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Abstract

Semiarid environments are climatically, ecologically, hydrologically and socio-economically complex
systems, particularly when they are subject to climate change and anthropic interventions. The
northern coast of Chile shows a very strong influence of the ENSO (El Nifio South Oscillation)
dynamics and EI 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 growth of 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 from different morpho-climatic
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 into Coquimbo 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 regime. Consequently,
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 despite semi-arid environmental conditions.

We hypothesize that the morphodynamic stability of the coastal 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 populated 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 of Chile 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 the study 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 their lithology and 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 during 2012-2014.



The geomorphological information was complemented by derivatives from a detailed GIS-based
terrain analysis. The resulting topographic indices are used as proxies to determine the susceptibility to
geohazards. We assessed the present day fluvial and 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 as LS-Factor of USLE identifies areas prone
to areal soil erosion processes due to rill, inter-rill sheet 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 vi) Altitude 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, high-energy geodynamic events that
induce natural hazards. However, the 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 city of La Serena. 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 than 6-7 m.a.s.l. as well as on the low river
terraces, which have been declared urban or peri-urban 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, especially during ENSO El 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 zone is reflected 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 terrain analysis, combined 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, 06kologisch, hydrologisch und sozio6konomisch gesehen
komplexe Systeme, insbesondere wenn sie dem Klimawandel und anthropogenen Eingriffen
unterliegen. Die Nordkiiste von Chile zeigt einen sehr starken Einfluss der ENSO (EI Nifio Southern
Oscillation) Dynamik und El Nifio Ereignisse 16sen regelméfRig Erdrutsche, Muren, Sturzfluten und
Hochwasser aus. Diese natlrlichen Prozesse werden als Gefahren betrachtet, die negativ auf
menschliche Siedlungen und Infrastrukturen einwirken kdnnen. Im Untersuchungsgebiet hat die
Anfélligkeit flr Naturgefahren und den damit verbundenen Risiken durch das Wachstum von urbanen

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

Die Geomorphologie des Untersuchungsraumes ist charakterisiert durch Besonderheiten und
Landschaftsformen, die in verschiedenen morphologisch-klimatischen Doménen gebildet wurden.
Daher muss eine Bewertung der heutigen Landschaft die geerbten Formen und Eigenschaften sowie

die heutigen Formungsprozesse berlicksichtigen.

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

Sanddunenfeldern trotz semiariden Klimaregimes manifestiert.

Wir postulieren, dass die morphodynamische Stabilitdt des Kustenbereichs und der dazugehdrigen
Einzugsgebiete an das Auftreten von extremen Niederschlagsereignissen gekniipft ist. In der Folge
werden die Flusseinzugsgebiete episodisch reaktiviert zu erzeugen eine extreme morphologische
Dynamik, welche die besiedelten Gebiete geféhrdet. Diese Prozesse dominieren die aktuellen

Sedimenttransfermechanismen aus den Flusseinzugsgebieten hin zum Strand und Kustensaum.

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

Dynamik der daran gekoppelten Prozesse flhrt zu einem bestimmten Gefédhrdungspotential.

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 daran gekoppelten Formenschatz abbildet. Insbesondere wird die

Landschaft durch die Beziehung zwischen Hangsystemen und Abfluf3netz tber die Lithologie und die
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mdglichen Massenflisseins Abflulnetz n&her charakterisiert. Die geologischen Informationen wurden
aus geologischen Karten extrahiert. Fluviale Terrassen, Schwemmkegel und Glacis wurden durch
Stereophotointerpretation und Uber Feldstudien, die in den Jahren 2012-2014 durchgefiihrt wurden
erfasst.

Die geomorphologischen Informationen wurden durch eine detaillierte GIS-basierte Gelédndeanalyse
erganzt. Die erhaltenen topographischen Indizes werden als Proxies verwendet, um die Anfélligkeit
flr Georisiken zu bestimmen. Wir beurteilten die heutigen fluvialen und Hangprozesse unter
Verwendung der folgenden topographischen Indizes: i) der Stream Power Index (SPI) ist ein MaR fiir
die Erosionskraft konzentrierter Wasserstrome; ii) der Transport Capacity-Index (TCI) auch als LS-
Faktor von der USLE bekannt, identifiziert Bereiche, die anféllig fur flachige Bodenerosionsprozesse
sind (Inter-Rill und Schichtfluten) ; iii) der Topographische Wetness-Index (TWI) entspricht dem
potenziellen Abfluss durch Bodenséttigung (suration excess overland flow); iv) Das modifizierte
Einzugsgebiet (MCA), v) der Vertikalabstand zum Fluss-Netzwerk und vi) die Hoéhe Uber dem
Abflussnetzwerk (AACN) liefert Informationen Uber die rdumliche Konfiguration der
Uberschwemmungsgebiete. Aus Griinden der Einfachheit wurde die Modellierung auf Basis der
Annahme durchgefilhrt, dass die Landschaft, eine homogene, undifferenzierte geologischen
Schichtung hat.

Die vorliegende Untersuchung zeigt, dass der Untersuchungsraum episodischen Extremniederschlégen
unterliegt. Letztere filhren zu hochenergetischen, geodynamischen Prozessen die entsprechende
Naturgefahren hervorrufen. Allerdings ist die Vulnerabilitdt dieser Naturgefahren sehr niedrig
aufgrund der geringen Besiedlungsdichte des Kdstenbereiches. Die fluviale Dynamik der
Flusseinzugsgebiete filhrt zu Uberschwemmungen des Elqui-Flusses, sowie in den kleineren tributaren
Einzugsgebieten. Inshesondere die Stadt La Serena und vor allem die tieferen Flussterrassen und
holozdnen Marinen Terrassen die nicht tber 6-7 m (NN liegen sind von den Starkregenereignissen
und den daraus resultierenden Uberflutungen betroffen. Hierbei handelt es sich vorwiegend um
Neusiedlungsgebiete, welche seit 1997 nicht Gberflutet wurden und daher zu neuen Siedlungsgebieten

deklariert wurden.

Die Kkleineren Becken des Kiistengebirges, die Sturzfluten und Flusshochwasser vor allem wahrend
ENSO El Nifio Ereignissen mit extremen Niederschldgen generieren, unterliegen somit einem
spezifischen Risiko insbesondere fur die Bevdlkerung, die Industrie und die landwirtschaftlichen
Bereiche.

Zwischen den Einzugsgebieten und der Kiistenzone kann ein Sedimenttransfer konstatiert werden, der

entlang der Kiste durch einen spezifischen Formenschatz gekennzeichnet ist. Vordinen und
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Sandfelder sind Merkmale einer evolutionaren Entwicklung mit einer progressiven

Sedimentverlagerung entlang der Kiste.

Die Ergebnisse zeigen, dass durch eine detaillierte Gelandeanalyse kombiniert mit klassischen
geomorphologischen Abbildungsverfahren, Naturgefahren erfasst, analysiert und beurteilt werden
kénnen. Dies fiihrt zu einem besseren Verstandnis der Gefahrdung und Vulnerabilitat besiedelter

Bereiche und Infrastrukturen.
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Resumen

Los ambientes semidridos son sistemas complejos desde el punto de vista climatico, ecoldgico,
hidroldgico y socio-econémico; esta situacion se ve agudizada bajo escenarios de cambio climético e
intervenciones antropicas. La costa norte de Chile muestra una fuerte influencia del fenémeno de El
Nifio (ENSO) a cuya dinamica se asocian procesos geomorfologicos como deslizamientos, flujos,
avenidas e inundaciones fluviales. Estos procesos naturales son considerados 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 expansion de las tierras agricolas con fines de exportacion ha

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

El paisaje presenta caracteristicas que evidencian su condicién de relieve heredadas de diferentes
dominios morfo-climaticos. Los procesos geomorfoldgicos en las cuencas que desembocan en la
Bahia de Coquimbo durante eventos extremos de El Nifio se activan a través de la dindmica
geomorfologica e hidrolégica, sobre todo a través de las laderas y red de drenaje de régimen
esporadico. En consecuencia, se evidencian los procesos de transporte de sedimentos a través de las
cuencas hacia la costa manteniendo asi la condicion de equilibrio sedimentario en las playas arenosas

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

Se postula, que la estabilidad morfodindmica de la Cordillera de la Costa y sus cuencas asociadas con
un alto potencial geodinamico, esta vinculado a la ocurrencia de eventos pluviométricos extremos. En
consecuencia, las cuencas se reactivan episddicamente generando dindmicas morfoldgicas extremas
que afectan a las 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 comprensién de la dinamica geomorfoldgica de la zona costera semiarida
de Chile que estd muy afectada por los fendmenos meteorolégicos 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 objetivos de este estudio se basa en el analisis
geomorfoldgico de la zona de estudio. Esto incluye la generacién de la cartografia geomorfologica de
acuerdo con los principales procesos que influyen en la dindmica actual del sistema. El paisaje se
caracteriza por la relacion entre los sistemas de laderas determinados por su litologia y por la
contribucion de masa a la red de drenaje. Las terrazas fluviales, conos aluviales y glacis se

identificaron a través de fotointerpretacion y validacion con trabajo de terreno en 2012-2014.
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La informacién geomorfoldgica 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 procesos dindmicos. Se utilizaron los siguientes indices topogréficos: i)
Stream Power Index (SPI) que es una medida de la potencia erosiva de los flujos concentrados ii)
Transport Capacity Index (TCI), también conocido como LS-Factor de USLE que identifica las zonas
propensas a procesos de erosion del suelo iii) Topographic Wetness Index (TWI) 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 del flujo en relacion a la red de canales (AACN) que
entrega informacion sobre la configuracién espacial de las zonas de inundacion. Este Gltimo también
se conoce como mapa isobase. En funcion a la modelizacién a ser realizada se asume que el paisaje

tiene un sustrato geolégico homogeéneo.

El estudio muestra que la region de estudio esta sujeta a eventos geodinamicos episodicos, de alta
energia que inducen a las amenazas naturales. Sin embargo, la vulnerabilidad es bastante baja debido
a una escasa densidad de los 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 capital de la Regién de Coquimbo, se ve
afectada particularmente en las areas de expansion urbana que se encuentran en la terraza marina del
Holoceno, a no mas de 6-7 m.s.n.m. asi como en las terrazas fluviales bajas, que han sido incorporadas

como areas urbanas o periurbanas.

Las sub cuencas de la Cordillera de la Costa durante eventos ENSO EI Nifio, pueden desarrollar un
rapido drenaje a través del escurrimiento superficial en una red hidrografica en estado de latencia
durante las estaciones de sequias. Durante estos 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 condicién de exposicion de
la poblacion y las actividades econdmicas, sean la agricultura y la agroindustria, sobre todo en los
valles y expansién urbana en la zona costera. Por otro lado, la relacion entre las cuencas y la zona
costera se ve reflejada a través del transporte de sedimentos 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 acrecidn progresiva.

Los resultados obtenidos muestran que a través de un andlisis del terreno en herramientas SIG
complementado con métodos de cartografia geomorfoldgica se puede avanzar en la evaluacion de las
anemazas de origen natural y poder contribuir a una mejor comprension de las condiciones de

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

The semi-arid coastal region of Chile has not been studied in depth from a geomorphological
perspective and especially in relation to the dynamics 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 relationship with the coastal range
sustaining them. The 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 the future. Hence,
future climatic changes of the semiarid 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 coastal areas
associated with mass transfer, drought / heavy rainfall events, dynamic processes and natural hazards
(Montecinos & Aceituno 2003, Montecinos et al. 2016, Sarricolea & Martin-Vide 2014, Roberston et
al. 2014). This is very important because the river valleys 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 directly related 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 the mega 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 study area. It has been
postulated that the Coquimbo Bay functions as a system interconnecting 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
Araya-Vergara (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 change and present 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 flash floods and
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river floods with extreme precipitation events, especially during ENSO El 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 geography, such as urban 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 population of cities as well as productive and communication infrastructure and
facilities. Urban development in the coastal zone is a socio-economic process that is inserted into this

context in a very complex and hazardous landscape.

1.1. Dynamic relationships 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), Araya-Vergara (1970), Soto (1987,
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 such as soil erosion, 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 is located 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 regime with 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 small scale landforms, such as talwegs and micro-catchments 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 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.
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Fig. 1 Study Area

Regarding the coastal geomorphology, the most distinctive group of features in the sandy beaches
shows the following sequence: some beach ridges and sand dunes. Traditional coastal barriers were
studied as characteristic features of coasts with a major territorial 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 (Araya-Vergara 1986, Vargas 1991).

The beach ridges are an essential coastal feature and have been considered according to Otvos’

definition (2000) stating that 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 associated with the last
postglacial marine transgression and marine processes related to sediment supply conditions and
progradation processes during the last 7 to 6 ky, according to Dillenburg & 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.

Concerning the Holocene coastal barriers in the Chilean semiarid region, Paskoff (1970) described the
succession of beach ridges in the Bay 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 latest (non-calibrated *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 0.13-0.14m/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 MIS 11; other 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). On the arid coast of Chile, in the Atacama
desert (Caldera, 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 £162 and +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 important part of landscapes in coastal semiarid and arid regions.
In the north of the study area a huge coastal sand dune field is located (Los Choros, see Figure 1) from
the Holocene-Pleistocene age (Creixel et al. 2012). It has native and allochton plants which grow
because of the humid atmospheric conditions related to coastal deserts, (a phenomenon well known as
Camanchaca, coastal fog) that is an important geomorphologic agent (Soto et al. 2012). Despite the
fact that the biggest part of the sand dune field does 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
sedimentary supply to the shoreline (Soto et al. 2015, Benavente 2015).

A further insight into the dynamic process that takes place in the Coguimbo mega bay can be provided
by a proper assessment of the headland bay beach systems. These systems are the response to the
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 & Lakhan (1997), 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 Araya-Vergara (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 headland in the systematic distribution of wave
energy from the proximal (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 waves (198 & Short 1984, Short 1999, Aagaard & Masselink 1999,
Brander & Short 2000, Elgar et al. 2001, Aagaard et al. 2004) as well 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 predominance of dissipative beaches (Araya-Vergara 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 Owen et al. (2010). Semiarid environments are
climatically, ecologically, hydrologically and socio-economically complex systems, particularly when
they are subject to climate change and anthropic interventions that are typical of the Anthropogenic
period (Wilcox 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 resources and transform the

environmental systems (Huang et al. 2010).

Semi-arid environments are active landscapes associated with climatic conditions, especially rainfall
regimes characterized by the presence and frequency of extreme events. The central northern coast of
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, Soto et al. 2007, 2012,
2014, 2015, Vargas et al. 2000, Sepulveda et al. 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
(Sepulveda et 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 increases susceptibility to conditions

natural hazard effects and hence increases risks.

Although natural risks are considered an unresolved socio-environmental problem (Cardona 2009),
potential threats related to social and environmental changes caused by global climate 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). Over the last two decades, approximately 76% of global catastrophic
events have been of hydro-meteorological origin (EIRD 2008). In the period between 1900 and 2013,
flooding was the most frequent natural disaster affecting more people than any other natural origin
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 vulnerability (Soto
& Moreno 2012, Holsten & Kropp 2012, Sahir & Mohamed 2014).

In a similar way to social structures landscape processes undergo continuous spatial-temporal changes;
therefore they are dynamic and interactive phenomena that should be studied in more depth. These
processes are associated with natural hazards, an 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, Kappes et al. (2012)
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 environment 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 semiarid coast are the El Nifio-Southern 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 natural origin (Castro et al. 2009, Soto et al. 2012) and create risk scenarios.

The ENSO phenomenon is a variable pattern of low frequency (teleconnection) atmosphere-Ocean,
which periodically oscillates every 3 to 7 years possibly longer has a global impact with its highest
intensity between the Pacific and Indian Ocean. It has two phases, La Nifia and El Nifio. La Nifia, cold

phase, intensifies normal atmospheric pressure and reduces the surface temperature of the sea (by at

19



least 0.5°C lower than normal) due to 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 wvulnerability of settlements and populations exposed to natural processes and damage, the
economic facilities and public infrastructure are all risk conditions. Authors such as Lavell & 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 all part of the 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 general hazard conditions occur in the city. These
hazards are associated with hydro-meteorological 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 there is hardly any awareness of the risk associated with endogenous threats
(earthquakes and tsunamis) and exogenous threats (floods and mudslides) among the city’s
inhabitants. There is also a lack of awareness among the tourists that visit the coastal areas (Wyndham
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 poor drainage characteristics of the soil.
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2. Aims and Objetives

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 the region and 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. 2012). 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 specifically

assessed:

1) The study area is characterized by inherited landscapes, affected by the dynamics and evolution of
the coastal ranges and strong tectonic and volcanic influences. During the Quaternary the landscape
was modeled by glacio-eustatic processes, shaping the present landscape to a semi-arid coastal
domain. In this context, we suggest that there are paleo-landscape features that influence the present
day geomorphological process dynamics related to extreme rainfall events. Seismic activity associated
with the Coquimbo gap and related coastal dynamics are morpho-dynamic triggers and are still active

today.

2) There is a relationship between the dynamics of river catchments and longshore sedimentary
transport processes. We argue, that the geomorphic 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 activate 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 semi-arid environmental conditions.

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 population and 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 El Nino event, which is a cyclic phenomenon, the
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landscape changing conditions will be even more dynamic 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 semi-arid environment and dynamic conditions strongly associated
with sporadic extreme events with a known recurrence time (Pacific Ocean El Nifio rainfall events).
During La Nifa periods (extreme dry years) the morphological system seems to be in a latent state
without morphodynamics 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 as follows:

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 processes are and in 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 above-mentioned general objectives of the study, the following specific

objectives are proposed:

Identify and assess the current coastal range geomorphological processes.

Determine geomorphological and paleo geographical evidence 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 periods of drought 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 characterizing the study 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 and risk to the local population.

2.3. Structure of the thesis

This thesis consists of six peer-reviewed papers addressing the different objectives mentioned above.
After the introduction highlighting a) the dynamic relationships between river catchments and the
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.

The main 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 Chapter 5.

2.4. Study area

The study area is characterized by Andean and Pacific physiographic settings (29°-30°S/71°W) (Fig.
1). It is part of the Andean fore-arc and the flat-slab subduction zone (Charrier et al. 2007) where the
Cordillera de los Andes or Cordillera Principal and the Coastal Range developed. The coastal range in
this area is formed by metamorphic and volcanic-sedimentary rocks from the Upper Palaeozoic period
and above this is andesitic and granitic rock from the Cretacic period (Empardn & Pineda 2006,
Aguilar et al. 2013) can be found. The shoreline is deep and rocky with large marine terraces and a

headland bay beach system controlled by structure and tectonics.
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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 (1980-2013) the foggy coastal areas present 87% humidity in the morning
(08.00 a.m.) due to the cold Humboldt Current, moderate temperatures (median of 13.7°) and very low
thermic amplitudes. The average annual rainfall is approximately 79.1-104.4 mm; however, the
amount of rainfall increases substantially during EI Nifio events (116.8 mm in 72 hrs. in 1983; 109.6

mm in 1987 and 130.2 mm in 1992) and is concentrated over a few days.

The present semiarid climatic conditions with coastal influence imply that the landscape system is
currently geomorphologically active. Extreme rainfall, especially during El Nino events, activates the
basins triggering violent debris flows and especially river floods. Global changes and associated
climate changes result in rising temperatures and decreased precipitation in the Andes. However, this
comes with increasing concentration and event intensity (CONAMA 2006; Garreuad et al. 2008).
There are favorable scenarios leading to activation of the geomorphological systems, such as

landslides and especially river flooding, in the area of the coastal range.

The last EI Nino event occurred in 1997 and was the strongest ever recorded. El Nino affected the
region in 1983 and 1997 (Romero & Mendoca 2011, Romero et al. 2011, Sarricolea & Matin-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. The impact mainly affected the national road connections because the

active catchments and slopes triggered floods that intersected the Pan-American Highway.

The semiarid coastal area of Chile has only a few settlements; in the study area there are 3 districts, La
Higuera, La Serena and Coquimbo and all of them belong to the Coguimbo Region. The biggest city is
the La Serena-Coquimbo conurbation, followed by Tongoy village (spa village) and a few other little

settlements associated with fishing and tourism (Fig. 1).

The economy in this zone is mainly based on extensive 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 characterized 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 studied 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 occurring with accelerated urban expansion (Ortiz et al.
2002, Castro & Ortiz 2003, Ortiz & Escolano 2005, Ortiz et al. 2011, Wyndham 2012).

The changes in land use in the study area have been very intense over the past 30 years. Agriculture
has expanded continuously within the territory. Cash crops like grapes are very important. Nowadays
there is a great demand for Chilean grapes that are cultivated not just on the soils of the valleys, but
also in less suitable locations like on the slopes, alluvial fans and pediments. The land is prepared for
large extensions of grapevines using the latest technologies. This intensive farming has contributed to
the urban development of La Serena City localized along the shoreline of the Elqui River catchment.
Increased and accelerated urban expansion has led to the urbanization of high marine terraces. There
has also been an intensification in housing construction observed on the Holocene River and marine
terraces that were mainly covered by swamps in the past. This infrastructure could be affected by

tsunamis and fluvial 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 as well as heavy 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
management 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 conditions 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 produce risks for the 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), it is important 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 dams) that may modify the sedimentary contributions towards shorelines
generating dynamic geomorphological changes in the coastal zones. The offshore presence of a

seismic-gap is another factor involved in these synergetic processes.
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2.4.1. Paleo-environment 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 watersheds and coastal slopes of the range feature (Fig. 3).
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Fig. 2 Geologic and structural map. (1) Catchment boundary (2) Fault systems (3) River network (4) Reservoirs
(6) Miocene gravels and sediments Miocene (7) Oligocene Miocene volcanism (8) Paleocene-Miocene intrusive
(9) Paleocene-Eocene volcanism (10) Mesozoic sedimentary-volcanic (11) Mesozoic intrusive (12) Paleozoic
intrusive (13) Paleozoic. Source: Aguilar et al. ( 2013).
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The semiarid coastal landscape is controlled by complex geomorphic processes. These systems show
particular features and landforms inherited from different morpho-climatic domains. Hence, an
assessment of the present day landscape must take into account both the inherited landforms and
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.

260.000 340.000 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 plains; 2: Coastal range; 3: Domeiko
Depression; 4: Western Andean Mountains; 5: Eastern Andean Mountains.

In the southern area, Tongoy Bay has been described as a Cenozoic catchment (Heinze 2003) or as the
Paleo-Bay 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 different climates 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 Emparan & 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 plains/sand field dunes are a geomorphological expression related to these climatic
conditions. Araya-Vergara (2000) attributed both deep rock weathering and tor-like forms to climatic
and uplift events that occurred during Miocene along the coastal range of Central Chile. 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 presence of tor-like landforms.

The glacis landforms are also evidence of paleo climatic conditions. The glacis are composed of
breccias and conglomerates of the Miocene-Pleistocene age (Emparan & Pineda, 2006). Some
pedogenetic features like abundant iron oxides and deeply weathered profiles on these glacis or glacis-
terraces suggest that these landforms are inherited from humid tropical climate conditions and the
presence of torrential streams on the slopes, fans and glacis are the geomorphological evidence of

water action under the 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 region. These 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 sea level (Le Roux
et al. 2004, 2005, 2006, Paskoff 1970, 1999, Ortlieb & Machare 1990, Quezada et al. 2007, Saillard
2008, Saillard et al. 2009, 2010, 2011, 2012). The biggest terraces in the study area are in Tongoy and
Coquimbo Bay, identified and dated by Saillard (2008), Saillard et al. (2012) and Paskoff (1970)
respectively (Appendix I).
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Fig. 4 Marine terraces formed sequences: A: Early stage. B: The marine terraces started to form during a high
sea level t1 (interglacial stage): the cliff was cut by erosion waves and led to the coastal cliff formation (live
cliff) erosion of the platform. The presence of rocky reefs is associated with harder rocks, less erodible rocks. C:
The marine terrace Tl was formed and the platform is flattened (time t1). The terrace has a light inclination
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toward the sea. D: The marine terrace T1 was uplifted and stayed in place until the next interglacial stage
(falling sea level) and/or fast continental uplift-The marine terrace TIl was formed the same way, during the
next interglacial stage (time t2). E: The marine terrace TIl was elevated and stayed in place even though the
following glacial stage t2 had fast continental uplift. During the TII formation, the coastal cliff was retreat and
the T1 was partially eroded. In time t1 and t2 2 marine terraces were formed. Source: Saillard (2008).
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Fig. 5 Block diagrams representing the forearc evolution in the Tongoy Bay-Altos de Talinay area for the two
main time periods associated with activity of the Puerto Aldea fault. A-Paleogeography of Tongoy Bay in the
Middle Pleistocene. No marine terrace is preserved in the paleo bay while the T1 wave-cut platform is preserved
on the uplifting block of Altos de Talinay. Note that the Puerto Aldea fault is active and accommodates the
differential uplift. B-Geography of Tongoy Bay in the recent times, i.e., since the cessation of Puerto Aldea
fault activity (between 320 and 230 ka). Both Tongoy bay and Altos de Talinay blocks are uplifting while the
Puerto Aldea fault remains inactive for the last w320e230 ky. T1 to T3 marine terraces are preserved in Tongoy
Bay as 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. Recent studies 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 uplift in the coastal zone. The subsidence was dated between 12-10 Ma and 7-
2 Ma, the uplift occurred in short periods between 10-7 Ma and before 2 Ma, these uplifts are
associated with subduction and migration of the Juan Fernandez Ridge under the South American
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 inserted in the seismic gap of
Coquimbo (Vigny et al. 2009) or Illapel (Pardo et al. 2002). The 1943 lllapel earthquake with a
magnitude of 7.9 mz triggered a tsunami wave of 4 to 5 m in high (Beck et al. 1998). Previous
earthquakes were recorded in 1647, 1730 and 1880. The recurrence 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 (Vigny et al. 2009) have shown
that tension 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 and reconstruction of the landscape genesis is
quite complex. One has to take into account endogenic (Sepulveda et al. 2010, 2012) and exogenic
process dynamics on different spatio-temporal scales. The features of the actual landscape are not only
due to inherited processes and landforms but also due to exogenous stress, such as extreme rainfalls
events (Vargas et al. 2000, Sepulveda et al. 2006).

2.4.2. Clime and climate changes scenarios in the study areas

The region is located in a climatic transition zone between desertic, Mediterranean, semiarid and the
humid and cloudy coastal areas (Diaz 2005). Following the meteorological time series (1980-2013) the
foggy coastal areas present 87% of humidity in the morning (08:00 a.m.) due to the cold Humboldt

Current.

Moreover, they are characterized by moderate temperatures (median of 13.7°) and very low thermic
amplitude. The average annual rainfall is approximately 75 mm (Diaz 2005), but it can rapidly
increase to 199 mm, with 104 mm during June, and 34 mm in 24 hours, as recorded for the El Nifio
event in 1997. Thus, the amount of rainfall substantially increases during El Nifio events (116.8 mm in
72 hrs. in 1983; 109.6 mm in 1987 and 130.2 mm in 1992) and is concentrated over just a few days.

The region is characterized 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 al. (2000), Sepulveda et al. (2006) in northern and central Chile. Hence, 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) and Pacific 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 El Nifio/ Southern Oscillation (ENSO) triggers various hydro-

geomorphological hazards and thus has an effect on landscape evolution (Fig. 6).
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Fig. 6 Los Choros stream and flashflood, on 31st of March of 2015.
Source:https://www.facebook.com/1497578313816553/photos/ Municipalidad de La Higuera.
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3. - Research Summaries

3.1. Assessment of geomorphic processes affecting the paleo-landscape of Tongoy Bay,
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 morpho-climatic
domains. Hence, an assessment of the present day landscape must take into account the inherited
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 evolution are tectonic activity, climate change, sea level changes

and anthropogenic activities such as modifications in land use.

The catchment of the Tongoy Bay area (30°S/70°30°W) is located in the Andean highlands (piso
cordillerano) and is characterized by amphitheatre-like features. The middle and lower catchments
consist of deeply incised terrace systems. The area of Tongoy Bay has already been described as the
«Paleo-Bay 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 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. Correlations among the landforms dated by Emparan & Pineda (2006)

indicate a Mio-Pleistocene age.

Field observations show that the inherited 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 et al. (2007)
correlated the erosional surfaces and the deep weathering of the coastal range of Santiago (33°S) to the
same period. Strudley et al. (2006) confirmed the close relationship between the deep rock weathering

and the presence of tor-like landforms.

The interpretation and reconstruction of the landscape genesis is quite complex, since endogenic
(Sepulveda et al. 2010, 2012) and exogenic process dynamics on different spatio-temporal 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 rainfall events (Vargas et
al. 2000, Sepulveda et al. 2006).
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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 al. 2009, 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 systems, talwegs were
identified, mapped and classified as semiarid torrential streams (Araya-Vergara 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). 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 particlesthat are often in the form of turbulent flows. The
Topographic Wetness Index (TWI) 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 elevated landslide potential, due to the
greater weight of the saturated substratum (Montgomery & Dietrich 1994escilaa/b, Tucker & Hancock
2010). The Transport Capacity Index (TCI) is used as an indicator 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 et al. 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 precipitation event and certain land use and soil infiltration characteristics. For the GIS-based
hydro-geomorphological analysis SRTM (Shuttle Radar 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, the 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 were assessed. 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 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 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 landscape composed 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 and directs surface runoff concentration and thus provokes a pronunciation of the
already pre-established drainage pattern by active fluvial and slope geomorphological processes of the
study area, which in turn are mainly induced by extreme precipitations related to episodic events such
as El Nifio, La Nifia and OPD (Oscillation Pacific Decadal).

The field observations and the quantitative modeling approach using DEM information emphasize the
process intensities leading to landscape dissection and the favorable conditions for concentrated flows,
erosion processes, flash floods, hyper-concentrated 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 magnitudes. Consequently, the study area is subject to episodic, high-energy
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 resort town of
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 represent the
recent processes in these semiarid coastal catchments. The different streams dissecting marine terraces. The main
national highway, Route 5, crosses 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 Chilean Interplate 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 NW-SE faults, indicating a cortical rupture (Farias et al. 2011). As a result of the
earthquake, Farias et al. (2010) recorded a local uplift of 20cm. In contrast, Quezada et al. (2010)
indicated a coseismic vertical movement of -35 cm. Finally; subsidence of approximately 0.5m was
recorded (verbally communicated 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 study area (Lagos 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 aequilaterus were recorded, this plant only grows in areas not hit by waves. Also, the
absence of Carpobrotrus aequilaterus, and of foredunes with Ambrossia chamisonis (pionner plants)
illustrates the loss of the foredune ridges and embryonic dunes 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 documented by Soto (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 because there are no embryonic dunes.

This type of sandy beach retreat is also observed in the Cahuil lagoon and estuary. This condition 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: Morphostructural tectonic context and analysis according to the classic works of Briiggen
(1950), Ceccioni (1970) and Araya-Vergara (1983). A geomorphological map complete with air photo
interpretations (from 1962-2005) and fieldwork was conducted. The information was updated 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 profiles in terrain were compared with those carried out in
previous years (Soto 2005). Taxonomy beach profiles Araya-Vergara (1986) were applied. The
existing dune forms were identified and patterns of spatiotemporal changes of dynamic processes and
essential forms of the beach-dune systems by multi-temporal 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 10.1 software (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 Araya-Vergara (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 images (1962-1963, 1978, 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, January and July 2012 and January 2013.

Results and Conclusions: The co-seismic effects associated with the 2010 earthquake are well-
recognized facts in central Chile. Observations made in March 2011 and January 2012 and 2013,
showed that the sandy beaches suffered strong 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 March 11" 2011 earthquake in the Miyagui coastal system, in
East Japan. They highlight the sharp retreat and segmentation of the beaches, dune systems, barriers
and inlets and also changes in hydraulic profiles in the analyzed lagoons. The author 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 sedimentary transfer 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 from 2004-2007 and 2010-2013) 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 been re-built in nearly 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 dunes constitutes 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 barriers in Brazil 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 (Araya-Vergara 1986, Vargas 1991).
The subject from the 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 according to Otvos’ definition (2000), that is to say, there are relict, semi parallel, and
multiple ridges forming a strandplain. Tamura (2012) indicated the relevance of beach ridges as a
paleo environmental record of great significance for the analysis of Tongoy Bay. 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 to 6 ky, 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 Desert (Caldera, 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 +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 slightly 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 the Holocene 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 (1993) mapped 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 are non-calibrated **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 as 0.13-0.14m/y by Ota & Paskoff (1993).

The presence of abandoned and modern lagoons in the barrier of Tongoy, associated with river outlets
of local estuaries, is a morphogenetic aspect worth considering when studying environmental
conditions during the development of the barrier. The barrier of Tongoy should be analyzed from the
point of view of its conformation as a coastal system in a tectonic uplift environment 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 wave-dominated 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 and 2010 supplemented 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 geomorphological chart. 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
continuum by Araya-Vergara (1986, in Arriagada 2009) and Verstapen (1972).
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Results and Conclusions: 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
barrier, with a modern progradational evolutionary 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 record is ratified
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 and riverbanks 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.

Foredunes 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 Holocene 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 inland Chiloé. 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 2000; Soto et
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) and Goldsmith (1989)
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 categories - wave interaction in large bays have been carried out by
Araya-Vergara (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 relationship with the kinds
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), Arriagada (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 area is the third 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
Pacific Decade Oscillation (Sarricolea & Martin-Vide 2012).

The predominant dune forms in the studied dune fields are inherited and have been dated from the
Pleistocene-Holocene 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
geomorphologically 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 interpretation (1994) and image analysis by Google Earth (2002, 2003, 2007, 2011 and 2013)
took place-generating maps which were supplemented with fieldwork from 2012-2015. Embryonic or
emerging dunes were considered key features to understand the sand supply conditions to 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, blowout and 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 are from the Pleistocene-Holocene 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 morphological evidence 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 1: 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 made any permanent or semi-permanent 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 the mega 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 Chile. La

Serena, Coquimbo.

Motivation: During the last 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 more and more. La 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 terms of torrential 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 be taken into
account (Sarricolea & Martin-Vide 2012, Romero & Mendoca 2011, Romero et 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 with endogenous and exogenous triggering factors, lead to

specific process dynamics and related natural hazards and risks.

Today’s geodynamic processes are considered those related to concentrated rainfall events generating
stress conditions and loss of equilibrium of the semi-arid 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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material 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 associated with 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
make them 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 also been identified 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 heavy rainfall that occurs 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 favour conditions 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 processes are an 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 hazards was used according to information by Paskoff (1970),
Emparan & Pineda (2006). The analysis consists of fieldwork, GIS applications and modelling
(GDEM raster resolution 25m). The hazard mapping was done on the basis of geomorphological,
hydrologic, soil information 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 corresponds 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 was obtained from Sarricolea
(2004).
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Overlapping geomorphology, soil characteristics and information derived from the modelled
topographic indices through GIS application tools (Marker et al. 2001, 2008, 2011) allowed us to
identify the spatial distribution and 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 occurs 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, rainfall can reach 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 geomorphology data 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 terrace were identified. 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 combination of geomorphologic, 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 lower terraces 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 the streams 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. Assessment of 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 Bay (29°S/70°W) is the second oldest city
in Chile. It was founded in 1544 on a high marine terrace near 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

central 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
(earthquake and 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 belt and in the 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 Gutenberg-Richter law was calculated as part of this project for the 28°-31°S 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. The results show 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 and historic 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 seismic gap could trigger hazards and risks due to the
occurrence of earthquakes and tsunamis over a return period of 2-5 decades of > M 6°-7° and 100
years > M 8° generating great damage, loss of coastal cities and settlements. Presently, the cities of La
Serena and Coquimbo, as well as coastal villages in the mega bay, are growing rapidly. Moreover,
during an El Niflo winter event a > M 7.5° earthquake could trigger landslides on the slopes near La

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 Araya-Vergara
(1985) and adapted to semiarid environments (Soto et al. 2011, 2012). The landscape 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 terraces, 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 present-day fluvial and slope processes using topographic indices (Marker et al. 2008, 2011,
Zakerinejad & Marker 2014) were assessed. Stream Power Index (SPI) is a measure of the erosive
power of concentrated water flows or streams; it is an index of the available energy for deep linear
incisions that are normally related to turbulent flows. The Transport capacity Index (TCI) also known
as LS-Factor of USLE (Renard et al. 1996) identifies areas prone to areal soil erosion processes due to
rill inter-rill sheet flows. The Topographic Wetness Index (TWI) expresses the potential runoff related
to soil saturation. The Modified Catchment Area (MCA), the Vertical distance to River Network and
Altitude Above Stream Channel Network (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 accumulation (Boehner, et al., 2001).

We used a simple Soil Conservation Service (SCS) Runoff Curve Number 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 approach yields the spatial distribution of the maximum runoff for a
given precipitation event and provides certain land use and soil infiltration characteristics. For the
GIS-based hydro-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 the assumption that the landscape has a homogeneous and

undifferentiated geologic substrate. The indices were derived directly from the topography.

Results and Conclusions: The morphodynamic settings of the study area in coastal semiarid Chile are
the result of both glacio-eustatic and climatic processes during the Pleistocene period under tropical
environments. Glacis and alluvial 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 decrease in the total 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 assess flooding 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 hyper-concentrated flows and eventual debris flows. This is the worst-case
scenario, an earthquake and EI Nifio event working together. This may have been the case in 2015-
2016 after the September 2015 earthquake as extensive rock falling was observed 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 them 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 (March 25" 2015) there was an exceptional
fluviometric event (not ENSO) that triggered 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 Mistral-CEAZAMet station, at
20.4 m.a.s.l). The Elqui River riverbed was flooded but did not reach the Pleistocene edge terrace as
the rainfall stopped (the escarpment of the Pleistocene terrace is 2-3m in the 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 observed by 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 more than 6-7 m.a.s.l. as
well as on the low river terraces that have been declared urban or peri-urban areas. These sectors have
not flooded since 1997 when they were not urban areas. In 2016, even with the moderate ENSO there
have been no river floods, despite the Elqui 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 types of atmospheric 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 a multi-risk scenario.
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4. - Discussion and conclusions

4.1. Dynamic relations of the western slopes of the coastal range of semiarid Chile

4.1.1. Present day dynamics 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 with the quantitative 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 22 m3/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 m%s were modelled. Concentrating runoff also provokes 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 hyper-concentrated when landslides occur along 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 streams on 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 scarp-areas of the terraces are very effective and favoured by high slope gradients, erodible
substrates and scarce vegetation density. These dynamics are typical of the coastal desert environment
as previously described by Vargas et al. (2000), Sepulveda et al. (2006) and Soto et al. (2012). The
process dynamics during ENSO/PDO may be enhanced 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
geomorphology do not reveal clear evidence of present day, potentially hazardous processes, these
results suggest that the rainfall-induced geohydrological processes are the main hazards in the study
area. These processes such as floods, debris flows and local flash floods 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, however field evidence suggests that these are less significant than the geohydrological

processes in the area.
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A lack of detailed, long-term time series of flood and debris flow events precludes an accurate
estimate of rainfall thresholds for the area, thus no probabilistic hazard assessment may be carried out.
Nevertheless, these precipitations are higher than any previously known thresholds in northern and
central Chile. Sepulveda et al. (2006) 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/3-4 hrs and 67 mm/day events, respectively, resulting in destruction and fatalities.

In the study area rainfall thresholds are similar but without triggering such large impacts.

Due to the extreme precipitation event which occurred in March 2015 and during winter 2015/16 (EI
Nifio) the coastal basins suffered small flash floods and debris flows, insignificant in magnitude,
hence, the 2015 El Nifio event was 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 infrastructure and the 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 slopes 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 LMT (Low 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 semi-arid and arid coastal region (Appendix II). The
correlation is based on research by 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 equation (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. For the 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 these terraces are associated with the regional

tectonics.
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4.2. Bays dynamics controlled by structure.

4.2.1. Coseismic effects in the sedimentation of sandy beaches

The Coquimbo Region covering the coastal zone between Tongoy and Punta de los Choros was
affected by 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 beaches with beaches 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 beaches in 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 the sandy
beachs is in depositational processes.
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4.2.2. Evolution of the coastal zone: beach ridges in the semi-arid environment of the western

coast of America.

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 together with its location 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 until present 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 aforementioned authors’ descriptions indicate the presence of abundant remains
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 covered with Atriplex, 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 preserved, like 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 epigenic-incised gorges in ancient marine terraces, forming 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 dunes and foredunes despite winter
erosion and the reflective beach controlled by the huge headland. These features developed in 1-3
ridges and the embryonic dunes rapidly developed in the beach face and backshore of the barrier of
Tongoy. Wind coverage in the area 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 dynamics of foredunes 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 sandy beaches associated 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 found. The arrangement of the north-distal dunes matched with the
theory of the headland bay beaches in Chile described by Araya-Vergara (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 beaches and dune
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 coast and 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 semi-permanent 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
Coquimbo 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 Choros dune 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 compared 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 Il1). A sedimentary transfer model was applied

according to Le Roux et al. (2010) and these results show the transference of sediments by waves and

53



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 namely 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 mouth of the 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 the plutonic 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 formations, 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 characteristics indicate the episodic activity of these
formations associated with intense hydro-meteorological 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 the distal 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
gravels which 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 with the landscape inherited from the
Pleistocene age. However, there is also evidence of high erosion and incision potential of the current
beds. In a sub-catchment of the Santa Gracia catchment, a bed was identified that was highly incised
by floods caused by the 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 Paleo-landscapes of the Pleistocene period in the valleys of the semiarid region, 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 Elqui River, such 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. However, 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, the 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 excess occurs. However, a first runoff peak is
related to crusting, surface sealing and hydrophobic effects related to the first precipitation after long
dry periods. These characteristics are described e.g. for the 1983 event. The annual average rainfall of
La Serena is 95.9 mm (1919-2013), which had a significant decrease (p- value = 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 4.3 mm 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 tested. The results 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 p-value of 0.0 implying high statistical significance. Fig. 7 shows that El
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 Oscillation). Another interesting fact is that the frequency of ENSO
phenomena has become more persistent in the latter half of the series. So El Nifio events between
1967-2013 exceeding the threshold of 50 mm were 9 out of 15 (60%) and La Nifia events were 13 out
of 20 (65%). This 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 total amounts of rainfall,
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 Serena area 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 runoff and river 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 and the SCS
CNII 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 reaching 2-5m
as in the 1997 event. The available sediments on the slopes of the tributaries led to high sediment

discharges in the form of hyper-concentrated flow as documented by evidence in the field.

However, fluvial dynamics of the tributary river catchments generate floods in the Elqui River,
downstream of the 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 6-7 m.a.s.l. as well as on the low river terraces, which have
been declared urban or peri-urban areas. These sectors have not been flooded since 1997 when they

were not declared urban areas (Fig. 10).

Fig. 10 Flash flood in Santa Gracia catchment on march 25th of 2015, associated to 21,3 mm/24h. Rainfall
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 the economy 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

studies on 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 freshwater for the 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 reasons, there 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 high intensity
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 and their impact 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
economic 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 absolutely 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 the

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 to investigate 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 these findings have
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. In particular 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 Andean inherited geomorphological landscapes that are associated with tectonic and climatic
conditions that are different from present day. There is field evidence of rounded block movement
(base load) associated with extreme rainfall and further seismicity. The presence of heavy rainfall and
the 2015earthquake in the study area have established more accurate geodynamic thresholds,

according to 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 catchments in semiarid and temperate Chile. The rainfall of a 100 mm event has a recurrence
interval of 50 years; even a 4-day rainfall may reach a recurrence time of 20 years. Thus, the
probabilities of extreme rainfall events are very high. These trigger river flooding 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 landscape is changing in the region too. The cities

are becoming risk areas.

Finally, 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 erodes beaches that are subsequently
compensated by deposition. This implies a permanent sand and gravel supply from the coastal ranges
and Andean catchment to the shoreline. This dynamic stage may be explained by the fact that there is
present day geomorphological 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 rainfall concentrations and 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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wards the Tongoy Bay is characterized by the Puerto
Aldea fault and the Pachingo fault (fig. 1). The other dom-
inant landforms are the marine terraces of the Tongoy Pa-
leo-Bay (Le Roux & aliz, 2006), tectonically raised and in-
cised by the drainage system (fig. 2). There is a sequence
of five marine terraces, described by Paskoff (1970), stag-
gered from Holocene to Plio-Pleisocene. The Coquimbo
Formation is the most representative, with marine, fossilif-
erous sedimentary sequences (Empardn & Pineda, 2006).
Le Roux & alii (2006), Saillard & aliz (2009), Pfeiffer &
ali (2011), Pfeiffer (2011) studied the genesis of the ma-
rine abrasion terraces in the Tongoy Bay (tab. 1) empha-
sizing the tectonic uplift and the presence of beach ridges
on these terraces.

