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matemáticos en el programa de magister en geof́ısica me ayudó a entender que queŕıa seguir creciendo en
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Abstract

The spatial distribution of earthquake ruptures along seismic segments is crucial for understanding
the megathrust cycle in subduction zones. In central Chile, the segment between 32° and 34°S presents a
concerning case: despite experiencing several moderate historical earthquakes, it has been identified as a
seismic gap since the major 1730 event, which stands as the largest known earthquake in the region.

While subduction processes dominate plate convergence in this region, the role of continental crustal
deformation adds another layer of complexity. Of particular interest is the Marga-Marga crustal fault, which
runs beneath one of Viña del Mar’s most populated areas.

Our research investigates the complex and poorly studied seismic history of this segment by estimating
slip distributions and magnitudes for three significant events: the 1730, 1906 Valparaiso, and 1985 Algar-
robo earthquakes. We selected these specific events because the 1906 and 1985 earthquakes share similar
deformation patterns surrounding the fault trace, which may indicate specific activation mechanisms. Ad-
ditionally, as we anticipate a future event with similar characteristics to the 1730 earthquake–for which no
detailed fault response data exists–modeling this historical scenario provides valuable insights for future
earthquake interactions. We combined historical data on vertical displacements and tsunami inundations
with a stochastic approach using the logic-tree method. To enhance the reliability of our findings, we devel-
oped an uncertainty analysis framework that integrates clustering analysis of maximum slip locations with
mean square error calculations, providing a robust assessment of historical earthquake characteristics.

Through Coulomb stress analysis using our preferred slip distributions, we found that historical subduc-
tion earthquakes could have triggered fault activation, a significant consideration since crustal earthquakes
can produce more concentrated damage than subduction events of similar magnitude.

This comprehensive study lays the groundwork for more detailed investigations of seismic hazard in this
densely populated region, particularly regarding the complex interaction between megathrust events and
the Marga-Marga fault system. Our findings emphasize the need for further research to better understand
the fault response to large subduction earthquakes.
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Chapter 1

Introduction

Subduction zones have been the subject of numerous studies since the advent of plate tectonics.
These zones, formed by convergent plate boundaries, where one plate slides under another due to
ridge-push and slab-pull forces (Spence (1987)), lead to crustal thickening and thus to an orogenesis
process. These forces largely determine how plates move and consequently determine how stresses
accumulate in those segments (Spence (1987)), resulting in volcanic eruptions, seismic activity,
and the transport of minerals into the mantle (Zheng and Zhao (2017)). In the case of Chile,
subduction occurs when the Nazca plate slides below the Sudamerican plate. This interaction, has
provided a large register of historical earthquakes, making the subduction zone of Chile an ideal
laboratory for investigate the seismic cycle (Beck et al. (1998)).

The Chilean segment of subduction Nazca-Sudamerican plate, has been the scene of megath-
rust earthquakes with moment magnitudes (Mw) greater than 8.5, such as Mw 9.5 1960 Valdivia
earthquake and Mw 8.8 2010 Maule earthquake, with periods of recurrence of tens to hundreds of
years (Cisternas et al. (2005); Moreno et al. (2012)). The slip distribution caused by this type of
events, is heterogeneous in terms of strength or frictional characteristics of the fault zone material
(Weng and Ampuero (2019)). Reconstructing these slip patterns for historical events requires inte-
grating multiple datasets, including geological evidence such as coseismic uplift, tsunami records,
and historical accounts, often analyzed through probabilistic approaches to account for uncertain-
ties. These heterogeneities are related to the asperities, and the barriers to earthquakes limits,
which control the release of seismic moment and rupture area during earthquakes. An asperity
concentrates the release of energy and slip distribution in rupture zones, while barriers trigger little
to no slip, acting, as their name implies, as barriers to earthquake rupture. The seismic impact is
not limited exclusively to megathrust earthquakes, but also comes from the potential for triggering
crustal fault events affecting geological structures below the ground. The spatial patterns of slip
distribution and stress release during these events directly influence how stress is transferred to
surrounding geological structures, including crustal faults in the overriding plate.

The occurrence of significant seismic events has not only affected Chile, but also other sub-
duction zones around the world. For example, we have the massive 9.2 magnitude earthquake
in Alaska in 1964 (Suito and Freymueller (2009)), as well as the Mw 9.0 magnitude earthquake
in Japan during the Tohoku-Oki event (Simons et al. (2011)). These events share similarities
with the 2010 Maule earthquake in Chile. What is intriguing about these seismic events, is their
commonality: they all involve thrust events along subduction zone plate interfaces. The note-
worthy aspect of these events is how they act as triggers for potentially hazardous earthquakes
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Chapter 1. Introduction

(with a magnitude greater than approximately Mw 5.5) within the overriding plate (Gomberg and
Sherrod (2014)). The proximity of these triggered earthquakes to populated areas raises concerns
about their potential hazard (Santibáñez et al. (2019)). Within subduction zones, normal-fault
earthquakes are commonly understood as manifestations of the downward deflection and descent
of oceanic plates at convergent plate boundaries. These earthquakes, characterized by shallow
normal-fault mechanisms behind the trench and above the subducting slab, are crustal in nature
(Choy and Kirby (2004)). They are particularly generated by geological structures such as crustal
faults that enhance this type of seismicity and arise as the overriding plate adjusts to the collision
with the buoyant oceanic lithosphere. These triggered earthquakes, although smaller, may pose a
greater hazard than the massive subduction thrust events themselves, especially when occurring
near densely populated regions (Choy and Kirby (2004)).

Crustal faults, usually have seismicity with longer recurrences (thousand of years) than those
of subduction, at shallow depths up to 30 km within the overriding South American plate, and
generate earthquakes with maximum magnitudes of Mw 7.0-7.5 (e.g., Barrientos et al., 2004; Ley-
ton et al., 2010; Jara-Muñoz et al., 2017; Cortés-Aranda et al., 2022). Subduction earthquakes are
considered the principal seismic hazard in Chile, because of their potential to generate significant
damage in the country and and higher frequency. However, crustal earthquakes, can be more
destructive at the local level because of their lower hypocentral depth, despite occurring less fre-
quently (Santibáñez et al. (2019)). Therefore, given their greater destructive potential, it is crucial
to not overlook crustal events, acknowledging that in nature, these events exhibit different behav-
iors depending on factors such as fault orientation, stress state, and position within the seismic
cycle. The timing of stress transfer throughout the seismic cycle, including interseismic periods,
is particularly interesting, as faults may respond differently to stress perturbations depending on
their accumulated stress and proximity to failure.

These two types of events, are currently a great potential seismic hazard for the Valparaiso
region in Central Chile, specifically for the city of Viña del Mar, where the Marga-Marga fault
is located. Historical observations indicate deformation along the Marga-Marga fault coinciding
with megathrust earthquakes, which is especially concerning since this area is currently recognized
as a seismic gap.

This research aims to assess the potential for subduction earthquakes in Central Chile to trigger
stress transmission and reactivate the crutal fault. The approach will involve reconstructing slip
distributions of the 1730, 1906, and 1985 historical earthquakes using geological and historical
data (including coseismic uplift and tsunami records) combined with logic tree methodologies to
address uncertainties, and subsequently evaluating Coulomb Failure Stress changes between these
reconstructed events and the Marga-Marga crustal fault. The study will then simulate the potential
reactivation of the fault and its potential impact on the surrounding area. It is important to note
that this study does not definitively confirm a reactivation of the Marga-Marga fault, but rather
seeks to evaluate its behavior in response to large subduction events in the scenario of a possible
reactivation.
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Chapter 1. Introduction

1.1 Hypothesis
The Valparáıso region in central Chile represents a critical seismic gap with significant accumulated
strain since the 1730 earthquake. This research addresses two interconnected objectives: first, the
systematic reconstruction of slip distributions from major historical earthquakes in central Chile,
which provides essential insights into rupture processes and seismic behavior patterns; and second,
the evaluation of stress transfer mechanisms between these subduction events and the Marga-Marga
crustal fault beneath Viña del Mar.

Understanding historical earthquake characteristics through detailed slip modeling is funda-
mental for seismic hazard assessment, while the potential triggering of crustal faults adds another
critical dimension to regional evaluation. Historical observations suggest correlations between ma-
jor earthquakes and localized damage patterns along the Marga-Marga fault, yet the mechanical
relationships governing such interactions remain unquantified. The following research questions
guide this investigation:

• Can subduction earthquakes on the Valparaiso segment trigger the Marga-Marga Fault?

• Which historical events need to be investigated to prove fault activity?

• How does the geology of the sector impact the interaction between the fault zone and sub-
duction megathrust earthquakes? Does the fault works as an exacerbating factor or as a
protective barrier?

“The reconstruction of historical earthquakes in central Chile provides insights into the rupture
processes of shallow and deep seismic events. These patterns reveal historical seismic activity and
explore potential interactions between seismic events and the Marga-Marga Fault, identifying it as
a key area of lithological weakness that could influence future seismic behavior.”

1.1.1 Objectives
To address these research questions, this study pursues a dual approach that combines earthquake
source characterization with fault interaction analysis. The investigation is structured around the
following objectives:

General objective:
Characterize historical earthquake rupture processes in central Chile and assess the conditions

under which these subduction earthquakes are more likely to trigger stress transmission to the
Marga-Marga crustal fault.

Specific objectives:

1. Determine and characterize the slip distribution patterns of historical tsunamigenic earth-
quakes in Central Chile, including uncertainty analysis of rupture parameters.

2. Stablish Coulomb stress changes induced by the reconstructed historical earthquakes on the
Marga-Marga fault system, in order to identify the rupture characteristics that maximize
fault reactivation potential.
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Key Points:

• Reconstruction of historical interplate seismicity in central Chile 32°-34°S

• Logic tree approach as a method for stochastic model generation

• Distribution of slip and rupture patterns for the 1730, 1906, and 1985 megathrust earth-
quakes.
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Abstract
The spatial distribution of earthquake ruptures is crucial for understanding megathrust cycles in
subduction zones. Despite experiencing several historical earthquakes, the segment from 32° to
34°S in Chile is recognized as a seismic gap, having not experienced an event comparable to the
1730 earthquake in nearly 300 years.

Our research quantifies slip distributions and magnitudes for three major seismic events in
central Chile: the 1730, 1906, and 1985 earthquakes. Using a stochastic logic-tree approach
constrained by historical data, we determined that the 1730 event ruptured in a large patch nearly
1000 km with an estimated magnitude of Mw 9.1, primarily affecting the shallow portion of the
subduction zone. In contrast, the 1906 earthquake (Mw 8.1) ruptured approximately 600 km,
with the main slip concentrated along a 200 km section in deeper portions of the subduction zone.
Similarly, the 1985 event (Mw 8.0) ruptured about 373 km total, with a primary slip zone of 170
km at depths comparable to the 1906 earthquake.

This detailed slip reconstruction reveals systematic depth-dependent rupture patterns that in-
fluence regional stress transfer mechanisms. Quantitative characterization provides valuable con-
straints for understanding mechanical coupling between subduction processes and crustal response,
advancing our ability to assess seismic potential in this densely populated region.

