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Abstract 
 

Kadidia is one of the area with geothermal potential in Central 

Sulawesi, Indonesia. Therefore, this study aims to estimate the 

depth of reservoir and identify subsurface geological structures 

using gravity data and power spectrum analysis. It uses secondary 

data from the field survey results of the geophysical team from the 

Mineral and Geothermal Resource Center Agency. Furthermore, 

the data were processed to obtain a complete Bouguer anomaly, 

reduction in a flat field, regional and residual anomalies. The results 

of residual anomalies showed high and low values in the range of 

(5-13) mGal corresponding to volcanic rocks and in the range of -

10 to -4 mGal spread evenly in the study area respectively. The 

analysis of derivative showed the presence of intrusive rocks which 

are thought to be granite, and the power spectrum showed that 

the heat source rocks from the geothermal system were inferred 

as granite at a depth of more than (3.68-6.00) km. In addition, the 

reservoir rocks were interpreted as low-density sandstones at a 

depth of (0.80-1.37) km, and a caprock in the form of sandstones 

with medium density at a depth of (0.20-0.80) km, and from the 

surface to 0.20 km is soil. The interpretation of three-dimensional 

modeling showed that the faults control geothermal 

manifestations, i.e. the Koalarawa and Towingkoloe faults, which 

extends from northwest-southeast. 

 
Keywords: Gravity data, Horizontal derivative, and power 

spectrum analysis, 3D modeling 
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1.0 INTRODUCTION 
 

Indonesia is a country with considerable geothermal 

energy potential, which can be identified by the 

surface manifestations on the surface of the earth. This 

geothermal manifestation is controlled by faults 

following the meeting of tectonic plates, and the 

interactions between rock fluids and hydrothermal 

mineral deposits, which can be hot springs, hot lakes, 

hot pools, and fumaroles [1]. Kadidia or K51S field 

located at Kadidia area, district Nokilalaki, region Sigi, 

Central Sulawesi Province is one of the geothermal 

potential areas which has quite complex geological 

conditions as shown in Figure 1. Furthermore, Sulawesi is 
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at the confluence of three major Indonesian tectonic 

plates, namely the Indo-Australian, Pacific, Eurasian, 

and Philippine Small plates. The movement of the plates 

in the region of this province is tangent to one another 

with quite large faults such as the Palu-Koro, Lawanopo, 

Poso, and several others. The fault is one of the 

controllers of geothermal manifestations in the Sulawesi 

region [2], and those that have surfaced in the Kadidia 

area are hot scattered in several study points, such as 

Kadidia, Koalarawa, Nokilalaki, and Towingkoloe hot 

water, as well as several hot springs.  

 

    
 

Figure 1 Geological map of the study area, black dots are the gravity points measurements. The name of faults is A= Towingkoloe; 

B= Koalarawa; C= Kumamora; D= Kaddia; E= Lindu; F and G = Dongi. (Based on the Poso geological map sheet [3]) 

 

 

Gravity method provides sufficient detailed 

information about the geological structure and 

density contrasts of subsurface rocks. The difference in 

the value of the density of subsurface rocks is caused 

by heat sources accumulated below the surface of 

the earth. The subsurface density values can cause 

observational gravitational field on different surfaces 

[4]. Meanwhile, a horizontal gradient and tilt angle 

methods can be used to identify geological 

boundaries in various subsurface structures of Kinigi. Tilt 

angle methods showed agreements with horizontal 

gradient by detecting contacts, and provided much 

better results of boundaries compared with horizontal 

method [5]. The 3D gravity model of K51S field’s the 

subsurface structure was constructed while the 

interpretation was not developed [6]. 

In this study, we estimate the depth of shallow 

lithology and source based on the 3D gravity model 

of the subsurface structure by using a power spectrum 

to clarify the existence and boundaries of 

gravitational anomalies. As known that the power 

spectral analysis yields the depths from significant 

density contrasts in the crust [7].  

