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Abstract 

Geothermal field "X" is one of the geothermal fields located in North Sulawesi Province managed by PT Pertamina Geothermal Energy. 
This research aims to determine the presence of geothermal system components in the subsurface using the gravity method. Gravity 
method data processing is processed with observational and theoretical corrections to obtain a complete Bouguer anomaly. The complete 
Bouguer anomaly is separated into regional and residual anomaly using the upward continuation process. The results of modeling and 
interpretation of residual (shallow) gravity prove the existence of 3 (three) rock layers and their density values, Post Tondano Andesite 
Unit layer (2,4 g/cm3), Tondano Rhyolite Unit layer (2,5 g/cm3) and Pre Tondano Andesite Unit layer (2,7 g/cm3). The results of modeling 
and interpretation of regional (deep) gravity evidence the existence of 3 (three) rock layers along with the rock density value, Tondano 
Rhyolite Unit layer (2,5 g/cm3), Pre Tondano Andesite Unit layer (2,7 g/cm3) and diorite intrusion rock layer (2,9 g/cm3). The geothermal 
system in the research area is composed of Post Tondano Andesite Unit as overburden rock, Tondano Rhyolite Unit as caprock, Pre 
Tondano Andesite Unit as reservoir rock and Diorite intrusion rock as heat source.  
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1. Introduction 

The ''X'' geothermal field is geographically located in the 
eastern part of Indonesia (north arm of Sulawesi Island) 
and is located ± 30 km south of the city of Manado, North 
Sulawesi Province (Figure 1). This area is located in a 
volcanic area with a very large caldera, namely the Tondano 
caldera. This area is in a row of volcanoes (V. Lengkoan, V. 
Kasuratan and V. Tampusu) and a crater lake known as Lake 
Linau. This area is at an altitude of 750 m to 1200 m above 
sea level (Ibrahim et al, 2022). 

The geothermal system in the research area is still 
affected by volcanic and tectonic activity in the Sangihe Arc 
to this day. The heat source is thought became a 
breakthrough of igneous rock which is still actively 
transferring heat to the environment in the area around 
Lake Linau. Geothermal manifestations found around Lake 
Linau consist of active and inactive geothermal 
manifestations. The presence of geothermal manifestations 
on the surface indicates the existence of a component of the 
geothermal system below the earth's surface (Utami, 2011). 

Geothermal Exploration ''X'' began in 1973, since the 
first commercial operation in 2001 with a capacity of 1 x 20 
MWe. At present the field continues to grow until it reaches 
6 x 20 MWe (Fanani et al, 2021) with an area of around 14 
Km2 and has a total of 46 installed wells (Utami et al, 2021). 
According to Lestari & Sarkowi (2013) in a research using 
second vertical derivative (SVD) gravity anomaly data, it 
was shown that the results of the analysis of fault and fault 
structures led to the formation of Lake Tondano as part of 
the geothermal system controller in the research area. 

 

Fig 1. Map of research locations (modification from Ibrahim et al, 
2022) 

This research aims to interpret geothermal system 
components such as cap rock, reservoir rock, fracture and 
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heat source based on subsurface gravity modeling in the 
research area. 

2. Geology of the Research Area  

The geological conditions of the research area are 
dominated by tertiary (Miocene) volcanic rocks which are 
formed as bedrock composed of thick layers of 
hyaloclastites and lava flows with inserts of sedimentary 
formations. During the late Miocene or early Pleistocene 
there was a major eruption forming the large Lake Tondano 
caldera which was produced by volcano tectonic 
depression, characterized by very wide expanses of tuff 
rock.  

A regression and acceleration of volcanic activity in 
North Sulawesi caused to the Tondano explosion, followed 

by the Pliocene/Plistocene Pangolombian eruption. The 
two calderas still dominate the topography today and are 
modified by Lake Linau and Lake Tondano (Brehme et al, 
2014). 

Several eruption centers formed inside and margins of 
the Tondano depression, one of which formed the small 
Pangolombian depression. Geology in detail has been 
described by the Pertamina Upstream Technology Center 
(2013) and Utami, et al (2015) shown in Figure 2. This 
system is formed by volcanic rocks in steep areas. The rocks 
include andesitic and pyroclastic lava from the 
Pangolombian, Kasuratan, Lengkoan, Tampusu and Linau 
eruption centers. 

