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Abstract
The Palu–koro and Matano faults form a major bent strike-slip fault system in central Sulawesi, Indonesia, accommodat-
ing significant crustal deformation associated with regional plate interactions. In this study, we investigate the mechan-
ical response of this fault system using three-dimensional numerical modelling to evaluate how different lateral loading 
configurations influence fault slip and stress patterns. Dirichlet (displacement-rate) boundary conditions, inferred from 
regional plate velocities, are applied to the model domain at the x-face, y-face, and in combined x- and y-face configura-
tions. Models with pure x-face or y-face loading generate lateral slip patterns that are mechanically compatible with 
idealized Riedel shear kinematics; however, the resulting slip sense differs from the present day tectonic motion of the 
Palu–koro and Matano faults. In contrast, models with combined boundary conditions reproduce first-order character-
istics of the observed fault behaviour. In particular, scenarios with dominant lateral loading at the x-face (e.g. 70% x-face 
and 30% y-face) produce predominantly sinistral slip along both faults and higher slip concentrations along the Palu–
koro Fault, consistent with tectonic and geodetic observations. The combined loading models also exhibit a subtle rota-
tion of the maximum principal stress orientation from WNW–ESE along the Palu–koro Fault to NE–SW along the Ma-
tano Fault, which is qualitatively consistent with stress orientations inferred from focal mechanism inversions. Overall, 
the results suggest that combined regional lateral loading, with a dominant north–south lateral movement, provides a 
plausible mechanical framework for understanding deformation localization and stress rotation within the Palu–koro–
Matano fault system.
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1. Introduction

Several conceptual models have been developed by 
structural geologists to explain rock deformation. One 
such model is the simple shear model, in which parallel 
planes slide past one another laterally, transforming an 
initially square material element into a rhombus (Hard-
ing, 1973). This parallel lateral loading causes the mate-
rial to undergo both shear and rotation, such that one 
diagonal experiences shortening while the other under-
goes extension. The maximum principal stress axis is 
aligned with the compressional (shortening) diagonal, 
whereas the minimum principal stress axis is aligned 

with the extensional diagonal (Davis and Reynolds, 
1996; Ragan, 1973). Within such a simple shear system, 
internal faulting patterns known as Riedel structures de-
velop, consisting of synthetic and antithetic strike-slip 
shear fractures (Kavyani-Sadr et al., 2022; Riedel, 
1929) (see Figure 1).

The Palu-koro and Matano faults are located on the 
island of Sulawesi in eastern Indonesia, where the tec-
tonic setting is complex due to the collision of four 
plates: the Eurasian/ Sunda, Australian, Philippine sea, 
and Pacific plates (Hall, 2012; Hamilton, 1979; Silver 
et al., 1983) (see Figure 2). The Australian Plate moves 
north-northeastwardly, while the Philippine Sea and Pa-
cific plates move northwestwardly relative to the Eura-
sian/Sunda Plate (DeMets et al., 2010), generating both 
north–south and east–west components of regional lat-
eral tectonic loading.

mailto:diann.kusumawati03%40gmail.com?subject=
mailto:david.sahara%40outlook.com?subject=
mailto:nanangpuspito%40gmail.com?subject=
mailto:mudr001%40brin.go.id?subject=
mailto:andridn104%40gmail.com?subject=
mailto:andrean.simanjuntak%40bmkg.go.id?subject=
mailto:maulidia.ain%40gmail.com?subject=
mailto:faiz.muttaqy%40yahoo.com?subject=


D. Kusumawati, D. P. Sahara, N. T. Puspito, et al.� 82

Rudarsko-geološko-naftni zbornik 2026, 41 (4), pp. 81-94, https://doi.org/10.17794/rgn.2026.4.6

Stress inversion has been used to study the deforma-
tion of Sulawesi. Beaudouin et al. (2003) divided the 
island of Sulawesi into several zones and performed 
stress inversion using focal mechanism data to obtain σH 
orientations. They observed areas of contraction and ex-
tension in Sulawesi. In the following studies, stress ori-
entation in the Palu-koro and Matano faults, have been 
inverted using focal mechanism data. Northwest-south-
east (NW-SE) stress orientation in the Palu-koro Fault 
and northeast-southwest (NE-SW) stress orientation in 
the Matano Fault are observed (Kusumawati et al. 
2025; Octhav et al., 2025) (see Figure 2). These rotat-
ing stress orientations provide important evidence for 
evaluating the mechanical response of bent strike-slip 
faults to regional lateral tectonic loading.

