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Geothermal energy is a source of renewable energy that has the potential to be 

produced, considering that Indonesia is in the ring of fire, where there are many 

volcanoes, one of which is Mount Anak Krakatau. Even though direct exploration 

is not permitted, at least information on the geothermal system on the mountain can 

still be obtained using satellite data. Therefore, this study aims to analyze the 

geothermal energy potential of Mount Anak Krakatau using gravity satellite data 

with a total of 320 data consisting of gravity disturbance, geoid, and Digital 

Elevation Model. The data processing describes a 3D model that is correlated with 

the First Horizontal Derivative (FHD) and Second Vertical Derivative (SVD) 
analysis. Based on the results of the residual anomaly map analysis, the low 

anomaly has a value of -1.85–(-0.89) mGal which is suspected to be associated with 

magma pockets, and the high anomaly ranges from 0.04–2.13 mGal which is 

suspected to be associated with the caldera of Mount Anak Krakatau. Based on the 

results of the FHD and SVD graphical analysis, there are 18 faults that control the 

geothermal system. Based on the results of 3D modeling trending from west-east it 

can be seen that there is a clay cap layer with a value density 2.32–2.37 gr/cc at 

depths of 0–550 m and reservoir layers with density values of 2.23–2.29 gr/cc at 

depths of 500–1100 m. This geothermal research using the gravity method can be 

developed and become a reference for future research to calculate the potential for 

electrification in a research area. 
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1.  Introduction  

 

Indonesia possesses geothermal energy reserves of approximately 29 GWe, which is about 40% of the 
world's total reserves. The geothermal energy potential of Indonesia is the second-largest after the 

United States (Dewi et al, 2015). Furthermore, Indonesia possesses numerous volcanoes, earning its 

classification among the world's active volcanoes situated in The Ring of Fire (Citraningrum et al., 

2023). Therefore, geothermal energy has become a highly promising renewable alternative energy 

source for production in Indonesia. One of the geothermal areas that can be optimized for electrification 
is Mount Anak Krakatau, which is an active volcano. While it may not be feasible to construct a power 

plant in the vicinity of the area, at least information regarding the geothermal potential from Mount 

Anak Krakatau is necessary. 

http://doi.org/10.33116/ije.v7i1.186
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According to previous research on identifying the magma body of Mount Anak Krakatau based on the 
3D seismic velocity structure using local earthquake tomography, there exists a magma spatial structure 

beneath the Krakatau complex, situated at depths of 3–5 km. The presence of this zone is evidenced by 

a relatively low P-wave velocity anomaly and an extremely low S-wave velocity anomaly, as well as a 

high Vp/Vs ratio (Syafawi et al., 2015). As a form of research development, this study, therefore, 
employs a different method aiming to analyze the geothermal energy potential in the Mount Anak 

Krakatau region based on derivative analysis and 3D modeling of gravitational satellite data.  

 
Geothermal energy is the energy stored in the form of hot water or steam at specific geological 

conditions and depths deep within the Earth's crust (Ramadhan et al., 2020). This energy can be 

accessed as groundwater transfers heat from rocks to the surface through boreholes or natural cracks 
and faults (Sigfússon and Uihlein, 2015). The geothermal system consists of three main elements: a 

heat source, a reservoir for heat accumulation, and a cap rock to maintain the heat accumulation (Figure 

1) (Firdaus et al., 2014). One crucial factor in a geothermal system is the existence of a reservoir. This 

reservoir is a layer containing hot fluids beneath the surface that is associated with rocks having higher 
density, contrasting with the surrounding rocks. This density contrast can be observed from 

gravitational data, which shows anomalies in the gravity map (Raharjo et al., 2022). 

Figure 1. Geothermal system (Buijze et al, 2019). 