Plain Language Summary
Understanding where and how historical earthquakes occur is essential for studying seismic ac-
tivity, focusing on central Chile, a region with a long history of earthquakes. Although smaller
earthquakes, such as those in 1822, 1906, 1985, and 2017, have occurred between 32° and 34°S, no
major event comparable to the 1730 earthquake has occurred in nearly 300 years, raising questions
about the potential for another large earthquake.

In this study, we examined three significant earthquakes in central Chile: the 1730, 1906, and
1985 events. Using historical data and modeling techniques, we estimate ground displacement,
rupture lengths, and magnitudes for each earthquake. We found that the 1730 event had a rupture
length of about 1000 kilometers and a magnitude of approximately 9.1. The 1906 and 1985 events
were smaller, with rupture lengths of nearly 600 and 373 kilometers and magnitudes of 8.1 and
8.0, respectively. These results offer valuable insights into the seismic behavior of central Chile.

2.1 Introduction
Subduction zones, formed at convergent plate boundaries through ridge-push and slab-pull forces
(Spence (1987)), generate Earth’s largest earthquakes and drive significant geological processes,
including orogenesis, volcanism, and deep mineral transport (Rikitake (1976); Zheng and Zhao
(2017)). The most notable megathrust events include the 1960 Mw 9.5 Chile (Cisternas et al.
(2005)), 1964 Mw 9.2 Alaska (Johnson et al. (1996)), 2004 Mw 9.2 Sumatra-Andaman (Tanioka
et al. (2006)), and 2011 Mw 9.0 Tohoku-Oki (Simons et al. (2011)) earthquakes. The Chilean
subduction zone, where the Nazca Plate descends beneath the South American Plate, stands out
as a natural laboratory for researching the seismic cycle (Beck et al. (1998)).

Along this margin, recurring large historical and prehistoric earthquakes (Stewart (2019))
demonstrate heterogeneous rupture patterns that reflect variations in interface coupling, char-
acterized by segments that repeatedly host high slip (asperities) separated by regions that act
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as persistent barriers to rupture propagation, as observed in many subduction zones worldwide
(Philibosian and Meltzner (2020)). This segmentation fundamentally influences rupture extent
and energy release patterns during major events.

Central Chile exhibits a complex history of accumulation and release of strains. The 2010
Maule earthquake (Mw 8.8) exemplified the seismic potential of identified seismic gaps along the
subduction interface (Moreno et al. (2012)). These seismic gaps, are characterized by prolonged
periods without significant strain release (Ruegg et al. (2009)). Following this event, attention has
turned to another seismic gap, bounded by the rupture zones of the 2010 Maule and 2015 Illapel
earthquakes (Satake and Heidarzadeh (2017); Carvajal et al. (2019)) in the Valparaiso segment
(32°-34°S) (Figure 2.1). Although this portion has experienced moderate seismic activity, including
for example the 1985 Mw 8.0 and more recently the 2017 Mw 6.9 event (Bravo et al. (2019); Ruiz
and Madariaga (2018)), these ruptures have not fully dissipated the accumulated strain since the
last major event in 1730 (Mw 9.0) (Carvajal et al. (2017)).

Figure 2.1: Panel a) Historical Earthquakes and Seismicity of South-central Chile: The seismicity in this
panel is classified based on earthquakes with a magnitude of 5 or higher, occurring between January, 1973
and December, 2023 (Barrientos and Team (2018)). The white lines represent extensive and shallow rupture
areas along the coast, while the yellow lines indicate minor and deeper ruptures that directly affected the
Valparaiso region. Panel b) Slip Distributions of the Maule 2010 Earthquake and Illapel 2015 (Moreno et al.
(2010); Tilmann et al. (2016)): These two earthquakes delimited the gap area of the Valparaiso region in
Chile.
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To analyze the seismic history of the main area, we applied the Logic Tree method (LT),
a technique widely used in seismic hazard analysis for future earthquakes and tsunamis (e.g..,
Cifuentes-Lobos et al., 2023; Fukutani et al., 2018; Goda and Song, 2016), as well as to recon-
struct the seismic memory of past events (San Mart́ın et al. (2024)). Our study focuses on the
region between 27°S and 39°S, where we examined the slip distributions of 1730, 1906, and 1985
earthquakes presented in Figure 2.1a.

By incorporating rupture parameters, fault geometry, and historical context, we used a numer-
ical model (e.g., LeVeque et al., 2017) to generate multiple seismic scenarios. These scenarios were
further constrained using vertical displacement data and tsunami records and analyzed using sta-
tistical methods to reduce uncertainty, allowing us to generate realistic and heterogeneous models
for each seismic event.

Our research highlights the significant impact of 1730, 1906, and 1985 historical seismic events
in the Valparáıso region. The 1730 earthquake had an estimated rupture length of 1000 km and
a magnitude exceeding Mw 9.0. The maximum slip occurred at shallow depths (within 20 km
from the trench). This condition allows for the production of more tsunamigenic earthquakes in
this segment. This new information on the slip pattern is compatible with the recorded damage
along the Chilean coast and resulted in tsunamis with wave heights of 10 meters in the segment
(Carrasco et al. (2016); Carvajal et al. (2017); Stewart (2019)).

In contrast, the 1906 and 1985 earthquakes (Mw ∼ 8.0-8.2) had moderate rupture lengths
between 300-600 km. Unlike the 1730 event, these earthquakes concentrated their significant slip
in much smaller main patches (approximately 200 km), despite their considerable total rupture
zones. The maximum slip for these events was observed in deeper segments (∼ 40 km from the
trench), with the 1906 event rupturing near the coast of Algarrobo at 33.5°S, and the 1985 event
occurring between Concepción and Los Vilos. Both events caused coastal uplift, strong shaking,
and structural damage. Minor tsunamis were reported, with run-up heights not exceeding 3 meters
(Palacios Roa (2016); Carrasco et al. (2016); Stewart (2019); Carvajal et al. (2019)).

Our findings suggest that the ruptures of these two events occurred in the deepest part of the
seismogenic zone, consistent with our slip reconstructions and previous analyses by Carvajal et al.
(2019). Following Bilek and Lay (2018), our modeling reveals two primary rupture modes in the
central Chilean margin: moderate to large events (Mw 7.8-8.3) predominantly affecting deeper
portions of the seismogenic interface with limited tsunami generation, while great earthquakes
(Mw ≥ 8.5) like the 1730 event can propagate through shallow segments with greater tsunamigenic
potential. Our slip distribution analysis indicates that post-1730 earthquakes have mainly ruptured
deeper sections of the coupled zone, leaving substantial shallow portions with accumulated strain
energy. This spatial segregation of slip suggests elevated potential for a future great earthquake
with enhanced tsunami hazard in this densely populated region.

2.2 Tectonic and Seismotectonic setting
The Chilean margin hosts one of Earth’s most seismically active subduction zones, where magni-
tude >8 interplate underthrusting earthquakes have occurred along its entire length (Beck et al.
(1998); Pardo et al. (2002)). The central zone of Chile, defined between latitudes 31.5°S and
34.5°S, has experienced several large subduction earthquakes over recent centuries (Moreno et al.
(2011)) and represents the most densely populated coastal region of the country.

A fundamental change in the configuration of the subduction zone occurs near 33°S (Valparaiso
latitude), marked by variations in volcanic arc activity and continental margin structure coincident
with the subduction of the Juan Fernandez Ridge (JFR) (Von Huene et al. (1997); Pardo et al.
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(2002)). The JFR subduction correlates with a sharp change in the slab dip and is considered
a primary factor that explains the subduction of the flat slab north of 33°S (Cahill and Isacks
(1992); Von Huene et al. (1997); Gutscher et al. (2000); Yáñez et al. (2001); Pardo et al. (2002)).
At the trench axis, the JFR acts as a barrier to sediment transport, impounding deep trench
sediments from the south while leaving minimal sediment to the north. The adjacent continental
margin encompasses the Valparáıso basin and a series of shallow forearc basins on the shelf ex-
tending southward, while central and southern Chile are characterized by a normal steep-dipping
subduction zone (Von Huene et al. (1997)).

This complex tectonic setting is reflected in the region’s seismic behavior. The area is bounded
by the rupture zones of the 2010 Maule and 2015 Coquimbo Earthquakes (Figure 2.1). Carvajal
et al. (2019) identified a bimodal seismogenic behavior in this region, where exceptional tsunami-
genic events like the 1730 earthquake alternate temporally with sequences of lower-magnitude,
deeper ruptures that pose reduced tsunami threat. Historical seismicity in the region, which spans
from 1575 to 2017, shows remarkable variability in rupture modes while maintaining periodic oc-
currence (Comte et al. (1986); Barrientos (1995)). Analysis by Comte et al. (1986) reveals that
great earthquakes in the region differ significantly, with rupture lengths varying by a factor of
three. This variability is exemplified by two extreme cases: the 1730 event, the largest reported in
the region, and the 1985 earthquake, one of the smallest but best-studied events in the sequence
(Lomnitz (1970); Barrientos (1995); Carvajal et al. (2017)).

Table 2.1: Insights into Historical Earthquakes in central Chile

Date Magnitude Rupture limit Depth
July 8, 1730 9.0-9.3Mw (Carrasco

et al. (2016); Carvajal
et al. (2017))

∼1000 km (27.3° -
36.6°S) (Carrasco
et al. (2016))

∼15 km (Carvajal
et al. (2014))

August 16, 1906 8.2Mw (Christensen
and Ruff (1986))

500 km (31.7°-31.1°S)
(Carvajal et al.
(2019))

40 km (Okal (2005))

March 3, 1985 8.0Mw (Comte et al.
(1986))

170 km (32.7°-34°S)
(Comte et al. (1986))

40 km (Christensen
and Ruff (1986))

The historical record suggests that smaller events (e.g., 1822, 1906) primarily ruptured deeper
portions of the fault plane (Carvajal et al. (2019)). This pattern raises important questions about
the potential for future large earthquakes, particularly given that no event comparable to the 1730
earthquake has occurred in nearly three centuries.

2.3 Materials and Methods
We develop a comprehensive methodology grounded in a historical seismicity research in central
Chile. The research specifically focuses on this portion, taking into consideration the potential for a
near-future event that could release the seismic gap imposed by the 1730 earthquake (Carvajal et al.
(2017)). Our methodology combines the collection of historical seismic data, stochastic generation
of rupture scenarios, constraint processes, and validation of resulting models, illustrated in Figure
2.3. Our intention is to reconstruct slip patterns from key historical events, specifically those
in 1730, 1906, and 1985, which are crucial for understanding the impacts of subduction events
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in the Valparáıso segment. The selection of these events was based on the availability of well-
documented historical data regarding vertical displacement and tsunami arrival, as documented
by Stewart (2019); Carvajal et al. (2019); Wood et al. (1987); Comte et al. (1986), enabling accurate
slip pattern reconstruction.