Numerical modelling is common for studying geody-
namics, where direct observation is limited. It can be 
used to study the dynamics of the Earth by solving and 
simulating the physical processes (Gerya, 2019; Zelst 
et al., 2021). Several studies have applied numerical 
modelling and explained the deformation surrounding 
the faults. Wang et al. (2017) applied numerical model-
ling to simple stepovers and bends using a 3-D finite ele-
ment code to study the stress perturbation, strain parti-
tioning, and fault evolution. Their model predicts the 
stress and strain distribution around stepovers and bends, 
and explains the key differences between these configu-
rations in the Dead Sea trough, Death Valley, and along 
the San Andreas Fault. Bening et al. (2022) study the 
fault deformation during strain buildup and release in a 
strike-slip fault with a brittle elastic-viscoelastic materi-

al. The modelling results explained the pattern of seis-
micity observed on the Great Sumatran Fault.

Utilizing numerical modelling to analyze continuum 
crustal deformation, we investigate how regional lateral 
loading, represented by a simple shear framework, influ-
ences deformation within a bent strike-slip fault system. 
The Palu–koro and Matano faults, subjected to regional 
tectonic loading from both east-west and north-south di-
rections, serve as natural examples for our analysis. The 
rotating stress orientations observed along these faults 
serve as qualitative reference patterns for exploring the 
mechanical response of bent strike-slip systems to lat-
eral loading. Accordingly, we apply several lateral load-
ing scenarios to examine deformation localization at the 
faults, as expressed by fault slip distributions, and the 
resulting stress orientation. We then further compared 
them to the present-day conditions of the faults. The re-
sults indicate that combined lateral loading, dominated 
by a north–south direction, provides the consistent ex-
planation for observed fault slip distributions and stress 
orientations, offering a mechanical explanation for the 
higher slip rate and shorter recurrence behaviour of the 
Palu–koro Fault relative to the Matano Fault.

2. Tectonic setting

The Palu–koro and Matano faults in Indonesia are lo-
cated within the Sunda Plate, at the western termination 
of a major sinistral strike-slip fault system in eastern In-
donesia that extends from Papua to Sulawesi. The major 
sinistral strike-slip fault system consist of the Yapen and 
Sorong faults in Papua, the Sula–Sorong fault zone in 
North Molucca, the Matano and Palu-koro faults in 
Sulawesi, that further terminates at the Sulawesi subduc-
tion trench in the north (Silver et al., 1983; Hamilton, 
1979) (see Figure 2). The sinistral strike-slip fault sys-
tem developed in response to the oblique convergence of 
the Australian, Philippine Sea, and Pacific plates relative 
to the Eurasian/Sunda Plate (Hall, 2012; Hamilton, 
1979; Silver et al., 1983). The Australian Plate moves 
north-northeastward at a rate of 76 mm/year, whereas 
the Philippine Sea and Pacific plates move northwest-
ward at rates of 106 mm/year and 101 mm/year (DeMets 
et al., 2010), respectively. The complex plate interaction 
strongly influences the kinematics of the Palu–koro and 
Matano faults, as demonstrated by microblock rotation 
model that explain the observed geodetic velocity field 
in Sulawesi (Socquet et al., 2006).

The development of the Palu–koro and Matano faults 
consisted of two main periods of tectonic activity: (1) 
the Mesozoic–Paleogene and (2) the Neogene (Baillie 
and Decker, 2022; Hall and Wilson, 2000). During the 
Mesozoic–Paleogene, the main tectonic blocks that later 
formed Sulawesi were formed (Hall, 2012). In the Neo-
gene, these blocks moved, rotated, and interacted 
through complex geological processes, leading to the 
development of the present day K-shaped Sulawesi 

Figure 1: Schematic diagram of a sinistral Riedel shear zone 
developed under simple shear deformation. PDZ denotes the 
principal displacement zone. R represents the Riedel shear 

and P represents the synthetic secondary shear. R’ and P’ are 
the conjugate Riedel shear and the conjugate secondary 

shear, both exhibiting antithetic motion relative to the PDZ. 
The green shaded areas indicate tensile quadrants, whereas 

the white areas represent compressional quadrants.  
The dashed circle is the undeformed model. Modified after 

Riedel (1929), Yu et al. (2022), and Roy et al. (2021).
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(Hall and Wilson, 2000; Socquet et al., 2006). Within 
this framework, the Palu–koro and Matano faults devel-
oped in association with the present configuration of the 
tectonic blocks, while the oblique convergence at the re-
gional scale may have contributed to the observed left-
lateral slip motion along the faults.

