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Abstract

The Tolo Thrust, located in eastern Indonesia, is a potentially tsunamigenic structure capable 
of generating destructive tsunamis that threaten coastal communities surrounding Tolo Bay. 
This study presents a scenario‑based tsunami hazard assessment using the Cornell Multi‑grid 
Coupled Tsunami Model (COMCOT) to evaluate the effects of earthquake magnitude and rupture 
configuration on tsunami generation and propagation. Sixteen earthquake scenarios were considered, 
including a Mw 8.0 worst‑case scenario and fifteen alternative Mw 7.5‑7.8 scenarios representing 
variations in rupture geometry and slip distribution. The Mw 8.0 scenario produced the largest 
tsunami amplitudes and the broadest distribution of coastal impacts, with maximum wave heights 
reaching 2.76 m at Menui Island, 2.20 m at North Konawe, 2.12 m at Wawonii Island, and 2.05 m 
at Kendari City. Tsunami travel‑time contours calculated at 5‑min propagation period indicate that 
near‑field locations such as Menui and Wawonii Islands may experience tsunami arrival within 
approximately 1‑3 min after earthquake occurrence, whereas more distant coastlines, including 
South Buru and Sula Islands, may receive the first waves after 30‑55 min. Although the Mw 7.5‑7.8 
scenarios generally generated lower tsunami amplitudes, several rupture configurations produced 
localized wave amplification comparable to larger events, highlighting the importance of rupture 
directivity, fault geometry, and regional bathymetry in controlling tsunami hazards. The results 
indicate that tsunami impacts are concentrated along the eastern coast of Southeast Sulawesi and 
around Menui and Wawonii Islands, while the semi‑enclosed geometry of Tolo Bay plays a major 
role in focusing tsunami energy. These findings provide a scientific basis for tsunami early‑warning 
systems, evacuation planning, and coastal risk mitigation strategies for Southeast Sulawesi and 
adjacent island communities.
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1. Introduction

Eastern Indonesia, particularly Sulawesi, is recognized as one of the world’s most geodynamically complex regions 
because multiple major plates and microplates converge, collide, and subduct within a compact space, generating 
rapid deformation, dense seismicity, and structurally diverse fault systems. This complexity is reflected in the strong 
spatial variability of the focal mechanisms and earthquake clustering, indicating active stress partitioning across 
multiple tectonic domains (Cardwell et al., 1980). Consequently, this tectonic setting has created a highly active 
seismic environment capable of generating destructive earthquakes and tsunamis

Historical records show that tsunami‑generating earthquakes have repeatedly occurred along the northern and 
eastern edges of Sulawesi, highlighting the island’s vulnerability to severe ground shaking and tsunami hazards by 
various mechanisms as shown in Fig. 1. Within the Banda Arc convergence environment, deformation in Southeast 
Sulawesi is organized by a tiered structural system involving the Hamilton Fault Zone (HFZ) and Tolo‑Buton Thrust 
System (Cardwell et al., 1980). Geodetic and seismological observations indicate heterogeneous strain accommodation, 
where compressional components are preferentially absorbed by the thrust system, whereas shear‑related deformation 
is distributed more broadly into the surrounding region (Beaudouin et al., 2003; Y. Bock et al., 2003). The Tolo Thrust, 
together with the HFZ, is interpreted as a major structure accommodating and partitioning convergent deformation 
in southeastern Sulawesi (Cardwell et al., 1980; Ilham et al., 2019; Al Rubaiyn et al., 2022).

Figure 1. �Map of destructive earthquakes and earthquake‑generated tsunamis in Sulawesi and adjacent regions during 
the last century. Green circles denote destructive earthquakes that caused significant damage and/or casualties, 
whereas red circles denote earthquakes that generated tsunamis. (sources: BMKG; Soloviev and Go,  1974; 
Soloviev et al., 1992; Wichmann, 1918; Sleberg, 1932; Heck, 1934; Berninghausen, 1969; Priadi, 1993; and USGS).
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Geological and morphostructural evidence identifies the Tolo Thrust as a first‑order tectonic boundary associated 
with the opening of the Banda Basin and deformation transfer across the Banda‑Sulawesi system (Santoso and 
Soehaimi, 2010; Baeda, 2011). Earthquake catalogues reveal persistent seismicity ranging from M3 to M7, while 
spatial variations in b‑values (≈0.355‑1.337) suggest heterogeneous stress accumulation and crustal strength across 
the region (Chasanah et al., 2013; Ilham et al., 2019; Al Rubaiyn et al., 2022).

