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Abstract

The impact of earthquakes can be severely aggravated by cascading secondary hazards. The
2018 Mw 7.5 Palu, Indonesia, earthquake led to devastating tsunamis and landslides, while triggered
submarine landslides possibly contributed substantially to generate the tsunami. The rupture was
supershear over most of its length, but its
√ speed was unexpectedly slow for a supershear event, between the
S wave velocity VS and Eshelby's speed 2VS , an unstable speed range in conventional theory. Here, we
investigate whether dynamic rupture models including a low-velocity fault zone can reproduce such a
steady supershear rupture with a relatively low speed. We then examine numerically how this peculiar
feature of the Palu earthquake could have affected the near-field ground motion and thus the secondary
hazards. Our findings suggest that the presence of a low-velocity fault zone can explain the unexpected
rupture speed and may have mitigated the near-field ground motion and the induced landslides in Palu.

Plain Language Summary Earthquakes are produced by slippage quickly unzipping along
faults, causing Earth's vibrations, that is, ground shaking. The impact of the earthquake can become more
catastrophic by triggered phenomena, like landslides and tsunamis, as witnessed during the 2018 Palu
(Indonesia) earthquake of magnitude 7.5. Generally, the faster the earthquake rupture, the stronger the
shaking. The Palu earthquake is among a class of very fast but rare earthquakes whose speed exceeds
that of shearing waves in rocks. Theoretically, these so-called “supershear earthquakes” can propagate
steadily only if faster than a speed known as Eshelby's speed. Surprisingly, the Palu earthquake is slower
than this limit. How can we explain this unusual speed? Did it affect the triggering of landslides, including
submarine landslides that likely contributed to the tsunami? We address these questions through computer
simulations, particularly focusing on the possible effect of a “fault damage zone,” a layer of softened rocks
surrounding faults and caused by rock fracturing accumulated throughout the past fault activity. We found
that, if a damage zone exists around the Palu fault, it can explain the unusual speed of this supershear
earthquake and may have had the beneficial effect of reducing the shaking and thus its induced landslide
and tsunami hazards in Palu.
1. Introduction
The 2018 Mw 7.5 earthquake in Palu (Sulawesi, Indonesia) ruptured at a supershear speed; that is, the rupture speed exceeded the shear wave speed of the medium. The rupture initiated on an unmapped fault
located within the inland Sulawesi neck and propagated 150 km southward on the strike-slip Palu-Koro fault
(Bao et al., 2019; Socquet et al., 2019) (Figure 1a). Studies using teleseismic backprojection revealed that
the rupture rapidly reached a steady velocity of about Vrup = 4.1 km/s, exceeding the local S wave velocity
VS = 3.4–3.8 km/s (Bao et al., 2019).
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The rupture of the Palu earthquake was faster than most earthquakes but slower than a usual supershear
earthquake, and here we aim to understand whether the presence of a damaged-fault zone can be the reason
behind it. On the basis of theoretical and experimental studies, a stable
√ rupture propagation at supershear
speed is only expected at velocities higher than Eshelby's speed VE = 2VS (Andrews, 1976; Dunham, 2007).
Yet the inferred rupture speed of the Palu event lies in the unstable supershear regime VS < Vrup < VE . One
proposed explanation of such a rupture speed is the presence of a low-velocity fault zone (LVFZ). Supershear ruptures in a LVFZ approach the P wave speed of the LVFZ (Huang et al., 2016; Harris & Day, 1997).
Indeed, Bao et al. (2019) interpreted the observed rupture speed by the possible presence of a LVFZ with
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Figure 1. (a) Location map of the Palu earthquake epicenter (star), fault rupture trace (black line), and triggered
landslides (triangles). (b) Conceptual model of a low-velocity fault zone. (c) Supershear transition distance as a
function of stress drop (normalized by strength drop) in dynamic rupture models with and without finite seismogenic
zone. (d) Spatiotemporal distribution of slip rate and (e) rupture speed versus distance along the fault strike for the
simulation where Δ𝜏r = 0.37.

30% velocity reduction. However, previous studies modeling supershear rupture in a LVFZ were based on
2-D models that ignored the finiteness of the seismogenic depth, while the Palu earthquake rupture has a
high length-to-width ratio (150-km length vs. a typical seismogenic depth of 15–20 km for strike-slip earthquakes). Recent theory and simulations show that the seismogenic width controls the evolution of rupture
speed in elongated faults (Weng & Ampuero, 2019). Thus, the first question we address, in section 2, is: Can
the presence of a LVFZ lead to a steady-state supershear rupture running at the damaged-rock P wave speed
in a long rupture with finite seismogenic width?
