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Abstract. Rupture complexity results in difficulty with quantifying seismic hazards, such as the probability of an earthquake
15

on multiple segments in an active fault system and spatial distribution of the fault displacement on the surface. Here we propose
a dynamic model to explain rupture complexity. To confirm this model’s credibility, we used it to explain the rupture behavior
of the 2018 Mw7.5 Palu earthquake, which splayed along several sub-fault planes on the surface. The Palu event initiated on
an unidentified fault and propagated on a curved plane on the Palu-Koro and Matano faults. According to the Interferometric
Synthetic Aperture Radar data, both principal (on-fault) and distributed (off-fault) faulting were identified, and spatial
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displacement on the surface could be evaluated. To model the complex geometry of the coseismic rupture plane and
corresponding deformation, we proposed a dynamic model through the discrete element method. Our model demonstrated
rupture along a planar fault at depth and several splay faultings with various deformation on the surface, corresponding to the
observations. The simulations represented temporal rupture behavior that covers several earthquake cycles and probability of
superficial fault displacement that shed light on subsequent seismic hazard assessment and probabilistic fault displacement
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hazard analysis, respectively.

1 Introduction
Understanding the detailed rupture geometry of a single earthquake is crucial for assessing the seismic hazard in respect to
estimating potential maximum earthquake magnitudes, forecasting probability of an earthquake on multiple fault segments,
and evaluating spatial distribution of fault displacement on the surface. Superficial fault complexity was observed in several
30

recent earthquake cases. These include, the 2001 Mw 7.8 Kokoxili, China, earthquake (Klinger et al., 2005; Xu et al., 2002);
the 2002 Mw 7.9 Denali, US, earthquake (Dreger et al., 2004); the 2016 Mw 7.8 Kaikōura, New Zealand, earthquake (Hamling
et al., 2017); and the 2018 Mw 7.5 Palu, Indonesia, earthquake (Bao et al., 2019; Socquet et al., 2019; Ulrich et al., 2019). Their
1
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rupture lengths appear to be mainly controlled by stress concentrations or stress shadows, and by a fault’s geometrical
complexities on the surface (Perrin et al., 2016; Wesnousky, 2006, 2008). Knowing how ruptures propagate at depth and on
35

which fault planes is critical for estimating the sizes/geometries of seismic faults, and hence the potential areas most affected
by single earthquakes.
The complex rupture behavior could result in difficulty applying rupture dimension and recurrence interval to the seismic
hazard assessment. Traditionally, a probabilistic seismic hazard assessment (e.g., Cornell, 1968) assumes an earthquake occurs
on an identified active fault. The procedures of these approaches, however, do not fulfill the cases with complex rupture
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geometry, an earthquake that takes place on multiple active faults. Thus, some innovative approaches (e.g., Chang et al., 2022)
have assumed an earthquake could rupture along multiple fault segments. Based on this approach, it is crucial to comprehend
the mechanism to determine whether two fault systems could rupture in a coseismic period.
Superficial fault complexity could also lead to a challenge for a probabilistic fault displacement hazard analysis (e.g., Youngs
et al., 2003). When a fault is close to a site of interest, an earthquake on the fault might not only generate ground shaking, but
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also result in fault displacement. Some previous studies (e.g., Peterson et al., 2011; Takao et al., 2013; Youngs et al., 2003)
have proposed conditional probabilities of secondary faults as a function of distance to the main fault trace by regression from
observations. However, due to limited observations on rupture traces, it is desired to propose an alternative way to sum up
distribution of surface fault traces.
Thus, we propose a dynamic model to explain complex rupture behavior. To evaluate this model’s credibility, we simulated
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the rupture behavior of the Palu earthquake. We first identified the seismicity activity in the earthquake’s surrounding region
according to observations. We then analyzed dislocations along the fault traces and surface displacement according to the
Interferometric Synthetic Aperture Radar (InSAR) data. To explain the observations, we implemented the discrete element
method (DEM) to simulate the dynamic procedure of fault generation. To demonstrate this model’s feasibility, we forecasted
earthquake cycles and quantified spatial distribution of secondary faults. The outcomes would be beneficial to subsequent
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seismic hazard assessment and probabilistic fault displacement hazard analysis.

