
Science of the Total Environment 690 (2019) 329–351

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
The origin of solutes in groundwater in a hyper-arid environment: A
chemical and multi-isotope approach in the Atacama Desert, Chile
Carolina Gamboa a,⁎, Linda Godfrey b, Christian Herrera a, Emilio Custodio c, Albert Soler d

a Department of Geological Sciences, Universidad Católica del Norte (UCN), Antofagasta, Chile
b Earth & Planetary Sciences, Rutgers University, Piscataway, NJ, USA
c Royal Academy of Sciences and Group of Groundwater Hydrology, Department of Civil and Environmental Engineering, Technical University of Catalonia, Barcelona, Spain
d Grup MAiMA, SGR Mineralogia Aplicada, Geoquímica i Geomicrobiologia, Departament de Mineralogia, Petrologia i Geologia Aplicada, Facultat de Ciències de la Terra, Universitat de Barcelona
(UB), c/ Martí Franquès s/n, 08028 Barcelona, Spain
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• The groundwater solutes were investi-
gated using major elements and multi-
isotopes.

• Atmospheric dust originated in the Cen-
tral Depression contributes to recharge
water.

• The hydrochemistry suggests evapo-
concentration processes in groundwa-
ter.

• Three geological units are involved in
water-rock interaction processes in the
area.
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The major ion and the multi-isotopic composition (87Sr/86Sr, δ11B, δ34S(SO4) and δ18O(SO4)) of groundwater
from the Central Depression in northern Chile is investigated to identify the origin of groundwater solutes in
the hyper-arid core of the Atacama Desert. The study area is between the Cordillera de Domeyko and the Central
Depression, at latitudes 24–25°S, and is characterized by near-zero airmoisture conditions, rare precipitation and
very limited runoff. Groundwater composition varies from Ca-HCO3 to Ca, Na-SO4 type below elevations of
3400m a.s.l. The rCl/rBr ratio of meteoric waters and groundwater overlap, but significantly increase in the aqui-
fer as salinity goes up due to evapoconcentration far from the Domeyko Cordillera. Thewind-displaced dust orig-
inating in the Central Depression (87Sr/86Sr: 0.706558–0.710645; δ34S(SO4): 0 to +4‰) affects the precipitation
composition in the highest parts of the Domeyko Cordillera (87Sr/86Sr: 0.706746–0.709511; δ34S(SO4): +1 to
+6‰), whose δ34S(SO4) and δ11B values are greatly different from marine aerosols, discarding its contribution
to dust at this distance inland. Sr and S isotopic values in groundwater indicate a strong relation with three
main geological units: i) Paleozoic rocks contribute high radiogenic strontium isotope ratios to groundwater
(0.707011–0.714862), while sulphate isotopic composition is probably acquired from atmospheric dust
(N− 1.4‰), ii) Jurassic marine limestones contribute low-radiogenic strontium isotopic ratios to groundwater
(b0.70784), while sulphate can be related to oxidized sulphides that change the isotopic signatures of sulphur
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(b−1.2‰), and iii) mixed salts in the Atacama Gravels contribute lower radiogenic strontium isotopic ratios and
sulphate to groundwater (87Sr/86Sr: b0.707324; δ34S(SO4): +0.1 to +7.7).
These three processes reflect water-rock interactions. The δ11B of groundwater generally up to +13‰, does not
increase along the regional groundwater flow path, discarding fractionation by interaction with clays. These re-
sults improve the understanding of the groundwater evolution in hyper-arid systems through a new conceptual
model.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

