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1.  Introduction
The Mw8.3 2015 Illapel (Chile) earthquake had a rupture of ∼200-km length and 100-km width from the 
deepest zone of the plate interface to the trench (Melgar et al., 2016; Ruiz et al., 2016; Tilmann et al., 2016; 
Ye et al., 2016; among others), as Figure 1 shows the area of our modeling and the related observations. This 
event was located in north-central Chile, where big earthquakes occur regularly (Ruiz & Madariaga, 2018). 
Previous events occurred here in 1943, 1880, and 1730; however, these rupture extents were not always the 
same (Beck et al., 1998; Ruiz & Madariaga, 2018; Tilmann et al., 2016). For example, the 1730 event had a 
magnitude of ∼9.0 (Carvajal et al., 2017; Udias et al., 2012). Modeling the dynamic rupture of such large 
subduction earthquakes is one of the most important issues for understanding not only the long-term sub-
duction process but also the severe ground motions observed in cities close to rupture zones (Fernandez 
et al., 2019) and associated tsunami impacts (e.g., Aránguiz et al., 2016; Fuentes et al., 2017; Heidarzadeh 
et al., 2016; Lay et al., 2016) for quantitative seismic hazard analysis.

The kinematic rupture process of the 2015 Illapel earthquake has been studied by many groups; some use 
a combination of teleseismic waveform and geodetic data (i.e., Barnhart et al., 2016; Carrasco et al., 2019; 

Abstract  We apply kinematic and dynamic modeling to the 2015 Mw8.3 Illapel, Chile, earthquake 
constrained by continuous high-rate GPS and strong motion data. Kinematic inversion by elliptical 
patches allows us to rapidly outline the ruptured area with different time windows and frequency ranges. 
The preferred solution indicates that the main large patch in the north is preceded by a small one in the 
south close to the hypocenter with a time shift no greater than 20 s. The rupture directivity on the main 
patch suggests that the origin is at depth, away from the initial small hypocentral patch. We then construct 
dynamic rupture models to be consistent with the geometry obtained from the kinematic inversion. 
We estimate the fracture energy of the main patch to be ∼7.5 MJ/m2. The initial rupture of the small 
hypocentral patch does not trigger the main patch due to the gap in fracture energy, and thus another 
nucleation is set at depth. This can be regarded as a foreshock-mainshock sequence rather than a direct 
cascade rupture growth. The ruptured area corresponds to the preexisting zone of large interseismic 
coupling prior to the Illapel earthquake. The historical seismicity of the previous century suggests a 
possible reconstruction of the asperity map, assuming that every earthquake represents a characteristic 
seismogenic patch. Therefore, the construction of dynamic ruptures with geodetic and seismological 
knowledge is possible and useful not only for reproducing known earthquakes but also for providing a 
physically constrained model for quantitative seismic hazard study.

Plain Language Summary  The 2015 Mw8.3 Illapel (Chile) earthquake is considered one of 
the mega-earthquakes of this century. This study constructs a dynamic rupture model which is consistent 
with the kinematic inversion and frictional parameter estimates. Our results support that the Illapel 
earthquake consists of a main large patch preceded by a smaller one by dozens of seconds. The ruptured 
area is consistent with the interseismic coupling map and the seismicity. These elements suggest that the 
Illapel earthquake occurred in a comprehensive way, and the shown strategy of simulation is applicable 
to other earthquakes to improve our ability to construct a constrained mechanical model for quantitative 
seismic hazard assessment.
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Grandin et al., 2016; Klein et al., 2017; Lange et al., 2016; Meng et al., 2018; Okuwaki et al., 2016; Wil-
liamson et al., 2017; Zhang et al., 2016) and the others include tsunami information (i.e., An et al., 2017; 
Li et  al.,  2016; Satake & Heidarzadeh,  2017; Williamson et  al.,  2017). However, the strong motion data 
of the National Seismological Center and the continuous recording of 1-s sampling of GNSS data (Baez 
et al., 2018; Leyton et al., 2018a) have not yet been sufficiently explored. As already pointed out by Ruiz 
et  al.  (2016) and Okuwaki et  al.  (2016), the strong motions during the 2015 Illapel earthquake showed 
multiple bursts of high-frequency energy (Figure 1). A large moment release should have been brought 
by the wave burst of a large amplitude and a long duration, observed on all the stations. Furthermore, a 
small, early part of the wave phases is observed particularly at the stations near the epicenter, indicated by 
gray zone, for the beginning of the records. This early part corresponds to a Mw6.9 subevent according to 
the estimation of Ruiz et al. (2016). Okuwaki et al. (2016) point out the two distinguishable episodes from 
the arrivals of P and S waves in the near station CO03. The spatiotemporal evolution of high-frequency 
sources from the back projection analyses (also in Figure 1) also indicates a complex rupture trajectory (e.g., 
An et al., 2017; Meng et al., 2018; Ruiz et al., 2016). The first trajectory progresses from the epicenter to 
NW direction. On the other hand, a downdip high-frequency radiation patch emerges around 20 s or later, 
indicating a possible second nucleation patch at depth (An et al., 2017; Meng et al., 2018; Yin et al., 2016). 
Thus, one can distinguish the first from the second events such as prior and main rupture processes. The 
multiple bursts in seismograms are similarly observed in the records of the Maule 2010 and Tohoku-Oki 
2011 earthquakes, indicating the complex rupture process (Kurahashi & Irikura, 2011; Ruiz et al., 2012). 
A cascading rupture has been also reported for the 2020 Mw6.8 Elazığ (Turkey) earthquake and simulated 
dynamically (Gallovič et al., 2020). We now aim to model the 2015 Illapel earthquake in low frequencies 
within this scope to explore possible dynamic processes for rupture growth: a single rupture growth or mul-
tiple-growths (foreshock-mainshock sequence) as interpreted in the seismograms.
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Figure 1.  (a) Modeled area for the 2015 Mw8.3 Illapel, Chile, earthquake. The epicenter is represented by a star. Triangles and squares show strong ground 
motion (CSN) and continuous GPS stations (GNSS), respectively. Colored grid points represent the fault plane (220 × 140 km, every 10 km) with the vertical 
position (depth) in color. The local coordinates ( 1 2, ) are defined with respect to the hypocenter position, letting 1 and 2 point in the updip and along-
strike (N185°E) directions, respectively. Small circles show the spatiotemporal position of the high-frequency generation sources (Ruiz et al., 2016). (b) The 
accelerations of the ground motions in EW component along the longitude at the stations indicated in (a). The figure is modified after Ruiz et al. (2016). The 
gray shadows indicate the early burst of the energy in the ground motions.
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In this paper, we first attempt to distinguish the two rupture processes through kinematic inversion. Our 
approach considers an elliptical patch model, which simplifies the rupture process with very few parame-
ters to rapidly outline the rupture process (rupture area, rupture directivity) as proposed by Vallée and Bou-
chon (2004) and applied for various earthquakes not only kinematically but also dynamically to estimate 
the frictional parameters (Di Carli et al., 2010; Peyrat et al., 2010; Ruiz & Madariaga, 2011; Ruiz et al., 2017; 
Twardzik et al., 2014; Ulrich & Aochi, 2015). Description by slip patches is consistent with the mechanical 
multiscale heterogeneous model of fault (e.g., Ide & Aochi, 2005) and the model of strong motion genera-
tion areas (e.g., Irikura & Miyake, 2011). Previously, the 2011 Tohoku earthquake was dynamically simu-
lated using these concepts from rupture growth (Ide & Aochi, 2013) and seismic wave radiation at different 
frequencies (Galvez et al., 2014). It is essential that a particular patch size is predominant for frequencies 
of interest. The second objective of this paper is thus to construct a simple, representative dynamic rupture 
model. We attempt to estimate the frictional parameters of the dominant patch through dynamic rupture 
simulations using the geometry found by the preceding kinematic inversion. Finally, we compare our patch 
model with the seismicity and interseismic coupling map to discuss how we can construct a mechanically 
understandable model of this megathrust earthquake.

