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Abstract

The 2006 Yogyakarta Myy ~6.4 earthquake epicenter was located near the Opak Fault, but slightly
farther east, with aftershocks also spreading more toward the east of the fault. The distribution
of aftershock did not align precisely with the Opak Fault, raising questions about whether the
mainshock originated from the Opak Fault or from another nearby fault. One hypothesis suggests
that an eastward dipping fault caused the eastern distribution of the aftershocks. However, the
previous studies by Saputra et al. (2021) and Ramdhan et al. (2025a, b) concluded that the Myy ~6.4
earthquake had a westward dipping fault, located to the east of the Opak Fault. In this study, we
applied a deep learning method to analyze the arrival times of P and S waves, providing more
consistent results than previous approaches. This method has not previously been applied to the
analysis of the Yogyakarta My, ~6.4 aftershock sequence. We used the arrival times of P and S waves
to determine the locations and local magnitudes (M) of aftershocks. First, we used the grid-search
method to determine the absolute hypocenter locations. Then, we updated the velocity model and
relocated the events to better represent the seismic conditions in the region. Finally, we selected
events to refine the distribution pattern and understand the tectonic setting around the mainshock.
The results show that aftershocks in the eastern part of the study area occurred at greater depths
compared to those on the western side. To further understand this pattern, we calculated Coulomb
stress changes using the focal mechanism from the Global CMT, which aligns with the USGS catalog.
The analysis reveals that the shallower earthquakes on the western side of the fault correlate with
areas of positive Coulomb stress change. These findings suggest that the 2006 Yogyakarta earthquake
was likely triggered by a westward-dipping fault associated with the Ngalang Fault.
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1. Introduction

Yogyakarta is in the middle southern part of Java Island and faces the Indian Ocean. Geodetic analyzes reveal
that the Indian Ocean Plate undergoes relative northward motion, with the average slip rate decreasing from
~65 + 0.4 mm/year in the southern region of Bali to ~58.3 + 0.5 mm/year along the western part of the trench,
highlighting spatial variability in convergence across the Sunda subduction zone (Koulali et al., 2017). Subduction
in southern Java contributes to stress transfer to faults on Java Island that accommodate plate motion, one of the
faults is the Opak Fault. The Opak Fault is a mapped fault that is in Yogyakarta Province because this fault is also
represented as the Opak River, which has a northeast-southwest orientation (Rahardjo et al., 1995) and has already
been mapped by the Geological Agency of Indonesia (Badan Geologi). On May 27, 2006, an earthquake occurred
at 05:54 am, local time (22:54 UTC) on May 26, 2006, with a magnitude of My ~6.4 at a depth of 12.5 km based
on parameters issued by the USGS. During the period of this earthquake, the seismic network was not yet very
dense even though additions had been made after the Aceh tsunami on December 26, 2004, so that BMKG reported
the Yogyakarta earthquake with a local magnitude of My, 5.9, located on the south coast approximately 20 km
from Yogyakarta.

The impact of the Yogyakarta My ~6.4 earthquake in 2006 was very severe. Based on reports from the USGS
Report (https://earthquake.usgs.gov/earthquakes/eventpage/usp000ejlc/impact), at least 5,749 people were killed,
38,568 were injured, and 127,000 houses were destroyed. This was inseparable from the intensity of the shock,
which reached IX on the MMI scale based on responses that filled the questionnaire in the USGS earthquake catalog
https://earthquake.usgs.gov/earthquakes/eventpage/usp000ejlc/executive. But the worst damage was not only in
areas that were located near the epicenter. The strongest shocks occurred in areas with relatively thick sediment
depths that were 10-20 km away to the west relative to the epicenter. The effect of wave amplification caused by
the volcaniclastic sediments underneath resulted in strong shocks based on a study by Walter et al. (2008). On the
other hand, the directivity of the main earthquake also amplified the shocks (Pawirodikromo, 2012).

The Yogyakarta 2006 My ~6.4 earthquake was related to the Opak Fault because of the parallel line, but the
surface rupture was offset to the eastern side of the mapped Opak Fault (Tsuji et al., 2009). The source study done
by Saputra et al. (2021) found that the earthquake occurred on a west-dipping fault, using the initial point source
from USGS to obtain the finite fault solution. The finite fault results were also validated with 524 aftershocks to
analyze the slip distribution. The aftershocks were analyzed using hand-picking from a temporary seismic network.
The installation of this network aims to record aftershocks to add data sources that can be analyzed because at
that time there was no dense sensor distribution. Data from the installation of this seismic network have also been
processed for the analysis of the distribution pattern of aftershocks from the results of earthquake localization to
the determination of the earthquake location. Furthermore, we relocate the aftershock to refine the hypocenter
distribution.