The Atacama Desert, in northern Chile (Fig. 1), is one of driest places
on Earth (Amundson et al., 2012). It is characterized by average rainfall
lower than 5 mm/year (Garreaud et al., 2010), high evaporation rates
(Risacher et al., 1999) and high solar radiation (Rivas et al., 2011). A
large portion of this arid zone in the Central Depression has been de-
fined as “absolute desert” (Latorre et al., 2002), which lacks vegetation,
precipitation is b1 mm/year (Quade et al., 2007), and potential evapo-
transpiration is on the order of 3500 mm/year (DGA, 2009). This cli-
matic context causes a low to a nil surface runoff in the Central
Depression (Nester et al., 2007). Different paleoclimatic records suggest
that this climatic situation has prevailed from the Miocene to the Pres-
ent (Jordan et al., 2014; Rech et al., 2006) and has led to sulphate and
other soluble salts, including nitrates, to accumulate on the surface.
These highly soluble salts accumulate in soils and can reach thicknesses
of several tens of centimetres, indicating that extreme aridity has
persisted in the Central Depression (Álvarez et al., 2015; Pérez-Fodich
et al., 2014). Despite this extreme dryness, a few springs in the Central
Depression and along the western flank of the Domeyko Cordillera,
are evidence of groundwater reserves, as in Pampa de Tamarugal and Si-
erra de Varas aquifers (Magaritz et al., 1990; Herrera, 1995; Fig. 1B). Due
to the extreme dry climate, these aquifers are a very importantwater re-
source for supplying drinkingwater to the local human community and
for fragile ecological systems, and are in great demand by the still grow-
ing mining sector in northern Chile (DGA, 2012).

Current knowledge about the aquifer systems functioning in the Cen-
tral Depression ismainly developed in the hyper-arid areas located north
of 23°S. They have focused on the chemical evolution of groundwater and
recharge processes in the Pampa del Tamarugal area using conventional
environmental isotope tracers (δ18O, δ2H and 3H), and show that cur-
rently there is very low recharge at elevations generally N4000 m a.s.l.
and none at lower elevations (Magaritz et al., 1990; Messerli et al.,
1993; Aravena, 1995; Aravena et al., 1999; Acosta and Custodio, 2008;
Houston, 2009). Other studies have applied numerical modelling of
groundwater flow and identification of piezometric levels (Rojas and
Dassargues, 2007; Rojas et al., 2010; Urqueta et al., 2018). However, the
vast majority of current research assessing groundwater systems south
of 23°S, have been restricted to aquifers located on the western flank of
the Western Cordillera, adjacent to the Salar de Atacama. They receive
more precipitation and are chemically characterized by dissolution of
old salts and by volcanic contributions (Risacher et al., 1999; Rissmann
et al., 2015; Ortiz et al., 2014; Corenthal et al., 2016; Herrera et al.,
2016). Other investigations of groundwater that discharges on the west-
ern side of the Coastal Cordillera show that solute concentrations result
from evaporative concentration (evapoconcentration). In the case of
deep groundwater sampled in wells in the eastern flank of the Coastal
Cordillera, salinity is due to mixing between old saline groundwater
flowing from the east and shallow, young and less saline waters recently
recharged (Herrera and Custodio, 2014; Herrera et al., 2018).

Paleoclimate records indicate that the aquifers considered above
could have been recharged primarily under less arid conditions in the
past (Gayo et al., 2012; Sáez et al., 2016; Herrera et al., 2018; Jordan
et al., 2019). The main recharge mechanism to the aquifers of the Cen-
tral Depression is by lateral transfer from higher areas (Aravena, 1995;
Acosta and Custodio, 2008; Acosta et al., 2013; Herrera and Custodio,
2014). The systems located south of 23°S need to be considered specif-
ically, since they present a different physiographic context. South of
23°S, pre-Andean basins have developed between the Domeyko Cordil-
lera and the Western Cordillera of the Andes (e.g., in Salar de Atacama
and Salar de Punta Negra), which constitute a local base level for the
groundwater systems. These groundwater systems may receive water
from moisture fronts originated in the Atlantic Ocean, which are able
to cross the Western Cordillera (Placzek et al., 2009). This can produce
exceptionally low recharge rates in the western Domeyko Cordillera
due to the lower precipitation (DGA, 2009) in comparison to northern
sectors. Several questions arise from these observations, including: 1. -
how does groundwater flow function in the Central Depression?, 2. -
does recharge occur in the Central Depression? and 3. - which physico-
chemical processes control groundwater composition in the western
slope of the Domeyko Cordillera?