3. Methodology

3.1. Data

In this study, we formed a block model of the Palu-koro 
and Matano faults to run the numerical modelling. The 
block was built with a size of 3.5º length and 3.75º width 
over the area of central Sulawesi, with the Palu-koro and 
Matano faults located at the center of the block. We cre-
ated an elastic half-space model for the block with 80 km 
thickness of elastic layer to simplify the model. For the 
depth of the fault, we set it from 0 to 30 km depth, consid-
ering the average Moho discontinuity depth in Sulawesi 
from CRUST1.0 (Laske et al., 2013). The material prop-
erties were also referred from CRUST1.0: the density,  
P- and S-wave velocity of 2780 kg/m3, 6385 m/s, and 
3663 m/s for 0 to 30 km depth; and 3113 kg/m3, 7437 m/s, 
and 4177.3 m/s for 30 to 50 km depth, respectively.

We considered ten segments of the Palu-koro and Ma-
tano faults in the model: Donggala, Palu, Saluki, Moa, 
Meloi, Kuleana, Pewusai, Matano, Pamsoa, and Balla-
wai segments. The segments were referred from the Na-
tional Center for Earthquake Studies of Indonesia (PUS-
GEN) (2017), Natawidjaja et al. (2021), and Daryono 
(2016), as shown in Figure 2. The observation target is 
the regional deformations of the faults, thus we mod-
elled a simplified version of the faults by excluding the 
fault details in some segments, such as the fault’s branch-
ing in the Palu segment and the fault stepover in Matano 
Lake. We modelled these parts as continuous segments.

The block is divided into a hexahedral mesh consist-
ing of 6834 cells and 8304 nodes. Due to the non-planar 
geometry of the fault, the mesh size adapts to the curva-
ture of the fault while maintaining the hexahedral shape 
of the cell. The size of the cells near the bend of the fault 
is smaller than the cells at the planar part of the fault. 
The maximum, minimum, and average cell edge lengths 
are 21.51 km, 6.44 km, and 12.71 km, respectively. The 
average size of the cell edge is still smaller than the 
length of the fault segment, 18.8 km to 66.5 km (PUS-
GEN, 2017), thus still considered as a reliable resolution 
for the modelling. The mesh in this study was created 
using Coreform Cubit 2021.11 (Coreform, Orem, UT, 
USA). Coreform Cubit is software for creating high-
quality finite element analysis meshes.

3.2. Method

We used the finite element method for the numerical 
modelling, implemented in Pylith software. Pylith is a 
finite element software for simulating dynamic and qua-

si-static deformation of the crust, including simulating 
the deformation due to fault slip (Aagaard et al., 2017, 
2013). The software uses the domain decomposition ap-
proach in the fault slip implementation and the Krylov 
subspace method to solve the linear equation.

Based on the regional tectonic setting of Palu-koro 
and Matano faults, the oblique convergence of the Aus-
tralian, Phillipine Sea, and Pacific plates relative to the 
Eurasian/Sunda Plate produces an average relative plate 
motion vector of 97 mm/year directed northwestward. 
This displacement rate magnitude was used to define 
three lateral loading scenarios, representing the regional 
tectonic loading. We imposed the lateral loading by pre-
scribing Dirichlet (displacement) boundary conditions 
on the lateral faces of the model domain. The coordinate 
system was defined such that the east, north, and upward 
directions correspond to the positive x-, y-, and z-axes, 
respectively.

Figure 2: Tectonic setting of Sulawesi and surrounding 
regions. The historical earthquake slip models (purple) from 

Zheng et al. (2023) highlight major events (Mw > 7), 
including the 2018 Mw 7.5 Palu earthquake (yellow). The 
dashed lines denote major subduction systems: North 

Sulawesi (red), West Halmahera (blue), and Indo-Australian 
(green) (Hayes et al., 2018). Maximum principal stress (σ₁) 
azimuths along the Palu–koro and Matano faults are shown 

after Kusumawati et al. (2025) and Octav et al. (2025). The 
red square outlines the numerical modelling domain. The 
bathymetry profile were downloaded from BATNAS-BIG 

(https://sibatnas.big.go.id/), fault line from PUSGEN (2017), 
Natawidjaja et al. (2021), and Daryono (2016).
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•	 The x-face boundary condition
In the first scenario, we applied shear displacement 
rate of 97 mm/year on the x-faces of the model do-
main, as shown in Figure 3a, generating north-
south lateral movement with a left lateral or sinis-
tral sense of motion. An axial displacement of ap-

proximately 5% of the imposed shear rate (≈5 mm/
year), was applied to the x-faces together with the 
shear displacement to maintain compresive normal 
traction on the fault (Aagaard et al., 2017). This 
configuration is hereafter referred to as the x-face 
boundary condition.

