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Abstract

Semiarid environments are climatically, ecologically, hydrologically and sssmaomically complex

systems, particularly when they are subject to climate change and anthropic interventions. The
northern coast of Chile shows a very strong influence ofBN&O (El Nifio South Oscillation)
dynamics and El Nifio events that triggered landslides, debris flows, flashfloods and river flooding.
These natural processes are considered as hazards that negatively affect human settlements. In the
study area, the growthf urban areas and the expansion of cultivated agricultural land for export
purposes has generated and increased susceptibility to natural hazards and hence, increased the related

risks.

These systems show particular features and landforms inherited difterent morpheclimatic

domains. Hence, an assessment of the present day landscape must take into account the inherited
landforms and features as well as present day landscape forming processes. The geomorphic processes
in the catchments draining intooQuimbo Bay are activated and turn into dynamic conditions during
extreme rainfall episodes associated with El Nifio events. Hence, they trigger geomorphological and
hydrological processes that activate the hydrographic network with a sporadic regimeju€atige

there is sediment transport through the watershed to the shoreline that is kept in balance by sandy

beaches and accumulation in the sand dune fields despitasdranvironmental conditions.

We hypothesize that the morphodynamic stability ef tbastal range and its associated catchments
with high geodynamic potential is linked to the occurrence of extreme pluviometric events. In
consequence, the basins are episodically reactivated generating extreme morphological dynamics
affecting existing ppulated areas. These processes dominate the current sedimentary transfer

mechanism from the basins to the waterfront and longshore.

Consequently, this study contributes to the understanding of the geomorphological dynamics of the
semiarid coastal area @fhile that is highly affected by extreme weather events. In turn these events

trigger dynamics processes and natural hazard conditions.

The methodology to achieve the aims and objectives of this study is based on detailed
geomorphological analyses of theeidy area. This includes the generation of a geomorphological map
according to the main influencing processes and related forms and features. Particularly, the landscape
is characterized by the relationship between slope systems determined by thieigylithied the
potential mass contribution to the stream network. The geological information was extracted from
geological maps. Fluvial terraces, alluvial fans and glacis were mapped based on stereo
photointerpretation and validated by a field survey du2idg2-2014.



The geomorphological information was complemented by derivatives from a detaileblass®

terrain analysis. The resulting topographic indices are used as proxies to determine the susceptibility to
geohazards. We assessed the present daglfand slope processes using the following topographic
indices: i) Stream Power Index (SPI) is a measure of the erosive power of concentrated water flows or
streams; ii) Transport Capacity Index (TCI) also known ag-a&or of USLE identifies areas prone

to areal soil erosion processes due to rill, lnilésheet flows; iii) Topographic Wetness Index (TWI)
expresses the potential runoff related to soil saturation; iv) the Modified Catchment Area (MCA), V)
the Vertical distance to River Network and vijtitude Above Stream Channel Network (AACN)
delivers information about the spatial configuration of flooding areas. The latter one is also known as
an isobase map. The MCA considers the flow pattern in a more realistic way. For the sake of
simplicity, the modeling was performed based on the assumption that the landscape has a

homogeneous and undifferentiated geologic substrate.

The study shows that the study region is subject to episodic;ehigiyy geodynamic events that
induce natural hazards. Howevéng vulnerability is quite low due to a scarce settlement density,
except along the coast. The fluvial dynamics of the tributary river catchments generate floods in the
Elqui River, and in the smaller catchments downstream especially within the citySd#reaa. This

city, which is the capital of the Coquimbo region, is particularly affected in the urban expansion areas
that are located on the Holocene marine terrace, not more fhan.&.s.l. as well as on the low river
terraces, which have been declatgdan or perurban areas. These sectors have not been flooded

since 1997 when they were still declared as urban areas.

The smaller basins of the coastal range, which generate flash floods and river floods with extreme
precipitation events, especiallyrihg ENSO EIl Nifio, generate natural hazards and hence a specific
risk for the population and the industry as well as agricultural zones in the valley and the coastal areas.
On the other hand, the relationship between the catchment and the coastal efieetésl through
sedimentary transfer along the shore. The foredune and sand field dune are features and natural

systems that are in an evolutionary trend of a progressive accretion shoreline.

The obtained results show that through a detailed terraigsasiadombined with classical
geomorphological mapping methods, natural hazards can be assessed and hence, this leads to a better
understanding of the conditions of exposure and vulnerability of populated settlements and

infrastructure.



Zusammenfassung

Semiaride Bereiche sind klimatisch, 6kologisch, hydrologisch und sozio6konomisch gesehen
komplexe Systeme, insbesondere wenn sie dem Klimawandel und anthropogenen Eingriffen
unterliegen. Die Nordkuste von Chile zeigt einen sehr starken Einfluss der ENSIBi¢gESouthern
Oscillation) Dynamik und El Nifio Ereignisse I6sen regelmafig Erdrutsche, Muren, Sturzfluten und
Hochwasser ausDiese natirlichen Prozesse werden als Gefahren betrachtet, die negativ auf
menschliche Siedlungen und Infrastrukturen einwirk&mnen. Im Untersuchungsgebiet hat die
Anfalligkeit fir Naturgefahren und den damit verbundenen Risiken durch das Wachstum von urbanen

Flachen sowie die Ausweitung der landwirtschaftlichen Flachen fir den Export enorm zugenommen.

Die Geomorphologie des Utkrsuchungsraumes ist charakterisiert durch Besonderheiten und
Landschaftsformen, die in verschiedenen morphologifioatischen Domanen gebildet wurden.
Daher muss eine Bewertung der heutigen Landschaft die geerbten Formen und Eigenschaften sowie

die hedigen Formungsprozesse berlcksichtigen.

Die geomorphologische Prozesse in den Einzugsgebieten der Coquimbo Bucht wurden durch
Hebungsprozesse bzw. Meeresspiegelabsenkung aktiviert und durch extreme Niederschlagsepisoden
im Zusammenhang mit El NiABreignssen noch weiter verstarkt. Die Folge sind
Uberschwemmungen, Sturzfluten und Muren die das Gewéassernetz sporadisch aktivieren. Folglich
gibt es einen Sedimenttransport zur Kuiste hin, der sich in Form von Sandstranden und

Sanddiinenfeldern trotz semiarid€iimaregimes manifestiert.

Wir postulieren, dass die morphodynamische Stabilitdt des Kistenbereichs und der dazugehdrigen
Einzugsgebiete an das Auftreten von extremen Niederschlagsereignissen geknipft ist. In der Folge
werden die Flusseinzugsgebiete egdisoh reaktiviert zu erzeugen eine extreme morphologische

Dynamik, welche die besiedelten Gebiete gefdhrdet. Diese Prozesse dominieren die aktuellen

Sedimenttransfermechanismen aus den Flusseinzugsgebieten hin zum Strand und Kiistensaum.

Folglich tragt diese Studie zum Verstandnis der geomorphologischen Dynamik des semiariden
Zentralchilenischen Kistenbereichs bei, der stark von extremen Wetterereignissen betroffen ist. Die

Dynamik der daran gekoppelten Prozesse fiihrt zu einem bestimeké&nr ingspotential.

Die in dieser Studie verwendete Methodik basiert auf detaillierten geomorphologischen Analysen des
Untersuchungsgebietes. Dies beinhaltet die Erstellung einer geomorphologischen Karte, welche die
dominanten Prozesse sowie den darakogpelten Formenschatz abbildet. Insbesondere wird die

Landschaft durch die Beziehung zwischen Hangsystemen und AbfluR3netz tber die Lithologie und die
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moglichen Massenfliisseins AbfluRnetz naher charakterisiert. Die geologischen Informationen wurden
aus gelogischen Karten extrahiert. Fluviale Terrassen, Schwemmkegel und Glacis wurden durch
Stereophotointerpretation und tUber Feldstudien, die in den Jahren2@04 2urchgefuhrt wurden
erfasst.

Die geomorphologischen Informationen wurden durch eine dettllGISbasierte Gelandeanalyse
erganzt. Die erhaltenen topographischen Indizes werden als Proxies verwendet, um die Anfalligkeit
fur Georisiken zu bestimmen. Wir beurteilten die heutigen fluvialen und Hangprozesse unter
Verwendung der folgenden topoghigchen Indizes: i) der Stream Power Index (SPI) ist ein Malf3 fir
die Erosionskraft konzentrierter Wasserstrome; ii) der Transport Cafraabéty (TCI) auch als LS

Faktor von der USLE bekannt, identifiziert Bereiche, die anfallig fur flichige Bodenerasinesge

sind (InterRill und Schichtfluten) ; iii) der Topographische Wetntsdex (TWI) entspricht dem
potenziellen Abfluss durch Bodensattigung (suration excess overland flow); iv) Das modifizierte
Einzugsgebiet (MCA), v) der Vertikalabstand zum FNetzwerk und vi) die Hohe Ulber dem
Abflussnetzwerk (AACN) liefert Informationen (ber die raumliche Konfiguration der
Uberschwemmungsgebiete. Aus Griinden der Einfachheit wurde die Modellierung auf Basis der
Annahme durchgefiihrt, dass die Landschaft, eine ogeme, undifferenzierte geologischen
Schichtung hat.

Die vorliegende Untersuchung zeigt, dass der Untersuchungsraum episodischen Extremniederschlagen
unterliegt. Letztere flihren zu hochenergetischen, geodynamischen Prozessen die entsprechende
Naturgefahre hervorrufen. Allerdings ist die Vulnerabilitat dieser Naturgefahren sehr niedrig
aufgrund der geringen Besiedlungsdichte des Kiistenbereiches. Die fluviale Dynamik der
Flusseinzugsgebiete fuhrt zu Uberschwemmungen des-Blggges, sowie in den kleinergibutaren
Einzugsgebieten. Inshesondere die Stadt La Serena und vor allem die tieferen Flussterrassen und
holozanen Marinen Terrassen die nicht Ubé&r & GNN liegen sind von den Starkregenereignissen

und den daraus resultierenden Uberflutungen betrofféerbei handelt es sich vorwiegend um
Neusiedlungsgebiete, welche seit 1997 nicht tberflutet wurden und daher zu neuen Siedlungsgebieten

deklariert wurden.

Die kleineren Becken des Kistengebirges, die Sturzfluten und Flusshochwasser vor allem wéhrend
ENSO El Nifio Ereignissen mit extremen Niederschlagen generieren, unterliegen somit einem

spezifischen Risiko insbesondere fiir die Bevolkerung, die Industrie und die landwirtschaftlichen

Bereiche.

Zwischen den Einzugsgebieten und der Kiistenzone kann eim&gtiansfer konstatiert werden, der

entlang der Kiste durch einen spezifischen Formenschatz gekennzeichnet ist. Vordiinen
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Sandfelder sind Merkmale einer evolutiondren Entwicklung mit einer progressiven

Sedimentverlagerung entlang der Kste.

Die Ergebisse zeigen, dass durch eine detaillierte Gelandeanalyse kombiniert mit klassischen
geomorphologischen Abbildungsverfahren, Naturgefahren erfasst, analysiert und beurteilt werden
konnen. Dies fiihrt zu einem besseren Verstandnis der Geféahrdung und Viitaehkasiedelter

Bereiche und Infrastrukturen.
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Resumen

Los ambientes semiaridos son sistemas complejos desde el punto de vista climético, ecoldgico,
hidrologico y socieecondmico; esta situacion se ve agudizada bajo escenarios de cambio climéatico e
intervenciones antropicas. La costa norte de Chile muestra una fuerte influencia del fenébmeno de El
Nifio (ENSO) a cuya dinAmica se asocian procesos geomorfolégicos como deslizamientos, flujos,
avenidas e inundaciones fluviales. Estos procesos naturales ssidecatios como amenazas de
origen natural y afectan negativamente a los asentamientos humanos. En el area de estudio, el
crecimiento de las zonas urbanas y la expansiéon de las tierras agricolas con fines de exportacion ha

generado el aumento de la susiteldad a los desastres naturales y el aumento de los riesgos.

El paisaje presenta caracteristicas que evidencian su condicién de relieve heredadas de diferentes
dominios morfeclimaticos. Los procesos geomorfolégicos en las cuencas que desembocan en la
Bahia de Coquimbo durante eventos extremos de El Nifio se activan a través de la dinamica
geomorfolégica e hidrolégica, sobre todo a través de las laderas y red de drenaje de régimen
esporadico. En consecuencia, se evidencian los procesos de transpedindatss a través de las
cuencas hacia la costa manteniendo asi la condicién de equilibrio sedimentario en las playas arenosas

y campos de dunas, a pesar de las condiciones ambientales semiéridas.

Se postula, que la estabilidad morfodinamica de la Qeraitle la Costa y sus cuencas asociadas con

un alto potencial geodindmico, esta vinculado a la ocurrencia de eventos pluviométricos extremos. En
consecuencia, las cuencas se reactivan episddicamente generando dindmicas morfologicas extremas
que afectan #&as zonas pobladas existentes. Estos procesos dominan el mecanismo de transferencia

sedimentario actual de las cuencas a la linea de costa.

Este estudio contribuye a la comprension de la dindmica geomorfolégica de la zona costera semiarida
de Chile que @& muy afectada por los fendmenos meteorologicos extremos. A su vez estos
acontecimientos desencadenan procesos en las cuencas y el litoral asociado, generando condiciones de

amenaza y riesgos.

La metodologia empleada para el cumplimiento de los obgetle este estudio se basa en el andlisis
geomorfologico de la zona de estudio. Esto incluye la generacién de la cartografia geomorfolégica de
acuerdo con los principales procesos que influyen en la dindmica actual del sistema. El paisaje se
caracteriza pr la relacion entre los sistemas de laderas determinados por su litologia y por la
contribucién de masa a la red de drenaje. Las terrazas fluviales, conos aluviales y glacis se

identificaron a través de fotointerpretacion y validacion con trabajo éadeen 2012014,
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La informacion geomorfologica se complementd con un andlisis detallado del terreno basado en
herramientas SIG. Los indices topograficos resultantes se utilizan como indicadores para determinar la
susceptibilidad a determinados procesodamiicos. Se utilizaron los siguientes indices topograficos: i)
Stream Power IndefSPI) que es una medida de la potencia erosiva de los flujos concentrados ii)
Transport Capacity IndexTCl), también conocido como EBSactor de USLE que identifica las zena
propensas a procesos de erosion del sueloTapographic Wetness Ind€XWI) que expresa la
escorrentia potencial relacionada con la saturacion del suelo; iv) la cuenca hidrografica modificada
(MCA), v) la distancia vertical al rio y vi) Altitud ddijo en relacién a la red de canales (AACN) que
entrega informacion sobre la configuracion espacial de las zonas de inundacion. Este dltimo también
se conoce como mapa isobase. En funcidén a la modelizacién a ser realizada se asume que el paisaje

tiene un astrato geoldgico homogéneo.

