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Resumen

Las costas adyacentes a zonas de subduccion son continuamente amenazadas por
grandes terremotos y tsunamis, cuyos efectos generan significativos impactos
ambientales y sociales. En este contexto, los registros geoldgicos completos de
eventos pasados constituyen una herramienta clave para evaluar apropiadamente la
amenaza futura. Sin embargo, en Chile central, donde reside la mayor poblacion
costera del pais, estos registros son fragmentarios y discontinuos, producto de la
interaccidon entre factores tecténicos, climaticos y antropicos que dificultan tanto su

formacion como su preservacion a lo largo del tiempo.

Esta tesis doctoral tuvo como objetivo general evaluar como dichos factores
condicionan el registro geoldgico de terremotos y tsunamis, y determinar en qué
medida un enfoque multidisciplinario, basado en la integracion de evidencias
satelitales, estratigraficas, paleoecoldgicas, histéricas e instrumentales, puede
mejorar la reconstruccion de la deformacion costera y la distribucion espacial de los
depodsitos de tsunami. Las principales preguntas de investigacidon se centraron en
identificar qué factores explican el escaso registro paleosismoldgico en Chile central,
como ha variado la deformacion vertical costera durante el ultimo siglo, y cual es el
potencial de la percepcién remota en la deteccion de modernos depdsitos de
tsunami. Estas interrogantes fueron abordadas en dos areas clave: la costa del
Maule, entre Lipimavida y la desembocadura del Rio Mataquito, y el humedal de

Campiche en la Bahia de Quintero.

Los resultados identificaron tres factores principales que limitan el registro
paleosismoldgico en Chile central: (i) el alzamiento tectdnico sostenido, que reduce el
espacio de acomodacién y favorece la erosion; (ii) el clima mediterraneo semiarido,
que restringe la preservacion del registro geoldgico y limita la formacion de
ambientes de baja energia y (iii) la intervencidon antrépica, que ha modificado o

destruido numerosos sitios con potencial paleosismologico.



A pesar de estas limitaciones, la aplicacion de percepcidon remota permitié identificar
y mapear el depdsito de tsunami del 2010, demostrando el potencial de técnicas
satelitales en la asistencia de trabajos de campo. Asimismo, el analisis de diatomeas,
apoyado por mediciones mareograficas y geodésicas, permitid reconstruir la
deformacion vertical de la costa de Chile central durante todo el siglo XX, sugiriendo
que terremotos con fuente profunda en la zona de subduccién podrian estar

contribuyendo a la construccion de topografia a largo plazo.

En conjunto, se concluye que la integracion de enfoques metodoldgicos
multidisciplinarios resulta esencial para asistir en la reconstruccion de patrones de
deformacion vertical costera y areas de inundacidén de tsunamis en este segmento
altamente vulnerable del margen chileno. Los hallazgos y enfoques desarrollados en
este estudio pueden servir como referencia para otros segmentos del margen de
subducciéon chileno, donde el registro geolégico también presenta desafios

significativos para su identificacion y comprension.



Abstract

Coasts adjacent to subduction zones are continuously threatened by large
earthquakes and tsunamis, whose effects cause significant environmental and social
impacts. In this context, complete geological records of past events represent a key
tool to properly assess future hazards. However, in central Chile, where most of the
country’s coastal population resides, these records are fragmentary and
discontinuous, as a result of the interplay between tectonic, climatic, and

anthropogenic factors that hinder both their formation and long-term preservation.

This doctoral thesis aimed to evaluate how these factors condition the geological
record of earthquakes and tsunamis, and to determine to what extent a
multidisciplinary approach, based on the integration of satellite, stratigraphic,
paleoecological, historical, and instrumental evidence, can improve the reconstruction
of coastal deformation and the spatial distribution of tsunami deposits. The main
research questions focused on identifying the factors that explain the scarce
paleoseismological record in central Chile, assessing how coastal vertical
deformation has varied over the last century, and evaluating the potential of remote
sensing in detecting modern tsunami deposits. These questions were addressed in
two key areas: the Maule coast, between Lipimavida and the mouth of the Mataquito

River, and the Campiche wetland in Quintero Bay.

The results identified three main factors that limit the paleoseismological record in
central Chile: (i) sustained tectonic uplift, which reduces accommodation space and
enhances erosion; (ii) the semi-arid Mediterranean climate, which restricts geological
preservation and limits the development of low-energy depositional environments;
and (iii) anthropogenic disturbance, which has modified or destroyed numerous sites

with paleoseismological potential.

Despite these limitations, the application of remote sensing techniques allowed the
identification and mapping of the 2010 tsunami deposit, demonstrating the potential of

satellite-based methods to support fieldwork. Likewise, diatom analysis, supported by



tide-gauge and geodetic measurements, enabled the reconstruction of vertical coastal
deformation throughout the 20th century, suggesting that deep-source earthquakes
along the subduction interface may contribute to long-term coastal uplift and

landscape building.

Overall, this study concludes that the integration of multidisciplinary methodological
approaches is essential to assist in the reconstruction of coastal vertical deformation
patterns and tsunami inundation areas in this highly vulnerable segment of the
Chilean margin. The findings and approaches developed here may serve as a
reference for other sectors of the Chilean subduction margin, where geological

records also pose significant challenges for their identification and interpretation.
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Capitulo 1. Introduccion

1.1 Planteamiento del problema y motivacion

Las costas adyacentes a zonas de subduccién son frecuentemente amenazadas por
grandes terremotos, cuyos efectos generan graves consecuencias para la sociedad
(e.g., Wirth et al., 2022). Tan solo durante el presente siglo, grandes terremotos
como el de Sumatra-Andaman en 2004 (Mw 9.2), Chile en 2010 (Mw 8.8), Japon en
2011 (Mw 9.0) y Rusia en 2025 (Mw 8.8) han causado impactos notables en la costa,
incluyendo pérdidas de vidas, danos a infraestructura y modificaciones en el paisaje
(e.g., Lay et al., 2005; Norio et al., 2011; Vargas et al., 2011). Particularmente, dos de
los principales efectos causados por estos recientes terremotos fueron el repentino
cambio del nivel de la costa y un masivo tsunami como consecuencia de la
deformacion cortical (e.g., Titov et al., 2005; Meltzner et al., 2006; Farias et al., 2010;
Fritz et al., 2011; Mori et al., 2011; Ozawa et al., 2011). Por ejemplo, gran parte de la
costa noreste de Japdon fue hundida cosismicamente cerca de 1 m durante el
terremoto del 2011 y afectada por un posterior tsunami que inundd hasta 5 km tierra
adentro (e.g., Goto et al., 2011; Nishimura, 2014). Eventos destructivos como este
ocurren en un contexto de ciclo sismico (e.g., Reid, 1910; Wirth et al., 2022),
retornando después de décadas a siglos de acumulacion de energia en el contacto
interplaca (Figura 1.1). Por lo tanto, comprender estos fendmenos y sus
consecuencias resulta fundamental para la evaluacion del riesgo y la planificacion

costera.

Estudios paleosismoldgicos han desempenado un papel crucial en la reconstruccion
de la historia sismica de zonas de subduccién, permitiendo identificar patrones de
recurrencia, estimar la magnitud y delimitar la extensién espacial de grandes
terremotos y tsunamis (e.g., Atwater y Hemphill-Haley, 1997; Nanayama et al., 2003;
Jankaew et al., 2008; Monecke et al., 2008; Sawai et al., 2012). A partir de la
informacion geoldgica preservada en secuencias de sedimentos costeros, como
capas de arena depositadas por tsunamis o evidencia de cambios del nivel costero

asociado a terremotos (ver seccion 1.2), es posible extender el registro de estos
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eventos mas alla del periodo instrumental e histérico (e.g., Atwater, 1987; Nelson et
al., 1996). Tal aproximacion proporciona un marco temporal mas extenso y robusto
para evaluar el peligro sismico y tsunamigénico asociado al ciclo de los terremotos

de subduccion.

Diversos estudios paleosismologicos han sido conducidos en la costa chilena con el
objetivo de reconstruir la historia de terremotos y tsunamis pasados. Estos trabajos
han permitido cuantificar la deformacién vertical costera durante ciclos de terremotos,
inferir la magnitud e intervalos de recurrencia de grandes eventos sismicos, y estimar
el area de inundacion de tsunamis historicos y prehistoricos (e.g., Cisternas et al.,
2005; 2017; Moernaut et al., 2014; Garret et al., 2015; Hocking et al., 2021). No
obstante, la mayoria de estas investigaciones se han concentrado principalmente en
el sur de Chile (Figura 1.2), particularmente dentro del area de ruptura del terremoto
de 1960 (Mw 9.5), el evento sismico mas grande registrado instrumentalmente a
nivel mundial. Esta limitacion espacial ha dejado considerablemente relegados otros
segmentos del margen de subduccién chileno que también poseen un alto potencial
sismico, como es el caso de Chile central. Esta region, que abarca sectores
densamente poblados y con una importante infraestructura, ha sido pobremente
caracterizada en términos de su comportamiento sismico-tsunamigénico a largo
plazo (Leon et al., 2023). En consecuencia, existe una brecha significativa en el
conocimiento paleosismoldgico de esta zona, lo que limita la capacidad de evaluar
adecuadamente la amenaza y la preparacion frente a futuros terremotos de
subduccion. Esta situacion resulta especialmente preocupante considerando que
Chile central alberga la mayor poblacion costera del pais, con cerca de 3.000.000 de
habitantes (Figura 1.2), lo que incrementa su vulnerabilidad ante la ocurrencia de

grandes terremotos y tsunamis.

La escasez de estudios paleosismologicos en Chile central probablemente esta
condicionada por multiples factores, los cuales aun no han sido abordados
conceptualmente. Motivado por esta problematica, la presente investigacion doctoral
pretende explorar los principales factores que limitan el estudio del registro
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paleosismolégico en Chile central, incluyendo complejidades tectdnicas, climaticas y
antropicas. Adicionalmente, se propone la integracion de multiples enfoques, tales
como satelitales, estratigraficos, sedimentoldgicos, paleoecoldgicos, histéricos,
mareograficos y geodésicos, para asistir en la reconstruccion de tanto las areas de
inundacién de tsunamis recientes como los patrones de deformacién vertical costera

inducidos por terremotos de subduccién en este segmento del margen chileno.

Corteza de la: Placa en Placa La placa Arrastrada Hinchada Levantamiento Hundimiento
subduccion montada montada es: hacia abajo hacia arriba ;
Tsunami
N\

Comprimida Placa se relaja

Trabado

Limite de placas ;
Resbalando libremente

Figura 1.1. Representacion esquematica de una zona de subduccién. Flechas blancas indican la
convergencia entre ambas placas tecténicas, donde una de ellas desciende respecto a la otra. En el
caso del margen chileno la placa oceanica (Placa de Nazca) desciende bajo la placa continental
(Placa Sudamericana). En el contacto interplaca ambas placas se encuentran fuertemente acopladas,
acumulando energia durante décadas a siglos. Durante un terremoto ambas placas ceden y la energia
es bruscamente liberada. Tsunamis y repentinos cambios del nivel de la costa son una consecuencia

directa de los terremotos interplaca. Tomado de Atwater et al. (2015).

1.2 Depésitos de tsunami y cambios verticales costeros

Los depdsitos de tsunami corresponden a capas de sedimento, generalmente arena,
que pueden extenderse por varios kilometros tierra adentro a medida que las olas de
un tsunami ingresan desde la linea de costa. Estos depdsitos proporcionan
informacion critica sobre las caracteristicas propias del tsunami, tales como
condiciones de flujo, numero de olas y la fuente (e.g, Spiske, 2020). Particularmente,
la distribucién espacial de un depdsito de tsunami es clave para delimitar la extensién
real de la inundacién (e.g., Abe et al., 2020; Maclnnes et al., 2010). Recientes
estudios desde tsunamis modernos han mostrado que el area cubierta por un
depodsito de tsunami puede ser una confiable aproximacién del area minima de
inundacién (Gelfenbaum and Jaffe, 2003; Jaffe et al., 2003, 2006; Maclnnes et al.,
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2009a; Maclnnes et al.,, 2010; Moore et al., 2006, 2011; Srinivasalu et al., 2007;
Szczucinski et al., 2012). Sin embargo, otros estudios cuestionan su real utilidad
como proxy, permaneciendo aun el debate (Abe et al., 2012; Chagueé-Goff et al.,
2015; Cheng and Weiss, 2013; Goto et al., 2011; Morton et al., 2011).

Una de las principales dificultades al estudiar la completa distribucion espacial de un
depdsito de tsunami es que requiere de extenso trabajo de campo, consistiendo en
una tarea altamente demandante de tiempo. Adicionalmente, para depdsitos
modernos, tales levantamientos de campo deben ser hechos prontamente después
de la ocurrencia del evento para minimizar el enmascaramiento o destruccion del
depdsito por causas humanas o naturales (Bahlburg and Spiske, 2015; Nichol and
Kench, 2008; Spiske et al., 2020; Szczucinski, 2012; Szczucinski et al., 2006). Estos
desafios incentivan a que otros enfoques alternativos sean explorados, tales como la
percepcion remota, la cual permite mapear extensas areas en un corto periodo.
Datos satelitales han sido particularmente utiles en el mapeo de areas de inundacion,
dafo a infraestructura y cambios costeros (e.g., Koshimura et al., 2020; Ramirez-
Herrera and Navarrete-Pacheco, 2013; Richmond et al., 2012; Sublime and
Kalinicheva, 2019; Tappin et al., 2012). Sin embargo, técnicas de teledetecciéon y
aprendizaje automatico no han sido aplicadas especificamente a la deteccidén de

depdsitos de tsunami.

Mayores desafios surgen al estudiar depédsitos de tsunami desde secuencias de
sedimentos costeros. Durante las ultimas décadas, estudios paleosismoldgicos han
utilizado depdsitos de tsunami preservados en marismas, humedales y otros
ambientes costeros para reconstruir la historia de tsunamis pasados (e.g., Cisternas
et al.,, 2005; Jankwaew et al., 2008; Costa y Andrade, 2020). Sin embargo, la
identificacion y correcta interpretacion de los depdsitos en el registro geoldgico puede
ser desafiante. Los depdsitos arenosos dejados por tsunamis pueden ser
sorprendentemente similares a aquellos originados por otros eventos de alta energia,
tales como tormentas e inundaciones de rios (Kortekaas y Dawson, 2007; Morton et
al., 2007; Engel y Bruckner, 2011; Goff et al., 2012; Phantuwongraj y Choowong,

16



2012; Ramirez-Herrera et al., 2012; Shanmugam, 2012; Delile y Salomon, 2020;
Kongsen et al., 2022). Esto ultimo es especialmente problematico, ya que numerosos
estudios sobre depdsitos de tsunami en Chile han sido conducidos en las
inmediaciones de desembocaduras de rios andinos (Ely et al., 2014; Hong et al.,
2016; Aedo et al., 2021; Hocking et al., 2021; Easton et al., 2022; Araya et al., 2022;
2024), donde la superposicién de aportes continentales y marinos pueden generar un

mezclado registro.

Mas alla del analisis de los depdsitos de tsunami, el registro geoldgico costero
constituye una fuente de informacion esencial para la reconstruccion de cambios
verticales asociados a ciclos de terremotos (e.g., Shennan et al., 2014; Dura et al.,
2015). Estos cambios, expresados como alzamiento o subsidencia, reflejan la
dinamica del ciclo sismico en la interfaz de subduccién y pueden presentar patrones
espaciales altamente heterogéneos. Aunque los registros geodésicos modernos han
permitido medir estos desplazamientos con gran precision, su cobertura temporal se
limita a las ultimas décadas, por lo que no capturan la deformacién costera a largo

plazo.

En este sentido, los indicadores paleoecoldgicos, especialmente las diatomeas
(microalgas siliceas), se han consolidado como herramientas fundamentales para
extender las observaciones geodésicas hacia el pasado (e.g., Dura et al.,, 2016;
DePaolis et al., 2024). Gracias a su marcada sensibilidad a gradientes de salinidad y
a la posicién vertical respecto al nivel del mar, las diatomeas permiten reconstruir
desplazamientos verticales de pocos decimetros mediante la identificacion de
transiciones entre comunidades marinas, salobres y dulces en perfiles sedimentarios
(Hemphill-Haley, 1995; Atwater and Hemphill-Haley, 1997; Dura et al., 2015, 2016;
Garrett et al.,, 2015). Esta aproximacion ha demostrado ser eficaz en distintos
margenes de subduccion (Shennan et al.,, 1999; Sawai et al., 2004; Hamilton and
Shennan, 2005b; Dura et al., 2015), donde los cambios en las asociaciones de

diatomeas han permitido cuantificar la magnitud y sentido de la deformacion.
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De esta forma, la integraciéon de registros sedimentarios, indicadores paleoecoldgicos
y observaciones geodésicas contemporaneas amplia la ventana temporal y espacial
de observacion de la deformacion costera, proporcionando una base solida para
interpretar la evolucion del relieve y su relacion con el ciclo sismico. Los resultados
de esta tesis se inscriben dentro de este marco conceptual, buscando no solo
mejorar el estudio de los depdsitos de tsunami, sino también evaluar la magnitud,
persistencia y distribucién espacial de los cambios verticales costeros asociados a

los grandes terremotos historicos en Chile central.

1.3 Chile central

1.3.1 Generalidades

La zona centro de Chile, comprendida entre los 30° y 38°S, se caracteriza por una
compleja interaccion entre factores tectonicos, climaticos y demograficos, que

condicionan su evoluciéon geografica y su vulnerabilidad ante fenédmenos naturales.

Desde el punto de vista tectdnico, esta regidn se encuentra emplazada sobre el
margen activo de subduccién entre las placas de Nazca y Sudamericana, las cuales
convergen a una tasa de ~65 mm/afno (Angermann et al., 1999; Norabuena et al.,
1999; Jarrin et al.,, 2023). Esta dinamica ha dado origen a una intensa actividad
sismica, frecuente ocurrencia de megaterremotos y tsunamis, asi como al
levantamiento de terrazas marinas y procesos de deformacion costera. Ejemplos
recientes incluyen los terremotos tsunamigénicos del 2010 (Mw 8.8) y 2015 (Mw 8.3),
los cuales rompieron la porcion sur y norte de Chile central, respectivamente (Figura
1.3; Moreno et al., 2012; Tilmann et al., 2016). Entre ambas rupturas, un segmento
de costa localizado entre ~32° y 34°S ha permanecido sin romper en un gran
terremoto desde 1730 (Carvajal et al., 2017a; Carvajal et al., 2019), probablemente
acumulando suficiente energia para ser liberada en un futuro evento tsunamigénico
(Métois et al., 2016; Melnick et al., 2017; Sippl et al., 2021). Esta brecha sismica y de
tsunami incrementa el nivel de amenaza para zonas costeras industrializadas y

densamente pobladas tales como San Antonio, Valparaiso y Vifia del mar,
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evidenciando la necesidad urgente de considerar el riesgo de terremotos y tsunamis

en la planificacion costera.

Poblacion costera (curva)

0 500.000 1.000.000 1.500.000 2.000.000 2.500.000 3.000.000
| I | | | | |

Zona Norte

Zona Centro

Zona Sur

Zona Austral

| I | | I | I
0 10 20 30 40 50 60

DN Estudios Paleosismolégicos (barras)

Figura 1.2. Relaciéon entre la poblacién costera (N° de habitantes) y la cantidad de estudios
paleosismoldgicos realizados (N° de estudios) en cada zona de Chile. Notar que en la zona centro de
Chile, donde la mayor poblacién costera del pais reside, pocos trabajos paleosismolégicos han sido

llevados a cabo. Poblacion costera por comuna desde datos del censo del 2024 (www.ine.gob.cl).

En cuanto al clima, Chile central presenta un régimen mediterraneo semiarido,
caracterizado por un prolongado déficit hidrico durante los meses de verano y
precipitaciones moderadas concentradas entre mayo y agosto (~943 mm/afio; Toledo
y Zapater, 1989; Peel et al., 2007). Este patron climatico genera una fuerte
estacionalidad en la disponibilidad de agua, condicionando tanto los ecosistemas
como las actividades econdmicas. Las escasas precipitaciones anuales limitan el
desarrollo de ambientes sedimentarios de baja energia, tales como humedales y

marismas, los cuales son lugares propicios para generar y registrar evidencia

19


http://www.ine.gob.cl/

paleosismolégica (Ledon et al., 2023). A su vez, el escaso desarrollo de suelo
organico y bajas tasas de sedimentacion impiden la rapida proteccion del registro
sedimentario de terremotos y tsunamis una vez que ocurren, condicionando asi su

preservacion.

De acuerdo con datos del ultimo censo poblacional del 2024 (www.ine.gob.cl), Chile

central alberga la mayor poblacién costera del pais, con 2.839.953 habitantes. Esta
se ha incrementado de forma sostenida en las ultimas décadas, impulsada por la
urbanizacién, el desarrollo portuario y el turismo. Ciudades como Valparaiso, Vina
del Mar, San Antonio, Constitucién y Concepcion concentran una parte importante de
la poblaciéon regional, la infraestructura critica y las actividades productivas. Esta
expansion urbana ha generado una creciente presion sobre los sistemas litorales,
con procesos de erosion costera, ocupacidon de zonas de riesgo, pérdida de
humedales y deterioro ambiental (Moris et al., 2021; Hidalgo-Corrotea et al., 2023;
Martinez et al., 2023). A su vez, la concentracion poblacional en areas expuestas a
terremotos y tsunamis, sumada a los efectos del cambio climatico, como el ascenso
progresivo del nivel del mar, plantea desafios urgentes para la planificacion territorial

y la resiliencia de las comunidades costeras.

En conjunto, la zona costera de Chile central constituye un espacio dinamico, en el
que confluyen procesos geolégicos activos, condiciones climaticas cambiantes y una
alta densidad poblacional, lo que exige enfoques integrados de gestidén del riesgo y

ordenamiento del territorio.
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Figura 1.3. Mapas indices. (a) Configuracion tecténica de placas en el margen suroeste de
Sudamérica. Linea negra con puas indica el borde hacia el mar de la zona de subduccién entre las
placas de Nazca y Sudamericana. Flechas pareadas indican la velocidad de convergencia entre
ambas placas (Jarrin et al., 2023). (b) Recientes terremotos en Chile central. Contornos de slip (m)
para el terremoto del 2010 y 2015 desde Moreno et al., 2012 y Tilmann et al., 2016. Las dos areas que

fueron estudiadas en esta investigacion son indicadas en rojo.

21



1.3.2 Areas de estudio

Para efectos de esta investigacion se ha trabajado en dos areas de estudio en Chile
central (Figura 1.3). La primera corresponde a la costa norte de la region del Maule,
entre las localidades de Lipimavida y La Pesca, incluyendo la desembocadura del
Rio Mataquito. Esta area, localizada en frente de la zona donde ocurrié el maximo
slip del terremoto del 2010 (Moreno et al., 2012; Saldana et al., 2025a), resulta clave
para evaluar el area de inundacion del tsunami resultante, asi como para identificar
evidencias sedimentarias de tsunamis previos basados en este analogo moderno.
Esta investigacion doctoral demostrara que el estudio de depdsitos de tsunami en el
area es complejo, debido principalmente a procesos erosivos, tanto naturales como

antropicos, y multiples fuentes de sedimentos que dificultan las interpretaciones.

La segunda area de estudio se localiza aproximadamente 250 km al norte, en la
densamente industrializada Bahia de Quintero (Figura 1.3), la cual se encuentra justo
entre las rupturas de los recientes grandes terremotos de 2010 (Mw 8.8) y 2015 (Mw
8.3). Adyacente al Estero Puchuncavi se ubica el terreno bajo de Campiche,
comunmente conocido como el humedal de Campiche. Este sitio constituye un area
de especial interés debido a su potencial para preservar un completo registro

estratigrafico de cambios en el nivel del terreno.

1.4 Preguntas de investigacion, hipotesis y objetivos principales

Del anterior planteamiento y marco conceptual surgen las siguientes preguntas de

investigacion que guian esta tesis:

PIM1. ,EI estudio de depdsitos de tsunami puede ser asistido por técnicas de

percepcion remota?

Pl2. ;Las desembocaduras de rios andinos son utiles registradores de tsunamis

pasados?
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P13. ; Como ha variado la deformacion vertical de la costa de Chile central durante el

ultimo siglo?

Pl4. ; Qué factores limitan nuestro conocimiento paleosismolégico en Chile central?

¢ Estos corresponden a factores naturales o metodolégicos?

La siguiente hipétesis de trabajo ha sido propuesta:

La combinacién de factores tectdnicos, climaticos y antrépicos condiciona la
generacion, preservacion e interpretacion del registro geolégico de terremotos y
tsunamis en Chile central. Sin embargo, aproximaciones multidisciplinarias que
integren diferentes metodologias y enfoques podrian reducir estas limitaciones y
contribuir a una mejor comprension del ciclo sismico y tsunamigénico de la region.

De lo anterior se proponen los siguientes objetivos:

Objetivos generales:

OG1. Comprender los efectos del ciclo sismico en la costa de Chile central y evaluar

los factores que limitan el estudio del registro paleosismoldgico en la region.

0G2. Validar novedosos enfoques multidisciplinarios que puedan asistir en el estudio

de depésitos de tsunami y deformacion costera.

Objetivos especificos:

OE1. Determinar la distribucion espacial del depdsito de tsunami del 2010 mediante

la aplicacion y validacién de un mapeo satelital automatizado.

OE2. Analizar las complejidades involucradas en la interpretacion del registro

geoldgico de tsunamis preservado en sitios altamente dinamicos.
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OE3. Reconstruir la deformacion vertical costera durante el ultimo siglo en Chile

central y comprender su implicancia en el registro paleosismoldgico.

1.5 Estructura de la tesis

Esta tesis ha sido desarrollada en 6 capitulos, en los cuales se presentan los
principales hallazgos e implicancias paleosismologicas para la costa de Chile central.
En el Capitulo 1 se introduce el problema de investigacion, se presentan las areas de
estudio en un contexto general, se plantea la hipétesis de trabajo junto con los
objetivos principales y se describen brevemente las principales metodologias vy
aproximaciones utilizadas. En los Capitulos 2 al 4 se presentan los tres articulos
cientificos derivados de la investigacion, en los cuales el autor de esta tesis es el
autor principal. Estos articulos muestran distintos estados de avance (publicado y en
preparacion); los articulos de los Capitulos 2 y 4 fueron sometidos a revistas

internacionales de alto impacto e indexadas en Web of Science (WoS).

El articulo del Capitulo 2, recientemente publicado en Earth Surface Processes and
Landforms, presenta una novedosa técnica capaz de mapear depdsitos de tsunami
integrando percepcion remota y machine learning. Esta técnica fue probada en una
franja costera de la Region del Maule, una década después del tsunami del 2010,
alcanzando altas precisiones y logrando optimizar el tiempo que requieren mapeos
tradicionales de campo. El articulo del Capitulo 3 se encuentra en un estado
avanzado de preparacion. Este articulo describe las complejidades de estudiar
depdsitos de tsunami en las desembocaduras de rios andinos, ya que inundaciones
fluviales pueden dejar un registro sedimentario similar al originado por tsunamis.
Tales complejidades pueden conducir a una malinterpretacion de la evidencia
estratigrafica y, por tanto, de la amenaza. El articulo del Capitulo 4, que aborda los
cambios del nivel de la costa de Chile central asociados a terremotos y periodos
intersismicos, ha sido recientemente publicado en Quaternary Science Advances. En
este articulo se presenta una reconstrucciéon de la deformacion vertical costera
durante el siglo XX, abarcando los grandes terremotos de 1906 (M>8) y 1985 (M8) y

el periodo intersismico. Para los articulos de los Capitulos 2 y 4 se ha preferido
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mantener en esta tesis su idioma original (inglés), mientras que el Capitulo 3, al
encontrarse aun en estado de preparacion, se ha incluido en idioma espanol, asi

como también el resto del escrito.

En el Capitulo 5 se discuten conjuntamente los resultados de estos tres articulos y se
evaluan sus principales implicancias para Chile central. Finalmente, en el Capitulo 6

se mencionan las conclusiones mas relevantes de la investigacion.

1.6 Metodologia

La presente investigacion combina diversas metodologias de analisis espacial,
sedimentologico y paleoambiental con el fin de comprender los procesos de
deformacion vertical y sedimentacion asociados a eventos recientes y pasados en la
costa de Chile central. El enfoque adoptado integra herramientas de teledeteccion,
trabajo de campo y analisis de laboratorio, permitiendo abordar la dinamica costera

desde una perspectiva amplia y multidisciplinaria.

En primer lugar, se aplicaron técnicas de procesamiento y clasificacion de imagenes
satelitales de alta resolucion para mapear la distribucion espacial del depdsito de
tsunami del 2010 y cuantificar su extensién tierra adentro. Estos resultados fueron
contrastados con observaciones de campo y datos topograficos obtenidos mediante
modelos digitales del terreno, lo que permitié evaluar con mayor precision el control

ejercido por la morfologia costera sobre la inundacion (ver seccion 1.6.1 a 1.6.3).

Posteriormente, se llevaron a cabo campafias de terreno en la desembocadura del
Rio Mataquito, orientadas al estudio de depdsitos de arena originados por tsunamis e
inundaciones fluviales. Las observaciones de campo se complementaron con analisis
granulométricos, mineralogicos y de susceptibilidad magnética, buscando identificar
criterios claves que pudieran asistir en la diferenciacion de ambos tipos de depdsitos

(ver seccion 1.6.4 a 1.6.6).
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Asimismo, se incorpor6 el estudio de microfdsiles, principalmente diatomeas, junto
con el analisis de semillas y materia organica, con el propdsito de reconstruir los
cambios relativos del nivel del mar y los ambientes de depositacion durante el ultimo
siglo en el humedal de Campiche. Estos resultados fueron reforzados mediante datos
cronoldgicos, cartograficos, mareograficos y geodésicos, lo que permitié integrar
lineas de evidencia independientes para la interpretacion de los procesos costeros

(ver seccion 1.6.7 a 1.6.12).

En conjunto, las metodologias descritas a continuacion reflejan un enfoque
sistematico y complementario, en el que cada etapa aporta una pieza esencial para
reconstruir la evolucién ambiental y tectonica de la costa de Chile central. Detalles
especificos de cada procedimiento se presentan en los capitulos correspondientes.
Un resumen grafico de los diferentes pasos metodoldgicos conducidos en esta
investigacion y su relacion con cada objetivo especifico (OE) es proporcionado en la

Figura 1.4.

1.6.1 Analisis de imagenes satelitales y modelo de clasificacion

Para el mapeo satelital del depdsito de tsunami del 2010 (Capitulo 2) se emplearon
imagenes multiespectrales de alta resolucion obtenidas desde los satélites QuickBird
(afos 2004 y 2005) y WorldView-2 (afios 2010 y 2021). Estas imagenes fueron
ortorrectificadas, corregidas atmosféricamente y mejoradas mediante pansharpening
para alcanzar una resolucién espacial de 0.5 metros. Para detectar areas cubiertas
por la arena del tsunami se diseAd un modelo de clasificacion supervisada utilizando
el algoritmo Random Forest (Breiman, 2001), el cual fue ajustado con 500 arboles de
decision y cuatro variables predictoras (bandas azul, verde, rojo e infrarrojo cercano).
Para cada localidad estudiada (Lipimavida, Duao e lloca) 900 puntos fueron
seleccionados, de los cuales un 80% fue utilizado para entrenar el modelo y el 20%
restante fue separado al azar para realizar una rutina de validacion independiente.
Mapas con 9 clases resultantes fueron obtenidos tanto para las imagenes satelitales
pre y post-tsunami. Estas clases fueron luego combinadas para una mejor

visualizacion del depdsito de tsunami. Finalmente, cambios de cobertura del terreno
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entre los mapas pre y post-tsunami fueron conducidos mediante un algoritmo de

deteccion de cambios.

1.6.2 Distribucion espacial del depésito de tsunami del 2010

Para cuantificar la extension del depdsito de tsunami del 2010 y evaluar su
variabilidad espacial, se utilizaron 162 transectas perpendiculares a la linea de costa
y espaciadas cada 100 m. La extensién maxima tierra adentro del depésito fue
medida sobre cada transecta y comparada con la inundacion real del tsunami
determinada por levantamientos previos (Fernandez et al., 2010; Fernandez y
Venegas, 2010). Mediante un Modelo Digital de Terreno (DTM) generado a partir de
datos LiDAR fue posible obtener mediciones de runups y evaluar el control de la

topografia sobre la inundacion.

1.6.3 Evaluacion del mapeo satelital

Los resultados del mapeo satelital del depdsito de tsunami del 2010 fueron
contrastados con datos de campo recolectados entre el 2010 y 2023. En total, 97
entrevistas a testigos sobrevivientes y 73 excavaciones fueron realizadas para
recopilar informacién sobre la extension del depdsito de tsunami del 2010. Esta
informacion de campo fue cruzada con las predicciones del modelo de clasificacion

para evaluar su precision.

1.6.4 Trabajo de campo en la desembocadura del Rio Mataquito

El trabajo de campo en la desembocadura del Rio Mataquito (Capitulo 3) consistio en
dos campanas: una previa (7 de mayo) y otra posterior (14 de julio) al catastréfico
evento hidrometeoroldgico ocurrido en junio de 2023. Inicialmente, el objetivo fue el
estudio del depdsito de tsunami del 2010 y el de sus posibles predecesores. Sin
embargo, tras la gran inundacion fluvial del 2023, el foco se reorientd hacia el analisis
del nuevo depdsito de arena generado por este evento. Se estudidé su distribucidon
superficial, se excavaron cuatro fosas a lo largo de un perfil transversal a la marisma
para registrar su espesor y se recolectaron ocho muestras discretas de sedimento
para analisis posteriores. La elevacion del perfil fue referida al nivel medio del mar

mediante un dGPS y un punto de referencia local.
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Figura 1.4. Mapa conceptual resumiendo los principales pasos metodolégicos conducidos por cada
publicacién cientifica. Notar como estos se relacionan con cada objetivo especifico (OE) y capitulo de

esta tesis.

1.6.5 Granulometria y analisis mineralégico

Para caracterizar el depdsito fluvial del 2023 en la desembocadura del Rio Mataquito,
se realiz6 un analisis granulométrico y mineraldgico detallado, cuyos resultados
fueron comparados con los del depdsito de tsunami de 2010. Cada muestra fue
secada y separada mecanicamente mediante una tamizadora, con tamanos de
particula entre -1 y 4 ¢ a intervalos de 0.5 ¢. Parametros estadisticos fueron
estimados mediante el software GRADISTAT v. 9.1 (Blott y Pye, 2001).
Descripciones mineralégicas de cada muestra fueron hechas bajo un microscopio
estereoscopio binocular, expresando como porcentajes la abundancia relativa de

cada mineral.
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1.6.6 Susceptibilidad magnética

La susceptibilidad magnética de las muestras fue medida utilizando un sensor
Bartington MS2E. Cada muestra fue analizada al menos tres veces y los valores
promedios fueron reportados. Para asegurar la consistencia de los datos, todas las
mediciones se realizaron bajo condiciones controladas de laboratorio: mismo
volumen de sedimento y misma hora del dia, minimizando asi posibles alteraciones

por variaciones térmicas ambientales.

