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 This study investigates deep-focus intraslab deformation offshore 
Northern Java by analyzing two recent major earthquakes: 6 July 2020 
(𝑀𝑤 6.67) and 14 April 2023 (𝑀𝑤 6.96), occurring at centroid depths 
of ~500–600 km. The objective is to constrain the source mechanisms 
and infer the prevailing deformation regime within the subducting 
Indo-Australian slab. We perform time-domain moment tensor 
(TDMT) inversion of broadband waveforms (GE/GEOFON network) 
using MTTime, with standard preprocessing (instrument correction 
and band-pass filtering) and Green’s functions computed from the 1-
D ak135 velocity model. Centroid depth is refined via a grid search that 
maximizes waveform variance reduction (VR). The preferred solutions 
show good waveform agreement (VR = 82.0% for the 2020 event and 
71.6% for the 2023 event) and are consistent with Global CMT 
solutions (Kagan angles = 7.04° and 6.31°, respectively). Both 
earthquakes exhibit oblique normal faulting with a persistent dextral 
strike-slip component, indicating a dominantly extensional stress 
regime at depth, likely driven by slab pull/gravitational sinking, while 
the consistent trench-parallel shear suggests more complex internal 
slab deformation. These results provide quantitative constraints on 
deep intraslab kinematics beneath Java and motivate expanded event 
sampling for a more robust regional interpretation. 
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Introduction 

Indonesia lies at the junction of three major tectonic plates: the Eurasian, Indo-Australian, and 
Philippine Sea plates. This complex plate interaction results in high seismicity, making the 
region particularly prone to tectonic hazards [1]. Beneath Java Island, this subduction zone is 
characterized by the steeply dipping Indo-Australian plate, which creates an active Wadati-
Benioff seismic zone extending to depths of hundreds of kilometers [2,3]. Recent studies 
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indicate that the densely populated northern coast of Java is increasingly exposed to tectonic 
earthquake hazards, particularly widespread ground shaking from regional seismic sources, 
including deep-focus intraslab events 4–6. For example, the 6 July 2020 deep earthquake 
(depth ~594 km) produced maximum reported shaking of approximately MMI IV, while the 
14 April 2023 deep earthquake (depth ~594 km) reached about MMI V, demonstrating that 
deep events can still generate perceptible to moderate shaking despite their large source 
depths. In contrast, tsunami hazard along Java is primarily associated with shallow 
megathrust earthquakes or other near-surface sources; deep-focus events are generally not 
tsunamigenic. Because deep-focus earthquakes can be felt over broad areas, constraining their 
source mechanisms and stress regimes remains important for regional seismic hazard 
assessments. Moreover, the mechanisms of deep intraslab earthquakes provide direct 
constraints on the state of stress within the subducting slab (e.g., slab pull, unbending, and 
internal shear). These considerations motivate the use of centroid moment tensor (CMT) 
analysis to robustly characterize deep earthquake sources beneath Java. 

Understanding the fault mechanisms and stress orientations of earthquakes is essential for 
improving seismic hazard assessments. One of the most widely used approaches for 
characterizing the seismic source is the Centroid Moment Tensor (CMT) inversion [7-11]. This 
method allows researchers to determine key source parameters such as strike, dip, rake, depth, 
and fault type. While frequency-domain techniques have been extensively applied in global 
catalogs like the Global CMT [12], time-domain methods are increasingly gaining attention 
due to their simplicity, computational efficiency, and compatibility with regional seismic 
networks [13-15]. 

Prior applications of time-domain moment tensor (TDMT) inversion methods in Indonesia 
remain quite scarce, particularly for deep earthquakes within the Java subduction zone. These 
deeply seated seismic events, typically found at depths exceeding 500 km, exemplify intricate 
deformation mechanisms within the subducting plate. Although global models [12] commonly 
depict tensile stress conditions in deep subducting slabs, the exact direction of these stress 
forces and the specific geodynamic processes at play (such as slab pull versus gravitational 
sinking) that govern deformation in the deep Indo-Australian plate beneath Java remain 
poorly understood. Obtaining a comprehensive understanding of these processes is of utmost 
importance, as the resultant stress distribution can influence both regional tectonic activity and 
potential seismic threats. 