El estudio muestra que la region de estudio esta sujeta a eventos geodinamicos episédicos, de alta
energia que inducen a las amenazas naturales. Sin embargo, la vulnerabilidad es bastante baja debido
a una escasa densidagl Ids asentamientos, excepto a lo largo de la costa. La dinAmica fluvial de las
cuencas de los rios tributarios genera inundaciones en el rio Elqui y hacia aguas abajo afectando el
erea urbana de la ciudad de La Serena. Esta ciudad, que es la capiRégiénade Coquimbo, se ve
afectada particularmente en las areas de expansion urbana que se encuentran en la terraza marina del
Holoceno, a no mas dem.s.n.m. asi como en las terrazas fluviales bajas, que han sido incorporadas

como areas urbanas o pghbanas.

Las sub cuencas de la Cordillera de la Costa durante eventos ENSO EIl Nifio, pueden desarrollar un
rapido drenaje a través del escurrimiento superficial en una red hidrografica en estado de latencia
durante las estaciones de sequias. Durarites eventos extremos se genearn crecidas fluviales
(avenidas) que drenan hacia el sistema principal, del Rio Elqui. Ello puede generan inundaciones y
crecidas de los rios y condiciones de amenazas naturales y por tanto, una condicion de exposicion de
la pdblacién y las actividades econdmicas, sean la agricultura y la agroindustria, sobre todo en los
valles y expansion urbana en la zona costera. Por otro lado, la relacion entre las cuencas y la zona
costera se ve reflejada a través del transporte dmeseidis a lo largo de la linea de costa. Los
campos de dunas son una caracteristica de esllo y tales sistemas naturales se encuentran en un estado

y tendencia evolutiva asociada a una linea de costa de acrecion progresiva.

Los resultados obtenidoswuestran que a través de un andlisis del terreno en herramientas SIG
complementado con métodos de cartografia geomorfolégica se puede avanzar en la evaluacién de las
anemazas de origen natural y poder contribuir a una mejor comprension de las condeiones

exposicion y vulnerabilidad de los asentamientos y poblados
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1. - Introduction

The semiarid coastal region of Chile has not been studied in depth from a geomorphological
perspective and especially in relation to tlymamics and relationships between catchment processes

and coastal areas. This study contributes to the understanding of the sediment transfer processes and
hence the evolution of coastal landscapes and assesses the natural hazards and related risks.

The Coquimbo study area is a complex bay controlled by structural and tectonic processes and
features. Moreover, it is characterized by a semiarid climate. In this study, we focus on the
identification of the dynamic patterns of the bays and their rekdtipnwith the coastal range
sustaining themThe present day processes are complex and difficult to assess. However, the region is
already subject to processes like ENSO that may become even more intense in théléumcee.

future climatic changes of theemiarid coastal area and related low mountain chains in Chile are a
scientific challenge. It is necessary to establish patterns of landscape change associated with ENSO,
La Nifia /EI Nifio phenomena and the dynamic responses of the catchments and ceastal a
associated with mass transfer, drought / heavy rainfall events, dynamic processes and natural hazards
(Montecinos & Aceituno 2003, Montecinos et al. 2016, Sarricolea & M¥iitie 2014, Roberston et

al. 2014). This is very important because the rivalleys are highly suitable for agriculture.
Moreover, the coastline is undergoing changes caused by urbanization and the growth in tourism
(Ortiz & Escolano 2005, Ortiz et al. 2011, Wyndham 2012).

The dynamic between catchment and coasts is not diretahgd to the Coquimbo mega bay since the

vast basin of the Elqui River does not have dune fields associated with a proportional size of the
catchment area, as observed in other areas of continental Chile. The existence of a dune field in the
north of themega bay area without a basin delivering these sediments leads to the conclusion that the
sands have been transported from sources far to the south and even outside the stutpatszen
postulatecthat the Coquimbo Bay functions as a system intereoting the coastal range/shoreline

and longshore zones explaining its evolution based on sand contributions from river basins south of
the bay, namely the Limari River and the Elqui River (according to those established for Chile by
ArayaVergara (1996)Martinez et al. (2011), Soto (2005), Villagran (2007), Soto et al. (2011),
Arriagada et al. (2014). Consequently, these sources together feed the sandy beaches in the region and

the large dune fields.
It has also been shown that future climate changgeesnt day climate variability in the high Andes

have no effect on the activities of the distal section of the Elqui River since the Puclaro dam works as

a regulator of the Andean floods. Smaller basins in the coastal range which generate flashdloods an
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river floods with extreme precipitation events, especially during ENSO EI Nifio constitute natural

hazards putting populations and productive zones in the valley and the coastal areas at risk.

This thesis does not address issues of human geographygssudian and economic processes in the
region. However, it is the enormous growth of the urban area which justifies geomorphological
research in order to generate knowledge to face climatic and territorial changes and to assess how this
might impact the poulation of cities as well as productive and communication infrastructure and
facilities. Urban development in the coastal zone is a ssmdmomic process that is inserted into this

context in a very complex and hazardous landscape.

1.1. Dynamicrelationships between river catchments and the coastal zone.

The relationship between the Andean catchment and sandy shorelines has been described in Chile by
various authors: Pomar (1963), Fuenzalida (1965), Borgel (1963), AMergmra (1970), Soto (89,

2005), Martinez (2001), Martinez et al. (2011), Soto et al. (2011), Arriagada et al. (2014) among
others.These authors note that the sandy shores in Chile are related to contributing catchments and the
processes active within these catchments sudwifgrosion, deposition and transfer processes from

the head catchments to the coastlines and longshore.

There is only one river mouth on the Pacific Coast of the study area: the Elqui river mouth (Fig. 1). In
addition, the Limari Andean river mouth ischted in the south outside the study area; its sediments
were found in the beach ridges and sandy beaches of Tongoy Bay, following the coastal drift, or
longshore current with a south to north direction. Two other catchments are also important, but are
located on the Coastal Range. The Hornos and the Los Choros streams, belong to a middle mountain
semiarid environment featuring steep slopes, with little or no vegetation, abundant alluvial fans and
modern detritic deposits; both of them show a pluvial regwith sporadic and torrential activity;

during heavy rainfall events they trigger debris flows in the head catchments and flash flooding in the

main streams; their mouths consist of gravel beaches (Amaya 2013, Soto et al. 2013).

In this context, the snilascale landforms, such as talwegs and mmatchments show a dynamic
response to present day concentrated rainfall events, as indicated by Sarricolea (2004) and Sarricolea
& Martin-Vide (2012), who pointed out that the La Ser@umuimbo area is characized by the

highest rainfall Concentration Index (IC) in Chile.

Those landforms are inserted into larger ones (terraces, glacis, fault systems or alluvial fans),

interpreted as inherited features.
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Regarding the coastal geomorphology, the most distinctive group of features in the sandy beaches

shows the following sequence: some beach ridges and sand @itaiional coastal barriers were
studied as characteristic features of coasts with a majatotir expansion such as in South and

North America, Australia, South Africa, and Western Europe (Bird 2008; Schwartz 2005). Coastal

barriers of Brazil are highlighted in South America, described by Dillenburg and Hesp (2009),

Dillenburg et al (2014); Hesp et al. (2005). In Chile, these features were identified as coastlines
formed by beach ridges (Ara)éergara 1986, Vargas 1991).

The

beach ridges are

an

essent

al

coast al

feat

definition (2000) stating tit they are relictic, semi parallel, and multiple ridges forming a strandplain.

Tamura (2012) indicated the relevance of beach ridges as a paleo environmental record. Regressive
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barriers such as morphological systems correspond to a modern feature eseotiatthe last
postglacial marine transgression and marine processes related to sediment supply conditions and
progradation processes during the last 7 to 6dogording to Dillenburg & Hesp (2009). They
conclude that the morphology and structure ofesgive barriers are very diverse with various forms

of subaerial origin: foredunes, beach ridges, and complex dunes.

Concerning the Holocene coastal barriers in the Chilean semiarid region, Paskoff (1970) described the
succession of beach ridges in &y of Coquimbo (30° S). Ota & Paskoff (1993) mapped and dated
the Holocene beach ridges in Tongoy Bay back to 5400 yr. BP for the oldest ridge located along the
escarp of the Pleistocene terrace and 910 yr. BP for the latestdfinmted*'C datings).The
strandplain of Tongoy extends from the modern berm to the escarp of the marine terrace at 900 m with
a progradation speed estimated at @13 m/y by Ota & Paskoff (1993).

In addition, Pfeiffer et al. (2011) described the Pleistocene littoral bars preserved on marine terraces
which can be correlated to specific sea levels in the past. The oldest one at 200 m.a.s.l. can be
observed only in Altos de Talinay, belonging to MIE bther terraces have been dated as MIS 7e,

MIS 5c and MIS 1, associated with interglacial periods and evidencing the importance of positive
tectonic movements in the study area (Saillard et al. 2012)h@arid coast of Chile, in the Atacama
desert(Cddera, 27° S)there are important Pleistocene beach ridge sequences described by Marquard

et al. (2004) and Quezada et al. (2007) as paleo beaches located on marine terraces; the age of these
terraces is estimated to be between MIS 11 and MIS 5c, with adé +25 meters elevation. In the

north at Punta de Choros beach ridges are also located on Pleistocene marine terraces (Creixell et al.

2012), as well as slightly covered by dunes, located at a height of 70 m.

The coastal sand dune fields are an ingmarpart of landscapes in coastal semiarid and arid regions.

In the north of the study area a huge coastal sand dunésflelthtedLos Choros, see Figure 1) from

the HolocenePleistocene age (Creixel et @012). It has native and allochton plants ethgrow

because of the humid atmospheric conditions related to coastal deserts, (a phenomenon well known as
Camanchacacoastal fog) that is an important geomorphologic agent (Soto et al. 2012). Despite the
fact that the biggest part of the sand dune filglds not have much vegetation, there are 2 active sandy
lobes in the north and extreme south of the bay and a very wide and high fore dune as well as
transgressive sand dunes. These features are the morphological evidence of the present day consistent
sedmentary supply to the shoreline (Soto et28l15, Benavente 2015).

A further insight into the dynamic process that takes place in the Coquimbo mega bay can be provided
by a proper assessment of the headland bay beach systems. These systems are dadadbpon
coastal dynamics in the bay controlled by structural features and tectonics, and are very relevant in the

coastal morphology of Chile. Davis (1985) described the importance of wave refractions and Yasso
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(1965), Le Blond (1979), Lavalle & Lakhat997), Hsu & Evans (1989) the dynamic relationship in
and between the bays (Short 1999; Sweers 1999; Bird 2000; Benedet et al. 2004, Klein & De Menezes
2001, Komar 2010, Simeone et al. 2013).

In Chile the headland bay beaches have been studied by-¥eagara (1983, 1996, 2003), Martinez

(2001), Martinez et al. (2011), Soto (2005), Soto & Arriagada (2007), Soto et al. (2010, 2011),
Arriagada et al. (2014) focussing on the effects of the headiaie systematic distribution of wave

energy from the prorial (South) to the distal zone (North) from the bay towards the coastal drift.
These conditions are a pattern in headland bay beaches in Chile that are connected to a surf zone and
the type of beaches dominated by wai33(& Short 1984, Short 1998agaad & Masselink 1999,

Brander & Short 2000, Elgar et al. 2001, Aagaard et al. 2804ell as the processes at the shoreline

itself. Moreover, it has been established that the biggest sand dune fields are located in the north of the
bays with a predominarncof dissipative beaches (Araya&rgara 1986, 1996, 2003, Martinez 2001,

Soto 2005, Soto & Arriagada 2007, Martinez et al. 2011).

1.2. Geodynamics conditions and natural hazards

Arid and semiarid environments constitute morphological systems that are highly sensitive to climatic
events such as intensive precipitations causing soil erosion. These events have been analyzed in the
Atacama Desert and the Chilean semiarid coast by Gawveah. (2010). Semiarid environments are
climatically, ecologically, hydrologically and soesxonomically complex systems, particularly when

they are subject to climate change and anthropic interventions that are typical of the Anthropogenic
period (Wilox et al. 2011). Urban areas are expected to grow dramatically within the next 50 years
with a concentration of 60% of the global population therefore assessment is fundamental. The
urbanization processes will impact the exploitation of natural resournds trmnsform the

environmental systems (Huang et al. 2010).

Semtarid environments are active landscapes associated with climatic conditions, especially rainfall
regimes characterized by the presence and frequency of extreme events. The central naghefn c
Chile shows a very strong influence of the ENSO dynamics and El Nifio events. These events trigger
landslides, debris flows, flashfloods and river flooding (Castro et al. 2009, Soto280dl. 2012,

2014, 2015\Vargas et al. 2000, Sepulveda et 2006). Seismic activity is an additional landslide
trigger. When an earthquake occurs during El Nifio the multi hazard scenario worsens with extensive
damage to housing as in 1997 when the Punitaqui earthquake took place during an El Nifio winter
(Sepulvedeet al.2010,2012). These natural processes should be considered hazards that negatively

affect human settlements. In semiarid regions, the growth of urban areas and the expansion of
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cultivated agricultural land for export purposes generates and increasaptibility to conditions

natural hazard effects and hence increases risks.

Although natural risks are considered an unresolved sysisonmental problem (Cardona 2009),
potential threats related to social and environmental changes caused byctitobtd change may

also be considered unresolved phenomena; such scenarios constitute a new challenge in the study of
natural risks and require the adaptation and creation of scenarios for global climate change and risk
reduction (Lei & Wang 2014). Ovehe last two decades, approximately 76% of global catastrophic
events have been of hydnaeteorological origin (EIRD 2008). In the period between 1900 and 2013,
flooding was the most frequent natural disaster affecting more people than any other nafiaral ori
event (Banks et al. 2014). Climate change has increased the potential for existing risks and generated
new ones. Urban sprawl towards hazardous zones has also contributed to increased vul(teoatbility

& Moreno 2012, Holsten & Kropp 2012, Sahir & Merhed 2014).

In a similar way to social structures landscape processes undergo continuousespptiedl changes;
therefore they are dynamic and interactive phenomena that should be studied in more depth. These
processes are associated with natural llszan analysis from a dynamic perspective may contribute

to improvements in risksassessment (Aubrecht et al. 2013). To evaluate different types of threats,
analysis scales, magnitudes of measurements and associated risk conditions, Kapp@9¥2)al.
formulated the concept of multirisk, which is linked to environmental changes and human impact and
constitutes an agent of change in processes and behavior of morphological systems (Keiler et al. 2012;
Birkmann et al. 2013

The Chilean semiarid coastal vitonment constitutes a system that is vulnerable to new
environmental scenarios that have developed in this century, such as the scenarios modeled by the
National Environment Commission of Chile (CONAMA, initials in Spanish, 2006) and Garreaud et al.
(2008). These models predict a decrease in precipitation and temperature increases in Andean
catchments that will result in high concentrated episodic rainfall and hence flood hazards. Additional
important phenomena that occur along the Chilean semiaridarest$te El NifieSouthern Oscillation
phenomenon (ENSO) (El Nifio, La Nifia) and Pacific Decadal Oscillation (PDO, Sarricolea &-Martin
Vide, 2012). Previous work on the semiarid areas of Chile has shown that such precipitation events

generate hazards of nadiorigin (Castro et al. 2009, Soto et al. 2012) and create risk scenarios.

