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basin. In the present study, the seasonal cycle of meteorological parameters and the relationships of this cycle
with sea surface temperature anomalies are shown, the sources of humidity are identified, and the types of clouds
producing precipitation are defined. Finally, the isotopic compositions of precipitation, surface water and groundwa-
Editor: Paola Verlicchi ter in the SdA basin and the Altiplano-Puna Plateau basins are analysed to identify the area recharging the northern,
eastern and southern subbasins of the SdA. In summer, when the highest temperature, relative humidity and pre-
cipitation values of the year are recorded, the precipitation is due to deep convection. The trajectories of the arriving

Keywords: air masses can be classified into three groups: from the North Atlantic Ocean across the Amazon basin, from the
Stable water isotopes South Atlantic Ocean across the La Plata River basin and the Gran Chaco, and from the Pacific Ocean. In winter,
Back trajectory when the temperature, relative humidity and precipitation are lower, the moisture masses come from the Pacific
ﬁg‘;ifze;;::harge area Ocean. Winter precipitation is more depleted in heavy isotopes than summer precipitation. The isotopic analysis

of precipitation, surface water and groundwater shows that recharge of the eastern subbasins of the SdA occurs

by diffuse infiltration of precipitation and concentrated infiltration of surface water, both within the hydrographic

basin of the SdA. The meteoric source of the waters in the Altiplano-Puna Plateau basins is isotopically lighter

than the waters found in the side basins of the SdA, so there is no significant water quantity transfer to the peripheral

aquifers of the SAA from outside the hydrographic basin.
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1. Introduction

The basin of the Salar de Atacama has a flourishing tourist activity,
some of the most important mining activity in Chile to extract brines
for lithium production, protected lagoon ecosystems, and local live-
stock, which require sufficient and secure water resources (Marazuela
etal, 2018; Munk et al., 2021). For this reason, it is necessary to quantify
the water budget in as much detail as possible. Therefore, the first step
to facilitate environmentally and economically viable long-term man-
agement is a good understanding of the source and location of recharge
of the aquifers along the periphery of the Salar de Atacama. Despite the
efforts of the General Water Directorate of Chile (DGA) and mining
companies through numerous technical studies (CORFO - Amphos 21,
2018; DGA, 1986, 2013; GCF Ingenieros - DGA, 2010; IDAEA-CSIC,
2017) and the results developed in related scientific papers, two hy-
potheses exist regarding the recharge mechanisms and rates of the
Salar de Atacama peripheral aquifers (Fig. 2). Distinguishing between
these two hypotheses is of paramount importance for understanding
the water balance. One of the hypotheses assumes that groundwater re-
charge occurs from the Altiplano-Puna Plateau basins to the Salar de
Atacama (Boutt et al., 2016, 2021; Corenthal et al., 2016; Moran et al.,
2019; Salas et al., 2010). The other hypothesis assumes that the re-
charge area is entirely inside the hydrographic basin of the Salar de
Atacama basin (DGA, 2013; IDAEA-CSIC, 2017; Marazuela et al., 2019a,
2019b, 2018, 2020).

The elevation of recharge sites have been estimated with the
water stable isotope (6'80 and 8*H) composition data in dozens of
areas around the globe (Jasechko, 2019). This estimation is possible
because the oxygen and deuterium isotopic compositions of precip-
itation water are not changed once infiltration converts to in-transit
recharge for the aquifer, so their values at any point in the aquifer
reflect the isotopic conditions of the recharge zone (RAEMIA,
2019). Therefore, once the isotopic contents of precipitation are spa-
tially and temporally characterized, the recharge source of the aqui-
fers of the different geomorphological units in northern Chile can be
determined. Due to the low and irregular rainfall in arid zones,
which are primarily short, sporadic events, it is difficult to monitor
the chemical and isotopic compositions of rainwater. Research in
these areas needs several years until sufficient data on rain are col-
lected to characterize its chemical and isotopic compositions in
different locations. Diverse studies have dealt with the origin of
groundwater through isotopic analysis in the Antofagasta region.
Each study has taken a different approach. Cortecci et al. (2005) fo-
cused on the El Tatio geothermal field. CRICYT (2017) identified the
water source used by the algarrobos (corib trees) of the Salar de
Atacama. Godfrey et al. (2003) identified the meteoric water source
for the Salar de Atacama and Altiplano basins considering
paleoclimate effects. Herrera et al. (2016) considered the connection
between highland basins. Lagos (2016) studied the sources of the
hot springs. Moran et al. (2019) studied the sources feeding dis-
charges in the Salar de Atacama.

The objectives of this research are (1) to find the origin of the air
masses that cause precipitation, (2) to identify the type of clouds,
(3) to characterize the isotopic composition of precipitation producing
recharge and (4) to identify the recharge areas of the northern, eastern
and south-eastern subbasins of the Salar de Atacama based on isotope
composition.

The cases that are considered here correspond to the northern, east-
ern and south-eastern peripheral subbasins of the Salar de Atacama and
the basins at the Altiplano-Puna Plateau in northern Chile (Fig. 1). The
western half of the Salar de Atacama basin is not studied, as it contrib-
utes less than 1% of the recharge to the peripheral aquifers of the salt
flat (IDAEA-CSIC, 2017; Munk et al., 2018). Deep groundwater inflow
below the halite salt nucleus (core) is not considered in this investiga-
tion. Its possibility was suggested by Marazuela et al. (2020) and
Munk et al. (2018, 2021).
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2. Study area

The Salar de Atacama (Figs. 1 and 2) is the largest salt deposit in
Chile and the third largest in America. It is approximately 100 km long
and 80 km wide, covering an area of approximately 3100 km? (IDAEA-
CSIC, 2017). It contains 40% of the world reserves of lithium and large
amounts of boron and potassium salts. The elevation of the Salar de
Atacama is 2300 m above sea level (masl) (Tejeda et al., 2003). The cen-
tral depression is occupied by a nucleus (core) composed essentially of
1100 km? of halite, 900 m thick, surrounded by a marginal zone of saline
silt flats with a surface area of approximately 2000 km? (IDAEA-CSIC,
2017). The nucleus contains interstitial sodium chloride brine, which
is rich in magnesium, potassium, lithium and boron.