2.3.1 Reconstructing Historical Rupture Areas Using Logic Tree
Approach

The arrangement of subfaults to generate stochastic earthquake scenarios employs a logic tree (LT)
structure (Cifuentes-Lobos et al. (2023); LeVeque et al. (2017)). To generate hypothetical rupture
scenarios, random slip distributions area created using a combination of fault-defining parameters.
The fault is divided into a n × m matrix of rectangular subfaults, where the dimensions are de-
termined by the number of subfaults along dip, strike, and depth obtained from the Slab2 model
(Hayes et al. (2018)), fault length, and its aspect ratio. Following the methodology introduced by
(Cifuentes-Lobos et al. (2023)), a particular earthquake can be described by specifying the slip on
each subfault, i.e., if we have N subfaults, this forms a vector s ∈ RN where si is the slip on the
sth subfault in an N-dimensional space. The slip values in this study are modeled using a joint
lognormal distribution, which is obtained by exponentiating a Karhunen-Loeve (K-L) expansion
(Mai and Beroza (2002); LeVeque et al. (2017)). This expansion is a linear combination of eigen-
vectors and eigenvalues derived from a covariance matrix, which is influenced by the distribution
of subfaults defining the fault geometry. The key parameters in this model are the moment mag-
nitude Mw, the mean slip value for any subfault µ, and the covariance matrix, which describes
the slip of one subfault relative to another. The covariance between the slips of subfaults i and
j is denoted as Ĉij = E[(si − µi)(sj − µj)]. The K-L expansion aims to represent the slip as a
combination of the covariance matrix’s eigenvectors.

s = µ +
N∑

k=1
zk

√
λkυk (2.1)

where s represents the stochastic process, µ is the mean slip, zk is the expansion coefficient, and
λk and υk are the eigenvalues and eigenvectors, respectively.

The K-L expansion calculates the moment magnitude Mw by considering the total slip across
the entire fault plane and taking into account the rigidity of the rock. For example, if there is
an average slip of 10 meters distributed over a fault that is 100 km wide and 1000 km long, the
resulting magnitude would be Mw 9. Therefore, we use this average slip as a fixed value. However,
if the fault was only 500 km long, the magnitude would be Mw 8.8, and a slip of 20 meters would
be necessary for a magnitude 9.0 event (LeVeque et al. (2017)).

2.3.2 Historical Observation and Constrain Process
A multitude of models becomes imperative to address both empirical and random uncertainties,
ensuring the diverse nature of slip distributions. This approach, which favors heterogeneous slip
distributions (Cifuentes-Lobos et al. (2023)), is superior to their homogeneous counterparts, which
tend to underestimate tsunami intensities.

Although LT structures have the capacity to generate an extensive array of random models, not
all of them inherently capture the characteristics of natural or plausible earthquakes due to their
stochastic nature. To address this, it becomes essential to introduce and enforce restrictions, first
using vertical displacement data restrictions and second, tsunami data, to filter out implausible
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scenarios as shown in Panel a) in Figure 2.3. The order of the restrictions is important and affects
the final result.

Deformation data restrictions

Given a subduction earthquake, the scale of vertical displacement at the surface caused by, it is
proportional to the amount of slip of the seismic event. The major displacement is not expected to
occur “ahead” of low slip values; rather, higher deformation values measured on the land should be
associated with the main slip patches of the earthquake. This, e.g., in the case of central Chile, the
highest historical displacement reported should have latitudes similar to the greatest slip amounts
of the models.

This constraint eliminates random models whose main slip patches do not fall within a certain
tolerance defined by the user and dependent on the earthquake magnitude in front of the highest
values of vertical displacement.

This type of restriction can be implemented in two ways: in a qualitative and quantitative form.
The qualitative approach is used for historical earthquakes where precise information regarding
vertical changes in the ground is not available. However, this constraint can be applied through
observations of uplift and subsidence in historical documents, termed as “coincidence constraint”.
The second method, known as the “magnitude constraint”, is utilized when there are exact vertical
displacement data in terms of meters of uplift or subsidence in the historical documentation.

Tsunami data restrictions

The constraint based on tsunami data is an iterative process in which the order of operations is
crucial. In its basic form, this process consists of the tsunami model and the restrictions based
on tsunami data. Taking in considerations the number of data density, we create bands in the
models, given them more weight in the restriction process the portion with more tsunami data,
defining a penalty for those that have fewer data points.

In this way, for a reference band that contains the largest amount of tsunami data, the slip
distribution of the stochastic models in terms of patch and slip quantity will be filtered where
the highest tsunami water depth is recorded by tsunami reference points in historical documents
such as Udias et al. (2013); Carrasco et al. (2016); Stewart (2019); Carvajal et al. (2019). By
default, the methodology discards the ρi

ρRB
% where ρi and ρRB are the data densities of the i-

th band and the reference band, respectively. This approach ensures that the remaining models
retain high-value slip features in regions where data allow for clear resolution. However, there is
an inherent uncertainty when working with historical earthquakes, as historical records are often
imprecise, and many instances of tsunami or vertical displacement data were not documented in
older archives. This introduces bias in the results; however, by compiling historical research, we
can identify which models align more closely with the available historical data.
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Figure 2.2: Estimated rupture zones and historical evidence for the (a) 1730, (b) 1906, and (c) 1985
earthquakes of central Chile. Each panel shows estimated rupture areas (colored lines) at the same scale by
longitude, documented vertical displacement measurements (triangles), tsunami observations (red circles),
affected localities (white circles), and proposed epicentral locations (star). Historical data compiled from
multiple historical sources (Udias et al. (2013); Carrasco et al. (2016); Carvajal et al. (2017); Stewart (2019);
Carvajal et al. (2019); Wood et al. (1987); Comte et al. (1986)).

2.3.3 Seismic Source Modeling and Characterization
When generating the LT approach, different input parameters are combined for each earthquake.
Once the constrained models are obtained, the definitive parameters for the most probable source
of these earthquakes will indicate the moment magnitude of the results.

To characterize the final slip distributions, the most probable value of the i-th fault is estimated
by calculating the slip value that maximizes the probability density function (PDF), ensuring the
maximization of probability for each subfault. However, the resulting slip distribution from these
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models may not necessarily match the most frequently calculated moment magnitude in the initial
estimation. To address this, the slip field is scaled by a multiplicative factor that adjusts the sum of
the contribution of each subfault to the desired moment magnitude MoMP , which is determined
by the most probable moment magnitude MP . Therefore, if the resulting magnitude of the
characterization is Moc, the final slip distribution Sf is obtained by multiplying the characterized
slip vector Sc by the ratio between the most probable moment magnitude MoMP and the moment
of the characterized slip vector. By recalculating the new moment of each subfault and summing
their contributions, the final moment magnitude of the models is achieved. This can be seen in
the following equation:

Sf = MoMP

Moc
Sc (2.2)

2.3.4 Uncertainties associated
The number of qualitative and quantitative data recorded for each seismic event determines the
number of models that pass all restriction filters. This leads to the question of which of these
models most accurately represents the specific event. To address this, it is crucial to take into
account the uncertainties inherent in all models that have gone through the restriction process.

In order to mitigate potential bias, a methodology presented in Figure 2.3 is applied to deter-
mine the most representative results for each event. This involves initially clustering the models
based on the peak slip values for each sub-fault. The K-means algorithm is used for this clustering
(see Panel b) and c) in Figure 2.5), which calculates centroids for each group of maximum slip
values, as defined by:

Kmeans =
K∑

k=1

∑
x∈Ck

∥x − µk∥2 (2.3)

where K represents each generated cluster, X denotes the number of models, and ∥x − µk∥ is
the Euclidean distance between a point x and its centroid µk.

The cluster with the largest number of models is used to compute the mean slip value of the
models.

Subsequently, the Mean Squared Error (MSE) is calculated using two terms. The first term is
determined by comparing the coordinates of the estimated maximum slip position in each model
to the average maximum slip position of the entire cluster. Secondly, the MSE is calculated by
comparing the average maximum slip of the entire cluster to the maximum slip of each individual
model. Specifically:

MSE = 1
n

n∑
i=1

√
(xi + x̄)2 + (yi + ȳ)2 (2.4)

where (xi, yi) are the coordinates of the maximum slip positions i, and (x̄, ȳ) represent the average
positions of the maximum slip within the cluster. Then

MSE = 1
n

n∑
i=1

(si − s̄)2 (2.5)

with si the value of maximum slip in model i, and s̄ denotes the average maximum slip within the
cluster.
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To confirm the uncertainty process, we also calculate the Root Mean Squared Error (RMSE), as
shown in Figure 2.5, between the observed values of vertical displacement from the events and the
predicted slip values at the same location as the historical data points, or in very close proximity.

RMSE =

√√√√ 1
N

N∑
j=1

(historical data − slip models) (2.6)

With this final step, we obtain the preferred model for each seismic event that contains quantitative
data for comparison.

Figure 2.3: Schematic flowchart illustrating the LT approach, constraint processes, and associated uncer-
tainties.

2.4 Results
Through our stochastic modeling approach, we generated thousands of potential rupture scenarios.
Figure 2.4 illustrates three key representative models that characterize the rupture patterns of three
historical seismic events in central Chile.

For the 1730 earthquake, 18 models met all historical displacement and tsunami constraints.
These models comprised 500 subfaults distributed along estimated ruptures between 28°S and 37°S
latitude and between 74°W and 70°W longitude, with slip concentrations predominantly located
at 33°S and 72°W in the segment closest to the trench (See Figure 2.4,2.7).

For the 1906 event, only six models passed the constraint process, which was notably limited
due to the scarce information available regarding slip distribution along its potential rupture. We
generated 800 subfaults that were tested across different rupture boundaries and trench segments
to better define slip patches and their resolution. This approach considered that the logic tree
method has been tested primarily for large events (e.g., Cifuentes-Lobos et al., 2023) rather than
smaller events of this type. The estimated rupture occurred between 37°S and 33°S latitude and
between 76°W and 70°W longitude, showing a maximum slip patch between 33°S and 34°S (See
Figure 2.4,2.8).

Regarding the 1985 event, 44 models satisfied all historical constraints. These models were
constructed with 800 subfaults along 32°-35°S latitude and 74°-73°W longitude, showing maxi-
mum slip patches at 33.5°S (See Figure 2.4,2.9). The rupture reconstructions for all three events
(1730, 1906, and 1985) were generated using the same latitude and longitude scale to allow direct
comparison (Figure 2.4).

Our analysis estimated two key measurements: the entire slip distribution and the main patches
(defined as areas with slip over 2m). The 1730 event ruptured 982 km in total, extending 501 km
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north from Valparáıso to La Serena and 481 km south to Concepción. The 1906 event ruptured
a total of 596 km, with its main 200 km patch extending from Valparáıso 77 km north toward
Papudo and 123 km south to Cahuil. The 1985 event ruptured 373 km in total, with its main
172 km patch extending from Algarrobo 57 km north near to Quintero and 115 km south to Rio
Rapel. See Figures 2.7, 2.8 and 2.9

Figure 2.4: First view of restricted rupture models for Historical Earthquakes in central Chile. Panel a)
shows the 1730 earthquake, with a clear indication of a shallow rupture. Panel b) the 1906 earthquake and
panel c) the 1985 earthquakes display a deeper rupture along the slab in comparison to the 1730 seismic
event.