2 Sulawesi and rupture behavior of the Palu earthquake
2.1 Tectonic setting for Sulawesi
The 2018 Mw7.5 Palu earthquake caused a tsunami and massive liquefaction around the Palu region in central Sulawesi (Oral
et al., 2020). This event struck the western edge of the convergent Pacific-Australian-Eurasian triple junction (Fig. 1a). Relative
60

to the Sunda plate, the west-northwestward convergence rate of the Pacific plate is ca. 110 mm per year (Socquet et al., 2006),
among the fastest in the world. To the southwest, the Australian plate subducts north-northeastward beneath the Eurasia plate
with a rate of ca. 70 mm per year. The complex deformation at north and south Sulawesi results from the combination of these
orthogonal boundary motions. Northeast Sulawesi (the Sula Block) thus moves ca. 42 mm per year to the NNW relative to
2
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Borneo and rotates clockwise by ca. 2.5 degrees per million years from the GPS observations shown in Fig. 1 (Socquet et al.,
65

2006). To the south of the city of Palu, the 1909 event ruptured along the Saluki segment; the 1968 event ruptured along the
Moa segment; the 2009 event ruptured along the Palu segment of the Palu-Koro fault, and the 2012 event ruptured along the
branch segment toward Lake Lindu (Fig. 1a; Daryono, 2016). The topography shows the 2018 Palu event ruptured along the
boundaries between the mountain and basin (Fig. 1b). The geological structure of this formation implies that the fault between
the mountain and basin tends to dip toward the basin in different directions.

70

Figure 1: Tectonic settings and pre-existing faults in the Palu zone: (a) pre-existing faults and previous ruptures from south to north:
the 1968 rupture along the Moa segment, the 1909 rupture along the Saluki segment, the 2009 rupture along the Palu segment of the
Palu-Koro Fault, and the 2012 rupture along a branch. Black arrows show the tectonic movements observed by GPS, showing the

75

left-lateral strike-slip moving along the Matano and Palu-Koro faults. The red star shows the epicenter of the 2018 Mw7.5 earthquake.
The red lines show the rupture alignments of the 2018 Palu event. The rectangle zone has more observations from the 2018 event in
(b) and Fig. 2. Inset map: tectonic settings of the Palu zone: triple convergent junction zone, relative to Sunda-Asain, ca. 110 mm/year
convergent rate of the Philippine-Pacific plate toward the northwest, and ca. 70 mm/year convergent rate of the Australian plate
toward the northeast; (b) dip directions along fault segments are suggested by the topography.
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2.2 Rupture behavior of the Palu earthquake
The Palu earthquake ruptured 177 km on multiple segments along the fault system (Natawidjaja et al., 2021). It initiated at ca.
70 km north of the city of Palu (Fig. 1) at a shallow depth of 20 km. This earthquake likely occurred due to a slip on the fast
slipping, predominantly SSE-trending strike-slip faulting. When the rupture propagated to the south of Palu and reached the
85