The earthquake also triggered devastating landslides; the rupture properties must also have been determinant on the distribution and density of coseismic landslides in addition to site and path effects, and other
local aggravating conditions such as irrigation practice (Bradley et al., 2019; Watkinson & Hall, 2019). The
impact of the earthquake was aggravated by landslides triggered in the proximity of the fault, including
submarine landslides in the Palu Bay that likely contributed to the generation of a devastating tsunami
(Carvajal et al., 2019). Major coseismic landslides were reported in four different areas, within 10 km of
distance from the fault (Figure 1a), on gently sloping alluvial valley floor. Past studies have relied on the
empirical evaluation of earthquake-induced landslide hazard by using seismic factors such as earthquake
magnitude and epicentral distance (e.g., Keefer, 1984; Meunier et al., 2007; Papadopoulos & Plessa, 2000).
Yet recent research points to the necessity of considering the combined effect of geo-environmental factors
and rupture complexities to improve the hazard prediction. For example, landslides triggered by the 2008
Wenchuan, China, earthquake were found to be unexpectedly high for a Mw 7.9 event (Xu et al., 2016).
Conversely, the 1999 Mw 7.2 Düzce, Turkey, and the 2002 Mw 7.9 Denali, USA, earthquakes induced fewer
landslides than expected for M 7+ earthquakes (Görüm et al., 2011). Indeed, despite the similarities of magnitude, topology, climate, and rock type, the difference between the 2015 Mw 7.8 Gorkha, Nepal, and the
2008 Wenchuan earthquake-triggered landslide densities is mainly associated with the rupture complexities
(Roback et al., 2018; Xu et al., 2016). For that reason, we also investigate the effect of rupture properties of
the Palu earthquake on ground motion and consequent landslide triggering in the near field.
ORAL ET AL.
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We aim to understand whether the ground motion and the consequent landslide-triggering impact during
the Palu earthquake were mitigated by the lower rupture speed or aggravated by wave amplification due to a
damage zone. Among the source properties, rupture speed significantly affects ground motion: A supershear
rupture can generate stronger ground motion than a subshear rupture, except if the rupture propagates at
sub-Eshelby speed (Aagaard & Heaton, 2004; Bizzarri & Spudich, 2008; Dunham & Archuleta, 2005). On
the other hand, waves trapped by a LVFZ can amplify ground motion (Ben-Zion et al., 2003; Huang et al.,
2014; Kurzon et al., 2014; Peng et al., 2003; Spudich & Olsen, 2001). The Palu earthquake is a sub-Eshelby
supershear rupture (relative to the host-rock wave speed) and may have occurred within a LVFZ: Rupture
speed and fault zone structure may have had competing effects on ground motion. Therefore, the second
question we address, in section 3, is: In the presence of a LVFZ, can a supershear rupture running at the
damaged-rock P wave speed aggravate near-field ground motion?

2. Early and Sustained Supershear at Damaged-Rock P Wave Speed
2.1. The 2.5-D Dynamic Rupture Modeling
We model a dynamic rupture on a vertical strike-slip fault with finite seismogenic width W . For the sake of
computational efficiency, we adopt a reduced-dimensionality (2.5-D) model, which has been shown to be a
successful approximation of 3-D rupture models on elongated faults (Weng & Ampuero, 2019). The 2.5-D
approach is derived by isolating a single vertical Fourier mode to account for the constrained depth profile
of slip. This enables numerical simulations that approximately account for the 3-D effect of a finite rupture
depth at the same computational cost as a 2-D simulation. The fault bisects a LVFZ with uniform properties,
embedded in an unbounded, homogeneous host rock medium (Figure 1b). The LVFZ is defined by its width
H and its reduction of P and S wave velocities relative to the host rock, ΔV∕V . We set ΔV∕V = 30%, as
hypothesized by Bao et al. (2019). Such a value of velocity reduction is not unusual in mature fault zones
(Huang & Ampuero, 2011). We set a Poisson's ratio of 0.25 everywhere.
