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Abstract

Abstract
The Atacama and West Andean regions of Northern Chile are among the world’s driest environments, although severe precipitation events even reach the hyperarid core of the Atacama.
In February 2019, these regions were affected by an exceptional precipitation event that
reached catastrophic dimensions associated with flooding, infrastructural damage and human
loss. Within a dry valley situated east of Pica in the Andean Precordillera, flooding caused up
to six metres deep channel incision of floodplain and dune deposits, several kilometres of erosion and accretion, and deposition of an alluvial fan. Environmental records of the Atacama
Desert and Altiplano evidence the seasonality of extreme precipitation and flooding, and indicate wet conditions related to climatic fluctuations in the late Quaternary. However, only few
studies focussed on the past and present climate of the Andean Precordillera so far. Therefore,
this study investigates the geomorphology and stratigraphy of the Pica Valley to unravel local
to regional flooding activities in the Andean Precordillera over present to historic timescales. A
multi-method approach of change detection analysis on high-resolution Planet data, sedimentological and geochemical analyses, as well as feldspar luminescence dating was applied to
characterise the geomorphological impact and the sedimentary imprint of the 2019 flooding,
and to evaluate the inherited luminescence signal of the 2019 event deposit. Chronostratigraphic findings were then used to reconstruct flooding activity in the historical record while
time-series analyses of Landsat and Sentinel imagery based on Bare Soil (BSI) and Normalised Difference Vegetation Indices (NDVI) allowed for the detection of geomorphological
changes in the period from 1984 to 2020. Within the regional (palaeo-) environmental context,
these records provide valuable supportive information for flood hazard assessment in valleys
of the Andean Precordillera.
With more than 1 km2 floodplain reactivation, of which nearly 25 % is alluvial fan, the February
2019 flooding constitutes an unprecedented event for the era of satellite imagery. During the
last ~35 years, only minor floodplain reactivation is evident, related to precipitation mainly in
austral summer. Fluvial deposits are characterised by successions of homogeneous sand
sheets intercalated with thin silt and gravel layers and show key characteristics of ephemeral
stream deposits such as desiccation cracks and plant remains, indicating former presence of
moisture. In contrast, these or similar structures are missing in the aeolian deposits of laminated homogeneous sand. However, both fluvial and aeolian sediments share similar granulometric and geochemical compositions that are related to the energetic level, under which
deposition took place, and sediment reworking by aeolian and fluvial dynamics. Deposition of
modern fluvial sediments occurred under turbid flow conditions, indicated by fading corrected
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infrared stimulated luminescence ages (IR50) of ~175 years. Combined luminescence and radiocarbon dating allowed for the differentiation of six fluvial phases during the last ~2,000,
~1,300, ~300, ~150, and present years whereas aeolian activity dates back to MIS 5. Thus,
fluvial activity can be related to phases of enhanced moisture in the Altiplano and Atacama
regions, and is synchronous to climatic perturbations such as the Medieval Climate Anomaly
and Roman Warm Period that have been evidenced in the southern hemisphere as well. Since
deposits in the lower valley are less prone to erosion and show the highest preservation potential, future investigations on the alluvial fan will extend the established characteristics of
aeolian and fluvial sediments in the Pica Valley, and strengthen the interpretation of results
from this study. Overall, findings from this study not only contribute to the flood hazard assessment of the Pica Valley and nearby Pica town but show the potential of a multi-method approach to be applied for long-term hazard studies in arid environments.

II

Kurzzusammenfassung

Kurzzusammenfassung

Die Atacama und die westliche Andenregion im Norden Chiles gehören zu den trockensten
Regionen der Welt, obwohl schwere Niederschlagsereignisse sogar den hyperariden Kern der
Atacama erreichen können. Im Februar 2019 wurden diese Regionen von einem außergewöhnlichen Niederschlagsereignis getroffen, das angesichts von Überschwemmungen, infrastrukturellen Schäden und menschlichen Verlusten katastrophale Ausmaße erreichte. In einem Trockental östlich von Pica im Bereich der Präkordillere verursachten die Überschwemmungen bis zu sechs Meter tiefe Einschneidung des Gerinnes in Ablagerungen von Überschwemmungsflächen und Dünen, kilometerweite Erosion und Akkumulation sowie die Ablagerung eines Schwemmfächers. Aufzeichnungen über die Umweltbedingungen der
Atacamawüste und des Altiplano belegen die Saisonalität extremer Niederschläge und Überflutungen und weisen für das späte Quartär auf feuchte Bedingungen hin, die auf klimatische
Schwankungen zurückzuführen sind. Allerdings haben sich bisher nur wenige Studien mit dem
einstigen und gegenwärtigen Klima der Präkordillere befasst. Daher untersucht diese Studie
die Geomorphologie und Stratigraphie des Pica-Tals, um lokale bis regionale Überschwemmungsaktivitäten in den Präkordilleren in gegenwärtigen und historischen Zeiträumen zu ergründen. Zur Charakterisierung der geomorphologischen Auswirkungen und sedimentären
Spuren der Überschwemmungen von 2019 sowie zur Bewertung des ungebleichten Lumineszenzsignals der 2019 Ereignisablagerung wurde ein mehrere Methoden umfassender Ansatz
angewandt, der die Analyse hochauflösender Planet-Satellitenbilder zur Feststellung von Veränderungen, sedimentologische und geochemische Analysen sowie die Lumineszenzdatierung von Feldspäten umfasst. Die chronostratigraphischen Befunde wurden daraufhin zur Rekonstruktion der Überschwemmungsaktivität in den historischen Aufzeichnungen herangezogen, während Zeitreihenanalysen von Landsat- und Sentinel-Satellitenbildern auf der Grundlage von Bare Soil (BSI) und Normalized Difference Vegetation Indizes (NDVI) die Erfassung
geomorphologischer Veränderungen im Zeitraum zwischen 1984 und 2020 ermöglichten. Im
Kontext der (Paläo-) Umweltbedingungen in der Region liefern diese Aufzeichnungen wertvolle
unterstützende Informationen für die Bewertung der Flutgefahr in den Tälern der Präkordillere.
Mit einer Reaktivierung von über 1 km2 Überschwemmungsfläche, darunter ~25 % in Form
eines Schwemmfächers, stellt die Überschwemmung vom Februar 2019 ein für die Zeit der
Satellitenaufzeichnung noch nie dagewesenes Ereignis dar. In den letzten ~35 Jahre gab es
nur geringfügige Reaktivierungen der Überschwemmungsfläche, die auf Niederschläge zumeist im Südsommer zurückzuführen sind. Die fluvialen Ablagerungen sind durch mehrere
homogene Sandschichten gekennzeichnet, die von dünnen Schluff- und Kieslagen durchzo-
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gen sind, und zeigen typische Merkmale ephemerer Flussablagerungen wie Trockenrisse und
Pflanzenreste, die auf das einstige Vorhandensein von Feuchtigkeit hinweisen. Im Gegensatz
dazu fehlen diese oder andere derartige Strukturen in den äolischen Ablagerungen aus laminiertem homogenem Sand. Jedoch verfügen sowohl die fluvialen als auch äolischen Sedimente über ähnliche granulometrische und geochemische Zusammensetzungen, die mit dem
Energieniveau, unter dem die Ablagerung stattfand, sowie der Sedimentumlagerung durch äolische und fluviale Dynamik zusammenhängen. Die Ablagerung der rezenten fluvialen Sedimente erfolgte unter turbulenten (trüben) Strömungsbedingungen, was durch ein fading-korrigiertes infrarotstimuliertes Lumineszenzalter (IR50) von ~175 Jahren angezeigt wird. Die Kombination von Lumineszenz- und Radiokohlenstoffdatierungen ermöglichte die Differenzierung
von sechs fluvialen Phasen während der letzten ~2.000, ~1.300, ~300, ~150 und gegenwärtigen Jahre, während die äolische Aktivität bis auf MIS 5 zurückgeht. Somit kann die fluviale
Aktivität mit Phasen erhöhter Feuchtigkeit im Altiplano und in der Atacama in Verbindung gebracht werden, und ist synchron zu klimatischen Störungen wie der mittelalterlichen Klimaanomalie und der römischen Warmzeit, die auch auf der Südhalbkugel nachgewiesen wurden. Da
die Ablagerungen im unteren Talbereich weniger erosionsanfällig sind und das höchste Erhaltungspotenzial aufweisen, werden zukünftige Untersuchungen des Schwemmfächers die festgestellten Eigenschaften der äolischen und fluvialen Sedimente im Pica-Tal erweitern und die
Interpretation der Ergebnisse dieser Studie festigen. Insgesamt tragen die Ergebnisse dieser
Studie nicht nur zur Bewertung der Flutgefahr des Pica-Tals und der nahe gelegenen Stadt
Pica bei, sondern zeigen auch das Potenzial eines multimethodalen Ansatzes, der für Langzeitstudien zur Gefährdung arider Gebiete angewendet werden kann.
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1 Introduction
The Atacama and West Andean regions of Northern Chile are among the world’s driest environments, although severe precipitation events even reach the hyperarid core of the Atacama.
In February 2019, these regions were affected by an exceptional precipitation event that
reached catastrophic dimensions associated with flooding, infrastructural damage and human
loss (Dirección Meteorológica de Chile, 2019a: 21; Pan American Health Organisation
(PAHO), 2019: 1). Moisture supply and thus the probability of precipitation in Northern Chile
follow a seasonal pattern, driven by the position of atmospheric pressure systems and wind
strength (e.g., Garreaud et al., 2009: 184; Vuille and Keimig, 2004: 3346–3347). Interannual
variability is related to the interaction of atmospheric processes and sea surface temperature
(SST) in the equatorial Pacific, i.e. El Niño Southern Oscillation (ENSO; Vargas et al., 2006:
469; Ortlieb et al., 2002: 16). In addition, regional moisture availability seems to be driven by
large-scale climatic fluctuations, controlling the millennial variability that is evidenced by a large
array of palaeoenvironmental records from the Altiplano and Atacama Desert (Pfeiffer et al.,
2018: 229–238; Gayo et al., 2012a: 120–140; Placzek et al., 2006: 515–532; Fritz et al., 2004:
95–104; Grosjean et al., 2001: 35–51). However, only few studies focussed on the past and
present climate of the Andean Precordillera so far (de Porras et al., 2017: 665–684; Latorre et
al., 2013: 19–30; Nester et al., 2007: 19724–19729). Similarly, geomorphological and sedimentary impacts of rare precipitation events in the Andean Precordillera are not yet completely
understood (Contreras et al., 2019: 1–2; Wilcox et al., 2016: 4035). Therefore, this master
thesis is attached to the Collaborative Research Centre (CRC) 1211 Earth – Evolution at the
dry limit, subproject C3 Soil dynamics and hillslope processes & Ground based observations
and experiments, funded by the German Research Foundation (DFG).
Studying the geomorphology and stratigraphy of the Pica Valley aims to unravel local to regional flooding activities in the Andean Precordillera over present to historic timescales. A
multi-method approach involving optical remote sensing, sedimentological and geochemical
as well as luminescence dating techniques (supported by radiocarbon dating) is applied to
evaluate the research hypotheses. For systematic investigation with respect to each individual
method used, the following goals are envisaged:
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Hypothesis 1: (Exceptional) Precipitation events leave their imprints in the geomorphology and stratigraphy of the Pica Valley.
Goal 1: Characterisation of the February 2019 precipitation and flooding event
Due to their high spatio-temporal variability, flashfloods and mud flows in arid environments
are often poorly documented and thus pose an underestimated risk (Cabré et al., 2020a: 2092;
Contreras et al., 2019: 1). Therefore, the February 2019 precipitation and flooding event serves
as a modern analogue to estimate the impact of rare precipitation events in arid environments,
and to establish sedimentary and luminescence characteristics that can be transferred to older
flood deposits to validate the timing of fluvial activity in the historical record. Consequently, the
documentation of the February 2019 precipitation and flooding will contribute to assess the
susceptibility of the Pica Valley to the impact of previous flood events. To gain a comprehensive understanding of the modern event, the following sub-goals are envisaged:
(i) Estimation of the geomorphological impact by applying change detection analysis on highresolution Planet imagery. Change detection analysis on high-resolution satellite imagery (3
m) will allow to estimate spatial extent and sediment volumes of erosion and accretion. Together with field observations, high-resolution Unmanned Aerial Vehicle (UAV)-based orthophotos and digital elevation models (DEM), change detection will be useful to characterise
morphological changes to the floodplain and can be evaluated regarding its methodological
performance.
(ii) Characterisation of the sedimentary imprint by using granulometric and geochemical analyses. The application of sedimentological and geochemical analyses to the February 2019
event deposits is fundamental to establish a geological fingerprint that can be used for the
identification and interpretation of so far unknown flood deposits. Combined grain-size, X-ray
fluorescence (XRF) and carbon/nitrogen (C/N) analyses will give insights into flow energy conditions and post-depositional changes if compared with other reference environments.
(iii) Age determination of the modern floodplain deposit by applying optically stimulated luminescence dating. Incomplete resetting of the luminescence signal constitutes a major problem
for dating sediments where transport conditions do not allow for sufficient sunlight exposure,
as is often the case in fluvial transport mechanisms (e.g., Gray et al., 2019: 994–997; Wallinga,
2002: 303). Therefore, dating modern analogues of known depositional environments is crucial
to account for potential inaccuracies and to avoid age overestimation of older deposits of unknown age.
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Hypothesis 2: The geomorphological and sedimentary impact can be used to reconstruct flooding activity over historic and prehistoric timescales.
Goal 2: Characterisation of historic and prehistoric morphodynamics
Combined remote sensing and chronostratigraphic investigations are assumed to provide a
suitable approach to address past and present morphological activity comprehensively. Satellite imagery will allow for the identification of surface changes to the floodplain during the last
~35 yrs while sedimentological and geochronological findings have the potential to extend the
historical record of flooding history beyond the era of satellite imagery. The multi-method approach allows to view the goal from different perspectives and leads to the following sub-goals:
(i) Estimation of geomorphological changes during the last ~35 years by comparing selected
Landsat and Sentinel imagery. Index-based time-series analysis is the best way to investigate
satellite imagery of the whole satellite period for morphological changes. Because precipitation
and flood events in arid environments are commonly associated with initial surface clearance
due to flood-related erosion and accretion, followed by vegetation growth leading to the
‘blooming desert’ phenomenon, the Bare Soil Index (BSI) and the Normalised Difference
Vegetation Index (NDVI) are chosen as proxies for precipitation induced surface changes and
have been already successfully applied by other studies in arid settings (e.g., Chávez et al.,
2019: 193–203; Guerschman et al., 2009: 928–945). Time-series results for the February 2019
event allow for the evaluation of both indices. Similarly, the comparison of Landsat and Sentinel data for the Sentinel period (i.e., since April 2017) contributes to the evaluation of both
sensors and their performance of time-series analysis.
(ii) Identification of flood deposits in the geological record by using granulometric and geochemical analyses (in contrast to deposits formed without running water). The comparison of
sedimentary characteristics of the stratigraphic record with the 2019 flood deposit will substantiate the interpretation of the depositional environment of stratigraphic units based on macroscopic appearance. Grain-size and geochemical analyses will allow for inferences about the
depositional environment, transport processes, and energy conditions. Geochemical characteristics are assumed to clarify sedimentary origin and hence contribute to the establishment
of sedimentary fingerprints for aeolian and fluvial sediment deposits, respectively.
(iii) Establishing a geochronology of the stratigraphic record and selected landforms by applying optically stimulated luminescence dating. To investigate surface processes in the Pica valley requires a chronology to assess the timing of geomorphodynamics. Therefore, optically
stimulated luminescence (OSL) dating provides an advantageous approach since it allows to
date the deposition of sediments directly. Combined with radiocarbon ages reported by May
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et al. (2019a: 1), the established chronostratigraphy will give insights into timing of fluvial and
aeolian activities and revisit previous findings of May et al. (2019a: 1), Keiser (2018: 1–59),
and Rhein (2018: 1–79).

Hypothesis 3: Flooding activity in the Pica Valley provides a record for climate variability in the Atacama Desert.
Goal 3: Comparing the geological record of the Pica Valley with climate data and other palaeoenvironmental archives
Since palaeoenvironmental records from the Altiplano and Atacama Desert indicate wet conditions related to climatic fluctuations in the late Quaternary while evidence from the Andean
Precordillera is scarce, this study aims to shed light on climatic conditions in the Precordillera
over historic and prehistoric timescales. These findings will be useful to discuss the role of
palaeoenvironmental archives in the Andean Precordillera as a link between records from the
Altiplano and the Central Atacama Desert.

Hypothesis 4: Combined remote sensing (impact) and sediment analyses (frequency)
can be used to improve the assessment of the regional flood hazard in the Tarapacá
region.
Goal 4: Providing supportive information for assessing hazards related to exceptional precipitation events
Though flooding in the arid environment of the Atacama and Andean regions is related to rare
precipitation events, high-impact events such as the March 2012, 2015, and February 2019
occurred within the last few years leading to catastrophic flooding in Northern Chile (Dirección
Meteorológica de Chile, 2019a: 21; Wilcox et al., 2016: 8035–8043; Sepúlveda et al., 2014:
481–491). Therefore, the spatio-temporal variability of such events needs to be better constrained as they pose a major threat to human settlements often situated at outlets of the Precordilleran valleys (e.g., Sepúlveda et al., 2014: 481–491). Existing approaches for hazard
assessment in arid environments shall be reviewed and the performance of methods used in
this study will be evaluated. These findings will be synthesized with the established record of
fluvial activity in the Pica Valley, and will thus allow for conclusions on the relevance of a multimethod approach for optimising the assessment of rainfall-induced debris and/or mud flows in
arid environments.
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2 Physical setting

2.1 Climate

2.1.1

Present climate

The Andean Precordillera in northern Chile (18–23 °S) are situated on the western slope of the
Andes at elevations between 2,000 and 4,000 m above sea level (asl) and are characterised
by a hyperarid to arid climate with 5–20 mm/yr (fig. 1; Hartley et al., 2005: 96). These conditions
result from the combination of four factors that are most evident in the hyperarid core of the
Atacama Desert: (i) the region’s position within the subtropical high-pressure belt is caused by
subsiding air masses of the Hadley cell (Amundson et al., 2012: 1049; Hartley et al., 2005: 96).
Strengthened by (ii) nearshore upwelling cold water of the Humboldt Current, the resulting
temperature inversion leads to reduced moisture-holding capacity of air and the formation of
coastal fog at elevations up to ~1,000 m asl (del Río et al., 2018: 129; Amundson et al., 2012:
1049; Cereceda et al., 2002: 261–271). Aridity is further driven by (iii) rain-shadow effects of
the Andes to the east that block humid air masses of tropical easterlies, and (iv) regional subsidence within the Rutllant cell related to the Altiplano high (Houston, 2006a: 2182; Rutllant et
al., 2003: 1–5).
Rainfall in northern Chile gradually increases to the north, east and south, and is characterised
by different sources and seasonal changes. Precipitation due to humidity derived from the
Pacific Ocean mostly occurs during austral winter (i.e., from June to August), when cut-offs
and frontal systems generated by extratropical westerlies move north- and eastwards
(Houston, 2006a: 2183; Houston and Hartley, 2003: 1459). However, as these systems are
blocked by the southeast Pacific subtropical high, they rarely reach north of 25 °S (Jordan et
al., 2019: 4; Vuille and Ammann, 1997: 419; Rutllant and Fuenzalida, 1991: 75–76). There in
the coastal range, moisture is present in form of low, dense stratocumulus clouds and marine
fog that may extend inland depending on elevation and topography (Cereceda et al., 2008:
309; Ewing et al., 2006: 5294; Cereceda et al., 2002: 264–270; Larrain et al., 2002: 278).
Precipitation in the Andean mountains is closely linked to humid air masses originating from
the Atlantic Ocean that have been transported by the Andean jet via the Amazon Basin (N-NE
mode). Another source area is the Gran Chaco in the Argentinian Altiplano that is related to
the southward movement of the Bolivian High (SE mode; de Porras et al., 2017: 666; Sáez et
al., 2016: 83; Gayo et al., 2012a: 123; Vuille and Keimig, 2004: 3346–3347).
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Figure 1: Weather system of the February 2019 precipitation event and location of weather stations installed by the
CRC1211.
The combination of warm sea-surface temperatures (indicating El Niño conditions) and the southward displacement
of the Bolivian High favoured the stabilisation of a low-level trough system leading to strengthening of the Andean
jet and enhanced moisture transfer from the Amazon towards the Chaco Basin (a and b; modified from Campos,
2019: 1). Rainfalls extended over southern Peru, north central Chile and Argentina, and accumulated up to ~140
mm even in hyperarid parts of Northern Chile (c; Olivares et al., 2019: 1). Isohyets show mean annual precipitation
in summer and winter rain areas (separated by the dashed line) based on Vaheddoost (2020: 4514) and Houston
(2006a: 2182–1285). Location of (d) is indicated by a white rectangle.
Overview of the Tarapacá region shows the location of the study area east of Pica (black rectangle) and CRC1211
weather stations forming a northern (stations 21–25) and central transect (stations 11–15) from the Coastal Cordil-
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lera towards the Andean Precordillera (d; based on Esri World Imagery, 2020). Meteorological data are shown in
figures 2 and 3. Note also the geomorphology of the Tarapacá region intersected by numerous ENE-WSW oriented
valleys that are addressed in sections 2.3 and 2.4.

Moisture supply particularly increases during austral summer (i.e., from December to February), when the southward shift of the intertropical convergence zone (ITCZ) leads to orographic
rainfalls especially in the Peruvian and Bolivian Andes (Jordan et al., 2019: 5; Schlunegger et
al., 2017: 158–159). In case of weakening westerlies, these humid air masses may also extend
westwards causing rainfalls in the Western Cordillera of northern Chile (Garreaud et al., 2009:
184). However, precipitation in this region of sources other than eastern or south-western
moisture sources are at least reported for an uncommon event in March 2015 that has been
attributed to a low-pressure cut-off system driven by unusually warm surface temperatures of
the Pacific Ocean (Jordan et al., 2019: 18; Barrett et al., 2016: 4563–4580; Wilcox et al., 2016:
8038–8041).
Spatio-temporal distribution of rainfalls is subject to interannual variable ENSO that is caused
by the interaction between atmosphere and SST in the equatorial Pacific (e.g., Carré et al.,
2012: 63; Garreaud et al., 2009: 180). In El Niño years, coastal upwelling is reduced due to
southward propagating Kelvin waves and leads to enhanced winter precipitation and flooding
in the coastal range while the Andean mountains remain dry (Vargas et al., 2006: 469; Vásquez
et al., 2006: 506; Garreaud et al., 2003: 20; Ortlieb et al., 2002: 16). There, summer rainfalls
are associated with La Niña years when increased moisture is supplied by strengthened easterlies (Gayo et al., 2012b: 297; Houston, 2006a: 2193). However, latest studies found out that
the impact of ENSO can be highly different, depending on the position of high SST in the
Central or East Pacific (Cai et al., 2020: 219).

2.1.2

Past climate

South of 19 °S, hyperarid to arid conditions established not later than the mid-Miocene,
whereby the driving mechanisms are part of a still ongoing debate (de Porras et al., 2017:
665). The uplift of the Altiplano is argued leading to a southward deflection of the Andean jet,
thus preventing the westward migration of humid air masses from the Atlantic Ocean (Rech et
al., 2019: 192; Schlunegger et al., 2017: 166). Similarly, Pacific-sourced moisture transport
reduced because of intensified cold upwelling of the Humboldt Current subsequent to the closure of the Central American Seaway (Armijo et al., 2015: 30; Montes et al., 2015: 226–229;
Garreaud et al., 2010: 49).
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A large array of palaeoenvironmental records shows evidence for climatic fluctuations in the
late Quaternary. Lake level and palaeowetland reconstructions reveal increased Andean discharge during the late Pleistocene and early Holocene coeval with the Central Andean Pluvial
Event (CAPE; Pfeiffer et al., 2018: 229–238; Placzek et al., 2006: 515–532; Grosjean et al.,
2001: 35–51). First termed by Latorre et al. (2006: 450), Placzek et al. (2009: 386–397) and
Quade et al. (2008: 343–360) used rodent middens and organic-rich diatomaceous deposits
to distinguish two wet phases CAPE I (17.5–14.2 kyr) and CAPE II (13.8–9.7 kyr) separated
by a period of enhanced aridity (~400 yrs). Investigations on palaeosols, fluvial terraces, and
debris flow deposits came to similar conclusions and thereby document the spatio-temporal
variability of these phases in the region (de Porras et al., 2017: 679; Nester et al., 2007: 19724–
19729; Vargas et al., 2006: 478; Veit et al., 1996: 112–114). These findings are supported by
geoarchaeological evidence that date human occupation of the hyperarid core in the Atacama
Desert between 12.8 and 11.7 kyrs (Latorre et al., 2013: 28; Moreno et al., 2009: 378).
Regional moisture availability seems to be driven by large-scale climatic fluctuations, thus controlling the millennial variability of CAPE phases (Placzek et al., 2009: 386; Quade et al., 2008:
357–258). Reconstructed partial-pressure carbon dioxide levels of surface waters within the
western equatorial Pacific indicate frequent La Niña conditions in the tropical Pacific during
CAPE I and thus predominantly Atlantic-sourced summer precipitation, which is in accordance
with the southward displacement of the ITCZ in that time (Gayo et al., 2012a: 135; Hodell et
al., 2008: 1162; Quade et al., 2008: 358; Palmer and Pearson, 2003: 481). Conversely, phases
of intermediate aridity and beginning CAPE II coincide with a shift of the ITCZ back to the north
(Hodell et al., 2008: 1162); reduced cholesterol concentrations in biomarker records from the
Peru margin continental shelf indicate El Niño conditions between 14.5 kyrs and 13.5 kyrs,
which are supported by alkenone unsaturation measurements reflecting simultaneously rising
SST in the eastern equatorial Pacific (Gayo et al., 2012a: 135; Makou et al., 2010: 43–44;
Kienast et al., 2006: 847). Likewise, these records show evidence for conditions shifting back
to La Niña during CAPE II, subsequent to another southward migration of the ITCZ (Gayo et
al., 2012a: 135; Makou et al., 2010: 44; Kienast et al., 2006: 847; Palmer and Pearson, 2003:
481–482; Peterson et al., 2000: 1949). Holocene aridity established around 10 kyrs and is
marked by occasional, asynchronous wet episodes of limited regional extent (Finstad et al.,
2018: 136; de Porras et al., 2017: 681 and references therein; Nester et al., 2007: 19728–
19729).
Regional differences in timing and magnitude of CAPE and subsequent wet phases are attributed to varying precipitation sources and modes (de Porras et al., 2017: 679; Sáez et al.,
2016: 91). However, to what extent these are responsible for the regional varying intensities
and durations of CAPE I and CAPE II, has not yet been completely understood (Pfeiffer et al.,
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2018: 237; de Porras et al., 2017: 679). Therefore, and because modern precipitation is only
occasionally, it is highly relevant to document both atmospheric conditions and sedimentary
impact of recent precipitation events to reconstruct palaeoclimatic conditions and address
questions concerning future trends.

2.2 Atmospheric conditions, precipitation distribution and flooding during
the February 2019 event

During the austral summer of 2019, atmospheric conditions over South America reveal several
anomalies that can be related to the far southern displacement of the Bolivian High (fig. 1;
National Oceanic and Atmospheric Administration (NOAA) National Centres for Environmental
Information, 2019a: 1). The establishment of a near-surface low-pressure system led to
strengthening of the low-level Andean jet and enhanced moisture transfer from the Amazon
towards the Chaco Basin, causing intense convective rainfalls in Northern Chile and Argentina
(fig. 1a; Campos, 2019: 1; Dirección Meteorológica de Chile, 2019b: 22). For example, in January the city of Resistencia in north central Argentina received unprecedented rainfalls of 556.8
mm, with 224 mm on January 8th alone (Campos, 2019: 1; NOAA National Centres for Environmental Information, 2019b: 1). Weather stations of the Chilean Meteorological Department
record >100 mm in the Altiplano which is 85 % more than normal; in Calama (Antofagasta
region), monthly rainfall anomaly even exceeded 250 % (fig. 1c; Dirección Meteorológica de
Chile, 2019b: 27). The system slowed down and stabilised among February until March as
easterly winds were promoted by low-level highs over the eastern Pacific and southern Brazil
(fig. 1a; Dirección Meteorológica de Chile, 2019a: 9, 2019b: 9). While southern Chile experienced historic maximum temperatures and widespread persistent forest fires, prevailing convective activity in the northern part led to severe rainfalls and flooding in the Western Andes
and Precordillera that even reached the coastal areas of Iquigue and Alto Hospicio (Dirección
Meteorológica de Chile, 2019a: 21). However, precipitation occurred only locally and slightly
delayed. For example, Chucuyo situated 25 km east of Putre and Chapiquiña in the Western
Cordillera received 54.5 mm on February 5th, whereas Chapiquiña and Putre recorded only
0.3 and 1.5 mm, respectively, reaching their maximum either before (Chapiquiña) or after (Putre; Dirección Meteorológica de Chile, 2019a: 21).
In the Atacama Desert, weather stations installed by the CRC1211 reflect prevailing atmospheric conditions in that both central (stations 11–15) and northern parts (stations 23–25)
show decreasing barometric pressures and linkages of parameters of temperature and humid9
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ity, radiation and leaf wetness with days of precipitation (figs. 1–3). While the central part of
the Tamarugal Basin received two precipitation events during early January and late January/early February, this first event is of only minor impact in the northern part (figs. 2 and 3).
In contrast, the February 2019 rainfalls continued from January 28th until February 10th and
extended from the Andean Precordillera throughout the basin to the coast. Synchronously, all
weather stations document increasing soil moisture and leaf wetness while radiation and soil
temperature are reduced (figs. S1 and S2). Winds blow mainly from W-SW direction but show
no acceleration or weakening trends during the precipitation event. Only in the Precordillera,
dominating S-SW winds are interrupted by S-SE gusts of up to 4 m/s (fig. S2). Individual rainfalls often lasted no more than an hour reaching repeatedly peaks of up to 18 mm in the Andean Precordillera (fig. 3). Thereby, the decrease and temporal delay of these peaks from east
to west documents the westward propagation of humid air masses being driven by the nearsurface trough formation (fig. 1a). As the Tarapacá region usually obtains <4 mm/yr, up to 130
mm received only in February point to the abnormality of this event with a precipitation anomaly
ranging from ~600 to ~27,000 % (fig. 1c; Centro de Ciencias del Clima y la Resiliencia (CR)2,
2020: 1).
Rainfall-induced flooding occurred already at the end of January, affecting more than 30,000
people in northern Argentina (International Federation of Red Cross and Red Crescent Societies (IFRC), 2019: 1). Four people died and more than 9,000 people suffered damages as
accumulated rainwater due to soil saturation prevented them from evacuation (IFRC, 2019: 1).
However, flooding due to January rainfalls in Chile was so far limited and only necessitated
road closures and evacuations in some locations along the Chilean-Peruvian border
(FloodList, 2019a: 1). The situation changed after major precipitation peaks in mid-February
when wide-spread flooding activity was prevalent throughout northern Chile, gaining broad
public attention (Dirección Meteorológica de Chile, 2019a: 21; Guzman, 2019: 1; PAHO, 2019:
1; The Straitstimes, 2019: 1). Along the Andean Precordillera and Tarapacá region, flooding
caused at least eight casualties and injured more than 330 people (FloodList, 2019a: 1). Several 10,000 people were affected by damages to houses, roads and other infrastructure, such
as power outages (Dirección Meteorológica de Chile, 2019a: 21; PAHO, 2019: 1). As landslides and prolonged rainfall were expected, the National Emergency Office of the Ministry of
the Interior (2019: 1) announced a Yellow Alert for the regions of Arica and Parinacota,
Tarapacá and Antofagasta on February 16th. In Peru, flooding was most intense at the end of
February, causing damages to more than 8,000 people due to overflowing rivers, flashfloods
and landslides (FloodList, 2019b: 1).
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Figure 2: Meteorological data of weather stations installed by the CRC1211 in the central transect between January
1st, 2019 and February 28th, 2019 (a), and January 27th, 2019 and February 11th, 2019 (b).
Note changing atmospheric conditions during the February 2019 precipitation event (shaded in grey) albeit rainfalls
are absent in coastal areas. Data are based on daily (a) and hourly measurement intervals (b). For details, see the
weather database created by Hoffmeister (2018: 1).
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Figure 3: Meteorological data of weather stations installed by the CRC1211 in the northern transect between January 1st, 2019 and February 28th, 2019 (a), and January 27th, 2019 and February 11th, 2019 (b).
Note the prevalence of the February 2019 precipitation event (shaded in grey) throughout the Tarapacá region. As
for figure 2, data were obtained from daily (a) and hourly measurements (b). For details, see the weather database
created by Hoffmeister (2018: 1).
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In northern Chile, the morphological impact of the February 2019 flooding included the reactivation and overflow of rivers, while saturated soils led to landslides and mud flows that generated alluvial fans (Dirección Meteorológica de Chile, 2019a: 21). For example, a 60 m waterfall
that had been dry for >10 yrs has been reactivated (BBC News, 2019: 1). Locally, flooding
activity was associated with underwashing of infrastructure (Dirección Meteorológica de Chile,
2019a: 21). Effects of the 2019 precipitation event on the Atacama Desert became visible by
March in form of a ‘blooming desert’ that terms the precipitation-related development of plants
in barren arid to hyperarid ecosystems (Chavéz et al., 2019: 193–194 and references therein;
Dauphin and Voiland, 2019: 1; Gayo et al., 2012a: 124; Latorre et al., 2003: 227). Mapping of
such greening events has been already successfully applied to study intensity and spatio-temporal variability of previous precipitation events (Chavéz et al., 2019: 193–203). However, scientific research related to the February 2019 flooding event is very limited so far and has only
been published by Olivares et al. (2019: 1) who documented surface changes on hillslopes by
testing a new methodological approach on Landsat imagery.
Observed February 2019 rainfall and temperature anomalies as well as their consequences
across South America have been discussed in terms of ENSO and climate change. Slightly
elevated SST and reduced coastal upwelling in the eastern Pacific indicate weak El Niño conditions (NOAA National Centres for Environmental Information, 2019a: 1; World Meteorological
Organisation, 2019: 1–5). Though this setting is consistent with dry conditions in southern
Chile, it is usually associated with enhanced aridity over the Altiplano region due to strengthening of the westerly subtropical jet (fig. 1; Campos, 2019: 1; Montecinos and Aceituno, 2003:
281). However, the February 2019 atmospheric constellation resembled that of the January
1983 and January 1998 El Niño precipitation events, respectively (Dirección Meteorológica de
Chile, 2019a: 9; Vargas et al., 2006: 473). Unstable conditions may be explained by a subsidence inversion corresponding to the increased Hadley circulation of the southward displaced
ITCZ, in addition to slightly positive SST anomalies (~1 °C; fig. 1; NOAA National Centres for
Environmental Information, 2019a: 1; Vargas et al., 2006: 472). Simultaneously, the northeastward shift of the South Pacific Convergence Zone acted as a further agent in driving convective
activity over Peru, Chile and north central Argentina (Samoa Meteorology Division, 2019: 1;
Sulca et al., 2018: 431; Vargas et al., 2006: 472). Whether the 2019 precipitation event can be
attributed to climate change remains speculative as it results from the interaction of seasonally
and interannually varying climatic factors (Campos, 2019: 1). However, an increase of strong
El Niño events and associated extreme weather events in the eastern Pacific are expected as
global warming will lead to increased SST variability (Ortega et al., 2019: 235; Cai et al., 2018:
204; Schulz et al., 2011: 1813).
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2.3 Morphotectonics and geology

2.3.1

Tectonic and geologic setting of Northern Chile

The study area is situated east of Pica in the Tamarugal province of the Tarapacá region in
Northern Chile (20° 25’ S to 20° 29’ S; 69° 11’ to 69° 17’ W), where the Andean mountains can
be divided into four tectonic sections (fig. 4; Fuentes et al., 2018: 1): The Coastal Cordillera is
the westernmost mountain range consisting of Palaeozoic and Mesozoic rocks that are covered by alluvial sediments of Oligocene to Pliocene age (Labbé et al., 2018: 156; Charrier et
al., 2013: 238). Running almost parallel to the coast, the ~30 km wide range narrows northwards, disappearing in the Arica region (~18° 15’ S) before rising again in southern Peru (figs.
4a and c; Charrier et al., 2013: 238). Due to the activity of several N-S trending faults (i.e., the
Atacama fault system) during the Early Jurassic and intermittently in the Neogene, the Coastal
Cordillera was uplifted up to ~1,500 m asl. The western part is characterised by a steep coastal
cliff, whose development is broadly discussed to result from erosional processes related to
either tectonic uplifting, sea-level changes, or landsliding (Bartz et al., 2020: 7–8 and references therein; García-Pérez et al., 2018: 3). At the eastern margin, phases of intense erosion
smoothened the topography in Oligocene–Miocene and Late Miocene–Early Pliocene times,
thereby forming the Coastal Tarapacá Pediplain (Charrier et al., 2007: 83; González et al.,
2003: 323; Mortimer et al., 1974: 488). Its remnants constitute the sedimentary base of the
Central Depression that borders to the east forming a 40–70 km wide longitudinal valley at
~1,000 m asl (fig. 4a; Labbé et al., 2018: 156; Evenstar et al., 2017: 2; Charrier et al., 2013:
238; González et al., 2003: 323). Given its westward inclination of 1–2°, the basin reaches
from 500–1,100 m asl in the west to 1,900–2,300 m asl in the east (figs. 4a and d; García et
al., 2011: 1049). Late Cenozoic to Quaternary alluvial, fluvial, lacustrine, volcanic and evaporitic deposits originating from the Andean Precordillera cover the pediplain’s remnant sediments
up to 1,500 m asl (Labbé et al., 2018: 156; Evenstar et al., 2017: 2; Charrier et al., 2007: 83).
However, since the basin is intersected by deep, ENE-WSW oriented valleys forming the socalled pampas, facies and thickness of the sedimentary infill vary within these interfluvial surfaces (Evenstar et al., 2017: 3; Charrier et al., 2013: 239; Charrier et al., 2007: 83). Those
valleys extend eastwards to the Precordillera, a 20–80 km wide forearc that reaches up to
4,000 m asl due to the activity of the West Vergent Thrust System (Hartley et al., 2000: 332).
The Jurassic–Paleogene basement rocks were eroded during the onset of aridity in Oligocene
and Miocene to form the Choja pediplain (Galli-Olivier, 1967: 645).
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Figure 4: Physical setting of Northern Chile.
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The northern Chilean Andes are characterised by the forearc region (Coastal Cordillera, Central Depression, and
Precordillera) and the volcanic arc (Western Cordillera; a). The study area is situated at the transition from the
Precordillera to the Central Depression (see black rectangle in a; b). The tectonic setting of the Central Andes (c)
in the western margin of South America is characterised by (i) major Neogene reverse faults, (ii) covered or partially
reactivated (during the Neogene) reverse faults, and (iii) pre-Neogene faults or minor Neogene faults (modified from
García et al., 2011: 1048). Topographic slope of Northern Chile (d) and the study area (see black rectangle in d; e).
Note that (d) and (e) are classified in the same way. Maps are based on SRTM-Digital elevation model (DEM; 30
m resolution; a) and TanDEM-X WorldDEMTM data (12 m resolution; b). Slope values were derived from DEM.

