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Abstract

The July-August 2025 earthquake in Central Sulawesi, which consisted of the Mw 5.9 Poso strike-slip
event and the Mw 6.0 Tokararu thrust event, offers new insights into stress transfer and fault
interaction in a tectonically complex setting. We combined Coulomb stress modeling, HypoDD
aftershock relocation, and ascending-track DInSAR analysis to investigate the sequence. Relocation
of 669 events sharpened fault geometries, with aftershocks of the Poso earthquake clustering
along the Poso-West segment and those of Tokararu aligning on a shallow thrust plane. Coulomb
stress modeling shows that aftershocks correlate well with positive ACFS lobes for both events,
supporting static stress transfer as a key mechanism, though no significant positive stress was
transferred from Poso to Tokararu. DInSAR results reveal both pre- and co-seismic deformation,
with uplift reaching +16 cm and subsidence —13 cm at Poso, and uplift up to +13 cm and subsidence
—14 cm at Tokararu. These signals suggest strain accumulation and possible aseismic slip preceding
rupture. Geological contrasts within the Pompangeo Complex, where weak alluvial sediments overlie
stronger metamorphic basement rocks, further explain the differences in rupture style. Together,
these multidisciplinary findings highlight the interplay of tectonic loading, fault mechanics, and
lithological heterogeneity in shaping cascading earthquake hazards in Central Sulawesi.

Keywords: Coulomb Stress Transfer; Earthquake Relocation; Dinsar; Fault Interaction; Central
Sulawesi

1. Introduction

Central Sulawesi, Indonesia (Fig. 1), is among the most tectonically active regions in Southeast Asia, characterized
by the complex interaction of multiple fault systems, including the Palu-Koro, Matano, Poso, and Tokararu Faults
(Irsyam et al., 2020; Natawidjaja et al., 2021; Hanif et al., 2024; Serhalawan and Chen, 2024 ; Trismahargyono et al., 2024).
The intricate seismotectonic framework of this region makes it highly susceptible to destructive earthquakes,
as demonstrated by the 2018 Mw 7.5 Palu earthquake and subsequent seismic crises (Frando et al., 2025;
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Natawidjaja et al., 2021; Supendi et al., 2019). Compared to the extensively studied Palu-Koro Fault (Frando et al., 2025;
Natawidjaja et al., 2021; Supendi et al., 2019), the Poso and Tokararu Faults remain relatively understudied, despite
their proximity to populated areas and their potential role in regional stress transfer and fault interactions
(Daryono, 2016; Massinai et al., 2024; Trismahargyono et al., 2024). Recent works have nonetheless highlighted
the seismotectonic significance of the Poso Fault, particularly following the Mw 6.6 Poso earthquake in 2017 and
the Mw 7.5 Palu earthquake in 2018, which redistributed Coulomb stress and potentially advanced failure along the
fault (Massinai et al., 2024; Sianipar et al., 2021; Trismahargyono et al., 2024; Wang et al., 2019).

On 24 July 2025, a Mw 5.9 earthquake occurred along the Poso Fault at a shallow depth of ~10 km (2.01°S,
120.78°E), followed less than a month later by another shallow event of similar magnitude on 17 August 2025 (Mw 6.0,
1.27°S, 120.75°E) associated with the Tokararu Fault as seen on Fig. 1b (BMKG, 2025). The spatial and temporal
proximity of these events raises a critical seismological question: were the August Tokararu earthquake and its
aftershocks independent, or were they dynamically influenced by stress changes induced by the July Poso earthquake?
Addressing this question is fundamental for understanding fault interactions and cascading seismic hazards in
Central Sulawesi.

Coulomb stress transfer (CST) theory provides a quantitative framework for evaluating whether stress changes
caused by one earthquake can promote or inhibit rupture on adjacent faults (Ammon et al., 2020). Numerous studies
have demonstrated that even small changes in Coulomb stress, on the order of 0.1-1 bar, can significantly alter
the likelihood of triggering subsequent earthquakes in nearby fault systems (He et al., 2018; Golshadi et al., 2023;
Chen et al., 2024). This mechanism is particularly relevant in the context of earthquake doublets, where two
moderate-to-large events occur in close succession on neighboring faults, as observed in other regions such as
Tiirkiye-Syria and British Columbia-Alaska (He et al., 2018; Golshadi et al., 2023; Chen et al., 2024). Applying
this framework to the July-August Sulawesi sequence may reveal whether the Poso earthquake contributed to
advancing failure on the Tokararu Fault. While prior studies examined stress changes on the Poso Fault induced by
larger regional events such as the 2018 Palu earthquake (Massinai et al., 2024; Sianipar et al., 2021; Wang et al., 2019),
no analysis has yet addressed the short-term stress interaction between the Poso and Tokararu Faults

In parallel, high-precision earthquake relocation using the HypoDD method is crucial to better delineate fault
structures and accurately map aftershock sequences. Previous studies have shown that conventional earthquake
catalogs may blur the geometry of fault planes, whereas HypoDD relocation sharpens hypocenter distributions,
often revealing fault-parallel and fault-perpendicular clusters indicative of complex fault interactions (Waldhauser
and Ellsworth, 2000; Supendi et al., 2019; Purba et al., 2025). Relocating aftershocks from the July-August sequence
can help clarify the responsible fault structures and improve our understanding of how stress redistribution shaped
subsequent seismicity.

