margin (Li and Ol-
denburg, 1998). 
    In this study, two-dimensional for-
ward modeling was performed using the 
GM-SYS module in Geosoft Oasis Mon-
taj software to map the subsurface geo-
logical structure of the Sarulla Geother-
mal Field. This approach primarily relied 
on residual Bouguer anomaly data. It 
was further supported by geological data, 
surface topography features, the pres-
ence of fault structures from the results 
of FHD and SVD analysis, and density 
values representing lithological units in 
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the study area. These density parameters 
were obtained from Telford et al (1990).  
Significant anomalous changes in body 
contact will cause the FHD to have a 
maximum value so that it can indicate 
the boundary of the geological structure 
based on gravity data. This analysis 
method can determine the horizontal 
density contrast boundary from gravity 
data. The first horizontal derivative 
(FHD) can be calculated using the fol-
lowing equation (Zaenudin and Yu-
listina, 2020). 

  
Meanwhile, Second Vertical Derivative 
(SVD) is a gravity interpretation method 
that helps to indicate structures or faults. 
The SVD method is the second deriva-
tive value of vertical z-direction gravity 
field data that provides a picture of resid-
ual anomalies associated with shallow 
structures so that it can indicate the type 
of fault structure detected based on the 
results of the SVD data trajectory. The 
calculation of the Second Vertical Deriv-
ative (SVD) is carried out through the 
following equation (Sumintadireja et al., 
2018):  

 
 
2.7    Tools and Material 
This study utilized a range of tools and 
datasets to process and interpret gravity 
data for geothermal potential analysis in 
the Sarulla Geothermal Field. The se-
lected tools supported the workflows for 
gravity correction, coordinate transfor-
mation, data filtering, and two-dimen-
sional forward modelling. An overview 

of the tools and materials used is pre-
sented in Table 1. 
 
2.8 Research Procedures for Gravita-
tional Field Data Processing 
This study was systematically carried out 
through three main phases: (1) gravity 
field data acquisition, (2) gravity data 
processing, and (3) interpretation. Each 
phase was designed to ensure methodo-
logical rigor and to facilitate the extrac-
tion of subsurface geological infor-
mation with high reliability. (Figure 5). 
 
3. Results and Discussion 
3.1 Topography of the Sarulla Geo-
thermal Field Derived from Gravity 
Field Analysis 
Topography plays a fundamental role in 
geothermal exploration, as variations in 
surface elevation can reflect underlying 
geological structures, including faults, 
fractures, and volcanic features (X. 
Zhang et al., 2023). The topographic 
characteristics of the Sarulla Geothermal 
Field were analysed in conjunction with 
gravity field data to better understand the 
geomorphological context of the study 
area. 
    The topographic map generated from 
the gravity-based interpretation reveals 
that the Sarulla region exhibits signifi-
cant variation in elevation, ranging from 
approximately 474.31 m to 1464.05 m 
above sea level (ASL). This elevation 
range suggests a complex terrain shaped 
by volcanic and tectonic processes typi-
cal of the geo- dynamical active environ-
ment of North Sumatera. (Figure 6) 
    High-elevation zones are predomi-
nantly associated with volcanic edifices 
and structural uplifts, while lower areas 
may correspond to sediment-filled de-
pressions or erosion-controlled valleys. 
These topographic patterns not only re-
flect the surface morphology but may 

(2) 
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also correlate with subsurface density 
contrasts captured in the gravity anomaly 

data, further supporting structural inter-
pretation.(Dumais & Brönner, 2020). 
 

 
Figure 5. Flowchart Of Reseach Activity. 

 
Table 1. Tools and materials used in the study 

No. Tool/Material Description 

1 Microsoft Excel 
2019 

Used for gravity correction calculations (free-air, Bouguer, terrain), computation of Complete 
Bouguer Anomaly (CBA), depth estimation graphs, and preparation of input data for filtering 

and modeling. 