Because shallow thrust faulting can generate significant vertical seafloor displacement, the Tolo Thrust represents 
a plausible tsunamigenic source. Historical events and numerical studies in eastern Indonesia demonstrate that similar 
thrust systems have produced destructive tsunamis with substantial coastal impacts (Koshimura et al., 2009; Wang 
and Power, 2011; Nguyen et al., 2014). Recent disasters further underline the need for local‑source characterization. 
Historical tsunamis such as the 1852 Banda and 1992 Flores events highlight the persistent regional threat posed 
by tectonically generated tsunamis (Imamura et al., 1995).

Despite advances in tsunami hazard assessment, dedicated evaluations of the Tolo‑HFZ upper‑plate thrust system 
remain limited, particularly regarding rupture segmentation, fault geometry, and tsunami potential (Blaser et al., 2012; 
Risi and Goda, 2016; Widiyantoro et al., 2020). A growing body of work recognizes that these structures can generate 
consequential local tsunamis, particularly when they are close to populated coasts or within morphologically complex 
basins that can amplify wave heights (Felix et al., 2022).

This study evaluates the tsunamigenic potential of the Tolo Thrust through integrated tectonic interpretation 
and scenario‑based tsunami modeling. The resulting seafloor deformation and tsunami propagation are simulated 
using validated numerical models to estimate tsunami wave heights, arrival times, and spatial impact patterns, 
thereby providing a scientific basis for coastal risk reduction.

2. Data and Methodology

2.1 Source Definition

The earthquake source model was constructed using a deterministic scenario‑based approach to represent 
the tsunamigenic potential of the Tolo Thrust. The maximum credible earthquake (worst‑case scenario) was first 
estimated from the total mapped length of the Tolo Thrust obtained from the IndonesiaFaults.geojson dataset, which 
is approximately 176.2 km. Following the empirical magnitude‑rupture length relationship of Thingbaijam et al. (2017),

	 � (1)

where L is the rupture length (km) and M is the moment magnitude, the total fault length corresponds to an earthquake 
magnitude of approximately Mw 8.0. This event was therefore adopted as the upper‑bound deterministic scenario 
representing rupture of the entire modeled Tolo Thrust segment.

To account for smaller but still potentially tsunamigenic earthquakes, Mw 7.5 was selected as the minimum 
scenario because earthquakes of this magnitude are generally capable of producing measurable seafloor deformation 
and tsunami generation along active offshore thrust faults. Two intermediate scenarios, Mw 7.6 and Mw 7.8, were 
additionally introduced to represent progressive increases in rupture size between the minimum and maximum events. 
The rupture lengths for these three scenarios were calculated using the inverse form of the Thingbaijam et al. (2017) 
scaling relationship, resulting in rupture lengths of 82.7 km, 94.1 km, and 124.8 km for Mw 7.5, Mw 7.6, and Mw 7.8, 
respectively. For these partial‑rupture scenarios, the rupture width was assumed to follow a constant aspect ratio 
of (W = L/2) (Nakata et al., 2019), yielding widths of 40.8 km, 47.0 km, and 62.4 km, respectively.

For the worst‑case scenario with a magnitude of Mw 8.0, the corresponding fault width is calculated to be 
70.99 km. A constant dip angle of 25° is adopted for all scenarios, while the downward reach of the fault is limited to 
a maximum depth of 30 km. The three‑dimensional visualization of this depth and dip has been shown in Fig. 2B.

The average coseismic slip for each earthquake scenario was subsequently estimated from the seismic moment 
relationship,

	 � (2)
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where D is the average slip, A is the rupture area, μ is the shear modulus assumed to be 3 × 1010 Pa, and M0 is the 
seismic moment derived from the moment magnitude relation of Hanks and Kanamori (1979).

	 � (3)

The resulting average slips are 3.0 m, 2.4 m, 2.1 m, and 2.0 m for the Mw 8.0, Mw 7.8, Mw 7.6, and Mw 7.5 scenarios, 
respectively.

In total, sixteen deterministic earthquake source scenarios were constructed, comprising one worst‑case rupture 
of the entire Tolo Thrust segment and fifteen partial‑rupture scenarios with varying rupture dimensions and source 
locations. Although a spatially uniform slip distribution was assumed for each earthquake scenario, the rupture 
geometry was represented using a finite‑fault approach to accommodate the arcuate geometry of the Tolo Thrust. 
The fault plane was discretized into multiple rectangular patches following the mapped fault trace, and the calculated 