The ENSO phenomenon is a variable pattern of low frequency (teleconnection) atm&qxdene
which periodically oscillates every 3 to 7 years possibly longer has a global imigiadts highest
intensity between the Pacific and Indian Ocean. It has two phases, La Nifla and EI Nifio. La Nifa, cold

phase, intensifies normal atmospheric pressure and reduces the surface temperature of the sea (by at
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least 0.5°C lower than normal) due higher Alisio wind intensity. Central Chile is affected by
droughts and lower than normal temperatures. El Nifio, warm phase, reduces the intensity of
atmospheric pressure and Alisio wind, weakening the oceanic surge as well as increasing the surface
temperature of the sea by more than 0.5°C above normal. This is characterized by an increase in
rainfall and temperatures in central Chile.

The vulnerability of settlements and populations exposed to natural processes and damage, the
economic facilities andyblic infrastructure are all risk conditions. Authors suclLasell & Franco

(1996), Blaike et al. (2003), Lavell (2004), Pelling (2003), Pelling & Wisner (2008), D Ercole et al.
(2009), consider that economic, political and social processes are albfpéne increase of

vulnerability to disasters.

Over the last three decades, La Serena has been subject to intense urban growth and real estate
development processes (Ortiz et al. 2002, Castro & Ortiz 2003, Ortiz & Escolano 2005). Such growth
initially occupied the high marine terrace levels and later extended towards the coastal flats. Currently,
urban growth is occurring towards the lower fluvial terraces and contributes to the construction of risk
scenarios. Soto et al. (2015) documented that generarch&opnditions occur in the city. These
hazards are associated with hydneteorological phenomena, such as floods and landslides.

In the context of the existing hazards and urban expansion processes in La Serena, Ortiz et al. (2011)
concluded that therés hardly any awareness of the risk associated with endogenous threats
(earthgqguakes and tsunami s) and exogenous t hr eec
inhabitants. There is also a lack of awareness among the tourists that visit the coastalyareiaang

2012). Among others this finding explains the intense population growth along the coastal zone and in

the lower fluvial terrain. The fluvial terraces were analyzed by Sarricolea (2004) and associated with

flood hazards and risks related to the pdrainage characteristics of the soil.
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2. Aims and Obijetives

2.1. Research framework and general description of the problem

The arid coastal range of Chile is a territory that is characterized by rapid population and/or
socioeconomic growth particularly in the coastal regions. Moreover, present day climatic
characteristics and future climate change will seriously affect thierremnd the earth shaping
processes. The river basins are of Andean origin and/or drain the coastal range. The coastal range in
the Coquimbo Region is made up of a system of bays and marine terraces as well as dune systems
(Paskoff 1970; Saillard et al. 2R). This research will focus on the complex environmental and-socio
economic context of the region exploring the current dynamics of the geomorphic processes and
related landscape forms and features. In particular, the following hypothesis will be csfigcifi

assessed:

1) Thestudyarea is characterized liyheritedlandscapesaffected bythe dynamics and evolutiaof
the coastaranges andtrongtectonic and volcaniinfluences. Duringhe Quaternaryhe landscape
was modeledby glacio-eustatic procgses shaping the presedndscape to aemiarid coastal
domain.In this context we suggest thdhere are paletandscape features that influence present
daygeomorphologicaprocesslynamicsrelated toextreme rainfall events. Seismic activégsociated
with the Coquimbogapandrelatedcoastal dynamicare morphedynamictriggers and are still active
today.

2) There is a relationship between the dynamics of river catchments and longshore sedimentary
transport processes. We argue, that tleengprphic processes in the catchments draining into
Coquimbo Bay are activated and turn into dynamic conditions during extreme rainfall events
associated with the El Nifio phenomenon. Hence, they trigger geomorphological and hydrological
processes that actite the hydrographic network, with an episodic regime. Consequently, there is
sediment transport through the watershed to the shoreline that is kept in balance by sandy beaches and

accumulations in sand dune fields, despite sadi environmental conddns.

3) The extreme heavy rainfall associated with El Nino events and the recurrent seismicity are the
triggers of geomorphological processes such as landslides, debris flows and river flooding. These
processes generate hazardous conditions for the pioputend economic activities such as tourism or

the housing market especially in the coastal zone and for intensive agriculture in the Hinterland areas.

4) The climate change models for the area indicate a decrease in rainfall but with increased intensities

and concentration. If we also take into account the EI Nino event, which is a cyclic phenomenon, the
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landscape changing conditions will be even moreadyic leading to an intensification of the

processes in future.

2.2. Main goal of the thesis

The main aims and objectives of this thesis are related to the analysis of a specific section of the
coastal range characterized by a sard environment andythamic conditions strongly associated

with sporadic extreme events with a known recurrence time (Pacific Ocean EIl Nifio rainfall events).
During La Nifia periods (extreme dry years) the morphological system seems to be in a latent state
without morphodynami and sedimentary activity. Despite the fact that the landscape presents
varying degrees of geomorphological activity in the coastal range and the coastline. The general

objectives of this study are differentiated into more detailed research foci assfollow

Present day analysis and assessment of geomorphologic conditions in terms of flooding, surface
runoff generation and seismic activity of the coastal range catchments and the respective shorelines of

the Coquimbo Bay System (headland bay beach system).

Identification and assessment of areas affected by natural hazards. While it is known that during
extreme rainfall events basins and coastal slopes generate river floods, flashfloods and debris flows, it

is not known what the most dominant processesiaden which areas the events might occur.

Finally, the coastal area is a rapidly growing urban zone, using terrain that might be affected by
natural hazards that have not been studied in detail and hence, putting current and future populations at

risk.

In order to achieve the aboweentioned general objectives of the study, the following specific

objectives are proposed:

Identify and assess the current coastal range geomorphological processes.

Determine geomorphological and paleo geograptaealence along the coastal zone, specifically in

stranplain systems and beach ridges that are quite rare in the western parts of America.

Contribute to the understanding of the dynamics of coastal dunes and river basins associated with
prolonged periodsfadrought by the assessment of the source of dunes sediments and the direction of
longshore bay transfer. The dynamic relationships should also be analyzed in a system of bays that are

structurally controlled.
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Analyze the marine terraces characterizingstinely area.

Identify the geomorphological processes that affect the population and infrastructures of La Serena/
Coquimbo Bay.

Detection of the areas affected by the action of watersheds, rivers and slopes which constitute areas of

natural hazard angsk to the local population.

2.3. Structure of the thesis

This thesis consists of six peviewed papers addressing the different objectives mentioned above.
After the introduction highlighting a) the dynamic relationships between river catchmentieand
coastal zone and b) geodynamic conditions and natural hazards in the following chapters will discuss
the general problem related to dynamic processes in the coastal ranges and shoreline and its impact on

the cities in terms of natural hazard impact.

The following chapter 2.4 provides an overview of the study area including geology and climatic
conditions.

Chapter 3 contains a summary of each paper including the specific motivations of the research, the

applied methodology and the main results.

Themain results of the single studies are discussed in Chapter 4. The last chapter presents an outlook
for future research in the study area and gives a prospective for the regional implications of this work.

The research deficit is also presented in Chdpter

2.4. Sudy area

The study area is characterized by Andean and Pacific physiographic settin88°&9%1°W) (Fig.

1). It is part of the Andean for@c and the flaslabsubduction zon€Charrier et al. 2007) where the
Cordillera de los Andes or Gtitlera Principal and the Coastal Range developed. The coastal range in
this area is formed by metamorphic and volcas@dimentary rocks from the Upper Palaeozoic period
and above this is andesitic and granitic rock from the Cretacic period (Emparareda 1006,
Aguilar et al. 2013) can be foun@ihe shoreline is deep and rocky with large marine terraces and a

headland bay beach system controlled by structure and tectonics.

23



The region is located in a climatic transition zone between the desertic Mediterranean, semiarid,
humid and cloudy coastal areas and warm and dry inland areas (Diaz 2011). According to the
meteorological time series (192013) the foggy coastal areas @nes87% humidity in the morning
(08.00 a.m.) due to the cold Humboldt Current, moderate temperatures (median of 13.7°) and very low
thermic amplitudesThe average annual rainfall is approximately 780%#.4 mm however, the
amount of rainfall increases tsstantially duringel Nifio events (116.8 mm in 72 hrs. in 1983; 109.6

mm in 1987 and 130.2 mm in 19%nd is concentrated over a few days.

The presensemarid climatic conditionswith coastal influenceémply that thelandscape systeris
currentlygeomophologicallyactive. Extremeainfall, especially durindel Nino events activates the
basinstriggering violent debris flowsand especiallyriver floods Global changes and associated
climate changegesult in risingtemperatures andecreased precipitat inthe Andes. However, this
comes with increasing concentration and event intensity (CONAMA 2006; Garreuad et al. 2008).
There arefavorable scenariosleading to activation of the geomorphologicaystems, such as

landslides and especialliver flooding, in the area of the coastal range

The last El Nino event occurred in 1997 and was the strongest ever recorded. El Nino affected the
region in 1983 and 1997 (Romero & Mendoca 2011, Romero. 804al, Sarricolea &atin-Vide

2012), with strong surges and river floods as well as debris flows. This also resulted in great economic
loss especially in the agricultural areas and in the urban zones. Infrastructure such as roads, railroads
and bridges were destroyed. Tmepact mainly affected the national road connections because the
active catchments and slopes triggered floods that intersected tigreaican Highway.

The semiarid coastal area of Chile has onlgvadettlementsin the study area there are 3 distritts
Higuera, La Serena and Coquimbo and all of them belong to the Coquimbo Region. The biggest city is
the La Seren&oquimbo conurbation, followed by Tongoy village (spa village) and a few other little

settlements associated with fishing and tourism. (Eig

The economy in this zone is mainly basedeatensive caprine farming. The bays and beaches in the
region are potential resources for tourism and related housing development. In Hinterland areas of the
Andean catchments the river valleys are chaeramd by significant intensive high technology
agriculture. Recently, this activity has become very important due to a large expansion process in
areas beyond the valley soils like the toe slopes, the alluvial fans and pediments. This situation has
been tudied in other semiarid valleys by Castro et al. (2009), Meza (2010) and Soto et al. (2011,
2012)
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The coastal semiarid climatic conditions have also lead to development in the main city of the region,
La Serena. Hence, there are also dangers occurritigaecelerated urban expansion (Ortiz et al.
2002, Castro & Ortiz 2003, Ortiz & Escolano 2005, Ortiz et al. 2011, Wyndham 2012).

The changes land usen the study area have been very inteoger the past 39ears. Agriculture

has expanded continudyswvithin the territory. Cash crops like grapes are very important. Nowadays
there is a great demand for Chilean grapes that are cuttimatgust on the soils ahe valleys but

also in less suitable locations like on the slopes, alldaisd andpediments. The land iprepared for
large extension®of grapevineaising the latestechnologiesThis intensive farminghas contributed to

the urban development of L%erenaCity localized alonghe shoreline of theélqui River catchment.
Increasedand acceleratedirbanexpansiorhas ledto the urbanization of higharine terraces. There
has also been an intensificatiomhousing construction observed on thelocene Riveland marine
terraces thatvere mainly covered by swamps in the pdstis infrastucture could be affecteby

tsunamisandfluvial flooding especially in areas with poorly draining soils

In the light of global change scenarios, the geomorphological dynamics in semiarid environments that
are highly vulnerable to extreme drought aslwaslheavy rainfall should be analyzed in detail. Future
landscape scenarios and land use changes should be assessed from a scientific point of view to
contribute to safer and sustainable urban and agricultural planning but also taking into account
managerant and territorial planning. Furthermore, intensive agriculture requires suitable soils and
terrain in an accelerated way a factor triggering geomorphic process dynamics that modify the
topography and local drainage systems.

The specific dynamic conditis of these processes that result in a modification of the landscape are
not fully known yet. Consequently, this research will contribute to the understanding and assessment
of the relevant processes that trigger geomorphological activity and producefarisikee local

population, infrastructure and agricultural production.

In the context of new territorial scenarios related to global climate change such as interventions in the
catchments and the anthropogenic relationships (Wilcox et al. 2011), ipastant to identify the

trends in changes in the territorial systems belonging to the semiarid environment. These are related to
changes in the Andean catchment and changes in land use (intensive agriculture, coastal urban
development, construction of danthat may modify the sedimentary contributions towards shorelines
generating dynamic geomorphological changes in the coastal zones. The offshore presence of a

seismiegap is another factor involved in these synergetic processes.
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2.4.1.Palecenvironment and tectonic setting

The geological location of the mega bay is shown in Figure 2. The slopes modeled by plutonic rocks
and volcanic with the most relevant characteristics to understand the dynamic processes of the system

of watershedand coastal slopes of the range feature (Fig. 3).
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Fig. 2 Geologic and structural mafl) Catchment boundarf2) Fault systemg¢3) River network(4) Reservoirs
(6) Miocene gravels and sediments Miocé€rgOligocene Miocene volcanis@®) Paleocendviocene intrusive
(9) Paleocend=ocene volcanisnl0) Mesozoic sedimentaryolcanic (11) Mesozoic intrusive(12) Paleozoic
intrusive(13) Paleozoic. Source: Aguilar et 2013).
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The semiarid coastal landgee is controlled by complex geomorphic processes. These systems show
particular features and landforms inherited from different mongineatic domains. Hence, an
assessment of the present day landscape must take into account both the inherited lamdforms
features as well as the present day landscape forming processes. Only a complex systems approach
may detect changes and dynamics in coastal catchments of Central Chile.

260.000 300.000 340.000 m

6.790.000 6.830.000 m

6.750.000

6.710.000

6.670.000

Fig. 3 Regional morphology(Creixell et al. 2013). 1: Coastal plains2: Coastal range3: Domeiko
Depressiond: Western Andean Mountains; Eastern Andean Mountains.

In the southern area, Tongoy Bay has been described as a Cenozoic catchment (Heinze 2003) or as the
PaleeBay of Tongoy (Le Roux et al. 2006). It has been shaped by processes that have generated a
variety of landforms, varying in age and origin in diffdrefimates from the present semiarid one.
However, the landscape now appears to be in equilibrium, rather in rhesistatic conditions, than one
related to the inherited biostatic ones (Soto et al. 2014a).

Correlations among the landforms were dated by Eama& Pineda (2006) indicating a Mio
Pleistocene age. Field observations show that the inherited landform features have developed under a
humid tropical climate. The chaos of rocks and tors on the slopes of the coastal ranges and tafonis in
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the coast plaisisand field dunes are a geomorphological expression related to these climatic
conditions. ArayaVergara (2000) attributed both deep rock weathering anlikeoforms to climatic

and uplift events that occurred during Miocene along the coastal rangeniv&lGehile. Soto et al.

(2007) correlate the erosional surfaces and the deep weathering of the coastal range of Santiago (33°S)
to the same period. Strudley et al. (2006) confirmed a close relationship between the deep rock

weathering and the presencdaftlike landforms.

The glacislandorms are also evidence of paleo climatic conditions. The glaciscangposedof
breccias and conglomerates the MiocenePleistocene age (Emparaia Pineda, 2006) Some
pedogenetic features like abundant iron oxides and deeply weathered profieseglacis or glacis
terraces suggest thatese landformare inherited fromhumid tropical climate conditionsand he
presenceof torrential streams on the slopefansand glacis are the geomorphologicakvidenceof

wateractionunderthe current semiarid conditions (Soto et al. 2014a).