2 Notepad++ Utilized for formatting corrected gravity data into ASCII format (*.txt) compatible with Ge-
osoft Oasis Montaj. 

3 Google Earth 
Pro 

Used to define the coordinate boundaries of the study area based on high-resolution satellite 
imagery (Google, 2024). 

4 
Surfer 25 

(Golden Soft-
ware) 

Applied to convert geographical coordinates (latitude/longitude) into Universal Transverse 
Mercator (UTM) projection for spatial analysis. 

5 Global Mapper 
v24 

Employed to extract Digital Elevation Models (DEM) and clip them according to research 
boundaries for terrain correction and regional-residual analysis. 

6 Geosoft Oasis 
Montaj 2020 

Main software platform for gravity data processing, including gridding, regional-residual sep-
aration, First Horizontal Derivative (FHD), Second Vertical Derivative (SVD), and 2D for-

ward modeling using the GM-SYS module (Geosoft, 2020). 

7 QGIS 3.34 LTR Open-source GIS software used to compile, digitize, and visualize geological and structural 
maps of the research area (QGIS Development Team, 2024). 

8 Laptop Com-
puter 

Lenovo Ideapad equipped with Intel® Core™ i3-1005G1 processor, 4 GB RAM, used to run 
all software tools listed above. 

9 GGMPlus 
Gravity Dataset 

Secondary gravity dataset from the Global Gravity Model Plus (GGMPlus), providing ter-
rain-corrected gravity anomalies and corresponding DEM data (Hirt et al., 2013). 

10 Geological Map Geological base map of the research area obtained from the Geological Agency, Ministry of 
Energy and Mineral Resources (ESDM), Indonesia (ESDM, 2020). 
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    The integration of topographic and 
gravity field data provides valuable in-
sights into the spatial distribution of ge-
othermal features and contributes to a 
more accurate delineation of potential 
reservoir zones within the Sarulla Geo-
thermal Field.(Kremer et al., 2025); 
(Purwanto, 2019) 
    This topographic variation not only re-
flects the geological complexity of the 
Sarulla Geothermal Field but also plays 
a critical role in influencing surface hy-
drology, geothermal gradient distribu-
tion, and structural control on fluid path-
ways. 
    The topography of the Sarulla Geo-
thermal Field, as illustrated in Figure 6, 
reveals a complex elevation profile in-
dicative of tectonic and volcanic influ-
ences. The study area can be morpholog-
ically divided into three distinct topo-
graphic zones: 
 

 
Figure 6. Topographic Map of Sarulla Geothermal 
Field. 
 
1). Highland Zone 
This zone is located predominantly in the 
northwestern, northeastern, and eastern 
parts of the study area. Elevations in this 
region range from 1316.31 to 1464.05 m 
ASL, represented by light to dark purple 

hues. These elevated areas likely corre-
spond to volcanic edifices or uplifted 
structural blocks, which may serve as re-
charge zones in the geothermal system. 
2). Hilly Terrain 
   Covering the central and transitional 
zones, this area exhibits elevations be-
tween 764.21 and 1283.53 m ASL, 
shown in green to red colours. This re-
gion is characterized by moderate relief 
and undulating terrain, potentially re-
flecting erosional surfaces or tilted fault 
blocks influenced by extensional tecton-
ics. 
3). Lowland Zone 
The southern, southeastern, and south-
western parts of the field consist of rela-
tively flat to gently sloping terrain, with 
elevations ranging from 474.31 to 
690.42 m ASL, depicted in blue tones. 
These areas are hypothesized to be tec-
tonic depressions or sedimentary basins 
that may function as discharge zones for 
geothermal fluids. 
    The spatial distribution of these topo-
graphic units provides critical context for 
interpreting the geothermal system’s 
structural control and hydrothermal 
pathways. Notably, the alignment of ele-
vation gradients appears to follow a 
northwest–southeast trend, consistent 
with regional fault patterns identified in 
previous structural studies. 
 