To address this gap, this research investigates the two most important recent intermediate-
depth earthquakes (Mw > 6.5) that occurred off the northern shore of Java: the occurrence on 
July 6, 2020 (Mw 6.67), and the occurrence on April 14, 2023 (Mw 6.96). These occurrences were 
selected because they are well documented and supported by publicly available, high-quality 
waveform data, making them ideal examples for this investigation. Utilizing a TDMT 
inversion based on Python (MTTime software [15]) on information from the GEOFON 
network, our aim is to (i) establish reliable CMT solutions and (ii) utilize these updated 
mechanisms to offer fresh restrictions on profound tectonic operations. We are particularly 
interested in determining whether the observed normal faulting corresponds with extensional 
faulting that runs parallel to the slab, which would offer compelling proof that slab pull forces 
are the primary influence on the subducted Indo-Australian plate at this depth. This 
investigation immediately adds to a more thorough regional geodynamic model and 
illustrates the capacity of contemporary, open-source methods to characterize complex 
seismicity. 
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Experimental Method 

This study applies the Time-Domain Moment Tensor (TDMT) method to determine the 

Centroid Moment Tensor (CMT) solutions for two intermediate-depth earthquakes located off 

the northern coast of Java Island. The TDMT workflow is summarized in a conceptual 

flowchart (Fig. 1). 

The study focuses on two deep-focus seismic events. The first occurred on July 6, 2020, with a 

moment magnitude (Mw) of 6.67 at coordinates 5.60° S and 110.70° E, at a centroid depth of 

approximately 500 km. The second event occurred on April 14, 2023, with Mw 6.96, centered at 

6.02° S and 112.03° E, and a depth of about 594 km (see Fig. 2). Both earthquakes occurred 

within the Benioff zone of the subducting Indo-Australian plate, consistent with previously 

identified deep intraslab activity in the Java region [5,16]. 

Seismic waveform data for both events were retrieved from the GE network, operated by the 

GEOFON Program (GFZ Potsdam, Germany). Data and metadata were accessed via the IRIS 

Wilber3 platform (https://ds.iris.edu/wilber3/find_event). Station selection was based on 

three criteria: (i) azimuthal coverage in at least three quadrants around the epicenter, (ii) high 

signal-to-noise ratio (SNR), and (iii) epicentral distances less than 30°, which are optimal for 

moment tensor analysis [17]. Data downloading and handling were automated using the 

ObsPy Python library [18], which integrates well with the MTTime inversion workflow. 

 

Figure 1. Flowchart of CMT solution determination using the Time-Domain Moment Tensor (TDMT) 

method. 

Preprocessing of the waveform data followed standard seismological procedures [19,20]. 

Waveforms, originally in MiniSEED format, were detrended, tapered, and bandpass-filtered 

to 0.02–0.1 Hz to suppress noise and enhance signal clarity. Instrument response was removed 

using poles-and-zeros (PAZ) metadata to obtain ground velocity in physical units. The 

processed data were then converted into SAC format. Each seismogram was decomposed into 

https://ds.iris.edu/wilber3/find_event
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three orthogonal components: vertical (Z), radial (R), and transverse (T) to be used in Green’s 

function generation and inversion. 

 

Figure 2. Epicentral locations of the two intermediate-depth earthquakes analyzed in this study. The 6 

July 2020 event (Mw 6.67; centroid depth of the 14 April 2023 event (Mw 6.96; centroid depth ~594 km) 

was located offshore Tuban, East Java. 

Centroid moment tensor inversion was conducted using MTTime, a Python-based 

implementation of the TDMT method [15]. MTTime employs time-domain convolution of 

Green’s functions, precomputed from a 1D layered velocity model (ak135), with observed 

seismograms. The inversion solves for six independent moment tensor components (Mxx, 

Myy, Mzz, Mxy, Mxz, Myz) by minimizing the L2-norm misfit between observed and synthetic 

data. A grid search over centroid depths was performed to determine the optimal source 

depth. Solutions with variance reduction (VR) values greater than 50% were considered 

acceptable, as this threshold typically reflects good waveform agreement (Vackář et al., 2017). 

To validate the focal mechanism solutions, a comparison was made with the Global Centroid 

Moment Tensor (GCMT) catalog using the Kagan angle method [21]. This technique calculates 

the smallest rotation angle required to align two double-couple solutions in 3D orientation 

space. Focal mechanisms are considered consistent when the Kagan angle is less than 60°, as 

supported by regional studies such as [22] and [23], which applied similar validation to 

Indonesian seismicity. 

Results and Discussion 

Centroid Moment Tensor (CMT) Inversion Results 

The Time-Domain Moment Tensor (TDMT) inversion for the two intermediate-depth 

earthquakes yielded reliable centroid moment tensor (CMT) solutions, supported by high 

waveform fitting quality. For the July 6, 2020 event (Mw 6.67), the optimal centroid depth was 
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500 km, whereas for the April 14, 2023 event (Mw 6.96), the best-fitting depth was 594 km. Both 

events occurred within the subducting Indo-Australian slab beneath Java, consistent with 

previously identified Benioff zone seismicity [5,16]. 