A key aspect to answering the previous questions is to understand
these aquifer systems through the evaluation of the different physico-
chemical processes that govern the groundwater evolution (Custodio
and Llamas, 1976/1983; Custodio, 1985). For this reason, the main ob-
jective of this study is to determine the origin and spatial evolution of
groundwater solutes in the arid nucleus of the Atacama Desert, south
to 23°S latitude (Fig. 1). To achieve this aim, hydrochemistry of major
ions (Ca2+, Na+, Mg2+, K+, Cl−, SO4

2−, HCO3
−, NO3

−) and multi-
isotopic tracers (87Sr/86Sr, δ11B, δ34S(SO4) and δ18O(SO4))were used be-
cause they allow the evaluation of different water-rock reactions and
processes which cause fractionation. Furthermore, the use of environ-
mental isotopes generally reduces the number of possible conceptual
models. In this way, chemical data and strontium isotopes allow the
evaluation of the water-rock interaction processes, whereas the con-
ventional sulphate δ34S and δ18O isotope values identify possible inter-
action of sulphur mineral phases, and the boron isotopes identify
possible fractionation by sorption processes in clays and the possible
input from modern cyclic salts (Kendall and McDonnell, 1998). Deter-
mining these processes in a hyper-arid environment also allows predic-
tions of the chemical quality of local groundwater to be made, which is
needed to improve management of non-renewable water resources in
other regions with acute water scarcity. In addition, the groundwater
system in this area is complex by the presence of geological structures,
such as folds and faults, and stratigraphic and mineralogical changes
(Gamboa et al., 2015), including precipitation of secondary minerals in
the rock matrix that can alter the hydraulic conductivity and the poros-
ity of the medium (Custodio and Llamas, 1976/1983).

2. General setting

2.1. Landscape

The landscape of this part of the Second Region, Antofagasta, in
northern Chile, can be divided into five physiographic units, which
from west to east are (Fig. 2): 1. - the Coastal Cordillera (or Cordillera
de la Costa), 15 to 50 km wide, with an average elevation of 1500 m a.
s.l., and forms the western boundary, 2. - the Central Depression,
which is an elongated N-S sub-horizontal plain almost topping the Cor-
dillera de la Costa, 3. - the Domeyko Cordillera (or Cordillera de
Domeyko), which is locally called the Sierra de Varas in the north and
the Sierra Vaquillas Altas in the south, and has an average elevation of
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4000 m a.s.l., 4. - the Salar de Punta Negra, which is a Pre-Andean De-
pression at ~2960 m a.s.l., and 5. - the volcanically active Western Cor-
dillera of the Andes to the east, which exceed 4000 m a.s.l. and locally
reach 6000 m a.s.l. (Cembrano et al., 2007).

In this physiographic context, the study area is located to the south-
east of Antofagasta city (Fig. 1B), in the hyper-arid core of the Atacama
Desert, the Central Depression, which is limited to the east by thewest-
ern slope of the Domeyko Cordillera, between the coordinates 24°24′–
Fig. 1. Location map of the study area: A. - Location of Chile in South America, B. - General ma
Sampling locations, except Salar de Punta Negra and Oficina Rosario rock outcrops; the coo
green labels indicate the wells field of PeñonMine (PMWF) and Guanaco Mine (GMWF). UTM
legend, the reader is referred to the web version of this article.)
25°28′S and 69°05′–69°43′W. This area is approximately 7500 km2,
117 km long and 64 km wide. Despite the climatic setting, in this area
there are some small seeps or springs with a permanent outflow, as
well as galleries which drains shallow groundwater to the surface, and
some wells that have been drilled to access the groundwater resources
in the basin, owned by the mining companies Peñon and Guanaco
(Fig. 1C). The current extraction rate in eachwell is proprietary informa-
tion and unavailable to this study. The springs are associated with
p, with the location of the Antofagasta Region, North of Chile, and the study site, and C. -
rdinates of rock samples Gy4, NS, NN, RTh, Y4 and Y5 (a to c), are given in Table 5. The
datumWGS 84 zone 19 south. (For interpretation of the references to colour in this figure



Fig. 2.A. -Main physiographic units of the SecondRegion (Antofagasta) inNorthern Chile. The red areas represent thewatershed upstreamof the outflows symbolized by a black point. B. -
Exaggerated topographical profile a–a′ corresponding to the line traced in A; it shows the greater altitude foothills related to the path of groundwater flow through the area. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
The data source of Las Vertientes location is from Herrera and Custodio (2014).
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isolated plants and outflow in areaswhere there are faults or lithological
contacts in the lower part of the western slopes of Domeyko Cordillera
(Herrera, 1995; Sáez et al., 2016).

