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The halite-encrusted salt pans (salars) present at low elevations in the hyperarid core of the Atacama
Desert in northern Chile are unique features of one of the driest and possibly oldest deserts on Earth.
Here we show that these landscapes were shallow freshwater lakes and wetlands during the last glacial
period and formed periodically between ~46.9 ka and 7.7 ka. The moisture appears to have been sourced
from increased Andean runoff and most of our chronologies for these deposits were coeval with the
Central Andean Pluvial Event (17.5e14.2 ka and 13.8e9.7 ka), but we also ﬁnd evidence for older as well
as slightly younger wet phases. These environments supported a diverse hygrophytic-halophytic vegetation, as well as an array of diatoms and gastropods. Using a regional hydrological model, we estimate
that recharge rates from 1.5 to 4 times present were required to activate and maintain these wetlands in
the past. Activation in the late Pleistocene was part of a regional enhancement of water resources,
extending from the Andes, downstream and through riparian corridors, to the lowest and most arid
portions of the desert itself. This fundamentally unique environment was encountered by the earliest
human explorers in the region, and most likely facilitated migration and encampments on a landscape
that at present lacks macroscopic life on its surface.
© 2018 Elsevier Ltd. All rights reserved.
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The Atacama Desert has experienced hyperarid, and nearly
lifeless, conditions for much of the past several million years
(Hartley et al., 2005; Jordan et al., 2014). The most severe aridity has
been maintained in an inland forearc basin known as the Central
Depression (Fig. 1), where an absolute desert (e.g. without
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Fig. 1. a) Map of South America showing the location of the Atacama Desert, red box corresponds to b) altitudinal map showing the location of the Atacama Desert in southern Peru
and northern Chile with inset box of ﬁgure in c) 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), the absolute desert (dashed white line), the boundary (red dashed line) between summer (north-east) and
winter (south-west) precipitation sources and the location of the Pampa del Tamarugal (PDT) and Aguas Blancas (AB) basins. Salars discussed in the text are labelled. The two insets
correspond to details of the PDT and AB basins detailed in Fig. 2a and b respectively. d) Map of South America showing the moisture sources that impact the Atacama Desert and
Central Andes Region. Tropical (summer) sources are indicated in green, and the extra tropical (winter) source is indicated in blue. The gray box corresponds to the inset of ﬁgure in
1c. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)

macroscopic life across most of its surface) presently exists (18e26
S) (Gajardo, 1994; Marquet et al., 1998; Luebert and Pliscoff, 2006).
In the Central Depression, the presence of Miocene and Pliocene
alluvial deposits impregnated with highly soluble salts attests to
the limited dilution by rainwater during a protracted interval (Rech
et al., 2003b; Ewing et al., 2006; Amundson et al., 2012; Jordan
et al., 2014).
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 salar 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 evaporation of shallow groundwater and the subsequent redeposition of salts (Stoertz and Ericksen, 1974; Finstad
et al., 2014, 2016). Salt crusts, however, often extend beyond
these groundwater-driven environments due to wind transport and
deposition of salt (Finstad et al., 2018). Although salars clearly form
from the evaporation of water, the timing of this events in the
Central Depression of the Atacama Desert has been largely speculative, and the hydrological conditions that would have favoured
their formation are 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 (Betancourt et al., 2000; Rech et al., 2002; Quade et al.,
2008), Pleistocene and Holocene terrace development along
streams has been observed and dated (Nester et al., 2007; Gayo
et al., 2012), and incredibly, 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 inspire questions about how regionally pervasive
such changes in climate were, and how deeply into the Atacama
Desert system did these events penetrate and persist.
In this study, we surveyed salars and surrounding landscapes in
two differing parts of the Atacama Desert hyperarid core (Fig. 1): (1)
salars in the semi-closed Pampa del Tamarugal (PDT) basin of the
northern Atacama Desert, and (2) salars and drainage systems in

the region surrounding Aguas Blancas (AB), in the southern part of
the Desert (Fig. 1). Using ﬁeld observations, GIS, paleoecological,
geohydrological modelling, and radiocarbon dating, we report evidence of late Quaternary lakes and wetlands in the basins in both
areas. Some of these fossil hydrological features are synchronous
with the Central Andean Pluvial Event (CAPE e 17.5e14.2 ka and
13.8e9.7 ka), a widespread wet period consisting of two phases
separated by a centennial-scale arid period that has been documented by numerous authors (Maldonado et al., 2005; Latorre
et al., 2006; Nester et al., 2007; Quade et al., 2008; Placzek et al.,
2009, 2013; Gayo et al., 2012; Díaz et al., 2012; De Porras et al.,
2017). However, our observations also record earlier pluvials than
the CAPE pointing to a deeper and richer history of desert hydrological 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 drained the western slope of the
Andes, and numerous wetlands and lakes were present in areas
that today are absolute desert.
2. Regional setting
The Central Depression of the Atacama Desert is a broad longitudinal forearc depression that lies between a 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 on two
basins along this low elevation feature, the Pampa del Tamarugal
(PDT) basin in the north, and the Aguas Blancas (AB) basin toward
the south (Fig. 1).
Present rainfall in the region is a function of latitude and altitude
(Houston, 2006a), and its relationship to modern regional climatology has been used as a clue to interpreting past conditions
(Quade et al., 2008, Placzek et al., 2009, De Porras et al., 2017). There
are two major climate patterns that bring precipitation to the region: in the north (and east), summer precipitation of tropical
origin 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), and
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delivering increased precipitation in southern Atacama and along
the coast (Houston, 2006b) (Fig. 1ced). The summer (tropical)
moisture system has two well-known operating modes: i) one of a
north-northeast 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 elevation, from less than 1 mm yr1 below 2300 m
a.s.l. to 300 mm yr1 around 5000 m a.s.l. (Houston, 2006b).

2.1. Pampa del Tamarugal basin
The Pampa del Tamarugal (PDT) is a major geographical feature
in the northern Atacama Desert (19170 -21500 S, 1000 m a.s.l.)
(Fig. 2a). The PDT is a semi-enclosed basin, and is hydrologically
recharged from precipitation from the Andes to the east. Salars in
the PDT are fed by groundwater, and several drain southward into
the Loa river (Salar de Pintados, S. de Bellavista, S. Viejo and S. de
Llamara) (Fig. 2a). The PDT lies atop a thick sedimentary sequence
deposited unconformably over eroded bedrock basement of
metamorphic (e.g. phyllite) and sedimentary (e.g. sandstone,
limestone) origin (S
aez et al., 1999). Sediment began 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
sequence is derived from two distinct sources: (1) alluvium and
volcanics descending west toward the basin axis from the Andean
plateau, and (2) riverine, lacustrine, and evaporite deposits from
the Loa river 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
ez et al., 1999; Kirk-Lawlor et al., 2013).
the late Quaternary (Sa
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 reforested)
stands of native Prosopis tamarugo and saltgrass (Distichlis spicata)
that are able to obtain moisture from the shallow groundwater in a
vez et al., 2016;
few restricted areas (Calderon et al., 2015; Cha
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 Quebrada Tiliviche to the north and Loa
river to the south (Fig. 2a). 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 (JICA, 1995; Houston, 2002; Houston,
2006a) and by basal groundwater ﬂuxes from the eastern subbasins and through deep-seated fractures (Magaritz et al., 1990;
Aravena, 1995; Jayne et al., 2016; Scheihing et al., 2018). 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 (e.g. the Bolivian high) persist at high
altitude i.e. > 5 km (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; Fig. 2). The
drainages in the Sierra de Moreno are completely disconnected
from the Altiplano drainage basin and have almost no permanent
Table 1
Estimated average discharge into the Pampa del Tamarugal basin, northern Aquifer
(from JICA, 1995). Runoff coefﬁcient is a dimensionless value and correspond to the
fraction of rainfall that ﬂows toward the drainage system.
Catchment

Area (km2)

Recharge (L s1)

Runoff coefﬁcient

Aroma
Tarapaca
Quipisca
Sagasca
Quisma
Chacarilla
Ramada

1746
1786
846
971
298
1440
244

310
318
72
89
21
159
7

0.055
0.056
0.041
0.033
0.032
0.046
0.016

Fig. 2. a) Map of the PDT Basin and Loa river basin showing the extent of the absolute desert (dull orange), main streams (quebradas) draining toward the basin in blue (most of
them are intermittent), extension of the northern Aquifer of the PDT in purple, salars are dotted white polygons and insets show location of Fig. 4a,b,c corresponding to salars of
Pintados, Bellavista and Llamara respectively. b) Map of the Antofagasta region showing extent of the absolute desert (in dull orange) and drainage systems of the AB basin and
Quebrada del Chaco. Black box inset corresponds to the Salar de Aguas Blancas shown in Fig. 8. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the Web version of this article.)
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surface water ﬂow (Nester et al., 2007). Under modern recharge
conditions, the lowest elevations of the PDT maintain a water table
a few meters below the surface (Rojas and Dassargues, 2007; Rojas
 in the northern
et al., 2010). The streams of Aroma and Tarapaca
portion of the PDT possess riparian ecosystems at much lower altitudes than those in the southern portion as surﬁcial waters are
transported longer distances into the distal portions of the basin
before disappearing by evaporation and inﬁltration (Gayo et al.,
2012).