Finally, geodetic techniques such as Differential Interferometric Synthetic Aperture Radar (DInSAR) provide
independent constraints on coseismic deformation. Sentinel-1 SAR time-series enable the detection of ground
displacement patterns with centimeter-level accuracy, complementing seismic analyses and helping to infer the
slip distribution on fault planes (Jin and Fialko, 2021; Fang et al., 2022; Purba et al., 2024, 2025; Pertiwi et al., 2025).
Integrating DInSAR deformation fields with relocated seismicity and Coulomb stress modeling offers a powerful
multi-disciplinary approach to investigate fault interaction and stress transfer in Central Sulawesi.

This study aims to investigate the relationship between the July Poso and August Tokararu earthquakes through
a combined analysis of Coulomb stress transfer, earthquake relocation, and DInSAR deformation mapping. Specifically,
we address (1) the evaluation of Coulomb stress changes to assess the potential for stress transfer between the events,
(2) the relocation of aftershocks to refine hypocenter distribution and confirm the association of seismicity with
the mapped Poso and Tokararu Faults, and (3) the measurement of surface deformation to characterize coseismic
displacement.

Although both the Poso and Tokararu Faults have been recognized in previous seismotectonic assessments
(e.g., Daryono, 2016; Irsyam et al., 2020; PuSGeN, 2017, 2024), and recent studies have examined the long-term
stress adjustments on the Poso Fault following the 2017 and 2018 events (Massinai et al., 2024; Sianipar et al., 2021;
Wang et al., 2019), no integrated study has yet investigated their recent seismic interactions. In particular, the
July-August 2025 earthquake sequence provides a unique case of spatially and temporally adjacent events, raising the
question of whether the Tokararu earthquake was dynamically influenced by the preceding Poso event. By combining
Coulomb stress modeling, aftershock relocation, and DInSAR deformation analysis, this study provides a novel
contribution to understanding fault interactions in Central Sulawesi. Such an approach has not yet been applied to
this fault system, and the findings are expected to enhance regional seismic hazard evaluation.



0.000

Stress Transfer in the 2025 Poso-Tokararu Sequence

125.000

120.000

o
S &
s 5 s
& )
& Y E
©
< °
£ 8
© o
T
\& \
5
S
PMSI ot r
PPCM K AKendar o
{ K= wrds
LSCM \ 1
KKSIKKSI— A picl
POBSI \ i,
TIPS )
TBCM 5
kart € A uBsI &
(=3
..... g
o

-5.000

125.000

124000 121.500

120.000 120.500

I I —
Legend:
MainShock Lithology [ Metamorphic: medium grade: marble
) [ Extrusive rocks: acid: pyroclastic [ Metamorphic: sediment
Magnitude [ Extrusive rocks: base: lava I Sediment: clastic: alluvium
® M<=5 [ Extrusive rocks: base: polymict [] sediment: clastic: medium: sandstone
Depth [ Extrusive rocks: intermediate: polymict [[1] Sediment: reef: limestone
e <10Km [ Intrusive rocks: acidic: granitic [ Tectonite: ophiolite
== .
. District_Boundary i . aidic: it Data Source:
) [ Intrusive rocks: aidic: granitic 1. Earthauake Catalogue (BMKG Gowa)
Active Fault [ Metamorphic: intermediate grade: schist 2. Fault ( PuSGeN, 2024)
A BMKG Broadband Seismic Stations 3. Lithology (Simandjuntak et al., 1997)

Figure 1. (a) Map of Active Faults and BMKG Broadband Seismic Stations around Sulawesi Island. (b) Earthquake events
before relocation in the Poso region and its surroundings. (c) Lithology of the research area.
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2. Data and Methods
2.1 Coulomb Stress Change Analysis

To evaluate the interaction between the July 24, 2025 Poso earthquake (Mw 5.9, depth 10 km) and the
August 17,2025 Tokararu earthquake (Mw 6.0, depth 10 km), we investigated the coseismic variation of the Coulomb
failure stress(ACFS). The Coulomb failure framework is widely used to quantify how slip on a source fault modifies the
surrounding stress field and alters the failure tendency of nearby receiver faults (King et al., 1994; Toda et al., 2011).

The change in Coulomb failure stressis expressed as:

ACFS = At + y'Ac, eY)

Where: At is the shear stress change resolved in the slip direction of the receiver fault, Ag,, represents the normal
stress change acting on the receiver fault plane (positive values indicate fault unclamping), and 4’ is the effective
friction coefficient that accounts for the influence of pore-fluid pressure. Positive ACFS values indicate an increased
tendency toward fault failure, whereas negative values indicate stress inhibition or the development of stress shadows.

Coseismic ACFS was calculated using Coulomb 3.4 (Toda et al., 2011), which implements elastic dislocation theory
for a homogeneous, isotropic half-space. Source fault parameters included fault geometry (strike, dip, and rake),
hypocentral location, rupture depth, and earthquake magnitude. Focal mechanism solutions were obtained from the
GEOFON Program (GFZ Potsdam) focal mechanism catalog (Saul et al., 2011), indicating a strike-slip mechanism
for the Poso earthquake and a thrust mechanism for the Tokararu earthquake. These focal mechanisms were used
to define the geometry and slip sense of the source faults in the Coulomb failure modeling.

