
UC Berkeley
UC Berkeley Electronic Theses and Dissertations

Title
Water Dynamics on Landscapes and Soils of the Atacama Absolute Desert

Permalink
https://escholarship.org/uc/item/35w2z8gn

Author
Pfeiffer Jakob, Marco Matias

Publication Date
2018
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/35w2z8gn
https://escholarship.org
http://www.cdlib.org/


 
Water Dynamics on Landscapes and Soils of the Atacama Absolute 

Desert 

by 

Marco Matias Pfeiffer Jakob 

 

 

A dissertation submitted in partial satisfaction of the 

Requirements for the degree of  

Doctor in Philosophy 

in 

Environmental Science, Policy and Management 

in the  

Graduate Division 

of the 

University of California Berkeley 

 

 

Committee in charge: 

Professor Ronald Amundson, Chair 
Professor Laura Lammers 
Professor David Shuster 

 

Spring 2018 

	





	

1	

Abstract 

Water Dynamics on Landscapes and Soils of the Atacama Absolute 

Desert 

by 

Marco Matias Pfeiffer Jakob 

Doctor of Philosophy in 

Environmental Science, Policy and Management 

University of California, Berkeley 

Professor Ronald G. Amundson, Chair 

 

 
The driest section of the Atacama Desert in northern Chile 

has experienced nearly lifeless conditions for much of the past 
several million years. The extreme aridity of the region has 
drawn the attention of scientists since Charles Darwin visited 
the area in 1835. The unique conditions that have prevailed 
through this long time span have created a landscape that is 
dissimilar to all other areas on earth. However, what makes the 
Atacama particularly interesting is not just the low quantity of 
water, but the infrequency and irregularity of rainfall. This 
dissertation examines the impact of water on the desert 
landscapes at different space and time scales. Chapter 1 
presents the results of a stratigraphic and chronological study 
on the desert lowlands. These areas are currently covered by 
halite-encrusted salt pans (Salars) that have been thought to be 
fossil remnants of lakes that existed at the Plio-Pleistocene 
transition. However, in this study I show that these are much 
younger features from the late Quaternary. Numerous 
stratigraphic sections were observed and sampled in two sub-
basins located in the Central Depression of the Atacama Desert. 
The fossils and sedimentology of the stratigraphic sections show 
that these environments supported a diverse hygrophyte 
vegetation, as well as an array of diatoms, ostracods and 
gastropods that indicate the presence of shallow lakes and 
wetlands periodically between ~46.9 ka and 7.7 ka. The formation 
of wetlands and lakes occurred due to an increase in groundwater 
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levels as a result of increased Andean runoff during regional 
wetter intervals, particularly the Central Andean Pluvial Event 
(CAPE) that occurred between 17.5-14.2 ka and 13.8-9.7 ka.  
 

Chapter 2 examines the hydrological effect of a record 
historical rainfall that occurred on March 24-26 2015. From 
scattered weather station data, the storm was among, and in some 
cases the largest, recorded in the desert. The effect of this 
unusual storm was analyzed by observations made a few months 
after the event in a N to S transect through the plant-free 
expanse of the Atacama Desert, between 22 and 26˚ S. The main 
objective of the field work was to characterize landscape 
changes following the storm. The findings show that the storm 
initiated some minor fluvial responses on the upland landscapes, 
but overall those were not sufficient to reactivate many 
hydrological features that are prominent on the landscape, and 
that must therefore be driven by larger, even less frequent 
storms. The field evidence suggests that larger rainfalls (or 
periods of rainfall) have occurred throughout the Quaternary, 
and that there are fossilized (or infrequently active) features 
in various stages of “repair” that provide evidence of rainfall 
re-occurrence. Radiocarbon dating of carbonate bearing soils at 
the southern periphery of the desert reveals that more rainfall, 
and more biotic conditions, existed in the region up to the end 
of the Pleistocene.  Additionally, the soils in the lifeless 
portion of the Atacama Desert have unique hydraulic properties. 
In most arid regions, a rainfall of this magnitude and intensity 
would cause flash flooding, but the Atacama’s salt-rich soils 
have very high infiltration rates, and the landscape is thus 
more resilient to intensive rainfall events than most desert 
landscapes. However, based on the fossilized geomorphic and 
hydrological features on the landscape, there is a rainfall 
threshold, whose magnitude remains uncertain, above which this 
landscape undergoes alteration and fluvial reshaping.  
 

In Chapter 3, the observations and laboratory analyses of a 
study of a rare calcium chloride rich soil in the Salar de 
Llamara are presented. The uniqueness of this project resides in 
the fact that calcium chloride enrichments are extremely rare on 
the earth surface, and that the hygroscopic properties of this 
salt allow the soil to remain wet (8-16 % gravimetric water 
content) nearly continuously under modern – and essentially 
rainless - climatic conditions. The substrate for the 
accumulation are small aeolian dunes, of fine sand and silt, 
that contain 60% of soluble salts by weight, of which ~15% is 
CaCl2. Based on an analysis of the regional geomorphology and 
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hydrogeology, it is suggested that the source of the salt is 
from terminal recharge through fractures associated with the 
local fault system. Due to climate change, these deposits and 
the salts began occurring ~14 ka ago. These deliquescent salts, 
in a rainless region, are unique habitats for life within the 
climatic limits of life on Earth, and are potential analogs for 
transient darkened linear features on Mars.  
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Introduction 
 

This dissertation is organized in three chapters that 
discuss the theme of how the scarce water of the Atacama Desert 
impacts soils and landscapes at different temporal and spatial 
scales. 
 

The Atacama Desert is known to be the driest and possibly 
oldest desert in the world (Hartley et al., 2005). Current 
rainfalls occur in rare events that average less than 20 mm. The 
Desert lies in a unique transitional climatic zone between the 
equatorial and subtropical regions (Houston, 2006b). The rains 
that occur in the coastal cordillera (in winter) rarely 
penetrate eastward into the central depression. The rains in the 
northern Andean region (in summer) rarely extend west of the 
western Andean escarpment (Hartley et al., 2005). 
 

This rainfall distribution defines an area that has 
experienced almost continuous extremely dry conditions since the 
late Pliocene (Amundson et al., 2012). This area is almost 
completely devoid of plants, and is therefore known as an 
absolute desert. However, there is evidence of episodes that 
have interrupted the present hyperaridity periodically during 
the Pleistocene and Holocene. Periodic rainfalls and flood 
events continue to impact the Atacama. These events have been 
inferred from movement and erosion of clasts (Jungers et al., 
2013; Placzek et al., 2010; Placzek et al., 2009), zebra stripes 
(Owen et al., 2013), depth distribution of salts (Ewing et al., 
2006; Ewing et al., 2008b), subhorizontal pipes and spouts in 
soil profiles (Amundson et al., 2012), fossilized riparian 
formations (Gayo et al., 2012; Nester et al., 2007) and rodent 
middens at the desert margins (Latorre et al., 2002). Scarce 
rains thus have a lasting, recorded impact on the landscape that 
is preserved by the dominantly hyperarid conditions. In addition 
to rain, the desert receives water from fog delivered from the 
coastal region and from groundwater that is recharged in the 
Andes. In this dissertation, I explore how these sources of 
water have contributed in shaping the landscape of one of 
Earth’s most unique biomes.   
 

In Chapter 1, the results of a field study that analyzes 
two basins of the Atacama Desert are discussed. The 
stratigraphic and geochemical work was performed in the Pampa 
del Tamarugal and the Aguas Blancas basins, located in the 
administrative regions of Tarapacá and Antofagasta respectively. 
The results of this study offer fossil evidence that shows that 
lakes and wetlands occurred in the desert lowlands during the 
late Quaternary, areas that now are thick salt pans devoid of 



 

	 iv	

plants. These results are the first evidence of surface water 
during this time period and suggest that the region was an area 
of scattered and interconnected lakes and wetlands, contrasting 
strongly with the present hyperarid and waterless conditions. 
The work also shows that these are not Pliocene features, but 
the result of recent aridification. The wetland formed from an 
increase in recharge that occurred in multiple phases between 
~46.9 ka and 7.7 ka, with the latest period coinciding with what 
is known as the Central Andean Pluvial Event (CAPE). The 
implications of this study offered a complete revised 
perspective on environmental framework experienced by the first 
humans who reached the area roughly 14,000 years ago.  
 

Chapter 2 presents the results of an expedition focused on 
determining the geomorphic impact of a record-breaking 
historical rainfall that occurred on March 24-26 of 2015. This 
was the largest storm occurring in much of the Atacama Desert in 
over a century. Historical data shows that many locations in the 
desert have decadal return intervals for rain, and that heavy 
precipitations (> 20 mm) occurs about twice per century 
(Ortlieb, 1995). A unique characteristic of this storm was that 
it impacted the entire absolute desert south of 22˚ S (Barrett 
et al., 2016; Bozkurt et al., 2016). This chapter examines the 
soil and hydrological response to this rainfall at 15 sites. The 
results show that the soils have particular physical properties, 
particularly high infiltration rates, that allow the landscape 
to resist rainfall impacts on erosion. This differs from most 
arid areas that are considered highly susceptible to high 
intensity rainfalls. These properties allowed the soils to 
infiltrate most of the rainfall from the March 2015 storm, and 
to chemically absorb water in sulfate minerals, initiating only 
minor fluvial responses in localized areas. We found, through 
radiocarbon dating of carbonate in soils, that generally wetter 
conditions likely impacted the region up until the end of the 
Pleistocene.  The rainfall threshold required to activate 
various fossilized hydrological features observed on hillslopes 
must greatly exceed the magnitudes of the event observed in 
2015.  
 

Chapter 3 presents the results of research focused on a 
small dune field near Cerro Soledad at the Salar de Llamara. 
This deposit has the singular feature of containing high amounts 
of calcium chloride at the dune surface (~15 % weight). The 
presence of calcium chloride is rare on Earth, and only two 
known modern economic deposits of this mineral are reported. 
Most uniquely, the hygroscopic properties of the calcium 
chloride allow the dunes to remain wet almost continuously at 
current rainless climatic conditions. Here, I propose that the 
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deposit is about ~14 ka old, and that the source of unique 
mixture of salts is most probably from recharge through 
fractures associated with the local fault system. This study 
explores the processes that might have contributed to the 
evolution and formation of this deposit, as well as its 
relevance as a transient source of liquid water in extremely dry 
environments. This is relevant for exploring the evolution of 
life in extreme environments, and as an analog for geomorphic 
features that occur on Mars (Davila et al., 2010; Ojha et al., 
2015).  
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Chapter 1: 

Chronology, stratigraphy and hydrological modelling of extensive 
wetlands and paleolakes in the hyperarid core of the Atacama 

Desert during the late Quaternary 

 

1. Introduction 
The Atacama Desert has experienced hyperarid, and nearly 

lifeless, conditions for much of the past several million years.  
The most severe aridity has been maintained in an inland forearc 
basin known as the Central Depression, where an absolute (i.e. 
without macroscopic life across most of its surface) desert 
presently exists (18-26˚ S) (Gajardo, 1994; Luebert and 
Pliscoff, 2006; Marquet et al., 1998). In the Central 
Depression, the presence of Miocene and Pliocene alluvial 
deposits impregnated with highly soluble salts (Amundson et al., 
2012; Ewing et al., 2006; Jordan et al., 2014; Rech et al., 
2003) attests to the limited dilution by rainwater during a 
protracted interval.  

One of the prominent geomorphic features of the Central 
Depression are large salt-encrusted landscapes (salt flats-salt 
encrusted playa) that cover basins, which are termed salars in 
Spanish. These rough, and sometimes nearly impassable, 
landscapes have rugged efflorescent crusts of nearly pure halite 
up to 0.5 m in thickness.  In general, it is well understood 
that salars form largely by the upward evaporation of 
groundwater and the subsequent concentration of salts (Finstad 
et al., 2014; Finstad et al., 2016; Stoertz and Ericksen, 1974). 
These salt crusts, however, may extend beyond these groundwater-
driven environments due to wind transport and deposition of 
salt. While salars clearly have formed from the evaporation of 
water, when these events occurred in the Central Depression of 
the Atacama Desert has been largely speculative, and the changed 
hydrological conditions that would have favored their formation 
is unknown.  

 In recent years, a changing view of late Quaternary 
paleoclimate and hydrology of the Andes-Atacama Desert interface 
has emerged. Wetlands along stream margins have been documented 
at higher elevations (Quade et al., 2008; Rech et al., 2002), 
Pleistocene and Holocene terrace development along streams has 
been observed and dated (Gayo et al., 2012; Nester et al., 
2007), and most surprisingly, the remains of late Pleistocene 
human occupation has been discovered on ancient fluvial terraces 
that are now entirely devoid of water and life (Latorre et al., 
2013). These studies, and the chronology they define, inspire 
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questions about how regionally pervasive such changes in climate 
were, and how deeply into the Atacama Desert system did these 
events penetrate and persist? 

 
Figure 1. Overview map of the Atacama Desert and the Central Andes Region 
illustrating the location of salars (black polygons), perennial streams (blue 
lines), the Central Depression (dotted gray polygons) and the absolute desert 
(dashed white line). Salars discussed in the text are highlighted. The two 
insets correspond to details of the Pampa del Tamarugal and Aguas Blancas 
basins detailed in figures 3 and 4 respectively. 
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In this study, salars and surrounding landscapes in two 
differing parts of the Atacama Desert hyperarid core are 
surveyed: (1) salars in the semi-closed Pampa del Tamarugal 
basin of the northern Atacama Desert, and (2) salars and 
drainage systems in the region surrounding Aguas Blancas, in the 
southern part of the Desert. Using field observations, GIS, 
paleobotany, geohydrological modeling, and radiocarbon dating, 
evidence of late Quaternary lakes and wetlands in the basins in 
both areas is reported. Some of these fossil hydrological 
features are synchronous with the Central Andean Pluvial Event 
(CAPE) documented by numerous authors (de Porras et al., 2017; 
Díaz et al., 2012; Gayo et al., 2012; Latorre et al., 2006; 
Maldonado et al., 2005; Nester et al., 2007; Placzek et al., 
2009; Quade et al., 2008). However, the observations here 
presented also record earlier pluvials than CAPE, that point to 
a deeper and richer history of desert response to Andean 
climate.  In general, the picture that emerges is that the stark 
aridity of the present desert landscape is greatly dissimilar to 
the conditions during late Pleistocene wet events, where active 
streams would have drained the western slope of the Andes, and 
numerous wetlands and lakes were present in what are today 
absolute desert lowlands.  
 
2. Regional setting 

The Central Depression of the Atacama Desert is a broad 
longitudinal forearc depression that lies between the Coastal 
Range and the Andes between 18˚ and 27˚ S. Elevations range 
between 1000 and 1600 m above sea level (m a.s.l.). This paper 
is centered in two basins along this low elevation feature, the 
Pampa del Tamarugal basin in the north, and the Aguas Blancas 
basin toward the south (Fig. 1). 

Present rainfall is a function of latitude and altitude, 
and its relationship to modern regional climatology has been 
used as a clue to interpreting the past (de Porras et al., 2017; 
Placzek et al., 2009; Quade et al., 2008). There are two major 
climate patterns that bring precipitation to the region: in the 
north (and east), summer precipitation is derived from the 
Atlantic, whereas winter rain associated with a northward 
migration of extratropical storm fronts can occur during 
positive phases of ENSO (Garreaud and Aceituno, 2001), 
delivering increased precipitation in southern Atacama and along 
the coast (Houston, 2006b) (Fig. 2). The summer moisture system 
has two well-known operating modes: i) one of a north-northwest 
origin tends to dominate rainfall in the Central Andes, and ii) 
a southeast-derived moisture source tends to dominate summer 
rainfall toward the southern section of the northern Atacama 
(Vuille and Keimig, 2004). Precipitation increases with 
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elevation, from less than 1 mm yr-1 below 2300 m a.s.l. to 300 mm 
yr-1 around 5000 m a.s.l. (Houston, 2006b).  

 

 
Figure 2. (A) Map of South America showing the moisture sources that impact 
the Atacama Desert and Central Andes Region. Tropical sources are indicated 
in green, and the extra tropical source is indicated in blue. (B) Inset of 
the study region, showing the approximate boundary (black dashed) between 
summer (north-east) and winter (south-west) precipitation. The extension of 
the absolute Desert is highlighted in light orange and is taken from Gajardo 
(1994) and Luebert & Pliscoff (2006).  

 

2.1 Pampa del Tamarugal Basin 
The Pampa del Tamarugal (PDT) is a major geographical 

feature in the northern Atacama Desert (19°17’-21°50’S, 1,000 m 
a.s.l.). The PDT is a semi-enclosed basin, and is hydrologically 
recharged from precipitation from the Andes to the east. Salars 
in the Pampa del Tamarugal are fed by groundwater, and several 
drain southward into the Río Loa (Salar de Pintados, S. de 
Bellavista, S. Viejo Sur and S. de Llamara).  The Pampa lies 
atop a thick sedimentary sequence emplaced unconformably over 
eroded bedrock basement (Sáez et al., 1999). Sediment began 
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accumulating in the Oligocene, and has continued into the 
present, although sedimentation rates decreased drastically c. 
11 Myr ago and have remained low ever since, especially in the 
southern portion of the basin (Nester and Jordan, 2012). The 
long-term sedimentary deposition is derived from two distinct 
provinces: (1) alluvium and volcanics descending west toward the 
basin axis from the Andean plateau, and (2) riverine, 
lacustrine, and evaporite deposits from the Río Loa and other 
major streams along the southern basin axis. Although there is 
ample evidence for saline lakes or wetlands in pre-Quaternary 
sediments, there have been no reports of wetland or lacustrine 
conditions in any of the basins of this region during the late 
Quaternary (Kirk-Lawlor et al., 2013; Sáez et al., 1999). 
Instead, halite and sulfate capped landscapes are the most 
striking features of the lowest elevations at present (Stoertz 
and Ericksen, 1974).  
 

The PDT derives its name from the scattered (and replanted) 
stands of Prosopis tamarugo and saltgrass (Distichlis spicata) 
that are able to obtain moisture from the shallow groundwater in 
a few restricted areas (Calderon et al., 2015; Chávez et al., 
2016; Garrido et al., 2016). With the exception of this phreatic 
vegetation, the region is largely barren at altitudes <2300 m 
(Gayo et al., 2012).  There is no permanent surface fresh water 
in the lower basin, except for the perennial Río Loa to the 
south and Quebrada Tiliviche to the north (Fig. 1).  Despite the 
lack of surface water, the basin has become an important 
groundwater resource that is recharged by sporadic streamflow 
discharges associated with extreme rainfall events (Houston, 
2002; Houston, 2006a; JICA, 1995)  and by basal groundwater 
fluxes from the eastern sub-basins and through deep-seated 
fractures (Aravena, 1995; Jayne et al., 2016; Magaritz et al., 
1990).  Both recharge mechanisms act on different spatial and 
temporal scales and originate in the Andes, where precipitation 
is largely derived from eastward advection of moist air masses 
during summer when favorable synoptic conditions (i.e. the 
Bolivian high) persist at high altitude (Garreaud et al., 2009). 
The drainages that enter the PDT flow through a series of 
canyons connected to the Western Andean Cordillera to the north 
and to the Sierra de Moreno toward the south (Table 1). The 
drainages in the Sierra de Moreno are completely disconnected 
from the Altiplano drainage basin and have almost no permanent 
surface water flow. Under modern recharge conditions, the lowest 
elevations of the PDT maintain a water table a few meters below 
the surface (Rojas et al., 2010; Rojas and Dassargues, 2007). 
The streams of Aroma and Tarapacá in the northern portion of the 
PDT possess riparian ecosystems at much lower altitudes than 
those in the southern portion as surficial waters are 



 

	 6	

transported longer distances into the distal portions of the 
basin before disappearing by evaporation and infiltration (Gayo 
et al., 2012). 
 
 
Table 1. Estimated average discharge into the Pampa del Tamarugal basin, 
northern Aquifer (from JICA, 1995) 

Catchment Area (km2) Recharge (L s-1) Runoff  
coefficient 

Aroma 1746 310 0.055 
Tarapaca 1786 318 0.056 
Sagasca 971 89 0.033 
Quipisca 846 72 0.041 
Quisma 298 21 0.032 
Chacarilla 1440 159 0.046 
Ramada 244 7 0.016 

 
 

2.2 Aguas Blancas Basin 

In the southern part of the Atacama Desert, the Central 
Depression becomes more irregular, with a number of small 
mountains and valley systems within the broader pre-Andean 
plateau.  In this subregion, salars are found along and at the 
ends of drainage systems that arise in the Cordillera de Domeyko 
(Stoertz and Ericksen, 1974).  

This part of the Atacama Desert has long lacked any 
evidence of permanent prehistoric occupation, and Spaniard 
colonizers labeled it the “despoblado de Atacama” (Depopulated 
Atacama) (Núñez et al., 2001). However, at higher elevations 
adjoining the low Desert, evidence of late Pleistocene wetlands 
and human occupation have been discovered at the Salar Punta 
Negra (Grosjean et al., 2005; Quade et al., 2008). The surface 
freshwater resources today are restricted to a few groundwater 
discharge springs along the western slopes of the Andes (>2700 
masl), which infiltrate into the ground soon after outcropping 
(Sáez et al., 2016). Near Salar de Aguas Blancas, a freshwater 
aquifer of limited extent is present, and is reportedly one of 
the only two freshwater resources south of the Río Loa in the 
Central Depression (Bonilla, 1973; Herrera and Custodio, 2014; 
Renner and Aguirre, 2015). The estimated recharge of this 
aquifer is less than 10 L s-1 and it is derived from groundwater 
fluxes coming from the highest elevations of the Andes  (almost 
5000m a.s.l), west of Salar de Punta Negra (Herrera and 
Custodio, 2014; Renner and Aguirre, 2015). Because of its 
extremely low modern recharge rate, the aquifer is considered to 
be either fossil or hydrologically inactive, and has been 
rejected as a freshwater source for urban centers in the region 
(Bonilla, 1973; Risacher et al., 1999).  Except for localized 
patches of saltgrass and saltbush clustered near brackish 
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groundwater-fed oases, the region around Aguas Blancas is devoid 
of plants (Marquet et al., 1998).  
 
 
3. Material and methods 

3.1 Field methods 

Observations and sampling occurred largely during field 
seasons in 2009, 2010, 2013, 2015, and 2016. The regions were 
extensively examined via satellite imagery coupled with on-the-
ground observations and analyses. Samples were collected over 
the various field seasons, archived, and then analyzed as 
reported below.  

Multiple stratigraphic profiles within and adjacent to the 
salars of the PDT and Aguas Blancas were described. The outcrops 
examined in the Pampa del Tamarugal were exposed due to mining 
and other human activities, and to wind and water erosion in the 
Aguas Blancas region. Sedimentary profiles were measured and 
described in the field, and sampled for subsequent geochemical 
analyses and fossil identification (Fig. 3). Petrographic thin 
sections and Scanning Electron Microscope (SEM) analyses were 
performed on calcium carbonate-bearing layers for microfacies 
analysis (Flügel, 2004). Based on modern analogues with similar 
species in the region (Chávez et al., 2016; Collado et al., 
2016; DICTUC, 2007; Gayo et al., 2012), groundwater level was 
estimated for each profile. Based on the elevation of 
lacustrine/wetland features, the approximate extent of the 
paleowetlands was extrapolated and mapped using the ASTER GDEM 
V2 (NASA) as the base Digital Elevation Model (DEM) on ArcGIS 
10.4 (ESRI) (30 m horizontal resolution, ~17 m vertical accuracy  
at 95% confidence level on bare ground). For the northern part 
of the PDT (present day Salars of Zapiga, Pintados and 
Bellavista) the extent of past wetlands was estimated based on 
simulations made with a previously validated and calibrated 
regional hydrogeological MODFLOW model (Rojas et al., 2010; 
Rojas and Dassargues, 2007). For the MODFLOW outcome, a 
piezometric level of <1 m is considered to estimate 
wetland/marshland extension and of <5m to estimate Tamarugo 
trees forest in the Pampa del Tamarugal.  

 

3.2 Radiocarbon dating  

Both organic and inorganic samples were collected for 
radiocarbon dating by Accelerator Mass Spectrometry (AMS). 
Carbonate-bearing shells were pretreated with 6% NaOH for 24 
hours to remove remnants of organic matter. Individual shells 
used for dating were washed in ultrapure water and sonicated for 
5 minutes to remove secondary carbonates. Bulk fine-grained 
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carbonate samples used for dating were leached with dilute HCl 
to remove secondary carbonates. Following these pretreatments, 
samples were submitted to the Accelerator Mass Spectrometry 
facility of University of California Irvine (UCIAMS). There, all 
carbonate samples were dissolved in 85% phosphoric acid in 
disposable septum-sealed reactors. Organic samples where 
pretreated by first removing excess salts by soaking and shaking 
in deionized water for 24h, followed by centrifugation. The 
process was repeated twice. Next, samples were soaked in 0.5 M 
HCl solution to remove inorganic carbonates. Heavily humified 
peat samples were dissolved in base and the soluble fraction was 
subsequently precipitated in strong acid, washed and dried. 
Samples were then combusted at 900˚C for CO2 production. 
Following cryogenic separation, CO2 was reduced to graphite at 
560˚C with hydrogen and iron powder catalyst and the radiocarbon 
content measured at the UCIAMS. Radiocarbon analyses were 
calibrated using CALIB 7.0 (SHCal13) and are reported as 
thousands of calendar years before present (ka) (Hogg et al., 
2013). Due to the absence of paired organic - carbonate samples 
within a given stratigraphic section, we could not establish a 
reservoir effect for the carbonate samples. Although little is 
known about the magnitude of this effect in the Atacama (Geyh et 
al., 1999; Grosjean et al., 2001) samples were formed in shallow 
lakes with a continuous recharge of running water, a rapid 
exchange with atmospheric CO2 is expected thus avoiding any 
significant reservoir effects. Also, due to the persistent arid 
conditions following wetland desiccation, diagenesis is not 
expected (i.e. CO2 exchange with groundwater) to have any 
significant effect on the measured ages. However, it is 
important to note that CaCO3 samples older than c. 30 ka from the 
adjacent altiplano have been shown to recrystallize in a 
reservoir that exchanges with atmospheric CO2 and thus should 
probably be treated as minimum ages (Placzek et al., 2006).   

 

3.3 Identification of botanical remains 

Plant macrofossil remnants were separated for taxonomic 
identification. Leaf litter samples were separated and 
identified underneath a binocular scope (50x). Plant 
macrofossils were identified with the reference collection of 
modern flora at the Laboratorio de Paleoecología & 
Paleoambientes (LP2) at the Pontificia Universidad Católica de 
Chile. Histological thin sections of fossil trunks were prepared 
and identified from wood anatomical features.  
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3.4 Diatom analysis  

Freshwater diatoms were identified from an exposure along 
the southern margin of the Salar de Bellavista (BV-01). 
Approximately 1 g of dry sediment per sample was processed 
following (Stoermer et al., 1995) (although H2O2 80% was used 
instead of using H2O2 30% and HNO3). Carbonates were removed with 
HCl. Diatoms were identified and quantified under a trinocular 
Carl Zeiss microscope, AxioLab A1, with an oil immersion 
objective (1000×). Diatoms were scarce so only presence-absence 
of species was recorded. Diatoms were classified to species or 
variety level. Standard floras were used for references, as well 
as data from specific publications (Ács et al., 2016; Antoniades 
et al., 2005; Cremer and Koolmees, 2010; Díaz and Maidana, 2005; 
Guerrero and Echenique, 2006; Håkansson, 1996; Häkansson, 2002; 
Hevia-Orube et al., 2016; Kiss et al., 2012; Kiss et al., 2013; 
Kobayasi and Mayama, 1989; Krammer and Bertalot, 1986; Krammer 
et al., 1997; Mather et al., 2010; Prasad and Nienow, 2006; 
Rumrich et al., 2000; Shirokawa et al., 2012; Theriot et al., 
1987; Underwood et al., 2005; Vossel et al., 2015; Wojtal, 2009; 
Zhu et al., 2013). Optical microscopy images (1000×) were taken 
using a digital SLR camera (Canon EOS Rebel) attached to the 
microscope. The nomenclature status of species or variety was 
verified using the Catalogue of Diatom Names (Fourtanier and 
Kociolek, 2009). Diatoms were grouped according to life forms 
and ecological characteristics (Spaulding et al., 2010).  

 

3.5 Phytholith analysis 
For phytolith analyses, a small amount of sediment was 

diluted in distilled water to measure pH. One gram of sediment 
was oxidized for each phytolith sample. Samples composed of both 
phytoliths and diatoms were mounted on microscope slides 
(Stoermer et al., 1995). In order to view phytoliths in 3D, a 
duplicate of each sample was prepared with 2 drops of glycerol, 
and lower concentrations of the phytolith/diatom samples (4 
drops). This allowed for better visibility of the microfossils. 
Phytoliths were identified using standard references and 
specific publications (Albert et al., 1999; Albert et al., 2008; 
Babot, 2011; Korstanje and Babot, 2007; Pearsall and Trimble, 
1983; Piperno and Pearsall, 1998). The entire slide mount (24x40 
mm) was scanned at 40x in a polarized microscope. 
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Figure 3. (a) Section of profile RA773 at Salar de Aguas Blancas basin (see 
Fig. 13 for location); (b) Fossil ripple cast in the upper section of profile 
BV-01 (Salar de Bellavista), indicative of a beach paleoenvironment present 
during the later stages of sedimentary deposition. Ripples are capped by a 
halite crust that formed by the upward accumulation of salt as groundwater 
evaporated near the surface; (c) Standing stems of the halophyte Tessaria 
absinthioides on the surface at Pique Lacalle (above Profile RA 781). These 
stems were dated to 11 ka, revealing the extreme regional aridity (and lack 
of biological decomposition) since wetland desiccation; (d) Fossil freshwater 
gastropod (Heleobia sp.) from Salar de Bellavista dated to 16.6 ka; (e) 
Cross-polarized thin section showing irregular lamination and dark micrite 
with fenestral (dissolution) porosity in the carbonate layer of profile RA796 
at Salar de Aguas Blancas.  These features are similar to those often formed 
by algal mats (stromatolite); (f) SEM image of a dolomite rhombi crystal 
agglomeration interpreted as an authogenic primary crystal deposited in an 
evaporitic environment of high salinity (Profile RA773); (g) Discostella 
stelligera diatom species at profile BV-01; (h) Cross section of cf. Tessaria 
absinthioides stained with safranin. This specimen is from a 12.7 ka old stem 
collected at Salar de Bellavista (Profile BV-03); (i) Long cell fossil grass 
phytolith (white arrow) from Salar de Llamara. 
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3.6 Hydrogeological Modeling  

A hydrogeological model (Rojas et al., 2010; Rojas and 
Dassargues, 2007) was used to simulate the piezometric surface 
and potential recharge rates to the Pampa del Tamarugal Aquifer 
(PTA) for three pluvial periods, based on the estimated 
piezometric levels at specific locations for the specific 
periods derived from the fieldwork and dating. The periods 
defined for this analysis correspond to: I) ~25.4 ka and 16.6-
16.5 ka; II) 16.5-16.1 ka; III) 12.7-11.2 ka.  The model was 
previously calibrated by Rojas and Dassargues (2007) for steady 
state conditions in the PTA based on empirical data collected 
for the year 1960 conditions, when the basin was in natural 
equilibrium (JICA, 1995), and was further validated by Rojas et 
al. 2010. Model parametrization, limiting boundary conditions 
and aquifer geometry remained unchanged from the original model. 
The hydrogeological model was implemented and numerically solved 
using MODFLOW (McDonald and Harbaugh, 1988), a widely used and 
industry standard software to analyze groundwater flow in 
aquifers.  