3.2 Complete Bouguer Gravity Anom-
aly 
The Complete Bouguer Anomaly (CBA) 
represents the final gravity anomaly ob-
tained after applying a series of correc-
tions including drift, tidal, latitude, free-
air, and Bouguer slab corrections to the 
observed gravity data. The resulting val-
ues are then interpolated using a gridding 
algorithm to generate the Complete 
Bouguer Anomaly map (Figure 7).  The 
similarity between the topographic map 
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and the Complete Bouguer Anomaly 
(CBA) map indicates the influence of 
surface relief on the gravitational re-
sponse in the study area. To avoid biased 
interpretations due to uncompensated 
topographic effects, terrain correction 
was applied using GGMplus Digital Ele-
vation Model (DEM) data. The corrected 
Bouguer anomalies were then integrated 
with Bouguer correction and free-air cor-
rection, resulting in a more accurate and 
representative CBA map. This approach 
effectively reduces the dominance of 
topographic influences. Therefore, the 
similarity of patterns between topo-
graphic maps and CBA essentially indi-
cates the control of geological structures 
over surface morphology, rather than the 
influence from uncorrected topography. 
Although this map provides a clearer 
representation of the gravitational field, 
it still contains a degree of non-unique-
ness or ambiguity, as the anomalies rep-
resent integrated effects from both shal-
low and deep-seated geological struc-
tures. This can complicate direct inter-
pretation of specific subsurface features 
without further modelling. As shown in 
Figure 7, the Complete Bouguer Anom-
aly values in the study area range from –
17.58 mGal to 41.75 mGal, illustrated 
using a color gradient from dark. 
blue (low anomaly) to light pink (high 
anomaly). These variations reflect the 
spatial heterogeneity of rock mass den-
sity in the subsurface, which is influ-
enced by lithology, structure, and the 
presence of geothermal reservoirs or in-
trusions. The gravity anomaly distribu-
tion can be broadly classified into three 
anomaly zones: 
1). Low Anomaly Zone (–17.58 to 23.43 
mGal) 
   Depicted by dark blue to light green 
hues, this zone is predominantly concen-
trated in the central part of the study area, 

with minor occurrences in the southeast-
ern sector, corresponding spatially to the 
known Sarulla Geothermal Field. The 
low anomaly suggests the presence of 
low-density materials, which may be as-
sociated with altered volcanic rocks, sed-
imentary infill, or geothermal fluid accu-
mulation. 

 
Figure 7. Complete Bouguer Gravity Field Anomaly 
Map. 
 
2). Moderate Anomaly Zone (24.45 to 
31.45 mGal) 
   Represented by yellow to orange tones, 
these values are distributed across the 
western, eastern, and northern margins 
of the study area. This intermediate 
anomaly range is likely indicative of 
transitional lithologies, such as fractured 
and partially altered volcanic rocks, or 
regions influenced by faulting and mod-
erate density contrasts. 
3). High Anomaly Zone (32.23 to 41.75 
mGal) 
   Marked by red to light purple colours, 
high anomaly values are observed in the 
eastern, northwestern, and southwestern 
parts of the study area. These zones may 
be associated with the presence of dense 
igneous intrusions, crystalline basement 
highs, or structurally uplifted blocks. 
The spatial pattern of gravity anomalies 
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reveals important insights into the sub-
surface geological architecture, espe-
cially when integrated with topographic 
and geological data. Notably, the central 
low-anomaly zone coincides with the ge-
othermal field, suggesting a potential 
correlation between low-density zones 
and hydrothermal alteration or fluid 
presence. 
 