 

The gravity method is a geophysical exploration technique that is based on variations in mass density 
below the earth's surface (Nafian et al., 2021). In geothermal energy exploration, the gravity method 

can detect differences in rock density beneath the surface that form a geothermal system (Rizkiani & 

Rustadi, 2019). The gravity method uses the principle of Newton's law of gravity, which explains that 

two particles with masses 𝑚1 and 𝑚2 have an attractive force proportional to the product of their masses 
and inversely proportional to the square of the distance between their centers of mass, as shown in the 

equation (Telford et al., 2004): 

 

𝐹⃑(𝑟) = 𝐺
𝑚1𝑚2

𝑅2 𝑟̂                                                                (1) 

 

In the gravity method, there are gravity corrections that need to be performed to obtain more accurate 
results from satellite gravity data. Among these corrections are Bouguer and Terrain corrections. The 

Bouguer correction accounts for variations in the gravitational pull of rock masses on the earth's surface 

and can be calculated from the derived data (Rachmawati et al., 2019). Terrain correction occurs due to 
geographical elements within the survey area, where variations in elevation, such as hills and valleys 

surrounding the measurement site, influence the measurements. (Gunawan et al., 2022). 

 
The examination of gravity data derivatives is employed to detect geological formations, incorporating 

the First Horizontal Derivative (FHD) and Second Vertical Derivative (SVD). These derivatives act as 
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low-pass filters, effectively isolating low-frequency and high-frequency components (Raharjo et al., 
2022). 
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∂x
)

2

+ (
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∂y
)

2

                                                         (2) 

 
The First Horizontal Derivative (FHD) is utilized to determine the location of horizontal density contrast 

boundaries from gravity data (Cordell, 1979). Changes in the anomaly horizontally are characterized 

by the maximum value of FHD in the FHD plot. Therefore, the maximum value of FHD represents 

geological fault features. The value of FHD can be obtained from Equation 2. 
 

The Second Vertical Derivative (SVD) functions as a high-pass filter, enhancing the near-surface effects 

and disregarding deeper anomalies. Therefore, the results obtained are associated with shallow 
structures (Fitriani et al., 2020). Since the gravity field satisfies the Laplace equation, the SVD can be 

obtained from horizontal derivatives. 

 
𝜕2𝑔

𝜕𝑧2 = (
𝜕2𝑔

𝜕𝑥2 +
𝜕2𝑔

𝜕𝑦2
)                                                             (3) 

 

SVD can be used to identify the type of fault, whether it is a normal fault or a reverse fault. The criteria 
for determining the type of fault are as follows (Aufia et al., 2019). 
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According to the Ministry of Energy and Mineral Resources (ESDM), astronomically, Mount Anak 

Krakatau is located at 6° 6' 5.8'' S and 105° 25' 22.3'' E. Geographically, it is situated in the Sunda Strait, 
South Lampung Regency, Lampung Province. Based on field observations, the research area can 

generally be divided into two geomorphological units: the hilly intrusion landform unit and the coastal 

plain landform unit (Putra & Yulianto, 2017). This volcano, located in the Sunda Strait, has a history 
of impactful eruptions, including tsunamis in 1883 and 2018 (Perwita et al., 2020).  

 

Mount Anak Krakatau is a volcanic island featuring a single active cone located in the center of its 

caldera. This cone experiences eruptions at intervals ranging from 1 to 8 years and exhibits Strombolian 
and Vulcanian eruption characteristics (Ariyanti & Fattah, 2020). Mount Anak Krakatau is composed 

of alternating eruption materials, such as pyroclastic fall, pyroclastic flow, and lava flow deposits 

(Sumintadireja, 2012). These layers have formed a cone that currently reaches a height of 315 meters. 
The Krakatau Volcanic Complex consists of four islands: Rakata, Sertung, Panjang, and Anak Krakatau 

(Figure 2) (Sutawidjaja, 2006). Tectonic movements related to the South Sumatra Fault System 

significantly impact the Krakatau Volcanic Complex (Saad, 2022). The tectonic extensional 
characteristics in this zone are characterized by fault blocks in the bedrock, active normal faults, the 

formation of graben morphology, and crustal thinning (Tim Badan Geologi, 2019). 