Another group of inherited landforms is composed of marine terraces which are very important
features in the semiarid coastal regidhese terraces belong to the Coquimbo Formation (Miocene to
Pleistocene). They are the result of a series of transgressions and regressions related to local and
regional tectonic movements (Fig. 4 and 5), combined with the global variations in sgadeRelix

et al. 2004, 2005, 200®askoff 1970, 1999, Ortlieb & Machare 1990uezada et al. 200Baillard

2008, Saillard et al. 2009, 2010, 2011, 20The biggest terraces in the study area are in Tongoy and
Coquimbo Bay, identified and dated by Saillard (2008), Saillard e2@lL2) and Paskoff (1970)
respectively (Appendix |).
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Fig. 4 Marine terraces formed sequences: A: Early stage. B: The marine terraces started to form durir
sea level t1 (interglacial stage): the cliff was cut by erosion waves and led to the coastal cliff formatis
cliff) erosion of the platform. The psence of rocky reefs is associated with harder rocks, less erodible ro«
The marine terrace Tl was formed and the platform is flattened (time t1). The terrace has a light inc
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toward the sea. D: The marine terrace T1 was uplifted and staygldda until the next interglacial sta¢
(falling sea level) and/or fast continental upfithe marine terrace Tll was formed the same way, during
next interglacial stage (time t2). E: The marine terrace TIl was elevated and stayed in place eveth¢h
following glacial stage t2 had fast continental uplift. During the TIl formation, the coastal cliff was retre
the Tl was partially eroded. In time t1 and t2 2 marine terraces were formed. Source: Saillard (2008).

Altos de
Talinay

paleobay

/
|

/ Middle Pleistocene

Fig. 5 Block diagrams representing the forearc evolution in the TongoyAtag de Talinay area for the tw
main time periods associated with activity of the Puerto Aldea fadRaldogeography of Tongoy Bay in tl
Middle Pleistocene. No marine terracgieserved in the paleo bay while the Tl wawg platform is preservel
on the uplifting block of Altos de Talinay. Note that the Puerto Aldea fault is active and accommoda
differential uplift. B-Geography of Tongoy Bay in the recent times, i.e¢esithe cessation of Puerto Aldt
fault activity (between 320 and 230 ka). Both Tongoy bay and Altos de Talinay blocks are uplifting wt
Puerto Aldea fault remains inactive for the last w320e230 ky. T1 to T3 marine terraces are preserved ir
Bayas well as Tl to TV along the Altos de Talinay. Source: Saillard et al. (2012).

In Relation to Andean and Coastal Range tectonic activity, Aguilar (2010) established the
predominance of a tectonic stable regime with moderate uplift rates. Rtudias to determine the
tectonic activity in the Neogene have been carried out based on stratigraphy of sedimentary sequences
and marine terraces in Carrizalillo (29°S) and Tongoy (30°S) demonstrating a history of alternation
between subsidence and uplifthe coastal zone. The subsidence was dated betwedhMa and 7

2 Ma, the uplift occurred in short periods betweenr71Ma and before 2 Ma, these uplifts are
associated with subduction and migration of the Juan Fernandez Ridge under the SouthnAmerica
plate at about 12 Ma (Le Roux et al. 2005; 2006). Saillard et al. (2009, 2012) postulated an uplift of

the Tongoy marine terraces from Middle Pleistocene onwards.

Regarding the endogenous geomorphological processes, the study area is inserssismithgap of
Coquimbo (Vigny et al2009) or lllapel (Pardo et .aR002). The 1943 lllapel earthquake with a
magnitude of 7.9z triggered a tsunami wave of 4 to 5 m in high (Beck et al. 1998). Previous
earthquakes were recorded in 1647, 1730 and 1889rd8currence time between large seismic events

is between 60 and 150 years. The study area is considered a highly seismically active area. Recent
studies on seismicity and crustal deformation in the Coquimbo area (Vigny2€08). have shown

that tensia is increasing for a future interplate event. In this study seismic activity, as a triggering

factor of dynamic processes, has been taken into account that could affect the inherited landforms.
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Considering this synergy of factors, the interpretation raednstruction of the landscape genesis is
quite complex. One has to take into account endog&spulveda et al010,2012)and exogenic
process dynamics on different spatmnporal scales. The features of the actual landscape are not only
due to inhdted processes and landforms but also due to exogenous stress, such as extreme rainfalls
events (Vargas et al. 2000, Sepulveda.€2G06).

2.4.2. Clime and climate changescenarbs in the study areas

The region is located in a climatic transition edmetween desertic, Mediterranean, semiarid and the
humid and cloudy coastal areas (Diaz 2005). Following the meteorological time serie2§198¢the
foggy coastal areas present 87% of humidity in the morning (08:00 a.m.) due to the cold Humboldt

Currert.

Moreover, they are characterized by moderate temperatures (median of 13.7°) and very low thermic
amplitude. The average annual rainfall is approximat&ly mm (Diaz 2005), but it can rapidly
increase to 199 mm, with 104 mm during June, and 34 mm ho@rs, as recorded for the El Nifio
event in 1997Thus, the amount of rainfall substantially increases duEingifio events (116.8 mm in

72 hrs. in 1983; 109.6 mm in 1987 and 130.2 mm in 1884 is concentrated over just a few days.

The region icharacterized by the highest rainfall Concentration Index in Central Chile (Sarricolea &
Martin-Vide 2012). The recorded rainfall generally reaches the debris flows triggering thresholds
documented by Vargas et §000), Sepulveda et R006) in northen and central ChileHence, the
conditions causing river flooding, debris flows and erosion are given under the present day climatic
situation. Particularly when the low rainfall amount in the area is strongly increased during El Nifio,
La Nifia (ENSO) antacific Decadal Oscillation (PDO) events (Romero & Mendoca, 2011).

Climate change appears as a factor that may more intensively influence the present day geomorphic

processes. As an example, the EI Nifio/ Southern Oscillation (ENSO) triggamis hydre

geomorphological hazards and thus has an effect on landscape evolution (Fig. 6).
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Fig. 6 Los Choros stream and flashflood, &bst of March of 2015.
Source:https://www.facebook.com/1497578313816553/phbtosicipalidad de La Higuera.
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3. - Research Summaries

3.1.Assessment of geomorphic processes affectitig paleclandscape of Tongoy By,
Coquimbo Region, central Chile.

Motivations: The semiarid coastal landscape of Chile is controlled by complex geomorphic systems.
These systems show particular features and landforms inherited from different rolompdtac

domains. Hence, an assessment of the present day landscape must takeoimtbthecinherited
landforms and features as well as the present day forming processes. Accordingly, only a complex
systems approach may detect changes and dynamics in coastal catchments in Central Chile. These
driving factors behind the landscape evolntae tectonic activity, climate change, sea level changes

and anthropogenic activities such as modifications in land use.

The catchment of the Tongoy Bay area ( igoUS/ 70U:
cordillerang) and is characterized bymphitheatrdike features. The middle and lower catchments

consist of deeply incised terrace systems. The area of Tongoy Bay has already been described as the
«PaleeBay of Tongoy» (Le Roux et al. 2006). It has been shaped by processes that have generated
variety of landforms, varying in age and origin in a different climate from the present semiarid one.
However, the landscape now appears to be in equilibrium, rather in rhesistatic conditions, than related

to the inherited biostatic ones. Correlationsoag the landforms dated by Emparan & Pineda (2006)

indicate a MiePleistocene age.

Field observations show that the inherited landform features developed under a humid tropical climate.
ArayaVergara (2000) attributes both deep rock weathering antdkeorforms to both climatic and

uplift events that occurred during Miocene along the coastal range of Central Chile. So(@G&7l.
correlated the erosional surfaces and the deep weathering of the coastal range of Santiago (33°S) to the
same period. Sudley et al(2006) confirmed the close relationship between the deep rock weathering

and the presence of tbke landforms.

The interpretation and reconstruction of the landscape genesis is quite complex, since endogenic
(Sepulveda et al.2010, 2012) ad exogenic process dynamics on different spatioporal scales

should be considered. The features of the actual landscape are consequently not only due to inherited
processes and landforms but also due to exogenous stress, such as extreme rainfallaegastst

al. 2000, Sepulveda et &006).
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Methods: The methodological approach employed in this research is based on the analysis of
inherited landforms now molded by the present geomorphic processes (Paskoff, 1970, Le Roux et al.
2006, Saillard et ak009, Pfeiffer et al. 2011, Pfeiffer 2011).

The geological and geomorphological features were characterized starting with the subdivision of
landforms into groups by Empardn & Pineda (2006). On the major slope sysabnegswere
identified, mappedrad classified as semiarid torrential streams (Avdgegara 1985, Soto et al. 2007,
2012).

The present day fluvial and slope processes were assessed utilizing topographic indices as proposed by
Marker et al(2001, 2008, and 2011). Tisaream Power IndefSPI) is a measure of the erosive power

of concentrated water flows or streams. In other words, it constitutes an index of the available energy
for detachment and transport of soil particlesthat are often in the form of turbulent flows. The
Topographic Wetess IndeXTWI) expresses the potential runoff due to soil saturation. Generally
speaking, after long precipitation periods the soil is saturated and produces runoff due to saturation
excess. Additionally, high TWI values on the slopes indicate an etelatdslide potential, due to the
greater weight of the saturated substratum (Montgomery & Dietrich 1994escilaa/b, Tucker & Hancock
2010). TheTransport Capacity IndefTCl) is used as an indicator of the laminar erosion processes in
transport limited condons. Furthermore, storm flows and flooding areas were assessed with a SCS
(Soil Conservation Service) Curve Number approach (CNIl) (USDA 1986, Hawkins et al. 2009)
implemented in the SAGA GIS (System for Automated Geoscientific Analyses Conrad 2@)

Olaya & Conrad 2008). This approach yields, in a spatially distributed way, the maximum runoff for a
given precipitation event and certain land use and soil infiltration characteristics. For thadstb
hydro-geomorphological analysis SRTM (Shuttle dda Topographic Mission, USGS) Digital
Elevation Model (DEM) with 25 m resolution was utilized. The DEM was preprocessed with low pass
filtering to extract artifacts and errors like local noise and artificial terraces (Vogel & Marker 2010).
Subsequently e DEM was hydrologically corrected eliminating sinks using the algorithm proposed
by Planchon & Darboux (2001). By means of this approach the areas subject to both areal/linear
erosion processes and land sliding were identified and intensity levels ssassed. Moreover,
information on the inherited landscape features was derived by normalizing the present day
topography given by the DEM with an interpolated surface of the longitudinal profiles of the mayor
drainage systems. Here the third order streamosording to Strahler (1952); to interpolate the base
level were utilized. The resulting map represents the Vertical Distance to the River Network. This
index yields information on corresponding river terraces and marine terrace levels as well as the

distribution of beach ridges, glacis remnants, tor structures, and the general effects of tectonic activity.
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Results and Conclusions: The geomorphology of the study area is a product of inherited
environmental conditions. The characteristics of a landscappased of granitic slopes (chaos of
rocks, tors), glacis and alluvial fans as well as incised marine and fluvial terraces have led to a
concentration of present day geomorphological activities. This means that the already existing
landscape triggers andrects surface runoff concentration and thus provokes a pronunciation of the
already preestablished drainage pattern by active fluvial and slope geomorphological processes of the
study area, which in turn are mainly induced by extreme precipitationsdétatepisodic events such

as El Nifio, La Nifia and OPécillation Pacific Decadal).

The field observations and the quantitative modeling approach using DEM information emphasize the
process intensities leading to landscape dissection and the favarabiitons for concentrated flows,
erosion processes, flash floods, hypencentrated flows and mass movements. El Nifio, La Nifia and
PDO events mainly trigger these processes. Generally, these events show low frequencies but high
intensities and magnitudeLConsequently, the study area is subject to episodic,-dngtgy
geodynamic events that induce natural hazards. However, the vulnerability is low due to the low
number of settlements, except along the coast, where road infrastructure and the resoft town
Tongoy are located (Fig. 7).
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Fig. 7 Distal part of Camarones expansion glacis. The gullies drain into the present Camarones stream and ref
recent processes in these semiarid coastal catchments. The different streams dissecting marine terraces.
national highway, Route 5ra@sses all streams in the catchement area of the coastal range.
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3.2.Geodynamic conditions resulting from the 2010 earthquake and tsunami on the coast of

central Chile. The case of Pichilemu.

Motivations: On February 27th 2010 the Chilelaterplate earthquake of 8.8 Mw hit the coastal zone

in the south of the country with the epicentre located in the city of Cobquecura (36°S/72°W). This
earthquake also affected this specific study area in Pichilemu, central Chile (34°S/71°W). On March
11th 2010 there was an earthquake of 7.0 Mw located in the Seismic Sequence of Pichilemu which
then produced a series of superficial earthquakes with normal focal mechanism, attributed to the
reactivation of the NVASE faults, indicating a cortical rupture (Fer et al. 2011). As a result of the
earthquake, Farias et al. (2010) recorded a local uplift of 20cm. In contrast, Quezad@@t0al

indicated acoseismic verticamovement of35 cm. Finally; subsidence of approximately 0.5m was
recorded (verbally acamunicated by Marcelo Farias 2012). The earthquake affected an area of more
than 500 km and generated a tsunami which had a huge impact on the coastal settlements. Despite the

intensity, the height of the tsunami wave was only 4 to 6m high in the studfLagos et al. 2010).

The effects of the 2010 tsunami on the coastline were total destruction or partial damage to the beach
profiles and foredune ridges. In observations prior to the tsunami up to 4 foredunes with vegetation of
Carpobrotrus aequilaterusvere recorded, this plaoinly grows in areas not hit by waves. Also, the
absence oCarpobrotrus aequilaterysand of foredunes withmbrossia chamisonigionner plants)
illustrates the loss of the foredune ridges and embryames due to the tsunami as well as the lack

of sand supply presently on the beach.

The proximal section of Punta de Lobos Bay, with the headland of schist rocks, is where the greatest
lack of sand supply is currently observed. As previously document&btoy(2005), this sector had
foredunes that were destroyed by waves in winter and then reconstructed every summer. Nowadays
this seasonal dynamic no longer exists. Nearly three years after the earthquake and tsunami there is no

evidence of sand supply mcse there are no embryonic dunes.