There are publications analyzing 3-dimensional velocity profile anomalies from tomography studies that utilize
the recording of P and S wave arrival times in a temporary network (Diambama et al., 2018; Librian et al., 2024).
Diambama et al. (2018) and Librian et al. (2024) used 588 and 2,170 aftershock events, respectively, but all relied on
hand-picking to determine the P and S wave arrival times (Fig. 1). There are differences in the results of identifying the
dipping direction from the source of the Yogyakarta Myy ~6.4 earthquake, which was located 10 km east of the Opak
Fault: an eastward dipping orientation was proposed (Diambama et al., 2018), and a westward dipping orientation
was named the Ngalang Fault (Librian et al., 2024). The aftershock distribution and dynamic stress transfer results
further suggest that the aftershock distribution is associated with the Ngalang Fault, which is located east of the
Opak Fault (Ramdhan et al., 2025a).

Although many publications have used the temporary network data, only Sani et al. (2025) determined the arrival
times of P and S waves for Yogyakarta My ~6.4 aftershocks using machine-learning auto-picking and resulting
2,223, with a limited analysis of the tectonic setting. In our study, the processing is more comprehensive due to
using deep learning model, calculating the magnitude, determining the local velocity, and relocating to refine
the aftershock sequence’s pattern. The use of deep learning for P and S wave analysis speeds up data processing
time and provides more consistent picking results (Sun et al., 2023). In addition, the method of determining the
arrival time of P and S waves using machine learning is also carried out in the identification of small earthquakes,
even microseismic events (Anikiev et al., 2023). In the case of the Yogyakarta earthquake, no one has analyzed the
magnitude values of all aftershocks that have been successfully identified.
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Figure 1. Seismicity map in Java Island and surroundings. (a) Seismicity My > 4 of Yogyakarta from 2008 until 2024, which
was obtained from BMKG catalog (https://repogempa.bmkg.go.id/eventcatalog). (b) Earthquake distribution and
fault structures from Librian et al. (2024), whose phase arrivals were determined by hand-picking. Moreover,
line A-A" and line B-B’ are parallel and perpendicular to fault structures, respectively.

We used the P and S arrival times from deep learning auto-picking to obtain absolute hypocenter locations.
To obtain a more accurate earthquake distribution that can be correlated with geological features, we updated
the velocity model to a local one by considering the distribution of the seismic recording network. Then, we use
double-difference method to refine the pattern of the hypocenter distribution and geological features. This was
done by selecting hypocenters located as earthquake cluster by considering the distribution of aftershock and
reducing the residual value by considering other nearby earthquakes. Finally, we calculated the magnitude of
all the aftershocks using the P and S phase amplitude information, an approach not utilized in previous work.
The results we get are compared with the hand-picking results from Librian et al. (2024). Moreover, we compare the
magnitude value results with few aftershock data whose magnitudes have been successfully identified such as from
Librian et al. (2024) and Saputra et al. (2021), also with international earthquake monitoring agency, e.g. International
Seismological Centre (ISC) and the US. Geological Survey (USGS). Furthermore, we identified the stress transfer
distribution pattern by considering the existence of source and receiver faults, which had not been performed
in previous work.
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2. Data and Preparations

GFZ stands for Geo-Forschungs Zentrum (Geo-research Centre) Germany, installed a temporary seismic network
coded XN with 16 seismic sensors to identify more aftershocks of the 2006 Yogyakarta My, ~6.4 earthquake (Fig. 2).
This network used three-component sensors with a sampling rate of 100 Hz. The temporary network was deployed
on June 31d-17th 2006. We found that the recording condition was not as good as in Fig. 2. We checked and did
preprocessing of the waveforms, and we found that not all the stations were able to record the waveforms, probably
because of the power supply issue for several days. Some stations had issues with the quality of the seismic recorders,
resulting in signals with spikes and gaps.

We downloaded the waveform data in MiniSEED format along with the instrument response data in XML format.
Since the response files are in XML, we first converted them into dataless SEED format. Then, we added header
information to the MiniSEED files using the rdseed program, resulting in full SEED format. We then extracted the
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Figure 2. Distribution of 16 temporary seismic networks that were deployed by GFZ. The colored stars are Yogyakarta
My ~6.4 epicenter from different agencies and earthquake monitoring centers. The black lines are fault models
that are proposed by Librian et al. (2024).
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waveform data into Seismic Analysis Code (SAC) format using rdseed. After that, we deconvolved the instrument
responses (SACPZ) from the waveform (SAC) and added the instrument responses from the Wood-Anderson (WA)
seismograph using Bormann (2002) guidelines. The addition of the WA instrument responses was done to meet the
requirements for determining the local magnitude (Hutton and Boore, 1987). The example of waveforms with the
Wood-Anderson instrument response is in Fig. 3.
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Figure 3. Plot waveforms on BOG and KARA stations on June 16, 2006. We set the start time of the plot to 19:10:42 and
plot it relative to the start time to 19:13:42 UTC.

