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Abstract. The North Sulawesi Subduction Zone is one of the
youngest active subduction systems in the western Pacific. In
western Sulawesi, the Palu—Koro strike—slip fault connects
with the westward-extending North Sulawesi Trench, form-
ing a distinctive subduction—transform fault system. Under-
standing the crustal structure beneath the Celebes Sea and
the geometry of the Palu—Koro fault is crucial for assess-
ing regional deformation, rupture dynamics, and seismic haz-
ards. In this study, we analyse data from nine ocean bottom
seismometers (OBSs) deployed across the Palu—Koro fault
using the receiver function H—« stacking method to esti-
mate crustal thickness. Our results reveal a shallow Moho
(~ 8km depth) beneath the Celebes Sea, in contrast to sig-
nificantly greater depths (~ 25 km) beneath eastern Kaliman-
tan and northern Sulawesi. Sharp variations in Moho depth
near the Palu—Koro fault suggest the juxtaposition of two
distinct crustal blocks. Combining S-wave velocity struc-
tures and local seismicity catalogue, we infer that the Palu—
Koro fault is a left-lateral, through-going strike—slip fault ex-
tending into the Celebes Sea. These findings provide new
geophysical constraints on the interplay between strike—slip
faulting and subduction retreat, with implications for the gen-

eration of tsunamis by submarine earthquakes in this tecton-
ically complex region.

1 Introduction

The Celebes Sea region lies at the convergence of three ma-
jor tectonic plates: the Indo-Australian, Pacific, and Eurasian
plates (Hamilton, 1979) (Fig. 1). This tectonic setting has
produced a highly complex lithospheric structure, with the
Palu—Koro fault acting as a key boundary controlling re-
gional deformation. As a major left-lateral strike—slip fault,
the Palu—Koro fault accommodates the differential motion
between the Makassar Block to the west and the North Sula
Block to the east. These blocks exhibit opposing rotational
patterns with respect to the Sunda Plate: the Makassar Block
rotates counter-clockwise at ~ 1°Ma~!, while the North
Sula Block rotates clockwise at a faster rate of ~4°Ma™!
(Vigny et al., 2002). This rotational divergence produces a
strong sinistral shear zone along the Palu—Koro fault. Over
the past ~ 30 million years, the Palu—Koro fault has played
a central role in crustal segmentation and block interactions
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in Sulawesi (Socquet et al., 2006; Spakman and Hall, 2010).
It also forms a kinematic link between continental deforma-
tion in western Sulawesi and subduction at the North Su-
lawesi Trench. GPS observations show high present-day slip
rates along the fault (30-46 mm yr~!), confirming its signifi-
cance in the regional strain budget (Walpersdorf et al., 1998;
Stevens et al., 1999). However, the offshore structure and ge-
ometry of the Palu—Koro fault — particularly in the Celebes
Sea — remain poorly defined due to limited geophysical con-
straints.

Geodetic data, offset geomorphological features, and hy-
drothermal activity collectively demonstrate that the Palu—
Koro fault is an actively deforming left-lateral strike—slip
system (Hamilton, 1979; Walpersdorf et al., 1998; Cipta et
al., 2021). On 28 September 2018, a M, 7.5 earthquake nu-
cleated along this fault and generated a tsunami that severely
impacted western Sulawesi (Fox et al., 2021). Focal mech-
anism solutions indicate NNW-trending left lateral strike—
slip events with a normal faulting component (Wang et al.,
2019, Greenfield et al., 2021). Supershear rupture propaga-
tion was confirmed by both teleseismic waveform inversion
and geodetic modelling, suggesting predominantly horizon-
tal displacement (Bao et al., 2019; Song et al., 2019; Wu et
al., 2021). Subsequent studies have refined the structural in-
terpretation of the fault system. Song et al. (2019) identified
rupture segmentation, with an onshore left-lateral segment
and an offshore NW-SE-striking fault exhibiting oblique-
slip characteristics. Coulomb stress modelling by Liu and
Shi (2021) indicated enhanced static stress along adjacent
fault segments, potentially contributing to aftershock activ-
ity and tsunami generation. Cui et al. (2021) interpreted the
fault as occupying a regional strike—slip stress regime with a
subordinate extensional component, favouring a supershear
rupture initiation. The offshore continuity of the fault and
its structural linkage to the North Sulawesi subduction zone
remain critical for understanding rupture dynamics and asso-
ciated tsunami hazards. The extension of the Palu—Koro fault
offshore is likely to be one of the main causes of the tsunami
produced by this earthquake. Therefore, it is vital for the sci-
ence community to locate the extension of the Palu—Koro
fault in the Celebes Sea and understand its characteristics to
better assess the geohazard it poses to the region.