This type of sandy beach retreat is also observed in the Cahuil lagoon and &stisacgndition is of

note as the Cahuil barrier remains practically closed throughout the year except during exceptional
rainfall events. During years with no river flooding the barrier is artificially kept open in order to
facilitate salt production in the estuary. Since the earthquake and tsunami in 2010 the inlet has

remained open with no human intervention.
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Methods: Morphostrictural tectonic context and analysis according to the classic works of Briiggen
(1950), Ceccioni (1970) and Arayergara (1983). A geomorphological map complete with air photo
interpretations (from 1962005) and fieldwork was conducted. The informatiors wadated in 2010

and 2013 in order to identify impacts associated with earthquake and tsunami geodynamics in the
coastal zone. The coastline was analyzed from the theoretical and conceptual perspective bays
controlled by structure (Short 1999). Beach ppesfin terrain were compared with those carried out in
previous years (Soto 2005). Taxonomy beach profiles Avayrgara (1986) were applied. The
existing dune forms were identified and patterns of spatiotemporal changes of dynamic processes and
essentialforms of the beackune systems by muitemporal analysis of available satellite images

from Google Earth date back from before and after the event were utilized (2004, 2007, 2008, 2010
and 2014), which were georeferenced and rectified in ArcGIS 10tagef (with an RMS error of

0.7). The dynamics of the area were conducted according to the methodology by Short (1999, 2005) in
Australia, Brazil by Klein & De Menezes (2001), Klein et al. (2002a), Klein & Schumacher (2002),
and Chile ArayaVergara (1996)Martinez (2001), Martinez et al. (2011); Soto (2005), Soto &
Arriagada (2007), Soto et al. (2010). From the condition known as subsidence along the coast of
Pichilemu, evidence of coseismic change was sought in the surf zone. The temporal analysis was
performed through the analysis of aerial photographs and satellite images1@®®$21978, 1994,

1997, 1998, 2003, 2004, 2006, 2007, 2008, 2009, 2010, 2011, 2012 and 2014) and fieldwork in March
and July 2004, January and July 2005, 2009, March 2011, Jandhdply 2012 and January 2013.

Results and Conclusions:The ceseismic effects associated with the 2010 earthquake are well
recognized facts in central Chil@bservations made in March 2011 and January 2012 and 2013,
showed that the sandy beaches saffestrong erosion and retreat that was not due to the sand supply
or beach accretion.

Tanaka et al. (2012) observed the dramatic morphological changes as a product of coseismic
subsistence and post tsunami after the Mar¢h2DIL1 earthquake in the Miyagui coastal system, in

East Japan. Thelyighlight the sharp retreat and segmentation of the beaches, dune systems, barriers
and inlets and also changes in hydraulic profiles in the analyzed lagd@nauthor asserted that the
restoration processes in estuarial and coastal systems greatly depend on the hydrodynamic regime and
the availability of sedimentary supply, factors which allow the beaches to return to their original
shape. The headland effect in the coastal sedimemntamgfér should be highlighted (Soto 2005).

Some very local, but significant geomorphological evidence (embryonic dunes) was identified in the

study area that might prove mass transfer along the analysed coastline.

From previous records (observations fr@®042007 and 2012013) the earthquake and tsunami

activity was identified as being the cause of the current conditions of extreme erosion of the sandy
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beaches. Hence a new basal condition has generated the lack of sediment supply to the beaches. The
tsunami destroyed and eroded beaches and dunes. They have not-ba#nimenearly three years

and there is no evidence of sand supply contribution to the beaches. Despite this, the identification of
acretional beach profiles and isolated embryonic duaastitutes specific evidence of a new state of
equilibrium associated with the emerging sand supply to the beaches.

3.3. The Accretional Beach Ridge System of Tongoy Bay: an Example of a Regressive Barrier

Developed in the Semiarid Region of Chile.

Motivations: Traditional coastal barriers have not been studied in subduction coasts with a major
territorial expression on the east coast of North and South America, Australia, South Africa, and
Western Europe (Bird 2008, Schwartz 2005). Coastal bamégazil stand out in South America as
described by Dillenburg & Hesp (2009), Dillenburg et al. (2014), Hesp et al. (2005). In Chile, these
forms have been analyzed as coastlines formed by beach ridges-\A&apaa 1986, Vargas 1991).

The subject from He conceptualization of the strandplain in coastal barriers on a continental
subduction margin, as in the case of Chile, is investigated.

Regarding the systems described, the presence of beach ridges is an essential feature, and has been
considered accordng t o Otvos6é definition (2000), t hat i
multiple ridges forming a strandplain. Tamura (2012) indicated the relevance of beach ridges as a
paleo environmental record of great significance for the analysis @fojjoBay. Regressive barriers

such as morphological systems correspond to a modern feature associated with the last postglacial
marine transgression and marine processes related to sediment supply conditions and progradation
processes during the last 7 t&yg according to Dillenburg and Hesp (2009). They conclude that the
morphology and structure of regressive barriers are very diverse, with various forms of subaerial

origin: foredunes, beach ridges, and complex dunes.

In the arid coast of Chile of the Atacama De¢€dldera, 27° Sthere are important Pleistocene beach

ridge sequences, described by Marquard et al. (2004) and Quezada et al. (2007) as paleo beaches
located on marine terraces; the age of these terraestinsated to be between MIS 11 and MIS 5c,

with £162 to £25 meters high. In Punta de Choros (29°S), at the north end of the mega bay of
Coquimbo, beach ridges are also located on Pleistocene marine terraces (Creixell et al. 2012), as well
as being slighyl covered by dunes, located at a height of 70 meters. In the case of the coast of Chile,
the tectonic condition is an imperative agent of landscape modeling, responsible for the presence of

marine terraces preserved at high altitudes.
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With regard to théHolocene coastal barriers in the Chilean semiarid region, Paskoff (1970) described
the succession of beach ridges in the Bay of Coquimbo (30° S) calling it the Veguiense terrace; the
name refers to the swamp level to which it belongs. Ota & Paskoff (b@&®)ed and dated back the
Holocene beach ridges in Tongoy Bay to 5400 yr. BP for the oldest ridge located along the escarp of
the Pleistocene terrace, and 910 yr. BP for the latest (they arealiorated'‘C datings). The
strandplain of Tongoy extendsofn the modern berm to the escarp of the marine terrace at 900 m,
with a progradation speed estimated as-0.13m/y by Ota & Paskoff (1993).

The presence of abandoned and modern lagoons in the barrier of Tongoy, associated with river outlets
of local estiaries, is a morphogenetic aspect worth considering when studying environmental
conditions during the development of the barridre Darrier of Tongoy should be analyzed from the
point of view of its conformation as a coastal system in a tectonic upliftomment in order to
establish its current condition and evolutionary trends associated with the status of

erosion/progradation in the Chilean semiarid region (Fig. 8).

Methods: Photo interpretation was conducted with aerial photos from the Aero Photogrammetric
Service from 1978 and 1997. Fieldwork was conducted in two stages: the first during May, July and
December 2012, and the second stage in February and July 2013.

The littoral zone was analyzed according to the classification of \daw@nated beaches by Araya
Vergara (1996), Short (1999) and Wright & Short (1984). Mapping of the bay with Google Earth
images was performed considering 5 different years between 2001 anduppléhwented with field

observations from June 2012 to February 2013.

Beach ridges were identified from the work by Ota & Paskoff (1993). A topographic survey was
developed considering a total season (February 2013), performing transverse profiles, with
approximately spaced 1,000m, as well as tracking from the swash zone to the escarpment of the

Pleistocene terrace.

Foredunes and transverse dunes were identified in the field and by aerial and Google Earth images,
and then represented by a geomorphologibatt. Foredunes were considered as an indicator of wave
dynamics, sand supply, and current barrier accretion. In this context, incipient dunes were considered
according to Hesp (2004). Transverse dunes were only identified with aerial photos from 1978,
because of recognition difficulties due to current desertification control techniques through diverse
plantations. The relationship between these dunes was considered according to the notion of dune
continuumby ArayaVergara (1986, in Arriagada 2009) andrstapen (1972).
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Results and ConclusionsThe evolution of the strandplain, as a succession of beach ridges, with
fluvial features, dunes, and different stages of the berm, identifies the system as an accretionary
barrier, with a modern progradatiorelolutionary trend, evidenced by the dynamics of foredunes and
embryonic dunes on the current beach. While there is no paleo climatic data to validate the found
morphological evidence the importance of beach ridges as a paleo environmental recor@ds ratifi
work by Tamura (2012).

Identified features such as beach ridge sequences with beach gravel, foredunes and lagoons associated
with local river outlets constitute characteristic morphological elements associated with the coastal

barrier environment of Tongoy Bay.

Riverbeds andiverbanks are outlet environments that correlate with the progradation of the barrier.
The accretion of the barrier through beach ridges seems to have developed the existing marsh area in

the river outlet which is currently closed by the barrier.

Foreduns and embryonic dunes are observed throughout the year that are a morphological expression
of the permanent sand supply. The beach ridges located in the middle and distal area of the bay have
dunes at their highest points.

Consequently, the Middle Hologe to present day deposits of coastal sediments in Tongoy Bay have

been formed by accretional sequences by beach ridges, as well by current developing foredunes

establishing an evolutionary trend of progressive accretion of the barrier.
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3.4. Dynamic and evolutionary trend of dunes in a bay system in semiarid Chile. Punta de

Choros, Coquimbo.

Motivation: The coastal sand dunes in Chile cover a wide geographic area (Fuenzalida 1965), from
the Atacama Desert to inlar@hiloé. The diversity of forms and types of dunes are related to a
morphoclimatic domain and to the regime of effective supply winds and sand to the coastline. This
provision may be altered due to current changes in the contributing catchment (IPCC Spd@t

al. 2011), the impacts of climate change, or coseismic effects identified in Central Chile Soto et al.

(2015 ) associated with the 2010 earthquake and tsunami.

Traditional authors like Bagnold (1941), Mckee (1979), Mainguet (1983, 1984) anchibld$989)

have highlighted the close relationship between the development of dunes and balance associated with
morphological changes in sediment transport rates and erosion or deposition. Studies associated with
dune system changes and beach categomes/e interaction in large bays have been carried out by
ArayaVergara (1986) indicating the importance of the orientation of the coastline in the internal mass
balance of the changing structure and balance external mass. As well as the relationsh@kivitist

of beaches dominated by waves, describing beaches as Reflectives, Intermediate or Dissipatives, as

rated by Writh & Short (1984). This relationship has been applied to the coast of Chile by Martinez
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(2001), Soto (2005), Soto & Arriagada (2007)riagada (2009), Martinez et al. (2011), Lagos (2013),
Soto et al. (2014b).

Los Choros sand dune field is in the northern part of the Coquimbo mega bay, transverse to SW winds
(45 ° azimuth) in an oblique section of the coast. This bay has two large transgressive dune lobes in
the north and south of the bay; the fore dune aré@eishird dynamic unity. The Los Choros stream
catchment does not supply sand to the dune system; it is a coastal catchment that flows into the middle
part of the bay just episodically active during extreme weather events such as ENSO (El Nifio) and
PacificDecade Oscillation (Sarricolea & Martitide 2012).

The predominant dune forms in the studied dune fields are inherited and have been dated from the
PleistocendHolocene period (Creixel et al. 2012). The lengths are over 15 km riding on the western
slope of the coastal range. However, the existence of three sections with active transgressive dunes

shows the current power status of the Los Choros dune field.

Methods: The current dynamics of the Holocenic Los Choros dune system was analyzed
geomorphologially identifying dune groups and their transformations over a period of 20 years
according to the availability of aerial photographs and images.

Earlier dunes were analyzed according to Hesp (2002, 2006), Psuty (2004) and Hesp et al. (2005).
Photo interpetation (1994) and image analysis by Google Earth (2002, 2003, 2007, 2011 and 2013)
took placegenerating maps which were supplemented with fieldwork from-2018. Embryonic or
emerging dunes were considered key features to understand the sand sugiignsaio the beach

(Soto 2005, Soto et al. 2011, 2015.). These forms could only be identified in the field.

The transgressive dunes were classified according to Hesp (2013), Hesp et al. (2005) and correspond

to free dunes, compositions of barchans, blatrand parabolic dunes.

The paleodunes correspond to the largest extension of dunes and are made up of hills and mounds of
compacted sand and natural vegetation, where individual dune forms are not identified. According to

Creixell et al. (2012) they afeom the Pleistocenklolocene age.

Results and Conclusions: The existence of three sections with active dunes (foredunes and
transgressive dunes) shows the current supply of sand and foredunes. Embryonic and transgressive sand
dunes are the morphologicadidence for this sedimentary dynamic despite almost constant conditions

and beach erosion in the semiarid regime basins in the region.
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From a dynamic point of view, the Los Choros dune field is very similar to what Hesp (2013) terms as
state or scenery: development from the backshore, i.e. developed from the beach inland, reaching a

state towards reworking ancient dunes and sands.

The above dynamic condition is particularly relevant when one considers that the likely contributing
basins have not maday permanent or serpermanent flows since the last ENOS (El Nifio) event in
1997.

The characteristics of the Aeolian deposits in the Coquimbo mega bay show that the widespread
distribution of sand dynamics is repeated in individual bays as well in tiga Bay of Coquimbo

where the highest concentration of sand is Punta de Choros in the northern part of the mega bay.

3.5. Integrated analysis of natural hazards in the coastal semiarid environment of Chilka

Serena, Coquimbo.

Motivation: During the las few decades the city of La Serena has been subject to intensive urban
growth (Ortiz et al. 2002, Castro & Ortiz 2003, Ortiz & Escolano 2005). Thus, new areas along the
coastline and on the higher levels of the marine terraces are being affected moanida Serena

is located in semiarid coastal Chile, an area subject to severe environmental changes. Climate models
predict variations in rainfall and temperatures of the Andean basins in the next decades leading to
severe hazardous situations in terrhtoorential rainfall and river floods (CONAMA 2006, Garreaud

et al. 2008). Moreover, the occurrence of episodic and concentrated rainfall favours landslides and
hyper concentrated floods. However, highly variable phenomena like ENSO should also battaken i
account $arricolea & MartifVide 2012, Romero & Mendoca 2011, Romeed al 2011).
Furthermore, the area of La Serena is also prone to earthquakes due to the presence of a seismic gap in
the Pacific offshore zone (Pardo et al. 2002 a, b, Vigny et al. 2009). Environmental characteristics in
the La Serena area today, in combination witdogenous and exogenous triggering factors, lead to

specific process dynamics and related natural hazards and risks.

Todayds geodynamic processes are considered thoc
stress conditions and loss of eduium of the semarid coastal morphological systems, such as the
activation of streams, runoff on alluvial fans, erosion on the marine terraces scarps and flood
processes. The geomorphology of the area reflects a Quaternary inherited landscape presenting

activity under a certain rainfall threshold.

An analysis of geomorphological units reveals the dynamic processes as potential generators of natural

hazards. In this context, the dissected streams are considered torrential streams due to the coarse
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materal in the streambed. The alluvial fans and the steep parts of the terraces have been identified as

features susceptible to generating debris flows due to the high amounts of detritic material available.

The lower area of the La Serena area which is &dsdcwith the marsh level represents the highest
potential for the occurrence of flooding processes. In particular the topographic and textural
constraints for drainage and infiltration processes as well as the amount of water arriving to these areas
makethem highly susceptible to flooding. The other areas with great susceptibility to flooding hazards
are the stream areas. In these areas floods, debris flows and erosion occur. These streambeds starting
on high terrace levels and alluvial fans have alsnlidentified as the source area of debris flows.

These streams superficially drain into the city and flow to the lower level marsh areas. The hazard is
associated with gullying and small debris flows in the escarpments of the channel and river flooding in

the lower part due to flow concentration and stream load during a heavy rainfall event.