71°35'0"W 71°25'0"W

RESULTS

Geomorphological map and general features of the study area

Two sets of catchments were identified, the granitic
and the homoclinal systems over volcanic substratum (fig.
2). In the upper portions of these systems the exposed
strata reach their highest gradients, ranging between 30°
and 60°. Granitic slope systems are less steep (15°-30°),
emphasizing a surface coating consisting of abundant de-
bris mantle also accumulated in the stream network. This
material results from weathered granodioritic rocks, that
in turn are exposed in form of tors and blocks of various
sizes. The presence of torrential streams is an inherited pa-
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leo-environmental condition, but also corresponds to the
current landform dynamics, under the prevailing semiarid
regime. The incision of the drainage pattern and the fresh-
ly transported and deposited materials are an evidence of
this dynamics.

The basal landforms correspond to the torrential alluvial
fans that characterize all slope systems of Tongoy Bay. The
size of these fans depend on the feeding sub-catchments
and they are regarded as torrential-like due to the gradient
and the convexity of their surface. These fans are often coa-
lescing and their distal parts overlap with glacis-like forms.
The alluvial fans described and mapped in fig. 2 are not the
result of current morphogenesis; they have to be considered
as inherited landforms. However, they show evidence of ac-
tivity only in the main stream sections that are now dissect-
ing the fan apparatus. This activity is associated with spo-
radic surface runoff in case of heavy rainfall events.

FIG. 3 - Camarones expansion glacis

(glacis d’épendage).

The glacis landforms found in the Camarones basin are
the morphologic key to understand the watershed systems
and the inherited correlative forms. They can be described
as large expansion glacis, with very gently sloping surfaces,
without convexity, no recognizable apex and parallel
drainage along the slopes, down to the main drainage sys-
tem. Figure 3 illustrates these terraced glacis surfaces com-
posed of breccias and conglomerates of Miocene-Pleis-
tocene age, (Emparan & Pineda, 2006). Some pedogenetic
features, like abundant iron oxides and deeply weathered
profiles on these glacis-terraces, suggest that these land-
forms are inherited from humid-tropical climate condi-
tions, The inherited dissection can be observed in form of
distal and side escarpments with a height of about 20 m.
Under the present day conditions the parallel streams
draining the area produce linear gully-type erosion land-
forms on the gently sloping glacis surface (fig. 4). The

FIG. 4 - Distal part of Camarones
expansion glacis. The gullies drain
into the present Camarones stream
and represent the recent processes in
these semiarid coastal catchments.
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presence of torrential streams on the slopes, fans and
glacis are the geomorphological evidence of the action of
water under the current semiarid conditions.

The relative dimension of the coastal mountain front
correlates with the size of expansion glacis. The coastal
mountain front is characterized by steep slopes on gran-
odioritic and volcanic substrata, from where fans and ex-
pansion glacis developed. At least two fan generations can
be observed (fig. 5). In this case the presence of soils that
allowed wheat cropping until a decade ago is remarkable
and related to past anomalies of the pluvial regime at these
latitudes.

Torrential beds and channels

The observed drainage system presents a dynamic pat-
tern of entrenched meanders, which evolved in function of
discharge and tectonic changes. The talwegs are of epi-
genic origin and drain the expansion glacis as well as the
marine terraces. In these landforms the depth of incision
and amplitude of the main valleys, such as Quebrada
Pachingo, Quebrada Los Litres, Quebrada Almendros y
Quebrada Camarones are remarkable. Quebrada Cama-
rones was estimated to have a maximum depth of 134 m
and a width of 719 m of its bottom; Quebrada Pachingo is
up to 192 m deep and 353 m wide. The morphometric pa-
rameters of the channel-beds of both Camarones and
Pachingo ravines, as well as the subcatchments of Pachin-
go 1, Pachingo 2, El Tangue were analyzed, showing si-
milar patterns. The drainage density of Quebrada Pachin-
g0 1 and 2 are comparable; but this is not the case of El
Tangue, which is a very small subcatchment, but showing
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the highest index of drainage density if compared with
Quebrada Camarones, the biggest catchment in the study
area (see tab. 2). However, when comparing the drainage
hierarchy between the smaller and larger subcatchments,
the difference between them is minimal, although present-
ing a differential response to exogenous dynamics, due
mainly to overland flow and associated debris flows: the
smaller subcatchments have a faster response to generate
high intensity runoff and local debris flows under heavy and
short rainfall events. However in the Camarones catch-
ment, the biggest of the study area, such processes need
24-48 hours of heavy rainfall. Another important differ-
ence is that the smallest catchment has developed from
qully evolution in the fossiliferous terrace scarp, while the
Quebrada Camarones catchment corresponds to volcanic
and granodioritic rocks belonging to the Coastal Cordillera.

T4BLE 2 - Values of some morphometric parameters of selected catch-
ments in the Pachingo and Camarones quebradas

, Drainage Catchment ’ Basin
Catchment  Coordinates ~ Morphology density o Perimeter hierarchy
Slopes in
Comarones 290940 E o omicand 178 109.33 km*  64.44 km 4
6638737488 3
plutonic rocks
Scarp of
El Tangue 254195 41E marine terrace 1145 142km* 959 km 4
6638425.19S e
(fosiliferous)
Scarp of
Pachingo 1 62653511305719153 marine terrace  7.00 9.11km* 1556 km 5
(fosiliferous)
Scarp of
Pachingo 2 aeblagis marine terrace  7.14 9.11km* 1556 km 5

SEFLIERAS (fosiliferous)

F1c. 5 - Glacis on volcanic slopes
at the upper Quebrada Camaro-
nes. Silt layers with blocks and
tors above a terrace are shown.
Abandoned wheat field can also

be seen.
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These smaller catchments are characterized by recent
activity of their talwegs, although in Camarones catchment
the recent activity, in form of small linear incisions, has
been only observed on slopes, fans and glacis surfaces. The
strong activity of the smaller subcatchments is proved by
the presence of fresh rocky blocks in the talwegs, as a re-
sponse to heavy rainfall events which happen with low fre-
quency in the coastal semiarid domain.

Within the major river beds Holocene flood activity
can be identified, recognizing the T° and T" terrace levels,
which are related to meandering and braided channel pat-
tern. However, these talwegs show a present-day activity
as torrential streams, with heterometric alluvial deposits
and fresh blocks (fig. 6).

Marine terraces and sandy beaches

Marine terraces and sandy beaches are other characteris-
tic landforms in the Tongoy Bay area, formed by a succes-
sion of stepped terraces composed by marine and fluvial sed-
iments of Miocene to Pleistocene age (Emparén & Pineda,
2006). The terraces are tectonically uplifted and deeply in-
cised by the coastal range catchments (fig. 1 and 2, tab. 1).
These landforms have been described and dated by the pre-
viously referenced authors; nevertheless, some geomorphic
and dynamic features can be highlighted. On the marine ter-
races a series of gullies have developed due to local epigenic
processes (fig. 6 and 2); the terrace surface present an intro-

duced vegetation of Asriplex and calcrete formations. The
presence of pedogenesis in these units is an important fea-
ture, as it is related to deep surface dissection and gullying.

On the scarp areas of the subcatchments the intense rain-
fall-induced erosive action produces activation of the gullies,
which dissect Holocene terraces T” and T° especially in the
medium and distal sections. These events also feed the lagoon
zones along the shoreline, characterized by shallow waters.

Close to the terrace scarps described by Pfeiffer (2011),
that stretch parallel to the present day coastline, beach ridges
are present. These beach ridges are accompanied by fore-
dunes, which document the sand supply from the beaches.

Present day geo-hydrological processes

Present day hydro-geomorphological processes identi-
fied in the area include floods in the gullies as well as de-
bris flows and flash floods on the slope systems. According
to local witnesses, during the 1997 El Nifio the Pachingo
stream flooded the valley entirely, including the T” terrace
level, located 2-3 m above the stream bed. Small debris
flows can also be triggered by these events in lateral gullies
(fig. 7). Intense precipitations occur in the coastal semiarid
region mainly related with El Nifio and Pacific Decadal
Oscillation (PDO). The rainfall amount in La Serena is
around 75 mm, but increases significantly during El Nifio
events, when in a few hours the rainfall amount gets close
to, or is even higher than the average annual rainfall, as

FIG. 6 - Presently active water course beds in the Quebrada Camarones catchment. Left: river bed, upper part of the basin. Centre: torrential tributary
bed. Right: river bed in the distal catchment section of the Quebrada Tongoy; basal dissection is recent and probably due to the last El Nifio event, in 1997.

FIG. 7 - Example of active slope on fossiliferous marine terrace. Quebrada Pachingo.

57

80



shown in table 3. The intense 2011 rainfall events (tab. 3)
can be related to Pacific Decadal Oscillation (PDO) in a
La Nifia period (Romero & Mendoca, 2011).

Quantitative assessment of landscape dynamics

In order to detect and quantify the present day landscape
forming processes as well as the inherited landforms detailed
terrain analysis was carried out. Inherited landscape pattem
were assessed using the vertical distance to the present day
river network, As a threshold value to define the starting
point of the river network a critical catchment area of 50 km’
was utilized. This is corresponding to a third order stream
according to Strahler (1952). The longitudinal profiles of the
defined drainage network were subsequently interpolated to
generate a base level that in turn is then subtracted from the
present day DEM. With this analysis three mayor terrace lev-
els were identified, given as elevation above stream network
base level at 10-30 m; 60-80 m; and 90-110 m (see figs. 8,
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TABLE 3 - Extreme rainfall events registered at San Julidn (Tongoy) and
La Serena stations

Rainfall during El Nifio events Other rainfall events

1984: La Serena station

148,8 mm total annual

40,0 mm/24 hrs (July)
2009-2011: San Julidn station, Tongoy.
>40 mm of cumulated rainfall in 24 hrs

6-6-2011 48,31 mm
9-6-2011 63,15 mm
Cumulated rainfall > 10 mm in 6 hrs.
2862009 24,34
15-8-2009 11,22
14-6-2010 21,98
18-6-2010 11,79
05-6-2011 11,79
06-62011 30,15
18-62011 17,99
19462011 2157
20-6-2011 17,79
15-7-2011 11,19
2011: La Serena station

70mm/13 hrs (June)

96mm/24 hrs (June)

1983: La Serena station
160,1 mm total annual
69,5 mm/24hrs (July)
1997: La Serena station
221,8 mm total anual
100,0 mm (July)
30,0 mem/24krs (July 11)
30,0 mm/24krs (July 12)
40,0 rm/24krs (August 15)

La Nifia

La Nifia

720w

Elevation above Stream Network
D Tongoy Bay Catchment |:| 0-5 [m]
[5-20

8 Kilometers - 20-30

[]30-1.200

FIG. 8 - 1st terrace level (10-30 m) above channel
network (grey below 10 m; red above 30 m).



9, 10). The highest level of 90-120 m seems to be tectoni-
cally uplifted and is characterized by conglomerates and
fluvial breccias classified by Pfeiffer & alzz (2011) as T"
level. This T" level corresponds to an absolute elevation of
ca. 200 m above sea level. The terrace T™ level (10-30 m
above stream channel base level) corresponds to the basis
of the dissected fan and glacis structures According to
Pfeiffer & a/i7 (2011) absolute elevations of 9-14 m can be
attributed to the terrace T™ level, Whereas the 60-80 m el-
evation above stream channel base level marks the basis of
the non dissected part of the glacis and fan apparatus. We
define this level as an intermediate stage not recognized b]}z
Pfeiffer & aliz (2011). The absolute elevations of this T
terrace is about 90-120 m. Figures 9 and 10 show the areas

1400w

that according to our reconstruction lie below sea level
(grey) or remain emerged (red). The analysis highlights the
strong correlation of the lower two terraces T" and T™
with the fluvial terrace levels identified in the field.

In the following hydrogeomorphological results are pre-
sented, based on a detailed terrain analysis. The results are
calibrated and validated visually by comparing with Google
Earth World View data for the soil erosion pattern and by
own fieldwork for the fluvial morphology. The discharges
and flooding analysis was calibrated with measured stream
morphological features like stream width.

Figure 11 highlights detected tor structures (see rectan-
gles). It is clear that the tor structures are related to the
local basement. Thus, they represent erosional landforms

71°200W
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FIG. 9 - 2nd terrace level (60-80 m) above 0 2 4
channel network (grey below 60 m; red
above 80 m).
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associated with intensive chemical weathering processes,
indicating a different climatic regime during their forma-
tion. Moreover, in the central bay area drainage pattern
parallel to the coast line and 90° to the main drainage sys-
tems indicate the palaeco-beach ridges and marine regres-
sion stages. The deposits of these stages are more resistant
and are build up by concretions. Consequently, they trig-
ger the drainage pattern in this specific way. Figure 12-14
illustrate the present day process intensities concerning
areal, surficial erosion (TCI) (fig. 12), deep linear erosion
(SPI) (fig. 13) and areas prone to flooding and ponding of
water (TWI) (fig. 14). Soil erosion is mainly concentrating
along the escarpments of the incised higher most surface
levels (fig. 12). However, also the tectonically induced ero-
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channel network (grey below 90m; red
above 110 m).

30°300"S

Elevation above Stream Network

sion processes are clearly visible especially in the Quebra-
da Pachingo. The western slopes are less steep and hence
exhibit a lower erosional potential than the steep eastern
flanks (see fig. 12). Especially in the convex slope zones
and the upper part of terrace incisions high erosion poten-
tials are detected. Nevertheless the western slopes of the
Quebrada Pachingo are characterized by a higher drainage
density and a wider aerial extent of erosion processes even
if they generally show lower intensities. Linear incision
processes are exclusively limited to the main drainage net-
work and especially in the upper parts of the catchments
as illustrated in fig. 13. Ponding and flooding are primarily
associated with the flat valley bottoms and with the very
flat terrace surfaces. Figure 15 reveals the energy available



FIG. 11 - Topography normalized by longitu- AR
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dinal profiles of the rivers draining to Tongoy
Bay. Vertical distance to channel network in
m. Red boxes show tor structures.
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for erosion processes and transport of the produced sedi-
ments. For a 63 mm/day precipitation event (see tab. 3)
we calculated discharges up to 22 m’/s in the main
drainage systems. Even in the smaller tributaries we simu-
lated discharges up to 10 m’/s. However, the zones at
flooding risk are mainly the deeply incised river channels
of the Central Bay area.

DISCUSSION

The study area represents a landscape characterized by
inherited features. The geomorphology is associated with
Miocene-Pleistocene environmental conditions (Paskoff,
1970; Empardn & Pineda, 2006; Le Roux & aléZ, 2006;

Elevation above Stream Network

e 1251m
- .

8 Kilometers |:| Tor Structures

Pfeiffer & aliz, 2011; Pfeiffer 2011). The identified geo-
morphologic systems, such as marine terraces, alluvial fans
and glacis, correspond to sedimentologic and pedologic
evidences indicating tropical conditions in the past. These
conditions can also be documented by the presence of
rocks chaos and tors on the granitic slopes, and the evi-
dences of pedogenetic features found in the palaeo-soils
developed on the fluvial terraces and glacis.

However, the present day coastal semiarid morphocli-
matic regime is dominated by exogenous geomorpholo-
gical activity whenever intense and concentrated rainfall
events occur leading to overland flow, torrential and flu-
vial processes that follow inherited landforms and further
shape and enlarge them. This is also documented by the
distribution of present day erosional processes (fig. 12-15).
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Linear erosion and incision is mainly concentrating in the
already existing channels and entrenched terrace levels.
Additionally, areal rill and inter-rill erosion is mainly cor-
related with the convex upper parts of the escarpments of
the entrenched terraces.

Furthermore the area is characterized by the highest
rainfall Concentration Index of Central Chile (Sarricolea
& Martin-Vide 2012). The recorded rainfall generally reach
the debris flows triggering thresholds documented by Var-
gas & aliz (2000), Sepilveda & a/zi (2006) in northern and
central Chile. Hence, the conditions causing river flood-
ing, debris flows and erosion are given under the present
day climatic situation. Particularly when the low rainfall
amount in the area is strongly increasing during El Nifio,
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FIG. 12 - Transport Capacity Index of the
Tongoy Bay cacthments.

Transport Capacity Index

La Nina (ENSO) and Pacific Decadal Oscillation (PDO)
events (Romero & Mendoca, 2011).

However, the field analysis of the inherited and active
forms point out that: i) the incised river beds still show ac-
tive forming processes and ii) especially the smaller basins
have a very rapid response to concentrated rainfall events.

This is in line with the quantitative 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 Ton-
goy, on the 09.06.2011 yields a maximum runoff volume of
about 22 m’/s. These values indicate that incision process-
es may be very intensive during these events mainly in the
upper parts of the catchment (fig. 15). Especially in the
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smaller tributaries still runoff volumes between 2 and 10
m’/s were modeled. Concentrating runoff also provoke
slumps and smaller landslides due to undercutting partic-
ularly on the steeper flanks of the incisions. The latter
ones were observed also in smaller drainage catchments.
However, the discharge may become also hyper-concen-
trated if such landslides occur along the river channel.
Generally, in the lower sections of the river systems no
further incision is observed. Here the discharge lead to
lateral erosion processes that in turn further steepen the
talus scarps.

The field work and the quantitative assessment also re-
veal very high activity along the scarp section of marine
terraces due to slope gradients and erodible fossiliferous

I:l low
- medium
B righ

substrata. The fluvial terraces show similar dynamics. The
terraces T and T° are easily eroded by concentrated flows.

The impacts due to the reactivation of streams on
slopes, alluvial fans and glacis, is local, limited to the
forms in activity. Thus, especially the development of
rills and gullies in micro catchments localized in the
scarp-areas of the terraces, is very effective and favored
by high slope gradients, erodible substrates and scarce
vegetation density. These dynamics are typical for the
coastal desert environment as also described by Vargas
& alif (2000), Sepiilveda & alii (2006), Soto & alif
(2012). The process dynamics during ENSO/PDO may
be enhanced if coinciding with seismic events. The latter
trigger landslides that in turn increase the amount of de-
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tritic material on the slopes and in the river channels sub-
sequently available to be remobilized by extreme rainfall
events.

Even though topography and geomorphology do not
reveal a clear evidence of present day, potentially haz-
ardous processes, our results suggest that the rainfall-in-
duced geohydrological processes are the main hazards in
the study area. These processes such as floods, debris
flows and local flash floods are induced by heavy, con-
centrated rainfall that has to be considered as their main
triggering factor. As discussed earlier, this area is also
subject of strong earthquakes that may potentially trig-
ger different kinds of landslides or processes such as lig-
uefaction, but field evidences suggest that these are less
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FIG. 14 - Topographic Wetness Index of the
Tongoy Bay cacthmets.

Topographic Wetness Index

significant than geohydrological processes in the area.
The lack of a detailed, long-term time series of flood and
debris flow events preclude an accurate estimate of rain-
fall thresholds for the area, thus no probabilistic hazard
assessment can be carried out. Nevertheless, these pre-
cipitations are higher than known thresholds in northern
and central Chile. Septilveda & alé7 (2006) indicate 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/day and 35.8
mm/day events, respectively, resulting in large destruc-
tion and fatalities. In the study area rainfall goes beyond
these thresholds (tab. 3), but without triggering such large
impacts.
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CONCLUSIONS

The geomorphology of the study area is a product of
inherited environmental conditions. The characteristics of
a landscape composed by granitic slopes (chaos of rocks,
tors), glacis and alluvial fans as well as incised marine and
fluvial terraces lead to a concentration of present day geo-
morphological activities. This means that the already exist-
ing landscape triggers and directs surface runoff concen-
tration and thus provoke a pronunciation of already pre-
established drainage pattern by the active fluvial and slope
geomorphological processes of the study area which in
turn are mainly induced by extreme precipitations related
to episodic events such as El Nifio, La Nifia and PDO.
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The field observations and the quantitative modeling ap-
proach using DEM information emphasize the process inten-
sities leading to landscape dissection and the favorable con-
ditions for concentrated flows, erosion processes, flash
floods, hyper-concentrated flows and mass movements. Gen-
erally these events show low frequencies but high intensities
and magnitudes. 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 infra-
structures and the resort town of Tongoy are located. In the
delta areas of the Tongoy Bay catchments the debris flows or
concentrated sediment discharges generate large frontal de-
posits, impacting the beach morphology and infrastructure.
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de Chile central. El caso de Pichilemu
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RESUMEN

El terremoto y tsunami de 2010 generé cambios en la morfologia y dindmica
sedimentaria del litoral de Pichilemu, Chile central, evidenciado a través del re-
troceso y erosién de las playas arenosas y dunas. Se identificaron los patrones de
modificacién a través del anélisis de imagenes satelitales anteriores y posteriores
al terremoto/tsunami mencionado, comparando con registros geomorfolégicos del
afio 2004. Se realizé trabajo de terreno para la observacién de formas esenciales
y medicién de perfiles de playa representativos de la dindmica de las ensenadas
estructurales (headfand bay beach); se analizé la variabilidad del tipo de pfaya do-
minada por ofas. Los resultados indican que existe erosién litoral y un cambio en
el balance sedimentario asociado a la subsidencia de la costa, como también, que
transcurridos cuatro afos del evento extremo, luego de la fase erosiva, se observa
un cambio tendiente hacia la progradacién del litoral arenoso siguiendo el patrén
dindmico tipico de sistemas de ensenadas estructurales.

Palabras Clave: Ensenada; tsunami; microdunas; cambios en la playa

ABSTRACT

The earthquake and tsunami of 2010, triggered changes in the geomorphological
and sedimentary dynamics along the coast of Pichilemu, in central Chile. These
changes were evidenced through the retreat and erosion of sandy beaches and
coastal sand dunes. Modification patterns were identified through analysis of
satellite images prior to and after the earthquake/tsunami, and compared with
records from geomorphological fieldwork carried out in 2004 that measured es-
sential features of representative beach profiles in the headland bay beaches. The
variability of beaches dominated by waves was analyzed. The results indicate that
there is coastal erosion and a change in the sedimentary balance associated with
the subsidence of the coast, and that four years after the earthquake/tsunami, after
the erosive phase, a change in tendency towards progradation of sandy coastlines
in the headland bay beaches can be observed

Key words: Headland bay beach; tsunami; micro dune, beach changes
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El terremoto y tsunami que afecté a la
zona centro-sur de Chile el 27 de febrero de
2010 (evento conocido como 27F) generé un
gran impacto debido a la pérdida de vidas
humanas, de propiedad privada y pdblica y al
significativo dafio en la infraestructura de la
zona. En el drea costera el tsunami afecté los
asentamientos poblados, siendo los mas da-
fiados aquellos en que habitan las comunida-
des de pescadores artesanales (Castilla, 1988;
Castilla et al., 2010), cuyas fuentes laborales
también se vieron afectadas, en algunos casos
hasta los dias actuales. Sin embargo, estos
impactos no solo pueden ser evaluados en
sus aspectos sociales y econémicos, sino que
también en impactos en el sistema fisico-
natural, donde se pueden evaluar las modifi-
caciones en la morfologia y dindmica costera
de los litorales arenosos, en que recién al
cabo de cuatro afios se observan evidencias
de un retorno a las condiciones existentes an-
tes del evento tecténico.

En este escenario de cambios, cobra rele-
vancia la dindmica exégena de las unidades
bésicas del paisaje costero, tales como las
playas arenosas, las dunas y el litoral cerca-
no, ya que las formas y procesos que carac-
terizan la linea de costa estdn fuertemente
relacionadas con su exposicién a los agentes
oceanograficos que explican la condicién
de cambio de las playas arenosas (Araya-
Vergara, 1983; 1985; 1986; Martinez, 2001;
Soto, 2005; Soto & Arriagada, 2007; Soto et
al., 2010; Arriagada 2009; Arriagada et al.,
2014)

La dindmica litoral en la zona de Pichi-
lemu (Figura N° 1), Chile central (34°40’
S/72°00” W) derivada del evento sismico del
27F, representa una respuesta cosismica de
cardacter local que explica los procesos ac-
tuales en el marco de una costa de control
estructural con dominio de ensenadas contro-
ladas por la estructura (headland bay beach).

La influencia tecténica y estructural de
esta seccién de la costa chilena, condicionan
la posicién relativa de la linea de costa, la di-
ndmica del oleaje, los tipos de playa domina-
das por olas existentes y consecuentemente,
los procesos geodindmicos dominantes en
la zona litoral (Araya-Vergara, 1983; 1985;
1986; 1996, 2003).
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En este contexto, es importante conocer
las caracteristicas particulares de la tecténi-
ca regional, ya que en Pichilemu se habia
identificado una brecha sismica (Pichilemu-
Constitucién), a la que se asociaba la gene-
racién potencial de un futuro terremoto, con
intensidad estimada de Mw 8.1 (Comte et af.,
1986; Nishenko, 1991, Gonzalez, 1997). Por
su parte, Ruegg et al. (2009) estimaron que
la brecha sismica Constitucién-Concepcién
podria generar un evento sismico similar. El
27 de febrero de 2010 ocurrié el terremoto
interplacas de magnitud 8.8 Mw, que abarcé
la zona costera del sur de Chile, con un epi-
centro en la ciudad de Cobquecura, localiza-
cién indicada por Farfas et al. (2010) como
el drea de la brecha sismica. Otro evento sis-
mico importante sucedié el 11 de marzo del
2010, con epicentro en la costa de Pichilemu
(7.0 Mw) asociado a la Secuencia Sismica de
Pichilemu, atribuido a la reactivacién de fa-
llas de orientacién NW-SE, indicativo de una
ruptura cortical (Farfas et al., 2011).

El evento 27F, con un &rea de influencia
de mds de 500 km, generé condiciones tanto
de subsidencia como de alzamiento cosismi-
co en el drea costera de Chile centro sur, y un
tsunami de gran impacto en el borde costero
de las regiones del Biobio, Maule, O’Higgins
y Valparaiso (Vargas et. al., 2011). La altura
de la ola de tsunami en las localidades de Pi-
chilemu y Céhuil fue estimada entre los 4 y 6
m (Lagos, 2012).

En Pichilemu, el efecto cosismico regis-
trado por Farfas et al. (2010) fue el solevan-
tamiento de 20 cm. A su vez Quezada et
al. (2010) indican para el mismo sector un
movimiento cosismico vertical neto de -35
cm (considerando los eventos sismicos del 27
de febrero y 11 de marzo del 2010). El evento
del 11 de marzo habria generado una subsi-
dencia neta del orden de los 0,5 m (comuni-
cacién verbal de Marcelo Farias, 2012).

El andlisis de los impactos cosismicos y
del tsunami en la costa de Pichilemu puede
ser comprendido en el contexto de la dindmi-
ca litoral en las ensenadas o bahfa de control
estructural presentes en gran parte de Chile,
y en especial es esta zona. Las ensenadas es-
tructurales (headfand bay beaches) son consi-
deradas sistemas complejos, cuya génesis esta
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Figura N° 1
Area de estudio (Gvalos y su numeracién indican localizacion de las figuras en el texto, del andlisis
multitemporal)
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asociada a la conformacién morfotecténica y
estructural del litoral (Le Roux et al., 2006).

En estos sistemas litorales, David (1982)
destaco la importancia de la refraccion de las
olas en la dindmica morfosedimentoldgica.
La forma de bahias en espiral logaritmica
fue reconocida como tal por Yasso (1965), y
posteriormente tratada por Le Blond (1979) y
Lavalle & Lakhan (1997). Hsu & Evans (1989)
desarrollaron la teoria de las formas parabdli-
cas en bahias. A partir de estos conceptos, las
bahias han sido también tratadas como head-
land bay beach, de acuerdo a autores como
Short (1999), Sweers (1999), Bird (2000);
Benedet et al. (2004), Klein & De Menezes
(2001), Klein et al. (2002b); Benedet et al.
(2004), Komar (2010), Klein et al. (2010), Si-
meone & De Falco (2013).

En Chile, las bahias y ensenadas han sido
estudiadas por Araya-Vergara (1983, 2003),
usando la conceptualizacién de bahias en
forma de zeta o de medio corazén, segiin Sil-
vester o de espiral logaritmica (Yasso, 1965;
Krumbein, 1947).

En estas playas, la presencia y el efectos
de proteccién del headland o saliente rocosa,
conlleva a una distribucién sistematica de la
energia del oleaje en direccién deriva aba-
jo, desde la zona proximal a la distal por el
efecto de la saliente rocosa (Araya-Vergara,
1983; Martinez, 2001; Martinez et al., 2011;
Soto, 2005; Villagran, 2007; Soto y Arriaga-
da, 2007; Soto et al., 2010; Arriagada et al.,
2014). La saliente rocosa corresponde a re-
manentes de erosién diferencial, controlados
por la estructura y la litologfa.
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La accién del oleaje es fundamental en
la dindmica sedimentaria a lo largo del sis-
tema de ensenadas y es evaluado a través
de la caracterizacién de la zona de surf. La
variabilidad espacial y temporal de las formas
asociadas de la playa se relaciona con la di-
ndmica del oleaje, las corrientes de la zona
de rompiente y el transporte de sedimentos
(Araya-Vergara, 1983; Aagaard & Masselink,
1999; Aagaard & Hughes, 2006; Aagaard et
al., 2004; Masselink, 1999; Masselink et al.,
2005; Brander & Short, 2000; Elgar et al.,
2001; Aagaard et al., 2004).

Consecuente con los antecedentes ante-
riores, el propésito de esta investigacién es
identificar el impacto asociado al terremoto
y tsunami del 27 febrero de 2010 en las en-
senadas de Pichilemu, Punta de Lobos y Cé&-
huil, analizando los cambios ocurridos en la
morfologfa litoral a nivel de playas arenosas
y dunas, a través de la caracterizacién de la
dindmica litoral y la tendencia evolutiva del
sistema post evento 27F.

Metodologia

Contexto tecténico y morfoestructural:
a través de los trabajos cldsicos de Briiggen
(1950), Ceccioni (1970) y Araya-Vergara
(1983), se analizé el escenario morfotect6-
nico y estructural del drea de estudio. Estos
autores destacaron la génesis de las terrazas
marinas elevadas, las terrazas del Mioceno y
la morfogénesis alineada de la linea de costa,
respectivamente. A partir de esta informacién
se generé una carta geomorfolégica, comple-
mentada con interpretacién de fotos aéreas
(desde 1962 a 2005) y el trabajo de terreno.
La informacién fue actualizada a los afios
2010 y 2013 con el objeto de identificar los
impactos en la geodindmica asociados al te-
rremoto y tsunami en la zona costera.

Geomorfologia costera: la linea de costa
fue analizada desde la perspectiva tedrica y
conceptual de las bahfas controladas por la
estructura (Short, 1999). Se realizaron perfiles
de playa en terreno a través del método de
Emery (1961), los que fueron comparados
con aquellos realizados en afios anteriores
(Soto, 2005). Se aplicé la taxonomia de per-
files de playa de Araya-Vergara (1986). Estos
perfiles consideran desde la zona de maxima
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resaca hasta la zona de dunas anteriores. Se
identificaron las formas dunarias existentes,
aplicando las nociones del continuum dunar
(Araya-Vergara, 1996. En: Arriagada, 2009).

Se identificaron los patrones de cambio
espacio-temporal de los procesos dindmicos
y de las formas esenciales de los sistemas
playa-duna, mediante el andlisis multitempo-
ral de imédgenes satelitales Coogle farth dis-
ponibles de fechas anteriores y posteriores al
evento (2004, 2007,2008, 2010 y 2014), las
cuales fueron georreferenciadas y rectificadas
en el software ArcGis 10.7 (con un error RMS
de 0,7).

Dindmica de la zona de rompiente: los
estudios realizados en Autralia por Short
(1999, 2005), en Brasil por Klein & De Me-
nezes (2001), Klein et al. (2002a), Klein &
Schumacher (2002), y en Chile por Araya-Ver-
gara (1996) Martinez (2001), Martinez et al.
(2011); Soto (2005), Soto & Arriagada (2007),
Soto et al. (2010), dan cuenta de la importan-
cia de la hidrodindmica costera en las bahias
de origen estructural.

A partir de la condicién conocida de
subsidencia en el litoral de Pichilemu, se
buscé las evidencias del cambio cosismico
en la zona de rompiente. Para ello se reali-
zaron observaciones de campo aplicando
la taxonomia de Wright & Short (1984, En:
Short, 1999), de playas dominadas por olas
(playas reflectivas, disipativas, intermedias) y
se comparé con los resultados obtenidos en
afios anteriores. El andlisis temporal fue rea-
lizado a través del andlisis de fotos aéreas e
imégenes satelitales (1962-1963, 1978, 1994,
1997, 1998, 2003, 2004, 2006, 2007, 2008,
2009, 2010, 2011, 2012 y 2014) y el trabajo
de campo de marzo y julio del 2004, enero y
julio del 2005, 2009, marzo de 2011, enero y
julio de 2012 y enero 2013.

Evidencias morfologicas de
cambio en las playas y dunas
posterremoto y tsunami:

A partir de la elaboracién de la carta geo-
morfolégica y la consideracién de los cam-
bios en la playa de los principales grupos de
formas, se analizaron los cambios atribuidos
a consecuencias cosismicas e inundacién del



CONDICIONES GEODINAMICAS DERIVADAS DEL TERREMOTO Y TSUNAMI DE 2010

EN LA COSTA DE CHILE CENTRAL. EL CASO DE PICHILEMU

tsunami (Figura N° 2). En las playas arenosas
se evidencié el retroceso de las playas y la
desctruccién parcial de los cordones de du-
nas anteriores. En la ensenada de Pichilemu,
en trabajo anterior de Soto (2005) se habia
identificado hasta cuatro cordones de dunas
anteriores (parte distal), al igual que la pre-
sencia de dunas embrionarias; post-tsunami
solo es posible identificar un cordén de du-
nas en estado de semidestruccion.
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Es importante senalar que en relacién a
las dunas propiamente tales, el mayor espesor
se encuentra en la parte media de la bahia
de Pichilemu, conformando un sistema de
dunas transgresivas que cabalgan el escarpe
y la terraza marina; en el afo 1962 era un
campo de dunas libres que actualmente esta
totalmente forestado. En Punta de Lobos y
Céhuil existe un pequeno campo de dunas
transgresivas con presencia de formas longitu-

Figura N° 2
Carta geomorfoldgica del drea de estudio
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dinales y transversales respectivamente, pero
estabilizados por la vegetacion. Estos sistemas
no fueron alterados por el tsunami.

Otro efecto del tsunami fue identificado
en los perfiles de playas y las dunas anterio-
res asociadas, tal como se graficé en la Figura
N° 2. Debido a la existencia de perfiles de
playa del ano 2004, se pudo comparar con
los realizados en 2012 (Figura N° 3). De
ello se establece que no hay evidencias de
reconstruccion hasta el ano 2012, solo en el
sector de San Antonio, que corresponde a la
seccion media de la ensenada de Pichilemu.
No obstante ello, solo permanecen como re-
manentes, los cordones de dunas anteriores
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de posicion mds interna (a sotavento de los
primeros), principalmente en la zona distal
de la bahfa de Pichilemu (Chorrillos). De
acuerdo a las observaciones del ano 2004,
habia cordones de dunas con abundante
cobertura de Carpobrotrus aequilaterus, que
es una planta suculenta y rastrera que solo
se desarrolla en dreas fuera del ataque del
oleaje. La ausencia de esta planta posterior al
tsunami fue la evidencia de la destruccion de
los cordones de dunas. A su vez, la ausencia
de dunas embrionarias de manera generali-
zada hasta febero de 2014, permitia también
asumir la falta de alimentacién general en la
playa impidiendo su recontruccion.

Figura N° 3

Perfiles de playa de Chorrillos y San Antonio,
Pichilemu, y Punta de Lobos (zona proximal).

sector distal y medio respectivamente de la bahia de
Los perfiles muestran diferencias notorias asociadas

a la condicién de ataque del oleaje, como también el efecto de la erosion postsunami. Se debe
apreciar el retroceso significativo de la playa
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Al analizar los perfiles de playa del sector

de la bahia de Pichilemu (2004 y 2012) se
aprecia el predominio de perfiles multise-

cuenciales, es decir de varias secuencias de
playas (de ante y postplaya), que representan
una condicion de acresion sedimentaria. Sin
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embargo, en el caso de acresién relativa (Fi-
gura N° 3, de San Antonio) esta podria estar
asociado a un suministro de arenas suficiente
como para lograr ensanchar la playa areno-
sa, pero no el necesario para generar dunas
embrionarias; esta situacién es aplicable a la
parte distal, media y proximal de la ensenada
de Pichilemu.

No obstante lo anterior, al afio 2014,
se puede observar un nuevo patrén en las
playas. La Figura N° 4 expresa los cambios
posteriores al tsunami, en donde destaca el
desmantelamiento de los cordones de dunas
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anteriores, sobre todo aquellos de la zona
norte, localizados junto a la desembocadura
del estero. Estos cordones fueron erosionados
y su forma fue enmascarada existiendo hasta
la actualidad un gran cordén, sin dunas em-
brionarias. Sin embargo, al analizar el ancho
de la playa actual, se apercia que este ha au-
mentado, lo que indica una condicién actual
de acrecién sedimentaria. Se debe destacar
que la imagen de referencia del afio 2014 es
del mes de julio, es decir, durante el periodo
en que existe mas tendencia a la ocurrencia
de playas con perfil de invierno, vale decir,
de tipo erosional.

Figura N° 4
Cambios en la playa arenosa de Pichilemu, zona proximal. Lineas continuas indican linea de playa
pretsunami (2008). Lineas segmentadas sefialan localizacién de cordones de dunas anteriores.
Sector dos en figura uno

Fecha:*22/11/2008,

Fuente: Elaboracién propia.
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En Punta de Lobos, los perfiles de playa
realizados en la zona proximal y media de la
ensenada durante el aflo 2004, presentaban
una predominancia a la multisecuencialidad
(Figura N° 3); al comparar estos perfiles con
los de las condiciones de la playa postsuna-
mi, estos tienden a ser bisecuenciales y mo-
nosecuenciales, es decir que no solo son mas
estrechos, sino que estan poco desarrollados
(Figura N° 5). Cabe senalar que hasta mayo
del 2013 los perfiles mantenian tal condicién
y que en enero de 2014 no se observaban
dunas embrionarias. En la ensenada de Punta

REVISTA DE GEOGRAFIA NORTE GRANDE

de Lobos, las dunas asociadas a la familia
de las dunas anteriores (seglin el continuum
dunar), presentaban una importante cobertura
vegetal de Ammophila arenaria (observado en
2004). El impacto del tsunami en este sector
de la bahia fue muy intenso, toda vez que el
retroceso de la playa fue del orden de los 100
m y que este se ha mantenido por la accién
del oleaje que ataca practicamente en todo
estado de marea el microacantilado en duna,
(Figura N° 5), que continla retrocediendo en
la actualidad a través de procesos gravitacio-
nales.

Figura N° 5
Playa Punta de Lobos, microacantilado en duna. La urbanizacién existente en el lugar tenia un
cerco de deslinde a unos 100 m de la linea de médxima resaca, que ya no existe (marzo de 2012).
Sector cuatro en figura uno. Fuente: coleccién personal de los autores

Fuente: Elaboracion propia.

Figura N° 6
Cambios en la playa arenosa de Punta de Lobos, zona proximal. Lineas continuas indican linea
de playa pretsunami (2008). Lineas segmentadas seialan localizacién de cordones de dunas
anteriores. Sector cuatro en figura uno

Fuente: Elaboracién propia.
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El retroceso de la linea litoral en esta par-
te de la bahia se observa en las Figuras N°
2 y N° 6. En la seccién proxinal de la bahia
de Punta de Lobos, al que se asocia un pro-
minente headland de rocas esquistosas, es
donde se aprecia la mayor ausencia de abas-
tecimiento hasta el aifo 2012-2013. Ademads,
como documentado por Soto (2005) en este
sector existian dunas anteriores que si bien
sufrian el ataque del oleaje de invierno, eran
posteriormente reconstruidas. No obstante,
el crecimiento de la playa en el dltimo afio,
este no ha sido lo suficientemente abudante
como para generar dunas embrionarias. La
condicién de perfiles de playa erosionales se
mantiene hasta la fecha.

En la zona media de la ensenada de Punta
de Lobos, en enero de 2012 se habia obser-
vado, aunque en un estado muy incipiente, la
generacion de microdunas (nebkas) asociadas
a los obstaculos dejados por los restos de rai-
ces de Ammophila arenaria que fueron arran-
cadas por el tsunami, desde los cordones de
dunas existentes previamente; estas dunas
embrionarias estarian conformando actual-
mente un incipiente cordén de dunas ante-
riores (Figura N° 7). La relacién evolutiva de
estas dunas embrionarias estd asociada a las
familia de las dunas anteriores, en un sector
que antes del tsunami posefa varios cordones
de dunas anteriores, con dunas embrionarias
y dunas parabdlicas, todas formas indicativas

Figura N° 7
Formacién de duna embrionarias a partir de raices de Amophila arenaria remanente de cordones
de dunas anteriores y parabdlicas. Sector medio ensenada Punta de Lobos. La flecha indica una
micro duna (enero de 2012)

Fuente: Archivo personal de los autores.

del abastecimiento de arena. El perfil de la
playa era de tipo mulsisecuencias acrecional.

El litoral de Cahuil presenta una forma
rectilinea, de orientacién oblicua, perpendi-
cular al oleaje indidente, y no estd controlada
por la presencia de un headland. Los cambios
observados corresponden al retroceso de la
playa arenosa y de los primeros cordones de
dunas anteriores, donde ademds existe un pe-
queio campo de dunas en estado avanzado
de estabilizacién. En este sector la pérdida de
playa habia generado hasta el periodo 2012-
2013, una condicién sostenida de retroceso
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ya que el oleaje atacaba directamente los
cordones litorales remanentes, generando la
erosién de estos y el ingreso de olas de tor-
menta y bravezas que alcanzaban hasta las
dunas, contribuyendo a su erosién y poten-
cial reactivacion, a través de los corredores
de deflacién e incipientes blowout asociados.

El retroceso de la playa arenosa también
era observable en la zona del lagoon y es-
tuario de Cahuil. Esta condicién es especial-
mente importante ya que la barrera de Cahuil
se mantenia cerrada practicamente durante
todo el afo, salvo en eventos excepcional-
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mente lluviosos. Esta condicién se observa en
la figura 8, a través del ancho de la barrera.
Durante los afios sin crecidas fluviales la ba-
rrera se abria artificialmente para favorecer
la construccién de salinas que se desarrollan
como actividad econémica al interior del es-
tuario. Desde el teremoto y tsunami la barrera
ha mantenido su inlet en permanente fun-

REVISTA DE GEOGRAFIA NORTE GRANDE

cionamiento. Tanto es asi que en la figura ya
citada es posible observar la accion del olea-
je y las mareas en la parte interna del inlet,
generando formas de washover fan. Si bien,
en el Gltimo periodo se ha observado un con-
siderable crecimiento del ancho de la playa
en Céhuil, ain no se logra alcanzar el limite
anterior al terremoto y tsunami (Figura N° 8).

Figura N° 8
Cambios en la playa arenosa de Cahuil y desembocadura del estero Nilahue. Lineas continuas
indican la posicién de la linea de playa pre tsunami (2008). Lineas segmentadas senalan la
localizacién de cordones de dunas anteriores. Sector seis en figura uno

Fuente: Elaboracién propia.

Si bien las figuras anteriores expresan
graficamente, a través de las imagenes extrai-
das de Coogle Earth , el retroceso y posterior
acrecién de las playas arenosas, en la Figura
N° 9 se expresan tales pérdidas en términos
porcentuales. En todo el litoral analizado
hubo pérdida de la linea de costa que se
mantuvo como una condicién constante has-
ta el aflo 2014, cuando se pudo medir una
condicién de acrecién, que alin no recupera
la condicién morfosedimentaria existente an-
tes de terremoto/tsunami.

Para poder visualizar mds ampliamente
los cambios de la linea de costa, se realiza-
ron mediciones para los aflos 2004 y 2007.
Como resultado se obtuvo la condicién di-
namica de las playas, la que es diferencial
en funcién de la posicién en el sistema de
bahias estructurales. El patrén espacial ob-
servado no es concordante con la dindmica
de ensenadas que se observaba antes del 27
F, ya que los mayores espersores de dunas
y cordones de dunas anteriores y ancho de
perfiles de playa que existian en la zona dis-

B -echa 131/07/2012)

tal del sistema, en el sector de Chorrillos, se
registra el menor incremento entre 2010 y
2014, mientras que la zona proximal, Punta
de Lobos y Cdhuil, son actualmente las areas
con mayor aumento del ancho de playa.

En Punta de Lobos, la estimacién de pér-
dida de playa alcanzé el 42%, valor muy ex-
presivo de los fenémenos que ocurren en esa
seccion de la bahia, donde en el Gltimo aio
se ha registrado solo el incremento del ancho
de la playa, alcanzando una amplitud cerca-
na a la anterior, pero sin formacién de dunas.