Given its tectonic importance and potential seismic haz-
ard, characterising the offshore extent of the Palu—Koro fault
and the crustal structure is essential. To address these, we
utilise ocean-bottom seismometers (OBS) to record earth-
quakes offshore in the southern Celebes Sea and Makassar
Strait to investigate the crustal structure, then use the re-
ceiver function method to estimate crustal thickness and the
Vp/ Vs ratios beneath nine OBS stations crossing the Palu—
Koro fault. Additionally, we integrate local seismicity to de-
lineate fault geometry and assess its role in upper crustal
deformation in the Celebes Sea region, thus we aim to pro-
vide new geophysical insights into the active tectonics of the
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Northwest Sulawesi region and the nature of fault—trench in-
teraction at a complex plate boundary.

2 Data and method
2.1 Earthquake data

A total of 27 OBSs, design by the Institute of Geology
and Geophysics, Chinese Academy of Sciences (IGGCAS),
were deployed across the study area from August 2019 to
August 2020 as part of the collaboration project “The Su-
lawesi and the Celebes Sea Ocean-bottom Seismic Network
(SCONE)” between the University of Cambridge, the Institut
Teknologi Bandung and the Chinese Academy of Sciences.
The instruments were spaced approximately 50-70 km apart.
However, due to the premature ageing of the rubber valve
on the pressurised glass cabin — attributed to changes in the
supply chain — many OBS units experienced slow leakage.
Compounded by delays in the recovery voyage caused by
COVID-19 restrictions, only 12 OBSs were successfully re-
covered (Rawlinson et al., 2020). Of these, three OBSs have
disk formatting issues affecting one of the three components,
leaving only nine stations suitable for receiver function anal-
ysis (Fig. 1).

All nine OBSs’ site response has been evaluated using
ambient seismic noise (Natafrisca et al., 2023). Unsurpris-
ingly, the signal-to-noise ratio (SNR) of the OBS data is
much lower than that of land stations, particularly in the
low-frequency range. This SNR degradation is primarily
attributed to poor coupling between the sensors and the
seafloor, as well as elevated ambient noise levels in the ma-
rine environment (Collins et al., 2001). Due to seasonal varia-
tions in temperature and pressure, the OBS units are affected
by two key issues: nonlinear internal clock drift and uncer-
tainty of the instrument orientation.