The Salar de Atacama basin is an endorheic area located in a tectonic
depression filled by clastic and evaporitic sediments. It covers an area of
approximately 13,300 km? (Mardones, 1998) and it is bounded to the
west by the Cordillera de la Sal, which extends from NNE to SSW on
the slopes of the Cordillera de Domeyko and to the east by the Cordillera
Occidental of the Andes (Andean Western Range). There are high peaks
that correspond to active volcanic arc edifices (>5500 m asl). Other
limits are the El Tatio Mountains to the north and the Cordén de Lila
mountains and Sierra de Varas to the south (Figs. 1 and 2) (Rubilar
etal, 2018; Tejeda et al., 2003).

The annual mean temperature and precipitation rate in the Salar de
Atacama basin are 14 °C and 160 mmy/year, respectively (Risacher et al.,
1998). During the austral summer (December-March), the greatest
amount of annual rainfall (87% of annual rainfall) occurs, due to the in-
tensification of the easterly winds that carry masses of humid air
(Fuenzalida and Rutllant, 1986) that come from the Atlantic Ocean
and cross the Amazon basin (Garreaud et al., 2003; Garreaud, 1999,
2000; Vuille, 1999) and the Gran Chaco (Dapefia and Panarello, 2005;
Gonzalez et al., 2009; Valdivielso et al., 2020). This intensification of
the easterly winds causes masses of humid air to cross to the west and
generate precipitation in the study area. During the austral winter
(June-September), the Pacific anticyclone approaches the coast and
cold ocean currents come from the Antarctic (i.e., the Humboldt Cur-
rent) (Aravena et al., 1999; Sanchez-Murillo et al., 2018; Vuille et al.,
1998). The winds from the Pacific Ocean carry dry air masses towards
the interior of the continent, thus producing little precipitation,
amounting about 7% of annual rainfall (Garreaud et al., 2003; Pourrut
and Covarrubias, 1995; Vuille, 1999; Vuille and Ammann, 1997). During
some wet winters, numerous snowfalls occur in the study area
(Houston, 2006a; Saavedra et al., 2017, 2018; Vuille, 1999; Vuille and
Baumgartner, 1998).

The Salar de Atacama basin contains the Rio Grande River and its
tributaries, the San Pedro River and the Vilama River, which flow from
north to south towards the salt flat (Salas et al., 2010). There are also
some intermittent streams (brooks, quebradas) descending from the
Andes mountain range, whose water from storm runoff and springs in-
filtrates in the extensive alluvial fans on the east side of the Salar. There
are lagoon systems and associated ecosystems belonging to the Los
Flamencos National Reserve in Soncor, in the northern Salar de
Atacama. Since 1996, the Soncor lagoons have been included in the
Ramsar Convention's international list of wetlands. The springs at the
northern freshwater-saline water mixing zone and the Soncor lagoons
are related to structural controls (faults and fractures) (Marazuela
etal, 2018).

The Salar de Atacama is the current depocentre of an endorheic basin
where a series of clastic, volcanic and evaporitic sediments have been de-
posited from the Upper Cretaceous to the present (IDAEA-CSIC, 2017).
The basement of the Salar de Atacama is gently folded and strongly
faulted. It is formed by lavas from the Upper Miocene to the Holocene,
ignimbrites from the Upper Miocene to the Pleistocene, and red sedi-
ments from the Paleozoic belonging to the Peine and Cas Formations
(Ramirez and Gardeweg, 1982; SERNAGEOMIN, 2003). The erosive sur-
face of the basement is covered by the ignimbrite deposits. The alluvial
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Fig. 1. Location map of the study area. A) Location in South America. B) The green area is the Salar de Atacama and basins in the Altiplano-Puna plateau in the Antofagasta region (northern
Chile) (base map from satellite data SRTM. http://earthexplorer.usgs.gov/). C) Boundaries of the sub-basins of the Salar de Atacama and location of water samples; the black line is
the Middle Mixing Zone (MMZ) in the Salar de Atacama defined by Marazuela et al. (2018) and the blue circles in the Altiplano-Puna indicate the plateau zones. D) Profile West-East
(A-A") of studied area with indication of the assumed water table. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

deposits are made up of Quaternary detrital materials. On the eastern side
of the Salar de Atacama, the ignimbrites and alluvial fans constitute
an important hydrogeological and geomorphological transition zone
between the volcanic chains and the depression containing the salt
flat. The numerous ignimbrite layers and alluvial fans constitute impor-
tant controls on springs and diffuse flows (intermittent streams) at the
margin of the basin floor (Jordan et al., 2002). Often, nonwelded and
moderately welded fractured ignimbrites have high water infiltration
capacity (Marazuela et al., 2019a) and, when they are below the water
table, they may constitute local and regional aquifers. The welded
ignimbrites may act as confining units (Herrera et al.,, 2016). The large al-
luvial fans along the margins of the Salar provide substantial groundwater
storage capacity and allow flow in the lower eastern slopes (Houston,
2009).

To the east of the Salar de Atacama, there is the Altiplano - Puna
Plateau, whose altitude is greater than 4000 m asl. It contains small
endorheic basins limited by Upper Miocene to Holocene volcanoes
and covered by Quaternary alluvial fan deposits in its lower parts.
Usually, these basins have lagoons, such as the Miscanti and Miflique
lagoons, or salt flats in their lower parts, such as Tara, Pujsa and
Aguas Calientes, in the basins of the Altiplano-Puna Plateau. The ba-
sins of the north-eastern Altiplano-Puna Plateau are larger and
formed by Paleozoic rocks and Palaeogene alluvial sedimentary
rocks (SERNAGEOMIN, 2003). Several studies have investigated re-
charge to the aquifers of some of these basins in the southern part
of the Altiplano-Puna Plateau inside the large volcanic-tectonic
Caldera de La Pacana and the extension to the south (Herrera et al.,
2016, 2019; Urrutia et al., 2019).
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Fig. 2. Location map of water samples with isotopic analysis. The map includes the precipitation stations, the permanent streams, the intermittent streams, and the middle mixing zone

(MMZ) in the peripheral aquifers to the Salar de Atacama.