Figure 3: Model set up and boundary condition: (a) the x-face boundary condition, (b) the y-face boundary condition,  
(c) the combine x- and y-faces boundary conditions. The x- y- and z-axis are showing the east, north and up directions.

Tabel 1: Combine x- and y-faces boundary conditions, displacement rate magnitude propotion at the x- and y-faces:  
10%:90%, 30%:70%, 50%:50%, 70%:30%, and 90%:10%.

Proportion (x- and y-faces) 10%:90% Proportion (x- and y-faces) 50%:50% Proportion (x- and y-faces) 90%:10%

Faces Disp. rate x 
(mm/year)

Disp. rate y 
(mm/year) Faces Disp. rate x 

(mm/year)
Disp. rate y 
(mm/year) Faces Disp. rate x 

(mm/year)
Disp. rate y 
(mm/year)

xpos -5 10 xpos -5 49 xpos -5 87
xneg 5 -10 xneg 5 -49 xneg 5 -87
ypos -87 -5 ypos -49 -5 ypos -10 -5
yneg 87 5 yneg 49 5 yneg 10 5
      
Proportion (x- and y-faces) 30%:70% Proportion (x- and y-faces) 70%:30%

Faces Disp. rate x 
(mm/year)

Disp. rate y 
(mm/year) Faces Disp. rate x 

(mm/year)
Disp. rate y 
(mm/year)

xpos -5 29 xpos -5 68
xneg 5 -29 xneg 5 -68
ypos -68 -5 ypos -29 -5
yneg 68 5 yneg 29 5

(a)

(c)

(b)
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•	 The y-face boundary condition
In the second scenario, we applied shear and axial 
displacement rates of 97 mm/year and ≈5 mm/year, 
at the y-faces of the model domain as shown in Fig-
ure 3b. The boundary condition creates west-east 
lateral movement on the y-faces with a left lateral or 
sinistral sense of motion. This configuration is here-
after referred to as the y-face boundary condition.

•	 The combine x- and y-faces boundary conditions
We combined the x-face and y-face boundary con-
ditions for the third scenario, to approximate natu-
ral tectonic loading involving both north–south and 
west-east components. The relative contribution of 
shear displacement rate applied to the x- and y-fac-
es was varied in proportions of 10%:90%, 30%:70%, 
50%:50%, 70%:30%, and 90%:10%, respectively 
(Figure 3c; Table 1). The axial displacement rate 
was kept constant across all combined-loading cas-
es. This configuration is hereafter referred to as the 
combine x- and y-faces boundary conditions.

The load due to displacement at the boundary condi-
tion will generate shear and normal stresses on the fault 
surface. A slip on the fault will occur when the stresses 
overcome the fault constitutive model. In this study, 
fault behaviour is governed by static friction constitutive 
law, in which the fault will slip when the shear stress (τ) 
is equal to or greater than the failure resistance compo-
nent. The failure resistance consists of fault cohesive 

strength (C) and fault static friction (μs) multiplied by 
the effective normal stress (σ’), which is the normal 
stress subtracted by fluid pore pressure (Oppenheimer 
et al., 1988; Sibson, 1974), following the Coulomb fail-
ure criterion (Equation 1).

	 τ = C+μs σ’� (1)

A cohesion value of 0 MPa was assigned to account 
for the pre-existing fault with neglible cohesive strenght. 
A static friction of 0.5 was adopted, corresponding to a 
moderately strong fault and lying slightly below the 
lower bound of Byerlee friction (0.6 < μs < 0.8) (Collet-
tini et al., 2019). A simulation was perfomed over a du-
ration of 200 years. Since the objective of this study is to 
investigate the mechanical response of bent strike-slip 
faults to regional lateral tectonic loading – rather than 
the coseismic processes – the use of a static friction for-
mulation within an elastic half-space framework is suf-
ficient and computationally efficient. Model results were 
visualized using Paraview (Ahrens et al., 2014, 2005).