east-dipping pre-existing Palu-Koro fault, the event resulted in NS-trending, predominantly left-lateral faulting, with a surface
slip of up to ca. 6 m along a series of segmented faults (Bao et al., 2019; Socquet et al., 2019). The sentinel optical and the
Synthetic Aperture Radar data highlight multi-segment faulting during this event (Bacques et al., 2020; Fang et al., 2019).
North of Palu, the surface fault traces (possibly immature) (Manighetti et al., 2007; Perrin et al., 2016) were previously
unmapped or considered inactive (Watkinson & Hall, 2017). South of Palu, the earthquake ruptured along the well-known,
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left-lateral Palu-Koro fault with a geodetic slip rate of 40 mm per year (Socquet et al., 2006). These faults belong to two distinct
systems with strikingly different tectonic/mechanic characters. To the north, the ca. 120 km-long fault system with westward
step-overs that cuts across modestly west-dipping hill slopes was never identified. To the south, the ca. 60 km-long,
morphologically spectacular, mature fault with eastward step-overs bounds the steeply east-facing slope of a mountain range
that rises above 2,000 m. The westward to eastward step-over shift implies that seismic faulting did not occur on a simple
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uniformly dipping plane (Fig. 1b).
The strongly curved geometry of the Matano/Palu-Koro fault reflects such kinematics and rotation, which suggests that the
2018 rupture also followed a curved, convex to the west, path at depth. On the other hand, recent studies have confirmed that
the rupture speed of this event reaches shear wave velocity (known as ‘supershear’; Bao et al., 2019; Socquet et al., 2019),
suggesting rupture along a fault plane at depth (Burridge, 1973). Okuwaki et al. (2020) also confirmed that this complex fault
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system has potential for supershear rupture and proposed the peculiar inchworm-like slip evolution. These evidences strongly
infer that this event should rupture on multiple segments along one fault system, probably at the seismogenic depth, splay
several sub-faults along the sub-fault planes on the way to propagate upward, and form segments on the surface (Jiao et al.,
2021; Klinger, 2010; Lefevre et al., 2020).

3 Coseismic rupture analysis at the surface based on the InSAR data
105

To understand detailed superficial rupture behavior and surface displacement, we assessed the InSAR data from the Advanced
Land Observing Sattellite-2 (ALOS-2). The principal (shown as red lines in Fig. 2a and black lines in Fig. 2c) and distributed
(shown as white lines in Fig. 2c) faulting of the 2018 rupture exhibit bow-shape surface ruptures, concave to the east, from
north to south, with ca. 5 segments S1-5 from north to south (Fig. 2a). The earthquake ruptured for a total length of ca. 160
km. The analyzed coseismic displacement (Fig. 2b) along the fault showed peak displacement at the segment along S4 (5.0 m
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and 6.5 m along profiles P4 and P5, respectively) on the pre-existing Palu-Koro fault. Whereas, less slip along segments S1
4
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and S2 (2.0 and 3.0 m along profiles P1 and P2, respectively) may account for an unmapped fault. Little InSAR data are
available along segment S3 that crosses the water area of Palu Bay. Few significant events took place according to the recorded
two-year pre- and after-shocks (05 Jan. 2018 to 30 Dec. 2019) between S3 and S4 in the Palu basin (Fig. 2a), which might
account for the pre-existing fault segments. A relatively smaller coseismic rupture along S5 (3.5 m and 3.0 m along profiles
115

P6 and P7, respectively) can be explained by the connected eastward stepover toward the end of the rupture. The horizontal
deformation from the InSAR data implies the different dip directions along the different rupture segments (vectors in Fig 2d).
From north to south, the InSAR observations at the vertical component suggest the S1 slightly west dipping, the S2 and S3
mostly vertical, the S4 east dipping and the S5 west dipping again (color scales in Fig. 2d).
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Figure 2: Deformation of the Sulawesi zone by the 2018 Palu event from InSAR and seismic data: (a) InSAR data from ALOS-2
show slip deformation along the N-S direction. The colored dots, whose size and color vary with magnitude and depth, respectively,
show the pre- and after-shock locations during about two years (05 Jan. 2018 to 30 Dec. 2019). S1-5 are the fault segments. P1-7
show the locations of the slip profiles from InSAR data in (b). (b) The cross-section profiles of P1-7 along the 2018 Palu rupture
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show the N-S slip amount along the segments S1-5. Arrows indicate the position of the rupture (also in (c)). (c) The secondary rupture
(white line) is shown with the main rupture (red line). (d) The vertical deformation from the InSAR data is illustrated. The arrows
show the horizontal displacements, and the colored dots show the vertical deformation.

Thus, both InSAR and seismic data indicate that the Palu event is a multi-segmented rupture. To understand the geometry and
130

mechanism of such a segmented strike-slip event under such tectonic settings requires simulating the fault’s historic
5
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deformation and coseismic ruptures.