Most of the studied water points are on the periphery of the Salar de
Atacama. The surface water corresponds to lagoons, and the numerous
groundwater samples correspond to study, monitoring and sampling
boreholes and pits related to the Salar. However, in the slopes of the
basin, surface water samples correspond to lakes/lagoons, springs, per-
manent streams (rivers) and intermittent surface water flows after
rainfall events and snowmelt periods, and groundwater samples are
scarce. The boreholes are used to obtain groundwater for mining activ-
ities in the Salar de Atacama and for investigations carried out in the
Altiplano basins as part of the environmental impact studies needed
to obtain mining concessions. The different points considered here,
which include most of the existing ones, are shown in Figs. 1 and 2.

3. Material and methods
3.1. Meteorological data

This study uses daily meteorological data on atmospheric tempera-
ture, relative humidity and precipitation from 1973 to 2020 (Fig. 1). The
records correspond to 31 automatic weather stations belonging to the
General Directorate of Waters of Chile (Center for Climate and
Resilience Research, 2020; DGA, 2020) and Soquimich (SQM) mining
company. These 30 weather stations are located at elevations from 2300

to 4825 m asl, with 20 of them between 2300 and 2500 m asl, in the nu-
cleus and the marginal zone of the Salar. The data used in this work are
available as Supplementary Material (SM_Meteorological_data).

3.2. Back trajectory analysis

Back trajectory analysis is a commonly used method to identify at-
mospheric transport patterns and/or determine the origins and path-
ways of trace substances in the air (Cabello et al., 2008). Air mass back
trajectory analyses were obtained using the Hybrid Single Particle
Lagrangian Integrated Trajectory (HYSPLIT) Model v.4 (Draxler and
Hess, 1997; Draxler, 1999; Stein et al., 2015), with meteorological
datasets available from the Air Resources Laboratory (ARL) of the
National Oceanic and Atmospheric Administration (NOAA, USA). Each
trajectory was calculated using data from the National Centers for
Environmental Prediction/National Center for Atmospheric Research
(NCEP/NCAR) Global Reanalysis meteorological reanalysis pressure
(RP) data files as input for the HYSPLIT model at 240 h' time steps
back at 1500, 3000, 5500 m AGL (above ground level) for the coordi-
nates of the Chaxa and LZA3-1 rain samplers on the days in which rain
was recorded at the weather stations. Two-hundred forty hours was
considered sufficient time to identify the time of arrival from the
ocean to the collection point of the precipitation sample.
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3.3. Outgoing longwave radiation

Non-interpolated outgoing longwave radiation (OLR) is a measure
of the amount of energy emitted into space by the Earth's surface,
oceans and atmosphere. OLR values are often used as a proxy for con-
vection in subtropical-tropical regions, as maximum cloud tempera-
tures are an indicator of cloud height: the lower the temperature is,
the higher the clouds are (Liebmann, 1996; Morales et al., 2018; Risi
et al, 2008a, 2008b; Vuille et al., 2008).

Non-interpolated daily OLR values from 2002 to present are taken
from the twice daily Advanced Very High Resolution Radiometer
(AVHRR) OLR soundings at 2.5° x 2.5° resolution provided by NOAA/
OAR/ESRL PSL, Boulder, Colorado, USA (https://psl.noaa.gov/data/
gridded/data.uninterp_OLR.html#detail) at the LZA3-1 and Chaxa sam-
pling points.

3.4. Isotopic data

As shown in Fig. 2, the isotopic analysis dataset consists of three
types of water that were collected in the study area: (1) precipitation,
(2) surface water and (3) groundwater. As it is a large dataset, data
were grouped by subbasins in the Salar de Atacama and Altiplano-
Puna Plateau basins. To facilitate the discussion, it is convenient to dis-
tinguish between the northern subbasins (Salar de Aguas Calientes,
Lejia lagoon, Miscanti and Mifiique lagoons, Tuyajto lagoon, Salar de
Laco, Salar de Talar, and Salar de Incaguasi) and the southern subbasins
(Salar de Tara, Salar de Quisquiro (or Salar de Layaques), Salar de Pujsa,
Parico lagoon, and Helada lagoon). Fig. 2 shows the most important lo-
cations. The datasets used in this work are available as Supplementary
Material (SM_Isotopic_data).

In the study area, seven passive precipitation samplers (submerged
tube totalizers) were installed that allowed rain samples with practi-
cally no evaporation to be obtained, for subsequent analysis of stable
isotopes in water, as required for global monitoring networks of the iso-
topic composition of precipitation (Antonio, 2018; dos Santos et al.,
2019; Duvert et al.,, 2016; Esquivel-Hernandez et al., 2019; Groning
et al.,, 2012). Some samples correspond to precipitation of a month or
a few months, with many months in which there was no precipitation.
The samplers were installed in the core of the salt flat in the village of
Toconao, near the Chaxa, Quelana and Interna lagoons, in the El Tatio
geothermal field (to the NE, outside Fig. 2), in the Atacama Large Milli-
meter/submillimeter Array (ALMA) observatory and at Paso Jama on
the border between Chile and Argentina. Forty accumulated rainwater
samples were collected in 30 mL polyethylene bottles in the
2017-2021 period. All these samples were analysed for 630 and 6°H
at the University of Waterloo-Environmental Isotope Laboratory
(uwEILAB) using a Los Gatos Research Off-Axis Integrated Cavity Output
Spectroscopy (LGR-OA-ICOS) laser system. The analytical uncertainty is
+0.2%o for 580 and +0.8%. for 5%H. Precipitation samples were also col-
lected at 24 other sites in the eastern part of the Salar de Atacama during
several field trips, capturing precipitation events between January,
March and June 2017, and January and March 2019. These rainfall sam-
ples were obtained at different elevations through samplers deployed in
the study area. These samplers consisted of a screen-covered funnel and
collection bottle containing 2.5 cm of vaseline (petroleum jelly) or
liquid paraffin to prevent evaporation of the underlying water. The sam-
ples were retrieved periodically during the study or as soon after the
rain event as was logistically possible. The volume of the water sample
was measured and then extracted from each rain catcher with a syringe
and transferred to a plastic bottle. Analyses were performed at the Envi-
ronmental Isotope Laboratory of the University of Arizona. 5'0 and 6*°H
were measured on a gas-source isotope ratio mass spectrometer
(Finnigan Delta S). Data are reported in %o relative to the V-SMOW stan-
dard. Hydrogen and oxygen isotope ratios were measured separately.
For hydrogen, samples were reacted at 750 °C with Cr metal using a
Finnigan H/Device coupled to the mass spectrometer. For oxygen,
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samples were equilibrated with CO, gas at approximately 15 °C in an
automated equilibration device coupled to the mass spectrometer. As
waters are isotopically light, a two-point calibration was applied, the in-
ternational references Vienna Standard Mean Ocean Water (VSMOW)
and Standard Light Antarctic Precipitation (SLAP). The precision was
0.9% or better for 52H and 0.08%. or better for 6'0 on the basis of
repeated internal standards. Additionally, precipitation isotopic data
(accumulated samples) from previously published studies carried out
in the study area were included in this analysis (Cortecci et al., 2005;
CRICYT, 2017; Godfrey et al., 2003; Herrera et al., 2016; Lagos, 2016;
Moran et al., 2019). The complete dataset consists of 113 isotope analy-
ses in the 2000-2017 period.