Although the geomorphology, soils and topography provide specific information on the processes that
are generated, the main driver is the concentrated or heawvylirdiafaoccurs in the Chilean semiarid
region due to El Nifio and the Oscillation Pacific decadal. Such events provide an understanding into
how the semiarid morphological system presents rainfall thresholds that can trigger subaerial
processes that favoaonditions for natural hazards.

Methods: The purpose of this research is to identify, through an integrated analysis, the relevant
potential geodynamic processes and related affected areas. The detailed GIS mapping and modeling of
the relevant processegeaan integral part of this work. In particular flooding, torrential streams and

debris flow dynamics are analyzed.

A detailed geomorphological analysis to identify, validate and calibrate indicators of endogenous
dynamics associated with natural hazawess used according to information IRaskoff (1970),
Empardn & Pineda (2006)The analysis consists of fieldwork, GIS applications and modelling
(GDEM raster resolution 25m)rhe hazard mapping was done on the basis of geomorphological,
hydrologic, soil ifiormation groups and topographic GIS processing as described: i) slopes and
correlative deposits, based on the conditions of the slopes and ii) alluvial fan and pediments as features

that provide sediments to the local fluvial system.

As the study area oc@sponds to inherited Quaternary marine terraces the soils were important for the
analysis of the hazardous conditions where different paleo soil characteristics generated particular
responses to rainfall. The identification of hydrological soil groups wlaained from Sarricolea
(2004).
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Overlapping geomorphology, soil characteristics and information derived from the modelled
topographic indices through GIS application todWcker et al. 2001, 2008, 2011allowed us to
identify the spatial distributioand intensity of potential environmental hazards.

Results and Conclusions:Although the geomorphology, soils and topography provide specific
information on the processes that can be generated, the main driver is the concentrated or heavy

rainfall that ocurs in the Chilean semiarid region due to El Nifio and the Oscillation Pacific Decadal.

The annual rainfall in La Serena amounts to 75mm. However, during El Nifio phenomena these values
significantly alter. During one day or even over a few hours, raicdallreach and exceed the average
annual rainfall. Such events show how the semiarid morphological system presents rainfall thresholds

that can trigger subaerial processes that favor conditions for natural hazards.

The approach integrates the geomorphpldgta and hydrological soil groups giving the genetic
relationship between them. In this context, the low terrace, swamp level, characterized by C and D
hydrologic soil groups are those with very poor drainage and consequently correspond to areas of
flooding. Stream dynamics are associated with debris flow processes. This consideration is based on
the degree of incision of these torrents and the presence of coarse material in the bed. However, these

situations only occur during heavy rainfall events.

The modeling performed with GIS tools highlighted aspects of marine terraces and streams
constituting potential areas for mass transport and surface runoff. Through this modeling the flood
hazard areas between the coastline and the escarpment of the temaddewtified. The stepped

terraces are related to favorable conditions for runoff.

This study presents an integrative approach to assess the susceptibility to natural hazards in the Bay of
Coquimbo together with the city of La Serena. The combinatiorgeaimorphologic, soil and
topographic characteristics reveals information on the generation of natural hazards especially

associated with surface runoff and concentrated flows leading to flooding and debris flows.

Flooding is likely to occur in the loweefraces that are associated with the coastline. The lower
terrace is subject to flooding due to poor soil drainage. The other terrace surfaces are not subject to

this hazard as drainage conditions are good.

The debris flow can be generated within fieeams have been identified as torrential. This situation
also implies vulnerable conditions due to further urban city expansion. The main triggering factors for

these types of hazards are concentrated and related to heavy rainfall events.
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3.6. Assessmentf Flood risk in the coastal Chilean semiarid and its impacts on La Serena city,

Coquimbo Region.

Motivation: The city of La Serena sited in the Coquimbo B29°S/70°W) is the second oldest city
in Chile. It was founded in 1544 on a high marine terraesr the Elqui River that drains the fertile
soils of the adjacent valley. Currently, the city has 486,000 inhabitants (National Statistics Institute of
Chile, INE initials in Spanish, 2012) and is an important hub for services, housing and tourism for

certral Northern Chile and the Chilean semiarid coast.

In the context of existing hazards and urban expansion processes in La Serena Ortiz et al. (2011)
concluded that there is a lack of awareness of the risks associated with endogenous hazards
(earthquakeand tsunami) and exogenous hazards (floods and mudslides) by the city and this lack of

awareness is experienced by the tourists that visit the coastal area (Wyndham 2012). This finding also

explains the intense population growth along the coastal beibhdhd lower fluvial terrain.

The zone is known as a seismic gap where recent studies on seismicity and crustal deformation have
shown that the region is being loaded for a large interplate earthquake in the near future (Vigny et al.
2009). A Gutenbergrichter law was calculated as part of this project for the328% segment for
different earthquake types. This equation describes the seismic productivity in a certain region, based
on historic records providing the calculation of a seismic hazard. Boéseshow return periods in

the order of decades for earthquakes of a magnitude over 7.0. Estimates for over 1,000 fatalities for an
8.5 earthquake without accounting for tsunami effects were made for this region (Wyss 2010). The
region has geological ardstoric records of tsunamis (Le Roux & Vargas 2005, Beck et al. 1998)
increasing the risk especially in some flat areas prone to flooding such as the coastal areas of the La

Serena and Coquimbo region.

Thus, the study area is a zone where a seismiccgafu trigger hazards and risks due to the
occurrence of earthquakes and tsunamis over a return periecB of @ e c ad e s-7°arfd 100 M 6 A
years O M 8A generating great damage, |l oss of ¢
Serena ath Coquimbo, as well as coastal villages in the mega bay, are growing rapidly. Moreover,
during an EI Nifo winter event a O M 7.5A earth

Serena city and in the catchments of the coastal range.

Methods: A geomorphological analyses for the two tributary catchments of the lower Elqui River. A
geomorphological map was generated according to the formation groups defined by amnggaa
(1985) and adapted to semiarid environments (Soto et al. 2011, 20&2nntdscape is characterized

particularly by the relationship between slope systems determined by their lithology and the potential
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mass contribution to the stream network. The geological information was extracted from Emparan &
Pineda (2006). Fluvial teaces, alluvial fans and glacis were mapped based on stereo
photointerpretation and validated by a field survey in January 2014.

The topographic indices can be used as proxies to determine the susceptibility for certain geohazards.
The presentay fluvial and slope processes using topographic indices (Marker et al. 2008, 2011,
Zakerinejad & Marker 2014) were assess&lream Power Inde¢SPI) is a measure of the erosive
power of concentrated water flows or streams; it is an index of the available enedpefolinear
incisions that are normally related to turbulent flows. Thensport capacity Inde&r Cl) also known

as LSFactor of USLE (Renard et al. 1996) identifies areas prone to areal soil erosion processes due to
rill inter-rill sheet flows. Thelopographic Wetness IndéXWI) expresses the potential runoff related

to soil saturation. Th#odified Catchmenfrea (MCA), the Vertical distance to River Netwodnd

Altitude Above Stream Channel Netw¢@AACN) deliver information about the spatial configuration

of flooding areas. The latter one is also called an isobase map (see Grohmann 2004). Basically the
AACN reflects the elevation model corrected by the channel net base level. MCA was also applied
based on calculations that consider the flow pattern. The potential flow calculated by MCA was higher
than the flow calculated according to the standard flow accumul@meh(erget al.,2001).

We used a simple Soil Conservation Service (SCS) RunoifeCNumber approach (CNII) (USDA
1986, Hawkins et al. 2009) implemented in the System for Automated Geoscientific Analyses
(SAGA) (see Conrad 2006, Olaya & Conrad, 2008) to model storm flows and water volumes to
calculate the flooding areas. This approaighdg the spatial distribution of the maximum runoff for a
given precipitation event and provides certain land use and soil infiltration characteristics. For the
GlS-based hydr@geomorphological analysis a Shuttle Radar Topographic Mission (SRTM, USGS) X
band Digital Elevation Model (DEM) with a 25m resolution was utilized. For the sake of simplicity
the modeling was performed based on dssumptiorthat thelandscapehasa homogeneousnd

undifferentiatedyeologicsubstrateThe indicesverederiveddiredly from thetopography.

Results and ConclusionsThe morphodynamic settings of the study area in coastal semiarid Chile are
the result of both glacteustatic and climatic processes during the Pleistocene period under tropical
environments. Glacis analluvial fans are morphoclimatic evidence of these environmental
conditions; riverbeds are deeply incised into the morphology and the surfaces of river terraces show

soil formation.

The climate assessment conducted for this research recorded a dedteasetah amounts of rainfall

but an increase in the extreme rainfall frequency over the last 50 years. Precipitation events with up to
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60-mm/24 hrs. of a decadal return period were estimated. For this study an event of 70 mm in 24 hours

was used to asseflooding events in the La Serena area.

The relatively high recurrence of large magnitude (M>6) earthquakes in the region also triggers the
production of sediments from landslides in the catchment slopes that can be remobilized during heavy
rainfall events causing hyperoncentrated flows and eventual debris flows. This is the wass
scenario, an earthquake and El Nifio event working together. This may have been the case in 2015
2016 after the September 2015 earthquake as extensive rock fallindoseaseal in the Coquimbo

region.

For this research fluvial floods and flash floods associated with the dynamics of the tributary river
catchments in the lower part of the Elqui River and the Marquesa and Santa Gracia catchments were
considered. Both of #m would affect La Serena city after an extreme rainfall event, although this did

not occur during the 2011 rainfall event.

However, during summer in central and northern Chile (Mar¢h2R5) there was an exceptional
fluviometric event (not ENSO) thatiggered catchment light flash flooding in Santa Gracia with 21
mm/24 hrs. (13.4 mm in La Serena stations and 21.3 mm in Gabriela MiE#falAMet station, at

20.4 m.a.s.l). The Elqui River riverbed was flooded but did not reach the Pleistocene edgeasrr

the rainfall stopped (the escarpment of the Pleistocene terracmsdsr2the urban area). This may be
explained by soil conditions with a high clay content and low permeability crusts formed by the dry
climate, impeding infiltration, as observeg Maerker et al. (2012) for catchments in the Chilean

semiarid area.

It should be highlighted that La Serena, the capital city of the Coquimbo region may be affected by
urban expansion in areas that are located on the Holocene marine terrace not nserthars.l. as

well as on the low river terraces that have been declared urban-orlpamiareas. These sectors have

not flooded since 1997 when they were not urban areas. In 2016, even with the moderatbdfdlSO
have been no river floods, despite tElqui River bed being flooded to its full breadth with a rainfall

event of 30mm/24hrs.

Despite the 2015 rainfall events, there are morphologic, topographic and soil conditions for future
floods in the urban area associated with ENSO or other typesnotpheric phenomena with a 60
mm threshold calculated as well as with lower precipitation that could trigger floods in coastal zone

urban areas.
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Moreover this area affected by river floods is also prone to tsunami flooding. On September 16th 2015
a low impact tsunami hit with a wave that reached a height of 4.5m associated with an interplate
earthquake of 8.4M, 100 km south of La Serena. Thus, this is armklticenario.
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4. - Discussion and conclusions

4.1. Dynamic relations of the westerislopes of the coastal range aemiarid Chile

4.1.1 Present daydynamics of the slopes

The field analysis of the inherited and active forms point out that: i) the incised riverbeds still show
active forming processes and ii) especially the smaller basins that have a very rapid response to
concentrated rainfall events. This is in line witke thuantitative assessment of the DEM yielding
concentrated discharge along the main drainage systems up to very high runoff volumes. The 63 mm
event registered at St. Julian Station, Quebrada Tongoy, on the 09.06.2011 yielded a maximum runoff
volume of 22m3/s. These values indicate that incision processes may be very intensive during these
events mainly in the upper parts of the catchment. Especially in the smaller tributaries runoff volumes
between 2 and 10 ¥#s were modelled. Concentrating runoff alsmvmkes slumps and smaller
landslides due to undercutting particularly on the steeper flanks of the incisions. The latter ones were

also observed in smaller drainage catchments.

However, the discharge may also become hgpeacentrated when landslides ocalong the river
channel. No further incision has been observed in the lower sections of the river systems. Here the

discharge leads to lateral erosion processes that in turn further steepen the talus scarps.

The impacts due to the reactivation of stream slopes, alluvial fans and glacis are local and limited

to the forms in activity. Specifically the development of rills and gullies in micro catchments localized

in the scarpareas of the terraces are very effective and favoured by high slope graéiedtble
substrates and scarce vegetation density. These dynamics are typical of the coastal desert environment
as previously described by Vargas et(aD00), Sepulveda et gR006) and Soto et af2012). The

process dynamics during ENSO/PDO may beamced when coinciding with seismic events. The
latter trigger landslides that in turn increase the amount of detritic material on the slopes and in the
river channels subsequently remobilized by extreme rainfall events. Even though topography and
geomormology do not reveal clear evidence of present day, potentially hazardous processes, these
results suggest that the rainfalduced geohydrological processes are the main hazards in the study
area. These processes such as floods, debris flows and Esfalfibods are induced by heavy,
concentrated rainfall that should be considered as the main triggering factor. This area is also subject
to strong earthquakes that may potentially trigger different kinds of landslides or processes such as
liquefaction, havever field evidence suggests that these are less significant than the geohydrological

processes in the area.
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A lack of detailed, londerm time series of flood and debris flow events precludes an accurate
estimate of rainfall thresholds for the area, thagprobabilistic hazard assessment may be carried out.
Nevertheless, these precipitations are higher than any previously known thresholds in northern and
central Chile. Sepulveda et g2006) indicated that debris flow events in the coastal area of
Antofagasta (26° S) in June 1991 and in the Andean piedmont of Santiago (33° S) in 1993 were
triggered by 42 mm/A3 hrs and 67 mm/day events, respectively, resulting in destruction and fatalities.

In the study area rainfall thresholds are similar but withaggering such large impacts.

Due to the extreme precipitation event which occurred in March 2015 and during winter 2015/16 (El
Nifio) the coastal basins suffered small flash floods and debris flows, insignificant in magnitude,
hence, the 2015 EIl Nifio evewas of moderate intensity. Consequently, the study area is subject to
episodic, high energy geodynamic events that induce natural hazards. However, the vulnerability is
quite low due to scarce settlements, except along the coast, where road infrastmdtthe resort

town of Tongoy are located. In the delta areas of the Tongoy Bay catchments, debris flows or
concentrated sediment discharges have generated large frontal deposits, affecting the beach

morphology and infrastructure.

