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Abstract chile is one of the most seismically active countries in the world, having experienced three Ven Joe T
en Joe lan

major earthquakes exceeding M, 8.2in 2010, 2014, and 2015. These tsunamigenic events provide critical ob- Handling Editor:
servational constraints for developing realistic coseismic slip models. This study proposes a methodological " Wenbin Xu
framework to generate realistic stochastic slip distributions by incorporating interseismic coupling as prior in- Copy & Layout Editor:
formation, along with physical constraints derived from the segmentation of the Chilean subduction margin
and the seismogeniczone. Unlike purely unconstrained stochastic models, this approach narrows the solution
space by applying a multistep selection filter to identify scenarios that are physically plausible and consistent
with known rupture characteristics. The framework is applied to the Concepcion, Valparaiso, and Iquique seg-
ments, generating tens of thousands of slip scenarios. Tsunami simulations based on the selected ensemble
reproduced observed waveforms at multiple tide gauges. These scenarios achieved high cross-correlations in
the first wavelength (> 0.85 in key stations) and root mean square error (RMSE) values comparable to estab-
lished seismicinversion models. The results demonstrate that this constrained ensemble approach effectively
quantifies uncertainty while producing physically plausible coseismic slip scenarios, offering an improvement
for tsunami hazard assessment over deterministic or unconstrained stochastic methods.

Anna M. Ledeczi

)

Received:
27 November 2025
Accepted:

9 November 2026
Published:

15 November 2026

Non-technical summary This study tests how incorporating interseismic coupling, a represen-
tation of how tectonic plates remain partially locked and accumulate deformation over time, can improve
stochastic models of earthquake slip. By using this information to constrain the spatial patterns of slip, the
models aim to better capture the complexity of earthquake rupture. The approach is evaluated by comparing
simulated tsunamis with observations from recent Chilean earthquakes. Since it’s impossible to know exactly
where a future earthquake will start, generating many scenarios helps explore a wide range of possibilities.
This approach allows the capacity to reproduce stochastic earthquake distributions and could support future
hazard assessments.

1 Introduction in large events are especially relevant for reproducing

realistic near-field ground motions and for tsunami gen-

When a tsunamigenic earthquake occurs, the spatial
distribution of slip on the fault plays a critical role in the
generation and characteristics of the resulting tsunami.
Therefore, to develop a statistical framework that could
reproduce the rupture of an earthquake, stochastic co-
seismic slip distributions have been widely used for
modeling the complexities of earthquake rupture (e.g
Andrews, 1981; Herrero and Bernard, 1994; Mai and
Beroza, 2002; LeVeque et al., 2016; Small and Melgar,
2021; Cifuentes-Lobos et al., 2023). The heterogeneities

*Corresponding author: icalisto@dgeo.udec.cl

eration and propagation. In particular, generating het-
erogeneous slip distributions is fundamental for accu-
rately characterizing tsunami estimated times of arrival
(ETA) and amplitudes in both local and regional do-
mains (Ruiz et al., 2015; Calisto et al., 2015; Melgar et al.,
2019).

To better constrain the generation of realistic slip dis-
tributions for large earthquakes, we build upon a con-
cept that has been explored in previous studies: the
spatial relationship between coseismic slip and inter-
seismic coupling. Interseismic coupling is defined here

SEISMICA | ISSN 2816-9387 | volume 5.2 | 2026


https://doi.org/10.26443/seismica.v5i2.2150
https://orcid.org/0009-0003-5405-8363
https://orcid.org/0000-0001-7213-4567
https://orcid.org/0000-0003-2100-293X
https://orcid.org/0000-0002-4846-3173
https://orcid.org/0000-0001-8598-7120

SEISMICA | RESEARCH ARTICLE | Improving Tsunamigenic Source Models through Interseismic Coupling Approach in Stochastic Slip Distributions

as the ratio between the slip deficit rate on the plate
interface and the long-term plate convergence rate, a
dimensionless quantity ranging from 0, where the in-
terface slips freely, to 1, where it is fully locked and
the entire convergence is stored as elastic strain. The
terms seismic locking and locking degree are used syn-
onymously in the literature, whereas interseismic slip
deficit denotes the dimensional quantity, that is, the
slip that has not been released over a given time span.
We follow the former usage throughout, noting that al-
though coupling is well resolved by dense geodetic net-
works, its interpretation in terms of the mechanical
behaviour of the fault remains unclear (Métois et al.,
2016). This idea has been used to interpret past megath-
rust events, where regions of high slip often coincide
with strongly coupled areas identified through geodetic
observations. Moreno et al. (2010) showed that in the
case of 2010 M,, 8.8 Maule earthquake, the prior dis-
tribution of interseismic coupling correlated with the
future coseismic slip heterogenity at the scale of sin-
gle asperities, proposing that the seismic potential of
great earthquakes might be anticipated by geodetic ob-
servations. A year later, for the 2011 My, 9.0 Tohoku
earthquake, Loveless and Meade (2011) found agree-
ment between the slip distribution and that of interseis-
mic coupling. This conclusion has also been reached
for the 2012 M,, 7.6 Nicoya earthquake (Protti et al.,
2013). Based on this concept, Small and Melgar (2021)
introduced interseismic coupling information into the
stochastic slip distributions for the Cascadia subduction
zone, discussing the comparison between models with
and without a coupling constraint. Small and Melgar
(2023) subsequently tested that comparison against a
megathrust earthquake recorded in instrumental time,
the 2011 M,, 9.1 Tohoku-Oki event, contrasting a ho-
mogeneous background model with two end-member
coupling models: one improved the similarity to the
published slip inversion, while the other produced no
ruptures comparable to it. They concluded that, in the
absence of a well-constrained coupling model, omit-
ting the coupling constraint is the safer choice. This
methodology has also been employed to determine co-
seismic slip characteristics in the 1920 M; 8.5 Haiyuan
Earthquake (Li et al., 2023), with a similar conclusion:
depending on which coupling model was adopted as a
prior, the fit to field-measured geomorphic offsets was
either better or worse than that obtained with a uni-
formly coupled fault, even though the models compared
were derived from the same GPS solution. Both stud-
ies thus point to the same requirement, that a coupling
prior is advantageous only when the coupling model it-
self is well constrained.

Although the relationship between coupling and slip
may be a first-order characteristic of a megathrust
(Dréapela et al., 2021), as visually illustrated for Chile
in Figure 1b, an earthquake is governed by many other
uncertain variables, such as complex fault geometries,
past and present stress regimes, and rupture dynam-
ics (Small and Melgar, 2021). This is precisely what
makes the plausibility of the synthetic ruptures the cen-
tral problem for hazard applications: a stochastic en-
semble is only as informative as the ruptures it con-
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tains. Left unconstrained, the sampling spans slip pat-
terns that the megathrust is unlikely to produce, and
the resulting tsunami estimates carry a variability that
does not originate in the fault; constrained too tightly,
the ensemble collapses towards a single scenario and
loses the exploration of the rupture space that motivates
the stochastic approach in the first place. A set of rup-
tures is therefore considered realistic, in the sense used
throughout this work, when it remains broad enough
to sample the rupture space of a segment while repro-
ducing the tsunami records of events that have already
occurred there. Existing information about the seismo-
tectonic setting of a given location offers a way to nav-
igate between these two extremes: the spatial extent
and magnitude of past earthquakes, the persistent bar-
riers that limit rupture propagation along strike, and the
downdip extent of the seismogenic zone can all serve as
priors, alongside interseismic coupling.