The second group corresponds to surface water samples of rivers, in-
termittent and permanent streams, ephemeral lagoons, lagoons and
lakes. The dataset consists of 158 isotope analyses in the 1994-2019 pe-
riod in the Salar de Atacama basin (Amphos 21, 2009a; Chaffaut et al.,
1998; CRICYT, 2017; Godfrey et al., 2003; Herrera et al., 2019; Moran
etal, 2019; Ortiz et al,, 2014; SGA, 2015a, 2015b) and 48 isotope anal-
yses in the 1968-2019 period from basins on the Altiplano-Puna Plateau
(Cervetto, 2012; Chaffaut et al., 1998; DICTUC, 2009; Herrera et al.,
2016, 2019; Lagos, 2016; Moran et al,, 2019), as shown in Fig. 2.

The third group contains groundwater samples from wells, piezom-
eters, pits and springs. The Salar de Atacama basin has a halite nucleus
(core) whose high porosity is filled by brine in the centre of the basin
and a marginal zone resulting from the density contrast between the
brine and the freshwater coming from the eastern slope and ranges
(Houston, 2006b; IDAEA-CSIC, 2017; Marazuela et al., 2019b). For this
reason, wells and piezometers in the salt flat that are affected by the
core salt have been excluded, that is, the entire core up to the marginal
zone or middle mixing zone (Marazuela et al., 2018). The depth of the
wells and piezometers varies between 1 m and 280 m. The dataset of
analytical results of samples from the Salar de Atacama periphery that
are not affected by the core salts consists of 404 water isotope analyses
in the 1994-2019 period (Amphos 21, 2009b; Chaffaut, 1998; CRICYT,
2017; Fock, 2009; Godfrey et al., 2003; Huerta Vasquez, 2012; Moran
et al., 2019; Ortiz et al., 2014; Rissmann et al., 2015; SGA, 2015b; Tassi
et al., 2010). There are 275 isotope analyses in the 1994-2015 period
from basins on the Altiplano-Puna Plateau (Cervetto, 2012; Chaffaut,
1998; Chaffaut et al., 1998; DICTUC, 2009; Herrera et al., 2016; Lagos,
2016; Moran et al., 2019; Risacher et al., 1999).

The deuterium excess (d-ex), defined by d-ex = &°H — 85'%0
(Dansgaard, 1964), and the evaporation line (EL) as a regression line
through the water isotope data of each subbasin are calculated. EL inter-
cepts with the Global Meteoric Water Line (GMWL) points out the orig-
inal water reservoir impacted by isotopic fractionation processes. The
GMWL considered here is 6°H = 85'%0 + 10%., which is accurate
enough for the calculations and comparisons.

4. Results
4.1. Meteorology and sea surface temperature

The meteorological parameters present a clear seasonal cycle
(Fig. 3). The maximum values of temperature (Fig. 3. A.1), relative hu-
midity (Fig. 3. B.1) and precipitation (Fig. 3. C.1) occur in summer,
while the minimum values occur in winter.

The air temperature decreases with elevation, with a temperature
gradient of —0.62 °C per 100 m (Fig. 3. A.2). January and February are
the warmest months of the year: the average temperature is 19.9 °C
and 19.6 °C, the minimum temperature is 16 °C and 16.7 °C, and the
maximum temperature is 22.6 °C and 22.4 °C, respectively, between
2300 m asl and 2500 m asl, decreasing to an average temperature of
4.5 °C and 4.8 °C, a minimum temperature of —4.3 °C and —0.3 °C and
a maximum temperature of 12.8 °C and 7,7 °C, respectively, above
4000 m asl. June and July are the coldest months of the year: the average
temperature is 9.2 °C and 9.1 °C, the minimum is 5.8 °C and 5.6 °C and
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the maximum temperature is 14.9 °C and 12.6 °C, respectively, between
2300 and 2500 m asl, decreasing to an average temperature of —1.2 °C
and —1.6 °C, a minimum temperature of —5.2 °C and —5.5 °C and a
maximum temperature of 3.0 °C and 2.7 °C, respectively, above
4000 m asl (Fig. SM 2). The temperature is below zero in May, June,
July and August above 4000 m asl and in September and October over
4500 m asl.

The relative humidity increases with elevation, with a gradient of
0.36% per 100 m (Fig. 3. B.2). At altitudes between 2500 m asl and
3000 m asl, there was a 10-15% increase in relative humidity in all
months, and between 3000 m asl and 3500 m asl there was a similar de-
crease. February is the month with the highest humidity of the year: the
average relative humidity is 35%, the minimum relative humidity is
15.7%, and the maximum relative humidity is 69.8% between 2300 m
asl and 2500 m asl, increasing to 50% above 4500 m asl. September
and October have the lowest air humidity of the year: the average hu-
midity is 14% and 14.3%, the minimum humidity is 7.3% and 6.1%, and
the maximum humidity is 34.3% and 34.2% between 2300 m asl and
2500 m asl, increasing to an average humidity of 19.6% and 18.5%, a

minimum humidity of 17.7% and 14.6%, and a maximum humidity of
22.8% and 24.4% over 4500 m asl.

Precipitation increases with elevation, with a gradient of 5 mm/year
per 100 m, similar to the 4.6-5.0 mm per 100 m in the literature (IDAEA-
CSIC, 2017; Salas et al., 2010). January and February are the rainiest
months of the year, with 18.5 mm/month and 34 mm/month respec-
tively, with a decrease to 3 mm/month in March. The rest of the months
have extremely dry average values (<1 mm/month), except May
(2 mm/month), June (4 mm/month), July (1.3 mm/month) and August
(1.9 mm/month).

