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Resumen

Las costas adyacentes a zonas de subduccién 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
interaccion entre factores tectonicos, climaticos y antrépicos que dificultan tanto su

formacion como su preservacion a lo largo del tiempo.

Esta tesis doctoral tuvo como objetivo general evaluar cémo 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, estratigréficas, paleoecoldgicas, historicas e instrumentales, puede
mejorar la reconstruccion de la deformacién costera y la distribucion espacial de los
depdsitos de tsunami. Las principales preguntas de investigacion se centraron en
identificar qué factores explican el escaso registro paleosismologico en Chile central,
como ha variado la deformacién vertical costera durante el ultimo siglo, y cuél es el
potencial de la percepcion remota en la deteccibn de modernos depdésitos de
tsunami. Estas interrogantes fueron abordadas en dos éareas 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
paleosismolégico en Chile central: (i) el alzamiento tectonico sostenido, que reduce el
espacio de acomodacion y favorece la erosion; (ii) el clima mediterraneo semiarido,
que restringe la preservacion del registro geologico y limita la formacion de
ambientes de baja energia y (iii) la intervencion antropica, que ha modificado o

destruido numerosos sitios con potencial paleosismolégico.



A pesar de estas limitaciones, la aplicacion de percepcién remota permitié identificar
y mapear el deposito 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 metodologicos
multidisciplinarios resulta esencial para asistir en la reconstruccion de patrones de
deformacion vertical costera y areas de inundacion 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
subduccion 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
countryos coastal , fhesp urécardsi aren fragmergaryd ans
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; (i) 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 subduccion 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), Japo6n en
2011 (Mw 9.0) y Rusia en 2025 (Mw 8.8) han causado impactos notables en la costa,
incluyendo pérdidas de vidas, dafos 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 Japdén 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 desempefiado un papel crucial en la reconstruccion
de la historia sismica de zonas de subduccion, permitiendo identificar patrones de
recurrencia, estimar la magnitud y delimitar la extension 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 deformacion 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 prehistéricos (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 subduccion 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 (Ledn et al., 2023). En consecuencia, existe una brecha significativa en el
conocimiento paleosismolégico de esta zona, lo que limita la capacidad de evaluar
adecuadamente la amenaza y la preparacion frente a futuros terremotos de
subduccién. Esta situacién 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 paleosismolégicos 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 Ilimitan el estudio del registro
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paleosismolégico en Chile central, incluyendo complejidades tectonicas, climaticas y
antropicas. Adicionalmente, se propone la integracion de mdultiples enfoques, tales
como satelitales, estratigraficos, sedimentolégicos, paleoecoldgicos, historicos,
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 subduccion 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

L

Comprimida

Tsunami

Placa se relaja

Trabado
Resbalando libremente

Limite de placas

Figura 1.1. Representacion esquematica de una zona de subduccion. 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 oceénica (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 Depositos de tsunami  y cambios verticales costeros

Los depdsitos de tsunami corresponden a capas de sedimento, generalmente arena,
gue pueden extenderse por varios kildbmetros 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 extension
real de la inundacion (e.g., Abe et al.,, 2020; Maclnnes et al., 2010). Recientes
estudios desde tsunamis modernos han mostrado que el area cubierta por un
depdsito de tsunami puede ser una confiable aproximacion 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;
Szczuci Es ki ) 8in emddrgo,,otro2 studos cuestionan su real utilidad
como proxy, permaneciendo aun el debate (Abe et al., 2012; Chagué-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 ., 2 @t2ab, 20085. £stas
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,
dafio 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 teledeteccion y
aprendizaje automéatico no han sido aplicadas especificamente a la deteccion de
depdsitos de tsunami.

Mayores desafios surgen al estudiar depdsitos de tsunami desde secuencias de
sedimentos costeros. Durante las Ultimas décadas, estudios paleosismologicos han
utilizado depositos 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 depodsitos 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,
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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 superposicion de aportes continentales y marinos pueden generar un

mezclado registro.

Méas alla del analisis de los depdsitos de tsunami, el registro geolégico 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
dindmica 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 dltimas décadas, por lo que no capturan la deformacién costera a largo

plazo.