The clock drift refers to the small but cumulative error in
timekeeping caused by imperfections in a quartz crystal os-
cillator. In the case of OBS, our clock module’s quartz os-
cillators vibrate at a specific nominal frequency (32768 Hz),
but the actual frequency of the specific device in the OBS is
almost never exactly that value. Therefore, we first calculate
the deviation of the quartz oscillator’s nominal frequency to
compensation the difference of oscillation. The second part
of drift is due to the quartz aging which is non-linear and can
be affected by many factors (temperature and pressure). In
order to correct that, we estimate the clock drift (lag time)
by using ambient noise cross-correlation between OBSs and
the nearby land station TOLI2 (Hable et al., 2018). Specif-
ically, we implemented the procedure proposed by Bensen
et al. (2007) to compute cross-correlation functions from
the ambient noise data. To validate our time correction re-
sult, we compare the cross-correlation result before and after
the time correction in the case of OBS stations MO1G and
MO2F (Fig. S1 in the Supplement), it demonstrates ensuring
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Figure 1. Map of the OBSs and the land stations in the Celebes Sea and Makassar Strait The green squares represent OBSs and the blue square
is broadband land station; the white and red pad represent two different geological microblocks as North Sula Block and Makassar Block;
the purple arrow represents the direction of rotation of the block indicated by the GPS study; That figure in the upper left corner indicate
the study area in Southeast Asia; the red arrows represent the motion of the plates; The black solid line represent the plate boundaries, white
dashed lines indicate magnetic anomaly stripes that mark oceanic crust of equal age (data from Gaina and Miiller, 2007), the focal mechanism
represents the 2018 Mw 7.5 Palu earthquake (as reported by the U.S. Geological Survey Preliminary Determination of Epicenter).

that both oscillator frequency offset and time drift caused by
quartz ageing are fully corrected.

Azimuthal misalignment of the horizontal components
was corrected by minimising energy on the transverse com-
ponent of teleseismic P-waves (Sect. S2) (Niu and Li, 2011;
Wang et al., 2016). An example of the horizontal orienta-
tion correction result is shown in Fig. S2. To validate these
corrections, we used a My 6.5 teleseismic event with epi-
central distance was 49.5° (Fig. 2b). The quality of the tele-
seismic waveforms recorded by the OBS stations can be as-
sessed by a comparison with a nearby land station (Fig. 2c¢).
By comparing the raw and pre-processed OBS records, it
is clear that pre-processing — including time correction, az-
imuth correction, demeaning, detrending, and band-pass fil-
tering — substantially improve the signal quality, making both
the P- and S-wave phases more clearly identifiable (Fig. S3).
The OBS noise signals, likely influenced by oceanic environ-
mental factors such as currents, exhibit pronounced temporal
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fluctuations in the microseismic band (Fig. S4), with noise
levels below 0.1 Hz significantly exceeding the high-noise
limit of the global model (NHNM) (Collins et al., 2001; Mc-
Namara and Buland, 2004) (Fig. S5). Table 1 summarises the
basic parameters and processing outcomes for the nine OBSs
and two land-based stations used in this study.

2.2 Receiver function method

The teleseismic P-wave receiver function is an effective
method to obtain the crustal structure beneath each seismic
station (Langston, 1977). It is a time series obtained by de-
convolution of the vertical component (Z) from the radial
component (R) of the teleseismic waveform, which isolates
converted and reflected wave responses generated by velocity
discontinuities beneath the station. For the calculation of re-
ceiver functions, we use teleseismic events with magnitudes
greater than 5.5 and epicentral distances from 30 to 90°. Us-
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Table 1. Nine OBS and land stations geographic location and OBS timing errors (Hori represents the deviation of the azimuth of the East
component; Time_Err represents the clock drift during the entire observation period; Dt_Err represents the drift designated to each sampling

point).
Station  Lat(°) Lon(°) Elevation (m) Hori(°) Time_Err (s) Dt_Err (s)
C28F 0.871 119.766 —2400.7 —73.2 —7.5911 —4.92x 1077
CI2F 2.689 119.631 —4800.4 62.8 —7.2212  —4.66 x 107
C21F 2.862 121.461 —4500.4 23.9 —2.9025 —1.86x107?
C18F 3.112  120.001 —4425.2 74.6 —2.8222 —2.44x107?
C09G 2314  119.343 —4711 32 2.0439 1.30 x 1072
CO8F 1.597 119.560 —2700.1 26.72 —6.7929 —4.33x107?
MOIG —1.016 118.443 —2150 59.5 —55.6767 —3.63x 1078
MO2F  —1.189 118.925 —2050.8 62.9 —8.0046 —5.23x107°
MO3F  —-0.674 119.110 —2150.1 62.2 —7.4272 —4.86x 1077
TOLI2 1.121  120.794 86 n/a n/a n/a
BKB —1.107  116.904 110 n/a n/a n/a

n/a: not applicable

ing the catalogue of the International Seismological Centre
(ISC), we obtain 316 seismic events from magnitudes 5.5 to
8.0 M, (Fig. 2a).