Figure 2. �(A) A tectonic framework map of the study area showing the position of the Tolo Thrust and the active fault 
network in Eastern Indonesia. Tiered grid configuration for tsunami simulation. Red rectangles represent 
the coarsest domain  (Domain 1), yellow rectangles represent the more localized areas (Domain 2, Table 2). 
(B) Three‑dimensional visualization of the Tolo Fault geometry adopted for the coseismic deformation model. The 
fault surface was constructed by projecting the mapped surface fault trace downward toward the southwest with a 
constant dip angle of 25° to a maximum depth of 30 km. The black polyline indicates the surface expression of the 
fault, whereas the semi‑transparent red plane represents the modeled rupture surface. The red grid corresponds 
to the computational mesh used to define the fault geometry in the tsunami source model. The surrounding 
topography is displayed to illustrate the spatial relationship between the fault plane and the study area.
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average slip was uniformly assigned to all activated patches within each scenario. For the Mw 7.5, Mw 7.6, and Mw 7.8 
cases, alternative rupture scenarios were generated by systematically shifting the activated patch group along the 
strike direction of the fault while maintaining identical rupture dimensions, average slip, and seismic moment. 
This strategy enables evaluation of the influence of rupture location on tsunami generation and coastal wave 
characteristics while preserving physically consistent earthquake source parameters. The complete source parameters 
for all scenarios are summarized in Table 1, and representative finite‑fault rupture models are presented in Fig. 2A.

Table 1. Estimated fault geometry derived from empirical scaling relationship by Thingbaijam et al. (2017).

Scenario Mw Length (L) km Width (W) km Slip (m)

Scenario A 8.0 176.2 70.9 3.0

Scenario B‑D 7.8 124.8 62.4 2.4

Scenario E‑I 7.6 94.1 47.0 2.1

Scenario J‑P 7.5 81.7 40.8 2.0

2.2 Tsunami Modeling

Tsunami propagation was simulated using the Cornell Multi‑grid Coupled Tsunami Model (COMCOT), a widely 
used numerical model for tsunami generation and propagation based on the nonlinear shallow‑water equations 
(Liu et al., 1994; Wang and Power, 2011). The initial sea‑surface deformation generated from the earthquake source 
model was directly imposed as the initial condition for each simulation.

Bathymetric data were obtained from the Indonesian National Bathymetry Dataset (BATNAS) provided by the 
Geospatial Information Agency of Indonesia (BIG), with a maximum spatial resolution of 6 arc‑sec (Ina-Geoportal). 
A nested‑grid configuration was employed to efficiently simulate tsunami propagation from the regional scale to 
the coastal areas while preserving computational efficiency. The outer computational domain covers the region 
between  1°S‑6°S and  121°E‑128°E using an 18 arc‑sec grid resolution, whereas five nested inner grids were 
generated with a spatial resolution of 6 arc‑sec, corresponding to the highest resolution available from the BATNAS 
dataset (Table 2 and Fig. 2A).

Table 2. The domains utilized in the nested grid configuration of this study.

Domain xmin xmax ymin ymax
Grid size

Degree Arc‑sec Meter

1 121.00 127.30 –6.00 –1.00 0.005 18 555.7

2A 122.93 123.50 –5.09 –3.29 0.00167 6 185.2

2B 121.68 122.93 –4.54 –2.42 0.00167 6 185.2

2C 121.40 122.56 –2.42 –1.19 0.00167 6 185.2

2D 123.19 126.20 –2.60 –1.62 0.00167 6 185.2

2E 125.81 127.30 –4.22 –1.87 0.00167 6 185.2

https://tanahair.indonesia.go.id/portal-web/unduh/batnas
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Each tsunami scenario was simulated for a duration of 1 hour, which is sufficient to capture tsunami generation, 
basin‑wide propagation, and the first arrivals along the surrounding coastlines of the Banda Sea and eastern Sulawesi. 
Tsunami wave characteristics were evaluated using a network of eleven virtual gauge stations located along the 20 m 
isobath. The stations were distributed around the Banda Sea, including Buru Island, the Sula Islands, Taliabu Island, 
Menui Island, Wawonii Island, and the eastern coast of Sulawesi (Fig. 3, Table 3). Stations along the eastern Sulawesi 

Figure 3. �Spatial distribution of sixteen earthquake source scenarios along the Tolo Thrust used for tsunami modeling. 
Scenario A represents a Mw 8.0 earthquake, scenarios B‑D represent Mw 7.8 earthquakes, scenarios E‑I represent 
Mw 7.6 earthquakes, and scenarios J‑P represent Mw 7.5 earthquakes. The red line denotes the mapped trace 
of the Tolo Thrust, while the colored rectangular patches indicate the rupture areas discretized into sub‑faults. 
Variations in rupture location and dimension were implemented to evaluate the sensitivity of tsunami generation 
and propagation to different earthquake source configurations along the fault system.
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coastline were designed to capture spatial variations in tsunami characteristics near the source region, whereas 
stations surrounding the adjacent islands were intended to evaluate tsunami propagation and transformation across 
the island chain and the semi‑enclosed basin. This observation network provides a consistent basis for comparing 
tsunami arrival times and maximum wave heights among all earthquake scenarios.