The lower parts of the sedimentary basins in the Atacama Desert are
extensively dominated by gravelly fluvial deposits, generally referred to
as the Atacama Gravels and alluvial formations. Incisions into the
AtacamaGravels have resulted in prominent and extensive fans and ter-
races. These landforms host well-developed salt-rich soils (Ewing et al.,
2006). Due to the deep groundwater table, which varies between 20
and 100 m below surface (Ruthsatz et al., 2018), an atmospheric origin
of most of the soluble salts in these soils has been suggested (Michalski
et al., 2004). This implies that themajor soil salinity developingmecha-
nism is atmospheric deposition ofwater-insolublemineral particles and
water-soluble salts, with contributions from seawater aerosols in areas
near the coast, inland anthropogenic emissions, and redistribution of in-
land salts deposits by eolian processes (Wang et al., 2014; Sun et al.,
2018).

2.2. Climatic setting

Two climate zones can be differentiated in the area: 1. - The hyper-
arid AtacamaDesert, with a ratio ofmean annual precipitation to poten-
tial evapotranspiration (MAP/PT) lesser than 0.05 (UNESCO, 1979),
stretching from the Pacific Ocean to the western flank of the Domeyko
Cordillera, and 2. - The arid zone, with MAP/PT ratio of 0.05–0.2
(UNESCO, 1979), that runs from the Domeyko Cordillera to the east
(Houston and Hartley, 2003; Jordan et al., 2019). The average precipita-
tion in the Atacama Desert is b5 mm/year (DGA, 2008; Garreaud et al.,
2010), while in the arid Andes it varies from 10 to 250 mm/year
(Houston and Hartley, 2003; Rech et al., 2003), with a strong altitudinal
control and scrub vegetation (Latorre et al., 2006).

In northern Chile, the hyper-aridity is controlled by three factors
(Hartley and Chong, 2002; Houston and Hartley, 2003; Garreaud et al.,
2010): a) the permanent Pacific Anticyclone triggering constant descent
of the dry upper-level air mass, b) the cold Humboldt Current that re-
duces ocean water evaporation, thus limiting the moisture supply to
the continent and causing a temperature inversion, and c) the presence
of theWestern Cordillera,which acts as a barrier preventing the passage
and the arrival of moisture coming from the Atlantic Ocean. About 80%
of total annual rain precipitated in the Andes, north of 30°S, occurs in
the austral summer bywet air transported by the South American Sum-
mer Monsoon, due to the intensification and displacement of the
Bolivian High (Garreaud et al., 2003; DGA, 2008). During the winter,
cut-offs and fronts bring snow from the south to as far north as 23°S
(Vuille andAmmann, 1997). The scarce rainfall over the Central Depres-
sion occurs mainly in austral winter months (records of the Agua Verde
meteorological station; DGA, 2008) and is probably linked to El Niño
warm phases (Houston, 2002), but rare precipitation events may
occur at other times of the year (Jordan et al., 2019). The mean annual
temperature is 17 °C and the average annual potential evaporation in
the closest meteorological station (Agua Verde; Fig. 2A) is
3736 mm/year, ranging from 3165 to 4151 mm/year (DGA, 2008). The
predominant wind direction is west to east across the region, with
local and seasonal variations (Stoertz and Ericksen, 1974; Rech et al.,
2003).

2.3. Geological background

The geological record in the study area ranges from Devonian to
Quaternary (Fig. 3). Paleozoic sedimentary rocks from the Argomedo
Formation are the oldest unit (Niemeyer et al., 1985; Augustsson et al.,
2015), and underlie pyroclastic and andesitic rocks of La Tabla Forma-
tion, that outcrops limited by faults as a strip N-S in the central part of
the Domeyko Cordillera (González et al., 2015). Monzodioritic, tonalitic
and granodioritic intrusive rocks were co-magmatic with La Tabla For-
mation (Venegas et al., 2013), which is overlain by the Sierra de Varas
Formation, a thick volcano-sedimentary succession, with pyroclastic
rocks. This unit contains multiple N-S faults that do not affect the over-
lying Profeta Formation (Charrier et al., 2007).

The marine deposits of the Profeta Formation are intensely folded
and faulted. These rocks are, from base to top: conglomerates, lime-
stones with a high fossil content, calcareous sandstones and shales,
with beds of Oxfordian gypsum-anhydrite on top. Some of the calcare-
ous rocks are fetid, suggesting the presence of organic matter and the
possible generation of sulphides during diagenesis (González et al.,
2015).

