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Abstract

The Atacama Desert of northern Chile and Peru is one of the driest places on Earth,
with a modern hyperarid core, receiving less than 2 mm/yr of precipitation. The
persistent arid climate in the Atacama Desert preserves evidences of earlier ‘wetter’
periods in the geological record. These evidences indicate that even during prolonged
aridity, active geomorphological and biological processes existed. Arid conditions are
controlled by several interconnected processes, such as atmospheric circulation,
oceanic currents, and tectonic activity. Although the main factors forcing aridity have
been identified, their timing and succession is still being debated. Most paleoclimate
studies in the Atacama Desert have been carried out on the fringes of the extreme
hyperarid zone (here, hyperarid regions are considered to be those displaying
<2 mm/yr modern precipitation), in regions that still receive noticeable amounts of
precipitation and/or runoff from the high Andes. From the different study areas and
archives used contradictory views have emerged regarding the onset, duration and

intensity of hyperaridity and the interspersed ‘wetter’ periods.

This thesis presents geochronological, sedimentological and geomorphological
investigations of endorheic basins, terrace-like features and alluvial fans preserved
within the Coastal Cordillera and Central Depression of the Atacama Desert. The
overall aim is to connect different dating techniques, archives and their
interpretations to contribute to the ongoing discussion about the onset of
hyperaridity and interspersed climate variability. The information obtained about
episodes of surface activity and sedimentation are used for paleoenvironmental and
climatological reconstructions in the respective study areas and subsequently

synthesised to address the paleoclimate of the Atacama Desert at a broader scale.

Situated in the southern Central Depression of the Atacama Desert, linear features,
resembling shoreline terraces are found around Cerro Soledad and adjacent
topographic highs. These were analysed and dated using terrestrial cosmogenic
nuclide exposure dating (1°Be, 26Al, 21Ne). The information obtained about the
evolution and timing of shoreline formation reveals the chronology of lake phases and

the related denudational history of the complex Quillagua-Llamara basin.




Abstract

Ancient, inactive, alluvial fan surfaces and other preserved fluvial features in the
Coastal Cordillera south of the Rio Loa were analysed and dated to reconstruct their
age of abandonment. This part of the study contributes to the ongoing debate about
the onset of hyperaridity, interspersed ‘wetter’ (still arid) episodes and the spatial

heterogeneity, or gradients of aridity in the Atacama Desert.

Paleoclimate records from the hyperarid core of the Atacama Desert are currently
lacking. Endorheic sedimentary basins in the hyperarid Coastal Cordillera are capable
of recording even subtle autochthonous changes in precipitation and surface
modification. A ~6 m long sediment core was analysed from an isolated basin,
covering a sedimentary depositional record beginning 215 ka ago. This archive
reveals that the persistent hyperarid climate witnessed episodes of somewhat
‘wetter’ climate, which led to minor amounts of surface modification and
sedimentation in an endorheic basin within the Coastal Cordillera, coinciding with

warmer sea-surface temperatures (SST) off Chile, imitating El Nifio-like conditions.

New data and interpretations from three individual publications, covering the above
mentioned topics and collated in this thesis, were used to produce a synthesis of
paleoenvironmental and climatological reconstructions for the Atacama Desert. As
various archives and methods are used, an evaluation of these archives and methods

is conducted within the scope of this thesis.
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Kurzfassung

Die Atacama-Wiiste im Norden Chiles und Perus ist einer der trockensten Orte der
Erde, mit einem modernen hyperariden Kern mit weniger als 2 mm/a Niederschlag.
Das anhaltend trockene Klima in der Atacama-Wiste bewahrt Spuren von
zwischenzeitlichen ,feuchteren“ Perioden. Diese Spuren zeigen, dass auch bei
langerer Trockenheit; Oberflachenaktivitdt und biologischer Aktivitat vorhanden war
und ist. Die Entwicklung zur Wiiste wird durch mehrere ineinandergreifende
Prozesse gesteuert, wie z.B. atmospharische Zirkulation, ozeanische Stromungen und
tektonische Aktivitat. Die wichtigsten Einflussfaktoren wurden bereits identifiziert,
ihre zeitlichen Einfliisse und ihre Abfolge sind jedoch umstritten. Bis dato
fokussierten sich die meisten Paldoklimauntersuchungen am Rand zur hyperariden
Wiiste und vermieden Regionen der extremen Hyperariditit (<2mm/a). Studien
wurden in Regionen durchgefiihrt, die noch immer spiirbare Niederschldge und/oder
Eintrdge aus den hohen Anden erhalten. Basierend auf verschiedenen
Untersuchungsgebieten und Archiven, sowie abhdngig von Einschrankungen und
Annahmen gewisser Proxies, entwickelte sich eine fortwahrende Diskussion tiber den
Beginn und die Dauer der Hyperariditat, sowie iiber den Zeitpunkt und die Intensitét

zwischenzeitlicher "feuchterer” Episoden.

Diese Arbeit stellt geochronologische, sedimentologische und geomorphologische
Untersuchungen von endorheischen Becken, terassenartigen Landschaftsstrukturen
und alluviale Facher vor, die in der Kiistenkordillere und der Zentralen Depression
der Atacama Wiiste erhalten sind. Aufgrund der langen Geschichte der Ariditat in der
Atacama, beschaftigt sich diese Dissertation mit der Verbindung verschiedener
Datierungstechniken, Archiven und deren Interpretationen, um mithilfe neu
gewonnener Erkenntnisse zur fortwdhrenden Diskussion iiber den Beginn der
Ariditat und zwischenzeitlichen Klimaschwankungen beizutragen. Die gewonnenen
Erkenntnisse Uber Episoden mit Oberflachenaktivitit werden fiir Palaoumwelt
und -klima Rekonstruktionen im jeweiligen Untersuchungsgebiet, sowie fiir

grofdraumige Implikationen fiir die Atacama-Wiiste verwendet.

Im siidlichen Zentraltal der Atacama-Wiiste wurden lineare geomorphologische

Strukturen, vermutlich Strandterrassen, um den Berg ,Soledad” und angrenzenden
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Kurzfassung

topographischen Erhéhungen analysiert und mithilfe von kosmogener
Expositiondatierung datiert (1°Be, 26Al, 21Ne). Die gewonnenen Informationen tiber
die Entwicklung und den Zeitpunkt der Bildung jener Strandterrassen offenbaren das
Auftreten diverser Seephasen und geben einen Einblick in die Denudationsgeschichte

des Quillagua-Llamara-Beckens.

In der Kiistenkordillere siidlich des Rio Loa wurden alte, inaktive, alluviale
Schwemmfacher und fluviale Strukturen analysiert und datiert (2'Ne, 1°Be). Mithilfe
dieser Daten wird ihre Entstehung und der zeitliche Rahmen des Endes der Aufgabe
dieser Sedimentationssysteme rekonstruiert. Diese Studie leistet einen Beitrag zur
laufenden Debatte tiiber den Beginn der Hyperariditat, zwischenzeitlichen
"feuchteren” (weiterhin arid) Episoden, und der raumlichen Heterogenitat der

Trockenheit in der Atacama Wiiste.

Paldoklimarekonstruktionen aus dem hyperariden Kern der Atacama-Wiiste fehlen
derzeit. Endorheische Sedimentbecken in der hyperariden Kiistenkordillere sind in
der Lage, selbst subtile autochthone Veranderungen in der Niederschlagsmenge und
deren Oberflacheneinfluss zu erfassen. Ein ~6 m langer Sedimentkern wurde aus
einem geschlossenen Becken analysiert, welcher die letzten 215 ka Klimageschichte
abdeckt. Dieses Archiv verdeutlicht, dass das anhaltende hyperaride Klima, von
"feuchteren” Klimaepisoden unterbrochen wurde, welches zu geringer
Oberflachenaktivitat und Sedimentation in jenes endorheisches Becken innerhalb der
Kiistenkordilleren fiihrte. Feuchte Phasen treten synchron mit erhéhten

Meeresoberflichentemperaturen auf und dhneln vermutlich El Nifio Bedingungen.

Neue Daten und Ergebnisse aus drei Veroffentlichungen werden in dieser Arbeit
vereint. Diese werden flir eine Synthese zur geomorphologischen und
paldoklimatologischen Landschafts- und Umweltrekonstruktion verwendet. Des
Weiteren wird im Rahmen dieser Arbeit eine kritische Bewertung der genutzten

Archive und Methoden vorgenommen.
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Preface

Aridity is defined by the limitation of water in the environment. Implementation and
impact of aridity vary from place to place and through time, therefore its definition,
appearance and environmental influences are complex and require careful
investigations. One of the few places on Earth which experience pronounced effects
of aridity is the Atacama Desert. This region is of major scientific interest, not only for
space science and the search for Earth-Mars analogies, as shown by recent scientific
collaborations such as the ‘Collaborative Research Center 1211’, which faces the
significant ‘mutual evolutionary relationships between Earth surface processes and
biota’ (CRC 1211). Under arid climate conditions surface processes operate relatively
slow, especially in the absence of water. However, even short episodes of increased
water availability are able to produce long-lasting traces of surface and biological
activity. Defining the spatial extent and the temporal variations of aridity in a certain
area is a complex issue. ‘Spotiness’ of rainfall events, heterogeneous catchments (size,
elevation, moisture source and transport), drainage processes (surface abandonment,
channel incision, drainage bypass) as well as tectonic activity (tectonic blocking or
tilting) can result in considerable spatial and temporal inequalities of aridity in its
hydrological, geomorphological and biological effects. Beside scientific questions
about recent effects of aridity and processes, the way towards aridity of landscapes
and evolution of life is of major social interest. Understanding and reconstructing
forcing factors and processes leading to aridity as well as the temporary return of
humid conditions are important to grasps our system ‘Earth’ and predict future
climate conditions. To contribute to the investigation of those major research

questions, this thesis is dedicated to the Atacama Desert in northern Chile.






1. Introduction

The Atacama Desert of northern Chile and Peru is one of the driest places on Earth. Its
extension is bound and restricted by the high Andes to the east, the cold Humboldt
current (Pacific Ocean) to the west (Fig. 1) and reaches from southern Peru in the
north to the area near Santiago de Chile in the south. Arid conditions exist especially
along the coast, above the Coastal cliff, and on the lower-elevated levels of the western
Andean foreslope/foothills. Precipitation decreases and aridity increases towards the
hyperarid core of the Atacama Desert (Fig. 2), which is recently restricted to an area
of less than 2 mm/yr precipitation in the Coastal Cordillera and Central Depression
between 19-23°S (Houston, 2006b). Precipitation increases by 1-2 orders of
magnitude towards the east where the Andes increases in height. A pronounced
influence/effect of Atlantic air masses is responsible for precipitation on the
Altiplano-Puna Plateau. More frequent storms and an increase in precipitation occurs

south of Antofagasta.

Regarding the climatic evolution of the Atacama Desert, three major forcing factors
are responsible for the desertification. (1) The position of the Atacama Desert at the
subtropical high-pressure belt, in a zone of descending stable air, which could have
been established since the late Jurassic (Hartley et al., 2005). (2) The subduction of
the Nazca Plate under the South American Plate, that led to the uplift and evolution of
the Central Andes, implementing a significant rain-shadow effect for Atlantic air
masses. (3) The establishment of the cold Humboldt Current to the west of the
Atacama Desert, which inhibits moisture uptake of onshore winds. Forcing factors
might be identified, however, the onset and permanency of the hyperarid conditions

and its spatial extend is matter of an ongoing scientific debate.

Due to the nearly fixed latitudinal position of the South American continent since at
least 150 Ma (Hartley et al., 2005) and the evolution of the Humboldt current since
the establishment of the Antarctic Circumpolar Current after ~50 Ma (opening of the
Drake passage, Scher and Martin, 2006; Lagabrielle et al., 2009; Cristini et al., 2012),
arid conditions could have prevailed in the Atacama region since at least the early
Oligocene (Hartley, 2003; Dunai et al., 2005). However, there is a wide range of other
geological ages proposed for the onset of aridity (Sillitoe and McKee, 1996; Saez et al.,
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1. Introduction

1999; Hartley and Chong, 2002; Rech et al., 2003; Dunai et al., 2005; Nishiizumi et al.,
2005; Latorre et al., 2006; Rech et al.,, 2006; Kober et al., 2007; Nester et al., 2007;
Evenstar et al., 2009; Placzek et al,, 2010; Gayo et al., 2012b; Saez et al., 2012; Jordan
et al.,, 2014; Evenstar et al., 2017).