4.1.2.Evolution of marine terraces in the coastal range

In the coastal range sedimentary units were identified and correlated by their elevation with other
similar units that were previously dated. We identified 3 levels of marine terraces that were formed on
very steep slpes along the coastal range (Fig. 10). As a result of the comparison the following
correlation was established: HMT (High Marine Terrace), belonging to MIS 11 at 160 m.a.s.l., the
MMT (Middle Marine Terrace) was related to MIS 7, at 75 m.a.s.l. and LMW (Marine Terrace)

was attributed to MIS 5 at 28 m.a.s.l. (Soto & Cabello 2014, Cabello 2015). The differences in altitude
depend on the differential uplift in the Chilean semd and arid coastal region (Appendix Il). The
correlation is based on researioy Paskof (1970), Ortielb et al. (1987), Marquardt et al. (2004)
Saillard et al. (2008, 2012)

According to data obtained by the altimetric correlation and related MIS ages the rate of tectonic uplift
for HMT, MMT and LMT were calculated. The Lajoie etjoa (Saillard 1986, 2008) and additional

data (Marquardt et al. 2004) provided a reconstruction of the former rising sea levels, corresponding to
the MIS 11, 7 and 5. The results show that the HMT has an approximate uplift rate of 0.37 + 0.05 m /
ka. Forthe MMT an uplift of 0.37 + 0.04 m / ka was obtained and the rate of rise for LMT was
established to 0.18 £ 0.03 m / ka. When taking into account data indicated by Ortlieb et al., (1996) and
Marquardt et al. (2004), the uplift rates that affected thesacks are associated with the regional

tectonics.

50



4.2.Bays dynamics controlled by structure.
4.21. Coseismic effects in the sedimentation of sandy beaches

The Coquimbo Region covering the coastal zone between Tongoy and Punta de los Choros was
affectedby an interplate earthquake and tsunami of 8.4M in September 2015. The tsunami reached a
maximum height of 4.5 meters along the Coquimbo Bay and caused great destruction to tourist
facilities and housing .There was strong erosion of the sandy beachdéeagties receding up to 100

meters (north and south of Coquimbo Tongoy area). However, the earthquake did not generate uplift
or subsidence in the coastal zone and during October the beaches were naturally slowly fed sand
again. In December 2015, the beashin the coastal area that were destroyed by the tsunami in
September had recovered which means that the Andean watersheds and the coastal range provide

sedimentary surplus to coastal semiarid Chile (Fig. 9).
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Fig. 9 Coastal erosion in La Serena beach, tsunami of September 16 of 2015. In the present day t
beachs is in depositational processes.
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4.2.2. Evolution of the coastal zone: beach ridges in the searid environment of the western

coast of Amerca

Beach ridges are uncommon on the shores of America and are evidence of morphological and

Holocene sedimentological dynamics in semiarid Chile. Thus, Tongoy Bay is one of the best case

study areas. The physical characteristics of Tongoy Bay togettteitsviocation in relation to both

the headland and coastal ranges of the Andes with a semiarid climate play a key role in the evolution

of the zone. The Tongoy Bay presents several kinds of features that have been developing since the
Holocene period uittpresent day mainly through the growth of foredunes in a low energy reflective

beach.

Ota and Paskoff (1993) identified five ridges in the southern section of the bay which can hardly be
recognized today. The af or etmthepreseace ef dburalantrémainss 6 d e
of shell fragments and gravel on the beach ridges, which were only found in the middle and proximal

part of the bay. At the same time, the strandplain is coveredAtithlex, which has masked the

original features.

Beach ridges are located immediately below the escarpment of the terrace, with the southern section
presenting a broader 900 m strandplain measured from the swash zone to the base of the escarpment of
the marine terrace. The oldest beach ridge is well predglike the last, which is located close to the

modern fore dune system.

The local catchment that drains into Tongoy Bay has generated essential features through which
environmental variations of the shoreline may be established. The tectonic influence is expressed
through epigeniincised gorges in ancient marine terracesinfog broad valleys of 353m with an

incision height of up to 192 m (Quebrada Pachingo).

From the point of view of evolution and present changing trends, a progradational trend can be
established that is associated with the development of embryonic cuchézr@dunes despite winter
erosion and the reflective beach controlled by the huge headland. These features develdped in 1
ridges and the embryonic dunes rapidly developed in the beach face and backshore of the barrier of
Tongoy. Wind coverage in theeasr of beach ridges located in the distal area expresses the status of

permanent sand supply.

The evolution of the strandplain as a succession of beach ridges with fluvial features, dunes, and

different stages of the berm identifies the system as an accretionary stranplain, with a modern
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progradational evolutionary trend, evidenced by the dynaafiésredunes and embryonic dunes on
the current beach, as noted by Dillenburg & Hesp (2009) and Soto et al. (2015).

Foredunes and embryonic dunes are observed throughout the year and they are the morphological
expression of the permanent sand supply.

4.2.3. Dynamic and evolutionary trend of coastal dunes in headland bay beaches.

In central Chile, the shoreline is controlled by the structure of the continental margin together with the
SW drift that generates different dynamic conditions in the sandyhesassociated with a reflective
environment in the proximal part of the bay (southern) and in the distal one (northern) where the
widest coastal sand dunes are fourithe arrangement of the nostlistal dunes matched with the
theory of the headland bay#&ches in Chile described by Arayargara (1996)Arriagada (2009),
Arriagada et al. (2014), Martinez (2001), Soto (2005), Soto & Arriagada (2007). Recent research in
the mega bay of Coquimbo has established that this pattern is also found in beackleseand
environments in semiarid Chile (Lagos 2013, Cabello 2015, Rojas 2016) and is best evidenced by the
Los Choros coastal dunes.

The existence of three sections with active dunes (foredunes and transgressive dunes) shows a current
sand supply to the cdaand the beach, despite almost permanent erosive conditions on the beach and a

semiarid watershed regime in the region.

The above dynamic condition is relevant when one considers that the likely contributor basins have not

submitted permanent or sepemanent flows since the last El Nifio event in 1997.

The characteristics of the Aeolian deposits of the Coquimbo mega bay show that the widespread
distribution of sand dynamics is replicated by individual bays and all of them constitute the mega bay of
Coqumbo where the highest concentration of sand is supplied to the northern part of the bay at Punta de
los Choros. This shift pattern was also observed by Soto (2005) Soto et al. (2015) in bays in central
Chile. From the dynamic point of view, the Los Chodusme field is very similar to the Hesp (2013)

model scenario: development from the backshore, from the beach toward the inland, reaching a state so

that there is progress towards reworking ancient dunes and sands.

Sand samples from Los Choros were cared with samples from the Limari catchment and Tongoy
bay (in the extreme southern part). The samples present mineralogical similarity (quartz, feldspar and
plagioclase, Epidotes, and volcanic glass) (Appendix IlI). A sedimentary transfer model wad applie

according to Le Roux et al. (2010) and these results show the transference of sediments by waves and
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wind from the southern part of the study area. Thus, the source area of the mega bay is from south to

north.

4.3. Natural hazards

4.3.1. River floods and flasflood risk

The Elqui River tributaries hamely the Santa Gracia and Marquesa catchments are located in the
northern part of the lower Elqui Valley. They are smaller tributary catchments with outflows that are
located 9 km and 34 km from the mouthtiee Elqui River to the ocean. The catchments exhibit a
complex geomorphology associated with forms that were inherited from previous humid climates and

are characteristic of the Chilean semiarid environment.

Geomorphologically, the conditions of theutanic slope systems with rock chaos, hydrothermal
alteration and abundant material exposed to weathering processes have contributed to a significant
mass transfer from the upper areas of the mountain systems. It is worth highlighting that this section of
the catchment is sited in the nival environment of the great Elqui catchment and as a result, landslide
formations and general snow morphological manifestations have been identified including the linear

dissection of the slopes.

Regarding the deposit foations, the alluvial fans exhibit a characteristic location, oriented laterally
towards the main valley. These alluvial fans are of a torrential nature because of their convex profile
and the presence of a strong main channel. These characteristiceititkcapisodic activity of these
formations associated with intense hydneteorological events. These events often generate-hyper
concentrated flows that have the capacity to drag detritus and blocks from the slopes that subsequently

are deposited in thdistal regions of the modern alluvial fans.

The main streambeds of the tributaries of both catchments exhibit a braided pattern in wide beds (>500
m) in which there is evidence of water action resulting from the pattern of channels, sand banks and
gravelswhich are well developed and preserved. Local inhabitants stated that the Marquesa and Santa
Gracia catchments were active in 1997 and the last time their beds were completely flooded. The
streambeds exhibit very deep incisions that are associated witlartdscape inherited from the
Pleistocene age. However, there is also evidence of high erosion and incision potential of the current
beds. In a subatchment of the Santa Gracia catchment, a bed was identified that was highly incised
by floods caused byhé 1997 El Nifio event. We also observed in the field some incised lateral
deposits corresponding to an alluvial fan that became a terrace cone in 1997. Although terrace cones

are from the Paletandscapes of the Pleistocene period in the valleys of thmsémegion, their
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dissection may be attributed to recent processes (see Paskoff 1970). Therefore, we can deduce that a

further dissection of the landscape will continue in future decades.

The environmental changes modeled for the Andes in the Elquir,Rstech as increased
concentrations of precipitation and reduction of the 0° isotherm (Garreaud 2008) are not relevant for
the analysis of floods in the mid and lower section of the Elqui Valley due to the regulating action
exerted by the Puclaro Dam. Hovee, strong and intense episodic precipitation events that may occur

in the coastal zone may have an impact on the city of La Serena because the analyzed catchments

directly drain into the Elqui River and its mouth is in the middle of the city.

However, he precipitation events that occur for up to three days are those that generate the floods as
there is a significant amount of infiltration and hence soil saturation. Consequently during subsequent
precipitation events surface runoff due to saturation xoecurs. However, a first runoff peak is
related to crusting, surface sealing and hydrophobic effects related to the first precipitation after long
dry periodsThese characteristics are described e.g. for the 1983 @venannual average rainfall of

La Serena is 95.9 mm (19P®13), which had a significant decreasev@ue = 0.01), estimated at 6
mm/decade. The wettest year of the series was 1919 with 306.6mm total precipitation, and the driest
year corresponds to 4t8m in 1962. The winter rainfall (June, July and August, JJA) represents 70 %

of the annual rainfall.

For the JJA correlations between the amount of precipitation, the SOI of the same period and lag times
of 1, 2 and 3 months back and forth were testdéud fesults indicate that JJA precipitation is best
correlated with the SOI and a lag time of 1 month (May, June and July) showing a Pearson correlation
coefficient of 0.479 and a-yalue of 0.0 implying high statistical significance. Fig. 7 shows that EI
Nifio events generally decrease with La Nifia, setting the winter threshold around 50 mm, increasing
with El Nifio events, totalling 15 (except in the weak La Nifia years 1927, 1952 and 2011, and the last
was associated with the Antarctic Oscillatiofhotherinteresting fact is that the frequency of ENSO
phenomena has become more persistent in the latter half of the series. So El Nifio events between
19672013 exceeding the threshold of 50 mm were 9 out of 15 (60%) and La Nifia events were 13 out
of 20 (65%). Tis means that despite a decrease in rainfall amounts extreme events have become more

frequent over the last 50 years and therefore there is an increase in rainfall.

The climate assessment conducted for this research yielded a decrease in the totalchmaoniais
but an increase in extreme rainfall frequency over the last 50 years. Precipitation events with up to
60mm/24hrs with a decadal return period were estimated. For this study an event of 70mm in 24 hours

to assess flooding events in the La 8ararea was utilized.
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When analysing the landscape through topographic indices, the relevant facets of the morphology are
clearly identified, such as wide and deep river beds. In both study basins the topography and the
substrates favour surface runoffidariver flooding especially in the form of flash floods that are
documented by geomorphological evidence along the river course. However, due to the climatic
conditions the fluvial systems are only sporadically active. Using the topographic indices &€iSh

CNIl modelling of the 2011 precipitation event, with 70mm/24h, we simulated the discharge into the
two lower Elqui River tributaries responsible for the flooding of the coastal flood plains reaehing 2

as in the 1997 event. The available sedimentghe slopes of the tributaries led to high sediment

discharges in the form of hypeoncentrated flow as documented by evidence in the field.

However, fluvial dynamics of the tributary river catchments generate floods in the Elqui River,
downstream othe Marquesa and Santa Gracia catchments and in the city of La Serena. The city,
capital of the Coquimbo region, will be affected by the urban expansion areas that are located on the
Holocene marine terrace, not more than B.a.s.l. as well as on the lawer terraces, which have

been declared urban or perban areas. These sectors have not been flooded since 1997 when they

were not declared urban areas (Fig. 10).

W ire e (T

Fig. 10 Flash flood in Santa Gracia catchment on march 25th of 2015, associated to 21,3 nrai@#t.
event (not ENSO)Photo: Sr. F. Mufioz.
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5. Future research needs

The Andean coastal region (coastal range) is a landscape that has not been studied in detail by earth
system sciences due to the fact that it is of marginal interest for the mining industry and has a low
population density. The importance of mining for #g@nomy of Chile is very high and this fact
explains the focus on geological studies in the Andean region. On the other hand, in the coastal areas,
except for the work cited in the above paragraph, the main attention is dedicated to stratigraphic

studieson the coastal plains and marine terraces, both of them concentrating on specific small areas.

Global climate change is a very important topic for research in Chile and a focus was drawn on the
Andean region because it constitutes the source of freshfeatbe population, agricultural and large

mining industries. In the Andes, Quaternary glaciers are found (even throughout the arid and semiarid
latitudes) and seasonal and stable snow cover. The largest populations are located in the central valley
(graven valley) and in the coastal zone. There are climatic change scenarios for these areas but
especially for the arid and semiarid regions but they are not very precise due to a lack of climatic

stations and data quality.

Due to the aforementioned reaspmisere is a need for further in depth investigation into the
relationship between climatic changes and natural hazard conditions that affect the population and the
productive facilities. Nowadays the growth of intensive agriculture for export and highsiiryt

mining has generated the rapid urban sprawl processes toward territories affected by tsunami and
fluvial flooding hazards and risks such as the impact of flashfloods and debris flow on the coastal
range catchments. The extreme climatic events agid ithpact on valley rivers and settlements are
related to the dynamic characteristics in semiarid environments and El Nifio events. The latter has no
periodical return periods (almost decadal return period) and has generated the loss of human life and
ecoromic damage, as in 1983, 1997 and more recently in March 2015. Moreover, the relationship
between regional and local climatic changes and dynamic geomorphological settings has not been

satisfactorily studied.

The paleo climatic field evidence has not @bkely dated an example of the need for in depth
research of these issues, to reveal the climatic conditions of the semiarid environment in the past.
The littoral and coastal geomorphology has not been studied in depth. For example, the strandplains
and beach ridges as evidence of sea level changes during the Holocene period in Peru and Chile,

along subduction coasts, have only marginally been investigated.

While working on this thesis all available data from other studies was employed to establish th

features and landscape evolutionary trends. It was possible to date the marine terraces identified in this
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research by comparing altitudes and sediment that were similar in the southern and northern parts of
the study area. In Chile it is necessary testigate and invest in absolute datation methods as it is an
important basis for the reconstruction of paleogeography, even more so in the coastal areas as well as
sand dune fields where paleo soils and loess have been found. To our knowledge thesehiavdin

not been described in the bibliography so date.
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6. Outlook

The proposed methodology should be used to evaluate geodynamic processes in arid, semiarid and
temperate environments. Chile as an Andean and coastal country does not have coastal geodynamic
studies of the basins that are increasingly being modified.rticylar present day conditions as well

as future scenarios of dynamic processes in river basins and coastal areas may be assessed. Also,
changes in land use due to economic development, environmental transformations due to climate

change may be evaluated.