The imposed boundary conditions produce a defor-
mation of the model block, expressed as displacement 
magnitudes (m) in the x-, y-, and z-directions at mesh 
nodes. These boundary conditions also drive fault mo-
tion, quantified in terms of fault slip (m), including both 
lateral and tensile slips components. In addition, the ap-
plied loading generates stresses throughout the model 

Figure 4: The displacement magnitude (m) of block deformation for the x-face boundary condition, at: (a) year 50,  
(b) year 100, (c) year 150, and (d) year 200. The figure is exagerated by a factor of 2000. The gray mesh is the original 

undeformed form of the block. The x- y- and z-axis are showing the east, north and up directions.

(a)

(c)

(b)

(d)
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Figure 5: The displacement magnitude (m) of block deformation for the y-face boundary condition, at:  
(a) year 50, (b) year 100, (c) year 150, and (d) year 200. The figure is exagerated by a factor of 2000. The gray mesh  
is the original undeformed form of the block. The x- y- and z-axis are showing the east, north and up directions.

Figure 6: The fault slip, represented by the lateral and tensile slip (m), on the Palu-koro and Matano faults at year 200 for:  
(a) the x-face boundary condition lateral slip (m), (b) the y-face boundary condition lateral slip (m), (c) the x-face boundary 
condition tensile slip (m), (d) the y-face boundary condition tensile slip (m). The gray mesh is the original undeformed form 

of the block. The x- y- and z-axis are showing the east, north and up directions. Positive lateral slip represents a left lateral 
motion, while positive tensile slip represents an opening.

(a)

(c)

(b)

(d)

(a)

(c)

(b)

(d)
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domain, represented by the stress tensor computed at 
mesh cells. From the stress tensor, we estimated the 
principal stress magnitudes and azimuths to characterize 
the resulting stress orientation within the model.

4. Results

4.1. The x-face boundary condition

As the simulation time increases from 50 to 200 years, 
the displacement magnitude in the x-face boundary condi-
tion model progressively increases from the positive and 
negative x-boundaries toward the center of the domain, 
producing a vertically oriented zone of relatively low dis-
placement at the model center (see Figure 4). The result-
ing fault slip pattern shows positive lateral slip (left-later-
al motion) up to 2 m, along the Palu–koro Fault and nega-
tive lateral slip (right-lateral motion) along the Matano 
Fault (see Figure 6a). The left-lateral slip along the Palu–
koro Fault is interpreted to result from its orientation, 
which is nearly parallel to the imposed x-face boundary 
loading. Under this configuration, the Palu–koro Fault ac-
commodates shear in the same sense as the applied lateral 
motion, analogous to a Riedel shear (R) motion in a sim-
ple-shear system. In contrast, the Matano Fault trends 
WNW–ESE and is oriented nearly perpendicular to the 
x-face boundary, resulting in antithetic motion relative to 
the imposed shear, and this behaviour is consistent with 
the kinematics of a conjugate secondary shear (P’) within 
a simple-shear framework (see Figure 1).

Positive tensile slip (fault opening) is observed from 
the southern segment of the Palu–koro Fault, near the 
bending, toward the Matano Fault (see Figure 6c). In 
particular, the opening is highly concentrated near the 
fault bend and along the western segment of the Matano 

Fault, which is interpreted to result from the combined 
effects of fault geometry and the WNW–ESE orientation 
of the Matano Fault relative to the imposed lateral load-
ing. The estimated maximum principal stress direction 
shows a broadly uniform northwest–southeast orienta-
tion from the Palu–Koro Fault to the Matano Fault (see 
Figure 7a). This stress pattern is likely influenced by the 
imposed north–south lateral movement at the x-face 
boundary condition and is broadly consistent with the 
orientation of the compressional axis expected under 
simple-shear deformation.

4.2. The y-face boundary condition

In the y-face boundary-condition model, the displace-
ment magnitude is highest, up to 20 m, along the y-faces 
and gradually decreases toward the center of the domain, 
forming a zone of relatively low displacement with an 
orientation parallel to the y-faces (see Figure 5). The 
resulting fault-slip pattern differs from that observed in 
the x-face boundary condition scenario. Positive lateral 
slip (left-lateral motion) is concentrated along the Ma-
tano Fault, whereas negative lateral slip (right-lateral 
motion) occurs along the Palu–Koro Fault (see Figure 
6b). The left-lateral slip along the Matano Fault is com-
patible with the kinematics of a synthetic secondary 
shear (P) that accommodates deformation in the same 
sense as the imposed lateral motion. In contrast, the 
right-lateral slip along the Palu–Koro Fault is consistent 
with the behaviour of a conjugate Riedel shear (R′), ex-
hibiting antithetic motion relative to the applied lateral 
loading (see Figure 1).