Receiver functions were computed from pre-processed
three-component waveforms in two steps: coordinate rota-
tion and time-domain deconvolution. Each event was win-
dowed from 10s before to 120 s after the predicted P-wave
arrival, estimated using the AK135 velocity model (Ken-
nett et al., 1995), then we removed the mean and trend, ap-
plied a bandpass filter (0.02-2.0 Hz), and rotated the data
from ENZ to RTZ coordinates based on events and station
geometry. Radial receiver functions were subsequently de-
rived for the P-wave arrivals using the time-domain itera-
tive deconvolution technique of Ligorria and Ammon (1999),
which has been widely applied in receiver function stud-
ies owing to its stability and robustness. Deconvolution was
stabilised using a Gaussian filter with a width of 2.5 (cor-
ner frequency ~ 1.0 Hz). Receiver functions were also com-
puted with Gaussian widths of 1.0 to 3.0 to assess frequency-
dependent crustal response, but we focus primarily on the
Gaussian 2.5 results (Ligorria and Ammon, 1999). In total,
314 high-quality receiver functions were obtained (Fig. 3a,
b), with manual selection guided by the quality control crite-
ria of Shen et al. (2013).

3 Results
3.1 Receiver Function H-« Stacking

The H—« stacking technique is a widely used method to es-
timate crustal thickness (H) and average crustal V,/V; ra-
tio (k) beneath a seismic station, under the assumption of
1D crustal layering (Zhu and Kanamori, 2000). The method
utilises the differential arrival times and amplitudes of the
direct Ps phase and its crustal reverberations — PpPs and
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PsPs +PpSs — generated at the Moho discontinuity. By
stacking the amplitudes of these phases across a grid of H
and « values, we identify the optimal crustal parameters at
the point of maximum stacking coherence. In this study, we
adopt stacking weights of 0.5, 0.3, and 0.2 for Ps, PpPs, and
PsPs + PpSs phases, respectively, following standard prac-
tice to enhance signal sensitivity while suppressing noise. In
the H—« stacking, the choice of V), was based on the aver-
age crustal V}, from nearby points in the CRUST1.0 model
(Laske et al., 2013). Example H—« stacks for stations TOLI2
and MO3F are shown in Fig. 3c and d, while the complete
results for the other OBSs are presented in Fig. S6. These re-
sults, presented in Fig. 5, show the crustal thickness and the
Vp/ Vs ratios in the Sulawesi region.

In this study, we also utilised prior information on crustal
thickness, constrained by a nearby wide-angle seismic re-
fraction profile (profile SO98-30 in Kopp et al., 1999), to
guide our receiver function analysis. The oceanic station
C21F is located near the seismic profile, where both the sed-
imentary layer and the oceanic crustal structure have been
well constrained, revealing an oceanic crust with a thick-
ness of approximately 8 km. Given that the oceanic crust of
the Celebes Sea formed during the same spreading episode
(magnetic isochrons C19-C18, ~41.5-40Ma; Gaina and
Miiller, 2007), we treat station C21F as representative of the
regional oceanic crust and assume a constant igneous crustal
thickness of 7.0 km at this location. Sedimentary layer thick-
nesses at the other OBS sites are then inferred by compar-
ing their H—« results with this reference crustal thickness.
Based on these constraints, we estimated the thickness of the
overlying terrigenous sedimentary sequences above the west
Celebes Sea oceanic crust where C18F, C12F, and C09G lo-
cates and the thickness of the mélange in the accretionary
wedge, particularly beneath stations CO8F and C28F.
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Figure 2. (a) Distribution of teleseismic earthquake events (The circle diameter and colour represent the magnitude and depth of the sources,
respectively) (b) Teleseismic propagation path in map view; (c) Teleseismic waveforms (black lines are from a broadband land station ,red
lines are from nine OBSs, blue represents theoretical first arrival, GCARC in (b) denotes the great-circle arc distance between the event and

the station).