We artificially initiate the rupture by prescribing a smooth time-weakening front that expands at a prescribed speed, 0.25Vs , as in Andrews (1985). The rupture starts to propagate spontaneously when the
time-weakening front exceeds a critical nucleation length. Outside the time-weakening zone, the fault is controlled by the linear slip-weakening friction law (Ida, 1972; Palmer & Rice, 1973), with static and dynamic
friction coefficients 𝜇s = 0.6 and 𝜇d = 0.1, respectively, and critical slip distance Dc . A dynamic friction of
0.1 is typical in laboratory experiments at high slip rates (Di Toro et al., 2011).
We normalize all spatial parameters by the characteristic frictional length Lc = GDc ∕𝜎(𝜇s − 𝜇d ), where G is
the shear modulus and 𝜎 is the fault normal stress, which is constant during the simulation owing to the
symmetries of the problem. This length is proportional to the process-zone size that must be well resolved
by the numerical grid (Day et al., 2005). Due to computational constraints, we assume Lc = 400 m. This
corresponds to a Dc value of 0.4 m, assuming G = 30 GPa in the host rock and a strength drop (𝜎(𝜇s − 𝜇d ))
of 30 MPa.
Huang et al. (2016) found a correlation between supershear-transition distance, normalized LVFZ width
H∕Lc and initial background stress. We quantify the initial background stress by the ratio Δ𝜏r of stress drop
(difference between initial shear stress and dynamic shear strength 𝜎𝜇d ) to strength drop 𝜎(𝜇s − 𝜇d ). For
a given Δ𝜏r , the supershear-transition distance increases as a function of H∕Lc . Here, we set H = 2Lc to
mimic the early supershear transition of the Palu earthquake for a considerably wide range of initial stress
conditions. LVFZ widths most often range between 100 and 400 m, with some exceptions exceeding 1 km
(e.g., Faulkner et al., 2003; Huang & Ampuero, 2011; Li & Malin, 2008; Weng et al., 2016). There is no
available observation of LVFZ in Palu; we assumed a LVFZ width of 800 m to limit the computational cost.
We set the seismogenic width as W = 30Lc , which corresponds to 12 km.
The simulations are done with the spectral element code SEM2DPACK (Ampuero, 2002, 2012). We
set the element size sufficiently small to resolve the process-zone size: 0.1Lc and 0.5Lc with nine
Gauss-Lobatto-Legendre nodes per element edge in the LVFZ and host-rock media, respectively. The mesh
is shown in Figure S7 in the supporting information. Numerical oscillations are mitigated by artificial damping around the fault by using a viscous material of Kelvin-Voigt type (Ampuero, 2008; Galvez et al., 2014).
The model domain and the duration of the simulation are chosen such that the rupture does not reach the
fault end, and spurious numerical reflections at the model boundaries do not reach the rupture. Absorbing
boundaries are used at all model boundaries (Clayton & Engquist, 1977).
ORAL ET AL.
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2.2. Results
Our analyses show that, even when accounting for the finite seismogenic width, the supershear transition
can occur early if the background stress is sufficiently high. We performed simulations at different background stress ratios ranging from 0.2 to 0.48. Figure 1c shows the supershear-transition distance for each
case, compared to the results without W effect (2-D simulations equivalent to W = ∞). The transition occurs
at shorter distances for a higher initial stress. This trend is qualitatively similar to that in the infinite-W
case; the effect of the seismogenic depth slightly delays the supershear transition, by less than 20%. The calculated transition distance ranges roughly from 4 to 15 km if Δ𝜏r ranges from 0.3 to 0.5. Considering the
uncertainties of relative location in the backprojection imaging of the Palu earthquake by Bao et al. (2019),
these models are consistent with the observed early supershear-transition distance.
The observed rupture speed of the Palu event is not surprisingly low if we consider a damaged fault, as
proposed by Bao et al. (2019) based on 2-D dynamic models by Huang et al. (2016): Our 2.5-D analyses
confirm that the presence of a LVFZ can enable a steady-state supershear rupture at the damaged-rock
P wave speed also on an elongated fault. This is well illustrated by the rupture properties in one of the
cases where the supershear transition distance is consistent with the observation, namely, the case Δ𝜏r =
0.37. The distribution of slip rate as a function of distance along strike and time is shown in Figure 1d. The
rupture is initially subshear and transitions to supershear at a distance of 20 Lc (corresponding to 8 km).
The rupture speed stabilizes at ∼ 1.2Vs (Figure 1e), which is the P wave speed of the LVFZ medium. Given
the observed rupture speed, 4.1 km/s, for an approximate S wave speed of host rock of 3.5 km/s for the Palu
event, the results of our dynamic rupture modeling support the possibility that the LVFZ presence promotes
a persistent supershear rupture at damaged-rock P wave speed.