As our aim is to use this prior information within
specific segments in Chile, it is necessary to identify
the properties of historical tsunamigenic events along
the Nazca-South American plate subduction zone. The
concept of earthquake segmentation refers to the di-
vision of a major fault system into partial segments
that exhibit distinct mechanical behaviors during seis-
mic cycles, where each segment may rupture indepen-
dently, governed by variations in tectonic stress, fric-
tional properties, rock compositions, topographic and
bathymetric features (such as ridges or fracture zones)
that may act as barriers. Particularly, the Chilean sub-
duction zone is a global laboratory for segmentation re-
search (Ely et al., 2014; Dura et al., 2015; Philibosian and
Meltzner, 2020; Molina et al., 2021; Herrera et al., 2024),
with at least six identified segments, delimited along-
strike by persistent, or broad persistent (overlap zones),
barriers. In this study, we focus on the three segments
where recent large megathrust earthquakes have been
recorded by modern instrumentation: the Iquique seg-
ment, the Valparaiso segment, and the Concepcién seg-
ment (Figure 1, orange, blue, and pink segments, re-
spectively).

1.1 Iquique Segment

The north of Chile is considered a seismic gap with a
high potential for the occurrence of a large earthquake
(Hayes et al., 2014), with great earthquakes like those of
1768 (M unreported) and 1877 (M, 8.5) earthquake that
give a return period of 111+ 33 years (Comte and Pardo,
1991), which to date has not yet fully released the ac-
cumulated seismic moment. The information on these
historical seismic events contains greater uncertainties
than to segments further to the north, as this region has
sparse historical information due to the late settlement
of colonized communities caused by geographical bar-
riers such as the Atacama Desert and the lack of water
(Comte and Pardo, 1991). Several works however esti-
mate the approximate magnitude and rupture length of
historical earthquakes from empirical relationships be-
tween intensity, magnitude and rupture length. Such
historical events documented in the Iquique segment
include the earthquakes of 1615(M; 8.8), 1681 (M 7.3),
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1768 (MS(I) > 7.7), 1833 (M, 7.7), 1836 (M, 7.5), 1869
(M, 7.5), 1871 (M, 7.3), 1877 (M, 8.5), and 1933 (M, 7.6)
(Comte and Pardo, 1991; Dorbath et al., 1990; Ruiz and
Madariaga, 2018). However, to date, opinions remain di-
vided whether the 1877 earthquake had the extent and
magnitude as described; for example, Vigny and Klein
(2022) revisited historical scientific articles to provide
evidence about overestimations of the length and mag-
nitude of the earthquake, estimating M,, ~ 85. On
the other hand, Carvajal et al. (2025) calculated the mag-
nitude and extent of the event using stochastic scenar-
ios and compared it with the maximum wave heights
caused by the tsunami in the far field, estimating M,, to
lie between 8.8 and 8.9. Despite thislarge number of sig-
nificant historical earthquakes, only those in 1615, 1877,
and 2014 (M,, 8.2) were followed by reported tsunamis,
leaving previous assumptions of the return period of in-
terplate great events in this segment as, at least, ques-
tionable (Ruiz and Madariaga, 2018).

This long-standing hazard motivated extensive mod-
ern monitoring, for instance, the development of the
IPOC network (GFZ German Research Centre For Geo-
sciences and Institut Des Sciences De L'Univers-Centre
National De La Recherche CNRS-INSU, 2006) in north-
ern Chile in 2007. Geodetic studies using Global Po-
sitioning System (GPS) data acquired prior to 2014 re-
vealed that the Iquique segment was highly coupled,
having accumulated since the 1877 earthquake a mo-
ment deficit equivalent to a M,, 8.7 event, of which the
2007 Tocopilla earthquake had released only about 4%
(Chliehetal.,2011). On April 1, 2014, the M,, 8.2 Iquique
earthquake partially ruptured this gap. Critically, de-
tailed seismological and geodetic analyses showed that
the 2014 event only broke the deeper portion of the
locked zone and failed to rupture the shallowest, most
strongly coupled patch where the largest slip occurred
in 1877 (Schurr et al., 2014; Ruiz et al., 2014). There-
fore, while the 2014 earthquake released a fraction of
the accumulated strain, a substantial portion of the seis-
mic moment deficit remains, especially at shallower
depths. This leaves significant potential for a future
great earthquake within the Iquique seismic gap (Hayes
et al., 2014).

1.2 Valparaiso Segment

Moving further south to the central part of Chile (Figure
1), the Valparaiso segment is a highly active seismogenic
zone. Its seismicity has been extensively documented
since colonial times, due to the long-standing human
settlements in the area. This region has experienced
numerous significant historical earthquakes, including
at least six events that generated moderate tsunamis:
July 8, 1730 (M., 9.0-9.3); November 19, 1822 (M, 8.5);
August 16, 1906 (M., 8.2); April 6, 1943 (M,, 8.1); March
3, 1985 (M,, 8.0); and the most recent on September
16, 2015 (M,, 8.3). Among these, the 1730 earthquake
stands out as a particularly large and shallow megath-
rust event, estimated at M,, > 9.0 (Carvajal et al., 2017),
which also produced a destructive tsunami that severely
impacted Valparaiso Bay.

The Valparaiso segment exhibits a wide variety of

earthquake types, including interplate events in differ-
ent structural domains, intermediate-depth intraplate
earthquakes, shallow intraplate events, and even outer-
rise events (Ruiz and Madariaga, 2018). The last sig-
nificant earthquake in this region occurred on April
24, 2017, with a magnitude of M,, 6.9, which ruptured
the shallow portion of the plate interface offshore of
Valparaiso and was preceded by an intense foreshock
sequence (Ruiz et al., 2017, 2018; Nealy et al., 2017).
Currently, a significant seismic gap has been identified
south of the 2017 earthquake rupture area (Nealy et al.,
2017). This region exhibits a significant moment deficit,
suggesting a high potential for a future large-magnitude
earthquake. Estimated magnitudes range from M,, 7.8
to 8.2, and the magnitude could be even greater if pre-
1900 strain accumulation (e.g., from the 1822 or 1730
events) contributes to the rupture size (Nealy et al.,
2017).