Our analysis reveals substantial lateral variation in crustal
thickness across the study region. Beneath the Celebes Sea,
the igneous crust is generally thin (~ 7 km), consistent with
the normal oceanic crust thickness (Kopp et al., 1999). In
contrast, total crustal thickness beneath the Makassar Strait
and northern Sulawesi reaches ~ 25 and ~ 30km respec-
tively, characteristic of extended continental or transitional
crust. These contrasts delineate significant tectonic segmen-
tation across the Palu—Koro Fault system.

Our results reveal a general inverse correlation between
crustal thickness and surface topography, broadly consistent
with isostatic compensation (Fig. S16). Moreover, the oft-
shore V},/V; ratios tend to be higher, which may reflect the
presence of unconsolidated sediments (k greater than 2.0)
or mafic compositions (« greater than 1.8) of the oceanic
crust. These variations provide further evidence for complex
crustal architecture influenced by active tectonism and sedi-
mentation.

3.2 Receiver Function Waveform Inversion

To extract more detailed S-wave velocity profiles and assess
vertical crustal heterogeneity, we perform waveform inver-
sion of receiver functions using a neighbourhood algorithm
(NA) approach (Sambridge, 1999a). This nonlinear global
optimisation method allows exploration of high-dimensional
model spaces without assuming a priori smoothness or lin-
earity. The inversion is carried out in two stages. First, we
randomly sample 2000 velocity models over the entire pa-
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rameter space and compute their misfits to observed receiver
functions. Misfit is quantified as the least-squares difference
between observed and synthetic receiver functions, com-
puted using reflectivity-based forward modelling. The ten
best-fitting models are then used as seed points to generate 40
new models each via stochastic perturbation within Voronoi
cells (Sect. S3), iterating this process for 200 generations.
This strategy ensures both global coverage and local refine-
ment in the model space (Sambridge, 1999b).

To validate the feasibility and stability of the inversion
method, we have conducted synthetic tests using receiver
function waveform comparisons for a crustal model, an
oceanic crustal model, and an oceanic crustal model with
sediment cover (Fig. S7). Figure S8a shows the synthetic re-
ceiver functions for different water depths and that the Moho-
converted waves and multiples in the receiver function are
visible. Although there is the air—water interface surface re-
flection Pwp with negative amplitude, the Pwp phase does
not affect the arrival time of the relevant phase of the Moho.
With increasing of water layer thickness, the arrival time of
Pwp is regularly delayed. When the water depth is more than
2000 m, the main phases of the Moho in the receiver function
will not directly interfere with Pwp (Fig. S8b). As shown in
Fig. S9, we compared models with and without a 2.5 km wa-
ter layer above a 6 km crust. Synthetic tests indicate that the
Pwp phase from the water layer does not interfere with the
Moho Ps conversions or their multiples. The H—« stacking
results are consistent with the model values, confirming that

Solid Earth, 17, 453-464, 2026
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Figure 3. (a) Receiver functions at the land station TOLI2; (b) Receiver functions at the OBS site MO3F; (¢) H—« stacking result of TOLI2;

(d) H—« stacking result of MO3F.

Table 2. The crustal thickness H, Vp/Vs and Moho depth measurements with their standard deviations of the OBSs and adjacent permanent

land stations.