 

Fig 2. Geological map of the research area (modification from PT. Pertamina UTC, 2013, Utami et al, 2015) 

The geological section profile (Figure 3) of the research 
area is based on the integration of subsurface rock unit data, 
current measured temperature, well configuration and 
geological structure results. From the oldest to the youngest 
rocks starting from Pre-Tondano Andesite Unit, Tondano 
Rhyolite Unit and Post-Tondano Andesite Unit. Pre-
Tondano Andesite Unit and Tondano Rhyolite Unit were 
intruded by dyke diorite (Utami, 2011). 

This geothermal manifestation is dominated by the 
emersion activity of acidic steam-heated hot fluids, which 
produce hydrothermal alteration rocks. Geothermal 
manifestations are in the form of hot springs and hot pools 
with neutral pH and temperatures reaching 700 - 900 C 
which are partly associated with fumaroles, steaming 
ground (T = 600 - 950 C) with a depth of 15 cm, mudpots, 
mudpools and mudpond (Sidqi & Utami , 2018). 

Fault zone appears to be a vertical boundary 
separating a northern area with acidic brine, considerable 
gas discharge, high productivity, and strongly altered rocks 
from a southern section hosting neutral water, higher 
temperatures, and less altered rocks. The fluid flow and 
geochemical reactions were found to be mainly controlled 

by the permeability in fault-related fractures (Brehme et al, 
2016). 

Volcanic activity after the formation of the caldera 
begins with lava and tuff of Mount Lengkoan. Subsequent 
activities include the deposition of andesitic lava and tuff of 
Mount Kasuratan, andesite lava of Mount Tampuso, tuff and 
obsidian of Mount Kasuan, and lava and andesite breccia of 
Mount Linau. The andesitic lava and breccia of Mount Linau 
are known to be 0.458 ± 0.042 Ma or middle Pleistocene. 
The youngest volcanic activity precipitated breccia and 
andesitic lava from Mount Masarang, followed by colluvial 
deposits. The development of volcanism in the research 
area can be determined based on the character of the rocks 
and the volcanic stratigraphic sequence (Kristiawan et al, 
2013). 

Stratigraphy of the research area according to Utami 
(2011) was compiled based on the results of age dating 
analysis using the radioactive element K/Ar (Figure 4). The 
grouping of subsurface stratigraphic units in the research 
area is divided into 4 (four) rock units based on the age of 
the oldest to the youngest, namely: Pre-Tondano andesite 
Unit, Tondano Riolite Unit, Post-Tondano Unit and Diorite. 
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Fig 3. Geological cross section (modification from Utami, 2011; 
PT. Pertamina UTC, 2013) 

 
Fig 4. Stratigraphic column of the research area (Utami, 2011)  

3. Gravity Method 

The basic principle of the gravitational method is Newton's 
law of attraction between particles. Newton's law states 
that the attractive force between two particles with masses 
m0 and m separated by a distance of  r⃗𝟐  −  �⃗�𝟏 from the 
center of mass (Figure 5) is proportional to the 

multiplication of the mass m0 by m and inversely by the 
square of the distance. This force is described in equation 
(1). 

�⃗�(�⃗�)  =  − 𝐆
𝐦𝟏𝐦𝟐

|r⃗𝟐 − 𝐫𝟏 |𝟐
 ×  

( r⃗𝟐 − 𝐫𝟏 )

| r⃗𝟐 − 𝐫𝟏 |
   (1)                               

where F⃗⃗(r⃗) is the force acting on m due to m0 and has a 
direction opposite to the direction | r⃗ – r⃗0 |that is, from m1 
to m2, while G is the general constant of gravity which is 
6.67428x10–11 Nm2kg–2 or m3kg–1s–2. 

 

 Fig 5. Attraction force (F) between two masses; m1 and m2 at 
distance r apart (Alsadi & Baban, 2014) 

The gravity method is a geophysical method passive 
which is sensitive to acceleration variations Earth's gravity 
is caused by density differences rock (Dentith & Mudge, 
2014). 

3.1 Gravity Field Anomaly 

Gravity anomaly is difference between the measured 
gravity and the theoretical gravity derived from a reference 
body, after some corrections (Balmino & Bonvalo, 2016).  

Changes in the Earth's gravitational acceleration caused 
by local anomaly objects are called gravitational anomaly. 
This anomaly is denoted by Δg, when compared to the 
Earth's gravitational field it is very small (Δg<<g). Gravity 
anomaly can only be measured with the Earth's 
gravitational field in the same direction (Gregg et al, 2010). 