2.  Data and Model
The September 16, 2015 Illapel earthquake was observed by wide seismological and geodetical networks in 
Chile and surrounding region. Continuous high-rate GPS observation points are quite uniform from north 
to south along the strike, while the strong ground motion stations are located mainly in the far North, with 
few stations being close to the epicenter (Figure 1). We then use mostly cGPS data for their coverage, which 
is sufficient when using low frequencies up to 0.1  Hz. For the comparison of dynamic simulations, we 
also use acceleration data for higher frequencies. In accordance with the Centro Sismológico Nacional of 
the Universidad de Chile (http://www.sismologia.cl/), we set the position of the hypocenter at (W71.741°, 
S31.637°, 23.3-km depth) and the origin time at 22:54:31 (UTC) for reference. All data and simulations 
are hereafter aligned at this origin time, noting that a leap time of 17 s is included in the cGPS data and, 
confirmed by the synchronization between CO06 (acceleration) and PFRJ (cGPS) collocated stations (Baez 
et al., 2018; Leyton et al., 2018a). The fault plane is set with a strike of N5°E, a dip of 19°, and an assumed 
rake of 90° for the simplicity of the calculation, which is close to the reported values by different seismo-
logical agencies. The fault plane covers an area of 220 km (strike) × 140 km (dip), reaching the trench 
(Figure 1).

Let us describe the earthquake with elliptical patches, each of which generally requires only eight param-
eters in kinematics (Figure  2a). Two parameters are needed for its position ( ,asp aspX Y ) and three for its 
geometry ( , ,a bR R ). A slip distribution on the patch is assumed of elliptical shape with crack-like slip 
distribution with maximum (D) (e.g., Ruiz & Madariaga, 2013; Ruiz et al., 2017; Twardzik et al., 2014; Ul-
rich & Aochi, 2015). The rise time ( RT ) and rupture velocity ( RV ) are set constant on the patch. Compared 
to the kinematic descriptions by small subfaults, this parametrization significantly decreases the number 
of parameters. We also consider two more parameters, delay time ( 0t ) and rupture directivity direction (), 
for a more general imaging of the rupture propagation on a patch, which is independent from the supposed 
hypocenter and origin time. Therefore, we simultaneously search 10 parameters for one patch and attempt 
to identify up to two patches, sequentially.

We then use the kinematically found patch geometry for the dynamic rupture simulation. In this case, the 
fault interface is governed by the slip-weakening friction law (Ida, 1972) with peak and residual strengths 
( ,p r) and critical slip displacement ( cD ). The fracture energy  G  is defined as      / 2.p r CG D  In 
the case where cG  is scale-dependent (e.g., Ohnaka, 2003), an earthquake rupture is expected to grow from 
a small nucleation patch to a large patch as a cascade (Ide & Aochi, 2005) (Figure 2b). We will search for 
a better set of the frictional parameters in the assumed range of the parameters and then discuss possible 
scenarios for rupture growth.

Both for kinematic and dynamic simulations of this earthquake, the seismic wave propagation is calculated 
using the Finite Difference Method (FDM; Aochi & Madariaga, 2003; Aochi et al., 2013) with fourth-or-
der staggered grids. A 1D layered structure (Figure S1) is adopted based on the Crust 1.0 model (Wang 
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et al., 2003). This is sufficient for comparisons of ground motions in low frequencies, as we principally use 
frequencies lower than 0.1 Hz. The grid size and time step for this calculation are set as 500 m and 0.02 s, or 
200 m and 0.01 s, corresponding to the maximum frequency of 0.43 or 1.07 Hz, respectively.