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. Vast expanses of Mio-Pliocene gravel ﬂuvial deposits of
dominate the Central Depression (Marinovic et al., 1995). In this
subregion, salars are found along and at the ends of drainage systems that arise in the Sierra de Varas, at the Cordillera de Domeyko
Range (Fig. 2b) (Stoertz and Ericksen, 1974).
This part of the Atacama Desert has long lacked any evidence of
permanent prehistoric occupation, and Spaniard colonizers
labelled it the “despoblado de Atacama” (Depopulated Atacama)
~ ez et al., 2001). However, at higher elevations adjoining the
(Nún
low Desert, evidence of late Pleistocene wetlands and human
occupation have been discovered at the Salar de Punta Negra and
adjacent inland basins (Grosjean et al., 2005; Quade et al., 2008).
The surface freshwater resources today are restricted to a few
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groundwater discharge springs along the western slopes of the
Andes (>2700 m a.s.l.), which inﬁltrate into the ground soon after
ez et al., 2016). Near Salar de Aguas Blancas, a freshemerging (Sa
water aquifer of limited extent is present, and is reportedly one of
only two resources south of the Loa river 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 s1
and it is derived from groundwater ﬂuxes coming from the highest
elevations of the Andes (almost 5000m a.s.l), east 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 groundwater-fed
oases, the region around Aguas Blancas is devoid of plants
(Marquet et al., 1998).

3. Material and methods
3.1. Site characterization and ﬁeld sampling
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.
We describe multiple stratigraphic proﬁles within and adjacent

Fig. 3. Example of features seen at the outcrop, hand sample and microscopic scales: (a) Section of proﬁle RA773 at Salar de Aguas Blancas basin, lens cap is 52 mm wide (see Fig. 13
for location); (b) Fossil ripple cast in the upper section of proﬁle BV-01 (Salar de Bellavista, see Fig. 5 for section), 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; see Fig. 10 for section). 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 (section BV04 Fig. 5); (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 (see Fig. 10 for section). 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; see Fig. 10 for section); (g) Discostella stelligera diatom species at
proﬁle BV-01 (Fig. 5); (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; see
Fig. 5 for section); (i) Long cell fossil grass phytolith (white arrow) from Salar de Llamara (Section LL-01 Fig. 5).
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to the salars of the PDT and AB. The outcrops examined in the PDT
were exposed by wind and water erosion in the AB region. Sedimentary proﬁles were measured and described in the ﬁeld and
sampled for subsequent geochemical analysis and fossil identiﬁcation (Fig. 3). Petrographic thin sections and Scanning Electron
Microscope (SEM) analyses were performed on calcium carbonatebearing layers for microfacies analysis (Flügel, 2004).
3.2. Radiocarbon dating
Both organic and inorganic samples were collected for radiocarbon dating by accelerator mass spectrometry (AMS). Carbonatebearing shells were pretreated with 30% H2O2 for 24 h to remove
remnants of organic matter. Individual shells used for dating were
washed in ultrapure water and sonicated for 5 min to remove
secondary carbonates. Bulk ﬁne-grained carbonate samples used
for dating were leached with dilute HCl to remove secondary carbonates. Following these pretreatments, samples were submitted
to the AMS 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 24 h, 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 (1 N NaOH at
75  C) and the soluble fraction was subsequently precipitated in
strong acid (HCl added dropwise), washed with Mili-Q water and
then 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 calibration curve
(Hogg et al., 2013), Intercept Method) and are reported as thousands of calendar years before present (ka). Due to the absence of
paired organic - carbonate samples within a given stratigraphic
section, we could not establish a reservoir effect for our carbonate
samples. Although little is known about the magnitude of this effect
in the Atacama (Geyh et al., 1999; Grosjean et al., 2001) our 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, we do not
expect diagenesis (e.g. CO2 exchange with groundwater) to have
any signiﬁcant effect on the measured ages.
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 collections of modern ﬂora at the
Laboratorio de Paleoecología & Paleoambientes (LP2, Pontiﬁcia
lica de Chile) and the Laboratory for Stable Isotope
Universidad Cato
Biogeochemistry (Universidad de Concepcion). Histological thin
sections of fossil trunks were prepared and identiﬁed from wood
anatomical features.
3.4. Diatom analysis
Freshwater diatoms were identiﬁed from an exposure along the
southern margin of the Salar de Bellavista (BV-01; Fig. 2a).
Approximately 1 g of dry sediment per sample was processed
following (Stoermer et al., 1995) (although 30% H2O2 was used
instead of using 30% H2O2 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 analysis consisted in presence-absence of species, and are graphically informed by a taxa presence-absence diagram. Standard ﬂoras were used for references, as well as data
from speciﬁc publications (Krammer and Bertalot, 1986, Theriot
et al., 1987, Kobayasi and Mayama, 1989, Håkansson, 1996,
€kansson, 2002,
Krammer et al., 1997, Rumrich et al., 2000, Ha
Antoniades et al., 2005, Díaz and Maidana, 2005, Underwood et al.,
2005, Guerrero and Echenique, 2006, Prasad and Nienow, 2006,
Wojtal, 2009, Cremer and Koolmees, 2010, Mather et al., 2010; Kiss
et al., 2012, 2013, Shirokawa et al., 2012, Zhu et al., 2013, Vossel
 et al., 2016, Hevia-orube et al., 2016). Optical miet al., 2015, Acs
croscopy 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
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 (Pearsall and Trimble, 1983; Piperno and
Pearsall, 1998; Albert et al., 1999, 2008; Korstanje and Babot,
2007; Babot, 2011). The entire slide mount (24  40 mm) was
scanned at 40x in a polarized microscope.
3.6. Hydrogeological modelling
A hydrogeological model (Rojas and Dassargues, 2007; Rojas
et al., 2010) 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 our ﬁeldwork and dating. The periods deﬁned for this analysis correspond
to: I) ~25.4 ka and 16.6e16.5 ka; II) 16.5e16.1 ka; III) 12.7e11.2 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-2005 (Harbaugh, 2005). This software contains a suite of packages and is considered an international
standard for simulation of groundwater conditions. MODFLOW2005 numerically solves the equations describing the threedimensional movement of groundwater for steady and transient
ﬂow conditions within unregularly shaped aquifers. It can consider
complex aquifer geometries, heterogeneous aquifer properties, and
multiples sinks (e.g. drains, wells) and sources (e.g. recharge rates)
comprising the groundwater ﬂow system.
Past groundwater levels for each proﬁle were estimated based
on modern analogues of the species described in this work and
currently present in the region (DICTUC, 2007; Gayo et al., 2012;
vez et al., 2016; Collado et al., 2016). Based on the elevation of
Cha
lacustrine/wetland features, the approximate extent of the paleowetlands is extrapolated and mapped using the ASTER GDEM V2
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(NASA) as our 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 are estimated based on simulations made with a
previously validated and calibrated regional hydrogeological
MODFLOW model (Rojas and Dassargues, 2007; Rojas et al., 2010).
For the MODFLOW outcome, we consider a piezometric level of
<1 m to estimate wetland/marshland extension and of <5m to estimate Tamarugo trees forest in the PDT (see section 4.3 for further
detail).
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
the elevation of 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 de
Bellavista 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).
We identify and name stratigraphic units associated with sediment discharge and deposition in salars from both basins. Proﬁles
are located at the intersection of salars and distal ends of alluvial
fans. Units are 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. While there may be some correlation between units
described in this work and those deﬁned previously in other locations in the Atacama (Rech et al., 2002, 2003a; Quade et al.,
2008), the units deﬁned here are assumed to have only a local
extent and signiﬁcance.
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 depending on location
of the stratigraphic sequence within the basin (Handford, 1982)),
(3) ﬁne mud sediments and black peat organic layers, 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)
also contain undated gravel deposits reﬂecting high energy
stream discharge.
We obtained 50 new radiocarbon ages from sediments and subfossil organic remains from PDT and AB basins, 24 of these correspond to lacustrine/wetland contexts and 26 to remnant riparian
ecosystems (Appendices A and B). We have integrated these ages
with previous work to discuss changes in late Quaternary hydrological and paleoecological patterns in both basins (Maldonado
et al., 2005; Nester et al., 2007; Díaz et al., 2012; Gayo et al.,
ez et al., 2016). This combined database now contains
2012; Sa
154 radiocarbon ages and compiles all of the available paleoenvironmental information for the studied watersheds (Appendix A and
B). Radiocarbon ages obtained from carbonate lacustrine deposits
are considered to be maximum ages due to potential, but
unquantiﬁed, reservoir effects (Geyh et al., 1997, 1999; Grosjean
et al., 2001).