Supershear events running at a sub-Eshelby speed relative to intact rock like the Palu earthquake should not
be surprising for major faults with a pronounced damage zone. Although we focused above on a single set
of parameters that represents well the short supershear-transition distance and the relatively slow rupture
features of the Palu event, given that we found the W effect is not dramatic, the effect of different values of
fault zone width and velocity reduction can be anticipated based on the findings of comprehensive sensitivity
analyses in 2-D by Huang and Ampuero (2011) and Huang et al. (2014, 2016). According to these studies,
the presence of a LVFZ leads to a lower critical stress value for supershear transition than in homogeneous
media, owing to dynamic stress perturbations induced by fault zone waves. Moreover, the rupture speed
depends on initial stress and LVFZ properties. If the LVFZ is too narrow (e.g., H <∼ Lc if ΔV∕V = 30%)
the wavelength of head waves inside the LVFZ is too short to induce a permanent supershear transition at
any initial stress level. If the LVFZ is too wide (H > 6Lc if ΔV∕V = 30%) very long distances (>100 Lc ) or
high initial stress values (Δ𝜏r > 0.45) are required to promote supershear speed. Related features are visible
in the simulation results reported by Harris and Day (1997). Thus, for the case with 30% velocity reduction,
the range of LVFZ widths that likely promotes a supershear rupture with an unusual speed is 1 < H∕Lc < 6.
This condition implies LVFZ widths ranging from 400 m to 2.4 km for our particular choice of Lc value. Such
a range involves values near and above the upper end of real LVFZ widths. A smaller Lc value allows for a
supershear rupture with an unusual speed well within the usual range of natural LVFZ widths. Therefore,
rupture propagation at the speed of the Palu earthquake can be expected under a considerably wide range of
conditions, supporting the relatively slow supershear hypothesis of Huang et al. (2016) for past earthquakes
such as the 1906 San Francisco and the 1999 Mw 7.1 Düzce earthquakes (Bouchon et al., 2001; Ben-Zion
et al., 2003; Song et al., 2008). Better constraining LVFZ properties and Lc could help to test further this
hypothesis.

3. Changes in Near-Field Ground Motion During a Supershear Rupture With
an Unusual Speed
3.1. The 3-D Wave Propagation Modeling
To investigate the near-field ground motions during a persistent supershear rupture, we simulated
steady-state ruptures in 3-D, with prescribed constant stress drop and constant rupture speed. Following
the procedure of Andrews (1985) and Dunham and Bhat (2008), we force the friction coefficient to weaken
linearly as a function of time inside a process zone, which propagates at prescribed speed. At the tail of the
process zone, the friction coefficient equals 𝜇d . To avoid stress singularities at the rupture tip, the peak fault
strength and process zone size are not prescribed but vary spontaneously.
ORAL ET AL.
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Figure 2. Maximum amplitude of the three-component ground velocity vector of (a) fast supershear and (b) slow
supershear models. All values are normalized by the maximum value of Model A, which equals 5.95 m/s.

We created three different models: Model A is a fast supershear model without LVFZ; Model B is a slow
supershear model with a LVFZ; and Model C is a slow supershear model without LVFZ. By “slow supershear” we mean a supershear rupture with a relatively low speed, sub-Eshelby relative to the intact rock.
Model C corresponds to an artificial case because its sub-Eshelby rupture speed is inadmissible for a homogeneous host-rock medium; we use it only for comparison purposes. We set VS = 3.5 km/s for the host
rock in all models, such that VP = 6.06 km/s, VE = 4.95 km/s, and Poisson's ratio is 0.25. We set the rupture speed in Model A as 5.95 km/s, close to the P wave speed, and in Models B and C as 4.17 km/s, a
sub-Eshelby speed. The element sizes are 0.4 and 1.2 km in the LVFZ and host-rock media, respectively.
Five Gauss-Lobatto-Legendre points are used per spectral element edge. The grid allows for a resolution up
to 2 Hz; we apply a Butterworth low-pass filter with 2-Hz corner frequency to all simulated signals before
analysis. The model length, width, and depth are 360, 180, and 36 km, respectively. We set the seismogenic
width to 12 km. Spurious numerical reflections from model boundaries are mitigated by absorbing boundary
layers. We stop the simulations when the rupture has propagated a distance of 72 km (i.e., 6◦ W). The simulations are conducted with the SPECFEM3D software (Galvez et al., 2014; Kaneko et al., 2008; Tromp et al.,
2008), which was verified in the Southern California Earthquake Center-U.S. Geological Survey dynamic
rupture code verification benchmark (Harris et al., 2011, 2018). We verified that the final slip is similar in
the three models (differences are of about 10%).