1.3 Concepcion Segment

Continuing further south to the central-southern part
of Chile (Figure 1), the Concepcién segment has his-
torically been the source of numerous large-magnitude
earthquakes, documented since colonial times. Among
the most significant tsunamigenic events are those that
occurred on February 8, 1570 (M, ~ 8.3), which likely
had an offshore epicenter and produced a tsunami with
an initial upward surge prompting evacuation to high
ground; March 15, 1657, where the tsunami flooded the
main square of the city around 10 PM and caused mul-
tiple drownings; May 25, 1751 (M, ~ 8.5), which caused
widespread destruction and a large tsunami that ulti-
mately led to the relocation of the city of Concepcién
to its present site; and February 20, 1835 (M; ~ 8.5), fa-
mously observed by Charles Darwin, which triggered
tsunami run ups up to 12 meters in Talcahuano Bay
and was accompanied by significant coastal uplift (Lom-
nitz, 2004). The 27 February 2010 Maule earthquake
(M, 8.8) ruptured a seismic gap that had not broken
since 1835, generating widespread damage and a signif-
icant tsunami (Moreno et al., 2010; Vigny et al., 2011,
Lorito et al., 2011; Fritz et al., 2011). This segment ex-
hibits a pattern of megathrust earthquakes with esti-
mated recurrence intervals of 100-150 years, highlight-
ing the persistent seismic hazard in the region (Beck
etal., 1998).

1.4 StudyAims

This pattern of recurrent megathrust earthquakes in
these segments underscores the relevance of under-
standing the segmentation and recurrence of tsunami-
genic events along the Chilean margin. To reduce the
uncertainties of location in historical earthquake docu-
mentation, detailed along-strike segmentation has also
been identified through stochastic modeling of histor-
ical and paleo-tsunami sources (e.g. Cifuentes-Lobos
etal., 2023; San Martin et al., 2024; Alvarez-Vargas et al.,
2025). This modeling approach provides an approxima-
tion of the slip distribution in past events, revealing sig-
nificant variability along strike and dip between earth-
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Figure1 Historical seismic events and their approximate rupture lengths in Chile from 1500 to the present day, with fetch
and magnitude for tsunamigenic events (data compiled in Philibosian and Meltzner, 2020), together with the map of inter-
seismic coupling model for the Chilean subduction zone from Métois et al. (2016) and slip patterns of the 2010 M, 8.8 Maule
earthquake (Moreno et al., 2010), the 2014 M, 8.2 Iquique earthquake (Hayes, 2017), and the 2015 M,, 8.3 Illapel earthquake

(Hayes, 2017).

quakes, and suggesting that overlapping rupture areas
may still exhibit different slip amounts. These findings
support the hypothesis that each segment may not only
rupture independently but also contribute differently to
the tsunami generation depending on the specific slip
distribution.

With these considerations, this study develops a
framework to generate realistic stochastic slip scenarios
for megathrust earthquakes, in which interseismic cou-
pling enters as prior geophysical information and the
rupture is bounded by physical constraints: the along-
strike segmentation of the Chilean subduction margin
and the downdip limit of the seismogenic zone. The
framework is applied to the Concepcién, Iquique and
Valparaiso segments, using as prior magnitudes those
of the 2010 Maule (M, 8.8), 2014 Iquique (M., 8.2) and
2015 Ilapel (M., 8.3) earthquakes, so that the resulting
scenarios can be confronted with the tsunami records
of events that actually occurred in each of them. Each
ensemble is propagated as a tsunami and compared
with tide gauge and DART observations, providing a
quantitative measure of how well the simulated sources

4

reproduce the recorded waveforms. To isolate the con-
tribution of the coupling prior, the same procedure is
repeated without the coupling constraint, and the two
ensembles are compared both in the number of scenar-
ios that meet the selection criteria and in their agree-
ment with the observed waveforms.

The relevance of this framework lies in where it can
be applied. The three events analysed here were cho-
sen because they were recorded by modern instrumen-
tation, which allows the simulated scenarios to be tested
against observed tsunami waveforms. The segments
of greatest concern, however, are those that have not
ruptured in instrumental time, and it is precisely there
that rupture scenarios must be constructed without a
recorded event to base them on. Since interseismic
coupling models are available along the entire Chilean
margin, a framework validated where observations do
exist can be transferred to segments where the earth-
quake has not yet occurred, supplying the physically
constrained sets of sources on which tsunami hazard
assessment and the estimation of expected wave ampli-
tudes ultimately depend.
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2 Methodology

2.1 Generation of Stochastic slip rupture

Stochastic slip rupture modeling treats the coseismic
slip on a fault not as a single deterministic model, but
as one realization of a spatially correlated random field.
The field is defined by statistical properties inferred
from slip inversions of past earthquakes: the ampli-
tude of slip is described by a lognormal distribution,
which guarantees positive values, and its spatial struc-
ture by an autocorrelation function whose correlation
lengths along strike and dip scale with the dimensions
of the rupture. The Karhunen-Loéve expansion pro-
vides a way of constructing such a field, by decompos-
ing the prescribed autocorrelation matrix into its eigen-
values and eigenvectors and combining them with a set
of random coefficients, so that each set of coefficients
yields a different slip distribution consistent with the
same statistics. Repeating this sampling produces an
ensemble of ruptures that share the same magnitude
and the same statistical properties, but differ in the po-
sition and size of their asperities, and it is on this ensem-
ble that the rest of this work operates. In what follows
we describe how the domain and dimensions of the rup-
ture are defined, how this field is constructed, and how
the interseismic coupling model enters it.

Considering the prior information that we give to the
model, the first step to generate stochastic slip distribu-
tions is to define a segment where seismic rupture can
occur (Figure 2a). For this, the domain is set by mak-
ing a non-regular mesh following the geometry of the
slab given a specific region, determined by the along-
strike segmentation (shown in Figure 1) and by the
seismogenic zone along-dip. The strike, dip and sub-
fault locations are interpolated from the Slab2 model
(Hayes et al., 2018), and the rake is taken from NUVEL-1
(DeMets et al., 1990). Once the mesh is defined, the spa-
tial slip distribution is restricted to be within the gener-
ated domain. The dimensions of the earthquake, length
(L) and width (W), are determined by the magnitude,
and there exist multiple linear scaling relationships be-
tween the logarithm of the dimensions and M, (e.g.
Blaser et al., 2010; Strasser et al., 2010; Goda et al., 2016).
Taking in consideration the literature of rupture inver-
sions of Mw 8+ earthquakes occurring along the Nazca-
South American subduction margin, the Blaser et al.
(2010) relation was used for rupture length and the Goda
etal. (2016) relation for rupture width, using a truncated
normal distribution (NVyune) with upper limits of L and
W (Limaz and W,,q.). The upper limits are controlled
by the dimensions of the domain grid, restricted along-
strike for the segmentation and along-dip for the seis-
mogenic zone (We used a constant depth of 65 km). The
samples of L and W are defined as,

10819 L ~ Nerune (—2.37 + 0.57M,,, o1,

—0Q, 1Oglo Lmax)

(1)

log1o W ~ Nirunc (—0.49 + 0.31M,,, oy,
—0Q, 1Oglo Wmax)

(2)

where M, is the moment magnitude of the earthquake,
or (0.1700 from Blaser et al., 2010) and oy (0.1717 from
Goda et al., 2016) are the standard deviations for the
length and width dimensions respectively.