Followed by Miocene volcanic activity, which is associated with the Andean uplift, the former
erosional surface is gently folded and covered by Neogene–Quaternary volcanic tuffs and igneous rocks such as ignimbrites that originate from the volcanic arc of the Western Cordillera
(Labbé et al., 2018: 157; Armijo et al., 2015: 5; Gardeweg and Sellés, 2015: 2–4; Charrier et
al., 2013: 239; Schlunegger et al., 2010: 125; Hartley et al., 2000: 332; Wörner et al., 2000:
225–226).
The fourth tectonic section of the northern Chilean Andes comprises the Western Cordillera
(fig. 4). Along NNW-SSE oriented folds and thrusts of Miocene–Holocene age, andesitic stratovolcanoes and intrusive rocks reach altitudes up to >6000 m asl and characterise the irregular topography of the 50–100 km wide area (Evenstar et al., 2017: 3; Cembrano et al., 2007:
241; Haschke et al., 2002: 209; Hartley et al., 2000: 332). Together with the Eastern Cordillera,
this arc borders the Cenozoic sedimentary basin of the Altiplano (~3,800 m asl; Lamb and
Hoke, 1997: 624; Muñoz and Charrier, 1996: 172).

2.3.2

Tectonic and geologic setting of the study area in the Andean Precordillera

The Pica Valley is situated in the Tarapacá Basin along the Pampa del Tamarugal at the transition from the Andean Precordillera to the Central Depression (figs. 4 and 5). Therefore, the
structural setting of the study area is defined by the West Vergent Thrust system that can be
divided into two tectonic domains: The eastern and southern sections are characterised by
dense, N-S trending asymmetrical anticlines and synclines, such as the Chacarillas and Higueritas formations, along the Domeyko Cordillera (i.e., the Western Cordillera, bordering the
Preandean depression to the east; fig. 5; Fuentes et al., 2018: 4–5; Cembrano et al., 2007:
237). The presence of these southwards dipping, almost isoclinal folds (50–80 °S) has been
discussed to result from either west-verging thrusts (Armijo et al., 2015: 20–22; Amilibia et al.,
2008: 1527–1528) or reactivated normal faults (Herrera et al., 2017: 102; Charrier et al., 2007:
66).
In the western and northern sections, monoclinal folds like the Altos de Pica, Longacho, and
Chintaguay flexures run in NNW-NNE direction and have been attributed to blind reserve faults
(fig. 5; Fuentes et al., 2018: 5; Charrier et al., 2013: 245; Victor et al., 2004: 12). Analyses of
16
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several stream profiles at the transition to the Central basin revealed a strong correlation of
knickpoints with the fronts of the flexures and allowed for identifying and tracing linear structures within the fault system (Victor et al., 2004: 12–13).

Figure 5: Simplified geological and tectonic setting of the Tarapacá Basin along the Pampa del Tamarugal.
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Note the location of folds A–E and the 2D seismic lines close to the study area (black rectangle) whose profiles are
shown in figure 6. Ages are given in million years.
(Modified from Fuentes et al., 2018: 3)

Figure 6 clearly shows that the complexity of the tectonic system underlies the succession of
geological formations and is responsible for their variation along the Precordillera and Central
Depression (fig. 6; Charrier et al., 2007: 81 and references therein; Pinto et al. 2007: 218–
222). The Cenozoic sediment deposits in the study area correspond to the Altos de Pica formation in the late Oligocene to late Miocene. The ~600 m thick sediment column contains three
conglomerate and sandstone units that are intercalated with two ignimbrite and tuff layers (fig.
6c; Charrier et al., 2007: 80): The basal unit constitutes ~320 m clastic material of fanglomerate, sandstone and conglomerate associated with clasts that were eroded from the underlying
Mesozoic surface. Deposition occurs non-uniform and fills depressions of the former surface
with a distinctive angular unconformity >90° (Victor et al., 2004: 4; Dingman and Galli-Olivier,
1965: 35-36,). The base of this section is interpreted marking the onset of the Andean uplift
(Victor et al., 2004: 4 and references therein). It is covered by ~20 m of rhyolithic tuffs deposited
in conformity with underlying sediment but in substantial unconformity with the basement rocks
and has been dated to the Early Miocene (Victor et al., 2004: 8). This layer extends across the
Precordillera with eastward increasing thickness and crops out where the younger stages of
the Altos de Pica formation have been eroded (e.g., along the Longacho flexure; fig. 6; Dingman and Galli-Olivier, 1965: 39). Contrary, sedimentary unit 3 (~170 m) shows an eastward
thinning trend and consists of sandstone and intercalated conglomerates reflecting an alternation of their depositional environment from aeolian to fluvial conditions (Dingman and GalliOlivier, 1965: 35 and 44). The outcrop of rhyolithic tuffs of unit 4 is one of the most extensive
of the Altos de Pica formation in this area and thins out westwards at ~200 m asl. Texture and
lithology are similar to unit 2 while thickness varies locally considerably between 20 to 150 m
(Victor et al., 2004: 4; Dingman and Galli-Olivier 1965: 45 and references therein,). Ignimbrites
of this layer have been dated to mid-Miocene (fig. 6c; Victor et al., 2004: 7). The uppermost
section comprises medium- to fine-grained, poorly consolidated sands thickening westwards
to ~200 m. The deposits are partly associated with crossbedding structures or rounded pebbles, thus being interpreted as aeolian and fluvial sediments that origin from the Andean mountains. However, since there is an increase of aeolian derived sediment in units 3 and 5, this
clearly shows the advancing aridity of the Atacama region (Evenstar et al., 2016: 652; Gaupp
et al., 1999: 98; Alpers and Brimhall, 1988: 1652).
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Figure 6: Stratigraphic record of the Tarapacá Basin based on interpreted 2D seismic lines Z1F003 (a) and
schematically modelled in 3D along profile 99-3 (b) showing the Altos de Pica formation that characterises the study
area (c).
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Location of seismic profiles and folds A–E are shown in figure 5; PFS refers to the westernmost branch of the
Precordilleran fault system (a). Interpretation of seismic profiles followed velocity-related depth conversion of twotravel time (TWTs) data (a and b). Ages of (c) were adopted from Victor et al. (2004: 1–24)1 and Vergara and Thomas
(1984: 1)2 and are given in million years.
(Modified from Victor et al. (2004: 6–11; a and c) and Fuentes et al. (2018: 14; b))

2.4 Geomorphology

2.4.1

Geomorphological setting of Northern Chile

The landscape at the transition from the Pampa del Tamarugal basin to the Precordillera is
characterised by gently inclined low-relief surfaces that are intersected by numerous steep
ENE-WSW oriented valleys with increasing westward inclination from ~2° at the slope base to
~8–12° at upper sections (figs. 1d and 4d; Jordan et al., 2010: 9). These canyons are on
average <1,000 m deep incised into the West Andean and Precordilleran slope and are associated with the so-called quebradas, which are river systems fed by precipitation in the Andean
mountains. Reaching only in the proximal 1–2 km wide part of the Tamarugal basin, most of
them are endorheic systems and only intermittently active, except for the Quebrada Tiliviche
to the north and the Río Loa to the south (fig. 4; Hoke et al., 2007: 2). The perennial occurrence
of surface freshwater within the Tamarugal basin is limited to these two rivers and occasional
streamflow discharges strongly coupled to rare precipitation events in the Andes. Moreover,
flashfloods resulting from those extreme rainfalls have been shown to recharge the groundwater aquifer considerably in addition to subsurface groundwater fluxes originating from the eastern basin and along tectonic faults (Pfeiffer et al., 2018: 226; Scheihing et al., 2018: 17; Jayne
et al., 2016: 1935; Houston, 2006b: 608; Houston, 2002: 3033; Magaritz et al., 1990: 516–
517).
Though wet climate phases are evidenced for the late Pleistocene and intermittently during the
Holocene (see section 2.1.2), arid to hyperarid conditions prevailed at least since the late Miocene (Maldonado et al., 2019: 1; Jordan et al., 2014: 1031). Consequently, fluvial sediment
deposits in this region are attributed to derive from high flow discharges generated by exceptional precipitation events and have been observed to reach even the Atacama Desert (Pfeiffer
et al., 2018: 226; Scott et al., 2017: 1–9; Wilcox et al., 2016: 8035–3043). In this context,
alluvial fans mainly situated in the central part of the basin are either reactivated or generated
(fig. 1d). Characterised by flashflood, mudflow and debris flow deposits, they constitute the
major landforms in the region in which sedimentary deposition occurs (Jordan et al., 2014:
1020 and references therein; Jordan et al., 2010: 11). Furthermore, Evenstar et al. (2017: 22–
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25) documented the regional variability of erosional and aggradational activity of those river
systems being controlled by their relation to sea level and tectonic uplift of the area, as well as
climatic conditions: While incision and deposition are promoted during humid phases, they are
restricted to pre-existing valleys during arid phases, thereby leading to the exposure of both
former aggradational and degradational surfaces that have been preserved under hyperaridity
on geologic timescales (Evenstar et al., 2017: 22–25). Based on first investigations, similar
conclusions were drawn by May et al. (2019a: 1) for the Pica Valley, in which receding fluvial
activity to the upper valley section is indicated by luminescence ages for at least the last 1,800
yrs.
Alternating arid and wet conditions are evidenced by a variety of landforms that have been
preserved in the landscape under the prevalent aridity. For example, fluvial terraces are present in nearly all valleys and were built up on top of late Miocene alluvial fan deposits as the
consequence of late Pleistocene aggradation and intervening incision (Jordan et al., 2014:
1019; Nester et al., 2007: 19726–19729). Beside fluvial morphodynamics, aeolian activity is
the second major force in driving landscape formation of the Tamarugal basin. Transverse
dunes are formed due to sediment transport driven by westerly winds and occur mainly in
sheltered low-lying and lower slope areas north of 21 °S (Finstad et al., 2018: 127–128; Jordan
et al., 2014: 1020; Latorre et al., 2011: 2). Pedogenesis is strongly coupled to aeolian transport
of dust and salt (mainly calcium sulphate and nitrate), that is blown out from salt pans (i.e., the
salars) lying in the western Tamarugal basin, and favours the formation of nitrate deposits and
gypsic and/or anhydritic soils (Ewing et al., 2006: 5293; Michalski et al., 2004: 4034–4035;
Rech et al., 2003: 584; Berger and Cooke, 1997: 598–599).
However, since landscape formation is controlled by the arid to hyperarid climate of the Atacama region, geomorphic processes seem to occur over the long-term and explain the diversity
of landforms (Matmon et al., 2009: 694; Clarke, 2006: 112; Mortimer and Sarič, 1975: 416).
This is also supported by generally low erosion rates of 0.1 to 1 m/myr obtained from cosmogenic nuclide dating by Placzek et al. (2010: 16), Kober et al. (2007: 110), and Dunai et al.
(2005: 323). In contrast, studies on incision of steep valleys present values of several tens to
hundreds m/myr (Evenstar et al., 2020: 6; Garcia and Hérail, 2005: 296), thereby highlighting
the regional variability of the Andean uplift and the influence of slope gradient on erosion
(Placzek et al., 2014: 1508). Due to the rareness of precipitation in this region, the erosive
power of extreme discharges related to these heavy rainfall events has not yet been completely
understood but was determined at least for the March 2015 event to ~6 mm (Aguilar et al.,
2015: 817). Based on local long-term erosion rates of 40–70 m/myr, only a 100-yr recurrence
of such precipitation events would explain these values (Carretier et al., 2018 56; Aguilar et
al., 2015: 817; Aguilar et al., 2011: 1742). This is in accordance with recurrence intervals de21
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termined from rain gauge data and different debris flow deposits (e.g., Aguilar et al., 2020:
1261; Ortega et al., 2019: 231–236; Houston, 2006a: 2187; Vargas et al., 2006: 478). Given
the simultaneity of precipitation-related erosional and aggradational processes inside those
steep canyons points out the potential of more gentle valleys like the Pica Valley for studying
flooding activity in the geological record.

2.4.2

Geomorphological setting of the study area

The Pica Valley is a NE-SW oriented canyon that has been formed by ephemeral fluvial processes from the Western Andean mountains. The relief reflects typical linear incision from
~2,490 m asl until ~2,260 m asl, where the opening of the valley marks the changing geology
from Lower Miocene to Upper Miocene and Holocene sediments (figs. 4–7). Stretching over
~15.3 km, the valley changes its course at nine of in total 18 knickpoints alternating between
more south- or westward orientation, respectively, before finally flattening out at 1,530 m asl.
Slope gradient of the profile ranges from -34 to 31° but varies on average between -3 and 1.7°
(figs. 4e and 7b). It is closely related to the location of knickpoints and dunes on the valley
floor, whereby negative values correspond to leeward dune slopes and slight elevation increases before those knickpoints (fig. 7b). Maximum inclination of the valley bottom is ~12°
but partly exceeds 25° reflecting the shape of barchanoid and transversal dune ridges in the
upper valley. The most striking feature is a >1.5 km long transverse dune that enters from the
northwest and roughly divides the study area into two sections that can be further subdivided
by the position of those major knickpoints (figs. 7 and 8). These five sections comprise also
slightly different characteristics, which are described as follows: The uppermost part presents
the opening of the valley, where traces of the predominantly linear incision show partial meandering of the ephemeral fluvial system and the evolution of fluvial terraces (figs. 8a–c). Its
boundary to section 2 is marked by the sudden narrowing of the valley floor (particularly the
floodplain) due to the outcrop of a palaeodune and leeside aeolian deposition (fig. 8c). After
bypassing it, the valley widens considerably and allows wind to interact with the surface to
accumulate barchanoid and transversal dunes. The stream channel meanders around these
dune fields since they reach several metres crest height (figs. 8d and e). Since the valley
slopes are characterised by dune formation as well, solid outcrops identified in this and the
third valley section represent further palaeodunes that show typical cross-bedding (figs. 8f and
g). Section 3 marks the central part of the Pica Valley and extends downwards of the large,
entering transverse dune. Here, the canyon is bordered by up to 45° inclined slopes and ob-
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tains several minor directional changes ranging from W- to NW- to WSW- and SW orientation
(figs. 4e and 7a).

Figure 7: Location of sampling sites and elevation profiles in the Pica Valley.
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Five morphological sections are distinguished based on the directional course (a), the geomorphological setting
with dunes, terraces, the location of knickpoints (kp; b), and cross sections (c). Locations of UAV-based orthophotos
and DEM are marked with yellow-dashed rectangles (a); major knickpoints are highlighted in bold (b). All elevation
profiles are vertically exaggerated by 2.5 times.
(Based on May et al., 2019a: 1)

In addition, the valley cross-section becomes maximal (>1.5 km) but is, however, largely filled
by a dune field that expands west and southwest of the transverse dune (fig. 7c). Beside the
palaeodune, another remarkable morphological feature is the presence of terrace-like structures in the lower part of this section and more frequent within section 4. Their different base
levels of ~1,980 m and ~1,970 m asl vary considerably from that of terraces in section 1
(~2,166 m asl), respectively, and point towards different phases of fluvial activity. The gradual
constriction of the valley slopes is reflected by the similar narrowing of the floodplain that winds
along those morphological structures (figs. 4e and 8). Based on the valley profile, the lower
terrace level of section 3 (~1,980 m asl) simultaneously marks the boundary to section 4 where
the gradual flattening topography indicates the beginning valley mouth and is associated with
only minor knickpoints and even lower terrace levels (~1,944 m asl). As the Pica Valley was
affected by flooding after the February 2019 precipitation event, section 5 comprises the recent
alluvial fan that has been formed by the deposition of debris and/or mud flow and shows a
typical, slightly convex profile (fig. 7).

24

Physical setting

Figure 8: Morphological characteristics of the study area.
Constriction of the sandy floodplain (FP) due to the outcrop of a palaeodune and fluvial terraces in the upper valley
(a–c). The wide central part (section 3) allows for the formation of dunes around which the floodplain meanders (d
and e). Note the person as reference for dune height (e). Location of palaeodune (PD) 2 opposite a knickpoint (kp)
and the large entering transverse dune, showing typical cross-bedding (f and g).
(Based on UAV-based orthophoto 1 (a); photographs taken by May, 2017(b–g))
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3 Methods

3.1 Field survey

Three field campaigns were conducted from 2017 to 2019 in the context of the CRC1211,
whereby the Pica Valley was visited on average for two days at the end of February and March.
To study the dynamics of earth surface processes in a landscape, where water is almost completely absent, the dry Pica Valley provides a well-suitable study area that shows evidence of
both aeolian and fluvial activity. Investigating the valley’s geomorphology and stratigraphy may
allow to unravel local to regional flooding activities in the historical record. Since the last field
survey was carried out six weeks after the February 2019 precipitation event, the geomorphological and sedimentary flooding impact of this event was systematically observed and sampled. Therefore, UAV- (type: DJI Phantom 4, rotary-wing quadrocopter) based orthophotos
(recorded in 2017 and 2019) and DEM were used to describe the morphological setting of the
valley and to characterise the recent floodplain. The UAV was equipped with a 12-megapixel
FC330 camera to collect the imagery. Data processing was done in the AgiSoft Photoscan
Professional environment (version 1.5.2) and produced three DEM (resolution 3.5–9 cm) and
three orthophotos (resolution 3.6–4.7 cm; fig. S3; tab. S1; Agisoft LLC, 2020: 1).
Stratigraphy was documented along the valley in form of shallow pits situated on the floodplain
as well as profile trenches that were exposed by channel incision of the 2019 flooding. For
each trench, sedimentary units were documented, photographed and described in terms of
grain size, colour, sediment structure and composition, arrangement and basal contact. Position and topography were measured using a handheld GPS (Garmin GPSMAP 64s; resolution
3.65 m). Samples were taken from selected trenches. For shallow pits (P1–6), each stratigraphic unit was sampled in intervals of 5–10 cm while larger intervals were used for profile
trenches T1–3. Luminescence samples were taken out of selected stratigraphic units and have
been renamed according to table S4. In addition, surface samples were taken from a recent
dune (D1), palaeodunes (PD1–3), slack-water- (SD-2017) and sand-fan deposits (FP-2017),
and a levee of the 2019 flooding event (LV-2019). Based on their sedimentological, geochemical and geochronological characteristics, they serve as a reference for identifying flood deposits in the sedimentary record.
As the Pica Valley has been studied since 2017, some previous work has been done in form
of two bachelor theses and a conference poster (May et al., 2019a: 1; Keiser 2018: 1–59;
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Rhein, 2018: 1–79). Thus, this thesis builds on these previous findings, updates them and aims
to strengthen their validity by extending the existing database.

3.2 Optical remote sensing

3.2.1

Remote sensing studies in the Atacama and Andean regions

Remote sensing is the use of airborne and/or satellite derived images to analyse objects,
phenomenons, or landscapes of the Earth’s surface from distance, i.e., without direct contact
(Lillesand et al., 2015: 1). Electromagnetic waves are emitted and recorded after their
interaction with the surface matter. Because of various optical windows within the
electromagnetic spectrum, the sensor is able to receive reflections of different wavelengths
which are recorded by specific scanners, e.g., in the visible (black and white, colour) and nearinfrared (NIR) band (Rao, 2002: 52). In the Atacama and Andean regions, optical remote
sensing has been applied to solve geomorphological, climatological and geoarchaeological
questions. For example, Borie et al. (2019: 1–27) combined Landsat imagery and field surveys
to identify potential chert sources within the Atacama Desert and highlighted the usefulness of
this approach for large-scale archaeological studies. In environmental research, optical data
are now used to gain insights into biological processes and climatic conditions in this hyperarid
region: Based on field and drone measurements, Moderate Resolution Imaging
Spectroradiometer (MODIS) and Landsat imagery, and numerical modelling, Lehnert et al.
(2018: 254–269) could characterise two different types of fog which contribute to 8–24 % of
the available surface water to biological soil crusts. However, high-resolution products are
required to monitor fog formation since low-resolution data do not capture small-scale fog
events adequately (Lehnert et al., 2018: 261). Difficulties in climatological remote sensing
studies of the Atacama region are also highlighted by Fonseca et al. (2019: 2202–2220) who
point out the need for ground-truthing of satellite- and modelling-derived data (i.e., MODIS, the
Weather Research and Forecasting model and the Noah Land Surface model) due to
uncertainties and inaccuracies in estimating surface temperature and moisture in arid
environments. Such improvements are part of current research and first calibration and
validation work was undertaken by Mattar et al. (2018: 43–61) who recommended the Atacama
Desert for being a favourable reference for characterising surface reflectance. Focussing the
biological phenomenon of the ‘blooming desert’ in the aftermath of precipiation events, Chavéz
et al. (2019: 193–203) used the NDVI and applied a time-series analysis to data from the
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Global Inventory Modeling and Mapping Studies project to reconstruct and characterise those
events. Though further work needs to focus on the detailed relationship between rainfall
accumulation and frequency of ‘blooming’ events, this study shows the appropriateness of
using the NDVI as a proxy for identifying precipitation events in the historical record (Chavéz
et al., 2019: 200–201). In a different geomorphological point of view, Hesse (2009: 426–436)
investigated aeolian morphodynamics in the western part of the Pre-Andean basin at the
northern edge of the Atacama. Based on DEM from the Shuttle Radar Topography Mission
and Advanced Spaceborne Thermal Emission and Reflection Radiometer, he calculated the
volume of a terminal dune field while Landsat images and a Quickbird image were used to
quantify aeolian transport by dune migration (Hesse, 2009: 429–431). Combined with the
coastal uplift rate, the author used the topographic data to provide age estimates of aeolian
accumulation and ascribe the discrepancy between his results and the tectonic evolution of
the region to differences in sediment supply and transport conditions between the late
Quaternary and present (Hesse, 2009: 435). Another example for studying geomorphology
using remote sensing data is given by Li et al. (2014: 100–110) who investigated changes
within the Río Colorado dryland river system in the Central Andes after strong precipitation and
discharge events by time-series analysis of Landsat images.
All those studies and developments presented here rely on satellite-derived optical data.
Beside these sensors, other applications such as synthetic aperture radar (SAR) or thermal
scanners are based on the emission and recording of microwaves or thermal radiation which
is particularly advantageous in scanning areas of cloudiness and during night times. However,
since the Pica Valley is situated at ~2,000 m asl, it is of substantially higher elevation than the
foggy zone that characterises the climate between 650 m asl and 1,200 m asl at the transition
from the Atacama Desert to the Andes (Cereceda et al., 2008: 309). Therefore, optical remote
sensing is acknowledged as a suitable approach for studying this area and was already
successfully applied to map the flooding extent of an exceptional precipitation event in the dry
Salar de Uyuni, Central Andes (Li et al., 2018: 1–19). The decision for this methodology is
supported by the limitation of SAR due to backscatter issues resulting from the interaction with
sand (Williams and Greeley, 2004: 29–30) though Ullmann et al. (2019: 19) show that at least
for large-scale study areas such as the Atacama Desert, it is possible to assess spatiotemporal land surface changes in sandy environments with SAR.
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3.2.2

SPEAR change detection analysis

Satellite data acquisition and pre-processing
Because the spatial resolution of Landsat 8 (15 m) and Sentinel-2 imagery (10 m) is too coarse
to gain reliable results for studying the 2019 precipitation event in the Pica Valley, Planet
satellite data provide a freely available alternative of much higher resolution (3 m) and should
be preferred for performing change detection analysis in this study (National Aeronautics and
Space Administration, 2020: 1; Planet Labs Inc., 2019: 22; European Space Agency, 2015a:
51). The PlanetScope constellation comprises approximately 130 satellites that capture the
entire land surface of the Earth every day (tab. 1; Planet Labs Inc., 2019: 13). The optical
system is now operating in the third generation (PlanetScope 2 (PS 2)), which started in 2018,
and is continuously improved to enable quantitatively and qualitatively high-standard imagery
(Planet Labs Inc., 2019: 13).
Table 1: Sensor parameters for the PlanetScope satellite constellation used in this study.
(Planet Labs Inc., 2019: 13–14)
PlanetScope 2
Mission
characteristics
Sunsynchronous
orbit

Altitude

475 km

Inclination

Max./min.
latitude
coverage

Equator
crossing
time

Bands

Revisit
time

Image
capture
capacity

98 °

± 81.5°
(depending
on season)

9:30-11:30
(local solar
time)

Blue: 455-515 nm
Green: 500-590 nm
Red: 590-670 nm
NIR: 780-860 nm

Daily
at
nadir

200
million
km2/day

Orthorectified PlanetScope imagery products were accessed via the Planet Labs Inc. platform
(Planet Labs Inc., 2020: 1). Pre- and post-event images were selected after a thorough
analysis of the February 2019 precipitation event (i) to capture only surface changes due to
this event while guaranteeing (ii) 100 % area coverage and (iii) max. 20 % cloud cover. Since
the study area is not captured in individual scenes, two imagery products with similar
acquisition parameters were downloaded for each acquisition date and merged afterwards
using QGIS Desktop (version 3.10.1; fig. 9; tab. 2; QGIS.org, 2020: 1).
Further pre-processing included the addition of wavelengths to the scenes’ metadata, which
was done in the ENVI environment (version 5.5; Harris Geospatial Solutions, 2020: 1). A mask
for the region of interest (ROI) was created and used then to produce subsets for each image
to reduce the amount of data for a smooth computing process.
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Table 2: Acquisition parameters for PlanetScope scene products that were used for change detection analysis.

Scene extent

Scene
Centre
Incidence
Angle

Sun
Elevation

Sun
Azimuth

Azimuth
angle

3m

11.9 x 24.4 km

0.235 °

62.997 °

93.260 °

-10.873 °

Desc.

3m

11.9 x 24.4 km

0.166 °

62.986 °

93.380 °

349.257 °

Desc.

3m

13.0 x 26.6 km

4.355 °

52.836 °

76.361 °

11.258 °

Desc.

3m

13.0 x 26.7 km

4.361 °

52.812 °

76.284 °

11.261 °

Sensor

Acquisition
date and
time

Orbit

Resolution

PS 2

22/01/2019

Desc.

PS 2
PS 2
PS 2

14:53
22/01/2019
14:53
27/02/2019
14:25
27/02/2019
14:25

Figure 9: Workflow of processing steps to perform the change detection analysis of the February 2019 precipitation
event based on PlanetScope imagery.
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SPEAR change detection analysis
The Spectral Processing Exploitation and Analysis Resource (SPEAR) tool was applied to run
the change detection analysis of the pre-processed PS 2 scenes. In optical remote sensing,
change detection is a method for comparing multispectral images of the same area at different
times. The principle is based on the assumption that land surface changes lead to changing
reflection patterns whose occurrence can be excluded by other causes (Singh, 1989: 989).
While many ways of performing change detection analyses in optical remote sensing exist,
basically two forms are distinguished, i.e., absolute and relative (Ban and Yousif, 2016: 19–
43; Tewkesbury et al., 2015: 1–14; Hussain et al., 2013: 91–106). The output generated by
absolute change detection contains direct information of what has changed. Though the
relative change detection method does not specify changes in particular, it provides a faster
working procedure and is acknowledged to be adequate to adress the objective of this study
(Pu, 2017: 236). The SPEAR change detection tool provides an automated and time-efficient
way to compare imagery within the ENVI environment (Harris Geospatial Solutions, 2020: 1;
ITT Visual Information Solutions, 2009: 10). Subsets of the PS 2 scenes served as input data
and were automatically aligned to band 1 to ensure georeferential accuracy. Since the images
matched already well in the coordinate system then, and an automatic coregistration was
tested but not accurately performed, no coregistration was applied. Two ways of vector-based
change detection were performed (fig. 9): The Image transform method uses a principal
component analysis (PCA) to analyse whether pixel of the input scenes correlate over time
(Canty, 2009: 313). Additionally, the Spectral angle change detection method was applied. It
is based on the spectral angle that is calculated between locally coinciding pixels of both
images. Being independent of surface reflectance intensity makes it robust against albedo and
is acknowledged to verify the Image transform method (Zhuang et al., 2018: 1168; Moughal
and Yu, 2014: 152).

Post-processing and statistic calculations
Final edits of the change detection outputs were done in the QGIS Desktop environment
(version 3.10.1; fig. 9; QGIS.org, 2020: 1). Out of the Image transform calculation, the principal
component (PC) which represents pixel data of low correlation was used as change image.
Post-processing included the definition of a threshold value to select pixels out of the
backscatter that are only resulting from the precipitation event. Final refinements were done
due to comparison with digital orthophotos (~3–5 cm spatial resolution), photographs from the
field survey (March 2019) and Google Earth imagery (figs. 8, 9 and S3).
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First estimates on sediment volume of the February 2019 event deposits were obtained by
following the equations of Campbell and Church (2003: 704) and Cabré et al. (2020b: 5) who
determined the volume of gully erosion (Vgully) and colluvial fan accumulation (Vfan) according
to formulas 1 and 2.
Formula 1: Volume calculation of sediment mobilised by gully erosion.
(Campbell and Church, 2003: 704)

𝑉𝑔𝑢𝑙𝑙𝑦 =

𝑤𝑑𝑙
2 cos 𝜃𝑠𝑙

Formula 2: Volume calculation of sediment accumulated in form of colluvial fans.
(Cabré et al., 2020b: 5)

𝑉𝑓𝑎𝑛 = (

𝑤𝑙𝑡 𝜋
)
2 3

Assuming a triangular (formula 1) and conical geometry (formula 2), sediment volume (in m3)
is calculated based on width (w) and length (l) measurements (in m) on the change detection
results of Planet imagery whereas depth (d) and thickness (t) were estimated in the field (in
m); the average slope gradient θsl (in °) was determined from the TanDEM X. Results were
then corrected for their bulk density adapting a porosity of 30 % following Cabré et al. (2020b:
5) and Lewis and Sjöstrom (2010: 4).

3.2.3

Time-series analysis and data processing

To study geomorphological changes over the last ~35 yrs, a time-series analysis was
performed using Landsat and Sentinel satellite data of the period from 1984 to 2020. Because
precipitation events in arid environments are associated with rapid vegetation growth and
phenology that can be well differentiated from the background (i.e., bare soil), the NDVI and
the BSI are assumed to provide suitable proxies for precipitation induced surface changes
(Chávez, et al. 2019: 195). Due to the reflectance of plants in the NIR spectral range (>700
nm), the NDVI is calculated from red and NIR spectral bands of the sensor according to formula
3. The more positive the values are, the higher the reflection and/or re-emission of plants must
be, which in turn can be interpreted to result from denser and more vital vegetation (Sykas,
2020: 1). In contrast, soils are charecterised by a low positive NDVI whereas it is negative for
water due to their lower reflectance in the NIR than in the red spectral range (Hereher, 2019:
1).
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Formula 3: Calculation of the Normalised Difference Vegetation Index (NDVI) using near-infrared (NIR) and red
spectral bands.

𝑁𝐷𝑉𝐼 =

𝐵𝑎𝑛𝑑𝑁𝐼𝑅 − 𝐵𝑎𝑛𝑑𝑅𝑒𝑑
𝐵𝑎𝑛𝑑𝑁𝐼𝑅 + 𝐵𝑎𝑛𝑑𝑅𝑒𝑑

However, since both dry vegetation and bare soil may not be captured by the bands of the
Landsat series sufficiently, the application of the NDVI alone may be problematic in arid
settings (Guo et al., 2017: 2; Cudahy et al., 2016: 10; Wessels et al., 2012: 20). Therefore, the
BSI serves as an additional indicator which is sensitive to surface changes in addition to
vegetation cover (Guo et al., 2017: 2; Becerril-Piña et al., 2015: 7). The indication of bare soil
requires the combination of blue, red, NIR and short-wave infrared (SWIR) bands to consider
soil mineral composition (via the SWIR-1 and red bands) and vegetation equally (via the NIR
and blue bands; formula 4). Thus, higher BSI values indicate larger amounts of bare soil and
should behave complementary to the NDVI values (Sykas, 2020: 1; Guo et al., 2017: 2;
Rikimaru et al., 2002: 44).
Formula 4: Calculation of the Bare Soil Index (BSI) using blue, red, near-infrared (NIR) and short-wave infrared
(SWIR) bands.

𝐵𝑆𝐼 =

(𝐵𝑎𝑛𝑑𝑆𝑊𝐼𝑅1 + 𝐵𝑎𝑛𝑑𝑅𝑒𝑑 ) − (𝐵𝑎𝑛𝑑𝑁𝐼𝑅 + 𝐵𝑎𝑛𝑑𝐵𝑙𝑢𝑒 )
(𝐵𝑎𝑛𝑑𝑆𝑊𝐼𝑅1 + 𝐵𝑎𝑛𝑑𝑅𝑒𝑑 ) + (𝐵𝑎𝑛𝑑𝑁𝐼𝑅 + 𝐵𝑎𝑛𝑑𝐵𝑙𝑢𝑒 )

Data processing was performed on the cloud-based Google Earth Engine platform using the
interactive developing environment and earth engine data catalogue (Gorelick et al., 2017: 18–
27). Since data of previous Landsat missions cannot be accessed via Google Earth Engine,
time-series analysis included only imagery from Landsat 5, 7, 8 and Sentinel 2 spanning from
March 1984 to January 2020 (tab. 3).
Table 3: Sensor parameters for the Landsat and Sentinel satellite constellation used in this study.
Note that daily scene records are not stated for Landsat 5 while for Sentinel 2, only the daily processing capability
is documented.
(United States Geological Service, 2020: 1; European Space Agency, 2015b: 1)
Landsat 5
Mission period

Mission
characteristics

Altitude (km)
Inclination (°)
Max./min. latitude
coverage (°)
Equator crossing
time

Landsat 7

Landsat 8

01/03/1984–05/06/2013 Since 15/04/1999
Since 11/02/2013
(but with scanline
error since 06/2003)
Sun-synchronous,
Sun-synchronous,
Sun-synchronous,
near-polar orbit
near-polar orbit
near-polar orbit

705
98.2
±82.5

705
98.2
±82.5

705
98.2
±82.5

9:45 ± 15 min
(local solar time)

10:00 ± 15 min
(local solar time)

10:00 ± 15 min
(local solar time)
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Sentinel 2
Since 28/03/2017

Sun-synchronous,
twin satellites
operating in the
same orbit but
phased at 180°
786
98.62
Between 56 °S and
84 °N
10:30
(local solar time)

Methods
Bands (nm)

Revisit time

Blue: 450–520
Green: 520–600
Red: 630–690
NIR: 760–900
SWIR-1: 1550–1750
SWIR-2: 2080–2350
16 days

Blue: 441–514
Green: 519–601
Red: 631–692
NIR: 772–898
SWIR-1: 1547–1749
SWIR-2: 2064–2345
16 days

Scenes per day

------------------------------- ~450

~700

Resolution (m)

30, 120

15, 30, 100

15, 30, 60

Blue: 452–512
Green: 533–590
Red: 636–673
NIR: 851–879
SWIR-1: 1566–1651
SWIR-2: 2107–2294
16 days

Blue: 459–525
Green: 541–577
Red: 648–680
NIR: 779–885
SWIR-1: 1563–1659
SWIR-2: 2092–2290
10 days (each),
5 days (if combined)
--------------------------(2.4 TBytes)
10, 20, 60

Investigations were limited to the ROI and required pre-processing involving masking and
filtering clouds for each satellite (fig. 10). Following the adjustment of band names, data of all
Landsat missions were merged. NDVI and BSI were calculated according to formulas 3 and 4,
respectively, and visualised for Landsat and Sentinel separately. After evaluating the outcomes
carefully, scene products were researched systematically to investigate geomorphological
changes. For more details of the data acquisition and the sensor-specific calculation of NDVI
and BSI, the reader is referred to the complete scripts in appendix II.