The diversity of proposed ages for the onset is partially due to the different proxies
used and their interpretation, e.g. sensitivity to climate variation. For example, the
termination of supergene copper enrichments in the Atacama Desert can be either
related to the uplift of the Andes and subsequent incision and groundwater lowering
(Clarke, 2006) or only to climate change as the result of increasing aridity (Alpers and
Brimhall, 1988; Sillitoe and McKee, 1996; Bouzari and Clark, 2002). In addition,
regarding modern climate gradients, the location of consulted archives/records may
explain the difference in ages for the onset of hyperarid conditions (Coastal Cordillera
vs. Andean foothills). To date, studies investigating archives in the driest part
containing Miocene relict surfaces (Dunai et al., 2005; Carrizo et al., 2008; Evenstar et
al., 2009; Jordan et al., 2014) are scarce, but may exhibit the greatest potential of
identifying the onset of aridity.

The Atacama Desert experienced several interspersed episodes of ‘wetter’ (still arid)
conditions, which facilitate surface activity, sediment transport and deposition (e.g.
Jordan et al, 2014; Evenstar et al, 2017). These archives only exhibit short
discontinuous glimpses into the past and are mainly recorded from the Central
Depression, which also receives precipitation from the high Andes to the east.

On shorter time-scales (late Pleistocene and Holocene) there is a more or less
consensus that the Atacama Desert and especially the hyperarid areas experienced
phases of somewhat ‘wetter’ climate with enhanced surface activity. Marine archives
indicate a migration of Pacific frontal systems 150-200 km to the north during glacials
(Lamy et al., 1998; Lamy et al.,, 2000; Stuut and Lamy, 2004; Rojas et al., 2009),
creating wetter conditions in the southern areas (>23°S) that are presently
characterized by hyperarid conditions (Maldonado et al., 2005; Quade et al., 2008;
Diaz et al,, 2012). Climate archives from the Andean foothills indicate increased
summer precipitation at the beginning of deglaciation, which led to an increased
runoff from the Precordillera (Betancourt et al., 2000; Bobst et al., 2001; Gayo et al.,
2012a; Gayo et al.,, 2012b; Latorre et al., 2013).




2. Background of Northern Chile

All of these archives/records skirt the zone of extreme hyperaridity (<2mm/yr
precipitation) and are likely to be influenced by an allochthonous precipitation signal,
as their headwaters of their catchment are partly lying deep in the high Andes and/or
they are influenced by more than one moisture source. The chronology of climate
records from the hyperarid Atacama Desert (Coastal Cordillera) has large gaps, which
result from a limited number of adequate archives and suitable analysis methods.
Longer-term continuous archives are currently lacking from the hyperarid Atacama

Desert.

2. Background of Northern Chile

The following sections provide a first brief overview about the study area (Andes,
Atacama), including geology and geomorphology, as well as about factors for aridity
and recent climate conditions of the Atacama Desert. As this thesis is based on three
individual publications, the reader is also referred to the respective chapters for more

detailed information about each project and study site.

2.1 Tectonic framework of the Central Andes in Northern Chile

The central Atacama Desert is located in the fore-arc region of the Central Andes in
northern Chile. The Peru-Chile trench is located just 70-150 km offshore
(Allmendinger et al.,, 2005, and citations therein, Fig. 1). The Andean orogeny started
during the Cretaceous (Haschke et al., 2002) with the beginning of the subduction of
oceanic lithosphere beneath the western margin of South America, where the active
magmatic arc was situated in the present-day Coastal Cordillera (Haschke et al,,
2002). The emplacement of granitic and granodioritic plutons in the Coastal
Cordillera witnesses its magmatic origin (Scheuber and Gonzalez, 1999). Repeated
stepwise migration of the magmatic arc to the east resulted in the establishment of
the recent arc in the Western Cordillera since the Miocene (Haschke et al., 2002). The
former back-arc basin to the east resembles now the Altiplano Plateau, which
experienced significant uplift and represents an endorheic high altitude basin. The
Atacama Desert situated between the Western and Eastern Cordillera. During the
Paleogene, continental sedimentation started to fill up basins in the forearc and

backarc of the new magmatic arc (Hartley et al., 2005). From the Oligocene to the




2. Background of Northern Chile

Early Miocene on, the present-day morphological structure of Northern Chile evolved
with the occurrence of large erosional surfaces and large depo-centres (e.g. Central

Depression Evenstar et al,, 2017, Fig. 1,2).

2.2 Geological and geomorphological overview of the Atacama Desert

Three main N-S trending physiographic units constitute the Atacama Desert (Hartley
and Evenstar, 2010): the Costal Cordillera, the Central Depression or Longitudinal
Valley and the Precordillera (Fig. 1). To the west, the ‘forearc’ zone is bounded by the
Western Cordillera, which forms an active volcanic arc (Hartley and Evenstar, 2010).
The term “Atacama Desert” is widely used for the entire coastal area (and higher
elevated areas to the east) between southern Peru in the north up to La Serena in the
south. As this area covers several magnitude differences in climate variability, there
are certain inequalities by using the term Atacama Desert, implying to be in the
hyperarid part of the desert. The focus of this thesis lies on the Atacama Desert
between 23-18°S. For spatial differentiation, the classification of the Atacama Desert
related to aridity are used following recent precipitation patterns (Houston, 2006b).
In the following, the hyperarid Atacama Desert is considered to the region with less

than >2mm/yr precipitation (Fig. 2, Houston, 2006b).

Precordillera

The Precordillera forms the transition from the low Central Depression towards the
Altiplano and the Western Cordillera (Fig. 1) with heights between 1900-2300 m to
the westand 3200-3670 m to the east (Hartley and Evenstar, 2010). The Precordillera
consists of Late Cretaceous to Oligocene magmatic and volcanic rocks (Charrier et al.,
2013). Miocene ignimbrites cover large parts of the Precordillera and were locally
deformed (e.g. Garcia and Herail, 2005). The Precordillera south of 22°S is
characterized by a series of Cenozoic foreland basins called the Pre-Andean basins
(Fig. 1), including the Calama basin and the Salar de Atacama. The perennial Rio Loa
flows from the high Western Cordillera through the Calama basin into the Central
Depression, more precisely into the Quillagua-Llamara basin. The Rio Loa proceeds to
the Pacific, creating an up to 800 m deep canyon (Fig. 2). The Precordillera proceeds

westwards into the depositional system of the Central Depression.
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Figure 1: Natural-colour satellite image of west-central South America (NASA composite
satellite image for March from Visible Earth - NASA’s Earth Observatory) showing the most
important morphotectonic units of the Atacama and Andes. Red square marks the research area

of this thesis. CB = Calama Basin, SdA = Salar de Atacama.
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Central Depression:

A long N-S stretched topographic basin between the Costal Cordillera and the
Precordillera is referred to as the Central Depression/Basin or Longitudinal Valley
(Fig. 1). In northern Chile, it contains the Pampa de Tamarugal in the north and the
Quillagua-Llamara basin in the south. At Arica, where the Coastal Cordillera is absent,
the Central Depression is directly connected to the Pacific. The mean altitude is about
1000 m; whereas in the east the elevation rises up to 2000 m. The Central Depression
is separated to the west by the north-south trending Atacama Fault System (AFS)
(Hartley and Evenstar, 2010). The AFS formed during the Jurassic and Early
Cretaceous as intra-arc shear zone (Scheuber and Andriessen, 1990) and exhibits a
long history of transitional and extensional dynamics (Okada, 1971). The Central
Depression is filled up with a 1500 m thick sequence of sedimentary deposits and acts
as the main depo-center for sediments shed from the high Andes to the east (e.g.
Mortimer and Saric, 1975; Hartley et al.,, 2000). The northern part of the Central
Depression is deeply incised by some ‘Quebradas’, draining catchments of the Pre-
and Western Cordillera. Between 20°30’S and 19°30’ the Central Depression is an
endorheic basin (Evenstar et al., 2017) largely fed by groundwater of the Pampa de
Tamarugal aquifer (Scheihing et al., 2017).

The southern Central Depression, locally termed Quillagua-Llamara Basin (QLB)
extends to 23°S. This exoreic basin is drained by the perennial flowing Rio Loa, which
receives its water from higher elevated regions to the east (Fig. 2). The Rio Loa is the
only drainage which reaches the Pacific and drains the high Andes between Pisagua
(in the north) and Taltal (in the south), ~600 km distance. However, large parts of the
basin act as base level for most of the streams descending from the Andes. Sediments
of the QLB reveal not only clastic sedimentation of alluvial fans proceeding into the
basin from the east (e.g. Arcas fan). Endorheic deposition took place before opening
of the QLB towards the Pacific, with several lacustrine and evaporitic episodes during
the late Miocene and Plio/Pleistocene (e.g. Chong et al., 1999; Saez et al., 1999;
Quezada et al., 2012; Sadez et al, 2012; Quezada et al., 2013). The formation of
lacustrine and evaporitic conditions in the QLB were controlled by climate and partly
enhanced by tectonic activity of the adjacent Calama Basin (May et al., 1999; Saez et

al., 1999; Saez et al.,, 2012). The incision of the Rio Loa (precise onset unknown,
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though Plio/Pleistocene is hypothesized) resulted in a base-level drop of up to
1000 m. Subsequent large-scale denudation took place and eroded most of the former

lacustrine and evaporitic sediments.

Costal Cordillera in northern Chile

The Costal Cordillera is up to 3 km high with an average of 1 km and has a maximum
width of 50 km. The Costal Cordillera extends along northern Chile (Fig. 1) and is
bounded to the west by the coastal escarpment (600-1900 m), which represents a cliff
of presumably Miocene age (Mortimer, 1973; Radtke, 1989; Hartley and Jolley, 1995;
Ortlieb et al,, 1996; Regard et al., 2010). The Coastal Cordillera vanishes near Arica at
the axis of the Bolivian Orocline (Armijo et al., 2015) and reappears further north. The
Central Depression, in this area, is also referred to as Pampa de Tamarugal, acts like a
sedimentation trap for Neogene sediments mostly derived from the Precordillera to

the east (Mortimer and Saric, 1975; Evenstar et al., 2009).

The Coastal Cordillera is dissected by several large ‘Quebradas’ (e.g. Azapa,
Camarones, Lluta, Fig. 2) in the northern part (19.3°-18.0°S) and south of 24°S. In
between, the only drainage system for over 600 km which reaches the Pacific through
the Coastal Cordillera is the Rio Loa. The bedrock consists of remnants of a Jurassic
arc, containing granodiorites and andesites (Hartley and Evenstar, 2010). The
magmatic arc replaced a crust consisting of Paleozoic sedimentary and Precambrian
metamorphic rocks (Allmendinger et al., 2005). The Coastal Cordillera consists of a
block-faulted Paleogene landscape (Mortimer and Saric, 1975; Tosdal et al., 1984;
Dunai et al., 2005; Carrizo et al., 2008; Allmendinger and Gonzalez, 2010). Three
tectonic structures are responsible for the geomorphology of the Coastal Cordillera: a
system of N-S orientated faults representing the Atacama Fault System (AFS), an E-W
orientated reverse fault system (Allmendinger et al., 2005) and a system of faults with
a NNW-SSO orientation. Within the Coastal Cordillera, several half-grabens created
sedimentary basins, which were filled with Oligocene and Miocene alluvial deposits
and also younger sediments (Hartley and Evenstar, 2010). Large scale sedimentation
ceased at the end of the Oligocene and formed the regionally widespread ‘Coastal

Tarapaca pediplain’ (Mortimer and Saric, 1972).
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The old tectonically dissected landscape in the Coastal Cordillera has a notable lack of
recent fluvial landscape features and is best preserved between Arica and Antofagasta
(Mortimer and Saric, 1975; Dunai et al., 2005; Carrizo et al., 2008). Numerous surfaces
with Miocene exposure ages have been recognized in the core of this area (Dunai et
al., 2005; Carrizo et al., 2008). Most surfaces in the hyperarid core of the Coastal
Cordillera (21°30°-19°30°S) are covered by powdery gypsum-rich material. Fossil
traces of former fluvial activity are widespread and locally tectonically dissected
(Carrizo et al., 2008; Allmendinger and Gonzalez, 2010). A narrow band along the
entire coast receives precipitation from fog (‘camanchaca’, Cereceda et al., 2008) and
rare rainstorms, causing localized denudation in the Coastal Cordillera and the
corresponding deposition (Vargas et al., 2006; Carrizo et al., 2008; Gonzalez et al.,
2008; Bakeretal.,, 2013). The fog usually does not exceed heights greater than 1000 m
a.s.l.. However, fog can penetrate deep into the hinterland moving along topographic

corridors, like ‘Quebradas’, transporting moisture to the interior.
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Figure 2: Colour shaded digital elevation
model (derived from SRTM-data, created
using ArcGIS 10.5.1) with isohyets
(Houston, 2006b). Dashed black line
indicates the border between winter-
and summer-rain dominated areas
(Houston, 2006b). Note the zone of
extreme hyperaridity (<2mm/yr
precipitation) in the Coastal Cordillera
e L and parts of the Central Depression (19-

ey 23°S). Precipitation increase towards
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2.3 Reasons for aridity

The Atacama Desert, likewise the Namib Desert, is a coastal desert. The primary
causing factor for aridity is the position at the eastern boundary of the subtropical

Pacific. A combination of several factors is responsible for the desertification:

(1) Subtropical atmospheric subsidence: a primary cause for aridity in the

Atacama Desert is its position at the subtropical high-pressure belts, in a zone
of descending stable air. Large-scale atmospheric subsidence creates dry
conditions and lead to the evolution of a surface anticyclone over the southeast
Pacific that prevents atmospheric influences from mid- and high latitudes
(Maldonado et al, 2005; Houston, 2006b; Takahashi and Battisti, 2007;
Garreaud et al., 2009). Rare and unreliable precipitation is mostly associated
with seasonal movements of atmospheric systems of the intertropical
convergence zone or northward shifting southern Westerlies (Houston,
2006b; Garreaud et al., 2009).