The Augusta Victoria, Quebrada Mala and Llanta Formations record
Upper Cretaceous volcanic activity and are composed of andesitic
lavas, volcanoclastic breccias, sandstones, agglomerates and rhyolitic
tuff (Venegas et al., 2013).

The volcanic rocks of Chile-Alemania Formation and the granodio-
ritic intrusive units represent intense magmatic activity of the
Paleocene-Eocene volcanic arc, located at that time to the west of the
Domeyko Cordillera. These rocks have a wide compositional range,
from basaltic and andesitic lava to rhyolitic tuff and lava, commonly
forming domes (Espinoza et al., 2011, 2012; González et al., 2015).
Areas of hydrothermal alteration and polymetallic veins located in
rocks of the Upper Cretaceous and Paleocene age are recognized in
small metal mineralizations. Silica, carbonate and variable presence of
primary sulphides occur in these hydrothermal veins (Espinoza et al.,
2011, 2012). The gravels of Aguada Zorro Formation and the alluvial
and colluvial sediments of Pampa de Mulas Formation (also described
as Atacama Gravels by Espinoza et al., 2011, 2012) were deposited
under a semi-arid climate. The sedimentary units from Pampa de
Mulas Formation are interbedded with the Miocenic Río Frío Ignim-
brites (Venegas et al., 2013; Ruthsatz et al., 2018). During the Neogene
and Quaternary, sedimentation was restricted to sporadic episodes of
high rainfall, allowing the erosion, transport and sedimentation of allu-
vial units along the Central Depression. Within these post-Miocene
gravels units, the hyper-arid conditions allowed the formation of
sulphate-rich paleosols and the accumulation of highly soluble salts,
like nitrates, borates, perchlorates, chlorides and sulphates (as gypsum,
anhydrite and thenardite; Barraza, 2006), among other salts (Wang
et al., 2014), on Pampa Buenos Aires (Fig. 3) and around Agua Verde
(Fig. 2A). In some areas, these soils contain nitrate of high enough
grade to be economically exploitable. These deposits are usually associ-
ated, although not restricted, to alluvial fans located along the eastern
margin of the Coastal Cordillera, in zones of lower elevation to the
west of the study area, as in the sectors near the Oficina Rosario and
Agua Verde (Ericksen, 1981; Böhlke et al., 1997; Pueyo et al., 1998;
Rech et al., 2003; Barraza, 2006). To the east of the Domeyko Cordillera,
in the Salar de Punta Negra, salts composed of chlorides, mainly recrys-
tallized halite crusts, and sulphates to a lesser extent, have been accu-
mulating since the Pleistocene (González et al., 2015).

2.4. Hydrogeological background

2.4.1. Groundwater flow in the Central Depression
The general groundwater flow is from the highest parts of the

Domeyko Cordillera, in their slopes, towards the lower parts in the Cen-
tral Depression. Groundwater flow in the western flank of Domeyko
Cordillera follow two main directions, both discharging in the Central
Depression: towards the northwest in the Peñon Mine wells field
(PMWF) and towards the southwest in the Guanaco Mine wells field
(GMWF; Fig. 1C). The water that flows towards the northwest has
been postulated to finally discharge in the ravine La Negra, which tra-
verses the Cordillera de la Costa towards the sea, feeding the Las
Vertientes Spring (Fig. 2), close to Antofagasta city (Herrera and
Custodio, 2014). Groundwater flowing to the southwest feeds the
Agua Verde aquifer (Urrutia et al., 2018). The groundwater flow that
discharges in the eastern flank of the Domeyko Cordillera goes to the
Salar de Punta Negra. Thus, groundwater flows through different



Fig. 3. Geological map of the study area (modified from Espinoza et al., 2011, 2012; González et al., 2015; Venegas et al., 2013). The brown straight lines correspond to the three
hydrogeological sections shown in detail in Fig. 12. (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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geological units, which can be grouped as: 1. - low permeability, frac-
tured basement in the core of the Domeyko Cordillera and 2. - higher
permeability, unconsolidated sedimentary units filling the Central
Depression ravines and basins (Gamboa et al., 2015). Using geophysical
methods, thewater table in the study area has been located between 20
and 100 m below land surface (Ruthsatz et al., 2018). However, it has
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not been possible to identify the basement depth with certainty, which
is probably between 150 and 500 m below land surface in some areas.
Geophysical surveys also show that resistivity increases downward,
which indicates high salinity fluids at depth (Ruthsatz et al., 2018).