El litoral de Cahuil corresponde a la
seccion de la bahia donde se han podido
constatar los mayores impactos en cuanto a
retroceso de la linea de costa, equivalente
a un 51% (Figura N° 2, N° 8 y N° 9), pero
también el mayor crecimiento porcentual de
la misma, aunque muy diferente al nivel an-
terior al evento. Esta parte del litoral presenta
una forma rectilinea, de orientacion oblicua,
perpendicular al oleaje incidente, y no esta
controlada por la presencia de un headland,
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Figura N° 9
Superficies de las playas en el sector comprendido entre Cahuil y Pichilemu, correspondientes a
los afios 2004-2014, y variacién porcentual entre los afios 2008-2010 y 2010-2014
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pero es el drea del exhutorio de la cuenca
aportante de sedimentos al litoral.

En la zona distal, en Chorrillos, llama la
atencién el bajo incremento del ancho de la
playa, el que puede ser explicado por su posi-
cién distal en el sistema.

Dinamica litoral

Si bien la zona de rompiente es altamente
variable, existen ciertos patrones que estan
asociados a la posicién en la ensenada, a la
estacionalidad y a las condiciones climatico-
atmosféricas del drea de estudio. En ese mar-
co se analizan las observaciones puntuales de
diferentes fechas, desde 1962 a julio de 2014.

El andlisis de la dindmica de la zona de
rompiente muestra un predominio de playas
de cardcter intermedio, tanto en la ensenada
de Pichilemu como en Punta de Lobos (Figura
Ne° 10). En Pichilemu, a pesar de la variabili-
dad encontrada se aprecia un predominio de
rompientes intermedias de tipo barra y surco
longitudinal (Bar Lonfshore Trougth, LBT),
tanto en la zona media como distal, habiendo
condiciones mas reflectivas solo en la parte
proximal. Lo observado en marzo de 2011 y
enero de 2012, indica un marcado predomi-
nio de condiciones de “playa disipativa” que
debieran obedecer a situaciones estacionales.
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Playa de Infiernillo Playa central de

Pichilemu a playa de
Chorrillos

La dltima observacién de 2014, en imagen de
invierno, entrega un patrén propio de ensena-
das estructurales: playa reflectiva, intermedia
y disipativa en la zona proximal, media y dis-
tal respectivamente.

En Punta Lobos, el efecto del prominente
headland influye en la marcada refraccién
de los trenes de olas en la parte proximal de
la ensenada, condicionando no obstante una
playa intermedia, donde las formas de barra
y surco longitudinal (Bar Lonfshore Trougth,
LBT) y playa y barra ritmica (Beach Bar
Rhytmic, RBB) son predominantes. Las con-
diciones observadas en marzo de 2011, son
de una playa disipativa en la parte proximal
(de alta energfa, con olas de mas de 3 m), y
de barra y surco longitudinal (Bar Lonfshore
Trougth, LBT) en la parte media, situacio-
nes que se mantienen en enero de 2013. En
2014, se mantiene este patrén. El litoral de
Céhuil, por su parte, presenta playas del tipo
intermedias y disipativas.

Si se analizan las bahfas como un siste-
ma, en la localizacién de los tipos de playas
existen patrones generales, tales como que
la zona de Cahuil por su posicién proximal,
recibe los aportes sedimentarios del estero
Nilahue y es area de transferencia hacia el
norte, asimismo, la zona de Punta Lobos,
también es un drea de transferencia debido al
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Figura N° 10
Playas dominadas por olas; Pichilemu, Punta de Lobos y Cahuil. Actualizado de Soto (2005)
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efecto en la refraccion del oleaje que ejerce
el headland, mientras la bahia de Pichilemu
es la ensenada receptora, pero de manera
relativa, ya que hacia la parte distal, fuera del
area de estudio, existe un litoral rectilineo
que contribuye a la transferencia de masa
deriva abajo.

Por otro lado, este proceso de transferen-
cia sedimentaria, que permite visualizar los
patrones ya sefialados, no permite identificar
el impacto asociado a la subsidencia medi-
da para el sector, pues la escala de analisis
empleada, espacial y sobre todo temporal de
observacién, no lo permite.

Tendencias de cambio

A partir de un escenario litoral controlado
por la estructura (Araya-Vergara, 1983, 1985,
2003), en que la transferencia de masa estd a
su vez influida por las salientes rocosas y la

forma del litoral, correspondiendo a un siste-
ma de ensenadas estructurales (Soto, 2005),
se analizan las condiciones geodinamicas
asociadas a los impactos cosismicos del terre-
moto de 2010, es decir, el tsunami y la subsi-
dencia costera local en 50 cm, documentados
por Farfas et al. (2010, 2011), Quezada et al.
(2010, 2012) y Vargas et al. (2011).

Observaciones realizadas en terreno des-
de al ano 2011-2013, evidencian que las pla-
yas arenosas sufrieron una fuerte erosién y re-
troceso, y que no hubo un inmediato proceso
de alimentacién y acrecién de estas, salvo lo
analizado en imdgenes Google Farth de julio
de 2014. Si bien se ha observado acrecién
de las playas, la presencia de escarpes en las
dunas y la ausencia de dunas embrionarias
demuestran que la erosién de playas es atin
relevante y que el abastecimiento de arenas
atin no alcanza las condicciones de antes
de la subsidencia costera y la erosién por
el tsusami. Dicha condicién de erosién fue
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observada por Ibarra (2013) en las playas y
dunas anteriores de Céhuil. A este respecto
es importantes sefialar que el proceso de
formacién de dunas anteriores y sobre todo
de microdunas, tenia una recurrencia estacio-
nal. Soto (2005) registré fotograficamente la
destruccién de invierno y la construccién de
verano de microdunas.

Los procesos de evolucién morfolégica
postsunami fueron también analizados por
Villagran et al. (2013) en la flecha litoral del
sistema estuarial del rio Mataquito (34°52’S,
72°09’W) y en las playas de Duao (34°53'S,
72°10'W), asociadas también a la subsidencia
cosismica del mismo terremoto y tsunami.
Los autores sefialan que si bien la flecha li-
toral fue fuertemente erosionada, fue rapida-
mente reconstruida producto de un favorable
abastecimiento sedimentario, probablemente
asociado al rio Maule y al campo de dunas
de Putd-La Trinchera, sumado a descargas
sedimentarias del rio Mataquito. Esta evo-
lucién positiva no ha sido observada en el
4rea de Pichilemu, a pesar que podrian ser
comparables ya que ambos sectores estan
muy cercanos y presentan una morfologfa de
ensenadas; las diferencias pueden se entendi-
das por subsidencia cosismica, menos aporte
sedimentario, solo atribuido al estero Nilahue
y el dngulo de incidencia del oleaje en el sis-
tema de ensenadas.

Komar (2010) sefiala que la erosién sos-
tenida es el proceso caracteristico de costas
afectadas por subsidencia, tal como analiza-
do en el litoral de Nueva Zelanda afectado

i e
por subduccién cosismica de hasta 2 m en
1931, en donde el retroceso de la playa fue el
rasgo evolutivo distintivo en estas ensenadas.

También es imporante relacionar los resul-
tados anteriormente expuestos con aquellos
obtenidos por Tanaka et al. (2012) en el sistema
litoral de Miyagui, pues también se observaron
fuertes cambios morfolégicos producto de la
susbidencia cosismica y tsunami por el terre-
moto del 11 de marzo del 2011 del este de
Japén. Los autores destacan el fuerte retroceso
y segmentacién de las playas, de los sistemas
dunares, de las barreras, flechas e infets, como
también los cambios en los perfiles hidrdulicos
de los fagoons analizados. Ibarra (2013) evi-
dencié cambios similares en la desembocadura
y fagoon del estero Nilahue, en Cahuil.
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La remocién de las arenas litorales por
un tsunami y su posterior retrabajo, generan
cambios muy dindmicos en la morfologia
litoral (Quezada et al., 2012). En tal sentido,
la teoria acumulada indica que las olas de
tsunami producen respuestas erosivas y de-
positacionales diferenciales en los sistemas
litorales y que los procesos de subsidencia
tecténica tienden a la erosién de las costas
(Bird, 2008; Davidson-Arnott, 2009) lo cual
es andlogo a los resultados obtenidos por los
autores anteriormente citados y a los de la
presente investigacién.

Sin embargo, de acuerdo a Tanaka et
al. (2012), para el caso de los tsunamis, los
procesos de restauracién en los sistemas
estuariales y costeros dependen mucho del
régimen hidrodindmico y de la disponibili-
dad de abastecimiento sedimentario, siendo
dos factores que regulan la posibilidad que
las playas recuperen su forma original, a los
cuales puede agregarse el efecto que tienen
las salientes rocosas y la forma del litoral en
la transferencia de sedimentos (Soto, 2005).
El hecho que las arenas removidas por un tsu-
nami quedan sueltas con poca compactacién,
de manera que el oleaje sucesivo, especial-
mente luego de marejadas, puede volver a
depositarlas, contribuye a la acrecién litoral,
tal como fue observado por Quezada et al.
(2012) en la zona litoral del Mataquito y Bu-
calemu (Chile central). No obstante, esta di-
ndmica no ha sido identificada en Pichilemu.

En el tramo litoral Cahuil-Pichilemu exis-
ten algunas evidencias geomorfolégicas muy
locales pero significativas que podrian estar
evidenciando una condicién de transferencia
de masa en las parte medias y distales de las
ensenadas de Pichilemu y Punta de Lobos
(Figura N° 9). En el primer caso se trata de
perfiles de playa multisecuenciales y en el se-
gundo, de microdunas, en los sectores en que
se identificé acresién de playas en la imagen
del afio 2014,

La dindmica de la zona de rompiente
da cuenta de escasos cambios en el tipo de
playa, ya que se mantienen los tipos inter-
medios como formas predominantes, sin que
se hayan observado cambios en la zona de
surf debidos a la condicién de subsidencia
del litoral, pero ello puede deberse a que
las observaciones realizadas no tuvieron una
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recurrencia temporal y por lo tanto esta in-
formacién no puede ser considerada como
concluyente.

Otro antecedente considerado es la pre-
sencia de una terraza estuarial, Te y la in-
cisién del lecho meandrante del estero San
Antonio de Petrel, que Araya-Vergara (2003)
establecié como una evidencia genética de
un solevantamiento mds acelerado que el
ascenso del nivel del mar. No obstante su po-
sicién, estas terrazas en el sector de Cahuil y
en el estero Nilahue, evidencian la subsiden-
cia ya que fueron inundadas, situacién que se
mantiene hasta la fecha.

En este contexto, se plantea que se ha
producido un significativo impacto asociado
a la subduccién de la linea de costa en la
dindmica costera en estas bahfas controladas
por la estructura, con una marcada influencia
del headland de Punta de Lobos y de Pichi-
lemu en la accién del oleaje. Basados en la
teorfa de las playas de medio corazén de
Silvester (1960, en Araya-Vergara, 1983), o
headland bay beachs, se podiia sefialar que
existirfa una tendencia a acentuar la funcién
del headlands rocoso, aumentando la condi-
cién de refraccién del oleaje, lo cual llevaria
a generar una condicién de ataque del oleaje
mayor y por lo tanto, acentuando la curvatura
de la bahfa. Esto es consecuente con la situa-
cién observada hasta el afio 2013, pero a par-
tir del afio 2014, se registra una condicién de
acrecién de las playas que permite plantear
una respuesta positiva y adaptacién sedimen-
taria similar al estado anterior a 2010. Esta
nueva condicién debe ser observada en los
siguientes afios para poder establecer si es la
nueva tendencia evolutiva, o bien obedece a
una variacién estacional.

Conclusiones

En relacién a las bahias estructurales o
headland bay beach, estas deben ser consi-
deradas como sistemas costeros complejos de
morfogénesis estructural y con una condicién
geodindmica actual, relacionada a la accién
diferencial del oleaje y en consecuencia, al-
tamente sensibles a los cambios que ocurren
en el sistema.

A partir de los antecedentes previos dis-
ponibles, que comprenden el periodo 2004-
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2008 y 2010-2014, se puede concluir que
el terremoto y el tsunami ejercieron un gran
impacto en el litoral generando la condicién
de erosién extrema en las playas arenosas, lo
que produjo una nueva condicién basal, que
se tradujo en la falta de aporte sedimentario a
las playas. El tsunami desmantel, destruyé y
erosioné las playas y dunas, estas no se han
reconstruido en casi cuatro afios. Durante
el dltimo afio sin embargo, se aprecia un
cambio reflejado en la acrecién de las playas
arenosas.

El reconocimiento de perfiles multise-
cuenciales y microdunas, muy localizadas,
constituyen las evidencias concretas de un
nuevo estado de equilibrio asociado a la ali-
mentacién incipiente y diferencial de arena
a la playa. Esta situacién requiere de obser-
vaciones sistemdticas futuras que permitan
discriminar situaciones estacionales de ten-
dencias de cambio efectivas.

El efecto cosismico del terremoto y tsu-
nami de 2010 generé nuevas condiciones
geodindmicas en las playas arenosas en el
sistema de ensenadas estructurales de Pi-
chilemu, asociadas a la erosién sostenida
hasta el afio 2013 debido a la falta de aporte
sedimentario, propio de los ambientes de
subsidencia; a partir del afio 2014, un nuevo
estado geodindmico asociado a la llegada de
sedimentos a las playas registrado gracias a
la acrecién generalizada de la linea de costa.
El abastecimiento de arenas no ha sido tan
abundante como para desarrollar cordones
de dunas anteriores o microdunas, existentes
antes del terremoto y tsunami.
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I.  INTRODUCTION

During the last decades the city of La Serena has been subject to intensive urban growth.
Thus, new areas along the coastline and on the higher levels of the marine terraces have been
more and more affected.

La Serena is located in the semiarid coastal Chile, an area subject to severe environmental
changes. Climate models predict for the next decades variations in rainfall and temperatures
of the Andean basins, leading to severe hazardous situations in terms of torrential rainfall and
river floods. Moreover, the occurrence of episodic and concentrated rainfall favors landslides
and hyperconcentrated floods. However, also highly variable phenomena like ENSO should
be taken into account. Furthermore, the area of La Serena is also prone to earthquakes due to
the presence to a seismic gap in the Pacific offshore zone.

The today’s environmental characteristics of the La Serena area in combination with
endogenous and exogenous triggering factors lead to specific process dynamics and related
natural hazards and risks.

The purpose of this research is to identify through an integrated analysis the relevant
potential geodynamic processes and the related affected areas. A detailed GIS mapping and
modeling of the relevant processes are integral part of this work. In particular we analyses
flooding, torrential streams and debris flows dynamics.
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We conducted a detailed geomorphological analysis to identify, validate and calibrate
indicators of endogenous dynamics associated with natural hazards. The analysis consists of
field work, GIS applications and modelling. The hazard mapping was done on the basis of
geomorphological, hydrologic, groups of soil information and GIS processing of topographic
information, as described subsequently:

Following topographic units were identified:

1) 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.

The Soils were considered important for the analysis of the hazardous conditions because
the study area corresponds to inherited Quaternary marine terraces, where different paleo soil
characteristics generate particular responses to rainfall. The identification of hydrological
soil groups following Soil Conservation Service was applied as a first approximation of the
hydric behavior on the soil.

For the morphometric analysis we worked with a raster DEM (25 m resolution) based
on ASTER satellite data. Since the ASTER GDEM is a landscape model containing still
information on infrastructures and vegetation we eliminated these features (such as high-rise
buildings and areas with vegetation and interpolated the terrain elevation. The model was
hydrologically corrected and preprocessed for analysis using SAGA GIS. Processes related
to water erosion were modeled through four topographic indices: Stream Power Index
(SPI), Topographic Wetness Index (TWTI), Transport Capacity Index (TCI) and Modified
Catchment Area (MCA). The modeling works under the assumption that the landscape has
homogeneous substrates. The indices were derived directly from the DEM.

Il. RESULTS
I.1. Present day geodynamic processes

Today’s geodynamic process are considered those related to concentrated rainfall
events, that generate conditions of stress and loss of equilibrium of the semi-arid 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, which present
activity under certain rainfall threshold. The marine terraces in La Serena have their very
well-defined scarps with altimetry distinct levels that correlate with different ages of
formation.

The analysis of the geomorphological units reveals the dynamic processes as potential
generators of natural hazards. In this context, the dissected streams have been considered
as torrential streams, also due to the coarse material in the stream bed. The alluvial fans and
the steep parts of the terraces have been identified as features susceptible to generate debris
flows, due to high amount of detritic material available.
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The largest territorial units are marine terraces, which have a very low slope, from 0-5.0°
and that are not subject to mass removals, except where the torrential streams and alluvial
fans are present.

I1.2. The integration of soil information

For to integrate the hydrological soil groups, we considered the spatial distribution of
C and D group of soils, because they are characterized by low infiltrabilities related to fine
textures and leading to increased surface runoff and hence flooding.

The results from the superposition of geomorphology and soil groups shows that the
holocenic terrace levels, with very low slope, correspond to saltmarsh level, with beach
ridges and marsh areas. They coincide with the C and D hydrological soil group. This
confirms the conditions for flooding due to very low infiltration capacity. Thus, especially in
the lower parts of the city a high susceptibility for surface runoff and flooding was identified.

On the higher terraces there are no significant flood conditions associated with
hydrological soil groups due the nature of these units: i ) sedimentary material consisting
of sands and gravels, ii) texturally with good infiltration conditions. Even heavy rainfall
events do not produce surface runoff. Thus the surfaces of the Pleistocene terraces can be
considered as having no susceptibility to natural hazard related to exogenous processes.

I.3. Terrain Analysis

The morphometric indices derived through GIS processing have been used as relative
indicators of natural hazard.

The Stream Power Index (SPI) index for describing the effects of linear fluvial erosion
processes, such as gullies, ravines and lateral erosion of beds. The study area, given the
marine terraces landscape, represents a rather smooth relief, although these terraces have
been uplifted tectonically. In this sense the SPI highlights the ravines and stream incisions,
which in the case of La Serena shows hazard condition especially in the granitic slopes and
the escarpment of the terraces.

The Topographic Wetness Index (TWI), was applied assuming a uniform substrate
in terms of lithology and depth. Hence, the topography is the dominant factor. The TWI
provides information on the accumulation of water and soil saturation. Consequently, the
index allows to derive information of dynamic processes, such as runoff and flooding. The
application of this index to the Bay of Coquimbo, reveals the susceptible areas to accumulate
water, especially spread on the lower terrace (marsh level), and within the streams and high
terraces. The TWI highlights the existing topographical irregularities, so that the depressions
in the units are potentially water storage areas.

The Transport Capacity Index (T CI), shows the areas affected by sheet erosion, sediment
transport and associated deposition processes. The results provided by this index illustrate
how the slope systems around the city and the associated streams and ravines are important
in terms of their hazardous potential or the new urban areas in especially the northern part
of the city.
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The modified watershed (MCA) is based on calculations that take into account the flow
pattern. The MCA provides an approximated estimate of the potential flood areas in extreme
rainfall events. In La Serena the urban streams and the lower terrace, belonging to soil
hydrologic groups C and D, are belonging to the flooded areas.

I1.4. Identification of the natural hazard associated with exogenous agents

Overlapping geomorphology, soil characteristics, and the information derived from the
modeled topographic indices through GIS applications tools allowed to identify the spatial
distribution and intensity of potential environmental hazards.

The lower area of the La Serena area, which is associated to the marsh level represent the
highest potential for the occurrence of flooding processes. Particulary the topographic and
textural constraints for drainage and infiltration processes as well as the amount of water arriving
to these areas make then highly susceptible to flooding. This terrace level extends across the bay.

The other areas showing a very clear susceptibility to flooding hazard are the stream
areas. In these areas floods, debris flows and erosion occur. The streams in urban areas
are characterized by channels related to steep terraces (that indicate tectonic genesis). This
stream beds starts on high terrace levels and alluvial fans, also identified as a source area
of debris flows. These streams drain superficially into the city and flows 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.

IL5. Triggering conditions.

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
occurs in the Chilean semiarid region due El Nifio and the Oscillation Pacific decadal.

The annual rainfall in La Serena amounts to 75mm. However, during El Nino phenomena
these values alter significantly. During one day or few hours rainfall can reached and
exceeded the average annual rainfall. Such events allow understanding how the semiarid
morphological system presents rainfall thresholds that can trigger subaerial processes that
favour conditions for natural hazard.

lll. DISCUSSION

The presented approach integrating information on geomorphology and hydrological
soil groups is consistent with each other given the genetic relationship between both, but
at the same time provides own background landscape study area. In this context, the low
terrace, swamp level, characterized by C and D hydrologic soil group, are those of very
poor drainage and consequently correspond to areas of flooding. Regarding the dynamics of
streams 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 can occur during heavy rainfall events.
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The modeling performed with GIS tools highlighted those aspects of marine terraces and
streams, constituting potential areas for mass transport and surface runoff. Through these
modeling the flood hazard areas between the coastline and the escarpment of the terrace were
identified. The stepped terraces are related to favorable conditions for runoff.

IV. CONCLUSIONS

This study presents an integrative approach to assess the susceptibility to natural hazards
in the Bay of Coquimbo, with the city of La Serena. The combination of geomorphologic,
soil and topographic characteristics reveal information about 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 lower terraces which are associated to the coastline. The
lower terrace is subject to flooding due to poor soil drainage. The other terrace surfaces are
not subject to this hazard because of their good drainage conditions.

The debrisflow can be generated within the streams, which were identified as torrential.
This situation is also implying a vulnerable condition due to the urban expansion of the city.

The main triggering factors for these types of hazards are concentrated and heavy rainfall
events.
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RESUMEN

Se identifican las unidades de paisaje mds propensas a los desastres naturales en las
terrazas marinas cuaternarias de la bahfa de Coquimbo. La investigacidn se sustentd en los
procesos geomorfoldgicos y en la capacidad de infiltracién del suelo. Ademds, se utilizaron
algunos proxies especificos realizados a través de SIG. Las terrazas marinas mds altas no
estdn sujetos las inundaciones y riesgo de flujo de detrito; la terraza marina mds baja pre-
senta las peores condiciones de amenaza en relacidn a las inundaciones provocadas por el
desborde fluvial como por la baja permeabilidad del suelo.

Palabras clave: amenazas, flujos de detritos, inundaciones, suelo, SIG

ABSTRACT

We identify the landscape units most prone to natural hazards that frequently strike the
Coquimbo bay. The research was based on geomorphological processes and soil infiltration
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capacity. Also, some proxies realized by means of GIS techniques have been used. The
highest marine terraces are not subject floods and debris flow hazard; the lowest marine
terrace present he worst hazard conditions to floods due overflowing river and the low soil
permeability.

Key words: hazard, debrisflow, flood, soil, GIS.

I. INTRODUCCION

En el marco del proyecto de investigacién «Nuevos escenarios de fragilidad ambiental
asociados al aumento del riesgo y la degradacidn en ciudades intermedias de Chile», la ciu-
dad de La Serena ha sido especialmente abordada debido a que durante las dltimas décadas
ha estado sujeta a procesos de crecimiento urbano y desarrollo inmobiliario (Ortiz ef al.,
2002, Castro y Ortiz 2003, Ortiz y Escolano 2005), ocupando terrenos del borde costero y de
las terrazas marinas altas.

La ciudad de La Serena localizada en el semidrido costero estd sujeto a cambios ambien-
tales, tanto de origen antrdpico como naturales, generando nuevos escenarios de cambio
climdtico, tal como modelizado por CONAMA (2006), Garreaux ef af. (2008). Estos esce-
narios de cambio climdtico y consecuentemente de modificaciones territoriales, no han sido
sélo una condicién actual y de estimaciones futuras, si no que a través de estudios arqueo-
1égicos realizados en el semidrido chileno, se ha demostrado la ocurrencia de fluctuaciones
climdticas, mds himeda, que explicarfan entre otras causas el poblamiento costero durante
el Holoceno temprano (Maldonado et af. 2010). A partir de ello Schimdt (2010) y Boulter et
al. (2010) resaltan la importancia del estudio de los paleo climas como via de comparacién y
evaluacién de los cambio climdticos futuros.

Las modelizaciones de cambio climdtico dan cuenta que en €l presente siglo ocurrirfan
variaciones en las precipitaciones y temperaturas de las cuencas andinas, lo que generarfa el
aumento de la condicién de amenaza por inundaciones fluviales, y una mayor torrencialidad
de las precipitaciones para el semidrido, como también la ocurrencia de precipitaciones epi-
sédicas y concentradas propiciando inundaciones y remocién en masa. A ello se debe agregar
la ocurrencia del fenémeno ENSO (El Nifio, La Nifia) y la Oscilacién Decadal del Pacifico
(Sarricolea & Martin-Vide 2012; Romero & Mendoca, 2011; Romero et al., 2011).

Las condiciones de precipitacion de la zona costera de Coquimbo se caracteriza por
lluvias estacionales invernales, con un promedio anual del orden de los 75mm (Dfaz, 2011),
pero sin embargo durante eventos El Nifio estos montos aumentan considerablemente. Tra-
bajos anteriores en el semidrido chileno han demostrado que estos eventos pluviométricos
son generadores de amenaza de origen natural (Castro et al. 2009; Soto et al., 2012). Estas
condiciones han sido analizadas para el desierto costero en Antofagasta (27°S) por Vargas et
al. (2000), Sepilveda et al. (2006).

Por otro lado, las condiciones enddgenas en el drea estudiada contribuyen sinérgicamente
enla geodindmica exdgena del paisaje, y son por si mismas agentes generadoras de procesos
que derivan en condiciones de amenaza. En el caso de la ciudad de La Serena esta situa-
cidn cobra relevancia toda vez que existe una brecha sfsmica. La seccidn del borde costero
comprendida entre los 25°-32°S corresponde tecténicamente a un segmento de subduccién
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de bajo dngulo a profundidades intermedias (Pardo et al., 2002a) que presenta antecedentes
histdricos de sismicidad en la zona costera. Se divide en dos segmentos o brechas sfsmicas,
la de Copiapd y la Brecha de Coquimbo (Vigny ef af., 2009) o Illapel (Pardo ef al., 2002b).
Las recurrencias de grandes sismos, del orden de 60 y 150 afios en Coquimbo, sugieren que
estas zonas pueden considerarse como brechas sismicas con potencial de activarse en un
futuro cercano, considerando que los tltimos grandes terremotos fueron hace 88 y 67 afios.
En la zona de Coquimbo, estudios recientes de sismicidad y deformacidn cortical (Vigny et
al., 2009) muestran que la zona se estd cargando para un futuro evento interplaca.

En este escenario complejo se emplaza el paisaje geomorfoldgico de la bahfa de
Coquimbo, conformada por terrazas marinas plio-cuaternarias, descritas y datadas por Pas-
koff (1970, 1999). Estas terrazas conforman una secuencia de escarpes y superficies de
terrazas escalonadas, constituidas por materiales inconsolidados, de textura variada, desde
las gravas a los limos y arcillas, estos dltimos, en la terraza holocénica, denominada como el
nivel de vega o nivel palustre. La topografia de La Serena se asocia a las variaciones glacio
eustdticas del nivel del mar como factor dominante en la génesis de las terrazas, y a los movi-
mientos de solevantamiento que han separado las terrazas formadas durante cada €poca inter-
glacial (Paskoff 1999). Saillard et al. (2009) dan cuenta que el solevantamiento episédico de
la costa chilena pleistocena (31°lat ) resultarfan de procesos relacionados a la subduccidn,
tales como pulsos de acrecidn tecténica en la bases del borde del antearco.

De lo anteriormente expuesto se deriva que el territorio en que se emplaza la ciudad de
La Serena presenta condiciones de base y desencadenantes, tanto enddgenas como exdgenas,
que propicias para la generacién de procesos dindmicos a los que se asocian amenazas de
origen natural. Ello implica que en el drea de estudio existan ademds condiciones de riesgo,
entendido este como la exposicidn a procesos naturales de una comunidad (Helmholtz Asso-
ciation, 2007), toda vez que el desarrollo urbano estd ocurriendo en drea con amenazas. En
la actualidad, el riesgo natural es considerado un problema socio ambiental, no resuelto
(Cardona, 2009).

En el contexto de las amenazas existentes y de los procesos expansion urbana que se
estd desarrollando en La Serena, Ortiz ef al. (2011), concluyeron que existe una escasa
percepcidn del riesgo de los habitantes de la ciudad, asociados tanto a amenazas enddgenas
(terremoto y tsunami), como exdgenas (remociones en masa € inundaciones), hecho que es
similar en la poblacidn flotante (turistas) que demandan el borde costero (Whyndham, 2012).

El propdsito de esta investigacion es a través de un andlisis integrado de variables geo-
grdfico fisicas, principalmente geomorfologia, suelos y la topograffa, identificar las dreas
susceptibles de sufrir proceso geodindgmicos que se reviertan en una condicién de amenaza.
La representacidn cartogrdfica y la modelizacién SIG son parte fundamental de este trabajo.
Se analizan las inundaciones asociadas al drenaje del suelo, la actividad torrencial de los
talwegs y la susceptibilidad a ocurrencia de remociones en masa. Se excluyen de esta presen-
tacion las amenazas der tsunami que obedecen a otros procesos morfogéneticos.

Il. MATERIALES Y METODOS

A partir del andlisis de trabajos anteriores, principalmente a la geomorfologfa realizada
por Paskoff (1970), se llevé a cabo trabajo de fotointerpretacién y de terreno a fin de identi-
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ficar las formas esenciales indicadoras de dindmica endogena asociada a la amenaza natural.
En relacion a la carto grafia de amenazas, esta se construyo en base a la informacion geomor-
fologica ya citada, a la informacion de los grupos hidroldgicos de los suelos, de Sarricolea
(2004). Se realizo procesamiento SIG de la informacion topogrdfica (Fig. 1).

Figura 1
ESQUEMA METODOLOGICO
APROXIMACION METODOLOGICA PARA LA DETERMINACION
DE AMENAZAS DE ORIGEN NATURAL
'
I Grupos de formas: Formas heredadas y dindmica actual. l
i
i | 1
Geologia y geomorfologia Suelos Anilisis morfométrico
Si de ver /depasi Composiaon textural SIG SAGA, ASTER GDEM (30m)
correlativos de lasformas (Paskofl, | | Erosion fiuvial (SP1)
(Emparan y Pineda{2006} 1570) o -Erosion /deposicion (TCI)
Araya-Vergara (1985y 1998) Grupos hidrologicos de | | Escurrimiento superdficial (TWI)
Terrazas marinas: -l suelos (Sarricolea, Maerker et al,(2008; 2011);
Paskoff (1970, 1999}, 2004) ] Voge! & Maerker (2009)

Procesos dinamicos: remociones &n masa, erosion,
aporte gravitacional, derivado a través de Proxies,
Procedimien establecidos a través del andlisis de reglas basadas en
Cartografia geomorfologica: los valores de los indices topograficos.

Formas y procesos a través de
fotos aéreasy trabajo de terreno.

Condicién geodinamica del sistema

Andlisis de datos climdticos Dindmica del sistema de vertientes y towegs
PP |estacion LaSerena ), Pérax asociados en lasterrazas marinas
(2005) |

[ AMENAZAS de origen NATURAL

Sistemas de vertientes/depdsitos correlativos, fueron analizados a partir de la carta de
Paskoff (1970), incorporando los tipos de vertientes y los conos aluviales. Para las vertientes
se recurrid a la informacién geoldgica de Empardn & Pineda (2006), constituyendo junto a la
interpretacion aerofoto gramétrica, la bases la aplicar la clasificacion de vertientes de Araya-
Vergara (1985). De este mismo autor se extrae la nocién de depdsitos correlativos asociados
a las vertientes, que en este caso corresponden a conos aluviales de pequeiio tamafio, aunque
de cardcter torrencial.

Lechos fluviales, es importante destacar que para esta investigacion, vinculada a las
amenazas de origen natural, no se ha considerado explicitamente la morfologia de lechos y
canales fluviales del rio Elqui, que drena por medio del drea urbana de la civdad, toda vez
que, desde la construccién del Embalse Puclaro (1999) no existen crecidas fluviales en la
seccion distal del rio. No obstante ello, la morfologia fluvial existente es indicativa del régi-
men de crecidas hasta antes de la construccion del embalse. Sarricolea (2004) identifico las
dreas de inundacion fluvial asociadas a los desbordes del rio Elqui.

Suelos, han sido considerados de importancia en el andlisis de las condiciones de ame-
naza, toda vez que el drea de estudio corresponde a terrazas marinas heredadas del Cuater-
nario, en donde las condiciones texturales diferentes generan respuestas particulares a las
precipitaciones, mds ain en dominio semidrido. En este sentido Holliday & Rawling (2006),
Alvarez-Rogel et al. (2006), Ben-Doma et al. (2006) dan cuenta la respuesta actual a las pre-
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cipitaciones y vegetacion en los suelos. Paskoff (1970) destaca la presencia del denominado
nivel de vega, la terraza del Holoceno, a nivel del mar, en donde ademds drenan los talwegs
provenientes desde las terrazas altas. En este contexto, se aplico la identificacion de Grupos
Hidrologicos de suelos realizada por Sarricolea (2004), como una primera aproximacion del
comportamiento hidrico de &stos.

Anilisis morfométrico en ambiente SIG. Se aplicé la metodologia de Mirker et al.
(2001, 2008, 2011). Se trabajo con un GDEM raster (resolucion 25m). El modelo fue proce-
sado eliminando la infraestructura, como los edificios de gran altura y dreas con vegetacion.
Posteriormente el modelo fue corregido hidrols gicamente segin el algoritmo de Planchon &
Darboux (2001) y reprocesado para un andlisis de terreno a través del SIG SAGA. Se mode-
lizaron los procesos relacionados a los agentes subaéreos de erosion hidrica aplicando cuatro
indices topogrdficos, Stream Power Index (SPI), Topographic Wetness Index (TWI), Trans-
port Capacity Index (TCI) y Modified Catchment Area (MCA). La modelizacion realizada
parte del supuesto que el paisaje posee substrato geoldgico homogéneo e indiferenciado. Los
indices fueron derivados directamente de la topografia.

I11. Area de estudio

El drea de estudio corresponde a la bahia de Coquimbo, en la Regién homdnima y com-
prende el drea urbana y de expansion urbana propuesta (Fig. 2).

Figura 2
AREADE ESTUDIO

LA SERENA
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La Regidn se inserta en una zona de transicién climdtica entre €l clima mediterrdneo
desértico y el semidesierto, himedo y nuboso en la costa y estepario cdlido en el interior
(Dfaz, 2011), con una zona costera con un 85% de humedad, temperatura moderada con una
media de 14,7° y muy baja amplitud térmica. Las precipitaciones promedio anual son del
orden de los 75-84mm. Sin embargo, cuando ocurren en las costas de Chile el fendmeno de
El Nifio, estos valores de precipitaciones se alteran considerablemente.

Paskoff (1970) identificé en la bahfa de Coquimbo la presencia de terrazas marinas, cinco
niveles escalonados, que fueron esculpidos desde la Formacién Coquimbo (Plioceno Medio-
Superior), durante el Pleistoceno, hasta el Holoceno, en el nivel denominado por el autor
como Veguense. Estos niveles de terrazas estdn constituidos por rodados principalmente
(TII, T IIy T IV), arenas, sedimentos biogénicos y arcillas, en el Actual y Holoceno. Ello
implica materiales de calibre, composicidn y estado diferente seguin los niveles de terrazas
(Tabla 1), y en consecuencia un paisaje heredado susceptible de presentar actividad dindmica
actual.

Tabla 1
EDADES DE LAS TERRAZAS MARINAS DE COQUIMBO
(PASKOFF, 1999)

Etapas Marinas Mayor elevacién (m) Periodo propuesto
Vega 57 Holoceno
Herradura IT 15-20 Ultimo interglaciar
Herradura I 35-40 Pleistoceno medio
Serena II 75-80 Pleistoceno Antiguo
Serena [ 120-130 Pleistoceno Antiguo

Consecuente con la geomorfologfa se han desarrollado suelos de caracteristicas dife-
rentes. Estos fueron tratados por Sarricolea (2004), estableciendo los grupos hidrolégicos.
Las series se agrupan en cuatro categorias, a saber, Grupo A, suelos con bajo potencial de
escorrentfa y alta infiltracién, aunque estén completamente hiimedos. Compuestos prin-
cipalmente de arenas o gravas profundas, de drenaje bueno a excesivo; Grupo B, suelos
con infiltracién moderada aunque estén completamente himedos. Son moderadamente
profundos a profundos, de moderado a buen drenaje. Textura moderadamente fina a media;
Grupo C, suelos con baja infiltracién aunque estén completamente hiimedos, tienen una
capa que impide el movimiento descendente del agua. Son suelos con textura de modera-
damente fina a muy fina y, Grupo D, suelos con un alto potencial de escorrentia. Tienen
una muy baja capacidad de infiltracidn, aunque estén completamente himedos. Son sue-
los arcillosos con un alto potencial de expansidn y nivel fredtico superficial. Los grupos
hidroldgicos a los que se asocia una condicién de amenaza de inundacién son los grupos
Cy D (Fig3).
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Figura3
GRUPOS HIDROLOGICOS DE SUELOS (SARRICOLEA, 2004)

lil. RESULTADOS
llL1. Procesos geodinamicos actuales

Como proceso geodindmicos actuales se han considerado los eventos subaéreos, rela-
cionados con eventos pluviométricos concentrados; estos generan condiciones de estrés y
ruptura de equilibrio de los sistemas morfold gicos del semidrido costero, tales como la acti-
vacion de talwegs, escurrimiento superficial en conos aluviales, erosion de escarpes de terra-
zas, e inundaciones.

La carta geomorfologica de Paskoff (1970) da cuenta de un paisaje de formas heredadas
del Cuaternario, quesi bien no estdn en morfo génesis actual, se activan bajo ciertas condicio-
nes de umbral pluviométrico. Las terrazas marinas en La Serena presentan sus escarpes muy
bien delimitados y preservados, generando un paisaje escalonado con los niveles altimétricos
claramente diferenciados (Fig. 4) y que se correlacionan con edades de formacién distinta.

La nocion de niveles de terraplenamiento asociados a los movimientos glacio-eustdticos
durante el Cuaternario, genera una conformacion morfolégica con material sedimentario
diferente, sea, desde las coquinas de la Formacién Coquimbo, hasta los sedimentos arcillosos
del Holoceno en el nivel de vega.

A partir del andlisis de las unidades geomorfoldgica identificadas por Paskokk (1970) se
derivaron los procesos dindmicos actuales, como potenciales generadores de amenazas de
origen natural. En este contexto, los talwegs que disectan el drea han sido considerados como
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Figura 4
PERFILES TRANSVERSALES DE LAS TERRAZAS MARINAS DE LA SERENA
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de cardcter torrencial, dado que presentan incisidn de sus cauces y contenido de materiales en
curso. Los conos aluviales han sido identificados como formas susceptibles de generar flujos
de detritos, al igual que los escarpes de las terrazas. Tal asociacion de procesos se sustenta
en los criterios de Cruden y Varnes, (1996, en Sepilveda et @l. (2006) y los de Vargas et al
(2000), que relacionan la naturaleza del substrato y la pendiente de las formas.

Las unidades territoriales mds extensas son las superficies de terraplenamiento de las
terrazas marinas, que presentan una muy baja pendiente, del orden de los 0°-2° y 2,1°-5°
y a partir de esta informacion es posible asumir que tales unidades geomorfoldgicas no
estdn sujetas a remociones en masa, salvo donde se presenten falwegs y conos aluviales.
Sin embargo, en la zona norte, Compaiiias Bajas y parte de Compaiiias Altas, la terraza mds
alta estd en contacto directo con las vertientes de la Cordillera de la Costa, cuyos ralwegs
de cardcter torrencial son potenciales generadores de flujos sobresaturados, y donde la pen-
diente es favorable para el escurrimiento superficial: la terraza alta 5,1°-10° y las zonas de
contacto con las vertientes, 20,1°-30° (perfil 1 de la figura 4).

lll.2. La integracion de la informacion de suelos
En la integracion de la cartografia de los grupos hidrolégicos de suelos, se considers
como relevante la distribucion de los grupos Cy D, en la medida que poseen una condicion

de inundabilidad debido a sus caracteristicas de mal drenaje, asociado a la textura fina y baja
capacidad de infiltracion.
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Los resultados de la superposicion de geomorfologia y series de suelo son coherentes con
las formas ya descritas, herencia de la evolucion cuaternaria de la bahia, es decir, las zonas
de la terraza holocénica, de muy baja pendiente, correspondiente al nivel de vega, en que ain
se evidencia la presencia de cordones de playa y zonas palustres, coincide con el desarmollo
de los grupos Cy D. Esto ratifica la condicion de inundacion debido a las condiciones del
suelo con una muy baja capacidad de infiltracion, situacién que se agudiza durante eventos
pluviométricos concentrados.

En las unidades de terrazas altas el resultado arroja que no existen condiciones de inunda-
cion importantes asociadas a los Grupos Hidrolé gicos, lo que se debe a la naturaleza de estas
unidades, de material sedimentario constituido por arenas y gravas, texturalmente con bue-
nas condiciones de infiltracion, ain en eventos pluviométricos concentrados, durante los que
no se supera la capacidad de saturacion del suelo. De esta manera las superficies de terrazas
pleistocénicas deben ser consideradas segin la geomorfologia y las condiciones el suelo, sin
amenaza de origen natural de cardcter exogeno (Fig. 5).

Figura5
CARTADE AMENAZAS DE ORIGEN NATURAL, BAHIA DE COQUINMBO, APARTIR DE LA GEOMORFOLOGJA LEVANTADA
SEGUN FOTOINTERPRETACION Y TRABAJO DE TERRENO, CON BASE ENLA CARTA GEOMORFOLOGICA DE
PASKOFF (1970) Y GRUPOS HIDROLOGICOS DE SARICOLEA (2004)

li.3. Modelamiento de informacion topografica

Los indices morfométricos derivados a través de procesamiento SIG se han utilizado
como indicadores relativos de la amenaza natural.
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El indice Stream Power Index (SPI), permite describir los efectos de los procesos de ero-
sion fluvial lineal, tales como cdrcavas, quebradas y erosion lateral de lechos. En el drea estu-
diada, dada la conformacidn de las terrazas marinas el paisaje presenta un relieve mds bien
suavizado, a pesar que estas terrazas han sido solevantadas tectonicamente. En este sentido
el SFI destaca la incision de los talwegs, que en el caso de La Serena pone de manifiesto la
condicion de amenaza sobre todo en los sistemas de vertientes graniticas y en los escarpes de
las terrazas, en el drea de Las Compaiiias y en el escarpe de la terraza principal del rio Elqui.
Destaca la relacion existente entre las dreas aportantes de las vertientes aledafias y como
éstas cambian y se acomodan a la topografia de las terrazas (fig. 6).

Figura 6
STREAMPOWER INDEX (SPI) APLICADO A LA BAHIA DE COQUIMBO.
LAS FLECHAS INDICAN LA MANERA COMO LOS PRINCIPALES CURSOS DE AGUA
SE ACOMODAN A LA TOPOGRAFIA DE CORDILLERA Y TERRAZAS MARINAS
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El Topographic Wetness Index (TWI), corresponde a una modelizacion que se realiza
bajo el supuesto de la existencia de un substrato uniforme, en litologia y profundidad, en
donde la topografia es el factor dominante. El TWI proporciona la informacion relativa
a la acumulacion de agua y la saturacion del suelo y el substrato, y consecuentemente
permiten derivar informacion de los procesos de escorrentia superficial e inundacio-
nes. La aplicacion de este indice a la bahia de Coquimbo, expresa las dreas potencial-
mente susceptibles de acumular agua, que se distribuyen en la terraza baja holocénica
(Veguense), en los talwegs y en las terrazas altas, en las superficies de terraplenameinto
de las mismas, destacando las irregularidades topogrdficas existente, de tal manera que
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las depresiones en estas unidades serian potencialmente drea de acumulacién de agua,
solo por efecto de la topografia, tal como lo expresa el indice (Fig. 7).

Sin embargo, en el sector de Compaiifa Baja la interpretacion debe ser diferente porque
ahi la pendiente es mayor y los talwegs provienen desde las vertientes cercanas del entorno
(este sector estd siendo urbanizado intensamente). Igual situacion se aprecia en Compaiifa
Alta, que estd fuera del drea de expansion urbana.

Figura?
TOPOGRAPHIC WETNESS INDEX (TW1), APLICADO A LA BAHIA DE COQUIMBO
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El Transport Capacity Index (TCI) da cuenta de las dreas afectadas por erosion laminar,
transporte de sedimentos y procesos de depositacion asociados. Los resultados que aporta
este indice da cuenta de la importancia en la relacion de aporte de masa de las vertientes del
entorno urbano de la ciudad de La Serena y de los cauces de los talwegs, cobrando relevan-
cia en términos de la amenaza, los que drenan el drea urbana. Las superficies de las terrazas
no estdn exentas de amenaza, en este caso las terrazas pleistocénicas que Paskoff (1970)
denomino HI y SI en la parte norte de la ciudad. En la zona norte, Compaiifa Baja presenta
similares caracteristicas, sobre todo en los escarpes de las terrazas y las vertientes (Fig. 8).
Los patrones observados en la figura 10 sefialan los lugares en los que de acuerdo a la mode-
lizacion topogrdfica realizada se produce erosion, difusion de masa sedimentaria y acumula-
cion, resaltando la funcion geodindmica de los escarpes de las terrazas y los talwegs. Esto se
aprecia también en los resultados obtenidos por los idices SPI y TWI, de las figuras 6 y 7.