3.3 Spectrum Analysis of Gravity 
Field Anomalies 
To estimate the depth of subsurface 
structures, spectral analysis was per-
formed using the Radially Averaged 
Power Spectrum (RAPS) method. This 
approach enables the decomposition of 
gravity field anomalies into components 
associated with different depth sources 
(Mondal et al., 2020). The spectral curve, 
as illustrated in Figure 8, consists of 
three main segments representing re-
gional anomalies, residual anomalies, 
and noise, each corresponding to distinct 
frequency domains. 
    The analytical process involves  
 
transforming the gravity anomaly data 

into the frequency domain and plotting 
the logarithm of the power spectrum 
(LnP) against the radial frequency 
(CYC/K\_Unit). In this context, long-
wavelength, low-frequency components 
(blue segment) represent regional anom-
alies typically sourced from deep geo-
logical structures. Conversely, short-
wavelength, high-frequency components 
(red segment) reflect residual anomalies, 
which are generally associated with shal-
low features such as faults, volcanic bod-
ies, or sedimentary layering. The noise 
component (green segment) comprises 
very high-frequency data and is usually 
not related to geological structures (Yang 
et al., 2020). 
    By fitting linear regression lines to 
each segment of the spectrum, slope val-
ues (gradients) were obtained from 
which depth estimates were calculated 
using the spectral depth formula (Maiti 
et al., 2020): 
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ =  𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

 4𝜋𝜋
                                    (6) 

The results of this depth estimation are 
summarized in Table 2.

 

 
Figure 8. Spectrum Analysis in Microsoft Excel. 

 
Table 2. Estimated Depth of Subsurface. 

Component Slope 
Estimated 

Depth 
(km) 

R² 

Regional 31.468 2.50 0.9311 
Regional 12.701 1.01 0.9583 

Noise 5.856 0.47 0.983 
Sources Based on Spectral Analysis. 
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    The regional component exhibits the 
steepest slope (31.468) and corresponds 
to a depth of approximately 2.50 km, in-
dicating the influence of deeper geologi-
cal features such as basement topogra-
phy or intrusive bodies. The residual 
anomaly segment, with a slope of 
12.701, yields an estimated depth of 1.01 
km, suggesting the presence of relatively 
shallow subsurface structures, possibly 
related to geothermal reservoirs or fault 
zones. The noise component, with the 
lowest slope (5.856), is interpreted as 
shallow surface-level interference and is 
not considered geologically significant. 
The high coefficient of determination (R² 
values > 0.93) for all segments indicates 
good linear fits, confirming the reliabil-
ity of the spectral analysis in delineating 
the vertical distribution of density con-
trasts within the study area.(Price et al., 
2023). 
 
3.4 Regional and Residual Gravity 
Field Anomaly Map 
The complete Bouguer anomaly repre-
sents a superposition of gravity signals 
originating from various depths, includ-
ing deep-seated regional structures and 
shallow subsurface features. Therefore, 
spectral decomposition is required to iso-
late these components for a more focused 
geological interpretation (Kremer et al., 
2025). 
    Based on the spectrum analysis illus-
trated in Figure 9, anomaly boundaries 
were identified using Radially Averaged 
Power Spectrum (RAPS) analysis. The 
application of a Butterworth filter with a 
central wavelength of approximately 
8330 m and a filter degree of 24 enabled 
the effective separation of regional and 
residual components (Figure 9). This fil-
tering process was conducted interac-
tively to ensure accurate partitioning of 
long-wavelength regional signals and 