(2) Coastal upwelling of the Humboldt Current: The Humboldt or Peru-Chile

current flows northward along the west coast. Upwelling of cold water masses
from high-latitudes are induced by southerly winds (Martin et al., 2007),
impeding the moisture uptake of coastal onshore winds by low-surface
evaporation. This results in a strong temperature inversion layer at ~1000 m,
leading to the evolution of a persistent cover of stratus clouds along the coastal
cliff (Houston, 2006b).

(3) Rain shadow effect of the Andean Cordillera: The rise of the Andean mountain

range to the east leads to orographic rainfall on the eastern side of the Andean
mountains and prohibits moisture transport to most areas of the Atacama
Desert (Houston, 2006b; Garreaud et al, 2009; Garreaud et al, 2010).
However, precipitation sourced from the Atlantic, reaching the Andes and
especially the Altiplano-Puna Plateau can significantly contribute to the
groundwater supply of lower-elevated western parts of the Atacama, with
headwaters deep in the high Andes (e.g. Rio Loa, Fig. 2).

(4) High evaporation rates in most areas of the Atacama Desert additionally

support hyperarid conditions (Houston and Hartley, 2003; Houston, 2006a;
Surma et al., 2018).
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2.4 Recent climate conditions

Increased precipitation tends to occur throughout the Precordillera and Altiplano
when strong upper level easterly winds enhance moisture transport from Amazonia
during austral summer (Fig. 3, December to February; Garreaud et al.,, 2003; Garreaud
etal., 2009). As a consequence of the easterly moisture source, a rain shadow develops
over the Precordillera and Atacama Desert. The Mean Annual Precipitation (MAP)
declines rapidly from over 300 mm/yr at 5000 m to less than 20 mm/yr at 2300 m
(Houston and Hartley, 2003, Fig. 2). Below 2300 m, associated with the Central
Depression and the Coastal Cordillera, is a zone of extreme hyper-aridity for which
MAP is <2 mm per year (Fig. 2, Houston, 2006b). Winter rainfall is largely sourced
from northerly and easterly moving frontal systems originating from the Pacific (Fig.
3, Vuille and Ammann, 1997).

Due to the temperature inversion over the cold Peru-Chile Current (PCC), westerly
precipitation originating from the Pacific Ocean is recently sparse. Although westerly
precipitation events, like the recent flood of March 2015 in northern Chile,
unfrequently occur in the Atacama (Bozkurt et al., 2016). These events can be either
connected with cut-off north-migrating low-pressure cells from the Southern
Westerlies (Vuille and Ammann, 1997) or ‘El Nifio’ conditions in the SE Pacific, which
destabilize and reduce the temperature inversion (McKay et al, 2003). Regional
warming of the subtropical southeast Pacific, as appearing during ‘El Nifio’ conditions,
effectively increase precipitation and moisture along the west coast and especially on
the arid western slopes of the Andes of South America due to reduction of thermal
subsidence and anticyclonic flow, as confirmed by climate models (Garreaud et al,,

2010).

Possible easterly precipitation arises from moist Atlantic air masses passing the
Amazon basin, leading to relief rainfall at the eastern flanks of the Andes and in parts
of the Altiplano (Fig. 3). The so called ‘La Nifia’ conditions occur predominantly during
austral summer (Dec-March), which are characterized by cooler atmospheric
temperatures, easterly wind anomalies and above-average precipitation in the sub-
to tropical western South America (Aceituno, 1988; Vuille, 1999; Vuille et al., 2000).
These rare conditions are directly connected to the strength and position of the

Bolivian High (Vuille et al., 2000). A southward displacement and intensification of

13
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the Bolivian High hamper upper tropospheric westerly wind flow and supports a
strengthening of the easterlies and a corresponding moisture flux from the Amazon
basin (Fig. 3). These air masses can spill over the Central Andes and reach the upper
Western Andean flank (Vuille and Keimig, 2004). Precipitation originating from the
Atlantic mostly affects the eastern high Andes and the Altiplano, indications of
Atlantic-sourced moisture in the Central Depression and Coastal Cordillera are not

evident.

SE Pacific
Anticyclone K America

S Atlantic
Anticyclone

Midlat. Precipitation

Tropical Rainfall

__ Antarctica

Figure 3: Schematic sketch of the low-level atmospheric flow (roughly from surface to about
1500 m.a.s.l, modified from Garreaud et al. (2009). Additionally, major ocean currents and

climate features are shown.
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The hypothesis that climate conditions/variability is out of phase or anti-phasing
between the low-level Atacama Desert and the Altiplano-Puna is under debate and
difficult to test due to the lack of continuous long paleoclimate records from the core
of the Atacama Desert. However, preliminary research suggests such conditions may
have occurred during the Holocene (Fontugne et al., 1999). During negative El Nifio
Southern Oscillation (ENSO), i.e. El Nifio conditions, dry conditions persists on the
Altiplano, which can be supported and reconstructed from lake sediments of Lake
Titicaca (Fritz et al.,, 2004; Fritz et al., 2007; Baker and Fritz, 2015). On the other hand,
during positive ENSO, i.e. La Nifia conditions, a tendency towards wetter conditions,
with enhanced flow of easterly Atlantic air masses from the Amazon Basin are

observed (Garreaud et al., 2003; Houston, 2006b).

The third moisture source is fog, locally named ‘camanchaca’ (Cereceda et al., 2002;
Cereceda et al, 2008). The South Pacific Anticyclone and the position at the
subtropical high pressure belt cause strong subsidence and the formation of a thermal
inversion producing only stratus and stratocumulus clouds (Cereceda et al., 2008; del
Rio etal, 2017). These clouds reach the Coastal cliff between 400 and 1000 m altitude
and create fog oases (Cereceda et al,, 2002). Where the topography allows a deeper
penetration through corridors, such as the Rio Loa canyon, fog can penetrate deep
into the hinterland. This type of moisture transport is the most important source of
water in the otherwise arid desert and contributes significantly to the bio-geological
formation of soils and soil crusts in the Atacama Desert (Caceres et al., 2007; Wang et

al,, 2015; Cosentino and Jordan, 2017).
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Within this contextual framework, the research projects reported in this dissertation have
the attempt to provide a better understanding of the landscape processes in the hyperarid
Atacama Desert, as well as to give new insights into the evolution towards hyperarid
conditions within the Atacama Desert. The overarching goal of these projects is to
reconstruct long-term patterns of climate parameters, e.g. paleo-precipitation, in the
central Atacama Desert, and their effects on geomorphology and geomorphological
processes. Due to the application of complementary methods, which cover different
timescales, a prolonged reconstruction is possible, combining different
chronostratigraphic dating techniques. These studies link new results and
reconstructions from the Central Depression and the Coastal Cordillera and contribute to
a better understanding of the paleo-landscape and climate evolution in arid to hyperarid

environments.
The obtained data were used to achieve the following objectives:

(1)  Reconstruct paleoclimate conditions and landscape processes within the

hyperarid core of the Atacama Desert and the evolution towards hyperaridity.
(2)  Contribute to the ongoing debate of the onset of hyperaridity.

(3) Discuss the importance of spatial and temporal variations of hyperaridity and
paleo-precipitation episodes, defining spatial borders of hyperaridity and their

fluctuations.

(4) Identify short-term (Quaternary) and long-term (Paleogene/Neogene) climate

variations in the Atacama Desert.

Chapter 4 presents research conducted in the southern Central Depression on linear
features, resembling shoreline terraces, around Cerro Soledad and the adjacent
topographic hills (Fig. 4). In order to improve the recent knowledge about paleo lacustrine
systems in the Quillagua-Llamara Basin (QLB), a terrestrial cosmogenic nuclide (TCN)
study was performed in order to contribute to the recent contradictory temporal
reconstruction of the Soledad lake phase. Along with this study, further insights about the

basin evolution were gathered. The main focus is set on the cessation of the paleo
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endohereic Quillagua-Llamara Basin (Fig. 4) within the latest lacustrine stages and the

possible cause for this substantial change.

Chapter 5 presents a TCN exposure dating study of ancient alluvial fan systems south of
the lower course of the Rio Loa within the Coastal Cordillera (Fig. 4). The Coastal
Cordillera can be defined as a more or less independent system in the Atacama Desert,
concerning precipitation pathways and drainage catchments. The data obtained in this
study gives major insights in the evolution of hyperaridity in the Coastal Cordillera, at the
southern edge of the hyperarid core of the Atacama Desert (preservation of Miocene
surfaces). It contributes to the debate about the onset and spatial variation of aridity in
the Atacama Desert and represents an explanation for the spatial and temporal
discrepancies related to hyperaridity in the Atacama Desert. Moreover, the achieved age
constraints give further insights in the tectonic history of fault systems in the Coastal
Cordillera and permits the combination with previous published data about lacustrine
phases within the southern Central Depression. This study contributes to the knowledge
of the temporal onset and cessation of endorheic drainage systems in the Central

Depression.

Chapter 6 focuses on a sedimentary paleoclimate record from a small endorheic basin
within the Coastal Cordillera, one of the most isolated patches in the Atacama Desert
(Fig. 4). To date, paleoclimatic and environmental records are restricted to the Central
Depression and the Andean foothills. Records and paleoclimate archives from the Coastal
Cordillera are currently lacking. The results of this project reveal information on the
fluctuations of prevailing hyperarid climate conditions and the frequency of intervening
“wet” phases in comparison to regional and global climate records. This study gives
further insights into the complexity and difficulty of dating such sediments with common

dating techniques.
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Figure 4: Google Earth Satellite Image (03.07.2018 Data Image Landsat / Copernicus) indicating all
study sites dedicated to this thesis. Major landscape features are marked, e.g. Salar Grande, Rio Loa,
boundary between Coastal Cordillera and Central Depression (stippled white line). Drainage
catchments for each study area are marked in light blue. Note that sedimentation systems in the
Central Depression (Study 1) have headwaters deep in the Precordillera and Altiplano and are
dominated by more distant precipitation sources than isolated drainage and depositional systems in

the Coastal Cordillera (Studies 2 and 3).

Chapter 7.1 gives a synthesis of the major findings based on the presented publications in
Chapters 4-6 and existing studies. It focusses on the limitations of landscape
reconstruction and points to major uncertainties and gaps in our knowledge about the
area. It points to the importance of the geographical position of climate archives to
reconstructed climate variations. Although, the general expression of the Atacama Desert
is to be the driest and the oldest desert on Earth, there are variable internal spatial and
temporal delimitations, illustrating the heterogeneity of the climate history of the
Atacama Desert. The question “Where does the moisture come from?” plays a major role
in identifying the major influencing factors modifying the hyperarid Atacama Desert over

longer time-scales.
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Chapter 7.2 provides a brief discussion about potentials and limitations of the applied
methods and investigated archives. It focusses on cosmogenic nuclide exposure dating

and sediment archives.