Receiver faults were explicitly defined according to the mapped geometries of the Poso Fault and Tokararu Fault,
based on the PuSGeN geological maps (2017, 2024). An effective friction coefficient of 4’ = 0.4 was adopted, consistent
with commonly used values for upper-crustal faults (King et al., 1994; Nalbant et al., 2005; Pollitz et al., 2006;
Qiu and Chan, 2019; Wang et al., 2014). The resulting ACFS maps were analyzed to assess whether stress loading
induced by the July 2025 Poso earthquake promoted failure along the Tokararu Fault, potentially contributing to
the occurrence of the August 2025 Tokararu earthquake. We used both of relocated main event parameters as input
parameters in coulomb stress, which each mainshocks processed using specified receiver fault as shown in Table 1.

Table 1. Coulomb stress change parameter.

Parameter Poso Fault Tokararu Fault References
Longitude 120.722703 120.508250
Latitude -2.122871 -1.370395
BMKG (2025)
Depth (km) 10 10
Magnitude 5.9 6.0
Strike 306° 191°
Dip 84° 54° Saul et al. (2011)
Rake -15° 104°
King et al., 1994; Nalbant et al., 2005;
Friction Coefficient 0.4 0.4 Pollitz et al., 2006; Qiu and Chan, 2019;
Wang et al., 2014
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Parameter Poso Fault Tokararu Fault References
Length (km) 11.32 10.31
Wells and Coppersmith (1994)
Width (km) 6.47 6.85
Max slip (m) 0.35 0.5 Lisle and Walker (2013)

2.2 Relocation of Aftershocks

Precise earthquake locations are essential to delineate active fault structures and to evaluate their relation to
mapped surface traces (Purba et al., 2025). In this study, aftershocks associated with the July 24 and August 17, 2025
earthquakes were relocated using the double-difference algorithm implemented in HypoDD program (Waldhauser
and Ellsworth, 2000; Waldhauser, 2001). This method minimizes relative travel-time residuals between pairs of
nearby earthquakes recorded at common stations, thereby improving relative location accuracy while reducing the
influence of velocity model uncertainties.

The input dataset consisted of the regional earthquake catalog provided by the Gowa Geophysical Station, BMKG,
spanning July-August 2025. The dataset was obtained from continuous broadband seismic station recordings,
illustrated as green triangles in Fig. 1a. In total, 669 seismic events were detected, comprising mainshocks and
aftershocks, with magnitudes ranging between 1.1 and 6.0.

Phase arrival times (P- and S-waves) were carefully re-picked where necessary, and only events with a minimum
of six high-quality phase readings were retained. Following Waldhauser and Ellsworth (2000), differential times were
derived from both catalog picks and waveform cross-correlation for closely spaced event pairs. The relocation was
performed using a IASP91 velocity model (Kennett and Engdahl, 1991; Kennett et al., 1995).

The relocation procedure yields high-resolution hypocenter distributions, sharpening the geometry of aftershock
clusters. These results allow us to confirm whether seismicity aligns with the Poso and Tokararu Faults mapped
by PuSGeN (2017, 2024), and to assess whether the distribution of aftershocks correlates with regions of increased
Coulomb stress calculated in Section 2.1.

2.3 DInSAR Deformation Analysis

Ground deformation associated with the 2025 Poso and Tokararu earthquakes was investigated using Differential
Interferometric Synthetic Aperture Radar (DInSAR). Sentinel-1 SAR data (Table 1) in ascending track were
acquired from the Alaska Satellite Facility (ASF) for dates spanning pre- and post-seismic periods (5 July, 17 July,
29 July, 10 August, 16 August, and 22 August 2025).

Only ascending-track Sentinel-1A data were employed in this study because descending acquisitions exhibited
severe coherence loss over the mountainous and densely vegetated areas of Central Sulawesi. InSAR coherence in
tropical regions is strongly affected by vegetation density, humidity, and temporal decorrelation associated with
seasonal growth cycles (Chindo et al., 2022; Li et al., 2023). Within humid tropical settings, coherence values exceeding
0.6 are typically confined to less than 10 % of the area, while dense forest cover and high soil-moisture variability
substantially reduce phase stability (Chindo et al., 2022). In addition to coherence considerations, the selection
of ascending orbits was also guided by data coverage and computational constraints. The ascending Sentinel-1
track (path 112, frame 1173) provides full spatial coverage of the Poso-Tokararu region within a single scene, allowing
efficient processing and minimizing potential edge artifacts at scene boundaries. In contrast, descending data would
require mosaicking two adjacent wide-swath scenes to fully cover the study area, substantially increasing processing
time and the risk of geometric distortions across scene overlaps. Similar issues related to multi-frame mosaicking in
interferometric processing have been noted in tropical regions where temporal decorrelation is already significant
(Ullmann et al., 2019; Chindo et al., 2023). Therefore, the use of ascending-track interferograms was considered
the most reliable and computationally efficient configuration for extracting line-of-sight deformation in the



Joshua Purba et al.

Poso-Tokararu region. These datasets provide coverage of both events and enable the construction of interferograms
capturing coseismic displacement.