El Nifio/La Nifia is a phenomenon in the equatorial Pacific Ocean that
is characterized by five consecutive sea surface temperature (SST)
anomalies during three consecutive months (https://www.ncdc.noaa.
gov/teleconnections/enso/indicators/sst/). Warm (El Nifio) and cold
(La Nifia) periods were based on a threshold of 0.5 °C for the Oceanic
Nifio Index (ONI) (Fig. 3D). This standard measurement is known as the
Oceanic Nifio Index (ONI 3.4) (Center National Weather Service/Climate
Prediction, 2021). It is important to mention that not all altitude ranges
have registered months affected by these events. At low altitudes
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(below 3000 m asl), the summers affected by La Nifia are the hottest
(Supplementary Material, Fig. SM3) and the driest (Andressen et al.,
2007), and if they are affected by El Nifio, they are rainier (Supplemen-
tary Material, Fig. SM7). The coldest winters at low altitudes (below
3000 m asl) are affected by La Nifia and at high altitudes they are the
neutral (normal) years. Between 2300 and 2500 m asl, all neutral
months are more humid except February, March and April, which are
affected by La Nifia. Between 2500 and 3000 m asl, from July to Decem-
ber, the months affected by La Nifia are the least humid, while those af-
fected by El Nifio are the most humid (Supplementary Material,
Fig. SM5).

4.2, Precipitation and air mass trajectories

The HYSPLIT model (Stein et al., 2015) was used to identify the
preferential transport pathways followed by the air masses that ar-
rived at a point where a rain sample was obtained. It was found
that for a given day, the back trajectories are similar for 1500,
3000, 5500 m AGL (above ground level) at the coordinates of the
Chaxa and LZA3-1 rain samplers on the days that rain was recorded
(the results are available as Supplementary Material, SM_HYSPLIT).
The following results are based on the back trajectories at 1500 m
AGL.

During the austral summer months (December (Fig. 4C), January
(Fig. 4A), February (Fig. 4B) and March (Fig. 4C)), the daily back trajec-
tories were classified into three groups. The first group of trajectories,
corresponding to the trade winds, drag very humid air masses from
the North Atlantic Ocean across the Amazon basin towards the south-
west. They comprise 32% of the trajectories (8 trajectories, average pre-
cipitation is 4.2 mm) in Chaxa and 50% (11 trajectories, average
precipitation is 6.2 mm) in LZA3-1 (Aravena et al., 1989; Garreaud
et al,, 2003; Garreaud, 1999, 2000; Lowenstein et al., 2003; Vuille,
1999). The second group consists of continental paths transporting
moisture from the South Atlantic Ocean (40% of the paths, 10 trajecto-
ries, average precipitation is 4.5 mm, in Chaxa and 26%, 6 trajectories,
average precipitation is 2.8 mm, in LZA1-3) and across the La Plata
River basin and the Gran Chaco (Insel et al., 2009; Marengo et al.,
2002; Pabon-Caicedo et al., 2020; Rasmussen and Houze, 2016; Saulo
et al., 2000; Silva et al., 2010). The third group consists of trajectories
of moisture masses that come from the Pacific Ocean: 28% of the trajec-
tories (5 trajectories, average precipitation is 3.5 mm) in Chaxa and 26%
(3 trajectories, average precipitation is 0.8 mm) in LZA3-1. All the trajec-
tories that were carried out in January, February, March 2019 and 2020
are affected by El Nifio and February 2018 trajectories were affected by
La Nifia. During the austral winter and autumn months (Fig. 4D) all air
masses come from the Pacific Ocean 100% of the trajectories (10 trajec-
tories, average precipitation is 1.6 mm, in Chaxa and 11 trajectories, av-
erage precipitation is 3.2 mm, in LZA3-1) (Aravena et al., 1999;
Fuenzalida and Rutllant, 1986; Garreaud et al., 2003; Valdivielso et al.,
2020; Vuille, 1999). However, some months are affected by El Nifio (3
of the trajectories in Chaxa and LZA3-1), La Nifia (2 of the trajectories
in LZA3-1) and neutral (normal) years (7 and 6 of the trajectories in
Chaxa and LZA3-1, respectively).

Therefore, more abundant precipitation occurs in summer than in
winter. And in summer, air masses from the Atlantic Ocean produce
more precipitation than air masses from the Pacific Ocean. However,
there are differences in quantity between the Chaxa station (north of
the Salar) and the LZA3-1 station (east of the Salar).

4.3. Convective activities

The OLR (outgoing longwave radiation) values also have a marked
seasonal cycle characterized by minimum values during the summer
months and maximum values during the winter months (Fig. 3E). In
summer, the OLR decreases to 150 W/m?, and in winter, the opposite
occurs, increasing to 230 W/m?.
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Understanding the spatial and temporal variations in OLR is impor-
tant to determine the dynamics of the water balance at various scales,
as the OLR depends on the amount of clouds, convective intensity,
height of clouds, temperature of the atmosphere and amount of rain
(Lim et al.,, 2013; Morales et al., 2018; Risi et al., 2008a, 2008b). This un-
derstanding is important for the management and planning of water re-
sources. The low OLR values of the summer correspond to a greater
cloud cover (Fiorella et al., 2015) and to cold and high clouds in the at-
mosphere, which denotes deep convection (Guo et al., 2017; Vimeux
etal, 2011; Vuille et al., 2003, 2008). This deep convective activity orig-
inates from the atmospheric circulation that occurs over the Altiplano
and the Amazon (Valdivielso et al., 2020) (Fig. 4). The high OLR values
of the winter indicate low-level cloudiness or small water vapour con-
tent (Vuille et al,, 2008). The variation in the amount of seasonal precip-
itation, which is greater in summer than in winter, is reflected in the
OLR values and the precipitation recorded in the rain gauges of the me-
teorological stations. Therefore, the seasonal cyclicality of the OLR is also
not affected by El Nifio and La Nifia.

4.4. Isotopic composition of precipitation

The 113 precipitation samples (rainfall and snow) considered in this
study have a heterogeneous distribution in time and space, with the
largest number of samples in the summer and collected between
2300 m asl and 2500 m asl (Table 1).