Figure 10: Workflow of processing steps to perform the NDVI- and BSI-based time-series analysis in the Google
Earth Engine environment with Landsat and Sentinel data (a) and to obtain imagery (b).
The investigated time period ranges from March 1st, 1984 to January 1st, 2020. Note that Landsat missions prior to
Landsat 5 cannot be accessed via Google Earth Engine. For details of data pre-processing, the reader is referred
to the scripts given in appendix II. ROI – Region of Interest, NDVI – Normalised Difference Vegetation Index, BSI –
Bare Soil Index.
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3.3 Sedimentology and geochemistry

3.3.1

Applications of sedimentological and geochemical analyses in the Atacama
region

Combined sedimentological and geochemical analyses are used to characterise sedimentary
units regarding their granulometry and elemental composition. Applying such a multi-proxy
approach to sediment samples of known origin allows to set up a detailed sedimentological
description for their depositional environment. These findings can then be used to interpret the
sedimentary characteristics of other units in the stratigraphy. In this way, Ventra et al. (2013:
1263–1287) could describe sedimentation processes along slopes in the coastal part of the
Atacama Desert and point out their variability due to the interplay of slope morphology, surface
hydrology and microclimate. Similarly, Bascuñán et al. (2016: 365–392) studied facies of different formations of the Salar de Atacama Basin and could define them as fluvial, lacustrine
and aeolian sediments. By performing a provenance analysis based on clast-count and pointcount data, they could further identify sources and main directions of sediment transport (Bascuñán et al., 2016: 376). This study uses a different approach, i.e., combined grain-size-, C/Nand XRF analyses, to distinguish deposits of different sediment sources in the stratigraphic
record. These methods were already successfully applied by Stuut et al. (2007: 67–76) who
could ascribe granulometric trends to changes from aeolian to fluvial transport regime. Based
on their XRF measurements, they identified high Fe/Al, Ti/Al, Fe/K, and Ti/K ratios to best
reflect the Andean volcanic rocks (Stuut et al., 2007: 75). Thus, these element ratios can be
used to clarify the origin of sedimentary input in this study, particularly to identify precipitationdriven sediment transport from the Andean mountains. For more details about sedimentological studies and their implications for palaeoclimatic reconstructions in Northern Chile, the
reader is referred to the review by Schlunegger et al. (2010: 123–124). More recently, a variety
of landforms and sedimentary records (e.g., alluvial fans, groundwater discharge deposits,
palaeosols, hillslope deposits) have been investigated by combined sedimentological and geochronological methods to gain insights into the timing of humid phases and their regional variability in the Atacama region (May et al., 2020: 1–18; Rech et al., 2019: 184–194; Sáez et al.,
2016: 82–93; Gayo et al., 2012a: 120–140; Sáez et al., 2012: 32–38). Latest within the
CRC1211 Earth-Evolution at the dry limit, the identification of independent palaeoclimate
records and documentation of earth-surface processes have been envisaged (Bartz et al.,
2020: 1–48; CRC1211, 2020: 1; May et al., 2020: 1; Medialdea et al., 2020: 1–16; May et al.,
2019b: 46–47; Ritter et al. 2019: 1–13).
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3.3.2

Laboratory work and measurement procedure

Bulk sediment samples were taken from selected stratigraphic sections to study their granulometric and geochemical composition. To draw conclusions about possible sediment sources
and transport processes, the results were then compared with reference samples from different
depositional environments.
Sample preparation and measurements were conducted in the Laboratory for Physical Geography at the University of Cologne. Samples were dried at 50 °C, homogenised and sieved to
separate the <2 mm fraction from gravels. For grain-size analysis, chemical treatment of finegrained sediment included hydrogen peroxide (H2O2, 10–15 %) and sodium carbonate
(Na2CO3, 210 g/l) to remove organic matter, gypsum and calcium sulphate components. Then,
hydrochloric acid (HCl, 10 %) and sodium pyrophosphate (Na7P2O7) were added to dissolve
carbonates and clay cutans.
Grain-size analyses were performed using a Beckman Coulter Laser Diffraction Particle Size
Analyser LS 13320. This method is based on the principle that radiation (in the form of light),
when it hits a suspension, is refracted size-specifically by the particles it contains. Thereby,
the angle of refraction depends on the ratio between particle size, its shape and the wavelength
of light.
Since particles are essentially larger than the wavelength of the utilised light, all measurements
are based on the standard operation method following the Fraunhofer model (Jenkins and
White, 1957: 315–377). Three measuring cycles were conducted on each sample manually;
concentrations of 5 to 15 % were accepted. Mean values were used for further analysis and
grain-size parameters like sorting and skewness were calculated in the GRADISTAT software
(Blott and Pye, 2001: 1240–1242) following Folk and Ward (1957: 11–19).
For two reference samples, additional grain-size measurements were performed by applying
the dynamic visual image analysis technique of a Camsizer (Retsch Technology). Data were
processed in the GRADISTAT program (Blott and Pye, 2001: 1240–1242) following Folk and
Ward (1957: 11–19).
To analyse geochemical composition by applying C/N and XRF measurements, portions of the
dried samples were ground in a ball triturator (Retsch MM 400). Analyses of the elementary
nitrogen and total carbon concentration were carried out for selected samples using a C/N/S
analyser (Elementar vario EL Cube). Total carbon is the sum of total organic carbon (TOC)
and total inorganic carbon (TIC), and it is possible to calculate the TOC and TIC portions if the
TOC is analysed separately after pre-treating samples with HCl. However, since this study
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focusses the application of C/N measurements to gain insights whether the accumulation of
organic material can serve as an indicator for soil formation, and carbonate contents in the
study area are generally low, further differentiation into TOC and TIC proportions seems not
necessary.
The basic principle of the C/N/S element analyser is that by burning solid samples, the gas
phase can be split up into its components and quantified by its thermal conductivity with regard
to the elemental concentrations of carbon, nitrogen and sulphate (Elementar Analysensysteme
GmbH, 2019: 2–4). Since this approach is very sensitive to various external factors (e.g., temperature, atmospheric pressure), each sample was measured twice after subsamples were
prepared by weighing 20 mg in tin foils. The integration of sediment standards into the measurement procedure ensured the validity of measured data. C/N concentrations of subsamples
were accepted if variation coefficients were <5 %.
XRF was used to assess the elemental composition of all sediment samples in this study.
Therefore, dried and grounded samples were pressed into plastic rings. Measurements were
then performed using a portable XRF spectrometer (Niton XL3t 900 GOLDD) and the NDT
software (Thermo Fisher Scientific Inc., 2009: 2). Basically, the method assumes that each
element is characterised by a specific amount of energy that is released when it is exposed to
X-ray radiation of sufficient energy. In terms of the electron shell model, the incoming X-ray is
of greater energy than the binding energy of the atom’s K or L shell and causes the excitation
and release of electrons that leave holes in these inner shells. More stable electrons of higher
energetic level out of the outer shells then recombine with the positively charged holes and
emit surplus energy through photons in form of XRF. This energy difference is detected by the
spectrometer which automatically converts the data points from counts/s into ppm (Thermo
Fisher Scientific Inc., 2020: 1; Acquafredda, 2019: 3–8).
Analyses were carried out in the mineral mode to detect light, medium and heavy minerals.
Three measurement cycles were performed for each sample with a duration of 160 s, respectively. Data were exported to Microsoft Excel 2019 via the NIT software (Microsoft Corporation,
2020: 1; Thermo Fisher Scientific Inc., 2009: 2).

3.3.3

Data post-processing and presentation

All data from sedimentological analyses were compiled in Microsoft Excel 2019 (Microsoft Corporation, 2020: 1). For presentation, data were then prepared using the Grapher 8TM software
and Adobe Illustrator CC 2018 (Adobe Inc., 2020: 1; Golden Software, 2009: 1–45).
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Statistical analyses of grain-size, C/N and XRF data included the performance of a PCA by
applying the PAST software (version 3.22) of Hammer et al. (2001: 1–9). The Spearman’s rank
correlation coefficient was applied to identify and exclude highly correlating data (r ≥ 0.95).
The level of significance for input variables is based on the Shapiro-Wilk-test with W ≥ 0.85.

3.4 Geochronology

3.4.1

Fundamentals of optically stimulated luminescence dating and its application in
the study area

To investigate surface processes in the Pica Valley requires a chronology to assess the timing
of geomorphodynamics. Though radiocarbon dating is a commonly used dating technique, it
suffers from the shortcomings to be limited to the last ~50,000 yrs, providing indirect ages by
dating organic material that may be relocated from surrounding sediment strata or contaminated by organics of different temporal origin (Nowak et al., 2017: 188–189; Walker, 2005: 23).
Therefore, and in the absence of datable organic remains in the study area, OSL dating provides an advantageous dating approach since it allows to date the deposition of sediments
directly. It is based on the principle that electrons are trapped by defects within the crystal
lattices of quartz and feldspar as a function of background radiation resulting from natural radioactivity of the cosmic environment and the surrounding sediment (Aitken, 1998: 6). The
accumulated luminescence signal increases with time since the sediment was last exposed to
sunlight. By dividing this total radiation (i.e., the palaeodose) by the annual dose of radiation
(i.e., the dose rate), the period of time since burial can be determined (formula 5; Preusser et
al., 2008: 96).
Formula 5: Age calculation by applying luminescence dating.

𝐴𝑔𝑒 [𝑘𝑎] =

𝑝𝑎𝑙𝑎𝑒𝑜𝑑𝑜𝑠𝑒 [𝐺𝑦]
𝑑𝑜𝑠𝑒 𝑟𝑎𝑡𝑒 [𝐺𝑦 ∙ 𝑘𝑎−1 ]

However, the resetting of the accumulated luminescence signal may be incomplete since it
depends on whether sunlight exposure during sediment transportation was enough to empty
the electron traps. Consequently, incomplete bleaching may lead to age overestimation. Dating
modern analogues of different known depositional environments is therefore crucial to correct
for eventual inaccuracies of the applied OSL dating approach. Remnant ages of those recent
sediments can then be used to discuss the dating results of so far unknown deposits. Thus,
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applying OSL dating may gain insights into the history of flooding activity and may further allow
conclusions about palaeoclimatic conditions in the Pica Valley.
Since quartzes in the region are primarily of volcanic origin and show low sensitivity to stimulating blue diodes, infrared stimulated luminescence (IRSL) dating of potassium feldspars provides the most promising OSL dating approach, which has also proven successful in previous
studies (Medialdea et al., 2020: 7; del Río et al., 2019: 1–2 and references therein; Ritter et
al., 2019: 1–13; Veit et al., 2015: 32). Given the fact that dating feldspars is compromised by
the effect of anomalous fading, i.e., the signal loss apart from exposure to light or temperature
nor other external influences, requires a correction of the resulting age underestimation
(Wintle, 2008: 474; Huntley and Lamothe, 2001: 1094). This is particularly problematic in the
conventional infrared stimulated single aliquot regenerative dose (SAR) protocol at 50 °C (IR50)
since the temperature is often too low to empty deeper and more stable electron traps, though
this protocol seems appropriate for well-bleached samples and even for dating very young
sediments (Brill et al., 2018: 93; Vilumaa et al., 2016: 777; Gaar et al., 2013: 77). Because of
uncertainties involved within the underlying assumptions of the fading correction models, even
fading-corrected ages may be underestimated (Thiel et al., 2011: 24; Wallinga et al., 2007:
217–219). For older samples, age overestimation after fading correction has been observed in
several studies and related to the complex relationship between fading rate and dose which
cannot be adequately addressed by existing models (Zhang and Li, 2020: 2; Ito et al., 2017:
361; Trauerstein et al., 2012: 332; Reimann et al., 2011: 217–218; Li and Li, 2008: 1–15). To
avoid these shortcomings of the conventional IR50 protocol, elevated temperature protocols
have been developed (Kars et al., 2014: 780–791; Buylaert et al., 2009: 560–565). Among the
post infrared infrared (pIRIR) protocols, it has proven that the most commonly used pIRIR290
protocol tends to reset the luminescence signal incompletely because more stable electron
traps are harder to bleach (Kars et al., 2014: 788–789; Thiel et al., 2011: 28–30; Buylaert et
al., 2009: 563; Thomsen et al., 2008: 1485). This may impede dating especially of non-aeolian
samples that are characterised by incomplete bleaching due to turbulent suspended transportation (Brill et al., 2018: 93; Reimann and Tsukamoto, 2012: 185; Lowick et al., 2012: 39).
Consequently, young samples are most affected by those inaccuracies as the residual signals
become relatively large compared to their palaeodoses (Zhang and Li, 2020: 2; Brill et al.,
2018: 93; Reimann et al., 2011: 213, Thiel et al., 2011: 30). The application of pIRIR protocols
with stimulation temperatures <200 °C therefore provides a suitable compromise by reducing
residuals due to more complete signal resetting and lowering the effect of anomalous fading
(Oldknow et al., 2020: 10; Preusser et al., 2014: 348–349; Reimann and Tsukamoto, 2012:
186; Reimann et al., 2011: 207–222).
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3.4.2

Sample preparation and measurements

OSL samples were taken horizontally from different stratigraphic sections out of profile
trenches with steel cylinders and bulk from selected sedimentary environments, such as
palaeodunes. Sample preparation and measurements were conducted in the luminescence
laboratory at the University of Cologne. Samples were opened under red light conditions, dried
at 50 °C, homogenised and sieved to isolate the 100–150 µm fraction. Chemical treatment
included hydrochloric acid (HCl, 10 %), hydrogen peroxide (H2O2, 10 %) and sodium oxalate
(Na2C2O4, 0.01 N) to remove carbonates, organic components and clay. Further pre-processing focussed on the extraction of potassium feldspar by performing density separation
with sodium polytungstate (3 Na2WO4 ∙ 9 WO3 ∙ H2O; potassium feldspar < 2.58 g/cm3).
Measurements were performed on an automated Risø TL/OSL DA 15 reader (DTU Nutech,
Roskilde, Denmark) equipped with a calibrated 90Sr/90Y beta source, infrared diodes (870 nm,
FWHM = 40) and an interference filter (410 nm). Since the luminescence signal of the samples
may not be completely reset because of incomplete bleaching during sediment transport, small
aliquots (Ø = 2 mm) were used for equivalent dose (De) measurements to differentiate wellbleached from poorly bleached subsamples. However, large aliquots (Ø = 8 mm) were used
for test measurements to ensure sufficient signal intensity especially of the modern samples.
Based on preheat-plateau tests, dose-recovery tests and residual measurements from previous work in the Pica Valley, the SAR protocol was created and applied to samples of this study
(tab. 4; Keiser, 2018: 34).
Table 4: Measurement steps of the SAR protocol applied in this study.
Note that the pIRIR225 protocol was used only for the palaeodune samples. Before dose-recovery and residual
measurements, samples were bleached in a Hönle SOL2 solar simulator for 24 hours and irradiated prior to step 1.
R1–4 – regenerative doses, R0 – zero dose for determination of recuperation, RR – regenerative dose for determination of recycling ratio.
a)

pIRIR180 protocol

Step

Treatment

Observe

1
2
3
4
5
6
7
8
9
10
11
12

Preheat 200 °C for 60 s
IRSL (LEDs) 50 °C for 200 s
Pause for 20 s
IRSL (LEDs) 180 °C for 200 s
Test dose
Preheat 200 °C for 60 s
IRSL (LEDs) 50 °C for 200 s
Pause for 20 s
IRSL (LEDs) 180 °C for 200 s
IRSL (LEDs) 220 °C for 100 s
Regenerative dose (R1–4, R0, RR)
Return to step 1
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b)

pIRIR225 protocol

Step

Treatment

Observe

1
2
3
4
5
6
7
8
9
10
11
12

Preheat 250 °C for 60 s
IRSL (LEDs) 50 °C for 200 s
Pause for 20 s
IRSL (LEDs) 225 °C for 200 s
Test dose
Preheat 250 °C for 60 s
IRSL (LEDs) 50 °C for 200 s
Pause for 20 s
IRSL (LEDs) 225 °C for 200 s
IRSL (LEDs) 275 °C for 100 s
Regenerative dose (R1–4, R0, RR)
Return to step 1

Lx (IR50)
Lx (pIRIR225)

Tx (IR50)
Tx (pIRIR225)

Nonetheless, dose tests, dose-recovery tests and residual measurements were performed for
each sample to adjust regenerative doses appropriately and to ensure the suitability of the
applied protocol. For the assessment of dose recovery and laboratory residuals, aliquots were
artificially bleached in a Hönle SOL2 solar simulator for 24 hours and irradiated with 342 Gy
(PD2), 381 Gy (PD3), 7 Gy (FP8) and 3 Gy (all other samples) prior to step 1. To avoid any
unintended charging transfer between the two IR stimulation steps, the SAR protocol was designed with 20 s pause before the second IR stimulation step was performed (tab. 4). Similar
to del Río et al. (2019: 4), four regenerative doses were used to construct dose-response
curves, followed by zero measurement (to test for recuperation) and a repetition of the second
laboratory dose (to determine the recycling ratio; tab. 4). If the recycling ratio would have been
measured by repeating the first regeneration dose as the SAR protocol by Murray and Wintle
(2000: 62) suggests, the intensity of irradiation would not be sufficient to produce a reliable
test result since signal intensity would not be significantly different from the background.
Following Auclair et al. (2003: 488–489), fading was measured for each sample, respectively,
and a second fading test was performed by assessing the signal loss of irradiated samples
after storing them for six months. Ages were then corrected with g-values from these long-term
fading measurements, following Huntley and Lamothe (2001: 1093–1106). However, g-values
below 1 %/decade were not corrected (Buylaert et al. 2012: 448).
For each sample, test measurements are based on one (dose test), three (dose-recovery and
residual measurements) and five multiple grain aliquots (fading). For De determination, each
measurement cycle was performed on 24 multiple grain aliquots. Sequences were programmed with the SequenceEditor 4.51 software and analysed with the Luminescence Analyst
4.31.9 (DTU Nutech, 2016: 3–55).

41

Methods
3.4.3

Equivalent dose determination

From the measured luminescence signal, the initial 12 s (for pIRIR protocols after 20 s pause)
minus a background of the final 40 s were integrated into De determination. Based on recycled
points, dose-response curves were fitted with an exponential curve since this fit shows the
smallest error compared to other curve fits and is assumed to best describe a saturation curve
(Galbraith and Roberts, 2012: 5; Wintle and Murray, 2006: 381–382). Error calculations of
curve fitting included a measurement inaccuracy of 1.5 % and were considered when the acceptance criteria were applied. De values were accepted when the recycling ratio was within
0.9 to 1.1 and test dose error was below 10 % (Murray and Wintle, 2003: 379). To adequately
account for changes in sensitivity, the net signal from the natural signal of test dose (TN) had
to exceed three standard deviations of the background signal. Accepted De values of test
measurements were averaged for each sample, respectively, while for De measurements, outliers out of 2σ range were excluded in an iterative evaluation process. Burial doses were then
calculated using the central age model (CAM), the minimum age model (MAM) and the bootstrap minimum age model (MAMbootstrap) following Galbraith et al. (1999: 358–360) and Cunningham and Wallinga (2012: 98–106).
In case completely bleached sediments of known age are absent, the minimum over-dispersion out of a given sample set can be assumed to be most similar with that of a well-bleached
sample and can thus be used as σb value (Brill et al., 2020: 1438; Cunningham et al., 2011:
425). Alternatively, the expected scatter is set to a specific value (e.g., Shen et al., 2015: 875–
878; Cunningham and Wallinga, 2012: 100; Reimann and Tsukamoto, 2012: 184). However,
this approach seemed not suitable for calculating MAM and MAMbootstrap ages in this study (at
least for the IR50 protocol) since smallest over-dispersions are around zero associated with
extremely large (exponential) errors, respectively. Therefore, σb was quantified following
Chamberlain et al. (2018: 224). The values for over-dispersion were visualised after excluding
those data with large uncertainties. Based on the distribution of adjusted over-dispersion data,
the MAMbootstrap was calculated for IR50 and pIRIR protocols, respectively, to gain appropriate
σb values. Since well-bleached sediments are assumed to be normally distributed and not affected by over-dispersion, σb was set to 0.0 ± 0.0 to calculate robust σb values which could
then be used to apply the MAMbootstrap to determine palaeodoses for all samples.
The MAMbootstrap was calculated following Cunningham and Wallinga (2012: 98–106). Based
on bootstrap resampling, probability functions are created for the De dataset of each sample
to provide a more accurate estimate of the palaeodose than calculating single De values (Cunningham and Wallinga, 2012: 98). Likelihoods were calculated using 500 first-level and 1,500
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second-level replicates, thus in total the model was run with 2,000 bootstrap replicates. Since
some De distributions contain negative values, σb had to be given in absolute values and age
models were applied in the unlogged version.
De distributions and age models were performed using the Luminescence package (version
0.8.6) by Kreutzer et al. (2012: 1–8) in the R studio software (version 1.1.456). Data were
compiled using the Microsoft Excel 2019 software and graphically processed in Adobe Illustrator CC 2018 (Adobe Inc., 2020: 1; Microsoft Corporation, 2020: 1).

3.4.4

Dosimetry

For dose rate determination, high-resolution gamma spectrometry was applied to measure
uranium- (U), thorium- (Th) and potassium- (K) contents (Ortec PROFILE M-Series GEM Coaxial P-type HPGe Gamma-Ray Detector). Sediment samples were dried and homogenised,
canned and stored for one month. Though the water content was estimated both in situ and
on dose rate samples according to formula 6, it is assumed that the determined percentages
may not be representative over long-term but only remnant of the 2019 precipitation event.
Instead, a water content of 2 ± 2 % was used.
Formula 6: Calculation of the water content.

𝑊𝑎𝑡𝑒𝑟 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) =

((𝐹) − (𝑇 − 𝑆))
∙ 100
(𝑇 − 𝑆)

Dose rates and ages were calculated using the Dose Rate and Age Calculator (version 1.2;
Durcan et al., 2015: 54–61). Conversion factors were adopted from Liritzis et al. (2013: 1–15),
alpha- and beta-grain-size attenuation followed Bell (1980: 4–8) and Guérin et al. (2012: 778–
785). Since a-values of 0.15 ± 0.05 used by Balescu and Lamothe (1994: 441) are confirmed
by the consistency of their dating results, these values were adopted in this study. Bulk density
was estimated based on Schön (2015: 117) and Lewis and Sjöstrom (2010: 4). Sampling site
information like geographical position, depth below surface (b.s.) and altitude asl was considered and taken from field observations and the TanDEM X. For comparability, data of previous
work were re-calculated by adopting the assumptions made in this study.
To consider variations in soil radioactivity for layers that are influenced by gamma radiation
from surrounding sediments, the gamma dose rate was scaled using the fractional gamma
dose table of Aitken (1985: 289–296) and conversion factors of Liritzis et al. (2013: 1–15).
Dose rate and age of this layer was then calculated manually.
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4 Results and interpretation

4.1 Geomorphological investigations

4.1.1

Geomorphological impact of the 2019 precipitation and flooding event

In the Pica Valley, the 2019 precipitation event during late January/early February resulted in
reactivation of the ephemeral stream and caused remarkable surface runoff that can be traced
along ~15.3 km throughout the valley. Flooding was associated with alternating phases of erosion and accretion (fig. 11). Channel incision of floodplain and dune deposits is evident especially in upper and central valley sections. However, only two canyons situated in the central
part were documented in detail. The most striking feature generated by the 2019 flooding is an
alluvial fan that has been formed by the deposition of debris and/or mud flow and becomes
even visible on Landsat imagery (see section 4.1.2). In the aftermath of the flooding event, the
floodplain became covered by ephemeral herbaceous plant species comprising the ‘blooming
desert phenomenon’ that was prevalent throughout March and April 2019 (fig. 11).

Figure 11: Impact of the February 2019 flooding event on the study area.
Similar view of the 2017 and 2019 floodplain (a) and the major knickpoint upstream of trench T1 (b). For exact
knickpoint location, see also figure 7. In the aftermath of the February 2019 precipitation and flooding, the ‘blooming
desert’ phenomenon became visible in March (a–c). Note this phenomenon for BSI- and NDVI-based change detections of previous events. Canyon incision into floodplain and dune deposits was up to 6 m (d) and ~0.3 m on
average (e).
(Photographs taken by May 2019, 2017)
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Surface changes of PlanetScope Ortho Scene products are detected by both Image transform
and Spectral angle modes of SPEAR change detection analysis at least for the alluvial fan
(figs. 12 and 13). Three PC were derived from Image transform. Though changes are typically
located in the second or third band, variations depend on the intensity of change and occur
scene-specific.

Figure 12: True colour RGB composites of PlanetScope Ortho Scene products used in this study.
Scenes were acquired before (on January 22 nd, 2019; a) and after the February 2019 precipitation and flooding
event (on February 27th, 2019; b).

Here, changes are contained in the first band (PC 1) which was used to extract pixels that
represent flooded areas. Investigations of the pixel distribution histogram compared with different pixel thresholds that were tested in raster calculation reveal that a value of ≤110 is the
best compromise to record flood-related low backscatter values (fig. 13).
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Figure 13: Output of SPEAR change detection analysis for Image transform (a–d) and Spectral angle methods (e).
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PC 1 was used for imagery post-processing (a) with a pixel-threshold ≤110 (yellow shaded part of the pixel distribution histogram; b). Note accuracy differences between change detection methods and principal components becoming most obvious along the alluvial fan generated by the February 2019 flooding event.

In total, an area of 11.245 km2 obtained surface changes between January 22nd and February
27th, 2019, out of which 1.021 km2 are caused by the flooding event (tab. 5).
Table 5: Area affected by surface changes due to flooding in the study area between January 22 nd and February
27th, 2019.
Detected areas of change
Flooded area
Channel incision

Alluvial fan

Total

11.245 km2

11244855.237 m2

Total

1.021 km2

1021058.060 m2

Total

0.019 km2

19308.120 m2

Channel 1

0.010 km2

10008.544 m2

Channel 2

0.009

km2

Total

0.239 km2

9299.577 m2
239352.848 m2

Analyses of post-processed imagery show that the geomorphological impact is different for
each valley section and is associated with different forms and intensities of surface changes
(fig. 14). Section 1 towards the valley gorge is almost entirely affected by linear erosion that
forms deeply incised channels (figs. 14a and b). Canyon incision is directed by the narrow
valley width and thus obtains a meandering pattern. Erosion becomes more laterally effective
as slope flattens from >12° to ~4° and the valley floor widens in the lower part of this section
(figs. 4 and 14). Here, the channel bifurcates and/or meanders around sections of probably
higher resistance to flow energy (figs. 14a and b).
First sediments seem to be deposited at the boundary to valley section 2 but are so far restricted to the most distal parts of the floodplain at the valley border. When the valley opening
after the palaeodune has been passed, the floodplain widens considerably as flow energy decreases due to the flat topography and allows for dominating sediment deposition. Thereby,
some detected surface change areas are particularly acute, e.g., immediately south of the
palaeodune (fig. 14c). They are also scattered within the dune field and are located on the
leeside of individual dunes where topography is flat or only gently inclined. Since these characteristics weaken flow energy, the acute shape of change areas in these settings most likely
present areas of backflow and subsequent deposition (fig. 14c). Probably also related to backflow deposition is the formation of a ~1 km elongated spit in the central northern part of this
section which is similar to that in coastal settings, while the main floodplain narrows, extending
east-southeastwards of the barchanoid and transversal dune field in SW-SSW direction (fig.
14a; for better graphic display, the reader is referred to the electronic version of this thesis).
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Figure 14: Change detection results for the February 2019 flooding event in the Pica Valley.
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Areas of change include channel incision, floodplain deposition and accumulation of an alluvial fan (a). Channel
incision occurred in the upper (b) and central valley (see figure 11). The valley opening is marked by the widening
of the generated floodplain after bypassing the palaeodune (see UAV-based orthophoto 1 in figure S3a; c). Similarly,
the transverse dune between section 2 and 3 channelizes the floodplain direction (d). Note the location of (c) is
photographically documented in figure 8c. The impact of small and major knickpoints (bold) on flooding-induced
morphological changes is different, partly without any impact (e) of associated by floodplain bifurcation (f).
(Based on PlanetScope Imagery 27/02/2019)

Here, channel incision was documented in the field along more than 600 m, with depth varying
between 0.3 and 6 m (fig. 11; tab. 6). Width was measured on post-event Planet imagery and
ranges from ~5 to 35 m (figs. 15a and b); slope gradient is ~5°. Given these parameters, the
volume of erosion is estimated at ~1,820 to max. 227,800 m3. To consider pore volume of the
sandy substrate, the volume is corrected by 30 % to range within ~1,274 to 159,460 m3 (tab.
6).
Table 6: Results of volume calculations for sediment mobilised by channel incision (a) and accumulated in form of
an alluvial fan (b).
a)

Channel incision
Channel 1
l (m)
wmin (m)
wmax (m)
θsl (in °)
d (m)
Porosity
Vgully (min) uncor. (m3)
Vgully (min) cor. (m3)
Vgully (max) uncor. (m3)
Vgully (max) cor. (m3)

b)

614.710
5.597
35.040
5
0.3
0.3
1819.346
1273.542
11390.012
7973.009

Channel 2
614.710
5.597
35.040
5
1
0.3
6064.488
4245.142
37966.707
26576.695

614.710
5.597
35.040
5
6
0.3
36386.928
25470.850
227800.244
159460.171

999.187
2622.174
853.372
0.3
0.3
133938.380
93756.866
351495.503
246046.852

999.187
2622.174
853.372
1
0.3
446461.266
312522.886
1171651.676
820156.174

421.350
11.985
57.559
5
0.3
0.3
2670.366
1869.256
12824.666
8977.266

421.350
11.985
57.559
5
1
0.3
8901.221
6230.855
42748.886
29924.220

421.350
11.985
57.559
5
6
0.3
53407.328
37385.129
256493.314
179545.320

Alluvial fan accumulation
lmin (m)
lmax (m)
w (m)
t (m)
Porosity
Vfan (min) uncor. (m3)
Vfan (min) cor. (m3)
Vfan (max) uncor. (m3)
Vfan (max) cor. (m3)

999.187
2622.174
853.372
0.1
0.3
44646.127
31252.289
117165.168
82015.617

Two bifurcations and subsequent junctions result in the exposure of steep channel walls,
where profile trenches T2 and T3 are located (figs. 11d and 15c). Abrupt changing stream
towards N-NW direction is associated with the divergence of the floodplain into the NE-NNE
trending spit and a major, wider floodplain running downwards (fig. 14). While immediate bifurcations and junctions are most likely related to strengthened flow energy and consequently
the rapidness of flow, abrupt course changes of the 2019 floodplain probably remain for topographic reasons because of dunes and outcropping palaeodunes. However, speculations re49

Results and interpretation
main to the extent of the solid and resistant bases of these palaeodunes (being overtopped by
younger aeolian sediments) in that it may have influenced flooding direction.
Channel incision takes place again in the lower part of valley section 2 (figs. 14 and 15). It is
shorter than channel 1 (~420 m) but though nearly twice its width (~12 m; tab. 6). At its beginning, channel 2 splits into three sub-channels before joining and running without any further
directional changes down the valley up to the small knickpoint before the large transverse dune
(figs. 15a and d). Instead, it is associated with only minor lateral branches in the lower part.
According to measurements in the field and on post-event Planet imagery, erosional volume
is between ~2,670 and 256,390 m3, and is corrected to ~1,870 up to ~179,545 m3 (tab. 6). In
total, documented channel incision affected an area of 0.019 km2 and accounts for min. 3,143
m3 and max. 339,005 m3 if 0.3 and 6 m vertical erosion are assumed, and pore volume is
considered (tabs. 5 and 6).
Floodplain deposition widens again before the large entering transverse dune at the boundary
to valley section 3 due to flattening slope prior to the major knickpoint (figs. 14a and d).
Subsequently, slope gradient increases when passing this point, and the stream channel,
narrowed by the distal part of the transverse dune, winds along some small, slightly elevated
and therefore non-flooded islands (fig. 14d). In section 3, this behaviour continues, and floodplain deposition is most extensive in the lowest parts of the valley floor (figs. 14, S3e and f).
Interestingly, the impact of knickpoints in this central part of the valley is of only minor relevance
to the characterisation of the floodplain and other surface changes as the channel course is
almost unaffected even across major knickpoints (fig. 14e). A possible explanation might be
the more homogeneous topographic setting of the valley floor apart from the dune field situated
to the north so that the previous historical floodplain has been completely reactivated (figs. 4e,
7b and 14). Contrary in section 4, knickpoints associated with fluvial terraces lead to channel
bifurcation in upper, central and lower parts, i.e., at different terrace levels (figs. 14a and f; for
better graphic display, the reader is referred to the electronic version of this thesis). Surface
changes are dominated by sediment accumulation being restricted to the narrow, lowest part
of the valley bottom, and are only of wider extent where relief gradient is minimal, i.e., before
location of floodplain pit P6 (figs. 7b and 14a). Here again the comparison of the 2019 change
area with local topography reflects the close relationship of sediment deposition and flow energy. Thus, comparable wide-spread accumulation takes place on top of already existing (flat)
terraces in the distal part of the floodplain whereas it is less extensive in the central floodplain
where slope gradient and hence flow energy and velocity potentials are much higher.
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Figure 15: Channel incision and alluvial fan accumulation due to the February 2019 flooding event.
Overview of documented channel incision (red) in valley section 2 (a and b) and with measurement details for
statistic calculations (c and d). Note that incision is also evident in the uppermost valley section and downward of
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major knickpoints like at trench T1 (see figures 11b and 14b) but could not be documented in more detail. Overview
of alluvial fan deposition (section 5) and with measurement lines for sediment volume calculation (e and f).
(Based on PlanetScope Imagery 27/02/2019)

Finally, flooding of the 2019 precipitation event led to the accumulation of an alluvial fan in the
valley mouth (figs. 14 and 15e). At its apex, the stream divides into four major distributary
channels, with the southernmost shaping its elongated geometry (fig. 15e). Measurements on
post-event Planet imagery reveal a fan area of 0.239 km2, which is nearly 25 % of all floodrelated surface change (tab. 5). Length ranges within ~1,000 to more than 2,620 m while width
exceeds 850 m (tab. 6). The depositional volume is determined at min. ~31,250 m3 if a thickness of 0.1 m and porosity of 30 % are considered (tab. 6). Assuming maximum length and
thickness, the fan accounts for more than one million m3 sediment deposition, which is corrected to ~820,155 m3 (tab. 6). Since these calculations are solely based on high-resolution
satellite data measurements and theoretical assumptions of deposit thicknesses, results must
be taken cautiously. However, given the fact that erosion was not systematically documented
in the uppermost valley section, values determined for fan accumulation fit well with those of
channel incision if moderate incision of 1 m and fan deposit thicknesses of 0.1 and 0.3 m are
assumed (tab. 6).

4.1.2

Surface changes during the last 35 years inferred from time-series analysis

Due to the limited computing capacity of the Google Earth Engine platform, time-series analysis was carried out in ten-year intervals. Figure 16 shows the results for the whole investigation
period from 1984 to 2020 based on Landsat satellite data for both BSI and NDVI, respectively.
Since 2017, Sentinel 2 offers an alternative to Landsat to access freely available imagery and
data of even higher resolution (tab. 3). Therefore, a comparison of both sensors for the Sentinel
period (i.e., since April 2017) seems meaningful (i) to identify how they capture the recent
February 2019 event and what conclusions can be drawn for potential predecessors indicated
by BSI and/or NDVI; (ii) to detect differences in their performance of time-series analysis, and
finally, (iii) to evaluate the results solely based on Landsat (i.e., before 2017; fig. 16).

52

Results and interpretation

Figure 16: Results of time-series analysis based on Bare Soil (BSI) and Normalised Difference Vegetation Indices
(NDVI) for the period 1984 to 2020 (a and b) and 2017 to 2020 (c and d) using Landsat and Sentinel satellite data.
Investigated time periods with surface changes in the Pica Valley, visible on satellite imagery, are shaded. Note the
scale differences between individual decades (a and b) and especially when comparing Landsat and Sentinelbased documentation of the February 2019 event (yellow; c and d). BSI is given in thousands of digital numbers.
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Both BSI and NDVI show evidence for the 2019 flooding event. However, the corresponding
peaks vary over time for both within and between satellite missions (figs. 16c and d). For Sentinel, the BSI significantly increases within the time frame of flooding (i.e., between January
22nd and February 27th, 2019), which makes sense as surface erosion and the subsequent
increase of bare soil are direct, short-term consequences of flooding. Consequently, vegetation
cover is reduced being evidenced by minimal NDVI values (fig. 16d). As plant growth takes
some time, the NDVI increases continuously from March to August 2019, which nicely fits with
observations from fieldwork and reports of the Atacama greening. Generally, the NDVI is characterised by less extremes than the BSI.
In contrast, Landsat 8 shows no evidence for a flooding event within the time of occurrence.
Instead, the BSI indicates three maxima at the end of December, in April and May (fig. 16c).
These peaks correspond to smaller ones of Sentinel if compared to the February peak. Interestingly, the BSI derived from Landsat data not only lacks the February 2019 peak but is characterised in general by much lower counts than Sentinel while for the NDVI, both sensors are
generally in the same range. As described for the NDVI calculated from Sentinel 2, significant
extreme values are also absent for Landsat. Most likely, the greening of the Pica Valley is
indicated by the peak of ~0.07 in May while the flood-related clearance of surface cover indicated by a significant drop in the NDVI during the event is absent (fig. 16d).
Having only the information from Landsat points to the erroneous conclusion that geomorphological changes to the Pica Valley happened already at the end of December 2018 and again
in April and May 2019. However, as the 2019 flooding event has been studied in detail, no
surface changes in the Pica Valley are documented by high-resolution satellite imagery later
than February 27th, and there is only evidence that precipitation may have lasted until March
(see section 2.2). Whether these differences between Landsat 8 and Sentinel 2 are linked to
their spatial resolution and operating systems, respectively, requires further, detailed investigation and is out of the scope of this study. At least, floodplain and alluvial fan accumulation
become clearly visible on both imagery (figs. 17a and b).
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Figure 17: Image collection for time periods with geomorphological changes to the study area based on time-series
analysis results for the Sentinel era since 2016 with Landsat 8 and Sentinel 2 in comparison (a–h).
By averaging all images recorded within the investigated period, surface changes like floodplain (FP) reactivation
and accumulation become visible in white and/or bright colours and are indicated by arrows. While the February
2019 event is documented very well by both Landsat and Sentinel (a and b), identifying changes of previous events
remains difficult for Landsat (g and h). Names are based on seasons of the southern hemisphere.

Based on these findings for the February 2019 flooding, the BSI is concluded to provide more
precise information on the initial timing of geomorphological changes while the NDVI behaves
time-relapsed and more continuously with less significant peaks (due to plant growth together
with the detection threshold of the sensor). However, as it indicates the presence of vegetation
makes it very useful to set an end date when collecting satellite imagery for a specific time
period in which surface changes may occur. Based on detailed manual investigation of all
collected images, periods with surface changes in the Pica Valley are highlighted in figure 16.
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Discrepancies between Sentinel and Landsat exist also for potential predecessors of the 2019
event, but these did not cause significant geomorphological changes in the study area. For
example, in June 2018, Sentinel indicates bare soil similar to February 2019 that is completely
absent in the Landsat data (figs. 16c and S4). At least for all investigation periods prior to 2019,
in which surface changes are documented, the indices of both satellites show similar trends
(figs. 16 and 17). Moreover, manual change detection is easier to carry out for Sentinel imagery
as floodplain reactivation can be clearly identified. For example, for the winter 2017 event,
changes appear only sporadically on the Landsat image while on Sentinel, even flow channels
can be distinguished, from which flow directions can be deduced (figs. 17g and h).
Throughout the time, floodplain reactivation remains the principal geomorphological impact.
For the whole satellite era, the February 2019 flooding constitutes an unprecedented event in
that flow energy was high enough to transport sediments towards the valley mouth where they
generate an alluvial fan (figs. 17, 18 and S4–S6). Surface changes occur only occasionally
downwards of the large transverse dune (i.e., in spring 2002, and summers 1992 and 1989,
respectively) and are mostly restricted to upper valley sections (figs. 17 and 18). There, floodplain reactivation is especially prevalent towards valley section 2 and most likely associated
with sediment deposition, as it has been documented for the 2019 flood event (see section
4.1.1). In contrast, morphological changes at the valley gorge have a linear shape and probably
result from the erosive power of water masses. However, whether single events may have
caused channel incision cannot be verified without using high-resolution imagery. For some
summer (i.e., 2003, 1992, 1989) and spring events (i.e., 2002, 1999, 1990), this dominating
linear pattern becomes more extensive (fig. 18). Possible explanations are either comparatively low flow velocity and energy at the valley gorge that favour a widening of the floodplain
and sediment deposition, or partial failure of surrounding slopes destabilised by rainfall and/or
aeolian dynamics that have been active during the investigation period.
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Figure 18: Image collection for time periods with geomorphological changes to the study area based on time-series
analysis results for the Landsat era from 1984 to 2016 (a–j).
As for figure 17, changes become visible in white and/or bright colours and are indicated by arrows. Note that
floodplain (FP) reactivation is particularly common in the upper valley section. Though no significant changes could
be observed for the spring 1993 event, a new, changing valley course appears close to the valley mouth (see the
white square in e and f). Since changes are completely absent before the spring 1988 event, satellite imagery from
April to July 1988 (j) was found to provide the best visual representation of the initial situation in the Pica Valley.
Names are based on seasons of the southern hemisphere. For better graphic display, the reader is referred to the
electronic version of this thesis.
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Moreover, equalising the level of index values with the potential morphological impact would
be misleading as high BSI values are not automatically linked to significant surface changes
(i.e., visible on Landsat imagery). For example, peaks within the range of nine to several ten
thousand counts do not have any impact while imagery of the late 1980s and late 1990s/early
2000s documents significant changes for time periods where the BSI is ~8,000 numbers (figs.
16 and 18). Interestingly, the most prominent and devastating precipitation event prior to the
February 2019 event, the March 2015 event, left no remarkable traces in the study area but is
at least recorded by both BSI and NDVI (figs. 16 and S4f). Since there is a data gap between
August 1995 and April 1999, it remains unknown, whether the 1998 El Niño event would have
had caused flooding in the Pica Valley but would be of high interest as the 2019 event had a
similar atmospheric constellation, albeit weaker. Uncertainties remain also for specifying the
timing of historical flood events and even their detection solely based on Landsat data as the
comparison with Sentinel indicates some discrepancies between both sensors and with reports
on the latest precipitation and flooding events. In this context, the spring 1988 event represents
the first one for which floodplain reactivation is documented by satellite imagery (fig. 18i).