Although classical DInSAR provides valuable measurements of ground displacement along the radar
line-of-sight (LOS), it is inherently less sensitive to motion oriented perpendicular to the LOS, particularly north-south
displacement along strike-slip faults. This geometric limitation can cause horizontal movements to be partially
projected into apparent uplift-subsidence signals (Ramzan et al., 2022). To address this, complementary techniques such
as Pixel Offset Tracking (POT) and Multiple Aperture Interferometry (MAI) have been developed to capture horizontal
and along-track deformation components that conventional interferometry may underestimate (Gray et al., 1998;
Bechor and Zebker, 2006; Cai et al., 2023; Lin et al., 2024; Xu et al., 2021). POT enables the measurement of large
surface offsets by correlating image intensity patterns, while MAI extracts along-track (north-south) displacements
from a single interferometric pair. Although these approaches were not applied in this study, they are noted here as
promising methods to complement Sentinel-1 DInSAR analyses of strike-slip faults in future work.

The processing workflow followed standard procedures implemented in the ESA SNAP software (ESA, 2012),
including precise orbit correction, coregistration, interferogram generation, removal of topographic phase using the
SRTM 30 m DEM, filtering, phase unwrapping, and geocoding (Markogiannaki et al., 2020; Purba et al., 2024, 2025;
Pertiwi et al., 2025). Interferometric coherence was evaluated to assess phase reliability. In the Poso region,
coherence values ranged from 0.06 to 0.88 (5-17 July), 0.11 to 0.90 (17-29 July), and 0.005 to 0.89 (5-29 July), while
in the Tokararu region, coherence values ranged from 0.07 to 0.80 (10-16 August), 0.013 to 0.94 (16-22 August),
and 0.002 to 0.80 (10-22 August). Areas with coherence above 0.4, predominantly in flat and less vegetated zones, were
used for deformation analysis. Lower coherence in forested and hilly terrains reflects strong temporal decorrelation
and limited canopy penetration of Sentinel-1’s C-band radar (5.4 cm wavelength), consistent with observations in
other tropical environments (Chindo et al., 2023; Hatch et al., 2020).

Although L-band systems such as ALOS-2 PALSAR generally maintain higher coherence in vegetated regions
due to their longer wavelength (~23 cm), Sentinel-1 C-band data were preferred for this study because of their
shorter revisit interval (12 days), wider swath coverage (250 km IW mode), and higher spatial resolution (~20 m),
which are crucial for resolving short-term co- and pre-seismic deformation (Wang et al., 2018; Vajedian et al., 2018;
Koukouvelas et al., 2021; He et al., 2020). The complete coverage of the Poso-Tokararu fault zone within a single
Sentinel-1 frame avoided the need for multi-scene mosaicking, thereby minimizing geometric distortions and
boundary artifacts. Moreover, Sentinel-1 data have demonstrated good agreement with ALOS-2 deformation
estimates in recent comparative studies (Mehrabi et al., 2019; Peters et al., 2024). Although the C-band is more
susceptible to volume scattering from vegetation, the combination of high temporal sampling and coherence filtering
ensures that deformation signals were captured reliably in coherent zones.

Only pixels with coherence >0.3 were retained for phase unwrapping and subsequent deformation mapping.
Pairs spanning the Poso earthquake (17-29 July) and the Tokararu earthquake (16-22 August) were selected as
the primary coseismic interferograms. Pre-seismic (5-17 July, 10-16 August) and longer pre-post pairs (5-29 July,
10-22 August) were also analyzed to provide baseline reference and consistency checks.

Table 2. The Sentinel 1 data.

Acquisition Date Beam Mode Polarization Flight Direction
1 5 July 2025 w A\AY Ascending
2 17 July 2025 w \AY% Ascending
3 29 July 2025 w \AY% Ascending
4 10 August 2025 w \AY% Ascending
5 16 August 2025 w A\AY Ascending
6 22 August 2025 w A\AY Ascending
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Line-of-sight (LOS) displacement maps were extracted from the unwrapped interferograms (Chen and
Zebker, 2002). Positive values indicate motion toward the satellite, while negative values correspond to motion
away from the satellite. To reduce atmospheric and orbital artifacts, multilooking and Goldstein filtering were
applied (Goldstein and Werner, 1998). The resulting deformation fields were used to quantify the spatial extent
and amplitude of coseismic displacement, and to compare with aftershock distributions and stress transfer models.

3. Results

3.1 Stress Transfer, Aftershock Relocation, and Fault Interaction

The July 24, 2025 Poso earthquake (Mw 6.0) and the August 16, 2025 Tokararu earthquake (Mw 6.0) occurred on
distinct faults with contrasting kinematics. Based on the GFZ focal mechanisms, the Poso Fault is characterized by
a near-vertical strike-slip motion (strike 306°, dip 84°, rake —15°), whereas the Tokararu Fault displays a thrust
mechanism (strike 191°, dip 54°, rake 104°). These contrasting fault types underline their different tectonic roles,
with the Poso Fault acting as a lateral shear structure and the Tokararu Fault accommodating compressional uplift.

A total of 669 seismic events were relocated using the HypoDD algorithm, of which 568 were retained (Fig. 2).
Prior to relocation, seismic events (green circles) display a relatively diffuse spatial distribution, with considerable
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scatter both laterally and along fault traces. Although the general concentration of seismicity broadly corresponds
to the Poso and Tokararu fault systems, the pre-relocation catalog exhibits limited capability to resolve individual
fault segments or fault-plane geometries. In particular, hypocenters are widely dispersed across the fault zone,
obscuring the distinction between strike-slip and thrust-related deformation.