3. Methods

3.1. Field sampling

Groundwater and meteoric water samples were collected between
2011 and 2017. Chemical sampling of wells started in 2011 and was re-
sumed between 2014 and 2017, addingwater samples of wells, springs,
snow and rain. In total, samples from 8 boreholes, 19 springs, 12 rain
samples from several events and 15 snow samples were obtained for
chemical and isotopic analysis (Table 1). Most of the springs are located
on the western slope of the Domeyko Cordillera, whereas wells are in
the distal part of the basin, at the Central Depression (Fig. 1). These pro-
duction wells are in well fields of the Peñon and Guanaco mines. Since
these wells are in constant use, borehole water is continuously
renewed, so samples obtained from them are representative of water
in the aquifer system. The meteoric water samples of rain and snow
were collected at different elevations to observe the chemical and isoto-
pic altitudinal variations for each event. The stable isotopes of δ18O and
δ2H of thewater samples in the study area presented in this research are
from Godfrey et al. (in prep). Most of the snow samples were collected
on the flanks of the Domeyko Cordillera, although a few were obtained
in the western sector of the study area. Some snow events affected a
large area, but, as the accumulated thickness was often small, it can be
assumed that this water contributed little to recharge due to sublima-
tion and ablation.

The physicochemical parameters were measured in the field in well
and spring waters using a portable pH-meter probe to obtain the tem-
perature (T) and pH (Hanna instruments, HI-9126; typical EMC devia-
tion: ±0.1 pH, ±0.4 °C of temperature), and a conductivity meter
Table 1
Location and main characteristics of wells and springs in the study area (E: eastward; W: west

Site Code
sample

Type UTM Elevation Distance to the
Domeyko
Cordillera (km)

N E m a.s.l.

Alto de Varas AV Spring 7255012 482001 3428 4
Río Frío (lower) RFi Spring 7225916 489677 3797 10
Punta el Viento PV Spring 7224753 477395 3968 1
Río Frío (upper) RFu Spring 7223654 489294 3849 10
Pampa las Mulas PM Spring 7221026 473354 3839 3
Pastos Largos PL Spring 7214930 470065 3789 0
Los Sapos (upper) LSu Spring 7211510 471101 3788 6
Los Sapos (lower) LSi Spring 7210659 468787 3534 9
Sandón (upper) SNu Spring 7207396 472011 3616 8

Sandón (lower) SNi Spring 7206511 471256 3550 9

Vaquillas Altas VA Spring 7200138 474089 3514 7
Quebrada del minero QM Spring 7241136 478053 3132 5
Monigotes (lower) MNi Spring 7239105 475446 3070 8
Monigotes (upper) MNu Spring 7238520 477330 3160 6
Chepica CP Spring 7236342 467628 2925 1
Quebrada Chaco
Norte

CN Spring 7187417 473255 3174 2

Quebrada Chaco Sur CS Spring 7186600 474968 3243 2
Cachinalito CC Spring 7219029 444280 2558 3
Escondida ES Spring 7203264 455143 2774 2
MC1 P1 Well 7299931 428484 1458 4
R106 P2 Well 7289481 436973 1617 4
Peñon well P3 Well 7286512 437367 1647 4
PQP2 P4 Well 7261884 449361 2073 3
QV1 G1 Well 7219866 460244 3125 1
WE-95 G2 Well 7219316 445280 2604 3
WE-57 (14) G3 Well 7219126 444399 2569 3
PA2 G4 Well 7217578 457789 3035 1
(Hanna instruments, HI-9033; typical EMC deviation: ±1%) to obtain
the electrical conductivity (EC). Alkalinity (Alk) was measured by acid
titration with phenolphthalein and bromophenol blue (Hanna instru-
ments, HI-3811). These field alkalinity values were only used to com-
pare with the values of HCO3 from the laboratory.

All groundwater samples were filtered through 0.45 μm porous
membranes in the field using a peristaltic pump or plastic syringes.
This also helped to preserve the samples after the collection for labora-
tory analysis (Bundschuh and Sracek, 2012). Samples were stored in
polyethene bottles of different volume, depending on the requirements
of each laboratory. Each bottle was filled, sealed and kept refrigerated at
4 °C until its shipment to the respective laboratory. Sampleswere dupli-
cated and the analyseswere carried out promptly, over a period not lon-
ger than 7 days.