 

Geological Setting 

 

The study area based on geological history is included 

in the West Sulawesi Mandala, which consists of rocks 

in the form of Tertiary volcanic products with lava 

breccias and andesite Towingkoloe mountain 

products overlain by sedimentation in the form of 

sandstones and conglomerates. The collision between 

the Mandala of West and Central Sulawesi triggers the 

movement of the Sorong Fault to produce a deep 

rock in the form of a younger granite, and the 

sediment are then formed in the form of colluvium 

from Tertiary rocks [8]. 

The Island of Sulawesi is located between Australia 

and Sundaland based on tectonic plate analysis [9]. It 

was formed during the micro-infiltration of the pre-

tertiary continent of Australia located in the southern 

and western regions such as in the Gorontalo basin. In 

terms of the evolution of the tectonic model, the island 

was formed from the reconstruction following the 

interaction of the Indo-Australian plate collision, the 

Pacific Plate, and the Eurasian plate [10] which has 

tectonic abnormalities with a reverse arc model and 

polarity in the subduction zone. 

Several fault segments cause large earthquakes in 

the Sulawesi region [11], namely the Palu-Koro fault, 

Saddang fault, and trench where there are several 

geological structures such as folds and cracks. In the 

northern part, there are vertical cracks and the 

western part moves horizontally to the left [12] with an 

estimated movement speed of 14-17 mm/year [13]. 

The Palu-Koro Fault has a left-lateral direction of a 

length of ± 300 km [14] which extends towards the 

northern subduction zone of the Sulawesi Sea, and 

some located in water areas. Geological studies for 

quarter faults [15] and GPS devices [16] showed that 

there is a shift of ± 40 mm/year across the Palu-Koro 

Fault zone. However, the shift is not pure since it occurs 

in the components of the normal substance [15]. The 

movement of faults can also cause a rock in the 
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vicinity to have a very high permeability value, and 

the energy generated can form an increase in rock 

heat within the surrounding area. Therefore, when the 

permeability of the rock is high and followed by high 

temperatures, it will also result in the accumulation of 

geothermal energy. 

The geological structure of the study area consists 

of several faults controlling geothermal 

manifestations. The basement fault is the Koalarawa 

fault which continues to the northwest, and then cut 

by a third-period fault trending almost north-south. It 

forms permeable zones of hydrothermal activity, 

which can pass hot fluid to the surface [17] as shown 

in Figure 1.   

The study area is composed of rocks that have 

Tertiary to Quaternary age and are the product of 

volcanic products, namely Tineba volcanic rock 

formations, Napu formations, Cambuno granite 

formations, and lake deposits. The stratigraphy for 

gravity modeling is shown in Tabel 1.  
 

Table 1 Stratigraphic study area with rock density [18]; [3]  
 

 
 

 

2.0 METHODOLOGY 
 

The basic principle of the gravity method is Newton's 

law, which is the force exerted by two objects or 

particles expressed in the form of unit vectors with 

masses 𝑚0 and 𝑚 separated as far as 𝑟 −
𝑟0 concerning the center of mass. It is directly 

proportional to the square of the distance and the 

product of mass between 𝑚0 and 𝑚. The magnitude 

of the force is expressed in [18]: 
 

𝐹⃗(𝑟 − 𝑟0) = −𝐺 
𝑚.𝑚0

|𝑟−𝑟0|2

(𝑟−𝑟0)

|𝑟−𝑟0|
           (1) 

 

where, 𝐹⃗(𝑟) = gravitational force (N), 𝐺 = universal 

gravitational constant (6,67 × 10−11𝑁. 𝑚2/𝑘𝑔2), 𝑚 = 

mass of objects 𝑚 (kg), 𝑚0 = mass of objects 𝑚0 (kg), r 

̂ = unit vector direction 𝑚 to 𝑚0 (𝑚), |𝑟 − 𝑟0| = distance 

between object 𝑚 and 𝑚0.  