The apparent past piezometric heads were estimated from 
stratigraphic profiles for each of the three dated pluvial 
periods: Period I, BV-01 and BV-04; Period II, BV-02 and BV-05; 
Period III, BV-03 and Pintados-01 (See Figure 4 for profile 
locations). In order to obtain piezometric heads and the 
suitable recharge rates resulting in those estimates, a series 
of assumptions were made: a) To facilitate groundwater flow in 
the aquifer, the southern and northern constant-head boundary 
conditions were moved upward by 20 m. Sensitivity analyses 
performed on the original model showed a limited impact of these 
boundary conditions on the model performance indicators 
(Normalized Root Mean Squared Error) and evaporation fluxes from 
Salars; b) Analysis of the stratigraphic profiles suggested the 
occurrence of a standing lake at Salar de Bellavista during the 
Period I. This lake was simulated in the model as a Type III 
boundary condition (head and flux-dependent) with height equal 
to the terrain elevation +0.1 m. This was imposed to minimize 
flow back to the aquifer and to keep the extension of the free 
surface (lake extension) constant for period I. Given the 
conceptual model accepted by different authors (e.g., JICA, 
1995; Rojas and Dassargues, 2007; Rojas et al., 2010, Jayne et 
al., 2017), this area is most likely a groundwater discharge 
zone and this assumption did not contradict the conceptual 
model; c) Analysis of the stratigraphic profiles suggested the 
lake at Salar de Bellavista observed during Period I, was not 
present during Periods II and III and thus it was replaced by an 
evapotranspiration zone for those periods; d) Data from the 
stratigraphic profiles was used to locate numeric cells in the 
model where the water table was close or on the surface. These 
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were included in the model as constant head boundary condition 
(Type I). Groundwater head in the cell was defined as the 
terrain elevation minus 0.2 m on the basis of the profiles BV-02 
and BV-05 and the presence of organic peat material, and at 
surface elevation on the basis of profiles BV-03 and Pintados-1; 
e) different combinations of recharge rates (as multipliers of 
present-day recharge rates) and evapotranspiration rates 
(between 1500 and 2000 mm yr-1) were tested until piezometric 
heads observed in the stratigraphic profiles were reasonably 
approximated; f) based on the model grid resolution (numeric 
cells between 200 and 1500 m), the relatively small terrain 
gradients in the salar’s areas and the PTA, the expected 
vegetation in the PTA for the different pluvial periods, and a 
potential drainage connection between Salar de Pintados and 
Salar de Bellavista, we reported two sets of maximum groundwater 
depths at 1 and 5 m to reproduce areas close to water saturation 
at terrain level and the presence of vegetated areas in the PTA, 
respectively. 

 
4. Results  
 Close inspection of satellite imagery, DEM’s, and ground 
based observations revealed evidence for incipient shore/water 
lines or perennial standing water conditions around many salars. 
When these features were projected to other locations in a given 
basin, small hand-based excavations commonly revealed fossil 
plants and/or other evidence of past wetter conditions. In 
addition, prominent salt covered mounds within the Salar Bella 
Vista and other low-elevation basins in the Atacama are actually 
fossilized coppice dunes, which occasionally retained the 
remnants of Tamarugo trees and other halophytes (see Unit C 
below). Radiocarbon ages obtained indicate that they are all 
late Pleistocene features.  
 Here, stratigraphic units associated with sediment 
discharge and deposition in salars from both basins are named 
and identified. Profiles were located at the intersection of 
Salars and distal ends of alluvial fans. Units were associated 
with periods of discharge and highstands, and contain facies 
that are laterally discontinuous due to variations in clastic 
sedimentation, which can change rapidly in such environments.  
 The units described have a range of characteristics: (1) 
intercalated fine and coarse grain layers, with characteristics 
that are common between the two basins;  (2) clay and silt 
intercalated with horizontal laminated sands and gravels, 
reflecting cyclic stratigraphy of high water stands with low 
energy flow (such cyclicity is common for playa lake deposits, 
where high standing water periods are interspersed with drier 
periods of evaporitic deposits and coarser clastic sedimentation 
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depending on the location of the stratigraphic sequence 
(Handford, 1982), (3) fine mud sediments are sometimes  
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Figure 4. Google Earth images with detailed location of stratigraphic 
sections at the Pampa del Tamarugal, a) Salar de Pintados, b) Salar de 
Bellavista and c) Salar de Llamara.  
 
accompanied with black peat organic layers or have embedded 
carbonates, reflecting low energy environment with development 
of hydrophyte vegetation, and (4) coarse, well-sorted laminated 
sands are also a common feature in both basins. A few sections 
described here, (5) contain undated gravel deposits reflecting 
elevated stream discharge.   
 

Fifty new radiocarbon ages from sediments and sub-fossil 
organic remains from both basins were obtained, 24 of these 
correspond to lacustrine/wetland contexts and 26 to remnant 
riparian ecosystems (Supp. Table 1-2). These dates are 
integrated with previous work to discuss changes in late 
Quaternary hydrological and paleoecological patterns in both 
basins (Díaz et al., 2012; Gayo et al., 2012; Maldonado et al., 
2005; Nester et al., 2007; Sáez et al., 2016). This combined 
database contains 154 radiocarbon ages and compiles all of the 
available paleoenvironmental information for the studied 
watersheds (Supp. Table 1-2). Radiocarbon ages obtained from 
carbonate lacustrine deposits are considered to be maximum ages 
due to potential, but unknown, reservoir effects (Geyh et al., 
1999; Geyh et al., 1997; Grosjean et al., 2001).   

 

4.1 Stratigraphy and chronology of the Pampa del Tamarugal 
sections 

The PDT consists of a series of small inland basins and 
salars, that are connected by overflow drainages. Salars lie at 
the terminal end of alluvial fans that are fed by major canyons 
that drain the Andes or Sierra Moreno to the east. The entire 
system eventually drains into a small tributary of the Río Loa 
(Quebrada Amarga). In this work, stratigraphic profiles from 
Salar de Pintados, S. de Bellavista and S. de Llamara are 
described (Fig. 4). The heavily mined and excavated Salar de 
Bellavista offers the greatest number of exposures (Fig 5). 

 

Unit A 

 Unit A is >1 m thick and corresponds to angular to 
subangular gravel deposit beds. Well sorted, these beds 
generally do not exhibit sedimentary structures except for one 
bed with imbricated gravels. The base of the unit is not 
exposed. There are no fossils and the unit has not been dated. 
It is exposed in two sections from the Salar de Bellavista 
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reflecting a period of high-energy (i.e. fluvial) discharge and 
sedimentary infill into the basin.    

 

Unit B1 

 Present at a single section BV-01. The unit is 75 cm thick, 
with a sequence of fine horizontally laminated sands in a silty 
matrix intercalated with diatomaceous silt.  Colors vary from 
light reddish brown to light gray for sand, to pinkish white for 
the diatomite layers. An ensemble of freshwater and brackish 
water diatom species were found and described in this unit (Fig. 
6).  The unit is capped by a ripple cast with symmetrical crests 
at 3.5 cm distance. The unit represents a low energy flow 
(laminated sands) that is probably the cause of channel 
migration toward south after the basin was filled with gravels. 
Very fine sands containing a significant variety of diatoms 
reflect the presence of surface water levels with probable 
periods of standing waters. Above this, the ripple cast and the 
size of the ripples, reflects waves impacting a beach shoreline 
along a lake of sufficient size to generate waves (Fig. 3b). 
Chronology of this unit is constrained by a single 14C date from 
matrix carbonate in the ripple cast is 25.4 ka. The section 
today has significant moisture (present c. 1.5 m beneath the 
surface) due to groundwater wicking and evaporation which could 
potentially add additional reservoir effects, so this date is 
treated as a maximum age.  

 

Unit B2 

 This unit corresponds to a single exposure of very fine 
materials at Salar de Bellavista. It is composed of two layers 
of red clay and yellowish silt. It is one of the finest deposits 
found at the Pampa del Tamarugal basin and represents fine 
lacustrine deposits for which the water table rise preceded 
sedimentation. The unit is not chronologically constrained, but 
it is overlain by unit B1 and is expected to be older than 16.5 
ka.  

 

Unit B3 

 This is a conspicuous unit present at Salar de Bellavista 
and S. de Llamara. It corresponds to intercalated horizontal 
laminated sands with yellowish silt and subordinate red silt. It 
is a typical playa lake sequence reflecting cycles of 
fluctuating groundwater levels, with laminated sands 
representing low energy sheet flow discharge episodes when the 
water table was below the surface, whereas the periods of fine 
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sedimentation reflect a surficial water table. Phytoliths 
analyses of this section show fluctuation between marshy plant 
communities dominated by Poaceae, Juncaceae and Cyperaceae at 
the bottom and top of the section, with an hiatus dominated by 
polyhedral phytoliths probably of Prosopis trees in the middle 
of the section (Fig. 07). The unit contains numerous datable 
materials, such as black peat organic layers, plant stems and 
gastropods. Its chronology is constrained by 10 radiocarbon 
dates clustered between 19.4-18.6 ka and 16.6 -16.1 ka.  

 

Unit C 

 Unit C corresponds to a cross-bedded loosely cemented sand 
forming mounds of up to 1.5 m high. The mounds are made by 
phreatophytes of Prosoposis tamarugo and Tessaria absinthioides 
trees and represent coppice dunes reflecting periods of wind-
blown sedimentation around vegetation, probably as the 
surrounding lake beds and marshlands became desiccated and their 
sediments were exposed to deflation. These features are very 
common along the northern edge of Salar de Pintados, the 
northern edge of Bellavista, as well as along the eastern edge 
of the Salar de Llamara. The age constraint for this unit 
corresponds to a section in Bellavista (BV-03) with an age of 
12.7 ka. 

 

Unit D 

 Unit D is represented at Salar de Llamara and Pintados, and 
is a sequence of fine layers of reddish and yellowish silt with 
overlying beds of horizontal laminated sands. The unit contains 
massive calcite beds with calcrete rhizoliths along the bottom 
of the section and is capped by a gypsum rich layer. This unit 
corresponds to the main section of profile Qh (here LL-01) 
described and interpreted as ancient lake levels by Finstad et 
al. (2016).  Here, this unit is reinterpreted as an environment 
with fluctuating water table levels, with palustrine conditions 
and a water table near or above the surface with periods of 
deeper water table and distal alluvial fan deposits such as sand 
sheets. The absence of clear shorelines around Salar de Llamara 
and the open drainage toward the Río Loa through Quebrada Amarga 
discards the idea of large bodies of standing water in this sub-
basin. Age constraints for this unit are based on three 
radiocarbon dates of 12.3 ka, 11.4 ka and 11.2 ka.  
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Unit F 

 Unit F is composed by a thick halite crust of up to 50 cm 
that corresponds to the modern salar surfaces. It is actively 
forming by evaporation and capillary wicking in the areas were 
groundwater is close to the surface (e.g. LL-01 and Pintados).  
There is no direct age constraint for this unit, although its 
age would depend on the history of each individual salar.    

 

 
Figure 5. Stratigraphic sections from the Pampa del Tamarugal basin). All 
radiocarbon dates are in calendar years BP (See Supp. Table 1).  
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Figure 6.  Presence/absence diatom record from Salar de Bellavista (section 
BV-01), taken 60-75 cm below the present salar surface. 

 

4.2 Stratigraphy, chronology and paleo-environments of the Aguas 
Blancas Basin 

The present day Salar de Aguas Blancas is an evaporitic 
environment that has been, and continues to be, highly modified 
by mining (Fig 8). The fans and hillslopes that lie adjacent to 
the Salar have been extensively stripped for nitrate (salitre). 
The area is now under even more intensive mining for nitrate and 
iodine (Pérez-Fodich et al., 2014). The considerable salt 
deposits suggest long term (millions of years) additions and 
concentrations of salts from upstream Andean sources or long-
term atmospheric deposition of nitrogen (Michalski et al., 
2004). Here, only on the most recent stages of salt and sediment 
accumulation is considered in two phreatic basins.  

Differential wind deflation at several locations provided 
opportunities for understanding the late Quaternary landscape 
evolution. Near the “Yungay” abandoned settlement, exposures of 
carbon-rich lacustrine material are easily observable as remnant 
mesas surrounded by shallow deflationary basins (Fig. 9). 
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Although some correlation can be made between stratigraphic 
units of Pampa del Tamarugal and Aguas Blancas, there are 
described separately due to the distance between both basins and 
differences in the nature and timing of discharge events.  
 

 

Figure 7. Presence/absence of phytoliths record from Salar de Llamara 
(sections LL-01 and LL-02).   
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Figure 8. Google Earth image showing the location of stratigraphic sections 
near Salar de Aguas Blancas. Contour lines extrapolated from estimated water 
level, and halite covered playas (salars, shaded in pink). The dark blue 961 
m contour line corresponds to the 13.2 ka levels (RA796), similar to levels 
reached at 8.4 ka (962 m a.s.l. at RA798). The light blue 972 contour line 
represents a thick, almost pure lacustrine carbonate layer dated to <46.8 ka 
(age of underlying peat deposit) and to 23.5 ka at section RA773 (direct date 
on the carbonate). 
 

 
Figure 9. Remnant mesas around Salar de Aguas Blancas with deflationary 
depressions exposing lacustrine sediments. 
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Unit D 

 Unit D is represented in two sections at Salar de Aguas 
Blancas (RA773) and Pique Lacalle (RA781) (Fig. 10). It 
corresponds to a sequence of fine sediments (silt and clay) with 
no gravels or sand, deposited in a low energy environment. At 
Aguas Blancas (RA 773) the column has fine laminated sediments 
at the base with a black mat peat near the top, overlain in turn 
by a white marl ~25 cm thick. At RA773, basal silty mud deposits 
correspond to lacustrine facies, the black mat near the top of 
the sections represents a shoreline-strand or wetland. At Pique 
Lacalle, the unit correspond to clay deposits, rich in tubular 
pores and a blocky structure with large CaCO3 lens capping the 
sequence. The unit reflects a period of enhanced recharge, with 
standing water in the lower basin at Aguas Blancas and 
palustrine conditions at Pique Lacalle. XRD and SEM analysis of 
the carbonate deposit of RA773 shows primary dolomite formation, 
indicative of low lake levels and high salinity. The chronology 
of this unit is constrained by three radiocarbon dates and spans 
from 46.9 to 23.6 ka.  

 

Unit E 

 Unit E is represented in two sections located in the Salar 
de Aguas Blancas lower salt flat. It corresponds to a sequence 
of fine sand, massive at the bottom and laminated on top, 
overlaid by a laminated and indurated layer of calcium carbonate 
of ~30cm capped with anhydrite polygons on top.  The carbonate 
deposit is very porous, with calcified organic filaments, needle 
fibre calcite and peloids. It suggests near surface water tables 
around a lake margin or wetland. Porosity can be formed by 
microbial mats on the lake floor. Thin section analysis show 
dolomite crystals with halite and anhydrite cements, likely 
resulting from the concentration of pool brines in a saline 
lake, though the sample may have been intruded by salt from 
post-wetland soil formation. Chronology of unit E is constrained 
by two radiocarbon dates on calcite deposits dated to <13.2 ka 
and <8.4 ka. These are likely maximum ages due to possible 
reservoir effects.  

 

Unit F 

 This unit is similar than unit F from Pampa del Tamarugal. 
It corresponds to a halite crust of up to 25 cm thick. There is 
no chronologic constrain on this unit, but it is younger than 
the underlying unit of <13.2 ka.  
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Unit G 

  Unit G corresponds to a thin sequence of muddy silt 
deposits at Pique Lacalle. It has a thin lens of carbonate 
overlaid by blocky cemented silt most likely reflecting 
desiccation. This unit is interpreted as a palustrine 
environment, with shallow fluctuating vegetation fringes. The 
unit date corresponds to standing stems of Tessaria 
absinthioides (a halophyte) that are dated to 11.1 and 11.8 ka. 

 
 

 
Figure 10. Stratigraphic sections from the Aguas Blancas basin in the 
Antofagasta region. 
 
 

4.3 Past recharge rates for the Pampa del Tamarugal basin 

The magnitude of past recharge rate increases, relative to 
today, were estimated by increasing current recharge levels 
within the hydrological model described in section 3.6 in 
multiples of x1.5, x2.5, x3.0 and x4.0 times, and then comparing 
these to observations for different time periods at the Salars 
de Bellavista and Pintados (see section 3.6 for details). For 
Period I (~25.4 ka and 16.6 ka), the best match to observations 
was obtained with ~ x3.0 current recharge rates. In contrast, a 
standing water table at Bellavista and a potential connection 
between Pintados and Bella Vista, required a recharge of x4.0 in 
the southernmost sub-basins (Quebradas of Quisma, Chacarilla and 
Ramada), and a x2.5 recharge for the other subasins (Quebradas 
Aroma, Tarapaca, Sagasca and Quipisca). This increased the 
spatial distribution of the < 5 m water table depth to match the 
paleoenvironmental record. This match occurs with recharge rates 
of x2.5 for Period II (16.5 - 16.1 ka). For Period III (12.7-
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11.2 ka), a recharge rate between x1.5 and x2.0 reproduces past 
piezometric levels. For all three periods, the model reveals 
that areas around the present villages of La Tirana and Pozo 
Almonte would have had ground water levels very close to the 
surface (Fig.  11). This also apparently occurred in the 
northern area around Zapiga, which is currently a well-known 
discharge area, with groundwater flowing into the Tiliviche 
canyon (JICA, 1995). Groundwater levels <1 m to the surface 
obtained with the model are considered as representing 
wetlands/marshlands as they can be periodically inundated, and 
soils will thus have a capillary rise that will keep moisture 
near the surface maintaining sedges and grasses. The criteria of 
< 5m to sustain Prosopis tamarugo trees is considered to be 
optimal vegetative conditions and capability of recruitment, 
since Tamarugo trees can survive with water at much deeper 
depths but will not be able to colonize new areas if water 
tables are >5 m below the surface.  

Gayo et al. (2012) argued for increased stream flow at 
slightly higher elevations above the basin floor from 15.9-14.2 
ka and 12-11.8 ka, which would have been caused by an elevated 
water table. They estimated paleoprecipitation amounts using a 
multi-linear regression model based on their paleoecological and 
geomorphological observations. Their model is based on the 
relation between mean annual precipitation (MAP) in the upper 
catchments, watershed area and the proportion of precipitation 
transmitted to river flow.  Based on data from modern perennial 
catchments, Atacama surface runoff (Q in m3s-1) is a function of: 

Q = -1.12 - [0.00026*A] + [0.0071*MAP] + [11.23*C], 

where A corresponds to catchment area (km2), MAP is mean annual 
precipitation in millimeters, and C is the runoff coefficient. 
Gayo et al. (2012) used this relationship to estimate past MAP, 
which is thus estimated to have increased threefold during 17.6-
14.2 ka and 12.1 - 11.4 ka in order to activate the channels. By 
using a modern-day MAP of ~62 mm yr-1 for the upper catchments, 
estimates with this model show that precipitation increased in 
the upper watersheds from two to four-fold at 25.4 ka and 16.2-
16.6 ka, with two to three times the current rates between 12.7 
ka and 11.2 ka (Table 2). This increase in precipitation was 
characterized by significant decadal and annual variations as 
shown by δ13C values on annual tree rings of Schinus molle dated 
to ca. 15 ka (Gayo et al. 2012).  
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Figure 11. Maps of the northern aquifer of the Pampa del Tamarugal with 
hydrological modelling results at four time intervals, beginning with a 
steady state calibration model for the year 1960. Groundwater level at 1 m is 
considered to be able to sustain phreatophyte vegetation as well as sedges 
and grasses, while <5 m correspond to the depth to which Prosopis trees can 
have optimal growth conditions.  
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Table 2. Recharge estimates and calculated upper catchment rainfall (Mean 
Annual Precipitation -MAP) for the Pampa del Tamarugal tributaries for the 
three different pluvial events described 

Catchment Recharge 
(m3s-1) 

MAP that matches augmented recharge rates        
----------------------------(mm)----------

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

  1.5 2.0 2.5 3.0 4.0 

Aroma 0.31 200.18 222.02 243.85 265.68 309.34 

Tarapaca 0.318 201.76 224.15 246.55 268.94 313.73 

Sagasca 0.089 159.91 166.18 172.45 178.71 191.25 

Quipisca 0.072 139.09 144.16 149.23 154.30 164.44 

Quisma 0.021 122.48 123.96 125.44 126.92 129.88 

Chacarilla 0.159 171.31 182.51 193.71 204.90 227.30 

Ramada 0.007 142.85 143.35 143.84 144.33 145.32 
 

 

5 Discussion  

5.1 Pampa del Tamarugal-Depositional setting and 
paleoenvironmental history 

Evidence for elevated groundwater levels in the PDT are 
represented by units B1, B2, B3 and D. Deposits in these units 
reflect typical conditions of fluctuating water levels within 
alluvial playas, wetlands and lake facies. These facies reflect 
the intersection of a playa lake with terminal ends of distal 
alluvial fans. The best dated evidence of standing water 
conditions at Salar de Bellavista correspond to unit B1:  A 
carbonate cemented ripple cast (BV-01, Fig. 3b), dated to 25.4 
ka, the oldest age for evidence of wetter conditions in the PDT. 
A wood fragment dated to ~26.9 ka has been found in gravel 
deposits in nearby Chipana canyon (Sup. Tab. 1). This is 
important as this canyon ultimately drains into the Bellavista 
basin. Below the ripple cast, diatoms assemblages are dominated 
by planktonic taxa (Cyclotella taxa, Discostella stelligera and 
D. stelligera var. stelligera), indicating high levels of 
freshwater, although some epiphytic and benthic diatoms are also 
present. D. stelligera is linked to thermal stratification and 
warm conditions (Harris et al., 2006; Hyatt et al., 2011; 
Rühland et al., 2003; Rühland and Smol, 2005) (Fig. 6).  

Unit B2 precedes the CAPE I pluvial and reflects perennial 
water conditions due to the very fine sediments that remain 
undated. Unit B3 coincides with the CAPE I (17.5-14.5 ka) and 
has several shoreline outcrops in the Salar de Bellavista (SBV), 
with ages on organic matter clustering from 16.6 to 16.1 ka (BV-
02, BV-04, BV-05; Fig 5). These “high stands” -now salt or dust 
covered- contain black peat organic matter; fresh to brackish 
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water Heleobia sp. gastropods (Collado et al., 2016), and well 
preserved plant macrofossils of Distichlis spicata and Tessaria 
absinthioides. Upstream of the Salar de Bellavista, over 15 
radiocarbon dates on riparian deposits indicate coeval discharge 
in the Chipana tributary from 16.0-13.5 ka (Gayo et al., 2012; 
Nester et al., 2007). South of Salar de Bellavista, in the Salar 
de Llamara, Unit B3 reveals evidence for a pre-CAPE phase of 
rapid aggradation as radiocarbon ages for sediment at 60 cm and 
120 cm depth are all dated from 19.3 to 19.1 ka (Fig 5). 
Phytolith analyses from the base of this section (~115cm depth), 
suggests a wetland plant community dominated by Poaceae, 
Juncaceae and Cyperaceae families (Fig. 10). These plants are 
currently present 12 km to the southwest in the Quebrada Amarga 
wetlands that drain the Salar de Llamara (DICTUC, 2007) (Fig. 
12). Above the basal portion of the section at 110 cm, 
polyhedral phytoliths from Prosopis trees appear, which only 
require shallow groundwater conditions (Calderon et al., 2015; 
Chávez et al., 2016). Poaceae, Juncaceae and Cyperaceae 
phytoliths near the top of the section imply a return to wetter 
conditions. An organic layer was dated to 18.56 ka in section 
LL-03 (Fig.  5) and provides further evidence for the presence 
of surface water in de Salar de Llamara before CAPE I.   

 

Figure 12. Contrast between (a) modern phreatic wetlands along Quebrada 
Amarga before the confluence with the Río Loa and (b) Salar de Llamara 
landscape covered by a thick salt crust (~50 cm) near section LL-02. 

 

Unit D was coeval with the CAPE II. Phytolith analyses from 
an interval between 48-78 cm of section LL-01 revealed long 
cells at the base (73-78 cm), indicating the presence of 
monocotyledons (e.g. sedges, grasses), whereas the upper part of 
the section (48-61 cm) exhibited rondels similar to those found 
in Distichlis spicata and oxalates similar to those of Prosopis 
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sp. and Schinus molle druses (McRostie, 2013). These 
microfossils suggest mostly groundwater fed ecosystems. The LL-
01 sequence ends with an organic matter-rich deposit at 12.3 ka, 
implying the presence of near surface water. Such 
paleoenvironmental conditions described here for the low-
elevation basins of the PDT differ greatly from the present 
conditions (Fig. 12). At Pintados, Unit D shows mottled 
carbonates and cf. Distichlis spicata root molds formed <11.5 ka 
and <11.3 ka, reflecting a palustrine environment -a wetland 
with ephemeral standing water conditions.  A cluster of dates 
also shows CAPE II discharge in the Chipana tributary between 
12.8-12.5 ka (Gayo et al., 2012; Nester et al., 2007). 

5.2 Salar de Aguas Blancas 

Three stratigraphic units present in the Salar de Aguas 
Blancas basin show evidence for increased groundwater levels 
during the late Pleistocene (Fig. 8 and 9). The depositional 
setting corresponds to a low gradient lake margin with low 
energy clastic deposits of silt and clay and evaporitic deposits 
of carbonate and gypsum.  Unit D, the oldest unit in the basin 
(studied here), is represented by two sections at different 
locations within the basin. The highest standing and oldest 
outcrop contains a sequence of basal fine laminated red silts 
(lacustrine), overlain by a black mat formed in a marsh or 
wetland dated to 46.9 ka (RA773). A change in pluvial conditions 
then followed, and the organic mat is capped by a thick fine 
dolomicrite mud carbonate dated at <23.6 ka. This is interpreted 
to have been a shallow playa lake margin with intense 
evaporative processes from highly saline brines. By following 
the drainage system that feeds the Aguas Blancas region 50 km 
upslope, a large fossilized riparian wetland appears at Pique La 
Calle. Beneath the surface, laminated carbonates at 45 cm (35.9 
ka old), are interpreted as having been deposited in a 
palustrine environment, which once covered ~6 km2. These 
sediments, which supported a late Pleistocene wetland, are 
deeply dissected by the present flood channels (Fig. 13). 
Reconnaissance field observations over a larger region revealed 
that there are likely multiple stages of palustrine muds and 
salts, though we as yet have no other information on these older 
sediments. The Pique La Calle section is capped by fine-grained 
sediments strewn with standing stems of Tessaria absinthioides 
(a halophyte) that were radiocarbon dated to 11.1 and 11.8 ka 
(Fig. 3c).  

Unit E, which was coeval with the CAPE II, is represented 
by two exposures with carbonates of probable biogenic origin 
formed at 13.8 ka (RA796), and a laminated irregular micrite 
deposit with irregular gypsum and halite cements that formed 
along a lake margin or wetland at 8.4 ka (RA798). Since they 



 

	 28	

were deposited in a wetland setting, these land surfaces have 
accreted dust and sulfate, forming an overlying soil with 
regionally distinctive polygonal structural patterns. This soil 
has been partially interwoven into the underlying wetland 
deposits. As mentioned, differential scouring by wind is now 
partially removing this wetland/eolian complex of sediments.  

Figure 13. Fine sedimentary sequence exposed near Pique La Calle in the 
Antofagasta region. 

5.3 Paleohydrology within the Atacama Desert Central Depression 
during the late Quaternary  

There is now a considerable database constraining the 
wetter climates present during the late Quaternary in the 
Central Andes (de Porras et al., 2017). These events activated 
wetlands (Quade et al., 2008; Rech et al., 2002), possible high 
elevation lakes (Grosjean et al., 2001), and streams (Gayo et 
al., 2012; Nester et al., 2007). The findings of this work show 
that these pluvial periods impacted even the low elevations of 
the Central Depression in the Atacama Desert, creating a mosaic 
of landscapes that greatly differed from present day conditions.  

 



 

	 29	

 

 



 

	 30	

 

Figure 14. Comparison of late Quaternary paleoclimate records for the Atacama 
Desert and nearby Andean region. (A) Shoreline elevations from Altiplano 
paleolakes at Salar de Uyuni; (B) Positive hydroclimate anomalies for the 
PDT: wetlands and paleolake data are from this study, the archaeological 
record corresponds to the Quebrada Mani 12 archaeological site (Latorre et 
al., 2013) and riparian records from this study, Gayo et al. (2012), 
Tomlinson et al. (2015), Blanco & Tomlinson (2013) and Nester et al., (2007); 
(C) Hydrological discharge towards the Pampa del Tamarugal based on the 
Hydrogeological model used in this study; (D) Groundwater discharge levels 
inferred from paleowetlands (Rech et al., 2002);(E) Lake levels inferred from 
a sediment core from Laguna Miscanti (Grosjean et al., 2001); (F) Changes in 
the local water table at Salar de Punta Negra (Quade et al., 2008); (G) 
Record of positive hydroclimate anomalies from the Antofagasta Region at 
Salar de Aguas Blancas basin: wetlands (this study), rodent midden occurrence 
in absolute desert (Maldonado et al., 2005; Diaz et al., 2012) and 
groundwater discharge deposits from Saez et al (2016). 