3. Methods
3.1 Earthquake Location Strategy

Hand-picking method to analyze the arrival time of seismic phases has been implemented since the seismograph
is able to record the seismic wave. Variability in operators’ selection of arrival times introduces inconsistencies that
compromise the reliability of manual picking. Consequently, expert validation through waveform analysis is required to
ensure methodological rigor and data quality. Technological advancements in seismology have accelerated following
the implementation of artificial intelligence (Al), particularly in the automated picking of P- and S-waves, due to
its consistency in analysis. But the AI model has to be trained with high quality arrival time picking. PhaseNet
is one of the successful algorithms that was built by Zhu and Beroza (2018) using a hand-picked database from the
San Andreas seismic network monitoring. The database is used to train a model capable of picking P- and S-wave
arrival times, employing a deep neural network methodology. This model has been trained using noise data with
a small magnitude that occurred in the high seismicity area in the western part of the United States of America.
PhaseNet has been successfully implemented to determine the P and S arrival phases of earthquakes in Northern
California (Zhu and Beroza, 2018). The model was not derived from our own training data processing because we
did not hand-pick the data, which left us with no input data to train a new model. Instead, we used the available
model from Zhu and Beroza (2018), which was trained on data from a tectonic setting similar to Yogyakarta and
utilized seismic sensors distributed less than 100 km apart.

We compute the hypocenters using a grid search for absolute location. To perform the earthquake location
determination, we implemented the REAL (Rapid Earthquake Association and Location) algorithm from Zhang
etal. (2019). This algorithm requires phase-picking results that can be obtained using PhaseNet. We select the P- and
S-waves which have picking confidence at least 0.5, same as the criteria that are used by Zhu and Beroza (2018).
The hypocenter determination uses a homogeneous half-space layer but considers travel time using a 1D velocity
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Table 1. 1-D P and S velocity model in the central of Java (Koulakov et al., 2007).

Depth (km) vp (km/s) vs (km/s)
0 4.30 2.49
3 4.90 2.83
8 5.70 3.29
16 6.90 3.99
24 7.10 4.10
31 7.50 4.20

model input. We use the average P- and S-wave velocity from Koulakov et al. (2007) as the regional velocity model
in our study area. The velocity for P- and S-waves in each layer is shown in Table 1. In determining the hypocenter
location using the 3-D grid search method, we defined a spatial extent of 0.3° x 0.3° for longitude and latitude, and
30 km for depth. Subsequently, increments of 0.02° x 0.02° were applied for longitude and latitude, with a depth
increment of 0.5 km.

In the initial calculation of the earthquake location, the layered velocity model was not considered to simplify
the determination of earthquake location. The VELEST code (Kissling et al., 1994) was implemented to update
the velocity model and relocate the hypocenter of the Yogyakarta My ~6.4 aftershock sequence. The VELEST
algorithm performs a simultaneous (coupled) determination of both the hypocenter and the 1D local velocity
model (Kissling et al., 1994) using an iterative approach. Then, we perform a back inversion process to refine the
velocity model, which is subsequently used to obtain the relocated hypocenters as an earthquake catalog from
a coupled-hypocenter determination method based on the updated velocity model.

Since the aftershock distribution did not align enough with geological features, we performed additional relative
hypocenter relocation. To select the aftershock distribution and geological features surrounding the mainshock

Workflow

Picking P- and S-phases »  Using the PhaseNet (Zhu and Beroza, 2019)

Calculating »  Using empirical formula from Hutton and
the magnitude Boore (1987)

» Using the REAL (Zhang et al., 2019)

Determining the
hypocenter

Updating velocity model | » Using the VELEST (Kissling et al., 1994)

and relocation

Relative relocation and » Using the HypoDD (Waldhauser and Ellsworth, 2000)
event selection

Figure 4. The workflow we followed to determine the aftershock catalog for the 2006 Yogyakarta My ~6.4 earthquake.
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fault plane, we applied the HypoDD algorithm from Waldhauser and Ellsworth (2000). This method, called the
double-difference relocation method, is used to refine the hypocenter distribution that can indicate the correlation
with the fault structures. The hypocenter of an earthquake is relocated by considering the earthquake neighbors
around it, or it can be said that this calculation is relative to the nearest neighbors. There are several parameters
used to determine the relocation hypocenter, such as the distance and the minimum number of earthquakes in
one cluster for stable and efficient computational purposes. We use earthquake event selection with criteria of
maximum distance between event pair and station 200 km, maximum distance between hypocenter 10 km, minimum
number of neighbors 7 earthquakes, with minimum and maximum links of earthquake pair 7 and 50, respectively.
In this criterion, we try to maintain as many selected earthquakes as possible and only eliminate those with a sparse
distribution. The workflow we utilized is presented in Fig. 4 for clarity. The refined earthquake distribution from
this step becomes an earthquake catalog that is used for the interpretation of the tectonic setting surrounding the
mainshock hypocenter.