Table 3. location and depth Tide‑gauge Stations.

Name
Location

Lat Long Depth (m)

TS_Buru Selatan 126.27 –3.69 20

TS_Sula 125.91 –1.97 20

TS_Taliabu Selatan 124.81 –1.91 20

TS_North Morowali 121.80 –1.79 20

TS_Morowali 121.83 –2.28 20

TS_Morowali Power Plant 122.31 –2.96 20

TS_North Konawe 122.35 –3.73 20

TS_Kendari City 122.62 –3.97 20

TS_North Buton 123.15 –4.51 20

TS_Menui Island 123.18 –3.61 20

TS_Wawonii Island 123.22 –4.02 20

3. Results

3.1 Crustal Deformation

Static crustal deformation calculated using the Okada elastic dislocation model reveals a consistent dipolar 
uplift‑subsidence pattern, characteristic of thrust‑fault earthquakes (Okada, 1985). All faulting scenarios produce 
an elongated zone of uplift offshore along the eastern edge of Southeast Sulawesi, accompanied by a broader area of ​​
subsidence extending southwestward into the Tolo Basin, as shown in Fig. 4. This deformation pattern reflects the 
typical elastic response of a compressional tectonic setting and indicates effective vertical displacement of the seafloor.

The Mw 8.0 scenario produces the largest deformation signature, with maximum uplift exceeding 1 m and covering 
the largest offshore area. As the earthquake magnitude decreases from Mw 7.8 to Mw 7.5, both the amplitude and 
spatial extent of deformation progressively decrease, although the overall geometry of the uplift‑subsidence remains 
similar. Even in the Mw 7.5 scenario, an uplift lobe remains clearly developed offshore Southeast Sulawesi, indicating 
that all modeled events can produce substantial disturbances in the overlying water column.

Variations in fault location result in a significant shift in the position of the uplift lobe. The northern fault 
scenario concentrates uplift toward the Morowali‑North Konawe sector, while the southward‑shifting fault shifts 
the center of deformation closer to Wawonii Island and the Kendari region. These differences along the fault line 
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alter the orientation of the deformation gradient and indicate a corresponding change in the preferred direction 
of tsunami energy propagation.

Following the general assumption that initial sea‑level displacement replicates vertical coseismic seafloor 
deformation (Satake, 2002; Wang and Power, 2011), the modeled deformation fields demonstrate efficient tsunami 
generation in all scenarios. The steep gradient between uplift and subsidence indicates a strong tsunami potential 
near the earthquake site, while the location of maximum uplift indicates that the tsunami impact will primarily affect 

Figure 4. �Spatial distribution of coseismic crustal deformation associated with sixteen hypothetical earthquake scenarios 
along the Tolo Thrust. Scenario A corresponds to Mw 8.0, scenarios B‑D to Mw 7.8, scenarios E‑I to Mw 7.6, 
and scenarios J‑P to Mw 7.5. Red and blue colors denote positive  (uplift) and negative  (subsidence) vertical 
crustal displacements, respectively. The deformation fields were calculated from the fault rupture models and 
subsequently used as initial conditions for tsunami generation simulations. The Mw 8.0 scenario produces the 
largest deformation extent and amplitude, while lower‑magnitude scenarios generate more localized crustal 
deformation patterns.
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the east coast of Southeast Sulawesi. Larger magnitude earthquakes, particularly the Mw 8.0 and Mw 7.8 scenarios, 
produce broader deformation footprints and therefore represent the highest tsunami hazard, while the Mw 7.5 and 
Mw 7.6 scenarios produce more localized but still potentially damaging impacts.

Overall, the results indicate that relatively small changes in fault position along the Tolo Thrust can modify the 
spatial distribution of earthquake‑induced uplift and, consequently, influence tsunami direction and coastal hazard 
patterns. Nevertheless, the persistence of dipolar deformation structures across all scenarios highlights the strong 
tsunami‑generating capacity of the Tolo Thrust system.

3.2 Tsunami Propagation and Maximum Wave Amplitudes

The multi‑scenario tsunami modelling results reveal pronounced spatial variability in the distribution of 
maximum tsunami wave heights among the sixteen rupture scenarios considered in this study (Fig. 5). The Mw 8.0 
Scenario_A produces the most extensive area of elevated tsunami amplitudes, with significant wave amplification 
concentrated along the eastern coast of Southeast Sulawesi, particularly from North Konawe to Kendari, as well as 
around Menui and Wawonii Islands. This pattern reflects the orientation of coseismic uplift and the preferential 
westward radiation of tsunami energy into the semi‑enclosed Tolo Bay basin.