Once the physical dimensions of the earthquake are
determined, the stochastic spatial slip distribution is
generated using the Karhunen-Loéve expansion, fol-
lowing the methodology of LeVeque et al. (2016), with a
lognormal expression that ensures positive slip values:

m

S = exp (ji) exp (Z 2 \/ﬁﬁ) (3)

k=1

where § is the final slip vector, 79 is the vector of log-
mean slip (which incorporates the coupling constraint),
and z; are independent, normal random distributions
with mean 0 and standard deviation 1. Furthermore,
A, and vy, are the eigenvalues and eigenvectors, respec-
tively, of the covariance matrix C‘;’j = log (@Cjj + 1)
(with m = 4 - j), using the Von-Karman ACF (Mai and
Beroza, 2002), Gy (r;;), defined as:

Gy (rij) =i Ky (rij) (4)
oy - G (i)
Cij (rij) = Go(riy) (5)

where Cj; is the correlation between the i-th and j-th
subfaults, Ky is the modified Bessel function of the sec-
ond kind, and H is the Hurst exponent. r;; is the inter-

subfault distance r;; = \/(r./a,)® + (ra/aa)’, with r,
and r4 as the distance between ij subfaults along strike
and dip respectively, and a, with a, are the correla-
tion lengths, obtained following the scaling law for great
earthquakes from Melgar and Hayes (2019) based on ef-
fective dimensions (L.¢s and Weyy), which could have
a significant impact on the tsunami intensity measures
(Crempien et al., 2020):

as = 17.7+0.35*Leff (6)
aqg = 6.7+ 0.41 % Weff (7)

The interseismic coupling model (¢;), as defined in
the Introduction and illustrated in Figure 2b, is incor-
porated directly into the calculation of the log-mean slip
(1d) for each subfault <. In the Karhunen-Loeve expan-
sion, the log-mean slip is defined by adapting the term
that would typically serve as a geometrical taper with
the normalized coupling model, rescaled to the interval
[0, 1] where the source model is reported as a percent-
age.

The log-mean slip is calculated as:

i = log <a2 = (8)

Here, [i; is the uniform average slip on subfault i re-
quired to satisfy the total seismic moment for the tar-
get earthquake magnitude M,,, as introduced by Aki
(1966). This average slip accounts for the subfault’s
rigidity, which is inferred from its depth using the PREM
model (Dziewonski and Anderson, 1981). The slip field
is rescaled, after each stochastic realization, so that the
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Figure 2 Workflow for the generation of stochastic slip distributions. (a) Preparation of the domain mesh, including seg-
mentation of the seismogenic zone based on historical earthquakes and geological barriers. Fault parameters and interseis-
mic coupling are interpolated to the computational mesh. (b) Generation of stochastic slip distributions using the Karhunen-
Loéve expansion constrained by interseismic coupling. The initial slip distribution (top left) is modulated by the normalized
coupling map (bottom left), yielding a final slip distribution (right). Segment boundaries used in this study include Valparaiso,

Concepcidn, and lquique.

moment summed over the subfaults with their depth-
dependent rigidity matches the target M,,. Every sce-
nario of an ensemble therefore has exactly the target
magnitude, and the variability of the ensemble lies en-
tirely in the spatial distribution of slip and not in its to-
tal moment. The term ¢; is the normalized interseismic
coupling at subfault 7, and « is a constant (set to 0.5, fol-
lowing LeVeque et al., 2016). As described in the work of
Small and Melgar (2021), This implementation ensures
that the resulting stochastic slip distributions are con-
strained by the known interseismic coupling, meaning
areas of high coupling are more likely to host larger slip,
as described in Small and Melgar (2021) and shown in
Figure 3.

Several interseismic coupling models overlap in each
of the three segments studied here. The model used for
the main ensemble of each event was chosen so that the
geodetic data from which it is derived cover the inter-
seismic period of that earthquake, that is, they predate
it. A model inverted from velocities that include the
post-seismic period already contains part of the signal
of the rupture being reproduced, and using it as a prior
would make the comparison with that same rupture cir-
cular. On this basis we use the model of Moreno et al.
(2010) for the Concepcién segment, Li et al. (2015) for
the Iquique segment and Becerra-Carrefio et al. (2022)
for the Valparaiso segment. The remaining models
were run as complete ensembles and their results are
reported in the Supplementary Material, so that the ef-
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fect of this choice can be assessed rather than assumed.

2.2 Selecting realistic scenarios of earth-
quake slip distributions

In order to select only cases where the slip distribu-
tion can reproduce plausible tsunamigenic earthquake
scenarios, we defined certain rules with which to ob-
tain the more geologically-realistic models (Figure 4).
Once all simulations were completed, we extracted the
maximum and mean slip, retaining only those within
the interquartile range to exclude extreme values. Be-
cause slip distributions are expected to correlate with
interseismic coupling, a minimum correlation thresh-
old was imposed. The mode of the correlation coeffi-
cients, close to 0.5, was adopted as this threshold: it is
the most frequent level of agreement produced by the
coupling-constrained generation (Figure 3a), so adopt-
ing it retains the bulk of the ensemble while discarding
the tail of scenarios that bear no relation to the coupling
field. The threshold is a choice rather than a property of
the method, and its consequences are examined in the
Supplementary Material, together with the number of
scenarios removed by each criterion. Furthermore, to
be sure that the main patch is in a cumulative seismic
moment asperity, it must be within a zone of high cou-
pling. To obtain the distributions with high tsunami po-
tential, we require that the main patch encompasses a
zone which produces uplift of the ocean floor, although
this constraint could be relaxed if the main slip patch

SEISMICA | volume 5.2 | 2026



SEISMICA | RESEARCH ARTICLE | Improving Tsunamigenic Source Models through Interseismic Coupling Approach in Stochastic Slip Distributions

1400 - Without coupling constraint
With coupling constraint
--- Selected threshold

1200 A

1000 -

800 -

600 -

Coseismic slip model

400 A

Number of stochastic scenarios

200 -

0
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

Correlation with interseismic coupling

Figure 3

Vigny et al. (2011)

Gusman et al. (2015)

Wei et al. (2014)

Romano et al. (2016)

Okuwaki et al. (2016)

)] O\ A\
N N RN O R N A NI A &
& o & & & F @
N NS S O P S S
? O ? K X X X
&% O et et &t ¢ @° >
X 3 « 3© S 3 N )
S R Y (S T (R C T (TS SRS
SRR SR R ¢

1.0

Lorito et al. (2011) 0.44 0.49 0.47 0.64
94%  90%  100% 94%
] 0.9
Moreno et al. (2010) 0.55 0.57 0.41 0.70 g
939 89% 96% 77% 93% = 0.8
j=}
Yue et al. (2014) 0.45 0.62 0.44 0.59 =
100% | 98% @ 100% 100% |
0.7
0.47 0.55 0.42 0.49

84%  79%  100% 93%

100% QSRR 100%  100%

-0.01)0:21 JN:¥R 0.00 | 0:27 NoREl)
% | 93% [NCECAM oav | 92 [REEDA

Hayes (UsGs) JRREl LAY 0.41 RREJRRE](EZ:

2014 Iquique

Pearson correlation coefficient

0.58 EB
91%

0.42 0.44 0.57 0.38 0.45

100% 100% 100% |100% 100%
0.36 0.39 0.37 0.59 [ouEX
100% | 100% | 100% 100% [RKeEA

Interseismic coupling model

2015 Illapel

Hayes (USGS)
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not overlap.

is at greater depths, but there is a shallower secondary
patch with tsunamigenic potential. Finally, so that the
distribution does not break the physical principles of
an earthquake, the distributions are subject to bound-
ary conditions, where the edges cannot have the maxi-
mum slip values, excluding distributions with high slips
near the trench, due the possibility of large slip at very
shallow depth holds implications for up-dip strain ac-
cumulation and tsunamigenic earthquake potential of
megathrusts elsewhere, such as the 2010 M,, 8.8 Maule,
2011 M,, 9.0 Tohoku, and 2015 M,, 8.3 Illapel earth-
quakes (e.g. Yue et al., 2014; Lay et al., 2011; Romano
etal., 2016, respectively).