1.6.7 Trabajo de campo en Campiche

La estratigrafia de Campiche (Capitulo 4) fue estudiada a través de 30 testigos
manuales y 7 secciones con vibracorer recuperados entre octubre del 2023 y
diciembre del 2024. Las elevaciones de cada testigo y seccion fueron referenciadas
al nivel medio del mar usando un dGPS y un datum mareal del Servicio Hidrografico
y Oceanografico de la Armada de Chile (SHOA). El analisis se enfocdé en la
estratigrafia superficial, incluyendo un contacto litolégico abrupto de turba sobre
fango inorganico. Descripciones de campo fueron complementadas con analisis de

laboratorio.

1.6.8 Analisis de diatomeas

La reconstruccion de los cambios relativos del nivel del mar (RSL) se basé en el
andlisis de diatomeas fosiles preservadas en los sedimentos de Campiche.
Siguiendo a Dura y Hemphill-Haley (2020), dos testigos y cuatro secciones de
sedimento fueron muestreados a intervalos verticales de 2 a 3 cm. Para cada
muestra se contaron mas de 300 valvas de diatomeas, las cuales fueron identificadas
al nivel de especie bajo un microscopio con magnificacion de 1000x. Las especies
fueron clasificadas segun su preferencia a la salinidad (dulces, salobres y marinas) y
su forma de vida (bentdnicas, epifiticas y planctonicas). Cambios en el RSL fueron
inferidos cualitativamente a partir de una razon entre diatomeas salobres mas
marinas versus dulces. Se optd por esta aproximacion debido a la ausencia de
analogos modernos en Chile central para realizar reconstrucciones cuantitativas

mediante funciones de transferencia.
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Para identificar agrupaciones significativas de especies de diatomeas en la columna
estratigrafica se aplicd un analisis de conglomerados CONISS (Grimm, 1986), que
permite agrupar muestras adyacentes con asociaciones ecoldgicas similares. Este
analisis se realizd considerando solo especies con mas del 5% de abundancia
relativa en al menos una muestra. Esto para evitar el sesgo de taxones poco
representativos. La aplicacibn de esta herramienta permitié identificar

estadisticamente cambios en los ensambles de diatomeas.

1.6.9 Estimacién de materia organica y analisis de semillas

El contenido de materia organica se determind mediante el método de pérdida por
ignicion, incinerando cada muestra a 550 °C segun la técnica de Dean (1974).
Paralelamente, se realizé un reconocimiento y conteo de semillas de Schoenoplectus
californicus, especie de planta emergente indicadora de ambientes tolerantes a la
sal. Para ello, se tamizaron 10 cm® de sedimento por muestra, y se contaron todas
las semillas bajo un microscopio estereoscépico binocular. Este analisis permitio

complementar las inferencias ecoldgicas realizadas a partir de las diatomeas.

1.6.10 Cronologia basada en *°Pb y polen de pino introducido

La cronologia para los sedimentos de Campiche se obtuvo mediante un modelo de
edad basado en ?'°Pb previamente reportado por Gayo et al. (2022) en el humedal.
Adicionalmente, polen de pino fue utilizado como un marcador cronoestratigrafico ya
que los pinos fueron introducidos en Chile a finales del siglo XIX y comienzos del
siglo XX. La primera apariciéon de polen de pino en profundidad permite estimar una
edad de depositacion en torno a la década de 1900. Adicionalmente, un aumento
marcado en niveles mas superficiales permite estimar su edad hacia la década de
1970, correspondiendo con la expansion de las plantaciones de pinos debido a los
incentivos estatales. Los granos de polen fueron extraidos siguiendo los

procedimientos de Faegri y Iversen (1989).

1.6.11 Mapas histéricos

Con el objetivo de apoyar las interpretaciones ecoldgicas procedentes del analisis de

diatomeas y semillas, se analizaron siete mapas hidrograficos de la Bahia de

30



Quintero entre 1803 y 1930, asi como una fotografia aérea de 1954. Esta informacion
cartografica fue complementada con reportes de naturalistas contemporaneos
(Pissis, 1854; Vicuia Mackenna, 1874; Pomar, 1876; Vidal Gormaz, 1880).

1.6.12 Datos mareograficos y geodésicos

Para evaluar los cambios verticales de la costa durante el ultimo siglo, se analizé la
serie del maredgrafo de Valparaiso (1944 a 2025; SHOA). Se identificaron
tendencias lineales en el nivel relativo del mar, las que se compararon con la seial
inferida desde los ensamblajes diatomeas. Ademas, se incorporaron datos de
estaciones GNSS continuas y un GPS de campafa para estimar la tasa de
subsidencia actual. Estos datos mareograficos y geodésicos proporcionaron apoyo a

las interpretaciones derivadas del analisis del registro estratigrafico.
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Capitulo 2. Mapping tsunami deposits through a

classification model based on satellite images

Saldana, B., Cisternas, M., Chavez, R.O., Aedo, D., Guerra, M. & Carrefo, A.
(2025a). Mapping tsunami deposits through a classification model based on satellite
images. Earth Surface Processes and Landforms, 50(1), €6055. Available from:
https://doi.org/10.1002/esp.6055

Abstract

Assessing tsunami risk requires knowledge of the potential inundation area, which
can be inferred from the spatial distribution of tsunami deposits. However, field
surveys of tsunami deposits are time-consuming and occasionally pose challenges,
such as disturbance of sedimentary evidence by human and natural causes. Here, we
propose a novel technique capable of mapping tsunami deposits using remote
sensing, which was tested along a coastal stretch of central Chile following the
tsunami of 27 February 2010. We trained a classification model using high-resolution
satellite images from before (September 2004 and January 2005) and after (April
2010) the 2010 tsunami to map the sand deposit, yielding an overall accuracy of
about 86%. Our satellite mapping of the deposit was validated with field observations
in pits and eyewitness interviews conducted about a decade after the tsunami. The
field data matched the model predictions by 88%. Likewise, our satellite mapping was
also contrasted with the inundation area reported by previous post-tsunami surveys.
The spatial distribution of the tsunami sand deposit inferred from our model
reproduces a minimum inundation area, which was almost as extensive as the actual
inundation area. Sand inundation ranged from 50 to 600 m inland, matching about
90% of water inundation. Both sand and water inundation were controlled by the land
slope. Application of our technique to a satellite image from 11 years after the
tsunami (May 2021) shows that the detection ability of the sand deposit was lost by
about 86%, which is attributed to human intervention and masking by new soil

development. Our results suggest that extensive tsunami deposits can be accurately
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mapped by a supervised classification model in a lesser time than that employed in

field surveys.

Keywords
2010 Chile tsunami, automated mapping, eyewitness interviews, sand deposit,

satellite images, stratigraphic observations

2.1 Introduction

Tsunamis are a recurrent threat to coastal communities. Therefore, estimates of
inundation area and recurrence of these events are of utmost relevance for risk
assessment (e.g., Jaffe and Gelfenbaum, 2002; Satake, 2014). Reconstructions of
inundation area and associated recurrence intervals can be made using sedimentary
evidence (e.g., Cisternas et al., 2005; Matos-Llavona et al., 2022; Pinegina et al.,
2018). For example, Pinegina et al. (2018) quantified the inundation and recurrence
intervals of 33 tsunamis recorded over the past ~4200 years in Avachinsky Bay using

tsunami deposits and correlation of dated tephra layers.

Tsunami deposits, from either recent or ancient tsunamis, provide critical information
about the inherent characteristics of the tsunami itself, such as flow conditions,
number of waves and source (e.g., Spiske, 2020). Particularly, the spatial distribution
of a tsunami deposit is key to delineating the actual extent of inundation (e.g., Abe et
al., 2020; Maclnnes et al., 2010). Recent studies of modern tsunamis have shown
that the area covered by their sediments usually closely corresponds with the tsunami
inundation, being a reliable proxy for estimating the minimum inundation area
(Gelfenbaum and Jaffe, 2003; Jaffe et al., 2003, 2006; Maclnnes et al., 2009a;
Maclnnes et al., 2010; Moore et al., 2006, 2011; Srinivasalu et al., 2007; Szczucinski
et al.,, 2012). At least, two aspects should be considered for mapping tsunami
deposits to determine inundation area. First, continuous sampling instead of discrete
profilebased sampling can ensure that the full variability of the deposit is captured;
this approach, however, is highly time-consuming and, in practice, is not possible with

traditional field methods. Second, for modern tsunamis, the survey has to be done
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soon after the event occurrence, to minimize destruction or masking of the deposit by
human or natural causes (Bahlburg and Spiske, 2015; Nichol and Kench, 2008;
Spiske et al.,, 2020; Szczucinski, 2012; Szczucinski et al., 2006). These
considerations highlight the challenges involved in field surveys, and therefore

alternative approaches could be explored.

Remote sensing emerges as a valuable tool for rapid and reliable assessment of
large areas affected by tsunamis. Satellite data proved to be an effective complement
to field surveys providing critical information from areas that were severely damaged
by the 2004 Indian Ocean tsunami (e.g., Borrero, 2005; McAdoo et al., 2007;
Ramakrishnan et al., 2005). Consequently, inundation areas, infrastructure damage
and coastal changes have been successfully identified using satellite images in
subsequent studies (e.g., Ramirez-Herrera and Navarrete-Pacheco, 2013; Richmond
et al.,, 2012; Tappin et al., 2012). Ramirez-Herrera and Navarrete-Pacheco (2013)
assessed the inundation area of the 2011 Tohoku-oki tsunami in some locations of
Japan using markers from high-resolution satellite images, such as moistened soils,
dead vegetation, scattered debris and deposited sediments. However, occasionally,
such visual inspections can lead to subjective interpretations depending on the
observer. Instead, automated approaches could be used to minimize bias in the
results as much as possible. Although novel automated mapping techniques have
been implemented to identify the extent of inundation, assess damage to buildings
and monitor shoreline changes (e.g., Ishihara and Tadono, 2017; Koshimura et al.,
2020; Minghelli et al., 2020; Sublime and Kalinicheva, 2019), these have not been yet

used to specifically detect tsunami deposits.

In this study, using a supervised classification model based on high-resolution
satellite images, we present an automated technique capable of mapping extensive
tsunami deposits in a short time. We tested the accuracy of our technique by mapping
the 2010 tsunami sand deposit on a 15-km stretch of coastline with run-ups typically
ranging from 4 to 8 m and inundation distances from 50 to 600 m. We show that the

sand deposit inferred from our model closely reproduces the actual tsunami
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inundation area measured by previous surveys (Fernandez et al., 2010; Fernandez
and Venegas, 2010). We propose that this mapping technique has the potential to

assist or eventually replace field surveys where they cannot be carried out.

2.2 Background

2.2.1 The 2010 earthquake and tsunami

On 27 February 2010, a Mw 8.8 earthquake hit central Chile, the country’s most
populated region (Madariaga et al., 2010). This massive earthquake, more commonly
known as the Maule earthquake, was triggered in the subduction interface between
the Nazca and South American plates (Figure 2.1a,b) and ruptured an area
previously identified as a mature seismic gap (Campos et al., 2002; Melnick et al.,
2012b; Ruegg et al., 2009). The rupture, ~500 km long with an average slip of 6-8 m,
extended from San Antonio in the north to Arauco Peninsula in the south (Figure
2.1b; Farias et al., 2010; Moreno et al., 2012). Peak slip of 12—20 m focused offshore
in the northern third of the rupture, facing the coast including the study area between
Lipimavida and lloca (see a collection of 19 slip distribution models in Cienfuegos et
al., 2018). Vertical coseismic deformation resulted in evident land level changes along
the coast, ranging from -0.5 to +2.5 m (Farias et al., 2010; Kelson et al., 2012;
Melnick et al., 2012a; Vargas et al., 2011; Vigny et al., 2011).

Concurrent coseismic displacement of the seafloor generated a destructive tsunami
along 800 km of the central Chile coast (Fritz et al., 2011). Post-tsunami surveys
reported run-ups typically ranging between 5 and 10 m and localized maximum run-
ups of ~30 m at Constitucién and 20 m at Tirua (Figure 2.1b; Fritz et al., 2011).
Extensive sand sheets were deposited by the tsunami on many low-lying coastal
localities as reported by Bahlburg and Spiske, 2012; Chagué-Goff et al., 2015; Ely et
al., 2014; Garrett et al., 2013; Horton et al., 2011; Lario et al., 2016; Morton et al.,
2011.
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Figure 2.1. Index maps. (a) Plate-tectonic setting of Chile in southwestern South America. Black
barbed line marks the seaward edge of the subduction zone between the Nazca and South American
plates. Paired arrows indicate the rate of convergence between both plates. (b) Slip distribution of the
2010 rupture area, averaged from a collection of 19 slip distribution models compiled by Cienfuegos et
al. (2018). (c) Shaded relief map of the Lipimavida-lloca coast from LiDAR data showing the three
studied segments and the localities they represent in parenthesis. Red line denotes the landward limit
of the 2010 tsunami by Fernandez et al. (2010) and Fernandez and Venegas (2010).
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2.2.2 Study area

We studied the 2010 tsunami deposit on a 15-km-long and about 500-m-wide coastal
stretch in the northern third of the 2010 earthquake rupture, part of the area facing the
largest coseismic slip (Figure 2.1b,c). The stretch extends from Lipimavida to lloca
(hereinafter the Lipimavida-lloca coast or simply LIC) and is located 50 km north of
Constitucion (Figure 2.1b), a large city of 40 000 inhabitants, and where the maximum

2010 tsunami run-up, of ~30 m, was reported (Fritz et al., 2011).

The LIC is a ~500-m-wide gently westward sloping plain composed of Holocene dark
sands that extends to the toe of an inactive sea cliff (Figure S6). This cliff, exposing
Pleistocene marine sedimentary rocks, is an uplifted marine terrace about 30 m high
(Acufia, 2012; Fernandez and Venegas, 2010). The plain is dissected by short,
seasonal east—west streams that drain minor catchments incised into the top of the
uplifted platform. During the rainy season (June to November), these streams
transport fine-grained and light-coloured sediments to the coast. In the dry season
(December to May), when the outlets are closed because of low water flow and sand
accumulation at their mouths, small coastal lagoons are temporally established. An
active, discontinuous dune about 5 m high, composed of fine dark sand, runs parallel
to the shoreline. Two large rivers, Mataquito and Maule, located 2 and 50 km south of
the study area, respectively, are sourced in the Andes and supply most of the sand
composing the plain (Figure 2.1b; Saldias, 2011). The sand has an evident dark
colour due to its high content of heavy minerals, up to 35% of magnetite, among other

volcanic minerals (Figure S8).

On the LIC, damage from the 2010 tsunami surpassed that from earthquake shaking
(Contreras and Winckler, 2013). Although most of the houses withstood the shaking,
over 75% of the buildings were flooded by the tsunami, washing out hundreds of
houses (Fernandez and Venegas, 2010). Eyewitnesses reported three main waves,
which reached up to 8 m high (Fernandez and Venegas, 2010). At Duao and lloca,
tsunami run-up ranged between 5 and 8 m, and inundation distances attained 300 m
inland (Fritz et al., 2011; Lario et al., 2016). To the north of the area, at Lipimavida,
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both the run-up and inundation distance were smaller, reaching 4 and 200 m,
respectively (Fritz et al., 2011; Lario et al., 2016). Longer inundation distances, of at
least 1 km, were locally observed in the channels of the main creeks (Lario et al.,
2016). Severe geomorphological effects, observed along the LIC and a few
kilometres further south, were produced by both the tsunami and coseismic
subsidence, including strong coastal retreat, local lowering of the coastal dune and
full erosion of the Mataquito River’s bar at its mouth (Araya-Cornejo and Carvajal,
2016; Catalan et al., 2014; Villagran et al., 2013). Signs of strong localized tsunami
erosion, such as scours and channels were also reported (Morton et al., 2011). A
distinguishable tsunami deposit up to 12 cm thick and extending more than 200 m
inland was observed in low-lying areas around Lipimavida, Duao and lloca (Fritz et
al., 2011; Lario et al., 2016).

2.3 Material and methods

2.3.1 Satellite mapping

To map the sand deposit left by the 27 February 2010 tsunami and its subsequent
loss of satellite detection along the Lipimavida-lloca coast (LIC), we used high-spatial-
resolution satellite images from before (24 September 2004, 10 January 2005) and
after (14 April 2010, 26 May 2021) the tsunami (Table 2.1). They allowed us to
produce land use and land cover (LULC) maps at sub-metre resolution and to
evaluate the changes generated. The process consisted of four steps, outlined as

follows.

a) Sub-metric images processing

Two images from about 5 years before and one image from 6 weeks after the 2010
tsunami were used to map tsunami deposits along a 15-km-long segment of the
Chilean coast (Table 2.1). Two multispectral QuickBird images from 24 September
2004 and 10 January 2005 capture pre-tsunami features. One WorldView-2 image
from 14 April 2010 shows the resulting effects. These images, albeit 5 years apart,
were chosen for being the closest in time to the event, cloud-free and having visible

and near-infrared spectral bands. Such a time gap of 5 years is likely not significant
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since the study area did not undergo major changes between late 2004 and early
2010, as seen in lower resolution open source satellite images. One additional
WorldView-2 image from 26 May 2021 shows the current setting of the LIC and was
used to map the loss of satellite detection of the tsunami deposit in the decade
following the 2010 tsunami (Table 2.1). Images were georeferenced, orthorectified
and atmospherically corrected. We then combined the multispectral bands of each
image with its respective panchromatic band using a pansharpening technique and
then resampled all the resulting images to 0.5 m using the nearest neighbour method
(Parker et al., 1983). The resulting 0.5 m 4-band multispectral images were divided
into three segments according to the areas of the LIC they cover: North, Central and
South segments. Each segment corresponds, respectively, to each locality studied:

Lipimavida, Duao and lloca (Figure 2.1c; Table 2.1).

Table 2.1. Used satellite images and estimated uncertainties. Segments of the LIC covered by each

image are also indicated.

Source of Date (UTC Segments Tide Spatial Geoaccuracy Tidal RMSE
image time) covered (m) resolution (m) correction (m)
(m) (m)

LR 24 September  Central and  _ Pan: 0.6
QuickBird 2004 (15:01) South 0.076 MS: 2.4 1.17 1.24 1.81

. . 10 January Pan: 0.6
QuickBird 2005 (15:08) North 0.233 MS: 2.4 1.22 3.81 4.05

.5 14 April 2010 North, Central Pan: 0.5
WorldView-2 (14:57) and South 0.629 MS: 2 0.88 10.28 10.33

—— 26 May 2021  North, Central Pan: 0.5
WorldView-2 (15:10) and South 0.815 MS: 2 1.02 13.33 13.37

Abbreviations: MS, Multispectral; Pan, Panchromatic; RMSE, Root-Mean-Square error.
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b) Classification model

A supervised classification was used to produce LULC maps. The Random Forests
classifier (Breiman, 2001) was selected because of its higher accuracy compared to
other classifiers (Belgiu and Dragut, 2016). We implemented the classification model
using the ‘randomForest’ R package by setting 500 decision trees and four predictor
variables (Blue-Green-Red-NIR spectral bands). For each specific segment along the
studied coast (North, Central and South segments), 900 calibration/validation points
were selected, 720 of which (80%) were used as training sites, and the rest (20%)

were randomly separated to perform an independent accuracy validation.

Images were classified into nine classes, including water, foam, wet sand, dry sand,
urban, bare soil, crop, shadow and forest (Figure 2.2b,e). Local bedrock outcrops
were classified as wet sand due to their spectral similarities. Because they have a
small spatial extent, either on the beach or partially submerged, they were not
significant to be classified as another class. The accuracy of the classification was
evaluated using confusion matrices, leading to the overall accuracy, Kappa
coefficients and producer’s and user’s accuracies. For a better visualization of the
tsunami deposit, the resulting LULC map classes were combined in a post-
classification process (Figure 2.2c,f). Water and foam were merged into one class
called ‘sea’. Wet sand and dry sand were grouped into ‘sand’. The remaining classes
were included into a larger class named ‘soil’. Finally, the outlier ‘'sand’ pixels located
higher than 15 m high and on the ‘sea’ were manually removed as they showed a

scattered distribution inconsistent with the tsunami deposit and beach sand.

c) Spatial distribution of the tsunami deposit

Land cover changes between pre- (2004 and 2005) and post- (April 2010) tsunami
maps were identified using a change detection algorithm in QGIS software (Asokan
and Anitha, 2019; Lu et al., 2004). For the map of detected changes (Figure 2.3), we
added to the tsunami deposit the pre-existing surface sand of the beach and the dune
in addition to the sand redistributed by the tsunami. This shows the deposit as a
continuous sand sheet allowing for better measurements. A Digital Terrain Model
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(DTM), from LIiDAR data at a horizontal resolution of 1 m and vertical accuracy of 10
cm, was used for all measurements. The landward extent of the tsunami deposit
(termed here as ‘sand inundation’) was obtained through 162 shore-normal transects

spaced 100 m apart (Tables 2.2 and S4). The shoreline on each image was digitized
using methods described in Monecke et al. (2015) and Aedo et al. (2023) and
applying a tidal correction using the TPXO8-atlas global tidal model (Egbert and
Erofeeva, 2002). For this, a beach slope of m = 0.06 (slope of about 3.5°) was
estimated from the DTM and field measurements. Land slope values were obtained
for each transect as an average from shoreline to the 10 m amsl curve. Following
Monecke et al. (2015) and Aedo et al. (2023), an error analysis for our measurements
along each transect is provided in Table 2.1. The estimated error (root-mean-square
error, RMSE) is a function of the spatial resolution of the images, geoaccuracy and
tidal correction. Since our measurements were made from the shoreline on the post-
tsunami image of April 2010, the resulting error is less than 10.33 m. Horizontal
change in the shoreline position was not considered in this study and is therefore not

shown in Figure 2.3 as a result of the change detection algorithm.

d) Loss of satellite detection of the tsunami deposit

Like the previous step, land cover changes between 6 weeks (April 2010) and 11
years (May 2021) post-tsunami maps were identified using a change detection
algorithm in QGIS software (Figure 2.6). We determined the satellite detection
percentage of the deposit that was lost by the classification model about a decade
after the tsunami by quantifying the sand pixels that were removed for each segment.
For this, only the missing sand that was further inland was considered, since the
beach and dune sand did not show significant changes, except for the evident retreat

of the coast.
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Figure 2.2. Pre- and post-tsunami satellite images and the resulting land use and land cover (LULC)
maps from the classification model for the North segment (see Figure 2.1). (a) A true-colour
composition of the pre-tsunami satellite image. (b) LULC map obtained from the supervised
classification model applied to (a). Ac and Ka indicate the overall accuracy and Kappa coefficient
resulting from the classification model, respectively. Confusion matrices and specific accuracies for
sand classes are shown in the Supporting Information (Anexo 1). (c) LULC map with classes shown in
(b) combined and outlier pixels removed. (d—f) As in (a—c) for the post-tsunami image. See Supporting

Information for Central and South segments (Anexo 1).
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2.3.2 Ground truth validation

To validate our satellite mapping, we obtained data provided by direct observation of
the stratigraphy and eyewitnesses reports, which began to be collected in mid-2010,
a few months after the tsunami, and were completed in subsequent years. Brief post-
tsunami surveys were made in August 2010 and July 2015. One decade after,
between 2021 and 2023, we made a systematic survey collecting the bulk of the data

shown here.

a) Stratigraphy and eyewitness reports

The satellite mapping of the 2010 tsunami sand deposit was compared with ground
truth observations from the stratigraphy in 73 pits (of which 63 are at one locality)
(Figure 2.3; Table S2) and from 97 interviews with survivors of the 2010 tsunami
(Figure 2.3; Table S1), totaling 170 studied sites. In the pits, we looked for evidence
of the 2010 tsunami inundation as a preserved sand sheet (Figure 2.4). Pit locations
were selected to sample only areas that had not been disturbed by sand removal,
ploughing or other human activity. From the interviews, we collected information
about the tsunami sand deposit and about water inundation. We considered only the
data that fulfilled our criteria of reliability (see Supporting Information in Anexo 1).
Both approaches were guided by a pre-2010 tsunami stratigraphic and interviewing
reconnaissance made by one of us (MC) in March 2009. This previous work allowed
us to identify the residents and owners of the places and to know that no superficial

sand sheet existed prior to the event except in the areas covered by dunes.

The elevations corrected to mean sea level and coordinates of both pits and
interviews were obtained by a dGPS. We then checked whether these points
obtained from the field matched our model predictions by overlapping with pixels
classified as sand (Tables S1 and S2; Figure S7). To assign a sand layer seen in a pit
as deposited by the 2010 tsunami, we applied the following criteria: (i) absence in
2009 field observations, (ii) presence after the tsunami as reported by witnesses and

(iii) further sedimentary analysis, including grain size, mineralogy and magnetic
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susceptibility. Methodological details of sampling and laboratory analysis in the

Supporting Information (Anexo 1).

Finally, sand inundation, inferred from our classification model, was compared to the
observed inundation (termed here as ‘water inundation’), obtained from (i) the
inundation limits reported by eyewitness, (ii) debris lines marked in satellite images
and aerial photos and (iii) inundation delimited by a post-tsunami survey made by the
Chilean National Geology and Mining Service (Fernandez et al., 2010; Fernandez
and Venegas, 2010). The terms ‘sand inundation’ and ‘water inundation’, sensu
Maclnnes et al. (2009a) and Maclnnes et al. (2010), were preferred to simplify
comparisons between the inland extent of the tsunami deposit and the observed
(water) inundation, respectively. Run-ups shown in Tables 2.2 and S4 are derived
from inundation delineated by previous post-tsunami surveys (Fernandez et al., 2010;

Fernandez and Venegas, 2010).

2.4 Results

2.4.1 Accuracy of the classification model

Our model showed a good performance with a high overall accuracy (see Supporting
Information in Anexo 1). The Kappa coefficients were higher than 0.75, the overall
accuracy of about 86% and above 80% for wet and dry sand classes. Although the
urban class showed lower accuracy, usually between 50% and 77% (see Supporting
Information in Anexo 1), these values were not able to reduce the overall good
average. An example of the high accuracy obtained from the classification model is
shown in the pre- and post-tsunami LULC maps for the North segment (Figure
2.2b,e). The results for the Central and South segments can be found in the
Supporting Information (Figures S1 and S2).

2.4.2 Changes detected along the coast 6 weeks after the tsunami

The LIC was covered by a sand sheet that extended hundreds of metres landward
due to the 2010 tsunami. Figure 2.3 shows the detected changes between before

(2004 and 2005) and 6 weeks after the 2010 event from our classification model and
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change detection algorithm. The tsunami deposit, in red, is shown as a conspicuous

change along the entire coast.

The inferred deposit is marked as an extensive but discontinuous cover of sand
spanning about 90% of the area actually inundated by the tsunami (Tables 2.2 and
S4). The deposit is relatively homogeneous close to the shoreline and patchier
landward. Sand inundation varied between 50 and 600 m, showing a good
correspondence with the water inundation (R2 = 0.92; Figure 2.5; Tables 2.2 and S4).
Gaps between sand and water inundation were often less than 30 m, except in creeks
and plains where these reached up to almost 200 m. Additionally, both sand (R2 =
0.72) and water (R2 = 0.82) inundation showed a negative exponential correlation

with the land slope (Figure 2.5).

a) North segment

The North segment, with a low land slope of about 2.1°, exhibited an intermediate
sand inundation between the Central and South segments. Sand reached an average
inland extent of 170 m and peaks of about 300 m upstream in the creeks (Figure 2.5;
Tables 2.2 and S4). More restricted sand inundations between 80 and 100 m were
measured to the south, where there are dunes and/or rocky cliffs. Sand inundation
resembled the water inundation in its spatial distribution, covering 88% of the area
actually inundated, with an average horizontal gap of less than 30 m between the two.
Run-ups typically ranged from 3 to 6 m, reaching peaks between 7 and 10 m to the

south.

b) Central segment

The Central segment exhibited the most restricted sand inundation of the LIC, likely
due to its steep average slope (3.4°). In average, sand extended inland 132 m, with a
peak of 450 m in Pichibudi Creek and less than 100 m to the south (Figure 2.5;
Tables 2.2 and S4). Sand inundation was 92% in agreement with the water
inundation, with a horizontal gap of less than 15 m between them. Run-ups ranged
between 5 and 8 m with local peaks up to 10 m.
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Figure 2.3. Changes detected between before (2004 and 2005) and after (14 April 2010) the 27
February 2010 tsunami along the LIC (see Figure 2.1). Dates of the images used for each segment are
specified. Ground truth data from stratigraphic observations in 73 pits and 97 testimonies of 2010
tsunami survivors are marked by yellow and green dots, respectively. Both pits and interviews were
conducted at sites where sand did not exist prior to the 2010 tsunami. In lloca Creek, 63 pits were
excavated and are symbolized by a single yellow dot. Blue diamonds show previously reported run-up
measurements (Fritz et al., 2011; Lario et al., 2016). The landward limit reached by the 2010 tsunami is
shown by a red line (Fernandez et al., 2010; Fernandez and Venegas, 2010), which is usually located
between the coastal road (black dashed line) and the curve marking the elevation of 10 m amsl (blue
line). Note the similarity between the observed tsunami inundation (red line) and the inland extent of

tsunami sand inferred from our model (sand inundation, red shading).
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c) South segment

The South segment, with a low average land slope of about 2.3°, showed the most

extensive sand inundation of the LIC. Sand extended inland on average 223 m,

consistently exceeding 200 m throughout the entire segment (excluding a rocky area

directly north of lloca Creek) with a peak in lloca Creek, where reached about 600 m
(Figure 2.5; Tables 2.2 and S4). Sand inundation covered 88% of the water

inundation, with a horizontal gap of less than 30 m between both limits. Run-ups

usually ranged from 4 to 8 m.

Table 2.2. Measurements averaged every 10 transects for water inundation, sand inundation, run-up

and land slope. The difference between water and sand inundation is indicated as a gap.

Measurements averaged with less than 10 transects are marked with an asterisk. Average for each

segment and total average are indicated in bold. See Table S4 for extended data.

Segment Transect Water Sand Gap (m) % Sand Runup Land

inundation inundation inundation (m) slope (°)
(m) (m)

1-10 187.13 170.58 16.55 91.16 5.48 2.44

11-20 228.43 186.18 42.25 81.50 4.95 1.19

21-30 278.67 241.58 37.09 86.69 4.28 1.25

North 31-40 107.25 100.54 6.71 93.74 8.05 3.47

41-47* 169.88 144.99 24.89 85.35 7.65 2.59

Average 195.83 170.29 25.54 87.90 5.98 2.16

48-57 180.05 164.79 15.26 91.52 6.95 2.43

58-67 213.43 192.18 21.25 90.04 6.17 2.42

68-77 85.44 75.74 9.70 88.65 7.91 5.99

Central 78-87 124.58 113.69 10.89 91.26 7.89 3.97

88-97 156.00 146.56 9.44 93.95 6.17 2.52

98-107 94.09 86.98 7.11 92.44 5.83 3.69

108-112* 165.19 158.39 6.80 95.88 7.77 2.55

Average 144.03 132.17 11.86 91.76 6.89 3.39

113-122 308.99 273.01 35.98 88.36 5.60 1.19

123-132 271.69 250.67 21.02 92.26 5.63 1.39

South 133-142 93.35 82.29 11.06 88.15 7.12 5.68

143-152 322.41 282.65 39.76 87.67 6.46 1.53

153-162 266.52 227.93 38.59 85.52 7.03 1.72

Average 252.59 223.31 29.28 88.31 6.37 2.30

Total average 192.56 171.36 21.21 89.57 6.47 2.70
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Plants‘\'i
debris

Figure 2.4. Examples of ground truth from stratigraphy and interviews. (a) Pit excavated to study
stratigraphy. lloca Creek can be seen in the background. (b—d) Pit walls showing the sand deposit of
the 2010 tsunami. Photos of pit 12 (a) and (c) were taken in July 2023 (Table S2). Photos of pits 30 (b)
and 36 (d) were taken in October 2021 (Table S2). Note that the tsunami deposit, a greyish tabular
sand layer, contrasts with the underlying light-coloured finer grained sediment/soil and overlying
organic-rich soil and vegetation. (e) Photo of Mr. José Luis Farias, a local farmer and eyewitness of the
2010 tsunami, being interviewed in August 2010. The day after the tsunami he found his crops
extensively covered by a sand sheet (Figure S19; Table S1). (f) Photo of Mr. Claudio Ramirez taken a
few hours after the 2010 tsunami when he was checking the damage on his land (provided by Mr.
Ramirez; Table S1). In the photo, Mr. Ramirez points to plant debris left by the tsunami 5 m above sea
level around a power pole. Note that the sign at the pole top was damaged by the waves. Debris and

sand on the ground and a large seaward scour can also be observed.
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Figure 2.5. Bar plots indicating the amount of sand inundation and run-up along the LIC. Red bars
indicate the amounts of sand inundation attained on each of the 162 shore-normal transects. Black
bars beside the red bars indicate the gap between sand inundation and water inundation. Orange bars
show the run-up on the same transects. Transects 63—74, marked by an asterisk in the Central
segment, were not represented as they cover a stretch of mostly rocky coast. Graph with red dots
shows the good match between sand inundation and water inundation. Note in the black bar histogram
that the gaps between sand and water inundation are frequently less than 30 m. Graphs with blue dots

show the negative exponential correlation between both sand and water inundation with the land slope.
Note in the graph with grey dots that the gaps between sand and water inundation are also controlled
by the land slope.
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2.4.3 Validation through ground truth data

The spatial distribution of the 2010 tsunami deposit inferred from our model agrees
well with the distribution from the stratigraphy and eyewitness reports (Figures 2.4
and 2.5). Out of the 73 points selected for validation through stratigraphy, where we in
fact found the 2010 tsunami deposit (Table S2), in 53 of them (43 from lloca Creek),
our model predicted its occurrence (73%). However, for the remaining 20 points
(27%), our model failed, as they did not coincide with sand pixels detected by satellite
mapping (Table S2; Figure S7). Out of the 97 points selected for validation through
witness interviews, where they assured the tsunami did leave sand (Table S1), the
model predicted its occurrence in all of them (100%). Therefore, out of a total of 170

validation points, 88% coincided with the predictions of the model.