4 Simulated the fault rupture using DEM
To model the 3D geometry of the coseismic rupture plane and the deformation of surrounding zones, particularly the fault
pattern of propagation from depth to surface, we implemented the discrete element method (DEM), detailed below.
135

4.1 Methodology and procedure of DEM
The mechanical behavior of the seismogenic crust is approximated as initially modeled by previous studies (e.g., Cundall and
Strack, 1979; Donzé et al., 1996; Donzé et al., 1994). The material is represented as an assembly of particles interacting
according to predefined laws. The motion of that material’s constitutive particles governs its overall behavior (ruled by
Newton’s second law).
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The computing cycle can be decomposed into four main steps related respectively to (1) the determination of the position of
the constitutive elements, (2) the determination of their potential interaction, (3) the computation of the forces applied to each
of them according to predefined interaction laws, and (4) the calculation of their updated positions through the integration of
the equations of motion. The calculation cycle is repeated iteratively until the simulation stops.
Because of the dynamic formulation of the method (explicit time domain integration), a non-viscous damping is used to

145

dissipate kinetic energy and facilitate convergence toward quasi-static equilibrium. This damping directly acts on the forces—
torques, respectively—in the equations of motion, so the displacements are calculated from the damped force. This is a
convenient numerical tool to ensure the quasi-staticity of the simulations (see Duriez et al., 2016, for details). The behavior of
the simulated medium is controlled by the behavior defined at the inter-particle scale. The inter-particle behavior of our DEM
model can be decomposed into the normal and tangential directions of the contact plane. The normal contact model accounts
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for both divergence and convergence (Fig. 3).
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Figure 3: Contact model used in the simulations with (a) normal behavior; (b) tangential behavior; and (c) the micro
failure envelope.
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In the convergence regime (compression of the contact/bond), the normal force 𝐹! is computed as:
𝐹! = 𝐾! ∙ 𝑈! ,
where 𝑈! is the normal component of the relative displacement between particles A and B, and 𝐾! is the normal stiffness
derived from the properties assigned to the particles, represented as:
𝐾! =

2 ∙ 𝐸" ∙ 𝑅" ∙ 𝐸# ∙ 𝑅#
,
𝐸" ∙ 𝑅" + 𝐸# ∙ 𝑅#

where R $ and R % are the radii of the particles, and E$ and E% are their respective elastic moduli directly related to the bulk
160

modulus of the simulated medium.
In a divergence regime (extension of the contact/bond), the normal force is computed with the same stiffness as that in the
convergence regime. The inter-particle distance can increase up to 𝑈!&'!()*' for which the maximum admissible tensile force
𝐹!+,- is reached:
𝐹!+,- = 𝑡 ∙ 𝐴)!& ,
with 𝑡 the tensile strength of the interparticle bond and A./0 = π ∙ (min (R $ , R % ))1 the interacting surface area between A and
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B. When 𝐹!+,- is reached, the force is not set to zero immediately as is usually the case in brittle rock modeling (Scholtès and
Donzé, 2013). Instead, 𝐹! gradually decreases, following the softening behavior at the particle scale, between 𝑈!&'!()*' < 𝑈! <
𝑈!234&32' , according to:
𝐹! = 𝐹!+,- −

𝐾!
(𝑈! − 𝑈!&'!()*' ),
𝑠

where s is a weakening coefficient that needs to be defined. If the inter-particle distance continues to increase, the inter-particle
bond breaks when 𝑈! > 𝑈!234&32' and all forces are set to zero. A crack is then defined at the location of the bond breakage.
170

(&)

As in classic DEM formulations (Hart et al., 1988), the tangential force 𝐹(

at the current time step t is computed incrementally

as:
(&)

𝐹(
(&7∆&)

where 𝐹(

(&7∆&)

= 𝐹(

+ 𝐾( ∙ ∆𝑈( ,

is the force computed at the previous time step; ∆𝑈( is the incremental tangential displacement between A and

