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Abstract 

Swarm earthquakes occur repeatedly within a certain time frame and occur in the same location with small earthquake 

strengths. A swarm earthquake occurred in the Ambarawa region of Central Java from October to November 2021. This 

research aims to determine the characteristics of new faults and the causes of fault activity in the 2021 Ambarawa 

earthquake. The method used in determining the characteristics of faults that cause swarm earthquakes is P wave first 

motion polarity recorded by the seismograph. A total of 7 earthquake data were analyzed using the P-wave first motion 

polarity method which produced compression/dilation data, azimuthal angle, and take-off angle. Analysis of the focal 

mechanism using compression/dilatation data, azimuthal angle, and take-off angle produces strike, dip, and rake values. 

The strike value in the focal mechanism of the 2021 Ambarawa earthquake ranges from N 54°, N 69°, N 168° to N 208°, 

and N 292°. The dip value in the focal mechanism of the 2021 Ambarawa earthquake has a value of 40° to 88°. The rake 

value in the focal mechanism of the 2021 Ambarawa earthquake has a negative value, indicating that it is a type of 

normal fault. The characteristics of the cause of the earthquake are caused by local faults in the Telomoyo Volcano area 

with normal fault types and shear faults. Local fault activity is indicated by the local pressure on the geothermal reservoir 

that flows magma fluid from the reservoir to the surface. 

Keywords: Focal Mechanism, Swarm Earthquake, Fault, Ambarawa 

How to cite: Ramadhani M R, Aziz K N, Budiarta. Identification of Fault Characteristics in the 2021 

Ambarawa Swarm Earthquake Based On Focal Mechanism Analysis. Jurnal Penelitian Fisika dan Aplikasinya 

(JPFA). 2025; 15(1): 71-83. DOI: https://doi.org/10.26740/jpfa.v15n2.p1-12. 

 
© 2024 Jurnal Penelitian Fisika dan Aplikasinya (JPFA). This work is licensed under CC BY-NC 4.0 

  

INTRODUCTION 

Swarm earthquakes generally consist of small-magnitude earthquakes [1]. Several areas in 

Indonesia have experienced swarm earthquakes, namely around Sinabung Volcano in 2010-2013 

[2], West Halmahera in 2015-2016 [3], around Bekancan Area in 2015-2017 [4], Jailolo Volcano in 

2015-2016 [5], and Salak Volcano in 2019 [6]. Swarm earthquakes are characterized by an increased 

earthquake occurrence rate in a particular region [7]. Swarm earthquakes predominantly occur in 

areas around volcanoes [8,9]. The cause of swarm earthquakes can be attributed to volcanic 

eruptions or the presence of geothermal energy in the area around the volcano [10-13]. 
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A swarm earthquake occurred in the Ambarawa region of Central Java from October to November 

2021 [14]. The Ambarawa geological conditions are located near the Rawapening Lake, Telomoyo 

Volcano, and Ungaran Volcano [15]. Telomoyo volcanoes and Ungaran volcanoes are inactive 

volcanoes with geothermal energy potential [16-19]. The Rawapening Lake was formed by the 

Rawapening fault activity [20]. Swarm earthquakes that occur in Ambarawa have epicentres 

around the Rawapening lake and the Telomoyo Volcano areas [14]. Knowledge of the causes of 

swarm earthquakes can be determined by knowing earthquake characteristics [21]. The earthquake 

characteristics can be analyzed using focal mechanisms [22-24]. Solution focal mechanism analysis 

can be performed using several methods, namely the tensor moment method[25-26] and P-wave 

first-motion polarities [27-28]. 

Previous research conducted by Supendi [14], explained that the swarm earthquake was caused by 

the presence of new fault activity in the Ambarawa region. Another research conducted by 

Abdullah [29], explained that the swarm earthquake was also caused by the presence of a new fault 

that had a strike value to the northwest-southeast and a dip value of 90. However, these studies 

have not yet explained the characteristics of the fault that caused the Ambarawa earthquake using 

focal mechanism analysis and the lack of information regarding the causes of fault activity in the 

Ambarawa region. Therefore, the author conducted a study on the characteristics of swarm 

earthquakes in the Ambarawa region using the P-wave first-motion polarity method and focal 

mechanism analysis. The author has the following objectives in this study, among others to 

determine the characteristics of the faults that caused earthquakes in the Ambarawa region in 2021 

based on focal mechanism analysis and to determine the causes of fault activity in earthquakes that 

occurred in the Ambarawa region in 2021. This study still has several spatial aspects, namely the 

absence of direct observations related to the faults that cause earthquakes and the identification of 

the characteristics of the earthquakes analyzed is still done manually. 