4.2 Sedimentology and geochemistry

Because the Pica Valley constitutes different topographic sections separated by the location
of knickpoints and characterised by slightly different morphological features, so will sediment
deposition depend on very local terrain characteristics. Besides sediment composition, the
combined effect of exposure (regarding the effectiveness of aeolian transport and deposition),
slope, surface roughness, and vegetation cover (i.e., all relevant for flow velocity and energy
during flooding activity) is very site-specific. Thus, throughout the valley, the same phase of
aeolian/fluvial activity is linked with contrary morphological impacts of deflation/erosion somewhere and accumulation elsewhere, overall resulting in sediment stratigraphies that can only
be correlated across those major knickpoints by consistent chronostratigraphic findings. Therefore, investigated profile trenches of central and lower valley parts are described separately,
which is also not least due to the time of documentation and sampling in 2018 (P1–6) and 2019
(T1–3) with the 2019 flooding event in between. Beforehand, characterisations of reference
environments are inevitable to discriminate between different depositional environments of
stratigraphic records across the valley.
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4.2.1

Sedimentary characteristics of reference environments

Three different reference environments were investigated. These constitute one aeolian and
two fluvial deposits. The dune sample D1 serves as reference for aeolian sediments while
modern slackwater (SD-2017) and floodplain deposits (FP-2017 and LV-2019) address the
variety of sedimentary characteristics in fluvial environments.
The aeolian sample D1 (20° 26’ 45.00’’ S; 69° 12’ 13.89’’ W; total depth: 1 m; elevation: 2,136
m asl) consists of moderately well sorted fine sand (mean = 186 µm, sorting = 1.5) with such
low total carbon and nitrogen contents that they are hardly detectable. Compared to other
references, XRF data reveal increased Si/Al and Si/Ca ratios while Ti/Al, Ti/Ca, and Fe/Al are
among the lowest ratios (tab. 7).
Table 7: Geochemical characteristics of reference environments.
For methodological reasons, absolute element concentrations are not comparable. Element ratios were selected
based on their significance in principal component analysis.
Sample

Depositional
environment

Fe/K

Fe/Al

Ti/Al

Ti/Ca

Al/Ca

Si/Al

K/Ca

Ti/Fe

Si/Ca

1.237

0.786

0.088

0.108

1.233

5.848

0.783

0.112

7.208

1.802
1.679
1.196

1.190
0.960
0.821

0.106
0.103
0.096

0.158
0.130
0.124

1.485
1.253
1.289

4.678
5.447
6.004

0.981
0.716
0.886

0.089
0.108
0.117

6.947
6.824
7.740

Aeolian reference
D1

Dune

Fluvial reference
SD-2017
FP-2017
LV-2019

Slackwater deposit
Sand fan
Levee deposit

In contrast, the slackwater environment of SD-2017 (20° 26’ 59.72’’ S; 69° 12’ 14.70’’ W; total
depth: 0 m; elevation: 2,125 m asl) is characterised by very poorly sorted fine silt (mean = 6
µm; sorting = 5.5) and shows comparable high Ti/Al, Ti/Ca, Al/Ca, Fe/K, K/Ca, and Fe/Al ratios
while Si/Al, Ti/Fe, and Si/Ca are among the lowest of the whole reference dataset (tab. 7).
Like the aeolian sample, the modern sand fan FP-2017 (20° 26’ 29.04’’ S; 69° 11’ 50.82’’ W;
total depth: 0 m; elevation: 2, 162 m asl) consists of moderately well sorted fine sand, but is
associated with increased silt components (mean = 152 µm; sorting = 1.6). Geochemistry reveals elevated Ti/Al, Ti/Ca, Fe/K, and low Si/Ca and K/Ca ratios while it is moderate for the
other ratios (tab. 7).
Finally, the 2019 Levee LV-2019 (20° 27’ 28.54’’ S; 69° 13’ 54.37’’ W; total depth: 0.1 m; elevation: 1,977 m asl) comprises the second fluvial sand deposit to be compared with FP-2017
and palaeo-flood deposits in the sedimentary record. It is characterised by moderately sorted
fine sand (mean = 195 µm; sorting = 1.8) that is slightly coarser than FP-2017 and contains
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higher coarse and medium sand as well as slightly higher clay components. Compared to other
reference samples, Si/Al, Ti/Fe, Si/Ca, K/Ca, Fe/Al ratios show increased values, respectively,
while Ti/Al, Fe/K remain low (tab. 7).

4.2.2

Sedimentary characteristics of selected profiles from the central valley

Sedimentary record of profile trench T2
Profile trenches T2 and T3 are situated south of the dune field in the lower part of valley section
2 where they have been exposed by channel incision of the 2019 flooding event (see section
4.1.1). Within the ~4 m deep major channel, trench T2 (20° 27’ 9.85’’ S; 69° 12’ 19.61’’ W; total
depth: 2 m; elevation: 2,115 m asl) is located approximately 100 m upstream of T3 comprising
four main stratigraphic units (figs. 15 and 19). Since the uppermost two metres consist of colluvial material of the channel wall, profile documentation starts at 2 m b.s. (fig. 19).

Figure 19: Stratigraphy of profile trench PIV T2 with interpretation based on sedimentological and geochemical
results.
Fluvial deposits (yellow) contain plant remains, are characterised by larger fine-grain proportions than aeolian deposits (light grey) and sometimes include silt layers and clasts (dark grey). Given that trench T2 has been exposed
by the 2019 flood without any evidence of cobble transport, the uppermost section is interpreted as colluvial slope
material (grey). Locations of OSL samples are indicated by red circles.
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The uppermost unit 1 (2.00–2.30 m b.s.) consists of well-rounded cobbles of up to 40 cm in a
sandy matrix and can be traced also on the opposite canyon wall for 20 to 30 m. From 2.30 m
b.s., no more cobbles but gravels of up to 4 cm are present in the matrix. This section (unit 2;
2.30–2.55 m b.s.) is characterised by greyish-brownish homogeneous and unstratified poorly
sorted fine sand (mean = 154–157 µm; sorting = 2.5–2.8), where plant remains are found
occasionally. Fe/K, Fe/Al, Ti/Al, and Ti/Fe ratios slightly decrease or remain unchanged while
Si/Ca slightly increases.
From 2.55 to 3.10 m b.s., greyish stratified, moderately sorted fine and medium sands of unit
3 (mean = 186–215 µm; sorting = 1.6–1.9) form a contrast to the overlying section 2. Laminae
are discontinuous from 2.95 to 3.10 m b.s., and slightly inclined. Fine-gravel lenses occur only
occasionally (e.g., at 2.73 m b.s.). While element ratios of the central and lower part of this
section are similar to those of unit 2, Fe/K, Fe/Al, and Ti/Al ratios show significant peaks for
the upper part. Likewise, Si/Ca, K/CA, and (to a lesser extent) Ti/Fe tend in the opposite direction (fig. 19).
Below 3.10 m b.s., lamination is completely absent and constitutes one of the main reasons in
summarising the section between 3.10 and 4.00 m as unit 4. Grain-size and geochemical characteristics allow for its subdivision into three subunits. Subunit 4a (3.10–3.47 m b.s.) consists
of greyish-brownish homogeneous and moderately sorted fine sand (mean = 195–206 µm;
sorting = 1.5–1.6). Fine roots are present while stratifications are mostly absent. Element ratios
remain similar to those of unit 3 or even slightly decrease.
In contrast, subunit 4b (3.47–3.75 m b.s.) is characterised by stratified brownish silty sand
layers of higher cohesion and moisture, intercalated with homogeneous greyish-brownish fine
sands (mean = 85–203 µm; sorting = 1.5–2.6). The finer strata are associated with occasional
involutions and downward extending former desiccation cracks. Plant remains and roots are
especially prevalent in the uppermost silt layer at 3.47 to 3.54 m b.s.. Sporadically, sand layers
contain silt clasts and an ignimbrite pebble of up to 3 cm at 3.60 m b.s.. Grain-size analyses
reveal two sequences of graded bedding. While the section is normally graded from 3.52 to
3.63 m b.s. with basal medium sands and silt clasts towards fine sand and a silt cap upwards,
sediments from 3.52 to 3.47 m b.s. are inversely graded (fig. 19). These characteristics are
reflected by XRF data in that Fe/K, Fe/Al, and Ti/Al ratios show similar trends to mean grain
size while Si/Ca, K/Ca, and Ti/Fe trend inversely, respectively.
Subunit 4c (3.75–4.00 m b.s.) marks the basal section of profile trench T2 and consists of
homogeneous, unstratified moderately sorted fine sand (mean = 195–200 µm; sorting = 1.64–
1.65) associated with occasional fine-gravel lenses and vertical root passages. Elemental com-

61

Results and interpretation
position shows no significant trends; only the Fe/K ratio slightly increases towards the top of
this unit (fig. 19).

Sedimentary record of profile trench T3
Approximately 100 m downwards of T2, profile trench T3 (20° 27’ 10.49’’ S; 69° 12’ 21.90’’ W;
total depth: 5.05 m; elevation: 2,115 m asl) is located directly to the east of a lateral channel
whose floor is more than 2 m above the main channel floor. Here, the canyon wall exceeds 5
m depth, with the uppermost 3 m being collapsed in the aftermath of the 2019 flooding event.
Thus, profile documentation starts at 3.0 m b.s. (fig. 20).

Figure 20: Stratigraphy of profile trench PIV T3 with interpretation based on sedimentological and geochemical
results.
Note that the profile is divided into two parts with a distance of ~1 m. Because the western part correlates with the
sections sampled in trench T2, sediment samples were only taken out of the eastern part. Both parts are correlated
by a thin silt layer that rises eastwards (indicated by the dashed line, not scaled). Locations of OSL samples are
indicated by red circles.

The profile trench is composed of two parts. The western one (3.00–4.66 m b.s.) covers most
of the main stratigraphic units already described for trench T2 and was hence not sampled.
Below sands and cobbles of unit 1 (3.00–3.20 m b.s.), the homogeneous and unstratified fine
and medium sands of unit 2 are completely absent. Instead, thickness of unit 3 (3.20–4.22 m
b.s.) is increased by more than 60 cm compared to T2 (figs. 19 and 20). Its lamination allows
for further subdivision into sections 3a and b. The upper subunit 3a (3.20–3.70 m b.s.) consists
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of greyish, alternating fine, medium and coarse sand laminae that are slightly inclined to the
east with gravels occurring occasionally at the upper contact to unit 1. Since this section can
be traced for several tens of metres up the valley, it correlates with unit 3 of trench T2. Between
3.70 and 4.22 m b.s., sedimentary characteristics (i.e., colour, granulometry and presence of
lamination) are the same as for section 3a, but the laminae are strongly inclined to the west
and are capped towards the upper contact of this subunit 3b (fig. 20).
Below 4.22 m b.s., stratified brownish silty sand layers intercalated with homogeneous greyishbrownish fine sands of subunit 4b extend up to 4.43 m b.s., indicating that the stratigraphic
record of profile trench T3 lacks the homogeneous fine sand of subunit 4a (figs. 19 and 20).
From 4.25 to 4.30 m b.s., this section is characterised by a root layer.
The basal section of the western profile part (4.43–4.66 m b.s.) constitutes greyish-brownish
homogeneous, unstratified fine sand with occasional fine-gravel lenses and corresponds to
subunit 4c of trench T2. At its base, a 1 cm thin silt layer can be traced along the canyon wall
and rises eastwards up to 4.50 m b.s., and where profile documentation is continued at ~1 m
distance to the western profile part (fig. 20).
From 4.50 to 4.79 m b.s., laminated homogeneous greyish sand defines unit 5, and is slightly
inclined to the west. At 4.79 m b.s., a sharp boundary is documented with changing sediment
colour and grain size towards reddish-brownish poorly sorted very fine sand that becomes
gradually coarser towards the base (mean = 94–207 µm, sorting = 1.5–2.9). This unit 6 is finely
rooted especially in the uppermost part where fine-grain proportions are highest. Here, also
nitrogen and total carbon contents are maximum whereas they decrease towards the base.
Si/Ca, K/Ca, and Ti/Fe ratios reveal similar trends while Fe/K, Fe/Al, and Ti/Al ratios tend inversely (fig. 20). Finally, a thin silt layer constitutes the base of unit 6 at 5.05 m b.s..

Interpretation of the sediment stratigraphy in profile trenches T2 and T3
Combined stratigraphic and sedimentological investigations, supported by findings from reference samples, allow for characterising the different depositional environments recorded by
profile trenches T2 and T3. Due to their exposure by channel incision of the 2019 flooding
event, unit 1 unambiguously represents colluvial sediment and cobbles from the former surface
and nearby slopes collapsed as a result of rainfall and flooding.
For section 2, sedimentary homogeneity and poor sorting point towards rapid deposition, and
plant roots indicate environmental conditions for vegetation growth. Hence, this unit is interpreted of fluvial origin, most likely resulting from a single event since any internal layers or
sedimentary structures representing former surfaces are absent. Therefore, this unit comprises
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the most recent flooding event prior to the 2019 flood that is evidenced by the stratigraphic
record in the central part of the Pica Valley. However, this predecessor reflects completely
different characteristics compared to the 2019 event, particularly in terms of stream discharge,
flow velocity and sediment load. Flow energy must have been much less than from the 2019
event as it is associated with accretion instead of erosion. One possible explanation for its
absence in the sedimentary record of T3 is that the flow path must have been different in that
it did not pass the lateral channel close to T3.
In contrast, unit 3 shows typical features of aeolian sediment deposition with laminations and
overall better sorting. Furthermore, east- and westward inclinations of subunits 3a and 3b document changing wind directions during this phase of aeolian activity, namely from dominating
easterly towards nowadays westerly winds.
Geochemical findings for both aeolian and fluvial references indicate Fe/K, Fe/Al, and Ti/Al as
proxies for fluvial depositional environments while Si/Ca, K/Ca, and Ti/Fe are indicative for
aeolian dust input. Considering vertical trends of these element ratios in trench T2 that are
partly contradictive to the interpretation of the sedimentary record favours the assumption that
sediment deposits are reworked and/or mixed aeolian and fluvial transport mechanisms, respectively. For example, Fe/K, Fe/Al and Ti/Al peaks at the top of unit 3 probably result from
the initial interaction of the flood event related to unit 2. Likewise, the interaction of presently
dominating aeolian activity with the pre-2019 flood deposit may have started to overprint its
geochemical fingerprint by aeolian sediment input. As also the 2019 levee deposit reveals
relatively high Si/Ca and Ti/Fe ratios, it may serve as a reference for either originally aeolian
sediments being reworked by fluvial processes, or fluvial sediment characterised by subsequent aeolian dust input.
Similar to unit 2, unit 4 is interpreted of fluvial origin, and is characterised by two unstratified
homogeneous sand sheets (subunits 4a and 4c), intercalated with a sequence of several silty
sand- and fine sand layers associated with silt clasts and involutions as well as a distinctive
root layer at the top (subunit 4b). But in contrast, this section documents a fluvial phase of
several floodings rather than one single event as each subunit reflects different states of flow
energy as well as time lapse between single events evidenced by the enrichment of plant
remains and root passages indicative for post-event vegetation growth. While flow energy of
flooding events of subunits 4a and 4c must have been comparable to that of unit 2, stratified
and graded sediments associated with involutions and silt clasts in subunit 4b reflect different
energy conditions within one single event. Basal silt clasts and subsequent normal grading in
the lower part point to high initial and subsequent decreasing flow velocity while inverse grading of the upper part indicates increasing flow energy again. Here, the presence of the root

64

Results and interpretation
layer and former desiccation cracks implies that time elapsed between the events of subunits
4a and 4b. Similarly, Fe/Al and Ti/Al ratios peak for these silty fine sand layers pointing towards
increasing post-depositional weathering processes.
Unit 5 shows similar characteristics as subunit 3b. Based on their westward inclination, the
sand laminae of this section document prevailing easterly wind directions during the time of
deposition.
Finally, unit 6 comprises the third fluvial phase within the stratigraphic record of the central part
of the Pica Valley. With its enrichment of plant roots, the upper part resembles the root layer
of subunit 4b, but sediment colour, grain size and total carbon contents further indicate postdepositional changes due to soil formation. At its base, fine and medium sands on top of a thin
silt layer characterise the flood deposit, most likely being deposited within a single phase as
any internal layers or stratifications are absent. Overall, this unit suggests that post-event humidity lasted longer than for the other flooding events of the sedimentary record, thereby enabling soil formation. Alternatively, this fluvial phase is part of a period with increased moisture
supply in the Pica Valley resulting from wetter climate conditions than today.

4.2.3

Sedimentary characteristics of selected profiles from the central to lower valley

Sedimentary record of floodplain pit P2
Floodplain pits P2 and P1 are situated on the floodplain surface in the central part of valley
section 3 while P6 is located on the floodplain level in the lower part of valley section 4. Since
the channel course obtains several minor directional changes in section 3, pit P2 (20° 27’
31.15’’ S; 69° 13’ 39.47’’ W; total depth: 0.50 m b.s.; elevation: 1,997 m asl) is the most upstream one where the valley is oriented to the northwest (fig. 7). It is located ~2.6 km downward
of trenches T2 and T3, and ~670 m upward of P1.
Two units characterise the sedimentary sequence (fig. 21a). The uppermost unit I (0.00–0.13
m b.s.) consists of greyish homogeneous, moderately sorted fine sand (mean = 196–208 µm;
sorting = 1.7 µm) covered by some gravels and dry shrub remains. Like coarse- and medium
sand fractions decrease with depth, so trend all element ratios except of K/Ca. At its base, a 2
cm thin layer of fine gravels embedded in a sandy matrix forms the uppermost part of unit II
(0.13–0.50 m b.s.). Fine sands of this section are poorly sorted where gravels are frequent but
become moderately sorted with increasing depth (mean = 183–235 µm; sorting = 1.6–2.3). In
the lower part of unit II, sand lenses and gravels occur less frequent than in the upper part, but
desiccation cracks are thoroughly present. Fe/K, Si/Ca, Fe/Al, and Ti/Al ratios obtain remark65
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able peaks for the top of unit II while Ti/Fe increases only slightly and K/Ca trending even in
the opposite direction (fig. 21a).

Figure 21: Stratigraphy of floodplain pits PIV P2, P1 and P6 out of the central to lower valley with interpretation
based on sedimentological and geochemical results.
All trenches are characterised by similar sediment strata with heterogeneous fine and medium sands (interpreted
as fluvial, yellow shaded) covered by homogeneous aeolian fine sand (light grey). Only in the uppermost pit P2,
stratified sand and silt layers of unit IIa are absent. Note that sampling was done in 2018, explaining the absence
of the 2019 floodplain deposit.

Sedimentary record of floodplain pit P1
Approximately 670 m downstream of P2, floodplain pit P1 (20° 27’ 29.44’’ S; 69° 14’ 2.12’’ W;
total depth: 0.50 m b.s.; elevation: 1,977 m asl) is located on the floodplain level of valley
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section 3 where the valley course runs in western direction. As for P2, two units are documented in the stratigraphic record. The uppermost unit I (0.00–0.04 m b.s.) is characterised by
homogeneous fine sand corresponding to pit P2.
From 0.04 to 0.25 m b.s., a sequence of silty sand layers of higher cohesion, intercalated with
homogeneous fine sands, is present (fig. 21b). Fine sands are moderately sorted (mean =
126–200 µm; sorting = 1.7–1.9) with higher silt proportions in the upper part. Below 0.25 m
b.s., sediments share characteristics with unit II of P2. Sand lenses and gravels are present
within a heterogenous, moderately sorted fine sand matrix (mean = 225 µm; sorting = 1.7), as
well as large vertical desiccation cracks. These findings indicate that unit II needs to be subdivided into the stratified subunit IIa, which is completely absent in the sedimentary record of P2,
and the heterogeneous sand sheet of subunit IIb. While Fe/K, Fe/Al, and Ti/Al ratios obtain
peaks for the central part of subunit IIa, they decrease towards overlying and underlying sediment strata. Contrary, Si/Ca, K/Ca, and Ti/Fe ratios gain maximum values in the upper parts
of subunits IIa and IIb, respectively (fig. 21).

Sedimentary record of floodplain pit P6
Floodplain pit P6 is situated ~3,500 m downstream of P1, and more than 4,000 m downstream
of P2 in the lower part of valley section 4 where terrace-like structures are documented. Between P1 and P6, floodplain pits of P3–5 show evidence of similar sediment sequences as
described for subunits IIa and IIb, respectively (fig. S7).
The sedimentary record of floodplain pit P6 (20° 28’ 9.49’’ S; 69° 15’ 39.72’’ W; total depth:
0.50 m b.s.; elevation: 1,886 m asl) consists of two main stratigraphic units. Unit I (0.00–0.17
m b.s.) is characterised by homogeneous, moderately sorted fine sand (mean = 199 µm;
sorting = 1.7) and shows slight lamination in the lower part (fig. 21c). At its base, a thin silt
layer (<1 cm) covers a thin layer of fine gravels embedded in a sandy matrix (0.17–0.20 m
b.s.). Though it mainly consists of moderately sorted fine sand, higher fine-grain proportions
are reflected by slightly decreased mean grain size and poorer sorting (mean = 191 µm; 1.8).
As for pit P1, sediment texture of the sand layers of unit II coarsens towards the lower part of
this section at 0.50 m b.s. (fig. 21). While desiccation cracks are absent in unit I, they are
prevalent throughout unit II.
Below 0.30 m b.s., silt layers are completely absent. Therefore, this depth constitutes the lower
contact of subunit IIa (mean = 213 µm; sorting = 1.7). Additionally, increased frequency of fine
gravels and sand lenses characterise subunit IIb (0.30–0.50 m b.s.) and its unstratified homogeneous matrix of fine and medium sands (mean = 221–245 µm; sorting = 1.8). With respect to
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their vertical variation, element ratios – particularly Fe/K, Si/Ca and K/Ca – document the geochemical differences between unit I and II.

Interpretation of the sediment stratigraphy in floodplain pits P2, P1, and P6
As for T2 and T3, stratigraphic sections documented by floodplain pits P2, P1, and P6 reflect
different depositional environments and sedimentary origin. Though some sedimentary units
share similar characteristics (e.g., subunits 4b and 4c (T2 and T3) with IIa and IIb (P1–6)),
correlations of these units from trenches of central and lower valley parts would lead to incorrect interpretations, especially if robust chronologies are absent. Nevertheless, sedimentary
characteristics of historic flood events may serve as a reference for identifying the sedimentary
origin of other palaeo-flood deposits in the stratigraphic record across the valley.
For pits P1–6, unit I constitutes sediment deposited by aeolian transport mechanisms. Sediment homogeneity, partly associated with lamination, moderate sorting as well as the complete
absence of desiccation cracks support this interpretation, whereas element ratios reveal contrary tendencies and only slightly increased Ti/Fe and Si/Ca ratios (as proxy for aeolian deposition) for P2 and P6 (fig. 21). As mentioned earlier, these discrepancies probably result from
corresponding sediment sources of aeolian and fluvial sediments, and further the interaction
of wind with floodplain deposits. Since both deflation and accumulation constitute major agents
in forming the present landscape in the arid environment of the Pica Valley, gravels and shrub
remains at the present surface (i.e., 2018, due to sampling in 2018) can be attributed to fluvial
dynamics (and the possibility of vegetation growth in the aftermath) but have been blown over
by wind. This interpretation is supported as unit II shows key characteristics of ephemeral
stream deposits. These are primarily related to indicators of desiccation like mud and desiccation cracks but also plant remains. Further features indicating fluvial origin are stratifications of
sand sheets and intercalated thin silt layers as well as heterogenous sands containing gravels
and sand lenses, and where element ratios associated with fluvial environments reach maximum peaks. Sections with higher fine-grain proportions are thus interpreted as slackwater deposits whereas the thin gravel layer at the upper boundary of unit II in pit P2 most likely represents a former surface, possibly generated by similar processes as the present one.
However, whether subunits IIa and IIb represent a single flood event or – as for unit 4 of T2
and T3 – a sequence of several floodings, remains speculative as root layers between both
subunits are absent (indicative for time lapse between two different fluvial phases) and desiccation cracks extend beyond layer boundaries. Though this fact gives higher probability to a
single event characterised by rapid deposition of heterogeneous fine and medium sands under
turbulent conditions, unit II could also present a phase of fluvial activity being part of a period
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with increased moisture supply in the Pica Valley resulting from wetter climate conditions than
today.
Since pit P6 is situated several kilometres downwards from P2 and P1 and across several
knickpoints in the lower valley, stratigraphic correlation to P2 and P1 must be taken with caution unless it is backed up with chronological information (see section 4.3). However, both
stratigraphic units I and II have been also at least photographically documented for floodplain
pits P3–5 in between (fig. S7).

4.2.4

Synthesis of sedimentary characteristics from different depositional environments

PCA was performed for results of geochemical results (XRF) and synthesized grain-size, C/N
and XRF data (fig. 22). Because of insignificance and autocorrelation, Si, Rb, Sr, Ca and Fe
were excluded from further statistical processing of XRF data. For elemental composition, 77
% of the dataset are described by the first two PC. PC 1 accounts for 57 % and constitutes
positive values for Fe/K, Fe/Al, Mn, Ti, and Ti/Al as well as Ti/Ca and Al, while it is negatively
correlated with K, Si/Ca, Ti/Fe, K/Ca, Si/Al, and Al/Ca (tab. S2). PC 2 (20 %) is controlled by
negative values for Al, and positive values for all other element and element ratios with the
strongest correlations to Ti/Ca, Al/Ca, and K/Ca.
For granulometry and geochemistry (i.e., C/N and XRF), statistical significance and correlation
tests required the exclusion of individual grain-size fractions, sorting and kurtosis as well as
total carbon, Si, Rb, Sr, Ca, and Fe. PCA revealed similar results as for XRF alone, with 70 %
of the variance being explained by the first two principal components. PC 1 (50 %) denotes
positive values for Fe/K, Fe/Al, Mn, Ti, and Ti/Al as well as skewness, Ti/Ca and Al. While
strongest anticorrelations exist for K, Si/Ca, K/Ca, Ti/Fe, and slightly Si/Al and Al/Ca, N, C/N
and mean grain size are around zero (tab. S2). PC 2 (20%) is characterised by positive Ti/Ca,
Al/Ca, K/Ca, Si/Ca, Fe/Al, Ti/Al, and Fe/K ratios as well as Mn, K, Ti, and N. C/N, skewness
and Ti/Fe are around zero; negative correlations exist for mean grain size, Al, and Si/Al.
In view of previous studies conducted by Stuut et al. (2007: 75), high element ratios of PC 1
denote sedimentary origin from volcanic rocks of the Andes where sediment transport to the
study area is most likely driven by ephemeral runoff controlled by precipitation in the Andean
mountains. Therefore, PC 1 is assumed to best describe the sedimentary origin of the dataset.

69

Results and interpretation

Figure 22: Results of principal component analyses for geochemistry (XRF; a) and all sedimentological analyses
(grain size, C/N and XRF measurements; b).
Applying multivariate statistics to potential fluvial and aeolian deposits as well as to reference environments allows
for discriminating central and lower valley sections (a1 and b1), and for characterising the four fluvial phases identified in the stratigraphic record (a2 and b2). Nomenclature is based on chronological findings. Sample loadings are
given in a3 and b3, respectively.

Among the profile trenches, statistical processing allowed to discriminate between their locations in the central and lower valley. This is particularly important as to keep caution when
transferring sedimentary characteristics to deposits of similar origin but with location in other
valley sections or levels. Depending on the energetic level of a flooding event, sediment
sources of downstream alluvium may be slightly different from upstream. When flow energy is
low, the stream flow may not have the capacity to carry sediments suspended upstream towards the valley mouth. Instead, they will be deposited towards the next knickpoint as slope
decreases. After passing a major knickpoint, the river stream receives new energy leading
again to incision and uptake of sediments that may have a slightly different fingerprint than
those transported and deposited before the knickpoint.
In general, both fluvial and aeolian sediments show similar elemental compositions. Though
geochemistry of former surfaces (as of P2) resembles fluvial slackwater deposits and thus
differs from aeolian ones, the wide scatter of both environments suggests aeolian sediments
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reworked by flashfloods as main source for floodplain deposits, which has been reported also
for other arid environments (figs. 21 and 22; Jia and Wang, 2014: 5; Gibling, 2006: 756). Unimodal, mainly leptokurtic grain-size distributions confirmed by cross-plots of different statistical
parameters (mean, sorting, skewness, kurtosis) support the consistency of sediment sources
for both aeolian and fluvial phases (fig. S8). Nevertheless, all four phases of fluvial activity
identified in the stratigraphic record are distinguishable. The most obvious is the oldest one,
phase 5 (nomenclature is based on chronological results), present in the lower valley with all
samples clustering close to modern sand fan and levee deposits. Discrimination between flood
events of the central valley remains less significant than for phase 5 as samples are scattered
and partly plot in contrary directions (fig. 22). However, given their age, post-depositional processes such as weathering may have affected phase 5 deposits, e.g., in terms of leaching, in
that they lost part of their original geochemical fingerprint and are quite similar today (see also
d’Haen et al., 2012: 168).
Fluvial phase 2 is partly consistent with phase 5 as well as fluvial and aeolian references but
shows higher variability in composition and also weathering intensity as indicated by Si/Ca,
K/Ca, and Al/Ca ratio loadings (fig. 22). Though trends of phase 1 resemble those of phase 2,
this interpretation must be taken with caution since phase 1 is derived from only two samples.
In contrast to fluvial phases 2 and 5, deposits of phase 3 show no obvious trends but are rather
consistent with all other fluvial phases and depositional environments except of the finegrained slackwater deposit.
Based on the distribution of fluvial and aeolian sediment data, their references as well as eigenvector loadings, PC 1 and PC 2 hence most likely represent the intensity of sediment reworking
and to what extent sediment provenance can be traced (PC 1); together with the energetic
level, under which deposition takes place (PC 2; fig. 22).

4.3 Optically stimulated luminescence dating

4.3.1

Selection of pIRIR protocols

Preheat tests were performed by Keiser (2018: 33–34) for temperatures between 130 and 290
°C with preheat temperatures being maintained for 10 s, and 30 °C higher than stimulation
temperature. Because a dose plateau is formed for temperatures <200 °C and thermal transfer
may be an issue to rising dose values at temperatures >200 °C, favours the selection of a low-
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elevated pIRIR protocol, i.e., the pIRIR180 protocol. (fig. S10). Though recuperation reaches a
maximum of ~2 % for a pIRIR stimulation temperature of 180 °C, it is far below the 5 %-threshold suggested by Murray and Wintle (2000: 71–72). The decision for the pIRIR180 protocol is
backed up by residuals that are <0.2 Gy for temperatures below 200 °C but substantially increase with rising temperatures. However, there is no dependency of recycling ratio on temperature observed (fig. S10).
Since the palaeodune samples are significantly older, the pIRIR225 protocol was used as it
empties more stable electron traps and is thus less affected by anomalous fading. Also for the
modern samples processed by Rhein (2018: 1–79), the pIRIR225 protocol was decided as the
most appropriate one.

4.3.2

Luminescence properties and test measurements

All samples except of the palaeodunes show generally low signal intensities. This is especially
true for the pIRIR signals where the decay curves are characterised by only ~60 % of the
photon counts that are detected for the IR50 signals, respectively (figs. 23a–c). However, as
dose tests indicate that these samples must be of late Holocene age, they were irradiated with
appropriate low doses (e.g., a test dose of ~10 Gy). Therefore, the detected signal intensities
with at least more than 250 counts (T3-2) are sufficiently different from the background (figs.
23a–c). Corresponding dose response curves reflect the low natural signal for the modern
samples that are characterised by almost linear curve fits. In contrast, the palaeodune depicts
a typical exponential dose response curve (figs. 23d–f).
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Figure 23: pIRIR- and IR50 decay curves after ~365 Gy (a) and ~10 Gy test dose stimulation (b and c) and doseresponse curves for representative aeolian (d and e) and fluvial samples (f).
To compare signal loss of young samples, first 50 s of IR stimulation are enlarged in insets of (b) and (c). Integrated
signals are highlighted.

In addition to test measurements conducted by Keiser (2018: 34) and Rhein (2018: 35), test
measurements of this study included dose-recovery and residual measurements as well as the
determination of anomalous fading (figs. 24, S11 and S12). Whether the pIRIR290 protocol may
be suitable to be applied to the palaeodune samples, a dose-recovery test with a stimulation
temperature of 290 °C was performed for samples PD2 and 3. However, the ratios of measured
to given doses are outside the acceptable ±10%-error range so that the pIRIR290 protocol was
neglected for subsequent measurements. For the other pIRIR protocols and extracted IR50
signals, doses are adequately recovered when errors are considered. Residuals of artificially
bleached samples are below 0.7 Gy for pIRIR180- and around zero for IR50 protocols while they
increase for older samples, i.e., the palaeodunes, to ~1.5 Gy (IR50) and ~5 Gy (pIRIR225; fig.
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24). By subtracting them from dose-recovery doses slightly improves their fitting within unity
(fig. 24).

Figure 24: Performance of the pIRIR protocols used in this study.
As the dose recovery ratio (DRR) of the pIRIR290 protocol is overestimated by more than 10 %, all subsequent
measurements were performed with pIRIR225- (PD2 and 3) and pIRIR180 protocols (all other samples), which are
within the acceptable ±10%-error range (shaded in grey). Results of long-term fading determination are shown with
standard errors. Because previous short-term measurements obtained g-values of >20 %/decade, ages of these
samples were corrected with g-values averaged from measured ones of this study. Averaged fading rates are indicated by crosses and colour-shaded areas.

Short-term fading is observed for all protocols and needs to be corrected for all ages obtained
from the IR50 signal, where g-values range from 5.07 ± 0.35 (FP8) to 13.25 ± 3.26 %/decade
(PD3; fig. S13). Also for the pIRIR protocols, most of the samples show significant short-term
fading of up to 3.36 ± 1.27 (PD3, pIRIR225) and 2.25 ± 0.13 %/decade (T2-3, pIRIR180). Since
fading rates calculated from measurements of Keiser (2018: 1–59) are exceptionally large and
exceed even 20 %/decade for the pIRIR180 protocol, these g-values are not trusted for age
correction (fig. S11). Instead, g-values measured in this study were averaged for each protocol,
respectively and then used to correct the re-calculated ages of Keiser (2018: 1–59) and Rhein
(2018: 1–79). Because the IR50 signals of PD2 and 3 fade in a similar dimension with 11.34 ±
2.68 %/decade for PD2 and 13.25 ± 3.26 %/decade for PD3, they were also corrected with
averaged g-values (fig. S13, tab. S5).
In comparison, long-term fading results of the palaeodune samples show less variation and
resemble those of all other samples (fig. S13). In their dimension, obtained g-values correspond to typical g-values of IR50- and pIRIR protocols and are considered to provide more
reliable results than the short-term fading rates. Because g-values range between 3.59 ± 0.87
%/decade (T3-1) and 5.30 ± 1.16 %/decade (LV-2019), all IR50 ages need to be corrected. For
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both pIRIR-protocols, fading rates are below 1 %/decade; only in case of T2-2, fading correction of the pIRIR180 age is required. As long-term fading measurements were not performed in
previous studies, averaged g-values from this study were used to re-calculate ages of Keiser
(2018: 1–59) and Rhein (2018: 1–79).

4.3.3

Equivalent dose distributions

De distributions are shown as Kernel density estimation (KDE) plots for all measured protocols
and aliquots. Figure 25 contains examples of investigated aeolian (i.e., PD2 (a and b) and T32 (c and d), respectively) and fluvial samples (LV-2019; e and f). KDE plots of De distributions
from all samples are provided in the appendix (figs. S14–S17).