In comparison, the Mw 7.8 scenarios (B‑D) exhibit a similar spatial distribution of tsunami energy but with reduced 
amplitudes and a smaller extent of coastal amplification. At the locations where comparable maximum amplitudes 
were identified, the maximum wave heights decreased by approximately 0.62‑0.70 m (25‑31%) relative to the Mw 8.0 
Scenario_A. The Mw 7.6 scenarios (E‑I) further confined the high‑amplitude wave field to areas adjacent to the 
source region, with maximum amplitudes at the comparable sites reduced by approximately 1.12‑1.19 m (41‑58%) 
relative to Mw 8.0. The Mw 7.5 scenarios (J‑P) generated the most localized tsunami response, with reductions of 
approximately 0.50‑1.34 m (24‑65%) at the comparable sites. Nevertheless, several Mw 7.5‑7.8 rupture configurations 
produce localized wave amplifications comparable to those obtained for larger‑magnitude events, particularly along 
the southeastern Sulawesi coastline and around Menui Island. Such behavior suggests that tsunami generation 
efficiency is not solely controlled by earthquake magnitude, but is also highly sensitive to rupture position, fault 
geometry, and the directionality of tsunami energy radiation.

Despite these differences in maximum wave heights, the overall tsunami propagation path remained remarkably 
consistent across all scenarios. Tsunami travel‑time contours, representing the arrival time of the first tsunami 
wave, defined here as the time when the simulated surface‑water elevation first reaches or exceeds a threshold 
of 0.1 m, were plotted at 5‑minute intervals. Rather than radiating uniformly from the source region, tsunami 
energy tended to travel west and northwest toward the east coast of Southeast Sulawesi, particularly North Konawe, 
South Konawe, and Kendari, while a secondary energy path extended southwest toward Wawonii and Menui Islands. 
In contrast, wave propagation toward Sula, South Taliabu, Morowali, and North Morowali was relatively weaker and 
characterized by lower coastal amplification. The similarity in travel‑time contour geometry across all scenarios 
suggests that regional bathymetry and basin morphology exerted dominant influences on tsunami propagation, 
while variations in fault magnitude and source configuration primarily influenced tsunami amplitude and the extent 
of coastal amplification. Consequently, although earthquake magnitude influences the severity and spatial extent 
of tsunami impacts, source direction and local coastal configuration play an equally important role in determining 
tsunami hazard across the Tolo Bay region.

3.3 Coastal Tsunami Wave Heights and Arrival Times

3.3.1 Worst‑case scenario

The Mw 8.0 Scenario A rupture generated a tsunami that propagated throughout Tolo Bay and the surrounding seas, 
with wave heights strongly influenced by rupture directivity, basin morphology, and coastal configuration (Fig. 5A). 
The highest offshore amplitudes were concentrated along the eastern coast of Southeast Sulawesi, particularly 
from North Konawe to Kendari and Morowali, reflecting the orientation of coseismic uplift and the focusing effect 
of the semi‑enclosed Tolo Bay geometry (Tomita et al., 2007; Dutykh et al., 2011). These propagation patterns are 
consistent with the simulated waveforms at eleven observation sites, which exhibit considerable variability in arrival 
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times and maximum amplitudes (Fig. 6). The earliest arrivals occurred at Menui Island and Wawonii Island within 
approximately 1‑2 min after the earthquake, where the largest positive wave heights of 2.76 m and 2.12 m were also 
recorded, indicating their proximity to the tsunami source region.

Intermediate arrival times were observed at Morowali Power Plant, North Buton, Kendari City, and Morowali, 
where tsunami waves arrived within approximately 10‑21 min. At Kendari City, the tsunami reached a maximum 
amplitude of 2.05 m at approximately  33‑34 min, whereas Morowali Power Plant and Morowali experienced 
considerably smaller peak elevations of 0.86 m and 0.66 m, respectively. The relatively reduced amplitudes at these 
locations suggest partial shielding effects associated with local coastal geometry and bathymetric irregularities.

Along the eastern coast of Southeast Sulawesi, North Konawe exhibited one of the most severe tsunami responses. 
Although the initial arrival occurred at approximately 27‑28 min, the maximum elevation of 2.20 m was reached 
considerably later, at about 46‑47 min, indicating progressive amplification due to wave reflection, shoaling, and 
possible resonance within embayed coastal environments. A similar delayed amplification pattern was observed in 
South Taliabu, where the first arrival occurred after about 28‑29 min, while the maximum crest of 1.49 m developed 
near 35 min.

The latest tsunami arrivals were identified at North Morowali, Sula, and South Buru, with first arrivals occurring 
after approximately 32‑50 min. Sula experienced a maximum wave height of 1.64 m at around 53 min, whereas 
North Morowali and South Buru recorded peak elevations of 1.11 m and 1.39 m, respectively. The delayed arrivals 
at these sites reflect the longer propagation paths and the influence of regional bathymetry on tsunami travel times.