B, and 𝐾( is the tangential stiffness, defined as K 9 = a ∙ K / with a, a coefficient related to the Poisson’s ratio of the simulated
medium.
175

As for the normal force, a maximum admissible tangential force, 𝐹(+,- , is defined as:
𝐹(+,- = 𝑐 ∙ 𝐴)!& ,
7

https://doi.org/10.5194/egusphere-2022-563
Preprint. Discussion started: 26 July 2022
c Author(s) 2022. CC BY 4.0 License.

where c is the inter-particle cohesion (Fig. 3). Once the tangential force reaches this limit, the inter-particle bond breaks, and
the forces are set to zero. A crack is then defined at the location of the bond breakage.
One additional parameter is introduced to enable healing of newly created inter-particle contacts. Bonds are thus created when
new inter-particle contacts are detected during the simulation. These bonds have the same strength as the initial ones. This is
180

a way to model the healing processes that take place along faults. It permits controlling the dilatancy of the medium undergoing
failure. For the tectonic deformation, either the fault rupture modeling or observations after the big seismic event suggest a
fast-healing process of the fault zone on the order of decades or even shorter (Gratier et al., 2003; Renard et al., 2000; Xue et
al., 2013). Thus, we considered the rapid healing processes in our modeling.

185

4.2 Modeled rupture geometry, slip dislocation, and recurrence period
Testing the impact of rupture complexity on a seismic hazard assessment requires understanding the mechanism of segmentary
faulting behavior. Here, we took the 2018 Palu rupture as an example. We derived the fault geometry from the surface
observations to propose a dynamic model through DEM (Fig. 4) and parameter settings (Table 1). To set up an initial model
condition for the fault trace, we referred to the fault geometry of the Palu rupture and simplified it as a plane at depth (black
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dashed line in Fig. 1b). We simulated the development of the fault from a depth of ca. 15 km (Fig. 4), corresponding to the
slip dislocation model of this event (Socquet et al., 2019). We decided the size of the fault, in particular the pre-existing
segments, based on the historic ruptures. Based on the previous ruptures in 2009 and 1909, we set the pre-existing fault at the
southern tip of the 2018 Palu rupture (near P4) with weak strength (Table 1) along the fault plane by those two events (the
2009 Palu segment and 1909 Saluki segment events in Fig. 1). At the depth, the 10°-curved basement fault alignment (Fig. 4c)
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is consistent with both the tectonic loading in this region (Socquet et al., 2006) and the deep slip model (Scholz, 2002).

Table 1. Parameters for modeling

Parameter
Number of elements
Mean element radius
Ratio of largest to smallest element
Interaction range coefficient
Particles’ elastic modulus
Tangential stiffness coefficient
Tensile strength of model
Cohesion of model

Symbol
𝑅
-

Value
200,000
4
1.86

Unit
[m]
[-]

𝛾!"#

1.15

[-]

E
a
t
c

1
0.008
1
1

[MPa]
[-]
[kPa]
[kPa]

8
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Weakening coefficient
Shortening rate of indenter
Damping coefficient
Time interval coefficient
Gravitational acceleration
Tensile strength of pre-existing fault
Cohesion of pre-existing fault

200

s
v
𝐷$
g
t
c

70
2.5
0.4
0.4
0.08
0.2
0.2

[-]
[m/s]
[-]
[-]
[m/s2]
[kPa]
[kPa]

Figure 4: Model setup with 200,000 spherical elements: (a) the top view of the model; (b) the view from the south; and
(c) the bottom view of the model. The loading boundaries are in red and blue. The deformation model is in grey. The
pre-existing fault is in orange. The two purple half-arrows show the loading direction: the red boundary moves to the
north, and the blue boundary moves to the south. The dimensions of the model and the pre-existing fault are as shown:
the model is 144 km long, 34.6 km wide and 15 km deep; the pre-existing fault is ca. 7.0 km deep and ca. 50.4 km long
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with one step-over from the south end. The curved loading boundary at the bottom is 10° convex to the west.