  

(a) (b) 

  

Figure 3. Geographic distribution of seismic stations from the GE (GEOFON) network used in the 

TDMT inversion. Green triangles indicate the selected broadband seismic stations utilized for waveform 

analysis. Panel (a) shows stations recording the July 6, 2020 earthquake (Mw 6.67), and panel (b) 

corresponds to stations used for the April 14, 2023 earthquake (Mw 6.96). 

 

 

(a) 
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(b) 

Figure 4. Full moment tensor inversion results for the two intermediate-depth earthquakes analyzed in 

this study. Panel (a) displays the inversion output for the July 6, 2020, event (Mw 6.67, depth ~500 km), 

and panel (b) shows the results for the April 14, 2023 event (Mw 6.96, depth ~594 km). Each panel shows 

the waveform fit between observed (black) and synthetic (green) seismograms across multiple stations 

and components (Z, R, T), along with the corresponding focal mechanism (beachball) and moment 

tensor decomposition. 

 

The reliability of the inversion results was supported by the availability and configuration of 

seismic stations that recorded the two events. Figure 3 displays the station distribution used 

in the analysis, where green triangles represent seismic stations from the GE (GEOFON) 

network. Although the distribution is relatively sparse, the selected stations provide sufficient 

azimuthal coverage from multiple directions, including western Sumatra, central Java, 

Kalimantan, and Sulawesi. This configuration ensures adequate geometric constraints for the 

waveform inversion process and helps stabilize the moment tensor solutions by reducing 

azimuthal bias. The time-domain inversion benefited from the strategic positioning of these 

stations, which, despite their limited number, captured clear broadband waveforms with 

acceptable signal-to-noise ratios. This is particularly important for deep earthquakes, as 

waveform clarity and spatial coverage are critical for accurate Green’s function fitting and 

moment tensor decomposition. 

The retrieved moment tensor solutions are predominantly double-couple (DC), indicating that 

the main source process for both earthquakes is tectonic shear faulting within the slab. The DC 

fractions reach 68% for the 6 July 2020 event and 91% for the 14 April 2023 event, supporting 

a fault-slip interpretation as the primary mechanism. The remaining non-DC components 

(CLVD and isotropic terms) are comparatively smaller and are treated as secondary. In 

particular, the relatively larger isotropic fraction in the 2020 solution should be interpreted 

with caution, as non-DC energy can be amplified by limited station coverage/azimuthal gaps, 
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noise, and modeling simplifications (e.g., the 1-D velocity structure used for Green’s 

functions), rather than reflecting a physically dominant volumetric source.  

 

 

(a) 

 

(b) 

Figure 5. Correlation graph between Variance Reduction (VR), moment magnitude, and depth of the 

two earthquake events; (a) Earthquake event on July 6, 2020, (b) Earthquake event on April 14, 2023. 

The quality of waveform fitting is illustrated in Figure 4, which displays both the CMT solution 

parameters and the synthetic versus observed waveforms for multiple seismic stations. The 

variance reduction (VR) values of 82.02% for the 2020 event and 71.61% for the 2023 event 

indicate high consistency between observed and synthetic seismograms. These values exceed 

the commonly accepted threshold of 50% for reliable inversions [8], thereby validating the 

stability of the moment tensor solutions. Most waveform components, particularly the vertical 

(Z) and radial (R) traces, show excellent phase and amplitude alignment. Slight mismatches 
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observed in the transverse (T) component likely reflect the limitations of the 1D ak135 velocity 

model employed in the Green’s function computation, which does not fully account for lateral 

heterogeneities in the subduction zone structure. 

Figure 5 presents the relationship between centroid depth and variance reduction (VR) for both 

earthquake events, derived from the grid search process during moment tensor inversion. The 

plots display VR values (in red) and moment magnitude (Mw, in blue) as functions of trial 

depth, with corresponding focal mechanisms (beachball diagrams) at each depth level. The 

optimal centroid depths of 500 km for the July 6, 2020 event (Fig. 5a) and 594 km for the April 

14, 2023 event (Fig. 5b) coincide with the peaks in VR, indicating strong waveform matching 

and stable convergence during inversion at those depths. 

The graphical distribution further reveals that VR values sharply increase near the optimal 

depth and decrease symmetrically above and below, forming a bell-shaped trend that suggests 

sensitivity to depth variation. This pattern confirms the reliability of the depth estimation and 

supports the physical plausibility of the inversion results. Additionally, the consistent focal 

mechanism patterns near the VR peaks, with minor depth variation, indicate structural 

coherence and reinforce the identification of a normal-faulting regime at both locations. 