Tensile slip in the y-face boundary-condition model 
exhibits fewer and more limited opening areas compared 
to the x-face boundary condition scenario. Localized 

Figure 7: Maximum principal stress (bold dark blue line) along the Palu-koro and Matano faults for: (a) the x-face boundary 
condition, (b) the y-face boundary condition. The principal stress was estimated from the deformation at year 200.

(a) (b)
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positive tensile slip (opening) is mainly observed along 
the eastern segment of the Matano Fault, which may be 
related to local fault geometry (see Figure 6d). The 
maximum principal stress orientation in the y-face 
boundary-condition model shows a relatively uniform 
northeast–southwest trend (see Figure 7b). This stress 
orientation is largely perpendicular to the fault strike, 
which may contribute to the generally limited develop-
ment of opening along the fault.

4.3. �The combine x- and y-faces boundary 
conditions

The modelling results for the combined x- and y-face 
boundary-condition scenarios are illustrated by the lateral 
slip (see Figure 8) and tensile slip (see Figure 9). For sce-
narios with a small displacement-rate contribution on the 
x-faces (see Figure 8a), the fault slip pattern closely re-
sembles that of the y-face boundary condition model, with 

Figure 8: The fault slip, represented by the lateral slip (m), on the Palu-koro and Matano faults at year 200 for the combined 
x- and y-faces boundary conditions, with x- and y-faces percentage proportion: (a) 10%:90%, (b) 30%:70%, (c) 50%:50%,  

(d) 70%:30%, (e) 90%:10%, The x- y- and z-axis are showing the east, north and up directions.  
Positive lateral slip represents a left lateral motion.

(a)

(c)

(e)

(b)

(d)
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positive lateral slip concentrated along the Matano Fault. 
In contrast, scenarios with a large displacement rate contri-
bution on the x-faces (see Figure 8e) produce slip distri-
butions similar to those of the x-face boundary condition 
scenario, with dominant positive slip along the Palu–koro 
Fault. In general, as the proportion of displacement ap-
plied on the x-faces increases from 10% to 90%, the mag-
nitude of positive lateral slip along the Matano Fault pro-
gressively decreases, while slip becomes increasingly dis-

tributed along the Palu–koro Fault (see Figure 8a–e). For 
the tensile slip, positive tensile slip (opening) is distributed 
at the Matano Fault as the proportion of displacement rate 
increases on the x-faces (see Figure 9a-e). However, the 
concentration of the opening is located at the easternmost 
part fo the Matano Fault, in contrast with the x-face bound-
ary condition scenario (see Figure 6c).

In general, the maximum principal stress orientations 
produced by the combined boundary condition models 

Figure 9: The fault slip, represented by the tensile slip (m), on the Palu-koro and Matano faults at year 200 for the combined 
x- and y-faces boundary conditions, with x- and y-faces percentage proportion: (a) 10%:90%, (b) 30%:70%, (c) 50%:50%,  

(d) 70%:30%, (e) 90%:10%, The x- y- and z-axis are showing the east, north and up directions.  
Positive tensile slip represents an opening.

(a)

(c)

(e)

(b)

(d)
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exhibit spatially non-uniform azimuths, with its orienta-
tion influence by the dominant displacement rate compo-
nent. Representative results are shown for the 30%:70% 
(x-face 30%) scenario (see Figure 10a) and the 70%:30% 
(x-face 70%) scenario (see Figure 10b). For the x-face 
30% scenario, the maximum principal stress along the 
Palu–koro Fault is oriented predominantly E–W to 
WNW–ESE. In contrast, the x-face 70% scenario yields a 
stress orientation along the Palu–koro Fault that is rotated 
toward a more NW–SE trend. Along the Matano Fault, 
the maximum principal stress shows a consistent NE–SW 
orientation throughout the fault for the x-face 30% sce-
nario. For the x-face 70% scenario, a NE–SW orientation 
is maintained primarily between Lake Matano and Lake 
Towuti, while stress orientations outside this area become 
more parallel with the fault strike.