En este sentido, los indicadores paleoecolégicos, 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 posicion 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 aproximacién 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 integracion de registros sedimentarios, indicadores paleoecologicos
y observaciones geodésicas contemporaneas amplia la ventana temporal y espacial
de observacion de la deformacion costera, proporcionando una base sélida 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 histéricos 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 evolucién geogréfica y su vulnerabilidad ante fendmenos naturales.

Desde el punto de vista tectdnico, esta region 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/afio (Angermann et al., 1999; Norabuena et al.,
1999; Jarrin et al., 2023). Esta dindAmica 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 1 | | | | [
0 10 20 30 40 50 60
DN Estudios Paleosismolégicos (barras)

Figura 1.2. Relacion 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/afo; Toledo
y Zapater, 1989; Peel et al.,, 2007). Este patrén climatico genera una fuerte
estacionalidad en la disponibilidad de agua, condicionando tanto los ecosistemas
como las actividades econOmicas. 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
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paleosismolégica (Leon 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 poblacion costera del pais, con 2.839.953 habitantes. Esta
se ha incrementado de forma sostenida en las Ultimas décadas, impulsada por la
urbanizacioén, el desarrollo portuario y el turismo. Ciudades como Valparaiso, Vifa
del Mar, San Antonio, Constitucién y Concepcion concentran una parte importante de
la poblacion 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, ocupacion 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 dindmico, en el
gue confluyen procesos geoldgicos activos, condiciones climaticas cambiantes y una
alta densidad poblacional, lo que exige enfoques integrados de gestion del riesgo y

ordenamiento del territorio.
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Figura 1.3. Mapas indices. (a) Configuracién tectonica de placas en el margen suroeste de
Sudamérica. Linea negra con puas indica el borde hacia el mar de la zona de subduccion 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 regién 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; Saldafa 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 investigacién 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, h ipo6tesis y objetivos  principales

Del anterior planteamiento y marco conceptual surgen las siguientes preguntas de

investigacion que guian esta tesis:

Pl1. ¢El estudio de depdsitos de tsunami puede ser asistido por técnicas de

percepcion remota?

Pl12. ¢Las desembocaduras de rios andinos son Uutiles registradores de tsunamis

pasados?
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P13. ¢ Como ha variado la deformacioén vertical de la costa de Chile central durante el

altimo siglo?

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

¢ Estos corresponden a factores naturales o metodoldgicos?

La siguiente hipétesis de trabajo ha sido propuesta:

La combinacion de factores tectonicos, climaticos y antrépicos condiciona la
generacion, preservacion e interpretacion del registro geoldgico de terremotos vy
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:

Objetivo s general es:

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

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

OG2. Validar novedosos enfoques multidisciplinarios que puedan asistir en el estudio

de depdsitos de tsunami y deformacioén costera.

Objetivos especificos:

OEL. Determinar la distribucion espacial del depésito de tsunami del 2010 mediante

la aplicacion y validacion de un mapeo satelital automatizado.

OE2. Analizar las complejidades involucradas en la interpretaciébn del registro

geoldgico de tsunamis preservado en sitios altamente dinAmicos.
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OES3. Reconstruir la deformacion vertical costera durante el ultimo siglo en Chile

central y comprender su implicancia en el registro paleosismolégico.

1.5 Estructura de la tesis

Esta tesis ha sido desarrollada en 6 capitulos, en los cuales se presentan los
principales hallazgos e implicancias paleosismoldgicas 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 y
aproximaciones utilizadas. En los Capitulos 2 al 4 se presentan los tres articulos
cientificos derivados de la investigacién, 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 (Wo0S).

El articulo del Capitulo 2, recientemente publicado en Earth Surface Processes and
Landforms, presenta una novedosa técnica capaz de mapear depdésitos de tsunami
integrando percepcion remota y machine learning. Esta técnica fue probada en una
franja costera de la Regién 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 reconstruccion de la deformacidén 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 espafiol, asi

como también el resto del escrito.

En el Capitulo 5 se discuten conjuntamente los resultados de estos tres articulos y se
evallan 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 andlisis 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 andlisis 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 extension 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 inundacién (ver seccién 1.6.1 a 1.6.3).