Thirty-six sediment and rock samples for bulk isotopic analysis were
collected from widely distributed outcrops in the study area (Fig. 1C),
covering the most representative units identified during the field work.

3.2. Laboratory analysis

Geochemical analysis of major elements was performed for 25
groundwater (19 springs and 6 wells) and 19 meteoric water samples
(7 of rain and 12 of snow) at the Universitat de Barcelona Technical Ser-
vices Laboratories (CCiT-UB). Ca,Mg, K, Na, Si and B concentrations (the
last one only in some samples) were determined by inductively coupled
plasma emission spectrometry (ICP-OES), the anions Cl, SO4, NO3 were
determined by ion chromatography (IC) and the HCO3 was analysed
by acid-base automatic titration with HCl for concentrations higher
than 10 mg/L or by catalytic oxidation (TOC) for concentrations lower
than 10 mg/L. The instrumental quantification limits in mg/L are, Ca
0.05, Mg 0.1, K 0.5, Na 1, Si 0.1, B 0.05, Cl 1, HCO3 5, SO4 2 and NO3 0.1.
The relative standard deviations of the samples (%RSD) are Ca 4, Mg
2.2, K 3.7, Na 3.2, Si 3.6, B 3.7, Cl 1, HCO3 0.9, SO4 1.9 and NO3 0.05.
The ion charge balance of the chemical analyses was calculated as (A
ward). UTM datumWGS 84 zone 19 south.

top of the Principal formation

.1 E Pampa de Mulas Fm.

.9 W Ignimbrita de Río Frío in contact with Pampa de Mulas Fm.

.6 E La Tabla Fm. in contact Complejo Plutónico Punta del Viento

.3 W Ignimbrita de Río Frío

.8 E La Tabla Fm. in contact with Quebrada del Salitre Fm.
.65 E La Tabla Fm.
.8 E La Tabla Fm.
.2 E La Tabla Fm. (with argillic alteration) in contact with gravels
.7 E Complejo Plutónico Punta del Viento in contact with La Tabla

Fm.
.7 E Complejo Plutónico Punta del Viento in contact with La Tabla

Fm.
.2 E Quebrada el Salitre Fm. in contact with Profeta Fm.
.7 E El Profeta Fm.
.3 E Modern alluvial deposits adjacent to El Profeta Fm.
.2 E El Profeta Fm.
5.5 E Pampa de Mulas Fm.
2.7 E Paleocene hypabyssal intrusive in contact with Profeta Fm.

1.3 E Paleocene hypabyssal intrusive in contact with Profeta Fm.
.2 E Ancient alluvial deposits
6.9 E Pampa de Mulas Fm. in contact with Ancient alluvial deposits
9 E Ancient alluvial deposits
0.8 E Ancient alluvial deposits
3.5 E Ancient alluvial deposits
5.6 E Ancient alluvial deposits overlying to Chile-Alemania Fm.
6.5 E Ancient alluvial deposits overlying on volcanic units
0.9 E Paleocene volcanic formations
1.8 E Ancient alluvial deposits overlying on rhyolitic porphyry
7.8 E Ancient alluvial deposits overlying on volcanic units
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− C) / (A+ C), in which A is the sum of anions and C the sum of cations
in meq/L (Freeze and Cherry, 1979; Fritz, 1994; Clark, 2015). The
resulting values were all within ±0.05 (5%).