 

2.  Method 

 

The research location is situated at Mount Anak Krakatau, Lampung, with predefined boundaries 

covering an area of 15.5 km2, as shown in Figure 3. The gravity anomaly data consists of gravity 
disturbance (gd), geoid, and Digital Elevation Model (DEM) obtained from the Bureau Gravimetrique 

International (GGMplus 2013) and Murray Lab Caltech GGMplus 2013 websites, comprising a total of 

320 data points. GGMPlus is a gravity field model based on GRACE (ITG2010) satellite data, GOCE 

satellite (TIM-4), EGM2008, and gravity topography. GGMplus provides an updated representation of 
Earth's gravity, incorporating information on gravity acceleration, radial and horizontal field 
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components, and quasi-geoid heights. This detailed depiction involves a vast dataset exceeding 3 billion 
points, encompassing 80% of Earth's landmass within the ± 60° latitude range (Suprianto et al., 2021). 

The data resolution of GGMPlus is approximately 200 meters (Hirt et al., 2013). The primary limitation 

of the GGMplus model remains its constrained coverage, as it provides data only up to a distance of 10 

kilometers from the coastline (Camacho & Alvarez, 2021), when compared to measurements on land 
using a gravimeter. 

 

Figure 2. Geological framework of the Sunda Strait as an extensional tectonic zone (Tim Badan 

Geologi, 2019). 

Figure 3. Research area map. 
 

The gravity anomaly data obtained from satellite imagery represents the corrected gravitational 
acceleration, including free-air correction. Therefore, for analysis, terrain correction and Bouguer 

correction need to be applied to obtain the Complete Bouguer Anomaly (CBA) (Indriani et al., 2023). 

The Complete Bouguer Anomaly (CBA) values derived from corrections in satellite gravity data 
undergo upward continuation to separate regional and residual gravity anomalies (Utama, 2023). The 

gravity method was chosen because it can provide detailed information about the geological structure 

and density contrast of the rocks (Anggraeni, 2023). The data processing steps starting from data 
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acquisition to creating a 3D model of the subsurface structure of Mount Anak Krakatau can be seen in 
Figure 4. 

 

Figure 4. Research flowchart. 
 

3.  Results and Discussions 

 

3.1 Complete Bouguer Anomaly (CBA) 

 

The CBA map in Figure 5 shows that the distribution of gravity anomaly values in the research location 
ranges from 45 to 61.6 mGal. The low anomaly values in the southern part, ranging from 45 to 47.9 

mGal, are believed to be associated with the sea zone. On the other hand, the high anomaly values, 

ranging from 55 to 61.6 mGal, extending from the north to the south, are believed to be associated with 
the elevation and caldera of Mount Anak Krakatau, as well as the rock formations consisting of 

porphyritic andesite and dacite (QTp). However, this CBA map still contains a mixture of residual 

(shallow) and regional (deep) anomalies. To eliminate ambiguity in further interpretation, the separation 

of regional and residual anomalies is conducted. 
 

3.2 Regional and Residual Anomaly 

 
After separating the anomalies, both regional and residual anomalies were obtained. On the regional 

anomaly map, the distribution of gravity anomaly values ranges from 45.4 to 62.2 mGal. This regional 

anomaly is caused by the response of rocks at considerable depths beneath the Earth's surface and 
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exhibits contour patterns similar to the CBA map. However, the regional anomaly map in Figure 6 has 
smoother contours compared to the CBA map. 

 

Figure 5. Complete bouguer anomaly map. 

 

Figure 6. Regional anomaly map. 

 
On the residual anomaly map in Figure 7, the distribution of gravity anomaly values ranges from -1.85 

to 2.13 mGal. This residual anomaly is caused by the response of shallow rocks beneath the Earth's 

surface, and the map exhibits more varied or heterogeneous contour patterns. The low anomalies, 
located directly beneath Mount Anak Krakatau, have values ranging from 1.85 to -0.89 mGal, which 

are believed to be associated with magma pockets beneath Mount Anak Krakatau. The high anomalies 

surrounding Mount Anak Krakatau have values ranging from 0.04 to 2.13 mGal, and they are believed 
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to be associated with the caldera of Mount Anak Krakatau and the rock formations of porphyritic 
andesite and dacite (QTp). Subsequently, the residual anomaly map is cropped to match the location for 

further overlay and 3D modeling, as shown in Figure 7. 

 

Figure 7. Overlay residual anomaly map and Google Earth.   
 