2.4.4 Loss of satellite detection of the tsunami deposit over time

Many sites that our model detected as covered by tsunami sand 6 weeks after the
event (April 2010) showed an absent deposit when we applied the same model on a
satellite image 11 years later (May 2021). Figure 2.6¢c shows a marked reduction in
the inland extent of the sand deposit a decade after the tsunami along the South
segment (see Supporting Information for North and Central segments). About 97% of
the pixels that were initially classified as sand in the April 2010 satellite image (Figure
2.6b) were classified as soil in the May 2021 satellite image (Figure 2.6c¢), which is
detected as an evident change (purple shading in Figure 2.6d). Consequently, the
LULC map resulting from the 2021 image exhibits a similar classification to that prior
to the 2010 event (Figure 2.6a), showing only sand restricted to beach and dune.
North and Central segments also showed a significant reduction of pixels initially
classified as sand, although less than the South segment, 84% and 78%,
respectively. Considering the three segments studied, about 86% of the tsunami

deposit vanished a decade after the 2010 tsunami.
Since we found the tsunami deposit still preserved at several sites along the LIC, its

evident reduction from satellite data results of the loss of detection ability through the

model rather than its actual loss. Based on our field observations, surface masking
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caused by new soil development (Figure 2.4) and destruction of the deposit due to
human activities (Table S1; Figure S19) contributed significantly to this loss of

satellite detection.

2.5 Discussion

2.5.1 Performance and limitations of our classification model

Mapping tsunami deposits by remote sensing, integrating both supervised
classification models and sub-metre spatial resolution satellite images, offers
advantages over traditional field post-tsunami surveys. While field surveys are time-
consuming and measure the inland extent of the deposit from few profiles (e.g., Jaffe
et al., 2003, 2006; Maclnnes et al., 2009a; Srinivasalu et al., 2007), our classification

model based on satellite images is capable of mapping large areas in less time.

The automated mapping achieved both high overall accuracy and high class-specific
accuracies. However, to reach such accuracy required that our satellite images had
good visibility, had sub-metre resolution and were close in time to the event. Used
images showed pre- and post-tsunami conditions completely cloud-free allowing
optimal visibility. This could be a problem for areas with persistent cloudy weather.
Considering that the spatial distribution of the 2010 tsunami deposit varied over short
distances, it was critical that the images had a sub-metre resolution. Between the
tsunami date (27 February 2010) and that of our post-tsunami satellite image (14 April
2010) about 6 weeks elapsed. In that time, the tsunami deposit may have been
disturbed by human activity or weather conditions, as seen in other tsunami deposits
(e.g., Szczucinski, 2012). However, the subsequent cleanup work and recovery from
the tsunami aftermath were slow and delayed months due to the social impact
generated by the catastrophe (Contreras and Winckler, 2013; Cowan et al., 2011;
EERI, 2010), something also evident from the images. Likewise, considering that the
2010 tsunami occurred during dry season, rainfall did not modify the original
distribution of the deposit. Therefore, we assumed minimal disturbance of the tsunami
deposit captured by the April 2010 satellite image; although wind erosion, which was

not assessed in this study, cannot be ruled out as an important factor of sediment
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reworking (Goto et al., 2011; Higman and Bourgeois, 2008; Morton et al., 2011;
Spiske et al., 2013).

The high degree of accuracy achieved for both wet and dry sand classes, above 80%,
was also favoured because the deposit, including beach and coastal dune, exhibited
a consistent and easily identifiable spectral signature in all images. This is because
the sand class is homogeneous, not exhibiting large spectral variations between
pixels as seen for other classes (e.g., urban class). Additionally, beach sand had a
distinctive reflectance in the VNIR spectrum compared to bare soil or crop classes.
This distinctive spectral signature makes it easily identifiable, something likely
resulting from its mineralogy with high heavy minerals concentrations (e.g., Izawa et
al., 2019; Schlegel et al., 1979). Since tsunami deposits can usually have high
concentrations of heavy minerals from different coastal sources (e.g., Jaffe et al.,
2003; Jagodzinski et al., 2012), they could be easily detected using supervised
classification techniques. However, future work should assess the performance of the
classification model on beaches with low heavy mineral content or with different

mineralogy than beaches in central Chile.

Despite the good performance of our model, some limitations in the spectral detection
of the tsunami deposits were recognized. They include deposits hidden by canopy

and shadows, and deposits barely detected because of their thinness and patchiness.

Canopies of leafy trees can hinder visibility in images, preventing detection of a
tsunami sand deposit through the classification model. Likewise, shadows cast by tall
trees, buildings, towers and pole posts partially obscure the ground (Figure S7).
However, in the LIC these limitations did not affect the model performance, because
of the dearth of thick vegetation and infrastructure. Similarly, the time and season at
which the images were taken helped to diminish those undesired effects. The images
used were obtained between early spring and early fall, so the sun did not cast an
extended shadow, and were also taken at a similar time of day, around noon (Table
2.1). Both qualities, the lack of vegetation and infrastructure together with the timing
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of the images, allowed us to group these shadows in a new class, instead of

removing them, as shown by Dare (2005).

Perhaps a more significant limitation than shadowing was the thinness and
patchiness of the tsunami deposit in some places making it barely detectable. When
from field observations, the deposit was thinner than 1 cm or too patchy it was
undetectable by the model, mixing the pixel spectral signature with the surrounding
land cover classes. This limitation is important when considering the detection

threshold of the deposit’s landward limit.

2.5.2 Sand versus water inundation

The spatial distribution of the 2010 tsunami deposit matched well with the observed
tsunami inundation on the LIC (Figures 2.3 and 2.5). The good fit between sand
inundation, derived from our model, and water inundation, previously derived from
post-tsunami surveys, is similar to that obtained in other studies (Abe et al., 2020;
Gelfenbaum and Jaffe, 2003; Jaffe et al., 2003, 2006; Maclnnes et al., 2009a; Moore
et al., 2006, 2011; Srinivasalu et al., 2007; Szczucinski et al., 2012). However, those
studies based their estimates on a limited number of transects. Because our work
considered the areal distribution of sediments, performing quantifications through a
greater number of transects, the good fit between sediments and water is likely more
robust. Thus, our results reinforce the validity of using the sand deposit landward limit
as a proxy for the tsunami inundation limit (Maclnnes et al., 2010; Maclnnes et al.,
2009a; Martin et al., 2008).

On the other hand, discrepancies found between sand and water inundation have led
other studies to question the use of tsunami deposits as a reliable proxy for
inundation (Abe et al., 2012; Chagué-Goff et al., 2015; Cheng and Weiss, 2013; Goto
et al., 2011; Morton et al.,, 2011). For instance, Goto et al. (2011) and Abe et al.
(2012) found on the Sendai Plain that sand left by the 2011 Tohoku-oki tsunami
indicated only 57%-76% of the actual water inundation, showing gaps of about 2 km

between sandy sediment and water. However, Sugawara et al. (2014) explain such
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gaps mainly by limited sediment supply and sediment blocking by artificial
topography. Morton et al. (2011) reported gaps exceeding 150 m between the
maximum inland extent of the sand deposit and the inundation limit for several sites in
central Chile following the 2010 tsunami. About 12 km south of Constitucion, Chagué-
Goff et al. (2015) found that the 2010 tsunami deposit only reached 60% of the total
inundation distance, suggesting that geochemical indicators and/or diatom
assemblages are more reliable proxies for the tsunami intrusion. These large gaps
between the deposit landward limit and the tsunami inundation limit are probably

controlled by topographic factors, such as the land slope (Cheng and Weiss, 2013).

Since our work along the LIC covered both flat low-lying and steeper sites (Figure
S6), we were able to assess the control of land slope over inundation. At least two
important aspects emerge from our results. First, both sand and water inundation
show a negative exponential correlation with land slope (Figure 2.5). While at lower
slope sites sand and water inundation reached a longer distance inland, at steeper
slope sites both were limited only to a few tens of metres from the shoreline. Despite
the above, we did not identify a clear relationship of run-up with land slope. Maclnnes
et al. (2009b) determined that local topography strongly affected the 2006 middle
Kurils tsunami inundation, but it slightly affected the run-up. Second, the size of the
gaps between sand and water inundation is also influenced by the land slope. At
steeper slope sites sand and water inundation reached similar inland extent, with
gaps between the two less than 30 m. In contrast, at lower slope sites, such as plains
and creeks, the gaps between sand and water inundation were much larger, reaching
up to almost 200 m. Our findings suggest that the inland extent of tsunami sand
deposits prove to be a better proxy for the actual inundation area on steep slopes
rather than on low-lying plains, thus supporting the conclusions of Abe et al. (2020)
for steep coastal valleys.
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Figure 2.6. Satellite detection of the tsunami deposit that was lost by the classification model a decade
after the 27 February 2010 event along the South segment (see Figure 2.1). (a) Sand detected before
the 2010 tsunami, mainly restricted to beach and dune. (b) Sand detected weeks after the tsunami,
including that from beach and dune but also that transported inland by the tsunami. (c) Sand detected
a decade after the tsunami, resembling pre-tsunami condition. (d) Changes detected between the
immediate post-tsunami condition and that of a decade later. The purple shading shows the area
where the satellite detection of the tsunami deposit was lost (97%), either by masking due to new soil
development or by destruction related to human activity. See Supporting Information for North and
Central segments.
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2.5.3 Masking and destruction of the 2010 tsunami deposit over time

Our work recognized two variables related to the time elapsed post event that should
be considered for future work using the approach offered here. First, natural masking
of the tsunami deposit due to new soil development and subsequent vegetation
growth prevents complete detection of its spatial distribution. Our field observations in
areas unaffected by human activities showed that over the deposit, a decade after the
tsunami, a soil of a few centimetres had developed and was already capable of
supporting abundant vegetation. Thus, classification models based on satellite
images are unable to map deposits that have already been buried. Second, field
observations additionally showed that the deposit was locally and progressively
destroyed by human activities, mainly agricultural land use. In many sites, farmers
reported that the sand deposit was removed, plowed or mixed with the underlying soil
soon after the tsunami to resume planting potatoes, the main crop of the area (Table
S1; Figure S19). Other sites were cleaned and filled in with debris to build new
houses replacing the buildings lost to the tsunami. Similar activities have been also
reported elsewhere, where tsunami deposits were lost soon after the inundation
(Bahlburg and Spiske, 2015; Spiske et al., 2013, 2020; Szczucinski, 2012, 2020;
Szczucinski et al., 2006). Along the Thai coast, Szczucinski (2012) estimated that
about 50% of the landward extent of the 2004 tsunami deposit was reduced after 5

years due to intense human activity and new soil formation.

Considering both variables, surface masking by the development of a new soil and
the destruction of the deposit by human activities, it is required that satellite images
be acquired as close in time to the event as possible. These images should be no
later than a few months after the event; otherwise, the detection ability of the deposit

by supervised classification models will be lost.

2.6 Conclusions

We trained a classification model using high resolution pre- and post-tsunami satellite
images to perform an automated mapping of the sand deposit left by the 2010

Chilean tsunami on the Lipimavida-lloca coast. The classification model yielded an
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overall accuracy of about 86% and specific accuracies for sand classes above 80%.
Ground truth data from 170 sites, comprising 73 stratigraphic observations from pits
and 97 testimonies from tsunami survivors, were used as an independent validation
of the classification model, achieving 88% correspondence with the tsunami deposit
inferred from the obtained model. The resulting spatial distribution of the tsunami
deposit was found to be almost as extensive as the observed inundation area. Sand
inundation and water inundation resulted comparable, both ranging between 50 and
600 m and being controlled by the land slope. In general, sand inundation covered
about 90% of the inundated area. About 86% of the satellite detection ability of the
sand deposit was lost 11 years after the tsunami. Human activities and the
development of a new soil superficially masked the deposit making it undetectable by
the model. Finally, our approach exhibits broad applicability to tsunami-prone sandy
coasts. We propose that our novel, low-cost and time-saving method has the potential
to assist or, eventually and under favourable conditions, replace the hard fieldwork

involved in mapping tsunami deposits.
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Capitulo 3. Complejidades de estudiar depésitos de

tsunami en desembocaduras de rios andinos

Saldana, B., Cisternas, M., Carrefio, A., Guerra, M. & Espinoza, A. (en prep.).
Complejidades de estudiar depodsitos de tsunami en desembocaduras de rios

andinos.

Resumen

El estudio de depdsitos de tsunami ha sido ampliamente utilizado en la evaluacion
del riesgo de comunidades costeras, mediante la reconstruccion de areas de
inundacién e intervalos de recurrencia. Sin embargo, una primera complejidad es
discriminar entre depdsitos realmente dejados por tsunamis y aquellos originados por
otros fendbmenos naturales. En este trabajo se muestra que inundaciones de rios
provenientes desde la alta cordillera son capaces de dejar un registro estratigrafico
similar al de un tsunami. Para ilustrar esto, aqui se presenta un ejemplo en la
desembocadura del rio Mataquito, donde tanto el tsunami del 2010 como la reciente
inundacién fluvial del 2023 dejaron una capa de arena con similares caracteristicas
que las hacen indistinguibles. Ambos depdsitos, aunque difieren en su origen,
presentaron similar arquitectura, granulometria, mineralogia, susceptibilidad
magnética y ensambles de diatomeas. Estas similitudes provenientes de analogos
modernos bien estudiados destacan las complejidades de diferenciar entre ambos
tipos de eventos a partir del registro estratigrafico, conduciendo probablemente a una
malinterpretacion de la amenaza. Se concluye que desembocaduras de rios
debiesen ser evitadas como blancos de exploracién para la busqueda de depdsitos
de tsunami. En su lugar, ambientes menos dinamicos como esteros o humedales, los
cuales depositan sedimento fino y no experimentan grandes crecidas de su caudal,

son mejores y mas confiables registradores de tsunamis pasados.

Palabras claves

Rio Mataquito, inundacion fluvial del 2023, malinterpretacion de depdsitos de tsunami
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3.1 Introduccion

Los tsunamis representan una de las amenazas naturales mas devastadoras para las
comunidades costeras, causando significativas consecuencias humanas,
econdmicas y ambientales. Recientes tsunamis como los del Océano indico el 2004,
Chile central el 2010, Tohoku el 2011 y Rusia el 2025 afectaron dramaticamente
regiones densamente pobladas, conduciendo a pérdidas de vidas, dafo a
infraestructura y cambios costeros (e.g., Paris et al., 2009; Fritz et al., 2011; Morton
et al.,, 2011; Goto et al., 2012; Richmond et al., 2012). Por lo tanto, comprender la
recurrencia de estos eventos y sus probables areas de inundacion es esencial para
la evaluacién del riesgo y la planificacidon de estrategias de mitigacion (Bernard et al.,
2006; Kanoglu et al., 2015).

Durante las ultimas décadas, estudios paleosismoldgicos han utilizado depdsitos de
tsunami preservados en secuencias de sedimentos costeros para reconstruir la
historia de tsunamis pasados (e.g., Cisternas et al., 2005; Jankwaew et al., 2008;
Costa y Andrade, 2020). Depdsitos de tsunami permiten inferir caracteristicas como
la extensién de la inundacioén, el dinamismo del flujo y la frecuencia con que ocurren
estos eventos (Spiske, 2020), lo cual es especialmente valioso en zonas donde no
existe un registro instrumental o histérico prolongado. Sin embargo, la identificacion y
correcta interpretacion de los depdsitos no esta exenta de dificultades. A menudo la
perturbacion post-depositacional o pobre preservacion, ya sea por causas humanas
o naturales, complejiza la interpretacién del registro geoldgico (Szczucinski, 2012,
2020; Spiske et al., 2020; Saldana et al., 2025a). Sumado a esto, uno de los
principales desafios radica en la posibilidad de confundir depédsitos dejados por
tsunamis con aquellos originados por otros fendmenos naturales de alta energia,
tales como tormentas (Kortekaas y Dawson, 2007; Morton et al., 2007; Engel y
Bruckner, 2011; Goff et al., 2012; Phantuwongraj y Choowong, 2012; Ramirez-
Herrera et al., 2012; Shanmugam, 2012; Kongsen et al., 2022). Esta problematica se
acentuia aun mas en ambientes de alta dinamica sedimentaria, como las
desembocaduras de rios, donde la superposicion de aportes continentales y marinos

pueden generar un mezclado y similar registro (Delile y Salomon, 2020). Sitios con
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estas caracteristicas pueden inducir a interpretaciones erroneas sobre el origen de
los sedimentos, afectando la reconstruccion de tsunamis pasados y, por tanto, la

evaluacion de la amenaza futura.

El presente estudio se enfoca en la desembocadura del Rio Mataquito en Chile
central (Figura 3.1), donde dos eventos de distinta naturaleza, el tsunami del 2010 y
la inundacion fluvial del 2023, dejaron depodsitos de arena con caracteristicas
sorprendentemente similares. A partir del analisis comparativo de estos dos
depdsitos modernos utilizando diferentes enfoques, se evidencian los desafios que
implicaria discriminar entre ambos desde el registro estratigrafico. Debido al confuso
registro presente en desembocaduras de rios andinos, se cuestiona la utilidad de

estos sitios como blancos de exploracion para la busqueda de depdsitos de tsunami.

3.2 Contexto regional

3.2.1 El Rio Mataquito

El Rio Mataquito, localizado en la Region del Maule, es uno de los rios andinos mas
importantes de Chile central. Este nace de la confluencia de los rios Teno y Lontué,
ambos provenientes de la Cordillera de los Andes, y corre por cerca de 95 km hasta
desembocar en el Océano Pacifico, drenando una cuenca de 6190 Km? (Saldias et
al., 2012). Su caudal medio ronda los 100 m?/s, alcanzando sobre 1000 m3/s durante
los meses de invierno, entre mayo y septiembre (Saldias et al., 2012; Masotti et al.,
2018). En las cercanias de su desembocadura, una barra de arena extendiéndose
hacia el norte por cerca de 8 km de largo y alcanzando una altura de ~6 m separa el
Rio Mataquito del mar, configurando un protegido ambiente estuarino (Figura 3.1c).
La extensa marisma es influenciada por un régimen micro mareal inferior a 1.5 m
(Cienfuegos et al., 2014), generando condiciones de alta salinidad que favorecen el
desarrollo de vegetacion haldfita (e.g., Spartina sp). El Rio Mataquito es un
importante suministro de arena proveniente desde los Andes, promoviendo la
formacion hacia el norte de extensas playas, las cuales son limitadas hacia el este
por el acantilado costero (Saldafa et al., 2025a).
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Figura 3.1. Mapas indices. (a) Configuracion tectonica de placas en el margen suroeste de
Sudamérica. Linea negra con puas marca el borde hacia el mar de la zona de subduccién entre las
placas de Nazca y Sudamericana. Flechas pareadas indican la velocidad de convergencia entre
ambas placas (Jarrin et al., 2023). (b) Contornos de slip (m) del terremoto del 2010 en Chile central
(Moreno et al., 2012). Notar la posicion de la desembocadura del Rio Mataquito justo frente al parche
de maximo slip. (c) Desembocadura del Rio Mataquito. Puntos rojos indican runups del tsunami del
2010 previamente reportados por Fritz et al. (2011), Vargas et al. (2011), Lario et al. (2016) y Saldafa
et al. (2025a).
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3.2.2 El tsunami del 2010

El 27 de febrero del 2010, un terremoto de subduccién (Mw 8.8) con una ruptura de
~500 km de largo y un deslizamiento maximo de ~15 m frente a la Regién del Maule
(Moreno et al., 2012) gatillo6 un masivo tsunami que afectd gran parte de la costa de
Chile central (Fritz et al., 2011). Los runups tipicamente variaron entre 5 y 10 m,
alcanzado maximos de ~30 m en Constitucion y 20 m en Tirua (Fritz et al., 2011). Los
runups reportados en la desembocadura del Rio Mataquito, cerca de La Pesca,
excedieron los 9 m, alcanzando la base del acantilado costero (Fritz et al., 2011;
Vargas et al., 2011; Lario et al., 2016). Al norte del Rio Mataquito, en el Estero lloca
(Figura 3.1c), Saldana et al. (2025a) reportdé runups sobre 6 m y distancias de
inundacién cercanas a los 600 m. Severos efectos geomorfoldgicos tales como la
completa erosion de la barra de arena en la desembocadura del Rio Mataquito y
retroceso costero debido a fuerte erosion local fueron observados en las cercanias
del area de estudio (Araya-Cornejo y Carvajal, 2016; Catalan et al., 2014, Villagran et
al., 2013). Extensos mantos de arena fueron dejados por el tsunami sobre muchas
localidades bajas, incluyendo la desembocadura del Rio Mataquito y el Estero lloca
(Horton et al., 2011; Morton et al., 2011; Bahlburg y Spiske, 2012; Garrett et al.,
2013; Ely et al., 2014; Chagué-Goff et al., 2015; Lario et al., 2016; Saldafa et al.,
2025a).

3.2.3 El evento hidrometeorolégico del 2023

Entre el 21 y 26 de junio del 2023 un evento hidrometeoroldgico caracterizado por
intensas y continuas precipitaciones afectdé Chile central, provocando repentinas
crecidas de rios e inundaciones en numerosas localidades (CIGIDEN, 2023).
Estaciones pluviométricas registraron precipitaciones acumuladas sobre los 300 mm
en tan solo 85 horas, causando el aumento del caudal de los rios principales,
incluyendo el Rio Mataquito (CIGIDEN, 2023). La estacion fluviométrica en las
inmediaciones de Licantén (Figura 3.1b) registr6 un aumento del caudal medio del
Rio Mataquito hasta en 50 veces, alcanzando un maximo cercano a los 5500 m%/s
antes de dejar de funcionar (Figura 3.2b). Este anémalo caudal ha sido el mayor

registrado en los ultimos 20 afios, superando incluso al de finales de mayo del 2008,
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cuando la estacion fluviométrica también dejéo de operar luego de que el caudal
superara los 4000 m3/s (Figura 3.2b). La imagen satelital Sentinel-2 mostrada en la
Figura 3.2a evidencia los efectos geomorfologicos causados por la crecida del Rio
Mataquito en su desembocadura, incluyendo la erosion de la barra de arena y la

pluma de sedimentos dirigida hacia el norte debido a la deriva litoral.
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Figura 3.2. Efectos de la inundacion fluvial del 2023 en la desembocadura del Rio Mataquito y su
caudal asociado. (a) Imagen satelital Sentinel-2 del 27 de junio del 2023 mostrando los efectos de la
inundacién, incluyendo la erosiéon de la barra de arena y el desplazamiento hacia el norte de la pluma
de sedimentos. (b) Caudal del Rio Mataquito registrado por la estacion fluviométrica de Licantén entre
2008 y 2024 (Figura 3.1b; DGA). Notar que el caudal alcanzado durante la inundacién del 2023 fue el
mas grande registrado en cerca de 20 afios, superando hasta en 50 veces el caudal medio del rio. Un

caudal comparable, aunque inferior, fue registrado durante la inundacion del 2008 (CIGIDEN, 2023).
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3.3 Metodologia

3.3.1 Trabajo de campo

Se visitd la desembocadura del Rio Mataquito seis semanas antes (7 de mayo) y dos
semanas después (14 de julio) del evento hidrometeoroldgico del 2023 (Figura 3.3).
Durante el trabajo pre-evento, el interés fue centrado en el depdsito de tsunami del
2010 y al menos tres capas de arena mas antiguas preservadas en la planicie de
inundacién del rio, que fueron interpretadas inicialmente como antiguos depdsitos de
tsunami dadas sus caracteristicas estratigraficas. Sin embargo, la ocurrencia del
evento hidrometeorologico de junio del 2023 reorienté el trabajo hacia Ila
caracterizacion del depdsito de arena dejado por la inundacion del rio y su similitud
con el depdsito de tsunami del 2010. Se estudié la distribucién del depdsito fluvial del
2023 en superficie y se excavaron cuatro fosas a lo largo de un perfil para medir su
espesor y recolectar ocho muestras discretas de sedimento para analisis posteriores.
La elevacion del perfil fue relacionada al nivel medio del mar mediante un dGPS y un

datum de referencia local.

3.3.2 Granulometria y mineralogia

El sedimento del depdsito fluvial del 2023 fue caracterizado mediante un analisis
granulométrico y mineraldgico, cuyos resultados fueron comparados con los del
depdsito de tsunami del 2010. Para cada muestra 100 g de sedimento fueron
secados y separados mecanicamente mediante una tamizadora, con tamafnos de
particula desde -1 a 4 ¢ a intervalos de 0.5 @. Parametros estadisticos, incluyendo
tamafo de grano medio y seleccion, fueron obtenidos mediante el software
GRADISTAT v. 9.1 (Blott y Pye, 2001), usando el método de Folk y Ward (1957).
Siguiendo los procedimientos de Saldafia et al. (2025a), un analisis mineraldgico
cuantitativo fue conducido mediante inspeccion visual en un microscopio
estereoscoépico binocular. El contenido de cada mineral identificado fue expresado

como porcentaje de abundancia relativa.
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3.3.3 Susceptibilidad magnética

Un sensor Bartington MS2E fue usado para medir la susceptibilidad magnética
(Dearing, 1994). Cada muestra fue medida tres veces y sus resultados fueron
expresados como valores promedio. Las mediciones fueron hechas sobre un
volumen idéntico de sedimento preparado en el laboratorio y a una misma hora del

dia para evitar variabilidad debido a cambios de temperatura.

(a) 7 May 2023 Sand: spit Spartina sp.

R 55— 3 Mataquito River
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(c) 7May2023 Sand spit ‘d! 14 July 2023 —

Figura 3.3. Fotografias mostrando la marisma en la desembocadura del Rio Mataquito antes y
después del evento hidrometeorologico del 2023. (a) y (c) muestran la marisma con abundante
vegetacion antes del evento del 2023. (b) y (d) muestran la marisma cubierta por el depdsito de arena
dejado por la inundacién del rio. Notar en (b) la barra de arena erosionada (Figura 3.2a). Notar en (d)
cémo el fango intermareal comienza a cubrir el depoésito de arena.

3.3.4 Analisis de diatomeas

Se estudiaron los ensambles de diatomeas en la capa de arena de la inundacion del
2023 y fueron comparados con aquellos del depésito de tsunami del 2010. Siguiendo
los procedimientos descritos por Dura y Hemphill-Haley (2020), secciones delgadas
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de sedimento fueron preparadas para ser observadas al microscopio bajo un
aumento de 1000x. Un minimo de 300 valvas de diatomeas fue contado para cada
muestra, las cuales fueron identificadas al nivel de especies y clasificadas por
preferencias de salinidad (dulce, salobre, y marino). La identificacion y clasificacion
fue hecha usando referencias locales (Garret et al., 2013), regionales (Horton et al.,
2011; Chagué-Goff et al., 2015; Dura et al., 2017; Hocking et al., 2017; Sawai et al.,
2017) y globales (Vos and de Wolf, 1988; 1993; Denys,1991; Hemphill-Haley, 1993;
Van Dam et al., 1994; Sawai et al., 2004; Hassan et al., 2009; Zong and Sawai, 2015;
Spaulding et al., 2021; DePaolis et al., 2024).

3.4 Resultados

3.4.1 El depésito de tsunami del 2010

El tsunami del 2010 inundé la mayoria de las areas bajas adyacentes a la
desembocadura del Rio Mataquito, depositando una capa de arena con continuidad
lateral por varios kilbmetros. El depdsito conforma una capa tabular de arena fina
(2.5 ¢), moderadamente bien seleccionada y de color gris oscuro a rojizo. Hoy, la
capa se encuentra ~30 cm bajo la superficie de la marisma y se extiende por cerca
de 500 m tierra adentro hasta la base del acantilado costero. La capa alcanza un
espesor maximo de 30 cm y se adelgaza progresivamente hacia el limite de
inundacién, presentando una distribucion mayormente discontinua. Tanto el tamafio
de grano como la susceptibilidad magnética (~807 x 10-° Sl) también muestran una

tendencia decreciente tierra adentro.

El depdsito de tsunami exhibe una alta abundancia de minerales pesados, tales
como magnetita (35%), anfibol (10%) y piroxeno (10%), acompanados por pequefios
fragmentos de rocas (23%) de origen metamorfico y volcanico. Minerales como
cuarzo (12%), feldespatos (7%) y micas (2%) mostraron una menor abundancia

relativa, seguidos por trazas de zircon, esfeno, olivino, epidota y hematita (~1%).

Las estructuras sedimentarias en el depdsito de tsunami del 2010 son escasas. La

capa de arena generalmente exhibié una disposicion masiva, con solo ocasionales
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laminaciones de minerales pesados; solo en algunos sitios fue posible distinguir una
sutil gradacion normal. El depdsito de arena sepultd un suelo organico negro
mediante un contacto notoriamente erosivo, el cual puede ser trazado por varias
decenas de metros. Adicionalmente, pequefios rip-up clasts de fango organico fueron

observados integrando la capa de arena.

Los ensambles de diatomeas en la capa de tsunami son mayormente mezclados,
siendo ligeramente dominados por especies marinas. Diatomeas salobres alcanzan
una abundancia relativa de 25%, destacando especies como Navicula cryptocephala
y Fallacia tenera. Las diatomeas de agua dulce presentan una abundancia de 33%,
incluyendo mayoritariamente la especie epifitica Ulnaria ulna. Especies marinas
alcanzan un 42% de abundancia en los ensamblajes, predominando la especie

plancténica Paralia sulcata.

3.4.2 El depésito de la crecida fluvial del 2023

Durante el evento hidrometeoroldgico del 2023, el Rio Mataquito inundo
completamente la marisma localizada en las inmediaciones de su desembocadura,
depositando una extensa capa de arena que presenté similares caracteristicas al
depdsito de tsunami del 2010 (Figuras 3.3 y 3.4; Tabla 3.1). El depdsito fluvial es
descrito como una capa de arena grisacea fina (2.9 ¢) y moderadamente
seleccionada, la cual se extiende hasta la base de un pequeno escarpe localizado
cerca de 70 m tierra adentro. La capa presenta un espesor maximo de ~20 cm en la
orilla del rio (Figura 3.5a), mostrando una tendencia de adelgazamiento tierra
adentro, hasta alcanzar ~1 cm en la base del escarpe del valle del rio. El espesor se
incrementa localmente en sitios de abundante vegetacién, estando esta usualmente
aplastada en la direccion del flujo (Figura 3.4a). La granulometria y la susceptibilidad
magnética (~747 x 10° SlI) también mostraron una tendencia a disminuir tierra
adentro, alcanzando valores minimos cerca del limite de inundacion (Figura 3.5a).
Arboles, restos de madera y redes de pesca fueron observados esparcidos por la
superficie de la marisma, especialmente apilados en la base del escarpe (Figura
3.4d).
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Figura 3.4. Fotografias mostrando el depdsito de arena y otros restos dejados por la inundacién del
Rio Mataquito. (a) Depdsito de arena cubriendo la completa marisma adyacente a la desembocadura
del rio. Notar la vegetacién ligeramente aplanada en la direccion preferencial del flujo (flechas rojas).
El limite de inundacion se encuentra justo en la base del pequeio escarpe visto en el fondo. (b) Vista
hacia el norte de la extension del depdsito de arena cubriendo la planicie mareal y la marisma. Notar
coémo las mareas ya han retrabajado parcialmente el depésito. (¢) Tronco dejado por el rio cerca del
limite de inundacién. (d) Detalle del depdsito de arena cubriendo la superficie de la marisma. Barras
de colores de la pala miden 10 cm. Notar al fondo cémo restos de madera, redes de pesca y otros

escombros son apilados contra la base del escarpe.
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Tabla 3.1. Criterios usados para evaluar las similitudes y diferencias entre ambos depdsitos

Criterios de comparacion

Deposito de tsunami del
2010

Deposito de rio del 2023

Espesor promedio

20a30cm

~20 cm

Tamafo de grano

Arena fina (2.5 ¢)

Arena fina (2.9 @)

Mineralogia

Alta abundancia de
minerales pesados
(Magnetita >30%)

Alta abundancia de
minerales pesados
(Magnetita >30%)

Susceptibilidad magnética

Alta susceptibilidad
magnética (~807 x 10 SI)

Alta susceptibilidad
magnética (~747 x 10 SI)

Ensamblajes de diatomeas

Ensamblaje mezclado:
Marinas (42%), Dulces
(33%), Salobres (25%)

Ensamblaje mezclado:
Marinas (45%), Dulces
(37%), Salobres (18%)

Estructuras sedimentarias
principales

Rara gradacién normal.
Ocasionales laminaciones
Generalmente masivo

Sin gradacién o
laminaciones. Generalmente
masivo

Tendencias generales
observadas

Disminucién de
susceptibilidad magnética,
adelgazamiento y
afinamiento tierra adentro

Disminucién de
susceptibilidad magnética,
adelgazamiento y
afinamiento tierra adentro

Rasgos de erosion

Contacto basal erosivo.

Ocasionalmente rip-up clasts

Contacto basal abrupto, pero

no erosivo. Rip-up clasts no
fueron observados

Extension tierra adentro

~500 m

~70m

Run-up maximo

~10m

<3m

El color oscuro del depésito fluvial esta determinado por su mineralogia, la cual es
similar a la del depdsito de tsunami del 2010. Un alto contenido de minerales
pesados, tales como magnetita (34%), piroxeno (10%) y anfibol (5%), contribuyen a
su distintiva coloracién grisacea oscura. Fragmentos de rocas metamorficas vy
volcanicas también son abundantes en el depésito (25%), mientras minerales como
cuarzo (14%) feldespatos (9%) y micas (2%) muestran baja concentracién. Minerales
trazas como zircén, esfeno, olivino y hematita también fueron observados ocupando
cerca del 1% de las muestras. Aunque el depésito fluvial del 2023 muestra similar
mineralogia que el depdsito de tsunami del 2010, este ultimo muestra una coloracion

mas rojiza debido a que ciertos minerales han sufrido continua oxidacion.
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Figura 3.5. Perfil y fosa principal mostrando la estratigrafia del sector. (a) Perfil perpendicular al Rio
Mataquito (ver Figura 3.4b) mostrando la tendencia decreciente tierra adentro del espesor, tamafio de
grano y susceptibilidad magnética del depdsito de arena. (b) Fosa mostrando tanto el depdsito de
tsunami del 2010 como el depésito de inundacién del 2023. Ambos depésitos difieren en su color
debido a que el depdsito de tsunami se encuentra mayormente oxidado en comparacion al reciente
depdsito de inundacién. Notar el contacto basal erosivo del depdsito de tsunami, mientras que este no
es evidente en la base del depdsito de inundacién. Parte del depdsito de inundacién en superficie ha
sido notoriamente pisoteado, siendo su espesor original mayormente preservado en sitios de

abundante vegetacion. Barras de colores de la pala miden 10 cm.
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Estructuras sedimentarias distintivas no fueron observadas en el depésito fluvial del
2023. La capa de arena depositada por el Rio Mataquito es mayormente masiva, sin
evidentes laminaciones ni gradacion. El contacto basal del depdsito es abrupto; sin
embargo, rastros de erosion en la superficie del suelo subyacente fueron poco

comunes.