Posteriormente, se llevaron a cabo campafas 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, mineraldgicos y de susceptibilidad magnética, buscando identificar
criterios claves que pudieran asistir en la diferenciacion de ambos tipos de depositos

(ver seccién 1.6.4 a 1.6.6).
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Asimismo, se incorpord el estudio de microfosiles, principalmente diatomeas, junto
con el analisis de semillas y materia organica, con el propésito de reconstruir los
cambios relativos del nivel del mar y los ambientes de depositacion durante el dltimo
siglo en el humedal de Campiche. Estos resultados fueron reforzados mediante datos
cronologicos, cartograficos, mareograficos y geodésicos, lo que permitié integrar
lineas de evidencia independientes para la interpretacion de los procesos costeros
(ver seccién 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 evolucion ambiental y tectdnica de la costa de Chile central. Detalles
especificos de cada procedimiento se presentan en los capitulos correspondientes.
Un resumen grafico de los diferentes pasos metodologicos conducidos en esta
investigacion y su relacién con cada objetivo especifico (OE) es proporcionado en la

Figura 1.4.

1.6.1 Analisis de imagenes satelitalesy  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
(afios 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 disefié un modelo de clasificacién 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

deteccién de cambios.

1.6.2 Distribucion espacial del depdsito de tsunami del 2010

Para cuantificar la extension del depésito 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 extensibn maxima tierra adentro del depédsito fue
medida sobre cada transecta y comparada con la inundacion real del tsunami
determinada por levantamientos previos (Ferndndez 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 informacion sobre la extension del depédsito de tsunami del 2010. Esta
informacién 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 campafas: una previa (7 de mayo) y otra posterior (14 de julio) al catastrofico
evento hidrometeorolégico ocurrido en junio de 2023. Inicialmente, el objetivo fue el
estudio del depdésito de tsunami del 2010 y el de sus posibles predecesores. Sin
embargo, tras la gran inundacién fluvial del 2023, el foco se reorientd hacia el analisis
del nuevo depdsito de arena generado por este evento. Se estudid su distribucion
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 elevacién 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 metodoldgicos 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 depdésito de tsunami de 2010. Cada muestra fue
secada y separada mecanicamente mediante una tamizadora, con tamafios de
particula entre -1 'y 4 G a i nt e rParanletoos estddisticdd .fugron( .
estimados mediante el software GRADISTAT v. 9.1 (Blott y Pye, 2001).
Descripciones mineraldgicas 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 seccién fueron referenciadas
al nivel medio del mar usando un dGPS y un datum mareal del Servicio Hidrografico
y Oceanogréfico de la Armada de Chile (SHOA). El analisis se enfoc6 en la
estratigrafia superficial, incluyendo un contacto litolégico abrupto de turba sobre
fango inorgénico. 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 baso6 en el
analisis 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 magnificacién de 1000x. Las especies
fueron clasificadas segun su preferencia a la salinidad (dulces, salobres y marinas) y
su forma de vida (bentonicas, epifiticas y planctonicas). Cambios en el RSL fueron
inferidos cualitativamente a partir de una razén entre diatomeas salobres mas
marinas versus dulces. Se opté 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 aplic6 un analisis de conglomerados CONISS (Grimm, 1986), que
permite agrupar muestras adyacentes con asociaciones ecologicas similares. Este
andlisis se realiz6 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 permitid identificar

estadisticamente cambios en los ensambles de diatomeas.

1.6.9 Estimacion de materia organica y analisis de semillas

El contenido de materia organica se determiné mediante el método de pérdida por
ignicion, incinerando cada muestra a 550 AC seg¥n l a t ®cn
Paralelamente, se realiz6 un reconocimiento y conteo de semillas de Schoenoplectus
californicus, especie de planta emergente indicadora de ambientes tolerantes a la
sal. Para el l o, se tamizaron 10 c¢cmj de sedi me
las semillas bajo un microscopio estereoscépico binocular. Este andlisis permitié

complementar las inferencias ecolOgicas realizadas a partir de las diatomeas.

1.6.10 Cronologiabasadaen | 1 Pb y polngoducidoe pi no

La cronologia para los sedimentos de Campiche se obtuvo mediante un modelo de
edad basadoen | T Pb pr eeportadmpon Gago 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 aparicion 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 Faegriy lversen (1989).