Chapter 8 finally provides a brief discussion about outstanding questions, which evolved
from the studies presented in this thesis. First ideas are shortly mentioned, which could

answer these questions for future scientific research in the Atacama Desert.
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ARTICLE INFO ABSTRACT

Cosmogenic nuclide exposure dating of ancient shoreline terraces of the Quillagua-Llamara Soledad Lake in the
central Atacama Desert of northern Chile provides new insights in the paleohydrology of the driest desert on
Earth. The lake developed in a paleo-endorheic drainage system in the Central Depression prior to draining into
the Pacific due to incision of the Rio Loa canyon. The durations of lake stages were sufficiently long to form
wave-erosion induced shoreline terraces on the wind-exposed slopes of former islands. Successively younger
shoreline levels are preserved over an elevation range of 250 m due to progressive uplift of the islands coeval
with the lake stages. Cosmogenic '°Be- and ?'Ne-derived exposure ages of the shorelines reveals that the hy-
perarid conditions in the Rio Loa catchment were interspersed by several pluvial stages during the Pliocene and
Pleistocene, which generated a large and persistent lake in the Quillagua-Llamara basin. The exposure ages of
the final lake stage provide the maximum age for the incision of the Rio Loa canyon (274 * 74 ka) and the

Keywords:

Cosmogenic nuclide exposure dating
Atacama desert

Lake shorelines

subsequent breaching of the Coastal Cordillera.

1. Introduction

The Atacama Desert of northern Chile is one of the driest places on
Earth; the extreme hyperarid core (Coastal Cordillera, Central
Depression; Fig. 1) receives less than 10 mm/yr of precipitation
(Houston and Hartley, 2003). While the main factors controlling hyper-
aridity in the Atacama Desert are established, the onset and perma-
nence of hyper-aridity remain a matter of debate (e.g., Sillitoe and
McKee, 1996; Séez et al., 1999; Hartley and Chong, 2002; Rech et al.,
2003; Dunai et al., 2005; Nishiizumi et al., 2005; Latorre et al., 2006;
Rech et al., 2006; Kober et al., 2007; Nester et al., 2007; Evenstar et al.,
2009; Placzek et al., 2010; Gayo et al., 2012; Séez et al., 2012; Jordan
et al.,, 2014; Evenstar et al., 2017). The nearly stable position of the
South American continent over the last 150 million years (Hartley et al.,
2005) and the establishment of the Peru-Chile Current system at around
50 Ma (Cristini et al., 2012) support the notion that predominantly arid
conditions persisted since the early Miocene (Dunai et al., 2005), and
potentially even earlier (Hartley et al., 2005). Secular variations of the
global climate system during the Cenozoic (Zachos et al., 2001) led to
punctuations of the prevailing hyperarid climate in the Atacama Desert
by wetter (though still arid) periods (e.g., Betancourt et al., 2000; Dunai
et al., 2005; Nester et al., 2007; Rech et al., 2010; Séaez et al., 2012;
Jordan et al., 2014; Evenstar et al., 2017). These pluvial phases are

* Corresponding author. Zuelpicher Strasse 49a, 50674 Cologne, Germany.
E-mail address: benedikt.ritter@uni-koeln.de (B. Ritter).

https://doi.org/10.1016/j.quageo.2017.11.002

evident from Miocene-Pliocene lacustrine and fluvial sediments in the
Central Depression (e.g. Gaupp et al., 1999; Sdez et al., 2012; Kirk-
Lawlor et al., 2013).

Here we present new insights into the timing of relatively wet
periods in the Central Depression based on exposure dating of former
shoreline terraces of the Quillagua-Llamara-Soledad lake. These ter-
races are preserved by uplift of topographic highs in the Quillagua-
Llamara basin (QLB). New cosmogenic 19Be and ?'Ne data constrain the
timing of the most recent lacustrine phases, and the eventual draining
of the Quillagua-Llamara-Soledad Lake by the incision of the Rio Loa
canyon.

2. Background
2.1. Regional geology

The central Atacama Desert is located in the fore-arc region of the
Central Andes in northern Chile (Fig. 1). The area includes three mor-
photectonic units; the Coastal Cordillera, Central Depression, and Pre-
cordillera. The latter is bordered by the Western Cordillera, forming an
active volcanic arc (Fig. 1). The study area is located in the southern
Central Depression, bound to the west by the Coastal Cordillera and to
the east by the Precordillera. The Central Depression is a N-S elongated

Received 4 July 2017; Received in revised form 22 November 2017; Accepted 22 November 2017

Available online 24 November 2017
1871-1014/ © 2017 Elsevier B.V. All rights reserved.
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topographic basin that contains the Pampa de Tamarugal (PDT) and
includes the QLB in the south (Fig. 1 translucent blue area). The Coastal
Cordillera acts as a topographic barrier, prohibiting any appreciable
sediment transport from the Precordillera to the Pacific Ocean. This has
enabled the exceptional preservation of many tectonic deformation
features that are caused by the coupling between the subducting
oceanic Nazca plate and the South American plate in the Coastal Cor-
dillera. E-W tectonic deformation commenced at least 6 million years
ago, with fault slip rates that are typically less than 0.5 mm/year
(Allmendinger and Gonzalez, 2010).

The incision of the Rio Loa canyon transformed the QLB from an
endorheic into an exorheic basin, while parts of the northern PDT,
north of Quebrada Guatacondo, remained endorheic. Based on the age
of the Soledad Formation this could have occurred during the late
Pleistocene (Saez et al., 2012) or early Pliocene (Quezada et al., 2013).
Relict deposits of the former lacustrine and evaporitic facies and/or
corresponding diagenetic equivalents of the Quillagua-Llamara-Soledad
Lake (QLSL) are regionally widespread in the southern PDT (Fig. 1).
These may reflect pluvial periods in the last 10 million years (Sdez
etal., 2012). Although the sediment sequences have been dated several
times, some ages are contradictory and allow alternative environmental
reconstructions (Sdez et al., 1999; Sdez et al., 2012; Quezada et al.,
2013; Jordan et al., 2014).

The Central Depression is a forearc basin (Jordan et al., 2014;
Evenstar et al., 2017), bound to the west by normal faults in the Coastal
Cordillera. The basement of the Central Depression consists of Palaeo-
zoic and Mesozoic rocks, which are locally uplifted above the present-
day valley floor. In the study area, the depression is filled by up to
1000 m of Eocene to Pliocene alluvial and lacustrine sediments, inter-
bedded with volcanoclastic deposits (Jensen et al., 1995; Sdez et al.,
1999; Hartley and Evenstar, 2010; Jordan et al., 2010; Jordan et al.,
2014). Alluvial fan deposits are derived almost exclusively from the

Quaternary Geochronology 44 (2018) 1-12

Fig. 1. Geographic setting of Quillagua-Llamara basin in
the Central Depression (DEM based on ASTER GDEM data).
Orange indicates outcrops of the Soledad Formation
(Briiggen, 1950; Saez et al., 2012; Quezada et al., 2013).
Blue indicates outcrops of the Quillagua Formation (Sdez
et al, 2012). (1) Cerro Soledad, (2) Lomas de Sal, (3)
Westernmost extension of former lake, overflow of Rio Loa,
(4) Montén de Gloria Pass (831 m), (5) white area indicates
Salar Grande, (6) dashed white line denotes the Calama
basin. Translucent blue area indicates potential lake ex-
tension. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version
of this article.)

Precordillera to the east (Carrizo et al., 2008; Nester, 2008; Jordan
et al., 2014). The Tertiary PDT basin was formed by the combination of
N-S and NW-SE orientated fault system activity, predominantly of
currently supratenuous faults (Sdez et al., 1999). Neogene reverse
faulting on the Precordillera fault zone has been confirmed for the
northern PDT (Victor et al., 2004; Nester, 2008), as well for the
southern part (Nester, 2008; Nester and Jordan, 2012). Studies indicate
that fault systems in the Coastal Cordillera were reactivated during the
past 6 Ma and their effects extend into the Central Depression
(Allmendinger et al., 2005).

North to South trending elongated hills on Mesozoic basement in
the PDT (Cerro Soledad Figs. 1 and 3, Cerro Challacollo, and Cerro
Longacho, see Nester (2008)) protrude up to 300 m above the plain.
Carrizo et al. (2008) identified low angle reverse faults near the Salar de
Bellavista to be responsible for the uplift of topographic highs after 18-
19 Ma (see Fig. 16a in Carrizo et al., 2008). Evidence for young de-
formation within the basin can be found at Lomas de Sal (Fig. 1) where,
a ~100 m thick Plio-Pleistocene sequence has been uplifted by reverse
faulting (Nester, 2008). Geomorphological evidence for tectonic de-
formation in the vicinity includes folded diatomites at the base of Cerro
Mogote (Saez et al., 1999; for location see Fig. 3).

The detailed kinematics of the inferred uplift and deformation
around Cerro Soledad, Cerro Mogote and Cerros de Hilaricos is poorly
known. Recent mapping by SERNAGEOMIN (Quezada et al., 2012)
provide a large scale framework for the structural geology, but the re-
solution of this mapping is not fine enough to resolve the tectonic ki-
nematics around those exceptional highs within the Central Depression.
Statements about the precise occurrence of faults and their appearance
in conjunction with folds remain approximations and require more
detailed studies.
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Fig. 2. Google Earth Satellite 3D Model (based on Image
Landsat/Copernicus — Data SIO, NOAA, U.S. Navy, NGA,
GEBCO) with a twofold altitude exaggeration. The pale
shaded area displays potential lake extension based on
outcrops. White arrows indicate major water inflow path-
ways, blue arrows mark overflow paths toward the (1) Salar
Grande (present altitude 831 m = 10 m) and (2) Rio Loa
(present altitude 830 = 10 m). The latter was the outflow
during the breach of the endorheic drainage system of the
Quillagua basin. (For interpretation of the references to
colour in this figure legend, the reader is referred to the
web version of this article.)
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2.2. Local hydrology — precipitation pathways

The catchment of the QLB/Rio Loa (32,820 km? from Houston,
2006¢; Jordan et al., 2015a) derives the majority of its water from the
Western Cordillera to the East. It drains into the QLB via groundwater
flow and surface flow in the perennial Rio Loa (Figs. 1 and 2). Runoff
and groundwater flow was higher during pluvial periods in the Plio-
Pleistocene (Houston, 2006b).

Due to the temperature inversion above the cold Peru-Chile Current,
westerly precipitation in the Atacama Desert originating from the
Pacific Ocean is sparse. However, during infrequent rain events, surface
drainage can occur due to precipitation coming from the Pacific as
north migrating low pressure systems are diverted (e.g. Bozkurt et al.,
2016). Such sporadic westerly precipitation events include the flood of
March 2015 in northern Chile, which brought significant precipitation,
though this decreased with increasing altitude and was limited to south
of Quillagua (Bozkurt et al., 2016; Wilcox et al., 2016). Such events are
connected to the establishment of El Nifio conditions favouring either
cut-off north-migrating low-pressure cells from the Southern Westerlies
(Vuille and Ammann, 1997), or destabilization and reduction of the
temperature inversion at the Chilean coast (McKay et al., 2003). Cli-
mate models predict regional warming of the subtropical southeast
Pacific during ‘El Nino’ conditions that effectively increase precipitation
and moisture along the west coast of South America, and on the arid
western slopes of the Andes due to the reduction of thermal subsidence
and anticyclonic flow (Garreaud et al., 2010). Torrential rain during the
‘El Nino’ of 1997-98, for example, created the second largest lake in
Peru in the Sechura Desert (Woodman, 1998). Earlier, long-lasting lake
stages in the QLB are evidenced by lacustrine deposits of the Quillagua
Formation, which suggest permanent ‘El Nino-like’ conditions persisted
during the Pliocene (Séez et al., 2012). Similar ‘El Nino-like’ conditions
in the Atacama were also postulated for several wet periods during the
Pleistocene (Ortlieb et al., 1996; Contreras et al., 2010; Wang et al.,
2015). The main and more regular source of moisture is Atlantic air
masses, despite depletion by orogenic rainfall at the eastern flanks of
the Andes and in parts of the Altiplano. These easterly rains, which are
enhanced during typical ‘La Nina’ conditions, are usually characterized
by cooler atmospheric temperatures, easterly wind anomalies, and
above average precipitation in the sub-to tropical western South
America (Aceituno, 1988; Vuille, 1999; Vuille et al., 2000). The am-
plitude of ‘La Nifa’ conditions in South America is governed by the
strength and position of the Bolivian High (Vuille et al., 2000). A

southward displacement and intensification of the Bolivian High ham-
pers upper tropospheric westerly wind flow as well as strengthening
easterlies and the corresponding moisture flux from the Amazon basin.
These air masses spill over the Central Andes and reach the upper
Western Andean flank (Vuille and Keimig, 2004) causing precipitation
that decreases rapidly with elevation (Houston and Hartley, 2003). For
instance, the source region of the Rio Loa at around 4000 m receives
about 100 mm rain per year, whereas the Rio Loa valley in the Central
Depression, at about 1000 m elevation (e.g. at Quillagua Figs. 1 and 2),
has annual rainfall of less than 1 mm (Houston and Hartley, 2003). As
aridity is controlled by large-scale atmospheric circulation patterns, the
current orographic precipitation gradient pattern has most-likely per-
sisted over the longer-term, despite the overall amounts of precipitation
having varied (Jordan et al., 2014).