Figure 5. �Spatial distribution of maximum tsunami wave heights generated by sixteen earthquake scenarios along the 
Tolo Thrust. Panel A represents the Mw 8.0 worst‑case scenario, panels B‑D correspond to Mw 7.8 scenarios, 
panels E‑I to Mw 7.6 scenarios, and panels J‑P to Mw 7.5 scenarios. The results demonstrate substantial variations 
in tsunami energy distribution associated with differences in rupture magnitude, location, and geometry. In all 
scenarios, enhanced tsunami amplitudes are concentrated along the eastern coast of Southeast Sulawesi and 
around Menui and Wawonii Islands, although the extent and intensity of amplification vary among rupture 
configurations.
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Overall, the Mw 8.0 Case A scenario indicates that tsunami hazards are concentrated around Menui and 
Wawonii Islands and along the eastern coast of Southeast Sulawesi, where wave heights exceed 2.5 m and arrival 
times are less than 15 min. In contrast, more distant coastlines such as Sula and South Buru experience longer 
warning times and generally lower wave heights. Nevertheless, the results show that damaging tsunami impacts 
may still occur throughout the wider Tolo Bay region, highlighting the need for effective evacuation planning and 
site‑specific tsunami early‑warning strategies. The first arriving wave was not always the largest; at North Buton, 
for example, the maximum wave amplitude was associated with a subsequent wave rather than the initial arrival 
in both the Mw 8.0 and Mw 7.5 scenarios. This behavior emphasizes the importance of maintaining evacuation 
measures until official clearance is issued.

3.3.2 Multi scenario Assessment

The tsunami modelling results for the Mw 7.5, Mw 7.6, and Mw 7.8 earthquake scenarios reveal considerable spatial 
variability in wave amplitudes and waveform characteristics among the eleven observation sites (Figs. 7‑9). Although 
tsunami arrival times remain generally similar among scenarios, indicating that wave travel times are primarily 

Figure 6. �Three‑dimensional visualization of the maximum tsunami wave heights generated by the Mw 8.0 Scenario_A 
rupture along the Tolo Thrust, superimposed on regional bathymetry. Insets show modeled tsunami waveforms 
at eleven observation sites surrounding Tolo Bay and adjacent regions. Vertical bars represent the maximum 
positive tsunami amplitudes, while arrows and annotations indicate the peak wave height recorded at each site. 
The results highlight significant spatial variability in tsunami amplification, with the largest waves occurring 
at Menui Island (2.76 m), North Konawe (2.20 m), Wawonii Island (2.12 m), and Kendari City (2.05 m).
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controlled by source‑to‑site distance and regional bathymetry, wave amplitudes exhibit a strong dependence on 
earthquake magnitude and rupture geometry.

The Mw 7.5 scenarios  (Scenario_J‑P) produced the greatest variability in tsunami waveforms and generated 
the highest amplitudes at several locations. Maximum tsunami heights reached 1.64 m at Menui Island, 1.62 m 
at Wawonii Island, 0.86 m at North Konawe, and 0.72 m at Kendari City. The oscillatory nature of the waveforms 
became more pronounced at Menui Island, Wawonii Island, and Morowali Power Plant, suggesting the influence of 
local bathymetric resonance and wave reflection processes. Conversely, Sula, South Taliabu, and North Morowali 
consistently exhibited delayed arrivals and relatively small amplitudes, generally remaining below 1 m even in the 
largest‑magnitude scenarios.

For the Mw 7.6 scenarios (Scenario_E‑I), tsunami heights generally increased, although Menui Island remained the 
most affected location with a maximum amplitude of 1.64 m, while North Konawe and Kendari City recorded 
peak elevations of 1.06 m and 0.86 m, respectively. Tsunami impacts at Morowali and Morowali Power Plant 
remained relatively limited, with maximum amplitudes generally not exceeding 0.55 m. Under the Mw 7.8 

Figure 7. �Modeled tsunami waveforms at eleven observation sites generated by the Mw 7.5 earthquake scenarios (Scenarios B‑D) 
along the Tolo Thrust. The comparison illustrates the influence of alternative rupture configurations on tsunami 
propagation and coastal wave amplification. Arrows and annotations indicate the maximum positive wave height 
and the corresponding scenario producing the largest amplitude at each location.
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scenarios (Scenario_B‑D), the numerical modelling predicts the largest tsunami amplitudes at Menui Island, reaching 
2.06 m in Scenario_D, followed by North Konawe (1.52 m) and Kendari City (1.43 m). Wawonii Island and North Buton 
experienced comparatively smaller amplitudes, with maximum wave heights below 0.75 m and 0.40 m, respectively