1.6.11 Mapas historicos

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

diatomeas y semillas, se analizaron siete mapas hidrograficos de la Bahia de
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Quintero entre 1803 y 1930, asi como una fotografia aérea de 1954. Esta informacion
cartografica fue complementada con reportes de naturalistas contemporaneos
(Pissis, 1854; Vicufia 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 analizo 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 sefial
inferida desde los ensamblajes diatomeas. Ademas, se incorporaron datos de
estaciones GNSS continuas y un GPS de campafia 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

Saldafa, B., Cisternas, M., Chavez, R.O., Aedo, D., Guerra, M. & Carrefio, A.
(2025a). Mapping tsunami deposits through a classification model based on satellite
images. Earth Surface Processes and Landforms, 50(1), e6055. 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 soll

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; Sr i ni vasal u et al ., 20
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; Szczuci &Es ket al, 2006) 2TheseSzczuc
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 count r y
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 6i 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 121 20 m focused offshore
in the northern third of the rupture, facing the coast including the study area between
Lipimévida 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 Constitucion and 20 m at Tirta (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 Lipiméavida 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
(Acuia, 2012; Ferndndez and Venegas, 2010). The plain is dissected by short,
seasonal easti 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 tbarat itdmduta AvayatCornejd iand eCardagl,
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 Lipiméavida, 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:
Lipimévida, 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)
. 24 September Central and Pan: 0.6
QuickBird 2004 (15:01) South -0.076 MS: 2.4 1.17 1.24 1.81
L 10 January Pan: 0.6
QuickBird 2005 (15:08) North 0.233 MS: 2.4 1.22 3.81 4.05
. 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 D r £ g201%). We implemented the classification model
using t he 06r apaclagerly settimySO@0aleciRon 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 6s awislalizatereaf thes ac cu
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 6seabd. Wend swerde agpdouwWpegd into 6dsando.
wereincludedi nt o a | arger c¢class named O6soil 6. Fin;
higher than 15 m high and on t hheysbosvedaad wer e
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
(termedhereas O0sand inundationé) wa-wornmbirargactaed t hr
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 TPXOB8-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. (di f) As in (ai 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

(i) 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 i nundati on (feumddt ihem &) ,asobdvd tnerd
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 Oénamdlat nandat isc
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 6.95 243

58-67 213.43 192.18 21.25 90.04 6.17 242

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

133-142 93.35 82.29 11.06 88.15 7.12 5.68

South 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. (bi 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 63i 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., Szczuci EBski, 2 0 1 xlpanup Markveerd/recovery ftome s ub's
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.,
200 3; Jagodzi GEGsKki et al ., 2 0 1 2Asjng supetvisey
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 depositdés | andward | i mit.

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; Srinivasaluet al ., 2007, Szczuci GKki
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%i 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.

55



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; Spi ske et al ., 2013, 2020; Sz
Szczuci EGski et al ., 2006) . Al o negptimatédethatT h a i c
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 depdsitos de

tsunami en desembocaduras de rios andinos

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

andinos.

Resumen

El estudio de depodsitos 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
qgue 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 exploracion para la busqueda de depositos
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 Introduccioén

Los tsunamis representan una de las amenazas naturales mas devastadoras para las
comunidades costeras, causando significativas consecuencias humanas,
econémicas 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, dafio 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 evaluacion del riesgo y la planificacion de estrategias de mitigacion (Bernard et al.,
2006; K©noj | y20). al

Durante las ultimas décadas, estudios paleosismolégicos han utilizado depésitos 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). Depésitos de tsunami permiten inferir caracteristicas como
la extensién de la inundacién, 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 interpretaciéon 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 interpretacion del registro geolégico (Szc zuci &Es
2020; Spiske et al.,, 2020; Saldafa et al., 2025a). Sumado a esto, uno de los
principales desafios radica en la posibilidad de confundir depdsitos 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
acentla aun méas 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

59

K i

2



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 depoésitos 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 Regién del Maule, es uno de los rios andinos més
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 m%/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 (Saldafia et al., 2025a).

6C



Pacific - <o
Ocean ~e5mT>

2l South

Atlantic
Ocean
Antarctic :| 500 km
Lso's  Plate
T
80°W 60°W

(b) ntonio|

-34°5

Peninsula

72°W

Figura 3.1. Mapas indices. (a) Configuracién tectdénica de placas en el margen suroeste de
Sudameérica. 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 Saldafia
et al. (2025a).
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3.2.2 El tsunami del 2010