After relocation (red circles), the seismicity patterns become markedly sharper and more organized. The aftershocks
of the Poso mainshock cluster tightly along the Poso-West fault segment, closely following the mapped surface trace
of the fault. This improved alignment indicates that the pre-relocation scatter largely reflects location uncertainties
rather than true off-fault seismicity. The relocated Poso sequence clearly delineates a linear structure consistent with
strike-slip faulting, reinforcing the interpretation that rupture occurred on the mapped Poso Fault rather than on
subsidiary or previously unmapped structures. The relocated catalog reveals that aftershocks of the Poso mainshock
are concentrated along the Poso-West segment, aligning with the mapped trace of the fault. In contrast, the Tokararu
sequence delineates a dipping plane consistent with thrust geometry, with shallow aftershocks (<10 km) outlining
the rupture surface. The relocation also shifted the Tokararu mainshock hypocenter southwestward, aligning more
closely with the mapped trace of the Tokararu Fault. The relocation procedure significantly improved hypocentral
accuracy, as reflected by a substantial reduction in RMS travel-time residuals. Most post-relocation RMS values range
between -0.8 and 0.8 s (Fig. 2c), indicating a marked increase in location precision compared to the pre-relocation
catalog. This quantitative improvement supports the interpretation that the sharpened seismicity patterns primarily
result from enhanced location accuracy rather than changes in seismic source distribution.

The contrast between the diffuse pre-relocation seismicity and the structurally coherent post-relocation patterns
underscores the importance of hypocenter relocation for accurately resolving fault geometry, rupture extent, and
fault segmentation.

Coulomb stress modeling highlights contrasting stress redistribution patterns associated with the two
earthquakes (Fig. 3). The calculations were performed by resolving stress changes onto a single prescribed receiver fault
geometry, representative of the dominant fault kinematics in the study area, rather than onto optimally oriented
faults. As such, the resulting ACFS patterns should be interpreted as scenario-based stress changes under
a fixed receiver fault assumption.

Under this framework, the Poso earthquake produced four characteristic lobes of ACFS, with values ranging
from —0.2 to +0.2 MPa, consistent with the expected stress redistribution of a strike-slip rupture resolved onto the
adopted receiver fault geometry. Positive lobes are oriented northwest-southeast, broadly parallel to the Poso Fault,
while stress shadows extend in the northeast-southwest direction.

In contrast, the Tokararu earthquake generated a thrust-type Coulomb stress pattern, with positive ACFS values
exceeding 0.2 MPa concentrated near the rupture tips and extensive negative stress changes forming to the east
and west. These patterns reflect the interaction between the source fault geometries and the assumed receiver fault
orientation, rather than the full variability expected from an optimally oriented fault approach.

Importantly, within this modeling framework and using the GFZ source parameters, no significant positive
ACFS is observed on the Tokararu receiver fault following the Poso rupture. This suggests that, under the adopted
receiver fault assumption, the two earthquakes were mechanically independent despite their close temporal proximity.

The vertical cross-sections of Coulomb failure stress(ACFS) provide additional insight into the depth-dependent
stress redistribution associated with the two earthquakes (Fig. 3). Stress changes are resolved onto a single
prescribed receiver fault geometry, consistent with the adopted fault kinematics, and should therefore be interpreted
within the context of this fixed receiver assumption.

Along cross-section A-A’, the ACFS pattern associated with the (Tokararu/Poso) earthquake exhibits a pronounced
lobate structure extending from shallow depths to approximately (depth range, e.g., 20-25 km). Positive ACFS values
dominate near the central portion of the rupture plane and at its downdip termination, indicating zones where the
assumed receiver fault is promoted toward failure. In contrast, negative ACFS values form adjacent stress-shadow
regions, particularly on the flanks of the rupture, reflecting inhibition of failure under the same receiver fault
geometry.

The distribution of aftershocks shows a clear spatial association with regions of positive or near-zero ACFS,
particularly at intermediate depths, whereas fewer events are observed within areas characterized by strongly
negative stress changes. This correspondence suggests that, under the adopted receiver fault configuration, the
modeled Coulomb stress changes provide a first-order explanation for the observed seismicity distribution.

Cross-section B-B’ reveals a contrasting stress pattern, with positive ACFS concentrated at shallower depths
beneath the main rupture zone and transitioning into negative stress changes at greater depths. The asymmetric
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Figure 3. (a) Coulomb stress map of the Poso earthquake and the Tokararu earthquake. (b) Vertical cross section of Tokararu
earthquake. (c) Vertical cross section of Poso earthquake.

geometry of the stress lobes reflects the interaction between the rupture geometry and the assumed receiver fault
orientation, rather than variations in the regional stress field. Notably, no continuous zone of positive ACFS
is observed linking the rupture planes of the two earthquakes, indicating an absence of significant stress loading
between them in the vertical dimension.

Overall, the vertical cross-section analysis supports the interpretation that the two earthquakes were mechanically
independent within the constraints of the single receiver fault Coulomb stress model. While alternative receiver fault
orientations or an optimally oriented fault approach could modify the detailed stress distribution, such analyses
are beyond the scope of this study.