3.2 Calculating Local Magnitude (M,)

In the subsequent process, while simultaneously determining the hypocenter, the earthquake magnitude is also
calculated. To calculate the magnitude, we use the information of P and S-wave amplitudes that were already
added with the Wood-Anderson correction during the data pre-processing. The P and S-wave amplitudes are
automatically obtained from deep learning auto-picking. We use this approach to determine the local magnitude
of the earthquake straightforwardly. Local magnitude has been chosen because this process uses the dense local
seismic network. We use the empirical equation of Hutton and Boore (1987) to determine the local magnitude
because there is no available local magnitude formula for Indonesia. There is probability a P-wave amplitude
higher than S-wave, due to that, we consider the higher amplitude in three components between P- and S-phases
in every station. The final magnitude is obtained from the mean magnitude in each station. The magnitude
determination was implemented in C language and added to the REAL program. This equation considers the
instrument response of the Wood-Anderson seismograph and also the hypocenter distance relative to the recorder
seismic stations.

3.3 Coulomb Stress Change Analysis

Earthquake events with magnitudes greater than 4 can result in aftershocks (Elst and Shaw, 2015). Earthquakes
can cause aftershocks due to static stress changes (King et al., 1994). The mechanism of the Yogyakarta earthquake
is strike-slip, so we use a friction coefficient value of 0.4 based on Toda et al. (2011). Using a basic Coulomb friction
model for earthquakes, the potential slip will either increase or decrease at the Coulomb failure stress, which is as
follows (Toda et al., 2005):

ACFF = At + usAo, (1)

with ACFF is the Coulomb failure, At is the shear stress, y is the friction coefficient, and Ac, is the sum of the normal
stress (0,,) and the fluid pore pressure (P).

Pressure changes occur on nearby or adjacent faults when a fault causes an earthquake. The potential for slip
increases and decreases when ACFF > 0 and ACFF < 0, respectively. The earthquake size, regional stress orientation,
assumed friction coefficient value, fault geometry and slip distribution, and other factors all influence the extent
to which an earthquake causes ACFF. There are several instances where uncertainty in slip distribution dominates
the uncertainty in ACFF.

We considered the Yogyakarta My ~6.4 earthquake from the Ngalang Fault as a source fault, which is located
on the eastern side of the Opak Fault. Based on the findings of Librian et al. (2024), we considered two other faults,
the Opak Fault and the Oyo Fault, as receiver faults. Using this information, we simulated the stress transfer from
the Ngalang Fault to these two receiver faults. While Ramdhan et al. (2025a) conducted a stress transfer analysis,
our specific source and receiver fault models had not been previously modeled.
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4. Results
4.1 Earthquake Location

In 15 days, the deep learning model was able to identify P- and S-phases in a total of 818,308 phases. To identify
the P and S phases, we used three-component waveforms. Then, we obtained 313,040 P- and 254,946 S-picks by
selecting the results with the confidence score that were determined through PhaseNet model’s prediction probability
larger than 0.5. An example of automatic picking is shown in Fig. 5. In the context of local earthquakes, the P wave
typically displays a smaller amplitude relative to the S wave (Bormann, 2002).
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Figure 5. Deep learning picking on station BOG and KARA. The waveforms are the same station and window length
as in Fig. 3.

At this stage, two processes are carried out continuously. First, we updated the velocity model to better represent
the conditions of the area covered by the seismic network. In this step, we consider the existence of a low-velocity
zone surrounding the Opak Fault. Processed earthquake event data are used to simultaneously obtain both the
relocated hypocenters and the updated velocity model. We use the arrival time of the P- and S-phases to obtain
the minimum residual by damping the origin time, longitude, latitude, depth, and station correction by 0.01,
while the velocity is 1.0 with an adjustment of 0.2. The damping for velocity considers 1D regional velocity model
(Koulakov et al., 2007) as the initial velocity model is representative of our study area. However, we still use the
updated velocity model to perform the relocation because we need a local velocity model that is representative of
our study area. In this process, we use 9 iterations with each iteration getting a smaller RMS residual value than
the previous iteration. The use of global and local velocity models results in varying percentages of RMS reduction.
From first to final iteration there are 57% and 58% for global and local velocity models, respectively. In this process,
no earthquakes are eliminated and in total there are 2,923 earthquakes that can be located. The distribution of
earthquakes resulting from this procedure is shown in Fig. 6. A comparison of the initial P- and S-wave velocity
values from Koulakov et al. (2007) with the updated P- and S-wave velocity models, along with the root mean
square (RMS) residuals obtained from both velocity models, is presented in Fig. 7. Moreover, the RMS and residual
distribution for each event are shown in Fig. 8. The absolute relocation of 2,923 earthquakes has a mean RMS of
0.09 second, while the relative relocation of 2,205 earthquakes has a mean residual of 0.003 second and an average
azimuthal gap of 109.8°.