3.2 Gravity Data Reduction 

The measurement value of gravity on the earth's surface 
depends on the mass distribution inside the earth and the 
shape of the earth itself, while the influencing factors are 
the centrifugal force due to the earth's rotation and the 
effect of the tides due to the position of the moon and sun. 
Gravity anomaly is the value of gravity caused by 
differences in density contrast values under the earth's 
surface. To obtain a gravity anomaly below the gravity 
measurement point, several corrections are needed, namely 
tidal correction, theoretical gravity, free air correction and 
topographic correction. 

Gravity field anomaly is defined as the difference 
between the measured gravitational field values in the 
topography or position (x,y,z) with the theoretical 
gravitational field in the topography for the same location. 
This gravitational field anomaly is caused by the density 
contrast beneath the earth's surface. Measured gravity field 
anomaly together with the earth's gravitational field. 

Theoretical gravitational field is a field that exists due to 
non-geological factors and its value is calculated based on 
the elaboration of the theoretical formula. This field value is 
influenced by latitude, altitude and topographic mass 
around the measuring point (Sumintadireja et al, 2000). 

3.2 Gravity Data Source  
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The data source used in the gravity method is 
exploration gravity measurement data obtained from PT. 
Pertamina Geothermal Energy. Gravity measurement data 
comes from measurements of Scintrex Autograv CG-5 
gravitymeter, instrument height, tidal correction values, 
measurement time, and position data (coordinates). The 
number of observation gravity measurement stations is 46 
points with random distribution over a survey area of 5 x 5 
km2 (Figure 6). 

 

Fig 6. Map of the distribution of gravity measurement stations 

4. Research Methodology  

Gravity data obtained from PT. Pertamina Geothermal 
Energy in the form of data that has been processed from 
various kinds of observational corrections (tool height 
correction, tide correction, drift correction) and theoretical 
(latitude correction, free air correction, simple Bouguer 
correction, terrain correction). From the results of the 
observational and theoretical corrections, a complete 
Bouguer anomaly value is obtained.  

4.1 Complete Bouguer Anomaly  

The complete Bouguer anomaly is defined as the 
difference between the measured gravitational field values 
in the topography (x,y,z) and the theoretical gravitational 
fields in the topography (Sarkowi, 2014). The complete 
Bouguer anomaly is caused by the presence of density 
contrast beneath the earth's surface. LaFehr's (1991) 
statement can be expressed in the form of equation (2). 

∆𝐠𝐨𝐛𝐬(𝐱, 𝐲, 𝐳) = 𝐠𝐨𝐛𝐬(𝐱, 𝐲, 𝐳) − 𝐠𝐧(𝐱, 𝐲, 𝐳) (2) 

where ∆𝐠𝐨𝐛𝐬(𝐱, 𝐲, 𝐳)is the gravity field anomaly in 
topography, 𝐠𝐨𝐛𝐬(𝐱, 𝐲, 𝐳)is the observed gravity field in 
topography and 𝐠𝐧(𝐱, 𝐲, 𝐳)is the theoretical gravity field in 
topography. 

4.2 Upward Continuation 

Continuation is the process of seeing an anomaly 
response from a field with a certain height (Telford et al, 
1990). The upward continuation process is carried out 
using the Magpick software at a certain height according to 
the depth of the target anomaly. 

4.3 Gravity Forward Modeling (GFM) 

Gravity forward modelling comprises methods for the 
computation of the gravity field of some mass distribution, 
very often of the topography, but also from water, ice and 
crustal masses. GFM in the spatial and spectral domain are 
important for gravity applications in physical geodesy (e.g., 
gravity reduction, interpolation and prediction, e.g., for the 
construction of detailed gravity maps) and potential field or 

planetary geophysics (reduction and interpretation of 
gravity observations) (Hirt, 2015).  

The modeling used in this research is forward modeling, 
which is a model resulting from an anomaly response model 
approach with field anomaly response data. This research 
conducts forward modeling to look the estimated response 
to gravity anomaly and targets in the form of geological 
structures and subsurface rock layers in geothermal areas.  

Residual and regional anomaly maps are used as data 
became model by creating 3 (three) sections using Geosoft 
Oasis Montaj 6.4.2 menu software GM–SYS supported by 
geological map information and rock density variation 
values. 

5.  Results and Discussion  

The complete Bouguer anomaly map (Figure 7) shows 
the distribution of anomaly values ranging from 3 to 16 
mGal with high anomaly values in areas where active and 
inactive thermal manifestations occur stretching from west 
(W) to northwest (NW) and partly to the west (W) to the 
northwest (NW). east direction (E) research area. 
Meanwhile, the distribution of low anomaly values is in the 
south direction and a small part is in the northeast (NE) 
research area.  