3.2 Surface Deformation from DInSAR

The ascending-track DInSAR analysis reveals contrasting deformation styles for the July 24, 2025 Poso
earthquake (Mw 5.9) and the August 17, 2025 Tokararu earthquake (Mw 6.0).
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For the Poso Fault (Fig. 4), the pre-seismic interferogram (5-17 July 2025) shows measurable ground displacement,
with uplift reaching +16 cm and subsidence up to —13 cm. This significant deformation prior to rupture suggests
the occurrence of precursory processes such as slow slip or aseismic creep along the Poso segment. During the
co-seismic period (17-29 July 2025), deformation persisted with uplift of about +13.9 cm and subsidence of
—12 ¢cm. The cumulative signal (5-29 July) confirms a similar magnitude (+11.7 cm uplift and —-12 ¢cm subsidence),
demonstrating spatial overlap between pre-seismic and co-seismic displacements. The deformation field is asymmetric
across the fault trace and trends NW-SE, consistent with the nearly vertical left-lateral strike-slip mechanism from
the GFZ solution (strike 306°, dip 84°, rake —15). The apparent uplift-subsidence asymmetry primarily reflects the
projection of horizontal east-west strike-slip displacement into the satellite line-of-sight (LOS) geometry, rather
than purely vertical motion.

In contrast, the Tokararu Fault (Fig. 5) displays a deformation field typical of thrust motion. The pre-seismic
interval (10-16 August 2025) shows localized uplift of +12 cm and subsidence of -7.5 cm, indicating strain accumulation
prior to the Mw 6.0 rupture. The co-seismic interferogram (16-22 August 2025) records intensification of deformation,
with uplift of +11.7 cm and subsidence of —14 cm. The cumulative displacement over 10-22 August reached +13 cm
uplift and —14 cm subsidence, consistent with the thrust geometry derived from GFZ parameters (strike 191°, dip 54°,
rake 104). The uplifted hanging wall block overthrusting the footwall explains the strong vertical component, in
agreement with the relocated aftershocks that define a shallow dipping plane (<10 km depth).

Overall, the DInSAR results capture both pre-seismic and co-seismic deformation in Central Sulawesi. The Poso
earthquake is dominated by lateral strike-slip motion projected into the LOS, whereas the Tokararu earthquake
reveals vertical uplift-subsidence asymmetry characteristic of thrusting. Importantly, the presence of measurable
pre-seismic deformation at both faults suggests that aseismic slip and strain accumulation may have prepared the
ruptures in advance of the mainshocks.
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Figure 4. Sentinel-1A ascending-track DInSAR deformation maps for the July 24, 2025 Mw 5.9 Poso earthquake.
(a) Pre-seismic deformation (5-17 July), showing LOS displacement up to —13 ¢cm (subsidence) and +16 cm (uplift).
(b) Coseismic deformation (17-29 July), with asymmetric displacement of -12 to +13.9 cm across the fault zone.
(c) Longer interval (5-29 July) illustrating cumulative deformation and serving as a redundancy check.

10



Stress Transfer in the 2025 Poso-Tokararu Sequence

120.000 120.500

121.000

120.000 120.500 121.000

120,000 120.500 121.000

Pre-seismic Deformation Map ( 10-16 August
2025) Tokararu Fault

Displacement (Meters)

120,000 120.500 121,000

Co-seismic Deformation Map ( 16-22 August
2025) Tokararu Fault

Displacement (Meters)

120000

120.500 121.000

120.500 121.000

Co-seismic Deformation Map (10-22 August
2025) Tokararu Fault

Displacement (Meters)

W 0.122 P o0.117 P 0.131
Uplift Uplift Uplift
Satelite orbit
Ascending
- -0.143 -0.14
- Sgiw(s)iZesnce - Subsidence - Subsidence
Projection: World Geodetic System
{os SateIiAtg:ASentinel 1A
0 50 100 150 200 km Acquisition: IW

Orbit: Ascending
| | Polarization: VV

Figure 5. Sentinel-1A ascending-track DInSAR deformation maps for the August 17, 2025 Mw 6.0 Tokararu earthquake.
(a) Pre-seismic deformation (10-16 August), showing LOS displacement up to —-7.5 cm (subsidence) and
+12 cm (uplift). (b) Coseismic deformation (16-22 August), with asymmetric displacement of —14 to +11 cm
across the fault zone. (c) Longer interval (10-22 August) illustrating cumulative deformation and serving as a

redundancy check.

4. Discussion

The relocated aftershocks provide strong constraints on the geometry of both ruptures (see Fig. 3). In Poso,
the clustering of aftershocks near the mainshock and along the Poso-West segment supports activation of the
mapped strike-slip fault, consistent with the nearly vertical left-lateral mechanism (strike 306°, dip 84°, rake —15).
In Tokararu, the aftershock alignment on a dipping thrust plane with shallow hypocenters confirms a compressional
rupture in which the hanging wall was uplifted over the footwall. These contrasting mechanisms emphasize their
different tectonic roles: the Poso Fault acting as a lateral shear zone and the Tokararu Fault accommodating
vertical shortening. Furthermore, their distinct slip rates (~0.1 mm/yr for Poso versus ~2 mm/yr for Tokararu;
PuSGeN, 2017, 2024) highlight their different roles in accommodating intraplate deformation driven by far-field
stresses from the convergence of the Australian, Pacific, and Eurasian (Sunda) plates (Hall, 2012; Pasari et al., 2021;
Serhalawan and Chen, 2024).