3.  Kinematic Inversion by Elliptical Patch Approach
3.1.  Identification of Main Patch

First, we aim to detect a main elliptical patch from the regional 10 cGPS stations (Figure 1). Both for the syn-
thetic and observation waveforms, we use a digital filter (Saito, 1978). For obtaining 10 unknown independ-
ent parameters, we adopt a Genetic Algorithm (GA, e.g., Goldberg, 1989), technically the GA Utility Library 
(GAUL), following the approach of Ulrich and Aochi  (2015). The model parameters are summarized in 
Table S1. We vary the time window length between 60 and 200 s since we are interested in how quickly the 
patch (area, rupture propagation, and corresponding magnitude) can be identified. Figure 3 shows an ex-
ample of the inversion process for a time window of 180 s and a frequency band between 0.01 and 0.05 Hz. 
The GA consists of generation and population to stochastically select the individuals for a better fit. The 
misfit    is calculated using the squared difference between the observed and synthetic waveforms for the 
three components

        
2

component syn obst Y t Y t� (1)

After several attempts, we decide not to give a weight in Equation 1, as the inversion focuses on the macro-
scopic feature of the rupture process. We run the GA algorithm until the 21st generation. The main findings 
are that the patch center is found in the North around (72°W, 31°S), the ruptured area reaches the trench, 
and the rupture propagation is delayed with respect to the given origin time, starting from the deepest part.

We run 10 random inversion processes at each time window length. We show a typical geometrical solution 
at every time window length illustrating how they differ (Figure 4a) and the mean and standard deviation 
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Figure 2.  (a) Definition of model parameters for kinematic source description by patches. See also Table S2. The rupture time is calculated not from the 
hypocenter but from the rupture initiation position, inclined by an angle of η, by keeping the same distance to the center of ellipse ( hypo ellipseR ‐ ). Here, the 
definition of rupture directivity direction, η, is a difference with respect to the hypocenter-elliptical center direction. (b) Slip-weakening friction defined 
and schematic illustration of multiscale patch model.  p and  r are peak and residual strengths, respectively, and  0 is initial shear stress. The critical slip 
displacement, cD , is considered proportional to the patch size, nR .
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for the obtained magnitude, patch size, and fault slip (Figure 4b). At each time window length, the solu-
tions are numerically converged, as demonstrated in Figure 3; however, we need further interpretations to 
compare the solutions of different time windows. At shorter time windows, only a portion of the patch is 
ruptured, or the seismic wave radiation has not yet arrived at the far stations (rupture time on the patch 
ranges between 20 and 100 s in Figure 3). Each inversion reflects the characteristics of the rupture process 
according to the arrived phase at a given time window, and we need to determine if the solutions are stable 
or in transition. The solution should be more reliable when using a longer time window, and the estimated 
magnitude should become stable after 140 s (Figure 4b). The estimated magnitude reaches around Mw8 for 
a time window of 150 s, and the solutions become stable (Mw7.99, ruptured area 1.3 × 104 km2, and maxi-
mum slip 4.7 m averaged for time windows of 150–200 s). The underestimation of magnitude is principally 
due to the simplification of the parametrization (geometry, slip shape) as well as the limited frequency 
range of the analysis.

Let us use a low-pass filter up to 0.05 Hz to keep the permanent ground displacement. Figure 5 shows an 
example of the inversion with a time window of 150 s, and Figure 6 summarizes the solutions for different 
time window lengths. Because of a wider frequency range, particularly with the permanent displacement, 
the solutions are well-constrained for quickly overviewing the rupture process, without being influenced by 
the signals of higher frequencies. The solutions become stable after 100 s (magnitude 8.13, ruptured area 
1.4 × 104 km2, and maximum slip 6.7 m averaged over time windows of 100–180 s. This meets the necessary 
criteria for showing how early the approximate finite source parameters and magnitude can be estimated to 
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Figure 3.  Inversion process for a time window of 180 s. (a) The convergence of misfit and 10 inverted parameters. (b) The slip distribution and rupture time 
from the obtained solution. Star is the epicenter location. Cross represents the rupture initiation position defined by t0 and η. The triangles show the positions of 
the cGPS stations. For reference, the Centroid-Moment-Tensor of Global CMT is also shown. (c) The comparison between the observation (black) and the final 
synthetics (red). The intermediate solutions at every generation are shown by gray lines.
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provide the first alert of subduction earthquakes (Leyton et al., 2018b). Besides of Equation 1, we calculate 
a variance reduction defined as

    
 

 
 



2
syn obs

2
obs

VR 1
Y t Y t

Y t
� (2)

and it is confirmed that the use of low-pass filter leads to a stable result (VR close to 0.9) (see Figure S2).

From these tests, the finite source parameters of the main patch can be found without waiting for the pas-
sage of all the waves. In other finite source inversions by subfaults (e.g., An et al., 2017; Melgar et al., 2016), 
the peak of source-time function is found for 50–60 s. Thus, a time window of a minimum of 100 s is suf-
ficient to detect radiating seismic waves at nearby stations. The identified main patch fits the brief feature 
of waveforms and permanent displacements. The fact that our large patch is found near the Centroid-Mo-
ment-Tensor solution guarantees the reliability of the solution and also infers a rupture propagation toward 
this position from the epicenter area (e.g., Zahradnik et al., 2008). However, we also find that the wave 
phases at higher frequencies are present at the beginning of waveforms (<100 s at the near stations CNBA, 
SLMC, LVIL in Figure 3). Next, we investigate this early waveform phase.