Fig. 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. See Fig. 2a for locations. Salars are demarcated by a pink polygon. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the
Web version of this article.)

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. The salars lie at the
terminal end of alluvial fans that are fed by major canyons that
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Fig. 5. Stratigraphic sections from the PDT basin. All ages are in calendar years BP (See Appendix A).

drain the Andes or Sierra de Moreno to the east. The entire system
eventually drains into a small tributary of the Loa river (Quebrada
Amarga). Here we describe stratigraphic proﬁles from Salar de
Pintados, S. de Bellavista and S. de Llamara (Location of sections in
Fig. 4 and stratigraphy of sections in Fig. 5). The heavily mined and
excavated Salar de Bellavista offers the greatest number of exposures (Fig. 4b).
4.1.1. Unit A
Unit A is > 1 m thick and consists of angular to subangular gravel
deposits. These beds generally do not exhibit sedimentary structures except for one bed with imbricated gravels at BV-01. The base
of the unit is not exposed. There are no fossils and the unit has not
been dated, but based on ages of the overlying units, it must be at
least 25e30 ka. It is exposed in two sections from the Salar de
Bellavista (BV-01 and BV-05; Fig. 5) reﬂecting a period of high-

energy (e.g. ﬂuvial) discharge and sedimentary inﬁll into the basin.
4.1.2. Unit B1
This unit was observed only in section BV-01 (Fig. 5). The unit is
75 cm thick, with a sequence of ﬁne horizontally laminated sands in
a silt matrix intercalated with diatomaceous silt. Colors vary from
light reddish brown (5 YR 6/4) to light gray (5 YR 7/1) for sand, to
pinkish white (5 YR 8/2) for the diatomite layers. An ensemble of
freshwater and brackish water diatom species occur in this unit.
The heavily siliciﬁed Alacoseria taxa is typical of turbulent water
columns (Vilaclara et al., 2010), which together with Cyclotella is an
indicator of high water levels and thermal stratiﬁcation (Saros and
Anderson, 2015). Other species found in brackish waters, such as
Fragillaria capucina and Staurosirella construens and in soils, such as
Staurosisa construens were also observed (Costello et al., 2013)
(Fig. 6). The unit is capped by a ripple cast with symmetrical crests
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Fig. 6. Presence/absence diatom record from Salar de Bellavista (section BV-01), taken 60e75 cm below the present salar.

at 3.5 cm distance. The unit represents a low energy ﬂow (laminated sands) that is probably the cause of channel migration toward the south after the basin ﬁlled in with gravels. Very ﬁne sands
containing a signiﬁcant variety of diatoms reﬂect the presence of
surface fresh to brackish water. 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 age of 25.4 from matrix carbonate in the ripple cast. The section today has signiﬁcant moisture
(present c. 1.5 m beneath the surface) due to groundwater wicking,
as continuous water ﬂow through evaporation could have potentially add additional reservoir effects to our age, we treat this age as
a maximum age.
4.1.3. Unit B2
This unit corresponds to a single exposure (BV-04) of very ﬁne
materials at Salar de Bellavista (Fig. 5). It is 30 cm thick, composed
of two layers of well sorted red clay (10R 6/4) and yellowish silt
(10R 7/6). It represents ﬁne grained lacustrine deposits. The unit is
not chronologically constrained, but it is overlain by unit b3 and is
expected to be older than 16.5 ka.

Fig. 7. Presence/absence of phytoliths record from Salar de Llamara (sections LL-01
and LL-02).

4.1.4. Unit B3
This is a conspicuous unit present at Salar de Bellavista and Salar
de Llamara (Sections BV-02, BV-04, BV-05, LL-02 and LL-03) (Fig. 5).
The unit thickness observed varies from 20 to 60 cm and corresponds to intercalated horizontal well sorted laminated sands with
yellowish silt (10R 7/6) and subordinate reddish silt (5 YR 6/3). We
interpret it as 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 sedimentation
reﬂect a surﬁcial water table. Phytoliths analyses of this section
show ﬂuctuation between marshy plant communities dominated
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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. 7). The unit
contains numerous datable materials, such as black peat organic
layers, plant stems and freshwater gastropods (Heleobia sp.). Its
chronology is constrained by 10 radiocarbon ages clustered between 19.4e18.6 ka and 16.6e16.1 ka.
4.1.5. Unit C
Unit C corresponds to a cross-bedded loosely cemented sand
forming mounds of up to 1.5 m high at Salar de Bellavista (BV-03;
Fig. 5). The mounds are made by phreato-halophytes of P. 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
on Tessaria sp. wood.
4.1.6. Unit D
Unit D is represented at Salar de Llamara (LL-01 and LL-02) and
Pintados and is a sequence of ﬁne layers of reddish and yellowish
(7.5 YR 7/6) silt with overlying beds of horizontal laminated sands
(Fig. 5). The unit contains massive calcite beds with calcrete rhizoliths along the bottom of the section and is capped by a gypsum
rich layer. Phytolith analysis of this unit at LL-01 (48e78 cm)
revealed long cells at the bottom (73e78 cm), with the upper part
(48e61 cm) exhibiting rondels similar to those found in Distichlis
spicata and oxalates similar to those of Prosopis sp. and Schinus
molle druses, both indicative of mostly groundwater fed ecosystems
(Fig. 7). The LL-01 sequence of unit D ends with an organic matterrich deposit at 12.8 ka. This unit corresponds to the main section of
proﬁle Qh (here LL-01) described and originally interpreted as
lacustrine sediments by Finstad et al. (2016). Here, we reinterpret
this unit as an environment with ﬂuctuating water table levels,
with palustrine conditions and a water table near or above the
surface interspersed 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 Loa river through Quebrada Amarga signiﬁes that large bodies
of standing water would not have been possible in this sub-basin.
Age constraints for this unit are based on three ages of 12.3 ka
(soil organic matter), 11.4 ka and 11.2 ka (rizolith carbonates).

Fig. 8. Google Earth image showing the location of stratigraphic sections near Salar de
Aguas Blancas. (Map data: GoogleEarth, Digital Globe).

4.1.7. Unit E
Unit E is composed of a thick halite crust of up to 50 cm that
corresponds to the modern salar surfaces (Fig. 5). 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).
Although we have no direct age for unit E, it must have begun
forming in the Holocene and its site-speciﬁc onset age would
therefore depend on the recent history of each individual salar.
4.1.8. Unit F
This unit corresponds to a thin layer of ~10 cm of loose sand with
interbedded seams of calcium carbonate dated to 15.5 ka (Fig. 5). It
represents a water table near or above the 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 adjacent to the Salar have
been extensively stripped for nitrate (salitre). The area is now under
rez-Fodich
even more intensive mining for nitrate and iodine (Pe
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, we focus only on the most
recent stages of salt and sediment accumulation, in two phreatic
basins.
Differential wind deﬂation at several locations provided opportunities for understanding the late Quaternary landscape evolution. Exposures of carbon-rich lacustrine material are easily
observable as remnant mesas surrounded by shallow deﬂationary
basins (Fig. 9). Although some correlation can be made between
stratigraphic units of PDT and AB, we describe them separately due
to the distance between both basins and differences in the nature
and timing of discharge events (Fig. 10).
4.2.1. Unit L
Unit L 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

Fig. 9. Remnant mesas around Salar de Aguas Blancas with deﬂationary depressions
exposing lacustrine sediments.
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Fig. 10. Stratigraphic sections from the Aguas Blancas basin in the Antofagasta region.