The reconstructed models were subsequently analyzed to assess their associated uncertainties
within the constraint process. Statistical analysis was performed by calculating the mean and
standard deviation for each model generated for each earthquake, followed by determining the
maximum slip location for each constrained model. These results were then clustered to identify
trends in terms of slip patch location and magnitude present in Figure 2.5.

For the 1730 event, the primary concentration was identified in cluster 2 (see Figure 2.5 a, b,
left column), located in the shallowest part of the slab between 72.8°W longitude and 33°S latitude.
Of the 18 models, clustering analysis selected 9 final models, with the mean maximum slip located
at 72.1°W and 33.38°S. The clustering process revealed distinct patterns in slip distribution and
rupture characteristics among these selected models.
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For the 1906 event, the mean maximum slip was positioned at 71.96°W and 33.69°S latitude.
Due to the minimal number of highly similar models, clustering analysis proved less significant
for this event (see Figure 2.5 a, b, central column). Therefore, statistical analysis was performed
individually on each of the six models that passed the initial constraint filtering process.

The 1985 event analysis of 44 models demonstrated a clear trend of maximum slip concentration
between 72°-71.7°W and 34°-32.5°S, with mean maximum slip occurring at 71.82° longitude and
33.69° latitude. The cluster analysis identified 29 models with similar characteristics grouped
in cluster 1 (see Figure 2.5 a, b, right column), allowing the final error analysis. These models
exhibited consistent patterns in their slip distribution and rupture geometry, providing a robust
foundation for uncertainty quantification.

Figure 2.5: Viewing the clustering of models in terms of the maximum slip location for each studied
earthquake, compared to the mean slip calculated for all models. Panel a) Initial view shows us where the
largest amount of maximum slip is concentrated in terms of longitudes and latitudes, panel b) Clustering
location obtained in terms of maximum slip location for 1730, 1906, and 1985 Earthquakes, respectively.

Following cluster identification, we focused our analysis on the clusters containing the highest
number of models. For these clusters, we calculated the Mean Square Error (MSE) in terms of
both coordinates and slip values between each model and the cluster mean. This approach enabled
us to identify preferred models for each seismic event, selected based on minimal error values in
both spatial coordinates and slip magnitudes relative to all filtered models within their respective
clusters.

To validate our uncertainty analysis methodology, we conducted a characteristic analysis by
calculating the Root Mean Square Error (RMSE) between six constrained slip models for the
1906 event, and the quantitative historical vertical displacement measurements (in meters) doc-
umented by Carvajal et al. (2019). This analysis aimed to verify if our uncertainty estimation
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approach through clustering yielded consistent results with those obtained from quantitative his-
torical validation data. The comparison, visible in Figure 2.6 and Table 2.2, demonstrated satis-
factory agreement and showed that the preferred model was ID 5, supporting the reliability of our
clustering-based uncertainty assessment method.

Table 2.2: Preferred Models and Their Error Metrics for Historical central Chile Earthquakes

MSE 1730 1906 1985
Model Set 1
Model ID 17 5 39
MSE coordinates 1.30 × 10-3 1.01 × 10-2 1.36 × 10-3

MSE maximum slip 1.43 1.27 × 10-2 1.32 × 10-1

Model Set 2
Model ID 15 2 26
MSE coordinates 1.36 × 10-2 2.17 × 10-2 1.50 × 10-3

MSE maximum slip 2.07 5.25 × 10-3 1.02 × 10-1

Note: MSE = Mean Square Error. Coordinate MSE is calculated in decimal degrees. Maximum slip
MSE is calculated in meters.

Figure 2.6: RMSE Between Final Slip Models and Historical Vertical Displacement for 1906 seismic event.

2.5 Discussion
Our analysis provides new evidence supporting the contrasting rupture patterns observed in the
central Chile subduction zone. The historical seismic record examined in this study reinforces the
concept identified by Carvajal et al. (2019) of alternating rupture modes: occasional exceptional
tsunamigenic events (exemplified by the 1730 earthquake) interspersed with sequences of moderate-
magnitude, deeper earthquakes that produce limited tsunami effects (as seen in the 1822, 1906,
1985, and 2017 events).
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The slip distributions reconstructed in our study reveal a persistent spatial segregation of rup-
ture areas through time. This observation, combined with the current state of strain accumulation
in the shallow portion of the megathrust, suggests the region may be accumulating potential for a
future large-magnitude event with significant tsunami generation capacity. The spatial extent of
such an event would likely be constrained by the rupture zones of the 2010 Maule earthquake to
the south and the 2015 Illapel earthquake to the north.

2.5.1 Preferred Models
The slip distribution analysis of the 1730 seismic event revealed a shallow large rupture pattern
extending along 982 km of the Chilean coast, extending 501 km to the north, and 481 km to the
south, present in panel a) of Figure 2.7. The maximum slip of 28 meters was concentrated at 33°S
latitude and 72.8°W longitude (Figure 2.7c), with predominant slip occurring within the uppermost
20 km of the subduction interface (2.7b). The event’s estimated magnitude was Mw 9.1, with its
effects documented from south of Copiapó to north of Concepción. Historical tsunami records
recopilated by Carvajal et al. (2017); Stewart (2019); Carvajal et al. (2019) indicate maximum
wave heights of approximately 10 meters in Valparáıso, 8 meters in Penco, and far-field effects
reaching 2 meters along the Japanese coast.
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Figure 2.7: Slip distribution characterization of the preferred model for the 1730 central Chile earthquake.
(a) Spatial distribution of slip magnitude across the rupture zone, projected onto the subduction interface.
(b) Cross-sectional view showing slip distribution with depth, highlighting variations in the dip direction. (c)
Maximum slip projections along latitudinal and longitudinal axes indicate primary zones of displacement.
The color scale represents slip magnitude in meters.

This configuration better explains the reported tsunami heights and inundation levels in his-
torical records, as explained by Kanamori (2014). The closer the seismogenic zone extends to the
trench, the more tsunamigenic potential future earthquakes in this area may have. Similar rupture
patterns with maximum slip near the trench have been observed in other major events, such as
the Tohoku-Oki earthquake (e.g., Iinuma et al., 2011; Ozawa et al., 2011; Fujiwara et al., 2011;
Zhou et al., 2014; Lay, 2018). Some insights from our 1730 rupture model include uplift along the
coast of Santo Domingo, Estero Yali, and Laguna Bucalemu near Farellones, where the mechanism
differs from the 1751 event that lowered and flooded the ground, while the 1730 event raised and
dried it (Stewart (2019)). The uplift is not explained by the 1730 event itself, but rather as a
product of the Pichilemu and Santo Domingo segment that separates, acting as a boundary and
being modified in each earthquake. While the rupture wasn’t as extended to the south, our models
were able to reconstruct homogeneously without latitude biases despite having fewer data points
in the north.

The 1906 event exhibited a deeper rupture pattern, with slip distribution extending along
596 km of the coastline, but the main patch concentrated in 200 km, extending 77 km north
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(to Papudo) and 123 km south (Cahuil) (Figure 2.8a). The maximum slip was 3.2 m, located
at approximately 40 km depth within the slab (Figure 2.8b), concentrated near 72°W along the
dip direction (Figure 2.8c). The earthquake, with an estimated magnitude of Mw 8.1, primarily
affected the coastal region from Illapel to Tomé. This deeper rupture configuration contrasts
notably with the shallow rupture pattern observed in the 1730 event. The earthquake caused
coastal uplift, strong ground shaking, and a relatively minor tsunami, with severe infrastructural
damage reported along nearly 600 km of coastline (Carvajal et al. (2019)). Despite the extensive
rupture patch and coastal uplift data, the reported tsunami did not exceed 3 meters in run-up
height between Concón (32.9°S) and Puerto Saavedra (38.8°S)

Figure 2.8: Slip distribution characterization of the preferred model for the 1906 central Chile earthquake.
(a) Spatial distribution of slip magnitude across the rupture zone, projected onto the subduction interface.
(b) Cross-sectional view showing slip distribution with depth, highlighting variations in the dip direction. (c)
Maximum slip projections along latitudinal and longitudinal axes indicate primary zones of displacement.
The color scale represents slip magnitude in meters.

The 1985 earthquake exhibited the smallest extent of rupture of the three events, spanning
a total of 373.61 km along the subduction zone, with the main patch concentrated at 172 km,
extending from Algarrobo 57 km north (near Quintero) and 115 km south (Rio Rapel) (Figure
2.9 a). The event, with an estimated magnitude of Mw 8.0, caused documented damage from Los
Vilos to Constitución city’s (Wood et al. (1987)). The maximum slip was 4 meters concentrated
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between 30-40 km depth along the slab (Figure 2.9b), centered at 72°W longitude and 33.5°S
latitude (Figure 2.9c). Although predominantly deep, this slip distribution pattern was relatively
shallower compared to the 1906 event.

Figure 2.9: Slip distribution characterization of the preferred model for the 1985 central Chile earthquake.
(a) Spatial distribution of slip magnitude across the rupture zone, projected onto the subduction interface.
(b) Cross-sectional view showing slip distribution with depth, highlighting variations in the dip direction. (c)
Maximum slip projections along latitudinal and longitudinal axes indicate primary zones of displacement.
The color scale represents slip magnitude in meters.

This is the most recent and best studied of the three events. Although predominantly deep,
this slip distribution pattern was relatively shallower compared to the 1906 event, as shown in
Figure 2.10. Models such as those by Madariaga (1998), Comte et al. (1986), Bravo et al. (2019)
and Carvajal et al. (2019) for the 1985 event show rupture and slip patterns similar to ours, along
with predicted coseismic coastal uplift that correlates with our observations.

Taking into account the fault geometry of central Chile, the seismogenic zone spans at least
180 km along the coast in terms of dip, reaching depths of up to 60 km (Moreno et al. (2012);
Metois et al. (2016); Carvajal et al. (2017)). Consequently, our modeling reveals two primary
rupture modes for this segment: moderate to large earthquakes (Mw 7.8-8.3) typically rupture
isolated patches within this segment and predominantly affect deeper portions of the seismogenic
interface (close to 40 km from the trench), resulting in limited tsunami generation; while great
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earthquakes (Mw > 8.5), such as the 1730 event, can rupture the entire width and length of the
seismogenic zone, propagating through shallow segments (within 20 km from the trench) with
significantly greater tsunamigenic potential. This dichotomy in rupture patterns explains the
contrasting tsunami impacts observed in historical records recollected by Stewart (2019); Carvajal
et al. (2019); Comte et al. (1986), with the 1730 earthquake generating waves up to 10 meters high
compared to the modest 3-meter run-up heights from the 1906 and 1985 events.