To simulate the behavior of the continental crust and rupture deformation using the proposed approach, the model needed to
be calibrated (Fig. 5). The calibration procedure of DEM models consists of adjusting the set of interparticle parameters so the
emergent macroscopic behavior is representative of the targeted medium. To determine the relevant set of interparticle
210

parameters for the crust, we ran a series of triaxial compression test simulations on a sample of the crust assembly under
9
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different confining pressures (Fig. 5a). We considered confining pressures varying from 0 to 400 MPa to represent the depths
of the crust (Fig. 5b). Following the calibration procedure proposed by Scholtès and Donzé (2013), we set the interparticle
parameters presented in Table 1, which produces the macroscopic mechanical behavior presented in Fig. 5. The stress-strain
curves of the crustal rock with different depths show the rock strength increasing with the depth. Since the healing process is
215

considered in the model, the strain-softening behavior along the curves presents with different pressures, but with the degree
of strain-softening decreasing with the different pressures. The failure envelope line (Fig. 5c) shows the stress increasing
approximately lineally with the lateral pressure, which is similar to the Mohr-Coulomb criterion. After the calibration, we
could use the parameter settings and the model to simulate the tectonic deformation and rupture behavior.

220
Figure 5: Triaxial compression test simulations performed on the calibrated model (see Table 1): (a) the setup, (b) the
10
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stress-strain responses obtained for different confining pressures corresponding to different depths up to ca. 15 km
(400 MPa); and (c) the relationship between the compressive strength of the simulated crust and the confining pressure
(failure envelope).
225
In the simulation, we recorded each time the boundary slipped 2 m during the modelled deformation, which represents a period
of ca. 50 years in nature. In the first stage, ruptures concentrate along the Palu and Saluki segments of the Palu-Koro faults
(Steps 0-90 in Fig. 6), corresponding to the locations of the events in 2009 and 1909. Note that we did not consider rupture
events in other segments along the Palu-Koro fault or the Matano fault. Afterward, an en echelon pattern started developing
230

along the northern part of the Palu rupture (Steps 90-100 and Steps 100-110 in Fig. 6), corresponding to an unidentified fault
zone before the 2018 Palu event. In this stage, the fault has not yet matured. In the second stage (Steps 110-120 in Fig. 6),
cracks distribute almost homogenously along the entire Palu rupture, particularly along its northern part, which was unmatured
before. Thus, in this period, the fault becomes mature, resulting in a ca. 140 km-long rupture, corresponding to an event like
the 2018 one. During the further loading period (Steps 120-180 in Fig. 6), cracks or events occur repeatedly along the entire

235

mature fault, illustrating the spatial and temporal distribution of seismicity along this fault system. Events like the 2018 one
would reoccur persistently in the future.

11
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Figure 6: Numerical model result sequences: each step has a ca. 2 m movement along the model. At Steps 0-90,
240

corresponding to ca. 4,500 years, the cumulative cracks occurred along the pre-existing segments from depth to the
surface, while along the unidentified fault zone, cracks happened only at the creeping depth; they had not yet
propagated to the shallow part. At Steps 90 to 100, corresponding to ca. 500 years, very few cracks occurred on the
surface. During this period, it seems impossible to coalesce them from the bottom to the surface together to form the
entire rupture. At Steps 100 to 110, corresponding to ca. 500 years, more cracks take place along the north segments

245

(representing unidentified segments) than the previous stages, but still with significant gaps between segments on the
surface. This suggests that the rupture still might not be coalesced to form the entire rupture. At Steps 110 to 120,
corresponding to ca. 500 years, the cracks seem distributed along the entire fault. Since this period could allow the
segments to connect the pre-existing fault in the south and unmapped faults in the north together and change the entire
fault from immature to mature, the 2018 Palu rupture event probably occurs during this period. At Steps 120 to 180,

250

corresponding to ca. 3,000 years, cracks homogenously distribute along the entire fault plane, inferring that further
events repeatedly occur along the entire fault system.