 

Fig 7. Complete Bouguer anomaly map 

 

Fig 8. Regional anomaly map 

The regional anomaly map (Figure 8) shows the 
distribution of the anomaly values obtained which range 
from 3 to 16 mGal with high values in the northwest (NW) 
direction and low values in the south (S) and northeast (NE) 
directions. This regional anomaly shows a smooth contour 
pattern because it can transform the measured potential 
field so that the measured potential field tends to 
accentuate anomaly caused by deep sources (regional 
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effects) by eliminating anomaly caused by shallow sources 
(residual effects). 

The residual anomaly map (Figure 9) shows the 
distribution of anomaly values having a range of -12 to 2 
mGal with high anomaly values in the east (E) direction and 
some in the west - northwest direction (WNW). The 
distribution of low anomaly values is in the south (S) and 
northeast (NE) directions. This residual gravity anomaly is 
associated with shallow anomaly sources caused by the 
presence of geological structures and rock density variation 
values.  

 

Fig 9. Residual anomaly map 

5.1 Residual Anomaly Modeling and Subsurface 
Interpretation 

The residual gravity anomaly map is strongly influenced 
by the presence of shallow anomaly sources caused by the 
presence of geological structures and rock density variation 
values in the research area. This residual gravity modeling 
aims to determine the value of rock density and a 
description of the shallow subsurface geological conditions. 

 

Fig 10. Residual modeling and interpretation of subsurface cross 
section A-A’ 

1) Cross Section A - A' 

The results of residual gravity modeling cross sections A – 
A' (Figure 10) show shallow subsurface geological 
conditions with depths ranging from 750 m to (–1000) m. 
The results of modeling and interpretation of residual 
(shallow) gravity prove that there are 3 (three) rock layers 
along with rock density values, namely rock layers with 
density values (2,4 g/cm3) estimated became Post-Tondano 
Andesite Units, rock layers with density values (2,5 g/cm3) 
is estimated becamethe Tondano Rhyolite Unit and the rock 
layer with a density value (2,7 g/cm3) is estimated 
becamethe Pre-Tondano Andesite Unit. Based on geological 
information, it is known that there are 2 (two) normal 
structures in the Tondano Rhyolite Unit layer to the Post-
Tondano Andesite Unit layer on the surface. The normal 
structure located in the SW direction of Lake Linau is 
interpreted to reach a depth of (–1000) m and to the NE side 
of Lake Linau is interpreted to reach a depth of (–200) m. 
This structure controls the presence of active thermal 
manifestations on the surface (upflow). 

 

Fig 11. Residual modeling and interpretation of subsurface cross 
section B-B’ 

2) Cross Section B - B' 

The results of residual gravity modeling cross section B – B' 
(Figure 11) show shallow subsurface geological conditions 
with depths ranging from 900 m to (–1000) m. The results 
of the modeling and interpretation of residual (shallow) 
gravity prove that there are 3 (three) rock layers along with 
the rock density values, namely rock layers with a density 
value of (2,4 g/cm3) estimated becamethe Post-Tondano 
Andesite Unit, rock layers with a density value of (2,5 
g/cm3) is estimated becamethe Tondano Rhyolite Unit and 
the rock layer with a density value (2,7 g/cm3) is estimated 
becamethe Pre-Tondano Andesite Unit. The normal 
structure is located in the NE direction next to Tondangow 
Village which is interpreted to reach a depth of 150 m. 

3) Cross Section C - C' 

The results of residual gravity modeling cross section C – C' 
(Figure 12) show shallow subsurface geological conditions 
with depths ranging from 800 m to (–400) m. The results of 
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the modeling and interpretation of residual (shallow) 
gravity prove that there are 3 (three) rock layers along with 
the rock density values, namely rock layers with a density 
value of (2,4 g/cm3) estimated becamethe Post-Tondano 
Andesite Unit, rock layers with a density value of (2,5 
g/cm3) is estimated becamethe Tondano Rhyolite Unit and 
the rock layer with a density value (2,7 g/cm3) is estimated 
becamethe Pre-Tondano Andesite Unit. The normal 
structures located in the NW and SE directions next to Lake 
Linau are interpreted to reach depths of (-150) m and (–
300) m, respectively. 