 

METHOD 

Source Data 

The data used in this study are 96 data points from the BMKG Sleman Geophysical Station. 

The data includes the original time, arrival time, longitude, latitude, magnitude, and depth of the 

earthquake. The earthquake data analyzed are earthquake data with a strength of less than 

magnitude 4. The direction of the initial movement of the P wave, the recording station, the azimuth 

angle, and the take-off angle are the data to be analyzed. 

 

Focal Mechanism 

The focal mechanism used in this study is the P-wave first motion polarity method. The 

analysis of the focal mechanism is conducted using manual stereographic projection. This aims to 

facilitate the determination of the fault plane due to the earthquake’s small magnitude. 

P-wave first motion polarity 

The amplitude distribution of P waves, AP, for a point source exhibiting a purely double-couple 

shear mechanism is characterized within a spherical coordinate system (θ, φ) [30]. 

Ap (θ,φ) =cos φ  sin 20                 (1) 

This equation segments the focal sphere into four distinct quadrants. For a seismic point source, 

the focal sphere is centered around the source and has a negligibly small radius [31]. Within each 
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quadrant, the P-wave first motion (polarity) remains constant, while the amplitudes are significant 

toward the center of the quadrant and diminish (or become zero) closer to (or directly at) the fault 

plane and the auxiliary plane, which is oriented perpendicularly to the fault plane [32-33]. 

The determination of fault planes can be achieved through the analysis of P-wave first motion 

polarities, particularly in the case of smaller earthquakes [34-35]. By examining the P-wave first 

motion polarities, it is possible to develop quantifiable polarity graphs on a Wulff equal-angle net 

or a Lambert-Schmidt equal area projection. However, this method takes a long time and has a 

fairly low level of accuracy if it does not use deep learning [27-28]. 

This section describes the ideal division of quadrants exhibiting positive and negative 

polarities. The quadrants are separated by two fault planes, which are considered to be in a uniform 

full space and perpendicular to each other [36]. Ultimately, this process yields either a black-and-

white quadrant or a quadrant tinted in various colors, as represented by a horizontal 2D focal 

sphere, commonly known as the "beach ball" solution. The beach ball is then plotted and presented 

with respective figures for the strike, dip, and rake of both fault planes. 

 

Beach Ball 

Begin by preparing a sheet of transparent paper with a needle positioned at the center of the 

grid, and label the directions North, East, South, and West, as well as the grid edges, using 

stereographic projection paper for assistance. Then, all data points are transferred onto the 

transparent paper based on the azimuth values, take-off angle values, and the P-wave first motion 

polarity. The polarity of each point is indicated as – for dilation and + for compression [37]. 

As a first step, prepare a sheet of transparent paper with a needle at the center of the grid and 

mark the directions North, East, South, and West, as well as the grid boundaries on the transparent 

paper using the aid of stereographic projection paper. Next, all data points are transferred 

according to the azimuth values, take off angle values, and the P-wave first motion polarity on the 

transparent paper [30]. The polarity of each is marked as – for dilation and + for compression. Then, 

the transparent paper should be rotated over the center of the grid until a great circle meridian on 

the underlying grid that separates the + and – marks is found [38]. With a clockwise rotation, a 

demonstration of a meridian that effectively separates the first compression motion from the 

dilatation motion can be found on the left side [39]. The trace of this great circle should be drawn 

with a marker on the transparent paper and referred to as fault plane one = FP1. 

Next, find the trace of the second (or auxiliary) fault plane FP2, which is located 90° apart from 

FP1. Therefore, the pole P1 of FP1, which FP2 must pass through, must be marked on the 

transparent sheet [38]. P1 is perpendicular to the center of FP1, 90° away to the right [30]. Another 

large circle can be found by rotating the transparent sheet counterclockwise, which passes through 

P1 and separates at least most of the black points from most of the open circle on the right side [38]. 

FP1 and FP2 intersect at the bottom of the grid at a 90° angle. Thus, the pole P2 of FP2 will be placed 

on FP1, 90° above the intersection point of these two fault planes. Note that all angles must be 

measured on the large circle [30]. 
 