Presently the flow rates of the perennial Rio Loa are 0.6 m?3;/s (post
1976). In 1918 prior to the significant water extraction the discharge
was 3.6 m>;/s (both measured at the outflow into the Pacific; Salazar,
2003). Due to the high annual evaporation rates (i.e. > 3500 mm/a at
1000 m elevation; Houston, 2006a) even the higher discharge rate
could not sustain an expansive lake in the central valley. For example,
the outcrops of the Soledad Formation indicated a minimum lake ex-
tension of ~ 2,570 km® requiring more than the recent perennial inflow
of the Rio Loa (1.14%10% m>/a) to sustain a lake by high evaporation
rate of 9.01¥10'2 m®/a.

2.3. Lacustrine sediments of QLB

The sedimentary sequence of the QLB consists of alluvial strata,
interbedded with lacustrine sequences and volcanoclastic deposits
(Saez et al., 1999, 2012). Fluvial sedimentation predominantly oc-
curred to the south of Quillagua and was presumably controlled by the
sediment input of the Proto-Rio Loa, whereas lacustrine sedimentation
was concentrated in the central basin around Cerro Mogote, Cerro So-
ledad, and Quillagua (Séez et al., 2012) (Figs. 1, 2 and 3a). The first
Miocene sediment units are gypsum-anhydrite cemented siliciclastic
deposits of the Hilaricos Fm. These are overlain by diatomites, marls,
silty limestones, gravelly sandstones, and occasional volcanoclastic
deposits of the Quillagua Fm (Saez et al., 1999). The final lacustrine
episode of the QLSL is represented by the Soledad Fm, consisting of
halite-gypsum evaporitic sediments with minor siliciclastics (Chong
et al., 1999; Pueyo et al., 2001; Saez et al., 2012, Fig. 1). Massive
(> 10 m thickness) open water evaporites with large, dm-scale, bottom
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Fig. 3. (A-C) High resolution Pansharpened Multi-Spectral Image (Pléiades-1B) of the study area. Yellow dots indicate sampled shoreline terraces, orange square indicates dated tephra
deposit (Quezada et al., 2013). White dashed lines highlight topographic profiles (D). Dashed red lines indicate potential concealed faults. (B) Northern island. (C) Southern island. (D)
Topographic profiles based on a high resolution DEM (Pléiades-1B resolution ~60 cm) of shorelines features. Corresponding and sampled shoreline terraces are marked, including
potential shorelines terraces derived by DEM analysis. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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nucleated chevron gypsum crystals, occur as erosive remnants along the
eastern section of the southern margin of the Rio Loa canyon (this
study, supplementary data). The near-continuity of surficial deposits
and the geochemical signature of the Soledad Fm evaporites (Br-content
and S-isotopes, Pueyo et al., 2001), support the notion of a temporary
connection between the QLB and the Salar Grande basin (Figs. 1 and 2,
Chong et al., 1999; Séez et al., 1999). This connection via the Montén
de Gloria Pass (current elevation 830 m, Chong et al., 1999) is thought
to have been disrupted by fault reactivation in the Coastal Cordillera
(Allmendinger et al., 2005). Outcrops of the Soledad Fm remnants
(Quezada et al., 2012; Quezada et al., 2013) indicate a minimum lake
surface area of ~2570 km? (Figs. 1 and 6, this study). Spilling points at
the Montén de Gloria pass towards the Salar Grande (current elevation
831 + 10 m, Chong etal., 1999; Pueyo et al., 2001) and at the Rio Loa
(mean current elevation 830 + 10 m, top of outcropping sediments,
orange surface in Fig. 1, westernmost reconstructed lake extension,
Sédez et al., 1999), indicate the lake level could not exceed 830 + 10 m
(Figs. 1, 2 and 6). A higher lake level would have drained the basin,
presumably initiating the incision of the Rio Loa. The elevation of
present day outcrops of Soledad Formation rocks may exceed the pre-
sent day elevation of the spilling points (up to 220 m, Fig. 3) due to
differential tectonic uplift since deposition.

Although different approaches have been used to date the Soledad
Fm, its chronology is still under debate (Sdez et al., 2012; Quezada
et al., 2013). Ar/Ar ages of tephra layers in the halite sequence of the
Lomas del Sal were used to constrain the deposition age of the lower
Soledad formation to between 0.21 + 0.06 Ma and 0.098 =+ 0.042Ma
(Séez et al., 2012). However, four ash layers, intercalated with anhy-
drite-sand successions of the Soledad Fm, exposed at Cerro Soledad,
Salar Sur Viejo and at Cerro Cachango, yield Ar/Ar ages between
3.16 = 0.07 Ma and 3.73 = 0.02Ma Quezada et al. (2013). These
contradictory ages mean that there is a considerable uncertainty in both
the spatial assignment of sediments to the Soledad formation and its
deposition age.

2.4. Shoreline terraces

The conspicuous linear features at Cerro Soledad were first sug-
gested by Briiggen (1950) to represent abandoned shorelines (Fig. 3) of
a lake, which was around 80 m deep. Subsequent studies suggested that
the lake was deeper (200 m, Hollingworth, 1964). Stoertz and Ericksen
(1974) and Naranjo and Paskoff (1982) noted that the former shorelines
are not level, reflecting differential tectonic uplift across the region. In
an alternative hypothesis, Rieu (1975) interpreted these linear features
as a result of uplift and tectonic displacement in a horst-graben struc-
ture, without invoking the presence of a lake. Naranjo and Paskoff
(1982) identified four distinct shoreline levels at Cerro Soledad, span-
ning more than 200 m vertical distance, and reported abundant well-
rounded pebbles on all levels. They assigned the rounding of these
pebbles to wave action of the paleo-lake ‘gran lago salado de Soledad
(sensu Briiggen, 1950)’. These shorelines are mostly cut into halite
(Naranjo and Paskoff, 1982) but also into underlying bedrock (this
work; see also Fig. 3). The occurrence of pebbles is laterally limited to
bedrock outcrops and pebbles are of the same lithology as the under-
lying bedrock (this study). Presently all but the lowest shorelines are
above the current elevation of topographic spilling points of the paleo-
lake (Fig. 2), indicating significant differential tectonic movement since
the creation of the shorelines.

The hypothesis that an ephemeral lake was responsible for the
creation of the linear features on the Cerro Soledad and neighbouring
topographic highs, as proposed by Briiggen (1950), Hollingworth
(1964) and Naranjo and Paskoff (1982), is supported by the following
observations: (1) the linear features nearly completely encircle Cerro
Soledad, on near horizontal levels (supplementary data, Fig. 3); (2) they
are preserved in soft sedimentary rocks as well as in bedrock notches,
which occur at exactly the same elevation (supplementary data, Fig. 3);
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(3) rounded pebbles occur localized at the bedrock notches and bedrock
outcrops, and are absent elsewhere; (4) the pebbles are of the same
lithology as the local bedrock, pebbles of allochthonous lithology are
absent; (5) western, wind-exposed, flanks of the hills have wider plat-
forms, as would be expected if wind fetch is important for their crea-
tion; (6) the Soledad formation is dominated by salar/lake deposits
(Séaez et al., 1999, 2012; Quezada et al., 2013) and (7) bottom nu-
cleated evaporites (supplement, Fig. 2) record ephemeral open water
conditions until the final stages of the deposition of the Soledad for-
mation. Alternative explanations for the platforms in sedimentary
rocks, such as differential erosion due to variable degree and type of
cementation and an absence of a lake, do not explain the repeated
coincidence between the elevation of platforms in sedimentary rocks
and bedrock notches and the near-horizontal nature of these linear
features. However, it is possible that the creation or preservation of
platform levels in sedimentary rocks is linked to enhanced cementation
rather than wave action, since near-shore groundwater levels during
lake stages would be identical to the corresponding lake levels. Ex-
plaining the occurrence of rounded pebbles by fluvial transport from
elsewhere would be in conflict with the observation that allochthonous
lithologies are absent and that pebble occurrences are limited to rare
local bedrock outcrops.

The terraces along the (north-)western flanks of the Cerro Soledad
are most easily recognized, both from satellite imagery (Fig. 3) and in
the field. They are traceable throughout the hills protruding from the
floor of the PDT (Fig. 3). Shorelines at the eastern, wind-averted flanks
are less developed or absent. Shoreline formation due to wave-erosion
was likely enhanced by the long wind fetch and a sufficiently deep
water body upwind, as was available during lake-high stands of the
QLSL (prevailing westerly winds had > 15 km fetch; see also Fig. 6).
Wave action in lakes can erode shorelines that are tens of metres wide
into bedrock within a few hundred years (Oviatt et al., 1992; Garcin
et al., 2012; Lifton et al., 2015). While we do not know the strength of
the paleo-winds and the kinetics of the shore erosion, we note that the
setting of the ancient islands in the QLSL is conducive for shoreline
formation. The pronounced aridity of the Atacama Desert, and the
uplift of the shorelines above possible future lake-levels after their
formation, aided their long-term preservation.

2.5. Sampling locations

The bedrock of the paleo-islands, i.e. Jurassic marine sediments and
volcanic rocks, at the northern island (Fig. 3A and B) joined by Cre-
taceous granodioritic rocks, is almost completely covered by evaporites
of the Soledad Formation. Bedrock outcrops are limited to the tops of
the paleo-islands (above ~1000 m elevation) and to spurs. Planar
platforms are preserved in evaporitic cemented siliciclastic sediments
and the bedrock spurs (Fig. 3A, D). Wave-cut platforms cut into the
evaporites, however, are largely devoid of pebbles (and other rock
clasts), whereas the wave-cut shorelines on bedrock have locally
abundant pebbles. The variable abundance of pebbles suggests that they
are locally derived, which is supported by the matching lithologies of
pebbles and exposed bedrock. We sampled small platforms on, or near
spurs (LL13-001; SL-14-01; SL14-3; SL14-4; Fig. 3A-C), below bedrock
cliffs (LL13-001; SL-14-01; SL14-3), and on a planiform area near the
summit of the northern island (SL14-05; Fig. 3A-C). SL15-12 samples
were retrieved from a wide platform at the western flank of the
northern island. While it was cut into evaporitic-cemented siliciclastics,
it harboured bedrock clasts and some pebbles. The bedrock fragments
give this platform a different appearance in the field and on aerial
photography (grey shades in Fig. 3; as compared to beige colours of the
other evaporite platforms). The height of the cliffs behind the bedrock
platforms allows for a maximum of few meters of vertical erosion into
the spurs (3-10 m), the amount of vertical erosion of rocks supplying
the pebbles on surfaces without a backing cliff is not constrained. In-
complete shielding/pre-exposure can therefore be expected (Dunai,
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2010). Since the shoreline deposits are thin (< 50 cm thickness,
mostly < 10 cm), depth profile sampling would not constrain pre-ex-
posure of the sediments (Dunai, 2010). Site SL14-04 on the spur had no
bedrock cliff. It was a shallow depression (ca. 10 cm lower than sur-
rounding bedrock; ca. 10 m? area) that had abundant, perfectly
rounded pebbles, and only a few fragmented clasts. This pebble deposit
exhibits a weak patterning due to pelo- or haloturbation (cryoturbation
can be ruled out due to the prevailing climatic conditions). Generally,
post-depositional shielding of samples from cosmic rays due to inter-
mittent burial, or more likely in this case by exhumation of the samples
originally deposited beneath a sedimentary cover, cannot be excluded.
The nature of the shoreline deposits renders it difficult ascertain if they
have eroded significantly since their deposition. The lack of extensive
talus aprons downslope of the shorelines, however, indicates that the
shoreline deposits are predominantly well preserved. At all sites our
target materials were pebbles and bedrock clasts. The lithologies most
amenable for exposure dating (e.g. vein quartz and quartz-rich lithol-
ogies), tend to be less rounded than quartz-poor/quartz-free lithologies;
therefore, several clasts (n = 6) were sampled (only if rounded pebbles
were present at the same level). On finding localized concentrations of
quartz fragments, which may indicate kernsprung (splitting of pebbles),
only one fragment per cluster was sampled in order to avoid sampling
multiple fragments of the same clast. In total we sampled six sites, five
on the northern island and one on the southern one (Fig. 3). The pre-
served rounding of pebbles, and preserved angularity of clasts, allow for
a few mm of erosion of the pebble surfaces at most.