 

First, several wetlands of significant extent with ages 
that significantly precede the CAPE-I (>17.6 ka) were identified 
in the PDT. (Figure 14; Sup. Tab. 1).  The oldest of these at 
PDT corresponds to evidence for a freshwater paleolake and beach 
deposits at Salar de Bellavista. Diatoms in this section provide 
evidence for deep (enough for thermal stratification to occur) 
freshwater conditions prior to the age of the cap ripple cast 
dated to 25.4 ka. Supporting local evidence for this pre-CAPE 
pluvial event comes from two dates in Quebrada Chipana (36.0 ka 
and 26.8 ka; Sup. Table 1) indicative of increased recharge into 
the Bellavista sub-basin. The simulations produced by the 
hydrogeological model (See section 4.2) shows that to produce 
standing water at Salar de Bellavista at ≤ 25.4 ka and 16.5 ka 
(Profiles BV-01 and BV-04) requires an increase in aquifer 
recharge of 2.5 to four-fold the current rate (976 L s-1). An 
increase of this magnitude would have expanded the area capable 
of sustaining tamarugo (Prosopis tamarugo) trees from 155 km2 
today up to a maximum of 1219 km2 around 25.4 ka and 16.6 ka 
(Fig. 15), considering  groundwater depths of < 5 m for optimal 
conditions and recruitment (Calderon et al., 2015; Leakey, 
1980).  
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Figure 15.  Observed and inferred extent of late Pleistocene wetlands, lakes 
and riparian corridors in the PDT. For detail of dates from stratigraphic 
profiles see table in Supp. Table 1. Areas drawn correspond to the maximum 
extent (for variations during different periods see figure 10).  Riparian 
sections are taken from Gayo et al. (2012), Tomlinson et al. (2015), Blanco & 
Tomlinson (2013), Nester et al., (2007) and this study.  
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For subsequent periods, including the CAPE, the 
hydrogeological model indicates recharge rates 2.5 and 1.5 times 
that of today at 16.2 and 12.8 ka, respectively. Indeed, the 
model reveals substantial areas of shallow groundwater (<1 m 
below ground level) for the entire period from 25.4 ka to 11.3 
ka near La Tirana-Pintados, and in the vicinity of Zapiga in the 
northern PDT (Fig. 15). Plant remains found near La Tirana and 
in the Quisma and Quipisca ravines furthermore point to the 
presence of running water from 8.8 to 7.7 ka (Sup. Table 1), 
which suggests that tributary drainages were active in the early 
Holocene due to moderately increased recharge (e.g. ~1.5 times 
current recharge values). In the southern PDT, this hydrological 
stage is supported by perennial runoff at 12.0-11.3 ka, and by 
permanent superficial discharge of groundwater until 7.8 ka 
(Gayo et al 2012, 2012b, Sup. Table 1). Three sedimentary 
sections containing wetlands deposits in the Salar de Llamara 
suggest augmented water availability, with fluctuations in the 
water table near or above the surface between 19.3 and 12.8 ka. 
Concurrently, 40 riparian sub-fossil deposits from present-day 
inactive tributaries of the Salar de Llamara point to (highly 
variable) perennial stream discharge into the distal basin 
between 17.6 and 11.3 ka during the CAPE (Fig. 16). The 
clustering of radiocarbon ages at 17.6-17.2, 16.0-14.1, 13.3-
12.8 and 12.0-11.3 ka, however, suggests at least four possible 
large pluvial events (Fig. 16). In summary, the observations and 
radiocarbon ages in the Pampa del Tamarugal reveal standing 
water in the sub-basins from 25.4 ka (and perhaps earlier) to 
7.8 ka. The evidence suggests standing or near surface water 
associated with a substantial increase in stream discharge and 
surficial outcropping of groundwater around <25.45 ka and from 
~16.5 to 16.1 ka at Salar Bellavista. After this initial period 
of standing water, lakes dried out into wetlands in Bellavista 
(12.7 ka) and Pintados (11.1 ka). This is in agreement with 
previous evidence for decreased recharge into the PDT during the 
CAPE II, as indicated by Gayo et al (2012). 
 
 

Figure 16. Radiocarbon dates reflecting hydrological discharges toward the 
southern sections of the Pampa del Tamarugal during the late Pleistocene.  



 

	 33	

 The data here presented also provide new evidence for the 
presence of periodic surficial freshwater from 46.9 ka to < 8.4 
ka in the hyperarid Aguas Blancas basin in the Antofagasta 
region. These paleolakes and wetlands were synchronous for the 
most part with evidence of increased groundwater discharge at 
24˚-26˚S (Saez et al., 2016), the presence of extralocal plant 
species present in middens collected in the absolute desert of 
the Central Depression between 27.9-28.1 ka, 21.3 and 17.3 ka 
(Diaz et al., 2012), and ca. 1000 m downslope migration of 
steppe grasses  as documented by rodent middens in Quebrada del 
Chaco at 25.5˚S between 25-18 ka  and between 17-10 ka at higher 
elevations (Maldonado et al., 2005) (Fig 14; Supp. Table 2). The 
observations obtained in this work show that regional drainage 
systems in the present absolute desert have been affected by 
multiple surface water recharge events during the late 
Pleistocene, as recently suggested by Diaz et al. (2012).  
Activation of major westward drainage systems during the CAPE 
clearly occurred at higher elevations in the central Atacama 
(Rech et al., 2002, 2003a), at Salar de Punta Negra (25°S, Quade 
et al., 2008) and in the Sierra de Varas (25˚S) (Saez et al., 
2016). This latter drainage system, with catchment areas along 
the western flank of the Andes and Domeyko Cordillera, 
terminates in salars located within the absolute desert of the 
Central Depression Basin, including the Salar de Aguas Blancas 
(Fig. 17). Increased stream discharge throughout these systems 
suggests that these environmental conditions might have existed 
at other localities in the Central Depression with drainage 
systems connected to the Andes from 47 to <8.4 ka. The 
sparseness of evidence for wetlands at the sites during the 
Holocene is also evident. Although this could be due to a lack 
of sampling, most of these low elevation basins are capped by 
thick salt crusts, that require roughly 7 - 10 thousand years to 
form (Finstad et al., 2016). Hence, the large and positive 
hydroclimate anomalies necessary to increase the water table 
above the surface of these playas, most likely disappeared in 
the early Holocene (<8.4 ka) and have not returned.  
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Figure 17. Pre-CAPE and CAPE maximum extent of late Pleistocene wetlands and 
surface water drainage systems in the hyperarid Aguas Blancas basin. Midden 
localities are taken from Maldonado et al. (2005) and Diaz et al. (2012). 
Groundwater Discharge Deposits are from Saez et al. (2016). Wetland extension 
for Salar de Punta negra is taken from Quade et al. (2008). 
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5.4 Late Quaternary regional paleoclimate  

5.4.1 Evidence and mechanisms for a pre-CAPE pluvial(s) (> 17.5 
ka) 

A full chronology of a pluvial event (or several events) 
preceding the CAPE (>17.5 ka) remains uncertain. Only a handful 
of records exist that can help constrain these events, 
especially along the Western Andean Cordillera (18-22˚ S). 
Enhanced moisture is indicated by rodent middens from Quebrada 
La Higuera (18˚ S) ca. 37 ka (Mujica et al., 2015). Within the 
PDT the record is even more sparse, reduced to scattered 
evidence of wetter conditions at 36.1 ka and at 26.9 ka in 
Quebrada Chipana (20.5˚ S), 25.4 ka at Salar de Bellavista and 
from 19.4 to 19.1 ka and 18.6 ka at Salar de Llamara. These 
dates are part of a fragmentary record now emerging from the PDT 
that shows a degree of overlap with the minor Sajsi lake cycle 
in the Bolivian Altiplano, specifically from ~25 - 19 ka (Blard 
et al., 2011). Increased pre-CAPE moisture in the Atacama’s 
hyperarid core also coincides with a wetter period between 27.9 
ka and 17.8 ka recorded at Jaraguá cave in Brazil (21˚S 56.5˚W) 
at the core of the South American Monsoon System (Novello et 
al., 2017). Further south, pre-CAPE evidence for increased 
ground water levels in the Aguas Blancas basin (24˚ 06' S 69˚ 
58' W) at 46.8, 35.9 and 23.6 ka coincides with the (poorly 
constrained) wet phase in the Salar de Atacama from 53.5 to 15.3 
ka (Bobst et al., 2001), and a rodent midden pollen record 
showing increased moisture at 57-40 ka and from 24 to 15 ka 
(Maldonado et al. 2005). Plant macrofossils from rodent middens 
collected in the absolute desert between 24-26˚ S have been 
interpreted to infer increased discharge into the desert from 
higher elevations at 28.1 - 27.9 ka, at 21.3 ka and 17.3 ka 
(Díaz et al., 2012).  

Pre-CAPE pluvial events have also been inferred in two 
records along the eastern flank of the Andes: i) at the Pozuelos 
Basin in Argentina (22˚S, 66˚ W) a deep paleolake existed from 
ca. 43-37 ka, a shallow paleolake from 37 to 23 ka and a saline 
lake formed 26-19 ka that then dried out (McGlue et al., 2013); 
ii) at Salar del Hombre Muerto (25˚S 67˚W), a sediment core 
reveals the presence of a saline lake c. 45 ka interpreted as a 
very wet phase, followed by a saline pan at 44-38 and 24-20 ka 
indicating moderate wet phases during these periods (Godfrey et 
al., 2003). A drying trend from the older sediments into the LGM 
is thus apparent in both of these records.  

Two very different mechanisms can be postulated for 
increased moisture preceding the CAPE. One possibility is that 
increased effective moisture in the high Andes could have been a 
combination of slightly increased tropical moisture combined 
with lower temperatures during MIS-3,  but especially later 
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during the Last Glacial Maximum (5-8 ºC below present day-
(Thompson et al., 2000)). As discussed above, several records 
show increased pre-LGM and LGM tropical rainfall in the Andes. 
Such cold/wet conditions would have increased infiltration and 
increased groundwater discharge downslope towards the west. 
Increased infiltration due to lower temperatures (but not 
increased precipitation) along the western Andean slope may also 
explain why there are so few LGM (or older) midden records in 
the northern and central Atacama Desert (Latorre et al., 2005).  

Indeed, such middens only become more common in the 
absolute desert to the west of the Andes and in the southern 
Atacama, where pollen assemblages in LGM age middens from 
Quebrada del Chaco have been taken as evidence for increased 
northward migration of cold fronts stemming off the Southern 
Westerlies. This is in agreement with paleorecords in winter-
precipitation dominated areas from central and central-southern 
Chile (Heusser et al., 1999; Lamy et al., 1998; Valero‐Garcés et 
al., 2005). These complex spatial patterns for pre-CAPE moisture 
probably suggest that mixed sources of moisture (east and west 
of the Andes) were likely involved, as suggested by Maldonado et 
al. (2005) for the Quebrada del Chaco record. 

 

5.4.2 The Central Andean Pluvial Event (CAPE) in the Atacama 
Desert 

         The Central Andean Pluvial Event (CAPE) as defined by 
Quade et al. (2008) and reviewed in Gayo et al. (2012), is based 
on an ever-growing set of data showing enhanced Andean 
precipitation of tropical origin during the latest Pleistocene 
(Betancourt et al., 2000; Gayo et al., 2012; Grosjean et al., 
2001; Latorre et al., 2006; Latorre et al., 2005; Latorre et 
al., 2002; Maldonado et al., 2005; Nester et al., 2007; Placzek 
et al., 2009; Quade et al., 2008; Rech et al., 2002). Two major 
phases separated by an arid period have been defined: CAPE I 
(17.5-14.2 ka) and CAPE II (13.8-9.7 ka). Whether these occurred 
as several centennial-scale events or more prolonged periods 
lasting millennia is not yet clear. The intensity, tropical 
moisture sources (i.e. Amazon vs Gran Chaco) and regional extent 
of the different phases of CAPE also has yet to be fully 
understood (see de Porras et al., 2017 for a recent review).  

 The record compiled in this work suggests that discharge 
decreased from ~16.5 to 12.0-11.3 ka, coinciding with the 
observed variations in riparian system vegetation assemblages, 
which indicate that CAPE II was probably drier than CAPE I in 
the PDT (Gayo et al., 2012; Nester et al., 2007). This is in 
agreement with shoreline records from the Uyuni basin in the 
Bolivian Altiplano region, were the Tauca lake phase (16.4-14.1 
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ka and synchronous with the CAPE I), was much more intense than 
the later Coipasa lake phase (13 to ca.11 ka), which was part of 
the CAPE II (Placzek et al., 2009; Placzek et al., 2013; Placzek 
et al., 2006). 

  South of the PDT, however, the differences between CAPE 
phases become less apparent. A summary of the record in this 
region shows that: i) elevated groundwater levels at Salar de 
Punta Negra (24.5˚S) occurred during both intervals of the CAPE, 
showing similar conditions between 15.9 and 13.8 ka and 12.7 to 
9.7 ka (Quade et al., 2008); ii) rodent middens from higher 
elevation sites within Quebrada del Chaco (25.5˚ S) reveal much 
wetter than present conditions between 17 and 15 ka, and 
moderately wetter than present conditions between 14-11 ka 
(Maldonado et al., 2005); iii) a high Andean lake sediment 
record from Laguna Miscanti (23˚ S) shows a wetter CAPE II than 
CAPE I (Grosjean et al., 2001), in agreement with local rodent 
middens records at lower elevations (Latorre et al., 2002) and 
increased groundwater discharge (Rech et al., 2002); iv) the 
Aguas Blancas record presented here shows evidence for increased 
discharge during the CAPE II and lacks any evidence for the CAPE 
I, although this could be due to the reconnaissance nature of 
the observations made in this study. Indeed, just upstream from 
the Aguas Blancas basin, a late CAPE I date of 14.5 ka occurs in 
a paleowetland from Sierra de Varas dated to 14.5 ka (Sáez et 
al., 2016). Evidence for increased groundwater levels during the 
CAPE II occur at 13.81 and 8.4 ka in the Aguas Blancas basin and 
at 11.8-11.1 ka at the Pique La Calle paleowetlands (Sup. Table 
2). Upstream from the sites here analyzed, groundwater discharge 
increased in the Sierra de Varas from 12.2 to 9.8 ka (Sáez et 
al., 2016); v) Pollen records from rodent middens at three sites 
along the western Andean slope show that wetter conditions 
occurred from 14.2 to 8.5 ka (de Porras et al., 2017). In this 
work, it is proposed that these younger ages for the end of CAPE 
II are in good agreement with this work record for Aguas Blancas 
basin record and with paleowetland stratigraphies in the central 
Atacama (22-24˚S) (Rech et al., 2002).  

 

5.5 Paleobiogeography of the hyperarid core and cultural impacts 

The new emerging view of the hyperarid Atacama Desert 
during the late Pleistocene is one of significant intervals of 
semi-continuous stream flow, abundant riparian habitats, with 
wetlands and/or shallow lakes occupying what are now halite 
encrusted salars or playa basins. These were prevalent in both 
the northern and southern regions of the desert, although the 
mechanisms that caused these pluvials remains somewhat unclear. 
The rising water table in the PDT would have created large areas 
of habitat suitable for the growth and reproduction of tamarugo 
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(Prosopis tamarugo) trees. The likelihood of semi-continuous 
low-density woodlands and wetlands in the PDT represents a 
fundamentally novel environmental model for the conditions that 
existed at the time of the earliest human presence in the 
region, and such conditions would have impacted intercontinental 
dispersion, colonization and settlement. The early hunter-
gatherer open camp at Quebrada Mani (QM12) dated from 12.8 to 
11.7 ka (Supp. Table 1) coincides with increased discharge into 
the PDT basin (Fig. 16) (Latorre et al., 2013). Associated 
riparian woodlands and wetlands would have hosted abundant 
paleofauna used as prey by these early inhabitants, as evidenced 
by camelid bones in the QM12 site (Latorre et al., 2013). 
Extinct Pleistocene large mammals likely also benefited from 
these conditions and a diverse fauna composed of Scelidodon 
chilensis, Megatherium medinae, Megatherium sp., cf. 
Nothrotheriinae, Lama sp., and equids have been found in the 
Pampa del Tamarugal basin (Frassinetti and Alberdi, 2001; Moreno 
et al., 1994). As the archaeological evidence for early human 
presence in the PDT continues to grow, the emerging view of the 
paleohydrology suggests abundant local resources of plants and 
animals would have been available to these prehistoric 
inhabitants (Latorre et al., 2013; Maldonado et al., 2016; 
Santoro et al., 2017).  

 Further south in the Aguas Blancas basin, wetter and more 
biologically rich episodes also occurred intermittently over the 
last 46,000 years (Fig 14). These wetter periods also likely 
facilitated conditions for plant and human migration within the 
absolute desert during the late Pleistocene.  To date, there are 
no known early prehistoric sites in the Salar de Aguas Blancas 
basin, though early sites have been documented regionally at 
higher elevations (>3000 m) in the Salar de Punta Negra and 
Imilac basins (12.37 to 10.32 ka) (Cartajena et al., 2014; 
Grosjean et al., 2005; Lynch, 1986), and along the coast at the 
sites of San Ramón and Alero Cascabeles (12.15 to 10.5 ka) 
(Salazar et al., 2015; Salazar et al., 2011). In this work, 
numerous lithic workshops were discovered in the eastern Aguas 
Blancas basin, those contain seashells, bones, and rounded 
andesite pebbles from the coast used as percussion tools. Basalt 
outcrops with jasper veins were sites of multiple, and 
apparently long-term, lithic workshops. The preliminary 
observations of these sites, suggest these lithic artifacts 
could be late Pleistocene age and this works suggest that these 
sites could be contemporaneous with archaeological sites that 
have been documented along the coastal desert (Castelleti et 
al., 2010; Salazar et al., 2017; Salazar et al., 2015). 
Nevertheless, new expeditions oriented to explore and survey 
these wetlands for evidence of early human occupation are 
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needed, such as the late Pleistocene site described at Punta 
Negra (Grosjean et al., 2005).  

 

6. Conclusions 
During the late Quaternary, different periods of enhanced 

recharge were able to create wetlands and lakes in the nowadays 
extremely dry Central Depression of the Atacama Desert between 
20˚ and 25˚ S, creating an interconnected network of surficial 
water from the Andes to the Coast that is absent today in those 
latitudes, except for the Loa river. Those periods of water 
table rise, comprise a time span that goes from ~46.9 ka to 7.7 
ka, encompassing a widespread pluvial period known as the 
Central Andean Pluvial Event (CAPE) that occurred between 17.5-
9.7 ka. The record here presented, also adds to the still 
fragmentary record for pluvial event(s) preceding the CAPE in 
the region, pointing to a richer history to the desert response 
to wet periods in the Andes. Combining the new evidence with 
regional evidence of pre-CAPE wet periods shows that the spatial 
and temporal extension of these wet periods are complex and 
suggests that most likely mixed sources of moisture (east and 
west of the Andes) existed for these periods. Coinciding with 
most records for the PDT region, discharge decreased from CAPE I 
to CAPE II, while the differences between both become less 
apparent at the southern Atacama record of Aguas Blancas.  

It is recommended that future archaeological research and 
exploration needs to be organized around a newly revised model 
of the late Pleistocene conditions in the Atacama Desert. A 
revised model of the paleoenvironment can be overlain on the 
present lifeless and waterless region, pointing to a more 
informed strategy for archaeological prospecting. The presently 
known Paleoindian or proto-Archaic sites (La Yaral in southern 
Peru (13.8 ka) (Stanish and Rice, 1989), Tiliviche 1-B (9.76 ka) 
(Nuñez, 1986; Santoro et al., 2017) and Quebrada Mani 12 (12.8 
ka) (Gayo et al., 2015; Latorre et al., 2013) (Fig. 6)) may be 
simply part of a fascinating early exploitation of the region by 
humans, one that was, as it still is today, dependent on the 
availability of water.  
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Chapter 2: 

A Century Scale Rainfall in the Absolute Atacama Desert: 
Landscape Response and Implications for Past and Future Rainfall 

Magnitudes 
 
  
1. Introduction  
 

The hyperarid Atacama Desert of northern Chile is an 
ancient and profoundly dry region, yet one that bears enigmatic 
evidence of past rainfalls that produced a variety of unusual 
(now-) fossilized features. The present landscape is almost 
completely devoid of plants and is therefore an "absolute 
desert" (Marquet et al., 1998) (Fig. 1a), yet some areas produce 
dazzling arrays of flowers following rare rainfalls. The soils 
are rich in highly soluble salts accumulated from millions of 
years of atmospheric deposition (Ewing et al., 2006), yet they 
also contain piping and other features suggestive of partial 
aqueous dissolution and reorganization at multiple times in the 
past (Ewing et al., 2006; Amundson et al., 2012). Hillslopes are 
inflated with atmospheric dust and salt, yet bear surficial 
gravel orientation suggestive of overland flow (Owen et al., 
2013). These features are only beginning to be recognized, and 
the rainfall required to initiate them is poorly understood. 
Thus, the multi-day storm that impacted northern Chile in 2015 
is a unique opportunity to learn more about hydrological 
response of the desert to rainfall, and a chance to understand 
more about the thresholds that must be exceeded to activate many 
of the unusual features in this extremely arid landscape.  
 
 

Due to a sparse population, and a relatively short duration 
of settlement, long-term records of precipitation are rare. Only 
one large historical storm, that occurred in 1991 in 
Antofagasta, has rainfall rate data (Garreaud and Rutllant, 
1996; Vargas et al., 2006). The March 24 and 26, 2015 storm 
caused high rainfalls across the desert region (Barrett et al., 
2016; Bozkurt et al., 2016).  Major stream and river channels, 
some which seldom carry surface water, became active and led to 
significant human destruction. Particularly devastating was the 
flooding of the Salado and Copiapó Rivers near the southern 
border of the desert (Valdés-Pineda et al., 2017; Wilcox et al., 
2016). It appears that much of the water that activated these 
drainages occurred from precipitation at relatively high 
elevations, and that within the desert proper, there was little 
runoff in tributaries of these streams. Why did this occur, 
given that rainfall blanketed the entire region? To investigate, 
this chapter focuses on the soil and landscape response to the 
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rainfall. In this work, an array of observations and 
measurements are reported, and from this provide interpretations 
about the rainfall history of the desert, and the hydrological 
thresholds that operate there.   

 
 
 

 
Figure 1. (a) Map of the Atacama Desert and adjacent regions showing the 
extent of the absolute desert and the isolines for aridity indexes 0.01 and 
0.05, the latter corresponding to the threshold for hyperarid climates. (b) 
Average precipitation for the southern Atacama Desert, the area containing 
“zebra stripes”  on hillslopes (Owen et al., 2013), and field sites described 
in this study  (see also Table 1).  Extent of absolute desert is on (Gajardo, 
1994; Luebert and Pliscoff, 2006); aridity index is obtained from (Zomer et 
al., 2008) and annual rainfall from (Pliscoff et al., 2014).  
 
 
2. The Absolute Desert  
2.1 Geography and Climate 

The Atacama Desert is located between 18˚S and 27˚S, within 
a tectonically active forearc with four major parallel (N-S) 
morpho-tectonical units. These units are (from west to east): 
the Coastal Cordillera; the Central Depression; the 
Precordillera and the Western Andean Cordillera. The coastal 
Cordillera, which reaches an altitudes of 3114 m a.s.l. at the 



 

	 42	

Cerro Vicuña Mackenna, receives significant fog inputs in areas 
near the coastline that can support adapted plant species 
(Rundel et al., 1991). The Central Depression, a ~50 km wide 
continental basin, is filled with Palaeogene-Neogene alluvial, 
fluvial and evaporitic deposits mainly proceeding from the 
Precordillera and Western Andean Cordillera. It is interrupted 
by a series of local ranges and small mountains. This is the 
most arid segment of the desert, the most lifeless, and the area 
of focus in this work in terms of response to the 2015 storm. 
This work ignores what occurred in the areas beyond the absolute 
desert, as the response of those regions have been described by 
others (Jordan et al., 2015; Scott et al., 2017; Valdés-Pineda 
et al., 2017; Villa and Lienlaf, 2015; Wilcox et al., 2016).  
 

Precipitation in the driest regions of the desert average 
much less than 5 mm/year, with a steep latitudinal and 
elevational gradient (FIG 1b). The extreme dry conditions of the 
desert are attributed to: (1) a rain shadow caused by the Andes, 
blocking Atlantic moisture; (2) the presence of a sub-tropical 
high pressure belt (Southeast Pacific Subtropical Anticyclone), 
and (3) upwelling cold water from higher latitudes (Humboldt 
current), which cools the lower troposphere and decreases its 
water holding capacity.  
 
2.2 Historical Rainfall and the March 2015 Storm 

Rainfall in some locations of the Atacama Desert has 
decadal return intervals (Fig 2). Long-term precipitation 
records >100 years exist only for cities on the Coast (Arica, 
Iquique and Antofagasta), and data for the interior exists for 
only the last few decades. Ortlieb (1995) compiled anecdotal 
information together with instrumental records for the period 
between 1796 and 1992.  He noted only one rainfall (1882) for 
the 19th century in the Pampa del Tamarugal. In the 20th century, 
Ortlieb (1995) recorded two significant rainfalls in the Pampa 
del Tamarugal (in 1911 and 1965). In the 20th century, 
Antofagasta had four heavy rainfalls (20-40 mm/3h), causing 
debris flows, the two strongest occurring in June 1940 (39 mm 
total) and June 1991 (42 mm total) (Vargas et al., 2006). The 
June 18, 1991 Antofagasta rainfall had an average rate of 5-
14mm/h, with a high of up to 24mm/h, which was considered 
“hundred-year” rainfall at the time (Garreaud & Rutland 1991).  
The 1991 rain was caused by a winter cold front that migrated 
northward into the Antofagasta region to a latitude of 23˚ S. 
This also impacted the interior absolute desert, causing record 
rains in the localities of Baquedano (17.5mm) and Aguas Verdes 
(33.5mm) (in 40 and 31 years of record respectively). However, 
this front did not reach Quillagua, Calama and San Pedro de 
Atacama to the north (Fig 2). In light of this history, the 
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March 24-26 2015 storm quantities appear to occur once or twice 
per century, but apparently are more localized. Historical 
floods, debris and mudflows in the region are mostly associated 
with rainfall that occurs in the Andean Precordillera and 
Cordillera, as the Great Atacama floods of 2001 in the Loa river 
basin (Houston, 2006a), flash floods in 2000, and mud/debris-
flows in 2012 at the Pampa del Tamarugal (Houston, 2002; Morgan 
et al., 2014; Sepúlveda et al., 2014). In these episodes, 
rainfall may not occur in the absolute desert itself.  
 

In historical context, the uniqueness of the March 24-26 
2015 storm is that it impacted the full extent of the absolute 
desert south of 22˚S  (Barrett et al., 2016; Bozkurt et al., 
2016). However, the phenomenon that caused it was different from 
the 1940 and 1991 rainfalls in Antofagasta. These previous 
storms were driven by winter cold fronts that migrated northward 
due to a weakening of the South East Pacific Anticyclone. Unlike 
previous events, the March 2015 storm was due to an eastward 
moving cutoff low, that coupled with unusually high air moisture 
of tropical origin generated by  positive sea surface 
temperature anomalies over the eastern tropical Pacific Ocean 
(Barrett et al., 2016; Bozkurt et al., 2016). The storm began 
the afternoon of March 24th and ended early morning of the 27th, 
with the heaviest precipitation occurring between 24˚ to 28˚ S 
(Fig 3). El Salvador had the highest recorded amount, 90 mm 
(2240m elevation, 26.2˚S), followed by Taltal, 66.9 mm (sea 
level, 25.4˚S). At Taltal, precipitation rates were between 0.7 
to 10.7 mm/hour, with a few periods that reached up to 48mm/h 
(Fig. S1). The storm caused high rain in the inland desert below 
2000 m a.s.l. (Bozkurt et al., 2016). In this study, total 
precipitation estimates are based on a model developed by 
(Bozkurt et al., 2016) and rainfall data provided by the 
Tropical Rainfall Measuring Mission (TRMMM) (Iguchi et al., 
2000).  

 
Major stream channels, some which seldom carry surface 

water, became active, and toward the south of the desert they 
caused large scale flooding, destruction of property, and the 
loss of human life. Within the interior desert, road closures 
occurred due to flooding (MOP and 2015). The stream response, 
debris flows, and soil moisture evolution has recently been 
reported (Jordan et al., 2015; Scott et al., 2017; Valdés-Pineda 
et al., 2017; Wilcox et al., 2016). However, an intensive 
integrated view of the response of landscape remains unexplored.  
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Figure 2. Historical rainfall within the Atacama Desert (Note the logarithmic 
scale). The stations in the Central Depression are within the Absolute 
Desert. (Blue column corresponds to years 1940 and 1991 and red column to 
2015). 
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Figure 3. Three day (24-26 March 2015) accumulated rainfall (mm) according to 
(a) model estimates (Bozkurt et al., 2016) and (b) TRMM data. Maximum 
rainfall rates (mm hr-1) obtained from (c) Bozkurt et al. (2016) and (d) TRMM 
data. Spatial resolution of modeled data (a and c) is 2x2km per pixel, and 
25x25 km per pixel for TRMM (b and d). Temporal resolution is 3 hours for (c) 
and 0.5 hours for (d).  
 
 
3. Methods 
 
3.1 Site Selection 
3.1.1 Area impacted by storm. 

The field work focused on areas that were projected to have 
received rainfall based on the Tropical Rainfall Measuring 
Mission data (TRMMM, (Iguchi et al., 2000). TRMM data show a 
high heterogeneity in total precipitation and precipitation 
rates for the storm (Fig 3b & d.). Although TRMM data does not 
coincide exactly with gauge observations, they agree 
qualitatively (Barret et al., 2016). TRMM data suggest that the 
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maximum precipitation rates occurred east of Antofagasta, and at 
isolated locations between 25 and 26˚S (Fig. 3).  In this work, 
sites along a 400 km N-S transect are examined. The sites had 
variable lithology and ages, though the soils are all largely 
characterized by variable accumulations of sulfate and dust. 
Only one site was outside of the sulfate accumulations zone 
(Table 1).  
 
 
 
3.1.2 Rainfall Analysis 

In this study, total rainfall and rainfall rates data 
modeled by Bozkurt et al. (2016) are used, together with those 
obtained from TRMM as both offer advantages and disadvantages. 
While TRMM underestimated total precipitation for our area of 
interest, the model developed by Bozkurt et al. (2016) best 
represents the precipitation distribution during this unusual 
storm that occurred in the desert interiors.  However, for 
precipitation rates estimates TRMM offers a higher time step 
resolution (0.5 hr) than the data obtained from the model of 
Bozkurt et al. (2016) (3 hr time step).  
Historical and event rainfall data was examined from 8 stations 
(Data available online through www.dga.cl).  Event total 
rainfall and rainfall intensity was analyzed for the Taltal 
rainfall station (Data available through www.meteochile.cl) at 
an accuracy of 1 minute periods.  
 
3.1.3 Soils and Geology. 
 Based on numerous publications (Amundson et al., 2012; 
Ericksen, 1981; Ericksen, 1983; Ewing et al., 2006; Finstad et 
al., 2014; Finstad et al., 2016; Michalski et al., 2004; Owen et 
al., 2011; Owen et al., 2013; Quade et al., 2007; Rech et al., 
2003; Stoertz and Ericksen, 1974; Wang, 2013), here the soil 
distribution map of Diaz and Wright is modified (Diaz and 
Wright, 1965) for the desert region (Fig. 4a). Lithology of the 
sites analyzed is based on the geological map by SERNAGEOMIN 
(2003) (Fig. 4b).  
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Table 1.  Field Sites Locations main features 
Site	
N˚	

Site	Name	 Location		 Elevation		
[m	a.s.l.]	

MAP	
[mm]	

MAT	
[˚C]	

Geomorphology	 Geology	 Soil	type		

1	 Oficina	
Pedro	de	
Valdivia	

22.856°S, 
69.5959°E	

1496	 <1	 16	 Alluvial	fan	 Mio	Pliocene	
Alluvial	Deposit		

Petrogypsic	
Petrosalid	

2	 Subestación	
O'Higgins	

23.6669˚S,	
70.1869˚W	

763	 2	 16	 Hillslope	 Jurassic	
Intrusive	
(Diorite)		

Petrogypsic	
Petrosalid	

3	 La	Negra	 23.8007˚S,	
70.3280˚W	

506	 3	 16	 Alluvial	fan-
Pediment	

Mio	Pliocene	
Alluvial	deposit	

Leptic	
Haplogypsid	

4	 Lomas	
Negras	

23.7710˚S,	
70.0541˚W	

642	 2	 17	 Hillslope	 Metamorphic	
Rocks	(Sierra	del	
Tigre	Formation	
-Devonian-
Carboniferous)		
		

Petrogypsic	
Petrosalid	

5	 Oficina	
Americana	

24.0255˚S,	
69.7734˚W	

1015	 3	 17	 Alluvial	fan	 Lower	Miocene	
Alluvial	deposit.		
	