We evaluated the induced-landslide potential, in relative terms, by comparing seismic intensity parameters. Many studies of coseismic landslide susceptibility have used seismic intensity parameters such as peak
ground velocity (PGV), peak ground acceleration, and Arias intensity (Ia ). Several quantitative analyses on
past coseismic landslides also point to the correlation between these parameters and observed distribution
patterns of landslides (e.g., Meunier et al., 2007; Refice & Capolongo, 2002). Although the combined use of
these parameters has been proposed to improve the prediction of landslide displacement (Sayg𝚤l𝚤 & Rathje,
2008), a recent comparative study suggests that all parameters produce similar results (Dreyfus et al., 2013).
Therefore, in this study, we discuss the landslide-triggering impact of ground motion by using PGV. Given
the limitations of our simulations to low frequency (<2 Hz), we provide peak ground acceleration and Ia
results only for reference in supplementary material.
3.2. Mitigation of Near-Field Landslide Hazard by Sub-Eshelby Rupture Speed
Peak ground motion is notably attenuated due to the reduction of rupture speed. We compare the PGV of
Models A and B when the rupture front has propagated a distance of 72 km (Figure 2). Given its slower
rupture, this occurs later in Model B than in Model A. Therefore, the P and S wave fronts in Model B have
propagated a longer distance off the fault. While the results shown here can quantitatively differ at later
times, our qualitative inferences remain valid. As expected, P waves attenuate with distance in both models,
and large S wave amplitudes persist to long distances within Mach cones (Figure 2). The overall spatial
extension of the highest PGV values is wider in Model A than in Model B given the wide expansion of the
Mach cone in Model A due to its high rupture speed.
The reduction in ground-motion amplitude is related to the significant attenuation of waves in the whole
frequency band due to the slow supershear. We compare the acceleration spectra between Models A and B
ORAL ET AL.
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Figure 3. Comparison of peak ground velocities versus distance from the fault between fast (Model A) and slow
(Model B) supershear models (a) and between slow supershear models with damage (Model B) and without damage
(Model C) (b). All values are normalized by the maximum value of the Model A. The signals used in the comparison of
Model B and C are high-pass filtered above 0.5 Hz to accentuate the LVFZ effect on ground motion.

at a strike distance of 40 km (Figure S1). When the rupture front reaches a distance of 72 km, the Mach cone
of Model A has propagated to 22 km off the fault at 40 km along strike. Within this distance, the ground
motion in Model B is weaker than in Model A at all frequencies (<2 Hz) (except for the partial amplification
of low-frequency motion of Model B close to the fault in the fault-normal direction). This damping effect
affects all components of ground motion at the same distance (Figure S2).
To mimic the landslide-triggering impact of our models on reported landslide locations of the Palu earthquake, we evaluate the ground motion at a fixed along-strike distance. Both submarine and inland landslides
of the Palu earthquake are reported at locations that are considerably far from the fault end and where the
rupture presumably propagated at a steady state. In addition, these sites are located at comparable distances
in units of W, such that we interpret the landslide hazard of these sites by analyzing the ground motion at
different off-fault distances but at a fixed along-strike distance.
The analyses of peak-ground velocities point to the reduction of landslide-triggering potential in the
slow supershear model. We compare the dependence of PGV on off-fault distance at a strike distance of
40 km—we verified that the rupture reached steady state there—between Models A and B (Figure 3a). The
largest values occur in the vicinity of the fault in both models, and the difference of PGV between the models vanishes with increasing distance to the fault. Within the distance of Mach-front propagation (<22 km),
the PGV values of the fast supershear model are higher than those of the slow supershear model.
Our results support the findings of past studies: A slower rupture (here caused by the presence of a
LVFZ) results in a significant reduction of the amplitudes of near-field ground motion and consequent
landslide-triggering impact, and this influence of rupture speed on ground motion is valid at various
distances from the fault (within 30 km here).
3.3. Enhanced High-Frequency Ground Motion and Landslide Hazard Caused by Damage
High-frequency waves are amplified due to the damaged-fault zone over a wide range of off-fault distances.