La cuenca modificada (MCA) estd basada en cdlculos que toman en cuenta el patron
del flujo. Como resultado se estima el flujo potencial mds alto en comparacion con la acu-
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Figura8
TRANSPORT CAPAQITY INDEX (TCH), APLICADO A LA BAHIA DE COQUIMBO
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Figura9
INDICADOR CUENCA MODIFICADA (MCA) APLICADA A LA BAHIA DE COQUIVBO
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mulacién del flujo estdndar (BShner ef al., 2001). La MCA proporciona una estimacién
aproximada de las zonas potencialmente inundables en eventos pluviométricos extremos. La
figura 9 da cuenta cémo las dreas asociadas a las quebradas descritas en la geomorfologfa
(Quebrabas San Francisco y Pefiuelas), y la terraza baja, de suelos pertenecientes a los gru-
pos hidroldgicos CyD, son los mds inundables.

lll.4. Identificacion de la amenaza de origen natural asociada a agentes exogenos

La superposicién de la geomorfologfa y suelo, y la informacién derivada de los indica-
dores topograficos modelados a través de herramientas SIG, permiten establecer patrones
naturales en relacidn a la potencialidad del paisaje para generar amenazas.

La zona baja de la ciudad, correspondiente al nivel palustre presenta desde el punto de
vista de la geomorfologfa, suelos y topograffa, las mejores condiciones para la ocurrencia
de procesos de inundacién asociados especificamente a la dificultad topogréfica y textural
para el drenaje e infiltracién del agua asociada a precipitaciones concentradas. Este nivel de
terraza se extiende en toda la bahia.

Las otras dreas con patrones de amenaza muy claros son los talwegs, a 1os que se pue-
den asociar inundaciones y flujos de detritos y erosién. Las quebradas presentes en €l drea
urbana, como la Quebrada San Francisco presenta un cauce delimitado por terrazas escar-
padas que denotan su génesis tecténica, cuyo lecho comienza en la terrazas altas y desde los
conos aluviales del sector Cerro Grande, flanco norte, los que han sido identificados como
drea de flujos de detritos; esta quebrada drena superficialmente la ciudad sélo en la parte alta
y desagua en la terraza mds baja, el nivel palustre. La Quebrada Pefiuelas, con una marcada
forma asociada a la epigénesis, presenta un patrén de meandros encajados, de actividad
episédica, de acuerdo a las caracteristicas de los bancos fluviales actuales encontrados. Este
talwegs nace en los conos aluviales del Cerro Grande, en su flanco oeste y drena las terra-
zas altas desaguando en el nivel palustre, desde donde es canalizada hasta la playa arenosa
adjunta. Las amenazas asociadas son los la formacién de cdrcavas y pequefios flujos de detri-
tos en los escarpes del cauce, y de inundacidn fluvial en la parte baja debido al desborde del
canal y a la sobre carga de masa por un evento pluviométrico concentrado.

lIL.5. Condiciones desencadenantes

Si bien las caracterfsticas geomorfoldgicas, de los suelos y de la topograffa proporcionan
informacién concreta de los procesos que pueden generarse e€s estas, se considera como
agente desencadenante las precipitaciones concentradas, las que ocurren en el semidrido chi-
leno asociadas al fenémeno El Nifio principalmente y a la Oscilacién Decadal del Pacifico.

Los montos de precipitaciones anuales en La Serena son del orden de los 75mm, pero
cuando ocurren en las costas de Chile el fendmeno de El Nifio, estos valores de precipitacio-
nes se alteran considerablemente, tal como se aprecia en la Tabla 2, cuando en el perfodo de
horas se alcanza y supera el promedio anual de precipitaciones.

Las precipitaciones intensas de 2011, cémo se deriva de Romero & Mendoca (2011), estarfa
asociado a la Oscilacién Decadal del Pacifico, evento pluviométrico que generd un gran impacto
en la ciudad, sobre todo por las inundaciones asociadas a problemas de drenaje del suelo.
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Estos valores permiten comprender 1a manera en que el sistema morfoldgico semidrido
de La Serena presenta umbrales de precipitaciones que pueden desencadenar procesos subaé-
reos que constituyen una condicién de amenaza de origen natural. En este contexto, al aplicar
los umbrales de precipitaciones que desencadenaron los flujos de detritos en Antofagasta en
el afio 1991 y en el piedmont de Santiago, en 1993, se valida tal aseveracidén. Segun Hauser
(1997, en Sepulveda et al. 2006), el dia 18 de junio de 1991 en Antofagasta precipitaron 42
mm y el dia 3 de mayo de 1993, en Santiago, 35,8 mm; en La Serena, ambos umbrales de
precipitacién han sido superados.

Tabla 2
PRECIPITACIONES CONCENTRADAS EN ANOS EL NINO EN LA SERENA

Ailo Precipitaciones El Nifio Otros registros
1983 160,1 mm total anual
69,5 mm/24 hrs/julio
148,8 mm total anual
et 40 mm/24 hrs/julio
221,8 mm total anual
Julio 100 mm
1997 30 mm/24 hrs 11 de julio
30 mm/24 hrs 12 de julio
40 mm/24 hrs 15 de agosto
2011 70 mm/13 hrs/junio
96 mmy/24 hrs/junio
IV. DISCUSION

Las bahia de Coquimbo y la ciudad de La Serena se insertan en un paisaje particular con-
trolado por la topograffa de los niveles diferenciales de terrazas marinas escalonadas como
consecuencia de la evolucién glacio-eustdtica y tecténica del litoral chileno semidrido (Pas-
koff, (1970), Quezada et al., (2007), Saillard ef at., (2009). Consecuentemente la incisién de
los cursos de agua en las terrazas se presenta como gargantas epigénicas, con una dindmica
fluvial actual asociada solo a perfodos con ocurrencia de precipitaciones.

La superposicién de la informacién de geomorfologfa de Paskoff (1070) y de los grupos
hidroldgicos de suelos desarrollados por Sarricolea (2004) es consistente entre si dada la
relacién genética entre ambos, pero al mismo tiempo, aporta antecedentes propios del paisaje
de la zona de estudio. En este contexto, 1a terraza baja, en el Veguense holocénico de Paskoff
(1970), es donde se presentan los grupos hidrolégicos Cy D, es decir, aquellos de muy mal
drenaje y que consecuentemente corresponde a dreas de inundacién. Castro y Ortiz (2003)
comprobaron que el sector de Avenida del Mar y la urbanizacién existente quedd comple-
mente inundada, sobre todo en aquellos sectores con cotas inferiores, durante un evento
pluviométrico ocurrido en el afio 2003.

En relacién a la dindmica de los falwegs, éstos han sido considerados como activos y
asociados a flujos de detritos. Tal consideracidn se sustenta en el grado de incisién de los
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mismos y la presencia de material en curso, pero condicionados a la ocurrencia y magnitud
de eventos pluviométricos, tal como ha sido verificado para el semidrido por Castro et al.,
(2009), Soto et al., (2010, 2012) Vidal (2012), Mérker et al., (2012) y en el desierto costero
del dominio drido por Vargas et al., (2000) y Sepulveda et al., (2006).

La modelizacidn realizada a través de herramientas SIG resalté aquellos aspectos topo-
grdficos de las terrazas marinas y los falwegs, constituyéndose en dreas potenciales para el
transporte de masa y el escurrimiento superficial. A través de €stas modelizaciones se ratifica
la condicién de amenaza de inundacidn del sector comprendido entre la linea de costa y el
escarpe de la terraza, junto a la Ruta 5. Destaca también la accidn de los tafwegs torrenciales
en el drea que drenan hacia la zona de inundacidn, el nivel palustre. La condicién de terra-
zas escalonadas se traduce en una favorable condiciones de gradiente para el escurrimiento
superficial, caracteristico en zonas semidridas costeras (Soto el al. 2012).

No obstante lo anterior, la modelizacién de datos topogrdficos aplicada a las superficies
de las terrazas, no es concordante con la realidad de los suelos, toda vez que Sarricolea
(2004) demostrd que presentan buenas condiciones de drenaje en funcidn a la naturaleza tex-
tural de gravas y arenas descrita por Paskoff (1970). En la zona urbana norte, Compafiia Baja
y Compafifa Alta, 1a modelizacién de los datos resalta la relacidén existente entre la terraza
alta con un rango de pendiente de 5.1°-10.0° y 10.1°a 20.0°, que recibe los aportes desde los
talwegs y conos aluviales de las vertientes graniticas aledafias, lo cual le imprime una condi-
cién de amenaza de flujos asociado a los talwegs.

Consecuentemente con las caracteristicas de geomorfologfa, topografia y suelo existen
condiciones de amenaza de origen natural, y también las condiciones climdticas que puedan
desencadenarlas. Pefia ef al., (1993, en Sarricolea 2004) sefiala que intensidades de precipita-
cidn diaria superiores a 80 mm y acumulacidn de lluvia en 3 dfas consecutivos superior a 140
mm, producen graves procesos de inundacion. Estos valores son posibles de encontrar en La
Serena en afios El Nifio y también La Nifia (Tabla 2). En este mismo contexto, y de acuerdo a
Vargas et al., (2000) y Sepulveda et al., (2006), son las precipitaciones concentradas las que
generan flujos de detritos. Sarricolea & Martin-Vide (2012) dan cuenta que las precipitacio-
nes concentradas alcanzan sus valores m&aximos en La Serena, medidas a través del Indice de
Concentracién, concluyendo que las mayores concentraciones de precipitaciones se observan
en Chile donde el clima es mediterrdneo con mayor o menor aridez y gran parte de las lluvias
se concentran en pocos dfas.

V. CONCLUSIONES

En la bahfa de Coquimbo, la ciudad de La Serena presenta las condiciones de geomor-
fologfa, suelos y topograffa necesarios para la generacion de amenazas de origen natural
asociada a fendmenos subaéreos, los cuales se relacionan con las inundaciones y los flujos
de detritos.

Las inundaciones son susceptibles de ocurrir en las terrazas baja, donde se han desarro-
llado las ultimas etapas de expansién urbana asociado al borde costero. El drea comprendida
entre Avenida del Mar y la ruta 5, estd sujeta a inundaciones debido a problemas de drenaje
del suelo. Las otras superficies de terrazas no estdn sometidas a esta amenaza debido a las
condiciones de buen drenaje.
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En cuanto a los flujos de detritos. Estos se pueden generar en los tafwegs, que han sido con-
siderados como torrenciales, destacando las quebradas San Francisco y Pefiuelas y en el sector
norte, en Compafifas Bajas y Compafifas Alta, ésta ultima situacidn, estarfa implicando ademads
una condicién de vulnerabilidad, debido a la expansién urbana experimentada en el sector,
en donde los talwegs que provienen desde los sistemas de vertientes graniticas drenan en un
terreno con pendiente favorable para escurrimiento superficial y consecuentemente, flujos.

Todos estos eventos sélo son posibles de ser generados cuando ocurren precipitaciones
concentradas, como se ha registrado para los afios El Nifio y también La Nifia con ocurrencia
de la Oscilacién Decadal del Pacifico.
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Abstract

In this study we assess two micro catchments belonging to the Coastal Range in the semiarid
coastal area of central northern Chile. Particularly we analyze flooding events associated with
extreme rainfall affecting the urban area of La Serena city that are related surface runoff and
sediment sources in the mountainous head catchments. Geomorphological mapping was
performed identifying the morphological features associated with inherited and present day
processes, through photo interpretation and field work. To assess the hazards related to
extreme precipitation events, we applied a detailed terrain modelling using topographic
indices. Furthermore, we simulated storm flows and flooding areas using a simple Soil
Conservation Service (SCS) Curve Number Runoff approach. The return periods of extreme
rainfall events were determined based on a Gumbel function. Extreme rainfall events were
calculated with a decadal recurrence (> 60mm/day) and are subsequently associated with
both El Niflo (ENSO) and the Decadal Oscillation Pacific (PDO) events. The
geomorphological analyses and topographic indices show the effects of flooding in the study
catchments and in La Serena city, for the 1997 (ENSO El Nifio) and 2011 (PDO) events. The
potentially flooded areas are the riverbeds and lower river terraces as well as the Holocene
marine terrace. These units are subject to intensive land use change and urban sprawl, in turn
increasing flood risk conditions.

Key word: Chilean coastal area, semiarid, flood hazard, heavy rainfall, terrain analysis,
hydrological modelling

Introduction

A stated by Cardona (2009) natural risks are considered an unresolved socio-environmental
problem. However, potential hazards related to social and environmental changes caused by
global climate change may also be considered as unresolved phenomena. These changes
constitute a new challenge in the study of natural risk and require a detailed assessment and
adaption of scenarios for global climate change for a proper risk prevention or risk reduction
(Lei and Wang, 2014). Over the last two decades, approximately 76% of the global
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catastrophic events were of hydro-meteorological origin (EIRD 2008). In the period between
1900 and 2013, flooding was the most frequent natural disaster, affecting more people than
any other event of natural origin (Banks et al. 2014).

Similar to social structures, landscape processes underwent continuous spatio-temporal
changes; therefore, they are dynamic and interactive phenomena that often are not adequately
studied. These processes are associated with hazards of natural origin; thus, an analysis from
a dynamic perspective allows for an improved assessment of risks (Aubrecht et al. 2013). To
evaluate the different types of hazards, analysis scales, magnitudes of measurements and
associated risk conditions must be considered. Kappes et al. (2012) 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).

Arid and semiarid environments are morphological systems that are highly sensitive to
climate variability e.g. as extreme precipitation events causing soil erosion. Such events were
analyzed by Owen et al. (2010) for the Atacama Desert and the Chilean semiarid coast.
Semiarid environments are complex systems under a climatic, ecologic, hydrologic and
socio-economic point of view, particularly when they are subject to climate change and
anthropic interventions that are typical of the Anthropocene period (Wilcox et al. 2011). To
mediate such changes, the growth of cities must be considered, because they are supposed to
receive 60% of the global population in the next 50 years, which in turn will impact the
consumption of natural resources and the transformation of environmental systems (Huang
et al. 2010).

The Chilean semiarid coastal environment is vulnerable to new environmental impacts that
came up in this century. Some of these impacts are modeled using scenario analysis
developed by the National Environment Commission of Chile (CONAMA, initials in
Spanish, 2006) and Garreaud et al. (2008). These models predict an increase in precipitation
and temperatures in Andean catchments that will result in the concentrations of episodic
rainfall and hence, in flood hazards. Additional important phenomena that occur along the
Chilean semiarid coast are the El Nifio-Southern Oscillation (ENSO) phenomenon (El Nifio,
La Nifia) and the Pacific Decadal Oscillation (Sarricolea & Martin-Vide, 2012). Previous
works on the semiarid areas of Chile illustrate that such precipitation events are related to
geo-hazards (Castro et al. 2009; Soto et al. 2012) and create risk scenarios.

The city of La Serena sited in the Coquimbo Bay (29°S/70°W) is the second oldest city in
Chile. It was founded in 1544 on a high marine terrace near the Elqui River, which 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 it is an important hub for
services, lodging and tourism for central northern Chile and the Chilean semiarid coast. The
study area includes the Coquimbo Bay coastal urban and future expansion urban areas, which
are built on lower Holocene fluvial and marine terraces (Fig. 1).

Over the last three decades, La Serena was subject to intense urban growth and real estate
development processes (Ortiz et al. 2002; Castro and Ortiz, 2003; Ortiz and Escolano, 2005).
Such growth initially occupied the high marine terraces and later extended towards the
coastal flats. Currently, urban growth is directed towards the lower fluvial terraces and hence
leads to an increased risk for population and infrastructures. Soto et al. (2015) established
that general hazard conditions occur in the city, and they are associated with hydro-
meteorological phenomena, such as floods and landslides.
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In the context of the existing hazards and urban expansion processes in the La Serena area,
Ortiz et al. (2011) concluded that there is hardly any awareness of the risk associated with
endogenous (earthquake and tsunami) and exogenous hazards (floods and mudslides) among
the city’s inhabitants. This lack of awareness is also found among the tourists that visit the
coastal area (Whyndham, 2012). Among others this finding explains the intense population
growth along the coastal belt and in the lower fluvial terrain. The fluvial terraces were
analyzed by Sarricolea (2004) and associated with flood threats and risks related to the poor
drainage characteristics of the soil. The lowest marine terrace corresponds to remnants of
barrier beaches, swamps and dunes (Soto et al. 2015) that were drained for the constructions
of houses, roads and tourist resorts.

The purpose of this research is to assess the endogenous and exogenous hazards affecting the
study area and especially to identify the flood-prone areas of the fluvial and marine Holocene
terraces that are subject to urban expansion. The study area covers the lower region of La
Serena and the coastal catchments that are tributaries of the Elqui River, which was not active
since 1997, the year of the last very strong El Nifio event, except the El Nifio of July and
August 2015 that was considered having a light to moderate intensity.
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Fig. 1. Study area, showing the Marquesa and Santa Gracia catchments, and the La Serena
city area.
Regional Setting

Tectonic setting

The study area is located in a low angle subduction segment of the Nazca plate beneath the
South American plate, with historic seismicity (Pardo et al. 2002a). Before the recent 2015

3

137



121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144

145
146
147
148
149
150
151
152
153
154
155
156
157
158

earthquake, the last large interplate earthquake in the region was an M 7.9 in 1943 (Illapel
earthquake), and previous ones in 1647, 1730 and 1880, normally with associated tsunami.
An intermediate depth intraplate earthquake was registered south of La Serena in 1997
(Punitaqui earthquake, M 7.1; Pardo et al. 2002b). The zone is known as a seismic gap, where
recent studies of seismicity and crustal deformation showed that the region is being loaded
for a large interplate earthquake in the near future (Vigny et al. 2009). In fact, on 16
September 2015 a large, M 8.4 interplate earthquake with epicenter about 190 km south of
La Serena caused light damage on city buildings, but severe damage on adobe housing
especially in Hinterland towns and villages of the region. The earthquake triggered a
moderate tsunami with waves running up to about 4.5m (ONEMI, 2015) that mainly affected
coves and small coastal villages and parts of the city of Coquimbo and La Serena along the
shoreline. A Gutenberg-Richter law was calculated as part of this project for the 28°-31°S
segment for different earthquake types (Table 1). This equation describes the seismic
productivity in a certain region, based on historic records, and allows the calculation of
seismic hazard. The results show return periods in the order of decades for earthquakes of
magnitude over 7.0 (Table 1). Estimates of over 1000 fatalities for an 8.5 earthquake without
accounting for tsunami effects, were made for this region (Wyss 2010). The region has
geological and historic records of tsunami (Le Roux and Vargas 2005; Beck et al. 1998),
increasing the risk especially in some flat areas prone for flooding such as the coastal area of
La Serena and Coquimbo, as was observed during the 2015 earthquake, which recurrence
according to the Gutenberg-Richter law is over 200 years.

Table 1. Gutenberg-Richter law parameters and estimated earthquake return periods for the
28°-31°S segment in Chile (1917-2013 earthquake catalogue)

Gutenberg-Richter law: logio (N)=a - b Ms Return period
a b T (Ms|T (Ms|TMs>8)
>6) 27)
Interplate earthquakes 4.56 0.83 2.6 17.3 117.1
Intraplate (intermediate depth) | 5.10 1.10 29.8 370.6 4616.4
earthquakes
Shallow crustal earthquakes 2.16 0.56 15.6 56.5 204.4

N: Number of earthquakes with magnitude > M
Geological and geomorphological setting

La Serena is located in a system of marine and fluvial terraces adjacent to the Coastal Range
that is composed of volcanic sedimentary rocks from the lower Cretaceous. The Coquimbo
Formation lying over this basement, corresponds to a series of marine and scarcely
consolidated sediments (Moscoso et al. 1982) in turn forming marine terraces. The origin of
these terraces is attributed to glacio-eustatic and tectonic movements (Le Roux et al. 2006,
Saillard et al. 2009, 2011).

Paskoff (1970) identified five levels of marine terraces in the Coquimbo Bay developed on
the strata of the Coquimbo Formation (Middle-Upper Pliocene) during the Pleistocene and
Holocene. These levels correspond to fossil beach deposits separated by paleocliffs, and the
terraces reach 130 m.a.s.l. These levels are mainly composed of boulders, sand, biogenic
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sediments and clays, which imply that the levels have materials of different composition,
strength and weathering; therefore, it is an inherited landscape that is susceptible to present-
day dynamic activity.

The Elqui River is a high Andean catchment and its flow rate is regulated for the last two
decades by the Puclaro Reservoir. However, the presence of non-regulated coastal mid-
mountain tributary catchments below the Puclaro Dam are important when analyzing future
floods associated with significant precipitation events, such as strong El Nifio events, which
have not occurred since 1997. The two largest tributaries supposed to have major effects on
the downstream coastal areas are the Santa Gracia (1073 km?) and the Marquesa catchment
(737 kn2, Fig. 1).

Climatic conditions

The region is located in a climatic transition zone between desertic, Mediterranean, semi-arid
and the humid and cloudy coastal areas (Diaz 2011). Following the meteorological time
series (1980-2013) the foggy coastal areas present 87% humidity in the morning (08:00 a.m)
due to the cold Humboldt Current. Moreover, they are characterized by moderate
temperatures (median of 13.7°) and very low thermic amplitudes. The annual average rainfall
is approximately 79.1-104.4 mm; however, the amount of rainfall increases substantially
during El Nifio events (116.8 mm in 72 hrs. in 1983; 109.6 mm in 1987 and 130.2 mm in
1992) and is concentrated in just a few days. The 2015 El Nifio event has recorded 53.1 mm
between July and August, with a peak rainfall in 24 hours of 29.7 mm (12 July 2015).

Methodology

The flood conditions in the lower La Serena region were analyzed geographically taking into
account the two catchments that drain directly into the Elqui River downstream from the
Puclaro Reservoir. During the El Nifio events of 1983 and 1997, these catchments contributed
important flow rates to the main system, and the flow reached the mouth of the central part
of the lower marine terrace, currently subject to extensive urban expansion. Therefore, we
hypothesize that during precipitation events that are equal to, or greater in magnitude than
those experienced in previous strong El Nifio years, the city will be seriously affected by
floods generated in the Elqui tributaries of Marquesa and Santa Gracia.

Climatic analysis

The daily rainfall time series from 1919 to 2013 was analysed for extreme events for 24
hours, 48 hours, 72 hours and 92 hours intervals. Especially the 2, 3 and 4 days events
contribute significantly to soil saturation, surface runoff and are also triggering landslide
processes.

The hydrological dynamic of the study area was characterized using two different
approaches. The first one analyzes the effects of the ENSO phenomenon during the rainy
season (June, July and August), using direct and linear correlations and a month lag time.
The second approach assesses the maximum rainfall recurrence in 1, 24, 48, 72 and 96 hours.
For 1 hour recurrence calculations, Vargas (1999) expressions were applied and for 1-4 day
recurrences a frequency distribution model was used.
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To investigate the ENSO phenomenon, the Southern Oscillation Index (SOI) achieved from
the Climatic Research Unit of University of East Anglia was applied on a monthly basis. For
the assessment of the maximum precipitation return periods we used daily data from the
Meteorological Service of Chile based on yearbooks available since 1919, the start of
continuous observations, and on digital data from 1961 onwards.

For the analysis of the precipitation events we employed an extrapolation procedure. For
calculating the return periods the Gumbel function was used, which has two parameters, u
and a corresponding to the shape and scale parameters, which were obtained from the mean
and standard deviation as illustrated by the following expression:

F(x) = exp(=exp(~((x —uw)/ @)))

Probability functions like the Gumbel yield the return periods as the inverse of the
probability (1/ (x)). For the Gumbel function it is given as follows:

1

T=1_JC(XT)

Geomorphology of the catchments

We conducted geomorphological analyses of the two tributary catchments of the lower Elqui
River, namely the Santa Gracia and the Marquesa (Fig. 1 and 2) catchments. A
geomorphological map was generated according to the formation groups defined by Araya-
Vergara (1985) and adapted to semiarid environments (see Soto et al, 2010, 2012). The
landscape is particularly characterized by the relationship between slope systems determined
by their lithology and the potential mass contribution to the stream network. The geological
information was extracted from Emparan and Pineda (2006). Fluvial terraces, alluvial fans
and glacis were mapped based on stereo photointerpretation and validated by a field survey
in January 2014.

GIS analysis and proxies

Topographic indices can be used as proxies to assess the susceptibility for certain geohazards.
In this study we used topographic indices to describe the present-day fluvial and slope
processes (see Marker et al. 2008, 2011, Zakerinejad and Marker 2014). The Stream Power
Index (SPI) is a measure of the erosive power of linear concentrated water flows or streams;
thus, it is an index of the available energy for deep linear incisions that are normally related
to turbulent flows. The Transport capacity Index (TCI) also known as LS-Factor of the USLE
(Renard et al. 1996) identifies areas prone to areal soil loss due to rill inter-rill erosion or
sheet flows. The Topographic Wetness Index (TWI) yield information on soil humidity
according to terrain morphology. Hence, also on potential runoff after precipitation events
due to saturation excess. Additionally, high TWI values especially on mid an foot slope
positions with concave shaped slopes indicate an elevated landslide potential because of the
higher weight of the saturated substratum (Montgomery and Dietrich 1998a/b, Tucker and
Hancock 2010). The Modified Catchment Area (MCA), the Vertical distance to River
Network and Altitude Above Stream Channel Network (AACN) deliver information about the
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spatial configuration of flooding areas. The latter one is also called isobase map (see
Grohmann 2004). Basically the AACN reflects the elevation model corrected by the channel
net base level. The MCA was also applied, and it is based on calculations that consider the
flow pattern. The potential flow calculated with MCA is higher than the flow calculated
according to the standard flow accumulation (Boehner, et al. 2001).

We used a simple Soil Conservation Service (SCS) Runoff Curve Number approach (CNII)
(USDA 1986, Hawkins et al. 2009) implemented in the System for Automated Geoscientific
Analyses (SAGA) (see Conrad 2006; Olaya and Conrad, 2008) to model storm flows and
water volumes in order to estimate the flooding areas. This approach yields the spatial
distribution of the maximum runoff for a given precipitation event and provides certain land
use and soil infiltration characteristics. For the GIS-based hydro-geomorphological analysis,
we utilized an ASTER GDEM Digital Elevation Model (DEM) with a 25m resolution. The
DEM was preprocessed with low pass filtering to extract artifacts and errors such as local
noise and artificial terraces (Vogel and Mirker 2010). Subsequently, the DEM was
hydrologically corrected to eliminate sinks using the algorithm proposed by Planchon and
Darboux (2001). For the sake of simplicity the modeling was performed based on the
assumption that the landscape has a homogeneous and undifferentiated geologic substrate.
The indices were derived directly from the topography.

Soil infiltration measurements

We performed infiltration measurements in the field using a tension infiltrometer (hood
infiltrometer) to simulate saturated and dry conditions. In order to characterize hydrologically
the top- and sub soil we measured the saturated hydraulic conductivities (Ksar) with a constant
head permeameter (Amoozemeter, Ksat LtD) at different depths (15cm, 30cm, 60cm).
Moreover, we estimated soil texture with a simple finger test method following the Soil
taxonomy field mapping manual (Schoeneberger et al. 2012). Soil color was determined with
the Munsell color chart for dry and wet soil.

Results and Discussion
Dynamic characteristics of the catchments

The Elqui River tributaries, namely the Santa Gracia and Marquesa catchments (Fig. 2), are
located in the northern part of the lower Elqui Valley. They are small tributary catchments
with outflows located 9 km and 34 km from the mouth of the Elqui River. The catchments
exhibit a complex geomorphology associated with forms that were inherited from more
humid climates and are characteristic of the Chilean semiarid environment (Soto et al. 2014;
Paskof 1970). These characteristics are shown in dissected catchments that result from water
erosion and correlative alluvial morphologies, such as alluvial fans of a torrential nature,
glaciers and alluvial terraces that were uplifted in the Miocene.

The slope systems correspond to a predominantly plutonic rock lithology with detritic-
volcanic sequences from the Cretaceous (Moscoso et al. 1982). These systems are found in
both catchments along with an abundance of material deposited at the surface, especially in
areas that have experienced hydrothermal alteration where significant fields of rock chaos
occur along with the presence of tors (Fig. 3). In turn, detritic volcanic relief appears as folded
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hillsides that expose the different rocky strata in terms of thick outcrops accompanied by
cones and detritic slopes in the lower areas (Fig. 2).
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Fig. 2. Geomorphologic map of the study area.

Geomorphologically, the conditions of the plutonic 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. These
folded mountain areas of the upper Marquesa catchment exhibit a more Andean character
with structural plateaus and homoclinal slopes systems. It is worth highlighting that this
section of the catchment is located in the nival environment of the larger Elqui watershed,
and as a result, landslide formations and general morphological manifestations of snow have
been identified, including the linear dissection of the slopes.

Regarding the deposit formations, the alluvial fans exhibit a characteristic location, laterally
oriented 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 characteristics indicate
the episodic activity of these formations associated with intense hydro-meteorological
events. These events generate often hyper-concentrated flows that have the capacity to drag
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debris and blocks from the slopes that subsequently are deposited in the distal regions of the
modern alluvial fans (Fig. 2).

The slope systems have characteristics likely inherited from more humid climatic conditions
that are generally associated with Miocene climates as well as humid periods of the
Pleistocene. Such correlations were established between the formations with absolute and
documented dating and/or evidence of palaeo-soils of humid climates associated with these
formations and identified in the field (Paskoff 1970; Emparan and Pineda, 2006; Soto et al.
2014).

Fig. 3. Rock chaos and tors. Plutonic slopes in Santa Gracia catchment

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 gravels, which are well developed and preserved. The streambeds
normally develop during the last significant precipitation events. Local inhabitants stated
(fieldwork January 2015) that in 1997 the Marquesa and Santa Gracia catchments were active
the last time, completely flooding their beds (Fig. 4).
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Fig. 4. Braided pattern in the Santa Gracias catchment. (A) Detail of the banks with blocks
and rounded and sub-rounded gravel associated with the transport of spheroidal blocks from
the slopes with rock chaos. (B) A braided river bed in a torrential catchment.

The stream beds exhibit very deep incisions that are associated with the landscape inherited
from the Pleistocene. However, there is also evidence of a high erosion and incision potential
of the current beds. In a sub-catchment of the Santa Gracia catchment, a bed was identified
that was highly incised by floods caused by the El Nifio event of 1997 (Fig. 5). The degree
of incision is higher than the ancient elevation differences between the terrace escarpments
and the channels. We also observed in the field some incised lateral deposits corresponding
to an alluvial fan which in 1997 became a terrace cone. Although terrace cones of this
semiarid Chilean region are generally attributed to the Paleo-landscapes of the Pleistocene
valleys, their dissection can be attributed to recent processes (see Paskoff 1970). Therefore,
we can hypothesize that a further dissection of the landscape will continue during the next
decades.

Fig. 5. Stream bed of the Santa Gracia creek, associated with a hyperconcentrated flow that
occurred in the year 1997. The flow excavated the braided bed of the sub-catchment and
dissected an ancient alluvial fan.

The terrain analysis describes the structural and Palaeo-landscape features of the study area
through the AACN Index, which is shown in figure 6. The index illustrates the Miocene
terraces as well as the younger Holocene ones. In addition, this index highlights the marked
NNE-SSW trending Andean tectonic incidences in the geometry of the drainage network and
the distribution of deposit formations associated with the valley systems. The same index
shows also the potential flooded areas. Figure 7 illustrates the areas flooded at certain flow
heights. The blue color indicates areas that are flooded if the discharge reaches a height of 2
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m. Topographic indices yield also information about the spatial distribution of soil erosion
and landslide susceptibility as a major contributing sources for sediments in the river system.
The SPI is a measure of the erosive power of concentrated linear water flows or streams..
Figure 8 shows the areas prone to incision in orange (medium) and red (strong). Especially,
tectonic fault systems in the headwaters can be identified via knickpoints in the longitudinal
profile of the river network. The lower parts of the two study catchments do not show any
signs of incision suggesting a low energy flow domain with braided river morphologies and
depositional processes.

The TCI exposes the area prone to erosion related to sheet flow. Potentially the steeper slopes
in the head catchments show higher risk for soil erosion. The TWI characterizes the
catchment areas where saturation runoff may occur due to the concentration of water and low
slopes leading to soil saturation (Fig. 9). Moreover, a certain landslide potential can be
observed in the lower slope sections of the upper catchments where water concentration is
leading to additional weight of the substrates or soils that may lead to mass movements
especially if wet conditions (e.g. snow melt) and earthquakes act as triggering mechanisms.

AACN
e 1200 —
m Il | La Serena Urban Area - Sea level
om Santa Gracia & Marquesa Catchment Drainage Network

Road Network @® Confluences of Tributaries

Fig 6. Altitude above channel network (AACN) [m].
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Fig 9. Topographic Wetness Index (TWI): In blue areas with higher moisture in brown dry
areas.

Rainfall Analysis

The environmental changes modeled for the Andes in the Elqui River, such 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 because of
the regulating action exerted by the Puclaro Dam. However, strong and intense episodic
precipitation events that may occur in the coastal zone may have an impact on the La Serena
are because the analyzed catchments drain directly to the Elqui River with its delta passing
the middle of the city.

The annual average rainfall of La Serena is 95.9 mm (1919-2013), which had a significant
decrease (p- value = 0.01), estimated to 6 mm/decade. The wettest year of the series was
1919 with 306.6mm total precipitation, and the driest year corresponds to 4.3 mm in 1962.
The winter rainfall (June, July and August, JTA) 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 tested. The results 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 p-value of 0.0 implying high
statistical significance. Fig. 10 shows that El Nifio events generally decrease with La Nifia,
setting a winter threshold of about 50 mm, above which only El Nifio events were registered,
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totalling to 15 events (except weak La Nifla years in 1927, 1952 and 2011, and the last is
associated with the Antarctic Oscillation).

Another interesting fact shown in Fig. 10 is that the frequency of ENSO phenomena have
become more persistent in the latter half of the series. So El Nifio events between 1967-2013
exceeding the threshold of 50 mm are 9 out of 15 (60%) and for La Nifia events 13 out of 20
(65%). This means that despite a decrease in rainfall amounts, extreme events have become
more frequent over the last 50 years and consequently rainfall concentration increased.
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Fig. 10. Correlation between SOI of MJJ and the rainfall of JJA for the period 1919-2013.
The blue points represent the period 1919-1966 and the red one the period1967-2013.

Major events up to 60 mm are observed in 11 cases in the last 95 years with a return period
0f 9.90 years according to the Gumbel distribution, which means a decadal recurrence (table
2, 3 and 4). Table 3 shows the results of the calculation of the return periods between 5 and
120 years, the maximum return period according to Vargas (1999).
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Table 2. Precipitation events up to 60 mm/day in La Serena for the period 1919-2013.

Anos Maximun rainfal in 24 hrs.
1919 64,8
1927 80,9
1929 60,8
1938 89,2
1941 73,0
1957 100,0
1972 66,7
1983 69,5
1984 62,8
1987 104,7
2001 74,1

Table 3. Return period (Gumbel distribution) of daily precipitation and hourly maximum
values for La Serena between 1919 and 2013 according to Vargas (1999).

Return period | Maximum rainfall Maximum rainfall in
(years) in 24 hrs (mm) 1 hour (nm/hr)

5 47.9 10,3

10 60,2 12,9

20 72,0 15,5

S0 87,2 18,8
100 98,7 21,2
120 101,7 22,0

In the case of 2, 3 and 4 days (Table 4), an increase of precipitation records is observed
related to 24 hours cases. Thus, the rainfall extents up to 24 hours, which means that frontal

systems succeed or atmospheric instabilities occur allowing rainfall for several days.

For example a decadal rainfall of 70 mm in two days and of 80.9 mm in four days can be
reached. The rainfall of a 100 mm event has a recurrence interval of 50 years, so even in a
recurrence time of 20 years it is possible to reach a 4 days rainfall.

Table 4. Return period (Gumbel distribution) of maximum rainfall in 2, 3 and 4 days in La

Serena. 1961-2013

150

Return period | Maximum rainfall | Maximum rainfall Maximum rainfall in
(years) in 48 hours (mm) | in 72 hours (mm) 96 hours (mm)
5 553 58,7 62,6
10 70,3 75,4 80,9
20 84,7 91.5 98.5
50 103,4 112,2 121,2
16
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River floods

Based on the last river flood of 1997, the river is expected to flood for similar events, and
such flooding will be accompanied by hyper-concentrated flows from the sediment rich head-
catchments and slopes. However, in 2011, there was an exceptional precipitation event with
70 mm falling in 24 hours, and the flooded areas concentrated in the urban sector of the
Holocene marine terrace, an area that is experiencing intensive urban expansion. In the Santa
Gracia and Marquesa catchments and Elqui riverbed, floods did not occur because it was
only a 24-hour event and infiltration was too high.

As shown above the TWI (Fig. 9), representing the soil saturation capacity and hence surface
runoff potential, illustrates the spatial distribution of saturated areas after long precipitation
periods. In the blue areas soils are usually saturated and produce saturation excess runoff.
The MCA provides an approximate estimation of potentially flooded areas during extreme
rainfall events and was used to model the maximum river runoff for a 70 mm/24 hour event
that occurred in 2011 during La Niifia (Fig. 11)

Although the potential flood area for a 70 mm/24 hour event is large, this scenario becomes
even more likely with successive precipitation events on top of already saturated soils. This
situation occurred e.g. during the El Nifio events of 1983 and 1997.

Gt “83 : : i 4 Kilometers_d
70mm Runoffin m? [ ]002-02 @ Confluences of Tributaries B sea level

[ Jo-0002 Bl o2-2 Road Network Drainage Network

I:| 0,002 - 0,02 - 2-2000 Santa Gracia & Marquesa Catchment |

La Serena Urban Area

Fig. 11. Maximum river runoff of a 70 mm/24 hr event in the La Serena Urban Area.
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The validation of the model of the modified Santa Gracia catchment is shown in Fig. 12,
which indicates the maximum height reached by the flood of 1997. The distal section of the
Santa Gracia catchment exhibits a marked narrowing with a width of approximately 40 m,
which constitutes a natural obstruction in the catchment leading to a pronounced valley floor
flooding. In 1997, the Elqui River was at maximum flow rate, which will not occur in future
hydro-meteorological events because the Puclaro Dam regulates the upstream Andean water
levels in the Elqui River.

Fig. 12. Flooded area of the Santa Gracia catchment. (A) Mid-section of the catchment, with
a braided pattern and bed amplitude of 440 m. (B) Distal section in the proximity of the
confluence with the Elqui River. A local inhabitant indicates the height reached by the flood
of 1997.

During the 25 March 2015 event, with a rainfall below the magnitude of extreme events
described for the Santa Gracia catchment, a moderate flood affected the catchment (Fig 13).
Rainfall records in the closest station (Gabriela Mistral/ CEAZA) show a precipitation of 21.3
mm/24h, and a concentration of 7.1mm/h (14:00 local time). This rainfall event occurred at
the end of the driest summer of the last decade, and was mainly characterized by surface
runoff and minimal to no infiltration within the catchment.

Fig. 13. Flash flood in Santa Gracia catchment on March 25M of 2015, associated to a 21,3
mm/24h. rainfall event (not ENSO). Photo: Sr. F. Mufioz.
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Flood risk assessment for La Serena

The geomorphological conditions for the construction of new urban areas in La Serena, either
for the coastal region, the lower terraces or fluvial terraces of the Holocene, constitute a high
natural hazard potential.

For the coastal zone, this terrain corresponds to sandy substrates of beach ridges and dunes
as well as swamps, which occur in some depressions showing seepage at sea level; the swamp
vegetation is also characteristic. Many of these areas were traditionally drained for
agriculture and more recently for urbanization.

However, the aquatic substrates generate soils with poor drainage conditions. Sarricolea
(2004) identified these areas through hydrological soil groups. These groups were
superimposed with a DEM, and the MCA index (Fig. 11); the results identify areas that are
topographically and pedologically vulnerable to flooding caused by high discharges of the
Elqui River or poor soil drainage when intense and concentrated precipitation events occur
(infiltration excess runoff). Fig. 11 shows the flood-prone areas caused by specific topo-
pedological conditions. These areas coincide with the remnants of swamp soils that are
typical of river mouth regions and coastal barriers, like in the coastal zone of La Serena.

For the 2011, 70 mm/24 hr event, the model yields a quite large flooded area. However, this
result shows the maximum area flooded since the model was run with the total runoff value.
However, the event of 2011 allows for a partial validation of the model because differential
responses occurred according to the geomorphological unit being analyzed. In the Elqui
riverbed, the model cannot be validated because the infiltration was absolute and no floods
or significant flow level rises were recorded. However, a significant subsurface flow can be
supposed. Along the coastal zone, the lower marine terrace experienced floods of upto 1 m
that remained for at least 24-48 hours. This ponding occurs due to saturation and very low
infiltration rates of the soils as well as the very slow runoff due to the flat terrain. This
situation was also experienced in 2003 during an isolated precipitation event that flooded the
same areas as in 2011: the Avenida del Mar, Ruta Panaméricana Norte and surrounding
shopping centers (Fig. 14).

Fig. 14. Flooded areas at University of La Serena on the lower marine terrace after 70
mm)/24hrs rainfall. The flooding is a consequence of poor infiltration characteristics of the

soil. (Source: www.emol.cl).
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When superimposing the areas identified as having poor soil drainage and flooding over the
legally approved land use map of the city of La Serena, the current and potential risk
associated with the area's urban growth process can be observed (Fig. 15). According to
planning documents, in this case, the La Serena Communal Regulating Plan, the following

urban uses are allowed in potential flood zones: residential, sanitary and infrastructure.

Currently, there are still many areas that have not been developed for urban use and are
instead allocated for agriculture and recreation (country club and golf course) or are awaiting
development. Homes, condominiums, recreational and tourism centers, hotels, casinos, etc.
are marketed to segments of the population with higher purchasing power and targeted

towards people of the Coquimbo Region, as well as the Santiago Metropolitan Area.
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Fig. 15. Risk construction: land use accepted by urban planning instruments (PRC) and risk
areas related to flooding and poor soil drainage.
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Conclusions

The morphodynamic settings of the study area in the coastal area of semiarid Chile are the
result of both glacio-eustatic and climatic processes during the Pleistocene under tropical
environments. This is evident in the geomorphology of the slopes, riverbeds, and the
development of river terraces, especially on the slopes and in head catchments that are
characterized by granitic materials and large areas of chaos of rocks and tors. Glacis and
alluvial fans are the morpho-climatic evidence of these environmental conditions; e.g.
riverbeds are deeply incised into the morphology and the surfaces of river terraces show soil
formation.

When analysing the landscape through geomorphological features and 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 runoff and river
flooding especially in the form of flash floods which are documented by geomorphological
evidence along the river course. However, due to climatic conditions the fluvial systems are
only active sporadically.

Furthermore, the climate assessment conducted for this research noted a decrease in the total
amounts of rainfall, but an increase of extreme rainfall frequency over the last 50 years. It
was estimated that precipitation events with up to 60 mm/24 hrs have a decadal return period.
For this study we utilized a 70 mm in 24 hours event to assess flooding events in the La
Serena area.

Using the topographic indices and the SCS CNII modelling of the 2011 precipitation event,
with 70mm/24h, we simulated the discharges of the two coastal catchment tributaries to the
Elqui River and consider them to be the cause of the flooding of the coastal flood plains that
could possibly reach 2-5m, as occurred during the 1997 El Niflo event. The available
sediments on the slopes of the tributaries lead to high sediment discharges in the form of
hyperconcentrated flows as documented by evidences in the field.

On the other hand, the relatively high recurrence of large magnitude (M>6) earthquakes in
the region (Table 1) also trigger the production of sediments from landslides along the
catchment slopes that might be remobilized during heavy rainfall events, causing hyper-
concentrated flows and eventually debris flows. Hence, the worst case scenario might be an
earthquake and an El Nifio event working together. This may be the case for 2015-2016 since
after the September 2015 earthquake, extensive rock falls and slides was observed in the
Coquimbo region and the El Nifio is evolving strongly.

The climatic changes in the semiarid region of Chile, even an increase of rainfall in the
Andean zone, will not affect the lower section of the Elqui river because the Puclaro Dam
works as a regulator of flows and hence, flooding events.