3. Analytical methods

To determine single clast exposure ages we analysed quartz for '°Be,
26A1, and 2'Ne. The quartz was prepared as AMS (Accelerator Mass
Spectrometry) targets following either the standard approach or the
single-step column approach outlined in Binnie et al. (2015). The tar-
gets were measured for 1%9Be at CologneAMS (Dewald et al., 2013),
normalized to the standards of Nishiizumi et al. (2007). Neon isotope
analyses were performed at SUERC following the procedures outlined in
Codilean et al. (2008) using the CREU quartz (Vermeesch et al., 2015)
as internal standard. Specific sample preparation and analysis details
are in the supplementary data.

Exposure ages are derived from the CRONUS-Earth calculator ver-
sion 2.0 (Marrero et al., 2016), using the scaling factors of Lifton et al.
(2015). Topographic shielding factors for each sample site were mea-
sured in the field. We assumed a density of 2.65 g/cm?, a zero erosion
rate for the pebbles and employed the 07KNSTD flag in the CRONUS-
Earth calculator. Mean ages of populations of clasts from one site were
calculated after the removal of outliers, using Chauvenet's Criterion
(Taylor, 1997). Note, all age uncertainties reported are one standard
deviation. Specific details on the age calculation are in the supple-
mentary data, including a geomagnetic database sensitivity test using
CREp (Martin et al., 2017). Analytical results and ages are provided in
Table 1.

4. Results

The mean '°Be exposure ages obtained for the shoreline deposits
(Table 1; Fig. 4) span a wide range: from ~275 ka at the lowest
shoreline level (Level 1) to ~3 Ma for the deposits on the top of the
Cerro Soledad (Top). Several individual clasts have significantly older
exposure ages than the majority at a given site. Most probability density
plots of exposure ages of the individual locations (Fig. 4) have a positive
skewness, with a tail towards higher ages. All outliers identified by
Chauvenet's Criterion (Taylor, 1997) are older ages. All 2°Al ages of
individual clasts (n = 5; supplementary data) are concordant with the
corresponding '°Be ages. The combined 2°Al and °Be data are con-
sistent with a simple, single stage exposure history (see Supplementary
Data). In one instance, site SL14-04, the scatter of the limited data did
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not permit the determination of a meaningful average age (the limited
number of measurements is due to the scarcity of quartz-bearing clasts
at that site). Individual ?'Ne exposure ages of clasts are either sig-
nificantly higher than the corresponding '°Be ages of a specific site
(shorelines SL14-01; SL14-03, SL14-04) or are concordant (e.g. SL14-
05; top of Cerro Soledad).

In general, the cosmogenic nuclide data confound the expectation of
significant pre-exposure for some clasts in each population, which is
based on the limited mass removed for the creation of the shorelines.
The first line of evidence for pre-exposure is the positive skewedness of
10Be age-populations (Applegate et al., 2010); the second is the sig-
nificantly higher ?!Ne-ages obtained in many samples (SL14-01, SL14-
03, SL14-04), except for the highest shoreline (SL14-05). 2'Ne is stable,
thus long-term production in partially shielded positions in the bedrock
can add a higher pre-exposure signal than is possible for '°Be, parti-
cularly if the duration of pre-exposure is protracted. In principle, the
youngest age obtained would provide the most likely age, if periods of
burial or exhumation have not occurred (Applegate et al., 2010). It
appears that the process leading to the planation of the Top of Cerro
Soledad removed sufficient material to obliterate a pre-exposure signal.
Since we cannot exclude some exhumation (see previous section), the
best estimations for the timing of shoreline formation are the arithmetic
mean '°Be ages, rather than the youngest ages obtained.

On top of Cerro Soledad (SL14-05, 1051 m) the mean '°Be age is
292 * 024 Ma (n = 3). The corresponding *'Ne age is indis-
tinguishable from this (3.05 * 0.12 Ma). All '°Be and 2!Ne ages of
individual clasts are concordant; indicating a continuous exposure for
the clasts at the sampling location and negligible post-depositional
exhumation. One clast at this sampling location has a significantly older
age (4.5 + 0.6 Ma °Be and 4.8 + 0.2 Ma ?'Ne) and was not included
in the mean (see Methods section). On shoreline level 5 (SL14-04,
1022 m) '°Be ages vary between 260 ka and 4.5 Ma, while >'Ne ages
range from 1.9 Ma to 21.6 Ma. The '°Be and ?'Ne ages of individual
clasts are not concordant, with the >'Ne ages being 3 to 4 times higher
than the corresponding '°Be ages. The highest *'Ne exposure age
(21.6 = 0.7 Ma) is amongst the oldest reported for the Atacama Desert
(Dunai et al., 2005; Carrizo et al., 2008; Evenstar et al., 2009, 2017).
Since a much longer exposure is unlikely, this indicates that the ex-
humation of the material that sourced the pebble was shallow. The high
age dispersion is probably due to pre-exposure, combined with pelo-/
haloturbation inferred for this site (see section on sample locations),
and prevents the calculation of a meaningful age for this site. The mean
10Be age from shoreline level 4 (SL14-03, 890 m) is 1.27 * 0.47 Ma
(n = 5, all clasts). The mean ?!Ne age is significantly older at
1.85 + 0.12 Ma (n = 2). In one instance from this level, the °Be and
2INe ages of an individual clast agree. Shoreline level 3 (LL13-001,
829 m) gives a mean 10ge age of 540 = 160 ka (n = 5; one outlier).
Due to the generally small size of pebbles on this level no material for
2INe measurements could be spared. On shoreline level 2 (SL14-01,
818 m) the mean '°Be age is measured as 392 + 37 ka (n = 5; one
outlier). All 2'Ne ages of individual clasts are approximately twice the
corresponding '°Be ages. The lowest elevation site, shoreline level 1
(SL15-12, 796 m), produces a mean '°Be age of 274 + 74 ka (n = 5;
one outlier). As with shoreline level 3, the paucity of quartz is such that
no material for ?'Ne measurements was available.

The mean °Be ages of shoreline levels shows a strong positive re-
lationship with present day elevation (Fig. 5), suggesting constant up-
lift. If shoreline levels were created at similar recurring relative lake
levels (relative to the paleo-island), the average tectonic uplift rate of
the emergent paleo-island is 94 = 10 m/Ma (20). The present day
elevations of the paleo-spillways are ~830 m elevation and the Coastal
Cordillera is uplifting relative to the Central Depression. Assuming
abandonment of the lowest preserved shoreline (level 5, 796 m) be-
cause the spilling level at the Rio Loa canyon was breached (Fig. 2), the
uplift rate of the Coastal Cordillera relative to this shoreline is
160 *= 80 m/Ma. Utilizing the elevation-shoreline relationship (Fig. 5),
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Table 1
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Cosmogenic isotope data for quartz clasts. Further information concerning site specific data, triple isotope plots and scaled production rates are given in the supplementary information

section.

Shoreline Level 1 Elevation  cosm. 2'Ne cosm. '°Be 1%Be Age  '°Be int. 1°Be Total 2INe Age  *'Ne int. 2INe Total
[m.a.s.l.] [ 107atoms/g] [ 10° atoms/g] [kyr] Uncert.[kyr] Uncert. [kyr] [kyr] Uncert. [kyr] Uncert. [kyr]

SL 15-012 a 796 - 3.42 = 0.14 827 41 86

SL 15-012 b 796 - 1.12 = 0.06 231 15 28

SL 15-012 ¢ 796 - 0.82 = 0.04 170 11 19

SL 15-012 d 796 - 1.66 = 0.07 358 20 45

SL 15-012 e 796 - 1.21 = 0.05 254 11 27

SL 15-012 f 796 - 1.71 = 0.06 375 17 44

Mean SL15-12 1.65 + 0.07 360 253 260

Mean Subpop. SL15-12 (b-f) 1.30 += 0.34 274 74 77

Shoreline Level 2

SL 14-01 a 818 1.98 + 0.18 1.94 = 0.07 430 21 52 946 76 128

SL 14-01 b 818 2.03 = 0.20 1.82 = 0.07 403 17 39 974 85 144

SL 14-01 ¢ 818 1.55 + 0.18 1.63 = 0.06 355 19 43 782 56 82

SL 14-01 d 818 2.18 = 0.13 2.00 £ 0.08 453 21 49 1038 65 146

SL 14-01 e 818 1.87 = 0.16 1.64 = 0.06 359 17 44 913 59 106

SL14-01 f 818 - 2.41 = 0.84 564 23 56 928 64 105

Mean SL14-01 1.91 = 0.07 417 74 84 953 72 128

Mean Subpop. SL14-01 (a-e) 1.80 = 0.07 392 37 52

Shoreline Level 3

LL13-001 a 829 - 3.89 = 0.13 934 33 83

LL13-001 b 829 - 2.33 £ 0.08 525 17 48

LL13-001 ¢ 829 - 1.68 = 0.06 358 18 44

LL13-001 d 829 - 2.41 *= 0.08 542 19 49

LL13-001 e 829 - 2.54 = 0.11 575 29 65

LL13-001 f 829 - 2.86 = 0.09 676 24 77

Mean Subpop. LL13-001 (b, ¢, d,e,f) 2.53 *= 0.09 540 160 160

Shoreline Level 4

SL14-03 a 890 4.02 = 0.30 4.77 £ 0.17 1230 50 110 1840 150 270

SL14-03 b 890 4.07 = 0.18 6.02 = 0.21 1700 110 260 1870 80 270

SL14-03 ¢ 890 - 6.53 * 0.23 1960 100 250

SL14-03 d 890 - 4.02 £ 0.15 1000 50 100

SL14-03 f 890 - 2.76 = 0.15 658 50 100

SL14-03 g 890 - 532 * 0.20 1380 100 170

Mean SL14-03 490 = 1.26 1270 470 490 1850 120 280

Shoreline Level 5

SL14-04 a 1022 5.50 = 0.27 - 2280 120 320

SL14-04 b 1022 43.13 = 1.40 10.40 = 0.35 4500 620 1500 21,600 700

SL14-04 ¢ 1022 4.61 = 0.21 1.36 = 0.06 263 10 27 1920 90 230

SL14-04 g 1022 - 593 + 0.23 1400 80 180

SL14-04 h 1022 - 829 + 0.28 2520 180 460

Top Cerro Soledad

SL14-05 a 1051 6.99 = 0.32 8.99 + 0.30 2880 230 590 2880 140 390

SL14-05 b 1051 11.57 = 0.43 10.50 *= 0.35 4500 610 1500 4830 180 640

SL14-05 ¢ 1051 7.03 = 0.28 8.71 £ 0.29 2680 200 520 2900 120 390

SL14-05 e 1051 8.10 + 0.28 9.47 + 0.31 3340 300 780 3380 120 450

Mean SL14-05 9.42 + 0.31 3220 610 910 3490 140 470

Mean Subpop. SL14-05 (a,c,e) 9.06 = 0.31 2930 240 610 3050 130 410

we tentatively assign an age of 2.5-2.8 Ma for the highest shoreline-
level (SL04-4, 1022 m).

5. Discussion

The results indicate that at least five ephemeral lake phases oc-
curred in the southern Central Depression between the late Pliocene
(3.2-2.7 Ma, Top of Cerro Soledad) until the mid-Pleistocene (350-200
ka). These phases lasted sufficiently long to cut shorelines into bedrock
and pre-existing/coeval evaporites of the Soledad Formation. We take
the lack of intermediate shorelines between the highest (1022 m; ten-
tative age 2.5-2.8 Ma) and the next youngest (890 m; 1.27 = 0.47 Ma)
as indication that no lake existed for a significant period of time be-
tween 2.65 * 0.15 Ma and 1.27 * 0.47 Ma. While elevation differ-
ences clearly separate the four youngest shorelines (1.27 = 0.47 Ma at
890 m; 540 + 160 ka at 829 m; 392 + 37 ka at 818 m; 274 = 74 ka
at 796 m), the age resolution is insufficient to separate these lake
phases. It is clear from the existence of paleo shorelines, however, that
between 1.27 + 0.47 Ma and 274 *+ 74 ka at least four distinct lake

phases occurred. The age of the youngest and lowest shoreline
(274 =+ 74 ka) records the onset of the incision of the present day Rio
Loa Canyon (Fig. 6); the incision transformed the Rio Loa catchment
into an exoreic catchment and marks the cessation of lacustrine sedi-
mentation in the QLB. This interpretation for the onset of incision is
based on the assumption that shoreline terraces are only created during
stable lake levels, which have to be of a sufficiently long duration to
allow enough wind-induced wave erosion. Moreover, based on the
susceptibility of basin sediments to erosion, we assume that the initial
onset of incision happened fast as the sediments were removed and
decelerated once resistant bedrock was encountered. Prior to the inci-
sion, the existence or absence of paleo-lakes mirrored the hydrological
balance in the Rio Loa catchment.