Gravitational anomaly (Δg) is an effect caused by 

objects below the surface of the earth. Bouguer 

anomaly reflects the subsurface anomaly values after 

the reduction in the gravitational field [18]. It can be 

determined by using: 
 

∆𝑔𝐵𝑆 = 𝑔𝐹𝐴 − 𝑔𝐵   (2) 

 

where  ∆𝑔𝐵𝑆 is a simple anomaly Bouguer gravity field 

(mGal), 𝑔𝐹𝐴 is the anomaly value of free air (mGal), 

and 𝑔𝐵 is the Bouguer correction gravity field value 

(mGal). Whereas, 

∆𝑔𝐵𝐿 = 𝑔𝐵𝑆 + 𝑔𝑇   (3) 

 

∆𝑔𝐵𝐿 is a complete Bouguer anomaly (mGal), 𝑔𝐵𝑆 is the 

value of a simple Bouguer anomaly (mGal), and 𝑔𝑇 is 

the value of the terrain correction (mGal). 

This study focuses on shallow and small structures 

associated with residual anomalies to separate the 

Bouguer anomaly between regional and residual. 

Regional anomalies are influenced by deep and large 

structures, while residuals are caused by shallow and 

small structures [18], [19]. Anomaly separation was 

implemented using the upward continuation 

approach at a height of 2000 m from the 

topographical surface. The terrain correction adjusts 

the Bouguer correction for the effects of variations in 

thickness of the other horizontal infinite slab. 

Furthermore, the gravitational attraction of a land 

mass above the observation station, is away from 

Earth and decreases the effect of the slab. The 

upward continuation technique was conducted to 

smooth the effects of the surface rock. 

 

Three-dimension (3D) Inversion Modeling 

 

Gravity modeling was conducted with a 3-

dimensional model to obtain an anomalous 

distribution of subsurface gravity fields based on a 

residual anomaly map. In addition, 3D modeling can 

give a more realistic picture of subsurface conditions 

close to the actual shape, and it was assisted with 

Grablox 1.6 and Bloxer 1.6 software [20], [21]. 

The target area of the study is the Kadidia 

geothermal field, which is 22.5 km x 25 km precisely 

located in Central Sulawesi Province as seen in Figure 

1. The secondary data were obtained from the results 

of field measurements by the Mineral and Geothermal 

Resource Center Agency (PSDMPB) Bandung in 2012 

and 2014. Gravity data from field measurements by 

PSDMPB are in the form of spatial data, time of 

measurement, and data with tool height and tidal 

corrections they were processed by making 

corrections mGal units, tool height, drift, binding to the 

tie point at DG0 Bandung (977976.38). Furthermore, 

several corrections were conducted to reduce some 

effects that can affect the gravity value in the area of 

measurement such as free air correction, simple 

Bouguer correction, and terrain correction to obtain a 

complete Bouguer anomaly (ABL). ABL values are 

total anomalies in the measurement area containing 

local and regional anomalies. The target is a local 

anomaly used to determine the subsurface structure 

of geothermal areas. The separation of local and 

regional anomalies through the upward continuation 

method upward was conducted by subtracting total 

from regional anomalies. This local gravity anomaly is 

then analyzed by conducting 3D modeling to obtain 

a more tangible subsurface structure. Furthermore, 3D 
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modeling is conducted for qualitative and 

quantitative interpretation of subsurface structures. 

Inversion modeling was also carried out, and in the first 

step an initial model was created using Bloxer 1.6 

software. It was made by considering several 

parameters based on the geological review and 

previous study. The parameters include density, depth, 

and geological conditions of the study area. In 

addition, 3D modeling of subsurface structures based 

on residual or local anomalies was conducted using 

Grablox 1.6 and Bloxer 1.6 software. The initial model 

carried out backward modeling through the same 

software. The steps in inversion are base optimization, 

density optimization, optimization heights, and 

Occam d and Occam h. A fairly small error was 

obtained to describe the level of compatibility 

between the model and measurement data. 

 

Spectrum Analysis 

 

Spectrum analysis is used to analyze the phenomenon 

of harmonic oscillators in nature. It aims to obtain the 

spectrum distribution of the oscillator phenomenon 

and to show its statistical characteristics. Furthermore, 

it is used in the analysis of the 1-dimensional spectrum 

of the gravitational field anomaly data in one cross-

section. 