Petrogypsic	
Petrosalid		

6	 Oficina	
Yugoslavia	

24.0390˚S,	
69.7917˚W	

994	 3	 17	 Alluvial	fan	 Mio	Pliocene	
Alluvial	Deposit	

Petrogypsic	
Petrosalid	

7	 Yungay	 24.1098°S, 
70.0144°W	

1025	-	
1139	

4	 15	 Hillslope	(7a)-
Alluvial	fan	(7b)	

Mio-Pliocene	
alluvial	deposit	
and	Jurassic	
Intrusive	
(Granodiorite)	

Petrogypsic	
Petrosalid	

8	 Laguna	Seca	
24.1188°S, 
70.0833°W	

1062	 4	 15	 Hillslope	 Jurassic	
Intrusice	
(Granodiorite)		

Petrogypsic	
Petrosalid	

9	 Barazarte	 24.0720˚S,		
70.2263˚W	

1055	 4	 15	 Hillslope	 Jurassic	
Intrusive	
(Diorites-
Gabro).		
		

Petrogypsic	
Petrosalid	

10	 Paranal	 24.2229˚S,	
70.2940˚W	

1577	 4	 12	 Hillslope-Fault	
Scarp	

Volcanic	Rocks	
from	La	Negra	
Formation	
(Jurassic)	
		

Leptic	
Haplogypsid	

11	 Pampa	
Remiendos	

24.3671°S, 
70.3085°W	

2236	 6	 11	 Hilllslope-Fault	
Scarp	

Jurassic	
Intrussive	Rocks	
(Gabro-Diorite)	
	

Leptic	
Haplogypsid	

12	 Oficina	
Rosario	 24.3797°S, 

69.9427°W	

1380	 4	 15	 Hillslope	 Cretaceous	
Intrusive	
(Granite).			

Petrogypsic	
Petrosalid	

13	 Pampa	
Grande	

24.8520˚S,	
69.8763˚W	

2146	 8	 12	 Alluvial	fan	 Mio-Pliocene	
Alluvial	
deposits.		
	

Petrogypsic	
Petrosalid	

14	 Chañaral	
Hillslope	

26.2716°S, 
70.5011°W	

588	 24	 17	 Hillslope	 Triassic	Intrusive	
(Monzogranite)	

Lithic	
Torriorthent	

15	 Pueblo	
Hundido	

26.3220°S, 
70.0080°W	

1110	 17	 17	 Hillslope	 Jurassic	Volcanic	
rocks.		

Calcigypsid	
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Figure 4. a) Soil distribution at the Sub-Group level for the absolute desert 
of the Atacama (modified from (Diaz and Wright, 1965)) and b) main 
lithological units for the area of interest in this study (from (SERNAGEOMIN, 
2003)). 
 
3.2 Hydrology 

Fieldwork was conducted in January 2016 (nine months after 
the rainfall). In seven locations (sites 1, 7, 8, 11, 12, 14 and 
15), paleohydrological observations, hydrological measurements, 
infiltration measurements, and soil observations and sampling 
were made during the fieldwork.   
 

Catchment sizes were determined using remote sensing data: 
SRTM (30 m horizontal resolution, ~2.5m vertical accuracy), 
Google Earth historical imagery (varies spatially and 
temporally), GeoEye-1 (panchromatic resolution 0.46 m/pixel, 
multispectral 1.84 m/pixel) and WorldView-1 (resolution 0.47 
m/pixel). For drainage channels, cross-sectional depth (using 
two tape measures) were measured, gradient (using laser 
rangefinder), and D50 grain size. Average flow depth was 
calculated by integrating across our cross sectional profile and 
dividing by the channel width. From this, velocity was 
calculated using the Manning equation (Manning et al., 1890): 

𝑈 = #
$
𝑅&
'/)𝑆#/' [1] 

where Rh is the hydraulic radius (cross section area/wetted 
perimeter), S is the gradient, and n is the Gauckler-Manning 
coefficient, which is generally between 2 and 4 for natural 
streams and channels. 
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At Pampa Remiendos and Paranal (Sites 10 and 11), cross 
sectional profiles and levee heights were measured, and samples 
for grain size analysis were collected using sieves and a 
coulter counter particle size analyzer. Satellite imagery was 
used to measure the radius of curvature in debris flows. Stream 
velocity was calculated using the channel radius of curvature, 
R, and relative difference in inner and outer levee height, Δh: 

𝑣 = ,-∆&
/0

 [2] 

where R is the radius of curvature, g is downward acceleration 
due to gravity, Δh is the levee superelevation height, B is flow 
width, and k is a correction factor for viscosity and vertical 
sorting (McClung, 2001), equal to unity except in the case of 
very sharp bends (Prochaska et al., 2008). Radius of curvature 
was measured through multiple cross sections along a channel 
bend, and confirmed our values with GeoEye-1 satellite imagery. 
The radius of curvature has been noted by previous researchers 
as being largely subjective (Prochaska et al., 2008; Reneau and 
Dietrich, 1987), so the minimum and maximum potential radius of 
curvature that best matches the channel was used. 
 

Profiles of two drainage pools were measured at the Oficina 
Rosario site. From each of these inverse distances weighted 
(IDW) was used to interpolate the pool surface, and from this 
calculated a volume and surface area. The drainage areas that 
feed these pools partially overlap, so the two pools were merged 
to determine a total volume of water sourcing from the entire 
area. 
  

At each site, the presence of features that indicate 
surface or subsurface water flow was measured. For each 
hydrological feature, it was estimated if they were recently 
active by the presence/absence of aeolian deposits, reworking of 
anthropic features (e.g. buried artifacts, smoothed truck 
tracks), presence of mud covering pools rills and channels and 
non-dust covered salt crystals. 
 
3.3 Soil properties 

Due to its relevance in soil water infiltration and flow, a 
careful description of the upper ~40 cm of soils was made at 
certain locations complementing the existing literature. At 
several locations, trenches up to 50 cm depth were made to map 
and measure size and geometry of sulfate polygons while entire 
soil profiles were described by hand dug pits or channels 
exposures at selected locations. At the Yungay alluvial fan site 
(#7b), the topsoil of a 4m2 parcel was carefully removed in 
different steps using an air gun attached to a compressor. 
Polygon size, cracks and differences in material density and 
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composition were recorded for the polygons, complementing soil 
observations previously reported by Ewing et al (2006) for the 
same site.  
  

Undisturbed blocks of the upper 30 cm of calcium sulfate 
layer were sampled at Oficina Americana, Yungay and Barazarte  
(#5, 7b and 9), and the sand that filled cracks (up to 60 cm) at 
Yungay (Petrogypsic Petrosalids soils). Samples were carefully 
placed in a ceramic plate connected to a tube with water, and 
water retention was measured using the hanging water column 
method (Dane and Hopmans, 2002). This method is the most 
appropriate for low suction ranges in highly porous materials. 
To each sample the drying curve was replicated three times. 
Laboratory measures were used to fit the Van Genuchten (1980) 
function for the Soil Water Characteristic curve using the RETC 
computer program (Van Genuchten et al., 1991). Undisturbed 
samples of the soil chusca layer (upper most sulfate layer) were 
carefully packed in Saran and then determination of its volume 
by displacement of water.  
 

In August of 2015, soil relative humidity (RH) and 
temperature sensors were installed in a depth profile at the 
Yungay soil location previously examined in numerous 
publications (e.g. Ewing et al., 2006, 2008; Jungers et al., 
2014). Ten HOBO Prov2 (U23-002) relative humidity (RH) and 
temperature sensors were placed in the soil at Yungay (#7b) in 
August 2015. A 80 cm trench was dug, and a drill was used to 
emplace sensors at depths of 1, 5, 10, 20, 30, 40, 50, 60, 70 
and 80 cm in the trench wall. Upon refilling, soil RH and 
temperature values were obtained at 30 minutes intervals. RH and 
temperature measurements were used to simulate water vapor flux 
between different soil depths based on Fick's law, in which 
isothermal vapor flux is driven by the vapor concentration 
gradient as follows:  
 

𝑞	 = 	−𝐷5
678
69
  [3] 

 
where Dv is the vapor diffusivity in soil (m2s-1), and cv is the 
soil vapor concentration (g m-3). Water vapor concentration is 
obtained by the equation: 
 

𝑐5 = 	ℎ𝑐′5 [4] 
 
where h is the fractional relative humidity and c'v is the 
saturation water vapor concentration which is dependent on 
temperature. The value of the soil water vapor diffusivity is 
obtained by the relationship: 
 



 

	 51	

𝐷5 = 	𝐷=𝜀(𝑥A) [5] 
 
where D0 is the water vapor diffusivity in the gas phase (2.12 x 
10-5 m2s-1). ε(xa) corresponds to a soil parameter that depends on 
the air-filled porosity and empirical parameters,  
and is given by 𝜀(𝑥A) 	= 	𝛽𝑥AD,  where xa = θ	F −	θ	GHI (θs is soil 
saturation volumetric content and θ is soil volumetric water 
content obtained from the SWRC) and 𝛽 and m are empirical 
parameters (here is used 𝛽 = 0.9 and m = 2.3 based on (Bittelli 
et al., 2008).  
 

Soil volumetric water content (θ) was estimated in two 
steps. First, matric potential was obtained using the 
thermodynamic relationship (Philip, 1957): 
 

𝜓	 = 	 ,K
LM
	𝑙𝑛	ℎ [6] 

 
where ψ is water potential (bars), T is temperature (K), Vω is 
partial molal volume of water (1.8x10-5 m3/mole at 4 C˚), R 
correspond to the universal gas constant (8.31 x 10-5  m3 bar mole-

1 K-1) and h is fractional equilibrium relative humidity. Then, 
estimated the soil water content based on matric potential by 
using a best fit to the soil water characteristic curve was used 
(SWCC).  
 

Samples of the upper 30 cm of the CaSO4 layer were collected 
at the Americana, Yungay, Barazarte, and Oficina Rosario sites 
(#5, 7b, 9, 12). At Pedro de Valdivia, Yungay, Laguna Seca and 
Oficina Rosario (#1, 7b, 8, 12), effloresences on the desert 
crusts or recent channel walls were collected. X-ray diffraction 
(XRD) was performed on whole samples with a PANalytical X'Pert 
Pro diffractometer at 40 kV, 40 mA, 3-99 2θ, 0.0170 2θ step for 
85 seconds in the Department of Earth and Planetary Science at 
UC Berkeley.  
 

At two sites Subestación O’Higgins and Pueblo Hundido (#2, 
15), soil samples that were dried and sieved to <2mm were used, 
carefully crushing salt incrustations in order to not exclude 
them from the fine fraction. Water extracts were obtained from a 
20:1 deionized water/soil mixture after shaking for 24 hours in 
Nalgene bottles. Sulfate, nitrate and chloride concentrations of 
these extracts were determined by Ion Chromatography using a 
Thermo Scientific Dionex ICS1500 with an AS25 analytical column 
at UC Berkeley. Calcium and Sodium were determined by Inductive 
Coupled Plasma -Optical Emission Sytem (ICP-OES) using a Perkin 
Elmer 5300 DV at UC Berkeley. Carbonate samples were obtained 
from site 15 (Pueblo Hundido) and were prepared for stable 
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isotopes and radiocarbon (14C) measurements of carbonates. For 
these samples, organic matter was eliminated by washing the 
samples with deionized water and hydrogen peroxide (H2O2) 
multiple times. 10-100 μm of soil containing calcite were 
analyzed to determine d13C and d18O values using a MultiCarb system 
with a GV IsoPrime mass spectrometer in Dual Inlet at the Center 
for Stable Isotope Biogeochemistry (CSIB) at UC Berkeley. 
Radiocarbon analysis was performed at the Accelerator Mass 
Spectrometry facility of the University of California at Irvine 
(UCIAMS). Radiocarbon ages were calibrated using CALIB 7.0 
(curve SHCal13) and are reported as thousands of calibrated 
years before present (ka). Subsamples of site 15 were prepared 
for d13C and d15N in organic matter; samples were treated with 0.4 
M HCl to remove carbonates and submitted to CSIB UC Berkeley. 
d13C and d15N were determined by continuous flow dual isotope 
analysis using a CHNOS Elemental Analyzer interfaced to an 
IsoPrime100 mass spectrometer. Selected subsamples from sites 2 
and 15 were prepared for sulfate d34S and d18O stable isotope 
analysis following the protocol of (Michalski et al., 2004).  
 

2.25 cm radius Disk infiltrometers (Decagon Devices ®) were 
used to measure soil hydraulic conductivity in situ in eight 
locations (sites # 1, 2, 7, 9, 12, 14 and 15). Infiltrometers 
were placed in a smooth surface spot, or where the surface was 
irregular, on a thin layer of sand. The volume of water that had 
infiltrated the soil was recorded at regular intervals. Soil 
hydraulic conductivity (equivalent to steady state infiltration 
rates) was determined based on the following function (Zhang, 
1997): 
 

𝐼	 = 	𝐶#𝑡	 +	𝐶' 𝑡  [7] 
 
where C1 (m s

-1) and C2 (m s
-1/2) are empirical parameters. C1 is 

related to hydraulic conductivity, and C2 is related to soil 
sorptivity.  The hydraulic conductivity of the soil (k) is then 
computed from 
 

𝑘	 = 	 UV
W
  [8] 

 
where C1 is the slope of the curve of the cumulative infiltration 
vs. the square root of time, and A is a value relating the van 
Genuchten parameters for a given soil type to the suction rate 
and radius of the infiltrometer disk. A is computed from: 
 
 

𝐴	 = 	 ##.Z[($
\.V	]#)	^._^(`aV._)bcd

(efd)\._V
  for n ≥ 1.9 [9] 
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𝐴	 = 	 ##.Z[($
\.V	]#)	g.h(`aV._)bcd

(efd)\._V
  for n < 1.9 [10] 

 
where n and α are the van Genuchten (Van Genuchten, 1980) 
parameters for the soil, r0 is the disk radius, and h0 is the 
suction at the disk surface. The Van Genuchten parameters for 
sites with Petrogypsic Petrosalid soils (sites # 1, 2, 7, 9 and 
12) were obtained from the SWRC measured for the sulfate chusca 
layer and the sand-filled crack, which comprise the main 
material through which the water infiltrates in these soils. Van 
Genuchen parameters for sites # 14 and 15 were obtained from 
(Carsel and Parrish, 1988) for sandy and loamy sand respectively 
(Table 2). C1 is calculated from a scatter plot of cumulative 
infiltration (cm) vs square root of time, where C1 corresponds to 
the slope of the quadratic fit equation. Saturated hydraulic 
conductivity (Ks) was estimated with a multi-sorptivity method 
described by Vandervaere et al. (2000), in which two or more 
values of pressure head are used. This work adopted the 
consensus that steady state infiltration rate (also known as 
infiltration capacity) is equal to the saturated hydraulic 
conductivity.   
 
 

Table 2. Parameters of soil hydraulic functions used to determine Ks. 

Soil α n 

Loamy sand (Site 15) 0.124 2.28 

Sand (Site 14) 0.145 2.68 

Chusca (Sites 1, 2, 9, 

7 and 12) 

0.180 1.66 

 
 
4. Results and Discussion 
4.1 Soil properties and water movement.  
 Soils in the absolute desert share a similar sequence of 
horizons that are the result of atmospheric salt and dust 
accumulation and redistribution during the last 2 million years 
or less (e.g. Petrogypsic Petrosalids Fig. 4). These soils have 
a vertical distribution of salts with the least soluble salts 
(mainly sulfates) near the surface, grading to more soluble 
salts with increasing depth (mainly halite and locally 
nitratine) (Ericksen, 1981; Ewing et al., 2006). The landscape 
is typically mantled by a desert pavement.  Below the pavement, 
there is commonly a thin platy and/or vesicular horizon (<1cm) 
that is rich in silt and sulfates, and gravel poor. Below this, 
a sequence of sulfate rich horizons with well-developed 
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polygonal prisms is commonly observed. The upper part of the 
sequence is a soft, very light gypsum/anhydrite layer of varying 
thickness (from 3 to ~50cm, depending on the position in the 
landscape). This upper layer is locally called "chusca", and has 
been labeled as Byk-By horizons by Ewing et al. (2006) and Owen 
et al. (2013). An alternative horizon designation, recently 
created, would be a Vy horizon (vesicular porosity with gypsum). 
At Yungay, the chusca polygonal prisms are capped by thin cusps 
of indurated gypsum (Fig. 5), and are 3-8 cm wide and reach 
thicknesses of up to 15 cm. These small prisms overly large 
prisms 30-50 cm wide that reach soil depths up to 70 cm (Fig. 
5). The large prisms occur within indurated sulphate-rich 
horizons (Petrogypsic, or Byknzm) that exist from ~40 to 70cm in 
the Yungay location. These prisms are assembled into coarser 
polygons up to ~1.5 m wide, separated by cracks that reach up to 
125cm in depth. Below this depth, halite and nitratine 
accumulate as a Petrosalic or Bnzm horizons. The largest cracks 
in the sulfate polygons are infilled with silt and sand that are 
vertically layered, suggesting they are infilled gradually in 
different phases after the crack opened during past shrinking 
and swelling cycles, or possibly seismic events (Fig. 5). On 
numerous hillslopes and alluvial fans, pipes were observed to 
have formed horizontally over the top of the petrogypsic 
horizons (more on this in section 4.4.1).  
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Figure 5. Spatial distribution of sulfate polygons at the Yungay site. (a) 
original surface with desert pavement, (b) desert pavement removed revealing 
the surface of second layer of silt and sand (upper right square), and a 
third layer (bottom squares) of ~10cm thick prisms of gypsum polygons. These 
are capped with indurated gypsum cusps that are grouped in clusters separated 
by cracks. (c) vertical view of cracks and polygons that form the upper 
chusca layer. (d) vertical crack observed in the soil trench at Yungay, which 
reaches ~125cm in depth, and has a ~1.5 wide network of cracks.  
 
 Here, it is propose that the soil structure affects water 
movement in the following ways: (i) the upper-most vesicular 
dust layer (Fig. 7) serves to uniformly absorb and transmit 
water to the underlying layers,  (ii) during first stages of 
significant rain, preferential flow occurs along polygon faces 
and cracks between polygons, (iii) the abrupt porosity changes 
between the uppermost chusca layer and underneath petrogypsic 
horizon (practically impermeable), favors water ponding at the 
uppermost soil section iv) once the pores are filled up to field 
capacity, the highly conductive matrix of the chusca layer 
contributes to downslope runoff and (vi) finally, pipes located 
on top of the impermeable layer favor horizontal water flow 
through the subsurface layer once the capillary barrier is 
exceeded as the soil is near saturation (See section 4.4.1).  
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The soil features at site #2 (Subestación O'Higgins) 
offered an opportunity to evaluate the effect of soil features 
on water movement and hydrological responses to rainfall. This 
site is located inside the absolute desert in an extensive area 
of badlands. The area has an estimated MAP of ~2mm (Table 1) and 
received an estimated rainfall of between 20 and 40 mm in March 
2015. The badlands comprise extensively eroded intrusive and 
sedimentary rocks that extend over approximately 115 km2 east of 
the Salar del Carmen (Fig. 6). The soils observed are within the 
Petrogypsic Petrosalid sub group. One unique feature of this 
field area is the profound soil differences between the windward 
(west-facing slope) and leeward (east-facing slope) sides of 
ridges and hills (Fig 7). These features are informative for 
evaluating soil hydraulic properties for the entire region. 
First, the vertical distribution of salt does not follow the 
same pattern as at Yungay and other locations, since halite and 
gypsum coexists throughout the profiles on both sides of the 
hillslopes (Fig. 8). The windward sides of the slopes have a 
distinctive armor of NaCl and CaSO4 cemented material (Fig. 8), 
while the leeward side has a soft and porous surface with a 
chusca layer that is typically observed elsewhere. Both sides 
had complex underlying soils (Fig. 8), windward soils have 
halite and sulfates concentrated on top of the profile, while 
leeward soils have the most soluble salts concentrated on the 
lower parts of the profile. Also, on the leeward side unique 
vertical stripping appears on the soil surface (Fig 7 c & e), 
stripping that is correlated with underlying soil differences. 
Dark areas have a soft underlying soil, while the lighter 
stripes have a more indurated soil down to ~24 cm. The 
differences between the darker and lighter material is 
correlated with differences in the amount and distribution of 
soluble salts (Fig. S2). 
 

Soils at both sides lie above a moderately weathered 
saprolite, that is exposed in the channel floor and channel 
walls at several locations. Differences in water flow through 
the different slope sides is indicated by several features: 
overland flow seemed to be more common on the windward slope, as 
indicated by a more pronounced incision in the channel side 
located at its base (Fig 7d), while on the leeward side it 
appears that overland flow and subsurface flow both occur 
depending on the underlying material:  the hard, light-toned 
section has features of overland flow, that the dark stripes 
lack this evidence (Fig 7e). Erosional features expressed as 
slumps in the leeward slope base, together with the high 
porosity of the material underneath and differences in 
infiltration rates (See section 4.3), suggest that shallow 
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subsurface flow is important in this side of the local slopes 
(Fig 9).  
 

 
Figure 6. Badlands at the Subestación O’Higgins site. These badlands extend 
over an area of approximately 115km2, and are located east of a dune field-
salt flat and orographic corridor through the Coastal Cordillera from the 
Pacific. The topography has formed over a diverse lithology (González and 
Niemeyer, 2003). The breach in the coastal cordillera was reported by Rech et 
al. (2003) to have a significant influence in the delivery of fog into the 
area.  
 

The origin of the unique windward/leeward soil features is 
not fully understood. However, this work propose that fog-laden 
westerly winds, passing over the Salar del Carmen, deliver 
modest moisture, salt and dust. From observations elsewhere 
(Finstad et al., 2016), it is known that NaCl can deliquesce 
under these conditions, and can create a feedback system where 
NaCl crusts are formed and maintained at the land surface. This 
has clearly occurred on the windward sides of this badland 
region. On the leeward side, it appears that salt movement has 
concentrated at soil depths dictated by downward flow of the 
rare rain events. The origin of salt for both sides appears 
similar, in that the d18O and d34S values of both sides are very 
similar ranging between 4.36 and 6.72 for d34S and 4.70 and 9.66 
for d18O (Fig. S3). This values are well below the +14 ‰ value 
established by Rech as the threshold for marine fog influence, 
but closer to the value of +5.4 ‰ obtained for Salar del Carmen 
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and +7.4 ‰ at a soil sample located just south of Salar del 
Carmen (Rech et al., 2003). Our values do not have a marked 
downward isotopic trend as reported by (Ewing et al., 2008b), 
whose values ranges were -6.4 and 9.6 ‰ for d34S and 5.0 and 13.0 
for d18O at a depth profile in Yungay alluvial fan site.  
 

 
Figure 7. (a)  Hillslope soils at Subestacion O’Higgins, revealing a 
significant difference between slopes exposed to the prevailing winds and 
those on the leeward side; (b) windward side, showing surface with a hardened 
gypsum and halite crust covered by lichens; (c) surface of leeward side has a 
riling pattern that is correlated with the subsurface hardness of the chusca; 
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(d) active channel incising into bedrock, with most recent activity 
concentrated toward the windward side; (e) leeward side has a typical soil 
depth sequence of absolute desert soils, with a thin surface crust overlying 
a porous sulfate layer (chusca) consisting of both hard white and soft brown 
polygons over an underlying cemented gypsum layer. Infiltration rates above 
both types of chusca were different and are connected to the riling observed 
in c.  
 

 
Figure 8. Soil profile salt depth distribution at Subestación O’Higgins (#2) 
site at (a) Winward and (b) Leeward site.    



 

	 60	

 
Figure 9. Evidence of subsurface flow on leeward side of hill at the S. 
OHiggins site. Slump near to the channel showing collapse of topsoil due to 
subsurface flow.   
 
4.2 Ephemeral Surface Features after the March 2015 Rain 
4.2.1 Salt Efflorescence.  

In several locations SE of Antofagasta, the landscape still 
bore a thin veneer of a salt efflorescence that had formed 
following the rainfall (Fig. S5). These efflorescences had not 
been there previously based on past observations. In August, 
2015, the thin salt accumulations were more prominent and widely 
dispersed than the following January. Thus, they appear to be 
ephemeral accumulations, removed by a combination of wind 
deflation and fog reactions.  
 The chemistry and mineralogy of a few efflorescence samples 
from the Oficina Rosario site revealed gypsum, bassanite and 
thenardite. Thus, the likely mechanism for the formation of 
these crusts are from the penetration of the rainfall into the 
chusca, and the upward migration – by evaporative processes - of 
the more soluble NaSO4 salts from the largely CaSO4 matrix.  
 
4.2.2 Surface Compaction.  

One of the distinguishing pre-rainfall features of the 
Atacama Desert was its soft and porous chusca layer. In many 
locations, it made both walking – and particularly driving – 
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difficult. Footprints and truck tires commonly sank through the 
material down to the underlying petrogypsic layers. Following 
the 2015 rain, the qualitative character of the chusca in 
locations examined had undergone a profound change, apparently 
being significantly hardened and possibly collapsed. It was 
consistently noted that the land surface was more compact, less 
prone to dust cloud generation, and truck tracks did not sink as 
deeply as in the past. While this is a qualitative observation, 
it was a profound change in the geomorphic character of the 
landscape.  
 

Fortunately, archived samples from previous campaigns were 
available to provide a more quantitative perspective to the 
chusca response to the rain. First, a comparison of the bulk 
density of chusca sampled in 2016 with data published by Ewing 
et al. (2006) for the Yungay site (#7b) and Owen et al. (2013) 
for the Oficina Rosario site (#12).  Bulk density values before 
(mean= 0.452; sd = 0.251) and after (mean=0.598; sd=0.247) the 
rainfall are not statistically significant at the 95% level 
(n=26; alpha=5%; p-value = 0.190), but the mean density has 
clearly increased. The fairly large variability is likely due to 
both the restricted sample size and inherent natural spatial 
variability of the chusca layer (See section 4.1).  However, if 
a more relaxed statistical benchmark is used (80%), then the 32% 
greater BD of the post-rain samples is fully consistent with our 
qualitative observations.  
 

The mechanisms that produce the very low BD chusca layer 
are not fully understood. Ewing et al. (2006), based on the 
chusca’s discontinuity to the underlying petrogypsic horizon, 
hypothesized it is probably a post-Pleistocene (?) feature, one 
representative of a return to extreme hyperaridity following a 
slightly wetter period of unknown duration. Typical pre-rainfall 
samples of nearly pure sulfate (plus some silicate dust) were 
delicate, “honey-comb-like” matrices, easily crushed with 
minimum pressures of fingers. Ewing et al. (2008) showed that 
this sulfate is at least partially the residue of slow downward 
migration of sulfate by sporadic rain events. Yet, it is unclear 
if the porous matrix forms from unique rainfall circumstances, 
or (maybe more likely) from downward movement of fog-derived dew 
over long time spans. A task for researchers over the coming 
years will be to monitor the physical annealing of this feature, 
and determine whether it regains its original porous nature.  
 
4.2.3 Mineralogical changes within soil profile.  

This work found that the calcium sulfate mineralogy of the 
upper sulfate containing layers (horizons Byk1, Byk2, Byk3 and 
By at Yungay) had changed from that of samples collected before 
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the rainfall (Fig. S6). At Oficina Rosario and Yungay (#12 and 
7b), XRD analyses of samples collected before the rainfall 
revealed only the presence of anhydrite as the sulfate mineral 
in the uppermost horizon of chusca (Byk2), while gypsum and 
bassanite appeared in the same horizons in samples collected in 
January 2016 (OR) and August 2015 (Yungay). Two other sites, 
from which no archived samples exist, revealed the presence of 
gypsum and bassanite (Oficina Americana, # 5) and anhydrite and 
bassanite (Barazarte, #9) in January 2016 (Fig S6). The presence 
of anhydrite in the chusca has been documented by several teams, 
though no one has reported the presence of the sulfate hydrate 
mineral bassanite (Cosentino et al., 2015; Ewing et al., 2006; 
Melchiorre et al., 2017; Pueyo et al., 1998; Rech et al., 2003; 
Sutter et al., 2007). At normal soil surface conditions (water 
activities above 0.77 and temperatures around 20˚C), gypsum is 
thermodynamically stable with respect to anhydrite (Hardie, 
1967), which explains why gypsum is the most common sulfate 
found in most earth surface conditions (Klimchouk, 1996).  
Anhydrite may form due to two mechanisms: (1) dehydration of 
gypsum at low humidities, and when temperatures overcome 42˚C 
(James, 1992), or (2) due to direct precipitation from a highly 
saline solution (Freyer and Voigt, 2003). While the latter 
process could explain the occurrence of anhydrite at 
considerable soil depths (such as below 40 cm at Yungay), the 
widely documented occurrence of anhydrite at the chusca layer 
throughout the Atacama certainly can be explained by common high 
temperatures and low relative humidities in the soil surfaces.  
Nineteen months of soil climatology at Yungay (#7b) showed 
maximum temperatures of 61, 42, 36, and 29 ˚C at 1, 5, 10 and 20 
cm depths respectively (Fig S7). The upper 10 cm of the soil are 
near the threshold value of the literature for gypsum 
dehydration. The maximum temperatures are in layers that 
contained pre-rainfall anhydrite (~1-12cm) in Yungay and Oficina 
Rosario. Considering the long timespan of soil formation in the 
Atacama, and the prolongued dry periods that have occurred 
between rainfall events (Fig 2), gypsum dehydration by low 
humidity and high temperatures likely maintains anhydrite in the 
chusca. In contrast, the apparent transient  presence of gypsum 
is due to the conversion of anhydrite to gypsum and bassanite by 
hydration (Freyer and Voigt, 2003), and/or by anhydrite 
dissolution and re-precipitation as bassanite and gypsum 
(Hardie, 1967; Van Driessche et al., 2012).  
 
 
4.2.4 Soil Water Content and Dynamics.  

Our soil RH and temperature data captured the post-rainfall 
soil water response from August 2015 through November 2016 (when 
the sensor memory was full). On June 26th 2017, the sensors were 
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reset to monitor soil RH and temperature after another rainfall 
(20-30 mm) that had occurred 20 days earlier (June 6th) (Jordan 
et al., in prep.).  Because the June 2017 rainfall was similar 
in magnitude to that of March 2015, both data sequences provide 
complementary views of soil water dynamics. These data are also 
compared with pre-rainfall data collected by Warren-Rhodes et 
al. (2006) at the same site from 2001-2003. 

 
The RH data retrieved between August-22-2015 and November-

11-2016 provides soil moisture dynamics for a period 5 months to 
16 months after the 2015 rain (Fig 10a). While upper layers (1 
to 20 cm) have RH values similar to pre-rainfall measurements 
(Warren-Rhodes et al., 2006), depths between 30 and 50 cm show a 
continuous decrease in RH over time, while 70cm and 80cm depths 
showed increases 7 and 8 months, respectively, after the 
rainfall. Following this period of increasing RH increases, 
these depths then began a drying phase.  