Finally, it’s interesting to note the difference between the total slip patch and the main patch
(areas with slip ≥ 2 m) defined in our work. This definition produces a significantly larger main
patch for the 1730 event compared to the relatively smaller main patches for the 1906 and 1985
earthquakes. This distinct pattern in the slip distribution could be valuable for future research in
this segment.
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Figure 2.10: Spatial characterization of megathrust rupture domains along the Chilean Subduction Zone.
(a) Cross-sectional view showing rupture contours in the Valparáıso region plotted against distance along
slab (x-axis) and depth (y-axis). Colored contours represent main rupture patterns from our analysis: the
1730 megathrust event (red), the 1906 earthquake (orange), and the 1985 event (green). The Marga-Marga
crustal fault intersection is shown in white. (b) Comparison of normalized slip distributions at 33°S latitude
for 1730 (red), 1906 (orange), and 1985 (green) events, demonstrating the systematic variation in rupture
depth and extent. Slip values are normalized and plotted against distance along the slab to facilitate direct
comparison of rupture characteristics between events.
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2.6 Conclusions
In agreement with Carvajal et al. (2017), our findings suggest that the sequential progression from
deep ruptures to shallow slip events appears to be a characteristic seismic pattern in this boundary
region, where the rupture domains of 1730-type earthquakes converge with those documented in
other historical seismic events. This pattern suggests that slip depth along this section of the
trench is possibly controlled by the slip history of earthquakes breaking this segment, demon-
strating a seismogenic behavior of deep ruptures followed by shallower ones throughout history.
The shallowest domain (from trench to 20 km below sea level) can produce large tsunamigenic
earthquakes with longer rupture durations than deeper events of similar seismic moments, as seen
in the 1730 event. Conversely, the deeper domain (35-55 km depth), characteristic of the 1906
and 1985 events with maximum slip around 40 km depth, tends to generate enhanced short-period
energy, affecting both teleseismic and local strong ground motions, as mentioned by Lay et al.
(2012) and described by the historical compilation of our events (Roa (2009); Valenzuela Márquez
(2012); Urbina-Carrasco et al. (2016); Palacios Roa (2016); Carvajal et al. (2017); Carvajal and
Gubler (2017); Stewart (2019); Mart́ınez et al. (2019); Carvajal et al. (2019); Stewart (2020))

Given that the three most recent seismic events primarily involved deeper fault segments, our
analysis indicates that significant strain energy may have accumulated in the shallow portions of
the subduction interface since the 1730 earthquake, a proposition aligned with observations by
Carvajal et al. (2019). This prolonged energy accumulation period of approximately 300 years
suggests the potential for significant tsunami generation when released, particularly along the
central Chilean coastline as demonstrated by the shallow rupture characteristics revealed in our
modeled reconstruction of the 1730 event.

These historical reconstructions provide crucial information to understand the seismic behavior
of central Chile and to anticipate future event mechanisms in this segment, as illustrated in Figure
2.10. With an expected seismic event in the Valparáıso gap that could share characteristics with
the 1730 earthquake, understanding its slip distribution and rupture mechanism becomes crucial
to interpreting the relationship between shallow-large and deep-small earthquakes in this segment.
Furthermore, the presence of the Marga-Marga crustal normal fault in Viña del Mar, where our
models indicate the largest seismic gap patch (see Figure 2.10), requires special consideration.
Historical records document fault-related effects during the 1906 and 1985 earthquakes Thorson
(1999); Philippi and Garrido (2016), suggesting potential seismic activity. This scenario bears
similarities to the Pichilemu fault system, which experienced triggered crustal seismicity following
the 2010 Maule earthquake (Faŕıas et al. (2011)), highlighting the importance of considering crustal
fault responses during megathrust events in this region.

The patterns observed in the historical seismic record underscore a fundamental principle in the
assessment of seismic hazards: the characteristics of past earthquakes provide crucial constraints
on future seismic potential. In the context of the Marga-Marga fault within the Valparáıso seismic
gap, this principle suggests treating this structure as potentially active, particularly given its
documented responses during the 1906, 1985 and 2010 seismic events.

2.7 Open Research
Example datasets, conferences, and all the code for the stochastic process (LT), constraint process,
and uncertainty analyses are available Alvarez-Vargas et al. (2025). For specific code-related
questions, please contact the corresponding author.
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Marga-Marga Fault

3.1 Background and Significance
The Marga-Marga fault represents one of the most prominent geological structures in the coastal
zone near Viña del Mar, Chile. First documented by Grimme and Álvarez (1964), the fault
extends approximately 50 km, with a well-documented 15 km subsegment from Estero Las Palmas
to Muelle Vergara that runs beneath the Marga-Marga estuary, bisecting the city(Villavicencio and
Suazo (2022); Grimme and Álvarez (1964)). The fault trace is characterized by a subvertical shape
towards the mantle, with a strike orientation to the southwest. Regarding movement, although
recent studies have predominantly classified it as a normal fault (see Figure 3.3) (e.g., Maldonado
et al., 2021; Muñoz et al., 2012; Gana et al., 1996), the limited research on this structure leaves room
for alternative interpretations. Thorson (1999) suggests the possibility of strike-slip components in
its movement, based on structural evidence and the linear geometry of the fault. This uncertainty
in the fault’s kinematic behavior underscores the need for more comprehensive structural analysis
to fully understand its tectonic role in the region.

3.1.1 Geological Setting and Surface Expression
The surface expression of the fault is particularly evident in the geomorphology of the Marga-
Marga valley. Between Viña del Mar and Quilpué, the valley takes the form of a narrow, straight
canyon (Figure 3.1, panel b), with a slightly concave map trace towards the northeast. The valley’s
morphology exhibits a distinct bipartite character: above an altitude of approximately 80 meters,
the canyon is relatively wide and intersected by small “quebrada (steep-sided ravine)”, while below
200 meters, the gradient of the valley spurs increases dramatically, creating a straight inner canyon
with valley wall slopes averaging around 25 degrees (Thorson (1999)).

Field evidence from excavations between Chorrillos and El Salto has revealed significant struc-
tural features (Thorson (1999)). The fault zone, exposed in the southwestern valley wall, consists
of a brecciated fracture zone in pink granite, ranging in thickness from 0.1-1.2 meters. This zone
strikes exactly parallel to the valley and dips 85 degrees to the southwest. The fault architecture
includes characteristic features of high-strain deformation: clay-rich, unweathered, greenish-gray
fault gouge with en-echelon steps, though notably lacking conspicuous slickenmarks (Figure 3.1,
panel c). The gouge material exhibits microscopic particle alignment evidenced by surface sheen,
indicating frictional abrasion and shear under high lithostatic stress conditions (Thorson (1999)).
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Figure 3.1: Marga Marga setting adapted from Thorson (1999). a) Fault trace, b) Structural features, and
c) Surface sediments.

3.1.2 Historical Seismic Response
The spatial relationship between the Marga-Marga fault trace and seismic damage patterns has
been observed during two major earthquakes that affected Viña del Mar: the events of 1906 and
1985. However, the causal relationship between the fault and these damage patterns remains a
subject of scientific research.

During the 1906 earthquake, significant damage was observed at four locations that coincided
with the projected trace of the fault (See figure 3.1, panel a). According to historical accounts
documented by Rozas and Cruzat (1906), these included:

• Población Vergara, where both wooden and masonry buildings suffered extensive damage

• The intersection of Limache and Valparáıso streets, where witnesses reported the formation
of a deep crevasse with water upwelling

• El Salto, where particularly intense shaking was reported

• The railroad section between El Salto and Quilpué, which suffered complete destruction,
showing a distinctive deformation pattern. The tracks were described as having a zigzag
pattern by Branner (1915). This phenomenon occurred on generally flat terrain, suggesting
that the ground was sheared by a horizontal surface rupture.

36



Chapter 3. Marga-Marga Fault

Branner (1915) recognized that the poor soil performance in Plan de Viña, which included
partial liquefaction, was due to the amplification of seismic waves by subsurface soils: “The ef-
fects produced during the earthquake were merely the consequence of seismic wave propagation
through loose and unconsolidated alluvial soils.” During the 1985 earthquake, a different pattern
of damage emerged. Saragoni et al. (1985) and Celebi (1987) demonstrated that, in addition to
material amplification in the soils, the sedimentary basin itself altered the incoming seismic signal
by amplifying ground accelerations, extending the duration of shaking, and adding a long-period
harmonic. Pérez and Aguirre (1988) documented unusual soils in building foundations up to 300
meters from the estuary, noting the presence of saturated, highly organic, and very plastic silty-clay
at depths between 3 to 6 meters.

The concentration of damage in tall buildings along Avenida San Mart́ın during the 1985
earthquake led to various interpretations. Pérez and Aguirre (1988) attributed this to the location
of an ancient river course, and also considered multiple factors, including the potential influence
of the fault, though noting that the correlation mechanism remained unclear: “It is evidently
related to multiple contributing factors, including site effects, foundation conditions, structural
characteristics, the presence and potential activation of the Marga-Marga fault, topographic effects,
and seismic wave directionality, among others”.

Furthermore, if the near-surface material indeed originates from depth, then a plausible mech-
anism for its emplacement would be the upward movement of water along a coseismic fracture
Thorson (1999), which is consistent with the work of Rozas and Cruzat (1906). This is interesting
because could reveal a normal component on the fault mechanisms.

3.1.3 Potential mechanisms of fault-induced effects, according to
Thorson (1999)

1. Wave guide: The rock zone (being a low-velocity zone) may have captured, responded to,
and concentrated seismic energy propagating outward and upward from the subduction zone
earthquake, potentially amplifying ground motions locally.

2. If we consider the secondary effects associated with soil components such as dehydration and
consolidation, perhaps the formation of fissures and “lagoons” within the Vergara settlement
could have developed above shear fractures

3. The amplification of seismic shaking may have depended on sediment thickness

4. One possibility is that one or more prehistoric fault ruptures occurred, and that sediments
associated with the healed ruptures constituted a zone of weakness reactivated by the 1906
and 1985 events.
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3.1.4 Potential indicators of fault activation
If we consider that following the 1906 seismic event, there is an absence of historical accounts of
surface rupture, except for the opening of a single deep fissure near the sugar refinery, exactly above
the fault, this isolated occurrence suggested by Thorson (1999), could potentially be interpreted
as an activation signal.

Building upon this potential activation signal, after the 1985 earthquake Celebi (1987) and
Gana et al. (1996) reported topographic amplification and destruction in the Beagle Channel area
occurred precisely in its northern section (See figure 3.2). Additionally, considering the work of
Carpenter et al. (2011), it was noted that the majority of damaged buildings were concentrated in a
triangular area coinciding with the Marga-Marga fault zone and underlying soft soils. However, we
must consider that Thorson (1999) also points out that any explanation for the damage patterns
after this event must account for the fact that severe damage in 1985 did not strictly follow the
fault trace, but was concentrated at the outer coast and near the sedimentary basin’s head.