To isolate the effect of the presence of a LVFZ, we compare two slow supershear models with and without a LVFZ (Models B and C, respectively). Our analysis of acceleration spectra suggests that the presence
of a LVFZ results in slight amplification of the ground motion, in particular at frequencies above 0.5 Hz
(Figure S4). This is expected, since the resonance frequency of waves normally reflected at the LVFZ-host
rock interface is 0.39 Hz.
The high-frequency amplification due to the damaged-fault zone leads to the increase of landslide-triggering
impact based on our analyses. We recall that the resolution of our model is limited to 2 Hz, and
“high-frequency” here means in the frequency band of 0.5–2 Hz. Some numerical slope-stability analyses,
focusing on past earthquakes that triggered massive landslides in Italy and China, report that ground motion
with high energy at frequencies below 2 Hz can mobilize large volumes and be responsible for the displacement of large portions of preexisting landslide mass (Bozzano et al., 2011; Havenith et al., 2003; Martino &
Mugnozza, 2005; Zhu et al., 2013). We compare the PGV values of the two models in Figure 3b. PGV decays
with off-fault distance in both models, except for a certain distance range in the presence of a LVFZ in Model
B; such amplification of PGV values in Model B is because of enhanced high-frequency radiation due to the
LVFZ presence. To well constrain the effect of the LVFZ on PGV values, we made the comparison in the
frequency band of 0.5–2 Hz; PGV amplification due to the LVFZ at a strike distance of 40 km is pronounced
particularly between approximately 6 and 16 km.
ORAL ET AL.
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The reflections due to the velocity contrast between the LVFZ and host rock can result in an amplified
high-frequency motion that could also increase the landslide-triggering impact at farther distances from
the fault. Considering the extent of the sites where landslides are reported (within 10-km distance from
the fault), our results indicate that the landslide triggering potential of the Palu earthquake may have been
aggravated by the presence of a damaged-fault zone (comparison of Models B and C). Therefore, we only
focused on the amplification of ground motion in this distance range and ignored possible attenuation of
ground motion at further distances. Yet, in the previous subsection, we found a dampening effect of the
LVFZ on landslide triggering potential, via its effect on rupture velocity (comparison of Models A and B).
Out of these two competing effects of the LVFZ, the former one (amplification) is relatively slight.

4. Conclusions and Discussion
Our 2.5-D dynamic rupture models of the Palu earthquake suggest that, for elongated-fault ruptures that saturate the seismogenic thickness, the presence of a damaged-fault zone can promote an early and persistent
supershear rupture at a speed that is unexpected, namely, the P wave speed of the damaged rock.
The near-field ground motion produced by a supershear rupture is much weaker if it runs at the
damaged-rock P wave speed and if this speed is lower than the Eshelby's speed of the host rock. The presence of a damaged-fault zone also amplifies high-frequency ground motion (>0.5 Hz) up to long distances
from the fault (30 km). Yet the latter effect is weaker; thus, overall, the presence of a LVFZ mitigates the
near-field ground motion and its landslide triggering potential.
Our findings support the strong influence of the rupture dynamics and fault zone structure on near-field
ground motion and earthquake-induced landslides. The results of our simplified modeling can serve as a
reference for more realistic studies where topography, heterogeneous material properties, and liquefaction
potential are accounted for on a broader frequency band.
Our modeling of a damaged fault zone is limited to an elastic low-velocity zone. Understanding the effects
of off-fault inelastic deformation, in the form of material plasticity and damage (Ampuero & Mao, 2017;
Gabriel et al., 2013; Thomas et al., 2017; Xu et al., 2015), on rupture dynamics and ground motion deserves
a further comprehensive study.
Our results can be helpful for further understanding the role of LVFZs on past and future earthquakes (e.g.,
Perrin et al., 2016). For example, the presence of a damaged-fault zone was speculated as an explanation of
the difference of rupture speed between the northern and southern sides of the fault during the 1999 Mw
7.4 İzmit earthquake (Bouchon et al., 2001). Mai (2019) draws attention to the striking similarities between
the İzmit and Palu cases for further earthquake mitigation programs—the rupture of İzmit earthquake also
propagated for 150 km on a strike-slip fault, and coseismic tsunamis were triggered and locally amplified
presumably because of tectonic subsidence and submarine landslides within the narrow İzmit Bay (Yalç𝚤ner
et al., 2000).
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