2.3 Tsunami modelling

The tsunami propagation was simulated using the par-
allel dispersive tsunami model PCOMCOT, which effi-
ciently computes the full life cycle of nonlinear, dis-
persive, and breaking tsunami waves (Zhu et al., 2024).
To ensure a physically realistic tsunami source, PCOM-
COT applies the Kajiura filter to the initial surface defor-
mation, which accounts for the low-pass filtering effect
of seawater (Kajiura, 1963). We considered the earth-
quake rupture as instantaneous, because the rupture ve-
locity is faster than the tsunami velocity. The vertical
seafloor deformation was computed with the analytical
solution of Okada (1985) for a rectangular dislocation
in an elastic half-space, evaluated for each subfault and
summed over the whole rupture. Additionally, the hor-
izontal displacement of the seafloor was considered in
the calculation of the sea surface deformation caused

7

by earthquakes. The contribution of horizontal motion
to seafloor uplift was calculated following the method-
ology of Tanioka and Satake (1996).

The simulations were conducted using 3 levels of
nested grids with resolutions of 2.16, 0.54, and 0.108
arcminutes. Nonlinear effects were considered for the
second and third levels of nested grids, however wave
dispersion and breaking were not included.

2.4 ModelValidation

To quantify how closely a simulated scenario resembles
a published coseismic slip model, we use the dissimi-
larity D introduced by Small and Melgar (2023), based
on the normalized square metric. For two slip distribu-
tions A and B interpolated onto a common regular grid
of subfaults, it is defined as

>, [46) - BO)
(3 (4G + X, [BG)P) /2

D(A, B) = 100 (9)

where the sum runs over the subfaults of the common
grid. D is expressed as a percentage: D = 0 denotes
identical slip models, and the value grows with the dif-
ference between them, reaching 200 % when the two
distributions have no overlap. We report D on this scale;
note that Small and Melgar (2023) additionally divide it
by two to obtain a range from 0 to 100. Because D com-
pares two slip distributions rather than a model with an
observation, it complements the waveform metrics de-
scribed below, which compare the simulated tsunami
with the tide-gauge records.
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Figure4 Flowchart for the selection of "potential” tsunamigenic earthquakes.

To compare the earthquake models with a model that
has a good representation of tsunami wave arrivals and
amplitude of the first wave, we used the Normalized
Root Mean Square (NRMS) to compare the modelled
tsunami signals against the observations of tidal gauges
within a determined window time, which is the time
that encloses the first wavelength of the tsunami signal.
Also, we use the cross-correlation coefficient within this
time window to find the best correlation of a model with
the observation, and to evaluate if the time lag is within
the 95% confidence interval of all the tsunami simula-
tions. The NRMS is defined as follows,

1

L
1 2
NRMS= | ——— — i — V(i— 10
|:Omax - Omin:| L ; (0 “ l)) (10)

For a window length L, lag [, and observed and simu-
lated signals o; and v;, respectively, while omax and omi,
are the maximum and minimum amplitude of the ob-
served signal .

To compare the amplitude of the first tsunami wave,
and following the procedure of Calisto et al. (2015), we
adaptthe SPGA (Similarity of Peak Ground Acceleration)
that is a measure of similarity between the peaks of ob-
served and synthetic seismic accelerations (Anderson,
2004), but as we are using the first peak of tsunami am-
plitude, we name SPTA (Similarity of Peak Tsunami Am-
plitude).

2
SPTA(p1,p2) = 10exp {_ {m] } o

With p; and p, as the peaks of tsunami amplitude for
signals 1 and 2, respectively, within the determined time
window.

3 Results
3.1 2010 M,, 8.8 Maule Earthquake

To capture the main features of this event, 100,000
stochastic scenarios of magnitude M,, 8.8 were gener-
ated on the domain mesh of the Concepcién segment

(subfaults of 10 x 10 km), using the interseismic cou-
pling model of Moreno et al. (2010). Of these, 741
passed all the selection criteria (0.7%; Figure 4), and
a random subset of 30 was used for tsunami simula-
tion, recording virtual tide gauges at Arica, Iquique,
Buoy401, Buoy402, Coquimbo, Valparaiso, Talcahuano,
Corral and Ancud. No observational records are avail-
able at the DART buoys 401 and 402 for this event, so at
these two locations the ensemble can only be compared
with the reference model and not with tsunami data.

The selected scenarios show asperities that vary in
position and size within the tsunamigenic zone (Figure
5). Their median dissimilarity with the coseismic model
of Lorito et al. (2011) is 42.5% (95% CI 41.6-43.4%), com-
pared with 58.6% for scenarios generated and selected
without coupling information; for reference, the pub-
lished slip models of Moreno et al. (2010) and Yue et al.
(2014) differ from Lorito et al. (2011) by 18% and 24%.
The scenarios capture the main asperity of the earth-
quake especially well.

Figure 6 compares the median of the simulated tide-
gauge records and their range with the observations,
after applying the same 8-120 min band-pass filter to
both. Averaged over the seven stations with records,
the ensemble reaches NRMS = 0.24, SPTA = 6.15 and
a lag-corrected correlation of 0.80; all four metrics are
significantly better than for the ensemble without cou-
pling information (NRMS 0.27, SPTA 4.75, correlation
0.77; bootstrap p < 0.014). For the first-wave window,
the highest correlations (R > 0.9) are obtained at Co-
quimbo (0.93, 0.97 after a lag of 2 min) and Talcahuano
(0.93, no lag), the latter evaluated until the gauge record
is lost, 58 min after the earthquake. Ancud, Arica and
Iquique reach correlations of 0.84-0.89 after lag correc-
tion, with lags of 0-8 min. In contrast, the model-data
correlation at Corral remains low (0.37 after a lag of
12 min), suggesting a local effect not captured by the
model or limitations of the slip distributions in that re-
gion. Regarding amplitude, the highest SPTA values are
obtained at Talcahuano, Coquimbo, Iquique and Corral
(SPTA > 8.4), whereas at Arica and Ancud the simula-
tions do not reproduce the amplitude of the first wave
(SPTA < 1). At Buoy401 and Buoy402, the ensemble me-
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(a-i) Nine of the 30 retained scenarios used for tsunami simulation in the Concepcién segment (coupling model of

Moreno et al., 2010), chosen at evenly spaced quantiles of their dissimilarity D with the coseismic slip model of Lorito et al.
(2011), from most to least similar. White lines: 5 and 10 m slip contours of Lorito et al. (2011). (j) Dissimilarity D with Lorito
et al. (2011) of the scenarios generated with and without the coupling prior, retained with and without the coupling criterion
(table below the panel): left half of each violin, all 100,000 generated scenarios; right half, scenarios retained by the selection
criteria. Circles and bars: median and interquartile range; letters: scenarios shown in a-i. Grey band and dashed lines: D
between Lorito et al. (2011) and the slip models of Moreno et al. (2010) and Yue et al. (2014). All 30 scenarios are shown in the

Supplementary Material.

dian and the model of Lorito et al. (2011) yield consistent
waveforms.