Station Lat (°) Lon (°)  Elevation (m) H (km) Vp/Vs  Moho (km)  Sediment thickness (km)
C28F 0.871 119.766 —2400.7 22.70+2.95 2.134+0.18 25.10 15.72
CI12F 2.689 119.631 —4800.4 11.6041.08 2.17+£0.19 16.40 4.6
C21F 2.862 121.461 —4500.4 7.83+£0.53 1.824+0.11 12.33 0.8
CI18F 3.112  120.001 —44252  10.75+0.84 2.20+0.16 15.18 3.8
C09G 2.314  119.343 —4711  12.16+£0.74 2.24+£0.07 16.87 52
CO8F 1.597 119.560 —2700.1 14.62+0.91 2.234+0.13 17.33 7.6%
MO1IG —1.016 118.443 —2150 23.80£0.80 2.10+0.07 25.95 b
MO2F —1.189 118.925 —2050.8 23.9740.60 2.29+£0.06 26.02 b
MO3F —0.674 119.110 —2150.1 22.654+0.44 2.144+0.03 24.80 b
TOLI2 1.121  120.794 86 30.39+1.37 1.86%+0.055 30.30 n/a

@ Here the value represents the thickness of the upper plate (the accretionary wedge) underneath the OBSs. b Due to lack of trustworthy constraint in the
Makassar Strait, we do not calculate the sediment thickness underneath those three OBSs. n/a: not applicable.

water-layer effects do not significantly influence the inver-
sion results (Fig. SOc, f).

We used V), and density values from the nearby global
model CRUST1.0 (Laske et al., 2013) and kept them fixed
during the inversions, as receiver functions are not highly
sensitive to these parameters. The same V}, values were also

Solid Earth, 17, 453-464, 2026

applied in the H—« method to ensure consistency. Linear
stacking of all receiver function waveforms (stacked without
moveout) from each station was applied before performing
the waveform inversion. Example results for OBS stations
C28F and MO3F are presented in Fig. 4. The synthetic re-
ceiver functions derived from the optimal velocity models ex-

https://doi.org/10.5194/se-17-453-2026
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hibit good agreement with the observed data, supporting the
robustness of the inversion. The detailed fitting results of all
OBS receiver function waveforms and the 1D S-wave veloc-
ity models are also presented in the Supplement (Figs. S10-
S15). Notably, the S-wave velocity structure reveals a clear
Moho step between southern MO3F and northern C28F, sug-
gesting a tectonic boundary or crustal offset across this re-
gion (Fig. 4a, b). The complete set of inversion results is sum-
marised in Fig. 6¢. The inferred Moho depths vary markedly
across the network, with significant offsets observed across
the Palu—Koro Fault zone. This crustal discontinuity provides
strong geophysical evidence for block juxtaposition and ac-
tive fault-related deformation beneath the Celebes Sea re-
gion.

4 Discussion

4.1 Crustal Structure Characteristics in the Sulawesi
Region

Our H—« stacking results reveal significant lateral variation
in Moho depth across the Sulawesi region, with particularly
pronounced changes in the east-west direction across the
Makassar Strait (Fig. 5a). The Moho beneath oceanic do-
mains, such as the Celebes Sea, is relatively shallow, while
the crust beneath north arm of the Sulawesi reaches thick-
nesses exceeding 30 km. Notably, the island crust is at least
5 km thicker than the crust in the Makassar Strait. This result
is corresponding well with previous studies (Heryandoko et
al., 2024), although our broader dataset and additional con-
straints lend greater robustness to the observed variations.

We interpret these results as evidence that continental crust
dominates the region between Sulawesi and Borneo, partic-
ularly in the western part of the Makassar Strait, whereas
crustal thinning and oceanic affinity appear more prominent
toward the Celebes Sea. The sharp crustal contrast suggests
the Makassar Strait marks a crustal boundary zone, with im-
plications for the tectonic assembly of Sulawesi. In particu-
lar, our findings support that Sulawesi accreted to the eastern
margin of Sundaland during the Late Miocene (Hall and Wil-
son, 2000), potentially along a pre-existing crustal suture.