More recently, Hernandez et al. (2023) observed fault scarps northeast of the Marga-Marga
stream after the 2010 earthquake, and the most affected buildings were generally well-aligned where
sediment thickness and basin depths are greatest, corresponding to the possible fault location.

Figure 3.2: Building damage following the 1985 seismic event. Adapted from Thorson (1999).
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Figure 3.3: Current fault conditions. Panel a) Distribution of seismic events along the fault trace (2000-
2024). Panel b) The Marga-Marga structure characterized as a normal fault Maldonado et al. (2021)

It is important to note that while these damage patterns coincide spatially with the fault
trace, the mechanisms of interaction between the fault structure and seismic waves remain under
investigation. If we noticed the seismicity clusters in Figure 3.3, panel a) surrounding the fault
in recent years do not show clear signals of activity related to the fault; however, this could be
attributed to insufficient data near the trace to capture relevant signals. Additional seismic data
would allow us to not only identify earthquake concentration patterns but also analyze their focal
depths, potentially revealing the fault “vertical” structure. Moreover, a larger seismic dataset
would enable focal mechanism analysis, offering insights into the stress patterns and kinematics of
this fault system. Research on seismicity during the 1985 or 2010 events would be valuable in this
context, but the historical data remain limited.

3.2 Coulomb Failure Stress (CFS)
Based on the historical evidence of possible fault interaction and localized damage patterns, a
quantitative assessment of stress transfer between the subduction zone and the Marga-Marga
fault is warranted. To evaluate this mechanical relationship systematically, we analyze potential
triggering mechanisms through stress transfer calculations

We will assess stress changes induced by both the Marga-Marga crustal fault displacement and
subduction events occurring within the segment. The analysis employs a two-step approach: first,
computing the three-dimensional strain field using elastic half-space displacement calculations, and
second, deriving stress changes by applying elastic tensors to the calculated strain field.

The methodology involves resolving both shear and normal stress components across a three-
dimensional grid and along predetermined receiver fault planes. These receiver faults are char-
acterized by specific strike, dip, and rake parameters. The resulting shear stress changes will be
governed by the geometric and kinematic properties of both the Marga-Marga fault and the sub-
duction fault, as well as the receiver fault geometry, including its rake. In contrast, normal stress
changes will be independent of the receiver fault rake.
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To evaluate the impact of stress changes on fault stability, we will utilize the Coulomb failure
criterion ∆σf = ∆τs + µ′∆σn′ , presented in Figure 3.4. In this equation, ∆σf represents the
change in failure stress on the receiver fault caused by slip on the Marga-Marga crustal fault and
subduction zone, ∆τs is the change in shear stress, and ∆σn is the change in normal stress. The
parameter µ′ denotes the effective coefficient of friction on the faults.

Figure 3.4: Convention for Coulomb stress change on receiver faults by Toda et al. (2011)

This study analyzes potential triggering mechanisms between major subduction events and the
Marga-Marga fault through systematic stress transfer calculations. Our analysis focuses on three
historical earthquakes (1730, 1906, and 1985) and their associated coseismic slip distributions, on
the receiver Marga-Marga fault. The methodology employs AutoCoulomb (Wang et al. (2021)), an
iterative implementation of the Coulomb failure model that calculates stress changes in multiple
geometric configurations, and previous work in this criteria, such as Cortés-Aranda et al. (2022).

3.2.1 Coulomb Stress Transfer Framework
To properly interpret our results, it is essential to understand the mechanical components that
govern fault activation through stress transfer. The Coulomb failure criterion provides a framework
for evaluating how stress changes induced by one earthquake can affect the stability of nearby faults.

Components of Stress Transfer

Following the convention used in AutoCoulomb (Wang et al., 2021), the change in Coulomb failure
stress (∆σf ) is expressed as:

∆σf = ∆τs + µ′(∆σn′)

Where:
Shear Stress (∆τ): Represents forces acting parallel to the fault plane in the expected slip

direction. Positive shear stress changes promote slip along the fault, while negative changes inhibit
slip.

Normal Stress (∆σn): Acts perpendicular to the fault plane. Under this convention, pos-
itive ∆σn represents reduced clamping (unclamping or extension), which decreases the frictional
resistance to sliding. Conversely, negative normal stress (increased compression) further clamps
the fault, inhibiting failure.
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Stress Transfer Thresholds

Based on Freed (2005), an increase in Coulomb stress of 0.1 to 0.3 MPa (1 to 3 bars) is generally
sufficient to trigger seismicity, whereas reductions of the same amount can effectively suppress
them. This threshold emerges from empirical observations across numerous aftershock studies,
rather than being determined by specific fault properties or rock mechanics parameters. It is
worth noting that while this threshold value serves as a useful generalization, actual fault response
depends on multiple factors including pre-existing stress conditions and seismic cycle stage. This
threshold provides a critical benchmark for evaluating the potential triggering effects observed in
our analysis.

3.2.2 Fault Parameters for Coulomb Stress Analysis
For the Coulomb stress transfer calculations, we adopted the geometric and kinematic parameters
of the Marga-Marga fault based on the comprehensive fault database compiled by Maldonado et al.
(2021). These parameters represent the most up-to-date characterization of active and potentially-
active continental faults in Chile. Table 3.1 summarizes the fault parameters used in our analysis.

Table 3.1: Geometric and kinematic parameters of the Marga-Marga fault used for Coulomb stress calcula-
tions.

Parameter Value Description
Strike 125◦ Orientation of the fault trace measured clockwise from north
Dip 90◦ Vertical inclination of the fault plane
Rake -90◦ Slip vector indicating pure normal faulting
Depth 10 km Considering the shallow part of the fault
µ′ 0.3 Effective coefficient of friction height

The parameter of µ was selected based on González et al. (2020) and Cortés-Aranda et al.
(2022), and the fault parameters are consistent with the structural evidence presented by Maldon-
ado et al. (2021), who characterized the Marga-Marga structure as a normal fault based on field
observations and geomorphological analysis. The pure normal mechanism (rake = -90◦) indicates
vertical motion with the hanging wall moving downward relative to the footwall.

3.3 Results of Coulomb Stress Analysis
Our Coulomb stress transfer analysis between historical earthquakes and the Marga-Marga fault
reveals significant stress loading patterns. This research was conducted in collaboration with
Dr. Juan Gonzalez, whose valuable contributions to data collection and processing enhanced our
Coulomb stress modeling as part of ongoing collaborative research on the Marga-Marga fault.
While all three analyzed seismic events (1730, 1906, and 1985) induced positive Coulomb stress
changes on the receiver fault, we observed substantial variations in both magnitude and spatial
distribution of stress across these events.

3.3.1 Regional Coulomb Stress Patterns
The regional Coulomb stress transfer analysis reveals distinct patterns for each of the three histor-
ical earthquakes studied (Figure 3.5). These patterns provide insight into how subduction events
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affect the broader tectonic setting within which the Marga-Marga fault is situated.

Figure 3.5: Regional Coulomb stress changes induced by the (a) 1730 (Mw 9.1), (b) 1906 (Mw 8.1), and
(c) 1985 (Mw 8.0) earthquakes. The Marga-Marga fault (MMF) is indicated by the blue rectangle. Red
star indicates the maximum slip location. Color scale shows stress changes in MPa. The color scale for all
regional stress maps has been standardized to a range of -0.2 to 0.2 MPa to facilitate direct comparison
between the three seismic events.

The 1730 event (Mw 9.1) generated an extensive area of positive stress change (yellow to
red colors) throughout the coastal region of central Chile (Figure 3.5a). The Marga-Marga fault
is situated entirely within this high-stress zone, experiencing uniformly positive Coulomb stress
changes. The regional pattern shows stress values exceeding 0.1 MPa (1 bar) across much of the
study area, with localized areas over to 0.2 MPa (2 bar), intense red colors in colorbar.

In contrast, the 1906 earthquake (Mw 8.1) produced a more homogenous stress pattern (Figure
3.5b). The region surrounding the Marga-Marga fault shows moderate positive stress changes,
predominantly in the range of 0 - 0.05 MPa (0 - 0.5 bar), predominantly in the yellow to orange
range in colorbar. While these values represent positive stress changes, they remain below the
commonly accepted triggering threshold of 0.1 MPa (1 bar) as established by Freed (2005). The
stress field exhibits a complex spatial distribution with areas of stress shadow (negative stress
changes) developing south of the fault zone, while the fault itself remains within a positive but
sub-threshold stress lobe.

The 1985 event (Mw 8.0) created a north-south elongated stress pattern with positive values
concentrated along the coastal areas (Figure 3.5c). The Marga-Marga fault intersects this positive
stress zone, with values ranging from approximately 0.05 to 0.15 MPa (0.5-1.5 bar), orange to red
colors in colorbar. The most significant area of increased stress can be observed in the upper left
portion of map c), near where the Marga-Marga fault begins (33°S, 72°W), with other nodule close
the 34°S.

The Marga-Marga fault consistently falls within zones of positive stress change for all events,
suggesting a persistent mechanical coupling between subduction earthquakes and this crustal struc-
ture. It is noteworthy that despite the 1985 event being of lower magnitude than the 1906 earth-
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quake, it appears to have more effectively triggered activity along the Marga-Marga fault. This
observation suggests that earthquake magnitude alone is insufficient to predict crustal fault re-
sponse, and that other factors such as rupture characteristics, stress transfer directionality, or
pre-existing fault conditions may play determinant roles in the activation process.

Regarding the maximum displacement location of these events, red star in panel a) of Figure
3.5, the 1730 case presents an interesting observation. The star marks the area of greatest slip
in our source model, which was used as input for our Coulomb stress calculations. Notably, this
location coincides with a region showing high positive Coulomb stress values in our analysis. This
particular event (See Figure 2.7) may share characteristics with the Tohoku-oki 2011 earthquake
(see e.g. Iinuma et al. (2011), Ozawa et al. (2011), Fujiwara et al. (2011)), where significant crustal
displacement occurred near the trench. Through our reconstruction of the 1730 event, we have
been able to identify this maximum displacement zone, but this does not necessarily represent
the beginning of the nucleation of the earthquake. In terms of latitude, however, our estimated
position correlates well with the historical location documented at approximately 32.5°S NOAA
National Centers for Environmental Information (n.d.), representing an important validation point
for our modeling approach.

3.3.2 Correlation Between Regional and Fault-Specific Stress Pat-
terns

The fault-specific analysis of Coulomb stress changes along the Marga-Marga fault shows consis-
tency with the regional stress patterns described above. For each earthquake, the stress values
measured directly on the fault reflect the broader regional distribution while providing more de-
tailed insight into the mechanical loading experienced by this structure, in terms of shear, normal
and coulomb stress.

We analyzed the stresses along the Marga-Marga Fault, identifying the maximum and minimum
values in order to compare where the maximum stress occurred for each earthquake in terms of
longitude. Unlike Figure 3.5, which used a range of -0.2 to 0.2 MPa to facilitate direct comparison,
in this section we present the full stress values measured along the fault to provide a complete
picture of the stress magnitudes experienced by the Marga-Marga Fault.