marl ~25 cm thick. At RA773, basal silty mud deposits correspond
to lacustrine facies, with 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 ages on peat humics and carbonate nodules and spans
from 46.9 to 23.6 ka.
4.2.2. Unit M
Unit M is represented in two sections located in the Salar de
Aguas Blancas lower salt ﬂat (Fig. 10). It corresponds to a sequence
of ﬁne sand, massive at the bottom and laminated on top, overlain
by a laminated and indurated layer of calcium carbonate of ~30 cm
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 M is constrained by two ages on calcite deposits dated to
<13.2 ka and <8.4 ka. These are likely maximum ages due to
possible reservoir effects.
4.2.3. Unit N
Unit N corresponds to a thin sequence (<10 cm) of muddy silt
deposits at Pique Lacalle. It has a thin lens of carbonate overlaid by
blocky cemented silt most likely reﬂecting desiccation. We interpret this unit as a palustrine environment, with shallow ﬂuctuating
vegetation fringes. The unit age corresponds to standing stems of
the halophyte T. absinthioides that dated back to 11.1 and 11.8 ka
(Fig. 10).
4.2.4. Unit O
This unit is similar to unit E in the PDT and 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 <8.4 ka
(Fig. 10).
4.3. Past recharge rates for the Pampa del Tamarugal basin
Estimates of the past piezometric heads are obtained from
information in the stratigraphic proﬁles for each of the three
apparent dated pluvial periods: Period I (~25.4 ka and 16.6 ka), is
based on proﬁles BV-01 and BV-04; Period II (16.5e16.1 ka), on
proﬁles BV-02 and BV-05; Period III (12.7e11.2 ka), on proﬁles BV03 and Pintados-01 (See Fig. 4 for proﬁle locations and Fig. 5 for
stratigraphic proﬁles). In order to arrive at these estimates, a series of assumptions are made: i) To facilitate groundwater ﬂow in
the aquifer, the southern and northern constant-head boundary
conditions are 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; ii) Analysis of the stratigraphic proﬁles suggest the
occurrence of a standing lake at Salar de Bellavista during the
Period I. This lake is simulated in the model as a Type III boundary
condition (head and ﬂux-dependent) with height equal to the
terrain elevation þ0.1 m. This is imposed to minimize ﬂow back to
the aquifer and to mantain the extension of the free surface (lake
extension). Given the conceptual model accepted by different
authors (Scheihing et al., 2018; JICA, 1995; Rojas and Dassargues,
2007; Rojas et al., 2010; Jayne et al., 2016; Magaritz et al., 1990),
the area of Salar de Bellavista is most likely a groundwater
discharge zone, which does not contradict the conceptual model;
iii) Analysis of the stratigraphic proﬁles suggest the lake at Salar
de Bellavista observed during Period I, was not present during
Periods II and III and thus it is replaced by an evapotranspiration
zone for those periods; iv) Data from the stratigraphic proﬁles is
used to locate cells in the model where the water table was close
or on the surface. These are included in the model as constant
head boundary condition (Type I). Groundwater head in the cell is
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; v) different combinations of recharge rates (as multipliers of present-day recharge rates) and evapotranspiration
rates (between 1500 and 2000 mm yr1) are tested until
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piezometric heads observed in the stratigraphic proﬁles are
reasonably approximated; vi) based on the model grid resolution
(numeric cells between 200 and 1500 m), we report 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 PTD, respectively. We consider groundwater levels <1 m to the surface obtained with the model 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. A water
table depth of <5m to sustain P. tamarugo trees is considered to be
especially for 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 (Calderon et al.,
vez et al., 2016).
2015; Cha
The magnitude of past recharge rate increases, relative to
those of today, were estimated by increasing current recharge
levels within the hydrological model in multiples of 1.5, 2.5x,
3.0x and 4.0x times, and then comparing these to observations
for the different time periods at the salars de Bellavista and
Pintados. For Period I (~25.4 ka and 16.6 ka), the best match to
observations was obtained with ~3.0 current recharge rates.
However, a standing water table at Bellavista and a potential
connection between Pintados and Bellavista, required a recharge
of 4.0 in the southernmost sub-basins (Quebradas of Quisma,
Chacarilla and Ramada; Fig. 2a), and a 2.5 recharge for the other
subasins (Quebradas Aroma, Tarapaca, Sagasca and Quipisca;
Fig. 2a). For Period II (16.5e16.1 ka) recharge rates of 2.5 match
the paleoenvironmental record. For Period III (12.7e11.2 ka), a
recharge rate between 1.5 and 2.0 reproduces past piezometric levels.
For all three periods, the model reveals that areas around the
present village of La Tirana 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).
In a paleo hydrological study of the PDT, Gayo et al. (2012)
suggested for increased stream ﬂow at slightly higher elevations
above the basin ﬂoor from 15.9 to 14.2 ka and 12e11.8 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
m3s1) is a function of:

Fig. 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 1m is considered to be able to sustain
phreatophyte vegetation as well as sedges and grasses, while <5m correspond to the
depth to which P. tamarugo trees can have optimal growth conditions.

Table 2
Recharge estimates and calculated upper catchment rainfall (Mean Annual Precipitation -MAP) for the PDT tributaries for the three different pluvial events described.
Catchment

Recharge (m3s1)

MAP that matches augmented recharge rates
(mm)
1.5

2.0

2.5

3.0

4.0

Aroma
Tarapaca
Sagasca
Quipisca
Quisma
Chacarilla
Ramada

0.31
0.318
0.089
0.072
0.021
0.159
0.007

200.18
201.76
159.91
139.09
122.48
171.31
142.85

222.02
224.15
166.18
144.16
123.96
182.51
143.35

243.85
246.55
172.45
149.23
125.44
193.71
143.84

265.68
268.94
178.71
154.30
126.92
204.90
144.33

309.34
313.73
191.25
164.44
129.88
227.30
145.32

Q ¼ 1.12 - [0.00026*A] þ [0.0071*MAP] þ [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 three-fold during
17.6e14.2 ka and 12.1e11.4 ka in order to activate the channels.
By using a modern-day MAP of ~62 mm yr1 for the upper
catchments, our estimates with this model show that precipitation increased in the upper watersheds from two to four-fold at
25.4 ka and 16.2e16.6 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 d13C values on annual tree rings of Schinus
molle dated to ca. 15 ka (Gayo et al., 2012).

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 oldest
evidence of standing water conditions at Salar de Bellavista is for
unit B1: A carbonate cemented ripple cast (BV-01, Fig. 3b), dated to
~25.4 ka. A wood fragment dated to ~26.9 ka has been found in
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gravel deposits in nearby Chipana canyon (Appendix A.). This is
important as this reﬂects a perennial watercourse in a canyon that
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 (Rühland et al., 2003; Rühland and
Smol, 2005; Harris et al., 2006; Hyatt et al., 2011) (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 includes CAPE I (17.5e14.5 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 water Heleobia sp. gastropods
(Collado et al., 2016) and well-preserved plant macrofossils of
D. spicata and T. absinthioides. Upstream of the Salar de Bellavista,
there are more than 15 calibrated ages of riparian deposits, indicating coeval discharge into the Chipana tributary from 16.0 to 13.5
ka (Nester et al., 2007; Gayo et al., 2012).
South of Salar de Bellavista, in the Salar de Llamara, unit B3
reveals evidence for a pre-CAPE phase of rapid aggradation as 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
(~115 cm depth), suggests a wetland plant community dominated
by Poaceae, Juncaceae and Cyperaceae families (Fig. 7). 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 to establish (<5m) (Calderon et al.,
vez et al., 2016). Poaceae, Juncaceae and Cyperaceae
2015; Cha
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.
Unit D is coeval with the CAPE II (13.8e9.7 ka) and is represented in sections LL-01 and Pintados (Fig. 5). Phytolith analyses
from an interval between 48 and 78 cm of section LL-01 revealed
long cells at the base (73e78 cm), indicating the presence of
monocotyledons (e.g. sedges, grasses), whereas the upper part of
the section (48e61 cm) exhibited rondels similar to those found in
D. spicata and oxalates similar to those of Prosopis sp. and S. molle
druses (Mcrostie, 2013). These microfossils suggest mostly
groundwater fed ecosystems. The LL-01 sequence of unit D ends
with an organic matter-rich deposit at 12.3 ka, implying the presence of near surface water. Such paleoenvironmental conditions
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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. D. 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 ages also shows
CAPE II discharge in the Chipana tributary between 12.8 and 12.5 ka
(Nester et al., 2007; Gayo et al., 2012).

5.2. Salar de Aguas Blancas
Three stratigraphic units present in the Salar de Aguas Blancas
basin show evidence of increased groundwater levels during the
late Pleistocene (Fig. 8). 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 L,
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 (section RA773; Figs. 3a and 10).
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. We traced
the drainage system that feeds the Aguas Blancas region for a distance of 50 km upslope, to a large fossilized riparian wetland 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. 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
T. absinthioides that were dated to 11.1 and 11.8 ka (Fig. 3c).
Unit M, which was coeval with the CAPE II, is represented by two
exposures with carbonates of probable biogenic origin formed at
13.2 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 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.