The linear regression line of the accumulated precipitation samples
defined the local meteoric water line (LMWL), expressed by the equa-
tion 6°H = 6.9*6'80 + 1.9 (Fig. 5C). There is an altitudinal gradient of
680 in precipitation samples of —0.15%. per 100 m, with a coefficient
of determination of 0.1 (Fig. 5D); due to this great dispersion of the
data, the isotopic composition of precipitation in the Salar de Atacama
basin and the Altiplano-Puna Plateau basins was characterized by aver-
aging the stable isotope content values by elevation ranges (Fig. 5A). Av-
erage precipitation shows a progressive depletion of heavy isotopes as
elevation increases, except for an enrichment in heavy isotopes in the
range of 4000-4500 m asl with respect to the isotopic composition in
the lower elevation range. This exception may be related to the high
standard deviation caused by the high dispersion of the samples. The
average deuterium excess is 8.9%., and it increases progressively from
4.7%. in the range of 2300-2500 m asl to 16%. in the range of
4500-5000 m asl (Fig. 5D). In January and February, the average deute-
rium excess is 7.7%o, and it increases to 13.5%. in May, June and July.

This isotopic evolution of precipitation is consistent with the tem-
perature and altitude effects. The temperature is lower at higher alti-
tudes, which causes a greater isotopic fractionation effect in the
condensation of the vapour, producing precipitation that is richer in
heavy isotopes at low altitudes and progressively lighter precipitation
as the vapour rises in altitude. This altitudinal gradient calculated for
precipitation (-0.15%. per 100 m) is in the lower range of found values
(between —0.15%, and —0.5%. per 100 m) (Clark and Fritz, 1997),
and it is smaller than some of the §'80 altitudinal gradients obtained
in northern Chile, 0.2%. per 100 m (Aravena et al., 1989) and —0.5%o
per 100 m (DICTUC, 2008). The 6'80 isotopic gradient determined in
the Collacagua area is approximately —0.2%. per 100 m (Acosta and
Custodio, 2008); in the Loa Alto area, it is —0.26%. per 100 m
(Villablanca, 2009); and in the Tuyajto lagoon, it is —0.34%. per 100 m
(Herrera et al., 2016).

In the previous sections, it was observed that there is a clear seasonal
difference in meteorological parameters and in the origin and type of air
masses. For this reason, to analyse the seasonal variation in the isotopic
composition of precipitation, the samples were classified into two
groups: summer (December-April) and winter (May to November). In
general, seasonal variations occur in isotopic composition: rainfall is
lighter in winter (5'80%. between -8%. and -14%.) than in summer
(5'80%. between —4%. and —11%.) (Fig. 5B). In summer, precipitation
is more enriched in heavy isotopes at low elevations and depleted with
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Fig. 4. Back-trajectories indicating potential moisture sources of precipitation (plotted only for days in which precipitation was produced) in Chaxa and LZA3-1. A) January trajectories,
B) February trajectories, C) March and December trajectories; average values of the summer months of non-interpolated OLR. D) During the winter (LZA3-1 light green lines and
Chaxa dark green lines) and in autumn (LZA3-1); average values of the winter months of non-interpolated OLR. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

Table 1
Altitudinal distribution of the number of isotopic accumulated precipitation samples in
each of the indicated periods.

Range altitude (m asl) In the year In summer In winter
2300-2500 44 23 15
2500-3000 15 9 5
3000-3500 5 3 2
3500-4000 15 8 5
4000-4500 20 14 5
4500-5000 14 11 2
Total samples 113 68 34

increasing elevation. The linear regression line of the accumulated
summer precipitation samples defining the LMWL is expressed by the
equation 5°H = 6.6*5'%0 + 1 (Fig. 5E). The altitudinal gradient of
5'80 in summer precipitation samples is —0.21%. per 100 m, with a
coefficient of determination of 0.2. Deuterium excess increases from
2.9%. in the range of 2300-2500 m asl up to 20%. in the range of
4500-5000 m asl (Fig. 5F). In winter, precipitation is more enriched in
heavy isotopes at low elevations and lighter with increasing elevation
up to 3000-3500 m asl, but it becomes more enriched (heavier) again
at higher elevations. It is important to note the low number of winter
samples (2 or 5 samples per 500 m elevation) above 2500 m asl
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Fig. 5. Isotopic composition of precipitation. A) Average values of 5'%0 and 6°H and its standard deviation of precipitation data by altitude range. The black line is the GMWL. B) Average
values of summer precipitation (circles) and winter precipitation (triangles). C) The values of precipitation and average values of 5'0 and §*H. D) 5'®0 - altitude for precipitation; the
colour indicates values of deuterium excess. E) Values of summer precipitation and average values of summer precipitation. F) 5'0 of summer precipitation - altitude relationships.
G) The values of winter precipitation and average values of winter precipitation. H) 6'%0 of winter precipitation - altitude relationships.

(Table 1). The linear regression line of the accumulated winter precipi-
tation samples defining the LMWL is expressed by the equation 6*H =
7.4 %5180 + 5.8 (Fig. 5G). The altitudinal gradient of 5'®0 in winter pre-
cipitation samples is —0.08%. per 100 m, with a coefficient of determi-
nation of 0.02. Deuterium excess increases progressively from 9.1%. to
16.5%. from 4000 to 4500 m asl (Fig. 5H), with the highest value corre-
sponding to unaltered precipitation.

4.5. Surface water and groundwater isotopic compositions

The water isotopic data are plotted in the §*°H-5'80 diagram of Fig. 6,
distinguishing between groundwater (Fig. 6A, A.1, A.2, A.3) and surface

water (Fig. 6B, B.1, B.2, B.3). Springs may be in one or the other group,
depending on whether the sample is taken at the spring itself or corre-
sponds to flowing water in a stream fed by a spring. The isotopic compo-
sition of both surface and groundwater indicates that they are affected
by evaporation. The surface water in a given sub-basin has an isotopic
composition similar to that of groundwater in the sub-basin, in both
the Salar de Atacama and the Altiplano-Puna Plateau (Table 2). The sur-
face water and groundwater of the Altiplano-Puna Plateau basins are
isotopically lighter than the surface water and groundwater of the
Salar de Atacama sub-basins. In the study area, the waters in northern
Altiplano are the most depleted (lighter) in heavy isotopes, followed
by those in southern Altiplano.
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Table 2
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Evaporation line (EL) of each sub-basin and type of water and value of §*H%. and 5'®0%. when the EL intersects in each sub-basin. R? is the coefficient of determination.