5. Discussion

The fault-slip motions produced by the pure x-face and 
y-face boundary-condition models are mechanically con-
sistent with the classical Riedel shear system (see Figure 
6), suggesting that Riedel shear kinematics may be appli-
cable to bent strike-slip systems for describing idealized 
slip patterns. However, this consistency does not imply 
that the Palu–Koro and Matano faults formed as Riedel 
fractures generated by simple shear deformation.

In comparison with the present-day tectonic behav-
iour of the Palu–koro and Matano faults, the pure x-face 
and y-face boundary-condition models do not adequate-
ly reproduce the observed fault motions. Observations 
indicate that both faults accommodate predominantly 
sinistral motion, driven by the westward motion of the 

Figure 10: Maximum principal stress (bold dark blue line) along the Palu-koro and Matano faults for the combined x-  
and y-faces boundary conditions, with x- and y-faces percentage: (a) 30%:70%, (b) 70%:30%. The principal stress was 

estimated from the deformation at year 200.

Philippine Sea and Pacific plates relative to the Eura-
sian/Sunda Plate, within which Sulawesi is located. Ge-
odetic velocity measurements in the Palu–koro region 
reveal a rotation of velocity vectors from NW–SE to 
NNW–SSE, which has been successfully explained by 
microblock rotation models (Socquet et al., 2006). This 
rotation facilitates the transfer and continuity of left-lat-
eral motion from the Matano Fault to the Palu–koro 
Fault.

Among the modelled scenarios, the combined x-face 
and y-face boundary conditions with a dominant x-face 
rate – particularly the x-face 70% configuration – most 
closely reproduce this tectonic behaviour. This scenario 
yields sinistral slip along both the Palu–koro and Mata-
no faults, with a higher concentration of slip localized on 
the Palu–koro Fault (see Figure 8d). The high concen-
tration slip at the Palu-koro Fault, is consistent with re-
ported geodetic and geological estimates indicating a 
higher fault slip rate along the Palu–koro (≈35-40 mm/ 
year) compared to the Matano Fault (≈20-21 mm/ year) 
(Bellier et al., 2001; Patria et al., 2023; Socquet et al., 
2006). The dominance of north–south lateral loading in 
the preferred configuration of this study is also broadly 
compatible with northward microblock rotation inferred 
from geodetic observations (Socquet et al., 2006).

Although subtle, rotation of the maximum principal 
stress orientation is observed in the combined x-face and 
y-face boundary condition models (see Figure 10). In 
the x-face 30% configuration, the maximum principal 
stress orientation transitions from WNW–ESE along the 
Palu–koro Fault to NE–SW along the Matano Fault. A 
similar spatial variation is observed in the x-face 70% 
configuration, with orientations changing from NW–SE 

(a) (b)
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at the Palu–koro Fault to NE–SW at the Matano Fault. 
This pattern likely reflects the superposition of lateral 
loading applied at the x-face and y-face boundaries, 
where x-face loading favors NW–SE–oriented stresses 
and y-face loading favors NE–SW–oriented stresses 
(see Figure 7).

In general, the numerical models with combined 
boundary condition configurations with a dominant 
north–south lateral loading applied at the x-face, repro-
duce fault slip distributions that are broadly consistent 
with the present day kinematics of the Palu–koro and 
Matano faults. The modelled sinistral motion, higher 
slip concentration along the Palu–koro Fault, and rota-
tion in stress orientation are qualitatively compatible 
with geological and geodetic observations. However, the 
imposed proportions of north–south and east–west lat-
eral loading at the x-face and y-face represent simplified 
approximations of the regional tectonic loading. Future 
studies should consider observed geodetic velocity fields 
in Sulawesi to better constrain boundary condition rates 
and improve the numerical modelling results.

6. Conclusions

We investigated the mechanical response of a bent 
strike-slip fault system, represented by the Palu–koro 
and Matano faults, using numerical modelling with Dir-
ichlet (displacement rate) boundary conditions applied 
at the x-face, y-face, and combined x- and y-faces of the 
model domain, with rate value infered from the regional 
plate velocity. The conclusions are described as follows.

1. � Models with pure x-face or y-face loading produce 
lateral slip patterns that are compatible with ideal-
ized Riedel shear kinematics; however, these pat-
terns differ from the present-day tectonic motion 
of the fault system.