Fig. 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. See Fig. 4c for locations.
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5.3. Paleohydrology within the Atacama Desert Central Depression
during the late quaternary
There is now a considerable database constraining the ages of
wetter climates in the Central Andes during the late Quaternary (De
Porras et al., 2017). These events created wetlands (Rech et al.,
2002; Quade et al., 2008), possibly formed high elevation lakes
(Grosjean et al., 2001), and activated streams (Nester et al., 2007;
Gayo et al., 2012). Here, we ﬁnd that these pluvial periods extended
their impact to the low elevations of the Central Depression in the
Atacama Desert, creating a mosaic of landscapes that greatly
differed from present day conditions, and which extend the pluvial
record further into the past.
Here, we have identiﬁed several extensive wetlands with ages
that signiﬁcantly precede the CAPE-I (>17.6 ka) in the PDT (Fig. 13;
Appendix A). The oldest of these at the PDT corresponds to evidence
for a freshwater paleolake and beach deposits at the Salar de Bellavista. Diatoms in this section provide evidence for deep, thermally
stratiﬁed freshwater conditions prior to the formation of ripple
casts dated to ~25.4 ka. Additional evidence for this pre-CAPE
pluvial event is found in dated material in the Quebrada Chipana
(36.0 ka and 26.8 ka; Appendix A), which together suggests
increased recharge into the Bellavista sub-basin. Simulations of
recharge required to achieve these changes (See section 4.2) shows
that in order to produce standing water at Salar de Bellavista
at  25.4 ka and 16.5 ka (Proﬁles BV-01 and BV-04), aquifer
recharge must increase by 2.5 to four-fold the current rate
(976 L s1). An increase of this magnitude would have expanded the
area capable of sustaining P. tamarugo trees from 155 km2 today up
to a maximum of ~1219 km2 around 25.4 ka and 16.6 ka (Fig. 11 e
Supp. Fig. 1), considering groundwater depths of <5 m for optimal
conditions and recruitment (Leakey, 1980; Calderon et al., 2015).
For subsequent pluvial periods, including the CAPE, hydrogeological modelling indicates recharge rates that must be 2.5 and
1.5 times that of today at 16.2 ka and 12.8 ka, respectively. Indeed,
our model reveals substantially increased 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. 11). Plant remains found near La
Tirana and in the Quisma and Quipisca ravines support the presence of running water from 8.8 ka to 7.7 ka (Appendix A), which
suggests that tributary drainages were active in the early Holocene
due to moderately increased recharge (e.g. ~1.5 times current
recharge values). During the CAPE in the southern PDT, hydrogeological modelling indicates perennial runoff at 12.0e11.3 ka and
permanent superﬁcial discharge of groundwater until 7.8 ka (Gayo
et al., 2012, Appendix A). Three sedimentary sections containing
wetlands deposits in the Salar de Llamara suggest increased water
availability, with ﬂuctuations in the water table near or above the
surface between 19.3 ka and 12.8 ka. Concurrently, 40 riparian subfossil 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 ka and 11.3 ka during the CAPE. The
clustering of ages at 17.6e17.2 ka, 16.0e14.1 ka, 13.3e12.8 ka and
12.0e11.3 ka, however, suggests at least four possible large pluvial
events (Supp. Fig. 2). In summary, our observations and ages in the
PDT 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 <25.4
ka and from ~16.5 to 16.1 ka at Salar Bellavista. After this period
initial period of standing water, lakes dried out into wetlands in
Bellavista (12.7 ka) and Pintados (11.1 ka). This corresponds with
previous evidence for decreased recharge into the PDT during the
CAPE II, as indicated by Gayo et al. (2012).

Fig. 13. Late Quaternary paleoclimate records for the Atacama Desert and nearby
Andean region (from north to south) compared to the established timing of CAPE I and
II (gray boxes; De Porras et al., 2017); (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 (green crosses), the archaeological record corresponds to the Quebrada Mani 12 archaeological site (red crosses from Latorre et al.,
2013) and riparian records from this study, Gayo et al. (2012), Tomlinson et al.
(2015), Blanco and Tomlinson (2013) and Nester et al. (2007) (blue crosses); (C) Hydrological discharge towards the PDT 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: wetlands (green crosses, this study), rodent midden
occurrence in absolute desert (orange crosses from Maldonado et al., 2005; Díaz et al.,
2012) and groundwater discharge deposits at Sierra de Varas (blue crosses) from Saez
et al. (2016). (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the Web version of this article.)