Sub-basin Groundwater Surface water

Evaporation line R? 5°H%o 5'80%. Evaporation line R? &°H %o 5'80%.
North Altiplano-Puna plateau 8°H%o = 5.2°6'%0% — 33.8 0.80 —114 —15.5 5°H%o = 5.3"5'%0% — 29.5 0.88 —105 —14.4
South Altiplano-Puna plateau 5°H%o = 5.2°5'80% — 25.4 0.87 -92 —12.8 5°H% = 5.3°6'%0%, — 24.1 0.97 —90 —125
Monturaqui 8°H%o = 4.4°5'%0%, — 26 0.98 —69 —-10 8°H%o = 4.1°6'0%, — 28.6 0.99 —72 —10
Socaire 8°H%o = 4.4°6'0%, — 22.7 0.90 —62 -9 8°H%o = 4.5°6'%0%, - 25.7 0.91 —70 —10
Talabre 8°H%o = 4*56'%0% — 24.7 0.75 —58 -85 5°H%o = 2.7°6'%0%, - 32.9 0.58 —55 —8.1
Toconao 5°H%o = 3.4°6'%0% — 28.6 0.40 —57 —8.4 5°H% = 4.4*5'%0%, — 18.8 0.96 —54 —8.1
Rio Grande 82H%o = 2.2°6'%0%, — 41.1 0.13 —61 —88 8°H%o = 4.4°6'%0%, — 24.2 0.80 —66 -95

The water evaporation lines of the North and South Altiplano-Puna
Plateau subbasins, with a slope of approximately 5.2 (Table 2), intersect
the GMWL between §°H = —113%. and —92%. for groundwater and
between —106%. and —90%. for surface water. The waters of the subba-
sins of the Salar de Atacama are isotopically heavier. Evaporation lines
intersecting the GMWL are defined as being between —69%. and
—58%o 62H for groundwater and between —72%. and —55%. 62H for
surface water. The coefficients of determination of the linear regression
of groundwater in the Toconao and Rio Grande subbasins are low, 0.4
and 0.13, respectively, because the samples are not aligned and cluster
close to the GMWL.

Therefore, the meteoric waters that supply the waters of the high-
lands are lighter than the meteoric waters recharging the basins of the
Atacama salt flat. In addition, there is a progressive enrichment in
heavy isotopes from the southern subbasins to the northern subbasins
(following the sequence Monturaqui, Socaire, Talabre and Toconao),
with the exception of the Rio Grande sub-basin in the northern part of
the Salar de Atacama basin.

5. Discussion

As described in the previous section, there are meteorological differ-
ences in the origin of the air masses and the type of clouds that produce
precipitation in summer and in winter (Fig. 4), which explain the sea-
sonal variation in the isotopic composition of precipitation (Fig. 5B).
For example, summer precipitation results from the air humidity of at-
mospheric masses with a longer path across the continent than winter
precipitation; therefore, summer precipitation should be more depleted
in heavy isotopes, although it incorporates more recycled vapour due to
evaporation in the continent from free water in surface water bodies
and wetlands, which is isotopically heavier. Additionally, according to
Risi et al. (2008a), when convection is more intense (in summer), the
convective air mass flows are stronger and reach higher levels, and
the related unsaturated air downdrafts are enhanced. Therefore, the
sub-cloud vapour is more depleted in heavy isotopes than the vapour
produced by the less intense winter convection activity. It seems that
these effects do not dominantly affect the precipitation in the Salar de
Atacama. The observed enrichment of summer precipitation in heavy
isotopes and low deuterium excess is probably caused by partial evapo-
ration of raindrops during rainfall. Therefore, the deuterium excess of
precipitation is smaller on the ground than at the cloud base. The
three groups of air mass trajectories that cause precipitation in summer
cannot be isotopically differentiated because the samples analysed are
accumulated samples from several different precipitation events. How-
ever, depletion of winter precipitation in heavy isotopes and the high
values of the deuterium excess derive from precipitation originating in
vapour re-evaporated from the soil (Putman et al., 2019).

The surface water evaporated in a given subbasin has an isotopic
composition similar to that of groundwater in the subbasin in both the
Salar de Atacama and the Altiplano-Puna Plateau. Therefore, recharge
is derived from the infiltration of surface waters evaporated from
lakes, rivers, wetlands and river channels (Jasechko, 2019). The analysis
of the relationship between surface water and groundwater has been
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carried out in subbasins to determine if there is local or regional re-
charge from the highlands to the Atacama salt flat. The groundwater
of the wells and piezometers of the Salar de Atacama peripheral aquifers
considered here is not affected by the nucleus because their plots are
aligned in the evaporation line with the shallow groundwater (Fig. 6A).

The precipitation falling between 3000 and 5000 m asl fits the isoto-
pic composition (before fractioning processes due to evaporation) of
both groundwater (Fig. 6. A1) and surface water (Fig. 6. B1) in the east-
ern subbasins of the Salar de Atacama. In the Altiplano-Puna Plateau ba-
sins, surface water and groundwater correspond to lighter precipitation
than that sampled in this study, which is consistent because the floor
areas of the Altiplano-Puna Plateau basins are more than 4000 m asl
and are surrounded by volcanoes which top exceeds 6000 m asl, so
they receive precipitation from higher altitudes than the precipitation
analysed in this study (Fig. 6).

The relationship between seasonal variation in rainfall and the isoto-
pic footprint of surface and groundwater has not been clearly identified.
Winter precipitation is more similar to meteoric waters that originate
from surface and underground waters. However, this differentiation
cannot be made because groundwater samples are a mixture of re-
charge waters of different altitudes and with variable flow times.
Moran et al. (2019) obtained similar isotopic compositions of what
they called “premodern” (>60 years old) groundwater, based on the tri-
tium content. However, Godfrey et al. (2003) identified that the mete-
oric water sources for the Salar de Atacama and Altiplano basins are
the same and modern, discarding paleoclimate effects. Groundwater ap-
parent ages over 60 years old are compatible with the existence of mod-
ern recharge due to the long transit times through the often very thick
unsaturated zone and long way in the aquifers.