Al igual que el depdsito de tsunami, el depdsito fluvial del 2023 se caracteriza por
ensambles mezclados de diatomeas, prevaleciendo ligeramente las especies
marinas. Especies salobres como Cocconeis placentula, Navicula cryptocephala y
Navicula gregaria presentan la menor abundancia, cercana al 18%. Especies de
agua dulce, las cuales son mayoritariamente epifiticas (e.g., Ulnaria ulna, Nitzschia
palea y Nitzschia amphibia), alcanzan una abundancia de 37%. Especies marinas
predominan en el depdsito con un 45% de abundancia, especialmente especies

plancténicas como Paralia sulcata.

3.5 Discusion

3.5.1 Depésitos similares, origenes diferentes

Un problema critico en la desembocadura del Rio Mataquito, y probablemente
también en otras desembocaduras de rios andinos, es que inusuales crecidas
fluviales pueden crear un engafioso registro de tsunamis (Figura 3.6a,b). Durante el
trabajo paleosismoldgico conducido en mayo del 2023 en la costa de Chile central,
se estudiaron tres capas de arena preservadas bajo la planicie de inundacién del Rio
Mataquito, las cuales fueron interpretadas preliminarmente como antiguos depdsitos
de tsunami. Esta inferencia fue fuertemente apoyada por la reciente ocurrencia del
tsunami del 2010 y su extenso depdsito de arena que cubrié la mayoria de los
terrenos bajos en el area (Garret et al., 2013; Lario et al., 2016; Saldafa et al.,
2025a). Adicionalmente, los registros escritos reportan al menos tres grandes
tsunamis en Chile central que probablemente fueron comparables o incluso mayores
al evento del 2010: en 1730, 1751 y 1835 (Montessus de Ballore, 1912; Lomnitz,
2004; Udias et al., 2012; Stewart, 2019). Basado en esta evidencia fue razonable

interpretar que las capas de arena encontradas en el Rio Mataquito fueron dejadas
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por los predecesores del tsunami del 2010. Sin embargo, la inundacién fluvial de
junio del 2023 demostré que crecidas de grandes rios andinos también son capaces

de dejar un depdsito de arena similar a los dejados por tsunamis (Figura 3.4a,d).

Fue notado que tanto el depdsito de tsunami como el depdsito fluvial comparten
similares caracteristicas que los hacen virtualmente indistinguibles. Ambos depdsitos
no solo mostraron similar morfologia, granulometria, mineralogia y susceptibilidad
magnética, sino que también similares tendencias de adelgazamiento y afinamiento
tierra adentro, probablemente explicadas por desaceleracion del flujo en ambos
casos (Spiske, 2020). Tales similitudes provenientes desde analogos modernos
implican que resultaria dificil diferenciar entre un depdsito de tsunami y un depdsito
de rio desde el registro estratigrafico, conduciendo probablemente a

malinterpretaciones.

El analisis de los ensambles de diatomeas tampoco asistié en la diferenciacion de
ambos depdsitos. Intuitivamente se podria suponer que depdsitos de tsunami tienen
una mayor concentracion de diatomeas marinas en comparaciéon con depdsitos de
rio, sin embargo, tanto el depdsito de tsunami del 2010 como el depdésito fluvial del
2023 mostraron similares ensambles. Ambos depdsitos son dominados por
diatomeas marinas (>40%), destacando la abundancia de la especie planctonica
Paralia sulcata. Diatomeas marinas y salobres encontradas en el depdsito fluvial del
2023 probablemente provienen desde el estuario y la superficie de la marisma, las
cuales fueron también incorporadas en el depdsito de tsunami del 2010 (Garret et al.,
2013).
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Figura 3.6. Fotografias mostrando las similitudes entre depésitos de rio y depdsitos de tsunami. (a) y

(b) muestran depdsitos de arena probablemente asociados a inusuales crecidas del Rio Mataquito en
las inmediaciones de su desembocadura (en rojo). Estos fueron inicialmente interpretados como
depdsitos de tsunami debido a sus similitudes con el depésito de tsunami del 2010 (en amarillo). (c-d)
muestran el depodsito de tsunami del 2010 preservado en el Estero lloca. Barras de colores de la pala

y la regla miden 10 cm.
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3.5.2 Diferencias claves entre ambos depdsitos

A pesar de las limitaciones mencionadas para discriminar entre un depodsito de
tsunami y un depdsito de rio, dos criterios observables, aunque no siempre
presentes, podrian ser considerados para asistir en una posible diferenciacion.
Primero, diferencias en el contacto basal de ambos depédsitos. Mientras el contacto
basal del depdsito de inundacidn del 2023 mostré limitados rasgos de erosion, el
contacto basal del depdsito de tsunami del 2010 fue marcadamente erosivo.
Adicionalmente, pequenos rip-up clast fueron observados integrando exclusivamente
el depdsito de tsunami, sugiriendo una fuerte erosidén del suelo subyacente. Esto
puede deberse a la alta velocidad de flujo alcanzada por un tsunami (Spiske, 2020),
la cual puede ser mucho mayor en comparacion con la velocidad de inundacion de
un rio. Sin embargo, los depdsitos de tsunami no siempre mostraran un contacto
basal erosivo, pudiendo a menudo estar ausentes hacia tierra y en especial cerca del
limite de inundacién, donde la velocidad de flujo disminuye a valores minimos que
impiden la erosiéon. Segundo, diferencias en la extension hacia tierra de ambos
depdsitos. Mientras el depdsito del Rio Mataquito se extiende por solo ~70 m tierra
adentro, hasta la base de un pequefio escarpe, el depdsito de tsunami del 2010 se
extiende por cerca de 500 m tierra adentro, hasta la base del acantilado costero (Fritz
et al., 2011; Vargas et al., 2011; Garret et al., 2013). Los tsunamis tienen el potencial
para alcanzar mayores distancias tierra adentro, sin embargo, esto depende
fuertemente de la magnitud del evento y factores locales, tales como la topografia y
la pendiente del terreno (Cheng y Weiss, 2013; Abe et al., 2020; Saldafa et al.,
2025a; Yamashita et al., 2025).

Basado en estos dos criterios, el contacto basal erosivo y la extensioén tierra adentro,
los depdsitos de arena preservados en el registro sedimentario del Rio Mataquito
probablemente estén asociados a crecidas del rio mas que a eventos de tsunami
(Figura 3.6a,b). Los tres depdsitos de arena que fueron atribuidos preliminarmente a
tsunamis no muestran claros signos de erosion basal ni una amplia extension. De
hecho, estos no se extienden mas alla del escarpe que limitd la inundacion fluvial del

2023. A su vez, ninguna otra capa de arena en este sitio mostré un contacto basal
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erosivo, siendo un rasgo exclusivo del depdsito de tsunami del 2010. Probablemente
uno de estos depodsitos de arena corresponda a la inundacion causada por el Rio
Mataquito en 2008 (Figura 3.2b), la cual produjo en Licantén similares efectos a los
reportados en 2023 (CIGIDEN, 2023).

3.5.3 Implicancias para el estudio de depésitos de tsunami

Este trabajo plantea una dificultad para el estudio de depdsitos de tsunami, la cual
hasta ahora no habia sido abordada en detalle. Previos estudios se han enfocado
solamente en la identificacion de criterios claves para distinguir entre depdsitos de
tsunami y de tormenta, concluyendo que varios criterios pueden ser considerados
utiles, pero no diagndsticos (Kortekaas y Dawson, 2007; Morton et al., 2007; Engel y
Brickner, 2011; Goff et al., 2012; Phantuwongraj y Choowong, 2012; Ramirez-
Herrera et al., 2012; Shanmugam, 2012; Kongsen et al., 2022). Adicionalmente, se
ha argumentado que solo integrando multiples fuentes de evidencia, tales como
estratigrafica, sedimentolégica y paleontolégica, es posible diferenciar
apropiadamente el origen de los depodsitos (Goff et al., 2012; Kongsen et al., 2022).
Sin embargo, la ocurrencia del evento del 2023 y su depdsito de arena no solo
demuestra que otras variables fluviales pueden estar involucradas, sino que pone en
evidencia que incluso la utilizacion de multiples enfoques puede ser insuficiente.
Alternativamente, proxies geoquimicos, los cuales no fueron utilizados en este
estudio, podrian ayudar a una mejor diferenciacién entre fuentes de sedimentos
marinas y continentales (Chagué-Goff, 2010; Araya et al., 2022; 2024).

En Chile, sitios cercanos a desembocaduras de rios andinos han sido utilizados con
frecuencia para el estudio de depédsitos de tsunami (Ely et al.,, 2014; Hong et al.,
2016; Aedo et al., 2021; Hocking et al., 2021; Easton et al., 2022; Araya et al., 2022;
2024). Esto debido a que son lugares bajos y de facil acceso, ademas de preservar,
usualmente, un buen registro de eventos extremos. Adicionalmente, varios trabajos
conducidos en estos sitios han aplicado distintos criterios para probar una
depositacién por tsunami, como por ejemplo la extension lateral, multiples fuentes de

sedimento, adelgazamiento tierra adentro, andmalas diatomeas marinas vy
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coincidentes cambios del nivel del terreno acompafando a los depdsitos (Hong et al.,
2016; Aedo et al., 2021; Hocking et al., 2021). Sin embargo, los hallazgos
proporcionados por este estudio sugieren que solo este ultimo podria ser un criterio
realmente convincente para un origen por tsunami con fuente en la zona de
subduccion. Aun asi, debido al mezclado registro existente en desembocaduras de
rios andinos, estos sitios debieran ser preferentemente evitados como blancos de
exploracion o, al menos, ser tratados con especial precaucion al momento de

interpretar el origen de los depdsitos.

Estos evidentes problemas observados en la desembocadura del Rio Mataquito son
inexistentes en pequenos cursos de agua como esteros y canales. A diferencia de
los grandes rios provenientes desde la Cordillera de los Andes, los cuales
transportan importantes volumenes de agua y arena, los esteros con fuente en la
Cordillera de la Costa transportan poca agua y sedimentos finos y claros que
contrastan con cualquier depdsito de tsunami. En el Estero lloca, ~2 kilbmetros al
norte de la desembocadura del Rio Mataquito (Figura 3.1c), Saldana et al. (2025a)
reportaron el depdsito de tsunami del 2010 como una capa de arena grisacea
distintiva, la cual contrastaba notoriamente con los sedimentos subyacentes y el
superior suelo organico (Figura 3.6c-e). Adicionalmente, estos autores no reportaron
ninguna otra capa de arena en el area, implicando que el evento del 2023 no fue
registrado. Esto demuestra que la configuracién depositacional es crucial para la
interpretacion de depdsitos de tsunami (Shanmugam, 2012), siendo sitios de baja

energia mejores registradores de eventos extremos.

En definitiva, la ocurrencia del evento del 2023 nos condujo a reinterpretar los
depdsitos de arena encontrados en la desembocadura del Rio Mataquito como
originados por previas crecidas fluviales, las cuales son mucho mas frecuentes en el
area que eventos tsunamigénicos. Probablemente, futuras y precisas dataciones
aplicando conocidas técnicas de luminiscencia (OSL), las cuales han sido utilizadas
exitosamente en ambientes costeros (e.g., Tamura et al., 2019), proporcionaran
asistencia en discernir el origen de los depositos.
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3.6 Conclusiones

El depdsito de arena dejado por la reciente inundacién del Rio Mataquito en 2023
demostrd que crecidas de rios andinos son capaces de dejar un registro geoldgico
similar al originado por tsunamis, complejizando aun mas los estudios
paleosismoldgicos. Tanto el depdsito de inundacion del 2023 como el depdsito de
tsunami del 2010 presentaron similar arquitectura, granulometria, mineralogia,
susceptibilidad magnética y ensambles de diatomeas, resultando casi indistinguibles.
Evidentes similitudes entre estos dos analogos modernos destacan los desafios que
implicaria diferenciar entre ambos desde el registro estratigrafico, conduciendo
probablemente a interpretaciones erréneas. Los hallazgos proporcionados por este
estudio sugieren que las desembocaduras de rios andinos no son lugares apropiados
para la busqueda de depdsitos de tsunami, ya que en estos sitios confluyen multiples
fuentes de sedimento que dan origen a un mezclado registro. En contraste, sitios
menos dinamicos, tales como esteros o canales, son mejores registradores de

tsunamis y, por tanto, deberian ser preferidos.
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Capitulo 4. Paleoseismological evidence of a century
of coastal deformation in central Chile: lasting

emergence and ongoing submergence

Saldana, B., Cisternas, M., Carvajal, M., Melnick, D., Cortés-Aranda J., Francois,
J.P., Carrefio, A. & Guerra, M. (2025b). Paleoseismological evidence of a century of
coastal deformation in central Chile: lasting emergence and ongoing submergence.
Quaternary Science Advances, 19, 100291. Available from:
https://doi.org/10.1016/j.0sa.2025.100291

Abstract

Understanding vertical deformation associated with cycles of great megathrust
earthquakes is crucial for assessing coastal hazards and advancing in our knowledge
of tectonic processes in subduction zones. However, this requires long datasets that
extend beyond the era of space geodesy. Here, we use paleoseismological evidence,
including lithological and paleoecological data, from a former coastal lagoon in central
Chile to reconstruct land-level changes during the 20th century, spanning two great
(M = 8) megathrust earthquakes in 1906 and 1985. Diatom and seed assemblages
across an abrupt lithological change from mud to peat recorded a sudden relative sea
level (RSL) fall in the early 20th century. This environmental shift correlates with the
disappearance of the lagoon between 1904 and 1914 as documented in historical
maps, revealing an emergence event most likely associated with ~0.7 m of coseismic
uplift in 1906. For the following eight decades, diatoms suggest relatively stable RSL
conditions, implying that the coast remained emerged. This is partially supported by
the record of a nearby tide gauge showing relatively stable RSL between 1944 and
the mid-1980s. Around the time of the 1985 earthquake, both diatoms and tide gauge
records suggest the onset of a gradual RSL rise. The inferred long-term trend aligns
with modern GPS measurements showing persistent coastal subsidence since 1997

until today. This multiproxy RSL history reveals a more complex vertical deformation
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pattern than previously assumed in the central Chile subduction zone, with
subsidence starting eight decades after sustained post-1906 uplift. Our findings
provide key insights into the vertical deformation cycles of great subduction zone

earthquakes in central Chile and elsewhere.

Keywords

Land-level changes, lasting emergence, diatoms, central Chile, megathrust

earthquakes, environmental change

4.1 Introduction

Coasts adjacent to subduction zones have repeatedly experienced vertical changes
during and between earthquakes, causing abrupt environmental and social impacts.
Metric-scale coastal uplift and subsidence has accompanied recent earthquakes in
Chile (e.g., Plafker and Savage, 1970; Farias et al., 2010), Alaska (e.g., Plafker,
1965; 1969), Sumatra (e.g., Meltzner et al., 2006; Subarya et al., 2006) Mexico (e.g.,
Cosenza-Muralles et al., 2022) and Japan (e.g., Ozawa et al., 2011; Nishimura,
2014). For example, both the mainland coast of southern Chile and Alaska subsided
about 2 m during the great 1960 (Mw 9.5) and 1964 (Mw 9.2) earthquakes,
respectively, resulting in the abrupt lowering of forests and marshes into the intertidal
zone (Plafker, 1965; 1969; Plafker and Savage, 1970; Shennan et al., 1999). Such
coseismic vertical deformation is traditionally thought to be followed by years to
decades of gradual opposite motion, driven by afterslip, viscoelastic mantle relaxation
and interseismic plate locking (Wang et al., 2012). Indeed, regions that subsided
during the 1960 Chile and 1964 Alaska earthquakes were raised several decimeters
in the subsequent decades as result of these processes (Brown et al.,, 1977,
Barrientos et al., 1992; Luo and Wang, 2021). Most recently, coseismic subsidence
caused by the 2011 Tohoku-oki earthquake (Mw 9.0) on the northeastern coast of
Japan was followed by gradual postseismic uplift continuing for more than a decade
(Nishimura, 2014; linuma, 2018). However, coseismic land-level changes associated
with some large earthquakes, such as the 1995 Antofagasta (Mw 8.0) and 2007
Tocopilla (Mw 7.7) events in northern Chile, have not experienced an evident
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recovery phase (Melnick, 2016; Gonzalez-Alfaro et al., 2018), emphasizing that

vertical deformation patterns are still poorly understood.

Modern geodetic instrumentation has substantially improved the monitoring of vertical
deformation changes during subduction earthquake cycles (Wang et al., 2012).
However, our knowledge still remains limited because such geodetic datasets, which
span only a few decades, are unable to capture land-level changes throughout
complete seismic cycles associated with earthquakes of different magnitudes and
depths. This limitation has spurred complementary, non-instrumental approaches
able to extend deformation records beyond the instrumental period (e.g., Zong and
Horton, 1999; Sawai et al., 2004; Sieh et al., 2008; Garret et al., 2013; 2015; Wesson
et al., 2015).

Among these approaches, stratigraphic and biostratigraphic evidence from coastal
sediments allows to quantify vertical deformation (Pilarczyk et al., 2014; Dura et al.,
2016a). Information recorded in coastal sediments bordering subduction zones has
guided numerous paleoseismological studies, allowing to extend the earthquake
record over centuries to millennia (e.g., Atwater, 1987; Nelson et al., 1996). Abrupt
land-level changes are usually represented by sharp lithologic changes and
associated shifts in microfossil assemblages (e.g., diatoms, foraminifera and pollen)
revealing sea level fluctuations (Nelson et al., 1996; Pilarczyk et al., 2014; Shennan
et al., 2014; 2016; Horton et al., 2017). Particularly, diatoms, which are sensitive to
environmental factors such as salinity and tidal exposure, have proven to be valuable
indicators of relative sea-level (RSL) changes resulting from seismo-tectonic land-
level changes (Hemphill-Haley, 1995; Atwater and Hemphill-Haley, 1997; Dura et al.,
2015; 2016a; Garret et al., 2015). For example, multiple episodes of late Holocene
coseismic subsidence along the Alaska-Aleutian megathrust, including that from the
1964 earthquake, were recorded in marshes by sharp lithological and diatom changes
(Shennan et al., 1999; Hamilton et al., 2005; Hamilton and Shennan, 2005a; Shennan
and Hamilton, 2006). Additionally, diatoms have proven to be sensitive to more
subtle, interseismic land-level changes, making them a powerful paleoseismological
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tool (Shennan et al., 1999; Sawai et al., 2004; Hamilton and Shennan, 2005b; Dura et
al., 2015).

Here, we use lithological and paleoecological evidence from a coastal site in central
Chile to reconstruct a century of land-level changes. We complement this
stratigraphic source with former maps, historical reports, and tide gauge and satellite
geodesy records. Our reconstruction suggests that sudden uplift, caused by the large
1906 earthquake, was followed by little to no vertical change until the 1985
earthquake, when gradual subsidence began. It had resulted from temporal variations
of interplate slip. These results will provide constraints for assessing the performance
of deformation models and contribute to a better understanding of the behavior and

rheological structure of subduction zones.

4.2 Regional setting

4.2.1 Great historical earthquakes in central Chile

Chile is frequently affected by megathrust earthquakes as result of the convergence
between the Nazca and South American plates at a rate of ~65 mm/year (Figure 4.13a;
Jarrin et al., 2023). Particularly, the central zone of Chile (~32° - 34° S; Figure 4.1b),
which hosts most of the country's population and has one of the most complete
earthquake records since the Spanish arrival in 1541, has been regularly struck by
great (M>8) megathrust earthquakes every ~85 years (Nishenko, 1985; Comte et al.,
1986). Four great megathrust earthquakes have affected central Chile in historical
times, in 1730 (M>9), 1822 (M8-8.5), 1906 (M8-8.5) and 1985 (M8) (Montessus de
Ballore, 1912; Lomnitz, 2004; Carvajal et al., 2017a; Ruiz and Madariaga, 2018).
Additionally, several smaller, intercalated M<8 events like that of 1971 complicate the
seismic sequence (Eisenberg et al., 1972; Malgrange et al., 1981; Korrat and
Madariaga, 1986). The 1730 earthquake is considered the largest in the historical
sequence due to the extent of the building damage and the resulting large tsunami in
both the near- and far-field (Udias et al., 2012; Urbina et al., 2016; Carvajal et al.,
2017a). In contrast, building damage was less extensive in 1822, 1906 and 1985, and

the accompanying tsunamis were much smaller. Also, although coastal land-level
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changes were rarely reported for the 1730 event, they were among the most
conspicuous effects during the 1822, 1906, and 1985 earthquakes (Graham, 1824;
Steffen 1907a, b; IGM, 1985; Castilla, 1988). Therefore, despite a roughly regular
recurrence interval of about eight decades, differences in the extent of reported
shaking, land-level changes and tsunamis suggest that these earthquakes varied

sharply in size and source.

4.2.2 The 1906 earthquake

The 16 August 1906 earthquake appears to be the second largest historical event in
the seismic sequence of central Chile after the 1730 earthquake in terms of rupture
extent. Severe damage extended latitudinally along 500 km between lllapel (31.7°S)
and Cauquenes (36°S), causing more than 3800 casualties (Figure 4.1b; Montessus
de Ballore, 1915; Carvajal et al., 2017b). A rupture length of about 350 km between
Los Vilos and Llico was estimated by Nishenko (1985), overlapping with the recent
2010 and 2015 earthquakes to the south and north, respectively (Figure 4.1b; Moreno
et al.,, 2012; Tilmann et al., 2016). A small, non-destructive tsunami was locally
reported (Soloviev and Go, 1984). Uplift was well reported along the coast between
Los Vilos (31.9°S) and Constitucion (35.3°S), with Campiche, our study area, in
between (Figure 4.1b; Steffen, 1907a, b; Machado, 1909; Harnecker, 1914;
Montessus de Ballore, 1915). Uplift amount varied along the coast, with estimates of
about 0.6 m between Concén and Valparaiso (20 km south of Campiche), and at
least 0.8 m between Zapallar and Horcén (5 km north of Campiche), the two closest
sites to our study area (Figure 4.1c). Carvajal et al. (2017b; 2019) showed that all the
above effects are best explained by a megathrust rupture beneath land, favoring the
uplift of the coast instead of the seafloor. Additionally, they estimated a moment

magnitude between 8.2 and 8.5 for this historical earthquake.

4.2.3 The 1985 earthquake

The 3 March 1985 earthquake is the most recent and perhaps smallest event in the
seismic sequence of central Chile. Compared to its predecessor in 1906, the greater

damage in 1985 was concentrated in a coastal strip of only 150 km (Comte et al.,
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1986), between Quintero (32.7°S) and Matanzas (34°S; Figure 4.1b). The area of
aftershocks extended between Quintero and Pichilemu (Comte et al., 1986), abutting
to the south with the 2010 earthquake rupture (Moreno et al., 2012). Coastal uplift of
0.1 to 0.6 m was observed between Valparaiso (33°S) and south of San Antonio
(33.9°S; IGM, 1985; Plafker, 1985; Comte et al., 1986; Kausel, 1986; Castilla, 1988).
A minor tsunami was triggered with maximum amplitudes of less than a meter
recorded at the Valparaiso tide gauge (Carvajal et al., 2019). Slip distributions from
geodetic and/or seismic inversion models suggest a maximum slip of ~3 m and
moment magnitude between 7.8 and 8.0 (Mendoza et al., 1994; Barrientos, 1988;
1997; Bravo et al., 2019). Most of these models propose a rupture propagating under

the coast between south of Quintero Bay and San Antonio (Figure 4.1b,c).

4.2.4 The Campiche lowland

The Campiche lowland is located about 2 m above mean sea level (MSL) in the
densely industrialized Quintero Bay, immediately adjacent to oil and natural gas
terminals, a large copper smelter, thermoelectric plants and port infrastructure active
since the 1960’s (Figures 4.1d and 4.2a). The emissions of pollutants resulting from
such intense industrial activity have been imprinted in the surface sediments of the

area, transforming it into a zone of environmental sacrifice (Gayo et al., 2022).

A coastal cliff up to 80 m in height, exposing Plio-Pleistocene rocks covered by Late
Pleistocene paleodunes (Carrillo-Bricefio et al., 2013; Flores-Aqueveque et al., 2021;
Garcia et al., 2019; Rivano et al., 1993), delimits the Campiche lowland. To the west,
Campiche is bounded by the active coastal dune and a large copper smelter slag pile
(Figure 4.2a). The lowland is dissected by the Puchuncavi Creek, which drains a 110
km2 watershed incised in the western flank of the Coastal Range. Freshwater
vegetation extensively covers the surface of the plain (Figure S1a), whereas small,
scattered water bodies, such as the Campiche and Los Maitenes wetlands, are
restricted to peripheral locations (Figure 4.2a). These wetlands may be remnants of a

former coastal lagoon in the area (Figure 4.3).
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Figure 4.1. Index maps. (a) Plate-tectonic setting of Chile in southwestern South America. The black
barbed line marks the seaward edge of the subduction zone between the Nazca and South American
plates. Paired arrows indicate the rate of convergence between both plates (Jarrin et al., 2023). (b) Slip
contours (m) of recent great earthquakes in central Chile (Moreno et al., 2012; Tilmann et al., 2016;
Bravo et al., 2019). For the 1971 event only the epicenter is shown (orange star from Malgrange et al.,
1981). Red hatched areas mark locations where coastal uplift was reported after the 1906 earthquake.
Uplift magnitudes are given in parentheses (Steffen, 1907a, b; Machado, 1909; Harnecker, 1914;
Montessus de Ballore, 1915). (c) Uplift reported 1906 near our study site. The five GNSS stations, the
campaign GPS benchmark, and the Valparaiso tide gauge, whose records were used in this study, are
shown. Note that the northern limit of the proposed 1985 earthquake rupture by Bravo et al. (2019) lies
south and offshore of Quintero Bay. (d) Detail of Quintero Bay showing its dense industrial

development and the site of Dura et al. (2015).
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4.3 Material and methods

4.3.1 Fieldwork

We studied the Campiche stratigraphy through 30 hand-driven cores and 7 vibracorer
slices recovered between October 2023 and December 2024 (Figures 4.2a and S1).
Coring elevations were tied to local MSL using a dGPS and a tidal datum of the
Hydrographic and Oceanographic Service of the Chilean Navy (SHOA) at Quintero.
We focused on the surficial stratigraphy, including a sharp lithologic contact of peat
over inorganic mud that lies about 32 cm depth (Figures 4.2b and 4.4). Detailed
lithologic descriptions were made in the field and complemented with further

laboratory analysis (Figure S1).

4.3.2 Diatom analysis

To reconstruct the history of RSL changes and paleoenvironments at Campiche we
analyzed fossil diatoms preserved in the sediments. Following the procedures
described by Dura and Hemphill-Haley (2020), we sampled 2 cores and 4 slices that
showed minimal signs of disturbance at 2 to 3 cm vertical intervals. A minimum of 300
diatom valves were counted for each sediment sample, which were identified to the
species level under a microscope with 1000x magnification. A total of 90 species in
the 101 samples analyzed were identified and classified by salinity preference
(freshwater, brackish, and marine) and life form (benthic, epiphytic, and planktonic).
Identification and classification was made using local (Dura et al., 2015), regional
(Horton et al., 2011; Chagué-Goff et al., 2015; Dura et al., 2017; Hocking et al., 2017;
Sawai et al., 2017), and global (Vos and de Wolf, 1988; 1993; Denys,1991; Hemphill-
Haley, 1993; Van Dam et al., 1994; Sawai et al., 2004; Hassan et al., 2009; Zong and
Sawai, 2015; Spaulding et al., 2021; DePaolis et al., 2024) references.

Land-level changes at Campiche were inferred from RSL diatom reconstructions. We
restricted our results to qualitative reconstructions as the absence of published
modern diatom assemblages in central Chile precluded the use of transfer functions
and other quantitative methods. Nevertheless, we used the ratio of brackish and

marine to freshwater diatoms to infer RSL changes (Figure 4.5d), which was
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successfully applied at a nearby site (Dura et al., 2015; Figure 4.1d). A decrease in
this ratio indicates a RSL fall (emergence), whereas an increase indicates a RSL rise

(submergence).

Using the CONISS program (Grimm, 1986), we applied a stratigraphically restricted
cluster analysis to diatom samples to identify similar species associations between
adjacent samples. The cluster analysis was made using the method of incremental
sum of squares and considering only diatoms with abundance above 5% in at least a
sample to minimize the statistical influence of insignificant taxa (Figures 4.4, S3 and
S4; Table S1).

4.3.3 Organic matter and seed records

Organic matter content was obtained by the loss on ignition method for 25 samples
spaced vertically every 2 cm from slice SL-3 (Figure S5). Following the methods of
Dean (1974), the organic matter content was estimated by weight loss after burning

each sample to 550°C.

We also determined the presence and abundance of Schoenoplectus californicus
seeds. Because this emergent aquatic plant belonging to the Cyperaceae family is
indicative of salt-tolerant environments (e.g., Ramirez and AAazco, 1982; Atwater et
al.,, 1992), its presence and relative abundance provides support for our diatom
ecological interpretations. For the analysis, a sediment volume of 10 cm?3 for each
sample was wet sieved to remove large plant debris. The resulting fine fraction was
observed under a binocular stereoscopic microscope, where all the S. californicus
seeds were counted to obtain their concentration (Figure 4.5c). Other seeds with
lower abundance, mainly belonging to grasses, were used for ecological

interpretations but were not counted.
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Figure 4.2. Campiche lowland fringing Quintero Bay. (a) Digital terrain model (DTM) of Campiche
derived from LiDAR data. The dashed line outlines the extent of the former coastal lagoon according to
old maps (see Figure 4.3). Thirty sediment cores and seven vibracorer slices were collected from the
southern margin of the former lagoon (red dots). The core site of Gayo et al. (2022), from which our
age model was transferred, is located southeast in the Los Maitenes wetland. (b) Stratigraphic cross-
section through our site. The underlying mud layer thins inland, while the overlying peat layer thickens.
Elevations are relative to mean sea level (MSL). Tidal datums shown on the vertical axis include Mean
Higher High Water (MHHW: ~0.7 m) and Highest Astronomical Tide (HAT: ~1.1 m).
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4.3.4 Chronology using ?'°Pb and pine pollen

To provide a time frame for our stratigraphy, we used two approaches, including a
210pPp chronology previously reported for the site and a temporal marker based on the

presence of pollen of an introduced tree species.

The isotope chronology is provided by 2'°Pb ages previously obtained from a core
taken near our sampling site for a study of environmental pollutants (Gayo et al.,
2022). The core was taken about 0.6 km from our slice SL-3, within the Los Maitenes
wetland (Figure 4.2a). To correlate stratigraphically the core with our slice, we
relocated the site with the guidance of JPF, coauthor of the previous and present
study. There, we shoveled a pit (Figure S2), recovered the slice SL-7 (Figure 4.2a)
and described the stratigraphy. Because both stratigraphies turned out to be almost

identical (Figure 4.5a,b), we transferred the 2'°Pb age model to our slice stratigraphy.

Pine pollen was analyzed to provide a further check of the transferred 2'°Pb
chronology and to constrain the age of the sediments as proposed by Cisternas et al.
(2001; 2017) for south-central Chile and by Frugone-Alvarez et al. (2017) for central
Chile. Pine trees were first introduced in Chile at the end of the 19th century, when
Pinus radiata, native from California (USA), was planted in south-central Chile in 1885
(Aztorquiza, 1929; Donoso and Lara, 1996; Vargas et al., 2017). In the early 20th
century, pine tree plantations spread throughout the country as a national government
policy to control soil erosion and provide timber (Contesse, 1987). Later, from 1974
onwards there was a massive growth of planted hectares due to the enactment of the
economic incentive law to encourage afforestation (Maestripieri et al., 2017). About
1.5 million hectares of pine trees were planted between 1975 and 2007, accounting
for 65% of the total planted area (INFOR, 2008). Because this history makes pine
pollen in central Chile no older than the 1900s, the Campiche deposits of about that
age should contain the deepest P. radiata pollen (Figure 4.5c). Additionally,
sediments from the mid-1970s onwards should contain much more pollen than
before. Accordingly, we looked for pine pollen along the stratigraphy of slice SL-3,
analyzing a total of 25 samples (2 cm? sediment volume) following Faegri and Iversen
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(1989) to extract pollen grains. Lycopodium tablets were added for calculating pollen
concentration (grains/cm3; Stockmarr, 1971). Pollen grains were identified and
quantified under a microscope (400x and 1000x magnification) using Heusser (1971)
and a local reference pollen collection (UPLA). Pollen counts include >300 terrestrial
pollen grains excluding paludal taxa. Pollen of other species was recognized, but not
counted, throughout the whole slice SL-3 to check that the absence of P. radiata

pollen at depth was not the result of post-depositional decay of pollen grains.

4.3.5 Historical maps

To support our ecological interpretations and chronology, we examined seven
hydrographic maps of Quintero Bay from 1803 to 1930 and a 1954 aerial photograph
(Figure 4.3). This graphic information is complemented by detailed reports from
contemporary naturalists and scholars. Relevant information of the maps, such as

sources and scales, is provided in the Supporting Information in Anexo 2 (Table S2).

4.3.6 Tide gauge and geodetic observations

The record of the Valparaiso tide gauge, which is located 30 km south of Campiche,
was used for comparison with our RSL history reconstruction. The complete record
extending from 1944 to 2025 was provided by SHOA, with only a data gap of 11
years between 1971 and 1982. Following the approach described in the Supporting
Information we estimated the two linear trends of RSL shown in Figure 4.5¢e (see also
Figures S6-S8).

Additionally, land-level trends over the last decade were obtained from five
continuous GNSS stations located north (Zapallar) and south (Valparaiso) of
Campiche (Figure 4.1c). We used the linear trajectory method (Bevis and Brown,
2014; Melnick et al., 2017) to model the East, North, and Up components, which are
shown in the Supporting Information along with the description of the method (Figures
S9-S13). The Up component was used to estimate vertical land motion. A campaign
GPS benchmark (MROC; Figure 4.1c), installed by the central Andes GPS Project
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(CAP; Kendrick et al., 1999) at Concén in 1997 and resurveyed in 2004, allowed
extend backward the geodetic data (Figure S14).

Figure 4.3. Sequence of historical maps and early aerial photography documenting changes in the
Campiche lowland since the early 19th century. (a-d) Pre-1906 depictions of the Campiche coastal
lagoon. (e-g) Post-1906 depictions showing the plain that replaced the lagoon. Note the presence of
fences delimiting the land in 1930 (g). (h) First aerial photograph of Campiche, taken in 1954 before
industrial development, showing part of the vegetated plain and inland dune migration over the former

lagoon bed.