The gravitational field anomaly is a superposition of 

the regional gravitational field anomaly and the local 

(residual) gravity field anomaly. Meanwhile, regional 

gravitational field anomalies that describe the 

general geological conditions of the study area are 

characterized by low-frequency, while local 

anomalies are characterized by high-frequency. The 

relationship in the frequency area between the 

gravitational field anomaly and the density distribution 

along the boundary plane containing the density 

contrast [22] can be written as follows, 
 

∆𝑔(𝜔) = 2𝜋𝐺∆𝜌(𝜔)𝑒−𝜔𝑑 (4)  
 

where ∆g(ω) is the frequency response of gravity 

anomaly fields, where ∆ρ(ω) is the response frequency 

of the gravitational field anomaly, ω is the response 

frequency of the density contrast, d is the depth of 

field boundary of the reference spheroid, and is the 

angular frequency and G is the universal gravitational 

constant. When the density distribution is random with 

no relationship with each gravity value, the response 

frequency can be ∆ρ(ω) = 1, then we get, 
 

𝐸𝑛 = 𝐶 𝑒−2𝜔|𝑑|                        (5)  

 

where C is a constant, ω=2πk is the angular frequency, 

k is the wavenumber (cycle/meter), d is the depth of 

field boundary (m) below the reference spheroid. 

Equation (5) can be written: 
 

𝐿𝑜𝑔 𝐸 = 𝐿𝑜𝑔 𝐶 − 2𝜔|𝑑|             (6)  
 

The two logarithmic values which are the difference 

between the two power spectrums (E) in Equation (6), 

are obtained, 

|𝑑| =  − 
1

4𝜋
 
𝐿𝑜𝑔 𝐸1−𝐿𝑜𝑔 𝐸2

𝑘1−𝑘2
=  

1

4𝜋
tan 𝛷            (7)  

 

where E1 and E2 are the power spectrum, k1 and k2 
are the wavenumbers, and is the slope angle of the 

power spectrum curve. Equation (7) shows that the 

mean depth of the discontinuity plane is proportional 

to the gradient of the slope of the power spectrum 

curve. 

 

 

3.0 RESULTS AND DISCUSSION 
 

Complete Bouguer Anomaly  

 

Gravitational anomaly data from the field 

measurement results are processed to obtain a 

complete Bouguer anomaly on topography. The 

results showed that the gravity field anomaly values in 

the measurement area are in the range of (66 – 114) 

mGal. A high and low anomaly is in the northwest and 

northeast part of almost north and south of the study 

area. The complete Bouguer anomaly has value that 

illustrates the difference in rock density and structure 

contained below the earth's surface. This complete 

Bouguer anomaly value is also used as a reference for 

further processing, i.e., reconstruction to the flat plane 

and separation of regional and residual anomalies. 

The contour map is shown in Figure 2.  

 

Regional and Residual Anomalies 

 

Complete Bouguer anomalies at the point of 

measurement include regional and residual. Residual 

anomaly was analyzed and separated from the 

complete Bouguer anomaly. The anomalous 

separation method used is an upward continuation, 

and it is one way of converting gravitational potential 

field data measured at a surface level into data 

measured at a higher surface level. The continuation 

process is conducted using the Oasis Montaj software 

to calculate coordinate data (x, y) and the complete 

Bouguer anomaly value. The results obtained from the 

upward continuation process in the form of regional 

anomalies obtained residual anomaly. It can 

decrease the regional anomaly with the value that 

has been reduced on a flat plane. Lifting at the 

upward continuation process is conducted at several 

heights to obtain a smoother regional anomaly map. 

 

Regional Anomaly 

 

Lifting at the upward continuation stage is carried out 

at an elevation in stages per 100 m, and the selected 

altitude is 2000 m. This is because the height shows a 

fairly stable contour pattern to form a regional 

anomaly map from upward continuation according 

to Figure 3, and the values in the study area are in the 

range of (45 – 63) mGal. In addition, high and low 

anomalies are in the western and eastern part of the 

study area. 
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Residual Anomaly 

 

Residual anomalies are obtained following the results 

of a reduction between regional and complete 

Bouguer anomalies on a flat plan, and they are 

obtained in the range of (-10 – 13) mGal. A high 

anomaly is seen in the middle precisely in the 

southwest part of the study area as shown in Figure 4. 
 