A gradual thickening of the crust is also observed from the
North Sulawesi Trench landward toward the northern arm of
Sulawesi. This gradient may reflect differences in the nature
and evolution of the overriding plate. Previous studies have
proposed that the overriding plate in this region has experi-
enced significant extensional deformation since the Miocene,
as evidenced by the widespread distribution of Cenozoic nor-
mal faults in northern Sulawesi (Hall, 2012; Advokaat et al.,
2017; Zhang et al., 2021). Despite evidence of active subduc-
tion along the North Sulawesi Trench from the Late Pliocene
to Holocene, there is limited geologic evidence for compres-
sional tectonics onshore (Advokaat et al., 2017; Hall, 2019).
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Recent numerical modelling (Song et al., 2022) suggests
differential trench rollback rate along the North Sulawesi
Trench may explain the observed rotation of northern Su-
lawesi, and our Moho depth variations across this zone are
consistent with such differential tectonic behaviour. As show
in Table 2, we conclude that the ~ 30km Moho depth be-
neath northern Sulawesi reflects its origin as an ancient island
arc terrane (corresponding station TOLI2), while the signifi-
cantly thinner crust (~ 15km) beneath the Celebes Sea rep-
resents subducting oceanic lithosphere (corresponding OBS
C21F, CI8F, C12F, C09G and CO8F). The Moho depth be-
neath the Makassar Strait is approximately 25km (corre-
sponding OBS MO1F, MO2F, and MO3F). The thickness ob-
tained in this region includes both the marine sediment and
the underlying igneous crust above the Moho, and the V},/V;
ratio represents an average value over these two layers (Fig. 5
and Table 2). This feature aligns spatially with the Palu—Koro
Fault zone, providing supporting geophysical evidence for
its role as a major tectonic boundary separating the Sunda
block to the west from micro blocks associated with the Indo-
Australian Plate to the east (Socquet et al., 2019; Spakman
and Hall, 2010).

4.2 Velocity Structure and Seismicity Along the
Palu—Koro Fault

The Palu—Koro fault is a major left-lateral strike—slip fault
that originated during the Paleogene (ca. 65-23 Ma), tran-
secting Sulawesi and effectively dividing the island into
northern and southern tectonic domains. Presently, the north-
ern arm of Sulawesi undergoes clockwise rotation at a rate
of approximately 4°Ma~!, largely driven by the combined
influence of subduction along the North Sulawesi Trench
and strike—slip displacement along the Palu—Koro fault (Hall,
2019; Dong et al., 2022). Despite the fault’s high slip rate,
the historical record indicates a surprisingly low frequency
of large earthquakes (Bellier et al., 2001).

On 28 September 2018, a M, 7.5 earthquake ruptured
the fault near Palu city, producing a devastating tsunami
with run-ups exceeding 11 m. Back-projection and after-
shock studies indicate rupture of at least two fault segments,
including a submarine portion with near-ideal strike—slip be-
haviour. The fault appears to accommodate both trench re-
treat and oblique crustal deformation, which may help ex-
plain the complex rupture characteristics and tsunami gen-
eration (Song et al., 2019). Thus, several key questions re-
main unresolved, such as, where the submarine segment of
the Palu—Koro fault lie relative to the seafloor, why this fault
accumulated such significant strain with so few large seismic
events and what factors contributed to the sudden onset of
the 2018 rupture.

To better constrain the offshore fault geometry and rup-
ture dynamics, we employed a two-pronged approach: rela-
tive aftershock relocation and back-projection of the main-
shock rupture. We relocated all My, > 4.0 aftershocks using
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waveform data from 817 broadband stations of the China
Array network. After pre-processing with a bandpass filter
(0.5-2.0 Hz) and correcting for station terms, we performed
a grid search over a 40 x 40 node space (5 km spacing) in the
source region, using 10 s time windows offset by 1s. The lo-
cation corresponding to the maximum stacking amplitude of
P-wave arrivals was selected as the most probable hypocen-
tre.