El 27 de febrero del 2010, un terremoto de subducciéon (Mw 8.8) con una ruptura de
~500 km de largo y un deslizamiento maximo de ~15 m frente a la Region del Maule
(Moreno et al., 2012) gatilld6 un masivo tsunami que afecté 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 Tirta (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), Saldafa et al. (2025a) reporté runups sobre 6 m y distancias de
inundacién cercanas a los 600 m. Severos efectos geomorfologicos tales como la
completa erosién 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 hidrometeoroldgico del 2023

Entre el 21 y 26 de junio del 2023 un evento hidrometeorolégico caracterizado por
intensas y continuas precipitaciones afecté 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) registré6 un aumento del caudal medio del
Rio Mataquito hasta en 50 veces, alcanzando un méaximo cercano a los 5500 m3/s
antes de dejar de funcionar (Figura 3.2b). Este anomalo 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 dejo 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
inundacion, incluyendo la erosion 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 inundacion 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 inundaciéon del 2008 (CIGIDEN, 2023).
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3.3 Metodologia

3.3.1 Trabajo de campo

Se visité la desembocadura del Rio Mataquito seis semanas antes (7 de mayo) y dos
semanas después (14 de julio) del evento hidrometeorolégico 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
inundacioén del rio, que fueron interpretadas inicialmente como antiguos depdésitos de
tsunami dadas sus caracteristicas estratigraficas. Sin embargo, la ocurrencia del
evento hidrometeorologico de junio del 2023 reorientd el trabajo hacia la
caracterizacion del depdsito de arena dejado por la inundacion del rio y su similitud
con el deposito de tsunami del 2010. Se estudié la distribucion del depésito 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 mineral ogia

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 tamafios de
particula desde -1 a 4 (i a intervalos de 0.5 . Pardmetros estadisticos, incluyendo
tamafio de grano medio y seleccién, 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
estereoscopico binocular. ElI 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

~Logiin
Figure 4c

— s p— ——— T We———

(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 hidrometeorolégico 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 depésito 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 depdésito de arena.

3.3.4 Analisis de diatomeas

Se estudiaron los ensambles de diatomeas en la capa de arena de la inundacién del
2023 y fueron comparados con aquellos del depdsito 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; Chague-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 depdsito de tsunami del 2010

El tsunami del 2010 inund6é la mayoria de las areas bajas adyacentes a la
desembocadura del Rio Mataquito, depositando una capa de arena con continuidad
lateral por varios kildbmetros. El depésito 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
inundacion, presentando una distribucion mayormente discontinua. Tanto el tamafio
de grano como la susceptibilidad magnética (~807 x 10 SI) 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%), acompafiados 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 gradaciéon normal. El depodsito 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

planctonica Paralia sulcata.

3.4.2 El depdsito de la crecida fluvial del 2023

Durante el evento hidrometeorolégico del 2023, el Rio Mataquito inundo
completamente la marisma localizada en las inmediaciones de su desembocadura,
depositando una extensa capa de arena que presentd 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 G )y moderadamente
seleccionada, la cual se extiende hasta la base de un pequefio 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 vegetacion, estando esta usualmente
aplastada en la direccion del flujo (Figura 3.4a). La granulometria y la susceptibilidad
magnética (~747 x 10° Sl) también mostraron una tendencia a disminuir tierra
adentro, alcanzando valores minimos cerca del limite de inundacién (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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Figur a 3.4. Fotografias mostrando el depésito de arena y otros restos dejados por la inundacion del
Rio Mataquito. (a) Depdsito de arena cubriendo la completa marisma adyacente a la desembocadura
del rio. Notar la vegetacion ligeramente aplanada en la direccion preferencial del flujo (flechas rojas).
El limite de inundacion se encuentra justo en la base del pequefio 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
cémo las mareas ya han retrabajado parcialmente el depésito. (¢) Tronco dejado por el rio cerca del
limite de inundacién. (d) Detalle del depésito de arena cubriendo la superficie de la marisma. Barras
de colores de la pala miden 10 cm. Notar al fondo cdmo 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 depdésitos

Criterios de comparacion

Depdsito de tsunami del
2010

Deposito de rio del 2023

Espesor promedio

20a30cm

~20 cm

Tamafio 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 SlI)

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 gradacion 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 méximo