short-wavelength residual features 
(Mohandesi, 2023). 
    Figure 10 presents the regional gravity 
anomaly map, where values range from 
approximately –18.00 to 39.74 mGal. 
This map reveals broad, smooth anomaly 
patterns that reflect deep lithological var-
iations and large-scale tectonic struc-
tures. Low anomaly zones, characterized 
by dark blue to light green hues (–18.00 
to 23.37 mGal), are predominantly dis-
tributed in the central and southeastern 
sectors of the study area. Medium anom-
aly values (24.40 to 30.62 mGal), 
marked by yellow to orange colours, are 
located primarily in the western, eastern, 
and northern regions. High anomaly val-
ues (32.31 to 39.74 mGal), indicated by 
red to light purple, are concentrated in 
the eastern, northwestern, and south-
western margins. These variations may 
be associated with regional crustal thick-
ening or denser intrusive bodies at depth. 
    Conversely, Figure 11 shows the re-
sidual gravity anomaly map, character-
ized by higher frequency and more irreg-
ular contour patterns due to its sensitivity 
to shallow subsurface heterogeneities. 
Residual anomaly values range from –
8.91 to 11.42 mGal, and their distribution 
is indicative of more localized features 
such as faults, fractures, or lithological 
contacts. Low residual values (–8.91 to –
0.74 mGal), visualized with blue to green 
shades, dominate the central, southeast-
ern, and northwestern zones, with minor 
occurrences in the western margin. Me-
dium anomaly values (0.50 to 2.78 
mGal), displayed in yellow to orange, are 
evident in the western and northeastern 
sectors. High residual anomalies (3.21 to 
11.42 mGal), marked by red to light pur-
ple, are scattered and possibly correlated 
with shallow dense rock bodies or fault 
intersections. 
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Figure 9. Separation Process of Regional and Residual Gravity Field Anomalies through Butterworth Filter. 

 
Figure 10. Regional Gravity Field Anomaly Map. 

 
Figure 11. Residual Gravity Field Anomaly Map. 



Upveiling subsurface structures of the Sarulla geothermal field of north Sumatera through …                                 119 

    The contrast between regional and re-
sidual anomaly maps emphasizes the im-
portance of spectral filtering in gravity 
studies (Xu et al., 2009). While regional 
anomalies provide insight into deep-
seated geological frameworks, residual 
anomalies are instrumental in delineat-
ing near-surface structures, particularly 
in geothermal exploration contexts such 
as the Sarulla Geothermal Field. 
 
3.5 Derivative Analysis of the Sarulla 
Geothermal Field Based on Gravity 
Data 
Derivative analysis was carried out in 
this study to delineate the presence and 
pattern of fault structures controlling the 
Sarulla geothermal system. Two main 
derivative techniques were applied to the 
residual Bouguer anomaly map: the First 
Horizontal Derivative (FHD) and the 
Second Vertical Derivative (SVD). 
These methods are widely used in grav-
ity interpretation to enhance the contrast 
of subsurface density boundaries and to 
aid structural interpretation. (Zaky & 
Bilqis, 2022); (Blakely, 1995; Telford et 
al., 1990). 
    The FHD method was applied to iden-
tify the edges or boundaries of density 
contrast associated with geological 
structures. In this method, fault struc-
tures are inferred from linear features 
with maximum FHD values, which indi-
cate sharp lateral changes in subsurface 
density. As shown in Figure 12, the high 
anomaly values are represented by light 
purple shades, while black lines indicate 
interpreted fault traces. These fault traces 
predominantly appear in the central part 
of the study area and are consistent with 
the known geological fault zones as 
mapped in the regional geological map. 

 
Figure 12. First Horizontal Derivative (FHD) Map. 
 
    To enhance and validate the fault de-
lineation from the FHD, the Second Ver-
tical Derivative (SVD) method was sub-
sequently employed. The SVD technique 
enhances high-frequency signals, 
thereby allowing for better resolution of 
shallow subsurface structures (Zhu et al., 
2023). The SVD map was generated us-
ing Equation (5) through the second de-
rivative filtering function in Geosoft Oa-
sis Montaj software. In this analysis, 
fault locations are inferred from zero 
crossings in the SVD values, which cor-
respond to the transition zones between 
high and low anomaly values (Dobrin & 
Savit, 1988). 
    Figure 13 displays the SVD results, 
where interpreted fault structures are 
again indicated by black lines. These 
lines are located along the colour transi-
tions between high (positive) and low 
(negative) anomaly zones. The correla-
tion between FHD and SVD interpreta-
tions confirms the presence of major 
structural features controlling geother-
mal manifestations in the area. 
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Figure 13. Second Vertical Derivative (SVD) Map. 
 