 
Vapor fluxes between the upper three soil layers (5 to 1cm 

and 10 to 5 cm) were estimated using equation [2]. To compute 
water flux, all dependent variables of equations 2-6 were 
calculated in each time step (= 30 minutes). Parameters for 
calculations were from measurements on a soil core at 15 cm 
depth, which corresponds to the Byk3 horizon - the hard bottom 
of the chusca layer. Van Genuchten (1980) parameters obtained 
from this core and used here were θr = 0.014 ; θs = 0.708; n = 
1.66361 ; α = 0.18024. (θs = saturation volumetric content, θr = 
residual water content; n and α are empirical parameters). 

 
The estimated vapor flux between August-22-2015 to 

November-11-2016 (Fig 10), shows low vapor fluxes for both depth 
intervals.  There was a higher amplitude in the upper layer 
(mean = 0.0012 gm-2s-1; min = -1.0956 gm-2s-1 , max = 0.9964gm-2s-1 ) 
than in the lower layer (mean = 0.0269 gm-2s-1; min = -0.5508 gm-

2s-1 , max = 0.0986 gm-2s-1 ). The cumulative vapor flux shows a 
net transfer of vapor downwards from 5 to 10 cm between August 
22nd and 05 Oct 2015 (Fig 10b), while after that point there was 
a net upward transfer of water vapor. This interval was 
interrupted by a short hiatus of 10 days (24 June 2016 and 05 
July 2016) when a rainfall on June 6th 2016 (~4mm rain; Jordan 
et al., in prep) caused a downward net flux up to 18 days later.  
The effect of this rain was propagated to depths >10cm for a 
month or more after the event. The cumulative water vapor flux 
in the upper layer (1-5cm) during this period showed a rapid 
upward flux that lasted a few weeks. The increase in RH at 5cm 
following the June rain was due to water vapor fluxes occurring 
from both directions. While rain is a major control on soil 
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water vapor, some of the prolonged net downward fluxes be 
explained by fog and dew deposition as well.  

 

 
Figure 10. Soil meteorological data collected between August-22-2015 and 
November-11-2016: (a) Soil RH and b) soil vapor flux vs. depth at Yungay.  
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Figure 11. Soil meteorological data collected between June 2017 26 and 
October 15 2017 :(a) Soil RH and (b) soil vapor flux vs. soil depth at 
Yungay.  
 
 

Figure 11a shows soil RH data vs. depth, while Figure 11b 
shows the water vapor flux rate and cumulative vapor flux 
between June 2017 26 and October 15 2017 for selected depths. 
The RH data show three distinct trends:  

(i.)- The upper-most layers (1cm, 5cm and 10cm) show a 
rapid decrease in relative humidity (lower depths dry slower 
than upper layers). A few days after the record starts, the 
upper layer (1cm) reached what appears to be a normal daily 
fluctuation in RH (similar than those observed for 9/2015 - 
11/2016 illustrated in Fig 10a,  and the data reported by 
(Warren-Rhodes et al., 2006). 
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(ii).- Depths between 20cm to 40 cm had a RH > 95% for 
almost the entire period (111 days). The 30 cm depth, which lies 
just on top of the calcium sulfate cemented layer at ~40cm, had 
a static RH value of 100 %. This suggests a hydrological 
barrier/perched zone as discussed earlier.  

(iii).- From 50cm to 80 cm the trend was a smooth decrease 
in RH values with depth – though most depths show slow RH 
increases over time. The sensor at 50cm shows an increase up to 
July 7th and then it starts slowly to decrease its RH values, 
while the depths at 60cm, 70cm and 80cm show a slow increase in 
their RH values during the entire period.  

 
 Upward (positive) water vapor flux rates between the upper 

layers (1 and 5cm) were higher than between the lower layers (5 
and 10cm) for the entire period (Figure 11b).  Also, temporal 
fluctuations had a higher amplitude in the surface layers (mean= 
0.52 gm-2s-1; min = -0.62 gm-2s-1, max = 1.40 gm-2s-1) than in the 
lower layers (mean = 0.156 gm-2s-1; min = -0,25 gm-2s-1 , max =0.99 
gm-2s-1 ). The cumulative vapor flux was upward in the period of 
four months after the second rainfall, with a cumulative vapor 
flux of 5.62 mm and 1.68 mm for upper (1 and 5cm) and lower (5 
and 10cm) layers respectively. Assuming that the non-linear 
trend observed in the upper section continues, it would take 
~480 days to evaporate the estimated 40 mm of rainfall.  

 
Warren-Rhodes et al., (2006), measured an average of 395 

hours of fog-derived liquid water to the soil surface at Yungay 
over a 3 year period. This is a factor of more than three times 
the presence of liquid water at the soil surface caused by the 
rainfall. Our data also shows that fog might play an important 
role in the soil hydrological and chemical processes that occur 
at the surface, though it does not affect water flux (vapor or 
capillary flow) toward horizons deeper than 5cm. There was a 
long interval of downward water vapor transport coinciding with 
high RH and negative (downward) net fluxes in the upper soil 
section between January-May 2016 and Oct Nov 2016 (Fig. 10).  In 
2017 (Jun-Oct), few near surface peaks of RH occurred in Sept. 
and Oct., with about 20 days of downward flux (from 1 to 5 cm) 
(Fig. 11). Downward fluxes that occurred in September-October 
coincided with high fog intensities that tend to occur in spring 
(Garreaud et al., 2008; Larrain et al., 2002). The high downward 
water vapor fluxes that occurred between January and May 2016 is 
coincidental with ENSO SST anomalies above >1˚C in the ENSO zone 
1+2 (BOM, 2017). These anomalies have been shown to cause 
significantly higher summer fog water yields in the Atacama. The  
observations suggest that fog or dew is not able to cause free 
water to penetrate up to 10 cm. In contrast, a small rain of 
June 2016 transferred moisture down to 30cm, and small amounts 
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to 40cm, which suggests that fog/dew additions are much less 
than 1mm of rainfall equivalent.  However, the frequent movement 
of water from the surface downward from fog may drive the 
initial downward flux of atmospherically delivered salts, and 
may act as part of a set of annealing mechanism, returning the 
chusca to its pre-rain physical condition. This hypothesis can 
be tested through long term observations in the region.  

 
4.2.5 Salt efflorescence in channels and streambeds.   

At Pedro de Valdivia and Yungay (Sites # 1 and 7), 
deposition of salts in channel walls and as coatings of salts in 
channel floors that had been recently active were observed. Both 
sites have similar soils (Petrogypsic Petrosalid). At Pedro de 
Valdivia, gypsum and calcite minerals formed a rugged deposit ~1 
cm thick on the channel wall, at the contact between the upper 
permeable and lower impermeable layer (Fig 12a). Its morphology 
and deposition pattern suggests that it was deposited by a 
preferential lateral flow of gypsum and calcite supersaturated 
waters that emerged at the face of the exposure. Sections of the 
channel at Pedro de Valdivia had a discontinuous, thin veneer of 
halite covering the channel bed (Fig 12b). At Yungay, similar 
patterns were observed in a recently active channel draining a 
large catchment (~100km2). The channels at both sites had a 
common outcrop of thenardite and nitratine along their walls 
(Fig 12 c-i), forming a layer that was a few cm thick, an 
indurated mass that outcroped at the intersection of the chusca 
and petrogypsic horizons. In a section where the channel was 
incised into an alluvial fan deposit, the efflorescence’s tend 
to follow stratification layers within the fan deposit (Fig 
12g), with the thickest efflorescence forming at the chusca-
petrogypsic contact, and along the channel bottom (Fig 12 g and 
h). The channel at Yungay had a thin, nearly continuous veneer 
of a bitter salt that had cemented silt and sands on the channel 
bottom (Fig 12f). The efflorescence’s at Yungay were not 
observed in numerous trips before the rainfall, emphasizing 
their ephemeral character. Similar features have been described 
at Rio Puerco in New Mexico, were sulfate efflorescences outcrop 
in bedrock layers and are deposited in streambeds by 
intermittent shallow water flow (Szynkiewicz et al., 2014). The 
outcropping pattern of efflorescence at both sites shows that 
lateral flow occurred along the base of the chusca section that 
lies directly on top of the petrogypsic horizon. The RH data 
after the June 2017 rain (Section 4.2.4) shows that a transient 
perched water layer formed after that rainfall. This water layer 
locally dissolves and transports salts laterally that can re-
precipitate downhill/downstream. As it is discussed later in 
this work, this is a mechanism for creating piping systems in 
these soils. The presence of highly soluble salts in outcrops 
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and streambeds show that runoff water chemistry during the storm 
event was probably saturated, or near saturated, with respect to 
highly soluble salts.  

 

 
Figure 12. Salt efflorescence’s on channel walls and streambeds after the 
March 2015 rainfall event.  (a) gypsum and carbonate efflorescences on a 
channel wall in Pedro de Valdivia; (b) salt on streambed at Pedro de 
Valdivia; (c) efflorescences emerging at the interface of streambed and 
channel wall in Yungay; (d) channel wall in Yungay with (e) efflorescences of 
thenardite and nitratine; (f,g,h) streambed at Yungay with thenardite and 
nitratine efflorescences following alluvial layering, with (h) main 
efflorescences on top and bottom of alluvial section;  (i) effflorescence is 
continuous along the channel at Yungay.  

 
4.3 Soil Infiltration Rates.  
 In 2016, soil infiltration rates at Oficina Rosario (# 12) 
and numerous other locations were made (sites # 1, 2, 7, 9 and 
15) to constrain water infiltration capacities and compare these 
to known rainfall intensities. The measured rates obtained are 
similar to those obtained by Owen et al. (2013) (Table 3). Fig 
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13 summarizes the infiltration rates obtained for gentle 
alluvial fans and steeper hillslopes (sites 14 and 15). In the 
figure, these measurements were compared to values reported in 
the literature for different soil textures. In the absolute 
desert, infiltration rates into alluvial soils are one order of 
magnitude higher than for coarse textured soils reported in the 
literature, with values ranging from 25.2 up to 568.8 mm/hr. On 
hillslopes in the desert, the rates are similar to medium 
textured soils, though a few measurements produced rapid 
infiltration rates (from 10.8 to 164.3 mm/hr). Most of the 
infiltration rates measured are much greater than the maximum 
rainfall rates for the storms of June 1991 and March 2015 at 
Antofagasta and Taltal, respectively. If compared with measured 
infiltration rates in Table 3, in only three locations did the 
rainfall rates exceed, or approach, the infiltration rates.  
 
 

 
Figure 13. Infiltration rates for soils in the Atacama desert, obtained in 

this study and by Owen et al. (2013), compared to infiltration rates obtained 
from the literature for soils of a range of textures (data obtained from 

(Gifford and Hawkins, 1978; Hillel, 1982)). Coarse = sand, loamy sand; Medium 
= loam, sandy loam, silty loam; Fine = clay, sandy clay. 
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Table 3. Infiltration rates 
Site Surface Test Infiltration 

rate 

Maximum  

Precipitation 

rate 

23-26 March 

2015 

TRMM/Modeled 

Total 

Precipitation  

23-26 March 

2015 

TRMM/Modeled 

 

   (mm/hr)  (mm) 

1. Pedro de 

Valdivia 

Undisturbed 1 118.8 9.6/4.9 6.3/35 

1. Pedro 

de 

Valdivia 

Undisturbed 2 118.8   

1. Pedro 

de 

Valdivia 

Truck 

trails 

1 117.3   

2. S. 

O'Higgins 

Undisturbed 

top hill 

1 21.6 21.26/3.16 36/28 

2. S. 

O'Higgins 

Undisturbed 

top hill 

2 10.8   

2. S. 

O'Higgins 

Leeward 

soft 

surface 

1 164.3   

2. S. 

O'Higgins 

Leeward 

hard 

surface 

1 32.44   

7b. 

Yungay 

alluvial 

Surface 

crust 

(Bcyk) 

1 568.8 11.47/4.1 10.23/40 

7b. 

Yungay 

alluvial 

Surface 

crust 

(Bcyk) 

2 252.0   

7b. 

Yungay 

alluvial 

Surface 

crust 

(Bcyk) 

3 565.2   

7b. 

Yungay 

alluvial 

Surface 

crust 

(Bcyk) 

4 352.8   

7b. Chusca 1 129.6   
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Yungay 

alluvial 

(Byk1) 

7b. 

Yungay 

alluvial 

Chusca 

(Byk1) 

2 147.6   

7b. 

Yungay 

alluvial 

Chusca 

(Byk1) 

3 162.0   

7b. 

Yungay 

alluvial 

Chusca 

(Byk1) 

4 205.2   

7b. 

Yungay 

alluvial 

Chusca 

(Byk2) 

1 169.2   

7b. 

Yungay 

alluvial 

Chusca 

(Byk2) 

2 180.0   

7b. 

Yungay 

alluvial 

Chusca 

(Byk2) 

3 187.2   

7b. 

Yungay 

alluvial 

Chusca 

(Byk2) 

4 216.0   

7b. 

Yungay 

alluvial 

Chusca 

(Byk3) 

1 788.4   

7b. 

Yungay 

alluvial 

Chusca 

(Byk3) 

2 1047.6   

9. 

Barazarte 

Undisturbed 1 25.2 3/2.35 4.2/18.91 

9. 

Barazarte 

Undisturbed 2 158.4   

9. 

Barazarte 

Undisturbed 3 165.6   

12. 

Oficina 

Rosario 

Owen et al. 

(2013) 

sprinkler 

site 

1 79.2 4.8/3.5 2.4/34 
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surface 

12. 

Oficina 

Rosario 

Owen et al. 

(2013) 

sprinkler 

site 

surface 

2 28.8   

12. 

Oficina 

Rosario 

Undisturbed  1 32.4   

12. 

Oficina 

Rosario 

Undisturbed 2 32.4   

12. 

Oficina 

Rosario 

Undisturbed 3 18.0   

14. 

Chañaral 

Hillslope 

Active 

Hillslope 

1 129.6  5.16/4.7 12.33/25 

14. 

Chañaral 

Hillslope 

Hilltop 

shallow 

soil 

1 0.54   

14. 

Chañaral 

Hillslope 

Hilltop 

deep soil 

1 36.7   

15. 

Pueblo 

Hundido 

Hilltop 1 583.2 5.8/9.1 12.25/51 

 
 

To further understand water infiltration in the desert 
soils, at the Yungay site (# 7), infiltration rates by soil 
layer were measured. Although rates varied with depth, in 
general, flow rates were very high for all layers (> 129 mm/hr) 
(Fig 14). Infiltration on the soil surface (Horizon Byk1), after 
removing the desert pavement, largely moved downward and then 
laterally through the first 1.5 cm of soil, resulting in very 
high rates (252 to 568 mm/hr). For comparison, the USDA Soil 
Conservation Service considers values between 151 mm/hr and 507 
mm/hr as rapid infiltration rates, and rates above 507 mm/hr as 
very rapid (SCS, 1985).  Following the removal of this thin 
somewhat brittle layer, infiltration into the Byk2 layer was 
examined, calcium sulfate cusps capping the sulfate polygons. 
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Infiltration rates were lower and more consistent than at the 
surface. The removal of the sulfate cusp exposed the well-
developed chusca layer underneath. Without cusps, infiltration 
rates were slightly higher than with the cusps, and with a 
dominantly vertical movement. The lower section of the chusca 
layer (horizon By), that appeared to be softer and less 
resistant to deformation than the upper sections (Byk1, Byk2 and 
Byk3) had very high infiltration rates (788 - 1047 mm/hr), 
uncommon for any soil materials described in the literature (Fig 
22).  Shallow lateral subsurface flow seemed to be an important 
feature in most of the hillslope and alluvial soils encountered, 
and was also observed during sprinkling experiments performed by 
Owen et al (2013). Also, although fragile to anthropic 
disruption, the porous structure of chusca, mainly made of 
anhydrite and gypsum, persisted enough in many areas to support 
rainfall events without collapsing. Our measurements also 
confirm that high infiltration rates were preserved even after 
the rainfall event of March 2015 as they are in a similar range 
than those measured by Owen et al. (2013).  
 
 

 
Figure 14. Infiltration rates (e.g. saturated hydraulic conductivity) 
measured at different soil depths at the Yungay site.  
 
4.4 Hydrological Features.  

As it is discussed below, minor evidence of overland flow 
or flow within rills and channels were observed in the 
reconnaissance.  In contrast, the landscape has a significant 
array of hydrologically produced features that remained 
unaltered during recent events, and therefore must require 
larger storms to be activated. Below, a description and 
discussion these features and provide some hypotheses about 
landscape processes. 
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4.4.1 Hillslope Runoff.  
The hillslopes within the absolute desert are mantled with 

~50 to 100 cm of dust and salts. Thus, these geomorphic surfaces 
are net accretionary surfaces, rather than net erosional 
surfaces (Amundson et al., 2012; Owen et al., 2010). Yet, 
hillslopes throughout the region possess prominent riling of 
what appear to be a variety of ages, and stages of development. 
Hillslope riling in considerable detail at four differing 
locations were observed in order to better understand their 
formation and functioning, and to determine if the recent 
rainfall had initiated any of the features.  
 
 To begin, observations made at site 4 are considered, Lomas 
Negras (Fig. 15). From the apex of the hillslope, to about 45 m 
downslope, the landscapes consist largely of exposed bedrock, 
with evidence of only non-channelized flow. For the next 22 m, 
the slope was mantled with a thin soil layer (dust and salts), 
and with distinctive segregated rills and “zebra stripes” (Owen 
et al., 2013). After this segment, the small rills irregularly 
coalesced into a few, distinctive channels (Fig. 15). The heads 
of several channels were delineated by outcropping “pipes” (Fig. 
16a). Additionally, the channels themselves had evidence of 
piping as well (Fig. 16b). The channels in some locations showed 
evidence of very minor water flow during the 2015 rain events, 
and the pipes had clearly not conducted water flow during the 
rainfall. In some areas of the mid-section of the hillslope 
(rills and zebra stripes, Fig. 16c), there had been overland 
flow on the crusted, gravel-poor portions of the slope that had 
mobilized and concentrated fines in the upper edge of the 
gravelly-stripes (Fig. 16c). No evidence that the gravels 
themselves were moved was found. While the recent storm did not 
generate significant mud or alluvial deposits, there is evidence 
of “recent”, but not 2015, lobes of mud that have accumulated at 
the base of the slopes (Fig. 15).  
 

The observations suggest that riling is facilitated by 
hillslope areas that are capable of generating overland flow. In 
this case, the apparent water generating area is a bedrock 
outcrop near the upper segment of the slope. An additional 
mechanism by which the rills and channels develop may be through 
subsurface piping, pipes were observed at sites 1, 3, 4, 5, 6, 7 
and 8, and they have been previously reported by Amundson et al. 
(2012b) at other locations. Pipes occur when subsurface water 
flow encounters soil or rock layers that facilitate lateral 
flow, and pipe formation is further enhanced by easily 
detachable or dissolvable soil material. This is generally the 
situation observed in the field observations, pipes forming at 
the base of a permeable soil material (gypsic horizon) which 
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overlies halite or highly cemented sulfate. The piping systems 
observed on hillslopes were inactive, and require rainfall 
intensities far greater than that which occurred in 2015 to 
generate flow. Flow in the pipes appears to require near-
saturated conditions of the overlying material. Given that 
channels have pipes at their head (Fig 16a) and have semi-
collapsed pipes in their beds (Fig. 16b), it is also possible 
the subsurface piping and its collapse drives riling and the 
creation of channels. The collapsed pipes in Fig. 16b are called 
“micro-psuedokarst” landforms. Similar patterns were observed 
with pipes in alluvial fans at La Negra (# 3) and Pedro de 
Valdivia (# 1), where pipes form under rills draining the plains 
or outcrop on the edge of channels. At Oficina Yugoslavia (# 6), 
an escarpment cut into a lower Miocene alluvial fan. Pipes or 
cracks were also observed near Yungay on footslopes (Section 
4.6). At site 6, below a drainage system that falls off the edge 
of an escarpment of a Miocene alluvial fan, a series of pipes 
have formed in the alluvial surface below that are large enough 
for humans to explore. Those large pipes also showed no evidence 
of recent water flow. 
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Figure 15. Hillslope at Lomas Negras site showing three distinctive zones 
from summit to base: 1. Upper 45 meters: bedrock exposure of the 
metasedimentary Sierra del Tigre Formation. The bedrock exposure seemed to 
concentrate enough runoff to generate overland flow, channelization and 
eventually piping. 2. A middle 22 m zone of segregated channels or bands of 
gravel. 3. The lower zone where rills/channels had carried minor amounts of 
water in last rainfall. Some of the channels are headed by pipes. In this 
rain, pipes did not appear to have received any water, and the channels 
received their water from overland processes. The excavated channels floors 
are composed of halite cemented sediment/saprolite.   
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Figure 16. Hydrological process features at La Negra site (# 3): (a) 
Outcroping pipe at a knickpoint on a hillslope rill. The pipe did not carry 
water during March 2015 event; (b) Pipe collapsing underneath a channel, 
forming pseudokarst structures. (c) Evidence of recent overland flow that 
moved and concentrated fine sediments behind a gravel “zebra stripe”. 
 
   
 
 At Laguna Seca, Paranal and Pampa Remiendos (sites # 8, 10 
and 11), the nature of rills and channels was further examined, 
and the processes that appear to both form and destroy them over 
time. Those sites found along the Atacama fault scarp offer an 
interesting contrast between stable level geomorphic surfaces 
(site 8). This area appeared to have been impacted by the 
rainfall of March 2015, due to the presence of debris and 
mudflows.  
 

Differences in soil cover between these sites seemed to be 
fundamental in the response to the rainfall event (See below and 
section 4.7).  At these locations, the local bedrock (volcanic 
and intrusive rocks), produces angular gravels that provide a 
discontinuous cover over the thinly soil-mantled slopes. Soils 
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are weakly developed, with an indurated gypsum crust on top of 
bedrock or colluvium. At Paranal and Pampa Remiendos, active 
riling debris and mudflows occurred in the storm, allowing us to 
examine mechanisms of riling at sites with different soil 
covers. Debris flows at sites 10 and 11 were close to each 
other, with small catchment areas (~0.75 km2) in both sites (Fig 
17a & b). Using a radii range from 6 - 20 m, k values from 1 to 
3m, and a measured difference in inner and outer curve levee 
height of 10 cm, minimum and maximum velocities of 0.77 m/s and 
3.21 m/s were obtained.  These debris flows occurred on slopes 
ranging 10.5 to 21.5 degrees, with sediment discharge at 
terminal lobes (Fig 17a) and evenly distributed along levees 
(Fig 17c). Different degrees of incision occurred on different 
sections of the slope, with both steeply incised channels (Fig 
17d) and deposition of sediments (Fig. 17e).  
 

Numerous rills and channels are found on hillslopes in 
numerous locations. Upon walking across these landscapes, it 
became apparent that the slopes are a mosaic of irregular 
rills/small channels of differing sizes in varying stages of 
formation, or repair (Fig. 17 d, e). Based on these repeated 
features, a model for hillslope fluvial features is developed in 
this work. Fig. 18 shows a schematic representation of our 
hypothesis of major steps in hillslope fluvial processes. Water 
flow down slopes largely appears to occur on the gravel-poor 
areas (or the water may be capable of moving gravels into 
adjacent levees), and thus rills and small channels tend to be 
found adjacent to irregular vertical stripes of gravels (Fig 
18a). Over time, channel cutting proceeds and widens, under-
cutting gravel mantled vertical stripes (Fig. 18b). Once this 
occurs, gravels are dislodged and move by gravity into the 
adjacent, lower elevation channels. Eventually, the process 
proceeds to the point that all gravels have been captured by 
adjoining channels, and the former gravel-covered strip now 
serves to form new rills. This sequence of steps comprise a net 
down-wearing of the landscape. However, this downwearing is 
partially offset (or fully over geological time) by dust and 
aerosol salt additions which re-inflate the landscape. In 
particular, the gravels are effective dust collectors, and help 
to facilitate an annealing of the landscape and the replacement 
of eroded soil material.  

 
The apparent slow, but net downward, wearing of these 

landscapes is consistent with exceedingly low rock erosion and 
soil production rates in the region (Owen et al., 2011). Unlike 
most regions on Earth, the sign of the erosion process is a slow 
and erratic balance between rare fluvial processes and the slow 
but continuous deposition of dust and salt on the landscape.  
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Figure 17. (a) Recently activated rills and a debris flow at Pampa Remiendos 
(# 11); (b)View downward from the hillslope at Paranal (# 10). Notice active 
riling on the slope where the photo was taken, while zebra stripes formed 
over a soil mantled slopes in the distance. (c) Upslope of a debris flow at 
Paranal (#10). The flow created levees as well as net erosion in the middle 
of the channel. Rills and channels formed on (d) a gravel-poor area and (e) a 
gravel-rich slope at Laguna Seca (# 8). 
 

 
Figure 18. A model of the sequence of processes that form and alter rills on 
hyperarid hilsllopes in the Atacama Desert.  
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Laguna Seca (Site 8) offers a broader perspective of 

hillslope erosion processes in the absolute desert, because it 
is a soil mantled landscape similar to Oficina Rosario and the 
Yungay Hillslope site (described in detail by Owen et al. 2011; 
2013). At Laguna Seca, a lower elevation and more inland than 
the Panaral sites, many rills and channels are fully 'annealed', 
and covered with dust and salts. Most of the recent occurring 
rills occupy linear to convex portions of the hillslopes. Depth 
of incision at most of the observed locations is modest (Fig. 
S8) and maximum depth is limited by the presence of an 
impermeable petrogypsic horizon. Most of the drainage on the 
hillslopes occurred as parallel rills lacking obvious dendritic 
structure. The low drainage density and dendritic organization 
of the overall landscape seemed to be a relict feature of a 
period before establishment of current aridity. The parallel 
nature of rills may not be solely due to the steepest descent 
path of the broad paleocontours of the landscape, but also could 
be controlled by the permeability of the soil cover, which might 
create a transient (storm) water table that controls the lateral 
spacing of the rills. Furthermore, rill erosion is most likely a 
very slow process, which is not able to keep up with higher 
levels of dust and salt accretion at geological timescales (Owen 
et al., 2011; Owen et al., 2013). 
 

Calculated values of channel discharge offer the 
opportunity to estimate runoff that occurred during the March 
2015 storm. Table 4 shows channel discharge and runoff estimates 
based on field measurements for six sites. All sections were 
made in channels with evidence of recent activity. The 
calculations exhibit a wide range of runoff rates, from 0.01 mm 
hr-1 to 135 mm hr-1, with some exceeding precipitation estimates 
and some well lower. The low spatio-temporal resolution of 
precipitation data and losses from infiltration and evaporation 
make cross-comparisons between these data sets highly uncertain. 
Table 5 shows drainage pools measured at Oficina Rosario 
(24.37°S, 70.1°W), where flow had collected in two depressions 
alongside Route 5. Two profiles were measured using tape measure 
and used inverse distance weighted (IDW) to interpolate the pool 
ground surface, thereby deriving a volume and surface area. The 
drainage areas that feed these pools partially overlap, so the 
two pools were merged to determine a total volume of water 
sourcing from the entire area (Table 5). The total runoff for 
this site is of 0.15 mm. This value is conservative, as 
evaporation rates are high in the hyperarid Atacama. Table 6, 
lists our derived debris flow velocities and discharges at Pampa 
Remiendos, with discharges ranging from 0.09 to 1.51 m3 s-1.  
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Table 4:  Channels 

Site Name Location 
Catchment 

Size 
[km2] 

Discharge [ m3/s ] / Runoff rate [mm/hr] 

n=0.2 n=0.3 n=0.4 

Chañaral 
Hillslope 

26.2716°S, 
70.5011°E 0.05 0.06 / 4.52 0.03 / 2.26 0.02 / 1.5 

Pueblo 
Hundido 

26.3214°S, 
70.0076°E 0.06 0.68 / 38.92 0.34 / 19.46 0.22 / 12.97 

26.3220°S, 
70.008°E 0.02 0.17 / 39.49 0.08 / 19.74 0.05 / 13.16 

26.3233°S, 
70.0086°E 0.01 0.39 / 135.49 0.19 / 67.74 0.13 / 45.16 

Pedro de 
Valdivia 

22.856°S, 
69.5959°E 1.97 1.97 / 3.61 0.98 / 1.8 0.65 / 1.2 

Oficina 
Rosario 

24.3797°S, 
69.9427°E 0.07 0.16 / 8.91 0.08 / 4.45 0.05 / 2.97 

Yungay 24.1098°S, 
70.0144°E 96.67 0.98 / 0.03 0.49 / 0.01 0.32 / 0.01 

Laguna 
Seca 

24.1188°S, 
70.0833°E 0.36 9.91 / 92.04 4.95 / 46.02 3.3 / 30.68 

24.1170°S, 
70.0927°E 6.96 1.17 / 0.6 0.58 / 0.3 0.39 / 0.2 

24.1161°S, 
70.0923°E 6.96 0.24 / 0.12 0.12 / 0.06 0.08 / 0.04 

 
 

Table 6:  Drainage Pools 

Site Name Location 
Pool 

Volume 
[m3] 

Catchment 
Size [km2] 

Total 
Runoff 
[mm] 

Oficina 
Rosario 

24.3798°S, 
69.9400°E 6 0.11 0.05 

24.3672°S, 
70.3087°E 25 0.10 0.26 

Merged 31 0.21 0.15 

 
 
 
 
 
 
 
 
 
 
 
 



 

	 82	

Table 7:  Debris Flows 

Site Name Location 
Catchment 

Size 
[km2] 

Velocity [m/s] / 
Discharge [m3/s] 
RoC=6m RoC=20m 

Pampa 
Remiendos 

24.3671°S, 
70.3085°E 

0.75 

0.96 / 
0.68 

0.96 / 
0.39 

24.3659°S, 
70.3100°E 

2.42 / 
0.17 

2.42 / 
0.09 

24.3665°S, 
70.3103°E 

1.76 / 
0.9 

3.21 / 
0.52 

24.3665°S, 
70.3104°E 

1.33 / 
2.63 

2.43 / 
1.51 

	
 
4.4.2 Rainfall thresholds for runoff 

Many fluvial features that are etched in the land surface 
of the Atacama Desert were created by events in the past that 
far exceed rates of the recent storm, and thus recorded history. 
Considering the most probable mechanisms by which water 
accumulates and moves in the desert, the thresholds to create 
runoff were estimated in the Atacama Desert based in the 
observations and measurements performed during this work. These 
estimations are of a qualitative value, and have to be 
considered as preliminary, as further empirical experiments and 
physical models would be needed to enhance our understanding of 
the hydrology in this region.  