Overall, the multi‑scenario tsunami modelling approach indicates that Menui Island is the most vulnerable site 
within the study area, followed by North Konawe, Kendari City, and Wawonii Island. Interestingly, the highest tsunami 
amplitude at Menui Island was produced by the Mw 7.8 Scenario_D (2.06 m), exceeding those generated by several 
Mw 7.6 and Mw 7.5 scenarios. This finding suggests that tsunami generation efficiency is not solely controlled by 
earthquake magnitude but is also highly sensitive to rupture location, slip distribution, and the directionality of 
tsunami energy radiation. These results highlight the importance of incorporating multiple source configurations 
in tsunami hazard modelling to better characterize uncertainties associated with future earthquakes along the 
Tolo Thrust. Similar tsunami propagation and coastal response have also been investigated in other semi‑enclosed 
coastal environments, including Manila Bay, where bathymetric conditions and coastal geometry influence tsunami 
propagation and wave response (Tomita et al., 2007; Dutykh et al., 2011; Felix et al., 2025).

Figure 8. �Modeled tsunami waveforms at eleven observation sites generated by the Mw 7.6 earthquake scenarios (Scenarios E‑I) 
along the Tolo Thrust. Variations in waveform shape and amplitude among the scenarios demonstrate the sensitivity 
of tsunami generation to differences in rupture geometry and slip distribution. Arrows and labels denote the 
maximum positive wave height and the scenario responsible for the highest tsunami amplitude at each site.
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4. Discussion

4.1 Tsunami hazard implications

The Mw 8.0 scenario produced the largest deformation footprint  (Fig. 6), with peak uplift exceeding 
approximately 1 m and rupture dimensions consistent with empirical scaling relationships for large thrust earthquakes 
(Thingbaijam et al., 2017). The resulting uplift‑subsidence gradient generated an asymmetric initial water surface that 
preferentially radiated tsunami energy toward the eastern coast of Southeast Sulawesi, particularly North Konawe, 
Kendari, Wawonii Island, and Menui Island. Maximum modeled tsunami amplitudes reached 2.76 m at Menui Island, 
2.20 m at North Konawe, 2.12 m at Wawonii Island, and 2.05 m at Kendari City, indicating significant coastal 
amplification associated with steep nearshore bathymetry and the semi‑enclosed morphology of Tolo Bay.

Travel‑time contours computed at 5‑min reveal rapid tsunami propagation toward nearby coastlines. The first 
tsunami arrivals occurred within approximately 1‑3 min at Menui and Wawonii Islands, 5‑7 min at North Buton, and 
12‑15 min at Morowali Power Plant. More distant coastlines, including Kendari City and North Konawe, experienced 
tsunami arrivals after approximately 20‑30 min, whereas South Buru and Sula Islands received the first waves after 
30‑55 min. The modeled waveforms indicate that several locations experienced prolonged oscillations and secondary 
peaks comparable to or exceeding the first arriving wave, suggesting resonance effects and wave trapping within 
the semi‑enclosed basin.

Figure 9. �Modeled tsunami waveforms at eleven observation sites resulting from the Mw 7.8 earthquake scenarios (Scenarios J‑P) 
on the Tolo Thrust. The modeled waveforms exhibit increased variability and larger amplitudes compared with 
the lower‑magnitude scenarios, particularly at Menui Island, Wawonii Island, and North Konawe. Arrows and 
annotations identify the maximum positive wave height and the corresponding scenario producing the peak 
tsunami amplitude at each observation site.
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Multi‑scenario modelling demonstrates that variations in rupture position exert a substantial influence on tsunami 
amplification patterns, even for earthquakes of similar magnitude. Northern‑biased ruptures preferentially directed 
tsunami energy toward Morowali and the northern sector of Tolo Bay, whereas southern‑biased ruptures enhanced 
wave amplitudes around Wawonii Island, South Konawe, and Kendari. Although the Mw 7.5‑7.8 scenarios generally 
produced lower tsunami amplitudes than the Mw 8.0 case, several scenarios generated localized amplifications 
approaching those associated with larger events, highlighting the importance of rupture directivity, fault segmentation, 
and coastal geometry in controlling tsunami hazards.