Despite obtaining relocated hypocenters, the distribution of aftershocks still shows that several earthquakes
showed a spare distribution and did not align with fault structures. It is necessary to select events based on
relative hypocenter relocation to obtain refining earthquake distribution. This selection aims to obtain an
earthquake distribution pattern that better represents the geological structure around the fault plane of the 2006
Yogyakarta My ~6.4 earthquake. There are 2,923 events from the REAL catalog which successfully relocated using
coupled-hypocenter determination as absolute relocation and they would be relocated using relative relocation as
the hypoDD process. We obtained 2,205 events and these earthquake distributions correspond to the tectonic setting.
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the RMS distribution from absolute relocation that uses coupled-hypocenter determination. Figure 8b illustrates

the residual time distribution from relative relocation that is conducted in double-difference method. In addition,

we also present the azimuth distribution that we obtain from relative relocation.
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The distribution of earthquakes after this process is shown in Fig. 9. Most of the earthquake events are located in
Ngalang fault as the main fault of 2006 Yogyakarta My ~6.4 earthquake.
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Figure 9. Earthquake distribution from HypoDD algorithm. We use the local velocity model that is obtained from updated
1D regional velocity model (Koulakov et al., 2007) as initial model.

4.2 Magnitude and Coulomb Stress

At this stage, the magnitude was determined immediately after the earthquake’s location had been obtained.
The earthquake locations are used to determine the distance between hypocenter to the stations. Thus, we
obtained a local magnitude value for each earthquake. Figure 10 shows the distribution of earthquake frequency as
a function of magnitude. The earthquake magnitude is dominated in range 1.8 to 2.2. The magnitudes calculated for
all events in this study represent novel results that have not been reported in previous publications. These findings
are significant for delineating seismicity patterns that are closely associated with mapped fault structures. In the
absence of comparable magnitude calculations in prior studies, it was not possible to evaluate the overall magnitudes
of all earthquake events against earlier published datasets. However, earthquake events documented in previous
studies and recorded in the global earthquake catalog, along with their magnitudes, are summarized in Table 2.

The coseismic process of the mainshock generated stress changes that can be identified through variations in
static stress values. These variations are controlled by the strike, dip, rake, and slip distribution, which constitute
the primary parameters of the earthquake source mechanism. Such parameters are essential for calculating static
Coulomb stress on the source fault as well as on nearby receiver faults. In our model, we consider The Ngalang
Fault can generate an earthquake My ~6.4 with 12.5 km depth as the source fault. Moreover, two other faults, Oyo
Fault and Opak Fault have fault dimensions and source parameterization based on the aftershock distribution as
receiver faults. These two receiver faults did not use to calculate the static stress change but the fault dimensions
are needed to reconstruct the receiver model. The source parameters of three major faults near the mainshock
epicenter have been shown in Table 3. Furthermore, we used the scaling law of Blaser et al. (2012) to determine the
fault dimensions and slip homogeneity of the Yogyakarta earthquake My ~6.4.

We have identified the stress change in the function of depth at 0 km, 7.5 km, 12.5 km, and 17.5 km depths (Fig. 11).
The distribution of static stress variations correlates with aftershock location. Most of the aftershock distribution
is concentrated in the red zone, or positive stress area, which ranges from 0.2 to 1.0 bar in panels a, b, and d. Even

11
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Figure 10. The distribution of earthquake magnitudes from the aftershocks of 2006 Yogyakarta Myy ~6.4 earthquake.
(a) The highest number of earthquakes occurred at magnitude My, 2.1. (b) Across all events, the calculated
magnitudes ranged from 0.4 to 5.4, representing the lowest and highest values, respectively, with magnitude
of completeness My, 2.2.

though panel b exhibits a negative Coulomb stress change distribution. This is because when there is a movement
in the strike-slip mechanism in the area near the depth of the hypocenter, and we assume a centroid, the greatest
stress release occurs when an earthquake occurs (Sato et al., 2012), which releases stress during the coseismic process.
The results of our stress transfer model strengthen the correlation between the aftershock distribution pattern
and the tectonic setting. The panel ¢ dominantly has a negative stress transfer due to the same as the hypocenter
depth. The physical experiment correlates with the fault propagation, explaining the crack and deformation along
the fault (Tchalenko, 1970). The strike-slip mechanism releases the stress along the hypocenter depth and also in
the shallower depth. Hypocenter distribution in negative Coulomb stress region after significant strike-slip event
with depth <30 km also happened in the previous study in Japan (Ishibe et al., 2011). This observation aligns with
our result, extending up to 5 km shallower than the hypocenter depth.
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Table 2. Comparison of aftershock magnitude in the results obtained with previous research and earthquake catalogs

of earthquake monitoring institutions.

Date Time Mag | ;1 Lon Dep (km) Source
2006-06-08 | 04:44:22.19 M, 5.4 -7.932 110.4799 13.473
2006-06-09 | 01:06:45.15 My, 4.3 -7.9421 110.3899 1.25 This study
2006-06-16 | 19:11:42.54 M, 4.8 -8.0246 110.4202 9.75
2006-06-17 | 00:57:00.29 M, 5 -8.0029 110.4413 16.25
2006-06-08 | 04:44:23.72 My 4.5 -7.9195 110.4972 13.09
2006-06-09 | 01:06:46.04 My 4.6 —-7.9483 110.3855 10.16
Librian et al. (2024)
2006-06-16 | 19:11:42.55 My 4.6 -8.0063 110.4185 8.81
2006-06-17 | 00:57:01.52 My 5.0 -7.9863 110.4390 13.42
2006-06-08 — My 4.2 — — 15
2006-06-09 — My 4.1 — — 11 Saputra et al. (2021)
2006-06-16 — My 4.0 — — 6
2006-06-09 | 01:06:45.00 My 4.1 -7.9700 110.4000 10
ISC
2006-06-16 | 19:11:41.00 M, 3.7 -8.0700 110.3900 11.8
2006-06-16 | 19:11:41.00 My 3.7 -7.9500 110.4600 10 NEIC
Table 3. The source parameters to simulate the Coulomb Stress Change.