In the period of Steps 110-120, both the deformation on the surface and the crack distributions along the fault plane suggest
the fault has been ruptured entirely during the coseismic period of the 2018 Palu event. Thus, we detail the DEM at these steps
255

in the forms of surface deformation and rupture patches (Fig. 7). The models show the slips at profiles L1 to L5 are 3.3, 1.0,
3.0, 6.0, and 3.5 m, respectively (Fig. 7b). The slip pattern (peak in the central segment) and the level of the peak slip (with
slip of ca. 6.0 m) are consistent with the InSAR observations in the 2018 Palu event (Fig. 2). On the surface (with a depth <5
km), our model presented a total of 6 segments, F1 to F6 (Fig. 8a), to fit the patterns of the crack swarms (red and orange dots).
At depth, the crack distribution confirms that a total of 6 sub-fault planes are vertically wrenched from north to south (Fig. 8a)

260

form the entire fault geometry of the event, which ruptures the fault from immature (unmapped) to mature (mapped). The
maturity of the fault (the 2018 Palu rupture zone) is also affected by the pre-existing fault segments (the Palu and Saluki
segments of the Palu-Koro Fault). We could identify the dip direction of each sub-fault that dips almost vertically with slightly
horizontal components (Figs. 8a and b). The segments in the two ends (F1 and F6) dip to the west, whereas the central segments
(F3 to F5) dip to the east, and F2 is almost vertical with a slight horizontal component. The modeled dipping pattern is in good

265

agreement with the InSAR observations of the Palu event (Fig. 2). Note that the dip direction changes from F1 to F6 along the
segments are different from the ideal Riedels (Mandl, 2005; Naylor et al., 1986; Lefevre et al., 2020; Jiao et al., 2021). The
southern parts, including F5 and F6, are dominantly affected by the mature fault (mapped fault). Thus, the maturity of the fault
affects the fault segments.
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Figure 7: Illustration of the deformation and crack distribution of the moment that could be comparable to the 2018 Palu event: (a)
The modeling movement distribution along the N-S direction during one event is shown by colored dots. The larger red dot shows
the epicenter of the 2018 Palu event. The profile lines L1-L5 show the locations of the profiles in (b). The coastal line, profile lines
P1-P5, segments S1-S5, surface rupture of the 2018 Palu event (red line with white background), and secondary rupture (thin blue
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line in the back) are from Fig. 2c. (b) Slips in the N-S component are along profiles L1-L5: black arrows indicate the rupture locations
in the model. (c) In the modeled crack location during the event, the dashed curve shows the boundary of the N-S loading plates at
the depth.