Back-projection was also used to track the mainshock rup-
ture front. By aligning the high-frequency P-wave energy
and identifying the grid nodes that produce the strongest co-
herent stacking (Wang et al., 2018), we traced the rupture
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propagation from the hypocentre northward. Our results sug-
gest that rupture rapidly advanced toward the NNW, reaching
the northern fault segment shortly after the initial rupture,
and propagating southward with a ~20s delay (Fig. 6b).
This asymmetric rupture behaviour is consistent with field-
mapped fault traces on land and their inferred offshore ex-
tensions (Hall and Wilson, 2000; Hamilton, 1979; Rangin et
al., 1999).

Additionally, we integrated our receiver function inversion
results to characterize the S-wave velocity structure across
the fault zone. The interpolated S-velocity profile (Fig. 6c¢),
taken along the cross-section marked by the dashed white

https://doi.org/10.5194/se-17-453-2026
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obtained by the H—« stacking results).

line in Fig. 6a, reveals a prominent low-velocity anomaly ex-
tending beneath OBS C28F in the Celebes Sea. This feature,
interpreted as a zone of fractured or fluid—rock interaction in
the crust, aligns spatially with the fault trace inferred from
seismicity.

Low-velocity anomalies or abrupt lateral velocity gradi-
ents are commonly associated with fault zones in seismic
imaging studies (Thurber et al., 1997). The pronounced lat-
eral change in crustal thickness between stations C28F and
CO8F at mid- to lower-crustal depths supports the interpre-
tation that the Palu—Koro fault extends through the entire
crust and offsets the Moho discontinuity. The geometry of
the anomaly suggests that the fault dips gently with increas-
ing depth, characteristic of a lithospheric-scale submarine
fault system. Together with the relocated aftershocks, these
findings provide strong evidence that the Palu—Koro fault

https://doi.org/10.5194/se-17-453-2026

is a deep, through-going structure that accommodates both
strike-slip motion and vertical crustal deformation offshore.

5 Conclusions

In this study, we present new insight into the crustal structure
and tectonic framework of the Sulawesi region based on nine
OBSs and two land stations. Using receiver function analy-
sis and waveform inversion, we obtain the crustal thickness,
Vp/ Vs ratios, and S-wave velocity below the OBSs and land
stations in the Celebes Sea and Makassar Strait area. The re-
sults show that:

— A pronounced lateral variation in crustal thickness is
seen: the crust beneath the Celebes Basin is rela-
tively thin (~ 8km) with a sediment layer gradually
thickens toward the west, by as much as ~ 15km,
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whereas crustal thickness increases significantly toward
the Makassar Strait (~ 25km) and reaches over 30 km
beneath North Sulawesi. These findings suggest that
the Makassar Strait may be underlain by transitional or
modified continental crust, rather than oceanic. The el-
evated V,/ Vs ratios offshore may reflect the presence of
water-saturated sediments or fractured crustal material.

— It appears that the two sides of the fault represent sepa-
rate crustal blocks. The H—« stacking and receiver func-
tion inversion results provide robust constraints on the
geometry of the Moho across the study area, reveal-
ing uplifted crustal blocks and sharp crust—mantle tran-
sitions. Analysis of the S-wave velocity structure and
seismicity indicates that the NNW offshore extension of
the Palu—Koro fault is marked by a deep-reaching, low-
velocity zone, likely corresponding to a lithospheric-
scale strike-slip system. This interpretation is further
supported by the distribution of relocated aftershocks
and the back-projection analysis of the 2018 Mw 7.5
Palu earthquake, which reveal rapid rupture propagation
and segmentation along the fault.

This study suggests that the Palu—Koro fault is a major litho-
spheric boundary that facilitates both lateral shear and verti-
cal deformation in response to regional tectonic forces. Our
findings support that the fault accommodates oblique con-
vergence and trench retreat processes, and that the crustal
architecture of Sulawesi is shaped by the interaction of
microplate fragments within the broader Indo—Australian—
Eurasian plate system. Further seismological investigations
are needed to aim at refining models of crustal evolution that
will provide deeper insight into tectonic interactions and seis-
mic hazards in this complex region and help explain the oc-
currence of earthquakes along extensive strike-slip faults.
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