Figure 25: Equivalent dose distributions based on pIRIR225-, pIRIR180- and extracted IR50 signals for selected samples shown as KDE plots, with data <2σ (coloured) used for age calculation.
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De values are characterised by unimodal distributions that are positively skewed for fluvial
samples while they are moderately distributed for the palaeodune and aeolian trench samples
(figs. 25, S14–17). Also after excluding outliers out of 2σ range, fluvial samples reveal a skewness of -0.3 (T2-3 and T3-3) to 2.5 (FP1 and 4) for the IR50 protocol, and -0.3 (LV-2019) to 3.1
(FP1) for the pIRIR180 protocol. In contrast, aeolian De values are less skewed ranging from 0.6 (T2-2) to 0.3 (PD3) for IR50-, from -0.1 (T3-1) to 2.0 (D1) for pIRIR180-, and from 0.2 (PD2)
to 0.4 (PD1 and 3) for pIRIR225 protocols (tab. 8).
Table 8: Statistical parameters of De measurements on feldspar luminescence samples measured (a), re-calculated
(b) and used in this study without re-calculation (c).
Sedimentary origin of each sample is written in italics; N – number of aliquots. For fields containing dashed lines,
data were not available.
a)

Feldspar luminescence samples measured in this study

Sample
(origin)

Signal

Ø (mm)

Naccepted

Over-dispersion (%)

Skewness

Arithmetic mean
(Gy)

PD2
(aeolian)
PD3
(aeolian)
FP8
(fluvial)
T2-1
(fluvial)
T2-2
(aeolian)
T2-3
(fluvial)
T2-4
(fluvial)
T3-1
(aeolian)
T3-2
(aeolian)
T3-3
(fluvial)
LV-2019
(fluvial)

IR50
post-IR225
IR50
post-IR225
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180

2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2
2

20
20
11
11
36
24
19
17
21
21
21
21
18
17
19
18
20
20
19
23
15
17

17.8 ± 2.9
23.8 ± 4.0
16.6 ± 3.7
15.8 ± 3.8
24.6 ± 3.8
6.2 ± 3.1
62.5 ± 11.2
83.2 ± 23.2
2.5e-31 ± 2.6e33
8.0 ± 23.9
12.3 ± 7.3
36.7 ± 8.6
37.2 ± 7.8
28.6 ± 7.6
58.8 ± 27.7
39.0 ± 23.0
0.0 ± 293150.6
31.0 ± 11.1
7.9 ± 3.1
16.8 ± 4.1
36.7 ± 8.5
22.3 ± 7.9

0.0
0.2
0.3
0.4
0.2
0.0
0.7
0.1
-0.6
0.2
-0.3
0.4
0.5
0.3
0.1
-0.1
-0.4
0.3
-0.3
-0.2
0.6
-0.3

195.4 ± 34.7
388.8 ± 92.7
200.1 ± 34.4
390.0 ± 67.6
6.3 ± 1.7
6.5 ± 1.3
1.2 ± 0.8
1.2 ± 1.0
0.2 ± 0.1
0.4 ± 0.3
0.5 ± 0.2
0.9 ± 0.6
0.6 ± 0.3
1.0 ± 0.4
0.1 ± 0.1
0.3 ± 0.2
0.3 ± 0.2
0.6 ± 0.3
1.1 ± 0.1
1.3 ± 0.3
0.8 ± 0.3
0.8 ± 0.4

b)

Feldspar luminescence samples re-calculated in this study

Sample
(origin)

Signal

Ø (mm)

Naccepted

Over-dispersion (%)

Skewness

Arithmetic mean
(Gy)

PD1
(aeolian)
FP1
(fluvial)
FP2
(fluvial)
D1
(aeolian)
FP4
(fluvial)
FP5

IR50
post-IR225
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50

1
1
1
1
1
1
1
1
1
1
1

6
6
25
22
23
22
11
16
15
17
20

21.8 ± 6.5
15.9 ± 5.0
28.6 ± 6.2
57.4 ± 13.6
20.0 ± 3.3
29.1 ± 4.9
22.7 ± 27.5
71.9 ± 16.6
52.3 ± 13.3
94.0 ± 17.7
39.9 ± 7.6

0.2
0.4
2.5
3.1
-0.2
1.2
0.1
2.0
2.5
2.6
1.9

178.5 ± 38.8
296.9 ± 49.7
7.4 ± 3.2
6.3 ± 5.2
7.9 ± 2.0
6.7 ± 2.0
0.2 ± 0.3
1.0 ± 1.3
2.0 ± 1.8
3.3 ± 4.1
6.1 ± 3.8
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(fluvial)
FP6
(fluvial)
c)

post-IR180
IR50
post-IR180

1
1
1

16
23
19

43.7 ± 10.1
57.2 ± 10.2
63.7 ± 12.0

1.9
1.3
1.8

4.3 ± 2.4
3.5 ± 2.5
3.7 ± 3.3

Feldspar luminescence samples used without re-calculation

Sample
(origin)

Signal

Ø (mm)

Naccepted

Over-dispersion (%)

Skewness

Arithmetic mean
(Gy)

D-2017
(aeolian)
SD-2017
(fluvial)
FP-2017
(fluvial)

IR50
post-IR225
IR50
post-IR225
IR50
post-IR225

8
8
8
8
8
8

24
23
17
24
24
24

72.2 ± 13.8
25.0 ± 4.5
17.2 ± 3.5
10.5 ± 3.3
117.8 ± 17.4
78.6 ± 11.4

-------------------------------------------------------------------------------------------

-------------------------------------------------------------------------------------------

To compare whether over-dispersion may serve as an indicator for partial bleaching and thus
in discriminating between fluvial and aeolian samples, the over-dispersion was plotted with
respect to palaeodose and the depositional environment of samples (fig. 26). While a low scatter indicates that the signal of all sediment grains of a given sample is either sufficiently reset
or that all grains are poorly bleached, the opposite denotes the presence of partial bleaching.

Figure 26: Over-dispersion for all samples in relation to palaeodose and depositional environment.
Due to their extremely large errors, the aeolian samples T2-2 (see inset in a) and T3-2 were excluded from further
evaluation of an appropriate σb value for the IR50 protocol. Shaded areas in (b) and (c) are enlarged in insets. Note
that for sample FP-2017, palaeodose data of the central age model were not available.

Both types of aeolian and fluvial deposits include samples with low and high over-dispersions
that tendentially decrease with increasing palaeodose (fig. 26). Fluvial samples show slightly
larger scatter ranging from 7.9 (T3-3) up to 117.8 % (FP-2017) for IR50-, from 6.2 (FP8) to 94.0
% (FP4) for pIRIR180-, and from 10.5 (SD-2017) to 78.6 % (FP-2017) for pIRIR225 measure77
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ments (tab. 8). For aeolian samples, over-dispersion ranges within 0 (T2-2 and T3-2) to 72.2
% (D-2017) for IR50-, 8.0 (T2-2) to 71.9 % (D1) for pIRIR180-, and 15.8 (PD3) to 25.0 % (D2017) for pIRIR225 signals. However, given the large uncertainties, which in some cases reach
exponential dimensions (particularly T2-2), over-dispersion cannot be assumed to serve as a
suitable indicator for bleaching characteristics in this study (fig. 26). Thereby, the low scatter
of the modern sample SD-2017 is grounded by the fact, that this is a slackwater deposit where
the measured grain-size fraction is polymineral fine-grain (4–11 µm). Thus, the characteristics
of its over-dispersion De distribution cannot be directly linked to those of the coarse-grain fractions (100–150 µm) of all other samples. Moreover, figure 26 shows significant differences
between the sample-specific over-dispersions derived from different signals. This highlights
the different bleachability of the applied measurement protocols thereby supporting previous
findings of Reimann et al. (2015: 33).

4.3.4

Age calculation

Determination of σb for calculating bootstrap likelihoods
Since the over-dispersion values of this study provide no suitable σb for calculating the
MAMbootstrap, bootstrap likelihoods were calculated for both IR50 and pIRIR protocols, respectively. The distribution for the pIRIR signal is positively skewed while it is almost uniform for
the IR50 signal (fig. 27; tab. 9).
Table 9: Statistical parameters and results of age model calculations for over-dispersion datasets.
CAM – central age model, MAM – minimum age model, MAMbootstrap – bootstrap minimum age model.
Signal

Over-dispersion
(%)

Skewness

CAM
(%)

Arithmetic mean
(%)

MAM
(%)

MAMbootstrap
(%)

IR50
post-IR

54.3 ± 16.1
49.7 ± 15.3

0.7
1.9

25.7 ± 5.3
24.8 ± 4.6

30.6 ± 8.4
28.4 ± 9.6

14.8 ± 4.0
14.3 ± 4.7

15.0 ± 4.3
17.1 ± 4.4

However, percentages of both datasets are over-dispersed in themselves with up to 54.3 ±
16.1 % for the IR50 signal (tab. 9). Applying different age models to calculate a suitable σb value
reveal discrepancies between the CAM/arithmetic mean and the MAM/MAMbootstrap for overdispersions of the IR50 signal (fig. 28). For the pIRIR data, all age models overlap within their
uncertainties.
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Figure 27: Distributions (a and b) and bootstrap likelihoods (c and d) of over-dispersion values from pIRIR- and
IR50 signals for all samples measured in this study (outliers excluded).

Nevertheless, and regarding their positively skewed distributions, the MAMbootstrap was
acknowledged to provide the most realistic approach in assessing the minimum over-dispersion for the given sample set. Calculations of bootstrap likelihoods reveal probabilities of 17.1
± 4.4 for pIRIR- and 15.0 ± 4.3 for IR50 data. Subsequently, these values were rounded and
used to apply the MAMbootstrap for palaeodose determination of all samples.1

Figure 28: Calculation of σb values out of the over-dispersion datasets for pIRIR- and extracted IR50 signals by
applying central age, arithmetic mean, and minimum age models.
CAM – central age model, MAM – minimum age model, MAMbootstrap – bootstrap minimum age model.
1

Because of a transposed digit, the bootstrap likelihood for the over-dispersion of the IR50 signal was calculated to
16.1 ± 7.1 and rounded to 16 ± 5 to apply the MAMbootstrap for palaeodose determination of the samples. Since these
values are identical with the corrected values of 15.0 ± 4.3, this has no significant effect on age calculation.
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Bootstrap resampling for palaeodose and age calculation
Since resetting of the luminescence signal in fluvial sediments may be incomplete due to sediment transport in suspension associated with inadequate light exposure, higher De values of
these samples’ distributions will result in overestimations of the burial age and should thus be
weighted less strong in age calculation. Therefore, the MAM puts stronger emphasis on low
equivalent doses when calculating the palaeodose. Because these model calculations are associated with intrinsic uncertainties which will lead to inaccurate dating results, especially if
applied to highly scattering distributions (typical for fluvial sediments), the calculation of a single palaeodose value may be difficult and not representative. By determining and running probability functions for each De dataset of a given sample, the MAMbootstrap attempts to take these
difficulties into account and calculate more robust palaeodoses. Therefore, this model is considered to give the most reliable ages for sediments dated in this study (tab. 10).
In general, calculated MAMbootstrap probabilities are wider than the normalised MAM curves due
to the considered intrinsic uncertainties (figs. 29, S18–S21). For pIRIR signals, distributions
are associated with larger standard deviations indicative for the scatter of De data compared
to the IR50 data. While this is particularly the case for aeolian samples (e.g., PD2 and T3-2),
IR50-based probabilities for most of the fluvial samples are still relatively broader distributed
(figs. 29, S18–S21). Similarly, discrepancies between the resampled bootstrap likelihoods and
calculated profile likelihoods result from the tendency of bootstrap likelihoods towards low De
values leading to asymmetrical and bimodal shapes. Especially resampled De distributions of
fluvial samples derived from the pIRIR180 measurements, such as T2-1 and LV-2019, are characterised by these non-normal probabilities (figs. 29 and S21). Though for most aeolian deposits, modelling results are consistent and normally distributed, discrepancies remain to
palaeodunes PD1 and PD3, as well as T2-2 and T3-1, the latter being out of the same stratigraphic unit. For the two palaeodunes, bimodality of the profile likelihood may be explained by
the small number of aliquots that were measured, i.e., only six for PD1 (tab. 8). Consequently,
individual values are more weighted thereby causing this multi-modality. However, as the
palaeodunes have accumulated doses of several 100 Gy, the impact of bimodality has no
consequence for calculating a palaeodose and is also backed up by the overlap with the bootstrap likelihood (figs. S18 and S19; tab. 10). In contrast, these inaccuracies matter for T2-2
and T3-1 as they are very young with palaeodoses of less than 1 Gy (figs. S20 and S21; tab.
10).
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Figure 29: Bootstrap likelihoods based on pIRIR225-, pIRIR180- and extracted IR50 signals for selected samples.
The MAMbootstrap was calculated with σb = 17 ± 5 for pIRIR- and with σb = 16 ± 5 for IR50 measurements. Bootstrap
likelihoods are shaded in grey; red and blue curves symbolize confidence intervals. Note that partly incomplete
probability curves are of mathematical origin within the modelling process and most likely result from the assigned
σb value.

Age calculation and correction
Calculated palaeodoses and ages for all samples are given in table 10. Based on short-term
fading measurements, all IR50 ages and most derived from the pIRIR signals require fading
corrections (see section 4.3.2). In contrast, g-values of long-term measurements indicate negligible fading for pIRIR ages. Except for the palaeodunes, short- and long-term fading- and
inheritance corrected ages differ only slightly and are consistent within their uncertainties (tabs.
10, 11, S5 and S6). Therefore, and since the performance of short- and long-term fading mea81
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surements constitute only a minor aspect of this study, the following statements mainly focus
on chronological data calculated using long-term fading rates.
For both pIRIR protocols, resulting ages agree well with fading-corrected ages of the extracted
IR50 signal (tab. 10). Only for the uppermost sample of trench T2, the pIRIR180 age significantly
underestimates the IR50 age. One possible explanation is that the assigned σb value may be
inappropriate. Therefore, the CAM makes more sense and yields results that fit well with the
IR50 ages derived from the MAMbootstrap (tab. 10). However, in comparison to other samples out
of trench T2, resulting ages are not in stratigraphic order as for trench T3 (fig. 30; tab. 10).

Figure 30: Age-depth plots for profile trenches T2 (a) and T3 (b) based on IR50 and pIRIR180 ages.
Ages were corrected for anomalous fading (using long-term fading rates) and remnant ages. While ages for T3 are
in stratigraphic order, the chronology is less consistent for T2. Samples are categorised by their sedimentary origin
into aeolian (circle) and fluvial (square) with interpretation based on sedimentological and geochemical results. At
least three phases of fluvial activity are documented for the last ~170 years prior to the 2019 flooding event (note
that both profile trenches have been exposed by channel incision of the 2019 flood). Aeolian activity is evidenced
for the last ~100 years and is interrupted by at least two fluvial phases (the most recent one less than 50 years
ago), if corrected ages are used. Note that the two samples T2-2 and T3-1 are of the same stratigraphic unit and
indicate aeolian activity for the last 50 years.

.
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Table 10: Feldspar luminescence dating results for all samples with fading rates from long-term fading measurements.
For all pIRIR ages except of T2-2, g-values indicate that fading is negligible. Ages of 2017 analogues, PD1, D1 and FP1–6 were corrected with g-values averaged from all samples
measured in this study. For age calculation of T2-1, the scaled gamma dose rate was used (see figure S23 and tables S9–S12). Bold ages are assumed to be the most appropriate
in the context of age model selection. CAM – central age model, MAMbootstrap – bootstrap minimum age model, *MAM – minimum age model, De – equivalent dose.
a)

Modern analogues

Sample
(origin)

D-2017
(aeolian)
SD-2017
(fluvial)
FP-2017
(fluvial)
LV-2019
(fluvial)
b)

Signal

IR50
post-IR225
IR50
post-IR225
IR50
post-IR225
IR50
post-IR180

σb (%)

g-value

CAM

MAMbootstrap and *MAM

Mean De (Gy)

Uncorrected age (yrs)

Corrected age (yrs)

Mean De (Gy)

Uncorrected age (yrs) Corrected age (yrs)

20 ± 4
70 ± 4
2960 ± 138
6660 ± 238
------------------------------------------------154 ± 18
197 ± 18

27 ± 6
------------------------4501 ± 254
------------------------------------------------------------------------222 ± 37
-------------------------

--------------------------------------------------------------------------------0.62 ± 0.19*
1.87 ± 0.48*
0.52 ± 0.12
0.86 ± 0.13

------------------------------------------------------------------------------------------------140 ± 42*
420 ± 107*
108 ± 25
178 ± 28

--------------------------------25
25
16 ± 5
17 ± 5

4.71 ± 0.20
1.00 ± 0.53
4.71 ± 0.20
1.00 ± 0.53
4.71 ± 0.20
1.00 ± 0.53
5.30 ± 1.16
1.37 ± 0.88

0.10 ± 0.22
0.33 ± 0.02
13.32 ± 0.62
29.98 ± 1.07
----------------------------------------0.74 ± 0.08
0.95 ± 0.08

σb (%)

g-value

CAM

------------------------------------------------------------------------------------------------196 ± 59*
------------------------154 ± 41
-------------------------

Historical deposits

Sample
(origin)

PD1
(aeolian)
PD2
(aeolian)
PD3
(aeolian)
FP1
(fluvial)
FP2
(fluvial)
D1

Signal

IR50
post-IR225
IR50
post-IR225
IR50
post-IR225
IR50
post-IR180
IR50
post-IR180
IR50

16 ± 5
17 ± 5
16 ± 5
17 ± 5
16 ± 5
17 ± 5
----------------25
25
25

4.71 ± 0.20
1.00 ± 0.53
5.92 ± 0.43
1.05 ± 0.24
4.53 ± 0.42
0.95 ± 0.56
4.71 ± 0.20
0.77 ± 0.16
4.71 ± 0.20
0.77 ± 0.16
4.71 ± 0.20

MAMbootstrap and *MAM

Mean De (Gy)

Uncorrected age (yrs)

Corrected age (yrs)

Mean De (Gy)

Uncorrected age (yrs) Corrected age (yrs)

174.17 ± 15.71
291.89 ± 19.82
192.16 ± 7.80
375.93 ± 20.64
197.07 ± 10.15
381.94 ± 19.36
6.52 ± 0.65
5.39 ± 0.65
-------------------------------------------------------------

38894 ± 3840
65182 ± 5141
57892 ± 3982
113256 ± 8845
58872 ± 4312
114100 ± 8293
1367 ± 145
1130 ± 142
-------------------------------------------------------------------------

63810 ± 6958
------------------------108463 ± 11361
------------------------92353 ± 9120
------------------------2034 ± 227
-------------------------------------------------------------------------------------------------

159.84 ± 23.03
286.24 ± 23.51
180.35 ± 16.80
321.38 ± 42.87
188.47 ± 15.76
371.38 ± 27.56
----------------------------------------7.38 ± 0.56*
6.01 ± 0.68*
0.26 ± 0.13*

35694 ± 5339
63920 ± 6864
54334 ± 5893
96821 ± 13990
56303 ± 5547
110946 ± 10059
------------------------------------------------1548 ± 130*
1261 ± 150*
53 ± 26*
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(aeolian)
FP4
(fluvial)
FP5
(fluvial)
FP6
(fluvial)
FP8
(fluvial)
T2-1
(fluvial)
T2-2
(aeolian)
T2-3
(fluvial)
T2-4
(fluvial)
T3-1
(aeolian)
T3-2
(aeolian)
T3-3
(fluvial)

post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180

25
----------------25
25
25
25
16 ± 5
17 ± 5
16 ± 5
17 ± 5
16 ± 5
17 ± 5
16 ± 5
17 ± 5
16 ± 5
17 ± 5
16 ± 5
17 ± 5
16 ± 5
17 ± 5
16 ± 5
17 ± 5

0.77 ± 0.16
4.71 ± 0.20
0.77 ± 0.16
4.71 ± 0.20
0.77 ± 0.16
4.71 ± 0.20
0.77 ± 0.16
4.36 ± 1.62
0.44 ± 1.31
4.57 ± 1.04
1.20 ± 0.91
5.22 ± 0.79
1.39 ± 0.35
4.66 ± 0.56
0.53 ± 0.82
5.35 ± 0.92
0.98 ± 0.33
3.59 ± 0.87
0.59 ± 1.00
4.22 ± 1.33
0.18 ± 1.08
4.07 ± 0.89
0.27 ± 0.80

--------------------1.58 ± 0.30
2.49 ± 0.53
--------------------------------------------------------------------------------5.88 ± 0.29
6.60 ± 0.18
1.04 ± 0.16
1.18 ± 0.25
0.24 ± 0.04
0.56 ± 0.05
0.56 ± 0.03
1.11 ± 0.12
0.61 ± 0.06
0.92 ± 0.08
0.14 ± 0.03
0.24 ± 0.04
0.40 ± 0.03
0.68 ± 0.08
1.12 ± 0.03
1.32 ± 0.06

------------------------318 ± 61
502 ± 108
------------------------------------------------------------------------------------------------1238 ± 76
1390 ± 64
214 ± 43
243 ± 60
50 ± 8
116 ± 11
118 ± 8
234 ± 27
125 ± 13
189 ± 18
30 ± 7
52 ± 9
91 ± 8
154 ± 19
234 ± 11
276 ± 16
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------------------------455 ± 88
------------------------------------------------------------------------------------------------------------------------1747 ± 341
------------------------294 ± 66
------------------------69 ± 13
127 ± 13
161 ± 14
------------------------180 ± 25
------------------------37 ± 9
------------------------120 ± 18
------------------------310 ± 30
-------------------------

0.43 ± 0.14*
----------------------------------------4.56 ± 0.91*
3.17 ± 0.67*
1.71 ± 0.37*
2.52 ± 0.50*
4.92 ± 0.51
6.50 ± 0.23
0.63 ± 0.06
0.02 ± 0.18
0.24 ± 0.03
0.53 ± 0.07
0.54 ± 0.04
0.83 ± 0.15
0.45 ± 0.08
0.76 ± 0.12
0.09 ± 0.06
0.20 ± 0.07
0.39 ± 0.03
0.56 ± 0.10
1.12 ± 0.03
1.27 ± 0.12

87 ± 28*
------------------------------------------------963 ± 195*
669 ± 144*
350 ± 77*
516 ± 104*
1036 ± 114
1369 ± 70
130 ± 21
4 ± 37
50 ± 6
110 ± 15
114 ± 9
175 ± 32
92 ± 17
156 ± 25
20 ± 13
43 ± 15
88 ± 8
127 ± 23
234 ± 11
265 ± 27

------------------------------------------------------------------------1419 ± 293*
------------------------502 ± 113*
------------------------1455 ± 323
------------------------177 ± 35
------------------------69 ± 10
120 ± 17
155 ± 15
------------------------131 ± 27
------------------------25 ± 14
------------------------115 ± 18
------------------------310 ± 31
-------------------------

Results and interpretation
Discrepancies between fading corrected pIRIR- and IR50 ages remain also for the re-calculated
ages of Keiser (2018: 39–40) and Rhein (2018: 38; tab. 10). For the modern analogues, the
pIRIR225 ages significantly overestimate the IR50 ages while the opposite is the case for the
pIRIR180 ages of FP1, 2 and 5 (tab. 10). Here, uncorrected pIRIR180 ages are in better agreement with uncorrected IR50 ages.
Surprisingly, age correction of the aeolian deposit of D1 with short-term g-values leads to unexpected large errors for the IR50 age. This is most likely for mathematical reasons since large
uncertainties associated with the palaeodose are increased by correcting with a large g-value
(tab. S5). Therefore, error calculation is not reliable in this case and is neglected from further
analysis. Instead, uncertainties of long-term dating results for this sample are assumed for
further evaluation (tab. S6). Overall, this finding further supports the decision of using ages
corrected with g-values from long-term measurements.
Dating modern analogues yields ages of 27 ± 6 (IR50) and 70 ± 4 yrs (pIRIR225) for the dune
(D-2017) while fluvial deposits (i.e., LV-2019, SD-2017, and FP-2017) provide ages ranging
from 154 ± 41 to 4,501 ± 254 yrs (IR50) and from 178 ± 28 to 6,660 ± 238 yrs (pIRIR). Thereby,
IR50 ages of recent sandy floodplain deposits are identical indicating remnant ages of ~175 yrs
(fig. 31; tab. 10).

Figure 31: Feldspar luminescence ages from IR50-, pIRIR180- and pIRIR225 measurements in the valley course.
Age correction includes fading correction for samples with g-values >1 %/decade and subtraction of remnant ages.
Note that only ages of chosen age models were plotted (a–c; see also table 10). To compare age results of young
samples (b) and modern analogues (c), (b) and (c) provide zooms into the last 3,500 and 8,000 years. The legend
displayed in (a) applies for all plots.

Furthermore, there is evidence that bleaching conditions during sediment transport must have
been similar but since measurements were performed on multiple-grain aliquots makes con85
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clusions about the heterogeneity of bleaching difficult. In contrast, the slackwater deposit gives
an inheritance of several thousand years indicating much worse conditions for signal resetting
during sediment transport in suspension with high sediment load of clay and silt (fig. 31;
tab.10).
To consider natural bleaching conditions, remnant ages of the modern analogues can be subtracted from the feldspar ages (tabs. 11 and S6). All samples were corrected with respect to
their depositional environment and the measured signal. IR50 ages of fluvial deposits were
subtracted by 200 yrs (averaged from LV-2019 and FP-2017) while for pIRIR180 ages, only the
pIRIR180 age of the 2019 Levee was used. Since all 2017 samples were measured with the
pIRIR225 protocol, there is no pIRIR180 remnant age to be subtracted from aeolian samples
dated with pIRIR180. Here, the pIRIR225 age of D-2017 was used instead. Inheritance correction
reveals that except of the palaeodunes that are at least ~60,000 yrs old, the chronology is quite
young with only a few tens to max. ~2,100 yrs. With respect to the stratigraphic record, dating
results indicate six phases of fluvial activity during the last ~2,000, ~1,300, ~300, ~150, and
present years. However, since the two most recent ones yield identical ages (i.e., T2-1, and
T2-3 and T2-4), they can only be separated by the aeolian sediment layer of T2-2. Aeolian
activity is documented at least for three phases, namely during the last ~100,000, ~60,000,
and ~100 yrs.
Negative ages obtained by inheritance correction are partly positive within their errors. As this
is not the case for IR50 ages of T2-3, T2-4, and the pIRIR180 age of T3-1, subtracted residuals
are too large for these deposits meaning that they seem to be bleached more completely (fig.
30; tab. 11).
Table 11: Long-term fading- and inheritance correction for all feldspar luminescence ages based on dating results
for modern analogues.
Only ages of the sample-specific most suitable age models are given, and ages used for interpretation are highlighted in bold. Stars indicate the age model used (*central age model, **minimum age model, no star – bootstrap
minimum age model).
a)

Modern analogues

Sample
(origin)

Signal

D-2017
(aeolian)
SD-2017
(fluvial)
FP-2017
(fluvial)
LV-2019
(fluvial)

IR50
post-IR225
IR50
post-IR225
IR50
post-IR225
IR50
post-IR180

g-value

Uncorrected
age

Fadingcorrected age
(yrs)

Fadingcorrected age
minus
inheritance (yrs)

4.71 ± 0.20
1.00 ± 0.53
4.71 ± 0.20
1.00 ± 0.53
4.71 ± 0.20
1.00 ± 0.53
5.30 ± 1.16
1.37 ± 0.88

20 ± 4*
70 ± 4*
2960 ± 138*
6660 ± 238*
140 ± 42**
420 ± 107**
108 ± 25
178 ± 28

27 ± 6*
--------------------4501 ± 254*
--------------------196 ± 59**
--------------------154 ± 41
---------------------

-----------------------------------------------------------------------------------------------------------------------------------------------------------------
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b)

Historical deposits

Sample
(origin)

Signal

PD1
(aeolian)
PD2
(aeolian)
PD3
(aeolian)
FP1
(fluvial)
FP2
(fluvial)
D1
(aeolian)
FP4
(fluvial)
FP5
(fluvial)
FP6
(fluvial)
FP8
(fluvial)
T2-1
(fluvial)
T2-2
(aeolian)
T2-3
(fluvial)
T2-4
(fluvial)
T3-1
(aeolian)
T3-2
(aeolian)
T3-3
(fluvial)

IR50
post-IR225
IR50
post-IR225
IR50
post-IR225
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180

g-value

Uncorrected
age

Fadingcorrected age
(yrs)

Fadingcorrected age
minus
inheritance (yrs)

4.71 ± 0.20
1.00 ± 0.53
5.92 ± 0.43
1.05 ± 0.24
4.53 ± 0.42
0.95 ± 0.56
4.71 ± 0.20
0.77 ± 0.16
4.71 ± 0.20
0.77 ± 0.16
4.71 ± 0.20
0.77 ± 0.16
4.71 ± 0.20
0.77 ± 0.16
4.71 ± 0.20
0.77 ± 0.16
4.71 ± 0.20
0.77 ± 0.16
4.36 ± 1.62
0.44 ± 1.31
4.57 ± 1.04
1.20 ± 0.91
5.22 ± 0.79
1.39 ± 0.35
4.66 ± 0.56
0.53 ± 0.82
5.35 ± 0.92
0.98 ± 0.33
3.59 ± 0.87
0.59 ± 1.00
4.22 ± 1.33
0.18 ± 1.08
4.07 ± 0.89
0.27 ± 0.80

35694 ± 5339
63920 ± 6864
54334 ± 5893
96821 ± 13990
56303 ± 5547
110946 ± 10059
1367 ± 145*
1130 ± 142*
1548 ± 130**
1261 ± 150**
53 ± 26**
87 ± 28**
318 ± 61*
502 ± 108*
963 ± 195**
669 ± 144**
350 ± 77**
516 ± 104**
1036 ± 114
1369 ± 70
130 ± 21
243 ± 60*
50 ± 6
110 ± 15
114 ± 9
175 ± 32
92 ± 17
156 ± 25
20 ± 13
43 ± 15
88 ± 8
127 ± 23
234 ± 11
265 ± 27

58406 ± 9555
--------------------101506 ± 13814
--------------------88208 ± 10001
--------------------2034 ± 227*
--------------------2312 ± 206**
--------------------72 ± 35**
--------------------455 ± 88*
--------------------1419 ± 293**
--------------------502 ± 113**
--------------------1455 ± 323
--------------------177 ± 35
--------------------69 ± 10
120 ± 17
155 ± 15
--------------------131 ± 27
--------------------25 ± 14
--------------------115 ± 18
--------------------310 ± 31
---------------------

58379 ± 9555
63850 ± 6864
101479 ± 13814
96751 ± 13990
88181 ± 10001
110876 ± 10059
1859 ± 227*
952 ± 142*
2137 ± 206**
1083 ± 150**
45 ± 35**
17 ± 28**
280 ± 88*
324 ± 108*
1244 ± 293**
491 ± 144**
327 ± 113**
338 ± 104**
1280 ± 323
1191 ± 70
2 ± 35
65 ± 60
42 ± 10
50 ± 17
-20 ± 15
-3 ± 32
-44 ± 27
-22 ± 25
-2 ± 14
-27 ± 15
88 ± 18
57 ± 23
135 ± 31
87 ± 27

Given the findings from test measurements of previous studies (Keiser, 2018: 1–59; Rhein,
2018: 1–79) and this study, with acceptable dose-recovery ratios of IR50 signals for all samples
and smaller uncertainties than pIRIR signals, as well as higher signal intensities, the successful
application of the MAMbootstrap, and the overall comparability of dating results with previous
studies (particularly with the 2017 samples), point towards using ages of the IR50 protocol for
chronostratigraphic interpretations and outweigh its necessity for fading correction (figs. 23, 24
and S10–S12).
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5 Discussion

5.1 Geomorphological impacts related to flooding activity in the era of
satellite imagery

5.1.1

Comparison of remote sensing investigations on the February 2019 flood event

The performance of change detection analysis on high-resolution Planet imagery as well as
time-series analysis on freely available Sentinel and Landsat imagery allows for a thorough
characterisation of the 2019 flooding (i) in different resolutions, and (ii) by applying both pixeland index-based approaches. Thus, it provides a valuable reference for identifying flood-related morphological changes in the era of satellite imagery. Furthermore, combining these
findings with field investigations and UAV-based orthophotos yields valuable insights for evaluating the applied approaches.

Performance of SPEAR change detection analysis on high-resolution Planet imagery
Since pixel-based change detection of the 2019 flood event depends on a threshold value that
is defined to serve as the best compromise in covering the area of change while simultaneously
excluding unintentionally detected pixels (i.e., pixels that are not related to the 2019 flood
event), the results require manual post-processing. Comparing the output of SPEAR change
detection results with those after refinements have been conducted, turns out areas where
changes related to the 2019 event are overestimated while others are underestimated by the
applied change detection method (fig. 32). Here, digital orthophotos were especially helpful to
identify the exact location of the floodplain and its boundaries to the valley slopes.
Flood-related changes are overestimated particularly in the upper towards the central valley
section (figs. 32b and c). In valley section 1, overestimations occur related to nearby slopes
and areas of cloud shadow, thereby pointing towards the detection of morphological changes
due to other than fluvial processes (probably aeolian activity and sand avalanches occurring
within the short investigation period), as well as the reliance of optical data on sun illumination.
While difficulties in discriminating changed and unchanged areas during post-processing are
also reported for other studies in arid environments (Li et al., 2018: 15), the ambiguity in assigning changes to a specific origin has been widely discussed to rely on the PCA-based
change detection method (Gómez-Palacios et al., 2017: 613; Lu et al., 2004: 2382).
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Figure 32: Comparison of change detection results prior to post-processing (blue) and refined flooded areas (yellow).
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Overestimations may result from shadow related to slope inclination and cloudiness, as well as slope processes,
soil moisture and other patterns of backscatter (a–c). Underestimations of the 2019 floodplain may be related to the
selected pixel threshold in imagery post-processing and sun elevation (d) while the close proximity of under- and
overestimated flooding areas in the alluvial fan can be explained by its smooth morphology associated with small,
slightly elevated and therefore non-flooded islands that could not be detected by the pixel-based SPEAR change
detection method (e).

Further downwards, commission errors are restricted to the floodplain surface (fig. 32). For
example in sections 3 and 5, several small, only slightly elevated and therefore non-flooded
islands seem to have been flooded. However, these inaccuracies of the applied change detection method are most likely caused by the flat topography of these islands. Although being
visually distinguishable from the 2019 floodplain, these islands are not sufficient to generate
significant (detectable) reflectance differences (figs. 32c and e). However, given the northwards trending expansion of the floodplain in valley section 3 points also towards the possible
impact of soil moisture leading to inaccuracies in flood detection (fig. 32c).
In contrast, the 2019 floodplain is partly underestimated in the lowermost valley sections 4 and
5 where the floodplain narrows before generating the alluvial fan. Since discrepancies occur
mainly in south-eastern and southern parts, they are attributed to the influence of sun elevation
during imagery acquisition, thereby causing shadow in this area. Further potential influences,
include reduced surface roughness towards the most distal part of the alluvial fan, resulting in
lower backscatter and subsequent omission from change detection.
Though these discrepancies highlight the shortcomings of pixel-based change detection in this
study with its overall dependence to the subjectivity in assigning a pixel threshold, it provides
a labour- and time-efficient approach (i) to determine the extent of the 2019 flooding; (ii) to
document sediment erosion and accretion, and estimate respective sediment volumes especially where systematic field documentation has been conducted; finally (iii) to draw conclusions about flow direction, velocity, and energy. In addition to stratigraphic findings, these outcomes may contribute to identify potential sites that have the preservation potential to extend
the historical record of fluvial activity in the Pica Valley (see also section 5.2.3).