Fault Lon (°) Lat (°) Length (km) Width (km) Strike (°) Dip (°) Rake (°)

Ngalang 110.446 -7.961 22.7 8.9 232 86 -13
Oyo 110.394 -7.958 7.2 54 317 81 -5
Opak 110.357 -7.954 12.8 7.0 40 58 3
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Figure 11. The distribution of Coulomb stress changes in depth. Fig. 11a-d show the distribution at depths of 0 km, 7.5 km,

12 km, and 17.5 km, respectively. The red line at depth is the fault plane and the green line is the projection

of the fault plane on the surface. The red triangle indicates the position of the Merapi volcano, the black line

is the fault, and the black circle shows the distribution of aftershocks seen at each depth in arrange between

those slicing depth to the maximum depth of the aftershock. In details, for Fig. 11a-d, we plot aftershocks from
0-23 km, 7.5-23 km, 12.5-23 km, and 17.5-23 km depth, respectively.

5. Discussion

Earthquake events identified from auto-picked arrival times of P and S waves were validated using an earthquake
catalog that was manually picked. This catalog covers the same time span as the auto-picked data. We used the
earthquake catalog from Librian et al. (2024), which was developed for subsurface identification through local

tomography. An earthquake is considered a match if the residual for its origin time is within +3 seconds when
comparing the hand-picked and deep-learning picked results. A direct comparison between auto-picked and
manually picked events yielded a match rate of 80% from the REAL result. The comparison of daily recall values
is shown in Table 4. In this study, a tolerance of +3 seconds is applied when comparing hand-picked phases

with automatically detected phases using deep-learning methods, with differences largely determined by the
number of phases defining the earthquake and the velocity model adopted for event location. Even though some
earthquake locations have moved significantly (as shown in Fig. 12), the RMS and residual times for absolute
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Table 4. Comparison results between manual and deep-learning event detection. The results are compared on each day
from June 3, 2006, until June 17, 2006.

Date Unmatch Match Hand-pick REAL Recall
0603 53 134 187 193 72%
0604 37 121 158 179 77%
0605 48 107 155 157 69%
0606 25 75 100 122 75%
0607 25 88 113 132 78%
0608 31 61 92 88 66%
0609 36 96 132 141 73%
0610 29 158 187 213 84%
0611 24 134 158 231 85%
0612 17 121 138 209 88%
0613 21 121 142 225 85%
0614 33 145 178 226 81%
0615 21 116 137 246 85%
0616 10 129 139 286 93%
0617 13 141 154 275 92%

and relative relocation, respectively, from all aftershocks indicate reliable results, with errors predominantly
within 0.1 seconds (Fig. 8).

We also compared the final catalog consisting of 2,205 earthquakes with 2,141 earthquakes hand-picking from
Ramdhan et al. (2025a) from the Double-Difference (DD) relocation. In DD relocation, we selected earthquake events
to obtain an earthquake distribution that better shows the geological structure associated with the earthquake
distribution. The event selection causes the recall rate to 61%. The comparison of earthquake distribution is shown in
Fig. 12 with an average difference in earthquake locations between hand and deep learning picking of 3.19 + 2.49 km,
also considering the vertical displacement. The lower recall rate and the maximum location difference of up to
5.7 km between the two catalogs arise from significant variations in the parameters used to determine the origin
time and earthquake location. On the other hand, the relocated hypocenters use a Double-Difference method
from deep-learning picking, with average uncertainties 0.16 km, 0.18 km, and 0.24 km for latitude, longitude,
and depth, respectively. As observed, the earthquake distribution from hand-picking is scattered outside the
fault zone and exhibits a shallower dominant depth than the deep-learning results. Although the difference in
P- and S-wave arrival times is similar between the two methods, the deep-learning approach identified a greater
number of S phases. This increased phase data provides better constraints on the earthquake depth compared
to hand-picking.
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Figure 12. Earthquake distribution from manual and deep-learning locations that are already relocated in the same
method. (a) Earthquake event pairs from recall process with origin time different by +3 seconds. (b) The black
line indicates the displacement vector from the relocated hand to deep-learning picking relocation. The red
ellipse represents the uncertainty of the deep-learning epicenter. (c) Earthquake distribution from hand picking.
(d) Earthquake distribution from deep learning picking.