 
In many locations, there are indications for the occurrence 

of shallow subsurface flow (SSF), where a highly conductive soil 
layer (Chusca) lies on top of an impermeable layer (Petrogypsic 
horizon). To estimate the amount of rainfall needed to create 
runoff by shallow subsurface flow, a transient perched water 
flowing at the chusca-petrogypsic horizon interface is 
considered, which is similar to the conceptual model proposed by 
(McDonnell, 1990). Here, it is assumed that the water available 
for rapid fluid flow in a storm corresponds to water flowing 
through the macropores, whose volumetric quantity is represented 
by the drainable porosity (nd). As shown by the soil moisture 
data, water transferred toward the impermeable layer (<40cm at 
Yungay) is very slow even on relatively level landscapes, where 
the present amount of storm-water reaching the impermeable layer 
is negligible. Values of drainable porosity (nd) for the highly 
conductive layer (chusca)  (nd = θs - θfc, being θs equal to soil 
porosity and θfc to field capacity) were calculated using a 
conservative field capacity value that is equal to 100 cm of 
soil water tension (Weiler and McDonnell, 2004). For this, two 
locations are considered, Yungay hills and O. Rosario (#7a and 
12),  representing two extremes in regional erosion rates 
previously described by (Owen et al., 2011; Owen et al., 2013). 
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The thickness of the chusca averages 5cm at Yungay and 14 cm at 
Oficina Rosario. Since soils in the Atacama Desert are not 
expected to receive significant rainfalls for decades, the 
amount of antecedent moisture to be negligible is considered. In 
that case, soil pores in the unsaturated zone must be filled up 
to field capacity before water can rapidly move through the soil 
(>100cm of soil water tension). Considering soil depths at both 
sites, and measured values of nd and θs (Fig 19), the amount of 
accumulated rain to start shallow subsurface storm flow ranges 
between 5.8 and 10.15 mm for Yungay and 16.24 and 28.42 mm at 
Oficina Rosario. In order to saturate the conductive layer, 
rainfall amounts needed a range of 25-35 mm for Yungay and 71-99 
mm for Oficina Rosario. These amounts are conservative, 
considering that the high conductivity of the chusca layer would 
require an additional infiltration flow to maintain downslope 
drainage and because cracks in any soil layer will transport an 
additional amount of rainwater to lower levels. However, cracks 
also exhibit a rapid decline with depth, which explains the 
common shallow subsurface storm flow (Weiler et al., 2005). 
Estimates of rainfall amounts during the March 2015 storm (Table 
3) are above the threshold to create water flow (>θfc) in Oficina 
Rosario, and apparently able to create saturation at shallow 
soil depths locations in Yungay. Our field observations show 
that runoff occurred at both locations (Tables 5 and 6), 
particularly at Yungay, were numerous rills and channels were 
activated.  

 
Landscape features suggestive of the occurrence of surface 

runoff has been widespread in the region – at least in the past 
(Owen et al., 2013). There are two mechanisms through which 
overland flow can occur in a rainstorm, infiltration-excess 
overland flow and saturation-excess overland flow (Smith and 
Goodrich, 2006). Infiltration excess occurs when rainfall rates 
exceed the infiltration capacity (steady state infiltration of 
soils) and is a common mechanism of overland flow in arid and 
hyperarid areas because these areas usually have a very thin 
soil or have exposed bedrock with low infiltration capacity 
(Bahat et al., 2009; Cools et al., 2012; Greenbaum et al., 2006; 
Wheater, 2002; Yair and Lavee, 1985). Contrary to other arid 
regions, the soils in the absolute desert are highly permeable 
(See section 4.3). To trigger infiltration excess overland flow, 
rainfall rates have to overcome average infiltration rates of 78 
mm hr-1 and 244 mm hr-1 for hillslopes and alluvial soils 
respectively. While locally infiltration rates values can be as 
low as 10.8 mm hr-1 and 25.2 mm hr-1 for hillslope and alluvial 
soils, respectively, field evidence and high infiltration rates 
measured suggest that rainfall rates high enough to provoke 
infiltration excess occurs very rarely in the Atacama, as was 
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previously suggested by Owen et al. (2013). The second 
mechanism, saturation-excess, occurs when the soil is saturated 
or filled with water from a subsoil restriction, such as a 
shallow bedrock. This is considered to be more common to occur 
in humid areas, were prolonged storms are frequent and 
antecedent soil moisture is significant (Smith and Goodrich, 
2006). Although, it is difficult to estimate the occurrence of 
saturation-excess overland flow in the Atacama, the occurrence 
of this mechanism is highly unusual considering that rainfall 
rates must maintain high rates of downslope flow due to the high 
conductivity of the soils.   The amount of water required to 
create such overland flow, ranging between 25-99 mm of rain for 
hillslopes, is about one order of magnitude greater current 
annual rainfall averages for the area (Fig. 1). In addition, the 
formation and activation of pipes is an indication that at some 
point in geological time, those thresholds were exceeded in the 
past in order to create these features.  
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Figure 19. Water retention curves for: (a) three chusca samples from the 
Atacama Desert, showing total (θs) and drainable porosity (nd) in %; (b) sand 
in sulfate cracks at two depths in Yungay alluvial soil (# 7b).  

  
 

4.5 Alluvial Fan Hydrology 
One of the most enigmatic features on the lower Miocene 

alluvial fans encountered in this work are subtle circular 
depressions that pervade the landscape (Fig. S9a). For a lack of 
a better term, these features are referred as “vernal pools”. 
These subtle depressions have the following characteristics: (1) 
cm scale depression relative to surrounding landscape, (2) thin 



 

	 86	

dust accumulation over well-cemented CaSO4 (vs a 10-15 cm thick 
soft chusca layer on adjacent non-vernal pool fan surface), and 
(3) a pipe entrance commonly observable roughly in the center of 
the pool. The depressions lack any contributing areas, rills or 
depressions that could funnel water or sediment to the 
depressions, and likewise lack appreciable sediment collected on 
the surface from either flow into our out of the central pipes.  
The depressions, are characterized by a darker coloration with a 
1-2 meter radius. A survey of site 5 revealed roughly 35 pools 
per hectare, with 10% having pipes easily visible from the 
surface. These are not paleo-features, since recently active 
pools erase the prints of truck tires that have traveled over 
the landscape in the last decade or so. This appears to 
emphasize the aqueous nature of the pools.  
 
 The pools and pipes are found on gently sloping, and gently 
dissected, Miocene alluvial fans. There is a dense and thick 
layer of sulfate cemented polygons below the land surface that 
serves to restrict water infiltration, though the polygon cracks 
might serve as infiltration avenues (Fig 7). Yet, given their 
recent apparent activity, the water source for the concentrated 
pools is still uncertain.  
 

In summary, one of two models explain these features: (1) 
subtle overland flow and concentration from surrounding ~ 1cm 
higher topography, or (2) outflow from a subterranean piping 
system, driven by a sufficient hydraulic head. Both models 
suffer from lack of empirical support. For 1, no sign of flow 
from the surrounding landscape was detected. Model 2 is 
supported by the fact that pools inundate irregular features 
caused by human disturbance. However, the exceedingly gentle 
slopes, the gently undulating landscape caused by differential 
erosion over time, make the source area and pressure sources 
difficult to identify. It is important to note, however, that 
this alluvial fan system – in exposures observed along stream 
escarpments – has significant moisture in some of its basal 
fine-grained facies, and there is apparently flow of water from 
upslope in the catchment, which extends high into the Domeyko 
Range to the east. Additional features observed on these 
alluvial fans were drainage channels and rills with smooth 
convex slopes, reflecting long term erosion processes (Fig S9b). 
 
 
4.6 Stream and Overland flow paths from the March 2015 rain 

Satellite imagery (where available) of the field sites and 
other locations at the Atacama Desert were analyzed to 
complement field observations and evaluate the occurrence of 
overland and stream flow in washes and flash floods that 
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occurred during the March 2015 storm. Discharge response to the 
rainfall occurred mostly as channel and rill flow, while 
features of overland flow were very localized and subtle. These 
observations are consistent with rainfall amounts for this storm 
and the soil properties and hydrological properties discussed. 
Rainfall rates barely surpassed infiltration rates, mostly at 
locations where the soil was particularly indurated (site 2, S. 
O'Higgins), or shallow (site 14, Chañaral). Sites with a well-
developed chusca layers have infiltration rates up to one order 
of magnitude higher than rainfall rates for this storm (Table 
3). Satellite imagery of the Badlands area at S. O'Higgins shows 
that drainage systems were highly active during the storm (Fig 
S10), while local drainage systems that originated further 
south, in hillslopes covered by chusca containing soils, showed 
no evidence of activity on satellite imagery after the storm 
(Fig S11). The indurated soil cover on the leeward slopes of the 
badlands, together with its high drainage density, favors flashy 
discharges toward the channels and streams that discharge 
towards local terminal basins, such as the Salar de Navidad. The 
thin chusca mantled landscapes surrounding hillslopes at Yungay 
(Site 7b), show the occurence of numerous slope overland flow 
paths and channels (Fig S12). The field survey along hillslopes 
at Yungay and further west (Laguna Seca), show no evidence of 
significant sheet overland flow. Most of the overland flow paths 
at Yungay were generated at watersheds generated along steep 
slopes surrounding the mountain belt at Cerro Las Tetas (2333 m) 
(Fig S12). Interestingly, many of those overland flow paths were 
not able to reach the basin bottom as they were infiltrated in 
pounds or pipes as they reach the alluvial plains (Fig S12). 
Observations made few weeks after the storm at site 4 (Rodrigo 
Riquelme personal communication), showed that the cracks that 
surround big polygons were still wet three weeks after the rain 
both on hillslopes and alluvial surfaces (Fig S13a), and runoff 
flowing into pipes was detected  at site #6, O. Yugoslavia (Fig 
S13b).   
 

Satellite imagery of the Sierra de Vicuña Mackena, a range 
westward of the Central Depression with a thick sulphate soil 
coverage (Fig 1), shows no evidence of overland flow paths or 
riling in vast areas, despite the high rainfall amounts 
estimated for this area (> 20 mm). The exceptions were two areas 
with recent anthropic disruption of the terrain: at Cerro 
Armazones, where the European Extremely Large telescope was 
under construction during the storm (Tamai and Spyromilio, 2014) 
(Fig 20),  and along an access route to a pipeline construction 
("gasoducto Taltal") along route B-710 (Fig S14). Both locations 
show very localized overland flow, however they contrast with 
the surrounding landscape. Numerous observations of the effect 
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of truck tracks on the chusca layer over at Atacama suggest that 
this extraordinary highly permeable layer is highly susceptible 
to anthropic disturbation, and that those alterations can 
enhance surface riling and erosion (Fig S15).   
 

 
Figure 20. Evidence of water flow at Cerro Armazones, located near the Sierra 
Vicuña Mackena. Arrows show the activation of channels and rills formed due 
to runoff generated at a disturbed site.  
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Figure 21. Erosion of truck tracks at the Pedro de Valdivia site, where the 
underlying polygons are uncovered. Note the flow that crosses the cracks near 
front.  
 

Another regional source of landscape response to the 2015 
rainfall are road closures reported by the Chilean authorities 
(MOP and 2015). Fig S15 shows that the majority of traffic 
closures or interruptions occurred on major streams in the 
Coastal Cordillera. The remaining closures occurred in areas 
with high anthropic disturbance such as mining.  
 

In summary, much of the rain water that fell in the 
absolute desert was mostly 'absorbed' by the landscape, and only 
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very localized floods were generated in the Precordillera and 
Cordillera.  
 
4.7 Timing and Magnitude of Paleo-rainfall Events 
4.7.1 Soil Carbonates.  

Pedogenic carbonate forms in arid to semi-arid 
environments. In hyperarid deserts which lack vegetation, 
carbonate formation is rare, and sulfates form due to the low 
soil CO2 concentrations and the relatively high sulfate anion 
concentrations which drive Ca solubility (Quade et al., 2007; 
Ewing et al., 2006). At site 15, located at the southern extent 
of our N-S excursion just N of the village of Diego de Almagro, 
we examined a convex hillslope in an almost plant-less hyperarid 
location. The hillslope was undergoing active zebra stripe 
development, and had evidence of both fine and some coarse 
particle movement during the recent rains, as well as water 
movement through rills (Fig S16). The summit of the hill had an 
interlocking gravel pavement with a thin dust-rich V horizon. 
There was no evident weathering of bedrock and the most evident 
pedogenic processes were distinctive accumulations of both 
gypsum and carbonate. Given the complete absence of flora on 
hillslopes, (except for a few plants at major channels 
downslope), we suspect that the gypsum accumulation is a 
present-day pedogenic process, as they covered carbonate 
coatings that occurred on the gravel bottoms. 
 
 The stable C and O isotope composition of the carbonate 
laminations on the gravels reveal that the carbonate formed in a 
very arid, but significantly more vegetated, environment than 
today. Assuming an ~ 14‰ offset between soil CO2 and carbonate 
d13C values (Cerling, 1984), the carbonate formed in equilibrium 
with CO2 ranging from -10 to -16‰ (FIG S17). The trend of 
decreasing d13C values with depth is typical for CO2 diffusion 
profiles.  Given no evidence for any significant biological CO2 
production today, the carbonates suggest a discontinuous and 
modestly productive plant cover when the carbonate accumulated. 
There is little evidence for C4 flora in the Atacama desert 
(Ehleringer et al., 1998). Assuming that past vegetation was C3 
dominated, the profile suggests a past soil respiration rate of 
approximately 15 g C m-2 y-1 (see Fig. 7a in Ebeling et al., 
2016). 
 

The d18O values of the carbonate also decrease with depth, 
from a high of 3.94‰ near the surface, to -1.44‰ found at depth, 
similar to values and depth trends found in much more calcic and 
biotic soils 200 km to the S near Vallenar (Ebeling et al., 
2016). Ebeling et al. (2016) interpreted the depth trend as 
reflecting significant evaporative enrichment of the soil water 
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in 18O near the land surface. They also interpreted that the 
values found in the deepest layers likely represents the least 
evaporated water, reflecting rainfall d18O values of about -1 to 
-2‰ VSMOW – generally in the range of values expected for modern 
and Pleistocene rainfall. In general, the carbonate appears to 
reflect a sparsely vegetated yet carbonate-forming environment, 
much like the present transition from the Atacama desert to more 
semi-arid conditions 200 to 300 km further south.  
 
 The interpretation that the carbonate reflects past, and 
much different, conditions is supported by radiocarbon 
measurements. Radiocarbon ages increased with soil depth, and 
all samples were Pleistocene age (Fig 22). The simplest 
interpretation of the depth trend, one also observed in the 
Mojave Desert (Wang et al., 1996), is that the depth of water 
percolation steadily declined over time, decreasing the depth of 
the carbonate formation zone.  
 

This site lies deeply within the winter precipitation zone 
of the Atacama, associated with southern westerlies.  The dates 
obtained may thus be related to wetter periods that occurred 
with slight northward shifts in the westerlies, which is the 
mechanism suggested for the biotic record in rodent midden 
pollen deposits at the nearby Quebrada del Chaco (25.5˚S) 
(Maldonado et al., 2005). Carbonate ages suggests wetter phases, 
and semi-continuous decreasing amounts of precipitation, from 
33.5 ka, to 15.1 ka. These of course are not distinct episodes, 
but should be interpreted as part of a phase terminating after 
15 ka. It is probable that this protracted episode of enhanced 
precipitation impacted sites further north, possibly activating 
the numerous hydrologic features that require significantly 
higher amounts of precipitation than that observed during the 
March 2015 storm. Those storms, for example, may have created 
the zebra stripes, the riling and pipes, as well as 
redistributed salts and sediments locally, but were not large or 
intense enough to entirely remove or destroy the soil mantled 
hillslopes or remove the large quantities of salt embedded in 
the soils. While this soil record is unique, this work suggests 
(as did Ebeling et al., 2016) that carbonate bearing soils along 
the periphery of the Atacama Desert are unique stores of biotic 
and hydrological information, and with dating, can help better 
constrain the recent – and likely subtle – climatic oscillations 
that have have enormous hydrological and biotic significance in 
the Atacama Desert.  
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Figure 22.  Radiocarbon ages of carbonate laminations on soil gravels at 
Pueblo Hundido. Ages are compared with known periods of enhanced 
precipitation in the Western Andean Cordillera. Dark grey corresponds to 
documented northward migration of the southern westerlies, while light grey 
represents a wet period known as the Central Andean Pluvial Event (CAPE).  
 
4.7.2 Piping.  

Pipes require significant amounts of time and water to 
develop. First, they run parallel to the land surface in between 
two salt (mostly sulfate) rich layers of contrasting 
permeability, that are themselves the product of long term 
atmospheric accumulation and vertical redistribution.  

 
 Given the estimated quantities of water this work suggest 

are needed to activate them, the storms required lie outside of 
the range of rainfalls that have been observed in historical 
time. Studies have shown that there is a precipitation threshold 
in order to activate pipes, as a capillary barrier needs to be 
exceeded, which strongly depends on the antecedent soil water 
content and the nature of the soil materials (Noguchi et al., 
2001; Uchida et al., 1999). In addition to this, to form pipes 
in the Atacama Desert, the water moving through the soil must be 
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undersaturated with respect to gypsum in order to dissolve the 
soil matrix.  

 
A feature that appears to reflect this cyclicity is a salt 

veneer covering the modern channel at Laguna Seca (site #4), 
which is similar to those observed in pipe walls. A cross 
sectional cut of this salt layer reveals laminations of 
alternating colors, from pure white to reddish. XRD analysis 
indicate that the reddish laminations correspond to gypsum with 
magnesium calcite, while the white layers correspond to 
anhydrite and gypsum. The buildup of laminations in the channels 
suggests pulses of precipitation forming hyper-saturated waters 
that are not able to dissolve and enlarge the channel size. This 
is in agreement with observations elsewhere (e.g. (Placzek et 
al., 2009)), suggesting a cyclicity of  storm pattern 
intensities over time.  
 
4.8 A conceptual model of water in the Atacama Desert.  

An expectation of a large rainfall in an entirely 
unvegetated landscape is that significant runoff will result, 
along with sediment and debris flows. Yet, surprisingly, the 
most striking observation of the Atacama Desert following the 
recent “hundred-year storm” is how subtle the changes to the 
terrain were. The chusca underwent a significant hardening and 
compaction. Some streams and tributaries were activated. Minor 
debris flows and riling occurred. Yet, these processes were not 
uniform, and responded quite differently to local variations in 
soils, as well as to orographic effects.  
 

Somewhat unexpectedly, this work hypothesize that the 
lifeless Atacama Desert exhibits a significant degree of 
hydrological resilience to rainfall, a resilience arising not 
from biotic-abiotic feedbacks, but from the enormous quantities 
of salt and dust that have mantled this region since at least 
late Pliocene times (Amundson et al., 2012). The term 
“resilience” implies both the presence of a threshold, and the 
ability to “bounce back” after a perturbation. This work have 
been able to place at least first order constraints on the 
thresholds required to initiative more significant, if not 
catastrophic, landscape responses to rain. Overland flow by 
saturation-excess is unlikely under current conditions, 
requiring approximately 30 mm of rain at Yungay and 70 mm for 
Oficina Rosario.  This is a lower limit of rainfall needed to 
activate the now semi-fossilized fluvial features that are 
common in the region.  
 

In terms of the region’s ability to return to its pre-rain 
state, especially the chusca, it is uncertain about the 
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mechanisms, and the rates, that will drive this. In this work, 
it is found that fog provides many days per year of downward 
water vapor trajectory through the upper few cm of the soil. 
This may be a mechanism by which the porous chusca has 
accumulated over time. However, the mineralogy of the chusca has 
been shifted from anhydrite to gypsum and bassanite. Thus, it 
may require many years for these minerals to dehydrate, undergo 
volume change, and regain the porous and low-density character 
that much of the landscape once had.  
 
 
4.9 Implications for past and future rainfall events.  

The evidence compiled in this work suggest that a "century 
scale" rainfall, like the one that occurred in March 2015, is 
not large enough to activate many of the numerous erosion 
mechanisms that appear in the absolute desert. The rainfall 
thresholds necessary to create runoff and erosion in the 
absolute desert seem to be at least one order of magnitude 
higher than that of the March of 2015 rainfall for most 
locations. Have these occurred during the Holocene, and how 
often? Botanical and soil evidence provided here suggest that 
the late Pleistocene may have been more conducive to cause these 
features to be more frequently active. Yet, these pluvial 
episodes were not so extreme or protracted as to remove the bulk 
of the salts from the alluvial and hillslope surfaces in the 
region. Throughout its long history, it seems that the Atacama 
Desert has occasionally teetered near a rainfall threshold that, 
if larger or longer, would have changed much of what makes this 
such a unique place on the planet.   
 

Yet this remains a delicate threshold. Changes in global 
climate and oceanic patterns have been suggested to potentially 
increase moisture in the region (Urrutia and Vuille, 2009). Once 
the region’s soil-mediated threshold is surpassed, it would seem 
the landscape response could be catastrophic.  
Increased development of infrastructure in the region (e.g. huge 
solar panel plants, roads, pipes, mining operations) needs to 
consider future environmental factors and impacts on their 
operations. Almost all hydrological models require calibration. 
None of the Desert’s internal drainages have a hydrometer (flow 
measurement). Any good predictive model will need the 
development and installation of increased spatial coverage of 
meteorological instrumentation. The large hydrological 
variability of arid areas requires this investment. Wheater 
(2002) emphasize the difficulties in deriving reliable long-term 
hydrological records in arid regions due to sparse populations, 
limited economic resources, harsh climate and infrequent 
hydrological events (Wheater, 2002). In a region with so much 
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sediment poised to respond to a climatological threshold, 
understanding the climatic patterns is critical for economic and 
humanitarian reasons.  
 
5. Conclusion 

Evidence compiled in this work suggests that soil type has 
an important influence on the landscape’s response to rainfall 
in the Atacama desert. While riling and overland flow occurred 
in areas toward the southern border of the absolute desert and 
in the Coastal Range, the driest section of the desert covered 
with salt rich soils have physical properties that allow the 
landscape to resist rainfall impacts on erosion. Most of the 
changes that affected the Central Depression were (i) ephemeral 
changes in soil (mineralogical phase changes from anhydrite to 
gypsum in the soil surface), (ii) salt efflorescence’s in 
channel beds and walls, and (iii) soil profile wetting and 
redistribution of salts. Unlike some arid and hyperarid areas in 
the world that are susceptible to high intensity rainfalls, the 
absolute desert of the Atacama resists the force of a "century 
scale" rainfall that occurred in March 2015. 
 

It is evident that larger rainfalls have occurred in the 
region long after the establishment of general hyperaridity. The 
apparent threshold for significant alteration of the landscape 
may require rainfall totals about an order of magnitude larger 
than those recorded in the past several hundred years. Yet these 
amounts are small in an absolute sense, and underscore the 
unique set of conditions that maintain this unusual environment 
on Earth. 
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Chapter 3: 
Mud in the Desert: A rare calcium chloride rich soil and 

implications for the existence of liquid water in an hyperarid 
environment 

 
 
1.Introduction 

Calcium chloride deposits are extremely rare on earth, and 
there are only three known modern saline environments, the 
Bristol Dry Lake in California’s Mojave Desert, near Mosul in 
Iraq and the Don Juan Pond in the Dry Valleys in Antarctica 
(Aljbouri and Aldabbagh, 1980; Dunning and Cooper, 1969; Horita, 
2009; Rosen, 1991; Torii and Ossaka, 1965), where CaCl2 minerals 
are found in abundance in the form of the mineral antarcticite 
(CaCl2*6H2O) (Garrett, 2004). The rare occurrence CaCl2 is due to 
two main reasons: (1) normal surface weathering processes 
produce waters with Ca < ∑ (HCO3 + CO3 + SO4), and the known Ca-Cl 
rich waters are produced during subsurface diagenetic and 
hydrothermal interactions of brines and sediments at 
temperatures above 100˚ C (Hardie, 1990; Lowenstein and 
Risacher, 2009); (2) this mineral is not thermodynamically 
stable in the range of typical relative humidites and 
temperatures encountered at Earth’s surface, therefore it is 
extremely ephemeral and it is easily leached away after rains in 
most climates (Warren, 2016) 
 

The Atacama Desert of northern Chile has economically 
concentrated deposits of a variety of salts, formed through 
processes ranging from modern soil formation (Ewing et al., 
2006) to ancient evaporate deposits of enormous volume  (Stoertz 
and Ericksen, 1974). The research on the occurrence and behavior 
of salts there is increasing, but here we focus on a recent 
discovery of CaCl2 and its unusual physical behavior in this 
desert. The unique character of these efflorescences were first 
mentioned by (Lecarpentier, 1972), however no comment on its 
unique composition was made then. Ca-Cl rich brines are present 
in the Salar de Atacama and other minor salars in the pre-Andean 
depression, areas which are climatically outside of the Atacama 
desert proper (Lowenstein and Risacher, 2009; Risacher et al., 
2003).  The occurrence of CaCl2 bearing salt deposits in this 
environment is of considerable interest due to its capacity to 
absorb moisture from the atmosphere at very low relative 
humidities (hygroscopicity) and dissolve in the water it absorbs 
(deliquescence). Salts with hygroscopic properties have drawn 
increasing attention in recent years, as they can provide a 
transient source of liquid water for life in extremely dry 
environments (Davila et al., 2010; Martín-Torres et al., 2015; 
Stern et al., 2017), and because they offer a possible 
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explanation for the occurrence of temporal geomorphic features 
on Mars (Heinz et al., 2016; Ojha et al., 2015; Stern et al., 
2017). This work describes the location and characteristics of 
this unique deposit, proposes hypotheses about its origin, 
discusses its behavior and its potential to host biological 
processes.   
 
2.Regional Setting 
 
2.1 Regional Geology 
 

The Salar de Llamara lies in the Central Depression, a 
forearc basin that runs parallel to the Andes between 20.8˚ S 
and 21.5˚ S. Over the basement lies an unconformable series of 
deposits that started accumulating in the Oligocene, and that 
continues to the present time (Sáez et al., 1999). The 
sedimentary sequence consists of alluvial and volcanic materials 
from the nearby Andean western flanks as well as lacustrine 
sediments (including evaporites) deposited while the central 
depression was an endorheic basin in the Miocene and Pliocene 
(Pueyo et al., 2001; Sáez et al., 1999). A prominent evaporate 
deposit of halite and anhydrite of Plio-Pleistocene age is the 
Soledad Formation, upon which Quaternary deposits we examine 
here have been overlain (Fig 1).  
 

During the regional lowering in the Quaternary, it appears 
a series of lakes or wetlands have occurred as the local base 
level declined, and some local bedrock mountains, veneered with 
salt, have emerged (Bruggen, 1950; Ritter et al., 2018).  In the 
late Pleistocene, it appears that stream discharge to the basin 
increased by up to a factor of 4 and that the basin had wetlands 
and marshes (This work, chapter 1). Following a decline in 
rainfall along with possible base level changes, the region has 
drained and except for a few saline springs, and a shallow water 
table, is dry.  
 

The deposits examined here are located in a narrow gorge 
between the Cerro Soledad and Cerro Salar (Fig. 2). The gorge 
contains a channel that drains the end of the distal lobes of 
alluvial fans derived from the Sierra de Moreno (pre-Andean 
range) to the east. During the Pleistocene, the regional geology 
and fossil evidence indicates significantly higher flow rates 
into the basin. Today, in addition to extreme aridity, the 
region has strong diurnal onshore winds that have erosionally 
sculpted the landscape as well as creating local dunes where 
surface unevenness or physical obstructions facilitate particle 
settling from the air (Finstad et al., In Press; Jordan et al., 
2014; Wang et al., 2017). The deposits examined here are much 
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smaller in size, but similar in form, to fine sand and silt rich 
dunes found throughout the region (Finstad et al., In Press). 
 

 
 
Figure 1.  Geographic Setting of the Salar de Llamara, illustrating outcrops 
of evaporites based on the map by (Quezada et al., 2012). The red square 
inset corresponds to the area illustrated in Figure 2b. Background relief is 
a DEM based on ADTER GDEM V2 data (NASA).    
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Figure 2. a) A panoramic view taken from Cerro Soledad towards the south. The 
calcium chloride-rich deposits can be seen as dark brown areas at the end of 
a Holocene halite covered playa. Toward the west (right) of the deposit, a 
series of dissolution features transition into a Pleistocene halite playa 
that is crossed by a fossil channel. Cerro Salar is covered by a mantle of 
anhydrite and halite; b an c are Worldview image RGB:321; b) Satellite image 
of the area surrounding the deposit illustrating evaporites: Pleistocene 
halite playa PlHap; Holocene halite playa Hap; Soledad Formation Plso. Dashed 
red lines indicate inferred faults according to (Ritter et al., 2018). The 
yellow arrow indicates and area of dissolution features in Soledad Formation 
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deposits; c) Close up of the field site, where dark patches correspond to 
CaCl2 rich deposits; d) Geoeye panchromatic image of inset shown in 2c, the 
deposits are clearly differentiated from the surroundings. Red arrow points 
toward the direction of picture shown in e; e) View of one of the patches of 
CaCl2 rich-soil, yellow arrows correspond to edges of dissolution depressions 
were the deposit is inset; f) Depth profile of deposit showing horizon 
designation and salt content.  
 
 
2.2 Hydrology  

The basin has been shown to have two aquifers that differ 
in their salinity and host material (DICTUC, 2007). The lower 
and saltier aquifer is considered to have a relatively high 
residence time and to be in chemical equilibrium with the 
Soledad Formation, while the upper aquifer is less saline and 
fed by the ephemeral flow of freshwater from various quebradas 
draining the Andean cordillera to the west (Mortimer, 2013).  
 

Aquifer recharge occurs through two mechanisms: i) sporadic 
subsurface streamflow discharge and ii) basal groundwater flux 
through deep-seated fractures (Aravena, 1995; Magaritz et al., 
1990; Peña et al., 1989; Rojas et al., 2010; Rojas and 
Dassargues, 2007). The two processes operate at different 
temporal and spatial scales. Near surface groundwater flow 
occurs on short timescales (100 to 101 years) and mostly strongly 
occur in the eastern third of the basin near source areas in 
higher elevations.  Groundwater recharge occurring through deep 
fractures impacts the western section of the basin on longer 
timescales (104 to 105 years) (Jayne et al., 2016). This latter 
flux, is also believed to be impacted by thermal fluxes from 
crystalline basement rocks that inject brines with different 
temperatures and isotopic signatures toward the main aquifer 
(Jayne et al., 2016; Magaritz et al., 1990).  
 
2.3 Liquid water and potential for life.  

The Atacama Desert is a dry and nearly lifeless segment of 
Earth, which bears as much similarity to Mars as it does to the 
rest of Earth. It offers a unique natural stress to examine how 
life evolves and manages to adapt to dry conditions on Earth, 
and offers insights into processes and habitats that may harbor 
existing or extinct life on Mars. In addition, it provides a 
test bed for interpreting remotely sensed physical features on 
Mars.  
 

Calcium chloride is extremely soluble over a wide range of 
temperatures. One of its most interesting properties is its 
deliquescence, which refers to the capacity to absorb moisture 
from the atmosphere until it dissolves in the absorbed water to 
form a solution (Martin, 2000). Deliquescence is triggered above 
a certain relative humidity threshold, known as the 
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deliquescence relative humidity, which for CaCl2x6(H2O) is of 
32.2 % RH at 20˚C (Cohen et al., 1987). The deliquescence of 
CaCl2 at such a low RH, allows it to form a transient reservoir 
of liquid water available for microorganisms and biological 
processes at a wide range of RH, even in a hyperarid environment 
like the Atacama Desert. Finstad et al. (2016) analyzed salt 
crusts (halite) and air RH and temperature fluctuations for a 14  
month period in a site located 2.5 km south of the CaCl2 rich 
soil.  Air temperatures and relative humidities fluctuated 
between 0 to 30˚C and 10 to 90% respectively, with medians for 
RH of 56%. Halite salt nodules measurements showed RH ³ 75% for 
97% of the time period measured. This capacity of salt nodules 
to maintain high RH even with fluctuating atmospheric relative 
humidity has been also examined by (Wierzchos et al., 2012), and 
reflects hysteretic differences between the hydration and 
dessication processes (e.g. deliquescence v/s efflorescence) 
(Martin, 2000). Due to the low deliquescent point of calcium 
chloride, this soil can provide an almost continuous source of 
liquid water throughout the year, which differs from local 
halite deposits, which deliquesce above 75 % RH. Considering 
that the limit for microbial proliferation is at aw of 0.61 
(Labuza et al., 1970), this deposit offers nearly continuous 
water availability for any halotolerant organisms.  
  