3.6    Fault Structure Analysis 
The analysis of fault structures in the 
Sarulla Geothermal Field was carried out 
through gridded digitization on both the 
First Horizontal Derivative (FHD) and 
Second Vertical Derivative (SVD) maps 
to delineate the geometry and type of 
faulting in the study area. This approach 
is widely adopted in gravity-based struc-
tural interpretation for geothermal explo-
ration (Reynolds, 1997; Blakely, 1995). 
Three transects A–A′, B–B′, and C–C′ 
were drawn in a southwest–northeast di-
rection, as shown in Figures 14 and 15. 
These transects are oriented perpendicu-
larly to the dominant fault direction indi-
cated by the regional geological map, 
which trends northwest–southeast 
around the geothermal surface manifes-
tations. 
    For each transect, FHD and SVD val-
ues were extracted along Universal 
Transverse Mercator (UTM) coordinates 
(X and Y). The extracted data were plot-
ted to generate correlation graphs be-
tween FHD and SVD values to verify the 
presence and type of fault structures. In 
this analysis, fault locations are identi-
fied by the coincidence of FHD maxima 
and SVD zero-crossings, indicating 

zones of strong lateral density contrast 
and vertical inflection points in the grav-
ity field, respectively. 
 

 
Figure 14. Slicing on the FHD Map. 

 

 
Figure 15. Slicing on the SVD Map. 

 
    In each graph, the x-axis represents 
the UTM X coordinate, while the y-axis 
displays the FHD and SVD values. The 
comparative trends between FHD and 
SVD confirm the presence of fault zones. 
Based on the graphical analysis, linear 
patterns of anomaly discontinuity high-
lighted with black lines indicate the in-
terpreted fault positions. 
    The number of identified faults in each 
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transect is as follows: 
• Transect A–A′: Three faults iden-
tified, consisting of two normal faults 
and one reverse fault. 
• Transect B–B′: Four faults identi-
fied, including three normal faults and 
one reverse fault. 
• Transect C–C′: Four faults identi-
fied, comprising three normal faults and 
one reverse fault. 
    The classification of fault types was 
based on the relative position and corre-
lation of peak FHD values and the abso-
lute difference between minimum and 
maximum SVD values. This method al-
lows for distinguishing between normal 
and reverse fault behaviour based on the 
relative density contrast distribution and 
vertical deflection signatures (Rosid & 
Siregar, 2017).  
    The results are summarized in Table 
3, which presents the coordinates and in-
terpreted types of the fault segments. 
Fault locations were further visualized in 
Figures 16 and 17. A total of 11 fault 
points were identified in the study area, 
where black-coloured symbols represent 
reverse faults and white-coloured sym-
bols represent normal faults. Black lines 
indicate fault traces from the geological 
map. 

  
Figure 16. Plot Fault Points on the FHD Map. 

 

Figure 17. Plot Fault Points on the SVD Map. 
 

 
 
 
 
 

Table 3. Types of Faults on Lines A, B, and C. 
Section Fault UTM X SVD Max SVD Min Jenis Patahan 
A-A’ F1 498138.6 1.90E-05 -1.80E-05 Normal Fault 

 F2 502677.9 3.30E-05 -1.04E-04 Reverse Fault 
 F3 506344.2 2.40E-05 -1.10E-05 Normal Fault 

B-B’ F4 500067.5 3.50E-05 -2.60E-05 Normal Fault 
 F5 503519.2 3.20E-05 -3.50E-05 Reverse Fault 
 F6 506453.8 2.10E-05 -1.10E-05 Normal Fault 
 F7 510078.5 2.00E-05 -8.00E-06 Normal Fault 