3.2.  A Patch for Early Stage of Waveforms

The visible early phase of waveforms can be treated directly, but we subtract the first inversion result from 
the full waveforms before the second inversion. We do not simultaneously inverse two patches because this 
works well only if two patches have similar weights (similar sizes) on the observation (Di Carli et al., 2010; 
Peyrat et al., 2010; Twardzik et al., 2014; Ulrich & Aochi, 2015). The deconvolution process is similar to the 
analysis of multiple source-time functions or multiple moment tensors (e.g., Kikuchi & Kanamori, 1991; 
Tsai et al., 2005; Zahradník & Sokos, 2014). Our approach provides finite source parameters, in particular 
the finiteness of the rupture area. To capture the early phase of seismic waves, we use a higher frequency 
band (0.03–0.1 Hz in velocity) from the five closest stations and limit the source area by 45 × 45 km around 
the hypocenter, for which the Greens functions are calculated every 3 km. We invert nine parameters: el-
lipse's location ( ,asp aspX Y ), semiaxes ( ,a bR R ), orientation  , maximum fault slip D, rise time RT , and rupture 
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Figure 4.  Solutions for different time window lengths for the frequency band between 0.01 and 0.05 Hz. (a) The typical 
geometry of the patches obtained for different time window lengths between 60 and 200 s from the preset origin time 
t = 0. (b) The moment magnitude, the geometrical average of elliptical semiaxes, and the fault slip at the center of the 
ellipse as a function of the time window length. The values are averaged after 10 runs at each time window, and error 
bars indicate standard deviation.
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velocity RV . The time lag of the rupture is initially set to zero ( 0 0t ), and a mutation process of GA allows 
for possible variations.

For the deconvolution, we use two models on the main patch: A solution obtained from bandpass filter anal-
ysis (time window of 180 s, shown in Figure 3), and another from low-pass filter analysis (time window of 
150 s, shown in Figure 5). Figures 7a and 7b show an example of inversion for a time window of 60 s using 
the former model for deconvolution. The amplitude of the waveforms is the largest for the CNBA station 
during this early period, signifying the existence of a patch close by. Stations further south (ZAPA, SLMC, 
C23O) have very low amplitudes and are not as greatly affected by the early rupture process. It is thus un-
derstandable why the obtained patch is located in north close to the CNBA station.

We vary the time window lengths for both models of the main patch (Figures 7c and 7d). The patch geom-
etry and corresponding magnitudes are summarized as a function of time window length. When a large 
phase appears at 30–50 s at the CNBA station, the inversions including this period provide a stable solu-
tion, signifying that there is a stationary stage before the growth of the main rupture. In particular, the 
patch geometry can be identified for the solutions of the time window of 50 and 60 s, regardless of the two 
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Figure 5.  Inversion process for a time window of 150 s and low-pass filtered data at 0.05 Hz. (a) The convergence of misfit and 10 parameters. (b) The slip 
distribution and rupture time from the obtained solution. Star and cross represent the epicenter location and the rupture initiation position defined by t0 and 
η. The Global CMT solution is illustrated for reference. (c) The comparison between the observation (black) and the final synthetics (red). The intermediate 
solutions at every generation are shown by gray lines. The vertical dotted lines represent 60, 120, and 180 s.
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Journal of Geophysical Research: Solid Earth

deconvolutions. The size of this patch remains relatively small—<20 km. Thus, the early process of the 
rupture can be interpreted to be around Mw6.8, which is close to the Mw6.9 estimated directly from strong 
motion by Ruiz et al. (2016). This finding is indeed confirmed in the source-time function (Figure 7e). We 
affirm that the source-time function of the main patch starts at ∼20 s, while the small patch starts before.

4.  Dynamic Simulations
4.1.  Model Setting

We have learned from the previous kinematic inversions that there are at least two patches playing signif-
icant roles: an initial small patch and a main patch controlling the earthquake size. Here, we attempt to 
reconstruct dynamic rupture models to glean characteristics of the patch distribution for this earthquake. 
We use multiple circular patches, whose sizes are discretized by a factor of 2 for simplicity, as schematically 
shown in Figure 2b (Ide & Aochi, 2005). This simple discretization (Ide & Aochi, 2013) allows us to discuss 
the correlation between the coseismic rupture pattern, seismicity and scaling law.

The background (fault portion outside of the patches) is assumed to slip freely without any stress changes 
after reaching the peak strength. Using the previous kinematic inversions, a dimension of the main patch 
( a bR R ) is ∼60–70 km (Figures 3–6). We adopt a radius of 60 km, and then discretize other patch sizes by 
a factor of 2, namely a radius of 30, 15, and 7.5 km, named Rank 1–4, respectively. We set the main patch 
(Rank 1) with an elliptical shape to be consistent with the kinematic model as shown in Figure 8a. The prin-
cipal model parameters are summarized in Table S2. The scaling relation in fracture energy is summarized 
in Aochi and Twardzik (2020). The small and large patches are slightly superposed, but it is essential that a 
small patch of Rank 3 does not directly trigger a large patch of Rank 1 due to an important gap in fracture 
energy. Therefore, it is necessary to introduce a transition process: A medium-size patch (Rank 2) connects 
the two patches, allowing a cascade rupture growth (Figure 8b), or a second nucleation is prepared at depth 
at 20 s and grows differently (Figure 8c).