This isotopic difference between the waters of the Altiplano - Puna
Plateau basins and the Salar de Atacama and the isotopic similarity of
rainfall and the waters of the Salar de Atacama support the hypothesis
that recharge to the eastern peripheral alluvial aquifers of the Salar de
Atacama is due to local precipitation and surface water generated
within the hydrographic basin. Focused mechanisms can be triggered
by storm events in fractured lavas and gullies, and infiltrate down-
stream in alluvial fans. The studies that consider that there is a water im-
balance between recharge by rainfall and evapotranspiration in the
Salar de Atacama basin and, therefore, that there is an additional contri-
bution of groundwater from the Altiplano-Puna Plateau basins (Boutt
et al., 2021; Corenthal et al., 2016; Moran et al., 2019; Salas et al.,
2010) probably underestimate the recharge mechanisms and rates.
They consider that there is no diffuse recharge when precipitation is
less than 120 mm (Houston, 2009) and do not take into account snow-
melt contributions (50-80 mm/year of snow water equivalent), of
which 20%-30% sublimates or is exported by wind before infiltrating
(Moran et al.,, 2019). In the Tuyajto basin, east of the Salar de Atacama,
Urrutia et al. (2019) found through an energy balance that snow appar-
ently does not contribute much to groundwater recharge, as snow
falling in the lower parts of the basins sublimates in a short time. The
DGA stations that measure snowfall in the Altiplano basins east of the
Salar de Atacama have discontinuous and unreliable snowfall records.
The DGA (2013) study, based on Mardones (1986) and DGA/GCF
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(2010), underestimates aquifer hydraulic parameters or overestimates
evaporation.

The study area is an example of mountain block recharge (Espinosa
et al., 2014; Figueroa et al., 2021; Taucare et al., 2020; Urrutia et al.,
2021; Viguier et al., 2019). Mountain-block recharge is composed of
mountain block, basin fill and mountain front. A mountain block is an
area of topographically elevated and rugged terrain where the shallow
subsurface is composed predominantly of bedrock. A mountain block
is thus topographically and geologically distinct from adjacent lowland
areas, which are relatively flat and underlain by thick unconsolidated
to semi-consolidated sediments (“basin fill”) that often form highly pro-
ductive aquifers. The geologic contact between the mountain block and
the adjacent basin fill is the mountain front (HIRAVOL, 2020; Markovich
et al, 2019; RAEMIA, 2019; Wilson and Guan, 2004).

In Altiplano, there are numerous salt flats that are probably fed by
aquifer recharge and the internal runoff. This possibility is currently
being studied, aiming to quantify the water budget with the help of at-
mospheric chloride deposition if the available data allow for it with a
reasonable uncertainty.

6. Conclusions

In the Salar de Atacama and the Altiplano basins adjacent to it, the
meteorological parameters (temperature, relative humidity and precip-
itation), the origin and type of precipitation and the isotopic composi-
tion of that precipitation vary seasonally. The maximum values of
temperature, relative humidity and precipitation are registered in sum-
mer. These abundant precipitations come from 3 different trajectories of
air masses: (1) being dragged from the Atlantic Ocean by the Amazon
basin; (2) crawling from the South Atlantic Ocean through the La Plata
River basin and the Gran Chaco; and (3) crawling and from the Pacific
Ocean. The analysis of the summer trajectories was carried out in in Jan-
uary, February, March 2019 and 2020 are affected by El Nifio and Febru-
ary 2018 trajectories are affected by La Nifia. These precipitations are of
the deep convective type, are enriched in heavy isotopes compared to
winter precipitations and with lower deuterium excess. Therefore, con-
vective activity and the continental effect do not affect the isotopic com-
position as much as expected. The recycling effect of vapour from bodies
of water and vegetation, and the partial evaporation of raindrops during
rainfall have greater implications.

In winter, there are minimum values of temperature and relative hu-
midity, and precipitation is scarce. All the daily rear trajectories of the air
masses analysed originate in the Pacific Ocean, which correspond to
months affected by El Nifio, La Nifia and neutral (normal). These precip-
itations are not due to deep convection, are lighter in heavy isotopes,
and have higher deuterium excess than summer precipitations. This iso-
topic composition is probably due to the low temperatures and the con-
tribution of re-evaporated vapour from the soil.

In the Salar de Atacama basin and the Altiplano-Puna Plateau basins,
precipitation shows a progressive depletion of heavy isotopes with in-
creasing elevation. The isotopic composition of evaporated surface
water is similar to that of groundwater, demonstrating the infiltration
of surface water into the aquifer in each subbasin. The extrapolation of
the evaporation lines to characterize the original isotopic composition
indicates that there are clear differences between the waters of the
Altiplano-Puna Plateau basins and those of the aquifers in the eastern
and southern parts of the Salar de Atacama basin. The meteoric source
of waters in the Altiplano-Puna Plateau basins is isotopically lighter
than waters in the Salar de Atacama basin. Isotopically light water
from the Altiplano is not found in the peripheral aquifers of the Salar
de Atacama sub-basins, even considering the slope effect (mixing of
groundwater recharged at variable elevations along the slope). The me-
teoric sources of surface water and groundwater in the Salar de Atacama
subbasins are consistent with modern rainfall, although a long delay is
possible due to the transit time through the unsaturated and saturated
zones. For this reason, the isotopic difference identified in this study
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between summer and winter rainfall does not show up in surface
water and groundwater. This implies that although the rainy season is
summer, there is also recharge during winter.

Precipitation at high elevations infiltrates the volcanic cones or pro-
duces surface runoff. Therefore, the first volcanic chain of the Chilean
Andes (the westernmost volcanoes of the Andes, mountain block) is
similar to a “water tower”, creating a water table divide around the to-
pographic watershed between the Salar de Atacama basin and the
Altiplano-Puna Plateau basins, although it is possible that some of the
westernmost lagoons have underground outflows to the west. In
streams, part of the surface water infiltrates into ignimbrite formations
(mountain front), and another part continues to descend in permanent
and intermittent streams to alluvial fans (basin fill), where there is fo-
cused (concentrated) recharge.
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