RESULTS AND DISCUSSION 

The earthquake that occurred in the Ambarawa area was an earthquake that did not have a 

main earthquake with a magnitude of 1.9 to 3.5 and a depth of less than 15 km. An earthquake that 

does not have a main earthquake within a certain time span is called a swarm earthquake [40]. The 
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earthquake epicenters were distributed on land and in the vicinity of Telomoyo Volcano [41], 

particularly in the western to northeastern parts of Telomoyo Volcano and the coast of Lake Rawa 

Pening (Figure 1). The distribution of the 2021 Ambarawa earthquake has an earthquake strength 

of magnitude 1.9 to 3.5 with a depth of less than 15 km. This depth is included in the shallow 

earthquake type (<60 km) [42]. Based on their depth, earthquakes that occur at shallow depths are 

generally caused by fault activity [43-44]. The epicenter of the earthquake was located close to 

regional faults, namely the Merapi-Merbabu Fault in the east-south and the Rawapening Fault in 

the northeast part of the epicenter. This indicates that the Ambarawa earthquake may have been 

caused by local fault activity in the area. 

 
Figure 1. Map of the distribution of the epicenters of the Ambarawa 2021 

swarm earthquake. The epicentral distribution of swarm earthquakes is 

located at the coordinates 110.3562° east - 110.4326° east and 7.28928° north - 

7.37667° south. 

The fault plane that caused the swarm earthquake that occurred in the Ambarawa Region in 

2021 can be identified by looking at the concentration of the distribution of the location and depth 

of the hypocenter through cross-section lines [45]. The cross section shows a cluster of earthquakes 

displaced from different layers to a particular location in the sedimentary layer (Figure. 2). The 

results of cross-sections AB and CD form a clustering pattern (Figure. 3). The pattern seen in the 

cross-section results indicates that the same source caused the 2021 Ambarawa swarm earthquake. 

The pattern or cluster is believed to be in the geothermal manifestation area north of Telomoyo 

Volcano [46]. Geothermal reservoirs in the Telomoyo Volcano region are located at depths of 1500 

m to 3000 m [47-48]. Geothermal reservoirs can be found at depths of 2000 m [49-50]. The author 

indicates that based on the depth of the 2021 Ambarawa earthquake, it can be suspected that it is 

related to fluid activity in the geothermal reservoir which is the source of the earthquake. 
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Figure 2. Cross section of the 2021 Ambarawa swarm earthquake. AB cross-section is 

located at coordinates 7.19° N and 110.40° E to 7.51° N and 110.40° East. The CD cross-

section is located at coordinates 7.325°N and 110.24°E to 7.325°N and 110.56°E. The 

length of the AB and CD cross sections is 33 km with a scale of 5 km. 

 
Figure 3. Cross-sectional results of the 2021 Ambarawa swarm earthquake. The 

epicenter of the Ambarawa swarm earthquake in 2021 is at a depth of less than 15 km 

and is in the vicinity of Telomoyo Volcano 

The focal mechanism solution for the 2021 Ambarawa earthquake has strike slip-normal fault, 

normal-strike slip fault and normal fault types (Figure 4). The distribution of focal mechanisms in 

the 2021 Ambarawa earthquake was in the north, northwest and west of Telomoyo Volcano (Figure 

5). 5 out of 7 focal mechanism solutions have strike slip-normal fault types with magnitudes ML3.1, 

ML3.3 at 03:45:14 and 23:52:05, ML3.4, and ML3.5. Structural and kinematic data indicate that 
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common geothermal fluid pathways correspond to normal to oblique strike-slip faults [51-52].  

    
Ml3.1 Ml3.2 Ml3.3 (02:51:58) Ml3.3 (03:45:14) 

   

                Ml3.3 (23:52:05) Ml3.4                Ml3.5 

Figure 4. Focal mechanism solution for the 2021 Ambarawa swarm earthquake The 

focal mechanism solution for the magnitude ML3.1 earthquake has a strike slip-

normal fault type with a rightward sliding direction or dextral strike slip-normal 

fault with a fault plane direction of N 261°. Focal mechanism solution at earthquake 

magnitude ML3.3 (03:45:14), ML3. 3 (23:52:05), ML3.4, ML3.5 have strike slip-

normal fault type with leftward shear direction or sinistral strike slip-normal fault 

with fault plane direction of N 69° for focal mechanism ML3.3 (03:45:14), N 208° for 

focal mechanism ML3.3 (23:52:05), N 196° for focal mechanism ML3.4, and N 208° 

for focal mechanism ML3.5. The ML3.2 focal mechanism solution has a normal fault 

type with a fault plane direction of N 162°. Focal mechanism solution ML3,3 

(02:51:58) has a normal-sinistral strike slip fault type with a fault plane direction of 

N 254°. 