We apply the boundary integral equation method (BIEM; Aochi et al., 2000) in a 3D infinite, homogeneous 
medium with a mirror source approximation of the free surface effect (Ide & Aochi, 2013). This simplified 
simulation is suitable for running many simulations. The focus of this paper is not the dynamics of the sur-
face rupture at the trench but the seismic wave radiation from the slip patch at depth. The grid size is 1 km, 
and the time step is 0.081 s, after a verification test (Figures S3–S7), we also use a coarser grid of 1.5 km and 
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Figure 6.  Solutions for different time window lengths for low-passed data at 0.05 Hz. (a) The typical geometry of the 
patches obtained for different time window lengths between 60 and 200 s. (b) The moment magnitude, the geometrical 
average of elliptical semiaxes, and the fault slip at the center of the ellipse as a function of time windows. The values 
are averaged over 10 runs, and the error bars represent standard deviation.
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Journal of Geophysical Research: Solid Earth

time step of 0.121 s to accelerate the parametric study. In each example, a tiny patch (Rank 4) is added at 
each nucleation point to reassure the rupture growth. Dynamic rupture starts with an instantaneous stress 
drop on a circular crack of a 6-km radius at a given time with no quasi-static nucleation process.

4.2.  Synthetic Inversion Test

For the earthquake dynamics, not only the heterogeneity but also the nucleation point is important, as 
clearly pointed out both kinematically and dynamically by Mai et  al.  (2005) and Ide and Aochi  (2005), 
e.g. For the patch models presented in Figure 8, the large patch is not simply triggered by the small patch 
(Model 1). A transition is necessary for the rupture to grow large enough to trigger the large patch. Mod-
els 2 and 3 appear to have different timing and directivity of rupture propagation. Here, we carry out a 
synthetic inversion test on the Models 2 and 3 to show that the kinematic inversion by the patch method 
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Figure 7.  Second inversion results for the early process of the Illapel earthquake after the deconvolution of the source models found in the first inversion 
(a solution from a bandpass filter of 0.01–0.05 Hz with a time window of 180 s and from a low-pass filter up to 0.05 Hz with 150-s window length. (a) The 
convergence of each parameter for a time window of 60 s after the deconvolution of the latter model. (b) Corresponding fitting of the waveforms between 0.03 
and 0.1 Hz for the selected four stations for the parameters shown in (a). (c) The geometry of the patches obtained for different time window lengths between 
20 and 70 s. The solid and broken lines correspond to the two deconvolutions before this inversion. Star shows the epicenter, and Global CMT solution is 
illustrated for reference. (d) The moment magnitude, the geometrical average of elliptical semiaxes, and the fault slip at the center of the ellipse as a function of 
time windows between 20 and 70 s. The values are averaged over 10 runs for each deconvolution. (e) The source-time function (seismic moment release rate). 
Two broken lines indicate the two models used for the deconvolution. The solid lines (almost overlapped) show the four inversion results for time windows of 
50  and 60 s and both deconvolutions.
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is reproducible. We follow the same procedure as in the previous chapter: namely, the first target is the 
main patch using 10 cGPS stations with a longer time window (60–180  s) and a lower frequency band 
(0.01–0.05 Hz), and the second is the early phase of the rupture using the four closest cGPS, with a short 
time window (20–70 s) and a higher frequency range (0.03–0.1 Hz). The Greens' functions are the same for 
the synthetic ground motions and inversions.

Figure 9 summarizes the solutions obtained at each step. The main, large patch is found in the North, and a 
small one is in the South. Only a limited number of stations are shown for the purpose of differentiating the 
characteristics of the two models, which are clearer in the near-field stations (LVIL in Figure 9b and CNBA 
in Figure 9c). The geometry of the patches is similar for both models so that it is difficult to distinguish them 
only from the spatial distribution. The small patch for Model 2 is found slightly further north compared to 
Model 3. This may indicate that the rupture process of Model 2 is a continuous process leading to the large 
patch. The shape of the large patch varies with the time windows, and seismic moment is underestimated 
for Model 3. This is principally because the rupture process is more complex than a simple, uniform kine-
matic patch. There is a clear difference in the source-time functions: In Model 2, a small patch is a part of 
the simple bell-shaped source-time function, while in Model 3, the contribution from the two patches can 
be identified, and there is an important acceleration in the main rupture. Therefore, the small patch in Mod-
el 3 can be different from the rupture process of the main patch. As long as the two patches are identifiable 
in time, they are considered to be mechanically different, such as multiple shocks.

This synthetic test also displays an interesting aspect of the inversion process. For the same time window of 
60 s, two different inversion steps provide patch solutions of completely different scales. This is mainly be-
cause the stations and phases are preselected for the early-stage inversion. The large-scale inversion is likely 
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Figure 8.  Three heterogeneous dynamic source models displayed in terms of critical sip displacement ( cD ) for rupture 
simulations of the 2015 Illapel earthquake. Patches of four different sizes are distributed. (a) A large patch (R = 60 km) 
and a small patch (R = 15 km) are distributed according to the kinematic inversions, with the first nucleation point 
A. These are the same for all the other models. A tiny patch (R = 7.5 km) is given for each nucleation point to secure 
the rupture growth. (b) An additional medium-size patch (R = 30 km) is added. (c) The second nucleation point B is 
positioned at the edge of the main patch, separately from the small patch. The simulated rupture times and final slip 
are shown in the middle and at the bottom.
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Journal of Geophysical Research: Solid Earth

to give a large patch solution suitable for low frequencies, even if most part of the patch does not yet con-
tribute to the radiation of seismic waves. Thus, it is important to select the data coverage, frequency bands, 
and acceptable parameter ranges so as to satisfy the mechanical causality, in particular, if the wave radiation 
from the obtained ruptured area is included in the waveforms of the analyzed time window length.