The moment magnitude estimates derived from the inversion Mw 6.67 and Mw 6.96 are plotted 

alongside VR and remain stable across a wide depth range, showing only minor fluctuations. 

These values are in close agreement with the Global CMT (GCMT) catalog estimates, further 

validating the inversion process. The combination of high VR, consistent focal mechanisms, 

and stable magnitude estimates suggests that both events represent robust, deep intraslab 

faulting within the subducting Indo-Australian plate. 

Furthermore, these moderate-to-large magnitude events at depths exceeding 500 km reflect 

significant elastic strain accumulation and release, likely linked to slab pull, unbending, or 

tearing processes. Their centroid locations and fault orientations are consistent with regional 

slab geometry derived from seismic tomography [16], underscoring the geodynamic 

significance of such events within the broader context of the Java subduction system. 

To enhance consistency between the graphical and tabulated results, we emphasize that Figure 

5 is primarily used to determine the preferred centroid depth via a depth-grid search that 

maximizes variance reduction (VR). Once the VR peak is identified (500 km for the 6 July 2020 

event and 594 km for the 14 April 2023 event), the corresponding best-fitting TDMT solution 

at that depth is selected as the preferred mechanism. The numerical source parameters of these 

preferred solutions (strike–dip–rake, centroid depth, Mw, and Kagan angle) and their 

comparison with the GCMT catalog are then summarized in Tables 1 and 2. 

Validation and Comparison of CMT Solutions 

After identifying the optimal centroid depths from the depth grid search (Figure 5), we 

summarize the preferred TDMT solutions and their key parameters in Tables 1 and 2. We then 

compare these solutions with the GCMT catalog to validate the mechanisms and to clarify how 

the selected depth controls the final tabulated results. The TDMT inversion results consistently 

indicate an oblique normal-faulting mechanism for each earthquake. Regarding the 
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earthquake on July 6, 2020, the fault plane parameters were 83°/40°/−128°, whereas those of 

the April 14, 2023, earthquake were 104°/30°/−103°. It is evident that both mechanisms are 

largely influenced by a normal-faulting component, indicating an extensional stress 

environment, accompanied by a notable dextral (right-shear) component.  

These findings offer noteworthy perspectives concerning the geodynamics of deep plates. The 

strong presence of normal faulting confirms that the Indo-Australian plate, at depths of around 

500 to 600 km, is experiencing a substantial extensional stress environment, most likely 

resulting from slab pull as the plate descends further into the Earth's mantle, as referenced in 

sources [24, 26]. Perhaps of greater significance, the consistent dextral, or right-shear, 

component observed in both earthquakes suggests that this stretching is not occurring at a 

uniform rate. This suggests the presence of intricate internal deformation within the plate, 

potentially including slab tearing or rotation/twisting, as indicated in source [27]. This 

provides important regional observational evidence supporting global models, demonstrating 

that the plate is not just being pulled downward but is also undergoing lateral internal 

deformation. 

Comparing the findings with the Global Centroid-Moment Tensor (GCMT) solution showed 

that the results were robust and reliable. The extremely small Kagan angles, measuring 7.04° 

in 2020 and 6.31° in 2023, suggest that the mechanisms are highly similar and remain far below 

the 60° limit specified in references [21, 22]. The slight variations observed in centroid depth, 

such as 500 km versus 535 km for the 2020 earthquake, and in rake, with measurements of 

−128° versus −124°, are within acceptable limits and are likely due to differences in 

methodology. For our regional analysis, we employed the ak135, a computationally effective 

one-dimensional (1D) velocity model, in contrast to the GCMT's use of a three-dimensional 

(3D) global model and low-frequency data [12]. 

The precision with which our 1D model identifies the primary mechanisms, including the 

oblique component, underscores its reliability in promptly defining the characteristics of deep 

earthquake sources in this area. The consistent presence of the oblique normal faulting 

mechanism in these two significant earthquakes highlights that this type of extensional stress 

regime is a long-standing trait, not an isolated occurrence, within the deep tectonic plate 

underlying Java. Identifying this specific mechanism is of utmost importance when creating 

seismic hazard models. Deep earthquakes exhibiting this type of normal faulting, 

characterized by extensional forces, have the capacity to efficiently transmit seismic waves 

upwards, potentially resulting in considerable ground movement in the heavily populated 

areas situated along Java's northern coastline, in spite of the great depths at which these 

earthquakes originate [3, 26]. 
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Table 1. Comparison of MTTime CMT parameters with Global CMT for the July 6, 2020 earthquake. 