Overall, the results consistently identify the eastern coast of Southeast Sulawesi, together with Menui and 
Wawonii Islands, as areas of persistently elevated tsunami hazard across the considered rupture scenarios. 
This interpretation is primarily based on the recurrence of relatively high maximum tsunami amplitudes and the 
preferential propagation of tsunami energy toward these areas, rather than on the combination of maximum wave 
height and earliest arrival time alone. The relatively short arrival times at Menui and Wawonii Islands, where the first 
waves arrived within approximately 1‑3 min, provide an additional indication of high response urgency. In contrast, 
the eastern coast of Southeast Sulawesi generally experienced later arrivals but still exhibited relatively high maximum 
wave amplitudes. Thus, maximum wave amplitude and tsunami arrival time represent complementary aspects of 
tsunami hazard, reflecting potential wave impact and available response time, respectively. The combined effects of 
rupture geometry, island shielding, and bathymetric focusing strongly influence the spatial distribution of tsunami 
amplitudes, emphasizing the importance of high‑resolution numerical modelling for tsunami hazard assessment 
(Satake, 2002; Synolakis et al., 2007). The present findings provide important input for regional disaster risk reduction 
efforts, including the preparation of tsunami hazard maps, evacuation route optimization, vertical evacuation 
planning, and the establishment of community‑based tsunami preparedness programs (González et  al.,  2005; 
Borrero et al., 2015). The modeled arrival times, which are less than 15 min in several near‑field areas, highlight the 
necessity of rapid self‑evacuation procedures and locally based warning systems (Synolakis et al., 2007; Wang and 
Power, 2011). In addition, these results can support coastal zoning regulations, infrastructure resilience assessments, 
and the protection of strategic assets such as fisheries facilities, harbors, industrial estates, and power generation 
facilities within and around Tolo Bay (Grezio  et  al.,  2017; Salmanidou  et  al.,  2020). Future studies integrating 
inundation modelling, probabilistic scenario ensembles, and socioeconomic exposure data would further enhance 
tsunami risk management strategies in eastern Indonesia (Grezio et al., 2017; Salmanidoug et al., 2020).

4.2 Limitations of the present study

Several limitations should be acknowledged in this study. First, a uniform‑slip rupture model was adopted, 
whereby all activated fault patches were assigned the same average slip value, whereas real earthquakes commonly 
exhibit heterogeneous slip distributions that may significantly modify seafloor deformation and tsunami generation 
efficiency. Second, coseismic deformation was assumed to occur instantaneously, neglecting rupture propagation 
and rise‑time effects that may influence tsunami directivity. Third, tsunami simulations were performed under 
mean sea‑level conditions without considering tidal‑stage variations. Fourth, the present analysis focused on 
tsunami propagation and offshore wave characteristics and did not include high‑resolution inundation modelling; 
therefore, coastal flooding extent, run‑up heights, and inland penetration distances were not evaluated. Finally, 
source parameters such as focal depth (30 km), dip angle (25°), rake angle (90°), and shear modulus were treated 
as fixed values, and uncertainties associated with these parameters were not investigated. Future studies should 
incorporate heterogeneous slip models, dynamic rupture processes, tidal conditions, and inundation simulations 
to further improve tsunami hazard assessments for the Tolo Thrust.

Despite the improved representation of coastal bathymetry provided by BATNAS, the present model does not 
incorporate site‑specific hydrographic surveys, harbor‑scale bathymetry, or high‑resolution topographic datasets 
required for inundation modeling. Therefore, the simulated tsunami heights represent offshore wave amplitudes 
at the computational grid scale and should not be interpreted as inundation depths or run‑up heights at individual 
coastal locations.
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5. Conclusion

This study presents a scenario‑based deterministic tsunami hazard assessment for the Tolo Thrust using COMCOT 
numerical modelling, considering sixteen rupture scenarios ranging from Mw 7.5 to Mw 8.0. The results indicate 
that tsunami generation and propagation within Tolo Bay are strongly influenced by earthquake magnitude, rupture 
geometry, coastal configuration, and regional bathymetry.

The Mw 8.0 worst‑case scenario produces the largest tsunami amplitudes and the widest distribution of 
coastal impacts, with maximum wave heights reaching 2.76 m at Menui Island, 2.20 m at North Konawe, 2.12 m 
at Wawonii Island, and 2.05 m at Kendari City. Tsunami travel‑time contours, computed at 5‑min intervals over 
a 60‑min propagation period, suggest arrival times of approximately 1‑3 min at Menui and Wawonii Islands and 
up  to  30‑55 min at South Buru and Sula Islands. Although the Mw 7.5‑7.8 scenarios generally produce lower 
amplitudes, several scenarios generate localized tsunami amplification comparable to larger events, highlighting 
the significant influence of rupture directivity and slip distribution.

Overall, the results demonstrate that tsunami hazards are concentrated along the eastern coast of Southeast 
Sulawesi and around Menui and Wawonii Islands. These findings provide valuable information for tsunami 
early‑warning systems, evacuation planning, and coastal risk mitigation in Southeast Sulawesi and adjacent island 
communities. Future studies should incorporate heterogeneous slip models, tidal variations, and high‑resolution 
inundation modelling to further refine tsunami hazard assessments.
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