3.2 2014 M, 8.2 Iquique Earthquake

For this event, 100,000 scenarios of M,, 8.2 were gener-
ated within the Iquique segment using the interseismic
coupling model of Li et al. (2015). Following the selec-
tion criteria, the main slip patch was required to lie be-
tween 20.5°S and 19.5°S, in agreement with the location
of the 2014 earthquake and considering that this area is
bounded by low-coupling zones. A total of 536 scenar-
ios passed all criteria (0.5%), and 30 of them were used
for tsunami simulation. The selected scenarios sample
the rupture space in a varied manner (Figure 7), mainly
because this moderate-magnitude event has length and
width smaller than the dimensions of the segment.
Iquique is the event where the method performs
worst. The median dissimilarity of the selected scenar-
ios with the model of Gusman et al. (2015) is 99%, and
even the most similar of the 100,000 generated scenar-
ios reaches 53%. This value should be read against the
disagreement between published models of the same

9

earthquake, which differ from Gusman et al. (2015) by
39% (Schurr et al., 2014), 86% (Hayes, 2017) and 96%
(Wei, 2014). The compact rupture of the 2014 earth-
quake is resolved by few subfaults of the 10 km mesh,
and the correlation lengths of the Karhunen-Loéve ex-
pansion, derived from scaling laws, produce asperities
larger than the main patch of the inversions.

At the tide gauges (Figure 8), the stations closest to
the source show the best agreement: Iquique and Ar-
ica reach SPTA values of 10.0 and 9.9, NRMS of 0.15
and 0.12, and correlations of 0.94 after lags of 2 and
4 min. At Coquimbo and Talcahuano the ensemble
underestimates the amplitude of the first wave (SPTA
2.4 and 2.6), although the lag-corrected correlations re-
main high (0.83 and 0.87, with lags of 12 and 14 min).
At Valparaiso the amplitude agreement is good (SPTA
7.2), with the best correlation (0.77) at a lag of 18 min.
The simulations at the DART buoys agree well with the
model of Gusman et al. (2015) in amplitude, NRMS, cor-
relation and lag. Corral and Ancud are not used in
the metrics: at these distances the simulated tsunami
amplitude (below 2 cm) is below the noise level of the
records, and the first-wave window is truncated by the
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Figure 6 Bathymetric layer setup for tsunami modeling and vertical deformation of the 2010 earthquake (from Lorito et al.,
2011), with tide-gauge records at Arica, Iquique, Buoy401, Buoy402, Coquimbo, Valparaiso, Talcahuano, Corral and Ancud,
band-pass filtered between 8 and 120 min (DART buoys unfiltered). Blue: observed tsunami data from the I0C Sea Level
Station Monitoring Facility (Flanders Marine Institute (VLIZ), Belgium and Intergovernmental Oceanographic Commission-
UNESCO, France, 2021); green: simulation from the slip model of Lorito et al. (2011); red: median of the 30 stochastic scenarios
and their range (minimum-maximum). Grey band: first-wave window used for the metrics. Metrics (NRMS, SPTA, correlation
and optimal lag) are shown for the reference model (green) and the ensemble median (red). At Talcahuano the gauge record

is lost 58 min after the earthquake (dotted line).

simulation length. Averaged over the five remaining
stations, the ensemble does not differ significantly from
the one generated without coupling information in any
metric (SPTA 6.43 versus 6.29, p = 0.95).

3.3 2015 M, 8.3 lllapel Earthquake

In this case, 100,000 scenarios of M, 8.3 were gener-
ated using the interseismic coupling model of Becerra-
Carrefio et al. (2022), which is based on geodetic data
acquired before the 2015 earthquake. A total of 1,445
scenarios passed all criteria (1.4%), and 30 were used
for tsunami simulation.

The selected slip distributions (Figure 9) exhibit con-
siderable spatial variability and reveal the difficulty
of sampling solutions with high slip near the trench,
likely because of the limited spatial resolution and the
smoothing inherent in the inversion of interseismic
coupling models. Their median dissimilarity with the
model of Romano et al. (2016) is 63%, compared with
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98% without coupling information; published models of
this earthquake differ from Romano et al. (2016) by 44%
(Hayes, 2017) and 47% (Okuwaki et al., 2016). Among
the coupling models tested for this segment, the model
of Becerra-Carrefio et al. (2022) produced the scenarios
most similar to the coseismic inversions (median D of
82% for the compilation of coupling models and 94% for
Meétois et al., 2016).

At the tide gauges (Figure 10), Talcahuano shows the
best agreement (NRMS 0.08, SPTA 9.7, correlation 0.98
without lag), followed by Iquique and Arica (SPTA 10.0
and 9.6, lag-corrected correlations 0.91 and 0.76). At Co-
quimbo, the closest station to the rupture, the ensemble
underestimates the amplitude of the first wave (SPTA
5.4) but reproduces its shape (correlation 0.94 after a lag
of 6 min); this is consistent with simulated slip distribu-
tions that tend to concentrate closer to the coast than
the inversion models, which suggest rupture propaga-
tion toward the trench. Corral simulations underesti-
mate the amplitude (SPTA 3.5), and Ancud is not used
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(a-i) Nine of the 30 retained scenarios used for tsunami simulation in the Iquique segment (coupling model of Li

et al., 2015), chosen at evenly spaced quantiles of their dissimilarity D with the coseismic slip model of Gusman et al. (2015),
from most to least similar. White lines: 2 and 4 m slip contours of Gusman et al. (2015). (j) Dissimilarity D with Gusman
et al. (2015) of the scenarios generated with and without the coupling prior, retained with and without the coupling criterion
(table below the panel): left half of each violin, all 100,000 generated scenarios; right half, scenarios retained by the selection
criteria. Circles and bars: median and interquartile range; letters: scenarios shown in a-i. D =200% indicates no overlap with
the reference model; the fraction of generated scenarios at this value is given above each violin. Grey band and dashed lines:
D between Gusman et al. (2015) and the slip models of Schurr et al. (2014), Hayes (2017), and Wei (2014). All 30 scenarios are

shown in the Supplementary Material.

in the metrics because the tsunami signal cannot be
isolated within the simulation length. The DART buoy
simulations agree well with the model of Romano et al.
(2016), with optimal lags of at most 2 min (SPTA 9.7 and
9.3). Averaged over the six stations used, the ensemble
reaches SPTA = 7.55 and a lag-corrected correlation of
0.86, both significantly better than without coupling in-
formation (SPTA 5.41, correlation 0.79; p < 0.007).