5 Discussion and Conclusions
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5.1 Modeled rupture on the complex fault plane
In this study, we examined the fault geometry complexity during segmented rupture seismic events and further to quantify the
seismic hazard. We propose a dynamic model to illustrate behaviors of the earthquakes with complex rupture patterns using
the case of the 2018 Palu event. Our DEM model could illustrate the spatial and temporal distribution along the entire fault
system, including the immature segments in the north and mature segments in the south. The simulations showed that before
14
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the big event, there are few frequent seismic activities with smaller slip patches (corresponding to smaller magnitudes) in the
southern segments, corresponding to the events, such as the 1909 Saluki segment and 2009 Palu segment events (Fig. 1). Then
activities that could rupture the entire fault system follow these small activities, resulting in an event like the 2018 Palu
earthquake. This rupture event could propagate along the immature part in the north and mature part in the south together. This
model explains the occurrence of a large event like the 2018 event, suggesting coseismic rupture on both immature and mature
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segments. During the period of this large event, the modeled surface deformation in the forms of slip pattern (peak in the
central segment) and level of the peak slip (with slip of ca. 6.0 m) are consistent with the InSAR observations (Fig. 2).
The 2018 Palu event ruptured along several fault segments on the surface with a super-fast rupture speed (also known as super
shear; Bao et al., 2019; Socquet et al., 2019). It suggests that the single fault at the depth, which could provide the super-fast
rupture speed along the fault, and the en echelon pattern on the surface. Both the observation and the model present different
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dipping directions of each fault segment (Figs. 2 and 8), since the 2018 Palu event and the simulated one ruptured segmentally
with alternating dipping directions on segments. Generally, such a segmented en echelon pattern could be explained by the
theory of a wrenched sub-fault plane distributed along a strike-slip fault system (e.g., Naylor et al., 1986). This theory
concluded that the formation of the Anderson-type wrench faults is accounted for in Coulomb-Mohr’s theory with tectonic
loading. Considering the orientations of the potential slips associated with the principal stress directions at different levels of
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the inner wrench zone, the synthetic wrench faults fit into the slip pattern and merge with the basement fault. Each synthetic
Riedel shear has a helicoidal shape (Lefevre et al., 2020; Mandl, 2005). The synthetic Riedel shears diverge from the basement
fault with decreasing distance from the basement fault. Thus, the wrenched fault system is the single simple and smooth shear
fault at depth. With its development, the shear fault twists and segmentally propagates to the surface, and then it shows en
echelon Riedel shears (sub-faults) with a sense of motion synthetic with the general shear direction (Asaoka et al., 2016; Riedel,
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1929) on the surface, which rides on the single simple shear fault.
Furthermore, the number and dip direction of wrenching fault segments may be affected by several factors, such as depth
(Klinger, 2010), tectonic loading (Naylor et al., 1986), and strength of the plate. Our model has confirmed that the maturity of
the fault segments also affects the en echelon Riedel pattern. The dip direction along the segments of the mature southern part
differs from the segments of unmatured northern part in the modeling. The maturity of the fault segment changes the dip
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directions of segments, perhaps even segment sizes. In nature, consider the coseismic slip along the wrench faults of the 2018
Palu event as an example. The 2018 Palu rupture in the northern part includes several immature en echelon fault segments,
and the southern part has pre-existing faults from other fault systems next to this rupture fault. The 3D helicoidal shape of the
Riedel shear segments from depth to surface is obtained from the modeled rupture of the 2018 Palu event (Fig. 8), obviously
distorted by the maturity of fault segments.
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Figure 8: Comparison of the modeling rupture planes with observations of the Palu event: (a) A 3D view of the implied six sub-fault
segment planes F1-F6 and the surface cracks (<5 km; in orange and red dots) in the model is shown. The colors of the dots correspond
to the crack depth, the same as those shown in Fig. 7c. (b) The map view of the sub-fault planes in (a) and the observed main rupture
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of the 2018 Palu event (purple line with white background) are shown from Fig. 2a; the big purple dot indicates the location of the
2018 Palu event.

5.2 Application to probabilistic seismic hazard assessment
A probabilistic seismic hazard assessment (PSHA; Cornell, 1968) determines the probability of exceedance of various levels
325

of ground motion over a specified period. Since this assessment quantifies a seismic hazard into a probability, it serves as a
key reference in mitigating seismic risk, developing building code legislation, selecting sites for public and private
infrastructure, and calculating insurance premiums. Some PSHAs assume an earthquake takes place on a single active fault
and that faults (or segments of a fault) are independent of each other. With the 2017 national seismic hazard maps of Indonesia
(Irsyam et al., 2020) as an example, the hazard was contributed from each fault segment with maximum magnitude. The 2018
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Mw7.5 Palu rupture can be associated with the Palu, Saluki, and Moa fault segments with maximum magnitudes of 6.8, 6.9,
and 7.1, respectively. The assumption underestimates the maximum magnitude when an earthquake ruptures along several
faults or fault segments, however.
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Some previous studies (e.g., Chan et al., 2020) have proposed innovative approaches that assumed an earthquake could rupture
along multiple fault segments. Our approach replies on identification of potential faults/segments that would rupture
335

coseismically. In this study, we demonstrated that our model could illustrate spatial and temporal distribution along the entire
fault system to quantify the possibility of earthquake occurrence as a function of magnitude (based on the rupture size). We
are aware that implemented parameters (Table 1) would drive the outcomes of the DEM model. Variations of each parameter
could be regarded as epistemic uncertainties and be assumed into a logic tree in a PSHA.
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