4.4 Results

4.4.1 Campiche stratigraphy

The sediments fringing the Campiche lowland, at the base of the surrounding hills
where freshwater wetlands are developed, show two distinct layers down to the meter
depth (Figure 4.2a,b). The lower layer is composed of gray, organic-poor, massive
fine mud, which extends towards the center of the plain as a brick-colored mud. This
mud layer varies in thickness between 0.2 and 1 m, occasionally exhibits darker
laminations at its base and pinches out towards the hills (Figure 4.2b). The organic
matter content, mainly composed by small rootlets and other plant macrofossils,
varies between 22 and 32% (Figure S5). Seeds of salt-tolerant aquatic plants are
often found in the mud, especially from the sedge Schoenoplectus californicus in
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concentrations up to 60 seeds/10 cm?® (Figure 4.5¢). Although pollen of native species
is present in this mud, no pollen of P. radiata was found (Figure 4.5c). Diatom
assemblages are mostly dominated by brackish (e.g., Navicula peregrina, Nitzschia
sigma and Cocconeis placentula) and marine (e.g., Tabularia fasciculata) species,
reaching a combined abundance of 55% (Figures 4.4 and 4.5d). Freshwater species
are also abundant in the mud, especially epiphytic species (e.g., Gomphonema affine,
Gomphonema parvulum and Nitzschia amphibia). Planktonic diatoms (e.g.,
Aulacoseira granulata, Paralia sulcata and Stephanocyclus meneghinianus) represent
up to 13% of the assemblages. The ratio of brackish and marine to freshwater

species ranges from 0.6 to 0.77 (Figure 4.5d).

The mud layer is abruptly overlaid by a layer of dark reddish peat ranging from 0.2 to
0.4 m thick (Figure 4.2b). The peat contains up to 80% of organic matter (Figure S5),
with abundant grass seeds and plant remains. In contrast to the lower mud, the peat
layer does not contain S. californicus seeds, except at its basal section with
concentrations of less than 15 seeds/10 cm? (Figure 4.5c). Pollen assemblages are
constituted by both native and exotic taxa, reaching higher concentrations than in the
mud layer. Pine pollen was found throughout almost the entire peat layer, increasing
in concentration upwards (Figure 4.5c). Diatom assemblages in the peat layer are
almost completely dominated by freshwater species (~90%; Figures 4.4 and 4.5d),
either benthic (e.g., Diploneis ovalis, Navicula cryptotenella and Pinnularia
Subcapitata) or epiphytic (e.g., Epithemia gibba, Epithemia gibberula and
Planothidium lanceolatum). Brackish species have an abundance generally less than
10%, showing a slight increase to about 20% in the upper section (e.g., Halamphora
coffeaeformis and Navicula cryptocephala). Marine species are almost absent, with
an abundance of less than 1%. Planktonic diatoms are also absent in the peat layer,
except for the lowest section with an abundance of less than 2%. The ratio of
brackish and marine to freshwater species is less than 0.13 in the lower section,

increasing to 0.23 in the upper section (Figure 4.5d).
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Cluster analyses of diatom assemblages using CONISS confirm an abrupt change in
salinity across the lithologic contact from mud to peat (Figures 4.4, S3 and S4).
Brackish and marine taxa dominating the mud layer assemblages, such as Navicula
peregrina and Tabularia fasciculata, are typically found in high salinity environments,
usually in coastal sites near MSL. In contrast, freshwater taxa dominating the peat
layer, such as Diploneis ovalis and Pinnularia subcapitata, are typical of a vegetated
environment above the mean higher high water (MHHW) in Quintero Bay. Cluster
analyses also detect a more subtle shift in the diatom assemblages at the top of the
peat, showing a higher occurrence of brackish taxa, such as Halamphora
coffeaeformis and Navicula cryptocephala (Figures 4.4 and S3). These taxa
proliferate in the Puchuncavi Creek (salinity >2%) and are usually more abundant in
the underlying mud layer, so their occurrence in the peat layer suggests a slight

increase in salinity.

4.4.2 Chronology of slice SL-3

The presence of pine pollen supports the transfer of the 2'°Pb chronology from Gayo
et al. (2022) to our slice SL-3 (Figure 4.5a-c), providing a time frame that spans the
entire 20th century. The deepest occurrence of pine pollen at 29 cm depth in slice SL-
3 (Figure 4.5c), which corresponds to 1910-1920 in the chronology of Gayo et al.
(2022), probably reflects the first spread of pine plantations throughout central Chile
in the early 20th century (Contesse, 1987). This constrains the occurrence of the
sharp lithological change from mud to peat at 32 cm depth between 1900 and 1910
(Figure 4.5a,b). A prominent pollen peak at 13 cm depth (Figure 4.5c), corresponding
to 1970-1980, probably marks the massive afforestation that followed the 1974
economic incentive law for pine plantations (Maestripieri et al., 2017). Thus, because
there is no visual evidence of erosion, bioturbation, or mixing in the stratigraphy of
slice SL-3, it likely recorded at least the last 120 years of sedimentation and
ecological changes along the central Chilean coast.
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Figure 4.4. Relative abundance of diatoms in slices SL-1 and SL-3. Photographs and schematic

stratigraphies of each slice are shown on the left. Only species with relative abundance >5% are

included and are grouped by salinity preference (freshwater, brackish, and marine) and life form (Be:

benthic, Ep: epiphytic, PI: planktonic). Elevations above mean sea level (amsl) at which each slice was

collected are indicated (see also Figure 4.2b). Results of the CONISS cluster analysis on the right

show an abrupt shift in diatom assemblages coinciding with the change from mud to peat (marked by

the red dashed line). Note the gradual increase of brackish species in the uppermost peat section.
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Figure 4.5. Biostratigraphic record in slice SL-3 and relative sea level (RSL) and land-level trends. (a)
Photograph of slice SL-7 at the site originally studied by Gayo et al. (2022), including their published
210Pp chronological model. (b) Photograph of slice SL-3 extracted from a nearby location (see Figure
4.2a). Note the strong stratigraphic similarity between both slices. (c¢) Concentrations of pine pollen and
Schoenoplectus californicus seeds. (d) Summary of relative abundance of diatoms grouped by salinity
preference (freshwater, brackish, and marine) and life form (planktonic). The ratio of brackish and
marine to freshwater diatoms, used to infer RSL changes, is shown on the right. (e) Long-term RSL
trend recorded by the Valparaiso tide gauge. (f) Land-level trend averaged from geodetic

measurements between Zapallar and Valparaiso.

4.4.3 Campiche in the 19th and 20th centuries

Although the Campiche lowland is currently an extensive, partially dried and
vegetated plain, 19th century maps consistently depict it as a coastal lagoon (Figure
4.3a-d). Maps since 1803 onwards show that this former lagoon extended for several
kilometers and was connected to the sea through a narrow channel where the
Puchuncavi Creek is currently located. This representation continues until 1904, but
by 1914 the lagoon no longer appears on maps, indicating a sudden disappearance
in the intervening decade (Figure 4.3e-g). Post-1914 maps show a dry plain bordered
by wetlands, including the presence of fences delimiting properties on the new land
(Figure 4.39).
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Contemporary scholars describe the Campiche lagoon as a shallow waterbody about
5 km long surrounded by reeds and other aquatic plants, as well as being home to a
variety of fish and birds (Pissis, 1854; Vicufia Mackenna, 1874; Pomar, 1876; Vidal
Gormaz, 1880). During the dry season the lagoon is reported as reaching a maximum
depth of 2 m, whereas during the wet season it is described as suitable for canoeing
and abundant fishing (Vicuina Mackenna, 1874; Pomar, 1876; Vidal Gormaz, 1880).
According to descriptions made by Vidal Gormaz (1880), the lagoon outlet is found
closed during the summer as a sand bar is established due to the slow flow of water

and opened in winter due to the rains that increase the level of the lagoon.

The earliest aerial photograph of Campiche, taken in 1954 before industrial
development, shows the area already resembling its current state, characterized by
inland-advancing dunes and increased vegetation cover (Figure 4.3h). Peripheral
water bodies, such as the Campiche and Los Maitenes wetlands, likely represent the

last remnants of the former lagoon (Figure 4.2a).

4.4.4 Sea and land level changes

The Valparaiso tide gauge record reveals a significant change in the RSL trend in the
early 1980s, marking distinct periods of sea level fall and rise in central Chile. For the
complete tide gauge time series, the resulting trajectory model with quadratic term
suggests a reversal in the polarity of RSL change between 1981 and 1982 (Figure
S6). The maximum likelihood of the probability density function for the minimum of the
quadratic function is the year 1981.3 + 0.4, three years before the large 1985
earthquake. Derived from this, we estimated linear trends of RSL for two periods of
about 40 years each (Figures S7 and S8). The first, between 1944 and 1985, shows
RSL fall at a rate of 1.6 + 0.03 mm/yr (Figure 4.5e). The second, between 1985 and
2025, shows RSL rise at a rate of 3.0 + 0.02 mm/yr (Figure 4.5e).

GNSS data from stations north and south of Quintero Bay show ongoing coastal

subsidence along the coast of central Chile over the past decade, with rates varying

between 1 and 6 mm/yr (Figure 4.1c). The station at Zapallar (ZAPA), about 20 km
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north of Campiche, shows continued subsidence from 2010 to 2025 at a rate of 2.44
+ 0.26 mm/yr (Figure S9). In Valparaiso, about 30 km south of Campiche, two
stations show slightly lower subsidence rates than those recorded to the north. The
VALP station shows a subsidence rate of 1.44 + 0.56 mm/yr between 2008 and 2015,
whereas the VALN station indicates a rate of 1.04 £ 0.70 mm/yr between 2013 and
2023 (Figures S10 and S11). Other two Valparaiso stations show subsidence at a
higher rate. While the BNOS station shows a rate of 4.32 + 0.28 mm/yr between 2011
and 2024, the TRPD station presents a rate of 5.9 + 0.92 mm/yr between 2016 and
2025 (Figures S12 and S13). Additionally, the campaign GPS benchmark MROC at
Concén, about 20 km south of Campiche (Figure 4.1c), indicates a subsidence rate of
3.57 + 0.81 mm/yr between 1997 and 2004 (Figure S14). Together, for the area
between Zapallar and Valparaiso, GPS measurements indicate an average

subsidence rate of approximately 3.5 mm/year since at least 1997 (Figure 4.5f).

4.5 Discussion

4.5.1 Evidence for early 20th century sudden emergence

The sharp lithologic and ecological contact observed in the Campiche lowland
indicates an abrupt environmental shift, most likely driven by sudden emergence in
the early 20th century. Seed assemblages and planktonic diatoms suggest that the
lower gray mud layer was deposited in a low-energy, shallow lagoon environment
surrounded by reeds and sedges (Figure 4.6a). In contrast, the overlying reddish peat
layer dominated by grass seeds and pollen along with abundant benthic and epiphytic
diatoms, reflects accumulation in a terrestrial setting capable of sustaining dense
vegetation (Figure 4.6c,d). This change in the depositional environment was
accompanied by an abrupt decrease in salinity as indicated by the diatom
assemblages shift from mostly brackish to freshwater taxa (Figures 4.4 and 4.5d),
which is consistent with an emergence event resulting from a sudden RSL fall as has
been suggested by other studies (Figure 4.6b; Sawai, 2001; Atwater et al., 2004;
Shennan et al., 2009; 2014; DePaolis et al., 2024). According to our composite
chronology, this emergence event marked by the transition from mud to peat likely
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occurred in the early 20th century, between 1900 and 1910 (Figure 4.5a-c), coinciding

with the 1906 megathrust earthquake and its associated coseismic uplift.

This emergence-driven ecological change also corresponds with the sequence of
historical maps documenting the disappearance of the Campiche lagoon (Figure 4.3).
The gray mud, containing seeds of plants and diatoms associated with brackish
water, was likely deposited in the former lagoon, which was mapped until 1904
(Figure 4.3a-d), while the peat with freshwater diatoms developed on the emerged
lagoon bed where plants could establish, as shown in maps from 1914 onward

(Figure 4.3e-q).

Together, the stratigraphic and historical evidence points to an abrupt uplift event at
Campiche, most likely linked to the 1906 earthquake. Several key criteria used
elsewhere to relate coseismic land-level changes with similar evidence are present in
the Campiche stratigraphy. They include the suddenness and continuity of the
lithologic contact, as well as the abrupt and sustained ecological change indicated by
microfossil assemblages (Nelson et al., 1996; Shennan et al., 2016). More evidence
for coastal uplift in 1906 is provided by a historical report mentioning that former
saltworks at Campiche were no longer reached by the tides after the earthquake
(Figure 4.2a), forcing the building of a system of steam pumps and pipelines to bring
the water from the sea (Martija, 2016).

Alternatively, other processes could explain the stratigraphic record at Campiche.
One possibility is a previously undocumented intraplate earthquake in the early 20th
century that produced localized uplift. However, this explanation seems unlikely, as
no cortical faults have been identified near Quintero Bay (Rivano et al., 1993;
Maldonado et al., 2021), and it is improbable that such an event would have gone
unnoticed in the already densely populated Santiago—Valparaiso region at that time.
Alternative explanations involving non-tectonic processes, including slight sea level
fluctuations or blockage of the Puchuncavi Creek outlet, fail to explain the sharpness
and persistence of the stratigraphic and landscape changes observed at Campiche. A
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slow RSL fall would result in a gradual change in lithology and diatom assemblages.
However, both changed abruptly in all sediment cores and slices collected (Figures
4.4, S3 and S4). A permanent blockage of the Puchuncavi Creek outlet could
eventually result in a salinity change, but not in the disappearance of the lagoon. If
the Puchuncavi Creek had been permanently closed, the lagoon’s water level would
have risen, submerging the Campiche lowland under freshwater. Although we have
observed that this outlet can be seasonally blocked by beach sand, such closures are
temporary, as reported by Vidal Gormaz (1880). This seasonal behavior would
produce a stratigraphic record characterized by thin, rhythmic layers reflecting
alternating periods of lagoon opening and closure and not a stratigraphy composed

by only two units spanning more than a century.

Additionally, the fossil diatom assemblages across the lithologic contact and their
typical elevational ranges within the tidal frame allow to constrain the amount of uplift
at Campiche. Based on the modern tidal range in Quintero Bay (~1.6 m) and the
diatom assemblages preserved in the sediments, which indicate a shift from a near
MSL environment to one above MHHW, we estimate a minimum coastal uplift of ~0.7
m (Figure 4.6e). This value is consistent with those reported by eyewitnesses of the
1906 earthquake effects near Quintero Bay, which range between 0.6 and 0.8 m (see
Section 2.2; Figure 4.1c).

Taken together, our evidence suggests that the 1906 earthquake uplifted the
Campiche area, leading to the drainage of the lagoon and the emergence of its
muddy bed, which was subsequently colonized by vegetation (Figure 4.6b-d).
Comparable landscape changes have also been observed elsewhere following major

earthquakes, such as in Alaska after the 1964 event (DePaolis et al., 2024).
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Figure 4.6. Conceptual reconstruction of relative sea-level (RSL) changes at Campiche during the 20th
century, based on environmental indicators. (a) In the 19th century, the Campiche lowland was
occupied by a coastal lagoon surrounded by aquatic vegetation such as reeds and sedges. Fine mud,
seeds, and predominantly brackish diatoms accumulated on the lagoon bed. (b) In the early 20th
century, the lagoon was abruptly drained due to a sudden RSL fall associated with the 1906 coseismic
uplift, leading to the death of aquatic plants. (c¢) During the following eight decades, the exposed
surface was colonized by freshwater vegetation and diatoms, promoting peat formation. Inland
migration of the coastal dune partially covered the new plain, and pine plantations were introduced to
the area. (d) By the late 20th century, vegetation and peat accumulation became more extensive.
However, around the time of the 1985 earthquake, an increasing presence of brackish diatoms in the
upper peat indicates a slight RSL rise towards the return of tidal influence. (e) Coastal elevation
changes at Campiche during the 20th century. Roman numerals correspond to the environmental
stages shown in (a-d). Different colors in this reconstruction represent land-level changes supported by
different evidence sources indicated on the right.

99



4.5.2 Evidence for mid-20th century lasting emergence

A key finding of this study is the absence of significant vertical recovery (i.e.,
expected subsidence) of the Campiche lowland in the eight decades following the
1906 earthquake uplift. This is suggested by the reduced variation over several
decades in the diatom assemblages of the post-1906 peat. Numerous freshwater taxa
that prospered in the new environment imposed by the coseismic uplift are found
vertically throughout the peat layer (Figures 4.4 and 4.5d). This implies that the tidal
influence was effectively interrupted for a prolonged duration, resulting in lasting
emergence throughout much of the 20th century (Figure 4.6e). Brackish and marine
taxa disappeared almost completely, with a slight increase recorded in the cap of the
peat layer (discussed in the next section). Post-1906 seed and pollen assemblages
throughout the peat agree well with the terrestrial environment seen today, dominated
by freshwater plants such as giant rhubarbs and willows (Figure S1a). It implies that
the area remained raised above the tidal range during most of the 20th century

(Figure 6e).

The inferred lasting emergence is partially supported by the tide gauge record of the
RSL at Valparaiso, which starts in 1944 (Figure 4.1c). Between 1944 and 1985, the
record shows a linear trend of slight RSL fall at a rate of ~1.6 mm/yr (Figure 4.5e).
However, the tide gauge data includes a gap between 1971 and 1982, which
complicates the quantification of this trend. If the data is analyzed between 1944 and
1971, when the record is continuous, a linear trend of RSL rise at 0.15 £ 0.06 mm/yr
is obtained, suggesting relative stability (Figure S16). This is close to the stability
inferred from diatoms at Campiche between 1944 and 1985. In any case, the tide
gauge record from Valparaiso supports the notion that the coast remained raised for
several decades. Additionally, since the peat diatom assemblages pre- and post-1944
are similar, we infer that the lasting emergence persisted since the 1906 uplift. This
trend suggested by diatoms over a period of eight decades is shown in Figure 4.6e

together with the uncertainty of the tide gauge data.
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It is worth noting that two significant earthquakes occurred between 1944 and the
present: the 1971 (Mw 7.8) and 1985 (Mw 8.0) events, both potentially capable of
producing land-level changes in the region (Figure 4.1b). While the larger 1985
earthquake is discussed in the following section, the 1971 event is known to have
uplifted Valparaiso by about 0.15 m (Barrientos, 1997) and may have caused minor
uplift at Campiche. However, the absence of lithological or diatom changes in the
sediments corresponding to the 1970s suggests limited vertical displacement
associated with this earthquake (Shennan et al., 2016; Brader et al., 2021), making it
unlikely to explain the magnitude and persistence of the emergence recorded in

Campiche.

Although prolonged emergence may seem counterintuitive within the seismic cycle,
where coseismic land-level changes are typically expected to recover during the
postseismic and/or interseismic stage, similar patterns have occurred in central and
northern Chile. The 1822 earthquake, which preceded the 1906 event, caused
notable uplift in Valparaiso (~0.9 m) and Quintero Bay (~1.2 m; Graham, 1824; Miers,
1826; Vowell, 1831), leaving the coast uplifted for at least a decade. This pattern was
reported by the naturalist Meyen (1834), who observed remains of shelly intertidal
organisms still attached to emerged rocks in Valparaiso nine years after the
earthquake. During his visit in 1834, Darwin also noted the persistent effects of that
uplift and, based on this and other evidence, proposed that earthquakes contribute to
long-term land elevation (Darwin, 1846). If part of the uplift caused by this historic
earthquake persisted throughout the 19th century, the drainage of the Campiche
lagoon may not be only due to the 1906 uplift, but to a cumulative effect since at least
1822. Similarly, in northern Chile, the ~0.3 m uplift from the 2007 Tocopilla
earthquake (Mw 7.7) has shown no significant postseismic or interseismic reversal,
with GPS data indicating that the coast has remained elevated for over a decade
(Gonzélez-Alfaro et al., 2018), pointing to a similar pattern of sustained emergence
that continues until today (Figure S15). Modern GPS measurements also show that
the coast of Constitucion, about 300 km south of Campiche, has remained elevated
after the 2012 earthquake (Mw 7.0; Ruiz et al., 2013), causing sustained uplift of
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~0.15 m (Figure S15). Future geodetic measurements will clarify whether the uplift
caused by these two earthquakes is transient or long-lasting, as seemingly occurred
in central Chile after 1906.

We suggest that the lasting emergence inferred after the 1906 earthquake resulted
from its deep interplate source. According to Carvajal et al. (2017b; 2019), the
combination of strong ground shaking, minor tsunami, and coastal uplift in 1906
indicates a rupture confined to the downdip portion of the megathrust, directly
beneath central Chile's coastline. Earthquakes occurring in this deeper, conditionally
stable segment of the seismogenic zone, such as the 2007 Tocopilla and 2012
Constitucion events, are thought to generate permanent deformation in the overlying
plate, leading to sustained coastal uplift (Melnick, 2016). Supporting this idea, and
echoing Darwin’s (1846) early observations, Freisleben et al. (2023) proposed that
deep megathrust earthquakes have driven the long-term uplift of the South American
western margin, as evidenced by sequences of marine terraces dating back to the

Pleistocene.

4.5.3 Evidence for late 20th century gradual submergence

Slight but measurable submergence of the 1906-uplifted central Chilean coast
appears to have begun after several decades of sustained emergence, around the
mid-1980s, as suggested by diatom assemblages along with tide gauge and GPS
records. Such submergence is first supported by a modest increase in brackish and
marine diatoms at the top of the peat layer. This trend begins in slice SL-3 around 12-
13 cm depth, corresponding to the early 1980s, and continues gradually upward
(Figures 4.4 and 4.5d). Brackish and marine taxa, typically found living in the
Puchuncavi Creek where salinity ranges between 2 and 2.5%, reach nearly 20% in
the uppermost peat samples (Figure 4.5d). This subtle but consistent ecological shift
also shown by slices SL-1 and SL-2 (Figures 4.4 and S3) likely reflects the gradual
return of tidal influence to Campiche driven by a RSL rise (Figure 4.6d). A
comparable pattern was reported by Dura et al. (2015), who inferred a gradual RSL

rise following mid-Holocene uplift events in Quintero Bay (Figure 4.1d). They also
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documented increases in brackish and marine species, identifying indicator taxa that

closely match those observed at the top of the Campiche peat.

A second line of evidence supporting gradual submergence since the mid-1980s
comes from the Valparaiso tide gauge record and modern geodetic observations. The
trend of RSL fall shown by the Valparaiso tide gauge since 1944 was reversed to RSL
rise in the 1980s, continuing to the present at a rate of ~3.0 mm/yr (Figure 4.5e). This
new trend of RSL rise is consistent with independent geodetic data showing ongoing
coastal subsidence since the late 20th century. Five GNSS stations located in
Zapallar and Valparaiso, to the north and south of Campiche respectively (see Figure
4.1c), have recorded coastal subsidence over the last decade, with rates ranging from
1 to 6 mm/yr (Figures S9-S13). Additionally, measurements from a campaign GPS
benchmark at Concén (MROC), about 20 km south of Campiche, show that
subsidence was already occurring at the end of the past century, between 1997 and
2004, at a rate of approximately 3.5 mm/yr (Figure S14). Thus, stratigraphic,
oceanographic and geodetic observations together point to a protracted land

subsidence in central Chile since the mid-1980s (Figure 4.6e).

Explaining the onset of subsidence along the central Chilean coast in the mid-1980s,
after decades of sustained emergence, requires considering its temporal coincidence
with the 1985 earthquake. This event is well known for having uplifted the coast
between Valparaiso and San Antonio by more than 0.3 m, with maximum slip inferred
beneath the coastline (IGM, 1985; Comte et al., 1986; Castilla, 1988; Bravo et al.,
2019). Although this uplift occurred farther south of Valparaiso, no land-level changes
were reported farther north, in Quintero Bay, making it difficult to argue that the
rupture extended into that area or directly caused the observed subsidence. Bravo et
al. (2019), however, proposed a rupture model that indeed includes slip offshore
Quintero Bay and predicts up to 0.1 m of subsidence at Campiche (Figure 4.1b).
When this potential coseismic signal is combined with postseismic deformation lasting
months to years, as proposed for the 1985 event by Barrientos (1988, 1995, 1997)
and Araneda and Avendafio (1993), it offers a possible mechanism for the initiation of
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gradual submergence. However, this process is unlikely to explain continued
subsidence over multiple decades, as medium-sized earthquakes typically generate

only short-lived postseismic effects (Wang et al., 2012).

Alternatively, the onset of subsidence recorded at Campiche may reflect a late
interseismic phase following much larger megathrust earthquakes, such as the 1730
event, which likely exceeded magnitude Mw 9 (Carvajal et al., 2017a). Li and Chen
(2024) recently proposed that coastal uplift may be reversed to gradual subsidence
during the late interseismic phase, driven by viscoelastic mantle relaxation as
interplate locking strengthens. In support of this view, geodetic observations indicate
that both the shallow and deep portions of the central Chile megathrust are already
highly coupled, accumulating border stress since the 2010 and 2015 earthquakes
ruptured adjacent segments (Métois et al., 2016; Melnick et al., 2017; Sippl et al.,
2021).

4.5.4 Coastal deformation and seismic cycle interplay in central
Chile

Despite the slight subsidence recorded at Campiche since the mid-1980s, the
environmental conditions that prevailed prior to 1906 have not been reestablished.
This is evident not only in the landscape but also in the uppermost diatom
assemblages of the peat layer, which still show a dominance of freshwater taxa rather
than the brackish taxa typical of the 19th century (Figures 4.4 and S3). Such
freshwater dominance suggests that the coast remains above the tidal influence that
prevailed before the 1906 earthquake. Consistently, the former lagoon has not

reappeared and remains absent from recent maps and aerial photographs.

Although modest, the subsidence that began in the mid-1980s allows us to estimate
the amount of recovered deformation since 1906 by using our inferred uplift at
Campiche and the current GNSS-derived subsidence rate. Assuming a coseismic
uplift of 0.7 m in 1906 and a constant subsidence rate of 3.5 mm/yr since 1985, only
about 20% of the uplift has been reversed to date (Figure 4.6e). This estimate
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assumes that the present-day subsidence rate has remained constant since the mid-
1980s. Extending this rate into the future, it would take at least 160 years to fully
recover the vertical deformation of 1906; nearly twice the average recurrence interval
of moderate-sized earthquakes in central Chile (~85 years; Nishenko et al., 1985;
Comte et al., 1986). From this, it can be concluded that there is insufficient time to
recover all the deformation if current subsidence rates persist, at least within the
seismic cycle of moderate events like those of 1822, 1906, and 1985, though
recovery might be possible if longer cycles associated with great earthquakes, such

as the one in 1730, are considered.

This apparent mismatch between deformation recovery time and earthquake
recurrence is not unique to central Chile. Evidence from other historical earthquakes
elsewhere in Chile suggests that a significant fraction of coseismic uplift may not be
fully reversed within a single seismic cycle. For instance, Wesson et al. (2015), using
historical bathymetric charts from Isla Santa Maria in south-central Chile, found that
interseismic subsidence between the 1835 and 2010 uplifting earthquakes only
partially compensated the uplift from 1835, resulting in up to 20% of permanent

vertical deformation.

Alternatively, earthquakes involving large shallow ruptures in central Chile may
generate sudden coastal subsidence, as proposed for the giant 1730 earthquake
(Carvajal et al.,, 2017a). In this scenario, although future subsidence rates could
increase due to enhanced interplate locking (Meltzner et al., 2015; Melnick et al.,
2018), or if a major shallow rupture were to occur (Carvajal et al., 2017a), both
possibilities still suggest that a substantial portion of the vertical deformation
produced by the 1906 earthquake may remain unrecovered. This supports the
hypothesis proposed by Melnick (2016), which posits that deep megathrust
earthquakes play a fundamental role in the building of long-term coastal topography

in the central Andes.
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4.6 Conclusions

We reconstructed the history of land-level changes during the 20th century in central
Chile, including the effects of the 1906 and 1985 megathrust earthquakes. Our
multidisciplinary study combined sedimentological and paleoecological data from the
Campiche lowland in Quintero Bay with historical maps and reports, tide gauge
records, and modern geodetic measurements. A distinct shift from brackish to
freshwater diatom and seed assemblages across a sharp lithological contact from
inorganic mud to peat reveals a sudden RSL fall consistent with coastal emergence.
Radiometric dating and pine pollen inputs constrain this environmental shift to the
early 20th century, coinciding with the disappearance of the Campiche lagoon
between 1904 and 1914 as documented in historical maps. This emergence is
attributed to at least 0.7 m of coastal uplift caused by the 1906 earthquake. Following
this uplift, diatom assemblages indicate relatively stable RSL conditions for nearly
eight decades, suggesting lasting emergence. This is partially supported by a modest
RSL fall of ~1.6 mm/yr recorded by the Valparaiso tide gauge since 1944. However,
this trend reversed in the mid-1980s, showing a RSL rise of ~3 mm/yr, which is
consistent with gradual submergence as suggested by an increase of brackish
diatoms in the peat. Gradual submergence is also corroborated by modern geodetic
measurements showing ongoing coastal subsidence of ~3.5 mm/yr since 1997. We
suggest that the prolonged uplift after 1906 resulted from a deep megathrust rupture,
while the onset of subsidence since the mid-1980s may reflect postseismic
deformation following the 1985 earthquake, enhanced interplate locking, or a late
interseismic phase after a much larger megathrust event in 1730. Our findings
highlight the complex interplay between coseismic, postseismic, and interseismic
processes governing coastal deformation in central Chile. They provide critical
constraints for refining vertical deformation models and advance our understanding of

subduction zone dynamics in this tectonically active margin.
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Capitulo 5. Discusién

5.1 Relevancia de enfoques multidisciplinarios

Uno de los aspectos fundamentales que pretende destacar esta investigacion es el
uso de un enfoque multidisciplinario para comprender los procesos de deformacién
costera y sedimentacién asociados a grandes terremotos y tsunamis en Chile central.
La combinacion de distintas lineas de evidencia, incluyendo sedimentoldgica,
paleoecoldgica, geomorfoldgica y satelital, permitié superar las limitaciones propias
de cada método por separado, fortaleciendo las interpretaciones sobre la magnitud,
extension y persistencia de la deformacion vertical asociada a ciclos de terremotos,
asi como la caracterizacion detallada de los depdsitos de tsunami y su distribucion

espacial.

En el Capitulo 2 se demostrd el potencial del analisis de imagenes satelitales para
detectar y mapear depédsitos de tsunami, aplicando un modelo de clasificacion
supervisada sobre imagenes multiespectrales de alta resoluciéon (QuickBird vy
WorldView-2). Este enfoque permitié delimitar con precision las areas afectadas por
la inundacién y estimar su extension a lo largo de la costa estudiada. Los resultados
mostraron una correspondencia notable entre las zonas clasificadas como afectadas
y los limites de inundacién obtenidos en terreno, validando la eficacia de la
percepcion remota como herramienta de apoyo en estudios de depdsitos de tsunami.
Sin embargo, es importante destacar que el trabajo de campo sigue siendo una pieza
fundamental e insustituible dentro de este enfoque satelital. Ya sea para calibrar o
validar los modelos de clasificacion, contar con al menos un limitado set de puntos de

control siempre sera recomendable.

A pesar de la eficacia de la percepcidon remota en el estudio de depdsitos de tsunami,
las limitaciones aqui detectadas, tales como la dependencia de imagenes adquiridas
temporalmente cercanas al evento, la dificultad para identificar depdsitos delgados o
parcialmente enmascarados por vegetaciéon, y la pérdida progresiva de la senal

espectral en el tiempo, abren oportunidades claras de mejora en futuras
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investigaciones. Entre ellas, se destaca el uso de sensores hiperespectrales y de
radar de apertura sintética (SAR) en la deteccion de los depdsitos, los cuales han ya
sido usados satisfactoriamente en otros campos de investigacion asociados a
tsunamis (Koshimura et al., 2020; Sublime and Kalinicheva, 2019). En paralelo, la
incorporacion de modelos de aprendizaje profundo (deep learning) podria optimizar
la deteccion automatica de patrones sedimentarios en imagenes multitemporales,
reduciendo la dependencia de entrenamiento manual y aumentando la robustez de

las clasificaciones.

En el Capitulo 3 se abordoé las dificultades para distinguir entre depdsitos fluviales y
depdsitos de tsunami en las inmediaciones de desembocaduras de rios andinos,
donde ambos tipos de eventos pueden dejar registros sedimentarios de apariencia
similar. A través del analisis de campo y laboratorio se evidencié que, en ambientes
dominados por la influencia de rios andinos, los aportes fluviales pueden enmascarar
o0 sobreimponer sefiales marinas. Criterios de comparacién utilizados como la
granulometria, mineralogia, susceptibilidad magnética y analisis de diatomeas fueron
insuficientes para distinguir inequivocamente el origen de los depdsitos. Por tanto, es
sugerido que sitios altamente dinamicos, como las desembocaduras de rios andinos,
deben ser evitados como blancos de exploracion para la busqueda de depdsitos de
tsunami ya que podrian conducir a interpretaciones erroneas. Futuras
investigaciones podrian evaluar la aplicacion de técnicas complementarias, como
dataciones usando técnicas de luminiscencia (OSL), sensores hiperespectrales y

simulaciones hidraulicas, para mejorar la interpretacion del registro sedimentario.

En el Capitulo 4, multiples fuentes de datos fueron integrados para reconstruir la
deformacion vertical costera durante el ultimo siglo, con el objetivo de identificar
patrones de alzamiento y subsidencia asociados al ciclo de terremotos en Chile
central. La aplicacién de informacion paleoecolégica apoyada por mapas historicos y
datos mareograficos permitieron extender el limitado registro instrumental
proporcionado por modernas mediciones geodésicas. A partir de los cambios en

comunidades de diatomeas preservadas en los sedimentos se infiere alzamiento
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cosismico asociado al terremoto de 1906, sostenido levantamiento de la costa
durante las siguientes ocho décadas, y posterior subsidencia gradual prevaleciendo
hasta hoy. Estos resultados sugieren que la costa de Chile central ha estado sujeta a
una evolucién compleja durante ciclos de terremotos con fuente profunda en la zona
de subduccion, cuyos efectos acumulativos podrian tener implicancias en la

construccion de la topografia a largo plazo.