Fig. 3 shows biochemical and metabolic processes as 
function of water activity. Considering local climate, the Ca-Cl 
deposit most likely remains with liquid water throughout the 
year. In addition, its long-term stability and the presence of 
organic carbon makes it a particularly interesting target for 
the astrobiological community. In addition, the dark features of 
the dunes, clearly observable from space, have strongly 
similarities to temporally darkened features on Mars, which are 
suspected of also being deliquesced chloride-salts (Chevrier and 
Rivera‐Valentin, 2012).  
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Figure 3.  Water activity (aw = Relative Humidity at equilibrium) and 
biological activity for terrestrial organisms based on range of aw at CaCl2 
deposit (Based on (Labuza et al., 1970)).   
 
 
3.Methods 

Satellite images generated from WorldView-1 (resolution 
0.47m/pixel) and GeoEye-1 (panchromatic resolution 0.46 m/pixel, 
multispectral r. 1.84 m/pixel) were used to delimit the deposit. 
A small trench was excavated to a depth profile to ~40 cm, where 
a hardpan of halite was encountered. After identifying horizons, 
bulk samples were collected and sealed. Bulk density was 
measured by impregnating intact aggregate samples with paraffin 
and determining the volume by the displacement of water (clod 
method).  
 

Water extracts at a ratio of 45:1 deionized water/ soil 
were collected after shaking for 24 hours in Nalgene bottles. 
Sulfate, chloride, nitrate, perchlorate, iodide and bromide were 
measured via Ion Chromatography using a Thermo Scientific Dionex 
ICS1000 with an AS18 analytical column at UC Berkeley. We used 
Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-
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OES; Perking Elmer 5300 DV) to determine the content of Ca, Na, 
Mg, K, Sr, Li, B and Cr.  
 

For organic matter (SOM) and carbonates, we first washed 
the samples with deionized water to remove excess salts by 
soaking and shaking for 24h, followed by centrifugation. The 
process was repeated several times due to the high content of 
salt of the samples.  Samples were then dried at 50˚C overnight. 
For SOM radiocarbon and stable isotope analyses, the washed 
samples were soaked in 0.5 M HCl solution to remove carbonates. 
Following this, subsamples underwent further soaking and shaking 
in deionized water, followed by centrifugation. Subsamples were 
sent to the Accelerator Mass Spectrometry facility of University 
of California Irvine (UCIAMS) for radiocarbon analysis. 
Radiocarbon ages were calibrated using CALIB 7.0 (curve SHCal13) 
and are reported as thousands of calibrated years before present 
(ka).  Subsamples were analyzed for organic d13C and d15N values in 
the Center for Stable Isotope Biochemistry at UC Berkeley 
(CSIB). A fraction of the washed sample was used for carbonate C 
and O stable isotope analysis, For carbonate isotope analyses, 
the samples were first washed in hydrogen peroxide (H2O2) 
multiple times to reduce organic C. ~100 mg of soil was then 
analyzed to determine d13C and d18O values using a MultiCarb system 
with a GV IsoPrime mass spectrometer in Dual Inlet at CSIB.  
Sulfate  d34S and d18O stable isotope analysis was determined 
following the protocol of (Michalski et al., 2004). 
 

Another set of subsamples were dried for 48 hours in a freeze 
drier, after which water to soil ratios of 1:1 and 1:2.5 were 
prepared to measure Electrical Conductivity (1:1) and pH (1:1 
and 1:2.5). A fraction of the freeze-dried material was used to 
determine mineralogy. After freeze drying, samples were kept 
sealed to avoid re-hydration and were placed in a PAN-analytical 
dome sample holder for air sensitive materials. X-Ray 
diffraction (XRD) was performed on the dome samples with a PAN-
analytical X'Pert Pro diffractometer at 40 kV, 40 mA, 3-99 2θ, 
0.0170 2θ step for 7.1 seconds in the Department of Earth and 
Planetary Science at UC Berkeley. 
 
 
4.Results 

The channel between the two Cerros is presently 
discontinuously mantled with an ~50cm thick layer of eolian 
material that unconformably overlies much more rugged indurated 
halite. Since the prevailing winds are from the W-NW, it is 
possible that the dust has accumulated in response to changes in 
wind velocity caused by local topography and local changes in 
land surface roughness. In a few locations, the dust layer is 
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more discontinuous, and has a dune-like (instead of planar) 
form. It is these areas in particular where the CaCl2 has 
accumulated in quantities that create visible effects.  The 
dunes identified had a unique “wet” surfaces (~8-15% weight 
water content) lie below a subtle escarpment in the sediments 
and salts that infill the gorge. This is suggestive of some 
slow, subsurface movement of water and salts that outcrop in the 
area of the dunes.  
 

Dunes were distinctively moist in the field. The surfaces 
had a distinctive pattern of ~ 5 to 6 cm diameter polygons or 
“rosettes”. Many polygons were composed of 5 mm subangular 
blocky aggregates that when combined comprised the much larger 
polygons. The polygons and surface horizon appeared to be highly 
porous. This was particularly emphasized when water was added to 
the surface, causing immediate collapse of the surface of 
several cm.  A particular surprising observation was that the 
addition of water also caused an immediate and profound color 
change: from reddish brown to a milky white. Some of the 
polygons or rosettes also had white salts naturally present on 
their surfaces. Below we discuss the chemistry and mineralogy 
that may be responsible for these unique colors.  
 
 

Based on color, structure and behavior with water, we 
identified four horizons: Bzaa1-4. The salt content increased 
slightly with depth, with 60.04% salt in horizon 1 and 62.35% in 
the lowest horizon (Bzaa4). The horizons had bulk densities 
ranging between 0.58 and 0.76 kg m-3, similar to low values found 
in the anhydrite rich crust (chusca) that widely covers alluvial 
soils in the Atacama Desert (Ewing et al., 2006). The pH was 
slightly acid, ranging between 6.5 and 6.8 (at 1:2.5 ratio) and 
5.6 and 6.9 (at 1:1 ratio).  
 

ICP-OES results revealed the predominance of Ca in extracts 
of all the horizons, with cations decreasing in the order 
Ca>Na>Mg>K>Sr.  Trace amounts of the remaining elements were 
found in the order of Li>B>Cr (Table 1). Only three of the six 
anions we analyzed for were above the detection limit of the ion 
chromatograph analysis: SO4>Cl>NO3.  Perchlorate, iodide and 
bromide were below the detection limits of 5 ppm (Table 1). The 
predominant anion in all horizons is sulfate, with high amounts 
of chloride and much less nitrate. In all horizons Ca 
equivalents > SO4 equivalents, whereas the remainder of Cl 
equivalents after precipitating halite exceed that of Ca 
equivalents in two horizons, being balanced by hydrogen ions as 
rebealed by a slightly acid solution when extracted.  
 



 

	 105	

 
Table 1. Soil elemental composition from defined horizons at pit excavated on 
the deposit.  
Horizon Depth Na Ca K Mg Sr B Li	 Cr SO4 NO3 Cl 
 cm mmol/Kg 
Bzaa1 0-2 277.78 3183.51 14.61 75.50 11.03 0.24 0.38 0.001 2889.78 73.62 2212.83 
Bzaa2 2-12 275.55 3598.92 21.78 52.77 11.55 0.02 0.72 0.001 2566.13 69.58 1603.76 
Bzaa3 12-30 679.44 3295.36 18.68 33.44 6.18 0.13 0.59 0.000 2979.22 62.03 2083.75 
Bzaa4 30-37 1012.64 3167.98 15.41 26.12 6.92 0.38 0.41 0.001 3031.80 53.89 1209.59 
 
 

X-ray diffraction (XRD) results are consistent with the 
geochemistry.  The main minerals identified were anhydrite, 
halite and sinjarite (Table 2). In terms of sulfate minerals, 
only basanite and anhydrite were detected while gypsum was not 
present. The unique mineral identified is sinjarite, a di-
hydrated calcium chloride (CaCl2.2(H2O)) named for a locality 
near Mosul, Iraq.  While described as being pink, natural 
specimens shown on the web are reddish brown.  At the type 
locality, crystals form during the dry season on top of alluvial 
deposits and disappear during the rainy season (Aljbouri and 
Aldabbagh, 1980). Due to the hygroscopic properties of calcium 
chloride, it is possible that other hydration phases exist in 
the field, however only the di-hydrate phase sinjarite was 
detected.  The amount of CaCl2 mineral in the horizon is around 
15% weight. Other minerals present are sylvite, nitratine, 
bassanite, epsomite, thenardite, and tachydrite (Table 2). From 
the minerals identified, only two have deliquescense relative 
humidities (DRH) bellow 80%, tachydrite (19.1 % DRH) and 
Sinjarite (22.4 % DRH) (Christov, 2008). The high hygroscopicity 
of these minerals was reflected by the muddy aspect of the soil, 
being wet in both occasions the site was visited (July 2013 and 
August 2015). The relative humidity in the site fluctuates from 
15 to 100 percent at day and night respectively during the 
austral winter (Finstad et al., 2016) 
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Table 2. Selected soil properties and XRD on salt fraction for a depth 
profile. Particle size data is for the salt-free fraction of the soil.  

Horizon Depth 
Bulk 

density 
Salt 

content 
XRDa non 
silicates 

pH 
(1:1) EC 

Field 
water 

content 
(%) Texture 

 
cm (g cm-3) (%) 

  

mS 
cm-1  

Sand 
(%) 

Silt 
(%) 

Clay 
(%) 

Bzaa1 0-2 0.58 60.04 AH, H, SJ, 
N, SY, BS, 

EP 

- - 15.51 25.2 67.8 7.0 

Bzaa2 2-12 0.61 60.29 AH, H, SJ, 
SY, TN, 
TH, SH 

5.66 113 11.26 20.8 72.2 7.0 

Bzaa3 12-30 0.76 61.68 AH, H, SJ, 
SY 

6.49 103 8.21 17.6 64.6 17.8 

Bzaa4 30-37 0.65 62.35 BS, H, SJ, 
N 

6.94 126 7.86 47.2 37.4 15.4 

a AH, anhydrite - CaSO4; BS, bassanite - CaSO4x0.5H2O; SJ, sinjarite - 
CaCl2(H2O)2; H, halite - NaCl; N, nitratine - NaNO3; SY, sylvite - KCl; EP, 
epsomite - MgSO4x7H2O; SH, schoenite - K2Mg(SO4)2x6H2O; TH, tachyhydrite - 
CaMg2Cl6x12H2O; TN, thenardite - Na2SO4 
 

Total carbon content slightly decreases with depth from 
0.482 % to 0.266 %, while organic carbon exists only in low 
concentrations ranging from 0.02 to 0.04%. The δ13C and δ15N 
values of the organic matter varied slightly, and in harmony, 
with depth, with values of δ13C values fluctuating between -25.75  
‰ and -21.36 ‰ and values for δ15N values fluctuating between 
+13.46 ‰ and +17.73 ‰ (Fig 4). The δ15N values are among the 
highest ever measured for soils based on recent compilations 
(Craine et al., 2015). Values of δ13C were similar to the 
composition of hypolithic bacterial communities (-23.7  ‰) in 
the Atacama Desert described by (Ewing et al., 2008a). δ13C and 
δ18O isotopic composition of carbonates had very similar values 
at all depths, reflecting formation from CO2 with a δ13C value of 
about -14 to -18 ‰ and water with a δ18O value of about -3 ‰  
(Fig. 5). The origin of the carbonate is not known. Given the 
very high SO4 concentrations, it seems that micro sites of soil 
respiration (creating a CO2 source) are needed to create the 
chemical environment for calcite to precipitate. The δ18O value 
of the carbonate reflects a water source with an O isotope 
composition similar to fog measured in southern Chile (mean 
value of 3.4 ‰ (Peña et al., 1989). The C isotope value of the 
source CO2 is more enriched in 

13C than the organic C in the soil. 
One interpretation is that this simply is indicative of very low 
respiration rates (and a mix of biological and tropospheric CO2) 
that form the carbonate.  
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FIGURE 4. δ13C and δ15N stable isotope values at depth of Soil Organic Matter 
fraction.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

	 108	

 

 
Figure 5.  δ13C and δ18O stable isotope depth trends of Carbonates.  
 

The isotopic composition of the sulfates varies little with 
depth, with δ34S values between +3.48 and +3.97 ‰ and δ18O values 
between +10.9 and +11.78 ‰. For comparison, in a Plio-
pleistocene alluvial fan soil, Ewing et al (2008) observed a 
range of -6.4 and 9.6 ‰ for d34S and 5.0 and 13.0 for d18O.  
 

Radiocarbon dating of the organic matter occluded in the 
sediments show ages that range between 7.9 and 12.2 ka (Table 
3). As in a recent study by Finstad et al. (in press) a few km 
to the north, the ages suggest that accumulation of sediment 
began in the late Pleistocene and has continued to the present. 
The apparently inverted age of the lowest layer (with the 
youngest 14C age), deviates from our other observations in the 
area, and the mechanism that emplaced younger organic C below 
older is not known. There is no biological or physical mixing 
process that disturbs the sediment following deposition, and 
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there is little aqueous downward movement (except for the 
pervasive deliquescence) to move C downward.  
 
 
Table 3. Radiocarbon dates from soil organic matter at depth.  

Horizon Depth Material Lab. Code 
Age (14C a 
BP) 

Age (cal a 
BP) 

  cm         
Bzaa1 0-2 SOM UCIAMS174189 7250 ∓140 8037 
Bzaa2 2-12 SOM UCIAMS174190 8270 ∓260 9153 
Bzaa3 12-30 SOM UCIAMS174191 10440 ∓230 12172 
Bzaa4 30-37 SOM UCIAMS174192 7150 ∓150 7931 
 
 
5.Discussion 
5.1 Origin of the deposit 

Although there are some localized Ca-Cl rich brines 
originating from groundwater interactions with basement rocks at 
Salar de Atacama in the pre-Andean depression, these mix with 
sulfate rich waters when entering the Salar and therefore are 
not high enough in Ca when reaching the evaporite surface to 
precipitate CaCl2 minerals (Lowenstein and Risacher, 2009). This 
occurs mostly because the sulfates are added in high quantities 
and cause the precipitation of calcium sulfates, leaving an 
enriched Na-Cl brine.  

 
(Eugster and Hardie, 1978) identified five major water 

types for nonmarine brines, from this, only one type follows an 
evolution pathway in which calcium chloride minerals might 
precipitate: a water type distinguished by decreasing contents 
of Ca-Mg-Na-K-Cl. A high content of Ca is essential, since 
calcium is consumed in the first stages of gypsum and carbonate 
precipitation, which depletes the remnant solution in Ca 
(Eugster and Hardie, 1978). Only waters that have Ca equivalents 
> SO4 + HCO3 + CO3 equivalents can produce Ca-Cl rich brines from 
which calcium chloride minerals can precipitate (Hardie, 1990).  
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Figure 6. Distribution of wells used for aquifer geochemistry data shown in 
Figures 6 and 7. Well geochemistry with respect to Ca, Cl and SO4 is also 
shown. The lithology is taken from (Quezada et al., 2012). Qh and Qp 
correspond to Holocene and Pleistocene sites of (Finstad et al., 2016). Well 
database is taken from (Mortimer, 2013).  
 

To evaluate the possibility of precipitating Ca-Cl minerals 
from local brines, a chemical composition database of 126 wells 
in the aquifer at Salar de Llamara were examined (Mortimer, 
2013) (Table 1- Apendix 2; Fig. 6). In a normal evaporation 
path, it is expected that the concentration of dissolved 
components in water increase as minerals precipitate in a 
sequence of reverse solubility, with the least soluble calcite 
being the first mineral to precipitate (Hardie and Eugster, 
1970). For brines with Total Dissolved Salts (TDS) > 5 g/L it is 
expected that most calcite has being already precipitated, with 
gypsum being the next major mineral to precipitate (Eugster and 
Hardie, 1978; Hardie and Eugster, 1970). Water with Ca 
equivalents > SO4 equivalents will evolve into Ca rich brines.  
Fig 6 shows that only two wells at the S. Llamara have Ca>SO4 and 
three have Ca>Cl. These aquifer waters are overwhelmingly Na-Cl-
SO4 rich brines, which are most probably the result of the 
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dissolution of the Soledad Formation, as discussed by Mortimer 
(2013). Furthermore, the aqueous concentrations of Cl and Na 
generally follow isoconcentration line of Cl=Na (Fig. 7), which 
suggests they originate from the dissolution of halite, a major 
component of the Soledad Formation (Pueyo et al., 2001). Halite 
dissolution should be predominant over weathering of local 
volcanic rocks, as the latter weathering process is expected to 
release higher amounts of Na moving the Na-Cl points away from 
the isoconcentration line (Risacher et al., 2003).  

 
 

 
Figure 7. Relationship among Na, Ca, Cl and sulfate in Salar de Llamara 
wells. Isoconcetration lines show most wells followed a SO4 enrichment path 
toward Na-SO4-Cl rich brines, while only a few are slightly inclined toward a 
Na-Ca-Cl rich brine.  
 

Well geochemistry data show that as total salt content 
increases the ion concentration for most major elements 
increases as well (Fig. 8), in particular the ions Cl, Na and SO4 
and to some extent K and Mg. This trend is common in evaporite 
settings and can be explained by evaporative concentration from 
a source brine of similar composition. Once the solubility 
threshold with respect to the next soluble phase is reached, the 
ions of the precipitating salt decrease its concentration in the 
brine. However, Ca shows a scattered correlation between [Ca] 
and Total Dissolved Salts (TDS). Higher than the isoline Ca 
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values (for either Cl or SO4) at low TDS can be explained by the 
discharge of Ca rich waters toward the aquifer from unknown 
sources, while lower than the isoline Ca values at high TDS 
might be explained by the precipitation of gypsum at high brine 
concentrations and the subsequent depletion on Ca. Studies in 
the nearby aquifer of the Pampa del Tamarugal further north, 
have suggested the presence of deep seeps or fractures within 
the basin, since some areas of the aquifer have a different 
composition of ions than waters entering the basin through 
shallow groundwater discharge (Magaritz et al., 1990). 
 

Mainly, the geochemistry of the Salar is explained by the 
weathering of the sedimentary rocks that comprise the basin: in 
this case the Soledad Formation at the center and volcanic rocks 
lying toward the eastern flanks of the basin (Fig. 5). Ca-Cl 
rich brines with little SO4 and HCO3 could follow an evaporation 
path ending with Ca-Cl minerals (Hardie and Eugster, 1970). 
However, only three out of 126 wells (Appendix 2) have slightly 
higher Ca than SO4 and no Ca-Cl mineral has been described for 
the basin yet. Ca-Cl rich brines are an unusual chemical 
composition for surface waters and have being proposed to be the 
product of the interaction between heated groundwater and 
sediments at temperatures >100˚ C (Hardie, 1990). Because of 
this origin, they have been called “hydrothermal Ca-Cl brines” 
and are proposed to be the source for the Ca-Cl rich brines of 
Death Valley and Bristol Lake deposits in California, Qaidam 
basin in China and Salar de Atacama in Chile (Lowenstein and 
Risacher, 2009). Despite the lack of direct evidence of 
hydrothermal waters discharging at the Salar de Llamara aquifer, 
there are some indications that these type of waters might be 
present in the Salar de Llamara: i) existence of sedimentary 
formations rich in Ca as Quillagua Formation (carbonatic units) 
and Soledad Formation (anhydrite); ii) presence of evidence of 
hydrothermal inflow in the nearby Pampa del Tamarugal aquifer, 
which has similar morphostructural units and iii) the fact that 
the calcium chloride rich deposit is located in an location with 
probable faults that can act as the conductor of deep 
hydrothermal fluids toward the surface (Jayne et al., 2016; 
Ritter et al., 2018).  
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Figure 8. Ionic concentration of Na, K, Ca, Mg, Cl and SO4 as a function of 
total dissolved solids (TDS). Waters are already concentrated and show a 
lineal pattern of ion enrichment with exception of Ca, where data points are 
divided between data following a linear pattern and dispersed data.  
 
 
 

In summary, we hypothesize that the CaCl2 deposit has formed 
due to the inflow of some hydrothermal Ca-Cl brines that flow 
through fracture systems. The mechanism of circulation and 
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inflow would be similar to the one proposed by Magartiz et al. 
(1990) for the Pampa del Tamarugal aquifer to the immediate 
north. The intrusion may also have originated during a period of 
higher recharge that allowed the hydrothermal waters to reach 
the surface.  
 
 

Certainly, the persistence of a Ca-Cl rich deposit at the 
surface is only possible in an extremely dry environment where 
precipitation is almost lacking. The nearest climate record is 
Quillagua, which has had only nine years with rain in 45 years 
of record: the largest rain was 4.4 mm,  and the annual average 
is 0.24 mm/yr. Because the deposit is deliquescent due to its 
unique CaCl2 minerals (sinjarite), it is able to remaining moist 
most of the time due to nearly daily fog intrusions. The moist 
surface, instead of suffering deflation like the surrounding 
surfaces, might act as a dust trap, increasing its size and 
thickness with time. How the dynamics of the salt profile in the 
dunes accommodates this continued addition of salt and dust is 
discussed in the version of this chapter that is being prepared 
for publication.  
 
 
 
6.Conclusion 

This work reports the presence of a unique calcium chloride 
rich soil in one of the driest environments on earth. The 
existence of CaCl2 rich evaporites has not previously been 
documented for the Atacama Desert, and its occurrence here is 
due to the peculiar geographical, hydrological and climatic 
conditions in which it is located. The unusual high 
concentration of calcium chloride allows the soil to remain 
almost continuously wet due to the hydroscopic properties of 
this salt. The unique character of the deposit makes it an 
interesting target for the study of the behavior of hydroscopic 
rich deposits in extremely dry environments, as those found on 
Mars in the recent decades.   
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Appendix 1: Chapter 1, Supplementary Data Tables  

Supplemetary Table 1. Radiocarbon dates for riparian, wetland 
and archaeological record for the Pampa del Tamarugal.  
 Riparian 

No ID Lab. 
Code 

Lat Lon Elevati
on (m) 

Material 14C 
yr 
BP 

St. 
dev
. 

Cal. 
yr 
BP 

2 σ 
(cal. 
yr BP) 

Referen
ce 

Quebrada Quipisca 

1 IB-228 N.A. -
20.
08 

-
69.
36 

2072 Plant remains 10,3
20 

50 1006
9 

328/344 a 

2 IB-229 N.A. -
20.
08 

-
69.
36 

2072 Plant remains 9,19
0 

40 8356 46/70 a 

Quebrada Quisma 

3 IB-137 N.A. -
20.
51 

-
69.
36 

1234 Wood 7858 40 8,83
0 

81/88 b 

4 IB-138 N.A. -
20.
49 

-
69.
41 

1094 Wood 1231
0 

50 12,3
50 

153/120 a 

Quebrada Chacarilla 

5 IB-54a N.A. -
20.
58 

-
69.
36 

1229 Plant remains 1037
8 

70 10,5
00 

143/221 b 

La Tirana 

6 Pampa 
del 

Tamarug
al-

2013-1 

UCIAMS
-

133680 

N.A
. 

N.A
. 

N.A. Plant remains 6,97
5 

20 7,76
0 

70/70 This 
study 

Quebrada Chipana 

7 N05-22 UCIAMS
-29221 

N.A
. 

N.A
. 

1282 Wood 12,1
60 

130 13,9
90 

400/505 c 

8 Q.Chi-
33 

UCIAMS
-

133675 

-
20.
9 

-
69.
35 

1240 Wood 12,2
10 

80 14,0
45 

280/250 This 
study 

9 N05-21 UCIAMS
-29216 

  1282 Wood 13,0
55 

25 15,5
80 

230/180 c 

10 QChi4-
Sup 

UCIAMS
-

165626 

-
20.
9 

-
69.
34 

1277 Burned stems 13,1
15 

50 15,6
70 

290/230 This 
study 

11 Qchi-1 UCIAMS
-

126287 

-
20.
9 

-
69.
35 

1240 Grass stems 13,2
05 

35 15,8
20 

175/190 This 
study 

12 Qchi-2 UCIAMS
-

126288 

-
20.
9 

-
69.
35 

1240 Escallonia 
angustifoliale

aves 

13,2
45 

40 15,8
70 

180/180 This 
study 

13 QChi4-4 UCIAMS
-

165625 

-
20.
9 

-
69.
34 

1277 Stems 13,3
60 

160 16,0
10 

520/490 This 
study 

14 WP740 UCIAMS
-

165246 

-
20.
9 

-
69.
34 

1271 Sedges 1272
0 

90 1506
6 

454/331 This 
study 

15 WP740 UCIAMS
-

165247 

-
20.
9 

-
69.
34 

1271 Sedges 1230
0 

160 1427
7 

514/670 This 
study 

16 WP740 UCIAMS
-

165248 

-
20.
9 

-
69.
34 

1271 Sedges 1325
0 

80 1587
2 

278/272 This 
study 

17 IB-122 N.A. -
20.
94 

-
69.
15 

1949 Wood 24,8
10 

230 2686
3 

260/246 b 

18 IB-116 N.A. -21 -
69.

1348 Wood & Plant 
remains 

12,4
70 

70 1259
1 

259/579 b 
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3 

19 IV-318 N.A. -
20.
87 

-
69.
46 

986 Plant remains 33,6
00 

40 3605
8 

339/458 b 

20 IB-101 N.A. -
20.
9 

-
69.
34 

1283 Plant remains 13,6
00 

260 1438
1 

120/112 b 

21 IB-105 N.A. -
20.
9 

-
69.
33 

1306 Plant remains 12,5
70 

60 1283
5 

471/335 b 

22 IB-102 N.A. -
20.
9 

-
69.
34 

1294 Plant remains 12,4
00 

70 1245
2 

318/411 b 

23 IB-134 N.A. -
20.
98 

-
69.
43 

983 Wood 13,0
10 

70 1355
3 

146/126 b 

Quebrada Mani 

24 QM-19 UGAMS-
4564 

-
21.
09 

-
69.
3 

1,265 Grass stems 9,96
0 

40 11,3
15 

95/380 d 

25 QM-17 UGAMS-
4562 

-
21.
09 

-
69.
3 

1,260 Grass stems 10,0
30 

40 11,4
50 

190/440 d 

26 QM-15B UGAMS-
4561 

-
21.
09 

-
69.
3 

1,260 Grass stems 10,1
10 

30 11,6
15 

220/405 d 

27 QM-15A UGAMS-
4066 

-
21.
09 

-
69.
3 

1,260 Grass stems 10,2
60 

40 11,9
00 

140/290 d 

28 QM-84 UCIAMS
-

165618 

-
21.
26 

-
69.
49 

 Wood from T1 10,9
50 

30 12,7
60 

50/115 This 
study 

29 QM-81 UCIAMS
-

123144 

-
21.
09 

-
69.
31 

1260 Prosopiswood 
from T1 

10,9
85 

30 12,7
80 

70/190 This 
study 

30 QM-32 UCIAMS
-84340 

-
21.
09 

-
69.
31 

1,203 Stems 11,5
25 

35 13,3
30 

90/200 e 

31 QM-52 UCIAMS
-

165616 

-
21.
1 

-
69.
31 

1226 Escallonia 
angustifoliale

aves 

12,2
15 

35 14,0
60 

140/280 This 
study 

32 QM-62a UCIAMS
-

123141 

-
21.
11 

-
69.
33 

 Escallonia 
angustifoliale

aves 

12,7
30 

30 15,1
20 

210/360 This 
study 

33 QM-4 CAMS-
131272 

-
21.
1 

-
69.
32 

1,220 Escallonia 
angustifoliale

aves 

13,1
90 

35 15,8
00 

180/370 c 

34 QM-77 UCIAMS
-

123142 

-
21.
1 

-
69.
33 

1,194 Escallonia 
angustifoliale

aves 

13,2
00 

35 15,8
10 

170/365 This 
study 

35 QM-78 UCIAMS
-

133671 

-
21.
1 

-
69.
33 

1,199 Wood 13,3
50 

45 16,0
05 

205/400 This 
study 

36 QM-31 UCIAMS
-84738 

-
21.
09 

-
69.
31 

1,226 Escallonia 
angustifoliale

aves 

14,1
55 

35 17,1
70 

190/410 e 

Quebrada Sipuca 

37 QS-15A UCIAMS
-

165615 

-
21.
26 

-
69.
31 

1161 Wood 12,5
25 

35 14,6
85 

385/325 This 
study 

38 QS-16b UCIAMS
-

123146 

-
21.
26 

-
69.
32 

1,144 Escallonia 
angustifoliale

aves 

12,5
85 

45 14,8
50 

390/270 This 
study 

39 QS-22 UCIAMS
-

123150 

-
21.
23 

-
69.
33 

1,123 Leaves 12,6
25 

35 14,9
40 

250/200 This 
study 
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40 QS-18 UCIAMS
-

123145 

-
21.
26 

-
69.
32 

1,144 Wood 12,7
70 

35 15,1
70 

170/150 This 
study 

41 QS-17 UCIAMS
-

123147 

-
21.
26 

-
69.
31 

1,143 Escallonia 
angustifoliale

aves 

12,7
75 

35 15,1
70 

160/150 This 
study 

42 QS-13 UCIAMS
-

145136 

-
21.
26 

-
69.
31 

1,162 Wood 13,0
75 

40 15,6
10 

260/195 This 
study 

43 QS-20 UCIAMS
-

123149 

-
21.
25 

-
69.
32 

1,140 Escallonia 
angustifoliale

aves 

13,0
95 

30 15,6
50 

260/180 This 
study 

44 QS-11 UCIAMS
-

165617 

-
21.
23 

-
69.
23 

1,446 Escallonia 
angustifoliale

aves 

13,1
40 

45 15,7
20 

260/230 This 
study 

45 QS-12 UCIAMS
-

165619 

-
21.
26 

-
69.
31 

1,173 Escallonia 
angustifoliale

aves 

13,2
05 

40 15,8
20 

190/200 This 
study 

46 QS-1 GX-
32394 

-
21.
23 

-
69.
19 

1,559 Escallonia 
angustifoliale

aves 

13,3
30 

80 15,9
80 

250/250 c 

47 QS-3 GX-
32395 

-
21.
23 

-
69.
2 

1,552 Escallonia 
angustifoliale

aves 

13,4
00 

70 16,0
70 

250/220 c 

48 QS-19 UCIAMS
-

123148 

-
21.
26 

-
69.
32 

1,141 Escallonia 
angustifoliale

aves 

13,5
10 

35 16,2
05 

185/185 This 
study 

49 N05-10 UCIAMS
-29222 

-
21.
23 

-
69.
2 

 CaCO3 
rhizoliths 

14,4
70 

70 17,5
90 

240/260 c 

Quebrada Tambillo 

50 QT-5 GX-
32397 

-
21.
43 

-
69.
25 

1,304 Escallonia 
angustifoliale

aves 

12,9
40 

150 15,4
20 

490/500 c 

51 N05-11 UCIAMS
-

292220 

N.A
. 