4 Discussion

Given the objective of this study to capture the main
features of a tsunamigenic earthquake by incorporat-
ing interseismic coupling into the stochastic model-
ing, we have analyzed the similarity between the sim-
ulated scenarios and tsunami data inversions. To an-
chor our stochastic simulations within the long-term
tectonic context, we impose a correlation constraint be-
tween the generated slip distributions and a model of
interseismic coupling. This methodological choice en-
sures that our scenarios preferentially represent earth-
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quakes where slip is largely governed by pre-existing
locked patches. However, we acknowledge this ap-
proach introduces a dependency on the chosen inter-
seismic coupling model and may systematically exclude
less-correlated but physically plausible rupture scenar-
ios, a limitation that must be considered when inter-
preting the resulting tsunami hazard. For example, as
illustrated in Figure 1 and in Figure 3b, it becomes ev-
ident that achieving realistic slip distributions via cor-
relation strongly depends on the geodetic inversion, or
the InSAR-derived interseismic coupling models. That
agreement is moreover strongly region-dependent: for
the 2010 Maule earthquake the correlation between
published slip and coupling models ranges from 0.41
to 0.72, whereas for the 2014 Iquique earthquake only
one of the eighteen pairs reaches 0.5, and for the 2015
Illapel earthquake only two do. In those two segments
our criterion therefore asks the synthetic scenarios to
agree with the coupling model more closely than the
published inversions of the real earthquakes do, which
over-constrains the ensemble and is part of why the
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Figure 8 Same as Figure 6 for the 2014 Iquique earthquake, with vertical deformation and reference simulation from the
slip model of Gusman et al. (2015). Corral and Ancud are not used in the metrics.

method performs worst at Iquique. We therefore sug-
gest that the correlation threshold should not be kept
as a single global value, but set from the slip-coupling
agreement observed in each margin; where no recorded
earthquake is available against which to measure it,
a lower threshold is the safer choice, since it widens
rather than narrows the set of scenarios considered pos-
sible.

Our analysis shows that the simulations over the Con-
cepcidn segment tend to capture the main asperity of
the 2010 Maule earthquake well, whereas the secondary
asperity near Arauco is less accurately represented. In
this segment, we have used the interseismic coupling
model presented by Moreno et al. (2010) as the basis
for our simulations. However, a more recent study that
incorporates uncertainty in the coupling estimates for
this region prior to the earthquake (Becerra-Carrefio
et al., 2022) indicates that the 2010 earthquake nucle-
ated in a highly coupled area. Interestingly, the largest
slip concentrations occurred in regions where the cou-
pling decreased to approximately 0.6, although this ob-
servation remains uncertain as more recent studies
than that of Lorito et al. (2011), such as Yue et al. (2014)
and Maksymowicz et al. (2015), suggest that the max-
imum slips are closer to the trench than initially be-
lieved, precisely where the interseismic coupling mod-
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els are most uncertain. This may suggest that a slip
deficit still remains in the highly coupled zone. More-
over, it raises the possibility that the largest co-seismic
slips tend to occur in regions that are neither strongly
nor weakly coupled, but rather in areas of intermediate
coupling, or simply that we are not yet able to charac-
terize the coupling near the trench sufficiently well.

On average, the results showed a good fit for the first
wave at the tide gaude stations located within the rup-
ture area, which are the most affected due to their prox-
imity to the main asperities. Corral station, located at
the mouth of the Valdivia River showed the worst cor-
relation with the first tsunami wave, which could be at-
tributed to a low-resolution or inaccurate bathymetric
model near Corral or unmodeled local effects or tide-
tsunami interactions (Winckler et al., 2017).

Our findings exhibit that the distributions of the sim-
ulations of Iquique and Valparaiso segments tend to ex-
hibit greater spatial uncertainty, due to their smaller
rupture size, which inherently leads to more scattered
sampling within the segment domain. Nevertheless,
the average size of the asperities, dependent on the
autocorrelation matrix determined by the correlation
lengths, is comparable to that of the main asperities
of observed earthquakes, suggesting coherence in the
stochastic generation of slip distributions. For the 2015
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Figure 9 (a-i) Nine of the 30 retained scenarios used for tsunami simulation in the Valparaiso segment (coupling model
of Becerra-Carrefio et al., 2022), chosen at evenly spaced quantiles of their dissimilarity D with the coseismic slip model of
Romano et al. (2016), from most to least similar. White lines: 3 and 6 m slip contours of Romano et al. (2016), smoothed with
a 10 km Gaussian filter for display only (D is computed from the original model). (j) Dissimilarity D with Romano et al. (2016)
of the scenarios generated with and without the coupling prior, retained with and without the coupling criterion (table below
the panel): left half of each violin, all 100,000 generated scenarios; right half, scenarios retained by the selection criteria.
Circles and bars: median and interquartile range; letters: scenarios shown in a-i. D =200% indicates no overlap with the
reference model; the fraction of generated scenarios at this value is given above each violin. Grey band and dashed lines: D
between Romano et al. (2016) and the slip models of Hayes (2017) and Okuwaki et al. (2016). All 30 scenarios are shown in

the Supplementary Material.

Mlapel Earthquake simulations, a smaller number of se-
lected distributions coincide with high amounts of slip
in the trench, which suggests inferior performance of
the interseismic coupling implementation compared to
the other segments analyzed, determined mainly by the
interseismic coupling model used, smoothed, and with
more uncertainties near the trench.

Comparing our approach with Small and Melgar
(2021) and Small and Melgar (2023), who highlighted the
importance of incorporating interseismic coupling pat-
terns into stochastic rupture modeling and showed that
coupling-conditioned ruptures lead to variable tsunami
hazards, our work follows a similar route but focuses
on the Chilean subduction zone and is validated against
observed tidal data from three different earthquakes.
Unlike their broader probabilistic sampling, we intro-
duced stricter selection constraints based on interseis-
mic coupling and geophysical context. This results in
a substantially reduced number of simulations passing
the selection criteria, narrowing the range of plausible
rupture scenarios while still capturing the key features
of the main asperities. Consequently, our approach
aims to generate a model capable of realistically repro-
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ducing tsunamigenic scenarios, grounded in observed
events, highlighting the trade-off between model real-
ism and scenario diversity.