 

Fig 12. Residual modeling and interpretation of subsurface cross 
section C-C’ 

5.2 Regional Anomaly Modeling and Subsurface 
Interpretation 

The regional gravity anomaly map is strongly influenced 
by deep anomaly sources caused by rock intrusion in the 
research area. This is reflected by contours with high 
values, while contours with lower values are caused by the 
presence of subsurface rock with lower density. This 
regional gravity modeling aims to determine rock density 
values and describe the geological conditions beneath the 
deep surface. 

1) Cross Section A - A' 

The results of regional gravity modeling cross section A – A' 
(Figure 13) show geological conditions below the deep 
surface with depths ranging from 800 m to (–2000) m. The 
results of regional (inside) gravity modeling and 
interpretation prove that there are 3 (three) rock layers 
along with rock density values, namely rock layers with a 
density value of (2,5 g/cm3) estimated becamethe Tondano 
Rhyolite Unit, rock layers with a density value of (2,7 g/cm3) 
is estimated becamethe Pre-Tondano Andesite Unit and the 
rock layer with a density value (2,9 g/cm3) is estimated 
becamea diorite intrusion. There is a Diorite Intrusion layer 
reaching (-1000) m to (-2000) m which breaks through the 
Pre-Tondano Andesite Unit which is located in the NE 
direction of cross section A – A'. 
 

 

Fig 13. Regional modeling and interpretation of subsurface cross 
section A-A’ 

 

Fig 14. Regional modeling and interpretation of subsurface cross 
section B-B’ 

2) Cross Section B - B' 
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The results of regional gravity modeling cross section B 
– B' (Figure 14) show geological conditions below the deep 
surface with depths ranging from 800 m to (–2000) m. The 
results of regional (inside) gravity modeling and 
interpretation prove that there are 3 (three) rock layers 
along with rock density values, namely rock layers with a 
density value of (2,5 g/cm3) estimated becameTondano 
Rhyolite Unit, rock layers with a density value of (2,7 g/cm3) 
is estimated becamePre-Tondano Andesite Unit and the 
rock layer with a density value (2,9 g/cm3) is estimated 
becamea diorite intrusion. The results of this modeling 
indicate that there are 2 (two) layers of Diorite Intrusion 
that break through Pre-Tondano Andesite Unit layer 
reaching a depth of (-1200) m to (-1000) m respectively. 
The presence of Diorite Intrusion layers is located at cross-
sectional distances (2000 – 2300) m and (3400 – 3600) m. 

 

Fig 15. Regional modeling and interpretation of subsurface cross 
section C-C’ 

3) Cross Section C - C' 

The results of regional gravity modeling cross section C 
– C' (Figure 15) show geological conditions below the deep 
surface with depths ranging from 800 m to (–2000) m. The 
results of regional (inside) gravity modeling and 
interpretation prove that there are 3 (three) rock layers 
along with rock density values, namely rock layers with a 
density value of (2.5 g/cm3) estimated became Tondano 
Rhyolite Unit, rock layers with a density value of (2.7 g/cm3) 
is estimated becamePre-Tondano Andesite Unit and rock 
layer with a density value (2.9 g/cm3) is estimated becamea 
diorite intrusion. The results of this modeling indicate that 
there are 4 (four) layers of Diorite Intrusion that penetrate 
each other in Pre-Tondano Andesite Unit layer. The 
presence of the Diorite Intrusion layer is located at a cross-
sectional distance of (300 – 400) m reaching a depth of (-
1000 m) to (-2000 m), at a cross-sectional distance of (750 
– 1100) m reaching a depth of (-600 m) to (-2000 m) , at a 

cross-sectional distance (2900 – 3600) m reaching a depth 
of (-1400 m) to (-2000 m) and at a cross-sectional distance 
of (4100 – 4200) m reaching a depth of (-1100 m) to (-2000 
m). 

6. Conclusion 

The results of gravity modeling are composed of 4 rock 
layers, Post-Tondano Andesite Unit (2,0 gr/cm3), Tondano 
Rhyolite Unit (2,4 gr/cm3), Pre-Tondano Andesite Unit (2,6 
gr/cm3) and diorite intrusion (2,9 gr/cm3). The 
interpretation of the geothermal system components in the 
“X” geothermal field consists of diorite intrusion suspected 
became heat source, and the Post-Tondano Andesite Unit 
suspected became reservoir rock. The Tondano Rhyolite 
Unit is thought became cap rock. The Pre-Tondano Andesite 
Unit is thought becamethe overburden. The existence of 
several normal fault structures becomes structure that 
controls the rise of hot fluid from the reservoir to the 
surface (manifestation). 
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