For this research we consider that fluvial floods and flash floods are associated with the
dynamics of the tributary river catchments, in the lower part of the Elqui river: the Marquesa
and Santa Gracia catchments. Both of them affect La Serena city during extreme rainfall
events, despite this was not the case during the specific characteristics of the 2011 rainfall
event.

But in this summer/spring in central and northern Chile (March 25% 2015) there was an
exceptional pluviometric event (not ENSO) that triggered in the Santa Gracia catchment a
light flash flooding with 21 mm/24 hrs (13.4 mm in La Serena stations and 21.3 mm in
Gabriela Mistral-CEAZ AMet station, at 20.4 m.a.s.l). The Elqui river bed was flooded but
did not reach the Pleistocene terrace levels, because the rainfall stopped (the escarpment of
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the Pleistocene terrace is 2-3m higher within the urban area). This may be explained by the
soil conditions with high clay content and low permeability crusts formed by the dry climate,
impeding infiltration, as observed by Maierker et al. (2012) for catchments in the Chilean
semiarid.

The ENSO context is important to understand flooding vulnerability. In very strong El Nifio
events most intense rainfall occur in May, June and July (MJJ), as observed in 1997, 1987,
1972, 1965 and 1940 (over 160mm). In 2015 during the MJJ quarter we observed a moderate
El Nifio with lower rainfall records (53.1 mm). In general, strong El Nifio events allow the
occurrence of successive fronts (as atmospheric rivers) due to input of tropical humidity and
weakening of the subtropical anticyclone. In turn, the moderate El Nifio events show isolated
and concentrated rainfall.

It shall be remarked that La Serena, the capital city of the Coquimbo region, will be affected
in the urban expansion areas that are located on the Holocene marine terrace, not more than
6-7 m.a.s.l., as well as on the low river terraces, which have been declared as urban or peri-
urban areas. These sectors have not been flooded since 1997 when there were still not
declared as urban areas. In the present year, even the moderate ENSO produced no river
floods, despite the Elqui River bed that was flooded in its full cross sectional extent 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 another type of atmospheric
phenomena with 60mm threshold calculated as well as with lower precipitation amounts that
can trigger floods in the urban areas in the coastal zone.

However, the area affected by river floods is also prone to Tsunami flooding as occurred on
September 16™ of 2015. This Tsunami was associated with an interplate earthquake of 8.4
M, located 100 km south of La Serena. However, the Tsunami was of low impact because
the wave reached only a height of 4.5m.Thus, the entire coastal area and lower terrace levels
of the La Serena urban zone are prone to multiple hazards (Fig. 16).
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Resumen

En la ensenada de Los Choros en la seccién distal (norte) de la denominada mega
ensenada estructural de Coquimbo, se localiza el extenso campo de dunas inactivas
del mismo nombre que presenta dos frentes activos de dunas en los extremos norte y
sur de la bahia y un sistema de dunas anteriores bastante amplio. El litoral se
caracteriza por una zona de rompientes de tipo disipativa de alta energia que ataca
una playa arenosa generando perfiles erosidnales. A través del analisis de las formas
de dunas en el periodo comprendido entre 2002 y 2014 se pudo establecer las
condiciones de cambio en las dunas, de acuerdo al continuum dunar de las dunas
anteriores y de los barjanes. Le evolucién de las formas transgresivas y el desarrollo
de dunas embrionarias en el sistema permite aseverar que geomorfolégicamente han
abastecimiento permanente de sedimentos, no obstante las cuencas hidrograficas del
sistemas de bahias no presentan caudal permanente desde el afio 1997.

Palabras Clave: semiarido; dunas anteriores; dunas trangresivas; evolucién de dunas
Abstract

The Los Choros sand fieldune, northern section of headland bay beaches of
Coquimbo, is a huge system with inactive sand dunes which has two active fronts of
dunes both in the north and south of the bay, and a wide system of foredunes. The
coastline is characterized by a dissipative surf zone with high energy which attacking a
sandy beach generating erosional profiles. Through the analysis of the forms of dunes
in the period between 2002 and 2014 was possible establish the conditions for change
in the dunes, according the dune continuum in two types of sand dunes families, both
the foredunes and barchan. The evolution of transgressive features and development
of embryonic dunes in the system can assert that the point of view have permanent
supply of sediment, however catchments in the study area have no permanent flow
since 1997.

Key words: semiarid; foredune; transgressive dunes; sand dunes evolution

"Proyecto Fondecyt 1120234
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1.- Introduccion

Las dunas litorales en Chile tienen un amplio desarrollo geografico (Fuenzalida, 1963),
desde el desierto de Atacama hasta Chiloé insular. La diversidad de formas y tipos de
dunas se relaciona con el dominio morfoclimatico, el régimen de vientos efectivos y el
abasteceimitno de arenas a la linea de costa. Este abastecimiento puede ser alterado
debido a las modificaciones actuales en las cuencas aportantes (IPCC, 2000; Soto ef
al. 2011), los impactos del cambio climatico (Thielsen et al. 2013), o efectos
cosismicos, como los identificados en Chile central por Soto et al. (2015) asociados al

terremoto y tsunami de 2011.

Autores tradicionales como Bagnold (1941), Mckee (1979), Mainguet (1983, 1984) y
Goldsmith (1989) sefialaban la estrecha relacién existente entre el desarrollo de dunas
y el el equilibrio morfolégico asociado a los cambios en las tasas de transporte de
sedimentos y de los procesos de erosién o deposicién. Estudios asociados a
categorias de cambios dunares y del sistema de interaccioén playa-oleaje en grandes
ensenadas de Araya-Vergara (1986) indican la importancia de la orientacién de la
linea de costa en el balance de masa interno, de la estructura cambiante y del balance
de masa externo, como también de la relacién con los tipos de zona de rompiente, es
decir, sean playas Reflectiva, Intermedia o Disispativa, segun la clasificacién de Writh
y Short (1989). Esta relacién ha sido aplicada a las costas de Chile por Martinez
(2001); Soto (2005); Soto y Arriagada (2007); Arriagada (2009); Martinez et al. (2011);
Lagos (2013); Soto ef al (2014).

Se consideran las dunas anteriores (foredunes) como un factor morfosedimentolégico
de los procesos de transferencia sedimentaria en los litorales arenosos y en campos
de dunas asociados (Hesp 2002, 2006; Psuty 2004; Hesp ef al. 2005). Las dunas
anteriores son acumulaciones eédlicas primarias que se desarrollan en una playa y se
define como cordones paralelos a la linea de costa asociados a vegetaciéon (Hesp,
1989, 2002), distinguiendo las dunas anteriores incipientes, asociadas a plantas
pioneras, vy las estabilizadas; pueden tener una condicién estacional o periédica,
dependiendo de las condiciones morfoclimaticas y constituyen un indicador de la
disponibilidad y variaciones estacionales de sedimentos (Cater, 1976; Arriagada ef al.
2014; Soto et al. 2011, 2015).
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Las dunas transgresivas son formas activas, parcial o totalmente vegetadas, de forma
trasversal, oblicua o alargadas que avanzan hacia el interior del continente (Hesp,
2013; Hesp et al. 2005; Martinho et al. 2010). Son dunas libres localizadas en los
sectores de sotavento y de mayor altura de los cordones de dunas anteriores y

corresponden a dunas tipo barjan, blowout y parabdlicas.

A partir de las nociones evolutivas de Verstapen (1972), Araya-Vergara (1986, en
Arriagada et al. 2014) establecié la existencia de dos familias de dunas, de las dunas
anteriores y de los barjanes, como también los estados evolutivos asociados a cada

una de éstas, que se aplican al area de estudio.

1.1.Area de estudio

El campo de dunas de Los Choros (29°13' S; 71°33' W) se localiza en la zona distal
de la mega ensenada de Coquimbo, en una seccién oblicua de la costa, transversal a
los vientos SW (45° de azimut). En esta parte de la ensenada no existe una cuenca
cercana correlativa al tamafio del campo de dunas, salvo la Quebrada Los Choros,
que es una cuenca costera que desemboca en la parte media de la bahia, con un
funcionamiento ocasional propio del ambiente semiarido y que no mantiene relacién de
magnitud correlativa con el campo de dunas. Esta bahia presenta dos amplios campos
dunares que alcanzan una superficie aproximada de 1.000 hectareas (Araya-Vergara,
1982), ubicandose cada uno en los extremos proximal y distal de la bahia; las

extensas dunas anteriores conforman una tercera unidad dinamica.

La condicién de semi aridez de la regién implica regimenes fluviales con escaso
caudal permanente, que sélo se activan durante los eventos climaticos extremos como
ENSO (El Nifio) y la Oscilacién Década del Pacifico (Sarricolea & Martin-Vide 2012).

Las formas dunarias predominantes en el campo de dunas estudiados son heredadas
y han sido datadas en el Plesitoceno-Holoceno (Creixel et al 2012). Su extensién es
de mas de 5 km, cabalgando en la vertiente occidental del borde costero de la
Cordillera de Los Andes (Fig. 1).
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Fig. 1. Area de estudio.

La condicién de playa disipativa de alta energia junto a una linea litoral y de playa
arenosa con mas de una secuencia de beach cups muy marcados, que ademas
presentan micro acantilados de playa, que indican una condicién de ataque del oleaje
muy alta. Las playas son estrechas, con dunas incipientes y con micro acantilados en
las dunas. Ello contrasta con la amplitud de las dunas anteriores y los frentes
transgresivos asociados a éstas, y con los extensos frentes de dunas transgresivas

activas en la zona proximal y distal de la ensenada.

2.- Metodologia.

La dinamica actual del sistema de dunas pleistocenas y actuales de Los Choros fue
analizado a partir de la identificacion de los grupos de dunas y las transformaciones de
estas durante la ultima década, distinguiendo las dunas anteriores y las transgresivas
en el contexto del continuum dunar de Verstapen (1972) y Araya-Vergara (1986, en

Arriagada ef al. 2014), seglin se puede observar en la figura 2.

Dunas anteriores, fueron analizadas segiin Hesp (2002, 2006), Psuty (2004) y Hesp et

al.  (2005). Se realizdé foto interpretacién de fotos e imagenes Google Earth de
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diferentes afios (2002, 2003, 2007, 2011, 2013), generando la cartografia de formas,
que fue complementado con trabajo de terreno durante el periodo 2012-2015. La
presencia de dunas embrionarias o incipientes fue considerado como un elemento
clave para la comprension de las condiciones de abastecimiento de arenas en la playa
(Soto, 2005; Soto et al. 2011, 2015). Estas formas sélo fue posible identificarlas en
terreno. Dunas transgresivas, corresponden a dunas libres, compuestas por barjanes,
blowout y parabdlicas, segin Hesp (2013) y Hesp et al. (2005).

Los cambios en las dunas anteriores y transgresivas fueron identificados a través de la
cartografia geomorfolégica comparada, segun metodologia de Araya Vergara (1987,
1989, 2001), Soto (1987).

Paleo dunas: Corresponden a la mayor extensiéon del sistema dunar y estan
conformadas por monticulos de arena compactada y vegetada de manera natural, en
donde no es posible distinguir formas individuales de dunas. Segun Creixell et al.

(2012), son de edad Pleistoceno-Holoceno.

FAMILIA DE DUNAS

Duna anterior Barjanes
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v
v
Duna paralela Barj. coalescentes
o
l sl
U
Blow-ous | T“ Fig.2. Familias de dunas y continuum
‘7 & dunar. Fuente: A partir de las nociones de
unas parabolicas Dunas
e . transversales Verstappen (1972) y Araya-Vergara (1986,
) ) \ 1987), in Arriagada et al. 2074,
[Dunas upsiloidales
7]

3.- Resultados

3.1. El sistemas de bahias y las formas dunares asociadas

La mega ensenada de Coquimbo (Fig. 3) corresponde a un sistema de bahias
estructurales, sucesivas, en una extension lineal de 120 km. En la parte media de la
mega bahia desemboca la cuenca andina del rio Elqui, y hacia la zona distal dos

cuencas costeras de regimenes fluviales episddicos.
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A lo largo de la linea de costa existen depésitos dunarios actuales y de paleodunas
(Fig. 3). En la zona proximal, en las bahias de Tongoy y Barnes, junto con los
cordones litorales se observan dunas transversales, longitudinales y parabdlicas,
respectivamente (Lagos 2013); en Guaqueros hay un cordén de dunas transgresivas y
paleo dunas hasta el borde de la cordillera. Destaca que ambas bahias no existen
cuencas fluviales posibles de ser las areas fuentes de estos sedimentos. En la bahia
de Coquimbo-La Serena, solo existen paleo dunas sobre la terraza marina del
Pleistoceno y dunas actuales en la playa junto a los remanentes de cordones litorales.
Las dataciones de las paleo dunas y terrazas marinas son de Paskoff (1970). En esta
bahia desemboca el rio Elqui, con un régimen fluvial permanente asociado a la
alimentacién glacial y nival de la Cordillera de los Andes. Sin embargo, las dunas

actuales no son correlativas en extensién con la dimensién y tipo de cuenca.

En el extremo norte de la mega ensenada se emplazan las dunas de Los Choros, en
una playa rectilinea de 16 km de longitud donde no existe en el entorno inmediato
una cuenca fluvial que explique la extensién de los sedimentos de las paleo dunas y

las dunas actuales.

3.2. Incidencia de la Quebrada Los Choros

La cuenca de drenaje Los Choros se encuentra inserta en el sistema climatico del
semiarido de Chile, presentando una actividad fluvio-aluvial desde el Mioceno—
Pleistoceno. Sus laderas estan compuestas tanto por formaciones cristalinas como por
secuencias volcanico-sedimentarias, las cuales se encuentran profusamente cubiertas

por suelo residual. El régimen de escorrentia es esporadico (Fig. 3).

Los analisis morfométricos y geomorfolégicos realizados sugieren que de presentarse
una crecida, la respuesta de esta serda mas bien difusa, con una subida gradual en el
hidrograma de la desembocadura, teniendo la capacidad de concentrar un gran
volumen de escurrimiento. Las caracteristicas observadas en los depésitos aluviales,
fluviales y de laderas en toda la zona de estudio indican que las crecidas tienen un alto

poder erosivo.

El registro geomorfolégico de la cuenca de drenaje Los Choros, establece que en el

Pleistoceno tardio existieron al menos 2 fases importantes de incisién, a partir de las
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cuales comienza ciclos gradacién-incisién, con una longitud de onda temporal de unos
2 ka, donde los eventos agradacionales se dan donde existe etapa frias y de mayor
sequia con respecto al periodo anterior, humedo y célido. Esto culminaria en un gran
periodo de sequia a los ~11 ka, donde se formaria la gran cobertura de suelo residual,
presente en las laderas, y comenzaria a bajar el nivel estatico, produciendo la
disminucién de escorrentia superficial, hasta la época actual, donde sélo se presentan

flujos en afios cuando ocurren eventos pluviométricos de caracteristicas torrenciales.
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Fig. 3. Depésitos de dunas en el sistema de bahias de Coquimbo.

Mediante los datos recopilados en terreno y calicatas para analisis macro-
granulométrico, se estimaron los tramos de particulas relativos al transporte por
traccion, saltacion y suspensién, los cuales no serian constante a lo largo de la
quebrada principal. Dadas las observaciones sedimentolégicas, la quebrada Los
Choros posee un gran potencial de transporte de material durante crecidas, aportando

un gran volumen de sedimento hacia el mar. La situacidén actual de la quebrada
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constituye un estado de agradacional relativamente pausado, dada la situacién actual

de sequia, donde los mayores aportes son debido a procesos aluviales.

3.3. Los grupos de dunas

3.3.1. Dunas anteriores

Las dunas anteriores presentan formas complejas, toda vez que estan constituidas
por dunas tipo nebcas que conforman amplios cordones de dunas alargadas
vegetadas, presentando diferentes caracteristicas, seglin sean mas continuos,
alargados y vegetados (Fig. 4). Estos cordones avanzan ascendiendo en altura, y a
partir de ellos, sobre todo en las depresiones entre cordones de dunas alargadas, se
han desarrollado blowout, y asociados a éstos, se observan dunas parabédlicas que
conforman frentes transgresivos sobre las dunas anteriores, alcanzando alturas del
orden de los 15 m a partir de la alta playa; corresponden al desarrollo de dunas
parabélicas, y algunos cordones alargados sin vegetacién cuyos frentes de sotavento
migran también como frentes de transgresién (Fig. 4) sobre las dunas inactivas
(Pleistoceno-Holoceno). Todo el frente de dunas junto a la playa presenta un marcado
patrén de dunas asociadas al continuum de las dunas anteriores, siendo posible

identificar tanto nebcas como parabélicas.

La zona de surf es toda la bahia es eminentemente disipativa de alta energia, con una
zona de surf amplia de 400-500m. Cabe sefalar la presencia recurrente de beach
cups con micro acantilados. La playa es estrecha y presenta a lo largo del afio
evidencias del ataque del oleaje, reflejado en los micro acantilados en dunas, que
reflejan las formas de los beach cups. Sin embargo, siempre ha sido observada la
presencia de dunas embrionarias. El conjunto de dunas anteriores alcanza su mayor
ancho en la parte proximal donde las nebkas y dunas alargadas estan vegetadas con
especies nativas endémicas, alcanzando un ancho de 345 m; este valor disminuye en
el extremo norte de la zona distal debido a que en hay un incipiente desarrollo de

dunas transgresivas.
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3.3.2. Dunas transgresivas

Se encuentran ubicadas en la zona proximal y distal de la ensenada. El frente
transgresivo sur (Fig. 5) se caracteriza por la predominancia de formas transversales y
barjanoides, desarrolladas a partir de las dunas alargadas anteriores. Si bien existe
una predominancia de la familia de los barjanes, destaca la presencia de formas que
provienen de la familia de las dunas anteriores, como es el caso de dunas parabélicas,
las cuales se ubican en sectores de transicién del campo y en los frentes de avance;

también se observan dunas longitudinales y upsiloidales.
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Fig. 5. Geomorfologia de dunas en el campo sur, afio 2014.

El frente transgresivo norte, pertenecen a la familia evolutiva de las dunas anteriores,
con dunas nebcas alargadas que dan paso a las sucesivas formas del continuum,
tales como paralelas o alargadas, blowout, parabédlicas y upsiloidales (Fig. 6),
destacandose todas estas por su marcado patrén longitudinal. Este frente activo
obstaculiza el camino a la localidad costera Punta de Choros, siendo necesario
implantar medidas de control de dunas y extraccién permanente de las arenas sobre el
camino, sin embargo la plantacién de especies psamdfitas nativas del semiarido
costero de chile no ha resistido la fuerte y constante deflaciéon de arenas. Este hecho
da cuenta de la condicién dinamica de este frente transgresivo, siendo posible apreciar
la manera como las dunas casi de manera individual y luego como coalescencias
avanzan sobre las dunas compactadas.

Si bien la acrecién hacia sotavento podria ser atribuida a la redistribucién de arenas
provenientes desde la playa y las dunas anteriores, la comparacién de imagenes de
diferentes fechas vy el trabajo en terreno evidencia la presencia de formas dunarias
asociadas a la acrecion y abastecimiento de arenas, como son las dunas anteriores y

las alargadas.
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Fig. 6. Geomorfologia de dunas en el campo norte, afio 2014.

3.3.3. Paleo dunas

Las dunas inactivas conforman la gran parte del gran campo de Los Choros que esta
conformado por monticulos compactados y vegetados en donde no es posible
distinguir formas dunarias determinadas (Fig. 1 y 7). La gran extensién de paleo
dunas avanza hacia el interior de las planicie costeras cubriendo las superficies de las
supra yacientes de terrazas marinas elevadas. El avance de estos potentes mantos
edlico alcanza la vertiente occidental de la cordillera de la costa, de tal manera que en
algunos sectores las dunas cabalgan en las laderas rocosa, o bien han sido disecadas
por los cursos de agua transversales generandose enormes paleo frentes
transgresivos. Las partes culminantes alcanzan alturas del orden de los 380 m.s.n.m.,
en que el escarpado frente de deslizamiento presenta marcadas evidencias de la
accién de las precipitaciones, evidenciando en micro conos aluviales y terrazas de

diseccién en los falwegs que disectan estas formas.

Desde la cordillera fluyen numerosos cursos de agua, de caracter esporadico pero con
gran capacidad de incisién, toda vez que es posible observar el aterrazaniemto de las
dunas antiguas y el afloramiento de superficies aluviales, presumiblemente del tipo

glacis, subyacentes, y supra yacientes a las terrazas marinas. En las paleo dunas se

173



observan los cordones litorales a diferentes alturas, que evidenciando los antiguos

niveles de playa en la paleo bahia.

Fig. 7. Frente transgresivo de las paleo dunas y la vertiente de la Cordillera de la
Costa. En la parte central se observa un cono aluvial desarrollado en las laderas del

frente de transgresion.

3.3.4. Estados de cambio de las dunas activas

A través del uso de imagenes histéricas se identificaron las transformaciones en las
dunas en un periodo de 12 afios. En la zona sur, se pudo establecer un cambio en la
estructura en las dunas pero manteniéndose en la misma familia, en este caso de las
dunas barjanes, ya que el afio 2002 se identifican barjanes como formas dominantes
en el area, mientras que al afio 2014 hay un claro predominio de los barjanoides y
algunas incipientes evidencias de dunas transversales (Fig. 8). No obstante ello
existen también formas pertenecientes a la otra familia del continuum, las que también
han evolucionado, siendo el caso mas notorio el paso de dunas paralelas a blowout y

luego a parabdlicas.
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Fig. 8. Geomorfologia de dunas en el campo sur, afio 2002.

En la zona norte se aprecia la evolucién de las formas en el contexto del continuum de
las dunas anteriores, como formas predominantes, pero sin embargo, también se
aprecia como en el periodo analizado se han desarrollado las formas barjanoides en el
los frentes de transgresién, donde estd avanzando la duna hacia el interior. Son
formas barjanoides de pequefio angulo de curvatura, que posteriormente han sido
transversalizadas y alargadas (Fig. 9). Los cambios observados han sido

sistematizados de la siguiente manera:

Barjanoides y barjanes: en el periodo las formas dominantes han sido los barjanoides,
desarrollandose a sotavento de las transversales, que se encuentran principalmente
en la parte media del campo sur, por lo tanto es posible encontrarlas en el frente de
avance como en los sectores cercanos a la costa. La direccién de avance de estas
formas responde a la direccién del viento (SW) y estas son receptoras de las arenas
que provienen de otras generaciones de dunas, lo que hace que el abastecimiento de
estas sea intermitente y limitado, en comparacién a las dunas que se encuentran mas

cercanas a la costa. En los barjanes, tanto en 2002 como en 2014, se presentan como
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barjanes aislados, coalescentes y con cuernos alargados, que durante el paso de los

afios pueden ser observadas evolucionar de una a ofra.

Dunas Transversales: Este patron domina en el campo proximal, sobre todo en la zona
central, manteniéndose visible a lo largo del periodo investigado; presentan crestas
muy elevadas de tendencia longitudinal, con una orientacién NW asociada el viento
predominante (SW). Estas formas conforman grupos al interior del campo de dunas

sur, intercalandose con las dunas de patrén alargado, predominante.

Dunas parabdlicas y upsiloidales: La existencia de blowouts y su subsiguiente
evolucion a dunas parabélicas, son un rasgo muy destacado en el campo norte y las
dunas parabédlicas muestran con el paso de los afios un crecimiento y desarrollo. Es
posible que varias de estas no hayan evolucionado solo de blowouts, sino que también
desde barjanes, producto de procesos de transmudacién que son visibles en varias
partes de ambos campos. Estos cambios se observaron sobre todo en la zona norte,
donde se realizan trabajos de limpieza del camino y hay una fuerte intervencién
antrépica. Las dunas parabédlicas que presentan un crecimiento y desarrollo asimétrico

de uno de sus brazos, evolucionando a dunas upsiloidales.
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Fig. 9. Geomorfologia de dunas en el campo norte, afio 2002.
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4.- Conclusiones

A las condiciones morfoestructurales de la ensenada se asocia una playa
predominantemente disipativa con alta energia del oleaje, si bien con condiciones
erosivas, con un importante campo de dunas inactivo, a los que se asocia también dos

campos de dunas actuales activos y un frente de dunas anteriores.

Las condiciones dinamicas de una playa eminentemente disipativa, la posicion distal de
la bahia de Los Choros en la mega ensenada de Coquimbo, explica la presencia del
gran campo de dunas, pero no asi las areas fuentes asociadas ya que la Quebrada Los
Choros que desemboca en el campo de dunas, no es el area fuente fundamental de

ésta.

La existencia de tres secciones con dunas activas demuestra abastecimiento actual de
arenas, ya que las dunas anteriores, las dunas embrionarias y las transgresivas
asociadas, implican una condicién de abastecimiento actual de arenas en el litoral y la
playa, no obstante las condiciones casi permanentes de erosion y el régimen semiarido
de las cuencas de la Regién. Lo mismo aplica a los campos activos sur y norte, siendo
el mas extenso el de la parte norte o distal de la ensenada. Ambos sectores presentan
formas de dunas del continuum dunar que evidencian tanto el abastecimiento de arenas

como la evolucién de las mismas.

Las caracteristicas de los depésitos edlicos que se presentan en la mega bahia de
Coquimbo, muestran que la dinamica generalizada de distribucién de arenas se replica
desde las bahias individuales como en el conjunto de ellas que conforman la mega
bahia de Coquimbo, donde la mayor concentracién de arenas se da en la zona distal
de la mega bahia, en Punta de Choros, con presencia de formas dunares bastante
extensas y variadas morfologias secundarias, caracterizadas por la amplia presencia

de dunas de la familia de barjanes en los campos y frentes transgresivos parabdlicos.
La condicién dinamica anterior cobra relevancia si se considera que las probables

cuentas aportantes no han presentado caudales permanente o semipermanentes desde
el afio 1997, ultimo evento ENSO (EI Nifio)
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Figura 1. Area de estudio.

Figure 1. Study area

Figura 2. Familias de dunas y continuum dunar. Fuente: A partir de las nociones de
Verstappen (1972) y Araya-Vergara (1986, 1987), in Arriagada et al. 2014.

Figure 2. Family of dunes and continuum  dunaris.  Source:  From the
notions of Verstappen (1972) y Araya-Vergara (1986, 1987), in Arriagada et al. 2014.

Figura. 3. Depésitos de dunas en el sistema de bahias de Coquimbo.

Figure 3. Sand dunes in Coquimbo the bays systems

Figura 4. Dunas anteriores de la zona proximal y distal de Punta de Choros.

Figure 4. Proximal and distal foredune in Punta de Choros

Figura 5. Geomorfologia del campo de dunas sur, afio 2014.

Figure 5. Geomorphology of southern sand dune field, 2014

Figura 6. Geomorfologia delcampo de dunas norte, afio 2014.

Figure 6. Geomorphology of northern sand dune field, 2014

Figura 7. Frente transgresivo de las paleo dunas y la vertiente de la Cordillera de la
Costa. En la parte central se observa un cono aluvial desarrollado en las laderas del
frente de transgresion.

Figure 7. Paleo sand dune trangressive front and contact with coastal range. In the

central part an aluvial fan developed on the sand trasgressions slopes is obverved.

Figura 8. Geomorfologia del campo de dunas sur, afio 2002.

Figure 8. Geomorphology of southern sand dune field, 2002.

Figura 9. Geomorfologia del campo de dunas norte, afio 2002

Figure 9. Geomorphology of northern sand dune field, 2002.
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ABSTRACT

The regressive barrier (strandplain) of Tongoy is a complex system of coastal landforms,
composed of foredunes, beach ridges and semi-permanent streams that together have shaped the
actual lagoons. This research aims to contribute to the knowledge of these features in the tectonic
active western continental margin of South America and analyzes their evolution in the
development of the regressive barrier of Tongoy Bay. A geomorphological survey was
conducted, between the Pleistocene marine terraces and the modern shoreline; aerial photographs
from different years were used, observing changes over the barrier surface, estuaries and lagoons.
From the identified forms it is concluded that the barrier corresponds to an accretion system,
which together with the development of beach ridges has evolved into a regressive barrier
system. It is still possible to find abandoned lagoons behind the present lagoons. Currently,
accretion conditions are demonstrated by the preservation of foredunes and embryonic dunes.

ADDITIONAL INDEX WORDS: beach ridge, barrier, foredunes, lagoon.

RESUMEN

Se analiza la bahia de Tongoy como un sistema integrado de barrera litoral, modelada por la
accion del oleaje durante el Holoceno. El strandplain de Tongoy constituye un sistema complejo
de formas, compuesto por dunas anteriores, beach ridges y cursos de agua semipermanentes que
en las zonas del strandplain v linea litoral han desarrollado lagunas. Los objetivos de este trabajo
es contribuir al conocimiento de estas formas en las costas occidentales de América del Sur, y
analizar dichas formas y su evolucion conformando una barrera litoral de caracter acrecional. Se
realizo el levantamiento geomorfolégico de la ensenada, en la zona comprendida entre las
terrazas marinas pleistocénicas y la linea litoral; se trabajo con fotos aéreas de diferentes afios,
estableciendo los cambios observados en el strandplain, desembocaduras, lagunas y en la playa
arenosa. Se levantaron perfiles topograficos y se caracteriz6 el tipo de playa dominada por olas.
A partir de las formas identificadas se concluye que la barrera corresponde a un sistema de
acrecion, en el que junto con la formacién de los cordones de playa han evolucionado como una
barrera regresiva, siendo posible encontrar una laguna abandonada, a sotavento de las actuales.
La condiciéon de acrecion actual se demuestra por la permanencia de los cordones de dunas
anteriores y de las dunas embrionarias en el periodo analizado.

INDICE DE PALABRAS ADICIONALES: Cordén litoral, barrera litoral, dunas anteriores,
laguna
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INTRODUCTION

Traditional costal barriers have been studied as characteristic features of drilling coasts, with a
major territorial expression on the east coast of South and North America, Australia, South
Africa, and Western Europe (Bird, 2008; Schwartz, 2005). Costal 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 forms have been analyzed as coastlines formed by beach ridges (Araya-Vergara,
1986; Vargas, 1991). We approach the subject from the conceptualization of the strandplain in
coastal barriers on a continental subduction margin, as in the case of Chile.

Regarding the systems to be described, the presence of beach ridges is an essential feature, and
has been considered according to Otvos’definition (2000), that is to say, there are a relict, semi
parallel, multiple ridges forming a strandplain. Tamura (2012) indicates the relevance of beach
ridges as a paleoenvironmental record, which is of great significance for the analysis of Tongoy
Bay.

Regressive barriers such as morphological systems correspond to a modern feature associated
with the last postglacial marine transgression and marine processes related to conditions of
sediment supply, and processes of progradation during the last 7 to 6 ky, 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, in the Atacama desert (Caldera, 27° S), there are important Pleistocene
beach ridge sequences, described by Marquard ez al. (2004) and Quezada et al. (2007) as paleo
beaches located on marine terraces; the age of these terraces are estimated to be between MIS 11
and MIS 3¢, with £162 to +25 meters height. 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,
Ortiz and Arévalo, 2012), as well as slightly covered by dunes, located at 70 meters height. 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.

Concerning the Holocene 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 and Paskoff
(1993) mapped and dated back the Holocene beach ridges in Tongoy Bay, with dates of 5400 yrs
BP for the oldest ridge located along the escarp of the Pleistocene terrace, and 910 yrs BP for the
latest (they are non-calibrated *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 as 0.13-
0.14m/y by Ota and Paskoff (1993).

The presence of abandoned and modern lagoons in the barrier of Tongoy, associated with river

outlets of local estuaries, is a morphogenetic aspect to be considered when studying
environmental conditions during the development of the barrier.
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Therefore, the barrier of Tongoy is analyzed from the point of view of its conformation as a
coastal system in an environment of tectonic uplift, in order to establish its current condition and

evolutionary trends associated with the status of erosion/progradation in the Chilean semiarid
region.

Geological and geomorphological settings

The area of study belongs to the coastal range of the Andes, conforming catchments draining to
the coast. These slopes correspond to Cretaceous plutonic rocks, to Upper Jurassic sub-volcanic
rocks, and to Triassic metamorphic and igneous rocks (Andesitas), forming the area of Punta
Lengua de Vaca in Altos de Talinay (Emparan and Pineda, 2006), along with a large rocky
headland of more than 7 km. These coastal basins are in contact with the four levels of
fossiliferous marine terraces of the Coquimbo Formation from the Miocene-Pleistocene
(Emparan and Pineda, 2006; Le Roux et al., 2006; Pfeiffer et al, 2011; Pfeiffer, 2011; Saillard et
al., 2009). These features constitute a very large amphitheater, highlighting the tectonic uplift
condition of marine terraces, the well-preserved scarps, and the deep lateral dissection produced
by the action of the local streams. In fact, tectonically uplifted marine terraces are very
representative geomorphological features in the area of study.

Tongoy Bay (Figure 1) is a Cenozoic basin (Emparan and Pineda, 2006) with marine terraces that
belong to the Coquimbo Formation, corresponding to marine sediments deposited in the coastal
area between 28° and 30° Lat. S; these terraces are formed by yellow sandstone, coquina,
sedimentary conglomerates and carbonate, and fossiliferous levels from the Miocene-Pleistocene.
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Figure 1. Location of Tongoy Bay in the semiarid region of Chile. There are four upraised marine
terraces (Pfeiffer, 2011; Emparan and Pineda, 2006). The extensive and high headland of Altos

de Talinay, belongs to costal range of The Andes is the essential relief that explains the dynamics
of the bay.
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According to Le Roux et al. (2006) these marine sediments/terraces were formed by a series of
transgressions/regressions, which were related to regional and local tectonic movements,
combined with global sea level variations (Paskoff, 1970; Pfeiffer et al., 2011; Saillard et al.,
2009, 2012). Saillard et al. (2012) confirmed the tectonic influence on Tongoy Bay through U-Th
dating of beach ridges of these uplifted marine terraces, concluding that there has been a
differential evolution between the bay and the associated great headland (Punta Lengua de Vaca)
as well as the Puerto Aldea fault (Figure 1; Table 1). Therefore, influences on the genesis of the
paleo basin, as well as current hydrodynamic conditions in Tongoy Bay are conditioned by the
presence of the great headland of Punta Lengua de Vaca.

Table 1: Tectonically uplifted levels of marine terraces according to different authors for the area
of study.

Identified Marine terraces on . .
Themcen.ofstudy Pfeiffer (2011) Saillard ef al (2012)
Pfeiffer Rate of rise
@o11) Paskoff (1970) Age (ky) MIS Age MIS (Bifka)
Terrace I Sereniense 1 - - 679+51 17 738+151
412
Terrace 11 Sereniense 11 (Late Pliocene- 11 318430 | 9c¢ 1158+411
Pleistocene)
225
Terrace Il | Herraduriense I (Middle Te 225+17 | Te 389+149
Pleistocene)
; 123 (Upper
Terrace 1V | Herraduriense I . Se 149+10 | Se 180+80
Pleistocene)
Terrace V Veguiense 6 (Holocene) 1 11+£2 1 -

Semiarid coastal climate

The Pacific anticyclone strongly affects the climate of Chile and the Region of Coquimbo,
generating inversion processes along the northern coast, resulting in the retention of permanent
cloud strata throughout the year, which is hundreds of feet high, blocking frontal systems and
thus explaining the arid climate (Pérez, 2005). These are a transition between the desert and
semiarid Mediterranean climate. The coastal zone is a steppe climate with abundant cloudiness,
characterized by high humidity (85%), with a moderate temperature regimen and temperature
variation not exceeding 6° C and an annual temperature average of 14.7° C; precipitation is
concentrated in winter months (May to August) and does not exceed 75 mm per year (Pérez,
2005).

The area is affected by El Nifio (ENSO), which last occurred in 1997, and is considered the
strongest of the last century (Aceituno, 1998; Pérez et al., 2009). On that occasion, heavy rainfall
and severe flooding occurred during winter and spring in central Chile; there was an annual total
of 190 mm in the Region of Coquimbo, with 50% concentrated in a few days. Furthermore,
during the El Nifio event of 1983 there was a precipitation of 116 mm within 3 days of July (data
from Direccion Meteorologica de Chile).
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Prevailing winds are from the S and SW, associated with a condition of littoral drift from south to
north. There are very few incidents of northerly winds throughout the year. However, they mainly
occur during winter months and transport warm waters into the bay (Uribe and Blanco, 2001).

General oceanographic characteristic

The area of study corresponds to a quite depopulated coastal area of the Chilean semiarid region,
which has a small holiday village in the northern part of the bay, and fishing creek in the southern
part. This has effects on the absence of oceanographic data for the area, where the existing
information is concentrated in the port of Coquimbo, 35 miles north. It may be generally noted
that the area has a semidiurnal tidal regime in a micro tidal environment with a maximum-
recorded plea of 1.8 m. The wave height measurements performed in this study revealed waves
ranging from about 0.5 to 1m, especially in the middle and distal part of the bay.

According to data provided by a station located in Tongoy Bay, 32% of the prevailing winds in
the area are from South (S) with a predominant speed of 1.6 to 1.4 m/s.

There is no bathymetric detail for Tongoy Bay; however, the work of Berrios (2005) indicates the
presence of bathymetric slopes ranging from 2.7° - 4.0° in central areas and 8.9° - 13.3° in lateral
areas.

METHODS

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

The littoral zone was analyzed according to the classification of wave-dominated beaches of
Araya-Vergara (1996); Short (1999); Wright and Short (1984). Mapping of the bay with Google
Earth images was performed considering 5 different years between 2001 and 2010, which was
supplemented with field observations from June 2012 to February 2013.

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

Foredunes and transverse dunes were identified in the field and in aerial and Google Earth
images, and then represented in a geomorphological chart. 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 seen according
to the notion of dune continuum of Araya-Vergara (1986, in Arriagada, 2009) and Verstapen
(1972).

Fluvial forms were analyzed through the identification of channels and riverbanks from
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photointerpretation and fieldwork. Tricart’s concepts (1960) were applied, distinguishing levels
of Holocenic terraces, T' and T°. These terraces were identified in the barrier of Tongoy,
establishing different progradation sequences. Riverbanks were analyzed according to Arriagada
(2009) as evolution indicators of watercourses that flow into the barrier and those which
genetically associate with small existing lagoons.

RESULTS

The physical characteristics of Tongoy Bay, and its location in relation to both the headland and
coastal ranges of The Andes, together with the low tidal range and semiarid climate, play a key
role in the evolution of the standplain analyzed. The Tongoy barrier presents several kinds of
features that have been developing since Holocene until the present day, mainly through the
growth of foredunes in a low energy reflective beach.

The littoral zone

The analysis results of wave-dominated beaches allows to establish the presence of clear spatial
and temporal patterns associated with the predominance of reflective beaches, except for several
local situations, as in the northern section: Low Tide Terrace (LTT). Even though the results of
Figure 2 do not correspond to a systematic observation over time, fieldwork in both winter and
summer allow validation of them as a pattern. since low energy conditions of reflective beaches
are observable during different seasons, due to the stable climatic conditions of semiarid coastal
Chile. The exception is during ENSO years when abundant and concentrated rainfall occurs.

The homogeneous distribution of reflective beaches is associated with the presence of the great
headland of Punta Lengua de Vaca (Figure 1) which is so extensive that it exerts strong control
on the wave refraction along the bay. Pattern changes are only seen in northern Tongoy, with
intermediate conditions. The dissipative condition has never been observed.

=

BEACH DOMINATED
BY WAVE
(Wrigth & Short, 1984)

- Low tide terrace
LTT

- Reflective
R

@ Control point

0 05 1 2 3 4
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Figure 2. Beaches dominated by waves in Tongoy Bay, showing the dominance of the reflective
beach during 5 different years observed, associated with the extensive headland in the southern
part of the bay.
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Figure 3 express some basic morphometric parameters of the bay associated with the presence of
the headland, with N/S orientation, and 7.6 km of extension forming a natural barrier to the
prevailing SW winds and associated wave trains. The extensive headland generates very strong
refraction waves from the SW, and when they reach the coastline, the energy is dissipated
creating a very reflective beach, with break waves of less 1m.
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Figure 3. Morphometric parameters of Tongoy Bay, highlighting the prominent headland and its
influence on the refraction waves from the SW, which lose their high energy and reach the beach
as little plunging waves (1-0.5m).

Considering the Triassic genesis of the headland, the Miocene-Pliocene genesis of the upraised
marine terraces, and the strandplain progradation during the Holocene, it can be derived that
similar wave currents have been in operation for much of the evolutionary history of the bay.

The wave attack condition is important on the beach and berm, which are eroded during winter
storms, but are quickly rebuilt, indicating a positive mass balance of the beach through the
reconstruction of the berm and the presence of incipient dunes, as observed during the period of
May 2012 to February 2013. The presence of beach cusps in the bay, especially in the middle and
distal areas is another antecedent denoting the wave attack condition (Figure 4).

The foredunes are a permanent feature along the bay, but are not uniform in shape; the southern
and middle areas comprise up to three ridges of discontinuous vegetated nebcas, always with
minor incipient dunes. In the distal zone, foredune ridges are very active, always with incipient
dunes developing rapidly, even after being attacked by waves (Figure 5). The generation of
incipient dunes is very fast and is mainly associated with vegetation, Ambrossia chamissonis in
this case, a creeping kind of plants with wide coverage in Central Chile up to 30°S of northern
limit.
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Figure 4. Eroded beach cuss and 1nipint dunes (small-vegeted nebeas). Reflective beach,
southern Tongoy Bay (February 2013).

Figure 5. Northern foredunes in Tongoy Bay, with evidence of recent wave attack (A). Small
sized incipient dunes, as seen in the ripples to leeward of the reference scale (notebook of 22 cm
length), during fieldtrip observation (B). (May 2012).

Beach ridges

Ota and Paskoff (1993) identified five ridges in the southern section of the bay, which can hardly
be recognized today. Beach ridges correspond to soft sand undulations. The aforementioned
author’s descriptions indicated the presence of abundant remains of shell fragments and gravel on
the beach ridges, which were only possible to find in the middle and proximal part of the bay. At
the same time, the strandplain is covered with Atriplex, which has masked the original features.

Beach ridges are located immediately below the escarpment of the terrace, with the southern
section presenting a broader strandplain of 900 m, measured from the swash zone to the base of
the escarpment of the marine terrace (Profile 2, Figure 6).

The oldest beach ridge is well preserved, just like the latest, which is located close to the modern
foredune system. The following sequence is observed in the distal and middle areas of the bay:
a) beachface and sandy beach, b) foredunes and incipient dunes, ¢) marshes, d) beach ridge. This
sequence measures up to 150 m long (Profile 11, Figure 6). The marsh shows a maximum width
of about 20 m, being a well-represented feature in the bay due to the presence of a water table, as
well as the evergreen vegetation that exists due to the occasional drainage from the ravines that
dissect the adjacent marine terraces. The cloudiness and coastal fog of the Chilean desert
(camanchaca), contributes to the maintenance of existing marsh vegetation in these depressions.

Beach ridge sequences are most representative in the middle area (Profile 9 and 10, Figure 6),

because the wind mantle is not as developed as in the north, where the beach ridges are covered
by dunes (Profile 12, Figure 6). In fact, the observed peaks correspond to large active dunes in
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which the desert scrub vegetation has disturbed the patterns of transverse dunes that cover the
beach ridges. Despite this current dynamic condition, it is possible to recognize evidence of
beach ridges along the bay at 50 m, 200-250 m and 400-500 m away from the beach. In the case
of the first ridge, sandy beach and foredunes are included.
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Figure 6. Transverse topographic beach profiles in Tongoy Bay, showing the differences along
the shoreline, such as the length from swash zone to marine terrace scarp.
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Fluvial and hydrological features

Local watersheds that drain into Tongoy Bay have generated essential features through which it
is possible to establish environmental variations of the shoreline. The tectonic influence is
expressed through epigenic incised gorges in ancient marine terraces, forming broad valleys of
353m and an incision height up to 192 m (Quebrada Pachingo). In these valleys, Holocene fluvial
terraces have been formed, identified as T 'and T © (Figure 7). The T' terrace is a well preserved
unit, consisting of sands and gravel, located at the foot of the escarpment of the Pleistocene
terrace next to the river outlet, adopting the form of a well-developed river bank. The T° terrace
is the present riverbed with seasonal behavior, which is activated by episodic rainfall events, such
as during El Nifio years.

The identification of river terraces T° and T' in different positions in the strandplain, allowed the
establishment the presence of differentiated lagoons conditions, determining three evolution
pulses of the coastline and river outlets, associated with the lagoons (Figure 7). The paleo lagoon
(1) and (2), as well the present day lagoon (3), whose barrier has been closed since 1978
preventing drainage to the bay (as recorded by aerial photos). However, according to data
compiled by locals, in 1997 the river outlet was open due to heavy rainfall; the most intense El
Nifio event of the last century was recorded in Chile that year (Aceituno, 1998), generating a
great impact in central Chile and in the semiarid region, with heavy rainfall and associated
flooding (Soto et al, 2014).