The magnitude of aftershocks is challenging to calculate and is often overlooked in standard catalogs. This is due
to the relatively small amplitude produced, making it more difficult to analyze. However, we have compiled a catalog
of aftershocks that includes magnitude information. This will contribute valuable data for the analysis of earthquake
clusters in relation to tectonic conditions. Additionally, we compared the magnitude values obtained with those from
the previous studies and the global earthquake catalog, such as NEIC (National Earthquake Information Center) and
ISC (International Seismological Catalogue) catalogs, as shown in Table 2. Because of the differences in magnitude
types, we cannot directly compare the magnitude values of each earthquake. However, the local magnitude (My)
obtained can be correlated with other magnitude types through regression analysis, although in our case it was
not solid enough due to the limited data that contains information of other types of magnitude. We calculated the
empirical formula to convert local magnitude (M) to moment magnitude (My) and body wave magnitude (M), as
shown in the following equation:

My = 0.0989Mj, + 3.622 2)

M, = 0.3636M}, + 2.1364 (3)
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This study identifies the smallest local magnitude that can be detected by the temporary network. From the
2,923 earthquake events detected, we obtain a magnitude of completeness (M) of 2.2 and a b-value of 0.91 (Fig. 10).
By adding a bootstrapping of 100 samples to calculate the uncertainty, the Entire Magnitude Range EMR
method (Woessner and Wiemer, 2005) is used to determine the magnitude of completeness. We also spatially
identified the distribution patterns of the a- and b-values using aftershock data from the Yogyakarta My ~6.4
earthquake (Fig. 13). This pattern indicates a correlation between an increase in the a-value, a decrease in the
b-value, and the total number of earthquake events. This is consistent with findings from previous work conducted
south of Yogyakarta (Arimuko et al., 2018) and within the subduction zone in the southern segment of West
Java (Arimuko et al., 2023), which identified the presence of a seismic gap. A region with low seismicity at the junction
of the Opak Fault and Ngalang Fault — which is connected to the Oyo Fault - is an area of high stress release from
the My ~6.4 main earthquake and indicates the lower b-value with 0.91, as observed from the pattern of negative
stress transfer distribution. Conversely, areas with positive stress transfer exhibit high a- and b-values, which are
also characterized by a pattern of high seismicity. Thus, we can summarize that positive stress transfer leads to
numerous aftershocks, resulting in high a- and b-values.
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Figure 13. The a- and b-values obtained from aftershock data. (a) The a-value map shows higher values near the location
of the highest magnitude event we determined. (b) The b-value map has small values in the area where the
Opak Fault and Ngalang Fault meet, which is connected to the Oyo Fault. The yellow star represents the largest
magnitude aftershock My, = 5.4.

Earthquake distribution is closely related to geological structures. The significant earthquakes that follow
earthquake sequences onshore show numerous aftershocks that are linked to surrounding faults, such as those
observed in the 2019 Ridgecrest, California My ~6.4 Foreshock and Myy 7.1 Earthquake, several Turkey earthquakes
more than My 7.0 in 2023 and their aftershocks, and Dapu Earthquake My ~6.4 in 2025 (Huang et al., 2020;
Zhan et al., 2024; Wu et al., 2025). Significant earthquakes which triggered many aftershocks and proved as newly
mapped faults included the Cianjur earthquake (My 5.6), the Nusa Tenggara Sea earthquake (Myy 7.3), and a section
of the Great Sumatera Fault (Myy 7.2) (Supendi et al., 2022; Supendi et al., 2023a; Supendi et al., 2023b). We identified
a geological pattern that provides information about the fault segments surrounding the Yogyakarta My ~6.4
earthquake fault plane. This distribution of earthquakes can occur due to static stress transfer from the mainshock
to the surrounding fault segments. The stress distribution pattern from the mainshock is illustrated in Fig. 14.
With this pattern, we can identify the receiver fault segments of the mainshock, which is further supported by the
distribution of the observed aftershocks. Coulomb stress change plotted against depth explains the distribution
of aftershocks by considering interactions between faults in complex geological systems, and this has not been
discussed in the previous study by Ramdhan et al. (2025a).

Aftershocks are known to occur in regions with increased stress (positive stress zones), according to the
analysis of Coulomb stress changes. This means that the area experiences increased stress after the mainshock.
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Figure 14. Coulomb stress change distribution corresponding to depth on the fault plane. We plot aftershocks from
0-23 km, 7.5-23 km, 12.5-23 km, and 17.5-23 km depth, respectively. The positive stress regions predominantly
occurred on the shallower 7.5 km and deeper 17.5 km depths. In contrast, the negative region of source fault
was beginning at 7.5 km and increased to 12.5 km as the hypocenter. After that, the stress on Ngalang Fault
as a source fault was having a positive region when the depth changed deeper than hypocenter depth. That
we can see at 17.5 km and 22.5 km depth.