2. � Combined boundary condition models reproduce 
first-order characteristics of the observed fault be-
haviour, including spatial variations in stress ori-
entation along the Palu–koro and Matano faults.

3. � Particularly, the model with a dominant lateral load-
ing at the x-face, e.g. 70% x-face and 30% y-face 
(dominantly north–south lateral movement) produc-
es a predominantly sinistral slip along both faults 
and a higher slip concentration along the Palu–koro 
Fault, consistent with tectonic observations.

4. � A rotation in maximum principal stress orientation 
from WNW–ESE along the Palu–koro Fault to 
NE–SW along the Matano Fault is also observed, 
which is qualitatively consistent with stress orien-
tations inferred from focal mechanism inversions.

The combined regional lateral loading with a domi-
nant north–south component provides a plausible me-
chanical framework for understanding deformation lo-
calization and stress rotation within the Palu–Koro–Ma-
tano fault system. Although this study does not explicitly 

address long-term geodynamic evolution, the results of-
fer mechanical insight into how present-day regional lat-
eral loading interacts with the existing Palu-Koro-Mata-
no fault geometry and caused the slip accumulation as 
well as stress rotation along the faults.

7. Nomenclature

Symbol/ term Description
xpos boundary condition plane at x = 122.5º
xneg boundary condition plane at x = 119º
ypos boundary condition plane at x = 0.5º
yneg boundary condition plane at y = -3.25º
x-face xpos and xneg boundary condition
y-face ypos and yneg boundary condition

x-face 30%

boundary condition with proportion 30%  
of shear displacement rate applied  
at the x-face and 70% of shear 
displacement rate applied at the y-face

x-face 70%

boundary condition with proportion 70%  
of shear displacement rate applied  
at the x-face and 30% of shear 
displacement rate applied at the y-face
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SAŽETAK

Modeliranje utjecaja lateralnog opterećenja na povijesne “strike-slip” sustave rasjeda: 
primjer iz Palu-koro Matano rasjeda, Indonezija

Rasjedi Palu–koro i Matano tvore glavni povijeni “strike-slip” sustav rasjeda u središnjem dijelu Sulawesi, Indonezija, te 
prihvaćaju značajne deformacije kore povezane s regionalnim pokretima tektonskih ploča. U ovoj studiji istražen je me-
hanički odgovor ovog rasjednog sustava koristeći trodimenzionalno numeričko modeliranje kako bi se procijenili utje-
caji različitih lateralnih opterećenja na pomak rasjeda i raspodjelu naprezanja. Dirichletovi (brzina pomaka) granični 
uvjeti, izvedeni iz regionalnih brzina kretanja tektonskih ploča, primijenjenu su na model na x-lice, y-lice, te u kombini-
ranim konfiguracijama x- i y-lica. Modeli s čistim opterećenjima na x-licu ili y-licu stvaraju lateralne obrasce klizanja koji 
su mehanički kompatibilni s idealiziranom kinematikom Riedelovih smičnih zona; međutim, smjer klizanja razlikuje se 
od današnjeg tektonskog kretanja Palu–koro i Matano rasjeda. Suprotno tome, modeli w kombiniranim graničnim uvje-
tima reproduciraju karakteristike prvog reda promatranog ponašanja rasjeda. Konkretno, slučajevi s dominantno lateral-
nim opterećenjem na x-licu (npr. 70% x-lice i 30% y-lice) proizvode pretežito lijeve pomake duž oba rasjeda i više koncen-
tracije klizanja duž Palu–koro rasjeda, što je u skladu s tektonskim i geodetskim opažanjima. Kombinirani model opte-
rećenja također pokazuje suptilnu rotaciju orijentacije maksimalnog glavnog naprezanja od ZNZ-IJI duž Palu–koro 
rasjeda do SI-JZ duž Matano rasjeda, što kvalitativno odgovara orijentacijama naprezanja izvedenim iz fokalnih mehani-
zama inverzije. Općenito, rezultati ukazuju da kombinirano regionalno lateralno opterećenje, s dominantnim sjever-jug 
lateralnim pomakom, pruža prihvatljiv mehanički okvir za razumijevanje lokaliziranih deformacija i rotacije osi napre-
zanja unutar Palu–koro–Matano rasjednog sustava.

Ključne riječi: 
povijeni “strike-slip”, rasjedno lateralno klizanje, rastezno lateralno klizanje, Matano rasjed, numeričko modeliranje, 
Palu-koro rasjed, Riedelovo smicanje
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