C-C’ F8 505754.5 1.70E-05 -1.30E-05 Normal Fault 
 F9 507819.5 3.90E-05 -1.70E-05 Normal Fault 
 F10 5100556.6 7.00E-06 -2.10E-06 Reverse Fault 
 F11 512465.8 3.30E-05 -2.80E-05 Normal Fault 
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    The comparison of derivative-based 
interpretation with geological mapping 
shows a strong spatial correlation, espe-
cially around the geothermal manifesta-
tion zone. The faults identified in prox-
imity to the hot spring locations are in-
terpreted as key conduits for geothermal 
fluid migration. These structures likely 
serve as fluid pathways controlling the 
surface appearance of geothermal mani-
festations in the area. 
 
3.7 Results of 2D Forward Modelling 
of Gravity Anomaly Data 
In this stage, two-dimensional (2D) for-
ward modelling was applied to delineate 
the subsurface geological structures of 
the study area. The modelling was con-
ducted along three profiles oriented from 
the southwest to the northeast, based on 
the residual gravity anomaly map. The 
average depth of modelling was con-
strained by prior spectral analysis. The 
objective was to characterize lithological 
variations and fault structures that may 
control the geothermal system in the re-
gion. 
 
3.7.1   Profile A–A′ 
As shown in Figure 18, the forward 
model along profile A–A′ reveals a three-
layer geological configuration with a 
modelling error of 0.95%. The upper-
most layer, characterized by a low den-
sity of 1.8 g/cc, is interpreted as a 
caprock unit composed of altered sedi-
mentary materials such as fluvial and 
coastal clays, silts, sands, and gravels. 
This unit is tentatively associated with 
the Alluvium Formation (Qh). 
    Beneath this, a layer with a density of 
2.4 g/cc corresponds to the Toba Tuff 
Formation (Qvt), which is composed of 
pyroclastic deposits such as volcanic ash, 
crystals, and pumice. This layer is inter-

preted as the potential reservoir rock ca-
pable of storing and transmitting geo-
thermal fluids. 
    The deepest layer, with a density of 
2.8 g/cc, is attributed to the Toru Vol-
canic Formation (Tmvo), consisting of 
andesite, agglomerates, and breccias of 
volcanic origin. Structurally, this profile 
reveals three major faults: F1 and F3, 
which are interpreted as normal (exten-
sional) faults, and F2, identified as a re-
verse (compressional) fault. 
 
3.7.2   Profile B–B′ 
The 2D model along profile B–B′ (Fig-
ure 19) also displays a three-layered 
structure. The comparison of derivative-
based interpretation with geological 
mapping shows a strong spatial correla-
tion, especially around the geothermal 
manifestation zone. The faults identified 
in proximity to the hot spring locations 
are interpreted as key conduits for geo-
thermal fluid migration (Wu & Zhou, 
2023). These structures likely serve as 
fluid pathways controlling the surface 
appearance of geothermal manifestations 
in the area. with a slightly higher model-
ing error of 0.975%. The uppermost unit, 
with a density of 1.9 g/cc, is interpreted 
as the Toru Formation (Qpto), consisting 
of altered tuffs, diatomaceous sands, and 
siltstones, forming the impermeable 
caprock.  
    The intermediate layer (2.4 g/cc) is 
again interpreted as the geothermal res-
ervoir zone, represented by the Toba Tuff 
Formation (Qvt). The bottom layer, with 
a density of 2.8 g/cc, corresponds to the 
Toru Volcanic Formation (Tmvo), com-
posed of consolidated volcanic rocks 
such as andesite and volcanic breccia. 
Four major fault zones are identified: F4, 
F6, and F7 are interpreted as normal 
faults, suggesting extensional tectonic 
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regimes, while F5 is interpreted as a re-
verse fault, indicating localized com-
pressive forces.  
 