5.2 Factores que limitan la formacion y preservacion del registro

paleosismolégico en Chile central

Los resultados de esta investigacion permitieron identificar tres factores claves que
condicionan el escaso registro paleosismoldgico en Chile central, limitando tanto su
formacion como su posterior preservacion a lo largo del tiempo. En primer lugar, la
tectonica es un factor de primer orden y por lo tanto juega un rol fundamental. El
predominio del alzamiento costero en la zona centro de Chile reduce el espacio de
acomodacion necesario para la acumulacién de sedimentos, favoreciendo la erosion
por sobre la depositacion. En segundo lugar, el clima mediterraneo semiarido, con
prolongadas sequias estivales y lluvias concentradas en invierno, intensifica los
procesos erosivos e impide el desarrollo de suelo organico para ofrecer proteccion a
los depdsitos. Por ultimo, actividades antropicas, como la urbanizacion costera y la
expansion agricola, han perturbado numerosos sitios con potencial paleosismoldgico.
Estos tres factores, los cuales conjuntamente han generado un registro geoldgico
fragmentario y discontinuo en Chile central, son discutidos por separado en los

siguientes apartados (Figura 5.1).

5.2.1 Factor tectonico

El sostenido alzamiento costero en Chile central ha limitado la formacién y
preservacion del registro geoldgico de terremotos y tsunamis, ya que reduce el
espacio de acomodacion para los sedimentos y contribuye a la degradacion de
ambientes deposicionales de baja energia (Figura 5.1b). De acuerdo con la
reconstrucciéon de los cambios de nivel durante el ultimo siglo en Campiche (Capitulo

4), el terremoto histérico de 1906 alzé la costa cerca de 0.7 m, provocando que la
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antigua laguna de Campiche se secara. Este cambio ambiental ha sido persistente,
como lo indica la evidencia paleoecoldgica, historica e instrumental, implicando que
la costa aun permanece alzada. Este es un hallazgo clave para Chile central, ya que
sugiere que terremotos con una particular fuente profunda en la zona de subduccidn,
como el terremoto de 1906 (Carvajal et al. 2017b; 2019), generan un alzamiento
sostenido de la costa. Esto a su vez es sustentado por las previas conclusiones de
Melnick (2016) y Freisleben et al. (2023), quienes argumentaron que terremotos
profundos juegan un rol fundamental en la construccién de topografia costera a largo

plazo en los Andes centrales.

Aparentemente, los terremotos profundos han generado un sostenido alzamiento
costero que caracteriza al margen de Chile central. El terremoto de 1822, predecesor
del evento de 1906, causé también notable alzamiento en Valparaiso y Quintero
(Graham, 1824; Miers, 1826; Vowell, 1831), dejando la costa alzada por al menos
una década (Meyen, 1834). Similarmente, modernas mediciones de GPS muestran
que la costa de Constitucion ha permanecido alzada por mas de una década
después del terremoto profundo del 2012 (Mw 7.0; Ruiz et al., 2013), asi como
también la costa del norte de Chile luego del terremoto de Tocopilla del 2007 (Mw
7.7; Gonzalez-Alfaro et al., 2018). Tales ejemplos parecen apuntar a que los
terremotos profundos alzan la costa permanentemente, o al menos por un
prolongado periodo. Adicionalmente, los terremotos con fuente profunda ocurren con
mayor frecuencia que los eventos someros en Chile central, aproximadamente cada
85 anos (Comte et al., 1986; Nishenko, 1985), contribuyendo a un alzamiento neto

del margen costero.

Este patron de sostenido y frecuente alzamiento costero es especialmente relevante
para la formacion del registro geolégico de terremotos y tsunamis en Chile central.
En primer lugar, rupturas de terremotos profundos poseen un bajo potencial para
generar un tsunami. Por ejemplo, los terremotos historicos de 1822 y 1906 causaron
pequefos tsunamis que fueron reportados solo localmente (Carvajal et al., 2017a,b).
Unicamente el tsunami causado por el terremoto de 1730, para el cual se atribuye
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una fuente somera, provocd un masivo tsunami que daid tanto la costa chilena como
japonesa (Carvajal et al., 2017a). Ya que tales terremotos someros son inusuales en
Chile central, es esperable que el registro geoldgico de tsunamis sea limitado. En
segundo lugar, el continuo alzamiento de la costa limita el espacio de acomodacion
disponible para los sedimentos (Figura 5.1b). Completas secuencias de sedimentos
costeros son impedidas de formarse en costas que experimentan progresivo
alzamiento (e.g., Dura et al., 2016b). Esto contrasta ampliamente, por ejemplo, con la
costa de Cascadia y el sur de Chile (Figura 5.1b), donde subsidencia causada por
terremotos someros crea el espacio suficiente para hospedar depdsitos de tsunami,
propiciando la formacion de completos registros (e.g., Atwater, 1987; Nelson et al.,
1996; Garret et al., 2015).

Debe ser notado que el sostenido alzamiento de la costa de Chile central podria en
cambio propiciar la formacion de otros tipos de depdsitos no asociados directamente
al ciclo sismico. Por ejemplo, el crecimiento de dunas y la formacién de depdsitos
eolicos pueden verse beneficiados por el continuo alzamiento tectdnico (e.g., Aedo et
al., 2023; Araya-Cornejo et al.,, 2025), ya que episodios de emergencia podrian
promover que una mayor cantidad de sedimentos costeros permanecieran
disponibles para ser redistribuidos por deflacién. En el norte de Chile, cerca de 70 km
al suroeste de Copiapé, la formacién de eolianitas en la base de la Cordillera de la
Costa ha sido atribuido al continuo y rapido alzamiento tectonico durante el
Cuaternario Tardio (Nash et al., 2018).

Por ultimo, el alzamiento costero contribuye a la desecacion de humedales y lagunas
costeras (Figura 5.1b), transformando estos ambientes deposicionales de baja
energia en superficies emergidas, las cuales son expuestas a la erosion, al retrabajo
sedimentario y a la oxidacion de sus compuestos organicos. Asi como el terremoto
de 1906 drené la laguna de Campiche en la Bahia de Quintero, este evento podria
haber también contribuido a la desaparicion de otras lagunas a lo largo de Chile
central. Por ejemplo, de acuerdo con Harnecker (1914), una pequefia laguna ubicada
en Papudo, cerca de 30 km al norte de Campiche, desaparecié en respuesta al
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alzamiento costero del terremoto de 1906. Esta pérdida de ambientes protegidos, de
baja energia y organicos, reduce significativamente el potencial de preservacion de
depdsitos de tsunami y limita la formacién de secuencias estratigraficas continuas
(Figura 5.1b), dificultando asi la reconstruccion de la historia sismica y tsunamigénica

en Chile central.

5.2.2 Factor climatico

El régimen climatico de Chile central constituye otro elemento limitante para la
preservacion del registro geoldgico de terremotos y tsunamis. El clima mediterraneo
imperante en la zona centro de Chile, caracterizado por escasas precipitaciones y
prolongados periodos secos, limita el desarrollo de suelos organicos que permiten la
rapida proteccién de los sedimentos una vez que son depositados (Figura 5.1c). Esto
a menudo resulta en significativa erosion, causando un registro estratigrafico
fragmentario. Agentes erosivos, tales como el viento (Figura 5.1c), pueden retrabajar
los sedimentos expuestos en superficie, redistribuyendo el material fino y borrando
las estructuras sedimentarias originales (Goto et al., 2011; Higman y Bourgeois,
2008; Morton et al., 2011; Spiske et al., 2013). Similarmente, lagunas, humedales y
otros ambientes costeros presentan bajas tasas de sedimentacién que impiden el
rapido enterramiento de los sedimentos antes de que puedan ser retrabajados. En
consecuencia, el registro de terremotos y tsunamis en Chile central es incompleto y

usualmente enmascarado por procesos post-depositacionales.

Estas caracteristicas en Chile central contrastan ampliamente con aquellas
observadas en el sur de Chile, donde un clima templado con altas precipitaciones
favorece el desarrollo de densa vegetacion y la buena preservacién del registro
geoldgico (e.g., Ledn et al., 2023). La mayor disponibilidad de humedad hacia el sur
permite la formacién de suelos organicos bien desarrollados que ofrecen rapida
proteccion a los sedimentos (Figura 5.1c). A su vez, hay mayor desarrollo de
ambientes de baja energia, como lagunas 0 marismas, que actuan como reservorios
naturales para el registro de eventos extremos. En tales ambientes costeros, tasas

de sedimentacion incrementadas favorecen el rapido enterramiento y, por tanto, la
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preservacion de los depdsitos. Como resultado, el registro paleosismoldgico en el sur
de Chile es mas continuo y robusto (Figura 5.1c), proporcionando secuencias
estratigraficas completas que han permitido reconstruir con mayor precision la
recurrencia y magnitud de grandes terremotos y tsunamis (e.g., Cisternas et al.,
2005; 2017; Garret et al., 2015).

(a) Sur de Chile Chile central
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Figura 5.1. Reconstruccién conceptual mostrando como los factores tectonicos, climéticos y
antrépicos condicionan las notables diferencias entre el registro paleosismoldgico del sur y centro de
Chile. (a) Sur y centro de Chile vistos a partir de una misma configuracion costera. (b) El factor
tectdnico genera las primeras diferencias entre ambos sitios. Episodios de subsidencia cosismica son
mas comunes en el sur de Chile, lo cual favorece el aumento del espacio de acomodacion para los
sedimentos. En contraste, Chile central es caracterizado por mas frecuentes episodios de alzamiento,
los cuales limitan el espacio de acomodacion y generan la desaparicion de lagunas costeras y otros
ambientes de sedimentacion de baja energia. Adicionalmente, el alzamiento costero promueve una
mayor disponibilidad de sedimentos costeros que pueden ser redistribuidos por deflacion,
favoreciendo el crecimiento de dunas. (c) El factor climatico condiciona el desarrollo de suelo organico
en ambos sitios. Mayores precipitaciones en el sur de Chile promueven el rapido desarrollo de suelos
organicos y las altas tasas de sedimentacién en ambientes costeros, permitiendo la proteccién del
registro geoldgico de terremotos y tsunamis. En contraste, bajas precipitaciones en Chile central
dificultan el desarrollo de suelos, conduciendo a la pronta erosion de los depositos. (d) El pobre
registro paleosismolégico de Chile central se ve adicionalmente perjudicado por la mayor densidad

poblacional en comparacioén al sur de Chile, que continuamente degrada e interviene los ecosistemas.
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No obstante, la preservacion del registro en el sur de Chile también enfrenta
limitaciones particulares asociadas a procesos biogénicos, especialmente Ila
bioturbacion. En ambientes templados y humedos, la alta productividad biologica
favorece la actividad de organismos bentonicos, raices de vegetacion y fauna
intermareal que remueven o mezclan los sedimentos depositados (Cisternas et al.,
2005; Spiske et al., 2020; Szczucinski, 2012; 2020). Este proceso puede alterar las
estructuras sedimentarias originales, difuminar los limites entre capas de tsunami y
suelos enterrados, e incluso redistribuir microfosiles como diatomeas o foraminiferos,
dificultando la interpretacién paleoambiental (Szczucinski, 2020). En consecuencia,
aunque la alta tasa de sedimentacion y el desarrollo de suelos organicos favorecen la
preservacion general de los eventos, la bioturbacion actua como un agente erosivo,
reduciendo la resolucién temporal del registro estratigrafico. Estos efectos post-
depositacionales deben ser considerados al estudiar las secuencias de sedimentos

costeros del sur de Chile.

Diferencias significativas en las tasas de sedimentacion entre la zona centro y sur de
Chile fueron observadas por Garret et al. (2013). En la desembocadura del Rio
Mataquito, estos autores notaron la ausencia de sedimentacidon en los meses
posteriores al evento del 2010, impidiendo el muestreo de diatomeas para la
cuantificacion del cambio vertical cosismico. En contraste, mas hacia el sur, hasta 20
mm de sedimento fueron depositados sobre la antigua marisma. La pobre
sedimentacién o desarrollo de suelo en Chile central plantea una complicacion para
el registro geologico de cambios del nivel del terreno, ya que cuando la
sedimentacion es reanudada los materiales preservan una sefal mezclada de tanto

el desplazamiento cosismico como postsismico.

Otra limitante asociada a las condiciones climaticas de Chile central son las
inusuales crecidas de rios andinos, las cuales ocurren principalmente durante
episodios de lluvias extremas asociados a rios atmosféricos y eventos de El Nifio
(Rutlant y Fuenzalida, 1991; Aceituno, 1992). Estas crecidas pueden movilizar

grandes volumenes de sedimento, generando extensos depdsitos de arena sobre las
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planicies de inundacion (Capitulo 3). Esto representa una complicacion en el estudio
de depodsitos de tsunami, ya que enmascaran la seial sedimentaria de eventos
marinos de alta energia, generando interpretaciones erradas desde el registro
geologico. Por ejemplo, la interpretacion errénea de depdsitos de rio atribuyéndolos a
tsunamis resultaria en determinar intervalos de recurrencia de tsunamis mas cortos,
conduciendo a una sobreestimacion de la amenaza. Investigaciones orientadas a los
estudios de paleotsunamis deberian tener especial precaucion con sitios adyacentes
a grandes rios andinos y, en lo posible, ser evitados como blancos de exploracion.
En tales contextos, informacion histérica acoplada con precisas dataciones derivadas
de técnicas de Iluminiscencia (OSL; Tamura et al., 2019), podria contribuir
significativamente a distinguir entre depdsitos de origen fluvial y marino,

proporcionando una refinada cronologia para la reconstruccién de eventos extremos.

5.2.3 Factor antrépico

A los factores naturales se suman los efectos antropicos, los cuales en Chile central
son especialmente relevantes debido a la alta densidad poblacional y el intenso
desarrollo industrial y agricola de la franja costera (Figura 5.1d). La urbanizacion de
areas litorales, la canalizacion de cursos de agua, el relleno de humedales y de la
franja costera, la construcciéon de infraestructura portuaria y la expansion de cultivos
han modificado profundamente el paisaje costero, degradando o alterando sitios

potenciales para el estudio paleosismolégico (Figura 5.1d).

Especialmente en la costa norte de la Region del Maule, entre Lipimavida y la
desembocadura del Rio Mataquito, las modificaciones antropicas asociadas a
actividades agricolas han perturbado el registro estratigrafico (Capitulo 2).
Actividades como el arado de los suelos para cultivo remueven y mezclan los
sedimentos superficiales, destruyendo la estratificacion original y dificultando la
identificacion de antiguos depdsitos de tsunami. Ademas, la nivelacion de suelos y
rellenos usados en la construccion de edificaciones han alterado la topografia

natural, borrando evidencias sedimentarias de terremotos y tsunamis pasados, y
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reduciendo progresivamente el potencial de preservacion del registro

paleosismoldgico en la zona.

5.3 Implicancias para futuras investigaciones en Chile central

Esta investigacion destaca la urgencia de avanzar hacia estudios multidisciplinarios
que integren enfoques complementarios para superar las limitaciones presentes en
Chile central. La compleja interaccion entre factores tectdnicos, climaticos y
antropicos requiere que los futuros trabajos no se limiten a una sola linea de analisis,
sino que combinen diversas herramientas y perspectivas para obtener

interpretaciones mas robustas del registro de terremotos y tsunamis.

Ademas, esta integracion metodoldgica es fundamental no solo para mejorar la
comprension del registro geoldgico, sino también para fortalecer la evaluacion de la
amenaza sismica y tsunamigénica en la regién. Una vision multidisciplinaria que
vincule analisis sedimentoldgicos, paleoecoldgicos, datos geodésicos, y percepcion
remota permitira reducir la incertidumbre respecto a la recurrencia de grandes

eventos y su impacto potencial en zonas densamente pobladas.

Asimismo, resulta prioritario extender este tipo de estudios hacia otros sectores de la
costa chilena que presentan condiciones geomorfolégicas y antecedentes histéricos
comparables, pero que aun carecen de investigaciones detalladas. Entre ellos
destacan la Peninsula de Arauco en el centro-sur y las planicies litorales de Quintero
en la zona central, donde existen evidencias fragmentarias de antiguos alzamientos y
subsidencias cosismicas (Dura et al., 2015; Araya-Cornejo et al., 2025). De igual
modo, sectores del norte de Chile, como la desembocadura del Rio Loa y las
planicies de Mejillones, ofrecen un contexto valioso para contrastar los patrones de
deformacion vertical observados en Chile central bajo diferentes regimenes sismicos.
Explorar estos sitios permitiria establecer comparaciones latitudinales, evaluar la
persistencia temporal de los levantamientos costeros y generar un marco espacial

mas completo para comprender la dinamica del margen de subduccion chileno.
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Capitulo 6. Conclusiones

Los resultados de esta investigacion permiten comprender con mayor profundidad los
factores que explican la limitada preservacion del registro geoldgico de terremotos y
tsunamis en la costa de Chile central, asi como los procesos que controlan la
deformacion vertical costera a largo plazo. A partir de la integracion de datos
satelitales, estratigraficos, paleoecoldgicos, historicos e instrumentales, se desarrollo
un enfoque metodolégico capaz de abordar los vacios existentes en el registro

paleosismoldgico de esta region altamente compleja y vulnerable.

En primer lugar, se identificaron tres factores principales que condicionan la
formacion y preservacion del registro paleosismolégico en Chile central: (i) el
alzamiento tectonico sostenido, que reduce el espacio de acomodacion y promueve
la erosion; (ii) el clima mediterraneo semiarido, que restringe la preservacion de
ambientes de baja energia y limita el desarrollo de suelos organicos protectores; y
(iii) la intervencién antropica, que ha alterado o destruido numerosos sitios
potenciales debido a la urbanizacion costera, la actividad agricola y el relleno de
humedales. En conjunto, estos factores explican el caracter fragmentario y
discontinuo del registro geoldgico regional, y justifican la necesidad de enfoques

integradores que combinen distintas lineas de evidencia.

En segundo lugar, se demostré que la percepcion remota de alta resolucion
constituye una herramienta efectiva para la identificacion y delimitacion de depdsitos
de tsunami recientes, complementando el trabajo de campo y extendiendo su
alcance espacial. El mapeo satelital permitié reconocer con precision el depdsito del
tsunami de 2010 en la costa del Maule, evidenciando su correspondencia con el area
inundada. Este resultado valida el uso de la teledeteccién en la evaluacién de la

amenaza costera.

Asimismo, el andlisis micropaleontolégico de diatomeas permitié reconstruir la
deformacion vertical costera durante el ultimo siglo, revelando la persistencia del

alzamiento generado por el terremoto de 1906 en Campiche. La sustitucion de
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especies marinas por dulces, corroborada por observaciones geomorfoldgicas e
histdricas, sugiere que parte de la deformacion cosismica ha sido permanente. Este
hallazgo apoya la hipotesis de que los terremotos con fuentes profundas en la zona
de subduccion de Chile central contribuyen al levantamiento sostenido del margen
costero, desempenando un papel fundamental en la construccién de la topografia

litoral a largo plazo.

Finalmente, se concluye que la integracion de enfoques metodoldgicos
multidisciplinarios, que combinan evidencia satelital, sedimentologica, paleoecoldgica
e instrumental, constituye una herramienta esencial para reconstruir los patrones de
deformacion vertical costera y los depdsitos de tsunami en margenes donde el
registro geoldgico es escaso o erosionado. Esta aproximacién no solo permite
mejorar la comprension del ciclo sismico en Chile central, sino que también ofrece un
marco conceptual y metodologico aplicable a otras zonas de subduccion con
registros incompletos. Los hallazgos de esta tesis contribuyen asi a fortalecer la base
cientifica necesaria para la evaluacion de la amenaza sismica y tsunamigénica,
aportando informacion clave para la gestion y mitigacién del riesgo en el litoral

chileno.
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Figure S1. Pre- and post-tsunami satellite images and resulting land use and land cover (LULC) maps
from the classification model for the Central segment (see Figure 1). (a) A true-color composition of the
pre-tsunami satellite image. (b) LULC map obtained from the supervised classification model applied to
(a). Ac and Ka indicate the overall accuracy and Kappa coefficient resulting from the classification
model, respectively. Confusion matrices and specific accuracies for sand classes are shown in Figure
S12. (¢) LULC map with classes shown in (b) combined and outlier pixels removed. (d-f) As in (a-c) for

the post-tsunami image.
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Figure S2. Pre- and post-tsunami satellite images and resulting land use and land cover (LULC) maps
from the classification model for the South segment (see Figure 1). (a) A true-color composition of the
pre-tsunami satellite image. (b) LULC map obtained from the supervised classification model applied to
(a). Ac and Ka indicate the overall accuracy and Kappa coefficient resulting from the classification
model, respectively. Confusion matrices and specific accuracies for sand classes are shown in Figure
S14. (c) LULC map with classes shown in (b) combined and outlier pixels removed. (d-f) As in (a-c) for

the post-tsunami image.
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Figure S3. Post-tsunami satellite images and resulting land use and land cover (LULC) maps from the
classification model for the North and South segments (see Figure 1). (a) A true-color composition of
the post-tsunami satellite image for the North segment. (b) LULC map obtained from the supervised
classification model applied to (a). Ac and Ka indicate the overall accuracy and Kappa coefficient
resulting from the classification model, respectively. Confusion matrices and specific accuracies for
sand classes are shown in Figure S16. (¢c) LULC map with classes shown in (b) combined and outlier

pixels removed. (d-f) As in (a-c) for the South segment.
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Figure S4. Post-tsunami satellite image and resulting land use and land cover (LULC) map from the
classification model for the Central segment (see Figure 1). (a) A true-color composition of the post-
tsunami satellite image. (b) LULC map obtained from the supervised classification model applied to (a).
Ac and Ka indicate the overall accuracy and Kappa coefficient resulting from the classification model,
respectively. Confusion matrices and specific accuracies for sand classes are shown in Figure S17. (c)

LULC map with classes shown in (b) combined and outlier pixels removed.
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Table S1. Eyewitness interviews conducted along the North (1-31), Central (32-64) and South (65-97)

segments. Each number (N°) corresponds to one person interviewed. All these interviews describing

the tsunami sand deposit were predicted by our classification model (97 in total).

N° Name (age) Latitude Interview Summary of reported Occupation or
Longitude date observations reference
Elevation
The tsunami reached the edge of
the hill and left a sand layer.
José Luis 34.83177°S Sand covered his house and
1 Diaz (58) 72.14378°W  March 2023 vyard. The sand was removed Goose breeder
4.490 m days later with shovels and
wheelbarrows. Sand patches are
still observable.
His potato plantations were
Jorge Jofré 34.83246°S completely covered by a ~20 cm
2 (~70) 72.14343°W  March 2023 thick layer of sand. He lost his  Potato field owner
4.698 m house and crop. Months later he
plowed his field.
Manuel Jofré 34.83279°S The tsunami reached a light pole
3 (52) 72.14314°W  March 2023 up the street, leaving a layer of Farmer
6.717 m sand about 40 cm thick.
Toe suner crossed the ot
4 Beltran 72.14328°W  March 2023 ! Waitress
restaurant where she works and
(~50) 5.318 m h - .
er neighbors' houses.
Sand from the tsunami covered
° almost half of his yard. The
5 Gustavo ;’;182??16;0\/5\/ Aoril 2022 thickness of the sand Ilayer Bus and truck
Pavez (45) . pri reached 50 cm and at its most maintainer
5.832 m o
landward limit it reached a
thickness of 2 cm.
The water reached his front yard
Gustavo 34.83496°S but with a flow depth of only a
6  PavezJr. 72.14291°W  April 2022 couple of centimeters. Only St‘fa‘lfl"etz.gG;;rf")’VO
(~20) 6.246 m patches of beach sand were
deposited.
The flow depth reached 60 cm in
Claudio 34.83596°S February the wgll of _his _house. The _
7 Melendez 72.14266°W 5022 tsunami deposit thickness was Builder
3.839 m ~15 cm. The tsunami deposit
was mainly sand and garbage.
His house is located high up and
René 34.83646°S February was not h.it by the tsunami. T.he _
8 Borquez 72.14192°W 2022 lower plain was covered with Builder
4.870 m tsunami sand. The tsunami was

channeled upstream at Cardonal
Creek.
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Sand from the tsunami covered
the field where he planted
potatoes. The thickness of the
layer ranged from 15 to 30 cm.
He had to plow the land to
resume planting (Figure S19).

o
José Luis ;;182263590\/5v March 2009 The tsunami reached about 200 Carle__:;arl:fgrand
Farias (69) 4305 m August 2010 m inland where he saw a line of (Fi 4
) debris. gure 4e)
This potato field was visited in
2009 (pre-tsunami) and no trace
of a surface sand layer was
found.
Alfonsina 34.83894°S The tsunami crossed the coe_astal
10 Correa Jofré 72.14275°W May 2022 road and left a sand deposit of Saleswoman
4.066 m up to 80 cm thick.
The second tsunami wave
flooded her house and was as
high as a light pole (~8 m). The
34.83916°S walls of her house are still
11 Damari Silva 72.14246°W May 2022 co_rroded by seawater. Th_e Flower shop owner
4.261 m thickness of the sand deposit
was at least 1 m. Local
landslides from the coastal cliff
were observed due to the
shaking.
° Sand from the tsunami spread
o MCAOS piga00n weyaosz [omier iand tren the comtal
4,787 m ;
damaged.
He remembered only patches of
34.84010°S sand on the coastal road. He
13 Jorge Olivo  72.14247°W May 2022 stated that the damage in -
5.094 m Lipimavida was less than that
observed in Iloca.
There was no damage to their
34.84057°S cabins. The tsunami left only Owner of tourist
14 Feliciano Diaz 72.14247°W October 2021 patches of sand in his yard. The cabins
5.032 m depth of flow was less than a few
centimeters.
He confirmed Nibaldo Diaz's
34.84074°S gccoupt (uncle and nephew were N
15 Nibaldo Diaz 72.14252°W October 2021 Nterviewed  separately).  He  Farmer (Feliciano
4.775 m provided .detalls on the less thaq Diaz's uncle)
5 cm thickness of the tsunami
deposit.
His workplace was severely
Rodrigo 34.84183°S damaged and a deposit of sand
16 Beltran 72.14259°W October 2021 covered the field. Days later he Papaya farmer
4.341m removed the sand to try to save

the crops.
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The tsunami sand piled up inside
its storage up to 1 m thick. Fish
and crabs were also washed

Abelina 34.84245°S inland. A ~80 cm high cooler
17 Correa 72.14261°W May 2022 was covered by beach sand. Bakery owner
4.863 m Neighbors and friends helped her
to remove the sand. The tsunami
deposit reached at least the
coastal road.
His yard was completely covered
° with sand. He remembered that
18 Ramaén Jofré ;’;18:23350\/5\/ May 2022 the deposit was at Ie_ast knee_:- Retired
(78) 5013 m deep (~30 <cm thick). His
’ children and neighbors helped
him clean up his property.
When he heard the tsunami
° warning, moments after the
19 Fernando ;’;182;1730\/5\/ May 2022 shock,_ he fled with his_ family_ to Jam seller
Bravo (~80) 4.531 m the hill. The tsunami warning
’ tower was covered with sand at
its base.
Her house and those of her
_ 34.84511°S neighbors in the front Ii|_1e were
20 Tatlalna 22.14359°W May 2022 swept away. Tsunami sand Fernando Bravo's
Gonzalez 4938m covered much of the low land neighbor
) and the area around the tsunami
warning tower.
The tsunami damaged all the
34.84786°S houses between the shoreline
21 Julia Jiles 72.14345°W May 2022 and the coastal road. Sand and Milk saleswoman
3.521m garbage were scattered all over
the plain.
The first wave was very light.
Before the second wave came,
° she escaped to high ground with
22 I:lPatricia 3;?:273130\/5\/ May 2022 hgr dogs. She spgnt the whole Teacher
ores (68) 5794 m night on the hill. The next
’ morning, she found patches of
beach sand and plant debris
outside her house.
The tsunami left only patches of
palmenia 34.84963°S sand and debris. The yvater did
23 Rojas 72.14228°W May 2022 not reach the community health Nurse
3.347 m center and church located near
the coastal road.
The tsunami penetrated at least
34.85008°S -
24  OscarJofré 72.14239°W  April 2022 200 m from the shoreline, -
3.486 m covering the entire plain with a

thick layer of sand.
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34.85176°S All t_he land between the
25 Marcela73342800w  May 2022 Shoreline and the coastal road  grore assistant
eltran 3.600 m was covered with sand brought
’ from the beach.
Tsunami sand covered his
Miguel 34.85405°S campsite up to 35 cm thick. Farmer and campsite
26 "Caleuche" 72.14386°W April 2022  Weeks after the tsunami, he owner
3.120 m plowed the land and removed
the sand to harvest potatoes.
The tsunami severely damaged
the restaurant where she works
and deposited an extensive
Marcela Diaz 34.85509°S sheet of sand in the surrounding
27 (~25) 72.14416°W May 2022 area. The shoreline was Restaurant assistant
3.328 m noticeably changed. At least 50
m of beach was lost. The
restaurant is now  almost
reached by the high tides.
34.85588°S The tsunami flooded his house
28 Juan Orellana 72.14442°W May 2022 and left sand accumulations Cook
3.324 m everywhere.
The tsunami left extensive layers
34.85630°S of sand on her property. Her son
29 Maria Correa 72.14462°W May 2022 had to remove the sand with Hotel owner
3.435 m great effort to reopen the hotel
to tourists.
The tsunami overtopped the
coastal road and then the water
34.85674°S moved laterally towards Maria
30 Arturo Flores 72.14540°W March 2023 Correa's property, which was on Gardener
3.650 m slightly lower land. The tsunami
also left thick layers of sand
inside his house and in his yard.
The tsunami almost reached the
, 34.85832°S base of the coastal cliff. The )
31 PraRda;rias 72.14613°W  March 2023 water swept away his cabins and Ownec;g:’ntsourlst
4.882 m deposited sand in the
surrounding area.
His land located at the mouth of
Pichibudi Creek was completely
covered with sand. Remnants of
° the tsunami deposit are still
32 genaro 73;1333520\73 March 2023 observable, but mostly trampled Cow breeder
orrea 1941 m by cows. The dune_: was eroded
by the tsunami and the
underlying soil was exposed
(Figure S5).
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Sand completely covered his

campsite located next to
Pichibudi Creek, which is still
34.88079°S visible in some places. _The
Rafael ° tsunami destroyed the bridge .
33 Acevedo 722.1355577ﬁ:nw March 2023 and a temporary crossing Campsite owner
) needed to be constructed. A bus
parked next to this bridge was
swept away by the tsunami at
least 100 m inland (Figure S5).
(House) a) The flow depth in his house
34.88138°S located next to Pichibudi Creek
72.15534°W was about 2 m. Sand and debris
Carlos 2.595 m surrounded his property. Plant nursery worker
34 Acevedo March 2023 (Rafael Acevedo's
(Nursery) b) The family's nursery was relative)
34.88110°S destroyed. No plants were left in
72.15617°W the nursery, only sand from
3.362 m beach.
Her restaurant was destroyed by
34.88121°S the t_sunami. N_othing was left
35 RosaBravo 72.15638°W  March 2023 standing. Trees in her_ yard were Restaurant owner
3.922 m uprooted. The tsunami deposited
sand even on the second floor of
the house.
Landslides were caused by the
earthquake. From high ground
he saw the arrival of three
34.88179°S ;Navest, th% secor;d dbeing t.the
36 Pedro Medina 72.15810°W March 2023 o J¢St and MOst. CEStructive. Fisherman
2580 m Fishing boats were swept away.
The sand on the beach was
completely scattered inland. The
high tide line was permanently
shifted landward.
Tsunami marks on the walls of
° his house indicated a flow depth
37 Luis CPrrea ;’;1858927720\/5\/ March 2023 of ~1 m. The sand left inside 'the Fisherman
Pefia 5033 m house was up to 20 cm thick.
) The shoreline receded
significantly, at least 50 m.
She observed thick layers of
Margarita 34.88328°S sand in low _ relief_ _and Seaweed
38 Santelices 72.15980°W March 2023 unobstructed locations. Buildings saleswoman
5.618 m blocked the passage of sand
inland.
Sand redistributed from the
Miguel Angel 34.88494°S beach covered his campsite and .
39 p 72.16141°W  March 2023 - Campsite owner
ardo 4.938 m all the land extending from the

shoreline to the coastal road.
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He remembered the floor of the

Edward 34.88494°S Februa restaurant and all the
40 72.16278°W uary uran ] Restaurant owner
Barroso 3.353 m 2023 surrounding area covered with
’ sand brought from the beach.
Her clothing store was located on
o
Dorila 34.88582°S the front line, so the tsunami Clothes store
41 72.16566°W  March 2023 .
Ahumada 4.857 m destroyed it. The next day she saleswoman
) found only sand and debris.
. The water entered the liquor
Claudia 34.88588°S .
42 Concha 72.16604°W  March 2023 store and threw aII_the bottles Liquor store
out. The sand deposit reached 1 saleswoman
Bravo 4.930 m .
m thick.
34.88584°S Tsunami sand covered the floor
43 Luis Diaz 72.16804°W March 2023 of his house and piled up at the Fast food salesman
4.698 m door of his neighbor's house.
The gas station and its
34.88736°S surroundings were covered with
44  Mario Silva  72.17055°W  March 2023 tsunami sand. Trucks were Gas station attendant
6.897 m needed to remove the sand and
restore service.
His house and his neighbor's
. 34.88761°S
45 Bellarmmo 22.17145°W  March 2023 restaurgnt were damaged by the )
Pizarro 5187 m tsunami. Sand from the beach
’ covered everything in its path.
José del His workplace was inundated,
Carmen 34.89031°S but the tsunami left no trace of
46 . , 72.17418°W  March 2023 sand. Frontline houses acted as Seaweed seller
Héctor Diaz . :
. 4.947 m a barrier and protected his store
Diaz
from further damage.
34.89058°S The vyard of his house was
47 Ivan Nufez 72.17437°W March 2023 covered with beach sand. A few -
4.569 m days later, the site was cleaned.
The place where he was working
34.89092° located on 5 second " floor.
48 Juan Baros 72.17405°W  March 2023 . . Waiter
However, the lower parking lot
3.009 m )
was completely covered with
sand.
The tsunami left seaweed debris
34.89111°S hanging from the electric lighting
49 Gilberto Véliz 72.17440°W  March 2023 (~7 m high). The door of his -
7.101m house was locked due to the pile

of sand.
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The tsunami arrived
approximately 25 minutes after
Margarita 34.89295°S the earthquake. The second
50 Diaz 72.17672°W  March 2023 wave was the largest with a Dressmaker
6.517 m height of ~8 m. Beach sand
entered through the door and
windows of her house.
The tsunami did not cross the
coastal road and therefore did
not reach his house further
Flavio 34.89634°S inland. A layer of sand Parapsychologist and
51 Ramirez 72.17932°W  March 2023 extensively covered those places ywriterg
Suazo (82) 4.114 m between the shoreline and about
200 m landward. He estimated a
height of 8 m for the second
wave.
34.89779°S The tsunami debris was
52 Paola Soto  72.17955°W  March 2023 scattered all along the coastal Jam store owner
5643 m road. The dark sand-laden v_vater
entered her house from all sides.
° He recalled that the tsunami was
53 JoL:athan 3;?%’;80\‘/5\/ March 2023 Not devastating at this location, )
ravo 4.801 m leaving only small patches of
) sand.
Like his neighbor Jonathan
34.90289°S Bravo, he recalled only minor Jonathan Bravo's
54 José Gamboa 72.17986°W March 2023 flooding with localized sand iahbor
4.283 m patches from the shoreline to the nelg
coastal road.
The tsunami hit her restaurant
Verénica 34.90455°S and deposited an extensive
55 Bobadilla 72.17992°W  March 2023 sheet of sand that reached the Restaurant owner
4.818 m coastal road and the house of
her neighbors across the street.
A layer of sand about 50 cm
° thick was left inside the liquor
56 Maria Rebeca 73;192955805\/ March 2023 store, covering boxe_s and Liquor store
Jara 4741 m bottles. .Her house, which was saleswoman
~150 m inland, was also reached
by the water.
The tsunami did not reach his
mechanic shop because it was on
high ground, however the lower
Clorindo 34.90613°S part was flooded, and a thick
57 Correa 72.18007°W  March 2023 layer of sand was left behind. Mechanic shop owner
5.312m The beach receded at least 50

m. Rocks on the coast that were
previously exposed are now
submerged after the earthquake.
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He was very young when the

tsunami struck, but he
Kevin Oyarce 34.90672°S remembered the water crossing
58 (27) 72.18049°W  March 2023 the coastal road inland and Lumberjack
5.759 m depositing a thick layer of beach
sand piled up against a concrete
wall.
The water and sand brought by
Teresa Jofré 34.90839°S the tsunami stopped right in
59 72.18152°S  March 2023 front of the restaurant where she Assistant cook
(~40) 4.611m works. There was no dama
. . ge to
the interior.
34.91089°S The tsunami left patches of sand
60 Alicia Diaz 72.18129°W  March 2023 on the front of her house, which -
5.408 m she swept up days later.
The dune was completely
s flattened by the tsunami. Sand
Fabian 34.91314°S S
61  Santelices 72.18162°W February from the dune was redlstrlbut_ed Worker in resort
2023 by the tsunami and carried
(~40) 4.666 m .
inland to the base of some palm
trees.
Landslides were triggered by the
earthquake. The tsunami
Dennis 34.91332°S Februar deposited sand in her neighbor's
62  Santelices 72.18165°W 2023 Y front yard. Tidal surges are now Worker in resort
(~25) 4.822 m stronger in winter and even
reach the coastal road due to the
strip of beach that was lost.
34.91854°S :hshhouse ancé the camp5|teI nte>|<t
63 IvanDiaz  72.18150°W March 2023 -0 N'S Property were competely Builder
4.776 m covered by sand arjd debris
brought by the tsunami.
That night she was camping with
friends. After the earthquake she
34.91944°S and odthir tofurists hran tho high
64 Maria Peredo 72.18125°W March 2023 9round for fear fhat fhe sea -
4.590 m wouc! come out. The next
morning there were no tents left
at the campsite, only beach sand
brought by the water.
His property was covered by a
thick layer of dark, wet sand.
34.92459°S February This sand was brought from the
65 Hector Rivera 72.18079°W 2023 beach by the tsunami and even -
3.162 m extended to the coastal road.