Coulomb stress modeling highlights how stress redistribution controlled aftershock activity. For the Poso
earthquake, relocated aftershocks were concentrated near the rupture zone and correlate well with regions of
ACFS up to +0.2 MPa. Their clustering indicates that static stress transfer played a dominant role in promoting
aftershocks, consistent with the sensitivity of faults to stress perturbations as small as 0.01-0.1 MPa (Wu et al., 2016;
Liu and Wang, 2014; Ma et al., 2005). In contrast no significant aftershock activity was found within stress shadows.
Instead, the distribution follows positive lobes, reinforcing the role of Coulomb stress change in guiding the spatial
pattern of seismicity.

For the August 17, 2025 Tokararu earthquake (Mw 6.0), the thrust-fault stress field generated positive
lobes (>0.2 MPa) at the northern and southern rupture tips, accompanied by extensive stress shadows on its flanks.
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The relocated aftershocks exhibit a near-perfect spatial correlation with these lobes, forming a shallow dipping
cluster consistent with the fault geometry. This indicates that the mainshock statically loaded adjacent asperities —
locked high-friction fault patches — while surrounding creeping zones accommodated aseismic slip (Toda, 2008).
The dense aftershock activity thus effectively maps these asperities that received the greatest static stress increase.
When both events are considered together, cumulative Coulomb stress modeling based on GFZ parameters indicates
no significant positive transfer from the Poso to the Tokararu Fault. The absence of a stress bridge suggests that
Poso and Tokararu ruptured largely independently, though both were embedded within the same regional stress
field shaped by far-field convergence (Wu et al., 2016; Liu and Wang, 2014; Ma et al., 2005)..

DInSAR deformation maps provide independent constraints on surface displacements. For the Poso sequence,
apparent pre-seismic deformation between 5-17 July shows uplift (+16 cm) and subsidence (-13 cm). However,
given the short temporal baseline, low to moderate coherence, and the humid tropical environment, this signal is more
likely to reflect a combination of atmospheric artifacts, temporal decorrelation, and phase unwrapping uncertainties,
rather than purely tectonic precursory slip. This asymmetric uplift-subsidence pattern is consistent with the nearly
vertical strike-slip fault geometry, where horizontal east-west motion is partially projected into the ascending LOS
(Qu et al., 2017; Wang and Wright, 2012). Previous studies emphasize that strike-slip ruptures observed in ascending
DInSAR tracks can produce apparent uplift-subsidence signals that primarily reflect horizontal slip projected into
the LOS (Gourmelen et al., 2011; Milliner et al., 2015; He et al., 2020). However, such geometric projection effects
alone do not imply the timing or physical nature of slip, and short-interval pre-seismic interferograms in tropical
environments may additionally be influenced by atmospheric delays and decorrelation effects.”

The spatial distribution of coherence provides key constraints on the reliability of the observed deformation.
In the Poso interferograms, coherent areas with values exceeding 0.6 are primarily located along the fault trace and
the basin floor, coinciding with the deformation fringes observed in the interferograms. In contrast, low-coherence
zones (<0.3) correspond to heavily vegetated slopes and mountainous terrain where temporal decorrelation,
humidity, and atmospheric phase delays can distort phase measurements (Chindo et al., 2023; Mateus et al., 2010).
These environmental conditions are typical for tropical regions and can introduce apparent deformation patterns
unrelated to true ground motion. However, the fact that coherent zones spatially align with the mapped fault trace
suggests that part of the observed pre-seismic signal may reflect genuine ground deformation, possibly related to
localized aseismic slip or stress accumulation processes preceding the rupture (Ogata, 2010; Yukutake et al., 2022;
Cattania and Segall, 2021; Socquet et al., 2017). Therefore, this deformation is interpreted cautiously as a potential
mixture of true deformation and residual atmospheric or processing effects.

The use of Sentinel-1 C-band data, despite the presence of dense tropical vegetation, proved adequate for
identifying the main deformation zones when appropriate coherence filtering was applied. Although L-band systems
such as ALOS-2 offer improved penetration through vegetation, their longer revisit cycles (14 days) limit temporal
resolution and hinder monitoring of rapid deformation transients (Wang et al., 2018; Vajedian et al., 2018). The dense
12-day acquisition interval of Sentinel-1 allowed for the timely detection of both co- and pre-seismic deformation
patterns, providing a more continuous temporal record of fault activity. Furthermore, the single-frame coverage of
both the Poso and Tokararu epicentral regions minimized geometric inconsistencies, a factor particularly important
in rugged topography (He et al., 2020). Consequently, the exclusive use of Sentinel-1 represents a deliberate balance
between temporal resolution, spatial coverage, and coherence reliability in a challenging tropical environment
(Mehrabi et al., 2019; Peters et al., 2024).