 
 

Figure 2 Map of the complete Bouguer anomaly in the study 

area 

 
Figure 3 Map of regional anomalies 

 

Figure 4 Map of residual anomaly and cross section of a-a’, 
b-b’ and c-c’ for 3D analysis 

Three-dimensional Modeling (3D) 

 

The inversion of gravity data aims to determine the 

density distribution and shape of the intrusion of 

igneous rocks under the Kadidia area. The 3D 

modeling was conducted using the initial model to 

obtain a clearer picture of the subsurface structure of 

the study area [23]. Furthermore, the initial model was 

created using Bloxer 1.6 software by considering the 

geological conditions. The inversion modeling was 

conducted to obtain a Kadidia subsurface model that 

can clarify the presence of igneous rock intrusion as a 

source of geothermal energy. Gravity forward and 

inversion processes were previously conducted using 

Grablox and Bloxer software for editing and visualizing 

the block model. The parameters needed to make the 

initial model are density contrast, geological map of 

the study area, surface depth following the height of 

the flat plane reduction, z-axis depth, coordinates of 

measurement points, number of major and minor 

blocks, and layers.  

The optimization process was conducted on 

residual and regional gravity data to generate the 

density distribution influenced by shallow and deep 

structures. In addition, the initial 3D model by the 

geological sheet map compiled by Simandjuntak [3] 

and the study area is composed of alluvial rock, 

granite, sandstone, and volcanic rock. The study area 

has a density in the range of 1.20 gr/cm3 to 3.30 

gr/cm3. Alluvial rocks, granite, sandstones and 

volcanic rocks have an average density of 1.92 

gr/cm3, 2.64 gr/cm3, 2.35 gr/cm3, and 2.85 gr/cm3. The 

layers in the 3D model block are adjusted to the 

lithology and density of the study area. Inverse 

modeling is conducted on the residual gravity field 

anomaly data to reduce the influence of rock mass 

around the study area. Furthermore, 3D modeling 

aims to determine the distribution of rock mass that 

affects the value of subsurface gravitational fields 

[24]. The inversion process in 3D modeling aims to 

obtain a match between the data obtained following 

the results of measurements with calculations after 

considering the smaller value of RMS data and model. 

The inversion stage is conducted by inversion of 

anomaly base, density, heights, and Occam inversion 

and the results of 3D modeling on residual anomaly 

data are shown in Figure 5. 

The results of the 3-dimensional modeling showed 

the distribution of subsurface density. Based on the 

lithology of the study area, 3-dimensional modeling is 

made in 7 layers. This layer has several scattered types 

of rocks, then analysis at each layer per depth was 

conducted to obtain sufficient detailed information 

related to further interpretation. Geological 

information showed that rocks with a density of (1.20 - 

2.34) g/cm3 are interpreted as alluvial and low-density 

sandstones (due to high pressure and faults). 

Furthermore, densities of (2.35 - 2.63) g/cm3 are 

interpreted as sandstones, while the density (2.64 - 

3.30) g/cm3 are interpreted as granite and volcanic 

rock. Analysis of the section model on the X and Y axes 

was conducted to analyze the distribution of gravity 
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anomaly values and rock density of the study area, as 

well as clarify the interpretation of the overall model. 

The analysis follows sections a-a', b-b', and c-c' in Figure 

4, and the results showed that there are rocks with a 

low density of (1.20 - 3.30) g/cm3. Rocks with a density 

of (1.20 - 2.34) g/cm3 are interpreted as alluvial, 

densities of (2.35 - 2.63) g/cm3 are interpreted as 

sandstones, and density (2.64 - 3.30) g/cm3 are 

interpreted as granite and volcanic rock (Figure 6).  

High-density anomalous features are found around 

Koalarawa hot springs, Towingkoloe warm water, and 

Nokilalaki hot water. This high density is interpreted as 

granite, and the low-density anomaly is found around 

Kadidia hot water and Lake Lindu sediment. The results 

of the qualitative interpretation of 3D modeling 

showed that the study area contains alluvial rocks 

which are estimated to be on the surface to a depth 

of ± 0.20 km. Furthermore, the geothermal system in 

the study area is the presence of suitable cap rocks 

with sandstones at a depth of 0.80 km. Reservoir rocks 

in the form of sandstones with lower density are found 

in the distance of 1.30 km, which is a weak zone of 

rocks where hot fluids are released, and heat source 

rocks that correspond to granite at a depth of more 

than 6 km.  