The sand prevented vehicular
traffic for several weeks.
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and
left

Remnants of seaweed
fishermen's nets were
hanging 7 m high on the light

o
66 Waldo Mufioz 3;;?;3;30\/5\/ Fezbg;gry poles. The earthquake raised a Owner of tourist
3.058 m cloud of dust, and thg tsunami cabins
left sand on the fields. He
removed the sand and filled with
debris to rebuild his house.
° She reported that the dune was
67 Fernanda ;’;f;gfgovsv February eroded by the tsunami and that _
Cespedes 4 344 m 2023 the sand was piled up inside her
' house up to 40 cm thick.
[ ropse loceted further iand
68 Lalo Correa 72.17966°W  April 2022 -
4.892 m damaged. The water and sand
only reached the lower areas.
A flow depth of ~80 cm was
recorded at his home. He
observed tsunami sand in the
34.93102°S February surroundings of the coastal road.
69 Luis Orostiga 72.17977°W 2023 His neighbors bemoaned the Builder
4.143 m ruined crops caused by the salty
sand on their fields. Soon after,
they plowed the land again to
reactivate the crops.
Tsunami sand covered
Eufrasio 34.93257°S Februar everything from the shoreline to
70 Verdugo 72.18013°W 2023 Y the coastal road. He and his -
(~80) 3.700 m neighbors worked together to
remove it.
Land belonging to
The land was completely covered the Ministry of
34.93527°S February with sand and debris brought by  Housing and Urban
71 SERVIU 72.17980°W 2022 the tsunami. The sand was Development
5.602 m promptly removed with trucks (SERVIU). Caretaker
and government resources. did not give his
name.
Sand from the tsunami
Nicolds 34.93671°S surrounded the entire site, along
72 Marquez (37) 72.18165°W October 2021 with the remains of destroyed Restaurant owner
4.490 m houses. The sand spread as far
as the coastal road.
° Sand from the beach was
73 Alfonso ;’;195’398280\?\/ February washed inland by the tsunami,
Farias . 2023 blocking several streets and )
5.354 m h
ouses.
Miguel 34.93693°S February The tsunami brought sand and
74 Canales 72.18086°W 5023 debris from houses, scattering -
5.696 m them all over the sector.
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75 Maria Lopez

34.93712°S
72.18114°W
5.266 m

February
2023

The sand accumulated forming a
mound of about 1 m on the
coastal road, which blocked the
circulation of vehicles and
people. Neighbors improvised a
bridge with wood that the
tsunami brought. Days later they
cleared the road, carrying the
sand back to the beach.

Doris

76 Ahumada

34.93750°S

72.18200°W October 2021

4.672 m

She was able to escape to the
hill before the tsunami hit even
though she was pregnant. Her
home and grocery store were
devastated. Extensive sand
sheets covered all her groceries.
Her nephew's school located
near the coast was destroyed
and is now relocated to a safe
place inland. The sand and
debris were removed days later.
She also noticed changes in the
coast. At least 100 m of beach
were lost after the event.

Grocery store owner

Guillermo

77 Palacios

34.93776°S
72.18274°W
4.217 m

February
2023

The fair where his chocolate
store was located was washed
away by the tsunami. The next
day all the stores were full of
beach sand. His valuables that
had been scattered inland by the
waves were found some time
later near the coastal road and
covered by wet sand.

Chocolate store
owner

Maria Lisette
78 Gonzélez
Correa (55)

34.93871°S
72.18306°W
5.072 m

February
2023

The dark sand brought by the
tsunami was even on the roof of
her house at 5 m high. She
stated that the inside of her
house was a real beach as there
was sand in every hallway and
piece of furniture.

Claudio

79 Ramirez

34.94227°S
72.18624°W
5.779 m

February
2023

He gave a description of the low
damage to an emblematic hotel
in Iloca. Although the hotel is
located a few meters from the
shoreline, it was surprisingly
undamaged and remained intact.
Probably due to its reinforced
structure and its elevation with
respect to the beach. He only
observed patches of sand on the
floor and in the pool. The major
damage was at the town fair
(see Guillermo Palacios).

Land owner south of
the Mataquito River.

He visited and

photographed with

his sons several

areas affected by the
tsunami (Figure 4f).
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Nelsy
Gonzalez
Castro

80

34.94365°S
72.18667°W
5.786 m

February
2023

Hotel walls still show traces of
corrosion from seawater. Water
marks over 7 m high. The beach
sand formed deposits up to 70
cm thick, exceeding the coastal
road in several sectors.

Hotelier

Heriberto
Poblete
Correa

81

34.94380°S
72.18644°W
6.275 m

February
2023

Houses between the shoreline
and the coastal road were
washed away. Sand from the
tsunami almost completely
covered the coastal road with
thicknesses of up to 1m. A
backhoe had to be brought in to
remove it. The parking lot of his
hotel was covered with sand as
well. Buses parked at the fair
(see Guillermo Palacios) were
swept almost 200 m inland.

Nelsy Gonzalez
Castro)

Hotelier (husband of

Patricia

82 Pifones

34.94695°S
72.18597°W
4.631m

February
2023

No house in her neighborhood
was spared from being covered
by sand and debris from the
tsunami.

Angel
Custodio
(~60)

83

34.94717°S
72.18571°W
5.055m

February
2023

The rooms in his house were
completely covered with sand.
Cleanup required shovels and
wheelbarrows.

José Miguel

84 Ibarra

34.95007°S
72.18244°W
2.502 m

October 2021

Tourists who were spending the
night at the campsite were able
to flee before the tsunami hit.
The entire campsite was flooded
and covered by sand. Scraps of
wood, fishermen's nets and
clothing were scattered all over
the site. For the next three years
the campsite was permanently
closed, which favored the
preservation of the sand deposit
under the overgrown grass. It
was not until mid-2012 that a
cleanup process began to reopen
the campsite to tourists.

Owner of campsite

next to Iloca Creek.
At this campsite the
2010 tsunami deposit

was well preserved

were excavated
(Figure S7).

and most of the pits

Homero
Perez "El
Tata"

85

34.95064°S
72.18458°W
6.819 m

October 2021

His neighborhood was covered
by sand and everything else the
sea brought. The second wave
was the biggest. He still
remembers the thunderous
sound the wave made when it hit
the bridge of Iloca Creek. The
water overtopped the bridge and
went directly towards José
Miguel Ibarra's campsite.
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She confirmed Homero Perez's
account. Her house on the south
bank of Iloca Creek was left

o
86 IVIPat,ricia ;’;19;3955270\/5\/ October 2021 intact.' However, José Miguel _
eléndez 2.862 m Ibarra's campsite on the north
’ bank was destroyed. A sheet of
black sand covered almost all the
green grass.
That night he saw numerous
tourists at the Iloca campsite
fleeing in panic after the
earthquake. Minutes later, a
small wave approached
Lis 34950340 noise. of the 'second  wave Caretaker of land in
87 Melé 72.18163°W October 2021 _ . . Iloca Creek (Patricia
eléndez frightened him and he decided to . )
3.769 m - Meléndez's father)
run. The next morning, he
returned and found patches of
sand on his property. His
neighbor José Miguel Ibarra's
once green campsite had turned
black from all the tsunami sand.
The tsunami spread upstream
along the Iloca Creek and
34.94885°S reached the water treatment
88 E‘gf:g; 72.17893°W Fezbcl)';gry plant located about 1 km inland. ngg;;'ﬁg:&int
5.268 m The already slowed flow at this
site  only deposited isolated
patches of sand.
Garbage accompanied by sand
Sergio 34.95176°S was scattered all over his
89 Bastidas 72.18530°W January 2023 neighborhood. However, neither Supermarket worker
3.618 m water nor sand crossed the
coastal road inland.
Because she lived just meters
° from the beach, she was
90 Irma Dualde 73;19855189?}°VSV February severeIY affected by the )
2803 m 2023 tsunami. Puddles of wate!',
beach sand and tree debris
washed up near the coastal road.
° Destruction of all the houses,
91 Maria 73;19;596280\15\1 February which were washed away. Beach _
Figueroa . 2023 sand piled up in every corner,
4.150 m . .
extending several meters inland.
The beach sand reached a
495320°8 SR and e
92 Paola Pefia  72.18569°W : -
3.583 m 2023 Patches of sand were seen even

in the area around the coastal
road.
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The plain located between the

Manuel 34.95638°S shoreline and the coastal road
93 R - 72.18561°W  August 2022 : Caretaker
odelindo 6.343 m was extensively covered by
' beach and dune sand.
Her house was not damaged by
34.95916°S the tsunami. Only thin layers of
94 Georgina 72.18489°W February sand were left by the flow in her Irma Dualde's sister-
Yafiez . 2023 front yard. She provided shelter in-law
5.780 m . ;
for her sister-in-law  Irma
Dualde.
Water and sand from the
tsunami entered her house. The
34.96146°S February children's room was completely
95 Eugenia Vidal 72.18474°W 5023 covered with a sand layer up to Baker
4.759 m 2 m thick. The whole family
shoveled the sand out of the
house.
He described the tsunami at his
home, located far from the
shoreline, as a small runoff of
96 S Juan 34.96189°S February water with a flow depth of only a
egundo 72.18450°W 2023 few centimeters. Sand from the )
Valderrama 5.368 m ;
beach blocked the coastal road
with thicknesses exceeding 20
cm.
She reported a similar situation
to her neighbor Juan Segundo
Valderrama. The coastal road
34.96187°S February remained blocked for several Juan Segundo
97 Olivia Salinas 72.18403°W 2023 days due to sand deposition. In Valderrama's
7.525 m addition, while the sand only neighbor

reached the coastal road, the
water penetrated at least 50 m
further inland.

Questions used for eyewitness interviews and brief answers obtained

At the beginning of each interview, people provided their name and occupation. In

some cases, they were also asked their age.

1- How long have you lived in the area?

- Most of the interviewees were locals. They were born and grew up in the

area.
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Do you remember any important natural phenomenon that has occurred in the

area recently?

- Most answers pointed to the 2010 earthquake and tsunami as the last
major event in the area.

Where were you when the 2010 earthquake occurred? Do you remember the

exact day and time?

- Because the earthquake occurred on a Saturday at 03:34 local time, most
people were resting at home. These questions allowed us to assess
whether the memories of the interviewees were still clear. Interviews with
doubtful or vague answers were discarded.

What did you do immediately after the earthquake?

- As a result of the strong shaking caused by the earthquake, most people
decided to flee to higher ground in case of a tsunami. Most interviewees did
not return home until the next morning, when it was safer.

Regarding the tsunami, how much time elapsed between the earthquake and

the first wave? What was the direction of that wave? How many waves in all?

Which was the largest?

- We collected variable and, in some cases, contradictory answers. Probably
the panic and darkness of that night generated confusion. We included the
most consistent answers in Table S1.

Did the tsunami flood your land?

- Interviewees recalled in considerable detail the damage the tsunami
caused to their homes. Most of them described a sheet of sand and

garbage over their yards and crops (see Table S1).

Finally, each person interviewed was asked to indicate the maximum landward extent
of tsunami sand. In a few cases the interviewees also gave an estimate of the
thickness of the sand layer. Where possible, we made measurements on walls that

still exhibited water marks.
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Pichibudif <
Creek 7343 %l

5 4 Bus.desgribed by
7 Mr. Aceveda (33)

Destroyed
bridge

Temporary /
crossing *

Figure S5. Post-tsunami aerial photograph (10 March 2010) showing sand deposit and erosion features in Pichibudi Creek. Red line denotes the
landward limit of the 2010 tsunami by Fernandez et al. (2010) and Fernandez & Venegas (2010). Red arrows indicate scours and conspicuous
erosion marks from the tsunami. Green and yellow dots show sites where interviews and pits were conducted, respectively. Numbers beside these

points are associated with tables S1 and S2. Note the tsunami deposit as a discontinuous gray sand sheet extending inland, which has a greater
intrusion near the creek.
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Figure S6. Typical profiles along the Lipimavida-lloca coast. Low slope profiles (transect 11) are
usually characterized by a dune located a few meters from the shoreline and about 5 m high. Steeper
slope profiles (transect 101) are characterized by a reduced or absent dune and the cliff positioned
closer to the shoreline. Note the different horizontal and vertical scale in both profiles. Map on the left
shows the location of both transects and the remaining 160 transects used for inundation

measurements.
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Figure S7. Match between pits exhibiting the 2010 tsunami sand layer and the sand deposit inferred
from our classification model. (a) Post-tsunami satellite image showing the sand sheet and debris that
was deposited by the 2010 tsunami on the floodplain of lloca Creek. (b) Red shading is the sand
deposit that was mapped by our classification model. The 63 pits that were excavated in lloca Creek
are shown by yellow dots. Pits exhibiting the preserved sand layer that matched the predictions of the
classification model are labeled (see table S2). Note how tree canopies and shadows obscure the
tsunami deposit and prevent its detection through the classification model. (c) Aerial photograph of
lloca Creek, taken 12 years after the tsunami, showing the sand deposit covered by vegetation. Red
box on the map to the left indicates the location of (a), (b) and (c) in lloca Creek.
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Supplemental methods for sedimentary analysis

Sampling was completed in 26 pits, collecting 200 g of the tsunami sand layer (Table
S2). Additionally, the beach (3 samples), dune (1), soil underlying the tsunami deposit
(2) and creek bank (1) were also sampled as possible sources of sediment (Table
S3). Samples were washed to remove the fine fraction (>4 ¢) and treated with
hydrogen peroxide (30% concentration) to remove organic material. Subsequently,
the samples were dried inside an oven at medium temperature for 24 hours. The
sediments were separated by grain size in a mechanical sieve, ranging from -1 to 4 ¢
at intervals of 0.25 ¢. Statistical parameters were obtained with GRADISTAT v. 9.1
software following Blott and Pye (2001) and presented according to Folk and Ward
(1957). Mineralogical analyzes were based on descriptions in a binocular
stereoscopic microscope. Using a Bartington Susceptibility Meter MS2E, magnetic
susceptibility tests (SI x 10-5) were performed on identical sediment volumes,
drawing an average after measuring each sample three times. Structures and
thicknesses of the tsunami deposit were made by field observations. Results obtained
from the thickness, grain size, sorting, magnetic susceptibility, erosive basal contact
and normal grading of the tsunami sand layer found in the 63 pits that were
excavated in lloca Creek are shown as distribution maps in Figure S9. Missing data
from unsampled pits were interpolated using the algorithm Multilevel B-Spline in
QGIS software.

Results of sedimentary analysis

The tsunami deposit is described as a tabular layer composed of well-sorted medium
to fine grayish sand (Table S2), in a few cases displaying upward fining on an erosive
basal contact and entrained rip-up clasts. Although the thickness of the sand deposit
was variable, it had an inland thinning trend (Figure S9). Trends in mean grain size,
sorting and magnetic susceptibility can also be traced landward and are likely related

with flow slowing (Figure S9). See inferred tsunami direction for more details.

The dark color of the tsunami sand is contributed by the high content of heavy
minerals (Figure S8), such as magnetite (33%), amphibole (12%), pyroxene (8%),
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and in smaller quantity zircon, sphene, rutile, olivine, epidote, biotite, and hematite
(2%). Concentrations of heavy minerals were in some cases seen as laminations.
Lithics derived from metamorphic rocks were also abundant (20%). The light minerals
are less in abundance such as quartz (15%), glass (5%) and feldspars (5%). No shell

fragments observed.

Among the sedimentary environments sampled, the dune and beach share features
with the tsunami sand deposit (Tables S2 and S3). Similarities in granulometry,
mineralogy and high magnetic susceptibility values point to the beach and dune as
presumed sources of the tsunami sand layer (Figure S8). Finer sediment may have

been incorporated from the underlying eroded soil and the lloca Creek bed.

Inferred tsunami direction

Landward trends of thickness, granulometric parameters, magnetic susceptibility and
some structures observed in the sand layer were used to infer the direction of the
tsunami in lloca Creek (Figure S9). A general landward thinning trend, which is visible
both upstream and away from lloca Creek channel, may be attributable to a
progressive deceleration of the inland flow and loss of transport capacity (Spiske et
al., 2020). In addition, superimposed on this trend, local variability in topography is
also a factor controlling the thickness of the deposit. Thicker deposits of up to 14 cm
are observed in low-lying areas and topographic depressions of the floodplain of lloca
Creek (Figure S9).

Landward fining and sorting trends can also be explained by the decreasing flow
velocity (Spiske et al. 2020). The mean grain size reached a maximum value near
lloca Creek and tended to decrease away from the main channel, roughly in a NE
direction (Figure S9). Likewise, sorting increased landward, exhibiting a similar
direction to that of grain size. Landward trends in grain size and sorting imply
selective sedimentation of coarser grains close to the creek and an increased fines

load as the flow velocity decreases inland.

174



A visible trend in the magnetic susceptibility of the sand layer can also be interpreted
as a response to changes in flow energy (e.g., Kempf et al., 2015). Higher magnetic
susceptibility values, about 943 x 10-5 Sl, may reflect a more energetic flow capable
of transporting coarser and denser grains, which is attenuated in a direction normal to

the main channel of the creek, reaching minimum values of 457 x 10-5 S| (Figure S9).

Sedimentary structures such as erosive basal contact and normal grading are
restricted to pits located near the lloca Creek channel (Figure S9). Rip-up-clast
entered in the sand layer also shows approximately the same distribution. These
structures probably reflect an initial erosive behavior of the tsunami flow near lloca
Creek and then an attenuation or stagnation phase that allowed the deposition of finer

suspended sediments.

Our results from sedimentary analysis suggest that the sand layer preserved in the
lloca Creek floodplain was deposited by a single wave with a preferential direction
both upstream and normal to the creek channel. This is consistent with information
provided by eyewitnesses (Table S1). Locals around lloca Creek who witnessed the
tsunami, reported three main waves following the 2010 earthquake. However, only
the second was large enough to inundate the entire floodplain. Based on these
accounts, the first tsunami wave entered smoothly through the creek channel and
was similar to a sudden rise in sea level. The second wave had a height of at least 7
m, which lowered the dune, overtopped the bridge located ~300 m from the shoreline
and inundated the floodplain depositing sand and other debris (mainly wood, clothing
and fishing nets). The third wave, which arrived several hours later, was smaller and

did not reach the site where the pits were excavated.
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Figure S8. Pie charts showing the mineralogical composition of tsunami, beach and dune sand.
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mineralogical similarity suggests a source from the beach and/or dune for the tsunami deposit.
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Table S2. Pits excavated along the North (1-4), Central (5-8) and South (9-73) segments. In each pit
the thickness of the tsunami deposit was recorded. Mean grain size, sorting and magnetic susceptibility
(Mag. susc.) is indicated for those pits in lloca Creek where the deposit was sampled. Pits exhibiting
tsunami sand deposit and that were predicted by our classification model are indicated by an asterisk
(53 in total).

N° Latitude Thickness Mean grain Sorting (¢p) Mag. susc. Sedimentary Pit date

Longitude (cm) size (@) (x 105 SI) structures
Elevation
34.83667°S August
1% 72.14230°W 28 - - - Erosive cont. 25’10
3.435m
34.86344°S December
2% 72.14751°W 10 - - - - 2021
4,420 m
34.86361°S December
3* 72.14753°W 8 - - - - 2021
4.634 m
34.86389°S December
4*  72.14763°W 11 - - - - 2021
6.179 m
34.87915°S
5% 72.15651°W 15 ; - - ; De;g';lber
0.675 m
34.88026°S December
6* 72.15634°W 25 - - - Erosive cont. 2021
1.946 m
34.88069°S December
7*  72.15555°W 12 - - - Erosive cont. 2021
2.219 m
34.88233°S April
8* 72.15433°W 5 - - - Erosive cont. 2822
1.305m
34.92247°S Februar
9%  72.18031°W 7 - - - - 099 Y
4.320 m
34.922768°S Februar
10* 72.180006°W 14 - - - - 2022y
3.339m
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34.95021°S

Erosive cont.

11 72.18318°W 14 - - ; Normal Ogg’zbler
1.980 m grading
34.95016°S October
12 72.18318°W 10 1.904 1.159 943 Erosive cont. 2021
2.450 m July 2023
34.95010°S
13 72.18319°W <1 - - - - Ogg’zbler
2.687 m
34.95018°S Erosive cont. October
14 72.18307°W <1 - - - Normal oo
2.115m grading
34.95013°S October
15  72.18307°W 10 2.061 0.909 774 Erosive cont.
2021
2.202 m
34.95008°S October
16* 72.18307°W 9 2.229 0.475 794 -
2021
2.374 m
34.95004°S
17 72.18308°W 7 ; - - - O;Bozbler
2.683 m
34.95018°S Erosive cont.
18  72.18293°W 8 - - - Normal Ogg’zbler
2.390 m grading
34.95011°S October
19%  72.18294°W 9 2.177 0.721 532 Erosive cont.
2021
2.329 m
34.95005°S October
20%  72.18295°W 14 2.165 0.439 609 -
2021
2.428 m
34.95000°S
21%  72.18291°W 8 ; - - - Ogg’zbler
2.841 m
34.94994°5
22 72.18291°W <1 - - ; - o;g;zbler
4.006 m
34.95020°S Erosive cont. October
23 72.18276°W 10 2.284 0.552 718 Normal 5
. 021
2.230 m grading
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34.95010°S Erosive cont. October
24%  72.18278°W 6 2.074 0.727 593 Normal
. 2021
2.379 m grading
34.95007°S
25%  72.18279°W 9 - - - - Ogg’zbler
2.371m
34.95004°S
26%  72.18280°W 14 2.232 0.496 548 - October
2021
2.395 m
34.94999°5 October
27%  72.18279°W 14 2.267 0.469 536 -
2021
2.597 m
34.94993°S
28 72.18279°W <1 - - - - Ogg’zbler
3.850 m
34.95018°S Erosive cont. October
29 72.18266°W 10 - - - Normal S0t
2.302 m grading
34.95011°S Erosive cont. October
30%  72.18265°W 12 2.222 0.521 694 Normal
. 2021
2.467 m grading
34.95003°S
31%  72.18266°W 12 2.258 0.476 544 - October
2021
2.443 m
34.94997°S
32%  72.18268°W 10 ; - - - Ogg’zbler
2.528 m
34.94991°S
33 72.18267°W <1 - - - - O;Bozbler
3.572 m
34.95017°S Erosive cont. October
34 72.18251°W 10 2.279 0.601 697 Normal
. 2021
2.555 m grading
34.95008°S Erosive cont. October
35% 72.18253°W 8 - - - Normal 2021
2.428 m grading
34.95004°S October
36%  72.18253°W 12 2.294 0.541 593 Erosive cont.
2021
2.406 m
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34.94996°S

37*% 72.18257°W 8 - - _ _ O;gozbler
2.530 m
34.94992°S
38 72.18260°W <1 - - _ _ Og%ozbler
3.116 m
34.94989°S
39 72.18259°wW <1 - - - _ O;gozbler
3.756 m
34.95015°S Erosive cont. October
40* 72.18240°W 7 - - - Normal 2021
2.492 m grading
34.95008°S Erosive cont. g
41* 72.18240°W 7 - - - Normal 2021
2.518 m grading
34.95004°S October
42*%  72.18243°W 7 2.314 0.547 585 -
2021
2.519 m
34.94998°S
43%  72.18244°W 7 - - B ) o;g;zbler
2.467 m
34.94993°S
44*  72,18246°W 5 2.355 0.569 569 - October
2021
2.655 m
34.94988°S
45*  72.18243°W <1 - - - _ O;gozbler
3.089 m
34.95013°S October
46* 72.18231°W 6 - - - Erosive cont. 2021
2.667 m
34.95006°S
47* 72.18232°W 7 - - _ _ O;Eozbler
2.549 m
34.95001°S October
48* 72.18234°W 7 2.288 0.487 627 -
2021
2.576 m
34.94995°S October
49% 72.18237°W 7 2.337 0.537 498 - 5
021
2.560 m
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34.94990°S

50% 72.18234°W 5 - . i ) O;gozbler
2.783 m
34.94986°S
51* 72.18235°W <1 - - _ _ Og%ozbler
3.121'm
34.95011°S
52 72.18218°W 7 2.289 0.696 785 Erosive cont,  OStober
2021
2.969 m
34.95004°S
53% 72.18219°W 7 - . i ) O;E)ozbler
2.648 m
34.94999°S october
54*%  72.18221°W 7 2.329 0.555 660 - )
2.662 m
34.94993°S octoper
55 72.18223°W 7 2.295 0.608 672 -
2021
2.640 m
34.94988°S
56% 72.18224°W 5 - . . i O;Bozbler
2.779 m
34.94985°S
57*%  72.18225°W <1 - . i i O;gozbler
2.841'm
34.95010°S
58  72.18210°W <1 - _ . i O;gozbler
2.784 m
34.95003°S
59%  72.18210°W 8 2.158 0.876 719 Normal October
2.722m grading
34.94998°S october
60* 72.18211°W 8 2.343 0.708 743 -
2021
2.719 m
34.94992°S
61* 72.18213°W 6 - . . i O;gozbler
2.707
34.94989°S
62% 72.18215°W 5 - . i ) o;g;zbler
2.692 m

181



34.94983°S

Normal October
63* 72.18218°W 3 - - - _
2.730 m grading 2021
34.94981°S
64* 72.18218°W 3 - . i N;rdniwnal o;g;zbler
3.098 m grading
34.95009°S
65 72.18195°W 5 2.297 0.654 943 Ngd”i‘na' Ogg‘;bler
2.803 m grading
34.95001°S
66* 72.18198°W 8 2.127 0.922 724 Ngd”i‘na' O%Ozbler
2.728 m grading
34.94994°S
67* 72.18200°W 8 - . _ ) O;E)ozbler
2.743 m
34.94986°S october
68* 72.18202°W 10 2.266 0.620 553 -
2021
2.721m
34.94981°S
69 72.18204°W <1 - - - _ Oggozbler
2.791m
34.94993°S
70* 72.18187°W 6 2.342 0.779 457 - October
2021
2.733m
34.94991°S
71%  72.18174°W 5 - - i ) O;gozbler
2.771'm
34.94992°S
72%  72.18162°W 5 - - i ) Ogg)zbler
2.711m
34.94991°S
73% 72.18155°W <1 - . i ) o;g;zbler
2.656 m
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Figure S9. Distribution maps of thickness, grain size, sorting, magnetic susceptibility (M. susc.),

erosive basal contact and normal grading of the tsunami sand deposit found in lloca Creek (see Figure

S7). A landward trend of these features in the sand layer allows inferring an approximate NE direction

for the tsunami. The 63 pits that were surveyed in lloca Creek are shown by yellow dots and labeled

every 10 of them (see Table S2). Contour lines are shown in white and labeled every 1 m.
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Table S3. Sediment sources that were sampled in the study area.

N° Sediment Latitude Mean Sorting (@) Magnetic
source Longitude grain size suscep.
Elevation () (x 1075 SI)
Wet beach 34.94998°S
1 (South 72.18715°W 2.189 0.428 509
segment) 1.427 m
Dry beach 34.95009°S
2 (South 72.18663°W 2.153 0.474 606
segment) 2.967 m
Dry beach 34.83691°S
3 (North 72.14357°W 1.965 0.477 1122
segment) 2.549 m
34.95085°S
4 Dggerr(éﬂ‘tj)th 72.18664°W 2.156 0.319 390
9 5.250 m
Iloca Creek 34.95024°5
5 bed 72.18306°W 3.175 1.366 577
1.423 m
Pre-tsunami 34.95002°S
6 soil (Iloca 72.18248°W 3.925 1.893 634
Creek) 2.474 m
Pre-tsunami 34.94996°S
7 soil (Iloca 72.18214°W 4,118 1.934 532
Creek) 2.702 m

Table S4. Measurements along each transect for water inundation, sand inundation, runup and land

slope. The difference between water and sand inundation is indicated as a gap. Average for each

segment and total average are indicated in bold.