1730 Case

a) Coulomb Stress along the fault:

• Maximum value: 4.6417 bar (0.46417 MPa, around -71.45° longitude).
• Minimum value: 3.1109 bar (0.31109 MPa, near -71.25° longitude).
• The distribution shows an arched pattern with a clear peak in the central region of the

fault.
• All values are positive, indicating a generalized increase in Coulomb stress.

b) Shear Stress:

• Maximum value: -0.5440 bar (-0.05440 MPa, around -71.45° longitude).
• Minimum value: -1.6405 bar (-0.16405 MPa, near -71.25° longitude).
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• Negative shear values indicate stress forces acting against the fault’s natural slip direc-
tion, potentially stabilizing the fault segment, whereas positive values would promote
movement along the expected slip direction.

• The pattern shows less negative stress (closer to zero) in the central part of the trace.

c) Normal Stress:

• Maximum value: 17.8425 bar (1.78425 MPa, near -71.55° longitude).
• Minimum value: 14.8903 bar (1.48903 MPa, near -71.25° longitude).
• All values are positive and relatively high.
• The distribution shows a descending trend from west to east.

Figure 3.6: Stress distribution along the receiver fault for the 1730 event. a) Coulomb stress, b) Shear stress
and c) Normal stress pattern. All panels display stress values (in bars) as a function of longitude (°W) along
the fault.

1906 Case

a) Coulomb Stress:

• Maximum value: 0.5852 bar (0.05852 MPa, around -71.40° longitude)
• Minimum value: 0.4242 bar (0.04242 MPa, near -71.50° longitude)
• The distribution shows a wave-like pattern with the highest peak at -71.40° and a

notable low point at -71.50°
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• All values are positive but significantly lower than those for the 1730 event, indicating
a moderate increase in Coulomb stress

b) Shear Stress:

• Maximum value: 0.2477 bar (0.02477 MPa, near -71.55° longitude)
• Minimum value: 0.1207 bar (0.1207 bar = 0.01207 MPa, around -71.50° longitude)
• Unlike the 1730 event, all values are positive, indicating shear in the same direction as

the expected slip on the fault
• The pattern shows higher values at the western edge and a dip around -71.50°, followed

by moderate values in the central and eastern portions.

c) Normal Stress:

• Maximum value: 1.1841 bar (0.11841 MPa, around -71.40° longitude)
• Minimum value: 1.0078 bar (1.0078 bar = 0.10078 MPa, near -71.55° longitude)
• All values are positive but much lower than for the 1730 event
• The distribution shows an increasing trend from west to east, with a plateau in the

eastern segment.

Figure 3.7: Stress distribution along the receiver fault for the 1906 event. a) Coulomb stress, b) Shear stress
and c) Normal stress pattern. All panels display stress values (in bars) as a function of longitude (°W) along
the fault.
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1985 Case

a) Coulomb Stress:

• Maximum value: 1.5692 bar (0.15692 MPa, around -71.53° longitude).
• Minimum value: 0.8706 bar (0.08706 MPa, near -71.25° longitude).
• The distribution shows a consistently decreasing pattern from west to east.
• All values are positive, indicating a generalized increase in Coulomb stress across the

fault.

b) Shear Stress:

• Maximum value: 0.6222 bar (0.06222 MPa, near -71.53° longitude).
• Minimum value: 0.2375 bar (0.02375 MPa, near -71.25° longitude).
• All values are positive, indicating shear in the same direction as the expected slip on

the fault.
• The distribution follows a similar west-to-east decreasing trend as the Coulomb stress.

c) Normal Stress:

• Maximum value: 3.1830 bar (0.31830 MPa, near -71.55° longitude).
• Minimum value: 2.1106 bar (0.21106 MPa, near -71.25° longitude).
• All values are positive and moderate compared to the 1730 event but higher than the

1906 event.
• The distribution shows a clear decreasing trend from west to east.
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Figure 3.8: Stress distribution along the receiver fault for the 1985 event. a) Coulomb stress, b) Shear stress
and c) Normal stress pattern. All panels display stress values (in bars) as a function of longitude (°W) along
the fault.

Peak values reached approximately 0.46 Mpa for the 1730 event, 0.06 Mpa for the 1906 event,
and 0.16 Mpa bars for the 1985 event. As shown in Figure 3.9, the dominant mechanism in
all cases is favorable normal stress (100%), indicating that normal stress changes rather than
shear stress primarily contributed to the observed Coulomb stress increases. This spatial and
temporal consistency across different subduction events suggests that the Marga-Marga fault has
been repeatedly loaded with significant stress changes, potentially explaining its seismic activity
following major subduction earthquakes in this region.

A detailed examination of the three cases reveals that the most significant observation from
both regional and fault-specific analyses is that two of the three historical earthquakes (1730 and
1985) generated Coulomb stress changes well above the commonly accepted triggering threshold
(0.1 to 0.3 MPa or 1 to 3 bars; Freed (2005)) along the entire length of the Marga-Marga fault,
while the 1906 event produced positive but sub-threshold stress changes (maximum 0.59 bars) (see
Figure 3.9).

Examining the spatial distribution patterns, we observe that the 1730 and 1985 events appear
to activate areas near the coast and northern section of the fault with relatively consistent stress
gradients. In contrast, the 1906 event exhibits a distinctive non-linear pattern with an undulatory
stress distribution. This latter event concentrates stress near the coast, which then dissipates
before showing increased stress again in the easternmost section near longitude -71°42. This
wave-like pattern might reflect the complex interaction between propagating stress waves from
the subduction source and the specific geometry of the Marga-Marga fault, suggesting that stress
transfer mechanics depend on rupture characteristics beyond magnitude alone.
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Figure 3.9: Coulomb stress comparison for the Marga-Marga fault from three major historical subduction
earthquakes (1730, 1906, and 1985). Top: Bar chart showing maximum Coulomb stress values relative to
the 1 bar triggering threshold (red dashed line), highlighting that the 1730 (4.64 bars) and 1985 (1.57 bars)
events exceeded this threshold, while the 1906 event (0.59 bars) remained below it. Bottom: Longitudinal
stress distribution profiles along the fault. The thick black line represents total Coulomb stress, green dashed
lines show shear stress components, and blue dotted lines indicate normal stress (scaled by coefficient of
friction 0.3). The red dashed horizontal line marks the 1 bar triggering threshold. Inset boxes display
the percentage breakdown of stress mechanisms, revealing 100% favorable normal stress contribution for
all events despite varying magnitudes and shear stress directions. Note the different vertical scales, with
maximum values of approximately 5 bars (1730), 0.6 bars (1906), and 1.6 bars (1985).
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General Discussions and Conclusions

It is particularly relevant to analyze the relationship between slip distribution patterns and stress
concentration on the Marga-Marga fault. The detailed slip reconstructions of historical earthquakes
(1730, 1906, 1985) provide the foundation for evaluating their stress transfer potential to crustal
faults like Marga-Marga, as rupture characteristics directly influence Coulomb stress distribution
patterns. In this context, a detailed comparison of rupture characteristics across the three historical
events reveals significantly different stress transfer mechanisms in each case.

These variations in stress transfer efficiency highlight the importance of rupture geometry in
controlling upper plate deformation, as different phases of the earthquake cycle, from interseismic
loading to coseismic rupture, can produce distinct stress patterns on crustal faults (Loveless et al.
(2010)). The paradox that the 1985 event (Mw 8.0) generated greater activation of the Marga-
Marga fault than the 1906 event (Mw 8.1), despite its lower magnitude, can be explained by
analyzing the specific geometry of the ruptures. The 1985 earthquake presented a slip distribution
with maximum values concentrated between 30-40 km depth, centered approximately at 72°W
longitude and 33.5°S latitude. This configuration created a spatially concentrated positive stress
lobe favorably oriented for the activation of the Marga-Marga fault.

In contrast, the 1906 event, although slightly larger in magnitude, distributed its slip more
homogeneously with maximum values shifted southward relative to the fault location. As observed
in Figures 3.5 panel b) and Figure 3.7, the stress pattern generated showed positive values but
significantly lower (approximately 0.6 bars compared to 1.6 bars from the 1985 event), and with a
spatial distribution less optimal for stress transfer to the fault.

The 1730 event, meanwhile, generated the highest Coulomb stress values (approximately 5
bars), with an extensive and shallow rupture that completely covered the area where the fault is
located. However, its predominantly shallow rupture depth (within the first 20 km from the trench)
contrasts with the intermediate depth of the 1985 event, which possibly created more favorable
conditions for concentrating stress specifically on the Marga-Marga fault structure.

These results suggest that the efficiency of stress transfer to crustal structures like the Marga-
Marga fault depends not only on the magnitude of the subduction event, but fundamentally on the
location, depth, and spatial distribution of slip. Specifically, the 1985 event may have generated a
more effective stress field for fault activation due to three main factors:

1. The rupture directivity, which concentrated stress transfer toward the northern zone where
the fault is located

2. The intermediate depth of the rupture plane (30-40 km), which fostered more efficient me-
chanical interaction with the crustal structure
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3. The orientation of slip vectors, which was particularly favorable for generating positive
normal stress along the orientation of the Marga-Marga fault.
This relationship between rupture geometry and activation of crustal faults could represent
important implications for seismic characterization of this segment, where the combination
of subduction earthquakes with varied rupture patterns can generate complex mechanical
interactions with surface structures across different temporal scales.

4.1 Discussion of Coulomb Stress Transfer and Histor-
ical Seismicity

Building on the observed relationships between slip distribution and stress transfer described
above, in the following sections, we examine these patterns in detail, exploring their consistency
with historical observations and their implications for understanding the seismic behavior of this
crustal structure.

4.1.1 Consistency of Stress Patterns and Historical Damage
The most striking finding from our Coulomb stress analysis is that two of the three historical
earthquakes (1730 and 1985) generated positive stress changes exceeding the commonly accepted
triggering threshold of 0.1 to 0.3 MPa (1 to 3 bars; Freed, 2005) along the entire length of the
Marga-Marga fault, while the 1906 event produced positive but sub-threshold values. Despite these
differences in stress magnitudes, all three events showed spatial correlation with historical damage
reports documented by Thorson (1999). This observation indicates that the spatial correlation
between CFS patterns and fault damage zones observed after 1906 and 1985 events suggests that
stress concentrations along the fault trace may influence the location and extent of surface ruptures.

The 1906 earthquake damage patterns, as detailed by Rozas and Cruzat (1906), show notable
spatial correspondence with our calculated stress distribution. Four locations along the projected
fault trace experienced significant damage: Población Vergara, the intersection of Limache and
Valparáıso streets (where a deep crevasse with water upwelling was reported), El Salto (intense
shaking), and the railroad section between El Salto and Quilpué. Our analysis indicates that
the 1906 event produced Coulomb stress changes of 0.4-0.6 bars along the fault occurring around
-71.40° longitude. While these values remain below the 1 bar triggering threshold, the spatial
correlation between stress peaks and documented damage suggests that these stress changes may
have been one of multiple contributing factors in the complex damage pattern.