Our data 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
ez et al., 2016).
increased groundwater discharge at 24-26S (Sa
Similarly, with altitudinal changes in vegetation distribution
detected at 27.9e28.1 ka, 21.3 ka and 17.3 ka in rodent middens
from the absolute desert of the Central Depression (Díaz et al.,
2012), as well as with the ca. 1000 m downslope migration of
steppe grasses documented at higher elevations (25.5S) between
25 and 18 ka and between 17 and 10 ka (Maldonado et al., 2005)
(Fig. 13; Appendix B). This indicates that regional drainage systems
in the present absolute desert have been affected by multiple
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surface water recharge events during the late Pleistocene, as
recently suggested by Díaz et al. (2012).
Activation of major westward drainage systems during the CAPE
are known to have occurred at higher elevations in the central
Atacama (Rech et al., 2002, 2003a), at Salar de Punta Negra (25 S,
ez et al.,
Quade et al., 2008) and in the Sierra de Varas (25S) (Sa
2016). This latter drainage system, with catchment areas along
the western ﬂank of the Andes and Cordillera de Domeyko Range,
terminates in salars located within the absolute desert of the
Central Depression Basin, including the Salar de Aguas Blancas
(Supp. Fig. 3). 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 ka to <8.4 ka. In contrast to
Pleistocene pluvial episodes, there is only minor evidence of Holocene wet phases. Although this could be due to a lack of sampling,
we point out that most of these low elevation basins are capped by
thick salt crusts, that seem to require roughly 7e10 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 largely disappeared in the early
Holocene (<8.4 ka) and have not returned.
5.4. Late Quaternary regional paleoclimate
5.4.1. Evidence and mechanisms for a pre-CAPE pluvial(s) (>17.5
ka)
A full chronology for pluvial events preceding the CAPE (i.e.,
>17.5 ka) remains elusive. Only a handful of records exist that can
help constrain these events, especially along the Western Andean
Cordillera (18e22 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 ages 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 to 19 ka (Blard et al., 2011; Placzek
et al., 2006). Increased pre-CAPE moisture in the Atacama's hyperarid core also coincides with a wetter period between 27.9 ka
 cave in Brazil (21S 56.5W) at the
and 17.8 ka recorded at Jaragua
center of the South American Monsoon System (Novello et al.,
2017). Further south, our pre-CAPE evidence for increased ground
water levels in the Aguas Blancas basin (24 060 S 69 580 W) at 46.8
ka, 35.9 ka 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 rodent midden pollen records showing increased
moisture at 57e40 ka and from 24 ka to15 ka (Maldonado et al.,
2005). Plant macrofossils from rodent middens collected in the
absolute desert between 24 and 26 S have been interpreted to
infer increased discharge into the desert from higher elevations at
28.1e27.9 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 (22S, 66 W) a deep paleolake existed from ca. 43e37 ka,
a shallow paleolake from 37 to 23 ka and a saline lake formed
26e19 ka that then dried out (Mcglue et al., 2013); ii) at Salar
Hombre Muerto (25S 67W), 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 44e38 and 24e20 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
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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 during the Last Glacial
Maximum (5e8  C below present day (Thompson et al., 2000)). As
discussed above, several records show increased pre-LGM and LGM
tropical rainfall in the Andes (Blard et al., 2009, 2011, 2013). 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).
The second mechanism may be increased southerly moisture
sources. Middens 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 corresponds with
paleorecords in winter-precipitation dominated areas from central
and central-southern Chile (Lamy et al., 1998, Heusser et al., 1999,
s et al., 2005). These complex spatial patterns for preValero-Garce
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 e 17.5e14.2 ka and
13.8e9.7 ka) in the hyperarid core of 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; Grosjean et al., 2001; Latorre et al., 2002, 2005, 2006; Rech
et al., 2002; Maldonado et al., 2005; Nester et al., 2007; Quade
et al., 2008; Placzek et al., 2009; Gayo et al., 2012). Two major
phases separated by an arid period have been deﬁned: CAPE I
(17.5e14.2 ka) and CAPE II (13.8e9.7 ka). Whether these occurred as
several centennial-scale events or more prolonged periods lasting
millennia is not yet clear. The intensity, tropical moisture sources
(e.g. 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 integrated data suggests that discharge decreased from
~16.5 to 12.0e11.3 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 (Nester et al., 2007;
Gayo et al., 2012). This agrees with shoreline records from the
Uyuni basin in the Bolivian Altiplano region, where the Tauca lake
phase (16.4e14.1 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., 2006, 2009, 2013).
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
(24.5S) 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 and 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
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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 our observations. Indeed, just upstream from
the Aguas Blancas basin, a late CAPE I age of 14.5 ka occurs in a
ez et al., 2016). Evidence for
paleowetland from Sierra de Varas (Sa
increased groundwater levels during the CAPE II occur at 13.81 and
8.4 ka in the Aguas Blancas basin and at 11.8e11.1 ka at the Pique La
Calle paleowetlands (Appendix A). Upstream from our sites,
groundwater discharge increased in the Sierra de Varas from 12.2 to
ez et al., 2016); v) Pollen records from rodent middens at
9.8 ka (Sa
three sites along the western Andean slope show that wetter
conditions occurred from 14.2 to 8.5 ka (De Porras et al., 2017). We
point out that these younger ages for the end of CAPE II are in good
agreement with our Aguas Blancas basin record and with paleowetland stratigraphies in the central Atacama (22e24S) (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 semicontinuous stream ﬂow and 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 favoured habitat suitable
for the colonization and expansion of P. tamarugo populations. The
likelihood of semi-continuous low-density patches of phreatohalophyte vegetation communities 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 huntergatherer open camp at Quebrada Mani (QM12) dated from 12.8
ka to 11.7 ka (Appendix A) coincides with increased discharge into
the PDT basin (Fig. 13) (Latorre et al., 2013). Associated riparian
ecosystems 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, as a
diverse fauna composed of sloths (Scelidodon chilensis and Megatherium medinae), camelids (Lama sp.) and equids have been found
in the PDT basin (Moreno et al., 1994; Frassinetti and Alberdi, 2001).
As the archaeological evidence for early human presence in the PDT
continues to grow, the emerging view of the paleohydrology suggests abundant local biotic resources would have been available to
these early desert settlers (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. 13). These wetter periods also likely facilitated
conditions for ecological transformations 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 (12.37e10.32 ka) (Lynch, 1986; Grosjean et al., 2005;
n
Cartajena et al., 2014), and along the coast at the sites of San Ramo
and Alero Cascabeles (12.15e10.5 ka) (Salazar et al., 2011, 2015). We
discovered numerous lithic workshops in the eastern Aguas Blancas basin that 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. Our preliminary observations suggest these lithic
artifacts could be late Pleistocene age and we speculate that these
sites could be contemporaneous with archaeological sites that have
been documented along the coastal desert (Castelleti et al., 2010;
Salazar et al., 2015, 2018). Nevertheless, we have yet to explore and
survey these wetlands for evidence of early human occupation,
such as the late Pleistocene site described at Salar de Punta Negra
(Grosjean et al., 2005; Quade et al., 2008).
6. Conclusions
During the late Quaternary, different periods of enhanced
recharge supported wetlands and lakes in the currently extremely
dry Central Depression of the Atacama Desert between 20 and 25S,
creating an interconnected network of surﬁcial water from the
Andes to the Coast that is nearly absent today in those latitudes.
Those periods of water table rise, comprise a period that spans
~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 and 9.7 ka. Our record 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 show 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)
exists 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.
We recommend 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
~ ez, 1986; Santoro
proto-Archaic sites of Tiliviche 1-B (9.76 ka) (Nun
et al., 2017) and Quebrada Mani 12 (12.8 ka) (Latorre et al., 2013;
Gayo et al., 2015) (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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Appendix A. Radiocarbon dates for riparian, wetland and
archaeological record for the Pampa del Tamarugal

Riparian
No ID
Quebrada Quipisca
1
IB-228
2
IB-229
Quebrada Quisma
3
IB-137
4
IB-138
Quebrada Chacarilla
5
IB-54a
La Tirana
6
Pampa del Tamarugal-2013-1
Quebrada Chipana
7
N05-22
8

Q.Chi-33

9

N05-21

10

QChi4-Sup

11

Qchi-1

12

Qchi-2

13

QChi4-4

14

WP740

15

WP740

16

WP740

17 IB-122
18 IB-116
19 IV-318
20 IB-101
21 IB-105
22 IB-102
23 IB-134
Quebrada Mani
24 QM-19
25 QM-17
26 QM-15B
27 QM-15A
28 QM-84
29

QM-81

30

QM-32

31

QM-52

32

QM-62a

33
34

QM-4
QM-77

35

QM-78

36

QM-31

Quebrada Sipuca
37 QS-15A

Material

14C yr
BP

St.
dev.

Cal. yr
BP

2 s (cal. yr
BP)

Reference

20.08 69.36 2072
20.08 69.36 2072

Plant remains
Plant remains

10,320
9190

50
40

10070
8360

328/344
46/70

a
a

N.A.
N.A.

20.51 69.36 1234
20.49 69.41 1094

Wood
Wood

7860
12,310

40
50

8830
12,350

81/88
153/120

b
a

N.A.

20.58 69.36 1229

Plant remains

10,380

70

10,500

143/221

b

UCIAMS133680

N.A.

N.A.

N.A.

Plant remains

6980

20

7760

70/70

This
study

UCIAMS29221
UCIAMS133675
UCIAMS29216
UCIAMS165626
UCIAMS126287
UCIAMS126288
UCIAMS165625
UCIAMS165246
UCIAMS165247
UCIAMS165248
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.
N.A.

N.A.

N.A.

1282

Wood

12,160

130

13,990

400/505

c

20.9

69.35 1240

Wood

12,210

80

14,050

280/250

1282

Wood

13,060

25

15,580

230/180

This
study
c

Lab. Code

Lat

N.A.
N.A.

UGAMS-4564
UGAMS-4562
UGAMS-4561
UGAMS-4066
UCIAMS165618
UCIAMS123144
UCIAMS84340
UCIAMS165616
UCIAMS123141
CAMS-131272
UCIAMS123142
UCIAMS133671
UCIAMS84738
UCIAMS165615

Lon

Elevation
(m)

20.9

69.34 1277

Burned stems

13,120

50

15,670

290/230

20.9

69.35 1240

Grass stems

13,200

35

15,820

175/190

20.9

69.35 1240

Escallonia angustifolia leafes

13,250

40

15,870

180/180

20.9

69.34 1277

Stems

13,360

160

16,010

520/490

20.9

69.34 1271

Sedges

12,720

90

15070

454/331

20.9

69.34 1271

Sedges

12,300

160

14280

514/670

20.9

69.34 1271

Sedges

13,250

80

15870

278/272

20.94
21
20.87
20.9
20.9
20.9
20.98

69.15
69.3
69.46
69.34
69.33
69.34
69.43

1949
1348
986
1283
1306
1294
983

Wood
Wood & Plant remains
Plant remains
Plant remains
Plant remains
Plant remains
Wood

24,810
12,470
33,600
13,600
12,570
12,400
13,010

230
70
40
260
60
70
70

26860
12590
36060
14380
12840
12450
13550

260/246
259/579
339/458
120/112
471/335
318/411
146/126

21.09
21.09
21.09
21.09
21.26

69.3
69.3
69.3
69.3
69.49

1265
1260
1260
1260

Grass stems
Grass stems
Grass stems
Grass stems
Wood from T1

9960
10,030
10,110
10,260
10,950

40
40
30
40
30

11,320
11,450
11,620
11,900
12,760

95/380
190/440
220/405
140/290
50/115

21.09 69.31 1260

Prosopis wood from T1

10,985

30

12,780

70/190

21.09 69.31 1203

Stems

11,530

35

13,330

90/200

21.1

Escallonia angustifolia leaves

12,220

35

14,060

140/280

21.11 69.33

Escallonia angustifolia leaves

12,730

30

15,120

210/360

21.1
21.1

69.32 1220
69.33 1194

Escallonia angustifolia leaves
Escallonia angustifolia leaves

13,190
13,200

35
35

15,800
15,810

180/370
170/365

21.1

69.33 1199

Wood

13,350

45

16,010

205/400

21.09 69.31 1226

Escallonia angustifolia leaves

14,160

35

17,170

190/410

21.26 69.31 1161

Wood

12,530

35

14,690

385/325

69.31 1226

This
study
This
study
This
study
This
study
This
study
This
study
This
study
b
b
b
b
b
b
b
d
d
d
d
This
study
This
study
e
This
study
This
study
c
This
study
This
study
e

This
study

(continued on next page)
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(continued )
Riparian
Material

14C yr
BP

St.
dev.