~10m

<3m

El color oscuro del depésito fluvial estd determinado por su mineralogia, la cual es
similar a la del depésito de tsunami del 2010. Un alto contenido de minerales
pesados, tales como magnetita (34%), piroxeno (10%) y anfibol (5%), contribuyen a
su distintiva coloracion grisacea oscura. Fragmentos de rocas metamorficas y
volcanicas también son abundantes en el depdésito (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 depdsito fluvial del 2023 muestra similar
mineralogia que el depdsito de tsunami del 2010, este ultimo muestra una coloracion

mMas rojiza debido a que ciertos minerales han sufrido continua oxidacion.
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Figur a 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 depésito de arena. (b) Fosa mostrando tanto el depdsito de
tsunami del 2010 como el depdsito de inundacion del 2023. Ambos depdsitos difieren en su color
debido a que el depdsito de tsunami se encuentra mayormente oxidado en comparacion al reciente
depdsito de inundacion. Notar el contacto basal erosivo del depdsito de tsunami, mientras que este no
es evidente en la base del deposito de inundacién. Parte del depoésito de inundacion 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 erosién en la superficie del suelo subyacente fueron poco

comunes.

Al igual que el depésito de tsunami, el depésito 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

planctonicas como Paralia sulcata.

3.5 Discusion

3.5.1 Depdsitos 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 paleosismolégico conducido en mayo del 2023 en la costa de Chile central,
se estudiaron tres capas de arena preservadas bajo la planicie de inundacion 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; Saldafia 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 inundacion fluvial de
junio del 2023 demostro 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 deposito 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 depésito 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 diferenciacién de
ambos depdésitos. Intuitivamente se podria suponer que depdsitos de tsunami tienen
una mayor concentracion de diatomeas marinas en comparacion con depdsitos de
rio, sin embargo, tanto el depdésito 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 plancténica
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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Figur a 3.6. Fotografias mostrando las similitudes entre depésitos de rio y depésitos 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
depositos de tsunami debido a sus similitudes con el depdsito de tsunami del 2010 (en amarillo). (c-d)
muestran el depdsito 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 depdésito de
tsunami y un deposito 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 depdsitos. Mientras el contacto
basal del depésito de inundacién del 2023 mostré limitados rasgos de erosion, el
contacto basal del depodsito de tsunami del 2010 fue marcadamente erosivo.
Adicionalmente, pequefos rip-up clast fueron observados integrando exclusivamente
el depdsito de tsunami, sugiriendo una fuerte erosién 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 inundacién 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 erosion. Segundo, diferencias en la extension hacia tierra de ambos
depositos. Mientras el depdsito del Rio Mataquito se extiende por solo ~70 m tierra
adentro, hasta la base de un pequefio escarpe, el depésito 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; Saldafia et al.,
2025a; Yamashita et al., 2025).

Basado en estos dos criterios, el contacto basal erosivo y la extension tierra adentro,
los depodsitos 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 depdositos 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 limit6 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 depoésito de tsunami del 2010. Probablemente
uno de estos depdsitos 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 depdsitos 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 depositos de
tsunami y de tormenta, concluyendo que varios criterios pueden ser considerados
Gtiles, pero no diagnosticos (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 mdultiples fuentes de evidencia, tales como
estratigrafica, sedimentolégica y paleontolégica, es posible diferenciar
apropiadamente el origen de los depésitos (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 diferenciacion 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 depdsitos 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
depositacion por tsunami, como por ejemplo la extension lateral, multiples fuentes de

sedimento, adelgazamiento tierra adentro, andmalas diatomeas marinas y
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coincidentes cambios del nivel del terreno acompafiando a los depositos (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 precauciéon 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 volimenes 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 depdésito de tsunami. En el Estero lloca, ~2 kildmetros al
norte de la desembocadura del Rio Mataquito (Figura 3.1c), Saldafia 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 depdsitos.
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3.6 Conclusiones

El depdsito de arena dejado por la reciente inundacion del Rio Mataquito en 2023
demostré que crecidas de rios andinos son capaces de dejar un registro geolédgico
similar al originado por tsunamis, complejizando aun mas los estudios
paleosismolégicos. 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 dindmicos, tales como esteros o canales, son mejores registradores de

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

emergence and ongoing submergence

Saldafa, 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.qsa.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 O 8) megat hr ust ansdal®d5.hDiptora kne seed assenbldges
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 4.1a;
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 Cauguenes (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 Constitucién (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 Horcon (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 t he uk9461d and 4.Zaf Thg 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 Sla), 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 Afiazco, 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? 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
210pp 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 21°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 4.5e (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 4.5c). 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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