For Tokararu, pre-seismic deformation (10-16 August) reached +12 cm uplift and —7.5 cm subsidence, indicating
significant strain accumulation prior to the Mw 6.0 rupture. Co-seismic deformation (16-22 August) shows a similar
but stronger pattern (+11.7 to —14 cm), and cumulative analysis (10-22 August) confirms +13 to —14 cm displacement.
The deformation field is consistent with thrust kinematics, where the hanging wall was uplifted relative to the
footwall, in agreement with aftershock relocation and Coulomb stress modeling. The discrepancy between the
short-interval (16-22 August) and the longer-interval (10-22 August) interferograms may reflect the superposition of
multiple processes. While the short-interval map captures coseismic deformation, the longer interval also incorporates
contributions from pre-seismic strain, coseismic slip, and potentially early post-seismic creep. Similar cumulative
effects have been observed in other fault systems, where viscoelastic rebound and aseismic creep significantly
influenced deformation fields (Hussain et al., 2016; Thomas et al., 2014; Jolivet et al., 2014). Furthermore, atmospheric
artifacts can introduce apparent subsidence signals in longer interferograms, complicating coseismic interpretation
(Bekaert et al., 2016; Ma et al., 2021). Previous studies emphasize that the time span of interferograms strongly affects
deformation detection, with longer spans often blending pre-, co-, and post-seismic processes (de Michele et al., 2011;
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Fattahi and Amelung, 2016). In this context, the enhanced subsidence in the 10-22 August interferogram may not
represent purely tectonic signals but rather a mixture of tectonic and atmospheric contributions.

The geological framework of the Pompangeo Complex provides further context for the contrasting rupture
behaviors of the Poso and Tokararu earthquakes (Fig. 1¢). The Poso Fault cuts through zones of alluvial sediments and
weaker cover sequences, which likely facilitated the broad surface deformation captured by InSAR (£12-16 cm uplift
and subsidence). Such unconsolidated deposits are mechanically weaker and more prone to aseismic creep, consistent
with the observed pre-seismic deformation. In contrast, the Tokararu Fault is rooted in metamorphic basement rocks
dominated by schist and marble, which exhibit higher strength and friction. These lithologies tend to host strong
asperities that localize rupture nucleation and aftershock activity, as reflected in the tight clustering of relocated
aftershocks within positive Coulomb lobes. The mechanical contrast between alluvial and metamorphic domains
thus explains the differential surface expressions and rupture styles: Poso acting as a shear-dominated lateral zone
with low slip rate (~0.1 mm/yr), and Tokararu as a compressional structure with higher slip rate (~2 mm/yr). Such
lithological heterogeneity also governs stress transfer efficiency, where weak sediments may dissipate stress, while
strong metamorphic asperities promote localized failure. These findings highlight that the interaction between
fault mechanics and the geology of the Pompangeo Complex plays a critical role in shaping rupture dynamics and
cascading triggering in Central Sulawesi (Ma et al., 2003; Huang, 2018; Vallage et al., 2016; Hirono et al., 2019;
Weng et al., 2016).

Overall, the integration of relocation, Coulomb stress, and DInSAR results provides a coherent picture of the 2025
earthquake. The Poso earthquake initiated local stress redistribution, while the Tokararu earthquake produced strong
compressional deformation. Although the Coulomb modeling suggests that the two faults were not directly linked
by stress transfer, the InSAR observations, particularly pre-seismic deformation, reveal evidence of aseismic slip
and strain accumulation preceding both mainshocks. Together, these findings highlight the complex interactions
between tectonic loading, local geology, and fault mechanics in Central Sulawesi, underscoring the potential for
moderate earthquakes to redistribute stress across multiple faults and enhance seismic hazard complexity (Segou
and Parsons, 2014; Kilb, 2003; Wulur et al., 2025; Xie et al., 2010).

5. Conclusions

This study shows that the 2025 Poso and Tokararu earthquakes, though distinct in kinematics and slip rates, were
closely tied to the regional tectonic framework of Central Sulawesi. Aftershock relocation confirmed rupture along
the mapped Poso strike-slip and Tokararu thrust faults, while Coulomb stress modeling revealed that aftershocks
were concentrated within positive lobes, validating static stress transfer as the dominant control. However, the stress
transfer models indicate no significant stress bridge between the two events, suggesting that Poso and Tokararu
ruptured largely independently within a shared stress field shaped by far-field plate convergence. DInSAR observations
provide independent constraints on deformation, capturing both co-seismic displacement and significant pre-seismic
signals that point to aseismic slip and progressive strain accumulation. The geological framework of the Pompangeo
Complex, with its juxtaposition of weak alluvium and strong metamorphic rocks, influenced rupture localization,
deformation style, and aftershock clustering. These findings emphasize that moderate inland earthquakes in Sulawesi
can generate complex, multi-fault responses shaped by both mechanical and geological factors. Future research
should incorporate local 3D velocity models to improve relocation, heterogeneous elastic structures in Coulomb
modeling, and complementary descending-track DInSAR to resolve full 3D deformation. Such refinements will
enhance seismic hazard assessment in this tectonically complex region.
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Appendix.

The six SLC data used in this research are:
a) S1C_IW SLC_1SDV_20250705T101747_20250705T101814 003083 006434 0644
b) 1C_IW_SLC_1SDV 20250717T101748 20250717T101815 003258 006947 3FEA
¢) S1C_IW_SLC_ 1SDV _20250729T101749 20250729T101816_003433 006E6E_A52B
d) S1C_IW_SLC_ 1SDV_20250810T101750_20250810T101817_003608_00739C_79CF
e) S1A IW_SLC_1SDV_20250816T101856_20250816T101928 060559 07882A 1002
f) S1C_IW_SLC_1SDV 20250822T101750 20250822T101817_ 003783 0078DD_7F35
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