The February 2019 flooding documented by free-available Landsat and Sentinel imagery
The 2019 flooding event is documented by both BSI- and NDVI-based time-series analysis as
well as subsequent image collection. However, since the investigated imagery was obtained
by averaging all scenes collected in the investigated time period, qualitative information such
as characterising surface changes as floodplain accumulation and erosion is based on findings
from field survey and change detection on high-resolution imagery (figs. 14 and 17). Furthermore, comparing Landsat-8 and Sentinel-2 data with meteorological information and high-resolution Planet imagery turn out discrepancies (i) between BSI and NDVI, and (ii) in timing of
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the event for Landsat (figs. 2, 3 and 16). Due to the higher accuracy of BSI and Sentinel 2,
findings for the 2019 flood event point towards preferring this index and sensor for future applications of time-series analysis to detect morphological activity by using free-available optical
data. With respect to the time before Sentinel, the identified discrepancies have to be considered when reviewing morphological changes in the era of satellite imagery solely based on
Landsat data.
Since Ullmann et al. (2019: 19) showed that Sentinel-1 interferometric SAR (InSAR) coherence
provides a suitable tool for assessing spatio-temporal land surface changes in the Atacama
Desert, these data were obtained for comparing optical and SAR results at least for the central
and upper valley section of the study area (fig. 33). Coherence anomalies within the three
investigated time periods fit well with precipitation peaks detected by CRC weather stations in
the Precordillera (figs. 2 and 3). Overall, areas of lowest coherence are consistent with areas
of maximum precipitation (figs. 33a–c; Olivares et al., 2019: 1). For the Pica Valley, surface
activity continues from January 22nd to February 27th with the highest intensity (i.e., the lowest
coherence) from February 3rd to February 15th (figs. 33d–e). This is also in accordance with
reported precipitation data since max. rainfall amounts occur around 7th to 11th February. Since
coherence anomalies during this phase include not only the floodplain of the Pica Valley but
also surrounding dunes and slopes, confirm aforementioned assumptions of probable
influences due to the impact of soil moisture, slope processes, and aeolian activity that have
been observed also in studies by Ullmann et al. (2019: 16) and Gaber et al. (2018: 1–18).
Despite the limitation of SAR due to backscatter issues resulting from the interaction with sand,
the detectability of surface changes not only in large-scale study areas like the Atacama Desert
but also in the Pica Valley points towards the potential of applying InSAR coherence change
detection in smaller study areas of arid environments as well. However, since for optical data,
high-resolution imagery has proven to be essential for the detailed assessment of surface
changes, it is also recommended for performing change detection using SAR imagery.
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Figure 33: Coherence of Sentinel-1 VV-polarised interferometric SAR (InSAR) imagery.
Three time periods were investigated beginning slightly before (a), during (b), and after the February 2019 precipitation event (c). Results for the study area (black rectangles) are shown enlarged (d–f). Overview of investigated
time periods and duration of the 2019 precipitation event (g).
(Data obtained from Ullmann, 2020)

5.1.2

Recurrence of precipitation events based on remote sensing and climatological
data

Combined time-series analysis and satellite imagery collection obtained several events of geomorphological changes that can be related to precipitation, subsequent flooding and/or vegetation growth. To confirm these findings and disregard sources other than precipitation
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events, precipitation data and atmospheric circulation anomalies (i.e., phases of ENSO) were
compiled with (regional) reports on rainfall-related phenomena for each investigated time period of image collection (tab. 12).
Overall, the variance of rainfall amounts recorded by weather stations of the Centro de Ciencias del Clima y la Resiliencia (CR)2 in the central to southern Tarapacá region, together with
findings on surface changes in the Pica Valley, reflect the spatial heterogeneity of precipitation.
For example, precipitation during the fall 2012 event ranged from ~15 to 330 mm/day, with less
than 30 km distance between stations of min. and max. precipitation, and without causing any
surface change to the Pica Valley (tab. 12). Thus, precipitation recorded by weather stations
of both the Chilean meteorological department and the CRC1211, must not necessarily have
been associated with precipitation in the Pica Valley. Similarly, surface changes documented
for the valley can be related to precipitation though weather stations have not recorded them
(e.g., the spring 1999 event; fig. 18). This highlights the irregularity of precipitation depending
on local elevation, distance to moisture sources, latitude, orientation and curvature of the surface (Meseguer-Ruiz et al., 2019: 4604; Basist et al., 1994: 1309–1315).
Surprisingly, the compilation reveals evidence for increased morphological activity during austral summers that are associated with El Niño conditions (tab. 12). Though moisture supply
increases in summer due to the southward shift of the ITCZ, the seasonal precipitation pattern
is usually related to negative ENSO phases (see section 2.1). Furthermore, it seems that surface changes particularly occurred for the periods of 1988–2003 and 2016–2019. However,
these frequencies must be taken cautiously since they rely on manual change detection of
Landsat imagery at 10–30 m resolution, and imagery quality is partly reduced by a scanline
error of Landsat 5 and cloud filtering. Thus, flood-related impacts of the most prominent precipitation event prior to 2019, the March 2015 event, cannot be confirmed for the Pica Valley
(fig. S4f; tab. 12).
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Table 12: Synthesis of time-series analysis results, documented atmospheric circulation anomalies and precipitation data for each event as well as reports on precipitation-related
phenomena.
Satellites used for image collection and index calculations are given in brackets. L – Landsat, S – Sentinel. El Niño (and La Niña) phases were identified by positive (and negative)
Southern Oscillation Index values (NOAA National Centres for Environmental Information, 2020: 1). Precipitation data were taken from Centro de Ciencias del Clima y la Resiliencia
(CR)2 (2020: 1) presenting daily accumulated rainfalls in the central to southern Tarapacá region for the investigated time period. Names are based on seasons of the southern
hemisphere.
Event

Evidenced by peaks in…
…NDVI

02/2019

Winter
2018

Investigated time
period

Detection of surface changes Atmospheric
in the Pica Valley
circulation anomaly

Regional precipitation and
related phenomena

…BSI

- 04/2019–05/2019;
- 12/2018;
05/2019–09/2019 (L8)
04/2019;
- 04/2019–09/2019 (S2)
05/2019–06/2019 (L8)
- 02/2019;
(04/2019);
(07/2019) (S2)

- 06/2018–10/2018 (L8) - 06/2018–08/2018 (L8)
- 08/2018–10/2018 (S2) - 06/2018;
07/2018–08/2018 (S2)
Summer - 03/2018–06/2018 (L8) - 02/2018 (L8)
2018
- 02/2018–06/2018 (S2) - (01/2018) (S2)
Winter
- (07/2017) (L8)
- 05/2017;
2017
- 05/2017;
(07/2017);
07/2017–09/2017 (S2)
08/2017 (L8)
- 05/2017;
06/2017;
07/2017 (S2)
Summer 12/2016–03/2017 (L8)
11/2016–12/2016 (L8)
2016/17
Spring
09/2016–12/2016 (L8)
09/2016 (L8)
2016
Summer 02/2016–03/2016 (L8)
01/2016–03/2016 (L8)
2016

22/01/2019–27/02/2019 Floodplain and alluvial fan
accumulation

01/06/2018–01/09/2018 No

- Prolonged severe rainfalls
- 4.5 to 258.5 mm
accumulated
- Flooding, river overflow,
mud flows, landslides
- Several tens of deaths,
infrastructural damage
- ‘blooming desert’ (04/2019)
Normal to weak El Niño 0.0 to 27.6 mm accumulated

01/01/2018–01/03/2018 Floodplain reactivation

Normal to weak La Niña 0.0 to 73.0 mm accumulated

01/05/2017–01/08/2017 Slight floodplain reactivation in
the upper valley section (only
evident on S2 imagery)

Normal to weak La Niña 0.0 to 10.0 mm accumulated

01/11/2016–01/02/2017 No

Normal to weak La Niña 0.0 to 83.6 mm accumulated

01/08/2016–01/10/2016 No

Weak La Niña

0.0 mm accumulated

01/01/2016–01/04/2016 Slight floodplain reactivation
(but cloudy)

El Niño

0.0 to 68.0 mm accumulated
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Spring
2015
03/2015

(10/2015) (L8)

10/2015 (L8)

01/09/2015–01/11/2015 No

El Niño

03/2015–04/2015 (L8)

03/2015 (L8)

01/03/2015–01/05/2015 No

Onset of El Niño

Summer
2014/15
Winter
2014
Winter
2013
Summer
2013

(02/2015) (L8)

01/2015 (L8)

01/12/2014–01/03/2015 No (but slightly cloudy)

(07/2014–08/2014) (L8)

06/2014–07/2014 (L8)

01/05/2014–01/08/2014 No (but slightly cloudy)

- Severe rainfalls, especially
during 24/03/2015–
26/03/2015
- 11.0 to 60.5 mm
accumulated
- Flooding, debris flows
- Several tens of deaths,
infrastructural damage
Normal to weak El Niño 0.0 to 109.3 mm
accumulated
Normal
0.0 to 2.3 mm accumulated

07/2013–09/2013 (L8)

06/2013 (L8)

01/05/2013–01/08/2013 No

Normal to weak La Niña 0.0 to 27.0 mm accumulated

04/2013–07/2013 (L7
and L8)

01/12/2012–01/04/2013 No

Normal to weak La Niña 2.8 to 164.8 mm
accumulated

Fall
2012
Summer
2010
Spring
2009
Summer
2009
Summer
2008
Fall
2006
Fall
2005
Spring
2004

04/2012–09/2012 (L7)

01/2013;
02/2013–04/2013 (L7
and L8)
03/2012–04/2012 (L7)

01/02/2012–01/05/2012 No (scanline error)

04/2010–08/2010 (L7)

01/2010 (L7)

01/12/2009–01/03/2010 No (scanline error)

12/2009–03/2010 (L7)

11/2009 (L7)

01/10/2009–01/12/2009 No (scanline error)

Normal to weak La Niña 16.5 to 333.5 mm
accumulated
Normal to weak El Niño 0.0 to 110.0 mm
accumulated
Weak El Niño
0.0 mm accumulated

03/2009–08/2009 (L7)

02/2009–03/2009 (L7)

01/01/2009–01/04/2009 No (scanline error)

Weak La Niña

0.0 to 65.0 mm accumulated

01/2008 (L7)

12/2008 (L7)

01/11/2008–01/01/2009 No (scanline error)

Weak La Niña

0.0 to 18.0 mm accumulated

05/2006–07/2006 (L7)

04/2006 (L7)

01/03/2006–01/06/2006 Eventually (but scanline error)

La Niña

0.0 to 47.3 mm accumulated

05/2005; 07/2005 (L7)

04/2005 (L7)

01/03/2005–01/06/2005 No (scanline error)

Normal

0.0 to 13.5 mm accumulated

11/2004–12/2004 (L7)

10/2004 (L7)

01/09/2004–01/11/2004 No (scanline error)

Normal to weak El Niño 0.0 mm accumulated
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Fall
05/2004–08/2004 (L7)
2004
Summer 11/2003–12/2003 (L7)
2003

03/2004 (L7)

01/03/2004–01/06/2004 No (scanline error)

Normal to weak La Niña 0.0 to 14.5 mm accumulated

11/2003–12/2003 (L7)

Normal to weak El Niño 0.0 to 40.0 mm accumulated

Spring
2002
Winter
2002
Winter
2000
Spring
1999
Spring
1993
Summer
1992
Winter
1992
Fall
1991

01/2003–02/2003 (L7)

11/2002 (L7)

10/2002–11/2002 (L7)

07/2002 (L7)

01/10/2003–01/01/2004 Slight floodplain reactivation in
the upper valley section (but
scanline error)
01/10/2002–01/12/2002 Slight floodplain reactivation in
the upper valley section
01/06/2002–01/09/2002 No (but slightly cloudy)

09/2000–10/2000 (L7)

08/2000 (L7)

01/07/2000–01/10/2000 No (but slightly cloudy)

Normal to weak La Niña 0.0 to 1.0 mm accumulated

11/1999 (L7)

10/1999–11/1999 (L7)

0.0 mm accumulated

(12/1993) (L5)

09/1993 (L5)

01/10/1999–01/12/1999 Floodplain reactivation in the
Weak La Niña
upper valley section
01/07/1993–01/10/1993 New course at the valley mouth Weak El Niño

02/1993–07/1993 (L5)

12/1992 (L5)

Weak El Niño

0.0 to 68.1 mm accumulated

09/1992–11/1992 (L5)

07/1992–08/1992 (L5)

01/10/1992–01/01/1993 Floodplain reactivation (in the
upper valley section)
01/07/1992–01/10/1992 No

Weak El Niño

0.0 to 1.0 mm accumulated

05/1991;
09/1991;
10/1991 (L5)
(02/1991) (L5)

05/1991 (L5)

01/04/1991–01/07/1991 No

Weak El Niño

0.0 to 3.7 mm accumulated

10/1990–11/1990 (L5)

0.0 to 59.5 mm accumulated

(12/1989–01/1990) (L5)

11/1989–01/1990 (L5)

07/1989–09/1989 (L5)

06/1989 (L5)

01/10/1990–01/01/1991 Slight floodplain reactivation (in Normal
the upper valley section)
01/10/1989–01/01/1990 Floodplain reactivation (in the
Normal
upper valley section)
01/04/1989–01/08/1989 No
La Niña

10/1988–11/1988 (L5)

09/1988 (L5)

0.0 to 4.5 mm accumulated

05/1988–09/1988 (L5)

04/1988–05/1988 (L5)

01/09/1988–01/11/1988 Slight floodplain reactivation (in La Niña
the upper valley section)
01/04/1988–01/07/1988 No
Onset of La Niña

03/1987–09/1987 (L5)

01/1987 (L5)

01/12/1986–01/02/1987 No

(03/1985)

(06/1984–07/1984?) (L5) 01/06/1984–01/08/1984 Not visible (cloudy)

0.0 to 328.0 mm
accumulated
0.0 to 31.0 mm accumulated

Spring
1990
Summer
1989
Winter
1989
Spring
1988
Fall
1988
Summer
1986/87
Winter
1984
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Weak El Niño

0.0 to 24.5 mm accumulated

Onset of El Niño

3.0 to 26.0 mm accumulated

Weak El Niño
Normal

0.0 to 52.6 mm accumulated

0.0 to 2.6 mm accumulated
0.0 to 10.0 mm accumulated

0.0 to 11.0 mm accumulated

Discussion
The February 2019 event has been associated with similar (albeit weaker) atmospheric conditions to the January 1983 and January 1998 El Niño precipitation events, respectively (Dirección Meteorológica de Chile, 2019a: 9; Vargas et al., 2006: 473). However, since time-series
analysis and subsequent imagery collection suffered from the scanline error of Landsat 5, no
studies on these events could be conducted for the Pica Valley. Considering also the increased
documentation of morphological changes during El Niño phases poses an interesting field of
future investigations, whether SST anomalies and atmospheric conditions (such as during the
1983 El Niño) may have allowed for exceptional precipitation events in the Andean Precordillera as Cai et al. (2020: 220) recently discussed for the South American continent.

Suitability of NDVI- and BSI-based time-series analyses for assessing flooding activity
Because precipitation and flood events in arid environments are commonly associated with
initial surface clearance due to flood-related erosion and accretion, followed by vegetation
growth leading to the ‘blooming desert’ phenomenon, BSI and NDVI were chosen as proxies
for precipitation induced surface changes and have been successfully applied by other studies
in arid settings (e.g., Chávez et al., 2019: 195; Guerschman et al., 2009: 928–945). However,
discrepancies for the February 2019 event regarding its time-elapsed capture by Landsat as
well as the time-delayed response of NDVI relative to the time of precipitation show
weaknesses related to the applied dataset and indices themselves. Since Landsat constitutes
the only freely available program of earth-observation for the whole satellite era; there is no
alternative to evaluate the sensor by using open-access data (with comparable resolution) from
other satellite constellations for time-series analyses since the introduction of satellite imagery.
Nevertheless, Albarakat and Lakshmi (2019: 13) showed, at least for marshlands in southern
Iraq, that NDVI-based time-series results of Landsat, MODIS and Advanced Very-HighResolution Radiometer (AVHRR) are strongly positively correlated. Therefore, similar studies
on the small study area of the Pica Valley are not recommended as a priority, especially given
even larger spatial resolutions of MODIS and AVHRR, and though Albarakat and Lakshmi
(2019: 1–16) also reported limitations due to the effect of cloud cover in Landsat imagery.
Instead, both applied indices are questioned whether they are suitable to capture precipitationrelated phenomena as not every rainfall event may cause surface and land cover changes of
sufficient magnitude to be detected in form of reflection differences by the sensor. Likewise,
the magnitude of peaks from BSI anomalies do not have to be proportional to reported rainfall
amounts as the fall 1991 event (with a BSI of >11,000 counts but only ~4 mm daily
accumulated rainfall) shows (fig. 16; tab. 12). Chávez et al. (2019: 198) observed this pattern
also for the NDVI in that the index obtained larger values for less intense precipitation events
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and vice versa. While shortcomings of the NDVI in this study are supported by similar
conclusions drawn by Cudahy et al. (2016: 10), Chávez et al. (2019: 195 and references
therein) highlighted the need for land surface phenology data products and algorithms that are
adapted to the vegetation characteristics in arid environments (see also Broich et al. 2015:
191–204). Therefore, it is recommended for future studies to include further indices such as
the normalised difference water index, normalised difference mositure index, or albedo to gain
a comprehensive view of surface changes in the arid environment of the Pica Valley in the
past. Since also SAR has been proven successfully for the 2019 flooding event, the use of
radar data may provide a promising additional remote sensing technique that may be used for
the recent past. Because studies of Martinis (2010: 19–20 and references therein) and Matgen
et al. (2011: 249) revealed that flood-related changes are qualitatively better documented by
HH polarisations than by VV- or cross-polarised imagery (due to better detection of soil
moisture and roughness in backscatter), this is also an option for reviewing VV-polarised
InSAR coherence results in the Pica Valley. Finally, performing systematical change detection
will be essential to clarify manually detected geomorphological changes of this study. Beside
pixel-based approaches, as it was conducted for the 2019 event, recent studies highlight the
efficiency and accuracy of vector-based change detection methods to be applied in arid
environments (e.g., Polykretis et al., 2020: 1–25; Hakdaoui et al., 2019: 1–26; Li et al., 2018:
1–19; Zanchetta and Bitelli, 2017: 1–12).

5.2 Sedimentary impacts related to flooding activity in the historical record

5.2.1

Timing of fluvial and aeolian activities and their sedimentary imprint in different
valley sections

Combined sedimentological and chronological findings allow for the discrimination of at least
three aeolian and in total six fluvial phases that are evidenced by the stratigraphic record of
the Pica Valley. Four of them (phase 1–3, and 5) are documented by profile trenches T2 and
T3 as well as P1–6. Furthermore, dating results confirm the correlation of stratigraphic units
from the central and lower valley, respectively (figs. 34 and 35).
Fluvial phase 1 constitutes the most recent predecessor of the 2019 flooding event that
reached the central valley and has been deposited in the last ~40 yrs (fig. 34). Stratigraphic
findings and PCA results point towards a single event, but albeit weaker than the February
2019 flooding as it is completely absent in T3 and pits of the lower valley. Though this phase
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cannot be assigned to a specific precipitation and flooding event, time-series analysis revealed
downward floodplain reactivation at least for the summer 2018, 1992 and 1989 events as well
as the spring 2002 event (figs. 17c and 18).

Figure 34: Stratigraphic correlation of profile trenches T2 and T3 with results of principal component analysis.
Both trenches are located at 2,115 m asl within ~100 m distance (not scaled) in the central valley part and are
correlated by the laminated aeolian deposits of unit 3. Fading- and inheritance corrected IR50 ages indicate fluvial
activity for the last ~170 years, associated with soil formation between 170 and 100 years before 2020. Aeolian
activity is documented for the last ~100 years to present and is interrupted by at least two fluvial phases (the most
recent one less than 50 years ago). Negative ages point to better signal resetting compared to the natural residuals
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of the modern analogues. Partly inconsistent PC trends with PC 1 indicating fluvial origin are most likely due to
sediment reworking of formerly aeolian deposits and vice versa.

Since the age of fluvial phase 2 is identical to phase 1, they can only be separated by unit 3,
i.e., the most recent phase of aeolian activity (tab. 11). Thus, deposition of unit 4 cannot be
younger than 32 yrs (fig. 34). Though OSL samples taken from the upper (T2-3) and lower
sections (T2-4) date the same time of burial, this phase must document at least two floodings
as the root layer at the top of subunit 4b indicates post-event vegetation growth. However,
since plant species in arid environments have adapted their life cycle to the dry living conditions
(León et al., 2011: 121), both events might have been separated by only a few weeks to
months. Whether subunit 4c constitutes probably a third flooding event during fluvial phase 2,
remains speculative as it could also represent the initial, high-energy impulse of the same
event as subunit 4b (figs. 22 and 34). Similarly, Cabré et al. (2020b: 8–13) characterised six
different facies types deposited in alluvial fans due to flooding of the March 2015 precipitation
event, and Tooth (2000: 86–90) gives a comprehensive review on the variety of ephemeral
stream deposits, their sedimentary structures and implications on formation processes.
As both OSL samples out of unit 4 are negative even within their uncertainties, the max. age
of fluvial phase 2 is indicated by the aeolian sand sheet below. Thus, fluvial activity of phase
2 lasted for max. ~75 yrs (beginning ~100 yrs before 2020) while aeolian activity dominated at
least at 70 yrs ago (fig. 34; tab. 11).
The third and oldest phase of fluvial activity in the central valley is documented for the last
~150 yrs (fig. 36). In contrast to younger flood deposits, the presence of palaeosol features
indicates prolonged post-event humidity which is supported by the wide range of energy conditions and sediment reworking (figs. 22 and 34).
Approximately 400 to 1,100 m downstream of T2 and T3, FP4 and FP6 date the most recent
floodplain reactivation prior to the 2019 event during the last ~440 to 190 yrs (figs. 34 and 36;
tab. 11). However, since the stratigraphy of these deposits has not been studied by sedimentological analyses, no conclusions can be drawn on flooding characteristics such as flow energy, as well as the potential duration of fluvial activity.
In the lower valley, fluvial phases 1 to 4 are completely absent in the sedimentary record of
floodplain pits P1 to 6 (fig. 35). Here, fluvial deposition occurred during the last ~1,600 to 950
yrs but could have also lasted longer since the upper section, i.e., subunit IIa, has not been
dated (figs. 35 and 36; tab. 11). Therefore, a period of increased moisture supply resulting from
wetter climate conditions than today cannot be ruled out as controlling mechanism of fluvial
activity.
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Figure 35: Stratigraphic correlation of floodplain pits P2, P1 and P6 with results of principal component analysis.
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The transect is located in the central to lower valley where elevation decreases from ~2,000 m to <1,900 m asl
(distance between profile trenches is not scaled). Though this valley section is characterised by several knickpoints
(kp), the trenches can be correlated by their similar stratigraphies. Fading- and inheritance corrected IR50 ages
indicate fluvial activity within the last ~1,600 to 950 years before 2020. Note that the 2019 floodplain deposit is
absent due to sampling in 2018. Aeolian activity dominated for at least the last ~950 years. While for pit P2, PC
trends are consistent with sediment stratigraphy, discrepancies are prevalent for pits P1 and P6, respectively.

In addition, May et al. (2019a: 1) performed radiocarbon dating on dry shrubs from different
floodplain levels in the Pica Valley, which gave similar ages of 1681 to 1938 AD, thereby indicating fluvial activity throughout the valley for phases 2 to 4. Assuming a normal distribution of
14

C-ages points to fluvial phase 4 as the most probable one that is post-dated by those shrubs

due to the biosphere’s lower sensitivity to precipitation- and flood-related impacts than the
geological record. Similarly, Grosjean et al. (2001: 48) observed even centennial time lags of
terrestrial plants compared to lake sediments from the Laguna Miscanti. Whether fluvial activity
during phase 4 has been too weak to transport sediments further downstream (where pits P1
to 6 are located), or whether fluvial deposits of phase 4 have been reworked due to subsequent
aeolian activity and can thus not be identified in the stratigraphy of P1 to 6 anymore, is so far
unknown. Further investigations on aeolian deposits as well as OSL dating of fluvial terraces
in valley section 4 are required to gain insights into the presence of fluvial activity in the lower
valley for the last max. 1,600 yrs (figs. 35 and 36). Likewise, discrepancies between stratigraphic findings and time-series analysis results highlight the demand for applying pixel- and/or
vector-based change detection methods to verify possible floodplain reactivation in the last
~35 yrs.
Finally, OSL ages of fluvial terraces at the valley gorge indicate their formation at ~1,630 to
2,300 yrs before today (fig. 36; tab. 11). These document the oldest phase of fluvial activity
and have been incised by subsequent floodings of higher energy conditions. Therefore, this
study confirms findings from May et al. (2019a: 1) that floodplain activity near surface ceased
towards the upper valley sections while recurrence rates of floods associated with exceptional
precipitation events and a magnitude similar to the 2019 event exceed the time scale of satellite imagery but are less than indicated by OSL ages from floodplain pits (fig. 36).
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Figure 36: Timing of aeolian and fluvial activity in the course of the Pica Valley (a–c) for the whole dated time period
(d) and with zooms into the last 5,000 (e) and 500 years (f).
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The chronology is based on IR50 ages, corrected for anomalous fading and natural residuals, and radiocarbon
dating of dry wood samples located in different floodplain levels. In (c), phases of fluvial activity are numbered based
on chronostratigraphic findings; grey numbers and dashed lines show the location of sampling sites within the morphological valley sections. Radiocarbon ages from dry shrubs indicate the presence of vegetation during phases 3
and 4, and even beyond.

In addition to aeolian deposits dated to the last ~100 yrs, palaeodunes document aeolian activity during the last ~60,000 (PD1) and ~100,000 yrs (PD2 and 3; fig. 36; tab. 11). Internal
cross-stratification not only reflects typical leeward sediment deposition but also infers changing wind regimes during their active phases, respectively. As these landforms constitute the
oldest dated depositional environments, the chronostratigraphy of the Pica Valley provides
insights into timing of geomorphological processes back to Marine isotope stage (MIS) 5d, but
phases of fluvial activity could only be characterised for the late Holocene so far (i.e., the last
~2,000 yrs). Therefore, future investigations should focus on further dating of fluvial terraces
and on corings in the alluvial fan as this might provide information on episodic palaeo-floods
beyond the established timescale.

5.2.2

Identification of palaeo-flood deposits for assessing regional climate variability

The historical record of fluvial activity in the Pica Valley provides information for the last ~2,000
yrs and thus covers only the Late Holocene, while the palaeodunes document aeolian activity
back to MIS 5d. However, there is no evidence for large-scale climatic fluctuations such as the
CAPE events that are documented by palaeoenvironmental records in the Altiplano and Central Depression (fig. 37).
Similarly, evidence for wetter conditions during fluvial phases 1 to 4 is scarce. This is attributed
to both the relatively short duration of these wet periods, respectively, and likely the high-local
character of precipitation. While at least for phases 1 and 2, satellite imagery and meteorological data indicate the potential impact of rainfall-induced floodplain reactivation, phases 3 and
4 are completely absent in records of the Atacama Desert (figs. 17, 18 and 37; tab. 12). So far,
only tree rings from the Altiplano indicate phases of enhanced moisture during the 19th and
17th centuries that would be consistent with fluvial activity in the Pica Valley during phases 3
and 4, respectively (Morales et al., 2012: 659–660). But whether these pluvial events indeed
correlate with those evidenced by fluvial deposits in the Pica Valley, or whether they were
limited to the Altiplano, deserves further investigations, especially in the Precordillera.
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Figure 37: Synthesis of flooding history in the Pica Valley and Late Quaternary palaeoclimate records for the Atacama and Andean regions in N Chile.
The compilation includes (from north to south) shoreline elevations of palaeolakes in the Altiplano (a; Placzek et
al., 2006: 515–532); floodplain and aeolian sediment deposits of the Pica Valley (b; this study); further records from
the Tamarugal Basin (c) with palaeolake data (Pfeiffer et al., 2018: 224–245), archaeological evidence at Quebrada
Maní 12 site (Latorre et al., 2013: 19–30), and riparian formations (Pfeiffer et al., 2018: 224–245; Tomlinson et al.,
2015: 1; Blanco and Tomlinson, 2013: 1; Gayo et al., 2012a: 120–140; Nester et al., 2007: 19724–19729) as well
as modelled hydrological discharge towards the basin (Pfeiffer et al., 2018: 224–245); groundwater discharge levels
reconstructed from palaeo-wetland deposits in the Atacama Desert (d; Rech et al., 2002: 334–348); lake levels
derived from a sediment core out of the Laguna Miscanti (e; Grosjean et al., 2001: 35–51); shifts in water levels of
palaeo-wetlands at the Salar de Punta Negra (f; Quade et al., 2008: 343–360); rodent midden pollen- and plant
macrofossil midden records in the Central Atacama Desert (g; de Porras et al., 2017: 665–684; Latorre et al., 2003:
223–246; Betancourt and Saavedra, 2002: 527–546; Latorre et al., 2002: 349–366); records from the Antofagasta
region (h) with palaeolake data (Pfeiffer et al., 2018: 224–245), groundwater discharge deposits (Sáez et al., 2016:
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82–93), and rodent midden pollen records (Díaz et al., 2012: 510–525; Maldonado et al., 2005: 493–507). For
comparing chronostratigraphic findings with results of satellite imagery analyses, (i) provides a zoom into the last
175 years with the era of satellite imagery enlarged.
(Based on Pfeiffer et al. (2018: 236) and de Porras et al. (2017: 680))

In contrast, fluvial phase 5 correlates with increased groundwater discharge to palaeowetlands
(Rech et al., 2002: 343), riparian formations (Gayo et al. 2012b: 291; Nester et al., 2007:
19728), and rodent midden pollen records in the Central Atacama Desert that indicate wetter
conditions than today (fig. 37; Díaz et al., 2012: 520–522). Due to its spatial distribution, Díaz
et al. (2012: 521) attributes the taxonomic richness of vegetation in this time to the occurrence
of local rainfall while Nester et al. (2007: 19728–19729) argue for the Medieval Climate Anomaly, a centennial wet phase of dominating La Niña conditions resulting from SST gradients in
the equatorial Pacific (e.g., Gayo et al., 2012b: 298; Nester et al., 2007: 19729; Garreaud et
al., 2003: 5). The existence of this perturbation is still debated and palaeoclimatic records from
across the South American continent indicate a core period of 1000 to 1200 AD, synchronous
to the northern hemisphere (Lüning et al., 2019: 70–87 and references therein). Recent studies
attribute the Medieval Climate Anomaly to either dominating La Niña-, or interdecadal El Niño
conditions and warm SST of the Pacific that lead to an intensification of southerly winds,
thereby promoting coastal upwelling off the Chilean coast (e.g., Castillo et al., 2017: 809–810;
Rustic et al., 2015: 1538; Khider et al., 2011: 18; Vargas et al., 2007: 2). However, key drivers
and regional variations are not yet clearly understood.
In the Pica Valley, luminescence ages indicative for fluvial activity from ~2,300 to 1,600 yrs, fit
well with archaeological evidence and radiocarbon ages from riparian environments across the
Pampa del Tamarugal basin that point towards a pluvial event synchronous to the Roman
Warm Period (Latorre et al., 2013: 22; Gayo et al., 2012b: 291). Similarly, palaeowetland deposits, elevated shorelines and pollen records from the Western Cordillera and the Altiplano
regions indicate wetter conditions from ~2,600 to 1,400 yrs, while the central part of the Atacama Desert remains dry (fig. 37; Jara et al., 2019: 1845–1859; Gayo et al., 2012b: 297; Maldonado et al., 2005: 505; Latorre et al., 2002: 362; Placzek et al., 2001: 186). This suggests a
large-scale phenomenon rather than a regional wet episode as supposed by Gayo et al.
(2012b: 298) and can be attributed to strengthening of the Andean summer monsoon and the
South Andean Low-Level Jet (Jara et al., 2019: 1854). But so far, studies on long-term variability of the South Andean Low-Level are scarce and restricted to the last few decades (Montini et al., 2019: 1200–1218; Marengo et al., 2004: 2261–2280).
Though the Medieval Climate Anomaly and Roman Warm Period have been studied mainly in
the northern hemisphere, these studies show that they were also present in the southern hemisphere. However, their spatio-temporal extent and driving mechanisms have received less attention so far. Since the modern arid climate established at ~3,000 to 3,800 yrs ago, at least
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lake level fluctuations of the Laguna Miscanti and palaeowetland deposits from the Atacama
Desert point towards decadal/centennial pluvial events (fig. 37; Rech et al., 2002: 346–347;
Grosjean et al., 2001: 49).
Besides, palaeodunes of the Pica Valley provide information on environmental conditions in
the Late Pleistocene and indicate drier conditions for the Andean Precordillera during MIS 5d
and the MIS 3/4 transition. Similarly, salt deposits from the Salar de Uyuni that are characterised by elevated oxygen isotope concentrations (δ18O) and poorly preserved diatoms (indicating increased salinity) reflect overall dry conditions during MIS 5d (Fritz et al., 2004: 103).
This is opposed by high lake levels of Lake Titicaca and the diversity of vegetation at the onset
of glacial stage MIS 5d but has been attributed to the hydrological isolation of both systems at
this time (Gosling et al., 2008: 49; Fritz et al., 2007: 417–418). In contrast, paleoclimate reconstructions from the hyperarid core of the Atacama, though only less consistent with those of
the Altiplano, indicate at least a decline of moisture during MIS 5d, in line with findings from
the Pica Valley (Ritter et al., 2019: 8–10).
For aeolian activity dated to the MIS 3/4 transition, dune deposition most likely occurred at the
end of MIS 4 when climate conditions were extremely arid compared to humid conditions during MIS 3 (e.g., Diederich et al., 2020: 11; Pfeiffer et al., 2018: 237; Maldonado et al., 2005:
505; Bobst et al., 2001: 34). These findings are consistent with reduced hillslope activity in the
Atacama Desert (Medialdea et al., 2020: 10–13) as well as salt units in the stratigraphy of the
Salar de Uyuni (indicated by low natural gamma radiation; Fritz et al., 2004: 99) and an aridity
record based on aeolian dust input to the continental shelf off Chile (Stuut and Lamy, 2004:
305).
Overall, these findings point towards the potential of the Pica Valley to serve as a link of palaeoenvironmental records from the Andean regions with archives from the Central Depression.
Fluvial activity synchronous to climatic perturbations such as the Medieval Climate Anomaly
and Roman Warm Period can be related to phases of enhanced moisture in the Altiplano and
Atacama regions. Similarly, aeolian activity is consistent with evidences from both Atacama
and Altiplano records, albeit these findings deserve deeper investigation.

5.2.3

Preservation potential of flood deposits in the arid environment of the Pica Valley

Controlling factors on preservation of sediment deposits in arid environments are mainly linked
to erosion and sediment reworking by geomorphodynamics. While erosion is driven by the
interaction of tectonic, climatic and morphological processes (Carretier et al., 2014: 401–418),
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Carretier et al. (2013: 195–198) and Ventra et al. (2017: 162–185) identified slope gradient as
key determinant for erosion in catchments bordering the Chilean Andes. Here, erosion rates
exceed those of the Atacama Desert due to the erosive power of extreme discharges related
to exceptional precipitation events (see section 2.4; Aguilar et al., 2015: 817). Therefore, more
gentle valleys in the Precordillera, like the Pica Valley, may have lower erosion rates and thus
a higher preservation potential of sediment deposits than strongly inclined valleys.
Within the valley itself, preservation primarily depends on the local topography of the valley
floor and the exposure to post-depositional sediment reworking by mainly aeolian/fluvial activity rather than weathering or bioturbation as these play only a minor role in arid environments
(e.g., Gjorup et al., 2019: 325; Owen et al., 2011: 132). Investigations on the exceptional February 2019 flooding reveal phases of sediment erosion and accretion throughout the valley,
closely linked to their distance from major knickpoints. Therefore, the preservation potential
increases downwards with increasing distance from those knickpoints as the topography flattens (fig. 7b).
These findings can be used to evaluate the potential of identifying palaeo-flood deposits in the
sedimentary record throughout the valley. Bordered by steep slopes, the narrow upper valley
sections constitute the lowest probability as the erosive power of exceptional flood events is
unlikely to allow for deposition but rather incision into the floodplain. Here, sediment aggradation would be only prevalent in case of very weak flow conditions. Further downwards, in valley
sections 2 and 3, sites of higher preservation potential are either located in the central part of
the floodplain distant from major knickpoints, or towards distal parts of the floodplain at the
valley border where flow velocity is reduced or backflow occurs (fig. 14). However, the preservation of stratigraphies in the central part of the floodplain might be affected by their exposure
to sediment reworking by aeolian dynamics and/or floodplain reactivation. In case of extreme
precipitation and flooding, these records will likely be incised or eroded (fig. 34). Similarly,
sediment deposition in the distal part will depend on the flooding intensity in that water masses
and suspended sediments need to reach even areas away from the main stream channel (e.g.,
Tooth, 2000: 83 and 86).
Towards valley sections 4 and 5, the potential of floodplain deposition and preservation will
increase as the relief gradient becomes minimal. However, fluvial terraces in section 4 document at least local incision related to knickpoints (fig. 7b). Generally, sedimentary records in
these sections show the highest preservation of floodplain activity, with evidence for the last
~1,600 to 950 yrs (fig. 35).
Moreover, in view of the impact of exceptional precipitation events, the February 2019 flooding
constitutes an unprecedented event for the era of satellite imagery. So far, estimations on
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associated sediment erosion and accretion volumes suggest the closed nature of the Pica
Valley that is characterised by its susceptibility to high localised exceptional precipitation
(source) without of any outlet (sink). Thus, the alluvial fan in valley section 5 might provide
evidence for episodic palaeo-floods with recurrences beyond the era of satellite imagery but
less than indicated by OSL ages (as 14C ages indicate fluvial activity at 1681–1938 AD). In this
regard, additional sedimentological and geochronological studies will (i) extend the established
characteristics of aeolian and fluvial sediments in the Pica Valley, and (ii) strengthen the interpretation of results from this study.

5.3 Reflection of applied sedimentological and geochronological methods

5.3.1

Review of sedimentological and geochemical analyses

Applying multi-method approaches requires not only critical reflection throughout the working
process to meet the demand for scientific quality but also careful interpretation considering
accuracy and precision of each individual method. In addition to intrinsic, systematic errors,
which are due to the method itself and affect the accuracy of the data, the precision of the
results strongly depends on random processes (e.g., due to sample preparation or metrological
issues).
For example, when using laser diffraction for grain-size analysis, systematic errors arise due
to the assumption of spheroidal particles instead of stocky, rounded to subangular grain forms,
which is particularly true for clay fractions characterised by platelet shapes (e.g., Gorączko and
Topoliński, 2020: 5–6; Eshel et al., 2004: 737–738). In contrast, precision is influenced by the
concentration of suspension. Since measuring cycles were conducted on each sample manually, all samples are within the acceptable range of 5 to 15 % and thus provide reliable results.
Further potential uncertainties related to the measurement procedure include the dispersion of
the sample, the formation of air bubbles in the suspension, misalignment of the instrument as
well as temperature variations (Beckman Coulter, 2011: XI).
To gain insights into particle roundness and sphericity that would be indicative for sediment
transport regime, grain-size analyses based on digital imagery was tested for reference environments but turned out unsuitable since fine-grain proportions cannot be properly detected.
Furthermore, inaccuracies are related to applied geochemical approaches. Assessing elemental compositions with a portable XRF spectrometer (Niton XL3t 900 GOLDD) suffers from
109

Discussion
detection limits related to the instrument itself (excitation source, type of detector, etc.), the
fluorescence yield of the investigated element, and depends also on sediment matrix and
measurement time (Marguí et al., 2010: 23). Therefore, comparing absolute element concentrations is incorrect and can only be undertaken referring to relative values, ratios or trends.
High-resolution XRF spectrometry is acknowledged to overcome these shortcomings.
In contrast, the C/N/S element analyser provides a laboratory device of high accuracy (Elementar Analysensysteme GmbH, 2019: 2). However, since this approach is very sensitive to
various external factors and C/N concentrations of samples from this study are often at the
detection limit, the results should not be overinterpreted.
Apart from methodological issues, discriminating fluvial and aeolian deposits based on granulometric and geochemical investigations is challenging as both geomorphic agents show close
interactions and often occur synchronously. Thus, the establishment of sedimentary fingerprints for different depositional environments remains difficult, thereby pointing towards sediment reworking and/or mixing of both fluvial and aeolian sands. Accordingly, sedimentary environments cannot be clarified by PCA alone but rather based on morphological characteristics
of ephemeral stream deposits. Similarly, Ventra et al. (2013: 1287) documented alluvial, colluvial, and aeolian deposits in the Atacama Desert, and highlighted their variability to depend on
surface characteristics (slope, roughness, etc.) and the local impact of flood events. As several
studies reviewed the challenge of clarifying the depositional environments in arid settings (e.g.,
Carling and Leclair, 2019: 122; Gibling, 2006: 756–763; Tooth, 2000: 88), models have been
developed to address these issues and thereby allow for better understanding the interplay of
fluvial and aeolian processes in ephemeral stream systems (Priddy and Clarke, 2020: 2393;
Carling and Leclair, 2019: 102–128). However, their application to the Pica Valley would require extending the existing database by including coring transects since outcrops and exposures of several 100 m length are absent. Therefore, computed tomography analysis of sediment cores provides a promising high-resolution and time-efficient tool that allows for core
correlation based on the detection of stratigraphic units (Emmanouilidis et al., 2020: 1–8; Hall
and Govert, 2016: 1–12). Information on sediment composition, porosity and grain orientation
can then be used to unravel transport regimes, and to interpret the depositional environment
(e.g., May et al., 2020: 6). As it has been successfully applied to study the frequency of precipitation events in the French Massif Central (Foucher et al., 2020: 486–501), this technique
may be conducive for future studies on precipitation events in the Pica Valley and could be
used to re-evaluate findings of this study.

110

Discussion
5.3.2

Performance of feldspar luminescence dating

The calculated ages of this study need to be discussed in view of (i) uncertainties of De distribution apart from expected scatter, (ii) σb determination and its suitability for applying the
MAMbootstrap to the sample dataset, (iii) comparability of applied MAM and MAMbootstrap for fluvial
deposits, and (iv) correction for anomalous fading and inheritance, for the latter by using dating
results from modern reference deposits.