In the endoreic phase, i.e. prior to 274 + 74 ka, the water balance
in the lower Rio Loa catchment was likely to have been governed by
precipitation sources in the Precordillera (above ~2500 m; Houston
and Hartley, 2003; Jordan et al., 2014) while evaporation (Houston,
2006a) and groundwater discharge towards the coast (e.g. towards the
Salar Grande; Chong et al., 1999; Jordan et al., 2015a) provided the
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Fig. 4. Cumulative probability density plots of single clasts 1°Be (grey shading) and 2!Ne (blue shading). Exposure ages for '°Be are plotted as diamonds and 2'Ne as crosses underneath
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Fig. 5. Elevation versus mean '°Be exposure ages for the
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confidence interval of the linear regression. Note the un-
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sinks. To balance present levels of evaporation (Houston, 2006a), the
supply of water from Rio Loa channel flow and groundwater must have
been about thirty times the modern discharge of the Rio Loa at the coast
(3.6 m®/s; Salazar, 2003), in order to form a lake of the dimension
inferred for the QLSL (Fig. 6).

Assuming that evaporation in the Central Depression and ground-
water discharge potential are less variable than changes in precipita-
tion, the paleo lake levels mostly represent changes in precipitation in
the catchment, i.e. they indicate wetter climatic conditions in the
source areas of the Precordillera. We therefore conclude that between
2,65 + 0.15 Ma and 1.27 * 0.47 Ma the source area in the
Precordillera was predominantly (hyper-)arid. After 1.27 = 0.47 Ma
the climate in the source region had brief wetter interludes that were
none-the-less long enough to erode shorelines. Due to the current orders
of magnitude difference in precipitation between the Central
Depression and the Precordillera (Houston and Hartley, 2003; Jordan
et al., 2014) changes in the paleo-lake reflect the paleoclimate of the
distant source (Precordillera) more strongly than the local (Central
Depression) paleoclimate (Jordan et al., 2014). It is likely that the
Central Depression (< 1500 m) remained (hyper-)arid throughout the
wetter phases indicated for the Precordillera (Gayo et al., 2012; Jordan
et al., 2014).

Two recent studies (Jordan et al., 2014; Wang et al., 2015) provide
constraints on Plio-Pleistocene changes in climate within the Rio Loa
catchment. A soil profile in the Central Depression in the southernmost
portion of the Rio Loa catchment allowed Wang et al. (2015) to con-
clude that climatic conditions were wetter than present between 3.2
and 2.5 Ma, and between 1.3 and 0.6 Ma. Investigating soils and se-
diments of alluvial fan systems on the precordilleran foreslope, due east
of our study area, Jordan et al. (2014) infer wetter conditions for the
periods between 4 and 3.6, as well as between 2.6 and 2.2 Ma, but
hyperarid conditions between 2.2 and 1 Ma. For the time since ~1 Ma
the authors infer hyperarid conditions with century to millennial scale
fluctuations to an arid climate in the alluvial fans source areas (Jordan
et al., 2014). Our findings agree with previous evidence for the cessa-
tion of a ‘pluvial’ phase at ~3 Ma and a later phase of pluvial condi-
tions around 1Ma in the Central Depression (Hartley, 2003; Placzek
et al., 2010; Evenstar et al., 2017). These brief, centennial to millennial
interludes of wetter climate in the last 1 Ma (Jordan et al., 2014) are
sufficiently long to cut shorelines (Oviatt et al., 1992; Garcin et al.,

2500

3000 3500

2012; Lifton et al., 2015). South of the Rio Loa catchment, Jungers et al.
(2013) suggested that enhanced erosion and deposition between 250
and 400 ka are indicative of wetter conditions. We note that, despite the
considerable uncertainties of the ages and the different nature of the
proxies, the inferred pluvial periods (Jungers et al., 2013; Jordan et al.,
2014; Wang et al., 2015) agree favourably with our shoreline ages. The
age-constraints from these studies (this study, Jungers et al., 2013;
Jordan et al., 2014; Wang et al., 2015), however, are not sufficiently
precise to be able to associate them to particular stadials/interstadials.

The Plio-Pleistocene sediments of the QLSL provide important pa-
leoclimatological information (Chong et al., 1999; Sdez et al., 1999;
Pueyo et al., 2001; Saez et al., 2012; Quezada et al., 2013). The cur-
rently available chronological constraints (Sdez et al., 2012; Quezada
etal., 2013; Jordan et al., 2014; this study) are, however, contradictory.
On Cerro Soledad (Figs. 1 and 3), the Soledad evaporites directly
overlay the intrusive substrate, lacking older Cenozoic sediments
(Pueyo et al., 2001). They cover the entire Cerro Soledad, bar the
highest ridges (Pueyo et al., 2001; this study). Interbedded volcanic ash
layers in these evaporites yield Ar/Ar ages of 3.16 * 0.07 Ma and
3.73 * 0.02Ma (Quezada et al., 2013), indicating the temporal hiatus
between the deposition of the Soledad formation and the preceding
Quillagua formation (termination ~4.5 Ma, Sdez et al., 2012) was less
than 750 ka, if indeed there was a hiatus. Near the eastern fringe of the
QLSL, the Lomas del Sal (Figs. 1 and 6) is a tectonically uplifted block of
the Soledad formation, with massive displacive halite ~90 m thick
topped with ~10 m of gypsum cover (Pueyo et al., 2001). The halite is
devoid of fluvioclastic sediments (Pueyo et al., 2001), whereas the
gypsum cover contains interfingering alluvium (Jordan et al., 2014).
Volcanic ashes found in a canyon near the bottom of the massive halite
yield Ar/Ar ages between 0.21 * 0.07 Ma and 0.098 + 0.042Ma
(Saez et al., 2012); consequently, Saez et al. (2012) place the Soledad
Formation in its entirety into the mid to late Pleistocene. Based on the
sedimentary horizons underlying the geomorphic surfaces, Jordan et al.
(2014) assigned a Pliocene age (i.e. > 2.6 Ma) for the evaporites at the
top of the Lomas del Sal (Fig. 4 in Jordan et al., 2014). The latter clearly
contradicts the findings of Sdez et al. (2012), however, it is in agree-
ment with the ages of Quezada et al. (2013). While we cannot resolve
the reasons for these contradictory results here, we note that our
findings are rather in line with those of Jordan et al. (2014) and
Quezada et al. (2013), since we present evidence for lake phases that

31



4. Evidence for multiple Plio-Pleistocene lake episodes in the hyperarid Atacama Desert

B. Ritter et al.

[ [] 1 ]
W 69°70" W 69°60° W 69°50° W 69°40°

West Tectonicponding . East 1000
800 800
€ Coastal
‘; 600} Escarpment 600
0
g
@ 400 400
] oo
200 Ri0 200
% 4 8 12 16 20 24 g
Length [km]

— Min. Elevation Swath Profile - Rio Loa

— Max. Elevation Swath Profile

Elevation [m]

Quaternary Geochronology 44 (2018) 1-12

Legend

Bl Flood Model Extension 830 m.a.s.l. - 30m Aster GDEM
Reconstructed Lake Extension based on outcrops

[ | tomasdesal

- S 21°00"
- S 21°10°
— S 21°20°
- S 21°30°

~ S 21°40°

& = Splay Fault/d
:'In

Fig. 6. Google Earth image with modelled lake extension (ASTER GDEM 30 m resolution) of a flooding level (dark blue) of 830 m.a.s.l. (Rivertools 3.0). Reconstruction only for the
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eroded Soledad evaporites since the late Pliocene.

The endohereic drainage system of the QLB (Séez et al., 1999), had
three main lake phases (Hilaricos Fm, Quillagua Fm, Soledad Fm, Séez
et al. (1999)). The evolution of an endohereic drainage system in the
QLB was initiated by differential uplift of the Coastal Cordillera in re-
lation to the Central Depression. At the same time, localized subsidence
of the Central Depression created further accommodation space (Jordan
et al., 2015b; Cosentino and Jordan, 2017). The inferred spilling point
of the last lake phase is located at a transpressional topographic high
associated with the strike slip fault of the AFS. Lake deposits

10

(diatomites and open water evaporites; supplementary data) are found
exclusively to the east of this high point (Fig. 1). The topographic high
is made up from older, presumably early Miocene, coarse-grained flu-
vioclastic sediments (age-equivalents of the Azapa and/or El Diablo
formation; Evenstar et al., 2017). These sediments are unconsolidated,
thus prone to fast fluvial erosion once spilling occurred. The first phase
of canyon down cutting and drainage of the lake was, therefore,
probably very fast. Once the drainage hit bedrock, currently 150-200 m
above the present valley floor, incision might have been slower. We
cannot exclude that spilling of the lake occurred via headward erosion
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of drainage from groundwater sapping (Hoke et al., 2004; May et al.,
2005), since ground water conductivity is high in unconsolidated coarse
grained sediments. From the preservation of open water evaporites at
the same elevation ( + 10 m relative) as the inferred spilling point
(supplementary data) we infer that the lake spilled, though sapping by
shallow groundwater might have accelerated the process. The change
from an endohereic to an exohereic drainage system terminated the
existence of lakes in the QLB, triggering subsequent incision and
widespread denudation of its lacustrine deposits.

6. Conclusion

The exposure age dating undertaken here better constrains the
timing of pluvial periods in the Atacama Desert and the age for de-
position of the Soledad Formation throughout the late Pliocene and
Pleistocene. Shoreline formation and rounded pebbles on isolated to-
pographic highs indicate tectonic activity throughout the Pleistocene
and their uplift at rates of 94 m/Ma. Our results place the timing of the
deposition of the Soledad Fm in the late Pliocene and Pleistocene under
a wetter climate than today. Exposure ages of the youngest shoreline
(274 = 74 ka) constrain the timing for the incision of the modern Rio
Loa through the Coastal Cordillera and the transformation of the Rio
Loa catchment from an endohereic to exohereic system. Despite the
Central Depression of the Atacama Desert remaining hyperarid through
the Quaternary, climate changes external to the region can still have
significant environmental impacts.
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Figure Caption 1:

A) View to the south from smallest northern island towards the northern main island. Marked are
sampled shoreline features.

B) View to the South from the top of Cerro Soledad (Northern Island). Apparent is the broad shoreline
terrace/platform; corresponding to shoreline level 2 and remnants of the Soledad Fm.

C) Northern Island shoreline features. Visible are the horizontal erosional scarps of wave erosion
during shoreline formation.

D) Sediments on the platform of the central island. Doline structures due to local dissolution are
visible to the right. Desiccation cracks on the surface reflect the deposition during water coverage.

E) Sample Site LL13-001 southern island.

F) Sample Site LL13-001 surface sediments, including beach gravel.

G) Sample Site SL 15-12 surface sediments, including beach gravel.

H) Sample Site SL 14-01 rounded pebbles on shoreline terrace.

I) Sample Site SL 14-04 planar surface evolved due to shoreline erosion.
J) Sample Site SL 14-04, left in the background top surface of Cerro Soledad.
K) Sample Site SL 14-04 rounded clasts.

L) Sample Site SL 14-05 top of Cerro Soledad.

M) Sample variety of sample site SL 14-03.

N) Sample variety of sample site LL13-001.

0) Sample variety of sample site SL 14-04.