Features associated with the paleo lagoons allow differentiation of evolutionary states of the river
outlets located in the strandplain accretion environments (Figure 7). The T” and T° terrace system
corresponding to the (1) condition represents the river outlet of Quebrada Pachingo (see Figure 1
for location), which is correlated with the oldest beach ridge, expressing a fluvial environment
with a direct outlet to the sea and capable of modeling a meandering channel. This outlet also
drained three lateral tributaries, with embedded meanders and disfluencies that explain the
amplitude of the sea outlet in the stage (1).

There is a second river outlet associated with lagoons, denominated as (2), identified by the
channels of the T’ terrace as well as the remaining riverbanks; which is a strandplain with a
second progradation stage associated with second beach ridge.

The (3) condition corresponds to current lagoons which are closed to the sea and have inlet
episodic character associated with river flooding and storm conditions due to El Nifio. The beach
ridge that closes the existing outlets of the strandplain has similar dimensions along the bay, in
the order of 50-100 m (Figure 6).

From the point of view of evolution and present changing trends, a progradational trend can be
established, associated with the development of embryonic dunes and foredunes, despite winter
erosion and the reflective beach controlled by the huge headland. These features developed in 1-3
ridges, and the embryonic dunes rapidly develop in the beachface and backshore of the barrier of
Tongoy. Wind coverage in the area of beach ridges located in the distal area, expresses the status
of permanent sand supply.
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Figure 7. Geomorphological map of the Tongoy barrier: strandplain and the beach ridges and
present foredunes. The different lagoons associated with the inlet streams from local catchments,
as well as the 3 evolutive stage lagoons related to the regressive barrier.

DISCUSSION

The identified features in Tongoy Bay show a sequence of coastal progradation during the
Holocene in an abrasion platform identified by Pfeiffer et al. (2011). Saillad et al. (2012)
identified the structural links between the paleo bay from Tongoy to Altos de Talinay and Punta
Lengua de Vaca. Lagos (2013) and Villagran (2007) point out the importance of this rocky ledge
and how the headland affects the current dynamics of Tongoy Bay. While tectonic action is very
marked in the region, it has been quite low since the Holocene, with an uplift of 0.13-0.14m/ky
(Ota and Paskoff, 1993). Saillard et al. (2009, 2012) estimated an uplift rate of 1667 + 434 mm /
ka for Tongoy, from the Middle Holocene to the present. Encinas et al. (2006) estimated an uplift
of (6645 yr BP) at 0.4 m / ky, in the Holocene marine layer on the coast of central Chile (33 © S).

The interpretation of the evolution and conformation of the barrier of Tongoy, is associated with
the first beach ridge, identified by Ota and Paskoff (1993) with an age of 5400 BP. Identified
fluvial forms indicate that a system of river outlets of large amplitude was developed over time,
such as the extension of T” and T° terraces of the (1) state, in the Quebrada Pachingo (Figure 7).
The environment conditions indicate a major fluvial flow in the local watercourses, which has
shaped the beds of distal tributaries that drained directly into the strandplain. The (1) condition is
only found in the proximal part of the bay, where the barrier is larger with 800 m wide.

However, the (2) condition is recognizable across the barrier of Tongoy through the paleo lagoon
2 and the transverse dunes isolated from the distal part. Thus, when the second beach ridge was

12

195



412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456

developed in the southern area, a new outlet was formed, which is represented by deposits in T"
and T°.

Moreover, rivers would have closed up to the sea when the marshes depression occurred,
associated to the last beach ridge, namely 910 yrs BP.

In the northern area, transverse dunes are deposited, showing a significant sediment load.
However, these sand dunes are unable to reach the scarp of the Pleistocene marine terrace.
Currently, these dunes are disconnected from the present beach. The second ridge has a height of
3.83 m with a distance of 270.40 m. to the swash zone. Further south, the correlative ridge to the
lagoon has similar values with a height of 3.37 m and a distance of 223.26 m.

The arrangement of the north-distal dunes matches with the headland bay beaches theory in
Chile, that has been described by Araya-Vergara (1996); Arriagada (2009); Arriagada, Soto and
Sarricolea (2014); Martinez (2001); Soto (2005); Soto and Arriagada (2007). In central Chile, the
shoreline is controlled by the structure of the continental margin and together with the SW drift
generates the different dynamic conditions in the sandy beaches, associate with reflective
environment in the proximal part of the bay (southern), and in the distal one (northern) it is
possible to find the widest coastal sand dunes. In Tongoy Bay, the small field sand dunes are
located in the northern part.

As for the observed beach dynamics, there is evidence of an appropriate condition for sand
supply. Foredunes eroded by wave action are permanently reconstructed in all seasons as
documented by Lagos (2013) and Soto et al. (2014). In the middle and mainly in the distal area,
the sand supply condition is more pronounced, as the foredunes are more prominent. These are
not considered old foredunes, because they consist of sand that has been deposited due to
introduced vegetation. The foredunes are associated with sand aspersions in the same location.
However, there is no connection between these and the current beach dunes because they are
separated by two beach ridges.

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 barrier, with a modemn
progradational evolutionary trend, evidenced by the dynamics of foredunes and embryonic dunes
on the current beach, as noted by Dillenburg and Hesp (2009) and Soto ef al. (2015).

While there is no paleoclimatic data for validating the found morphological evidence, “the work
of Tamura (2012) is ratified”, in regard to the importance of beach ridges as paleoenvironmental
record.

CONCLUSIONS
Identified features such as beach ridge sequences with beach gravel, foredunes, and lagoons

associated with local river outlets, together constitute morphological characteristic elements
associated with the coastal barrier environment of Tongoy Bay.
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Riverbeds and riverbanks are outlet environments that correlate to 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.

Foredunes and embryonic dunes are observed throughout the year, and they are the
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, it can be noted that from the Middle Holocene to the present deposits of coastal
sediments in Tongoy Bay, have formed by accretional sequences of beach ridges, as well as
current developing foredunes which have established an evolutionary trend of progressive
accretion of the barrier.
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8. Appendix

APPENDIX | MARINE TERRACES
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Perfil longitudinal de las cinco terrazas marinas ubicadas en la Bahia de Coquimbo. Source: PASKOFF et al.

(1995 in PASKOFF 1999).

Resumen de las terrazas marinas en la Bahia de Coquimbo.

ALTURA MIS UaInpIS METODO DE
UL (m.s.n.m.) (ka) G 2SN DATACION
T PROMEDIO (m/ka)
SERENIENCE | -
(SERENA 1) 120130 Plioceno i i
SERENIENCE II 7580 - ) )
(SERENAII) Pleistoceno inferior
9?
HERRADURIENCE I -
(HERRADURA I) 35-40 _ (£330) _ U/Th-ERS
Pleistoceno medio +0.20
5e -
HERRADURIENCE Il -
(HERRADURA I1) 15-20 _ (£125) _ U/Th-ERS
Pleistoceno medio
1
AECIENCE 4-5 (+11 ka) +0.13/ +0.14 o
(VEGA)
Holoceno

* Dataciones realizadas por RADTKLE (1987; 1989 en LEONARD Y WEHMILLER, 1992), en base a Uranio —
Torio; ** Datacion realizada por OTA Y PASKOFF (1993) en base a Carbono 14. Source: Elaboracion propia, en
base a PASKOFF (1979 et al. 1995 in PASKOFF 1999).
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OCEANO PACIFICO
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Bahia de Tongoy y la presencia de las terrazas marinas tanto en Altos de Talinay y en la paleo bahia de
Tongoy. Source: PFEIFFER (2011).

Resumen de las terrazas marinas en la Bahia de Tongoy.

ALTOS DE TALINAY

PALEO BAHIA DE TONGOY

TASA DE METODO TASA DE METODO
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1 10 1
\Y/ 6+1 (1122) 0.1660.434 Be +9 (£6 ka) - -

*Datacion realizadas por SAILLARD (2008) con U/Th y posteriormente re-datadas en SAILLARD et al. (2009) con “°Be.
Source: Elaboracion propia, en base a SAILLARD et al. (2012).
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APPENDIX Il COASTAL UPLIFT

Correlacién altimétrica y edades absolutas segln estadios isotépicos marinos utilizados para la identificacién de la TMA; TMM y TMB
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He :JRIENCE TMIIT ™V T™M VI TMVI TM VI TMII - e ( . )
Pleistoceno 9 9 9 9 9 9% (¢}
35-40 Qqﬂzi%l;)o) +80 (330) 110+£3 (33010) 11545 (330+10) +129 (330) +208 (330) 170+20 (318430) - - (330£10)
3 T™MII TMIV ™V T™MV ™V TM 11 TM 11T TMM
7 7 7 7 7 Te Te 7/
: = atiauo (220) 6747 | aq0e10) | 7847 @lo10) | *634 (220) =i (220) R (225+17) =48 (#225) 75 (210£10)
HERRADI‘IJR’ENCE T™MI TMIII TMIV T™MIV TMIV TMIV < TMB
Pleistoceno Se Se Se Se Se Se
- 1 ¥ ) 5 % &
e Se"}i‘}‘;) R |l A (1255) e (12545) =k (119+5) S (1195) o (149£10)
= T™MI ™I TV TM I TMII = T™MIV s
5S¢ 5S¢ 5¢ S5¢ 5S¢ 5S¢ +28 =
- - 9 42 - -
| Sy | aosso) | P [ aoosssy | 3 | aoostsy) | 28 | qossxi ] 27 | (105.3£10) I = | (94.5415) (125+5)
. . - TMII TMII TMII - -
Sa
: | - 2 | . : 10+5 @y | 2164 | sa 434 | 50 : l : : | -
VEGIENCE : TM1 TMI T™MI ™1 ™V ™V -
Holoceno 1 1 1 1
- - - 2 4 - -
4-5 | S | 341 - 341 | o 2.9 | 1 45 | 1 641 [ i) 9 | s

Source: Proyecto Fondecyt 1120234.
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Tasas de alzamientos tectonicos de terrazas marinas ubicadas al norte y sur del area de estudio.

HORNITO'Y CALDERA BAHIA INGLESA CERRO MORRO PAMPA ALTOS DE TALINAY PALEO BAHIA DE
COQUIMBO CHACAYA MARQUARDT et al MARQUARDT ef a. MEJILLONES MEJILLONES SAILLARD e al. TONGOY
PASKOFF (1970) ORTLIEB et al. 2004) : 2004) : MARQUARDT ez MARQUARDT et al. 012) : SAILLARD et al.
(1987) al. (2005) (2005) (2012)
SERENIIENCE - TM VII TM VIII - - TM I -
] ) 0.28+0.02 0.28£0.02 ] ] 0.738%0.152 ]
m/ka m/ka m/ka
SERE]\SENCE TM IV TM VI TM VII TM VII TM VII - TMII
0.34+0.06 0.284+0.02 0.29+0.112
- 0.24 m/ka a e 0.68 y 0.57 m/ka 0.20 y 0.50 m/ka - o
Hi D}JRIENCE TM III T™V TM VI TM VI TM VI TMII -
0.20 m/ka 0.24 m/ka ot 0 0 0o 0.68y0.57 mka 020y 0.50 m/ka Uik 1 -
m/ka m/ka m/ka
= TM II TMIV TMV TM V TMV TM ITT TM ITI
0.34+0.06 0.34+0.06 0.389+0.149
- 0.24 m/ka m/ka m/ka 0.68 y 0.57 m/ka 0.20 y 0.50 m/ka m/ka -
HERRADLRIENGE TMI T™ III TMIV TMIV ™ IV TMIV -
0.20 m/ka 0.24 m/ka s b 0.68y0.57 mka 0.20 y 0.50 m/ka e
m/ka m/ka m/ka
- TMI TMII TM III TM III TM IIT - TM IV
0.34+0.06 0.34+0.06 0.5240.08
- 0.24 m/ka ks . 0.68 y 0.57 m/ka 0.20 y 0.50 m/ka - hn
- - - TMII TMII TM II - -
340+60
- = - m/ka 0.68 y 0.57 m/ka 0.20 y 0.50 m/ka - -
VEGIENCE - TMI TMI TM I TMI TMV T™MV
0.13y0.14 0.34+0.06 0.34+0.06 0.166+0.434
ks = i S 0.68 y 0.57 m/ka 0.20 y 0.50 m/ka e -

Source: Proyecto Fondecyt 1120234.
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g [ MIS 11
@ (430 ka)
]
= 150
o]
- Fransan
5 Angulo de linea
a de costa
] 50 MISS (77(Shomlme angle)
w
E: |2 75msn.
z |*75msnm
‘ Ac‘t,unl nivel del mar r28msnm
- -50
- -100 Alzamiento
15 13 1 9 7 5 MIS
-150

Bloque diagrama de las terrazas marinas y su relacién con las variaciones glacioesutaticas.
Se observa la curva glacioesutaticas de MILLER et al. (2005 en QUEZADA et al. 2007),
donde la altura del &ngulo de linea de costa de los paleo acantilados de la TMA, TMM y
TMB, se correlacionan con los MIS correspondientes a los interglaciares asociados a la
formacion de estas terrazas. También se sefiala las tasas de alzamientos tecténico asociadas a
cada terraza marina y al MIS correspondiente. Source: Cabello (2015).
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Appendix Il Sedimentary analysis

Similaridad mineralégica de las muestras presentes en la Mega ensenada de Coquimbo.

Con respecto al Punto 14
(Dunas zona media de la

Con respecto al Punto 15
(Dunas zona media de la

Con respecto al Punto 19
(Dunas zona distal de la

Con respecto al Punto 20
(Dunas zona distal de la

Con respecto al Punto 21
(Dunas zona distal de la

bahia) bahia) bahia) bahia) bahia)
s s s s S
QDA. LOS CHOROS Punto 16 (DESEM. QDA. LOS CHOROS) 0.347 0.441 0.300 0.376 0.292
Muestra 1 (PLAYA MODERNA) 0.498 0.600 0.563 0.527 0.477
Muestra 2 (PLAYA MODERNA) 0.555 0.618 0.566 0.525 0.482
RIO LIMAR( Muestra 3 (PLAYA MODERNA) 0.549 0.609 0.587 0.547 0.504
Muestra 4 (BANCO LATERAL FLUVIAL) 0.557 0.605 0.557 0.530 0.480
Muestra 5 (BANCO LATERAL FLUVIAL) 0.551 0.603 0.568 0.541 0.480
Muestra 6 (BANCO LATERAL FLUVIAL) 0.509 0.625 0.522 0.524 0.473
Muestra 7 (PLAYA MODERNA) 0.504 0.600 0.497 0.491 0.448
Muestra 8 (PLAYA MODERNA) 0.514 0.601 0.507 0.505 0.461
Muestra 9 (PLAYA MODERNA) 0.517 0.600 0.502 0.500 0.455
BAHIA DE TONGOY Muestra 10 (PLAYA HOLOCENA) 0.558 0.639 0.555 0.522 0.462
Muestra 11 (PLAYA HOLOCENA) 0.575 0.620 0.569 0.544 0.496
Muestra 12 (PLAYA HOLOCENA) 0.550 0.605 0.551 0.512 0.471
Muestra 13 (DUNA) 0.615 0.680 0.613 0.567 0.524
Muestra 14 (PLAYA) 0.599 0.656 0.522 0.478 0.437
Muestra 15 (PLAYA) 0.603 0.645 0.563 0.524 0.477
BAHIA BARNES Muestra 16 (PLAYA) 0.618 0.650 0.589 0.541 0.507
Muestra 17 (DUNA) 0.631 0.662 0.587 0.542 0.501
Muestra 18 (DUNA) 0.640 0.682 0.585 0.542 0.500
, Muestra 19 (RO HURTADO) 0.574 0.629 0.579 0.543 0.496
RIOS AFLUENTES DEL -
LIMARI DEPOSITOS Muestra 20 (RI,O GRAN DE) 0.536 0.624 0.554 0.547 0.504
FLUVIALES Muestra 21, (RIO COGOTI) 0.573 0.609 0.600 0.569 0.519
Muestra 22 (RIO COMBARBALA) 0.534 0.628 0.592 0.568 0.513

Source: Proyecto Fondecyt 1120234.

S =Similaridad (0 = Nula Similaridad; 1 = Muy Buena Similaridad).
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Fragmento detritico

Descripcion

Fragmento detritico

Descripcion

Fragmentos sedimentarios finos, donde no se

Fragmentos granodioriticos, donde se observan

Ls; e . . Ligd mayor proporcion de feldespato potasico
f puede distinguir la mineralogia g yor propor Spato bo y
catidades similares de plagioclasa y cuarzo
Liticos sedimentarios marinos, constituido por Fragmentos dioriticos con alta proporcion de
Lsm lutitas ricas en carbonatos, y fragmentos Lid plagioclasa; cuarzo y feldespato potésicos casi
carbonéticos. Presencia de aloquemos inexistentes
Litico sedimentario continental, fragmento
compuesto por cuarzo, plagioclasa, menor o .
P P pag . Fragmentos graniticos, muestra cantidades
Lsc anfibola. Con cenmento presuntamente Lig ..
. i similares de cuarzo y feldespatos
silicico. Por lo general presentan un patina
cafesosa
w Liticos volcanico e hipabisales, texturas Act Fragmentos con alteracién actinolitica, incluye
porfirica, vitrofirica, felsitica, traquitica fragmentos monomineralicos de actinolita
. . . Fragmen! naliti n proporciones similar
Carb Fragmentos monomineralicos de carbonatos Lit agme tos tonallticos, con proporciones s ares
de plagioclasa y cuarzo, menor feldespato potésico
Fragmentos monomineralicos de plagioclasa, y
(e Fragmentos de anfibolas alteradas a opacos y
] con macla albitica y en algunos casos con Anfalt .
. L, . menor arcilla
cierta zonacion o con presencia de parches
Qz Cuarzo monomineralico Zr Fragmentos monomineralicos de circones
Fragmentos de vidrio volanico reemplazado
< AN completamente por 6xidos de hierro y titanio Plagioclasa alterada a arcillas, 6xidos de hierro
OxFeTi y vidrio p. ete p y o Plalt g o g y
tambien se inlcuyen los fragmentos de 6xidos titanio y epidota
de hierro y titanio
R . Clinopiroxenos con coronas de hornblenda y
Opx Fragmentos monominerélicos de ortopiroxeno Xenocxs clorita
Fragmentos monomineralicos de anfibola (en lamelas intercrecidas de ortopiroxeno y
Anf . Opx+Cpx . .
su mayoria hornblenda) clinopiroxeno
Fragmentos monomineralicos de feldespato ) S
KF & ‘s P Tit Fragmentos monomineralicos de esfeno
potasico
Larc Liticos compuestos exclusivamente por arcillas Pert Exsolucion de feldespatos (pertita o antipertita)
Fragmentos monominerélicos de . .
Cpx . Turm fragmentos con alteracién a turmalina
Clinopiroxenos
Fragmentos de alteracion epidotica, puede o no Fragmentos brechizados, donde se ven minerales
Ep inclur fragmentos de epidota poli y mono Bxs rotos en matriz de 6xidos de hierro y titanio o de
cristalina turmalina
Liticos con indicios de metamorfismo dinamico,
chl Fragmentos con alteraci6n cloritica Lmd prescencia de plagioclasas con macla aguja y
cuarzos con extinsién firmemente ondulosa
Farc Feldespatos indiferenciados alterados a arcillas Lmag Liticos con cuarzo poligonal
Fragmentos con alteracion potasica, con .
Bt J . - P 7 Grt Fragmentos monomineralicos de granate
presencia de biotita secundaria
Liticos en facies esquitos verdes, asociacion
Ap Fragmentos monomineralicos de apatito Lmve Actinolita-Epidota # clorita, con cristales bien

preservados

Clasificacion de minerales identificados para obtener la similitud entre los sedimentos de la Mega ensenada de
Coquimbo. Source: Proyecto Fondecyt 1120234
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Conteo modal de similitud de minerales (%) presentes en la Mega ensenada de Coquimbo.

Minerales (%) Carb Pl Qz KF Lsm Lv Opax y vidrio Ep Chl Bt Otros (26 Min.) % Conteo modal
BAHIA LOS CHOROS Punto 14 (Dunas zona media de la bahia) 3.2 3.9 7.7 14.4 13.1 4.2 13.5 8.7 0.0 2.6 28.9 100
QDA LOS CHOROS Punto 16 (DESEM QDA LOS CHOROS) 2.1 2.3 4.5 9.1 7.1 0.4 0.0 11.4 0.0 2.7 60.4 100
Muestra 1 (PLAYA MODERNA) 0.0 30.0 25.0 15.0 0.0 0.0 10.0 0.0 0.0 10.0 10.0 100
Muestra 2 (PLAYA MODERNA) 0.0 15.0 15.0 18.0 0.0 7.5 10.0 4.0 10.0 20.5 100
RIO LIMAR( Muestra 3 (PLAYA MODERNA) 0.0 15.0 10.0 25.0 0.0 30.0 2.0 5.0 6.0 7.0 0.0 100
Muestra 4 (BANCO LATERAL FLUVIAL) 0.0 5.0 5.0 15.0 0.0 15.0 10.0 0.0 10.0 40.0 0.0 100
Muestra 5 (BANCO LATERAL FLUVIAL) 0.0 5.0 5.0 15.0 0.0 0.0 15.0 0.0 10.0 35.0 15.0 100
Muestra 6 (BANCO LATERAL FLUVIAL) 0.0 15.0 10.0 20.0 0.0 15.0 10.0 3.0 15.0 10.0 2.0 100
Muestra 7 (PLAYA MODERNA) 0.0 10.0 5.0 15.0 0.0 10.0 15.0 0.0 20.0 15.0 10.0 100
Muestra 8 (PLAYA MODERNA) 0.0 5.0 10.0 15.0 0.0 10.0 20.0 0.0 20.0 10.0 10.0 100
Muestra 9 (PLAYA MODERNA) 0.0 5.0 15.0 15.0 0.0 10.0 20.0 0.0 20.0 5.0 10.0 100
BAHIA DE TONGOY Muestra 10 (PLAYA HOLOCENA) 10.0 10.0 5.0 15.0 15.0 15.0 0.0 10.0 10.0 10.0 100
Muestra 11 (PLAYA HOLOCENA) 0.0 5.0 25.0 10.0 0.0 15.0 17.0 5.0 15.0 8.0 0.0 100
Muestra 12 (PLAYA HOLOCENA) 0.0 10.0 25.0 15.0 0.0 10.0 5.0 0.0 30.0 5.0 0.0 100
Muestra 13 (DUNA) 0.0 10.0 10.0 20.0 10.0 5.0 15.0 5.0 15.0 10.0 0.0 100
Muestra 14 (PLAYA) 15.0 10.0 10.0 35.0 0.0 10.0 15.0 0.0 0.0 5.0 0.0 100
Muestra 15 (PLAYA) 5.0 10.0 10.0 25.0 15.0 10.0 10.0 0.0 5.0 10.0 0.0 100
BAHIA BARNES Muestra 16 (PLAYA) 5.0 10.0 10.0 15.0 20.0 10.0 5.0 5.0 10.0 10.0 0.0 100
Muestra 17 (DUNA) 5.0 10.0 10.0 15.0 15.0 10.0 10.0 5.0 10.0 10.0 0.0 100
Muestra 18 (DUNA) 5.0 10.0 10.0 15.0 10.0 5.0 15.0 5.0 15.0 10.0 0.0 100
RIOS AFLUENTES DEL Muestra 19 (RI'(? HURTADO) 0.0 5.0 5.0 20.0 0.0 20.0 20.0 5.0 10.0 15.0 0.0 100
LIMARI DEPOSITOS Muestra 20 (Rlp GRANDIIE) 0.0 5.0 15.0 25.0 0.0 18.0 5.0 5.0 10.0 12.0 5.0 100
FLUVIALES Muestra 21‘(RIO COGOTI) 0.0 5.0 20.0 10.0 0.0 20.0 5.0 5.0 10.0 20.0 5.0 100
Muestra 22 (RIO COMBARBALA) 0.0 5.0 5.0 10.0 0.0 40.0 5.0 5.0 10.0 15.0 5.0 100

Source: Proyecto Fondecyt 1120234.
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Conteo modal de similitud de minerales (%) presentes en la Mega ensenada de Coquimbo.

Minerales (%) Carb Pl Qz KF Lsm Lv Opax y vidrio Ep Chl Bt Otros (26 Min.) % Conteo modal
BAHIA LOS CHOROS Punto 15 (Dunas zona media de la bahia) 0.6 7.5 8.2 20.1 7.5 5.0 15.4 10.4 0.0 13 24.1 100
QDA LOS CHOROS Punto 16 (DESEM QDA LOS CHOROS) 2.1 2.3 4.5 9.1 7.1 0.4 0.0 11.4 0.0 2.7 60.4 100
Muestra 1 (PLAYA MODERNA) 0.0 30.0 25.0 15.0 0.0 0.0 10.0 0.0 0.0 10.0 10.0 100
Muestra 2 (PLAYA MODERNA) 0.0 15.0 15.0 18.0 0.0 7.5 10.0 4.0 0.0 10.0 20.5 100
RIO LIMAR( Muestra 3 (PLAYA MODERNA) 0.0 15.0 10.0 25.0 0.0 30.0 2.0 5.0 6.0 7.0 0.0 100
Muestra 4 (BANCO LATERAL FLUVIAL) 0.0 5.0 5.0 15.0 0.0 15.0 10.0 0.0 10.0 40.0 0.0 100
Muestra 5 (BANCO LATERAL FLUVIAL) 0.0 5.0 5.0 15.0 0.0 0.0 15.0 0.0 10.0 35.0 15.0 100
Muestra 6 (BANCO LATERAL FLUVIAL) 0.0 15.0 10.0 20.0 0.0 15.0 10.0 3.0 15.0 10.0 2.0 100
Muestra 7 (PLAYA MODERNA) 0.0 10.0 5.0 15.0 0.0 10.0 15.0 0.0 20.0 15.0 10.0 100
Muestra 8 (PLAYA MODERNA) 0.0 5.0 10.0 15.0 0.0 10.0 20.0 0.0 20.0 10.0 10.0 100
Muestra 9 (PLAYA MODERNA) 0.0 5.0 15.0 15.0 0.0 10.0 20.0 0.0 20.0 5.0 10.0 100
BAHIA DE TONGOY Muestra 10 (PLAYA HOLOCENA) 10.0 10.0 5.0 15.0 15.0 0.0 15.0 0.0 10.0 10.0 10.0 100
Muestra 11 (PLAYA HOLOCENA) 0.0 5.0 25.0 10.0 0.0 15.0 17.0 5.0 15.0 8.0 0.0 100
Muestra 12 (PLAYA HOLOCENA) 0.0 10.0 25.0 15.0 0.0 10.0 5.0 0.0 30.0 5.0 0.0 100
Muestra 13 (DUNA) 0.0 10.0 10.0 20.0 10.0 5.0 15.0 5.0 15.0 10.0 0.0 100
Muestra 14 (PLAYA) 15.0 10.0 10.0 35.0 0.0 10.0 15.0 0.0 0.0 5.0 0.0 100
Muestra 15 (PLAYA) 5.0 10.0 10.0 25.0 15.0 10.0 10.0 0.0 5.0 10.0 0.0 100
BAHIA BARNES Muestra 16 (PLAYA) 5.0 10.0 10.0 15.0 20.0 10.0 5.0 5.0 10.0 10.0 0.0 100
Muestra 17 (DUNA) 5.0 10.0 10.0 15.0 15.0 10.0 10.0 5.0 10.0 10.0 0.0 100
Muestra 18 (DUNA) 5.0 10.0 10.0 15.0 10.0 5.0 15.0 5.0 15.0 10.0 0.0 100
RIOS AFLUENTES DEL Muestra 19 (RI'(? HURTADO) 0.0 5.0 5.0 20.0 0.0 20.0 20.0 5.0 10.0 15.0 0.0 100
LIMARI DEPOSITOS Muestra 20 (Rlp GRANDIIE) 0.0 5.0 15.0 25.0 0.0 18.0 5.0 5.0 10.0 12.0 5.0 100
FLUVIALES Muestra 21‘(RIO COGOTI) 0.0 5.0 20.0 10.0 0.0 20.0 5.0 5.0 10.0 20.0 5.0 100
Muestra 22 (RIO COMBARBALA) 0.0 5.0 5.0 10.0 0.0 40.0 5.0 5.0 10.0 15.0 5.0 100

Source: Proyecto Fondecyt 1120234.
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Conteo modal de similitud de minerales (%) presentes en la Mega ensenada de Coquimbo.

Minerales (%) Carb Pl Qz KF Lsm Lv Opax y vidrio Ep Chl Bt Otros (26 Min.) % Conteo modal
BAHIA LOS CHOROS Punto 19 (Dunas zona distal de la bahia) 0.0 6.3 9.3 17.2 16.9 1.9 0.6 4.1 1.1 0.0 42.6 100
QDA LOS CHOROS Punto 16 (DESEM QDA LOS CHOROS) 2.1 2.3 4.5 9.1 7.1 0.4 0.0 11.4 0.0 2.7 60.4 100
Muestra 1 (PLAYA MODERNA) 0.0 30.0 25.0 15.0 0.0 0.0 10.0 0.0 0.0 10.0 10.0 100
Muestra 2 (PLAYA MODERNA) 0.0 15.0 15.0 18.0 0.0 7.5 10.0 4.0 0.0 10.0 20.5 100
RIO LIMAR( Muestra 3 (PLAYA MODERNA) 0.0 15.0 10.0 25.0 0.0 30.0 2.0 5.0 6.0 7.0 0.0 100
Muestra 4 (BANCO LATERAL FLUVIAL) 0.0 5.0 5.0 15.0 0.0 15.0 10.0 0.0 10.0 40.0 0.0 100
Muestra 5 (BANCO LATERAL FLUVIAL) 0.0 5.0 5.0 15.0 0.0 0.0 15.0 0.0 10.0 35.0 15.0 100
Muestra 6 (BANCO LATERAL FLUVIAL) 0.0 15.0 10.0 20.0 0.0 15.0 10.0 3.0 15.0 10.0 2.0 100
Muestra 7 (PLAYA MODERNA) 0.0 10.0 5.0 15.0 0.0 10.0 15.0 0.0 20.0 15.0 10.0 100
Muestra 8 (PLAYA MODERNA) 0.0 5.0 10.0 15.0 0.0 10.0 20.0 0.0 20.0 10.0 10.0 100
Muestra 9 (PLAYA MODERNA) 0.0 5.0 15.0 15.0 0.0 10.0 20.0 0.0 20.0 5.0 10.0 100
BAHIA DE TONGOY Muestra 10 (PLAYA HOLOCENA) 10.0 10.0 5.0 15.0 15.0 0.0 15.0 0.0 10.0 10.0 10.0 100
Muestra 11 (PLAYA HOLOCENA) 0.0 5.0 25.0 10.0 0.0 15.0 17.0 5.0 15.0 8.0 0.0 100
Muestra 12 (PLAYA HOLOCENA) 0.0 10.0 25.0 15.0 0.0 10.0 5.0 0.0 30.0 5.0 0.0 100
Muestra 13 (DUNA) 0.0 10.0 10.0 20.0 10.0 5.0 15.0 5.0 15.0 10.0 0.0 100
Muestra 14 (PLAYA) 15.0 10.0 10.0 35.0 0.0 10.0 15.0 0.0 0.0 5.0 0.0 100
Muestra 15 (PLAYA) 5.0 10.0 10.0 25.0 15.0 10.0 10.0 0.0 5.0 10.0 0.0 100
BAHIA BARNES Muestra 16 (PLAYA) 5.0 10.0 10.0 15.0 20.0 10.0 5.0 5.0 10.0 10.0 0.0 100
Muestra 17 (DUNA) 5.0 10.0 10.0 15.0 15.0 10.0 10.0 5.0 10.0 10.0 0.0 100
Muestra 18 (DUNA) 5.0 10.0 10.0 15.0 10.0 5.0 15.0 5.0 15.0 10.0 0.0 100
RIOS AFLUENTES DEL Muestra 19 (RI'(? HURTADO) 0.0 5.0 5.0 20.0 0.0 20.0 20.0 5.0 10.0 15.0 0.0 100
LIMARI DEPOSITOS Muestra 20 (Rlp GRANDIIE) 0.0 5.0 15.0 25.0 0.0 18.0 5.0 5.0 10.0 12.0 5.0 100
FLUVIALES Muestra 21‘(RIO COGOTI) 0.0 5.0 20.0 10.0 0.0 20.0 5.0 5.0 10.0 20.0 5.0 100
Muestra 22 (RIO COMBARBALA) 0.0 5.0 5.0 10.0 0.0 40.0 5.0 5.0 10.0 15.0 5.0 100

Source: Proyecto Fondecyt 1120234.
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Conteo modal de similitud de minerales (%) presentes en la Mega ensenada de Coquimbo.

Minerales (%) Carb Pl Qz KF Lsm Lv Opax y vidrio Ep Chl Bt Otros (26 Min.) % Conteo modal
BAHIA LOS CHOROS Punto 20 (Dunas zona distal de la bahia) 0.0 4.9 8.8 10.1 11.6 0.5 0.5 2.6 2.3 0.0 58.6 100
QDA LOS CHOROS Punto 16 (DESEM QDA LOS CHOROS) 2.1 2.3 4.5 9.1 7.1 0.4 0.0 11.4 0.0 2.7 60.4 100
Muestra 1 (PLAYA MODERNA) 0.0 30.0 25.0 15.0 0.0 0.0 10.0 0.0 0.0 10.0 10.0 100
Muestra 2 (PLAYA MODERNA) 0.0 15.0 15.0 18.0 0.0 7.5 10.0 4.0 0.0 10.0 20.5 100
RIO LIMAR( Muestra 3 (PLAYA MODERNA) 0.0 15.0 10.0 25.0 0.0 30.0 2.0 5.0 6.0 7.0 0.0 100
Muestra 4 (BANCO LATERAL FLUVIAL) 0.0 5.0 5.0 15.0 0.0 15.0 10.0 0.0 10.0 40.0 0.0 100
Muestra 5 (BANCO LATERAL FLUVIAL) 0.0 5.0 5.0 15.0 0.0 0.0 15.0 0.0 10.0 35.0 15.0 100
Muestra 6 (BANCO LATERAL FLUVIAL) 0.0 15.0 10.0 20.0 0.0 15.0 10.0 3.0 15.0 10.0 2.0 100
Muestra 7 (PLAYA MODERNA) 0.0 10.0 5.0 15.0 0.0 10.0 15.0 0.0 20.0 15.0 10.0 100
Muestra 8 (PLAYA MODERNA) 0.0 5.0 10.0 15.0 0.0 10.0 20.0 0.0 20.0 10.0 10.0 100
Muestra 9 (PLAYA MODERNA) 0.0 5.0 15.0 15.0 0.0 10.0 20.0 0.0 20.0 5.0 10.0 100
BAHIA DE TONGOY Muestra 10 (PLAYA HOLOCENA) 10.0 10.0 5.0 15.0 15.0 0.0 15.0 0.0 10.0 10.0 10.0 100
Muestra 11 (PLAYA HOLOCENA) 0.0 5.0 25.0 10.0 0.0 15.0 17.0 5.0 15.0 8.0 0.0 100
Muestra 12 (PLAYA HOLOCENA) 0.0 10.0 25.0 15.0 0.0 10.0 5.0 0.0 30.0 5.0 0.0 100
Muestra 13 (DUNA) 0.0 10.0 10.0 20.0 10.0 5.0 15.0 5.0 15.0 10.0 0.0 100
Muestra 14 (PLAYA) 15.0 10.0 10.0 35.0 0.0 10.0 15.0 0.0 0.0 5.0 0.0 100
Muestra 15 (PLAYA) 5.0 10.0 10.0 25.0 15.0 10.0 10.0 0.0 5.0 10.0 0.0 100
BAHIA BARNES Muestra 16 (PLAYA) 5.0 10.0 10.0 15.0 20.0 10.0 5.0 5.0 10.0 10.0 0.0 100
Muestra 17 (DUNA) 5.0 10.0 10.0 15.0 15.0 10.0 10.0 5.0 10.0 10.0 0.0 100
Muestra 18 (DUNA) 5.0 10.0 10.0 15.0 10.0 5.0 15.0 5.0 15.0 10.0 0.0 100
RIOS AFLUENTES DEL Muestra 19 (RI'(? HURTADO) 0.0 5.0 5.0 20.0 0.0 20.0 20.0 5.0 10.0 15.0 0.0 100
LIMARI DEPOSITOS Muestra 20 (Rlp GRANDIIE) 0.0 5.0 15.0 25.0 0.0 18.0 5.0 5.0 10.0 12.0 5.0 100
FLUVIALES Muestra 21‘(RIO COGOTI) 0.0 5.0 20.0 10.0 0.0 20.0 5.0 5.0 10.0 20.0 5.0 100
Muestra 22 (RIO COMBARBALA) 0.0 5.0 5.0 10.0 0.0 40.0 5.0 5.0 10.0 15.0 5.0 100

Source: Proyecto Fondecyt 1120234.
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Conteo modal de similitud de minerales (%) presentes en la Mega ensenada de Coquimbo.

Minerales (%) Carb Pl Qz KF Lsm Lv OxFeTi y vidrio Ep Chl Bt Otros (26 Min.) % Conteo modal
BAHIA LOS CHOROS Punto 21 (Dunas zona distal de la bahia) 0.0 5.7 9.4 12.0 27.4 2.8 0.6 6.6 19 0.0 33.7 100
QDA LOS CHOROS Punto 16 (DESEM QDA LOS CHOROS) 2.1 2.3 4.5 9.1 7.1 0.4 0.0 11.4 0.0 2.7 60.4 100
Muestra 1 (PLAYA MODERNA) 0.0 30.0 25.0 15.0 0.0 0.0 10.0 0.0 0.0 10.0 10.0 100
Muestra 2 (PLAYA MODERNA) 0.0 15.0 15.0 18.0 0.0 7.5 10.0 4.0 0.0 10.0 20.5 100
RIO LIMAR( Muestra 3 (PLAYA MODERNA) 0.0 15.0 10.0 25.0 0.0 30.0 2.0 5.0 6.0 7.0 0.0 100
Muestra 4 (BANCO LATERAL FLUVIAL) 0.0 5.0 5.0 15.0 0.0 15.0 10.0 0.0 10.0 40.0 0.0 100
Muestra 5 (BANCO LATERAL FLUVIAL) 0.0 5.0 5.0 15.0 0.0 0.0 15.0 0.0 10.0 35.0 15.0 100
Muestra 6 (BANCO LATERAL FLUVIAL) 0.0 15.0 10.0 20.0 0.0 15.0 10.0 3.0 15.0 10.0 2.0 100
Muestra 7 (PLAYA MODERNA) 0.0 10.0 5.0 15.0 0.0 10.0 15.0 0.0 20.0 15.0 10.0 100
Muestra 8 (PLAYA MODERNA) 0.0 5.0 10.0 15.0 0.0 10.0 20.0 0.0 20.0 10.0 10.0 100
Muestra 9 (PLAYA MODERNA) 0.0 5.0 15.0 15.0 0.0 10.0 20.0 0.0 20.0 5.0 10.0 100
BAHIA DE TONGOY Muestra 10 (PLAYA HOLOCENA) 10.0 10.0 5.0 15.0 15.0 0.0 15.0 0.0 10.0 10.0 10.0 100
Muestra 11 (PLAYA HOLOCENA) 0.0 5.0 25.0 10.0 0.0 15.0 17.0 5.0 15.0 8.0 0.0 100
Muestra 12 (PLAYA HOLOCENA) 0.0 10.0 25.0 15.0 0.0 10.0 5.0 0.0 30.0 5.0 0.0 100
Muestra 13 (DUNA) 0.0 10.0 10.0 20.0 10.0 5.0 15.0 5.0 15.0 10.0 0.0 100
Muestra 14 (PLAYA) 15.0 10.0 10.0 35.0 0.0 10.0 15.0 0.0 0.0 5.0 0.0 100
Muestra 15 (PLAYA) 5.0 10.0 10.0 25.0 15.0 10.0 10.0 0.0 5.0 10.0 0.0 100
BAHIA BARNES Muestra 16 (PLAYA) 5.0 10.0 10.0 15.0 20.0 10.0 5.0 5.0 10.0 10.0 0.0 100
Muestra 17 (DUNA) 5.0 10.0 10.0 15.0 15.0 10.0 10.0 5.0 10.0 10.0 0.0 100
Muestra 18 (DUNA) 5.0 10.0 10.0 15.0 10.0 5.0 15.0 5.0 15.0 10.0 0.0 100
RIOS AFLUENTES DEL Muestra 19 (RI'(? HURTADO) 0.0 5.0 5.0 20.0 0.0 20.0 20.0 5.0 10.0 15.0 0.0 100
LIMARI DEPOSITOS Muestra 20 (Rlp GRANDIIE) 0.0 5.0 15.0 25.0 0.0 18.0 5.0 5.0 10.0 12.0 5.0 100
FLUVIALES Muestra 21‘(RIO COGOTI) 0.0 5.0 20.0 10.0 0.0 20.0 5.0 5.0 10.0 20.0 5.0 100
Muestra 22 (RIO COMBARBALA) 0.0 5.0 5.0 10.0 0.0 40.0 5.0 5.0 10.0 15.0 5.0 100

Source: Proyecto Fondecyt 1120234.
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1. Introduccion

En el presente informe se presenta el analisis mineralégico mediante microscopia optica de luz
transmitida de 22 muestras de sedimentos extraidas de los sectores aledafios a las dunas de Punta
de Choros, como lo son la Desembocadura del Limari, la Bahia de Barnes y Tongoy y los rios Grande,
Combarbalady Hurtado. Este estudio se enmarca en el desarrollo del curso Proyecto Il como apoyo al
Proyecto de Investigacién Fondecyt 1120234.

El principal objetivo de este analisis es obtener indicios que permitan determinar la fuente o area de
proveniencia del material sedimentario en estudio, en este caso la hipdtesis principal es que
provienen del Rio Limari. Esto se desea comprobar principalmente mediante la presencia de especies
minerales caracteristicas de ciertos tipos de roca, como lo son las rocas igneas intrusivas, volcanicas,
sedimentarias 0 metamdrficas. También fue posible detectar la presencia de mineralogia de
alteracion, indicadora de la magnitud relativa del retrabajo y meteorizacion sufrida por la roca fuente
de sedimentos y sus componentes minerales.

En este analisis se detectd principalmente mineralogia caracteristica de rocas igneas intrusivas y
volcanicas, seguida en abundancia por fragmentos de roca sedimentaria. La mineralogia tipica de
rocas igneas intrusivas hallada en las muestras indica predominancia de rocas diferenciadas, de alto
contenido en silice, con feldespato potasico (microclina detectable con claridad en algunas
muestras), plagioclasa, cuarzo y biotita como mineralogia caracteristica. En cuanto al contenido
volcanico, se detectaron fragmentos de rocas volcanicas caracterizados por plagioclasas euhedrales
a subhedrales inmersas en una masa fundamental vitrea. Los fragmentos clasticos sedimentarios se
caracterizan por presentar abundancia de minerales de arcilla y en algunos casos se detectaron
fragmentos de cherty algunos cimulos de arcilla, los que pudieron haber sido formados durante los
procesos de transporte, en este caso fluvial.

En algunas muestras se detecté la presencia de piroxeno y hornblenda en menor cantidad, siendo el
primero un mineral propio de rocas igneas menos diferenciadas y de menor contenido ensilice, como
lo son basaltos y andesitas en la categoria de rocas igneas extrusivas o volcanicas, mientras que la
hornblenda es tipica en andesitas y dacitas principalmente. Los equivalentes intrusivos de las rocas
recién mencionadas corresponden a gabros, dioritas y tonalitas.

No fueron detectados fragmentos de rocas metamdrficas, sin embargo hay una gran abundancia de
minerales como cloritay epidota que son caracteristicos de rocas metamérficas en facies esquistos
verdes, pero su presencia no es excluyente, ya que también se originan por otros procesos de
alteracion como la circulacion de fluidos hidrotermales por ejemplo.

Los resultados del analisis se presentan en tablas con la descripcion de cada muestra en términos
macroscopicos y microscopicos, junto a las caracteristicas mineraldgicas y su abundancia relativa.
Ademas se adjuntan dos sets de imagenes obtenidas mediante microscopia dptica, cada uno con
imagenes a nicoles paralelos y nicoles cruzados.
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Para un anélisis mas preciso se sugiere someter las muestras a andlisis quimico para obtener
informacidn sobre la composicidn quimica de mineralogia indicadora relevante, como lo son por
ejemplolas plagoclasas, que varian de calcicas a sddicas al aumentar el contenido de dlice dela roca,
pudiendo indicar con cierta precisidn la roca fuente dela que proviene.

Desde ahora en adelante, “nicoles paralelos” sera denotado como “NP” y *nicoles cruzados” como
TNX.