Parameters TDMT Global CMT 

Origin time 22:54:47 22:54:48 

Centroid Depth (Km) 500 535 

Magnitude Moment (Mw) 6.67 6.7 

Fault Plane 1 

Strike 83 92 

Dip 40 37 

Rake -128 -124 

Fault Plane 2 

Strike 308 313 

Dip 59 60 

Rake -63 -67 

Kagan Angle 7.04° 

Beachball 
  

Fault types Normal Fault Normal Fault 

 

Table 2. Comparison of MTTime CMT parameters with Global CMT for the July 14, 2023 earthquake. 

Parameters TDMT Global CMT 

Origin time 09:55:45 09:55:51 

Centroid depth (Km) 594 606.8 

Magnitude moment (Mw) 6.96 7.1 

Fault Plane 1 

Strike 104 94 

Dip 30 31 

Rake -103 -108 

Fault Plane 2 

Strike 299 295 

Dip 61 61 

Rake -82 -80 

Kagan Angle 6.31° 

Beachball 
  

Fault types Normal Fault Normal Fault 

 

Seismotectonic Context and Geodynamic Interpretation 

The focal mechanisms and centroid depths derived in this study provide valuable insights into 

the deep seismotectonic regime beneath northern Java. Both earthquakes occurred within the 

subducted Indo-Australian slab, which dips northward beneath the Eurasian plate at steep 

angles. At depths exceeding 500 km, the dominant stress regime transitions to extensional, as 

a result of slab pull and gravitational sinking of the cold, dense slab material [28,29]. 
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The oblique-normal faulting pattern observed in this study is consistent with slab-parallel 

extension documented in other parts of the Sunda subduction zone. These events may reflect 

either internal slab deformation (flexure, unbending, or tearing) or shear localization near 

stagnant slab edges. The fault plane orientations are broadly aligned with the trench-parallel 

direction, reinforcing interpretations of lateral slab stretching and segment boundary 

dynamics. 

These findings contribute to the growing body of knowledge regarding deep-focus 

earthquakes in Southeast Asia. While such events do not generally pose tsunami hazards due 

to their depth, they may still result in ground shaking across wide areas and pose structural 

risks, particularly when amplified by sedimentary basins in northern Java [30]. Furthermore, 

incorporating these TDMT results into regional stress field models may enhance the accuracy 

of long-term seismic hazard maps. 

In addition to confirming the faulting mechanism and intraslab origin of both events, the 

results of this study have broader implications for seismic hazard characterization in Java and 

similar tectonic regions. The successful application of time-domain inversion using MTTime 

underscores the potential for real-time or near-real-time moment tensor determination in 

Indonesia. Integrating such regional CMT solutions into national seismic monitoring systems, 

such as those used by BMKG or BRIN, can improve earthquake source identification and 

provide better input for probabilistic seismic hazard assessments. This is particularly relevant 

for northern Java, where deep intraslab events may still generate significant ground motion 

due to local amplification in coastal sedimentary basins [30]. 

Comparable studies in other deep subduction systems, such as the Molucca Sea and the 

southern Philippines, have reported similar slab-parallel extensional faulting at depths >500 

km, reinforcing the global consistency of such deformation regimes [23,24]. These parallels 

highlight the importance of continuing regional moment tensor analysis to constrain deep 

lithospheric processes and their seismic implications. Future studies may also explore model 

sensitivity by applying multiple velocity models, including regional 3D tomography (e.g., 

[16]), to evaluate inversion robustness and refine centroid depth estimation. 

Conclusion 

This study provides quantitative constraints on deep intraslab deformation beneath offshore 

Northern Java based on two recent major deep-focus earthquakes (Mw > 6.5) that occurred in 

2020 and 2023. The preferred time-domain moment tensor (TDMT) solutions indicate oblique 

normal faulting with a persistent dextral strike-slip component at centroid depths of 

approximately 500–600 km, implying a dominantly extensional stress regime within the 

descending Indo-Australian slab, likely driven by slab pull/gravitational sinking, while the 

trench-parallel shear component suggests more complex internal slab deformation. The 

robustness of the preferred mechanisms is supported by good waveform fits (VR = 82.0% and 

71.6%) and close agreement with the Global CMT catalog (Kagan angles = 7.04° and 6.31°). 

Despite these consistent results, our interpretations are currently based on a limited number 

of events and a 1-D velocity model, which may affect the resolution of secondary (non-DC) 

components. Future work will expand the event set across the Java region and test model 



 Indonesian Physical Review. 9(2): 176-189 

187 
 

sensitivity (e.g., alternative frequency bands and velocity structures) to further strengthen the 

regional geodynamic interpretation and its implications for seismic hazard assessment. 
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