4.3.  Parametric Study on Dynamic Rupture Model

Now, we attempt to find a better parameter set of dynamic rupture simulations. The rupture stability can be 
discussed in terms of the nondimensional parameter  , introduced by Madariaga and Olsen (2000)


 


2Δ

Δ b c

L
D

� (3)

where stress drop is defined as    0Δ r, with initial stress 0 and breakdown strength drop    Δ b p r 
(see also Figure 2b). L represents the characteristic scale of the rupture process, such as asperity size or fault 
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Figure 9.  Synthetic inversion results for target models corresponding to Models 2 and 3 presented in Figure 8. (a) Inferred patch geometry as a function of 
time window lengths. The broken and solid lines represent two inversion processes of the large scale and the early stage equivalent to the previous analyses. 
(b) Comparison of ground motions at the selected stations for the large-scale inversion (displacement between 0.01 and 0.05 Hz, time window of 150 s). The 
gray lines show the intermediate solutions during the inversion. (c) Comparison of ground motions at CNBA (velocity in 0.03–0.1 Hz, time window of 50 s). 
(d) Comparison of source-time function (rate of seismic moment release 0M ). All the solutions for different time windows are shown.
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width. For the largest patch of our interest, we test   Δ 5, 4, 3.3, 3, 2.5,1.7  MPa,   Δ 10,8, 5b  MPa, and 

  6, 5, 4, 3, 2,1cD  m. For estimating the parameter  , we take  60 km,L which is the diameter of Rank 2 

patch, namely, the rupture size when entering the large patch (Rank 1). The misfit is calculated in the same 
way as in Section 3.1. The first nucleation point is always at the epicenter position. The second nucleation 
point is set as Model 3 of Figure 9 (Figure 10a) and also at a deeper position (Figure 10b).

Figure 10c summarizes the parametric study as a function of the parameter  . For a small   (gray zone), the 
large patch does not rupture. During the iterations, we also find that a sufficiently small   ( 1) leads to a 
better waveform fit. Thus, we can limit our parameter search without running all the 216 possible parameter 
sets. The best solution we find is shown in Figure 11a, with Δ  = 2.5 MPa, Δ b = 5 MPa, and cD  = 3 m, cor-
responding to a value of   = 0.772, which indicates a mode of subshear rupture (Olsen & Madariaga, 2000; 
Ruiz & Madariaga, 2013). The order of mean stress drop of 2.5 MPa in our simulations is roughly consistent 
with the other estimations from finite source models by Yin et al. (2016), regardless of their heterogeneity. 
The nearest solution (Figure 11b) has the same frictional parameters but a deeper nucleation point. The 
rupture nucleation time of the second rupture is 20.2 s for the best solution, noting that the smallest hypo-
central patch starts at t = 0. Such a delay is consistent with the previous results of the kinematic inversions 
and sufficient for identification using the synthetic inversion test (Figure 9). Finally, we estimate that the 

fracture energy from the best estimation is  
 

Δ
7.52

b c
c

D
G  MJ/m2. It is known that Δ b and cD  gen-

erally have a bias (e.g., Guatteri & Spudich, 2000), while this might be further distinguished by near-field 
data (Fukuyama & Mikumo,  2007; Weng & Yang,  2018). Our current approach smoothens any possible 
heterogeneity inside the patch and is limited in low frequencies. We thus focus principally on the integrated 
quantity cG . The total fracture energy integrated over the surface is 8.5 × 1016 J, for a patch of equivalent 
radius of 60 km. This estimation consistently meets the dynamic rupture scaling relation compiled by Aochi 
and Twardzik (2020).

5.  Discussion
By varying the time window length in the kinematic inversion by the patch method allows us to characterize 
two patches of different sizes and quickly characterize the finite source parameters without waiting for a 
chain of seismograms. However, patch description in a short time window may not be perfectly constrained, 
as it partially contributes to the waveforms by the current time. The need to analyze the obtained solutions 
remains. It is challenging to characterize the real-time rupture process without using entire seismograms 
(e.g., Sánchez-Reyes et al., 2018; Uchide & Ide, 2007).
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Figure 10.  (a and b) Two examples of model parameter distribution ( cD ) and two nucleation points. (c) Misfit as a 
function of parameter   and initial stress level  0. In the gray zone (  0.741), the large patch does not rupture.
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The characteristics of slip patches we obtained are consistent with other studies of this earthquake in size, 
geometry, and timing of rupture process. The irregular rupture process of the Illapel earthquake appears in 
the change of rupture directivity along the dip (e.g., An et al., 2017; Meng et al., 2018; Ruiz et al., 2016; Til-
mann et al., 2016) and the evolution of high-frequency generation areas (Ruiz et al., 2016; Yin et al., 2016) as 
reviewed in Section 1. Our inversion process is particular in the points that the main patch does not depend 
on the hypocenter location in its position and rupture directivity, and that fault heterogeneity is simplified 
enough by definition of the model. This is why our inversion emphasizes the two-step rupture process com-
paring with the continuous process of the other inversion results.

The difference between the kinematic and dynamic interpretations is that, as long as the causality of rup-
ture time is satisfied, the model description for the former is more flexible, while the latter needs more 
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Figure 11.  (a and b) The rupture time and final slip distribution from dynamic rupture simulations for the initial 
condition of Figures 10a and 10b, respectively. The model (a) minimizes the misfit better than model (b). (c) The 
comparison of ground motions. The observation is shown by the broken black line. The waveforms are filtered between 
0.01 and 0.05 Hz. The two simulations are shifted by 20.2  and 13.8 s, respectively, to minimize the misfit.
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constraints on energy balance at every moment. This is why a second nucleation is needed differently from 
the first nucleation in the dynamic rupture simulations. The dynamic parameters of this mega-earthquake 
are similar to those of the 2011 Mw9.0 Tohoku (Japan) earthquake (Ide & Aochi, 2013) and the 2016 Mw7.8 
Kaikõura earthquake (Ulrich et al., 2019). More recently, Gallovič et al. (2020) obtained for the 2020 M6.8 
Elaziğ (Turkey) earthquake cD  1 m and a total fracture energy of 3.3 × 1015 J. This is close to our scaling 
assumption (e.g., Aochi & Twardzik, 2020). Yao and Yang (2020) estimated a smaller cD  of 0.25 m and a frac-
ture energy of 0.35–0.7 MJ/m2 for the 2012 Mw7.6 Nicoya earthquake. Although the ruptured surface is not 
precised, we can guess a total fracture energy of 0.35–0.7 × 1016 J for the maximum surface of 100 × 100 km. 
This is relatively small for this size of earthquake, probably because the ruptured area is very localized or 
this is a very shallow event inferring a very weak fault strength.