A continuacidn se presenta unaimagen con |a ubicacion general dela zona de estudio

v,‘\

)
Reserva Natural
Los Huascoaltinos

La Serena

Coqt%;nbo

m&églc

Nustracion 1: Mapa IV Regidn. Er rojo ke cuenca del Rio Lirnari v la estrella represente @
las dunas de Punta de Choros.
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2. Metodologia

Para este trabajo, el muestreo de la zona de estudio fue realizado previamente en lugares
estratégicos, para posteriormente poder realizar un analisis mas exhaustivo. Se obtuvieron 22
muestras, las cuales pasaron por diversos procesos para luego poder analizar su mineralogia y
aspectos importantes, los que pudiesen indicar niveles de retrabajo o incluso su posible procedencia,
en este caso como hipétesis central el Rio Limari.

Unavez obtenidas las muestras, en primera instancia, se procedio a realizar el tamizaje del material
sedimentario mediante el uso de la malla de 2mm con el fin de separar la muestray poder realizar el
analisis al material del tamafio comprendido entre el rango de arena gruesa y finos, ademas de
extraer material vegetal e impurezas contenidas en la muestra. Cabe destacar que las muestras
inicialmente poseian una seleccion de tamafio de granos que fluctuaba entre buena a muy buena, en
el analisis de microscopia dptica se destacd este hecho cuando laseleccion era excesivamente buena,
lo que también indica condiciones especiales de transporte y deposicion.

Después de efectuado el tamizaje, se envié a un laboratorio externo, especializado en este tipo de
cortes, una porcién de cada muestra para la elaboracion de briquetas aptas para el andlisis con
microscopia dptica mediante luz transmitida. La realizacion de estas briquetas demord entre 15 a 20
dias.

Posteriormente se procedié con el analisis microscépico que consistié en la observacion de las
caracteristicas mineraldgicas y la abundancia relativa de las especies minerales y fragmentos hallados
en las muestras, principalmente a 5x. La deteccion de una determinada especie mineral es posible
mediante la observacién de las propiedades dpticas caracteristicas que ésta presenta, tales como
color, geometria, clivaje, relieve, absorcidn y pleocroismo a nicoles paralelos, y color de interferencia
y extincion a nicoles cruzados. En un inicio el analisis por cada corte tomé aproximadamente 2 horas
debido a la gran complejidad de las muestras, mientras que hacia el final del trabajo realizado este
tiempo se redujo considerablemente.

Para una mejor visualizacién y mayor entendimiento de la informacidn obtenida, se confeccionaron
tablas para cada muestra, separando asi la especie mineral, su porcentaje y posibles alteraciones.
Ademas, se realizaron observaciones adicionales como la granulometria, la forma en que se
presentan los cristales, tanto en su redondeamiento y esfericidad, factores que hablan del retrabajo
que experimentdy su proximidad a la fuente, y también indicaciones como la existencia de minerales
clave, como es el caso de la microclina (feldespato potasico indicativo de rocas intrusivas). Asi mismo,
se incluyd en otra tabla la informacion entregada por el equipo que realizé el muestreo e imagenes
tomadas con microscopia 6ptica de los cortes transparentes, tanto a nicoles paralelos como a
cruzados de un mismo sector, principalmente a 5x, para facilitar las comparaciones entre las
granulometrias de las muestras.
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Finalmente, mediante el mapa geoldgico del sector de Carrizalillo - El Tofo, se obtuvieron las
principales especies minerales de la zona de estudio y los sectores aledafios, y junto a las muestras
correspondientes a las zonas mas altas de la cuenca del Limari, se procedid a realizar una
comparacidn con las zonas mas bajas y mas cercanas a Punta de Choros, para asi poder determinar
sila hipdtesis central del trabajo es correcta.
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3. Descripcidon de Cortes

30 Corte 1: Ensenada Limari, Zona Proximal

3.1.1 Caracteristicas Macroscopicas

Caracteristicas

Posicién Geomorfoldgica

Playa Moderna

Granulometria

Predominantemente fina, también muy finay media

Morfoscopia

Alargado, sub-anguloso

Mineralogia

Predominantemente Cuarzo, ademas de Liticos y Ferromagnesianos

Clasificacién Granulométrica

Bien clasificado

Textura

Sin informacion

Observaciones

3.1.2 Caracteristicas Microscépicas

Observaciones Generales

En general se tiene una muy buena seleccion de tamafios de grano.

Cristales de feldespato potasico, plagioclasay cuarzo se presentan sub-angulosos a angulosos.
En general los cristales se presentan sub-angulosos.

Se observa un nivel de esfericidad relativamente bajo.

Fragmentos liticos corresponden a cherty fragmentos volcanicos.

3.1.2.1 Mineralogia Optica

Cristal/Fragmentos % Alteracion

Cuarzo 25

Plagioclasas 30

Feldespato potasico 15 Alteracidn a arcillas y sericita
Opacos 10

Fragmentos liticos 5

Hornblenda 5

Biotita 10
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3.1.2.2 Imdgenes Microscopia Optica

Imagen 1: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.

Imagen 2: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.
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3.2 Corte 2: Ensenada Limari, Zona Media

3.2.1 Caracteristicas Macroscopicas

Caracteristicas

Posicién Geomorfoldgica

Playa Moderna

Granulometria

Predominantemente media, también muy fina, fina, mediay gruesa

Morfoscopia

Alargado, sub-anguloso

Mineralogia

Predominantemente Cuarzo, ademas de Liticos y Ferromagnesianos

Clasificacién Granulométrica

Moderadamente clasificado

Textura

Sin informacion

Observaciones

3.2.2 Caracteristicas Microscopicas

Observaciones Generales

Presencia de microclina.

Seleccién del tamafio de los granos es menor que la del Corte 1.

Cristales se presentan en general sub-redondeados a angulosos.

Se observa una esfericidad relativamente baja.

Minerales micaceos se presentan en sus formas euhedrales a subhedrales.
Fragmentos liticos correspondientes a chert y fragmentos volcanicos.

3.2.2.1 Mineralogia Optica

Cristal/Fragmentos % Alteracion

Cuarzo 15

Plagioclasas 15

Feldespato potasico 18 Alterado a arcillas y sericita
Opacos 10

Fragmentos liticos 15

Biotita 10

Hornblenda 10

Piroxeno (Opx) 3

Epidota 4
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3.2.2.2 Imdgenes Microscopia Optica

Imagen 3: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.

Imagen 4: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.
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3.3 Corte 3: Ensenada Limari, Zona Distal

3.3.1 Caracteristicas Macroscopicas

Caracteristicas

Posicién Geomorfoldgica Playa Moderna

Granulometria Predominantemente media, también muy fina, fina, mediay gruesa
Morfoscopia Alargado, sub-anguloso

Mineralogia Predominantemente Liticos, ademas de Cuarzo y Ferromagnesianos

Clasificacién Granulométrica | Moderadamente clasificado

Textura Sin informacion

Observaciones

3.3.2 Caracteristicas Microscopicas

Observaciones Generales

Cristales se presentan en general sub-redondeados a angulosos.
La esfericidad de los cristales es media a baja.
Minerales micaceos se presentan en general en sus formas euhedrales a subhedrales.

3.3.2.1 Miineralogia Optica

Cristal/Fragmentos % Alteracién

Cuarzo 10

Plagioclasas 15

Feldespato potasico 25

Opacos 2

Fragmentos volcanicos |30 Alteracidn de la matriz a arcillas
Biotita 7

Clorita 6

Epidota 5
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3.3.2.2 Imdgenes Microscopia Optica

Imagen 5: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.

Imagen 6: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.
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3.4  Corte 4: Estuario Rio Limari, Paleobanco Lateral Fluvial

3.4.1 Caracteristicas Macroscopicas

Caracteristicas

Posicién Geomorfoldgica Banco Lateral Fluvial

Predominantemente muy fina, también fina, media, gruesay muy
gruesa

Granulometria

Morfoscopia Alargado, sub-anguloso

Predominantemente Cuarzoy Liticos, ademas de Ferromagnesianos y

Mineralogia Axidos

Clasificacién Granulométrica | Muy poco clasificado

Textura Mate, rugoso y aspera

Observaciones

3.4.2 Caracteristicas Microscopicas

Observaciones Generales

En general, se tienen cristales pequefios sub-redondeados a angulosos y cristales de mayor tamafio con
buen redondeamiento.

Minerales micaceos se presentan subhedrales a anhedrales.

Se tiene media a buena esfericidad para los cristales mayores, mientras que para los mas pequefios
esta varia de media a baja.

3.4.2.1 Mineralogia Optica

Cristal/Fragmentos % Alteracién

Cuarzo 5

Plagioclasas 5

Feldespato potasico 15 Algunos presentan alteracion a arcillas
Opacos 10

Fragmentos volcanicos | 15 Matriz fuertemente alterada a arcillas
Biotita 40

Clorita 10

15

227



3.4.2.2 Imdgenes Microscopia Optica

Imagen 7: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.

Imagen 8&: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.
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3.5 Corte 5: Estuario Rio Limari, Banco Lateral Fluvial A

3.5.1 Caracteristicas Macroscopicas

Caracteristicas

Posicién Geomorfoldgica

Banco Lateral Fluvial

Granulometria

Predominantemente muy fina, también finay media

Morfoscopia

Alargado, sub-anguloso

Mineralogia

Predominantemente Cuarzo, ademas de Liticos y Ferromagnesianos

Clasificacién Granulométrica

Moderadamente clasificado

Textura

Brillante, rugoso y aspera

Observaciones

Gran contenido de piritay material organico

3.5.2 Caracteristicas Microscopicas

Observaciones Generales

En general se tienen cristales sub-redondeados a angulosos.

La esfericidad es media a baja, aunque los cristales de mayor tamafio poseen mejor esfericidad.
Minerales micaceos se presentan en forma subhedral a euhedral.

Presencia de hematita entre los opacos.

Fragmentos corresponden a masas de arcilla.

3.5.2.1 Mineralogia Optica

Cristal/Fragmentos % Alteracién

Cuarzo 5

Plagioclasas 5

Feldespato potasico 15 Parcialmente alterados a arcillas

Opacos 15

Fragmentos arcillosos 15 Cristal o clasto completamente alterado a arcilla
Biotita 30

Clorita 10

Micas blancas 5
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3.5.2.2 Imdgenes Microscopia Optica

Imagen 9: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.

Imagen 10: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.
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3.6  Corte 6: Estuario Rio Limari, Banco Fluvial B

3.6.1 Caracteristicas Macroscopicas

Caracteristicas

Posicién Geomorfoldgica Banco Lateral Fluvial

Granulometria Predominantemente media, también fina, gruesay muy gruesa
Morfoscopia Alargado, sub-anguloso

Mineralogia Predominantemente Cuarzoy Liticos , ademas Ferromagnesianos

Clasificacién Granulométrica | Muy poco clasificado

Textura Brillante, rugoso y aspera

Observaciones

3.6.2 Caracteristicas Microscopicas

Observaciones Generales

Se observd textura grafica en algunas plagioclasas.

Presencia de microclina.

Mal redondeamiento de los cristales en general.

Cristales de biotitay micas blancas se encuentran euhedrales, sub-redondeados a angulosos, al igual
que la mayoria de los cristales.

Fragmentos volcanicos se presentan altamente redondeados y esféricos.

3.6.2.1 Mineralogia Optica

Cristal/Fragmentos % Alteracién

Cuarzo 10

Plagioclasas 15 Algunos alterados a sericita
Feldespato potasico 20

Opacos 10

Fragmentos volcanicos |15 Matriz alterada a arcilla
Biotita 10

Clorita 15

Epidota 3

Piroxeno 2
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3.6.2.2 Imdgenes Microscopia Optica

Imagen 11: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.

Imagen 12: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.
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3.7  Corte 7: Bahia Tongoy, Zona Proximal

3.7.1 Caracteristicas Macroscopicas

Caracteristicas

Posicién Geomorfoldgica Playa Moderna

Granulometria Predominantemente media, también muy fina, finay gruesa
Morfoscopia Alargado, sub-anguloso

Minsraicata Predominantemente Cuarzoy Liticos , ademas Ferromagnesianos y

Oxidos

Clasificacién Granulométrica | Bien clasificado

Textura Brillante, rugoso y aspera

Observaciones

3.7.2 Caracteristicas Microscopicas

Observaciones generales

Cristales de feldespato potasico, plagioclasa y cuarzo presentan esfericidad media, sub-redondeados a
angulosos.

Fragmentos volcanicos poseen baja esfericidad, pero buen redondeamiento.

Calcita presente en conchillas.

3.7.2.1 Mineralogia Optica

Cristal/Fragmentos % Alteracién
Cuarzo 5

Plagioclasas 10

Feldespato potasico 15

Opacos 15

Fragmentos volcanicos | 10

Biotita 15

Clorita 20

Piroxeno 10
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3.7.2.2 Imdgenes Microscopia Optica

imagen 13: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.

Imagen 14: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.
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3.8  Corte 8: Bahia Tongoy, Zona Media

3.8.1 Caracteristicas Macroscopicas

Caracteristicas

Posicién Geomorfoldgica

Playa Moderna

Granulometria

Predominantemente fina, también muy finay media

Morfoscopia

Esférico, anguloso

Mineralogia

Predominantemente Cuarzo, ademas de Liticos, Ferromagnesianos y
Oxidos

Clasificacién Granulométrica

Bien clasificado

Textura

Brillante, rugoso y aspera

Observaciones

3.8.2 Caracteristicas Microscopicas

Observaciones Generales

esfericidad media a alta.

Tamafio de grano menory fragmentos mucho mas angulosos que los del Corte 7.
Cristales de feldespato potasico, plagioclasay cuarzo se presentan angulosos a sub-angulosos, con

Fragmentos volcanicos con buena esfericidad.
Algunos cristales micaceos (biotitay clorita) estan en sus formas euhedrales.

3.8.2.1 Mineralogia Optica

Cristal/Fragmentos % Alteracién

Cuarzo 10

Plagioclasas 5

Feldespato potasico 15

Opacos 20

Fragmentos volcanicos | 10 Matriz alterada a arcillas
Clorita 20

Biotita 10

Piroxeno 10

23

235




3.8.2.2 Imdgenes Microscopia Optica

imagen 15: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.

Imagen 16: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.
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3.9 Corte 9: Bahia Tongoy, Zona Distal

3.9.1 Caracteristicas Macroscopicas

Caracteristicas

Posicién Geomorfoldgica

Playa Moderna

Granulometria

Predominantemente fina, también muy finay media

Morfoscopia

Esférico, anguloso

Mineralogia

Predominantemente Cuarzo, ademas de Liticos, Ferromagnesianos y
Oxidos

Clasificacién Granulométrica

Bien clasificado

Textura

Brillante, rugoso y aspera

Observaciones

3.9.2 Caracteristicas Microscopicas

Observaciones generales

Tamafio de grano menor que los clastos del corte 8.

Seleccidn del tamafio de grano aumenta paulatinamente desde el Corte 7 hasta el corte 9.
Presencia de microclina, por macla tartan.

Fragmentos se observa levemente mas sub-redondeados que en los cortes anteriores (7 y 8).
Se observa un nivel de esfericidad medio.

Cristales de micas se presentan tanto en fragmentos como en sus formas euhedrales.

3.9.2.1 Mineralogia Optica

Cristal/Fragmentos % Alteracién

Cuarzo 15

Plagioclasas 5

Feldespato potasico 15 Algunos alterados a arcilla, otros sin alteraciones observadas
Opacos 20

Fragmentos volcanicos | 10 Matriz alterada fuertemente a arcillas

Clorita 20

Biotita 5

Piroxeno 10
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3.9.2.2 Imdgenes Microscopia Optica

Imagen 17: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.

Imagen 18: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.
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3.10 Corte 10: Bahia Tongoy, Corddn de Playa, Zona Proximal

3.10.1 Caracteristicas Macroscopicas

Caracteristicas

Posicién Geomorfoldgica

Corddn de Playa Holoceno

Granulometria

Predominantemente fina, también muy finay media

Morfoscopia

Esférico, anguloso

Mineralogia

Predominantemente Cuarzo, ademas de Liticos, Ferromagnesianos y
Oxidos

Clasificacién Granulométrica

Poco clasificado

Textura

Sin informacion

Observaciones

Presencia de material calcareo

3.10.2 Caracteristicas Microscopicas

Observaciones Generales

Presencia de hematita entre los opacos.

Calcita se presenta en conchillas redondeadas, pero de baja esfericidad.

Cristales de feldespato potasico, plagioclasas y cuarzo se presentan sub-redondeados a angulosos en su
mayoriay con esfericidad media a alta.

Cristales de micas estan en sus formas euhedrales, existiendo unos pocos subhedrales y sub-
redondeados a angulosos.

Presencia de microclinas.

Feldespatos potasicos se presentan mas alterados, al igual que las plagioclasas.

3.10:2.1 Mineralogia Optica

Cristal/Fragmentos % Alteracién
Cuarzo 5
Plagioclasas 10
Feldespato potasico 15
Opacos 15
Calcita 25
Clorita 10
Biotita 5
Micas blancas 5
Hornblenda 10
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3.10:2.2 Imdgenes Microscopia Optica

Imagen 19: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.

Imagen 20: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.
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3.11 Corte 11: Bahia Tongoy, Corddn de Playa, Zona Media A

3.11.1 Caracteristicas Macroscopicas

Caracteristicas

Posicién Geomorfoldgica Corddn de Playa Holoceno

Granulometria Predominantemente fina, también muy finay media

Morfoscopia Esférico, anguloso

Mineralogia Predominantemente Cuarzo, ademas de Liticos y Ferromagnesianos

Clasificacién Granulométrica | Moderadamente clasificado

Textura Sin informacion

Observaciones

3.11.2 Caracteristicas Microscopicas

Observaciones Generales

Presencia de hematita entre los opacos.

Fragmentos de epidota poseen un buen redondeamiento y buena esfericidad.

Cristales de feldespato potasico, plagioclasay cuarzo se presentan sub-redondeados a angulosos.
Minerales micaceos estan en su forma subhedral a levemente euhedrales.

31121 Mineralogia Optica
Cristal/Fragmentos % Alteracién
Cuarzo 25
Plagioclasas 5
Feldespato potasico 10
Opacos 17
Fragmentos volcanicos |15 Alteracion a arcillas
Clorita 15
Biotita 8
Epidota 5
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3 11.2.2 Imdgenes Microscopia Optica

Imagen 21: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.

Imagen 22: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.
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3.12 Corte 12: Bahia Tongoy, Cordén de Playa, Zona Media B

3.12.1 Caracteristicas Macroscopicas

Caracteristicas

Posicién Geomorfoldgica

Corddn de Playa Holoceno

Granulometria

Predominantemente fina, también muy finay media

Morfoscopia

Esférico, anguloso

Mineralogia

Predominantemente Cuarzo, ademas de Liticos, Ferromagnesianos y
Oxidos

Clasificacién Granulométrica

Moderadamente clasificado

Textura

Sin informacion

Observaciones

3.12.2 Caracteristicas Microscopicas

Observaciones generales

Presenta una buena seleccidn de tamafios granulométricos.

Fragmentos en general son sub-redondeados a angulosos.

En general se tiene una buena esfericidad, excepto por los minerales micaceos que mantienen sus
formas subhedrales a euhedrales, a pesar de estar algunos fracturados.

Fragmentos liticos incluyen fragmentos volcanicos y chert.

3 1029 Mineralogia Optica
Cristal/Fragmentos % Alteracién
Cuarzo 25
Plagioclasas 10
Feldespato potasico 15
Opacos 5
Fragmentos liticos 10 Volcanicos con matriz fuertemente alterada a arcillas
Clorita 30
Biotita 5
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3 12:2.9 Imdgenes Microscopia Optica

Imagen 23: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.

Imagen 24: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.
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3.13 Corte 13: Bahia Tongoy, Duna Transversal Estabilizada

3.13.1 Caracteristicas Macroscopicas

Caracteristicas

Posicién Geomorfoldgica

Duna

Granulometria

Predominantemente fina, también muy finay media

Morfoscopia

Esférico, anguloso

Mineralogia

Predominantemente Cuarzo, ademas de Liticos, Ferromagnesianos y
Oxidos

Clasificacién Granulométrica

Bien clasificado

Textura

Sin informacion

Observaciones

3.13.2 Caracteristicas Microscopicas

Observaciones Generales

Presencia de microclina.

Presenta una buena seleccidn de tamafios granulométricos.

Fragmentos en general son sub-angulosos a angulosos, con esfericidad media.
Minerales micaceos presentes en sus formas subhedrales a euhedrales.
Calcita presente en conchillas.

31321 Mineralogia Optica
Cristal/Fragmentos % Alteracién
Cuarzo 10
Plagioclasas 10
Feldespato potasico 20 Alterados levemente a sericita
Opacos 15
Fragmentos volcanicos |5 Matriz alterada a arcillas
Clorita 15
Biotita 10
Calcita 10
Epidota 5
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3 13:2.9 Imdgenes Microscopia Optica

imagen 25: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.

Imagen 26: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.
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3.14 Corte 14: Bahia Barnes, Zona Proximal

3.14.1 Caracteristicas Macroscopicas

Caracteristicas

Posicién Geomorfoldgica Playa

Granulometria Predominantemente fina, también muy finay media

Morfoscopia Esférico, anguloso

Mineralogia Predominantemente Liticos, ademas de Cuarzo y Ferromagnesianos

Clasificacién Granulométrica | Bien clasificado

Textura Sin informacion

Observaciones Presencia de material calcareo

3.14.2 Caracteristicas Microscopicas

Observaciones Generales

Calcita presente en conchillas angulosas.
Cristales de plagioclasa, feldespato potasico y cuarzo se presentan angulosos.
Fragmentos volcanicos en su mayoria sub-redondeados.

3.14.2.1 Mineralogia Optica
Cristal/Fragmentos % Alteracién
Cuarzo 10
Plagioclasas 10
Feldespato potasico 35

Fragmentos volcanicos | 10

Opacos 15
Biotita 5
Calcita 15
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3. 14.2.2 Imdgenes Microscopia Optica

Imagen 27: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.

Imagen 28: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.
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3.15 Corte 15: Bahia Barnes, Zona Media

3.15.1 Caracteristicas Macroscopicas

Caracteristicas

Posicién Geomorfoldgica

Playa

Granulometria

Predominantemente fina, también muy finay media

Morfoscopia

Alargado, sub-anguloso

Mineralogia

Predominantemente Cuarzoy Ferromagnesianos, ademas de Liticos

Clasificacién Granulométrica

Bien clasificado

Textura

Brillante, rugoso y aspero

Observaciones

3.15.2 Caracteristicas Microscopicas

Observaciones generales

Calcita presente en conchillas, algunas de ellas redondeadas y otras angulosas.
Cristales de plagioclasa, feldespato potasico y cuarzo se presentan sub-angulosos.
Fragmentos volcanicos en su mayoria sub-redondeados.

3.152.1 Mineralogia Optica
Cristal/Fragmentos % Alteracién
Cuarzo 10
Plagioclasas 10
Feldespato potasico 25 Algunos alterados a sericita (minoria)
Fragmentos volcanicos | 10
Opacos 10
Biotita 10
Clorita 5
Calcita 20
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8. 15.2.9 Imdgenes Microscopia Optica

Imagen 29: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.

Imagen 30: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.
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3.16 Corte 16: Bahia Barnes, Zona Distal

3.16.1 Caracteristicas Macroscopicas

Caracteristicas

Posicién Geomorfoldgica Playa

Granulometria Predominantemente fina, también muy fina, mediay gruesa
Morfoscopia Esférico, anguloso

Minsraicata Predominantemente Cuarzo, ademas de Liticos, Ferromagnesianos y

Oxidos

Clasificacién Granulométrica | Moderadamente clasificado

Textura Brillante, rugoso y aspero

Observaciones

3.16.2 Caracteristicas Microscopicas

Observaciones generales

Calcita presente en conchillas redondeadas.

Cristales de plagioclasa, feldespato potasico y cuarzo se presentan sub-redondeados a sub-angulosos.
Cristales de feldespato potasico se presentan mucho mas alterados que en el Corte 15.

Fragmentos volcanicos en su mayoria sub-redondeados.

3. 1621 Mineralogia Optica
Cristal/Fragmentos % Alteracién
Cuarzo 10
Plagioclasas 10
Feldespato potasico 15 Algunos alterados a sericita

Fragmentos volcanicos |10

Opacos 5
Biotita 5
Clorita 10
Micas blancas 5
Calcita 25
Epidota 5
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3.16.2.2 Imdgenes Microscopia Optica

Imagen 31: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.

Imagen 32: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.
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3.17 Corte 17: Bahia Barnes, Zona Media, 3er Corddén de Dunas

3.17.1 Caracteristicas Macroscopicas

Caracteristicas

Posicién Geomorfoldgica Duna

Granulometria Predominantemente fina, también muy fina, mediay gruesa
Morfoscopia Alargado, sub-anguloso

Mineralogia Predominantemente Cuarzo vy Liticos, ademas de Ferromagnesianos

Clasificacién Granulométrica | Moderadamente clasificado

Textura Brillante, rugoso y aspero

Observaciones Presencia de material calcareo

3.17.2 Caracteristicas Microscopicas

Observaciones generales

Presencia de hematita entre los opacos.

Calcita presente en conchillas redondeadas.

Cristales de plagioclasa, feldespato potasico y cuarzo se presentan sub-redondeados a angulosos.
Fragmentos volcanicos en su mayoria sub-redondeados a angulosos.

31721 Mineralogia Optica
Cristal/Fragmentos % Alteracién
Cuarzo 10
Plagioclasas 10 Alterados a sericita
Feldespato potasico 15 Alterados a sericita
Fragmentos volcanicos | 10 Matriz alterada a arcilla, en su mayoria
Opacos 10
Biotita )
Clorita 10
Micas blancas 5
Calcita 20
Epidota 5
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3. 17.2.2 Imdgenes Microscopia Optica

Imagen 33: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.

Imagen 34: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.
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3.18 Corte 18: Bahia Barnes, Dunas Longitudinales

3.18.1 Caracteristicas Macroscopicas

Caracteristicas

Posicién Geomorfoldgica Duna

Granulometria Predominantemente fina, también muy finay media

Morfoscopia Esférico, anguloso

Mineralogia Predominantemente Cuarzo, ademas de Liticos y Ferromagnesianos

Clasificacién Granulométrica | Bien clasificado

Textura Sin informacion

Observaciones

3.18.2 Caracteristicas Microscopicas

Observaciones generales

Presencia de microclina.

Calcita presente en conchillas sub-redondeadas a redondeadas.

Cristales de plagioclasa, feldespato potasico y cuarzo se presentan sub-redondeados.
Fragmentos volcanicos en su mayoria sub-angulosos.

3.182.1 Mineralogia Optica
Cristal/Fragmentos % Alteracion
Cuarzo 10
Plagioclasas 10
Feldespato potasico 15 Fuertemente alterados a sericita

Fragmentos volcanicos |5

Opacos 15
Biotita )
Clorita 15
Micas blancas 5
Calcita 15
Epidota 5
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3.18:2.2 Imdgenes Microscopia Optica

Imagen 35: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.

Imagen 36: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.
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3.19 Corte 19: Rio Hurtado

3.19.1 Caracteristicas Macroscopicas

Caracteristicas

Posicién Geomorfoldgica

Depésito Aluvial

Granulometria

Predominantemente fina, también muy fina, media, gruesay muy
gruesa

Morfoscopia

Alargado, sub-anguloso

Mineralogia

Predominantemente Liticos, ademas de Cuarzo, Ferromagnesianos y
Oxidos

Clasificacién Granulométrica

Poco clasificado

Textura

Mate, rugoso y aspero

Observaciones

3.19.2 Caracteristicas Microscopicas

Observaciones generales
Cristales de plagioclasa, feldespato potasico y cuarzo se presentan sub-redondeados.
Fragmentos volcanicos en su mayoria angulosos.
Cristales de mayor tamafio se presentan mucho mas redondeados y esféricos que los de menor
tamafio.
3.19.2.1 Mineralogia Optica
Cristal/Fragmentos % Alteracién
Cuarzo 5
Plagioclasas 5
Feldespato potasico 20 Alterados a arcillas y algunos con bordes alterados a sericita
Fragmentos volcanicos |20
Opacos 20
Biotita 15
Clorita 10
Epidota 5
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3.19.2.2 Imdgenes Microscopia Optica

Imagen 37: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.

Imagen 38: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.
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3.20 Corte 20: Rio Grande

3.20.1 Caracteristicas Macroscopicas

Caracteristicas

Posicién Geomorfoldgica

Depésito Aluvial

Granulometria

Predominantemente media, también muy fina, fina, gruesay muy
gruesa

Morfoscopia

Alargado, sub-anguloso

Mineralogia

Predominantemente Liticos, ademas de Cuarzo

Clasificacién Granulométrica

Muy poco clasificado

Textura

Sin informacion

Observaciones

3.20.2 Caracteristicas Microscopicas

Observaciones generales

Cristales de plagioclasa, feldespato potasico y cuarzo se presentan sub-angulosos, con esfericidad que

varia de media a alta.

Fragmentos volcanicos en su mayoria sub-angulosos.
Cristales de biotita se presentan subhedrales.

3:20:2:1 Mineralogia Optica
Cristal/Fragmentos % Alteracién
Cuarzo 15
Plagioclasas 5
Feldespato potasico 25 Alterados a arcillas
Fragmentos volcanicos |18 Matriz alterada a arcillas
Opacos 5
Biotita 12
Clorita 10
Epidota 5
Piroxeno (Cpx) 5
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3.20.2.2 Imdgenes Microscopia Optica

Imagen 39: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.

Imagen 40: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.
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.21 Corte 21: Rio Cogoti

.21.1 Caracteristicas Macroscopicas
Caracteristicas
Posicién Geomorfoldgica Depdsito Aluvial

Predominantemente media, también muy fina, fina, gruesay muy
gruesa

Granulometria

Morfoscopia Alargado, sub-anguloso

Predominantemente Cuarzoy Liticos, ademas de Ferromagnesianos y

Mineralogia Axidos

Clasificacién Granulométrica | Muy poco clasificado

Textura Mate, rugoso y dspero
Observaciones
3.21.2 Caracteristicas Microscopicas

Observaciones generales

Cristales de plagioclasa, feldespato potasico y cuarzo se presentan sub-redondeados, con esfericidad
que varia de media a baja.

Cristales de cuarzo con distintos niveles de redondeamiento y esfericidad.

Cristales de biotitas subhedrales a euhedrales, al igual que los cristales de clorita.

Fragmentos volcanicos en su mayoria sub-redondeados a sub-angulosos y medianamente esféricos.
Mala seleccidn, fragmentos volcanicos de gran tamafio respecto a los otros cristales.

Fragmentos arcillosos se presentan como masas muy redondeadas de arcilla.

2.21.2.1 Mineralogia Optica
Cristal/Fragmentos % Alteracién
Cuarzo 20
Plagioclasas 5
Feldespato potasico 10 Algunos con alterados parcialmente a sericita y/o arcillas
Fragmentos volcanicos |20 Matriz levemente alterada a arcillas
Fragmentos arcillosos 5 Completamente alterados a arcillas
Opacos 5
Biotita 20
Clorita 10
Epidota 5
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3:21.2.2 Imdgenes Microscopia Optica

imagen 41: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.

Imagen 42: Fotografia a NP a la izquierda y a NX a la derecha, a 5x.
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3.22 Corte 22: Rio Combarbala

3.22.1 Caracteristicas Macroscopicas

Caracteristicas

Posicién Geomorfoldgica

Depésito Aluvial

Granulometria

Predominantemente media, también muy fina, fina, gruesay muy
gruesa

Morfoscopia

Alargado, sub-anguloso

Mineralogia

Predominantemente Liticos y Oxidos, ademéas de Cuarzoy
Ferromagnesianos

Clasificacién Granulométrica

Muy poco clasificado

Textura

Mate, rugoso y aspero

Observaciones

3.22.2 Caracteristicas Microscopicas

Observaciones generales

media a alta.

Cristales de plagioclasa, feldespato potasico y cuarzo se presentan redondeados, pero con esfericidad

Cristales de biotitas euhedrales, al igual que los cristales de cloritay micas blancas.
Fragmentos volcanicos en su mayoria sub-angulosos y medianamente esféricos.
Cristales de hornblenda redondeados.

Presencia de hematita entre los opacos.

3222.1 Mineralogia Optica
Cristal/Fragmentos % Alteracién
Cuarzo 5
Plagioclasas 5
Feldespato potasico 10
Fragmentos volcanicos |40 Matriz alterada a arcillas y presencia de epidota en algunos
Opacos 5
Biotita 10
Clorita 10
Epidota 5
Hornblenda 5
Micas blancas 5
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3:.92:2.2 Imdgenes Microscopia Optica
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4. Analisis

Mineralogia de los sectores cercanos a Punta de Choros

Complejo Metamoérfico Punta de Choros: esquistos micaceos y esquistos verdes, presencia de micas
blancas, biotita, cuarzo, plagioclasa, clorita, granate, anfibolas, magnetita, epidota y titanita.

Tonalita Quebrada La Vaca: tonalitas a granodioritas, presencia de biotitas, anfibolas y piroxenos,
grano medio.

Formacidn Punta del Cobre: andesitas porfidicas con clinopiroxeno, vesiculares y algunas ocoiticas.

Formacién Canto de Agua: rocas sedimentarias clasticas con alto redondeamiento, esfericidad media
y alta madurez composicional.

Red de Muestreo. Desembocadura del Limari.

71°42'0"W 71'41'30"W 71°41'0"W 71°40'20"W 71°40'0'W

30°43'30'S

I3
3
8
3
g
8

30°440'S

307¢4'0"S.

30°44'30'S

3C744'30"S

71°420'W 71°41'30"W 71°41'0'W
Leyenda

50 250 0 500 Metros
@ Banco Lateral Fluvial [ = mm Datum
@ Playa Moderna WGS 84
— Rio_Limari Huso 19S UNIVERSIDAD DE CHILE

Muestras 1, 2 y 3: Playa Moderna, muestras 4, 5y 6: Banco lateral fluvial

En general, se tiene que el porcentaje de cuarzo aumenta mientras mas cerca de la costa, incluso
llegando a un 25% versus un 5% en las zonas mas altas, ademas la cantidad de biotita y clorita
disminuyen en esta direccidn. Se observa que la cantidad de feldespato aumenta a medida que
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estamos mas cerca de aguas arriba, esto ya que es un mineral no muy resistente a la abrasién y se
altera facilmente. Las especies minerales en general se encuentran sub-angulosas y con esfericidad
media a mala, pero mientras mas cerca de la costa la seleccidn del tamafio de grano mejoray también

lo hacen el redondeamiento y la esfericidad.

Estas caracteristicas hablan de un retrabajo provocado por el transporte, en el cual los cristales mas
distales de la fuente aguas arriba se mantienen en este régimen por mas tiempo, por lo que quedan
mucho mas esféricos y redondeados y con una madurez composicional mucho mayor (clastos de
cuarzoson dificiles de alterar y retrabajar, por lo que tiende a aumentarsu proporcion relativo a otros
minerales). Por ello los diferentes niveles de redondeamiento y esfericidad, cuando son en la misma
especie, hablan de la distancia relativa a la fuente, y cuando son en especies minerales distintas,
hablan de la resistencia a la abrasion que posee cada unay la madurez textural y composicional del

sedimento final.

Se debe tener en cuenta que la zona de drenaje, en este caso el rio Limari, arrastra sedimentos de
los lugares por los que avanza, por lo que cristales que son mas angulosos que otros de la misma
especie pudieron ser adquiridos posteriormente, e incluso pudieron ser adquiridos por otros
métodos, como lo son transporte edlico, aluvial, litoral o coluvial, como fueron nombrados
anteriormente, los que también aportan sedimentos a las zonas de estudio.
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Red de Muestreo. Bahia Tongoy
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71SBGOW  71°380'W  71S370°W 71°36'0°W  71°35'0°W  71°340°W  71°330°W  71°320°W  71°310"W  71°300°W  71°290°W

Leyenda 0 6251.250 2.500 3.750 5.000

- — e Metros
® Cordén de Playa Holéceno Datum fa U
© Duna Transversal WGS 84 ]
® Playa Moderna Huso 198 rcumommmrcres v

Muestras 7, 8 y 9: Playa Moderna, muestras 10, 11y 12: Cordén de playa Holoceno, muestra 13: Dunas

En general, se tiene que el porcentaje de cuarzo aumenta mientras mas cerca de la costa, incluso
llegando a un 25% versus un 5%, el pero de esta afirmacion es que el cordén de playa posee mucho
mas cuarzo que los depdsitos de la misma playa, la cual posee una mayor cantidad de micas. Esto
podria explicarse desde el punto de vista que el mar también retrabajay moviliza los sedimentos, por
lo que puede que estos queden concentrados en el cordén de playa o incluso ser arrastrados mar
adentro.

Las especies minerales en general se encuentran angulosas y con esfericidad media a buena, lo que
habla de un nivel de retrabajo medio provocado por el mismo transporte. La madurez composicional
es mucho mayor en el corddn de playa, por el mayor porcentaje de cuarzo y la seleccion es mucho
mejor en la duna, ya que esta se forma por transporte edlico principalmente. Los diferentes niveles
de redondeamiento y esfericidad, hablan de las distancias relativas a la fuente de los sedimentosy la
madurez textural de las muestras, los que no necesariamente son iguales para todos, y se debe
recordar que los sedimentos pudieron ser adquiridos posteriormente o en distintos lugares.

Se debe tener en cuenta que en la bahia también actian otros métodos de transporte, como lo son
transporte edlico, aluvial, litoral o coluvial, por lo que no se puede asegurar sélo esta hipotesis, como
ocurre en todos los otros casos del estudio.
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Red de Muestreo Bahia Barnes
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FACULTAD OO AMUITICTURA Y SRS

e Playa Moderna
Muestras 14, 15y 16: Playa, muestras 17y 18: Duna

En las muestras de playa predomina la presencia de feldespato potasico y calcita, el dltimo mineral
presente principalmente en conchas observadas. La abundancia de feldespato disminuye desde la
muestra 14 a la 16, mientras que el contenido de calcita aumenta. Esto es coincidente con el
acercamiento progresivo de la zona de toma de muestras en direccién desde el continente hacia el
mar. La gran abundancia de feldespato es indicador de una fuente de sedimentos mas bien cercana
y de caracter igneo cuya composicion se caracteriza por un alto contenido en silice y alcalis, mientras
que el caracter sub-anguloso de estos cristales presentes en las tres muestras y la poca alteracion de
los feldespatos refuerza la teoria de la cercania de la fuente. El aumento progresivo de calcita es
razonable al aumentar la cercania al ambiente de depositacion de conchas.

La presencia de fragmento volcénicos sub-redondeados sugiere afloramientos de rocas volcanicas en
zonas mas bien lejanas al depdsito de sedimentos estudiado.

En las muestras de duna se observa una proporcion mas bien homogénea entre las abundancias de
feldespato, cuarzo y plagioclasa. Se tienen cristales y fragmentos de menor tamafio en comparacion
a los que componen a las muestras de playa. También, de forma general, se tienen fragmentos mas
angulosos y mayor abundancia relativa de opacos, junto a mayor presencia de biotita y clorita. Lo
observado coincide con caracteristicas de un depdsito con buena seleccion y media madurez
composicional, debido a que siguen presentes minerales que son poco resistentes a la erosion y
meteorizacion, como lo son el feldespato vy la plagioclasa.
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Se sugiere una fuente de sedimentos diferenciada, rica en silice, posiblemente granodiorita-granito.

Red de Muestreo. Rio Hurtado
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Muestra 19: Depésito Aluvial

Destaca la gran cantidad de feldespato potdsico por sobre el cuarzo, ambas especies minerales
subredondeadas, lo que indica una fuente de proveniencia con abundancia de feldespato potasico y
que se encuentra distanciada del depdsito sedimentario. El caracter subredondeado principalmente
del cuarzo podria indicar que este mineral proviene de unafuente que se ubica previa a la fuente del
feldespato potasico, en el trayecto del agente deposicional, sugerido también por la mayor
abundancia de éste ultimo con respecto al cuarzo, dado que el feldespato es menos resistente a la
erosion y meteorizacion. La fuente de ambos minerales corresponderia posiblemente a roca ignea
intrusiva con alto contenido de silice y alcalis, altamente diferenciada, posiblemente tratandose de
granodiorita-granito.

La alta presencia de fragmentos volcénicos, esencialmente angulosos, indica la cercania de depdsitos
volcanicos que aportan material sedimentario al cauce.

La presencia de biotita euhedral a subhedral, junto al tamafio de los cristales observados, sugieren
una fuente relativamente cercana, probablemente roca intrusiva diferenciada.
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El hallazgo de clorita y epidota podria explicarse por el aporte desde roca metamorfica en facies
esquistos verdes o roca que ha sufrido alteracién hidrotermal, no pudiendo descartar alguna de de
estas opciones debido a que la muestra no representa el contexto general de una misma roca, por
tratarse de sedimentos no consolidados.

Red de Muestreo. Rio Grande
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FACIATAD DE ARQUFECTJRA Y LRIAN NG

Muestra 20: Depésito Aluvial

La gran presencia de feldespato potasico y cuarzo subordinado, ambos sub-angulosos, nuevamente
sugiere una fuente de proveniencia con alto contenido de silice y fuertemente diferenciada. El
cardcter sub-anguloso de los cristales indica relativamente poco tiempo de transporte, sugiriendo
una fuente no lejana al depdsito sedimentario. En este caso la abundancia de cuarzo es mayor al
contenido que presentan otras muestras, y es notoria la alteracion que presentan los cristales de
feldespato, por lo que no es posible asumir que la fuente sea tan cercana. Nuevamente la fuente de
proveniencia podria tratarse de un intrusivo granodioritico-granitico.

La alta presencia de fragmentos volcdnicos puede deberse a un afloramiento de lavas cercano al
trayecto del agente de transporte, sin embargo, la gran presencia de arcillas en la matriz es indicio
de mayor alteracion del vidrio volcénico y por lo tanto, mayor tiempo de transporte, siendo una
fuente de sedimentos no tan cercana.
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Nuevamente aparecen clorita y epidota, cuyo origen no se puede determinar con seguridad.
Muestra 21: Depdsito Aluvial

Se caracteriza por la alta presencia de cuarzo, fragmentos volcanicos y biotita, junto al poco
contenido de feldespato potasico y plagioclasa. Estas caracteristicas son indicadoras de un depdsito
méas maduro composicionalmente, donde predominan minerales mas resistentes a la erosion y
meteorizacidn, ademas de la abrasion sufrida durante el transporte de los sedimentos. La menor
abundancia de feldespato, cuyos cristales también presentan alteracion a sericita, respalda la
ocurrencia de procesos sedimentarios con mayor tiempo de transportey abrasidn. Sin embargo, cabe
destacar que los cristales de cuarzo varian en cuanto a su redondeamiento y esfericidad, por lo que
es probable que haya una fuente mas cercana que también esté aportando cuarzo al depésito.
Nuevamente se sugiere unafuente intrusiva, rica en silice y diferenciada, posiblemente granodiorita-
granito.

La biotita también puede provenir de una fuente ignea intrusiva diferenciada, debido al tamafio de
los cristales y abundancia en el depésito.

Los fragmentos volcanicos sub-redondeados, parcialmente esféricos y con gran alteracién a
minerales de arcilla sugieren afloramientos de lavas cercanos al agente de transporte pero que se
encuentran lejanos al depdsito sedimentario.
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Red de Muestreo. Rio Combarbala

71°2'0"W

71°20"W
00 50 0 100 Metros
Leyenda B Datum
©® Deposito Aluvial WGS 84
— Hidrografia Huso 198 UNIVERSIDAD DE CHILE

FACULIAD OE ARQUTICTURA Y URBANSHO

Muestra 22: Dep6sito Aluvial

Uno de las caracteristicas principales que llaman la atencién es la gran cantidad de fragmentos
volcdnicos que posee esta muestra (40%), los que presentan su matriz alterada a arcilla y algunos de
sus cristales con epidota. La fuente no debiese ser muy lejana, puesto que estos fragmentos a pesar
de estar fuertemente alterados, no presentan un redondeamiento y esfericidad elevados, ademas es
importante considerar que son féciles de alterar, por lo que no necesariamente es un factor clave en
la interpretacion de la muestra.

La mayoria de los cristales se encuentran sub-redondeados y con esfericidad media, asi como los
minerales micaceos se presentan en sus formas primarias (euhedrales), por lo que se podria aceptar
aun mas el poco tiempo de transporte, ya que no se observa una notoria madurez textural en general,
lo que sigue apoyando una fuente muy préoxima al depésito.