Sources of over-dispersion
Potential sources of the unexpected variance of the dataset have been related to extrinsic
factors such as partial bleaching of the sediment prior to deposition, sediment mixing, and
variations in microdosimetry after burial (Smedley et al., 2020: 4–8; Duller, 2008: 593). Here,
internal dose rate is affected by variations in the potassium content of feldspars (fig. S9; tab.
S3; Mayya et al., 2006: 1032–1039). Furthermore, grain-specific sensitivity to natural signal
resetting and growth adds on variations of luminescence properties between natural and laboratory conditions (Neudorf et al., 2012: 697). Together with the number of grains on an aliquot,
this is relevant for the over-dispersion of multigrain aliquots as both characterise the portion of
grains delivering the luminescence signal that is averaged for the whole aliquot (Chamberlain
et al., 2018: 221; Cunningham et al., 2011: 425; Duller, 2008: 609–610). Finally, grain-specific
fading rates constitute a potential source of unexpected De scatter as well. However, singlegrain measurements would be required to draw conclusions on unexpected De scatter related
to grain-to-grain variations (e.g., Neudorf et al., 2012: 696–702; Thomsen et al., 2012: 738;
Trauerstein et al., 2012: 331).
So far, single-grain De measurements were tested only for five aliquots of the PD2 sample,
with the SAR protocol successfully performed for at least two of them. 90 % of the luminescence signal is derived from 9 % of the measured grains, while only 5 % pass the rejection
criteria to calculate a De (resulting in ages fitting well with the multigrain ages; (fig. S22; tabs.
10, 11, S5–S8). The majority of grains shows no signal (or obtains even negative De values).
Whether this results from contamination with light-exposed grains during sampling (and the
repeated resetting of already measured grains fixed in the disc) requires further investigation.
In contrast, the natural signal of some grains exceeds the saturated regeneration curve and
could thus not be adequately captured. Over-dispersion is increased compared to multigrain
aliquots that suffer from averaging of the single-grain luminescence signals (tabs. 8 and S8).
Overall, single-grain standard test- – including dose recovery and fading measurements – as
well as De measurements are recommended for this sample (and should be also tested for
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younger aeolian and fluvial samples) to further investigate the sources of over-dispersion
related to grain-to-grain variations.
For multigrain aliquots, over-dispersions of dose recovery tests (8.9 ± 2.2 % for pIRIR- and 5.0
± 1.5 % for IR50 protocols) compared to those of De measurements (6.2–94.0 % for pIRIR- and
0.0–117.8 % for IR50 protocols) indicate that intrinsic factors account for only a minor part of
the observed scatter. Instead, sediment mixing is assumed playing a major role as there is no
obvious pattern for over-dispersion in fluvial and aeolian samples. Largest uncertainties of De
over-dispersions are even obtained for aeolian deposits that would be expected to be bleached
more homogeneously than fluvial sediments. Therefore, these findings support conclusions
from sedimentology on sediment reworking of both fluvial and aeolian deposits due to postdepositional morphological activity.
During fluvial transport, sunlight exposure of suspended sediments may be limited by turbid
flow conditions, leading to incomplete resetting of the luminescence signal in some grains.
Considering them for age calculation would result in overestimating the time of burial and can
be overcome by weighting lower De values using the MAM or MAMbootstrap, respectively (e.g.,
Brill et al., 2018: 91–103; Cunningham and Wallinga, (2012: 98–106). To identify partial
bleaching in the absence of single-grain data, skewness of De distributions and inheritance of
modern analogues are used (e.g., Brill et al., 2017: 134–150; Murray et al., 2012: 690). However, only historical floodplain deposits show strongly positively-skewed De distributions while
for fluvial deposits out of the 2019 profile trenches (T2 and T3), they are not significantly different from aeolian sediments (figs. 25 and S14–S17; tab. 8). Thus, at least dating modern
analogues with up to ~200 yrs for IR50 and even 420 yrs for pIRIR225 points to the potential
effect of partial bleaching on over-dispersion of so far unknown deposits.
Finally, beta dose heterogeneity constitutes the third potential source of unexpected De scatter.
Though samples were prepared according to standard procedures, micro-XRF studies on sample T3-2 reveal that it is not pure potassium feldspar but contains also significant amounts of
calcite and iron that affect dose rate (tab. S3 and S9–S12; Nathan and Mauz, 2008: 15).

σb determination and application of minimum age models
To select an appropriate σb value that is not too low and would thus underestimate the palaeodose (Chamberlain et al., 2018: 226), the MAMbootstrap applied to De over-dispersions of the
dataset was tested after excluding the palaeodune samples as they accumulated significantly
larger doses where the effect of over-dispersion is minimised. However, results for σb, with
16.6 ± 6.5 for pIRIR- and 17.8 ± 9.8 for IR50 protocols, are in the same range to those used for
age calculation.
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Overall, quantified σb values are concluded to be suitable for age calculations as the
MAMbootstrap functions properly and fading-corrected IR50 ages are for most samples identical
to pIRIR-ages (tabs. 10 and S5). While for sample T2-2, the IR50 age significantly underestimates the pIRIR180 age even after fading correction, the opposite is true for T2-1, where the
pIRIR180 age of the MAMbootstrap significantly underestimates the IR50 age. Therefore, the CAM
was used instead as it is consistent with the IR50 age (tabs. 10 and S5). Likewise, partly incomplete probability curves calculated by the MAMbootstrap are of mathematical origin within the
modelling process and most likely result from the assigned σb value (figs. 29 and S18–S21).
Since in general ages of this study obtained for the MAMbootstrap are in good agreement with
ages of the CAM, it is further concluded that there are no discrepancies when comparing these
ages of fluvial deposits with re-calculated CAM- and MAM ages of Keiser (2018: 1–59) and
Rhein (2018: 1–79). This is particularly important for assessing the inheritance of fluvial deposits based on two modern analogues, i.e., the 2017 sand fan and the 2019 levee, that have
been calculated using the MAM and MAMbootstrap. Thus, the approach of Chamberlain et al.
(2018: 221–227) in applying the MAMbootstrap to determine a suitable σb is confirmed.

Age correction for anomalous fading and inheritance
In contrast to exceptionally large g-values determined by fading measurements with max. delay times of >13 h, fading rates from long-term fading measurements with delay times of up to
six months are within the expected range of typical fading rates for IR50- and pIRIR protocols.
The large scatter of short-term g-values can be at least explained for the palaeodunes by the
repetition of the second instead of the first measurement point, thus affecting the precision of
the curve fit (fig. S13). Resulting uncertainties lead to an increase of mean g-values, which
then indicate the demand for fading correction of both IR50 and pIRIR ages. However, as similar
fading rates were observed by del Río et al. (2019: 7–9), other factors responsible for exceptionally large g-values observed in this study are still unclear but could be related to the calcium
content of the feldspar luminescence samples (tab. S3; del Río et al., 2019: 12; Valla et al.,
2016: 63–64). So far, long-term fading measurements are concluded to serve as a suitable
approach to evaluate the presence of internal signal loss and accounting for the physically
irrational observation where pIRIR fading rates even exceed those of IR50 protocols (fig. S11;
Keiser, 2018: 40).
Since fading corrected IR50 ages fit well with uncorrected pIRIR ages for samples measured in
this study (tabs. 10 and S5), fading correction of IR50 ages calculated by Keiser (2018: 1–59)
and Rhein (2018: 1–79) must be interpreted cautiously as uncorrected pIRIR ages would partly
better agree with uncorrected IR50 ages (tab. 10). However, because the IR50 protocol generally
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suffers from anomalous fading, the question arises, whether the applied mean g-value is suitable, or whether pIRIR ages of these samples require fading corrections as well. As this is
indicated by g-values measured by Keiser (2018: 1–59), would advocate using individual gvalues rather than averaged ones.
Further age correction involved the subtraction of inheritance determined on modern dune and
floodplain deposits. Similar IR50 ages of the 2017 sand fan and the 2019 levee indicate a remnant age of ~175 yrs for fluvial deposits. Since the pIRIR ages of FP-2017 and LV-2019 differ
substantially, fluvial deposits measured with the pIRIR180 protocol were subtracted by the
pIRIR180 age of the 2019 levee deposit. However, since for the aeolian modern analogue only
the IR50 and pIRIR225 ages were determined, it is questionable whether the pIRIR225 age of D2017 serves as a reasonable estimate of inheritance to be subtracted from historical aeolian
deposits. Because the impact of partial bleaching may be less for aeolian references than for
fluvial analogues, it is assumed that potential discrepancies between pIRIR180 and pIRIR225
ages are comparably low. Nevertheless, further investigation based on a comparison of
pIRIR180 and pIRIR225 protocols is required to answer these ambiguities.
For most samples, fading- and inheritance corrected IR50 ages agree well with inheritancecorrected pIRIR ages (fig. 38). Only for the 2017 slackwater deposit, the pIRIR225 age significantly overestimates the corrected IR50 age caused by the harder bleachability of the pIRIR
signal. However, since fluvial deposits of phases 1 to 3 obtain negative ages after inheritance
correction, they seem to have been better bleached than the modern analogue itself, which
would thus be in accordance with observations on De distribution shapes.
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Figure 38: Comparison of IR50 and pIRIR ages for pIRIR180- (a) and pIRIR225 protocols (b) with uncorrected and
corrected ages, respectively.
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Age correction includes fading correction for samples with g-values >1 %/decade (based on long-term fading measurements) and subtraction of remnant ages determined on modern samples. Note that for pIRIR 180 ages of aeolian
samples, no natural residuals were determined while for IR50 ages of fluvial samples, the subtracted inheritance
was averaged from remnant ages of the two modern analogues (i.e., LV-2019 and FP-2017). Shaded areas are
enlarged in adjacent plots to the right. Dashed lines show the ±10%-error range.

5.4 Synthesis: The relevance of a multi-method approach for optimising
the assessment of rainfall-induced debris and/or mud flows in arid
environments

Though the Atacama Desert and West Andean regions are among the world’s driest environments, severe precipitation events in recent years such as the March 2012, 2015, and February 2019 events reached catastrophic dimensions associated with flooding, infrastructural
damage and human loss (see section 2.2). So far, scientific literature on the abnormity of the
2019 event is scarce, but the similar magnitude of the events suggests similar recurrence rates
of >100 yrs for the 2019 event as they have been stated for the events in March 2012 and
2015 (Aguilar et al., 2020: 1261; Sepúlveda et al., 2014: 481). This assumption is supported
as investigations on satellite imagery revealed the absence of a similar event for at least the
last ~35 yrs.
In addition to the temporal variability of rainfalls, with decades/centuries of total aridity and
extreme precipitation within a few days, they vary also very locally (e.g., as described in section
5.1.2 for the fall 2012 event). Consequently, flashfloods and mud flows are often poorly documented and constitute a major hazard, especially to settlements situated at the outlet or even
on alluvial fans of valleys in the Andean Precordillera. Given their high-local character, makes
such floodings difficult to assess and thus an underestimated risk (e.g., Cabré et al., 2020a:
2092; Contreras et al., 2019: 1; Sepúlveda et al., 2014: 481).
Hydrological modelling constitutes a profound technique to simulate the impact of strong precipitation and to assess thresholds critical for generating flashfloods in the area under study
(Contreras et al., 2019: 1; Ghoneim and Foody, 2013: 1198–1199). For example, Sepúlveda
et al. (2014: 481–491) modelled debris flow discharge due to the March 2012 flooding to estimate the flood hazard of villages in valleys of the Tarapacá region and to design potential
mitigation structures. However, these models often require detailed information on rainfall and
streamflow patterns which hampers their application to areas without such data (Kampf et al.,
2018: 9948). Therefore, remote sensing and geographic information systems have been increasingly acknowledged to estimate flood-conditioning factors that are used to perform machine-learning models (Costache et al., 2020: 3; Tien Bui et al., 2019: 1–27). Similarly, change
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detection approaches are highly valuable to characterise flood extent and flow paths associated with morphological changes to the floodplain, and contribute to evaluate and refine hydrological and hydraulic modelling data (e.g., Cabré et al., 2020a: 2091–2106; Li et al., 2018:
3). However, both remote sensing and modelling techniques are limited either to the time of
satellite imagery and/or require field validation in some way.
As this study shows, recurrence rates of exceptional floodings such as the February 2019
event extend beyond the era of satellite imagery, thus proving investigations of the sedimentary record are the only way to study the long-term frequency of such high-magnitude events.
In the Pica Valley, combined remote sensing, morphological, and chronostratigraphical investigations even allow for the identification of sediment deposits that have the potential to extend
the established record of up to 2,000 yrs of flooding activity, namely in the alluvial fan. Future
studies will benefit from findings of this study and strengthen the established recurrence interval of exceptional flooding events. Consequently, these findings not only contribute to the flood
hazard assessment of the Pica Valley and nearby Pica town but show the potential of a multimethod approach to be applied for long-term hazard studies in arid environments.
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6 Conclusions

This study investigates the geomorphology and stratigraphy of a dry valley in the Andean Precordillera to unravel local to regional flooding activities over present to historic timescales. Applying a multi-method approach of change detection analysis on high-resolution Planet imagery, BSI- and NDVI-based time-series analyses on Landsat and Sentinel imagery, as well
as sedimentological and geochemical analyses, and feldspar luminescence dating allowed for
the characterisation of geomorphological and sedimentary impacts of exceptional precipitation
events over present to historic timescales. Based on these findings, conclusions can be drawn
with respect to the four hypotheses and goals of this thesis:

Hypothesis 1: (Exceptional) Precipitation events leave their imprints in the geomorphology and stratigraphy of the Pica Valley.
Goal 1: Characterisation of the February 2019 precipitation and flooding event
The February 2019 precipitation and flooding event was investigated to estimate the impact of
rare precipitation events in arid environments, and to establish sedimentary and luminescence
characteristics for the February 2019 event deposit. These findings for the modern analogue
are essential to be transferred to older flood events and validate the timing of fluvial activity in
the historical record.
(i) Estimation of the geomorphological impact by applying change detection analysis on highresolution Planet imagery. The February 2019 flood event affected >1 km2 of floodplain deposits, caused >15 km of erosion and accretion, and generated an alluvial fan ~0.24 km2 in
size. Sediment erosion was documented at least for two channels in the central valley, with
max. volumes of up to ~340,000 m3, while ~820,000 m3 were accumulated in the alluvial fan.
Together with high-resolution UAV-based orthophotos and DEM, change detection results
allow for conclusions on flow directions and energy conditions as well as associated phases
of erosion and accretion throughout the valley. The comparison with SAR data points towards
the potential applicability of InSAR coherence change detection even in small study areas such
as the Pica Valley.
(ii) Characterisation of the sedimentary imprint by using granulometric and geochemical analyses. The levee deposit of the February 2019 event consists of coarse and medium sands,
similar to modern sand fan deposits. With respect to other reference deposits, the geochemical
composition of the 2019 event and modern sand fan deposits reflects deposition under similar
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energy conditions but indicates post-depositional sediment reworking for the 2019 levee, most
likely by aeolian activity.
(iii) Age determination of the modern floodplain deposit by applying optically stimulated luminescence dating. Dating modern analogues was used to evaluate resetting of the luminescence signal resulting from different bleaching conditions during sediment transport. Fluvial
deposits obtain ages of ~150 (2019 levee), ~200 yrs (modern sand fan), and 4,500 yrs (modern
slackwater deposit) while inheritance is lowest for dunes with ~30 yrs. Thus, remnant ages for
sandy floodplain deposits are ~175 yrs and were used to address the effect of partial bleaching
in older deposits of unknown age.

Hypothesis 2: The geomorphological and sedimentary impact can be used to reconstruct flooding activity over historic and prehistoric timescales.
Goal 2: Characterisation of historic and prehistoric morphodynamics
The geomorphology and stratigraphy were investigated to detect flood-related surface
changes in the last ~35 yrs and to identify traces of fluvial activity in the sedimentary record
even beyond the era of satellite imagery. Findings from the February 2019 event served as a
modern analogue and are essential to interpret the historical record to provide robust information for flood hazard assessment in the region.
(i) Estimation of geomorphological changes during the last ~35 years by comparing selected
Landsat and Sentinel imagery. BSI- and NDVI-based time-series analyses allowed for the
identification of floodplain reactivation, particularly for the periods of 1988–2003 and 2016–
2019. Surface changes occur only occasionally downwards of the large transverse dune and
are mostly restricted to upper valley sections. Therefore, the February 2019 flooding constitutes an unprecedented event. However, these findings must be taken cautiously since they
rely on manual change detection of imagery at 10–30 m resolution, and scene quality is partly
reduced by a scanline error of Landsat 5 and cloud filtering. Similar investigations for the
February 2019 event suggest the higher accuracy of BSI and Sentinel 2 and point towards
preferring this index and sensor for future applications of time-series analysis to detect morphological activity by using free-available optical data. With respect to the time before Sentinel,
the identified discrepancies need to be considered when reviewing morphological changes in
the era of satellite imagery solely based on Landsat data.
(ii) Identification of flood deposits in the geological record by using granulometric and geochemical analyses (in contrast to deposits formed without running water). Macroscopic sedimentary characteristics allow for the discrimination of fluvial and aeolian deposits. Fluvial sedi119
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ments are characterised by successions of homogeneous sand sheets intercalated with thin
silt and gravel layers and show key characteristics of ephemeral stream deposits such as
desiccation cracks and plant remains, indicating former presence of moisture. In contrast,
these or similar structures are missing in aeolian deposits of laminated homogeneous sand.
However, both types of deposits share similar granulometric and geochemical compositions.
Thus, the establishment of sedimentary fingerprints for different depositional environments remains challenging, thereby pointing towards sediment reworking and/or mixing of both fluvial
and aeolian sands, and the close (or even synchronous) interaction of geomorphic agents.
(iii) Establishing a geochronology of the stratigraphic record and selected landforms by applying optically stimulated luminescence dating. Combined luminescence and radiocarbon dating
allowed for the differentiation of six fluvial phases during the last ~2,000, ~1,300, ~300, ~150,
and present years whereas aeolian activity is documented during the last ~100,000, ~60,000,
and ~100 yrs. Thus, fluvial activity cannot be reconstructed for prehistoric timescales but is
restricted to the late Holocene. Activity of the floodplain ceased towards the upper valley sections while
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C ages indicate its most recent reactivation prior to the February 2019 event at

1681–1938 AD. Since the 2019 flooding constitutes an unprecedented event for the last ~35
yrs, recurrence rates of floodings with a magnitude similar to the 2019 event exceed the time
scale of satellite imagery but are less than indicated by OSL ages from floodplain pits.

Hypothesis 3: Flooding activity in the Pica Valley provides a record for climate variability in the Atacama Desert.
Goal 3: Comparing the geological record of the Pica Valley with climate data and other palaeoenvironmental archives
Though the geological record could not be used to shed light on Pleistocene/Holocene climatic
fluctuations such as the CAPE events, fluvial activity can be related to tree-ring records,
palaeowetlands and rodent midden records in the Altiplano and Atacama regions that indicate
wet conditions. These phases are synchronous to climatic perturbations such as the Medieval
Climate Anomaly and Roman Warm Period and therefore support findings from previous studies on their evidence in the southern hemisphere. Furthermore, placing the Pica Valley in the
regional (palaeo-) environmental context suggests its potential to serve as a link of palaeoenvironmental records from the Andean regions with archives from the Central Depression.
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Hypothesis 4: Combined remote sensing (impact) and sediment analyses (frequency)
can be used to improve the assessment of the regional flood hazard in the Tarapacá
region.
Goal 4: Providing supportive information for assessing hazards related to exceptional precipitation events
Given the poor documentation of flashfloods and mud flows in arid environments due to their
high spatio-temporal variability, makes such floodings an underestimated risk. Since modelling
often requires well-documented input data, its application is often limited in areas without these
data. Here, change detection approaches using remote sensing and geographic information
systems are highly valuable to characterise the geomorphological impact of flood events and
to estimate flood extent and flow paths. As both remote sensing and modelling techniques are
limited either to the time of satellite imagery and/or require field validation in some way, investigations of the sedimentary record are the only way to study the long-term frequency of highmagnitude events similar to the February 2019 one (i.e., with recurrence rates >100 yrs). Since
deposits in the lower valley show the highest preservation potential, future investigations on
the alluvial fan may allow to extend the established record of up to 2,000 yrs of flooding activity
in the Pica Valley, and strengthen the interpretation of results from this study. Overall, findings
from this study not only contribute to the flood hazard assessment of the Pica Valley and
nearby Pica town but show the potential of a multi-method approach to be applied for longterm hazard studies in arid environments.
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I

Supplementary material to the physical setting

Figure S1: Measurement data of weather stations installed by the CRC1211 in the central transect between January 1st, 2019 and February 28th, 2019.
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The February 2019 precipitation event (shaded in grey) is evident in all measurement parameters. Solar radiation
flux density is measured looking up (yellow) and down (light blue) and decreases between January 27 th and February 11th. Volumetric water content (blue) was derived from dielectric permittivity (grey), both increasing due to infiltration. Water content and soil minimum temperature were measured 10 cm b.s.. Winds blow mainly from W-SW
direction (black) but show no acceleration or weakening trends during the precipitation event (grey). Data are based
on daily measurement intervals. For details, see the weather database created by Hoffmeister (2018: 1).

Figure S2: Measurement data of weather stations installed by the CRC1211 in the northern transect between
January 1st, 2019 and February 28th, 2019.
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Trends of leaf wetness, solar radiation, soil temperature and humidity, and wind are similar to the central weather
stations (see figure S1). Data are based on daily measurement intervals. For details, see the weather database
created by Hoffmeister (2018: 1).

II Optical remote sensing and Unmanned Aerial Vehicle data

High-resolution digital orthophotos and elevation models

Figure S3: High-resolution UAV-based orthophotos and DEM used in this study (a–f).
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For exact location of UAV-based imagery, the reader is referred to fig. 7a. Data were collected and processed in
2017 (a, b) and 2019 (c–e).
(Data obtained from Walk, 2017 (a, b) and Hoffmeister, 2019a, 2019b (c–e))

Table S1: Parameters of UAV-based data collection and processing of orthophotos and DEM.
For further details, also regarding camera calibration, the reader is referred to Hoffmeister (2019a: 1–7) and Hoffmeister (2019b: 1–7). Note that for UAV-based orthophoto and DEM 1, no processing report was available.
Survey data

UAV-based orthophoto and DEM 2

UAV-based orthophoto and DEM 3

Number of images
Flying altitude
Ground resolution
Coverage area
Camera stations
Tie points
Projections
Reprojection error

384
127 m
4.7 cm/pix
0.48 km2
384
180,590
1,035,626
1.17 pix

331
98.4 m
3.64 cm/pix
0.14 km2
331
120,370
576,885
1.58 pix

FC330 (3.61 mm)
Frame
4000 x 3000
3.61 mm
1.56 x 1.56 µm
No

FC330 (3.61 mm)
Frame
4000 x 3000
3.61 mm
1.56 x 1.56 µm
No

1.38996
1.71812
0.81654
2.20996
2.35598

0.752414
0.447689
1.64558
0.87553
1.864

4.7 cm/pix
452 points/m2
25,457 x 28,426
WGS 84 (EPSG:4326)

3.64 cm/pix
754 points/m2
21,851 x 16,532
WGS 84 (EPSG:4326)

Dense cloud
Enabled

Dense cloud
Enabled

3 min 31 sec
1.5.2.7838

3 min 36 sec
1.5.2.7838

19,034 x 20,059
WGS 84 (EPSG:4326)
3 bands, uint8

11,006 x 8,373
WGS 84 (EPSG:4326)
3 bands, uint8

Mosaic
DEM
Yes
8 min 13 sec

Mosaic
Mesh
Yes
3 min 19 sec

Camera
Camera Model
Type
Resolution
Focal length
Pixel size
Precalibrated
Camera locations
X error (m)
Y error (m)
Z error (m)
XY error (m)
Total error (m)
Digital elevation model
Resolution
Point density
Size
Coordinate system
Reconstruction parameters
Source data
Interpolation
General
Processing time
Software version
Orthomosaic
Size
Coordinate system
Colors
Reconstruction parameters
Blending mode
Surface
Enable hole filling
Processing time
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Software version

1.5.2.7838

1.5.2.7838

1.5.2 build 7838
Windows 64

1.5.2. build 7838
Windows 64

Software
Version
Platform

Google Earth Engine script for performing time-series analysis

//Load ROI
var roi = ee.FeatureCollection('users/XXXXXXXXXXXXX/PIV_ROI'); //File location

//Set time frame
//Landsat since 1984-03-01, 5/2003-2/2013 Scanline Error, no data 8/1995-4/1999
//Sentinel 2 since 2017-03-28
var startdate = '2017-03-28';
var enddate = '2020-01-01';

//Do not modify; charts will be shown, and you can enlarge and export

var geometry = roi; // geometry = study area

// -------------------------------- Functions -------------------------------------

//Function for masking clouds in Landsat 8
function maskL8sr(image) {
// Bits 3 and 5 are cloud shadow and cloud, respectively.
var cloudShadowBitMask = (1 << 3);
var cloudsBitMask = (1 << 5);
// Get the pixel QA band.
var qa = image.select('pixel_qa');
// Both flags should be set to zero, indicating clear conditions.
var mask = qa.bitwiseAnd(cloudShadowBitMask).eq(0)
.and(qa.bitwiseAnd(cloudsBitMask).eq(0));
return image.updateMask(mask);
}

//Function for masking clouds in Landsat 4, 5 and 7
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var cloudMaskL457 = function(image) {
var qa = image.select('pixel_qa');
// If the cloud bit (5) is set and the cloud confidence (7) is high
// or the cloud shadow bit is set (3), then it's a bad pixel.
var cloud = qa.bitwiseAnd(1 << 5)
.and(qa.bitwiseAnd(1 << 7))
.or(qa.bitwiseAnd(1 << 3));
// Remove edge pixels that don't occur in all bands
var mask2 = image.mask().reduce(ee.Reducer.min());
return image.updateMask(cloud.not()).updateMask(mask2);
};

//Function for masking clouds in Sentinel 2
function maskS2clouds(image) {
var qa = image.select('QA60');
// 10 = Clouds, 11 = Cirrus
var cloudBitMask = 1 << 10;
var cirrusBitMask = 1 << 11;
// Set cloud mask equal to zero (= 0)
var mask = qa.bitwiseAnd(cloudBitMask).eq(0)
.and(qa.bitwiseAnd(cirrusBitMask).eq(0));
return image.updateMask(mask).divide(10000);
}
var maskcloud1 = function(image) {
var QA60 = image.select(['QA60']);
var clouds = QA60.bitwiseAnd(1<<10).or(QA60.bitwiseAnd(1<<11)); // this gives us cloudy
pixels
return image.updateMask(clouds.not()); // remove clouds from image
};

// -------------------------------- Image Collections -------------------------------------

// Image Collection for Landsat 8
var L8 = ee.ImageCollection('LANDSAT/LC08/C01/T1_SR')
//filter start and end date
.filterDate('2013-02-11', '2020-01-01')
//filter clouds
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.map(maskL8sr)
//filter according to drawn boundary
.filterBounds(geometry);

// Image Collection for Landsat 7
var L7 = ee.ImageCollection('LANDSAT/LE07/C01/T1_SR')
.filterDate('1999-04-15', '2013-02-10') // Scanline Error since May 2003
.map(cloudMaskL457)
.filterBounds(geometry);

// Image Collection for Landsat 5
var L5 = ee.ImageCollection('LANDSAT/LT05/C01/T1_SR')
.filterDate('1984-03-01', '1995-08-01') //"The MSS instrument was turned off in August
of 1995."
.map(cloudMaskL457)
.filterBounds(geometry);

// Image Collegion for Sentinel 2
var S2 = ee.ImageCollection("COPERNICUS/S2")
.filterBounds(geometry)
.filterDate(startdate, enddate)
//.filter(ee.Filter.lt('CLOUDY_PIXEL_PERCENTAGE', 20)) // only up to 20% cloud coverage
//.map(maskS2clouds); fails for some reason (system start time)
//.map(maskcloud1);
print(S2, 'S2');

// Adjust satellite band names
var LC8_BANDS = ['B2',

'B3',

'B4',

'B5',

'B6', 'B7']; //Landsat 8

var LC7_BANDS = ['B1',

'B2',

'B3',

'B4',

'B5', 'B7']; //Landsat 7

var LC5_BANDS = ['B1',

'B2',

'B3',

'B4',

'B5', 'B7']; //Landsat 5

var S2_BANDS = ['B2',

'B3',

'B4',

'B8',

var STD_NAMES = ['blue', 'green', 'red',

'nir',

'B11', 'B12'] //Sentinel 2
'swir1', 'swir2'];

var L8 = L8.select(LC8_BANDS, STD_NAMES); // Landsat 8
var L7 = L7.select(LC7_BANDS, STD_NAMES); //Landsat 7
var L5 = L5.select(LC5_BANDS, STD_NAMES); //Landsat 5
var S2 = S2.select(S2_BANDS, STD_NAMES); //Sentinel 2
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//Merge data of all Landsat satellites
var L_all = ee.ImageCollection(L5.merge(L7).merge(L8))
.filterDate(startdate, enddate);

// --------------------------------NDVI -------------------------------------

//Calculate NDVI by expression
// The problem is that it does not automatically recognize the type of an ImageCollection and
you have to cast it to ee.Image
var addNDVI = function(image) {
image = ee.Image(image);

//cast to image

return image.addBands(image.expression(
'(((NIR - RED) / (NIR + RED)))', {
NIR: image.select(['nir']),
RED: image.select(['red'])
}).rename('NDVI'));
};

// -------------------------------- NDVI Landsat -------------------------------------

var L_allwithNDVI = L_all.map(addNDVI);
var NDVIL = L_allwithNDVI.select('NDVI');
var NDVImed = NDVIL.median();

L_all = L_allwithNDVI;

// Create palettes for display of NDVI
var ndvi_pal = ['#d73027', '#f46d43', '#fdae61', '#fee08b', '#d9ef8b',
'#a6d96a'];

//Time-Series Chart for NDVI
var plotNDVIL = ui.Chart.image.seriesByRegion(L_all, geometry,ee.Reducer.mean(),
'NDVI',1,'system:time_start', 'system:index')
.setChartType('LineChart').setOptions({
title: 'Landsat NDVI short-term time series',
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hAxis: {title: 'Date'},
vAxis: {title: 'NDVI'}
});

// Display.
print(plotNDVIL);

// Display NDVI results on map
Map.addLayer(NDVImed.clip(geometry), {min:-0.1, max:0.2, palette: ndvi_pal}, 'NDVI');
Map.centerObject(geometry,12);

var LvideoCollection = L_all.map(function(image){
return image.visualize({bands: ['NDVI'], min:-0.1, max:0.2, palette: ndvi_pal});
})

Export.video.toDrive({
collection: LvideoCollection,
description: 'NDVI_video_L',
dimensions: 1080,
framesPerSecond: 1,
region: geometry
});

// -------------------------------- BSI -------------------------------------

var addBSI = function(image) {
image = ee.Image(image);
return image.addBands(image.expression(
'(((swir1+red)-(nir+blue) / (swir1+red)+(nir+blue)))', {
blue: image.select(['blue']),
nir: image.select(['nir']),
red: image.select(['red']),
swir1: image.select(['swir1'])
}).rename('BSI'));
};

// -------------------------------- BSI Landsat ------------------------------------164
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var L_allwithBSI = L_all.map(addBSI);
L_all = L_allwithBSI;

//Time-Series Chart for BSI
var plotBSIL = ui.Chart.image.seriesByRegion(L_all, geometry,ee.Reducer.mean(),
'BSI',1,'system:time_start', 'system:index')
.setChartType('LineChart').setOptions({
title: 'Landsat BSI short-term time series',
hAxis: {title: 'Date'},
vAxis: {title: 'BSI'}
});

print(plotBSIL);

// -------------------------------- NDVI S2 -------------------------------------

var S2_withNDVI = S2.map(addNDVI);
S2 = S2_withNDVI;
print(S2_withNDVI, 'S2_withNDVI');

// Create palettes for display of NDVI
var ndvi_pal = ['#d73027', '#f46d43', '#fdae61', '#fee08b', '#d9ef8b',
'#a6d96a'];

//Time-Series Chart for NDVI
var plotNDVIS2 = ui.Chart.image.seriesByRegion(S2, geometry,ee.Reducer.mean(),
'NDVI',1,'system:time_start', 'system:index')
.setChartType('LineChart').setOptions({
title: 'Sentinel 2 NDVI short-term time series',
hAxis: {title: 'Date'},
vAxis: {title: 'NDVI'}
});

// Display.
print(plotNDVIS2);
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var S2videoCollection = S2.map(function(image){
return image.visualize({bands: ['NDVI'], min:-0.1, max:0.2, palette: ndvi_pal});
})

Export.video.toDrive({
collection: S2videoCollection,
description: 'NDVI_video_S2',
dimensions: 1080,
framesPerSecond: 1,
region: geometry
});

// -------------------------------- BSI S2 -------------------------------------

var S2_withBSI = S2.map(addBSI);
S2 = S2_withBSI;

//Time-Series Chart for BSI

var plotBSIS2 = ui.Chart.image.seriesByRegion(S2, geometry,ee.Reducer.mean(),
'BSI',1,'system:time_start', 'system:index')
.setChartType('LineChart').setOptions({
title: 'S2 BSI short-term time series',
hAxis: {title: 'Date'},
vAxis: {title: 'BSI'}
});

print(plotBSIS2);

Google Earth Engine script for collecting satellite imagery for defined time periods

// Define variable for ROI
var geometry = ee.FeatureCollection('users/ XXXXXXXXXXXXX/PIV_ROI'); //File location

//Function for masking clouds in Landsat 8
function maskL8sr(image) {
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// Bits 3 and 5 are cloud shadow and cloud, respectively.
var cloudShadowBitMask = (1 << 3);
var cloudsBitMask = (1 << 5);
// Get the pixel QA band.
var qa = image.select('pixel_qa');
// Both flags should be set to zero, indicating clear conditions.
var mask = qa.bitwiseAnd(cloudShadowBitMask).eq(0)
.and(qa.bitwiseAnd(cloudsBitMask).eq(0));
return image.updateMask(mask);
}

// Get single image
var startdate = '2019-01-22';
var enddate = '2019-02-27';

// Define variable for image
var image = ee.ImageCollection("LANDSAT/LC08/C01/T1_SR")
.filterBounds(geometry)
.filterDate(startdate, enddate)
.map(maskL8sr);

print(image, 'image');

var l8 = image.mean()

// Export image
Export.image.toDrive({
image: l8,
description: 'L8_20190122-20190227',
region: geometry,
scale: 15, // pixel size
crs: 'epsg:32719' // Coordinate system
});
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Image collection based on time-series analysis

Figure S4: Image collection for time periods without geomorphological changes to the study area based on timeseries analysis results from 2012 to 2020 (a–j).
Note that (a) and (b) show the same investigation period recorded by Landsat 8 and Sentinel 2, respectively. Names
are based on seasons of the southern hemisphere. All investigation periods are listed in table 12. Due to effects of
cloud masking on the image colour scheme, change detection solely based on visual impression partly remains
difficult.
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Figure S5: Image collection for time periods without geomorphological changes to the study area based on timeseries analysis results from 2000 to 2012 (a–j).
Note that change detection solely based on visual impression remains difficult as effects of cloud masking and the
scanline error of Landsat 7 (since June 2003) considerably affect image quality. Names are based on seasons of
the southern hemisphere. All investigation periods are listed in table 12.

169

Appendix

Figure S6: Image collection for time periods without geomorphological changes to the study area based on timeseries analysis results from 1984 to 2000 (a–h).
Note that (g) and (h) show the same investigation period with (g) and without using a cloud mask (h), but both
resulting images remain useless for detecting surface changes. Names are based on seasons of the southern
hemisphere. All investigation periods are listed in table 12.
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III Sedimentological data

Further sedimentary records

Figure S7: Stratigraphic units from floodplain pits P3 to P5 of central to lower valley sections that have been photographically documented showing key features of ephemeral stream deposits.