The study shows the importance of these types of methodologies and thematic approaches due to
Chile's Andearinheritedgeomorphological landscapes that are associatedt@dgthnicand climatic
conditionsthat aredifferent from present dayThere is field evidence abundedblock movement

(base loadpssociated with extreme rainfall and further seismicity. The presence of heavy rainfall and
the 2015earthquake in the study area have established more accurate geodynamic thresholds,

accordingo the scenarios identified in the study.

The importance of El Nifio events, as well the Pacific Decade Oscillation, are both conditions that
trigger geomorphologic and hydrological processes that have been established and can be applied to
other catchmes in semiarid and temperate Chiléhe rainfall of a 100 mm event has a recurrence
interval of 50 years; even aday rainfall may reach a recurrence time of 20 yea&tus, the
probabilities of extreme rainfall events are very high. These trigger toating and debris flows as

well with the consequent hazards and risk conditions for the population and infrastructure.

It is important to consider that the anthropogenic landstsapkanging in the region toohe cities

are becomingisk areas

Findly, the relationship between the basins and coastal processes has been demonstrated. At the
shoreline a certain sedimentary equilibrium condition, between the seasonal erosional beaches and the
next depositional stage, is observed. The storm action erbeashes that are subsequently
compensated by deposition. This implies a permanent sand and gravel supply from the coastal ranges
and Andean catchment to the shorelifileis dynamic stage may be explained by the fact that there is
present day geomorpholegi activity related to inherited landscape features. Thus, the landscape is
active and the trend, according to the expected climatic changes, for the present century in the region
should be the same however may be stronger due to increased rainfalltrediocenand large

modifications in soil land use.
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The Tongoy bay (30°S/70°30’W) and the related catchment system
in the western fringe of the semiarid Chilean Coastal Cordillera consists
of an inherited landscape subject to present-day geomorphic processes.
It is an interactive morphological system, formed by coastal range wa-
tersheds, marine terraces and sandy beaches. Taking into account the
geological setting, a detailed geomorphological survey has shown a par-
ticular landscape, which is interpreted as inherited from past tropical
climatic conditions. Rock chaos and tors on granitic slopes, as well as
the presence of palaeosol horizons on glacis and alluvial terraces, are
evidences of this palaecoclimatic heritage. The current average annual
rainfall in the area is ca. 70 mm; however, during ENSO events, a daily
similar rainfall amount is reached. Thus, the area can be considered as
affected by rainfall events of low frequency but of high intensity and
magnitude. Consequently, the deeply dissected and eroded paleo-land-
scape system is further shaped during El Nifio-related events. Hence,
local hazard conditions are generated, especially in slope gullies, alluvial
fans and glacis. The geomorphic dynamics related to these events con-
sists of flooding, debris flows and linear/areal erosion processes, occur-
ring especially in micro-catchments situated on the scarps of the highest
marine terraces.

Kev WorDs: Geomorphic processes, Geomorphic hazards, Inherited
landscape, Semiarid region, Episodic runoff, GIS, Tongoy Bay, Chile.
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La bahia de Tongoy (30°S/70°30°W) y el sistema de cuencas modela-
das en el borde occidental de la cordillera de la costa de Chile semiarido
constituye un paisaje heredado pero con actividad geomorfolégica actual,
caracterizado por los sistemas de cuencas de la Cordillera de la Costa,
terrazas marinas y playas arenosas. Los antecedentes geolégicos existen-
tes y las evidencias geomorfolégicas halladas en terreno dan cuenta de un
paisaje heredado de condiciones climaticas tropicales. Los caos de rocas y
tors en las laderas graniticas, y los horizontes de paleosuelos en glacis y
terrazas aluviales son evidencias de la herencia paleo-climética. Las preci-
pitaciones anuales son del orden de 70 mm, pero aumentan considerable-
mente y de manera concentrada en relacién con el fenémeno El Nifio
Southern Oscillation (ENSO). Consecuentemente, este sistema semidri-
do, profundamente disectado y erosionado, se reactiva cuando ocurren
eventos de precipitaciones concentradas durante El Nifio. Tales circuns-
tancias se traducen en amenazas, de caricter localizado, asociadas a las
quebradas torrenciales en las laderas, conos aluviales y glacis. Los proce-
s0s activos identificados en el 4rea son inundaciones fluviales, flujos so-
bresaturados y erosién, sobre todo en las micro cuencas esculpidas en los
escarpes de las terrazas marinas mis altas.

PaLaBrAS CLAVE: Procesosos geomorfdlogicos, Amenazas, Paisaje
herededado, Region semi 4rida, Escurrimiento superficial episédico, GIS,

Bahia de Tongoy, Chile.

INTRODUCTION

The semi-arid coastal landscape of Chile is controlled
by complex geomorphic systems. These systems show par-
ticular features and landforms inherited from different
morpho-climatic domains. Hence, an assessment of the
present day landscape must take into account both the in-
herited landforms and features as well as the present day
forming processes. Accordingly, only a complex systems
approach allows detecting changes and dynamics in coastal
catchments of Central Chile. These driving factors behind
the landscape evolution are tectonic activity, climate change,
sea level changes and anthropogenic activities such as
modifications of land use. The aim of this research is to
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decipher the landscape evolution dynamics in the Tongoy
Bay area by means of a hydro-geomorphological survey and
a detailed terrain analysis.

The headwaters of the Tongoy Bay area (30°S/70°30"W)
are located in the Andean highlands (piso cordillerano) and
are characterized by amphitheatre-like features. The middle
and lower catchments consist of deeply incised terrace sys-
tems. The area of Tongoy Bay has been already described as
«Paleo-Bay of Tongoy» (Le Roux & a/#, 2006). It has been
shaped by processes generating a variety of landforms, vary-
ing in age and origin, under a climate different from the
present semi-arid one. However, the landscape appears to
be now in equilibrium, rather in rhesistatic conditions, than
related to the inherited biostatic ones. Correlations among
the landforms dated by Emparin & Pineda (2006) indicate
a Mio-Pleistocene age. Field observations show that the in-
herited landform features developed under a humid tropical
climate. Araya-Vergara (2000) attributes both deep rock
weathering and tor-like forms to both climatic and uplift
events that occurred during Miocene along the coastal
range of Central Chile. Soto & /i (2007) correlate the ero-
sional surfaces and the deep weathering of the coastal range
of Santiago (33°S) to the same period. Strudley & /7 (2006)
confirm the close relationship between the deep rock
weathering and the presence of tor-like landforms.

Another group of inherited landforms is composed by
marine terraces, belonging to the Coquimbo formation
(Miocene to Pleistocene). They are the result of a series of
transgressions and regressions related to local and regional
tectonic movements, combined with the global variations
of sea level (Le Roux & a/zz, 2006). Pfeiffer & alii (2011)
describe the Pleistocene littoral bars preserved on these
marine terraces, which can be correlated to specific sea
levels in the past. Saillard & /7 (2012) have dated the ma-
rine terraces in Tongoy Bay. The oldest one, at 200 m.a.s.l.
that can be observed only in Altos de Talinay, belongs to
MIS 11; other terraces have been dated as MIS 7e, MIS 5¢
and MIS 1 (see table 1), associated to interglacial periods
and evidencing the importance of positive tectonic move-
ments in the study area.

Concerning the endogenous geomorphological processes
the study area is inserted in the seismic gap of Coquimbo
(Vigny & aliz, 2009) or Illapel (Pardo & /7, 2002). The
1943 Tllapel earthquake with a magnitude of 7.9 triggered
a tsunami wave of 4 to 5 m (Beck & aliZ, 1998). Other
eartquakes were recorded in 1647, 1730 and 1880. The re-
currence time of big seismic events is roughly between 60

TABLE 1 - Absolute age of the marine terraces of the Tongoy paleo-bay
(source: Pfeiffer, 2011)

Elevation at  Age

Terrace searp foot. (Ka) Method References
Tell 200 m 412 U-Th (marine fossils) Saillard (2008)
TIII 48m 225 10 Be (Altos de Talinay  Saillard ez a/. (2009)
TIV 14m 123 U-Th (marine fossils) ?f;léa;d (2008) Ota ezal
Saillard ef al. 2009) Ota
TV 9m 13 10 Be (Altos de Talinay) 3 Paskoff (1993)
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and 150 years. Thus, the study area can be considered as a
highly seismically active area. Recent studies about seis-
micity and crustal deformation of the Coquimbo area (Vigny
& alii, 2009) show that tension is increasing for a future
interplate event. In this study we have taken the seismic
activity into account as a triggering factor of dynamic
processes that can affect the inherited landforms.

However, climate change appears as a factor that may
influence more intensively the present day geomorphic
processes. As an example, the El Nifio/ Southern Oscilla-
tion (ENSO) triggers various hydro-geomorphological haz-
ards and thus has an effect on landscape evolution. Mean
annual rainfall at Coquimbo is around 75 mm (Diaz,
2005), but it can rapidly increase up to 199 mm, with 104
mm during June, and 34 mm in 24 hours, as recorded for
the El Nifio event in 1997.

Considering this synergy of factors, the interpretation
and reconstruction of the landscape genesis is becoming
quite complex, since one has to take into account endo-
genic (Septilveda & /7, 2010, 2012) and exogenic process
dynamics on different spatio-temporal scales. The features
of the actual landscape are consequently not only due to
inherited processes and landforms, but also due to exoge-
nous stress, such as extreme rainfalls events (Vargas & a/7,
2000; Septilveda & alz, 2006).

The small scale landforms, such as talwegs and mi-
cro-catchments, show a dynamic response to present day
concentrated rainfall events, as indicated by Sarricolea &
Martin-Vide (2012), who pointed out that the La Serena-
Coquimbo area is characterized by the highest rainfall
Concentration Index (IC) in Chile. Those landforms are
inserted into larger ones (terraces, glacis, fault systems or
alluvial fans), interpreted as inherited features. The general
aim of this research is to decipher the landscape evolution
dynamics and the acting hydro-geomorphological process-
es. Therefore we combine a detailed hydro-geomophologi-
cal field survey with a quantitative modeling approach.
The latter one consists of a detailed terrain analysis and
hydrological modeling approach that reveal both: i) the
morphological features of the paleolandscape and ii) the
present day landscape-shaping processes.

METHODOLOGY

The methodological approach employed in this re-
search is based on the analysis of inherited landforms, now
moulded by the present geomorphic processes. These land-
forms, that are different in genesis and age, are character-
izing a particular landscape, composed of coastal water-
sheds, alluvial plains and marine terraces, that coexist with
incised talwegs associated to the tectonic activity (Paskoff,
1970; Le Roux & alzz, 2006, Saillard & aliz, 2009, Pfeiffer
& alii, 2011; Pfeiffer 2011).

Materials and Methods

The geological and geomorphological features were
characterized starting with the subdivision of landforms in



groups. The classification of slope systems (Araya Vergara,
1985, 1980) was applied in order to characterize the gene-
sis and the dynamics of the fluvial catchments. The litho-
logical information was extracted from Empardn & Pineda
(2006), who makes a distinction between volcanic and plu-
tonic systems. Moreover, erosional and depositional land-
forms that are present at footslopes, as alluvial fans or
glacis, were recognized. On the major slope systems, za/wegs
were identified, mapped and classified as semiarid torrential
streams (Araya-Vergara, 1985; Soto & a/sz, 2007, 2012).

The hydrology of the stream channels was assessed ac-
cording to the concept of the fluvial conzznuum (Schumm,
1977). The streams draining the coastal range have a length
of up to 35 km. Terraced landform levels T* and T° (sensu
Tricart) were identified using GIS analysis taking into ac-
count as a reference the present day drainage network.
Moreover, the drainage density and the longitudinal pro-
files of the main streams draining into Tongoy Bay were an-
alyzed, and important information on the system’s status
were obtained.

On the basis of previous works done by Paskoff (1970,
1999), Le Roux & aliz (2006); Saillard & aliz (2009), Pfeif-
fer & alii (2011), Pfeiffer (2011) the marine terraces were
identified; in particular, the denudational slope processes
acting on the marine terraces of Tongoy Paleo-Bay (Le
Roux & aliz, 2006) were studied.

The present day fluvial and slope processes were as-
sessed utilizing topographic indices as proposed by Miirk-
er & ali (2001, 2008, 2011). The Stream Power Index (SPI)
is a measure of the erosive power of concentrated water
flows or streams. In other words, it constitutes an index
of the available energy for detachment and transport of
soil particles, often in form of turbulent flows. The Topo-
graphic Wetness Index (TWI) expresses the potential runoff
due to soil saturation. Generally speaking, after long pre-
cipitation periods the soil is saturated and produces
runoff due to a saturation excess. Additionally, high TWI
values on slopes indicate an elevated landslide potential,
due to higher weight of the saturated substratum (Mont-
gomery & Dietrich 1998a/b, Tucker & Hancock 2010).
The Transport Capacity Index (TCI) is used as an indica-
tor of the laminar erosion processes in transport limited
conditions. Furthermore, storm flows and flooding areas

were assessed with a SCS (Soil Conservation Service)
Curve Number approach (CNII) (USDA 1986, Hawkins
& ali, 2009) implemented in the SAGA GIS (System for
Automated Geoscientific Analyses - see Conrad 2006;
Olaya & Conrad 2008). This approach yields in a spatially
distributed way the maximum runoff for a given precipi-
tation event and certain land use and soil infiltration char-
acteristics. For the GIS-based hydro-geomorphological
analysis we utilized an SRTM (Shuttle Radar Topographic
Mission, USGS) Digital Elevation Model (DEM) with 25
m resolution. The DEM was preprocessed with low pass
filtering to extract artefacts and errors like local noise and
artificial terraces (Vogel & Mirker 2010). Subsequently,
the DEM was hydrologically corrected eliminating sinks
using the algorithm proposed by Planchon and Darboux
(2001).
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By means of this approach the areas subject to both
areal/linear erosion processes and landsliding, were identi-
fied and the level of their intensity was assessed.

Moreover, information on the inherited landscape fea-
tures by normalizing the present day topography, given by
the DEM were derived, with an interpolated surface of the
longitudinal profiles of the mayor drainage systems. Here
the third order streams, according to Strahler (1952), to
interpolate the base level were utilized. The resulting map
represents the Vertical Distance to the River Network.
This index yields information about corresponding river
terraces and marine terrace levels as well as the distribu-
tion of beach ridges, glacis remnants, tor structures, and
the general effects of tectonic activity.

Study Area

The study area of Tongoy Bay stretches between the
Lengua de Vaca Point (Altos de Talinay) and the Bahia
Barnes, starting from the highlands of the Andean Cor-
dillera down to Pacific shoreline (fig. 1). The area consists
of small catchments of the coastal sector of the Cordillera,
formed by slope systems modeled in the Volcanic Com-
plex Agua Salada and in intrusive Jurassic formations, on
the Eastern side. The Western side is dominated by the
Altos de Talinay Plutonic Complex (Emparén & Pineda,
2006). The structural pattern of the valleys draining to-
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FIG. 1 - Tongoy Bay study area.
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