N.A
. 

N.A. Wood 13,0
80 

30 15,6
20 

250/180 c 

52 QT-
2013-
03-2 

UCIAMS
-

133682 

N.A
. 

N.A
. 

N.A. Escallonia 
angustifoliale

aves 

13,1
30 

80 15,6
90 

340/280 This 
study 

53 QT-9 CAMS-
131273 

-
21.
44 

-
69.
31 

1,131 Cortaderia 
atacamensisbla

des 

13,2
20 

35 15,8
40 

170/180 c 

54 QT-8 CAMS-
129367 

-
21.
44 

-
69.
26 

1,291 Baccharis 
scandensleaves 

13,2
80 

70 15,9
10 

230/240 c 

55 QT-1 GX-
32396 

-
21.
43 

-
69.
25 

1,336 Escallonia 
angustifoliale

aves 

13,2
90 

80 15,9
25 

255/265 c 

56 QT-6 GX-
32398 

-
21.
43 

-
69.
25 

1,307 Escallonia 
angustifoliale

aves 

13,3
10 

180 15,9
35 

605/505 c 

57 QT-
2013-
03-1 

UCIAMS
-

133681 

N.A
. 

N.A
. 

N.A. Canes 13,3
45 

30 16,0
00 

190/170 This 
study 

Lomas de Sal 

58 L.d.S-
6A 

UGAMS-
4062 

-
21.
4 

-
69.
44 

873 Stems 10,1
20 

40 11,6
35 

275/295 d 

59 N06-11A UCIAMS
-29217 

-
21.
43 

-
69.
46 

 Wood 10,1
70 

20 11,7
70 

160/200 c 

60 L.d.S-
6B 

UGAMS-
4063 

-
21.
4 

-
69.
44 

873 Stems 10,3
20 

40 12,0
10 

200/360 d 

61 N04-14a AA-
62290 

-
21.
4 

-
69.
42 

 Escallonia 
angustifoliale

aves 

12,2
44 

96 14,1
00 

330/455 c 

62 L.d.S-1 UCIAMS
-29216 

-
21.
39 

-
69.
42 

918 Escallonia 
angustifoliale

aves 

12,4
00 

192 14,4
80 

660/650 d 
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63 N05-18 UCIAMS
-29219 

-
21.
4 

-
69.
43 

 Schinus 
mollewood 

12,4
35 

30 14,4
40 

270/310 c 

64 L.d.S-8 UGAMS-
4064 

-
21.
43 

-
69.
46 

859 Prosopis 
tamarugoleaves 

12,4
90 

40 14,5
80 

340/360 d 

65 L.d.S-5 UGAMS-
4559 

-
21.
4 

-
69.
44 

872 Caesalpinia 
aphyllaflowers 

12,6
30 

40 14,9
40 

260/220 d 

66 N05-12a UCIAMS
-29218 

-
21.
4 

-
69.
42 

 Schinus 
mollewood 

12,7
35 

30 15,1
30 

205/150 c 

67 L.d.S-7 UGAMS-
4560 

-
21.
43 

-
69.
46 

861 Prosopis 
tamarugobark 

12,9
50 

40 15,4
10 

190/220 d 

Lacustrine and Wetland Deposits 
Quebrada Maní 

68 QM-22D UCIAMS
-84741 

-
21.
09 

-
69.
3 

1247 Organic 
remains 

7,04
0 

230 7,84
0 

400/860 d 

69 QM-22B UCIAMS
-84740 

-
21.
09 

-
69.
3 

1247 Organic 
remains 

10,1
20 

430 11,6
80 

1240/22
95 

e 

Salar de Llamara 

70 SLM-12-
02 

UCIAMS
-

123133 

N.A
. 

N.A
. 

N.A. Root in lake 
bed 

5,98
5 

20 6,77
0 

100/80 This 
study 

71 SLM-12-
01 

UCIAMS
-

123134 

N.A
. 

N.A
. 

N.A. Soil Organic 
Matter 

8,67
5 

25 9,58
0 

45/90 This 
study 

72 SLM-
2012-01 

UCIAMS
-

133672 

N.A
. 

N.A
. 

N.A. Soil Organic 
Matter 

8,89
0 

25 9,96
0 

210/200 This 
study 

73 LL-01 - 
Qh 4 

LLNLAM
S-

107707 

-
21.
2 

-
69.
68 

750 Soil Organic 
Matter 

1057
0 

310 1227
9 

440/446 f 

74 LL-01 - 
Qh 10 

LLNLAM
S-

107711 

-
21.
2 

-
69.
68 

750 Carbonate 1299
0 

80 1547
9 

163/139 f 

75 LL-02 - 
Qs 5 

LLNLAM
S-

107585 

-
21.
35 

-
69.
58 

764 Soil Organic 
Matter 

1610
0 

120 1937
0 

159/166 f 

76 LL-02 - 
Qs 8 

LLNLAM
S-

107708 

-
21.
35 

-
69.
58 

764 Soil Organic 
Matter 

1588
0 

120 1910
9 

177/134 f 

77 LL-03 - 
WP733-

H2 

UCIAMS
-

174237 

-
21.
21 

-
69.
64 

807 In situWood 1704
5 

35 1856
1 

76/84 This 
study 

Salar de Bellavista 

78 WP446Sa
lar 

Bellavi
sta 

UCIAMS
-

165226 

-
20.
83 

-
69.
68 

944 Root 
(Carbonate 

lenses above 
root) 

1363
5 

45 1637
5 

190/230 This 
study 

79 BV-05 - 
WP442Sa

lar 
Bellavi

sta 

UCIAMS
-

165227 

-
20.
82 

-
69.
66 

944 Standing roots 1348
5 

45 1617
4 

202/186 This 
study 

80 BV-02 - 
WP455-
IV-

1Salar 
Bellavi

sta 
.23mgC 

UCIAMS
-

165228 

-
20.
83 

-
69.
71 

947 Stems 1343
0 

60 1610
9 

231/200 This 
study 

81 BV-02 - 
WP455-

V-
1Salar 

UCIAMS
-

165229 

-
20.
83 

-
69.
71 

947 Stems 1342
0 

60 1609
7 

232/197 This 
study 
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Bellavi
sta 

.20mgC 
82 BV-02 - 

WP455IV
-2Salar 
Bellavi

sta 

UCIAMS
-

165236 

-
20.
83 

-
69.
71 

947 Soil Organic 
Matter 

1376
0 

45 1655
7 

235/258 This 
study 

83 BV-02 - 
WP455V-
2Salar 
Bellavi

sta 

UCIAMS
-

165237 

-
20.
83 

-
69.
71 

947 Soil Organic 
Matter 

1372
5 

50 1650
1 

224/271 This 
study 

84 BV-04 - 
WP797-
ULSalar 
Bellavi

sta 

UCIAMS
-

165240 

-
20.
85 

-
69.
7 

949 Shells upper 
layer 

1378
0 

45 1658
9 

243/260 This 
study 

85 BV-04 - 
WP797-
LLSalar 
Bellavi

sta 

UCIAMS
-

165241 

-
20.
85 

-
69.
7 

949 Shells bottom 
layer 

1373
5 

45 1651
7 

220/263 This 
study 

86 BV-03 - 
WP443 

UCIAMS
-

174198 

-
20.
81 

-
69.
69 

944 Wood (cf. 
Prosopis) 

1251
5 

30 1270
2 

363/329 This 
study 

87 BV-01 - 
WP451-
Ripple 
Cast 

UCIAMS
-

174234 

-
20.
83 

-
69.
66 

947 Carbonate 2306
0 

80 2539
8 

213/189 This 
study 

Salar de Pintados 

88 WP597-
VIPinta

dos 
.19mgC 

UCIAMS
-

165239 

-
20.
62 

-
69.
66 

970 Rizolith 9995 40 1136
9 

124/239 This 
study 

89 WP597-
VPintad

os 

UCIAMS
-

165250 

-
20.
62 

-
69.
66 

970 Carbonate mass 9740 30 1114
9 

273/66 This 
study 

 Archaeological record Quebrada Maní 
90 QM12c UCIAMS

-89458 
-

21.
06 

-
69.
34 

1240 Marine 
gastropod 

10,6
55 

25 11,2
00 

770/910 e 

91 QM12c UCIAMS
-89015 

-
21.
06 

-
69.
34 

1240 Fibrous plant 
material 

10,0
80 

25 11,5
30 

180/220 e 

92 QM12c UCIAMS
-89020 

-
21.
06 

-
69.
34 

1240 Fibrous plant 
material 

10,1
20 

25 11,6
40 

240/160 e 

93 QM12c-
3-N2W2 

UCIAMS
-

145153 

-
21.
06 

-
69.
34 

1240 Wood 10,1
20 

30 11,6
40 

240/170 e 

94 QM12c UGAMS-
8241 

-
21.
06 

-
69.
34 

1240 Wood 10,1
30 

30 11,6
60 

260/260 e 

95 QM12b UCIAMS
-84345 

-
21.
06 

-
69.
34 

1240 Charcoal 10,1
55 

25 11,7
30 

320/240 e 

96 QM12c UCIAMS
-89017 

-
21.
06 

-
69.
34 

1240 Fibrous plant 
material 

10,1
60 

25 11,7
40 

330/240 e 

97 QM12c UCIAMS
-89021 

-
21.
06 

-
69.
34 

1240 Fibrous plant 
material 

10,1
65 

25 11,7
50 

250/230 e 

98 QM12c 
(QM-
85c) 

UCIAMS
-

165623 

-
21.
06 

-
69.
34 

1240 Wood 10,1
70 

30 11,7
60 

260/230 e 

99 QM12c UGAMS-
7050 

-
21.
06 

-
69.
34 

1240 Charcoal 10,2
10 

30 11,8
50 

200/160 e 

10
0 

QM12c UGAMS-
8242 

-
21.

-
69.

1240 Wood 10,2
20 

30 11,8
70 

160/140 e 



 

	 139	

06 34 

10
1 

QM12c UGAMS-
8243 

-
21.
06 

-
69.
34 

1240 Wood 10,3
40 

30 12,0
40 

200/330 e 

10
2 

QM12c UCIAMS
-89022 

-
21.
06 

-
69.
34 

1240 Animal dung 10,3
60 

30 12,1
00 

150/290 e 

10
3 

QM12c-
NOEO 

UCIAMS
-

145255 

-
21.
06 

-
69.
34 

1240 CharcoalMyrica 
pavonis 

10,3
80 

25 12,1
70 

190/220 e 

10
4 

QM12b UGAMS-
7048 

-
21.
06 

-
69.
34 

1240 Charcoal 10,3
90 

30 12,2
10 

210/190 e 

10
5 

QM12c UCIAMS
-89019 

-
21.
06 

-
69.
34 

1240 Fibrous plant 
material 

10,5
05 

25 12,4
20 

300/130 e 

10
6 

QM12c UGAMS-
7049 

-
21.
06 

-
69.
34 

1240 Charcoal 10,8
00 

30 12,7
00 

30/30 e 

10
7 

QM12c UCIAMS
-89018 

-
21.
06 

-
69.
34 

1240 Charcoal 10,9
30 

30 12,7
50 

50/60 e 

10
8 

QM12c UCIAMS
-84346 

-
21.
06 

-
69.
34 

1240 Charcoal 12,4
20 

35 14,4
10 

260/310 e 

10
9 

QM12c UCIAMS
-89016 

-
21.
06 

-
69.
34 

1240 Charcoal 13,9
20 

40 16,8
10 

240/210 e 

References. Dates previously reported in: a) (Tomlinson, 2015); b) (Blanco, 2013); c: (Nester et 
al., 2007); d: (Gayo et al., 2012); e: (Latorre et al., 2013); f: (Finstad et al., 2016) 
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Supplementary Table 2. Radiocarbon dates for the drainage 
systems analyzed in the Aguas Blancas Basin.  
 Lacustrine and Wetland Deposits 

No ID 
Lab. 
Code Lat Lon 

Elevation 
(masl) Material 

14C yr 
BP 

St. 
dev. 

Cal. 
yr BP 

2 σ (cal. 
yr BP) Reference 

Aguas Blancas 

110 773-2 
UCIAMS 
182956 

-
24.09 

-
69.86 972 

CaCO3 
nodule 19600 

50 
23564 247/243 

This 
study 

111 773-3 
UCIAMS 
183040 

-
24.09 

-
69.86 972 

Peat 
humics 43670 

780 
46884 1524/784 

This 
study 

112 798-3 
UCIAMS 
182958 

-
24.08 

-
69.91 962 

CaCO3 
massive 7680 

20 
8421 39/95 

This 
study 

113 796-5 
UCIAMS 
182959 

-
24.08 

-
69.92 961 

CaCO3 
laminae 11380 

25 
13181 86/44 

This 
study 

Pique Lacalle 

114 781-0 
UCIAMS 
183034 

-
24.49 

-
69.64 1569 Wood 9685 

20 
11052 258/127 

This 
study 

115 781-5 
UCIAMS 
182957 

-
24.49 

-
69.64 1569 

CaCO3 
laminae 32080 

190 
35938 450/405 

This 
study 

116 782-0 
UCIAMS 
183035 

-
24.49 

-
69.94 1599 Wood 10190 

20 
11810 180/128 

This 
study 

Rodent-middens 

Quebrada del Chaco 

117 526B GX26827 
-

25.46 
-

69.41 2860 
Faecal 
Pellet 13030 

340 
15487 1274/971 g 

118 509C GX26672 
-

25.44 
-

69.45 2670 
Faecal 
Pellet 15120 

560 
18276 1414/1326 g 

119 519 GX26820 
-

25.44 
-

69.45 2670 
Faecal 
Pellet 17070 

290 
20547 723/790 g 

120 509B GX26671 
-

25.44 
-

69.45 2670 
Faecal 
Pellet 19400 

770 
23340 1766/1908 g 

121 512 GX26832 
-

25.44 
-

69.45 2670 
Faecal 
Pellet 20110 

340 
24154 811/382 g 

122 518 GX26826 
-

25.44 
-

69.45 2670 
Faecal 
Pellet 33880 

- 
38067 3900/2164 g 

123 508 GX26670 
-

25.44 
-

69.45 2670 
Faecal 
Pellet 36350 

- 
40465 4254/3443 g 

124 509D GX26673 
-

25.44 
-

69.45 2670 
Faecal 
Pellet 38880 

- 
42816 3791/3404 g 

125 504 GX26831 
-

25.41 
-

69.21 3460 
Faecal 
Pellet 10010 

70 
11443 207/303 g 

126 496 GX26847 
-

25.41 -69.2 3500 
Faecal 
Pellet 10310 

260 
11,975 727/683 g 

127 499B GX26815 
-

25.41 
-

69.22 3470 
Faecal 
Pellet 10660 

140 
12,524 467/217 g 

128 498A GX27168 
-

25.41 
-

69.22 3470 
Faecal 
Pellet 11300 

170 
13113 347/311 g 

129 511A GX26817 
-

25.41 
-

69.21 3450 
Faecal 
Pellet 12640 

640 
14,893 1663/1820 g 

130 500A GX26828 
-

25.41 
-

69.21 3450 
Faecal 
Pellet 12730 

350 
14982 1128/1060 g 

131 500C GX26843 
-

25.41 
-

69.21 3450 
Faecal 
Pellet 12810 

390 
15113 1263/1127 g 

132 515A GX27164 
-

25.41 
-

69.29 3470 
Faecal 
Pellet 12870 

140 
15310 538/476 g 

133 498B GX26814 
-

25.41 
-

69.22 3470 
Faecal 
Pellet 13910 

140 
16791 472/436 g 

134 511B GX26841 
-

25.41 
-

69.21 3450 
Faecal 
Pellet 14150 

180 
17144 581/495 g 
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135 510A GX26825 
-

25.41 
-

69.22 3450 
Faecal 
Pellet 16480 

250 
19832 624/629 g 

136 499A GX26823 
-

25.41 
-

69.22 3470 
Faecal 
Pellet 40490 1630 44128 2546/2910 g 

Sierra del Buitre 

137 145-A GX32020 
-

25.23 
-

70.25 1650 
Faecal 
Pellet 14,190 

470 
17300 460/590 f 

138 113-A 
CAMS-
133246 

-
25.23 

-
70.24 1550 

Faecal 
Pellet 23,000 

130 
27900 220/160 f 

139 113-B GX32019 
-

25.23 
-

70.24 1550 
Faecal 
Pellet 23,280 

1230 
27900 1550/1510 f 

Cerro Tres Tetas 

140 CTT 71 
CAMS-
133248 

-
24.34 

-
70.13 1900 

Faecal 
Pellet 17,800 

70 
21300 120/150 f 

141 CTT 72 
CAMS-
133249 

-
24.34 

-
70.13 1900 

Faecal 
Pellet 23,290 

130 
28100 160/230 f 

Barazarte 

142 BZT157 AA69850 
-

24.09 
-

70.17 1177 
Faecal 
Pellet 16,160 120 19300 320/190 f 

Juncal 

143 687 AA65820 
-

25.74 -69.4 2765 
Faecal 
Pellet 15,740 

130 
18900 200/330 f 

144 689-A AA65821 
-

25.74 -69.4 2765 
Faecal 
Pellet 29,900 

440 
34500 460/480 f 

Groundwater Discharge Deposits 

Alto de Varas 

145 AVB 13 
Beta 

401669 
-

24.82 
-

69.18 3446 
Organic 
Sediment 8860 

40 
9860 179/98 g 

146 AVB 9 
Beta 

384874 
-

24.82 
-

69.18 3446 Plant 9260 
30 

10370 115/122 g 

147 AVB 1a 
Beta 

384873 
-

24.82 
-

69.18 3446 Plant 8220 
40 

9120 107/144 g 

148 AVB 1 
Beta 

385822 
-

24.82 
-

69.18 3446 
Organic 
Sediment 10390 

40 
12200 205/310 g 

149 AVA 1 
Beta 

384872 
-

24.82 
-

69.18 3446 Plant 12450 
40 

14480 314/334 g 

150 AVA 1 
Beta 

385821 
-

24.82 
-

69.18 3446 
Organic 
Sediment 12470 

40 
14530 330/253 g 

Chepica 

151 CH 10 
Beta 

384881 
-

24.98 
-

69.32 2915 
Organic 
Sediment 9760 

30 
11170 82/57 g 

152 CH 5 
Beta 

384880 
-

24.98 
-

69.32 2915 
Organic 
Sediment 10330 

30 
12020 107/89 g 

Cachinalito 

153 CA-2 
Beta 

384877 
-

25.14 
-

69.55 2564 
Charred 
Sediment 9770 

30 
11180 84/53 g 

154 CA-2 
Beta 

385824 
-

25.14 
-

69.55 2564 
Organic 
Sediment 9770 

30 
11180 84/53 g 

References. Dates previously reported in: g) (Maldonado et al., 2005); f) 
(Díaz et al., 2012); g) (Sáez et al., 2016) 
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Appendix 2: Chapter 2. Supplementary Figures 
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Supplementary Figure 1. Rainfall intensity at one hour interval resolution 

(blue bars), and cumulative rainfall (red line), for Taltal on March 24-26 

2015.  
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Supplementary Figure 2. Differences in salt distribution within the white and 

brown polygons on the leeward soil.  
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Supplementary Figure 3. Sulfate δ34S and δ18O values of gypsum in soil profiles 
at the  S. OHiggins site.  
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Supplementary Figure 4. Hillslopes at Paranal site, showing a scree-covered 

slope with gravels embedded into a thin soil surface crust. The hole next to 

the shovel reveals a subsurface pipe that has exposed itself to the 

landsurface.  

 

 

 

 
Supplementary Figure 5. Salt efflorescences of thenardite and gypsum at (a) 

Yungay and (b) Oficina Rosario after the March 2015 rainfall event.  
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Supplementary Figure 6. Mineralogy of sulfates in chusca (a) before and (b) 

after March 2015.  
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Supplementary Figure 7. Depth profile with average (square) and range of 

temperatures, as a function of depth, for the Yungay site. 
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Supplementary Figure 8. Rill at Oficina Rosario that lies just above an 

indurated petrogypsic horizon.  
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Supplementary Figure 9. (a)"Vernal pool" at Oficina Americana. Change in 

color in surface corresponds to a  change in consistency of soil. Darkened 

area is hardened, with no response to footsteps. Also, there is a change in 

composition of the uppermost layer. (b) Old rills that flow toward a main 

channel at Pedro de Valdivia. The convexity of the sides show that they are 

part of a long term erosion processes and not anthropogenic.  
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Supplementary Figure 10. GoogleEarth images of the Badlands at Subestación 

Ohiggins. (a) general view of the area with black dot representing the field 

site. (b)  Pre-storm GoogleEarth Image (May 2014); (c) GoogleEarth image from 

August 2015 showing marks of water flux during the rainfall (white arrow)42.  
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Supplementary Figure 11. GoogleEarth time series analysis of channels 

activated during the March 2015 storm. (a) GoogleEarth composite of 2014 and 

(b) GoogleEarth 2016 composite. White arrows indicate streams that were 

activated and yellow arrows show streams that were not activated. 1. Quebrada 

Mantos Blancos (large watershed that drains from Cordillera de Domeyko up to 

3000 masl); 2. Qda. Uribe Solar. Local drainage of ~70km2; 3. Local drainage 

that partially comes from badlands area with a ~20 km2 drainage. 4. Local 

drainage coming from badlands area, area: 19.7 km2; 5. Local drainage entirely 

forming on badlands, area 20.5 km2; 6, 7, 8 and 9. Pools forming at the 

terminal end of drainage systems coming from watersheds in the badlands; 10, 

11 and 12. Channels in alluvial fans that were activated; 13. Salar de 

Navidad. This salt flat is at the terminal end of a large watershed that 

extends into the Cordillera Domeyko. Its extent is 11,428 km2 (The evolution 

of this drainage is discussed in Amundson et al. (2012). 14-16 watersheds 

that don’t show activation during the March 2015 event. 14: local watershed 

draining an area of 18.3 km2  (past activity of this watershed is discussed in 

Jungers et al. 2013); 15: Extensive internal catchment draining an area of 80 

km2  nort-east of Cerro Pua (1527 masl); 16: Local catchment north of Cerro 

Pua draining an area of 40.3 km2. 
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Suplementary Figure 12). Yungay  floods that occurred during March 2015. The 

arrow indicates picture taken in (b) at the terminal end of an overland flow 

path ending at  (c) cracks suggesting the occurrence of water infiltration.  
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Supplementary Figure 13. (a) Soil moisture distribution patterns observed two 

weeks after the March 2105 rainfall near the Lomas Negras site. Dark areas 

are wetter than light ones (along 50cm deep profiles). Dark areas define the 

apparent polygon borders. (b) A hole near Oficina Yugoslavia site showing 

recent runoff pattern (Photo: Rodrigo Riquelme).  

 

 
Supplementary Figure 14. The image correspond to a segment of the Paposo 

fault scarp (left side of the foto) that divides active hillslopes toward the 

left of the highway and stable hillslopes toward the right. The only areas 
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were flow was observed after March 2015 in stable hillslopes was in areas 

were the surface was disturbed by access road construction.  

 
Supplementary Figure 15. Road closures reported by Chilean authorities on 

March 26, with altitude contour lines in black, roads in brown and activated 

streams in blue.  
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Suplementary Figure 16.  Zebra stripes with recent movement of gravels and 

fine materials, notice rilling crossing through zebra stripe.   
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Supplementary Figure 17.  Carbonate  d13C and  d18O depth profile values at 

Pueblo Hundido site.  
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Appendix 3: Chapter 3. Supplementary Table 1. Salar de Llamara 
Wells Geochemistry. 
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Name 

Coordinates 
(PSAD56 H19) 

 

 

Ca  Mg K Na SO4 Cl 

East North  

m  [meq/L] 

2 HENOC 433786 7660014  38.28 3.58 0.97 27.10 32.02 37.03 

2PL2 433143 7658926  18.26 2.91 1.15 37.49 29.92 32.97 

2PL3 433843 7657994  17.22 2.50 0.97 31.32 26.05 27.39 

3X-S7 431782 7660337  20.26 3.83 1.53 51.28 38.18 45.61 

3X-14A 433595 7661979  41.12 3.16 1.02 29.88 29.77 43.47 

3X-16A 434564 7659094  35.08 2.58 0.74 23.36 35.33 23.50 

PO-1 434605 7656981  16.22 2.08 0.82 26.19 22.65 22.76 

PO-4 434812 7658327  16.22 2.08 0.82 26.19 22.65 22.76 

PO-5 434724 7659089  16.32 2.16 0.84 26.71 22.99 23.21 

PO-6 434586 7659122  20.11 3.75 1.48 49.98 37.41 44.40 

REC-1 442685 7635790  28.44 2.66 1.05 144.24 84.97 132.91 

REC-2 447982 7636120  25.20 1.75 0.69 98.91 63.56 89.92 

RL-13 438296 7637592  24.85 2.75 1.07 95.17 61.69 86.42 

S-G1 456721 7670762  16.02 1.91 0.77 25.14 21.94 21.83 

X-17A 439902 7663595  33.19 1.91 0.74 24.23 33.90 23.86 

Punt.XT-8 436244 7648127  37.43 5.16 2.17 127.49 60.65 113.36 

Hutacondo 428915 7655362  
32.74 62.26 34.96 2054.39 550.05 

1650.5
2 

LL4NimeBr
ine 429277 7655587  

45.16 6.41 1.71 108.74 47.89 115.65 

P1N3 434894 7648290  32.39 8.74 3.48 141.24 74.89 119.85 

P2N2 436086 7648456  43.47 4.99 2.81 180.43 69.75 119.85 

P2N3 434863 7648251  36.73 7.99 3.73 157.42 76.43 117.85 

PnGW1 430671 7652974  
13.32 456.93 242.72 4610.74 707.89 

3031.3
4 

PnGW2 430667 7652977  
12.08 457.76 278.78 4480.25 666.25 

3114.8
3 

PnGW3 430665 7652980  
13.87 491.89 249.88 4085.29 645.43 

3032.1
8 
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PnGW4 430666 7652986  
16.67 485.23 245.53 3913.47 1082.66 

2905.2
5 

PnGW5 430671 7652988  
18.71 442.78 212.03 4310.61 2082.03 

2479.3
4 

PnGW6 430674 7652984  
15.82 476.07 247.33 3558.10 1561.52 

2989.8
7 

N1  435879 7648192  42.22 13.48 6.62 364.51 133.90 306.43 

R4N3  434779 7648219  38.87 56.68 23.33 762.47 328.69 590.53 

M3N2 436185 7648606  24.40 6.16 2.56 90.04 59.09 81.57 

M3N3 BH 434855 7648386  24.35 6.16 2.56 89.21 58.67 80.84 

A 435589 7651353  23.35 5.49 2.28 78.77 53.26 71.05 

B 434870 7653284  20.21 3.75 1.51 50.85 37.91 45.19 

CLL29 434145 7655200  20.51 3.91 1.59 52.98 39.14 47.13 

N2N 436200 7648951  26.65 7.82 3.27 117.05 72.45 107.04 

N2S 436200 7648750  26.90 7.99 3.38 120.84 74.25 110.60 

N2E 436445 7648817  25.40 6.82 2.86 101.09 64.65 91.98 

N3N 434925 7648701  27.65 8.57 3.63 130.71 78.93 119.99 

N3E 435175 7648551  27.20 8.24 3.45 124.36 75.93 113.93 

N3W 434675 7648551  37.73 19.56 8.64 335.41 164.06 317.91 

S1 435250 7648058  28.49 9.32 3.94 143.59 84.88 132.20 

S3 435764 7647728  29.34 10.07 4.30 156.90 90.94 144.90 

S4 435222 7647446  33.48 14.23 6.19 233.06 123.67 218.18 

S5 434867 7647227  27.80 8.74 3.68 132.97 79.97 122.11 

S6 434427 7647078  26.90 7.99 3.35 120.36 74.04 110.17 

S7 433976 7648274  25.55 6.99 2.92 102.96 65.58 93.73 

S8 434132 7648360  37.33 18.98 8.36 323.93 159.69 306.63 

S9 434575 7648350  29.29 9.99 4.27 155.90 90.49 143.94 

S12 435547 7649032  29.64 10.32 4.40 161.42 92.98 149.21 

S13 433890 7648362  27.10 8.16 3.43 123.10 75.35 112.77 

S15 435765 7647460  31.24 11.82 5.09 188.95 105.08 175.61 

S16 434574 7648557  51.35 43.95 20.36 848.51 337.31 830.03 

S17 434123 7648557  28.29 9.16 3.86 140.24 83.36 129.02 
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S18 434465 7648276  29.34 10.07 4.27 156.50 90.78 144.53 

Crystal 
Springs 435905 7648158  

41.72 8.32 3.25 194.43 85.36 160.78 

Huatacodo 430683 7653002  
24.90 360.38 188.50 3210.12 1415.78 

2248.0
5 

CORFO B-
17 427670 7656855  

17.37 2.50 1.00 32.23 26.61 28.21 

CORFO B-
11 426228 7656736  

21.81 4.58 1.87 63.90 45.26 57.23 

CORFO B-
13 431083 7659183  

16.42 2.16 0.84 27.14 23.30 23.61 

CORFO B-
14 431122 7655071  

18.81 3.16 1.25 41.06 32.13 36.25 

CORFO - 
0.75 + 0 426674 7654302  

16.12 2.08 0.79 25.58 22.24 22.20 

CORFO + 
2.5 + 3  430391 7656852  

18.46 2.91 1.18 38.54 30.56 33.93 

CORFO + 0 
+ 1.5 428940 7654354  

31.64 12.23 5.29 196.70 108.41 183.09 

CORFO + 0 
+ 3 430434 7654372  

81.99 151.31 75.12 3492.20 1011.89 
3584.9
2 

CORFO + 5 
+ 0  427942 7659338  

17.72 2.66 1.05 34.02 27.75 29.81 

CORFO + 5 
+ 1.5  428928 7659345  

17.52 2.58 1.02 33.01 27.13 28.91 

CORFO + 5 
+ 3  430370 7659332  

16.82 2.33 0.90 29.10 24.57 25.36 

CORFO + 
2.5 + 0 427420 7656851  

17.52 2.58 1.02 33.01 27.13 28.91 

CORFO + 1 
+ 0 427433 7655343  

17.47 2.58 1.00 32.58 26.84 28.52 

Llamara 
Soledad 1 435626 7644445  

28.05 8.91 3.79 136.67 81.70 125.60 

T2-23 435925 7648071  
361.54 215.06 144.07 1638.42 454.13 

2193.2
4 

T2-23 429277 7655586  32.49 50.94 27.24 1654.12 743.39 355.23 

REC-1 442685 7635790  28.44 2.66 1.05 144.24 84.97 132.91 

REC-2 447982 7636120  25.20 1.75 0.69 98.91 63.56 89.92 

RL-13 438296 7637592  24.85 2.75 1.07 95.17 61.69 86.42 
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