Principal component analyses

Table S2: Element loadings for eigenvectors from principal component analyses for geochemistry (XRF; a) and the
whole sedimentological dataset (b).
a)

Mean
Skewness
C/N
N
Al
K
Ti
Mn

XRF

b)

Grain size, C/N and XRF

PC 1

PC 2

PC 1

PC 2

----------------------------------------------------------------------------------------------------0.146
-0.310
0.320
0.324

-----------------------------------------------------------------------------------------------------0.157
0.202
0.165
0.218

0.078
0.186
-0.020
-0.038
0.144
-0.303
0.314
0.315

-0.434
-0.040
0.043
0.091
-0.114
0.136
0.110
0.224
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Ti/Al
Ti/Ca
Si/Al
Al/Ca
Fe/K
Ti/Fe
Si/Ca
K/Ca
Fe/Al

0.285
0.168
-0.253
-0.169
0.362
-0.274
-0.290
-0.265
0.335

0.254
0.543
0.034
0.415
0.081
0.050
0.350
0.395
0.199

0.279
0.156
-0.243
-0.176
0.352
-0.264
-0.290
-0.268
0.325
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0.173
0.476
-0.089
0.427
0.097
-0.049
0.283
0.363
0.190

Appendix
Grain-size characteristics

Figure S8: Grain-size characteristics of different depositional environments.
Similar grain-size distributions of fluvial and aeolian deposits indicate similar sediment sources (a), which is confirmed by cross-plots of different grain-size parameters (b). Note that fluvial phases identified in the stratigraphic
record (numbered in bold; b) show only minor differences in granulometry that are only statistically significant for
b2. Nomenclature is based on chronological findings.
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Grain-specific geochemistry

Figure S9: Feldspar grains of luminescence sample T3-2 analysed with micro-XRF.
(Stockholm University, 2019)

Table S3: Results of micro-XRF studies on feldspar luminescence sample T3-2.
(Stockholm University, 2019)
a)

Subsample 1

Spectrum

O

Na

Al

Si

K

Ca

Ti

Mn

Fe

Sr

Mo

Rh

Grain 01
Grain 02
Grain 03
Grain 04
Grain 05
Grain 06
Grain 07
Grain 08
Grain 09
Grain 10
Grain 11
Grain 12
Grain 13
Grain 14
Grain 15
Grain 16
Grain 17
Grain 18

47.33
48.98
47.61
48.58
48.11
45.78
48.63
48.50
48.98
48.84
49.89
49.64
50.23
49.45
49.14
46.72
49.12
48.02

2.06
0.00
0.00
1.22
1.60
0.09
0.00
1.73
0.00
0.41
0.00
0.66
1.27
0.00
1.63
0.00
0.00
0.00

9.77
6.94
9.03
9.38
7.79
9.09
8.14
8.78
6.93
8.71
9.00
7.15
6.90
7.93
7.22
9.46
8.55
9.44

30.83
35.52
31.71
32.41
32.56
27.34
33.63
32.95
35.22
34.09
35.64
35.99
37.26
34.68
35.52
27.76
34.06
31.16

6.71
6.03
7.13
3.07
3.38
5.43
4.86
4.20
5.28
5.74
4.80
3.48
2.98
2.45
4.90
1.22
3.90
3.44

1.19
1.04
0.44
3.43
2.49
3.65
2.19
1.78
0.47
1.06
0.35
1.11
0.63
2.00
0.72
4.46
1.63
4.00

0.21
0.22
0.37
0.30
0.46
1.10
0.51
0.41
0.36
0.08
0.05
0.20
0.10
0.41
0.14
0.89
0.34
0.59

0.01
0.05
0.24
0.05
0.05
0.13
0.02
0.03
0.02
0.00
0.00
0.05
0.04
0.06
0.07
0.06
0.02
0.06

1.87
1.21
3.46
1.57
3.54
7.35
2.02
1.63
2.73
1.07
0.26
1.71
0.59
2.99
0.65
9.38
2.39
3.28

0.01
0.00
0.01
0.00
0.02
0.04
0.01
0.00
0.00
0.00
0.00
0.01
0.00
0.02
0.00
0.05
0.00
0.02

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
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Grain 19
Grain 20
Grain 21
Grain 22
Grain 23
Grain 24
Grain 25
Grain 26
Grain 27
Grain 28
Grain 29
Grain 30

44.80
50.62
48.77
47.48
48.69
46.55
48.39
48.36
48.07
47.70
46.05
49.89

2.62
0.00
0.02
2.59
0.26
4.10
0.00
2.03
3.45
0.00
0.05
3.65

8.33
8.13
9.04
9.16
8.04
10.14
8.76
9.85
8.59
8.58
6.84
7.00

25.00
37.08
33.00
30.40
34.03
29.96
32.41
31.61
32.00
30.65
28.48
36.44

1.17
2.83
3.78
3.13
5.74
9.01
3.84
2.92
2.88
2.23
2.22
1.90

4.04
0.75
2.86
3.47
0.98
0.04
3.19
2.32
1.97
4.25
0.72
0.38

0.52
0.08
0.49
0.63
0.60
0.07
0.67
0.45
0.43
0.76
0.18
0.07

0.05
0.01
0.03
0.04
0.01
0.00
0.04
0.03
0.04
0.09
0.08
0.04

13.43
0.51
2.00
3.08
1.65
0.14
2.69
2.43
2.58
5.71
15.38
0.63

0.05
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.00
0.03
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Mean
σ
σ (%)
Conf.
interval:

48.30
1.34
2.78
0.25

0.98
1.27
129.78
0.23

8.42
0.97
11.58
0.18

32.65
3.01
9.21
0.55

4.02
1.81
44.92
0.33

1.92
1.36
70.88
0.25

0.39
0.26
66.87
0.05

0.05
0.05
97.97
0.01

3.26
3.64
111.59
0.67

0.01
0.01
140.52
0.00

0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00

b)

Subsample 2

Spectrum

O

Na

Al

Si

K

Ca

Ti

Mn

Fe

Sr

Mo

Rh

Grain 31
Grain 32
Grain 33
Grain 34
Grain 35
Grain 36
Grain 37
Grain 38
Grain 39
Grain 40
Grain 41
Grain 42
Grain 43
Grain 44
Grain 45
Grain 46
Grain 47
Grain 48
Grain 49
Grain 50
Grain 51
Grain 52
Grain 53
Grain 54
Grain 55
Grain 56
Grain 57
Grain 58
Grain 59
Grain 60

49.71
52.11
50.73
48.34
47.89
47.38
49.52
49.52
47.76
47.13
46.04
47.88
47.78
49.17
49.84
48.94
48.99
48.55
49.34
50.03
48.68
48.41
48.14
48.35
47.51
47.59
47.60
48.79
48.72
47.71

0.07
0.00
0.00
0.00
0.00
0.84
0.00
0.00
0.00
0.52
0.00
0.91
0.39
0.00
0.00
0.44
0.02
0.00
0.00
0.00
0.00
0.00
0.00
1.74
1.50
2.77
1.06
0.00
1.56
1.16

9.43
2.12
5.08
8.72
9.44
9.95
7.16
7.88
9.38
10.12
10.01
9.12
9.78
7.82
10.82
8.01
8.55
8.66
7.73
7.29
8.69
8.20
9.01
9.77
10.70
8.45
11.17
10.85
8.86
8.49

34.70
43.43
39.25
32.03
30.66
29.89
35.22
35.61
30.89
31.27
29.93
32.71
32.28
35.29
33.68
34.66
33.64
32.82
35.38
36.92
33.34
32.74
31.39
32.01
30.34
31.14
29.48
31.80
33.25
30.73

3.94
1.17
2.92
2.95
2.60
4.04
2.52
4.47
4.59
10.64
13.56
8.22
9.07
5.99
3.06
5.66
3.52
4.07
5.04
4.42
4.77
3.69
2.12
4.32
6.29
3.39
3.92
3.31
4.02
2.05

0.63
0.20
0.90
3.21
5.39
4.87
1.78
1.92
2.43
0.09
0.00
0.52
0.20
0.63
0.74
0.88
1.68
2.13
1.01
0.38
2.34
3.15
5.48
2.08
2.35
2.66
4.04
3.81
2.02
1.02

0.23
0.04
0.24
0.74
0.70
0.49
0.69
0.10
0.78
0.03
0.27
0.08
0.09
0.23
0.53
0.26
0.50
0.66
0.32
0.10
0.52
0.72
0.43
0.50
0.51
0.72
0.53
0.38
0.45
0.55

0.03
0.00
0.01
0.05
0.06
0.06
0.01
0.00
0.04
0.02
0.00
0.01
0.00
0.02
0.00
0.02
0.05
0.03
0.01
0.02
0.02
0.05
0.03
0.00
0.01
0.04
0.02
0.01
0.01
0.05

1.26
0.94
0.87
3.95
3.24
2.47
3.09
0.45
4.12
0.19
0.18
0.53
0.41
0.85
1.33
1.15
3.06
3.08
1.16
0.83
1.64
3.03
3.37
1.23
0.78
3.23
2.17
1.06
1.11
8.20

0.00
0.00
0.00
0.00
0.03
0.01
0.00
0.05
0.01
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.01
0.04
0.00
0.01
0.01
0.00
0.00
0.00
0.04

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Mean
σ
σ (%)
Conf.
interval:

48.61
1.20
2.46
0.22

0.43
0.70
162.91
0.13

8.71
1.79
20.53
0.33

33.22
2.98
8.98
0.54

4.68
2.65
56.67
0.48

1.95
1.57
80.63
0.29

0.41
0.23
56.75
0.04

0.02
0.02
80.59
0.00

1.97
1.68
85.25
0.31

0.01
0.01
174.56
0.00

0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
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IV Luminescence data

Renaming of luminescence samples according to their depositional environment

Table S4: Identification of luminescence samples used in this study.
Lab-ID

Sample-ID

Sample-ID
used in this study

Depositional environment

Year of sampling

C-L4580
C-L5056
C-L5057
C-L4317
C-L4318
C-L4319
C-L4320
C-L4321
C-L4322
C-L5058
C-L5059
C-L5060
C-L5061
C-L5062
C-L5063
C-L5064
C-L5065
C-L4323
C-L4324
C-L4325
C-L5066

PD 1
PD 2
PD 3
OSL 1
OSL 2
OSL 3
OSL 4
OSL 5
OSL 6
OSL 8
P 2 OSL 1
P 2 OSL 2
P 2 OSL 3
P 2 OSL 4
P 3 OSL 1
P 3 OSL 2
P 3 OSL 3
MOD 1
MOD 2
MOD 3
2019 Levee 1

PD1
PD2
PD3
FP1
FP2
D1
FP4
FP5
FP6
FP8
T2-1
T2-2
T2-3
T2-4
T3-1
T3-2
T3-3
D-2017
SD-2017
FP-2017
LV-2019

Palaeodune
Palaeodune
Palaeodune
Floodplain (pit)
Floodplain (pit)
Dune
Floodplain (pit)
Floodplain (pit)
Floodplain (pit)
Floodplain (pit)
Profile trench
Profile trench
Profile trench
Profile trench
Profile trench
Profile trench
Profile trench
Modern dune
Modern slackwater deposit
Modern sand fan
Modern levee

2017
2017
2017
2017
2017
2017
2017
2017
2017
2018
2019
2019
2019
2019
2019
2019
2019
2017
2017
2017
2019

R script for De analyses, age calculation and fading correction

# ------------------------------------------------------------------------------------------------------------------------# Variation of evaluation intervals including construction of De(t) plots
#--------------------------------------------------------------------------------------------------------------------------

# Load R-Luminescence package, load moment package and set working directory
library ("Luminescence")
setwd("D:/Dokumente/Masterarbeit/Lumineszenzdatierung")

## Import De distribution from txt file
file <- file.choose()
distribution <- read.table(file)
colnames(distribution) <- c("De", "De Error")
N <- as.numeric(nrow(distribution))
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# ------------------------------------------------------------------------------------------------------------------------# (1) Plot De distribution as KDE and Abanico Plot
# -------------------------------------------------------------------------------------------------------------------------

## plot distribution as KDE
plot_KDE(data = distribution)

## plot distribution as Abanico Plot
plot_AbanicoPlot(data = distribution)

# ------------------------------------------------------------------------------------------------------------------------# (3) Calculate mean De values (COM, CAM, MAM, FMM)
# -------------------------------------------------------------------------------------------------------------------------

## calculate Central Age Model (CAM) De
CAM <- calc_CentralDose(data = distribution, log = TRUE)
CAM.De <- matrix(c(CAM@data$summary$de, CAM@data$summary$de_err), ncol = 2)
colnames(CAM.De) <- c("De", "De Error")
OD <- matrix(c(CAM@data$summary$OD, CAM@data$summary$OD_err), ncol = 2)
colnames(OD) <- c("overdispersion", "overdispersion error")

## calculate Minimum Age Model (MAM) De
sig.b <- 0.17 ## define sigmab value

MAM <- calc_MinDose(data = distribution,log = TRUE, sigmab = sig.b)
MAM.De

<-

matrix(c(MAM@data$summary$de,

MAM@data$summary$de_err,

MAM@data$summary$ci_lower,
MAM@data$summary$ci_upper, MAM@data$summary$p0), ncol = 5)
colnames(MAM.De) <- c("De", "symmetric Error", "lower asymmetric bound", "upper
asymmetric bound", "p0")

## calculate Bootstrap Minimum Age Model (BootMAM) De
sig.b <- 0.17

## define sigmab value

sig.b_err <- 0.05 ## define error on sigmab
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MAM_bs <- calc_MinDose(data = distribution,log = TRUE, bootstrap = TRUE, sigmab = sig.b,
sigmab.sd = sig.b_err,
bs.M = 500, bs.N = 1500)
MAM_bs <- get_RLum(MAM_bs, "bootstrap")
MAM_bs.De <- matrix(c(mean(MAM_bs$pairs$gamma[,1]), sd(MAM_bs$pairs$gamma[,1])),
ncol = 2)
colnames(MAM_bs.De) <- c("De", "symmetric Error")

## calculate arithmetic mean
AM <- mean(distribution[,1])

## Fading correction
library(Luminescence)
calc_FadingCorr(
age.faded = c(0.502, 0.108), # ka, err
g_value = c(1.29, 0.20),
tc = 590, # look up in bin.file
tc.g_value = 172800, # do not modify
n.MC = 1000) # do not modify
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Test measurements

Figure S10: Results of preheat plateau tests on sample PIV FP1.
Though recuperation is maximal for the pIRIR180 stimulation temperature, it is comparable low (~2.0 % of the natural
signal). Thus, the pIRIR180 protocol offers the best compromise given the preheat plateaus and low residual doses,
also to use the extracted IR50 signal. To test for residual doses in response to different stimulation temperatures,
samples were bleached in a Hönle SOL2 solar simulator for 24 hours. Preheat temperature was always 30 °C
higher than pIRIR stimulation temperature. All uncertainties are given with 1-σ standard deviation.
(Based on Keiser, 2018: 1–59)
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Figure S11: Performance of the pIRIR protocols used by Keiser (2018: 1–59), added by sample PD1.
Except for PD1, laboratory residuals are nearly absent (see also inset). While for IR50- and pIRIR225 protocols, dose
recovery ratio (DRR) is within the acceptable ±10%-error range (shaded in grey), ratios are in the lower acceptable
range for the pIRIR180 protocol and significantly underestimate for samples FP4 and 5. Results of fading determination are shown with standard errors. Since the pIRIR180 protocol obtained g-values of >20 %/decade, ages of
these samples were corrected with g-values averaged from measured ones of this study. Averaged fading rates
and errors are indicated by crosses and colour-shaded areas.

Figure S12: Dose recovery test for modern analogue samples.
Mean dose-recovery ratios (DRR) are shown for IR50- and pIRIR225 protocols. Note that the IR50 signal extracted
out of the pIRIR225 signal is in very good agreement with the IR50 protocol while for D-2017, the pIRIR225 signal is
out of the acceptable ±10%-error range.
(Based on Rhein, 2018: 1–79)
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Figure S13: Results of short- and long-term fading tests with g-values for each sample (a) and fading rates for
representative aliquots of selected samples (b and c).
Short-term g-values show larger variabilities (especially for the palaeodunes) resulting in higher mean g-values
(shaded) that were used to correct feldspar ages of previous studies. Large IR 50 g-values obtained for PD2 are
most likely caused by the measurement procedure in that instead of the first measurement point the second was
repeated leading to imprecise curve fit. In addition to selected aliquots, also averaged fading rates of all measured
aliquots are shown for each IRSL protocol.
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Equivalent dose distributions – KDE plots

Figure S14: Equivalent dose distributions based on the IR50 signal out of pIRIR measurements for samples PD1–
3 (a–c) and FP8 (d) shown as KDE plots, with data <2 σ (blue) used for age calculation.

Figure S15: Equivalent dose distributions based on pIRIR225- (PD1–3; a–c) and pIRIR180 signals (FP8; d) shown
as KDE plots, with data <2σ (red and black) used for age calculation.
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Figure S16: Equivalent dose distributions based on the IR 50 signal out of pIRIR180 measurements for all luminescence samples of profile trenches T2 (a–d) and T3 (e–g) as well as the 2019 Levee (h) shown as KDE plots, with
data <2σ (blue) used for age calculation.

183

Appendix

Figure S17: Equivalent dose distributions based on pIRIR180 signals for all luminescence samples of profile
trenches T2 (a–d) and T3 (e–g) as well as the 2019 Levee (h) shown as KDE plots.
For age calculation, only De values within 2σ range were considered (black). The inset of (d) shows the positively
skewed De distribution excluding the outlier of ~270 Gy.
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Equivalent dose distributions and age calculation – Bootstrap minimum age model

Figure S18: Bootstrap likelihoods based on the IR50 signal out of pIRIR measurements for samples PD1–3 (a–c),
and FP8 (d).

Figure S19: Bootstrap likelihoods based on pIRIR225- (PD1–3; a–c) and pIRIR180 signals (FP8; d).
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Figure S20: Bootstrap likelihoods based on the IR50 signal out of pIRIR180 measurements for samples of profile
trenches T2 (a–d) and T3 (e–g), and the 2019 Levee (h).
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Figure S21: Bootstrap likelihoods based on pIRIR180 signals for samples of profile trenches T2 (a–d) and T3 (e–g),
and the 2019 Levee (h).
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Feldspar luminescence dating results

Table S5: Feldspar luminescence dating results for all samples with fading rates from short-term fading measurements.
Ages of 2017 analogues, PD1, D1 and FP1–6 were corrected with g-values averaged from all samples measured in this study and for each protocol, respectively. For age calculation
of T2-1, the scaled gamma dose rate was used (see figure S23 and tables S9–S12). Bold ages are assumed to be the most appropriate in the context of age model selection. CAM
– central age model, MAMbootstrap – bootstrap minimum age model, *MAM – minimum age model, De – equivalent dose.
a)

Modern analogues

Sample
(origin)

D-2017
(aeolian)
SD-2017
(fluvial)
FP-2017
(fluvial)
LV-2019
(fluvial)
b)

Signal

IR50
post-IR225
IR50
post-IR225
IR50
post-IR225
IR50
post-IR180

σb (%)

g-value

CAM

MAMbootstrap and *MAM

Mean De (Gy)

Uncorrected age (yrs)

Corrected age (yrs)

Mean De (Gy)

Uncorrected age (yrs) Corrected age (yrs)

20 ± 4
70 ± 4
2960 ± 138
6660 ± 238
------------------------------------------------154 ± 18
197 ± 18

31 ± 7
77 ± 9
5805 ± 868
7664 ± 1091
------------------------------------------------248 ± 31
217 ± 20

--------------------------------------------------------------------------------0.62 ± 0.19*
1.87 ± 0.48*
0.52 ± 0.12
0.86 ± 0.13

------------------------------------------------------------------------------------------------140 ± 42*
420 ± 107*
108 ± 25
178 ± 28

------------------------------------------------16 ± 5
17 ± 5

7.26 ± 0.78
1.79 ± 1.57
7.26 ± 0.78
1.79 ± 1.57
7.26 ± 0.78
1.79 ± 1.57
6.71 ± 0.18
1.49 ± 0.12

0.10 ± 0.22
0.33 ± 0.02
13.32 ± 0.62
29.98 ± 1.07
----------------------------------------0.74 ± 0.08
0.95 ± 0.08

σb (%)

g-value

CAM

------------------------------------------------------------------------------------------------235 ± 78*
472 ± 141*
171 ± 42
196 ± 31

Historical deposits

Sample
(origin)

PD1
(aeolian)
PD2
(aeolian)
PD3
(aeolian)
FP1

Signal

IR50
post-IR225
IR50
post-IR225
IR50
post-IR225
IR50

16 ± 5
17 ± 5
16 ± 5
17 ± 5
16 ± 5
17 ± 5
---------

7.26 ± 0.78
1.79 ± 1.57
7.26 ± 0.78
0.22 ± 0.58
7.26 ± 0.78
3.36 ± 1.27
7.26 ± 0.78

MAMbootstrap and *MAM

Mean De (Gy)

Uncorrected age (yrs)

Corrected age (yrs)

Mean De (Gy)

Uncorrected age (yrs) Corrected age (yrs)

174.17 ± 15.71
291.89 ± 19.82
192.16 ± 7.80
375.93 ± 20.64
197.07 ± 10.15
381.94 ± 19.36
6.52 ± 0.65

38894 ± 3840
65182 ± 5141
57892 ± 3982
113256 ± 8845
58872 ± 4312
114100 ± 8293
1367 ± 145

91862 ± 23938
77291 ± 16661
132978 ± 29664
------------------------135384 ± 29037
158635 ± 29679
2664 ± 488

159.84 ± 23.03
286.24 ± 23.51
180.35 ± 16.80
321.38 ± 42.87
188.47 ± 15.76
371.38 ± 27.56
---------------------

35694 ± 5339
63920 ± 6864
54334 ± 5893
96821 ± 13990
56303 ± 5547
110946 ± 10059
-------------------------

188

83827 ± 21837
75781 ± 16866
124270 ± 27015
------------------------129084 ± 28825
154166 ± 30967
-------------------------
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(fluvial)
FP2
(fluvial)
D1
(aeolian)
FP4
(fluvial)
FP5
(fluvial)
FP6
(fluvial)
FP8
(fluvial)
T2-1
(fluvial)
T2-2
(aeolian)
T2-3
(fluvial)
T2-4
(fluvial)
T3-1
(aeolian)
T3-2
(aeolian)
T3-3
(fluvial)

post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180

--------25
25
25
25
----------------25
25
25
25
16 ± 5
17 ± 5
16 ± 5
17 ± 5
16 ± 5
17 ± 5
16 ± 5
17 ± 5
16 ± 5
17 ± 5
16 ± 5
17 ± 5
16 ± 5
17 ± 5
16 ± 5
17 ± 5

1.29 ± 0.20
7.26 ± 0.78
1.29 ± 0.20
7.26 ± 0.78
1.29 ± 0.20
7.26 ± 0.78
1.29 ± 0.20
7.26 ± 0.78
1.29 ± 0.20
7.26 ± 0.78
1.29 ± 0.20
5.07 ± 0.35
0.19 ± 0.97
6.37 ± 0.54
1.20 ± 0.27
5.58 ± 0.68
1.04 ± 0.38
6.76 ± 0.33
2.25 ± 0.13
5.98 ± 0.50
1.86 ± 0.48
6.02 ± 0.58
1.33 ± 0.53
6.37 ± 0.77
0.82 ± 0.32
6.41 ± 0.36
1.41 ± 0.28

5.39 ± 0.65
--------------------------------------------------------------------------------1.58 ± 0.30
2.49 ± 0.53
--------------------------------------------------------------------------------5.88 ± 0.29
6.60 ± 0.18
1.04 ± 0.16
1.18 ± 0.25
0.24 ± 0.04
0.56 ± 0.05
0.56 ± 0.03
1.11 ± 0.12
0.61 ± 0.06
0.92 ± 0.08
0.14 ± 0.03
0.24 ± 0.04
0.40 ± 0.03
0.68 ± 0.08
1.12 ± 0.03
1.32 ± 0.06

1130 ± 142
------------------------------------------------------------------------------------------------318 ± 61
502 ± 108
------------------------------------------------------------------------------------------------1238 ± 76
1390 ± 64
214 ± 43
243 ± 60
50 ± 8
116 ± 11
118 ± 8
234 ± 27
125 ± 13
189 ± 18
30 ± 7
52 ± 9
91 ± 8
154 ± 19
234 ± 11
276 ± 16
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1245 ± 159
------------------------------------------------------------------------------------------------571 ± 137
550 ± 123
------------------------------------------------------------------------------------------------1862 ± 139
------------------------339 ± 75
------------------------71 ± 13
------------------------188 ± 16
271 ± 31
188 ± 22
213 ± 22
43 ± 11
------------------------140 ± 16
------------------------373 ± 25
303 ± 19

--------------------7.38 ± 0.56*
6.01 ± 0.68*
0.26 ± 0.13*
0.43 ± 0.14*
----------------------------------------4.56 ± 0.91*
3.17 ± 0.67*
1.71 ± 0.37*
2.52 ± 0.50*
4.92 ± 0.51
6.50 ± 0.23
0.63 ± 0.06
0.02 ± 0.18
0.24 ± 0.03
0.53 ± 0.07
0.54 ± 0.04
0.83 ± 0.15
0.45 ± 0.08
0.76 ± 0.12
0.09 ± 0.06
0.20 ± 0.07
0.39 ± 0.03
0.56 ± 0.10
1.12 ± 0.03
1.27 ± 0.12

------------------------1548 ± 130*
1261 ± 150*
53 ± 26*
87 ± 28*
------------------------------------------------963 ± 195*
669 ± 144*
350 ± 77*
516 ± 104*
1036 ± 114
1369 ± 70
130 ± 21
4 ± 37
50 ± 6
110 ± 15
114 ± 9
175 ± 32
92 ± 17
156 ± 25
20 ± 13
43 ± 15
88 ± 8
127 ± 23
234 ± 11
265 ± 27

------------------------3016 ± 502*
1390 ± 163*
88 ± 1250166*
95 ± 30*
------------------------------------------------1829 ± 462*
735 ± 163*
631 ± 168*
566 ± 112*
1550 ± 193
------------------------202 ± 38
------------------------71 ± 10
------------------------182 ± 16
202 ± 37
137 ± 27
176 ± 29
28 ± 17
------------------------135 ± 17
------------------------373 ± 25
291 ± 30
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Table S6: Short-term fading- and inheritance correction for all feldspar luminescence ages based on dating results
for modern analogues.
Only ages of the sample-specific most suitable age models are given. Stars indicate the age model used (*central
age model, **minimum age model, no star – bootstrap minimum age model).
a)

Modern analogues

Sample
(origin)

Signal

D-2017
(aeolian)
SD-2017
(fluvial)
FP-2017
(fluvial)
LV-2019
(fluvial)

IR50
post-IR225
IR50
post-IR225
IR50
post-IR225
IR50
post-IR180

b)

g-value

Uncorrected
age

Fadingcorrected age
(yrs)

Fadingcorrected age
minus
inheritance (yrs)

7.26 ± 0.78
1.79 ± 1.57
7.26 ± 0.78
1.79 ± 1.57
7.26 ± 0.78
1.79 ± 1.57
6.71 ± 0.18
1.49 ± 0.12

20 ± 4*
70 ± 4*
2960 ± 138*
6660 ± 238*
140 ± 42**
420 ± 107**
108 ± 25
178 ± 28

31 ± 7*
77 ± 9*
5805 ± 868*
7664 ± 1091*
235 ± 78**
472 ± 141**
171 ± 42
196 ± 31

-----------------------------------------------------------------------------------------------------------------------------------------------------------------

Fadingcorrected age
(yrs)

Fadingcorrected age
minus
inheritance (yrs)

83827 ± 21837
75781 ± 16866
124270 ± 27015
--------------------129084 ± 28825
154166 ± 30967
2664 ± 488*
1245 ± 159*
3016 ± 502**
1390 ± 163**
88 ± 1250166**
95 ± 30**
571 ± 137*
550 ± 123*
1829 ± 462**
735 ± 163**
631 ± 168**
566 ± 112**
1550 ± 193
--------------------202 ± 38
--------------------71 ± 10
--------------------182 ± 16
202 ± 37
137 ± 27
176 ± 29
28 ± 17
--------------------135 ± 17
--------------------373 ± 25

83796 ± 21837
75704 ± 16866
124239 ± 27015
154089 ± 30967
129053 ± 28825
154089 ± 30967
2464 ± 488*
1049 ± 159*
2816 ± 502**
1194 ± 163**
57 ± 34**
18 ± 30**
371 ± 137*
354 ± 123*
1629 ± 462**
539 ± 163**
431 ± 168**
370 ± 112**
1350 ± 193
1173 ± 70
2 ± 38
47 ± 60
40 ± 10
33 ± 15
-18 ± 16
6 ± 37
-63 ± 27
-20 ± 29
-3 ± 17
-34 ± 15
104 ± 17
50 ± 23
173 ± 25

Historical deposits

Sample
(origin)

Signal

g-value

Uncorrected
age

PD1
(aeolian)
PD2
(aeolian)
PD3
(aeolian)
FP1
(fluvial)
FP2
(fluvial)
D1
(aeolian)
FP4
(fluvial)
FP5
(fluvial)
FP6
(fluvial)
FP8
(fluvial)
T2-1
(fluvial)
T2-2
(aeolian)
T2-3
(fluvial)
T2-4
(fluvial)
T3-1
(aeolian)
T3-2
(aeolian)
T3-3

IR50
post-IR225
IR50
post-IR225
IR50
post-IR225
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50
post-IR180
IR50

7.26 ± 0.78
1.79 ± 1.57
7.26 ± 0.78
0.22 ± 0.58
7.26 ± 0.78
3.36 ± 1.27
7.26 ± 0.78
1.29 ± 0.20
7.26 ± 0.78
1.29 ± 0.20
7.26 ± 0.78
1.29 ± 0.20
7.26 ± 0.78
1.29 ± 0.20
7.26 ± 0.78
1.29 ± 0.20
7.26 ± 0.78
1.29 ± 0.20
5.07 ± 0.35
0.19 ± 0.97
6.37 ± 0.54
1.20 ± 0.27
5.58 ± 0.68
1.04 ± 0.38
6.76 ± 0.33
2.25 ± 0.13
5.98 ± 0.50
1.86 ± 0.48
6.02 ± 0.58
1.33 ± 0.53
6.37 ± 0.77
0.82 ± 0.32
6.41 ± 0.36

35694 ± 5339
63920 ± 6864
54334 ± 5893
96821 ± 13990
56303 ± 5547
110946 ± 10059
1367 ± 145*
1130 ± 142*
1548 ± 130**
1261 ± 150**
53 ± 26**
87 ± 28**
318 ± 61*
502 ± 108*
963 ± 195**
669 ± 144**
350 ± 77**
516 ± 104**
1036 ± 114
1369 ± 70
130 ± 21
243 ± 60*
50 ± 6
110 ± 15
114 ± 9
175 ± 32
92 ± 17
156 ± 25
20 ± 13
43 ± 15
88 ± 8
127 ± 23
234 ± 11
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(fluvial)

post-IR180

1.41 ± 0.28

265 ± 27

291 ± 30

95 ± 30

Performance of single-grain feldspar luminescence dating

Table S7: Measurement steps of the SAR protocol for single-grain measurements on sample PD2 applied in this
study.
R1–4 – regenerative doses, R0 – zero dose for determination of recuperation, RR – regenerative dose for determination of recycling ratio.
pIRIR225 protocol
Step

Treatment

Observe

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

Preheat 250 °C for 10 s
Pause for 5 s
IRSL (laser) 50 °C for 2 s
Pause for 5 s
Pause for 5 s
IRSL (laser) 225 °C for 2 s
Pause for 5 s
Test dose
Preheat 250 °C for 10 s
Pause for 5 s
IRSL (laser) 50 °C for 2 s
Pause for 5 s
Pause for 5 s
IRSL (laser) 225 °C for 2 s
Pause for 5 s
IRSL (LEDs) 270 °C for 100 s
Regenerative dose (R1–4, R0, RR)
Return to step 1

Lx (IR50)

Lx (pIRIR225)

Tx (IR50)

Tx (pIRIR225)

Figure S22: Equivalent dose distribution as KDE plot (a) and bootstrap likelihood (b) based on the IR 50 signal for
sample PD2.
For age calculation, only De values within 2σ range were considered (blue).
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Table S8: Single-grain feldspar luminescence dating results for PD2.
Because of the low signal intensity of multigrain aliquots, only the IR50 signal was evaluated for single-grain aliquots to ensure signal intensity significantly different from the background. N – Number of grains. CAM – central age model, MAMbootstrap – bootstrap minimum age model, *MAM – minimum age model, De – equivalent dose.
a)

Statistical parameters of De measurements

Sample
(origin)

Signal Nmeasured

PD2
IR50
(aeolian)
b)

176

Nwith signal

Naccepted

50100 %-signal
9
1690 %-signal

Over-dispersion
Skewness
(%)

Arithmetic mean
(Gy)

45.6 ± 11.6

255.9 ± 111.4

0.3

Feldspar luminescence dating results with long-term fading- and inheritance correction based on dating results for modern analogues

Sample
(origin)

Signal σb (%)

g-value

CAM
Mean De (Gy)

PD2
IR50
(aeolian)

16 ± 5

MAMbootstrap
Uncorrected
age (yrs)

5.92 ± 0.43 233.95 ± 36.93 70555 ± 11585

Fadingcorrected age
(yrs)

FadingMean De (Gy)
corrected age
minus
inheritance (yrs)

Uncorrected
age (yrs)

Fadingcorrected age
(yrs)

Fadingcorrected age
minus
inheritance
(yrs)

133382 ± 25221 133355 ± 25221 153.71 ± 56.18 46356 ± 17072 85985 ± 31992 85958 ± 31992
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Dosimetry

Table S9: Dosimetry results for all samples of this study.
Dose rate (DR) calculation is based on radiogenic nuclide concentrations measured with high-resolution gamma spectrometry. Since the topmost 2–3 m of profile trenches T2 and
T3 constitute collapsed material in the aftermath of the 2019 flooding event, they were excluded from age calculation.
Sample

Lab-ID

Depth (cm) K (%)

Th (ppm)

U (ppm)

Water content External DR
(%)
(Gy/ka)

Internal DR
(Gy/ka)

Cosmic DR
(Gy/ka)

Environmental DR
(Gy/ka)

PD1
PD2
PD3
FP1
FP2
D1
FP4
FP5
FP6
FP8
T2-1 pebble
T2-1
T2-2
T2-3
T2-4
T3-1
T3-2
T3-3
D-2017
SD-2017
FP-2017
LV-2019

C-L4580
C-L5056
C-L5057
C-L4317
C-L4318
C-L4319
C-L4320
C-L4321
C-L4322
C-L5058
C-L5059
C-L5059
C-L5060
C-L5061
C-L5062
C-L5063
C-L5064
C-L5065
C-L4323
C-L4324
C-L4325
C-L5066

10
0
0
30
50
100
30
30
30
40
35
35
70
142
180
10
150
170
0
0
0
10

11.56 ± 0.69
11.85 ± 0.56
10.75 ± 0.53
9.74 ± 0.57
9.85 ± 0.58
10.42 ± 0.61
10.29 ± 0.55
9.99 ± 0.50
10.15 ± 0.60
10.39 ± 0.51
13.38 ± 0.79
10.53 ± 0.52
10.35 ± 0.49
10.04 ± 0.50
10.37 ± 0.51
9.72 ± 0.46
9.71 ± 0.46
10.45 ± 0.52
---------------------------------------------10.54 ± 0.51

2.74 ± 0.16
3.40 ± 0.14
2.99 ± 0.13
2.73 ± 0.15
2.74 ± 0.15
3.01 ± 0.16
2.88 ± 0.15
2.77 ± 0.13
2.81 ± 0.15
2.87 ± 0.13
2.26 ± 0.13
2.71 ± 0.13
2.90 ± 0.12
2.83 ± 0.13
2.89 ± 0.13
2.74 ± 0.12
2.69 ± 0.11
2.90 ± 0.13
---------------------------------------------2.88 ± 0.13

2±2
2±2
2±2
2±2
2±2
2±2
2±2
2±2
2±2
2±2
2±2
2±2
2±2
2±2
2±2
2±2
2±2
2±2
---------------------------------------------2±2

0.54 ± 0.10
0.54 ± 0.10
0.54 ± 0.10
0.54 ± 0.10
0.54 ± 0.10
0.54 ± 0.10
0.54 ± 0.10
0.54 ± 0.10
0.54 ± 0.10
0.54 ± 0.10
---------------0.54 ± 0.10
0.54 ± 0.10
0.54 ± 0.10
0.54 ± 0.10
0.54 ± 0.10
0.54 ± 0.10
0.54 ± 0.10
---------------------------------------------0.54 ± 0.10

0.34 ± 0.03
0±0
0±0
0.30 ± 0.03
0.27 ± 0.03
0.24 ± 0.02
0.29 ± 0.03
0.29 ± 0.03
0.29 ± 0.03
0.27 ± 0.03
---------------0.20 ± 0.03
0.20 ± 0.02
0.18 ± 0.02
0.17 ± 0.02
0.18 ± 0.02
0.16 ± 0.02
0.15 ± 0.02
---------------------------------------------0.33 ± 0.03

4.48 ± 0.18
3.32 ± 0.18
3.35 ± 0.17
4.77 ± 0.17
4.77 ± 0.17
4.94 ± 0.18
4.97 ± 0.18
4.74 ± 0.17
4.89 ± 0.18
4.75 ± 0.18
---------------4.80 ± 0.18
4.83 ± 0.18
4.74 ± 0.17
4.88 ± 0.18
4.61 ± 0.17
4.42 ± 0.17
4.79 ± 0.18
4.5*
4.5*
4.5*
4.82 ± 0.18

1.82 ± 0.03
2.08 ± 0.03
2.29 ± 0.04
2.21 ± 0.02
2.21 ± 0.02
2.28 ± 0.03
2.31 ± 0.03
2.15 ± 0.04
2.27 ± 0.03
2.10 ± 0.04
3.15 ± 0.03
2.25 ± 0.04
2.25 ± 0.04
2.23 ± 0.04
2.32 ± 0.04
2.15 ± 0.04
2.00 ± 0.03
2.25 ± 0.04
---------------------------------------------2.23 ± 0.04
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3.94 ± 0.15
2.78 ± 0.16
2.81 ± 0.15
4.23 ± 0.14
4.23 ± 0.14
4.41 ± 0.15
4.43 ± 0.15
4.20 ± 0.15
4.35 ± 0.15
4.21 ± 0.15
---------------4.26 ± 0.15
4.29 ± 0.15
4.21 ± 0.15
4.34 ± 0.15
4.07 ± 0.14
3.88 ± 0.14
4.25 ± 0.15
---------------------------------------------4.28 ± 0.15
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Table S10: Input data for scaling gamma dose rate of sample T2-1.
For layers that have not been sampled for dosimetry (dashed line), radiogenic nuclide concentrations were adopted from surrounding stratigraphic units. Bulk density was estimated
following Lewis and Sjöstrom (2010: 4).
Unit

Thickness (cm)

Collapsed channel sediment
1
2
3a
4a
4b
4c

200
30
25
55
37
28
25

Sample offset (cm)

20

Sample

K (%)

Th (ppm)

U (ppm)

Water content (%)

Density (g/cm3)

-----------------------T2-1 pebble
T2-1
T2-2
T2-3
-----------------------T2-4

2.25 ± 0.04
3.15 ± 0.03
2.25 ± 0.04
2.25 ± 0.04
2.23 ± 0.04
2.23 ± 0.04
2.32 ± 0.04

10.53 ± 0.52
13.38 ± 0.79
10.53 ± 0.52
10.35 ± 0.49
10.04 ± 0.50
10.04 ± 0.50
10.37 ± 0.51

2.72 ± 0.13
2.26 ± 0.13
2.72 ± 0.13
2.90 ± 0.12
2.83 ± 0.13
2.83 ± 0.13
2.89 ± 0.13

2±2
2±2
2±2
2±2
2±2
2±2
2±2

1.7
2
1.7
1.7
1.7
1.7
1.7

Table S11: Scaled radiogenic nuclide concentrations for calculating γ-Dose rate for T2-1.
Layer

K (%)

Th (ppm)

U (ppm)

Contribution (%)

Collapsed channel sediment
1
2
3a
4a
4b
4c
Total

0.002 ± 0.002
0.185 ± 0.185
0.378 ± 0.378
0.029 ± 0.029
0
0
0
0.594 ± 0.422

0.002 ± 0.002
0.149 ± 0.149
0.355 ± 0.355
0.024 ± 0.024
0
0
0
0.530 ± 0.386

0.001 ± 0.001
0.056 ± 0.056
0.214 ± 0.214
0.014 ± 0.014
0
0
0
0.285 ± 0.222

0.357
27.673
67.173
4.797
0
0
0
100
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Table S12: Dose rate (DR) and age calculation for T2-1 considering variations in soil radioactivity.
Sample

T2-1
T2-1 scaled
T2-1
T2-1 scaled

α-DR

0.43 ± 0.12
0.43 ± 0.12
0.43 ± 0.12
0.43 ± 0.12

β-DR

2.82 ± 0.07
2.82 ± 0.07
2.82 ± 0.07
2.82 ± 0.07

γ-DR (Gy/ka) Cosmic DR Internal DR Environmental DR
(Gy/ka)
(Gy/ka)
(Gy/ka)

1.34 ± 0.04
1.41 ± 0.61
1.34 ± 0.04
1.41 ± 0.61

0.20 ± 0.02
0.20 ± 0.02
0.20 ± 0.02
0.20 ± 0.02

0.54 ± 0.10
0.54 ± 0.10
0.54 ± 0.10
0.54 ± 0.10

4.80 ± 0.18
4.86 ± 0.64
4.80 ± 0.18
4.86 ± 0.64

Protocol

IR50
IR50
post-IR180
post-IR180

Figure S23: Scaling of gamma dose rate for sample T2-1 to consider layer-specific variability in sediment radioactivity.
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CAM

MAMbootstrap

De (Gy)

Age (yrs)

De (Gy)

Age (yrs)

1.04 ± 0.16
1.04 ± 0.16
1.18 ± 0.25
1.18 ± 0.25

217 ± 34
130 ± 21
246 ± 53
243 ± 60

0.63 ± 0.06
0.63 ± 0.06
0.02 ± 0.18
0.02 ± 0.18

131 ± 13
130 ± 21
4 ± 38
4 ± 37
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