Similarly, our analysis of the 1985 earthquake shows stress changes of 0.8-1.6 bars along the
fault, with highest values in the western section. This corresponds well with Pérez and Aguirre
(1988) documentation of damage concentration in tall buildings along Avenida San Mart́ın and the
observations by Celebi (1987)) of topographic amplification and destruction in the Beagle Channel
area at the northern section of the fault.

4.1.2 Normal Fault Mechanics and Stress Transfer
A clear finding of our analysis is the dominance of normal stress mechanisms (100%) for all three
events. Although we adopted the normal fault classification from previous studies (Maldonado et al.
(2021); Muñoz et al. (2012); Gana et al. (1996)) as model input, the resulting stress calculations
are compatible with this kinematic assumption and provide a mechanical explanation for the fault

50



Chapter 4. General Discussions and Conclusions

response to subduction earthquakes. It is important to note that the potential for fault reactivation
depends on the relationship between fault orientation and the local stress, which can promote
different kinematic behaviors. However, in this case, the normal mechanism is most consistent
with the Marga-Marga fault’s geometry and the stress transfer patterns observed in our analysis.

Our analysis reveals an interesting mechanical behavior regarding stress transfer: despite show-
ing negative shear stress values, the 1730 event produced the highest Coulomb stress changes (4.64
bars) due to overwhelming favorable normal stress contributions. This observation demonstrates
that even when shear components work against the direction of slipping of the fault, the unclamp-
ing effect of normal stress reduction can completely dominate the trigger mechanism. This balance
of competing forces represents a critical consideration when evaluating fault activation potential,
as the net Coulomb stress may exceed triggering thresholds even in the presence of unfavorable
shear conditions.

In contrast to the 1730 event, our analysis of the 1906 earthquake presents a different scenario.
Despite having favorable shear stress (positive values), the 1906 event generated much lower normal
stress changes, resulting in a maximum Coulomb stress of only 0.59 bars. This falls below the
commonly accepted triggering threshold of 1 bar Freed (2005), highlighting how the magnitude
of stress components matters as much as their direction. This finding is particularly significant
when interpreting Thorson (1999) observation that the 1906 earthquake resulted in “the opening
of a single deep fissure near the sugar refinery, exactly above the fault”. While this feature might
initially appear to suggest fault activation, the sub-threshold Coulomb stress values suggest that
the observed fissure may have resulted from site effects or ground amplification in sedimentary
basins as documented by Branner (1915) and Pérez and Aguirre (1988), rather than direct fault
activation.

Previous work by Cortés-Aranda et al. (2022), based on Freed (2005), suggests that after a large
earthquake, the stress distribution along a receiver fault can lead to its reactivation if the critically
stressed fault is located in a region of positive Coulomb failure stress exceeding the triggering
threshold. This concept is particularly relevant for structures like the Marga-Marga fault, where,
although we lack certainty about its historical activity, this framework helps us better understand
how the fault responds to stress parameters induced by different subduction earthquakes. Such
understanding would improve our ability to anticipate fault behavior during future events in the
same segment.

4.1.3 Limitations and Future Research Directions
While our Coulomb stress analysis produces good results that correlate with historical observations,
we acknowledge the need for more robust investigations to fully assess the seismic potential of the
Marga-Marga fault. Our current model assumes a fault depth of 10 km, but the true depth extent
remains uncertain. As demonstrated by Moreno et al. (2012), stress accumulation patterns can
vary significantly with depth, potentially amplifying triggering effects in deeper fault segments.

The high stress values calculated for the 1730 event (approximately 5 bars) could highlight the
significant intensity of stress transfer that may have occurred during this large megathrust event.
These notably high values, while mechanically plausible, underscore the importance of under-
standing fault properties beyond Coulomb stress calculations, including frictional and structural
characteristics, and loading history that may modulate the fault’s response to stress perturbations.

The 2010 Maule earthquake, and subsequent activation of the Pichilemu fault system (Faŕıas
et al., 2011) provide an important analog for understanding potential crustal fault responses to
large subduction events in Chile in the segment of the Valparaiso region. Following the Maule
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earthquake, this sequence demonstrated that crustal faults in Chile can indeed be triggered by
subduction events, particularly when stress changes are concentrated on optimally oriented struc-
tures.

Future research on the Marga-Marga fault should include:

1. Detailed microseismic monitoring to detect low-magnitude events that may indicate ongoing
stress adjustment processes in this segment (for example, see Sippl et al. (2021)).

2. Integration of geodetic data to identify potential aseismic creep or locking behavior that
could influence stress accumulation patterns.

3. Trenching studies at key locations along the fault trace to identify evidence of prehistoric
ruptures and establish recurrence intervals.

4. Slip distributions of possible events or/and microsismicity in the fault segment.

These approaches would provide a more comprehensive understanding of the fault’s seismic
potential and its role in the regional stress field, going beyond the limitations of static Coulomb
stress modeling alone.

4.1.4 Implications for Seismic Hazard Assessment
Despite the need for further investigation, our results provide valuable input for understanding
the potential behavior of the Marga-Marga fault during future large-magnitude subduction earth-
quakes. The consistent stress loading patterns observed across three historical events suggest that
this structure should be considered in regional seismic hazard assessments, particularly given its
proximity to densely populated urban areas.

The lessons from the 2010 Maule earthquake and Pichilemu fault activation emphasize that
crustal faults can respond to subduction earthquakes with significant triggered seismicity, even
when such faults have not shown prominent historical activity. This underscores the importance
of identifying and characterizing potentially active crustal structures throughout Chile seismically
active regions.

As noted by Ruiz et al. (2014), the traditional focus on subduction hazard in Chile has some-
times overshadowed the potential contribution of crustal faults to seismic hazard. Our analysis
of the Marga-Marga fault contributes to addressing this gap by highlighting a specific structure
that appears susceptible to triggering from major subduction events and could potentially generate
localized strong ground motion affecting the metropolitan areas of Viña del Mar and Valparáıso.

4.2 Conclusion
This research has provided significant insights into the seismic history and potential hazards of
Central Chile Valparaiso region through a comprehensive analysis of historical earthquakes and
their interaction with the Marga-Marga crustal fault. Our research revealed distinct rupture pat-
terns for three major seismic events: the 1730 megathrust earthquake (Mw 9.1), characterized by
extensive shallow rupture along nearly 1000 km of coastline, that may have similar characteristics
to the Tohoku-oki 2011 earthquake, where the maximum slip area extended toward the trench; the
1906 Valparáıso earthquake (Mw 8.1), with deeper slip concentrated between 33°-34°S; and the
1985 Algarrobo earthquake (Mw 8.0), featuring intermediate-depth rupture concentrated around
33.5°S.
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The stochastic logic-tree approach, combined with historical data on vertical displacements,
tsunami inundations, and the calculation of uncertainties between each model, enabled robust
characterization of these events despite inherent uncertainties. Our findings detail that following
the 1730 earthquake, which was characterized by its extensive rupture and magnitude, a series of
smaller and deeper events have occurred from this event to the present day. This pattern creates
an opportunity to consider that, given Chile’s seismic history, a future event could have similar
rupture characteristics and magnitude as the 1730 event in this segment. The observed cycli-
cal pattern—where major events are interspersed with sequences of moderate-magnitude earth-
quakes—suggests a recurrent seismic regime that merits careful monitoring. Herein lies the im-
portance of generating and reconstructing the slip distributions of these past events to better
understand their patterns and compare them with previous works and historical data for confir-
mation.

Coulomb stress analysis revealed that both the 1730 and 1985 historical earthquakes generated
stress changes exceeding the triggering threshold (0.1-0.3 MPa or 1-3 bars; Freed, 2005) along the
Marga-Marga fault, while the 1906 earthquake produced positive but sub-threshold stress changes
(maximum 0.59 bars). In all cases, normal stress was the dominant mechanism, constituting
100% of the stress contribution despite differing magnitudes, which is mechanically consistent with
the normal fault classification used as model input. These consistent loading patterns provide a
mechanical explanation for the spatial correlation between the fault trace and historical damage
reports, suggesting a persistent coupling between subduction events and this crustal structure. Our
comparative analysis of the three historical events yielded a particularly intriguing finding: the 1985
earthquake (Mw 8.0) generated greater stress loading on the Marga-Marga fault than the larger
1906 event (Mw 8.1). This seemingly counterintuitive result highlights that the characteristics of
the rupture, specifically depth, location, and directivity, can be more influential than magnitude
alone in determining how effectively stress transfers to the crustal structures. The intermediate-
depth rupture of the 1985 event, centered precisely at the latitude of the fault, created an optimal
stress field for fault activation. This insight enriches our understanding of subduction-crustal
fault interactions and demonstrates the necessity of considering detailed rupture geometries when
evaluating potential triggered seismicity in complex tectonic environments.

The significant period (nearly 300 years) without a major event comparable to the 1730 earth-
quake indicates substantial accumulated strain energy in the shallow portions of the subduction
interface. This energy accumulation, coupled with the inferred interaction between subduction
events and the Marga-Marga fault that we present in this thesis, underscores the region’s consid-
erable seismic hazard potential.

This work represents more than just data points and models; it embodies our commitment
to understanding the forces that shape this region. This study establishes a solid foundation
for more comprehensive seismic hazard assessments in this densely populated region. Future
research should focus on detailed microseismic monitoring, geodetic observations, and paleoseismic
investigations to better quantify the Marga-Marga fault’s seismic potential and its role in the
regional stress field, which can be conducted based on the reconstruction of slip patterns for this
zone. The integration of crustal fault dynamics into hazard models is essential for developing
effective mitigation strategies for the Valparáıso metropolitan area, where the interplay between
megathrust events and crustal fault responses could significantly amplify localized seismic hazards,
ultimately affecting the communities we all strive to protect.
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Julius Jara-Muñoz, Daniel Melnick, Patricio Zambrano, Andreas Rietbrock, Javiera González,
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Raúl Madariaga. Sismicidad de chile. F́ısica de la Tierra, 10(1):221–258, 1998.

P Martin Mai and Gregory C Beroza. A spatial random field model to characterize complexity in
earthquake slip. Journal of Geophysical Research: Solid Earth, 107(B11):ESE–10, 2002.

Valentina Maldonado, Mart́ın Contreras, and Daniel Melnick. A comprehensive database of active
and potentially-active continental faults in chile at 1: 25,000 scale. Scientific data, 8(1):20, 2021.

Carolina Mart́ınez, Rodrigo Hidalgo, Cristián Henŕıquez, Federico Arenas, Nelson Rangel-
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Maŕıa X. Urbina-Carrasco, Nicolás Gorigoit́ıa-Abbott, and Marco Cisternas-Vega. Contributions
to the Chile’s seismic history: the case of the great earthquake of 1730. Anuario de Estudios
Americanos, 73(2):657–687, 2016. doi: 10.3989/aeamer.2016.2.11.

Jaime Valenzuela Márquez. Relaciones jesuitas del terremoto de 1730: Santiago, valparáıso y
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