 
Figure 5. Distribution of focal mechanisms of the 2021 Ambarawa earthquake. The 

distribution of focal mechanisms aims to see patterns or similarities between focal 

mechanism solutions. 

The direction of the fault plane in the focal mechanism of the 2021 Ambara)wa swarm 

earthquake tends to have strike values of N 168° to N 292°, N 54° and N 69°. The dip value in the 
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focal mechanism is 40° to 88° with a negative rake value. The strike value of the focal mechanism 

is similar to the geological structure in the Ambarawa area, especially in the Telomoyo Volcano 

area and its surroundings [48]. In addition, the geological structure in the area is of the shear fault 

and dip fault type, so the author indicates that the earthquake that occurred in the area was caused 

by local fault activity in the Telomoyo Volcano area and its surroundings. 

The map of the distribution of the presumed direction of the fault plane of the focal mechanism 

above shows that there is a channel in the focal mechanism solution with magnitudes ML3.3 

(23:52:05), ML3.4, ML3.5 (Figure 6). These focal mechanism solutions have strike values of N 196° 

to N 208°, dip of 86° to 88°, and rake of -30 to -50. The strike, dip, and rake values of the three focal 

mechanisms are almost similar and do not significantly differ. This indicates that the focal 

mechanism solutions are caused by the same local fault [53-54]. The other focal mechanism 

solutions indicate different local faults in the same region that cause the earthquake. The direction 

of the focal mechanism’s fault plane in the 2021 Ambarawa earthquake also has similarities with 

the developing geological structure, where Telomoyo Volcano area’s local geological structure is 

dominated by descending faults and horizontal/shifting faults (Figure 7) [48]. 

 
Figure 6. Distribution map of suspected focal mechanism fault plane directions. 

 
Figure 7. Local geology structure map [18]. 

 

The fault patterns in the Ambarawa earthquake swarm were dominated by normal faults and 
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strike-slip faults. These fault patterns are often observed in geothermal areas [21,58-59]. Normal 

faults are generally found in rift zones where tensile stresses dominate [8,21]. These layers are often 

highly permeable, providing vertical pathways for convective circulation. Strike-slip faults have 

dextral or sinistral movement forming pull-apart basins, which will create a path for geothermal 

fluid flow [11,31].   

Geothermal areas in the Telomoyo Volcano region, as evidenced by the presence of geothermal 

reservoirs and local faults that control geothermal fluids, can be one of the causes of earthquakes 

that occur in the Ambarawa area, especially in the area around Telomoyo Volcano [54-55]. The long 

earthquake period is thought to be caused by excessive and continuous fluid transport from the 

reservoir to the surface/shallow depth through local faults/faults or stress changes due to an 

increase in hot material that can cause rock deformation in the weak zone around the geothermal 

reservoir [54, 56-57]. Stress changes due to an increase in hot material in the geothermal region 

caused by local fault activity can trigger swarm earthquakes within a certain period of time [58-60]. 

This research has novelty compared to previous studies that have not yet explained the 

characteristics of the faults causing the 2021 Ambarawa swarm earthquake. However, this study 

still has shortcomings in various aspects, namely the absence of direct observation which is a 

deficiency in this study. In addition, the method used in determining the focal mechanism still uses 

a manual method and does not use the latest model. With this study, it is hoped that there will be 

other studies on the 2021 Ambarawa swarm earthquake using direct observation or using more 

efficient and latest methods. 
 

CONCLUSION 

It discusses the characteristics of the causes of the 2021 Ambarawa swarm earthquake. The 

epicenter of the swarm earthquake is around Telomoyo Volcano which has geothermal energy 

potential. The P-wave first motion polarity method is used to determine the characteristics of the 

fault that causes the earthquake. The results of this study explain that the characteristics of the cause 

of the earthquake are caused by local faults in the Telomoyo Volcano area with normal fault types 

and strike-slip faults. The activity of local faults is indicated by local pressure on the geothermal 

reservoir that flows magma fluid from the reservoir to the surface.  
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