3.3 Derivative Analysis 

 
In this derivative analysis, the First Horizontal Derivative (FHD) and Second Vertical Derivative (SVD) 

filters are applied to determine the location and type of faults controlling the geothermal system in the 

Mount Anak Krakatau area. The characteristics of maximum FHD values and SVD values close to zero 
indicate the presence of faults. On the FHD map in Figure 8, anomalies are distributed within the range 

of 0.00073 to 0.01220 mGal. Among them, 16 geological structures, including the caldera of Mount 

Anak Krakatau, exhibit very high anomaly values ranging from 0.00810 to 0.01220 mGal. These 

structures control the geothermal system of Mount Anak Krakatau, with a dominant fault direction from 
northwest to southeast, as indicated by the black lines on the FHD map. 

Figure 8. First Horizontal Derivative (FHD) Map. 
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On the SVD map in Figure 9, anomalies are distributed within the range of -0.0000960 to 0.0001216 
mGal. There are 16 geological structures, including the caldera of Mount Anak Krakatau, with anomaly 

values close to 0 mGal (indicated by the transition of colors from green to yellow) that control the 

geothermal system of Mount Anak Krakatau. The dominant fault direction is from northwest to 

southeast, as indicated by the black lines on the SVD map. 

 

Figure 9. Second Vertical Derivative (SVD) Map. 

 
To determine the type of faults controlling the geothermal system of Mount Anak Krakatau, section 

digitization is performed by cutting across the faults on the FHD and SVD maps to obtain the FHD and 

SVD curves for fault analysis. Five east-west sections are conducted, intersecting the faults around the 

research area (indicated by thin black lines) on the FHD and SVD maps, as shown in Figure 10. 

 (a)  (b)  

Figure 10. Section map (a) FHD Map, (b) SVD Map. 
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In the results of the fault analysis in section 1 (L1) based on the normalized FHD and SVD 

curves, it is observed that there are two normal faults, namely F1 with coordinates (546255.7, 

9324683) and F2 with coordinates (547605.7, 9324698) (Figure 11). 

Figure 11. The fault analysis in section 1 (L1). 

 

In the results of the fault analysis in section 2 (L2) based on the normalized FHD and SVD curves, it is 
observed that there are two normal faults and two reverse faults. In Figure 12, the normal faults are 

labeled as F1 with coordinates (546141.7, 9325145.7) and F3 with coordinates (547591.6, 9325163.4). 

The reverse faults are labeled as F2 with coordinates (547141.6, 9325157.9) and F4 with coordinates 
(548091.5, 9325169.5). 

Figure 12. The fault analysis in section 2 (L2). 
 

In the results of the fault analysis in section 3 (L3) based on the normalized FHD and SVD curves, 

Figure 13 shows that there are five reverse faults. The reverse faults are labeled as F1 with coordinates 

(546095.6, 9325476.8), F2 with coordinates (546545.6, 9325480.3), F3 with coordinates (547245.6, 
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9325485.6), F4 with coordinates (547545.6, 9325487.9), and F5 with coordinates (548195.6, 
9325492.9). 

 

Figure 13. The fault analysis in section 3 (L3). 

 

In the results of the fault analysis in section 4 (L4) based on the normalized FHD and SVD curves, 
Figure 14 indicates that there are four normal faults. The normal faults are labeled as F1 with 

coordinates (545837.8, 9325879.8), F2 with coordinates (546337.7, 9325885.9), F3 with coordinates 

(547537.7, 9325900.6), and F4 with coordinates (548087.6, 9325907.3). 

Figure 14. The fault analysis in section 4 (L4). 
 

In the results of the fault analysis in section 5 (L5) based on the normalized FHD and SVD curves in 

Figure 15, it is observed that there are three normal faults. The normal faults are labeled as F1 with 
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coordinates (545833.9, 9326310.8), F2 with coordinates (546283.9, 9326314.2), and F3 with 
coordinates (548083.8, 9326327.8). 

 

Figure 15. The fault analysis in section 5 (L5). 