3.7.3   Profile C–C′ 
In contrast to the previous profiles, the 
forward model along profile C–C′ (Fig-
ure 20) reveals a more complex subsur-
face with four distinct lithological layers 
and a modeling error of 0.975%. The up-
permost The second unit, with a density 
of 2.4 g/cc, corresponds to the Toba Tuff 
Formation (Qvt), again serving as the 
reservoir rock. The deepest layer, with a 
density of 2.7 g/cc, is interpreted as a 
metasedimentary unit, possibly part of 
the Tapanuli Group (Put), consisting of 
meta conglomerates, phyllites, and meta-
arenites. 
    unit exhibits variable densities rang-
ing from 1.9 to 2.0 g/cc, representing a 
composite of the Toru Volcanic For-
mation (Tmvo) and Alluvium Formation 
(Qh), both acting as caprock with mixed 
lithologies including altered tuff, diato-
maceous sands, clays, and gravels.  
    Beneath this, a layer with a density of 
2.4 g/cc corresponds to the Toba Tuff 
Formation (Qvt), which is composed of 
pyroclastic deposits such as volcanic ash, 
crystals, and pumice. This layer is inter-
preted as the potential reservoir rock ca-
pable of storing and transmitting geo-
thermal fluids. 
    The deepest layer, with a density of 
2.8 g/cc, is attributed to the Toru Vol-
canic Formation (Tmvo), consisting of 
andesite, agglomerates, and breccias of 
volcanic origin. Structurally, this profile 
reveals three major faults: F1 and F3, 
which are interpreted as normal (exten-
sional) faults, and F2, identified as a re-
verse (compressional) fault. 
 
 

 
Figure 18. Forward Modelling 2D section A-A’. 

 
 

Figure 19. Forward Modelling 2D Section B-B’ 

Figure 20. Forward Modelling 2D Section C-C’ 
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4    Conclusion  
Based on the results of gravity-based ge-
ophysical investigations conducted in 
the Sarulla Geothermal Field, several 
key conclusions regarding the subsur-
face geological structure and geothermal 
potential of the area can be drawn: 
 
a.    Fault Structure Analysis 
Derivative-based analysis of gravity data 
successfully identified two major types 
of fault structures within the study area. 
Along profile A–A’, two normal faults 
and one reverse fault were interpreted. 
Similarly, three normal faults and one re-
verse fault were delineated along profile 
B–B’, while profile C–C’ revealed the 
presence of three normal faults and one 
reverse fault. These fault systems are in-
terpreted to play a significant role in con-
trolling the geothermal fluid pathways 
and are consistent with regional tectonic 
settings. 
b. Subsurface Lithology from 2D For-
ward Gravity Modelling. 
The results of 2D forward gravity mod-
eling, when integrated with regional ge-
ological data, indicate that the subsur-
face lithology of the Sarulla Geothermal 
Field comprises several distinct geologi-
cal formations. The caprock is inter-
preted to consist of clay-alteration zones, 
likely associated with the Young Allu-
vium Formation and Totolan Formation. 
Beneath this layer, the reservoir rocks 
are predominantly volcanic in origin, in-
cluding andesite and volcanic breccia, 
interpreted as parts of the Toba Tuff For-
mation and Toru Volcanic Complex. 
These lithological units are consistent 
with the geothermal system framework 
commonly observed in volcanic-hosted 
geothermal fields. 
c.  Geothermal Resource Potential 
The Sarulla Geothermal Field exhibits 

significant geothermal resource poten-
tial, as evidenced by the widespread oc-
currence of surface manifestations and 
fault-controlled structures, which act as 
conduits for hydrothermal fluid migra-
tion. The presence of a subsurface reser-
voir composed of volcanic rocks, partic-
ularly andesite and volcanic breccia, fur-
ther supports the geothermal viability of 
the area. Based on these findings, it is 
recommended that the identified high-
potential zones be considered for further 
exploration and development, including 
additional drilling targets. Such 
measures would enhance the sustainable 
utilization of geothermal resources in the 
Sarulla field over the long term. 
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