In Figure 12, we demonstrate a possible relation between our dynamic rupture model, the regional seis-
micity and interseismic coupling. We use the catalog from the International Seismological Centre, which 
provides information from the beginning of the 20th century (Version 5.1; ISC, 2018) for magnitudes larger 
than 6.5. The localization at the early period may not be precise (Ruiz & Madariaga, 2018), but it allows 
us to discuss the tendency. The maximum event (Mw8.1) on April 06, 1943 (Beck et al., 1988) corresponds 
well with the 2015 Illapel earthquake's location, and they possibly share the same seismogenic elliptical 
patch. The area has not experienced earthquakes of magnitudes near 7.5, and the second main event is 
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Figure 12.  (a) Slip distribution (every 2 m) from the preferred dynamic simulation (Figure 11a). The maximum slip is 7.99 m, and the magnitude is Mw8.16. 
The earthquakes (stars) are based on the bulletin of International Seismological Center (ISC) for the period 1904–2014 (De Giacomo et al., 2018; ISC, 2018)  
and are colored according to the following magnitude bins  7.7wM ,  7.7 7.1wM ,  7.1 6.5wM . The remaining events are indicated by open stars  
(  6.5 6.0wM ). Note that the Mw8.1 event occurred on April 06, 1943 and that no earthquakes are reported for the second magnitude bin around the Illapel 
earthquake. The background represents the coupling obtained by Métois et al. (2016). The color scale is reversed from the original figure to emphasize the 
strong coupling area with a large coseismic slip. (b) The attributed patch distribution corresponds to each earthquake by color. The shaded area represents area 
with coupling coefficient smaller than 0.7. The dynamic rupture model obtained in the previous section is illustrated using red lines. (c) Adopted dynamic 
rupture model for the final simulation in color scale. The main and neighboring patches are shifted to fit the previously obtained patch position. Points A and B 
denote the first and second nucleation points in the simulation.
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the Punitaqui earthquake, Mw7.1 on October 15, 1997, an intraplate intermediate depth event of a focal 
depth of 57.9 km (Lemoine et al., 2001; Pardo et al., 2002). The third group (  7.1 6.5wM ) has several 
earthquakes, distributed more in the North. The smaller earthquakes occur uniformly along strike, but it 
seems that they are distributed in the surrounding of the Illapel earthquake as opposed to the center of 
the ruptured area. This smaller seismicity could define the border of the Illapel earthquake rupture (Poli 
et al., 2017). We also add the interseismic coupling coefficient of Métois et al. (2016), based on the compiled 
GPS velocity field prior to the 2015 event. As pointed out in Métois et al. (2016), the ruptured area of the 
2015 Illapel earthquake matches well with a place where the seismic coupling is strong and is stopped by 
low seismic coupling area in the north (∼30.5°S). Toward the south (33°S), there have been other earth-
quakes of magnitudes larger than 7.2 (1971 La Ligua Mw7.8, 1906 Valparaiso Mw8.2). In many cases, the 
Illapel rupture area is independent from the southern part, except for the huge event of 1730.

Ide and Aochi (2013) propose that the plate interface is characterized by heterogeneous multiscale, intrinsic 
heterogeneity, which is mapped by patches according to the known seismicity. In Figure 12a, the earth-
quake locations are colored with different scales, which correspond to different ranks of patch size used in 
dynamic rupture modeling. We regard the three colored earthquakes (although there is no second group 
in the area of interest) as having the characteristic circular patch radius of 60, 30, and 15 km (Figure 12b). 
We neglect the March 28, 1965 Mw7.40 intraplate intermediate depth earthquake (focal depth is 70 km) 
(Malgrange et al., 1981), since our interest here is limited only on the plate interface. Although the loca-
tions of the historical events may be imprecise, we can discuss how the patches identified from the Illapel 
earthquake correspond to the historical seismicity, as previously discussed for the 2011 Tohoku earthquake 
(Ide & Aochi, 2013). In other words, we demonstrate here how to construct a dynamic model according to 
the seismicity. The largest Rank 1 patch of the Illapel earthquake should correspond to the 1943 earthquake 
(from panels (b) and (c) in Figure 12). Smaller patches are less certain in their positions, but there exists a 
small cluster of earthquakes with magnitudes smaller than 6.5 (Rank 3) around the epicenter of the Illapel 
earthquake. We then consider that one or some of them correspond to the initial rupture process of the 
Illapel earthquake (point A). There is no known earthquake precisely around the second nucleation point, 
but many earthquakes are mapped around the deeper edge of the Rank 1 patch. Thus, we consider that one 
of such historical earthquakes initiates the second rupture (point B). The patch distribution of panel (b) can 
be accordingly adjusted to the positions identified from the Illapel earthquake (Figure 12c). As the point B 
is slightly apart from the main patch, the nucleation time is set to 16 s.