Segment Transect Water Sand Gap (m) % Sand Runup Land
inundation inundation inundation (m) slope (°)
(m) (m)
1 87.88 84.25 3.62 95.88 4.67 5.40
2 99.14 98.99 0.15 99.84 4.23 4.40
3 149.04 122.81 26.23 82.40 6.43 2.60
4 155.85 142.38 13.47 91.36 6.60 2.54
5 165.64 116.18 49.47 70.14 7.97 2.34
6 199.16 190.83 8.33 95.82 4.72 1.82
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296.62 281.40 15.23 94.87 6.63 1.48

228.06 219.26 8.80 96.14 4.42 1.17

233.62 220.42 13.20 94.35 3.99 1.39

10 256.24 229.28 26.97 89.48 5.13 1.27
11 232.37 217.81 14.56 93.74 5.24 1.33
12 206.57 204.75 1.81 99.12 4.67 1.26
13 225.53 224.54 1.00 99.56 5.13 1.25
14 252.96 234.14 18.82 92.56 5.82 1.22
15 220.72 185.62 35.10 84.10 5.96 1.25
16 197.35 163.55 33.80 82.87 5.07 1.16
17 239.60 188.80 50.80 78.80 5.82 1.19
18 229.62 142.16 87.46 61.91 4.45 1.13
19 245.53 125.24 120.29 51.01 3.64 1.08
20 234.06 175.15 58.91 74.83 3.73 1.07
21 321.48 314.86 6.62 97.94 3.56 1.04
22 361.90 361.47 0.43 99.88 5.79 1.15
23 365.85 277.50 88.34 75.85 4.16 0.95
North 24 366.57 334.59 31.98 91.28 4.95 1.03
25 271.50 144.73 126.77 53.31 3.91 1.08
26 276.53 206.27 70.25 74.59 3.73 1.06
27 245.95 236.07 9.88 95.98 3.89 1.07
28 221.59 204.11 17.48 92.11 3.70 1.16
29 192.73 189.64 3.09 98.40 3.50 1.38
30 162.59 146.53 16.07 90.12 5.58 2.55
31 105.71 102.89 2.82 97.33 7.74 3.72
32 109.56 109.56 0.00 100.00 10.35 3.72
33 92.57 90.62 1.95 97.90 7.88 4.10
34 107.60 106.60 1.00 99.07 10.00 4.07
35 76.00 72.48 3.53 95.36 7.09 4.04
36 82.96 81.95 1.01 98.79 9.47 4.28
37 117.50 94.39 23.11 80.33 6.04 2.93
38 124.35 107.20 17.16 86.20 6.74 2.65
39 123.34 115.34 7.99 93.52 6.69 2.61
40 132.90 124.37 8.53 93.58 8.50 2.53
41 129.37 127.87 1.50 98.84 8.52 2.84
42 162.50 79.39 83.11 48.86 6.23 2.35
43 300.60 285.37 15.24 94.93 9.61 1.73
44 154.22 142.14 12.08 92.17 5.51 2.40
45 137.98 105.21 32.77 76.25 7.02 2.91
46 140.39 119.67 20.71 85.24 7.73 3.14
47 164.08 155.25 8.83 94.62 8.95 2.75
Average 195.83 170.29 25.54 87.90 5.98 2.16
48 166.59 130.93 35.66 78.59 8.28 2.60
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Central

49 181.26 166.00 15.25 91.59 9.00 2.35
50 179.98 111.27 68.71 61.82 5.90 2.30
51 163.87 162.64 1.22 99.25 6.32 2.54
52 156.82 156.82 0.00 100.00 8.49 2.77
53 141.07 114.47 26.60 81.14 6.76 2.88
54 147.17 147.12 0.05 99.97 6.47 2.67
55 177.44 177.44 0.00 100.00 6.58 2.57
56 218.32 218.19 0.13 99.94 6.55 2.11
57 268.02 262.97 5.04 98.12 5.17 1.50
58 470.37 444.89 25.48 94.58 2.96 0.76
59 397.80 288.24 109.56 72.46 3.42 0.52
60 239.16 220.86 18.31 92.35 7.42 1.73
61 168.33 156.85 11.47 93.18 7.64 2.08
62 178.70 178.70 0.00 100.00 6.29 2.22
63 159.15 158.17 0.98 99.38 6.84 2.25
64 172.27 172.27 0.00 100.00 6.37 2.07
65 146.30 141.65 4.65 96.82 6.34 3.04
66 96.48 62.17 34.31 64.44 7.31 4.52
67 105.74 98.03 7.71 92.71 7.15 5.00
68 82.39 69.70 12.69 84.60 9.99 6.49
69 94.07 60.07 34.01 63.85 9.85 6.78
70 108.82 108.82 0.00 100.00 6.61 5.90
71 57.96 51.55 6.41 88.94 9.43 6.91
72 97.22 71.29 25.94 73.32 7.52 4.54
73 76.78 69.10 7.68 90.00 8.20 7.34
74 97.60 97.60 0.00 100.00 7.10 3.94
75 86.14 85.63 0.50 99.42 6.90 6.13
76 91.33 81.47 9.86 89.20 6.73 4.51
77 62.12 62.12 0.00 100.00 6.79 7.33
78 109.44 105.35 4.10 96.26 8.50 4.27
79 83.67 82.44 1.23 98.53 7.39 5.70
80 88.44 83.76 4.68 94.71 7.89 4.91
81 108.50 99.15 9.35 91.38 9.99 5.93
82 150.64 143.23 7.41 95.08 7.04 3.70
83 147.53 132.83 14.69 90.04 10.24 4.14
84 176.14 158.59 17.55 90.04 9.97 2.95
85 178.82 154.03 24.79 86.14 7.79 2.51
86 106.27 103.14 3.13 97.05 5.70 2.62
87 96.39 74.42 21.97 77.20 4.42 2.94
88 131.06 100.43 30.62 76.63 4.86 2.50
89 160.27 152.96 7.31 95.44 5.73 2.11
90 153.81 153.81 0.00 100.00 5.97 1.93
91 166.41 165.68 0.73 99.56 6.06 1.95
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92 144.21 139.87 4.34 96.99 4.94 1.96
93 153.09 150.52 2.57 98.32 5.96 2.03
94 155.56 154.63 0.94 99.40 6.21 2.23
95 168.89 164.75 4.15 97.55 6.69 2.42
96 182.51 168.70 13.81 92.43 8.32 2.28
97 144.20 114.20 30.00 79.20 6.92 3.11
98 64.48 60.88 3.60 94.42 4.59 4.15
99 67.78 67.78 0.00 100.00 5.28 4.57
100 107.23 93.66 13.57 87.35 9.15 3.63
101 124.20 116.40 7.80 93.72 6.57 2.95
102 109.49 109.49 0.00 100.00 6.33 3.13
103 99.38 79.19 20.19 79.68 5.14 3.08
104 103.14 100.06 3.08 97.02 5.31 3.44
105 100.51 91.91 8.60 91.44 5.01 3.50
106 91.02 76.73 14.28 84.31 5.58 4.26
107 73.66 73.66 0.00 100.00 5.35 4.20
108 113.08 113.08 0.00 100.00 10.43 3.32
109 149.81 138.12 11.69 92.20 7.20 2.96
110 154.07 139.93 14.14 90.82 7.01 2.44
111 192.72 184.52 8.20 95.74 8.19 2.12
112 216.28 216.28 0.00 100.00 6.02 1.89
Average 144.03 132.17 11.86 91.76 6.89 3.39
113 243.20 218.49 24.71 89.84 6.09 1.34
114 333.62 264.45 69.17 79.27 4.11 1.17
115 371.66 363.26 8.40 97.74 8.77 1.14
116 292.61 258.03 34.58 88.18 5.67 1.34
117 284.21 284.21 0.00 100.00 4.51 1.31
118 373.17 340.05 33.12 91.12 6.60 1.17
119 357.57 305.67 51.90 85.49 5.36 1.18
120 288.45 273.16 15.29 94.70 4.95 1.12
121 270.27 233.66 36.62 86.45 5.29 1.09
122 275.16 189.09 86.06 68.72 4.69 1.04
123 298.69 234.43 64.26 78.49 4.03 0.97
124 311.90 307.97 3.93 98.74 3.48 0.99
125 302.00 291.66 10.34 96.58 3.66 1.00
126 313.86 299.08 14.78 95.29 4.11 0.99
127 345.92 277.73 68.19 80.29 4.89 1.03
128 305.83 305.83 0.00 100.00 6.34 1.12
129 292.68 285.84 6.83 97.66 7.03 1.28
130 264.47 249.92 14.54 94.50 7.08 1.40
131 142.27 142.27 0.00 100.00 6.30 1.91
132 139.26 111.94 27.32 80.38 9.42 3.22
133 148.36 148.36 0.00 100.00 8.56 3.80
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134 88.82 54.47 34.35 61.32 7.78 5.75
135 97.23 92.62 4.61 95.26 9.56 6.79
South 136 78.71 49.51 29.20 62.90 5.52 5.88
137 83.35 66.55 16.80 79.84 6.77 5.65
138 86.38 86.38 0.00 100.00 6.25 5.86
139 69.35 69.35 0.00 100.00 6.80 5.41
140 67.75 55.67 12.08 82.17 5.39 7.68
141 97.59 91.60 5.99 93.86 6.80 4.97
142 115.96 108.36 7.60 93.45 7.74 5.01
143 129.53 129.53 0.00 100.00 5.33 3.13
144 235.25 209.69 25.56 89.14 6.47 2.08
145 316.65 263.82 52.84 83.31 6.11 1.07
146 626.88 582.13 44.75 92.86 3.50 0.74
147 454.05 265.07 188.98 58.38 6.33 0.95
148 254.29 254.29 0.00 100.00 4.56 1.57
149 298.23 271.60 26.63 91.07 8.48 1.53
150 315.35 299.80 15.55 95.07 7.90 1.31
151 306.00 293.77 12.23 96.00 7.69 1.35
152 287.87 256.83 31.04 89.22 8.26 1.57
153 254.15 185.00 69.15 72.79 7.27 1.85
154 232.68 170.98 61.70 73.48 6.51 1.87
155 240.50 183.93 56.57 76.48 6.60 2.22
156 236.92 138.36 98.56 58.40 6.83 2.10
157 245.33 245.33 0.00 100.00 6.36 1.83
158 270.16 266.87 3.28 98.79 6.29 1.58
159 313.01 268.53 44.48 85.79 8.84 1.46
160 286.58 258.38 28.20 90.16 6.82 1.39
161 277.09 277.09 0.00 100.00 6.83 1.46
162 308.76 284.82 23.95 92.24 7.97 1.42
Average 252.59 223.31 29.28 88.31 6.37 2.30
Total average 192.56 171.36 21.21 89.57 6.47 2.70
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Figure S$10. Confusion matrix with 180 validation points for the pre-tsunami (2005) LULC map of the

North segment (Figure 2b). Classes are abbreviated as follows: (W) Water, (F) Foam; (Ws) Wet sand;
(Ds) Dry sand; (U) Urban; (Bs) Bare soil; (C) Crop; (S) Shadow; (Fr) Forest.

Reference

W/ F|w.|p|U|B|C|s|F
wiis|lo|1]|o]|o|o|lo|o]o
Fl1|19/0|1|1|0o]0o|o]o
w11 ]7]oj1]o]of1]o0
g p.|o|o|1|19lofolololo
®lujo|o|lo|o|1a|7|0|o0]o0
“Ielolololo|al3|alolo
cloflo|lo|o|lo|lo|13|0]o0
s|oflo|1]o|o|o|o0|14]4
FFlo|lo|o|o|o|o|3]5]16

Overall accuracy: 0.79

Kappa coefficient: 0.77
Producer's accuracy for Ws: 0.85
Producer's accuracy for Ds: 0.95
User’s accuracy for Ws: 0.81

User’s accuracy for Ds: 0.95

Figure S11. Confusion matrix with 180 validation points for the post-tsunami (2010) LULC map of the

North segment (Figure 2e). Classes are abbreviated as follows: (W) Water, (F) Foam; (Ws) Wet sand;
(Ds) Dry sand; (U) Urban; (Bs) Bare soil; (C) Crop; (S) Shadow; (Fr) Forest.

Reference

W | F |Ws|Ds|U |Bs| C S | Fr

W 20| O 0 0 0 0 0 0 0

F 0 |20 O 0 1 0 0 0 0

c Ws | O 0|20 O 0 0 0 0 0
'% Ds | O 0 0 17 | 2 1 0 0 0
3 U 0 0 0 3 (12| 3 1 0 0
* B 0 0 0 0 5116 |1 0 0
C 0 0 0 0 0 0|17 O 1

S 0 0 0 0 0 0 0 |19]| 0

F: 0 0 0 0 0 0 1 1|19

Overall accuracy: 0.89

Kappa coefficient: 0.88
Producer's accuracy for Ws: 1.00
Producer's accuracy for Ds: 1.00
User’s accuracy for Ws: 1.00

User’s accuracy for Ds: 0.85
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Figure S12. Confusion matrix with 180 validation points for the pre-tsunami (2004) LULC map of the

Central segment (Figure S1b). Classes are abbreviated as follows: (W) Water, (F) Foam; (Ws) Wet
sand; (Ds) Dry sand; (U) Urban; (Bs) Bare soil; (C) Crop; (S) Shadow; (Fr) Forest.

Reference

W/ F|w.|p|U|B|C|s|F
wi|olo|lofo|o|o|lo|1]o
Flo|l2|o0|o|1|0o]o0o|o0o]o
_|wsjojojw|ojo]1|o]o]o
g p.|o|o|ofel1|ololo]|o
Blu|1|olo|1]1s|8|0o|1]o0
*Iefolololo|3]1]ololo
clo|lo|lo|o|o|o|20|0]4
s|o|lo|lo|o|o|lo|o|18]o0
Flo|o|1]|o]oflo|o]o]1e

Overall accuracy: 0.87

Kappa coefficient: 0.86
Producer's accuracy for Ws: 0.95
Producer's accuracy for Ds: 0.95
User’s accuracy for Ws: 0.95

User’s accuracy for Ds: 0.95

Figure S$13. Confusion matrix with 180 validation points for the post-tsunami (2010) LULC map of the

Central segment (Figure S1e). Classes are abbreviated as follows: (W) Water, (F) Foam; (Ws) Wet
sand; (Ds) Dry sand; (U) Urban; (Bs) Bare soil; (C) Crop; (S) Shadow; (Fr) Forest.

Reference

W | F |Ws|Ds|U |Bs| C S | Fr

W |19 0 0 0 0 0 0 0 0

F 0 |20 O 0 1 0 0 0 0

c Ws | 1 0|20 O 0 0 0 0 0
'% Ds | O 0 0 17| 3 1 0 0 0
3 U 0 0 0 3 |10 | 4 0 0 0
* B 0 0 0 0 6 |15] 0 0 0
C 0 0 0 0 0 0|16 O 0

S 0 0 0 0 0 0 0|20 1

F: 0 0 0 0 0 0 4 0 | 19

Overall accuracy: 0.87

Kappa coefficient: 0.85
Producer's accuracy for Ws: 1.00
Producer's accuracy for Ds: 0.85
User’s accuracy for Ws: 0.95

User’s accuracy for Ds: 0.81
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Figure S14. Confusion matrix with 180 validation points for the pre-tsunami (2004) LULC map of the

South segment (Figure S2b). Classes are abbreviated as follows: (W) Water, (F) Foam; (Ws) Wet
sand; (Ds) Dry sand; (U) Urban; (Bs) Bare soil; (C) Crop; (S) Shadow; (Fr) Forest.

Reference

W/ F|w.|p|U|B|C|s|F
w|2|0|o|o|o|o|o|o]o
Flo|l9|o|o|s5|o]o|o]o
_|wsjojojis|lo]j1]o|o]o]o0
g p.|o|o|1|lo|l1|lolo]o
Blujo|1|lo|1]10|1|0o|o0]o0
*lTelololol1|3]17]0]0]o0
clo|lo|lo|o|lo|1|16]0]1
s|oflo|1]o|1]lo|o]|17]0
Flo|o|o|of|o|o|a]3]19

Overall accuracy: 0.86

Kappa coefficient: 0.84
Producer's accuracy for Ws: 0.90
Producer's accuracy for Ds: 0.90
User’s accuracy for Ws: 0.95

User’s accuracy for Ds: 0.90

Figure S$15. Confusion matrix with 180 validation points for the post-tsunami (2010) LULC map of the

South segment (Figure S2e). Classes are abbreviated as follows: (W) Water, (F) Foam; (Ws) Wet
sand; (Ds) Dry sand; (U) Urban; (Bs) Bare soil; (C) Crop; (S) Shadow; (Fr) Forest.

Reference

W | F |Ws|Ds|U |Bs| C S | Fr

W 20| O 3 0 0 0 0 0 3

F 0 |20 O 0 0 0 0 0 0

c Ws | O 0 17 | O 0 0 0 0 0
'% Ds | O 0 0 |20 | 2 0 0 0 0
3 U 0 0 0 0 |14 | 6 0 0 0
* B 0 0 0 0 3114 | 0 0 0
C 0 0 0 0 0 0|19 0 4

S 0 0 0 0 1 0 0|20 O

F: 0 0 0 0 0 0 1 0 |13

Overall accuracy: 0.87

Kappa coefficient: 0.87
Producer's accuracy for Ws: 0.85
Producer's accuracy for Ds: 1.00
User’s accuracy for Ws: 1.00

User’s accuracy for Ds: 0.91
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Figure S16. Confusion matrix with 180 validation points for the post-tsunami (2021) LULC map of the
North segment (Figure S3b). Classes are abbreviated as follows: (W) Water, (F) Foam; (Ws) Wet
sand; (Ds) Dry sand; (U) Urban; (Bs) Bare soil; (C) Crop; (S) Shadow; (Fr) Forest.

Reference

W/ F|w.|p|U|B|C|s|F
w|2|0|o|o|o|o|o|o]o
Flo|l2|0|o|2|0]o0o|o0o]o
_|wsjojoj|o]1]o|o]o]o
g p.|o|o|ofel1|ololo]|o
Blujo|o|l1|1]12/3|0|0]o0
“Ie]olo]o|o|ale]o]o]1
clo|lo|lo|o|o|lo|16|0]|o0
s|o|lo|lo|o|o|lo|o]|20]1
FFlo|o|o|o|o|1]4a]o0]1s

Overall accuracy: 0.89

Kappa coefficient: 0.88
Producer's accuracy for Ws: 0.95
Producer's accuracy for Ds: 0.95
User’s accuracy for Ws: 0.95

User’s accuracy for Ds: 0.95

Figure S$17. Confusion matrix with 180 validation points for the post-tsunami (2021) LULC map of the

Central segment (Figure S4b). Classes are abbreviated as follows: (W) Water, (F) Foam; (Ws) Wet
sand; (Ds) Dry sand; (U) Urban; (Bs) Bare soil; (C) Crop; (S) Shadow; (Fr) Forest.

Reference

W | F |Ws|Ds|U |Bs| C S | Fr

W 20| O 0 0 0 0 0 0 0

F 0|17 O 0 0 0 0 0 0

c Ws | O 0|20 O 0 0 0 0 0
'% Ds | O 2 0 |20 | 2 0 0 0 0
3 U 0 1 0 0 |10 | 4 0 0 0
* B 0 0 0 0 6 |16 | 0 0 0
C 0 0 0 0 0 0|17 O 3

S 0 0 0 0 0 0 0O (18| O

F: 0 0 0 0 2 0 3 2 |17

Overall accuracy: 0.86

Kappa coefficient: 0.84
Producer's accuracy for Ws: 1.00
Producer's accuracy for Ds: 1.00
User’s accuracy for Ws: 1.00

User’s accuracy for Ds: 0.83
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Figure S18. Confusion matrix with 180 validation points for the post-tsunami (2021) LULC map of the
South segment (Figure S3e). Classes are abbreviated as follows: (W) Water, (F) Foam; (Ws) Wet
sand; (Ds) Dry sand; (U) Urban; (Bs) Bare soil; (C) Crop; (S) Shadow; (Fr) Forest.

Reference
W|F |Ws Ds|U|Bs|C | S |F

W 20| O 1 0 0 0 0 2 0

F 0 |19 O 0 2 0 0 0 0

Ws | O 0 19| 0 0 0 0 0 0
5 Overall accuracy: 0.89
| D 0 1 0 |20 O 0 0 0 0 -
g ° Kappa coefficient: 0.88
g U] 0J0]0J0J12]2]0 010 progucers accuracy for Ws: 0.95

Producer's accuracy for Ds: 1.00
cCc|0]0]O0]O0O]O0 0|18 0| 1] Usersaccuracy for Ws: 1.00
s|0|0}0]0|0)]1]0 |18 0| Usersaccuracy for Ds: 0.95

Fr | O 0 0 0 0 0 2 0 |18
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~150 m from thé\\‘
shoreline '/

(b)

Figure $19. Photos taken in August 2010 on Mr. Farias' land next to Cardonal Creek (Figure 4e; Table
S1). (a) Potato crop covered by the extensive tsunami sand sheet. Orange dashed line partially
outlines pieces of asphalt ripped out by the tsunami from the coastal road. (b) Weeks later the land
was plowed to resume planting and the tsunami deposit was lost. Red arrow indicates in both photos

the same house for reference.
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North Pre-tsunami Post-tsunami Post-tsunami  Changes between
segment 10 January 2005 14 April 2010 26 May 2021 2010 and 2021
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limit observed elevation curve road etection (84%)

Figure S20. Satellite detection of the tsunami deposit that was lost by the classification model a
decade after the 27 February 2010 event along the North segment (see Figure 1). (a) Sand detected
before the 2010 tsunami, mainly restricted to beach and dune. (b) Sand detected weeks after the
tsunami, including that from beach and dune but also that transported inland by the tsunami. (c) Sand
detected a decade after the tsunami, resembling pre-tsunami condition. (d) Changes detected between
the immediate post-tsunami condition and that of a decade later. The purple shading shows the area
where the satellite detection of the tsunami deposit was lost (84%), either by masking due to new soil
development or by destruction related to human activity.
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Central Pre-tsunami Post-tsunami Post-tsunami  Changes between
segment 24 Sept. 2004 14 April 2010 26 May 2021 2010 and 2021
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Figure S21. Satellite detection of the tsunami deposit that was lost by the classification model a
decade after the 27 February 2010 event along the Central segment (see Figure 1). (a) Sand detected
before the 2010 tsunami, mainly restricted to beach and dune. (b) Sand detected weeks after the
tsunami, including that from beach and dune but also that transported inland by the tsunami. (c) Sand
detected a decade after the tsunami, resembling pre-tsunami condition. (d) Changes detected between
the immediate post-tsunami condition and that of a decade later. The purple shading shows the area
where the satellite detection of the tsunami deposit was lost (78%), either by masking due to new soil

development or by destruction related to human activity.
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Figure S1. Fieldwork and laboratory analysis. (a) Recovery of a vibracorer slice at Campiche. Note the
abundant freshwater vegetation. Industrial area in Quintero Bay can be seen in the background. (b)
Sediment slice showing the sharp lithologic contact between the lower mud layer and the overlying
peat layer. (c) Sampling for diatom and pollen analysis. (d) Marine diatom (Diploneis smithii) found in
the mud layer. (e) Pine pollen found in the peat layer. (f) Seeds of Schoenoplectus californicus found in

the mud layer.

199



Figure S2. Pit excavated near the site of Gayo et al. (2022) at Los Maitenes wetland (see Fig. 2a).
Peat layer overlying the mud layer is indicated on the pit wall. Next to this wall slice SL-7 shown in Fig.

5 was recovered.
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Figure S3. Relative abundance of diatoms in slices SL-2 and SL-7. Photographs and schematic
stratigraphies of each slice are shown on the left. Only species with relative abundance >5% are
included and are grouped by salinity preference (freshwater, brackish, and marine) and life form (Be:
benthic, Ep: epiphytic, PI: planktonic). Elevations above mean sea level (amsl) at which each slice was
collected are indicated. Results of the CONISS cluster analysis on the right show an abrupt shift in
diatom assemblages coinciding with the change from mud to peat (marked by the red dashed line).

Note the gradual increase of brackish species in the uppermost peat section of slice SL-2.

201



o
5
5 R & o K
» S W & ¥, O
CO-2 & © & P ¥ B e & g0 358 e®
& O . S N @0..0\ PO AP
IR P SR g SO S R O Wi
K & c g W T & 0¥ L AP
8 & R EE GV T 0% Fed Ly Sl
271m ) o\ 0000 40 W0 Pot 00T e RO A S
& AT g W S O D RN I &
| PSR s S S A O N & 0 o &8
Y o\°® S o o ool S ot et e
R QO @V @ T @ PP AR S S
_ CONISS
E Cluster Analysis
= - m | mm Ly L sesseseses 1
o n i 2
[ ™ ] - 3
g - - smple 3
] ] 5
| - 6
. n m 7
N T e e - R N I g5 T
] | —— N m o 9
n - . m (= 10
] N — mon m = 11
] - — o ] 8 12
. ] . m [ - 13
: Frrm FramrTm [ e e e e I i v O B | 1 1
- 10% 10% 2 4 6
SjmpLEd L IL 1l [ Total sum of squares
epths Be Ep Pl Be Ep PI
L ' )
[ Reddish peat Freshwater Brackish
[ Gray mud _0(\\"’
.‘;\\
" & &
c0-5 & Ry & A NG
¢ Fa e Tl W &g
o & O O S8 = )
W <\°‘ & _““0}00\\ o @ 6{\\"’0&‘*\((\(‘00"60 W
.Qo“\oéio*‘o & @ RS O S ote® G Ry qc\.(",‘\"E
215m o*‘q.’\s\"(‘&\o“q’\ 0&6“ &0 @bé\:\q’((\\ q.::\ © ((\Q‘\o%é\@ %§§\°§é‘¥f«‘§°\t&3&"“ Q‘\aﬁ*\}\d\
. A ) ok RS - iV G070 AV b
| S @ @ P FTeOWET o

E
= — . n 1
:2 — . ] 2
@ N — ] ] ] 3
a ] - 4
= I T N T I S O IO I
] i — 6
] - j— 7
n m ] | — ] 8
] ] j— m 9
- § - [— n 10
n ] n ] ] 11
s e e e e e e o e e B o | | [ e | M T I T 1
10% 10% 10% 1 2 3 4
L iL il I L [ Total sum of squares
Be Ep Be Ep Pl Ep
L JL 1L
Freshwater Brackish Marine

Figure S4. Relative abundance of diatoms in cores CO-2 and CO-5. Photographs and schematic
stratigraphies of each core are shown on the left. Only species with relative abundance >5% are
included and are grouped by salinity preference (freshwater, brackish, and marine) and life form (Be:
benthic, Ep: epiphytic, PI: planktonic). Elevations above mean sea level (amsl) at which each core was
collected are indicated. Results of the CONISS cluster analysis on the right show an abrupt shift in

diatom assemblages coinciding with the change from mud to peat (marked by the red dashed line).
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Figure S5. Organic matter content in slice SL-3. See material and methods in the main text. The 219Pb

chronological model for the slice is shown in Fig. 5.
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Table S1. Key diatom species with their salinity preferences and life forms. Taxa listed exceed 5% of

total diatom valves counted in at least one sample. Ecological information from Vos and de Wolf (1988;
1993), Denys (1991), Hemphill-Halley (1993), Van Dam et al. (1994), Hassan et al. (2009), Dura et al.

(2015) and Zong and Sawai (2015).

Diatom species (>5%) Salinity Life form
Amphora bicapitata Freshwater Benthic
Amphora pediculus Freshwater Epiphytic
Aulacoseira granulata Freshwater Planktonic
Caloneis bacillum Freshwater Benthic
Caloneis clevei Freshwater Benthic
Cocconeis placentula Brackish Epiphytic
Cymbella sp. Freshwater Epiphytic
Denticula elegans Freshwater Benthic
Diploneis ovalis Freshwater Benthic
Encyonema sp. Freshwater Benthic
Epithemia adnata Freshwater Epiphytic
Epithemia gibba Freshwater Epiphytic
Epithemia gibberula Freshwater Epiphytic
Eunotia spp. Freshwater Benthic
Gomphonema affine Freshwater Epiphytic
Gomphonema parvulum Freshwater Epiphytic
Gyrosigma nodiferum Brackish Benthic
Halamphora coffeaeformis Brackish Benthic
Halamphora normanii Freshwater Benthic
Halamphora veneta Brackish Benthic
Luticola mutica Freshwater Benthic
Navicula cryptocephala Brackish Benthic
Navicula cryptotenella Freshwater Benthic
Navicula sp. Freshwater Benthic
Navicula peregrina Brackish Benthic
Navicula radiosa Freshwater Benthic
Nitzschia amphibia Freshwater Epiphytic
Nitzschia clausii Brackish Benthic
Nitzschia communis Freshwater Benthic
Nitzschia linearis Freshwater Benthic
Nitzschia sigma Brackish Benthic
Nitzschia palea Freshwater Epiphytic
Paralia sulcata Marine Planktonic
Pinnularia divergens Freshwater Benthic
Pinnularia subcapitata Freshwater Benthic
Pinnularia viridis Freshwater Benthic
Planothidium lanceolatum Freshwater Epiphytic
Stauroneis supergracilis Freshwater Benthic
Stephanocyclus meneghinianus Brackish Planktonic
Tabularia fasciculata Marine Epiphytic
Ulnaria ulna Freshwater Epiphytic
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Table S2. Relevant information of historical maps and aerial photography used in this study.

Year Type Name Author Scale Source Information
Hydrographic Plano geometrico del gg‘r;:tﬁ;blg::gatrr:g H(};igoagrzgggir?izd The position of
1803 Puerto de la Herradura 1:20000 . the lagoons is
map de Quintero and Goleta Service of the approximate
Extremefia Chilean Navy
Hydrographic Plano del puerto de Francisco Vidal Chilean National The position of
1860 f 1:25000 : the lagoons is
map Quintero Gormaz Library .
approximate
Hydrographic Bahia de Quintero i . . Chilean National -
1876 map Caleta Horcon Luis Pomar 1:40000 Library
1904 Hvdrographic  popis de Quintero Luis Pomar 1:30000  Chilean National -
map Library
. . . Hydrographic and
. Bahia de Quintero in . . .
1914 Hydrographic America del Sur Costa Ocea_nograpmc 1:60000 Ch|lea_n National -
map . Service of the Library
Oeste, Chile .
Chilean Navy
Hydrographic and Hydrographic and
1926 Hydrographic ooy Puerto Quintero  OSe@nographic 1:30000 ~ Qoeanographic ;
map Service of the Service of the
Chilean Navy Chilean Navy
: Chilean Military . .
1930  Topographic Quintero Geographic 1:25000 ~ Chilean National ;
map Insti Library
nstitute
Aerial Quintero Bay, 16 Chilean Aerial Chilean Aerial First aerial
1954 ! Photogrammetric - Photogrammetric  photograph of
photograph December 1954. Service Service Quintero Bay
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Relative sea-level estimated from tide gauge data
To estimate the history of RSL change and the associated rates, we used data from
the Valparaiso tide gauge station obtained from the Hydrographic and Oceanographic

Service of the Chilean Navy (SHOA) available at https://www.shoa.cl extending

between 1944 and 2025 with an hourly temporal resolution (Fig. S6). We first
removed astronomic tides using the MATLAB Tidal fitting toolbox (Grinstead, 2024),

downloaded from https://www.mathworks.com/matlabcentral/fileexchange/19099-

tidal-fitting-toolbox. We first detrended the data and stored the linear coefficients, then

removed the modeled tidal signal using the inverted constituents from the tide gauge
data and then added back the stored coefficients of the first detrend stage. To remove
outliers that may result from storms, we applied a 1-day running mean filter. Then, we

modeled the trajectory of rsl(t), the daily residual tide as:

rsl(t) =A(t—tg) + zm BiH(t—t) +C (t —tg) + Dlogil + At — toq/T)
j=1

where A is the coefficient of a linear function, tr is a reference time defined as fo, B is
the coefficient of a Heaviside jump function included to simulate a static offset during
earthquakes at time {;, C is the coefficient of the contribution from the anomalous El
Nifno-Southern Oscillation (ENSO) atmosphere-ocean conditions, and D is the
coefficient of the transient post-seismic logarithmic component where feq is the time of
the earthquake (We added a term to the 2010 Maule earthquake Mw=8.8), and T is a
constant determining the timescale of the logarithmic transient set to 0.1 based on a
previous study (Melnick et al., 2017). The ENSO contribution was modeled using the
SOl-Index time series file soi_3dp.dat downloaded from

https://crudata.uea.ac.uk/cru/data/soi/, linearly interpolated to the tide gauge time

vector, and added to the design matrix to perform a least square inversion of the
coefficients. Because neither the tide gauge data nor the SOI index is associated with
formal uncertainties, we solved the inverse problem using the MATLAB function
mldivide, and estimated the uncertainties by bootstrapping the function 1,000 times

and estimating a probability function of the results.
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Figure S6. Time series analysis of the Valparaiso tide gauge. Complete tide gauge record from 1944

to 2025 (upper panel). Note the data gap between 1971 and 1982. Red line shows the trajectory model

and green lines represent heaviside jumps. Trajectory model with quadratic term is shown in the center

panel. White circle shows the minimum of the quadratic function, indicating a reversal in the relative

sea level (RSL) trend. Residuals and date of RSL change are shown in the lower panel.
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Figure S7. Time series analysis of the Valparaiso tide gauge. Tide gauge record from 1944 to 1985

(upper panel). Note the data gap between 1971 and 1982. Red line shows the trajectory model and

green lines represent heaviside jumps. Relative sea level (RSL) linear trend is shown in the center

panel (black line). Residuals and change rate are shown in the lower panel.
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Figure S8. Time series analysis of the Valparaiso tide gauge. Tide gauge record from 1985 to 2025
(upper panel). Red line shows the trajectory model and green lines represent heaviside jumps. Relative

sea level (RSL) linear trend is shown in the center panel (black line). Residuals and change rate are
shown in the lower panel.
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Vertical land motion estimates from GNSS data
The daily positions of 5 continuous GNSS stations with at least 2.5 years of data were

downloaded from the Nevada Geodetic Laboratory site http://geodesy.unr.edu/, which

have been processed as detailed by (Blewitt et al., 2018) in the IGS14 reference
frame (Figs. S9-13). We used the linear trajectory method (Bevis and Brown, 2014;
Melnick et al., 2017) to model vim(t), the GNSS daily position time series in the East,

North, and Up components as:

nj 2 21 2
vim(t) =A(t—tg) + Z B H(t—t)+ 2[6 sin(T— t)+D cos(T— )] + E logifil + At
j=1 k k

k=1
- teq/T)

where A is the coefficient of a linear function of n,=1 power, tr is a reference time
defined as fo, B are the coefficients of H heaviside jumps to simulate earthquakes and
non-tectonic effects such as instrumental changes, C and D are the coefficients of a
truncated Fourier Series to account for seasonal variations mostly induced by the
hydrological cycle (we used =1 year for annual and r=0.5 year for semi-annual
periods), and E is the coefficient of the transient post-seismic logarithmic component
where teq is the time of the Maule earthquake (27 February 2010), and T is a constant
determining the timescale of the logarithmic transient set to 0.1 based on a previous
study (Melnick et al., 2017). Heaviside jumps were included for earthquakes from the
National Earthquake Information Catalogue (NEIC) of the US Geological Survey
found at d < 10057 mag - 08) where d is the distance between the epicenter and the
GPS station and mag is the earthquake moment magnitude. We used the MATLAB
function Iscov to perform the least-squares inversion in the presence of covariance
accounting for the positioning error in the daily station coordinates. The inversion was
performed for the East, North, and Up components simultaneously; the Up

component is used to estimate vertical land motion.
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Figure S9. Daily position time series of continuous GNSS station ZAPA located at Zapallar (see Fig.
1¢). East, North and Up components are shown with their respective rates. Red line shows trajectory
model computed using the linear trajectory method from Bevis and Brown (2014). Green lines are

heaviside jumps. wrms: weighted root mean square error.
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Figure S10. Daily position time series of continuous GNSS station VALP located at Valparaiso (see
Fig. 1c). East, North and Up components are shown with their respective rates. Red line shows
trajectory model computed using the linear trajectory method from Bevis and Brown (2014). Green

lines are heaviside jumps. wrms: weighted root mean square error.
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Figure S11. Daily position time series of continuous GNSS station VALN located at Valparaiso (see
Fig. 1c). East, North and Up components are shown with their respective rates. Red line shows

trajectory model computed using the linear trajectory method from Bevis and Brown (2014). Green
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Figure S12. Daily position time series of continuous GNSS station BNO5 located at Valparaiso (see

Fig. 1c). East, North and Up components are shown with their respective rates. Red line shows

trajectory model computed using the linear trajectory method from Bevis and Brown (2014). Green

lines are heaviside jumps. wrms: weighted root mean square error.
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Figure S13. Daily position time series of continuous GNSS station TRPD located at Valparaiso (see
Fig. 1c). East, North and Up components are shown with their respective rates. Red line shows

trajectory model computed using the linear trajectory method from Bevis and Brown (2014). Green
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Figure S14. Data from campaign GPS benchmark MROC located at Concon (see Fig. 1c¢). East, North

and Up components are shown with their respective rates. Red line shows trajectory model computed

using the linear trajectory method from Bevis and Brown (2014). wrms: weighted root mean square
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Figure S$15. Continuous GNSS stations showing sustained coastal uplift after modern earthquakes in
northern and central Chile. Station MCL1 (above) at Michilla, northern Chile, shows sustained uplift
after the 2007 Tocopilla earthquake (Mw 7.7). Station CONS (below) at Constitucion, central Chile,
shows subsidence caused by the 2010 Maule earthquake (Mw 8.8) and sustained uplift following the
2012 Constitucidon earthquake (Mw 7.0). Daily position time series were obtained from the Nevada

Geodetic Laboratory site http:/geodesy.unr.edu/.
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Figure S$16. Time series analysis of the Valparaiso tide gauge. Tide gauge record from 1944 to 1971
(upper panel). Red line shows the trajectory model and green lines represent heaviside jumps. Relative
sea level (RSL) linear trend is shown in the center panel (black line). Residuals and change rate are
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