Cal. yr
BP

2 s (cal. yr
BP)

Reference

21.26 69.32 1144

Escallonia angustifolia leaves

12,590

45

14,850

390/270

21.23 69.33 1123

Leaves

12,630

35

14,940

250/200

21.26 69.32 1144

Wood

12,770

35

15,170

170/150

21.26 69.31 1143

Escallonia angustifolia leaves

12,780

35

15,170

160/150

21.26 69.31 1162

Wood

13,080

40

15,610

260/195

21.25 69.32 1140

Escallonia angustifolia leaves

13,100

30

15,650

260/180

21.23 69.23 1446

Escallonia angustifolia leaves

13,140

45

15,720

260/230

21.26 69.31 1173

Escallonia angustifolia leaves

13,205

40

15,820

190/200

21.23 69.19 1559
21.23 69.2 1552
21.26 69.32 1141

Escallonia angustifolia leaves
Escallonia angustifolia leaves
Escallonia angustifolia leaves

13,330
13,400
13,510

80
70
35

15,980
16,070
16,210

250/250
250/220
185/185

21.23 69.2

CaCO3 rhizoliths

14,470

70

17,590

- 240/260

This
study
This
study
This
study
This
study
This
study
This
study
This
study
This
study
c
c
This
study
c

21.43 69.25 1304
N.A.
N.A.
N.A.

Escallonia angustifolia leaves
Wood

12,940
13,080

150
30

15,420
15,620

490/500
250/180

c
c

N.A.

N.A.

N.A.

Escallonia angustifolia leaves

13,130

80

15,690

340/280

21.44
21.44
21.43
21.43
N.A.

69.31
69.26
69.25
69.25
N.A.

1131
1291
1336
1307
N.A.

Cortaderia atacamensis blades
Baccharis scandensleaves
Escallonia angustifolialeaves
Escallonia angustifolia leaves
Canes

13,220
13,280
13,290
13,310
13,350

35
70
80
180
30

15,840
15,910
15,930
15,940
16,000

170/180
230/240
255/265
605/505
190/170

This
study
c
c
c
c
This
study

21.4 69.44 873
21.43 69.46

Stems
Wood

10,120
10,170

40
20

11,640
11,770

275/295
160/200

d
c

21.4 69.44 873
21.4 69.42
21.39 69.42 918

Stems
Escallonia angustifolia leaves
Escallonia angustifolia leaves

10,320
12,240
12,400

40
96
192

12,010
14,100
14,480

200/360
330/455
660/650

d
c
d

21.4

Schinus mollewood

12,440

30

14,440

270/310

c

21.43 69.46 859
21.4 69.44 872
21.4 69.42

Prosopis tamarugo leaves
Caesalpinia aphylla ﬂowers
Schinus mollewood

12,490
12,630
12,740

40
40
30

14,580
14,940
15,130

340/360
260/220
205/150

d
d
c

21.43 69.46 861

Prosopis tamarugobark

12,950

40

15,410

190/220

d

21.09 69.3

1247

Organic remains

7040

230

7840

400/860

d

21.09 69.3

1247

Organic remains

10,120

430

11,680

1240/2295 e

N.A.

N.A.

N.A.

Root in lake bed

5990

20

6770

100/80

N.A.

N.A.

N.A.

Soil Organic Matter

8680

25

9580

45/90

N.A.

N.A.

N.A.

Soil Organic Matter

8890

25

9960

210/200

21.2

69.68 750

Soil Organic Matter

10,570

310

12280

440/446

This
study
This
study
This
study
f

21.2

69.68 750

Carbonate

12,990

80

15480

163/139

f

21.35 69.58 764

Soil Organic Matter

16,100

120

19370

159/166

f

21.35 69.58 764

Soil Organic Matter

15,880

120

19110

177/134

f

21.21 69.64 807

In situ wood

17,050

35

18560

76/84

This
study

No ID

Lab. Code

Lat

38

QS-16b

39

QS-22

40

QS-18

41

QS-17

42

QS-13

43

QS-20

44

QS-11

45

QS-12

46
47
48

QS-1
QS-3
QS-19

49

N05-10

UCIAMS123146
UCIAMS123150
UCIAMS123145
UCIAMS123147
UCIAMS145136
UCIAMS123149
UCIAMS165617
UCIAMS165619
GX-32394
GX-32395
UCIAMS123148
UCIAMS29222

Quebrada Tambillo
50 QT-5
51 N05-11
52

QT-2013-03-2

53
54
55
56
57

QT-9
QT-8
QT-1
QT-6
QT-2013-03-1

Lomas de Sal
58 L.d.S-6A
59 N06-11A
60
61
62

L.d.Se6B
N04-14a
L.d.S-1

63

N05-18

64
65
66

L.d.S-8
L.d.S-5
N05-12a

67

L.d.S-7

GX-32397
UCIAMS292220
UCIAMS133682
CAMS-131273
CAMS-129367
GX-32396
GX-32398
UCIAMS133681
UGAMS-4062
UCIAMS29217
UGAMS-4063
AA-62290
UCIAMS29216
UCIAMS29219
UGAMS-4064
UGAMS-4559
UCIAMS29218
UGAMS-4560

Lon

Elevation
(m)

69.43

Lacustrine and Wetland Deposits
Quebrada Maní
68 QM-22D
69

QM-22B

Salar de Llamara
70 SLM-12-02
71

SLM-12-01

72

SLM-2012-01

73

LL-01 - Qh 4

74

LL-01 - Qh 10

75

LL-02 - Qs 5

76

LL-02 - Qs 8

77

LL-03 - WP733eH2

UCIAMS84741
UCIAMS84740
UCIAMS123133
UCIAMS123134
UCIAMS133672
LLNLAMS107707
LLNLAMS107711
LLNLAMS107585
LLNLAMS107708
UCIAMS174237
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(continued )
Riparian
No ID
Salar de Bellavista
78 WP446Salar Bellavista
79

BV-05 - WP442Salar Bellavista

80

82

BV-02 - WP455-IV-1Salar Bellavista
.23 mgC
BV-02 - WP455eV-1Salar Bellavista
.20 mgC
BV-02 - WP455IV-2Salar Bellavista

83

BV-02 - WP455V-2Salar Bellavista

84

BV-04 - WP797-ULSalar Bellavista

85

BV-04 - WP797-LLSalar Bellavista

86

BV-03 - WP443

87

BV-01 - WP451-Ripple Cast

81

Salar de Pintados
88 WP597-VIPintados .19 mgC
89

WP597-VPintados

Lab. Code

Lat

UCIAMS165226
UCIAMS165227
UCIAMS165228
UCIAMS165229
UCIAMS165236
UCIAMS165237
UCIAMS165240
UCIAMS165241
UCIAMS174198
UCIAMS174234

20.83 69.68 944

UCIAMS165239
UCIAMS165250

Lon

Elevation
(m)

Material

14C yr
BP

St.
dev.