Area with active seismic conditions causes the 

release of heat energy to the surface, and it can also 

convex a geothermal model [25]. This occurs in 

granite rocks that contain phosphorus to store heat, 

and the process occurs conductively as a heater for 

meteoric water in the earth's surface. 
 

 
 

Figure 5 Results of 3D modeling of residual anomaly gravity 

data a). The subsurface density model results from the 

inversion, b). Subsurface density models (1.20 - 2.34 gr/cm3), 

c). Subsurface density models (2.35 - 2.63 gr/cm3), d). 

Subsurface density model (2.64 - 3.30 gr/cm3) [4] 

 

 
a. 

 
b. 

  
c. 

Figure 6 Analysis of a 3D model sections in the study area, a). 

section a-a' 3D model b). 3D model of section b-b’ and c). 

section c-c’ on the 3D model 

 

 

Figure 7 Complete Bouguer anomaly on a 2 km flat plane 

and 9-lines for depth analysis estimation 
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Line 1. 

 
Line 2 

 
Line 3 

 
Line 4 

 
Line 5 

 
Line 6 

 
Line 7  

Line 8 
 

Line 9 

 

Figure 8 Graph of the power spectrum of each line. The top right curve is a complete Bouguer anomaly section to the position of 

the lines 

 

Table 2 Estimation of deep and shallow depth of each line from the power spectrum and from 3D modeling 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Depth Estimation from the Power Spectrum 

 

Figure 7 is a complete Bouguer anomaly on a flat 

plane with an altitude of 2 km and several line slices 

for analysis and depth estimation. The eastern part of 

the study area showed that the complete Bouguer 

anomaly value is lower in comparison to the western 

part. In addition, 9 slices were analyzed by the power 

spectrum method shown in Figure 8, with an estimated 

depth of deep and shallow discontinuous path. 

Table 2 showed that the average shallow discontinuity 

depth value for the study area is around 0.11 km, and 

it is relatively consistent with the estimated depth by 

3D modeling. These rocks have a density of (1.20 - 

2.34) g/cm3 that are interpreted as alluvial and low-

density sandstones (due to high pressure and faults). 

The depth value of the discontinuity in the western 

part of the study area is relatively shallower (average 

1.37 km) than the eastern part, which is deeper with 

an average of 3.68 km. Therefore, the thickness of the 
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deep discontinuities obtained from the power 

spectrum method compared to the depth estimated 

from 3D modeling is relatively the same in the west, but 

deeper in the east. 

According to the depth of 3D modeling rocks with 

densities of (2.35 - 2.63) g/cm3 are interpreted as 

sandstones, and those found in the geothermal 

system is a reservoir rock with thickness of 0.80-1.37 km, 

in the west and up to 3.68 km in the east. The rock 

thickness from 0.20 km to 0.80 km functions as a rock 

cap, which is thicker in the eastern part and from the 

surface to 0.20 km is soil. Based on 3D modeling, the 

density (2.64 - 3.30) g/cm3 is interpreted as granite and 

volcanic rock at a depth of more than 6 km, and it is 

interpreted as a heat source. 
 

 

4.0 CONCLUSION 
 

The high anomalies corresponding to granite and 

volcanic rock consisting of andesite, basalt, latite, and 

breccia lava are in the middle of the study area. 

Meanwhile, the low anomalies are spread between 

the high. The heat source rocks from the geothermal 

system are inferred as granite at a depth of more than 

(3.68-6) km while reservoir rocks are interpreted as low-

density sandstones at a depth of (0.80-1.37) km, and a 

caprock has medium density at a depth of (0.20-0.80) 

km, and from the surface to 0.20 km is soil. The 

interpretation of three-dimensional modeling showed 

that faults control geothermal manifestations, i.e., the 

Koalarawa and Towingkoloe faults found in northwest-

southeast. 
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