El porcentaje de cuarzo es muy pequefio en relacion a la cantidad de minerales composicionalmente
inmaduros, por lo que se puede proponer que la energia del medio de transporte no debe ser tan
alta como lo es en otras zonas de mayor pendiente o desembocaduras o el tiempo de transporte es
bajo, junto con una fuente muy préxima. Como en los casos anteriores, el material encontrado puede
ser producto de otros tipos de transporte.
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A modo de cierre, se tiene que la cuenca del Rio Limari esta conformada por los rios Limari, Hurtado,
Grande, Combarbald y Cogoti, entre otros, por lo que las muestras tomadas en las zonas de los
depodsitos asociados representan de forma general la evoluciény procesos que afectaron de manera
progresiva a los sedimentos provenientes de su roca fuente. Estas muestras son las muestras 19, 20,
21y 22. Asi mismo, las muestras que representan la evolucidn y los procesos de sedimentacién
ocurridos en ladesembocadura del rio Limari corresponden a las 1, 2 y 3 tomadas en la playa moderna
ylas 4, 5y 6 tomadas en el banco lateral fluvial.

Se observa una clara relacién en cuanto al contenido mineraldgico presente en los sedimentos de
ambos dominios, ya que en ambos casos se tiene predominancia de feldespato potasico, con cuarzo
y plagioclasa subordinados, junto a biotita, cloritay opacos (0xidos de Fe-Ti), variando la abundancia
y evolucién de la mineralogia de acuerdo a sus caracteristicas de resistencia a la abrasion en base al
tiempo de transporte y energia del agente transportador, tal y como se indico anteriormente. Asi es
como se permite concluir que la principal area de proveniencia de gran parte de los sedimentos
presentes en los depdsitos de ambos dominios estudiados se trataria de la misma o afloramientos de
roca muy similares, con caracteristicas de roca ignea intrusiva, diferenciada y con el desarrollo de
mineralogia hidratada correspondiente, con alto contenido en silice y alcalis.

Esto ultimo queda evidenciado principalmente por la variacion de la abundancia y cambio en las
caracteristicas primarias del feldespato potasico, cuyos cristales cambian desde sub-angulosos a sub-
redondeados en el trayecto desde la cuenca del rio Limari hasta su desembocaduray su abundancia
va disminuyendo progresivamente al aumentar las distancias de transporte, generandose
mineralogia de alteracién que reemplaza al feldespato ante las nuevas condiciones del ambientey la
gran abrasién sufrida. No deja de ser llamativo el hecho de encontrar feldespato potasico en la zona
de la desembocadura del rio Limari, ya que como se menciond, se trata de un mineral de baja
resistencia a la abrasidn y meteorizacién, por lo que al ser hallado tanto en esta zona como en las
muestras tomadas hacia el inicio del trayecto, es posible de inmediato correlacionar su presencia con
una misma fuente de aporte de material rica en este mineral.

Lo anterior no descarta el aporte de sedimentos diversas fuentes que aparecen durante el trayecto
los rios que conforman la cuenca del rio Limari hacia su desembocadura.

Junto a esto, en teoria, en una playa es esperable tener una proporcién de cuarzo mayor,
moderadamente a muy retrabajado y sin alteracion, ya que éste es un mineral muy resistente a la
abrasién. Esta situacion se tiene en la playa de la ensenada del Limari, cuyos sedimentos cuentan con
altas proporciones de cuarzo, pero no se cumple para la zona de playa en la Bahia de Tongoy, en
donde a pesar de que el contenido de minerales félsicos (plagioclasas, feldespatos y cuarzo) es
relativamente alta, la abundancia relativa de cuarzo es baja. En la Bahia de Tongoy se da el caso de
que el Corddn de playa posee un alto contenido de cuarzo y se encuentra muy cerca de la playa de
la bahia, por lo que como se menciond anteriormente, la baja cantidad de este mineral en la playa
puede ser por un retrabajo producto del oleaje sobre los sedimentos existentes. Para las playas de la
Bahia de Barnes se tiene una baja cantidad de cuarzo, pero una alta cantidad de feldespato potasico,
el cual es poco resistente a la abrasion y se altera facilmente, en este caso se encuentran levemente
alterados, lo que puede indicar una fuente préxima que garantiza el porcentaje existente y su
integridad.
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Cabe destacar que las especies minerales y su integridad en un depdsito dependen de la cantidad de
sedimentos disponibles en el transcurso del cauce de un rio, por lo que a pesar de que es esperable
una situacion en particular, el hecho de que nuevo material sea acarreado posteriormente es
bastante probable y puede afectar las proporciones en las que se espera que se encuentren las
especies minerales y sus caracteristicas.
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5. Conclusion

En el presente informe se mostro el analisis mineraldgico realizado a 22 muestras, tanto en aspectos
mineraldgicos como morfoldgicos para realizar posteriormente un analisis en el cual se considerd el
nivel de abrasion sufrido, especies minerales y su nivel de alteracion. Ademas el analisis se
complemento con informacién de las formaciones y complejos metamorficos cercanos al sector de
estudio para poder comprender mejor el area que rodea a Punta de Choros. Se considerd que la zona
de descarga del rio es la mostrada en la llustracién 1y que la parte alta de este rio, junto a otra zona
de drenaje mas hacia el norte pudo ser la proveedora de los sedimentos, lo cual es la hipdtesis
principal de este proyecto. Luego de esto se puede concluir que:

Efectivamente se observa que las especies minerales en general se repiten, cambiando simplemente
en su porcentaje de abundancia, forma e integridad, esto ya que el transporte va modificando sus
propiedades a medida que avanza el trayecto aguas abajo. Es importante considerar que la zona de
drenaje del Rio Limari es muy extensa, pero esta mas hacia el sur de la zona que se propone.

Los sedimentos que acarrea este rio hacia el norte no necesariamente son los mismos que llevé desde
un inicio, debido a las distintas etapas de erosidén-depositacién de los sistemas fluviales ante cambios
en su caudal, energia, pendiente del terreno, etc. Tampoco los sedimentos que transporta hacia el
sur necesariamente ingresaron al caudal en su inicio, puesto que pudieron haber sido depositados,

reemplazados o mezclados con otros en su camino aguas abajo.

Teniendo en cuenta que las dunas se forman por transporte edlico principalmente, es probable que
el material haya sido acarreado desde una zona correspondiente al Limari, pero también pudo ser
arrastrada de los sectores aledafios a la zona de estudio, como es el caso del Complejo Metamérfico
de Punta de Choros o las formaciones cercanas, las cuales poseen mineralogias similares a las

encontradas en las 22 muestras analizadas.

Se considera que no existen evidencias contundentes para descartar la hipdtesis, ya que es necesario
también considerar los otros medios de transporte de sedimentos que no siempre tienen relacion
con la cuenca del rio Limari ni su zona de descarga. Ademas, es importante considerar el hecho de
que no se cuenta con la informacion acerca del contenido mineraldgico de la zona de Punta de
Choros, sino que solo se tiene registro de datos del sector asociado al Limari, el cual se encuentraa
maés de 50 km al sur de Punta de Choros. Es por esto por lo que no es posible verificar inmediatamente
si existe una correlacion positiva efectiva entre ambos dominios. Es importante no olvidar que la
composicion mineraldgica que se encuentran en las zonas cercanas son similares a las que poseen
las muestras analizadas, por lo que no se puede asegurar que los sedimentos necesariamente
correspondan a los transportados por el rio, sino que pueden ser parte de procesos de remociones
en masa de los sectores cercanos y posteriormente un transporte de tipo edlico, el que acarrearia los
sedimentos disponibles generando los campos de dunas, por ejemplo.
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Finalmente, los sedimentos pueden provenir en parte de este sector, pero dado que el transporte
principal de formacion es el viento, lo mas probable es que éstos sean de sectores mucho mas
cercanos al campo de dunas y aquellos no necesariamente estan relacionados con el rio, sino con
erosion y deposicion propia del sector, otras redes de drenaje o remociones en masa locales. La
hipdtesis no es totalmente incorrecta, pero es mucho mas probable que la mayoria de los sedimentos
provienen de zonas mas cercanas y haciendo hincapié en que la cuenca del Limari abarca la zona
delimitada en la llustracion 1 y esta a mas de 50 km de distancia, es ciertamente probable que

material de la cuenca haya alcanzado este sector, pero la proporcidn deberia ser mucho menor.
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Introduccion

Se presenta en este informe un analisis comparativo entre datos de Punta de Chorosy
Choros bajos y datos de distintas zonas cercanas, al sur de las recién nombradas: la
desembocadura del rio Limari, Bahia Barnes, Bahia Tongoy y los rios Grande,
Combarbala y Hurtado. Este estudio se enmarca en el desarrollo del curso Proyecto Il

como apoyo a la Tesis de Doctorado de Maria Victoria Soto.

Los datos de Punta de Choros y Choros bajos representan a una unidad de planicies
litorales, definida por Castro y Bringnardellos (2005), antecedidas por una unidad de
costa arenosa, descrita por los mismos autores, la cual cubre una superficie de 15 km
de longitud y cerca de 800 m de ancho, compuesta por un litoral arenoso y campos de
dunas. Las arenas obtenidas en cada punto se aglutinaron en pegamento epoxy y se
hicieron laminas delgadas, las que fueron analizadas bajo microscopia 6ptica. Todos
estos datos son pertenecientes a la memoria de pregrado para optar al Titulo de
Geologa de Tania Ocampo (2015).

Los datos de la desembocadura del rio Limari, Bahia Barnes, Bahia Tongoy y los rios
Grande, Combarbalé y Hurtado seran los datos a comparar con los datos de Punta de
Choros y Choros bajos. Estos datos, al igual que los de Punta de Choros y Choros
Bajos, son arenas aglutinadas por pegamento epoxy formando laminas delgadas y
analizadas bajo microscopia 6ptica. Se obtuvieron del estudio Proyecto Il realizado
por Paulina Arellano y Constanza Celis (2014).

Al igual que en el estudio de Tania Ocampo (2015) y para mantener la linea de
investigacion, el andlisis comparativo entre los datos de estos trabajos se hara segin
el Método de Vezzoli (2007), el cual entrega como resultado una medida de
similaridad y correlacion entre las distintas muestras a analizar.

El objetivo de este analisis comparativo es descubrir si existe una relacién entre las
muestras de ambos trabajos, de modo que se pueda concluir si hay aporte
sedimentario desde el sur hacia los campos de dunas y planicies litorales en la zona
de Los Choros.
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2 Objetivos

2.1

2.2

Objetivo General

Determinar por medio de un analisis comparativo de distintos trabajos en la zona de
estudio, si existe relacion mineralégica entre muestras de arena de los campos de
dunas de Punta de Choros y otras zonas al sur de la region.

Objetivos Especificos

Crear un archivo con datos mineralégicos de la region de Coquimbo obtenidos bajo
microscopia 6ptica.

Hacer un analisis comparativo entre las muestras de la zona de “Los Choros” y el
resto de las muestras de la region, por medio del uso de la similaridad, para hacer
las comparaciones, y el analisis ANOVA, para evaluar el ajuste de datos.

Establecer la proveniencia, segln los datos mineralégicos y estadisticos, de los

campos de dunas de la zona de “Los Choros”
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3 Metodologia
3.1 Origen de Muestras

Las muestras del trabajo de “Los Choros” y del proyecto de “Limari” fueron descritas
porcentualmente segiin la composicién de los sedimentos, aplicando conteos modales y
técnicas de descripcién petrograficas. La petrografia es una de las herramientas mas
utilizadas para estudios de proveniencia sedimentaria, la cual sirve como una primera
aproximacion para conocer la naturaleza de la fuente de sedimentos. Ademas,
caracteristicas texturales, como el habito, esfericidad y grado de redondeamiento de cada
especie mineral y fragmento litico, pueden ser indicadores del tipo de roca fuente, la
cercania a la fuente y el tipo de transporte asociado al deposito.

Los estudios de proveniencia petrograficos se basan en analisis estadisticos, que
entregan importante informacién sobre la fuente de sedimentos que constituyen un
depésito (Dickinson, 1970). En estos, se determina la abundancia relativa de los
fragmentos detriticos presentes en las muestras recolectadas, por medio de la
identificacion de categorias de granos, tanto cristales mono-minerales como fragmentos
de roca polimineralicos, abarcando toda el area de la ldmina delgada, en intervalos fijos, el
cual deberia ser mayor o igual al clasto de mayor tamafio presente en el corte
transparente, el cual se analiza bajo un microscopio 6ptico (Ingersoll et al., 1984).

Las arenas son los sedimentos detriticos mas utilizados en estudios de procedencia,
ya que se originan como particulas solidas que se desprenden de la roca, pero, a la vez,
son lo suficientemente pequefias como para observar una muestra considerable de granos
en una sola lamina delgada. La ventaja de las particulas tamafio arena es que conservan la
composicion y textura original cuando estan formadas por fragmentos liticos, a pesar del
transporte y de los procesos diagenéticos estos estdn casi inalterados, ademas de que
guardan informacién sobre la roca que derivaron. Las caracteristicas texturales (tamafio y
forma de grano, entre otras) permiten determinar la madurez del sedimento original
(Ingersoll et al., 1984).

3.2 Tratamiento de datos
De modo que los distintos estudios sean comparables, se usara la misma metodologia que la
usada en el trabajo de “Los Choros” de Tania Ocampo (2015), la que se describe a continuacion:

3.2.1 Modelo de mezcla lineal

Los modelos lineales son fundamentales en el analisis de informacién con multiples
variables. Cuando se formula un modelo lineal, uno observa un fenémeno representado
por un vector de informacion obtenida a partir de distintos analisis y la relaciona con un
set de informacion de variables fijas linealmente independientes. La composicién
petrografica de las arenas que constituyen el fondo de una quebrada puede ser expresada
por una mezcla de un ndmero fijo de miembros terminales (end-members), la cual puede
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ser representada usando un analisis de regresion. Por definicién, los analisis de regresion
predicen una variable continua dependiente desde un nimero de variables
independientes:

¥ = } (21, %3, ... vxp.v)

El objetivo principal de los métodos de regresién es la descripcién de cémo uno o
mas atributos que caracterizan cierta entidad en cierto set de datos dependen de un
atributo de destino elegido. Esta dependencia funcional puede ser lineal o no lineal.
Siendo y el vector fila que contiene la informacion porcentual de los p distintos
fragmentos detriticos en sus p columnas, X una matriz que contiene la informacion
composicional de los n miembros terminales (end-members) en sus filas y p columnas en
las que se representa la composicién porcentual de los mismos p fragmentos detriticos
con los que se representa el vector y, ademas b un vector columna con n columnas que
representan la contribucion de cada uno de los miembros terminales a y. En una notacion
matricial, un modelo de regresién lineal puedes ser expresada como:

y=bX+e
by X11 - Xyp €
['\!l ._,IP] — — +
byl Xn1 - Xnp €n

Donde e seria un vector columna con n filas, las que representan el error de la
variable representada.

3.2.2 Diagnéstico de los parametros para evaluar el modelo de mezcla lineal

El buen ajuste del modelo de regresion lineal es evaluado por medio de diferentes
parametros.

3.2.2.1 Similaridad y distancia Camberra

Similaridad (s) es un concepto fundamental y ampliamente usado. Las medidas de
Similaridad son usadas para comparar objetos, y para decidir cudles deberian ser
agrupadas (objetos similares) y cudles no. La forma mas natural de analisis de Similaridad
es calcular la distancia (d) entre los dos objetos (v y t) que estan siendo comparados. En
estadisticas, la distancia de Camberra es basada en la correlacién entre variables, por la
cual diferentes parametros pueden ser identificados y analizados (Lance y Williams, 1966).
Es una forma util de determinar la Similaridad de un set de muestras desconocidas a una
conocida.
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Z £uy = 2y
(xpj + x¢5)
Como cada elemento de la suma esta entre Oy 1, valor maximo de d,; es igual a p,

donde p es el numero de variables. Dividiendo la distancia de Camberra por p, la
similaridad de los objetos vy t es:

Donde valores cercanos a 1 representan objetos con un mejor ajuste al de un
modelo de regresion lineal.

3.2.2.2 Anadlisis de Varianza (ANOVA)
El analisis ANOVA es una herramienta Util para evaluar buenos ajustes. Se

calculan los siguientes parametros:

e Suma residual de cuadrados (RSS, residual sum of squares)

RSS = ) (v = 9,)?
L

e Suma de desviaciones de cuadrados (MSS, model sum of squares)
MSS = > (=9
{

e Coeficiente de determinacién

(‘ RSS)

B = )100
MSS

2 __— : ;
Donde valores de R” cercanos a 100 indican un buen ajuste de variables.
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4 Resultados

A continuacion se muestran los datos obtenidos segiin la metodologia antes sefialada.

4.1 Tabla 1: Punto 14 Choros Bajos, R2y s.

Con respecto al Punto 14 Choros Bajos R? s
Punto 16 6,958 0,347
Muestra 1 33,852 0,498
Muestra 2 52,208 0,555
Muestra 3 38,267 0,549
Muestra 4 24,203 0,557
Muestra 5 26,781 0,551
Muestra 6 47,255 0,509
Muestra 7 37,788 0,504
Muestra 8 44,948 0,514
Muestra 9 46,408 0,517

Muestra 10 61,880 0,558
Muestra 11 46,650 0,575
Muestra 12 27,489 0,550
Muestra 13 66,395 0,615
Muestra 14 53,873 0,599
Muestra 15 69,873 0,603
Muestra 16 65,781 0,618
Muestra 17 70,104 0,631
Muestra 18 65,635 0,640
Muestra 19 52,457 0,574
Muestra 20 48,093 0,536
Muestra 21 34,206 0,573
Muestra 22 22,087 0,534

Tabla 01: Coeficiente de Determinacion (R?) y similaridad (s) entre el Punto 14 de Choros Bajos y los
datos del Punto 16, correspondiente a la desembocadura de la quebrada Los Choros, y las
muestras de Cortes del 1 al 22 del Informe Limari.
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4.2 Tabla 02: Punto 15 Choros Bajos, R2 y s.

Con respecto al Punto 15 Choros Bajos R? s

Punto 16 17,233 0,441
Muestra 1 50,468 0,600
Muestra 2 70,965 0,618
Muestra 3 54,300 0,609
Muestra 4 28,978 0,605
Muestra 5 33,195 0,603
Muestra 6 63,847 0,625
Muestra 7 50,086 0,600
Muestra 8 56,413 0,601
Muestra 9 58,356 0,600
Muestra 10 64,882 0,639
Muestra 11 55,697 0,620
Muestra 12 37,137 0,605
Muestra 13 75,189 0,680
Muestra 14 69,443 0,656
Muestra 15 75,352 0,645
Muestra 16 62,795 0,650
Muestra 17 70,999 0,662
Muestra 18 70,587 0,682
Muestra 19 65,461 0,629
Muestra 20 62,809 0,624
Muestra 21 40,323 0,609
Muestra 22 30,303 0,628

Tabla 02: Coeficiente de Determinacion (R?) y similaridad (s) entre el Punto 15 de Choros Bajos y los
datos del Punto 16, correspondiente a la desembocadura de la quebrada Los Choros, y las
muestras de Cortes del 1 al 22 del Informe Limari.
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4.3 Tabla 03: Punto 19 Punta de Choros, R2y s.

Con respecto al Punto 19 Punta de Choros R? s

Punto 16 1,998 0,300
Muestra 1 32,118 0,563
Muestra 2 38,618 0,566
Muestra 3 34,225 0,587
Muestra 4 10,022 0,557
Muestra 5 17,462 0,568
Muestra 6 36,460 0,522
Muestra 7 22,024 0,497
Muestra 8 25,027 0,507
Muestra 9 29,744 0,502
Muestra 10 51,005 0,555
Muestra 11 32,892 0,569
Muestra 12 36,002 0,551
Muestra 13 56,825 0,613
Muestra 14 47,038 0,522
Muestra 15 68,118 0,563
Muestra 16 69,204 0,589
Muestra 17 66,641 0,587
Muestra 18 60,340 0,585
Muestra 19 45,166 0,579
Muestra 20 58,375 0,554
Muestra 21 48,763 0,600
Muestra 22 37,825 0,592

Tabla 03: Coeficiente de Determinacion (R?) y similaridad (s) entre el Punto 19 de Punta de Choros y
los datos del Punto 16, correspondiente a la desembocadura de la quebrada Los Choros, y las
muestras de Cortes del 1 al 22 del Informe Limari.
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4.4 Tabla 04:Punto 20 Punta de Choros, R2y s.

Con respecto al Punto 20 Punta de Choros R? s

Punto 16 -5,433 0,376
Muestra 1 21,718 0,527
Muestra 2 22,912 0,525
Muestra 3 16,479 0,547
Muestra 4 2,429 0,530
Muestra 5 7,740 0,541
Muestra 6 20,226 0,524
Muestra 7 11,026 0,491
Muestra 8 14,042 0,505
Muestra 9 18,183 0,500
Muestra 10 29,814 0,522
Muestra 11 21,323 0,544
Muestra 12 24,902 0,512
Muestra 13 34,174 0,567
Muestra 14 23,631 0,478
Muestra 15 40,681 0,524
Muestra 16 42,903 0,541
Muestra 17 40,830 0,542
Muestra 18 36,998 0,542
Muestra 19 22,523 0,543
Muestra 20 34,074 0,547
Muestra 21 28,103 0,569
Muestra 22 17,251 0,568

Tabla 04: Coeficiente de Determinacion (R?) y similaridad (s) entre el Punto 20 de Punta de Choros y
los datos del Punto 16, correspondiente a la desembocadura de la quebrada Los Choros, y las
muestras de Cortes del 1 al 22 del Informe Limari.
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4.5 Tabla 05: Punto 21 Punta de Choros, R2y s.

Con respecto al Punto 21 Punta de Choros R’ s

Punto 16 15,859 0,292
Muestra 1 25,065 0,477
Muestra 2 30,447 0,482
Muestra 3 26,830 0,504
Muestra 4 5,778 0,480
Muestra 5 7,042 0,480
Muestra 6 27,422 0,473
Muestra 7 14,096 0,448
Muestra 8 16,847 0,461
Muestra 9 21,076 0,455
Muestra 10 53,201 0,462
Muestra 11 26,182 0,496
Muestra 12 27,153 0,471
Muestra 13 52,763 0,524
Muestra 14 28,553 0,437
Muestra 15 64,843 0,477
Muestra 16 75,986 0,507
Muestra 17 67,450 0,501
Muestra 18 54,049 0,500
Muestra 19 27,109 0,496
Muestra 20 39,815 0,504
Muestra 21 31,799 0,519
Muestra 22 21,722 0,5133

Tabla 05: Coeficiente de Determinacion (R?) y similaridad (s) entre el Punto 21 de Punta de Choros y
los datos del Punto 16, correspondiente a la desembocadura de la quebrada Los Choros, y las
muestras de Cortes del 1 al 22 del Informe Limari.
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5 Analisis de Resultados

En este capitulo, segun los resultados obtenidos en el capitulo 4 de este informe, se
usaran los datos de coeficiente de determinacién R”y similaridad s para determinar
el aporte sedimentario desde las distintas zonas de cada muestra M; a las zonas de

Choros Bajos y Punta de Choros.

Los valores de R’ estdn comprendidos porcentualmente entre 0 y 100, donde O es
correlacién nula y 100 es muy buena correlacion. Los valores de s estan dentro del
rango 0 a 1, donde O significa que no son similares y 1 corresponde a que son muy

similares.

Se considerara una similitud baja, en relacién a los valores calculados entre todas las
muestras, si los valores de s se encuentran dentro del grupo ubicado a la izquierda de
la zona comprendida entre la media y una desviacién estandar, esto es, el grupo
compuesto por el 16,4% de valores menores (s < i - 6, donde p corresponde a la
media y ¢ a la desviacién estandar) , una similitud considerable, si los valores de s se
encuentran alrededor de la media, con valores entre la media mds y menos una
desviacion estandar (1 - 0 £ s £ u - ¢) y similar si los valores de s se encuentran
ubicados a la derecha de la media mas una desviacion estandar, dentro del grupo
compuesto por el 16,4% de mayores valores (4 - ¢ < s), segin una distribucién

normal.
5.1 Punto 14 y 15 Choros Bajos

5.1.1 Desembocadura rio Limari, muestras 1-2-3 playa moderna y 4-5-6 banco

lateral fluvial

Para la zona de choros bajos, los valores de s para cada muestra son mayores con
respecto al punto 15 que al 14, esto quiere decir que se asemejan mas al punto 15,
con valores promedio de 0,537 y 0,610 respectivamente. Con respecto al punto 14,
las muestras con un mayor s son las muestra 2 con un s = 0,555, muestra 4 con un
s = 0,557 y la muestra 5 con un s = 0,551, de las cuales, la que tiene una mejor
correlaciéon de datos es la muestra 2, con un R? = 52,208%, siendo la mayor de esta
zona. Con respecto al punto 15, las muestras con mayor similitud son la muestra 2
con un s = 0,618 y la muestra 6 con un s = 0,625, de las cuales, la que tiene mejor
correlacion de datos es la muestra 2, con un R%= 70,965%.

En relaciéon con las muestras de todas las zonas estudiadas con respecto al punto
; 2

14, los valores en promedio tanto para R° como para s, en la zona de la

desembocadura del Rio Limari, se encuentran en el grupo de menores valores para
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5.1.2

estos pardmetros, con valores promedio de R? = 37,094% y s =0,537, por tanto, se
puede inferir que se obtuvo un resultado de s considerable, pero bajo la media,

con una correlacién muy baja.

En relaciéon con las muestras de todas las zonas estudiadas con respecto al punto
15, los valores en promedio tanto para R? como para s, en la zona de la
desembocadura del Rio Limari, se encuentran en el grupo de menores valores para
estos parametros, con valores promedio de R? = 50,292% y s = 0,610, por tanto, se
puede inferir que se obtuvo un resultado de s considerable, pero bajo la media,
con una correlacién baja.

Esto se traduce en que existe la posibilidad de que haya aporte sedimentario desde
la desembocadura del rio Limari hacia la zona de Choros Bajos, pero
estadisticamente, el aporte sedimentario seria menor que la mayor parte de las
zonas estudiadas en este trabajo.

Bahia Tongoy, muestras 7-8-9 playa moderna, 10-11-12 playa Holoceno y
13 dunas

Para la zona de Tongoy, los valores para s fueron mayores con respecto al punto 15
que al 14, lo que quiere decir que se asemejan en mayor medida al punto 15 que al
14, con valores promedio de s=0,621 y s = 0,548 en esta zona, respectivamente.
Con respecto al punto 14, el mayor valor de s se encuentran en la muestras 13, con
un valor de s = 0,615 y una correlaciéon de R? = 66,395%, la mayor para la zona.
Con respecto al punto 15, los mayores valores de s se encuentran en las muestras
13y 10, donde s13 = 0,680 y s10 = 0,639. De estas, la muestra con mayor correlacion
corresponde a la de la muestra 13, con un R? = 75,189%, siendo la mayor de esta
zona y la segunda mayor de todas las muestras.

En relacion con el total de las muestras de todas las zonas estudiadas, con respecto
al punto 14, para la zona de Tongoy, los valores promedio fueron R®=47,365% ys
= 0,548. Estos valores se encuentran en el grupo de valores intermedios para estos
parametros. Se obtuvo un valor de s considerable, bajo la media, con una baja
correlacién.

En relacion con el total de las muestras de todas las zonas estudiadas, con respecto
al punto 15, para la zona de Tongoy, los valores promedio fueron R?=56,823% ys
=0,621. Estos valores se encuentran en el grupo de valores intermedios para estos
pardmetros. Se obtuvo un valor de s considerable, levemente por sobre la media,
con una correlacién moderada.
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5.1.3

5.1.4

Esto se traduce en que existe la posibilidad de que haya aporte sedimentario desde
la zona de Tongoy hacia la zona de Choros Bajos y dentro del grupo de valores
intermedios para la zona estudiada, con una correlaciéon en promedio, moderada y
con un punto en especifico, la muestra 13, el cual tiene la segunda mayor similitud
y la segunda mejor correlacién de todas las muestras.

Bahia Barnes, muestras 14-15-16 playa 17-18 dunas

Para la zona de Bahia Barnes, los valores de s fueron mayores con respecto al
punto 15 que al 14, lo que quiere decir que se asemejan en mayor medida al punto
15 que al 14. Con respecto al punto 14, los mayores valores de s se encontraron en
las muestras 17 y 18, con s37 = 0,631 y s15 = 0,640, los valores de similitud mas altos
entre todas las muestras comparadas con respecto al punto 14. Ademas de ser los
valores mas altos de s, tienen una buena correlacién, R217 = 70,104% vy R218 =
65,635%. Con respecto al punto 15, los mayores valores de s se encuentran en las
muestras 18 y 17, s1g = 0,682 y 517 = 0,662. La muestra 18 es la que tiene el mayor
valor de similitud de todas las muestras, con una buena correlacién de Rzlg =
70,872%.

En relacion con el total de las muestras de todas las zonas estudiadas, con respecto
al punto 14, para la zona de Bahia Barnes, los valores promedio de los parametros
fueron R? = 65,053% y s = 0,618. Estos valores son los mayores de todas las zonas
estudiadas.

En relacion con el total de las muestras de todas las zonas estudiadas, con respecto
al punto 15, para la zona de Bahia Barnes, los valores promedio de los parametros
fueron R? = 69,835% y s = 0,659. Estos valores son los mayores de todas las zonas
estudiadas.

De le anteriormente sefialado, se infiere que desde la zona de Bahia Barnes es muy
probable que exista aporte sedimentario hacia la zona de Choros Bajos, y dentro
de todas las zonas estudiadas, seria la que haria el principal aporte.

Rio Hurtado, muestra 19 depésito aluvial

Para la zona del depodsito aluvial de Rio Hurtado, existe sélo una muestra, con
valores de R* = 52,457% vy s = 0,574 con respecto al punto 14 y R? = 65,461% y s =
0,629 con respecto al punto 15. Una vez mas, la similitud es mayor con respecto al
punto 15 que al 14.

En relacién con el total de las muestras, con respecto al punto 14, para la zona de
Rio Hurtado, esta zona seria la que tiene la segunda mayor similitud y segunda

mayor correlacion.
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5.1.5

5.1.6

En relacién con el total de las muestras, con respecto al punto 15, para la zona de
Rio Hurtado, esta zona seria la que tiene la segunda mayor similitud y segunda

mayor correlacion.

Se infiera que existe una alta posibilidad de que haya aporte sedimentario desde la
zona de Rio Hurtado hacia la zona de Choros Bajos, ya que los valores para los
pardmetros estan en el grupo de los mayores valores, con una buena correlacién.
Se destaca que el hecho de que sélo exista un punto de muestreo, no permite
generalizar a toda una zona como la segunda zona de mayor aporte sedimentario
hacia la zona de los Choros, pero si incentiva a obtener mas datos para verificar
esta alta probabilidad de aporte sedimentario.

Rio grande, muestra 20 depdsito aluvial

Para la zona del depésito aluvial de Rio Grande, existe s6lo una muestra, con
valores de R? = 48,093% y s = 0,536 con respecto al punto 14 y R? = 62,809% ys=
0,624 con respecto al punto 15. Una vez mas, la similitud es mayor con respecto al
punto 15 que al 14.

En relaciéon con el total de las muestras, con respecto al punto 14, para la zona de
Rio Grande, esta zona seria la que tiene la segunda mas baja similitud y baja
correlacién, ambos valores por debajo de la media para ambos pardmetros.

En relacién con el total de las muestras, con respecto al punto 15, para la zona de
Rio Grande, esta zona tendria un valor intermedio, por sobre la media, con una

buena correlaciéon de datos.

Se infiera que existe la posibilidad de que haya aporte sedimentario desde la zona
de Rio Grande hacia la zona de Choros Bajos, en mayor medida con respecto al
punto 15 que al 14. Se destaca que el hecho de que sélo exista un punto de
muestreo, no permite generalizar a toda una zona como la una zona de importante
aporte sedimentario hacia la zona de los Choros, pero si incentiva a obtener mas
datos para verificar esta alta probabilidad de aporte sedimentario.

Rio Cogoti, muestra 21 depésito aluvial

Para la zona del depésito aluvial de Rio Cogoti, existe s6lo una muestra, con valores
de R* = 34,206% y s =0,573 con respecto al punto 14 y R?=40,323% ys =0,609 con
respecto al punto 15. Una vez mas, la similitud es mayor con respecto al punto 15
que al 14.
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5.1.8

En relacién con el total de las muestras, con respecto al punto 14, para la zona de
Rio Cogoti, esta zona seria de los mayores valores para s, pero con muy baja

correlacion.

En relaciéon con el total de las muestras, con respecto al punto 15, para la zona de
Rio Cogoti, esta zona tendria el segundo valor mas bajo de s con una muy baja
correlacion.

Se infiera que existe la posibilidad de que haya aporte sedimentario desde la zona
de Rio Cogoti hacia la zona de Choros Bajos, pero que seria una de las zonas de
menor aporte en comparacioén con todas las zonas estudiadas en este trabajo. Se
destaca que el hecho de que sélo exista un punto de muestreo, no permite
generalizar a toda una zona como la zona de mas bajo aporte sedimentario hacia la
zona de los Choros, es por esto que seria recomendable obtener mas datos para
verificar lo descrito.

Rio Combarbald, muestra 22 depésito aluvial

Para la zona del depdsito aluvial de Rio Combarbala, existe sélo una muestra, con
valores de R® = 22,087% y s = 0,534 con respecto al punto 14 y R” = 30,303% ys=
0,628 con respecto al punto 15. Una vez mas, la similitud es mayor con respecto al
punto 15 que al 14.

En relacién con el total de las muestras, con respecto al punto 14, para la zona de
Rio Combarbald, esta zona tendria una baja similitud, por debajo de la media, con

una correlacion muy baja.

En relacién con el total de las muestras, con respecto al punto 15, para la zona de
Rio Combarbald, esta zona tendria un alto valor de similitud, por sobre la media,

pero con una muy baja correlacién.

Se infiera que existe la posibilidad de que haya aporte sedimentario desde la zona
de Rio Combarbald hacia la zona de Choros Bajos, pero que seria una de las zonas
de menor aporte en comparacién con todas las zonas estudiadas en este trabajo.
Se destaca que el hecho de que sélo exista un punto de muestreo, no permite
generalizar a toda una zona como la zona de mas bajo aporte sedimentario hacia la
zona de los Choros, es por esto que seria recomendable obtener mas datos para
verificar lo descrito.

Desembocadura quebrada Los Choros, Punto 16
El punto 16 corresponde a la desembocadura de la quebrada Los Choros. Los
valores de los parametros estudiados son R? = 6,958% y s = 0,347 con respecto al
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punto 14 y R* = 17,233% y s = 0,441 con respecto al punto 15. La similitud es mayor
con respecto al punto 15 que al 14.

En relacion con el total de las muestras, con respecto al punto 14, para la zona de
la desembocadura de la quebrada Los Choros, esta zona tendria la mas baja
similitud, con la peor correlacion de todas las zonas estudiadas.

En relaciéon con el total de las muestras, con respecto al punto 15, para la zona de
la desembocadura de la quebrada Los Choros, esta zona tendria la mas baja
similitud, con la peor correlacién de todas las zonas estudiadas.

Se infiera que existe la posibilidad de que haya aporte sedimentario desde la zona
de la desembocadura de la quebrada Los Choros hacia la zona de Choros Bajos,
pero que seria la zona de menor aporte en comparacion con todas las zonas
estudiadas en este trabajo.

5.2 Punto 19, 20 y 21 Punta de Choros

5.2.1 Desembocadura rio Limari, muestras 1-2-3 playa moderna y 4-5-6 banco

lateral fluvial

Para la zona de Punta de Choros, los valores de s para cada muestra de la
desembocadura del rio Limari son mayores con respecto al punto 19 que al 20 o
21, lo que quiere decir que las muestras de la desembocadura del rio Limari se
asemejan mas al punto 19 que al 20 o 21, con un valor promedio de s = 0,561. Las
muestras de mayores valores de s se encuentran con respecto al punto 19, con s =
0,587 y s = 0,566, con R? = 34,225% y R? = 38,618%, respectivamente, siendo estas
ademas las correlaciones mas altas.

En relacién con las muestras de todas las zonas estudiadas, las muestras de la
desembocadura del rio Limari se encuentran en el grupo de los menores valores de
s, donde los valores son mayores con respecto al punto 19, luego al 20 y en menor
similitud al 21, al igual que los valores de RZ.

De esto se infiere que existe la posibilidad de que haya aporte sedimentario desde
la desembocadura del rio Limari hacia la zona de Punta de Choros, pero
estadisticamente, el aporte sedimentario seria de los menores entre las zonas
estudiadas en este trabajo.
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5.2:2

5.2.3

524

Bahia Tongoy, muestras 7-8-9 playa moderna, 10-11-12 playa Holoceno y
13 dunas

Para la zona de Punta de Choros, los valores de s para cada muestra de la bahia
Tongoy son mayores con respecto al punto 19 que al 20 o 21, lo que quiere decir
que las muestras de la bahia Tongoy se asemejan en mayor medida al punto 19
que al 20 o 21, con un valor promedio de s = 0,542. Con respecto al punto 19, se
encuentra la muestra de mayor valor de s de todas las zonas, con respecto a los
puntos 19, 20y 21, con un valor de s = 0,613 y correlacién R? = 56,825%.

En relacién con las muestras de todas las zonas estudiadas, las muestras de la
bahia Tongoy se encuentran en el grupo de los menores valores de s, donde los
valores son mayores cn respecto al grupo 19, luego al 20 y e nmenor similitud al
21, al igual que los valores de R%.

De esto se infiere que existe la posibilidad de que haya aporte sedimentario desde
la bahia Tongoy hacia la zona de Punta de Choros, pero estadisticamente el aporte
sedimentario seria el segundo menor entre las zonas estudiadas. Se destaca que en
esta zona se encuentra el punto con mayor similitud para la zona de Punta de
Choros, con una correlacién moderada.

Bahia Barnes, muestras 14-15-16 playa 17-18 dunas

Para la zona de Punta de Choros, los valores de s para cada muestra de la bahia
Barnes son mayores con respecto al punto 19 que al 20 o 21, lo que quiere decir
que las muestras de la bahia Barnes se asemejan en mayor medida al punto 19 que
al 20 o 21, con un valor de s promedio de 0,569. Los mayores valores de s se
encuentran con respecto al punto 19 en las muestras 16, 17 y 18, con valores s¢ =
0,589, s;7, = 0,587 y 515 = 0,585.

En relacién con las muestras de todas las zonas estudiadas, las muestras de la
bahia Barnes se encuentran en el grupo de valores intermedios de s. Se destaca en
esta zona que se encuentran los valores mas altos de correlacion, con un promedio
de R” = 62,268%.

De esto se deduce que existe una alta probabilidad de que haya aporte
sedimentario desde la bahia Barnes hacia a la zona de Punta de Choros, con la
correlacion mas alta para cada punto encontrada en todas las zonas estudiadas.

Rio Hurtado, muestra 19 depésito aluvial

Para la zona del depésito aluvial del Rio Hurtado, existe sélo una muestra con
respecto a cada punto, donde el valor mds alto de s y R? se encuentra, una vez
mas, con respecto al punto 19, con valores de s = 0,579 vy R? = 45,166%.
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Nuevamente, la similitud es mayor con respecto al punto 19, luego al 20 y en
menor medida al 21.

En relacion con el total de las muestras, esta zona seria la tercera en mayor
similitud y la cuarta mayor correlacion.

Se infiera que existe una alta posibilidad de que haya aporte sedimentario desde la
zona de rio Hurtado hacia la zona de Punta de Choros, ya que los valores de s estan
en el grupo de mayores valores de similitud, pero con una correlacion baja. Se
destaca el hecho de que sélo exista un punto de muestreo, de modo que es dificil
generalizar a toda una zona en una categoria de similitud con solo un punto. Seria
interesante investigar mas puntos ya que se obtuvo un valor alto de s.

Rio grande, muestra 20 depdsito aluvial

Para la zona del deposito aluvial de rio Grande, existe solo una muestra con
respecto a cada punto, donde el valor mas alto de s y R? se encuentra, una vez
mas, con respecto al punto 19, con valores de s = 0,554 y R? = 58,375%.
Nuevamente, la similitud es mayor con respecto al punto 19, luego al 20 y en

menor medida al 21.

En relacion con el total de las muestras, esta zona seria de los menores valores en
similitud, pero el segundo mayor valor de correlaciéon entre todas las zonas
estudiadas.

Se infiera que existe la posibilidad de que haya aporte sedimentario desde la zona
de rio Grande hacia la zona de Punta de Choros, con una correlacion alta. Se
destaca el hecho de que sélo exista un punto de muestreo, de modo que es dificil
generalizar a toda una zona en una categoria de similitud con solo un punto. Seria

interesante investigar mas puntos ya que se obtuvo un valor alto de s.

Rio Cogoti, muestra 21 depdsito aluvial

Para la zona del depésito aluvial del Rio Cogoti, existe s6lo una muestra con
respecto a cada punto, donde el valor mas alto de s y R? se encuentra, una vez
mas, con respecto al punto 19, con valores de s = 0,600 y R? = 48,763%.
Nuevamente, la similitud es mayor con respecto al punto 19, luego al 20 y en

menor medida al 21.

En relacién con el total de las muestras, esta zona seria la de mayor similitud y la
tercera mayor correlacién.

Se infiera que existe una alta posibilidad de que haya aporte sedimentario desde la
zona de rio Cogoti hacia la zona de Punta de Choros, ya que los valores de s son los
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5.2.7

5.2.8

mayores con respecto a cada punto, pero con una correlacién baja. Se destaca el
hecho de que sélo exista un punto de muestreo, de modo que es dificil generalizar
a toda una zona en una categoria de similitud con solo un punto. Seria interesante

investigar mas puntos ya que se obtuvo un valor alto de s.

Rio Combarbala, muestra 22 depdsito aluvial

Para la zona del depésito aluvial del Rio Combarbala, existe sélo una muestra con
respecto a cada punto, donde el valor mas alto de s y R? se encuentra, una vez
mas, con respecto al punto 19, con valores de s = 0,592 y R? = 37,825%.
Nuevamente, la similitud es mayor con respecto al punto 19, luego al 20 y en
menor medida al 21.

En relacién con el total de las muestras, esta zona seria la de segunda mayor

similitud, pero con la tercera correlacién mas baja.

Se infiera que existe una alta posibilidad de que haya aporte sedimentario desde la
zona de rio Combarbald hacia la zona de Punta de Choros, ya que los valores de s
son los segundos mayores con respecto a cada punto, pero con una correlacién
muy baja. Se destaca el hecho de que sélo exista un punto de muestreo, de modo
que es dificil generalizar a toda una zona en una categoria de similitud con solo un
punto. Seria interesante investigar mas puntos ya que se obtuvo un valor alto des.

Desembocadura quebrada Los Choros, Punto 16

El punto 16 corresponde a la desembocadura de la quebrada Los Choros, donde el
valor mas alto de s se encuentra con respecto al punto 20, con un valor de s =
0,376y R? = 5,433%. La similitud es mayor con respecto al punto 20, luego al 19 y
en menor medida al 21.

En relacién con el total de las muestras, esta zona seria la de menor similitud y de

menor correlacion.

Se infiera que existe la posibilidad de que haya aporte sedimentario desde la zona
de la desembocadura de la quebrada Los Choros hacia la zona de Choros Bajos,
pero que seria la zona de menor aporte en comparacién con todas las zonas
estudiadas en este trabajo y con menor correlacién con respecto a cada punto de

la zona de Punta de Choros.
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6 Conclusiones

Segun el estudio realizado, se obtuvieron valores intermedio y altos para el
parametro de similitud s, por lo que se infiere que existe la posibilidad de aporte
sedimentario desde todas las zonas estudiadas.

Los valores de similitud y correlacién fueron mayores con respecto a los puntos 14 y
15 correspondientes a la zona de Choros Bajos, que a los valores de los puntos 19, 2 y
21 correspondientes a la zona de Punta de Choros.

Tanto para la zona de Choros Bajos como para la zona de Punta de Choros, los
mayores valores de similitud y correlacion se encontraron en relacién a las muestras
correspondientes a la zona de bahia Barnes, por lo que se entiende que seria la de
principal aporte hacia el campo de dunas de Los Choros. Es importante sefalar que
ademas de ser la de mayores valores de los parametros estudiados, también es la

zona que tiene mayor cantidad de puntos de muestreo, lo que apoya esta afirmacion.

La zona que sigue a la bahia Barnes en el mayor valor de similitud con respecto a
Choros Bajos corresponde a las zonas de la bahia Tongoy, pero con valores de
correlacién bajos.

Las dos zonas que siguen a la bahia Barnes en el mayor valor de similitud con respecto
a Punta de Choros corresponden a las zonas de rio Cogoti y rio Combarbala, las cuales
tienes valores de correlacion bajos y solo un punto de muestreo.

La zona de menores valores de similitud y correlaciéon se encuentran en el punto 16,
correspondiente a la desembocadura de la quebrada Los Choros. De esto se infiere
que el principal aporte hacia el campo de dunas de Los Choros proviene
principalmente de todas las zonas estudiadas hacia el sur, principalmente de bahia
Barnes.
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