Therefore, it suggests that aftershocks were likely triggered by the mainshock. This finding is consistent with
earlier research showing that aftershocks typically occur in regions that are more stressed as a result of the
mainshock (King et al., 1994; Wu et al., 2017). Regarding the red (positive stress) and blue (negative stress) zones,
according to Toda et al. (1998), increased stress in an area will increase seismic activity in that area. In another
study, Toda et al. (2012) reported that the blue zone, characterized by lower stress or stress shadow, is associated
with a reduced occurrence of aftershocks. The simplification of the fault slip model in this study - specifically, the
assumption that the value of slip on the fault plane is uniform - is probably the cause of the aftershocks in the blue
zone or locations with lower stress.

The Opak Fault, which has been reported to have an east-dipping orientation (Widijono and Setyanta, 2007),
is parallel with the seismicity pattern of aftershocks from the Yogyakarta Myy ~6.4 earthquake (Diambama et al., 2018).
To refine the earthquake distribution pattern with the regional tectonic structure around the mainshock, the
aftershocks were relocated using the double-difference method to improve the spatial resolution and accuracy
catalog (Fig. 15). The distribution along the eastern fault, corresponding to the mainshock fault plane, shows
greater depths that become shallower to the west, resulting in what appears to be an eastward-dipping pattern and
was interpreted as east-dipping faulting in the previous studies. However, the aftershocks did not occur in a single
fault plane.

The seismicity occurred on different faults and can be recognized with the pattern in each fault (Fig. 15). Based
on the aftershock pattern, we can design each fault geometry. The magenta rectangle represents the Ngalang Fault
as the main fault that generated the Yogyakarta My ~6.4 and it matches the pattern with the seismicity. The black
rectangle illustrates the Opak Fault that has an east-dipping angle, and in between Ngalang and Opak Fault there
is Oyo Fault that has a northeast-dipping angle represented by a white rectangle. The mainshock resulted in a change
in Coulomb stress around the Ngalang Fault, leading to elevated stress values along the southern segment of the Opak
Fault, which is structurally connected by the Oyo Fault located south of the Ngalang Fault (Ramdhan et al., 2025a).

The absence of a seismic migration pattern strengthens the previous finding, which occurred along the Ngalang
Fault and subsequently induced seismic activation along the Oyo and Opak Faults. This may be attributed to
transient shear stress generated by the mainshock, which increased stress on the Oyo and Opak Faults through
dynamic rupture branching and rupture jumping, respectively (Ramdhan et al., 2025a). The Coulomb stress change
distribution reveals a positive anomaly extending both westward and eastward from our finding. Given that the
Opak Fault lies to the west, this positive stress triggered shallow seismicity, primarily concentrated at depths
shallower than 10 km.
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Figure 15. The aftershock distribution from a double-difference method on the nodal plane based on Global CMT is the same

as the USGS solution. The size of fault planes is based on the scaling law formula from Goldberg et al. (2022).
The blue rectangle is Nodal Plane 1 of Ngalang Fault with strike 323°, dip 77°, and rake —176°. The purple
rectangle is Nodal Plane 2 with strike 232°, dip 86°, and rake —13°. The black and white rectangles represent

Opak Fault and Oyo Fault, respectively. (a) Map view of aftershock distribution. (b) Cross-section aftershock
distribution parallel with the Nodal Plane 1.
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6. Conclusions

Auto-picking was conducted using a deep learning approach, which significantly improved the quantity and
consistency of hypocenter determinations following the application of relative relocation techniques. Subsequently,
static stress change analysis was employed to investigate the spatial distribution of hypocenters, revealing a strong
correlation with adjacent fault segments surrounding the mainshock fault plane. Based on our analysis, we
obtained conclusions for our study:

1) Deep learning models developed using earthquake data from California have been applied to detect the arrival
times of P- and S-phases in the Yogyakarta earthquake sequence. This is supported by the comparison between
hand-picked and deep-learning-derived phase picks, which yielded a recall rate of 80.20%, based on 2,170 and
2,923 earthquake events, respectively.

2) We conducted a relocation using the coupled-hypocenter determination method to update the velocity model
based on the observed earthquake distribution, followed by a simultaneous relocation of the events. The updated
1-D velocity model, which was derived from a regional 1-D velocity model, has a smaller RMS value compared
to using global data. In this process, no earthquake event selection was applied.

3) The magnitude of completeness My, 2.2 that we obtained in our study fills the gap from the previous studies
and indicates the distribution of aftershocks along the Ngalang Fault, Opak Fault, and Oyo Fault. Using the
deep-learning catalog, we identified the spatial pattern of a- and b-values, which correlates positively with both
stress transfer and the number of earthquake events in each grid. This pattern corroborates previous studies,
indicating that the mainshock My, ~6.4 was accompanied by dynamic rupture branching and rupture jumping.

4) The Yogyakarta My ~6.4 earthquake was triggered by a fault on the east side of the Opak Fault that dipped
westward and is referred to as the Ngalang Fault, according to the relocated hypocenter from the double-difference
method and the distribution of the Coulomb stress change. The aftershock depth on the Opak Fault is relatively
shallower than on the Ngalang Fault because the Opak Fault received positive stress at depths between 0 and 5 km.
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