Figure 13 shows our demonstrative rupture model and compares the ground motions both at cGPS and ac-
celeration stations. We adopt initial stress on Rank 2 patch as 0 = 2.8 MPa after testing the values between 
2.5 and 4.0 MPa. Although the model remains simple and is only calibrated for low frequencies throughout 
this study, we intend to show ground motions for higher frequencies at strong motion stations. Our mod-
eling generates some phases seen in the observations related to the change of rupture directivity, rupture 
timing, and ruptured area consistent with various patches. The numerical simulations reveal the generation 
of a significant wave when the rupture reaches the trench (the main phase appearing in the EW component 
of CO06), and this spreads to the other stations. Thus, such dynamic rupture modeling demonstrates its 
applicability to the broadband ground motion simulations by further calibrating missing details. Therefore, 
this final demonstration shows that the construction of dynamic ruptures with geodetic and seismological 
knowledge would be possible with sufficient data sets and useful not only for reproducing known earth-
quakes but also for providing a physically constrained model for quantitative seismic hazard study.

In this study, we do not explore the mechanical question of how the second nucleation starts. Our focus is 
rather on the question of how the first rupture ends and the second one is in different dynamic processes. 
The earthquake initiation is a complex process (e.g., Ellsworth & Beroza, 1995) and always under debate 
(e.g., Bouchon et al., 2021; Ellsworth & Bulut, 2018). This is technically difficult when different processes 
occur in a short time span due to the superposition of seismic waves. Delayed rupture process has been 
reported in different earthquakes, from a delay of about 3 s and a few kilometers away (Abercrombie & 
Mori, 1994 for the 1992 Landers earthquake) to 70 s and 200 km away (Henry et al., 2000 for the 1998 Bal-
leny, Antarctic, earthquake), e.g. However long-way triggering process is sometimes questioned, as Hjörleis-
dóttir et al. (2009) propose a continuous rupture process between two subevents for the 1998 Balleny event. 
Such difference in interpretation is still the case for the 2015 Illapel earthquake. Meng et al. (2018) propose 
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a bifurcation and detour of the rupture propagation. It can be kinematically possible; however, it is difficult 
to realize it dynamically. Such detoured rupture should not be visible in wave radiation and final slip, but 
large enough to continue propagating spontaneously. We have attempted a rupture model connecting two 
nucleation points; however, this generates an unexpected rupture directivity effect in the NE direction and/
or a large slipped area between them. Thus, we have adopted the scenario in which the second nucleation is 
different from the first. Our numerical simulations indicate that dynamic shear stress change at the second 
nucleation point is ∼0.2 MPa only at 16 s, when the rupture starts. This is still small compared to the fault 
strength and stress drop, but it is nevertheless possible to dynamically trigger another earthquake (e.g., 
Voisin, 2002).
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Figure 13.  (a) Dynamic rupture simulation in terms of rupture time, final slip, and maximum slip rate for the model shown in Figure 12c. (b) Comparison of 
the ground motions for GPS and strong motion (SM) stations for different frequency ranges. The observations are in black above, and the synthetics are in color 
at the bottom. The strong ground motion data are integrated once and twice, respectively. The horizontal components of CO06 are exchanged with respect to 
the originally provided data. The vertical component of CO06 contains an abnormal jump in acceleration, therefore, the integrated waveforms are not reliable 
for quantitative comparison (not shown).
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6.  Conclusion
We model the 2015 Mw8.3 Illapel, Chile, earthquake through kinematic and dynamic modeling. First, we 
perform kinematic inversions by patches using continuous GPS data. We obtain the main patch, primarily 
responsible for the magnitude of this earthquake. We vary the time window used for inversion. After 90 s 
from the origin time, the inversion process can outline the finite source parameters of this earthquake, and 
the ruptured area, which is found in the North, to fit the main phase of the ground motions. The early part 
of the ground motions (for around 60 s) suggests the existence of a smaller patch; however, the small patch 
may not have triggered the large main patch. The rupture directivity on the main patch is not from the small 
patch but from another point located in a different place along plate interface. This two-step rupture process 
is consistent with the near-field ground motions.

We then construct dynamic rupture models to be consistent with the kinematic inversion. The fracture 
energy of the main patch is estimated as 7.5 MJ/m2. The first rupture initiation, starting at the origin time 
(t = 0), does not trigger the main patch in the North. Otherwise, the rupture duration is too short and gener-
ates a strong rupture directivity to the north. We then set the second rupture initiation at a deeper position 
on the main patch, and we regard this as a foreshock-mainshock sequence with an interval of 16–20 s. The 
ruptured area corresponds to the high coupling zone of the interseismic coupling map prior to the Illapel 
earthquake. The seismicity over a century suggests a possible reconstruction of spatial patch distribution 
(seismogenic asperities), assuming each patch is intrinsic while leading to characteristic earthquake. This 
representative dynamic model, accounting for the seismologic and geodetic knowledge, is important not 
only for reconstructing known earthquakes but also for presenting a physical constrained model for quan-
titative seismic hazard study.

Data Availability Statement
The seismicity catalog is from International Seismological Centre (http://www.isc.ac.uk/ and https://doi.
org/10.31905/d808b825). The interseismic coupling data (Métois et al., 2016) can be obtained via http://
perso.univ-lyon1.fr/marianne.metois/. The used seismological data of Centro Sismológico Nacional of 
Universidad de Chile can be obtained via http://www.sismologia.cl/. The used continuous GPS data can 
be obtained via http://gps.csn.uchile.cl/ and the strong motion data from http://evtdb.csn.uchile.cl/. The 
Global CMT solution (Dziewonski et al., 1981; Ekström et al., 2012) is obtained via https://www.globalcmt.
org/. The forward modeling codes of BIEM (Aochi et al., 2000) and FDM (Aochi & Madariaga, 2003) are 
available at http://doi.org/10.5281/zenodo.1472238 and http://doi.org/10.5281/zenodo.3763864. GAUL is 
an open source programming library, accessible at http://gaul.sourceforge.net/index.php. Seismic Analysis 
Code (Goldstein & Snoke, 2005) and Genetic Mapping Tools (https://www.generic-mapping-tools.org) are 
used for signal processing and illustrations (last access October 24, 2019).
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