Cal. yr
BP

2 s (cal. yr
BP)

Reference

This
study
This
study
This
study
This
study
This
study
This
study
This
study
This
study
This
study
This
study

45

16380

190/230

20.82 69.66 944

Root (Carbonate lenses above 13,640
root)
Standing roots
13,490

45

16170

202/186

20.83 69.71 947

Stems

13,430

60

16110

231/200

20.83 69.71 947

Stems

13,420

60

16100

232/197

20.83 69.71 947

Soil Organic Matter

13,760

45

16560

235/258

20.83 69.71 947

Soil Organic Matter

13,730

50

16500

224/271

20.85 69.7

949

Shells upper layer

13,780

45

16590

243/260

20.85 69.7

949

Shells bottom layer

13,740

45

16520

220/263

20.81 69.69 944

Wood (cf. Prosopis)

12,520

30

12700

363/329

20.83 69.66 947

Carbonate

23,060

80

25400

213/189

20.62 69.66 970

Rizolith

10,000

40

11370

124/239

20.62 69.66 970

Carbonate mass

9740

30

11150

273/66

21.06 69.34 1240

Marine gastropod

10,660

25

11,200

770/910

e

21.06 69.34 1240

Fibrous plant material

10,080

25

11,530

180/220

e

21.06 69.34 1240

Fibrous plant material

10,120

25

11,640

240/160

e

21.06 69.34 1240

Wood

10,120

30

11,640

240/170

e

21.06 69.34 1240
21.06 69.34 1240

Wood
Charcoal

10,130
10,155

30
25

11,660
11,730

260/260
320/240

e
e

21.06 69.34 1240

Fibrous plant material

10,160

25

11,740

330/240

e

21.06 69.34 1240

Fibrous plant material

10,170

25

11,750

250/230

e

21.06 69.34 1240

Wood

10,170

30

11,760

260/230

e

21.06
21.06
21.06
21.06

Charcoal
Wood
Wood
Animal dung

10,210
10,220
10,340
10,360

30
30
30
30

11,850
11,870
12,040
12,100

200/160
160/140
200/330
150/290

e
e
e
e

21.06 69.34 1240

CharcoalMyrica pavonis

10,380

25

12,170

190/220

e

21.06 69.34 1240
21.06 69.34 1240

Charcoal
Fibrous plant material

10,390
10,505

30
25

12,210
12,420

210/190
300/130

e
e

21.06 69.34 1240
21.06 69.34 1240

Charcoal
Charcoal

10,800
10,930

30
30

12,700
12,750

30/30
50/60

e
e

21.06 69.34 1240

Charcoal

12,420

35

14,410

260/310

e

21.06 69.34 1240

Charcoal

13,920

40

16,810

240/210

e

This
study
This
study

Archaeological record Quebrada Maní
90

QM12c

91

QM12c

92

QM12c

93

QM12c-3-N2W2

94
95

QM12c
QM12b

96

QM12c

97

QM12c

98

QM12c (QM-85c)

99
100
101
102

QM12c
QM12c
QM12c
QM12c

103 QM12c-NOEO
104 QM12b
105 QM12c
106 QM12c
107 QM12c
108 QM12c
109 QM12c

UCIAMS89458
UCIAMS89015
UCIAMS89020
UCIAMS145153
UGAMS-8241
UCIAMS84345
UCIAMS89017
UCIAMS89021
UCIAMS165623
UGAMS-7050
UGAMS-8242
UGAMS-8243
UCIAMS89022
UCIAMS145255
UGAMS-7048
UCIAMS89019
UGAMS-7049
UCIAMS89018
UCIAMS84346
UCIAMS89016

69.34
69.34
69.34
69.34

1240
1240
1240
1240

References. Dates previously reported in: a) (Tomlinson et al., 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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Appendix B. Radiocarbon dates for the drainage systems
analyzed in the Aguas blancas basin

Lacustrine and Wetland Deposits
No

ID

Aguas Blancas
110
773e2
111
773e3
112
798e3
113
796e5
Pique Lacalle
114
781e0
115
781e5
116
782e0

Lab. Code

Lat

Lon

Elevation (masl)

Material

14C yr BP

St. dev.

Cal. yr BP

2 s (cal. yr BP)

Reference

UCIAMS
UCIAMS
UCIAMS
UCIAMS

182956
183040
182958
182959

24.09
24.09
24.08
24.08

69.86
69.86
69.91
69.92

972
972
962
961

CaCO3 nodule
Peat humics
CaCO3 massive
CaCO3 laminae

19,600
43,670
7680
11,380

50
780
20
25

23,560
46,880
8420
13,180

250/240
1525/785
40/95
85/45

This
This
This
This

UCIAMS 183034
UCIAMS 182957
UCIAMS 183035

24.49
24.49
24.49

69.64
69.64
69.94

1569
1569
1599

Wood
CaCO3 laminae
Wood

9685
32,080
10,190

20
190
20

11,050
35,940
11,810

2560/1230
450/405
180/130

This study
This study
This study

25.46
25.44
25.44
25.44
25.44
25.44
25.44
25.44
25.41
25.41
25.41
25.41
25.41
25.41
25.41
25.41
25.41
25.41
25.41
25.41

69.41
69.45
69.45
69.45
69.45
69.45
69.45
69.45
69.21
69.2
69.22
69.22
69.21
69.21
69.21
69.29
69.22
69.21
69.22
69.22

2860
2670
2670
2670
2670
2670
2670
2670
3460
3500
3470
3470
3450
3450
3450
3470
3470
3450
3450
3470

Faecal
Faecal
Faecal
Faecal
Faecal
Faecal
Faecal
Faecal
Faecal
Faecal
Faecal
Faecal
Faecal
Faecal
Faecal
Faecal
Faecal
Faecal
Faecal
Faecal

Pellet
Pellet
Pellet
Pellet
Pellet
Pellet
Pellet
Pellet
Pellet
Pellet
Pellet
Pellet
Pellet
Pellet
Pellet
Pellet
Pellet
Pellet
Pellet
Pellet

13,030
15,120
17,070
19,400
20,110
33,880
36,350
38,880
10,010
10,310
10,660
11,300
12,640
12,730
12,810
12,870
13,910
14,150
16,480
40,490

340
560
290
770
340
e
e
e
70
260
140
170
640
350
390
140
140
180
250
1630

15,490
18,280
20,550
23,340
24,150
38,070
40,470
42,820
11,440
11,980
12,520
13,110
14,890
14,980
15,110
15,310
16,790
17,140
19,830
44,130

12780/970
1415/1325
725/790
1765/1910
810/380
3900/2165
4255/3445
3790/3405
210/305
730/685
470/220
350/310
1660/1820
1130/1060
1260/1130
540/480
470/440
580/495
625/630
2545/2910

g
g
g
g
g
g
g
g
g
g
g
g
g
g
g
g
g
g
g
g

25.23
25.23
25.23

70.25
70.24
70.24

1650
1550
1550

Faecal Pellet
Faecal Pellet
Faecal Pellet

14,190
23,000
23,280

470
130
1230

17,300
27,900
27,900

460/590
220/160
1550/1510

h
h
h

24.34
24.34

70.13
70.13

1900
1900

Faecal Pellet
Faecal Pellet

17,800
23,290

70
130

21,300
28,100

120/150
160/230

h
h

24.09

70.17

1177

Faecal Pellet

16,160

120

19,300

320/190

h

25.74
25.74

69.4
69.4

2765
2765

Faecal Pellet
Faecal Pellet

15,740
29,900

130
440

18,900
34,500

200/330
460/480

h
h

401669
384874
384873
385822
384872
385821

24.82
24.82
24.82
24.82
24.82
24.82

69.18
69.18
69.18
69.18
69.18
69.18

3446
3446
3446
3446
3446
3446

Organic Sediment
Plant
Plant
Organic Sediment
Plant
Organic Sediment

8860
9260
8220
10,390
12,450
12,470

40
30
40
40
40
40

9860
10,370
9120
12,200
14,480
14,530

180/100
115/120
110/145
205/310
315/335
330/255

i
i
i
i
i
i

Beta 384881
Beta 384880

24.98
24.98

69.32
69.32

2915
2915

Organic Sediment
Organic Sediment

9760
10,330

30
30

11,170
12,020

80/60
110/90

i
i

Beta 384877
Beta 385824

25.14
25.14

69.55
69.55

2564
2564

Charred Sediment
Organic Sediment

9770
9770

30
30

11,180
11,180

85/55
85/55

i
i

study
study
study
study

Rodent-middens
Quebrada del Chaco
117
526B
GX26827
118
509C
GX26672
119
519
GX26820
120
509B
GX26671
121
512
GX26832
122
518
GX26826
123
508
GX26670
124
509D
GX26673
125
504
GX26831
126
496
GX26847
127
499B
GX26815
128
498A
GX27168
129
511A
GX26817
130
500A
GX26828
131
500C
GX26843
132
515A
GX27164
133
498B
GX26814
134
511B
GX26841
135
510A
GX26825
136
499A
GX26823
Sierra del Buitre
137
145-A
GX32020
138
113-A
CAMS-133246
139
113-B
GX32019
Cerro Tres Tetas
140
CTT 71
CAMS-133248
141
CTT 72
CAMS-133249
Barazarte
142
BZT157
AA69850
Juncal
143
687
AA65820
144
689-A
AA65821
Groundwater Discharge Deposits
Alto de Varas
145
AVB 13
146
AVB 9
147
AVB 1a
148
AVB 1
149
AVA 1
150
AVA 1
Chepica
151
CH 10
152
CH 5
Cachinalito
153
CA-2
154
CA-2

Beta
Beta
Beta
Beta
Beta
Beta

References: Dates previously reported in: g) (Maldonado et al., 2005); h) (Díaz et al., 2012); i) (S
aez et al., 2016).
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