A further limitation concerns the assumption, im-
plicit in using coupling as a prior, that the locked state
of the interface is stationary. Interseismic coupling
is not static: it varies over the earthquake cycle, and
geodetic records long enough to resolve that variation
show itdirectly. Loveless and Meade (2016) inverted two
decades of GNSS data offshore Japan in five consecutive
epochs and imaged changes in the extent and degree of
coupling associated with successive megathrust earth-
quakes, and Abe and Yoshioka (2022) resolved the cou-
pling of the Tohoku segment annually over the fourteen
years preceding the 2011 earthquake. A coupling model
therefore represents the state of the interface during its
observation window, and both the extent of the locked
zone and its degree of coupling may differ between that
window and the earthquake. Where that difference is
large, the prior will steer the scenarios towards a config-
uration that no longer holds, and the constraint will be
misleading rather than merely weak. The models used
here are all derived from data that predate the earth-

SEISMICA | volume 5.2 | 2026



SEISMICA | RESEARCH ARTICLE | Improving Tsunamigenic Source Models through Interseismic Coupling Approach in Stochastic Slip Distributions

NRMS 0.22, SPTA7.61, r0.71, lag 4 min (r0.75)
NRMS 0.24, SPTA9.62, r 0.62, lag 10 min (r0.76)

Arica

NRMS 0.08, SPTA7.48, r0.94, lag 0 min (r0.94)
NRMS 0.16, SPTA5.36, r0.70, lag 6 min (r0.94)
Coquimbo

0.4

n (m)
n(m)

NRMS 0.09, SPTA9.67, r0.96, lag2 min (r 0.99)
Buoy401
0.08

T A~

NRMS 0.23, SPTA9.70, r0.81, lag 6 min (r0.91)
NRMS 0.25, SPTA 10.00, r0.69, lag 8 min (r0.91)

n (m)

30°S

Buoy40

layer10

Valparaiso

layerlz\ G 4

0

I -4

NRMS 0.16, SPTA9.37, r0.82, lag 4 min (r0.92)
NRMS 0.18, SPTA7.11, r0.70, lag 4 min (r0.73)
Valparaiso

n(m)

NRMS 0.06, SPTA9.99, r0.98, lag 0 min (r 0.98)
NRMS 0.08, SPTA9.73, r0.98, lag 0 min (r 0.98)
Talcahuano

1

-1

laye'ros

NRMS 0.29, SPTA7.98, r0.46, lag 12 min (r0.84)
NRMS 0.25, SPTA 3.50, r 0.56, lag 10 min (r 0.84)

— A\

not used in metrics

Corral

©
£
£
S
1S
©
o
©
v
)
(7]
>

Iquique
0.4
E 0.0 i
<
35°S
04 layer06
NRMS 0.09, SPTA9.32, r0.91, lag 1 min (r0.92)
Buoy402
40°S
layer02
1 1 1 1 1 1 1 1
0 25 50 75 100 125 150 175 6°W

Time (min)

—— Median Ensemble range (min-max)

—— Model Romano et al. (2016)

AW T2°W T0°W 0 25 50 75 100 125 150 175

Time (min)

—— TsunamiData First-wave window (metrics)

Figure 10 Same as Figure 6 for the 2015 Illapel earthquake, with vertical deformation and reference simulation from the
slip model of Romano et al. (2016). Ancud is not used in the metrics.

quake they are applied to, which removes the circularity
of including the post-seismic signal but does not remove
this limitation. Along the Chilean margin the geodetic
record is not yet long or dense enough to resolve the
temporal variation of coupling in the way it has been re-
solved offshore Japan, and doing so would require a sus-
tained extension of the offshore and onshore networks.

Finally, the relationship between interseismic cou-
pling and rupture areas is particularly important, and
thus improving instrumental coverage could signifi-
cantly enhance our understanding of the seismic cycle
and rupture patterns, especially along the dip direction,
in regions near the trench, where offshore instrumenta-
tion has not been developed yet, and is essential to pre-
pare for the next large earthquake.

5 Conclusions

This work introduces a stochastic modeling framework
thatincorporates depth-dependent average slip for each
subfault and leverages the Karhunen-Loéve expansion
to integrate interseismic coupling using the same math-
ematical properties as a slip taper. Rupture boundaries
are defined by margin segmentation along strike and
by the seismogenic zone along dip, both strongly in-
fluenced by interseismic coupling. Despite these con-
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straints, uncertainties remain that do not preclude the
occurrence of an earthquake capable of breaking a per-
sistent barrier. A deeper understanding of the seismo-
tectonic structure of the subduction zone and the likely
maximum magnitude could further help to limit these
uncertainties.

Overall, this study demonstrates the potential of in-
tegrating interseismic coupling into stochastic earth-
quake modeling to generate realistic tsunamigenic sce-
narios. The proposed framework successfully repro-
duced key rupture features, such as the main asper-
ities of large Chilean subduction earthquakes, while
capturing the spatial variability inherent to each seg-
ment. The tsunami modeling results further support
the validity of this approach, as the simulated wave-
forms matched well with the observed first wave ar-
rivals at most stations. Considering that the ana-
lyzed earthquakes occurred in highly coupled regions,
this coupling-informed stochastic approach provides
a means of constraining potential earthquake sources
and identifying plausible rupture scenarios within seis-
mic gaps. However, uncertainties persist due to the
limited offshore geodetic coverage and the dependence
on prior coupling information. Because the magnitude
is fixed at the published value of each event so that
the simulated waveforms can be confronted with the
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records, the ensembles presented here do not sample
magnitude at all. Expanding the stochastic simulation
set to encompass a broader range of magnitudes, maxi-
mum slip locations, and subsegment configurations are
necessary to enhance the probabilistic representation
of tsunamigenic hazards and improve the predictive ca-
pacity of future assessments along the Chilean or an-
other subduction margin.

6 Acknowledgements

We gratefully acknowledge the support of the Geo-
physics Master’s program of the University of Concep-
cién, and the Servicio Hidrografico y Oceanografico de
la Armada de Chile (SHOA) for providing the nautical
chart used to build the high-resolution bathymetry of
the Valparaiso region. We sincerely thank David Small
for his detailed and constructive review, which substan-
tially improved this manuscript.

7 Data and code availability
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taken from Moreno et al. (2010) for the Concepcién
segment, Li et al. (2015) for the Iquique segment and
Becerra-Carrefio et al. (2022) for the Valparaiso seg-
ment; the models of Métois et al. (2016) and Schurr et al.
(2014) were additionally tested and are reported in the
Supplementary Material.

The published coseismic slip models used as refer-
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et al. (2011), Moreno et al. (2010) and Yue et al. (2014)
for the 2010 Maule earthquake, Gusman et al. (2015)
and Schurr et al. (2014) for the 2014 Iquique earthquake,
and Romano et al. (2016) and Okuwaki et al. (2016) for
the 2015 Illapel earthquake, together with the finite-
fault solutions of the USGS (Hayes, 2017) and the Cal-
tech Tectonics Observatory (Wei, 2014). These models
are distributed through the SRCMOD database, whose
records remain accessible through the EMSC service at
https://www.seismicportal.eu/srcmodws/.

Tide-gauge records were obtained from the IOC Sea
Level Station Monitoring Facility (Flanders Marine In-
stitute (VLIZ), Belgium and Intergovernmental Oceano-
graphic Commission-UNESCO, France, 2021). The fault
geometry was interpolated from Slab2 (Hayes et al.,
2018), the rake from NUVEL-1 (DeMets et al., 1990)
and the rigidity from PREM (Dziewonski and Anderson,
1981). The bathymetry of the coarser nested grids de-
rives from the GEBCO global grid, and that of the finest
grid in the Valparaiso region from a nautical chart pro-
vided by SHOA. The bathymetric grids actually used in
the simulations are included in the repository, so that
the runs can be reproduced exactly.

Tsunami propagation was computed with PCOMCOT
(Zhu et al., 2024), and all maps and figures were gener-
ated with Cartopy (Met Office, 2010 - 2015). The codes
used to generate, select and compare the stochastic slip
scenarios, together with the selected scenarios of the
three segments, are available at https://doi.org/10.5281/
zenodo.17651149.
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