DEM Generation

The Digital Elevation Model (DEM) was generated using a stereo satellite image set
provided by high resolution satellite Pléiades 1B system. Image recording was on
05.05.2015 with a ground resolution of 0.5 m in the panchromatic band. ExelisVIS
ENVI 5.1 was used to derivate a surface model with the implemented DEM Extraction
module. Tie Point determination between the two stereo images was manually obtained
to subsequently generate epipolar images and a final Digital Surface Model. Study site
adjusted settings for DEM extraction were applied. Post-processing, including filter
methods reducing spikes (ENVI DEM Editing tools), were applied. The final model has a

resolution of 1 m.
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4. Evidence for multiple Plio-Pleistocene lake episodes in the hyperarid Atacama Desert

Figure Caption 2:

A.) Google Satellite Image of the westernmost Quillagua-Llamara basin and the Rio Loa canyon. Blue
dots indicate sampling and identification locations of the Quillagua Fm. Red dot and red dashed
areas indicate Soledad Fm remnants. B.) Panorama picture in the upper left shows the
transpressional topographic high to the west and lake sediments to the east, which are only
abundant on the eastern side of this topographic high. The red dot sampling site reveal large open-
water evaporitic facies with large, dm-scale, bottom nucleated chevron gypsum crystals (sampling
Site Fig. 2C, close-up of gypsum crystals Fig. 2D, 2E). Blue dashed line indicates potential lake
extension. Spilling point height was chosen on the relative elevation of the westernmost outcropping
lake sediments, the elevation of outcropping Soledad remnants (red dot) in conjunction with the

overflow divide at the Monton de Gloria pass.
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Figure Caption 3: Pléiades 1-B multispectral image of the study area, including contour lines of each

sampled shoreline level (based on Pléiades 1-B generated 1m resolution DEM).
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4. Evidence for multiple Plio-Pleistocene lake episodes in the hyperarid Atacama Desert

Sample and Methods

Samples were collected during field campaigns in 2013, 2014 and 2015. Quartz clast and
pebbles were collected from selected shoreline terraces and from the Top of Cerro
Soledad. Clasts were relative small with min. 1 to max. 6 cm in size. Desert patina is
abundant. We avoided sampling near slopes to exclude downward transport of higher

deposited sediments.

Samples were grounded and sieved to 250-1000 pm. Quartz grains were isolated, cleaned
of any meteoric 1Be and enriched through a series of acid treatments (Kohl and
Nishiizumi, 1992). All purified quartz separates were verified under a microscope, those
with a high abundance of fluid inclusions and/or chalcedony fragments were further
cleaned or excluded, especially for 21Ne purposes. ICP-OES was used to verify the purity

of the quartz before dissolution.

10Be and 26Al AMS (Accelerator Mass Spectrometry) targets were prepared using the
approaches outlined in (Binnie et al,, 2015). A reagent blank was prepared in tandem with
each batch of typically 6-9 quartz samples. AMS measurements were made on
CologneAMS (Dewald et al., 2013) normalized to the ICN and NBS standard dilutions
prepared by Nishiizumi for 1°Be and 26Al, respectively (Nishiizumi, 2004; Nishiizumi et al.,
2007). Stable Al was determined by standard addition (n=4) using ICP-OES.
Concentrations of 19Be and 2°Al are reported following blank subtractions, which were
typically less than 1% of the total number of nuclides measured. In a few cases, where the
quartz masses dissolved were extremely low, blank subtractions were <3.5%. The
1 standard deviation analytical precision of the nuclide concentrations was estimated by
summing in quadrature the relative uncertainties on the AMS measurements, both the
samples and the blank, along with a 1% (1 s.d.) estimate for the precision of the mass of

9Be added during spiking.

For age calculation, we used a 19Be half-life of 1.36+0.07 Ma (Nishiizumi et al., 2007) and
a ‘nuclide dependent scaling’ after Lifton et al. (2014), calculated with the CRONUS Web
calculator (Wrapper Script 0.2 Version, Main Calculator 2.0 Version) (Marrero et al,,
2016). This employed a high-latitude, sea-level spallogenic 1°Be production rate of
3.92 £ 0.31 atoms g1 a1, and for 26Al 28.5 *+ 3.1 atoms g1 a! (Flux-based LSD scaling,
Borchers etal., 2016).
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4. Evidence for multiple Plio-Pleistocene lake episodes in the hyperarid Atacama Desert

For cosmogenic 21Ne, cleaned and purified samples were sieved to <125pum and packed
into aluminium foil cups. The samples were measured with a noble-gas mass
spectrometer at SUERC (Scottish Universities Environmental Research Centre) applying
the standard procedure (Vermeesch et al., 2012). We used a high-altitude, sea-level
production rate of 18.7+2.3 atoms g-1a-1 (Kober et al,, 2011). Age calculation was obtained

using the CRONUS EARTH Calculator Version 2.0 (Marrero et al., 2016).

An uplift correction for the production rate of cosmogenic nuclides was obtained. We
assumed the potential uplift based on the assumption that wave cut shoreline formation
took place at the altitude of the lowest terrace and altitude of the overflow points towards
Salar Grande and Rio Loa section. Tectonic displacement, especially at the Montén de
Gloria pass towards the Salar Grande, is proven (Allmendinger et al., 2005). Good
preservation of shoreline features and abundance of rounded pebbles indicate low
erosion rates. A precise erosion rate reconstruction was not possible due to the lack of

data. Calculated exposure ages therefore reveal only minimum ages.

It is known that secular changes of the Earth magnetic field have a significant influence on
calculated production rates, particularly at low latitude (Dunai, 2001). We performed a
sensitivity test (see Table 6) utilizing different magnetic reconstructions implemented in
CREp (Martin et al,, 2017) and found a maximum deviation of 11% (LSD Geomagnetic
framework vs. Atmospheric 1°Be-based VDM 0-60 ka: Muscheler et al. (2005) - 60-
2000 ka: SINT2000 Valet et al. (2005). We note that this difference is smaller than the

stated uncertainties of our ages.
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Figure Caption 4:

Neon Isotope Triple diagram. The spallogenic line indicates the mixture of air and the spallogenic
end-member, which are present in every surface sample. Grey circles indicate measured samples at
the noble-gas mass spectrometer in Glasgow/Scotland (SUERC). Data is shown with *1¢ error. Green

circles represent measured CREU standards (Vermeesch et al,, 2012).
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Figure Caption 5:

Two-nuclide diagrams calculated using CRONUS-Earth online calculator (Developmental Version 3)
by Greg Balco (http://hess.ess.washington.edu/). The uncertainty ellipses reveal the 68% confidence
interval. Different colours display three different scaling methods; Stone (2000) is red; Lifton et al.
(2008) is green; LSDn Lifton et al. (2014) is blue. All measured samples indicate, within their error

no signs of a complex exposure history, e.g. erosion and/or burial.
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Figure Caption 6: 19Be ages plotted against 2Ne ages. Red line indicates 1:1 relationship of 1°Be/?1Ne

ages. Samples to the left of this line reveal inheritance of the 2Ne component.
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Sample location and site-specific data.

Table 1
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4. Evidence for multiple Plio-Pleistocene lake episodes in the hyperarid Atacama Desert

Table 2: Measured cosmogenic nuclide concentration. All uncertainties in the table are 1
standard deviation.

Sample name %Be conc. Beconc. 2°Alconc. *Alconc. *Neconc *!Ne conc. Attenuation Length
atoms g'1 Uncertainty atoms g'1 Uncertainty atoms g'1 Uncertainty g/cm2

Shoreline Level 1
SL15-012a 3.42E+06 1.4E+05  2.08E+07 1.4E+06 161.3
SL15-012 b 1.12E+06 6E+04  6.79E+06 5.6E+05 161.3
SL15-012¢ 8.15E+05 4.4E+04  5.04E+06 4.4E+05 161.3
SL15-012d 1.66E+06 7E+04 161.3
SL15-012e 1.21E+06 SE+04 161.3
SL15-012f 1.71E+06 6E+04 161.3
Mean SL15-12 1.65E+06 8.5E+05 161.3
Mean Subpop. SL15-12 (b-f) 1.30E+06 3.4E+05 161.3
Shoreline Level 2
SL14-01a 1.94E+06 7E+04 1.98E+07 1.8E+06 161.3
SL14-01b 1.82E+06 7E+04  1.04E+07 7E+05  2.03E+07 2.0E+06 161.3
SL14-01c 1.63E+06 6E+04 1.55E+07 1.7E+06 161.3
SL14-01d 2.00E+06 8E+04 2.18E+07 1.3E+06 161.3
SL14-0le 1.64E+06 6E+04 1.87E+07 1.6E+06 161.3
SL14-01f 2.41E+06 8E+04 161.3
Mean SL14-01 1.91E+06 2.6E+05 161.3
Mean Subpop. SL14-01 (a-e) 1.80E+06 1.5E+05 161.3
Shoreline Level 3
LL13-001 a 3.89E+06 1.3E+05 161.3
LL13-001 b 2.33E+06 8E+04 161.3
LL13-001c 1.68E+06 6E+04 161.3
LL13-001d 2.41E+06 8E+04 161.3
LL13-001e 2.54E+06 1.1E+05 161.3
LL13-001 f 2.86E+06 9E+04 161.3
Mean Subpop. LL13-001 (b, ¢, d,e,f)  2.36E+06 3.9E+05 161.3
Shoreline Level 4
SL14-03 a 4.77E+06 1.7E+05 4.02E+07 3.0E+06 161.4
SL14-03 b 6.02E+06 2.1E+05 4.07E+07 1.8E+06 161.4
SL14-03 ¢ 6.53E+06 2.3E+05 161.4
SL14-03 d 4.02E+06 1.5E+05 161.4
SL14-03 f 2.76E+06 1.5E+05  1.57E+07 1.6E+06 161.4
SL14-03 g 5.32E+06 2.0E+05 161.4
Mean SL14-03 4.90E+06 1.26E+06 161.4
Shoreline Level 5
SL14-04 a 5.50E+07 2.7E+06 161.6
SL14-04 b 1.04E+07 3E+05 4.31E+08 1.4E+07 161.6
SL14-04 ¢ 1.36E+06 6E+04 4.61E+07 2.1E+06 161.6
SL14-04 g 5.93E+06 2.3E+05 161.6
SL14-04 h 8.29E+06 2.8E+05 161.6
Top Cerro Soledad
SL14-05a 8.99E+06 3.0E+05 6.99E+07 3.2E+06 161.6
SL14-05b 1.05E+07 4E+05 1.16E+08 4E+06 161.6
SL14-05¢ 8.71E+06 2.9E+05 7.03E+07 2.8E+06 161.6
SL14-05e 9.47E+06 3.1E+05 8.10E+07 2.8E+06 161.6
Mean SL14-05 9.42E+06 6.8E+05 161.6
Mean Subpop. SL14-05 (a,c,e) 9.06E+06 3.1E+05 161.6
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10Be cosmogenic nuclide exposure ages and production/calculation data

Table 3
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4. Evidence for multiple Plio-Pleistocene lake episodes in the hyperarid Atacama Desert

Table 5: 21Ne cosmogenic nuclide exposure ages and production/calculation data

SF (LSD) scaling **Ne Age Extuncerts Scaling Productionrate Intuncerts
Sample name (kyr) (o kyr) factor (at/g/yr) (o kyr)
Shoreline Level 1
SL15-012a
SL15-012b
SL15-012c¢
SL15-012d
SL15-012e
SL15-012f
Mean SL15-12
Mean Subpop. SL15-12 (b-f)
Shoreline Level 2

SL14-01a 946 128 111 18.22 76
SL14-01b 974 144 111 18.07 85
SL14-01c 782 82 111 17.92 56
SL14-01d 1038 146 111 18.07 65
SL14-0le 913 106 111 17.92 59
SL14-01f 928 105 111 17.92 64

Mean SL14-01

Mean Subpop. SL14-01 (a-e)

Shoreline Level 3

LL13-001a

LL13-001 b

LL13-001 ¢

LL13-001d

LL13-001 e

LL13-001 f

Mean Subpop. LL13-001 (b, c, d,e,f)

Shoreline Level 4

SL14-03 a 1840 270 1.15 18.02 150
SL14-03 b 1870 270 1.15 18.02 80
SL14-03 ¢

SL14-03d

SL14-03 f

SL14-03 g

Mean SL14-03

Shoreline Level 5

SL14-04 a 2280 320 1.20 19.94 120
SL14-04 b 21600 700 1.20 19.94 *
SL14-04 c 1920 230 1.20 19.78 90
SL14-04¢g

SL14-04 h

Top Cerro Soledad

SL14-05a 2880 390 1.22 20.17 140
SL14-05b 4830 640 1.22 20.17 180
SL14-05¢ 2900 390 1.22 20.17 120
SL14-05e 3380 450 1.22 20.01 120

Mean SL14-05
Mean Subpop. SL14-05 (a,c,e)
* beyond CRONUS EARTH Calculator max. age, recalculated
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4. Evidence for multiple Plio-Pleistocene lake episodes in the hyperarid Atacama Desert

ing CREp.

10Nns us

Sensitivity test utilizing different magnetic reconstruct

Table 6
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