 
3.4 3D Inverse Modelling 

 

In this stage, a 3D inversion modeling is performed to depict the subsurface structure of the geothermal 

system in the Mount Anak Krakatau region, correlated with the results of the FHD and SVD graph 
analyses to determine the faults controlling the geothermal system. In the model A-A' oriented from 

west to east, it can be observed that there is a clay cap layer with a depth range of 0 to 500 m and density 

values ranging from 2.32 to 2.37 g/cc. Below the clay cap layer, there is a reservoir layer consisting of 
porphyritic andesite and dacite, with a depth range of 500 to 1100 m and density values ranging from 

2.23 to 2.29 g/cc. Additionally, two normal faults controlling the geothermal system are identified based 

on the correlation between the FHD and SVD, as shown in Figure 16. 

 

 

Figure 16. A-A’ section of 3D model. 
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In model B-B' oriented from west to east, similar to the previous model, there is a clay cap layer with a 
depth range of 0 to 500 m and density values ranging from 2.32 to 2.37 g/cc. Below the clay cap layer, 

there is a reservoir layer consisting of porphyritic andesite and dacite, with a depth range of 500 to 1100 

m and density values ranging from 2.23 to 2.29 g/cc. Additionally, two normal faults and two reverse 

faults controlling the geothermal system are identified based on the correlation between the FHD and 
SVD (Figure 17). 

 

 

Figure 17. B-B’ section of 3D model. 

 
In model C-C' oriented from west to east, similar to the previous models, there is a clay cap layer with 

a depth range of 0 to 500 m and density values ranging from 2.32 to 2.37 g/cc. Below the clay cap layer, 

there is a reservoir layer consisting of porphyritic andesite and dacite, with a depth range of 500 to 1100 
m and density values ranging from 2.23 to 2.29 g/cc. Additionally, five reverse faults controlling the 

geothermal system are identified based on the correlation between the FHD and SVD, as shown in 

Figure 18. 

 

 

Figure 18. C-C’ Section of 3D Model. 
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In model D-D' oriented from west to east, there is a clay cap layer with a depth range of 0 to 600 m and 
density values ranging from 2.32 to 2.37 g/cc. Below the clay cap layer, there is a reservoir layer 

consisting of porphyritic andesite and dacite, with a depth range of 500 to 1100 m and density values 

ranging from 2.23 to 2.29 g/cc. Additionally, four normal faults controlling the geothermal system are 

identified based on the correlation between the FHD and SVD (Figure 19). 
 

 

Figure 19. D-D’ section of 3D model. 
 

In model E-E' oriented from west to east, there is a clay cap layer with a depth range of 0 to 600 m and 

density values ranging from 2.32 to 2.37 g/cc. Below the clay cap layer, there is a reservoir layer 
consisting of porphyritic andesite and dacite, with a depth range of 500 to 1100 m and density values 

ranging from 2.23 to 2.29 g/cc. In Figure 20, three normal faults controlling the geothermal system are 

identified based on the correlation between the FHD and SVD. 
 

 

Figure 20. E-E’ section of 3D model. 
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4.  Conclusions 

 

Based on the analysis of the residual anomaly map, the low anomalies beneath Mount Anak Krakatau 

have values from -1.85 to -0.89 mGal, which are suspected to be associated with the magma chamber 

beneath the volcano. Meanwhile, the high anomalies with values from 0.04 to 2.13 mGal are suspected 
to be associated with the Caldera of Mount Anak Krakatau and its constituent rocks, namely porphyritic 

andesite and dacite (QTp). Based on the analysis of the FHD and SVD graphs, a total of 18 faults were 

identified as controlling the geothermal system in the Mount Anak Krakatau region, comprising nine 
normal faults and nine reverse faults. Based on the results of the section from the 3D modeling oriented 

from west to east, it is evident that the Mount Anak Krakatau region has a clay cap layer with an average 

depth of 0 to 550 m and density values from 2.32 to 2.37 g/cc. Below the clay cap layer, there is a 
reservoir layer consisting of porphyritic andesite and dacite, with a depth range of 500 to 1100 m and 

density values from 2.23 to 2.29 g/cc. 

  

The authors hope that in the future, this gravity method will be updated and will become more 
sophisticated so that it is widely used in Indonesia for the geothermal energy sector and also that the 

government will pay more attention to geothermal energy, where geothermal energy is very large in 

Indonesia (40% of world reserves) so that Indonesia is a country that is clean from pollution and can 
reduce dependence on coal energy which has high carbon emissions. 
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