Trace element concentrations (Br, Sr, B, Li and Rb) and Sr and B iso-
topic contents forwater and rocksweremeasured at Rutgers University.
23 groundwater (18 springs and 5wells), 11meteoric water (3 rain and
8 snow samples), 14 whole rock and 14 salt sediments samples were
analysed for Sr isotopes, and 23 groundwater (18 springs and 5 wells),
9 meteoric water (3 rain and for 6 snow), and 13 sediment salt samples
were analysed for B isotope composition. Rockswere digestedwith high
purity mixed HF-HNO3, 0.1 N leach was used with salt samples to
dissolve gypsum and 1 N nitric acid to dissolve carbonates. The Sr and
B separation in water and rock samples was done by ion chromatogra-
phy using Sr-spec resin (Eichrom) andmicro-sublimation, respectively.
Concentration measurements were determined by ICP-MS
(ThermoScientific iCAP-Q), with quality checks using commercial stan-
dards and seawater. The limits of detection for the iCap-Q, at 10× higher
than the blank, are in μg/L: Li 0.13, B 1.5, Br 15, Sr 1.3, Rb 0.013. The rel-
ative standard deviations of the samples (RSD) ranged for Li 3.0–5.0%; B
1.0–3.5%, Br 2.0–5.0%; Sr 1.5–3.0% and Rb 1.6–4.4%. The isotopic analysis
of Sr and B were performed using a ThermoScientific Neptune Plus MC
ICPMS. The standards used to check quality were NIST 987 for
87Sr/86Sr (returning 0.710269 ± 10 ppm 2SD) and AE120, AE122 and
seawater for δ11B (returning −20.20 ± 0.32; +39.42 ± 0.52; +40.41
± 0.48 2SD, n = 9). Boron isotope composition is reported in delta no-
tation with reference to NIST 951.

The determination of δ34S of sulphate and δ18O of sulphate in water
and sulphatemineralsweremade in the Environmental Isotope Labora-
tory of the University of Arizona. For dissolved sulphate, a portion of so-
lution containing at least 10 mg of sulphate was acidified to pH 2 with
dilute HCl, and a BaCl2 solution was added in excess to variable sample
volume to precipitate BaSO4. The precipitation was held at ~100 °C in
order to prevent the BaCO3 formation. Then, the precipitate was filtered
using a 0.45 micron membrane, washed and dried. For sulphates min-
erals, the anhydrous minerals were handpick or separated by panning
or dissolving away other minerals. The minerals were dissolved in hot
2 N HCl to convert gypsum sulphate to BaSO4. The pH was checked
with a value of 2 or less and a BaCl2 solution was add to precipitate
BaSO4. Then, it was filtered and dried. The δ34S was measured on SO2

gas in a continuous-flow gas-ratio mass spectrometer (ThermoQuest
Finnigan Delta PlusXL). Samples were combusted at 1030 °C with O2

and V2O5 using an elemental analyser (Costech) coupled to the mass
spectrometer. Standardisation was based on international standards
NBS-127 and OGS-1, and several other sulphate materials that have
been calibrated internally and compared among laboratories. Calibra-
tion is linear in the range − 10 to +30‰. Precision is estimated to be
±0.15 or better (1 sigma), based on repeated internal standards. The
δ18O of sulphate was measured on CO gas in a continuous-flow gas-
ratio mass spectrometer (Thermo Electron Delta V). Samples were
combusted with an excess of C at 1350 °C using a thermal combustion
elemental analyser (ThermoQuest Finnigan) coupled to the mass spec-
trometer. Standardisation is based on international standard NBS-127,
with which an internal laboratory standard (QG) is calibrated. The ana-
lytical precision (1 sigma) for δ18O(SO4) is estimated to be ±0.4‰. 23
groundwater, 6 meteoric water and 6 salts sediment samples were
analysed for δ34S and δ18O in sulphate, although 1 groundwater and 3
rain samples with δ34S values have no δ18O measurement due to insuf-
ficient sample size.

4. Results and discussions

4.1. Geochemistry of groundwater and meteoric waters

The field determined parameters (pH, temperature (T), electrical
conductivity (EC) and alkalinity) and the chemical composition of
spring and wells samples are given in Table 2 and those of meteoric
waters in Table 3. The pH in springs is slightly lower and spread over a
narrower range (6.3–7.8) than in wells (6.6–9.7). The temperature in
springs is lower (6.5 °C–18.6 °C) compared to the values measured in
wells (17.4 °C–28.8 °C) due to the geothermal gradient effect. The well
temperatures are similar to the average annual air temperature (19.5
°C–27.9 °C) extrapolated from the Agua Verde meteorological station
(DGA, 2009), while all springs have lower temperatures than the air
(14.7 °C–27.7 °C). Moreover, the EC of springs (190–1383 μS/cm) and
wells (574–1360 μS/cm) are similar, except for the samples MNu
(2690 μS/cm) and CN (4030 μS/cm), which suggest evaporation in the
outflow area. The alkalinity of springs (30–219 mg/L CaCO3) is slightly
higher and covers a wider range than wells (31–80 mg/L of CaCO3).

Groundwater flowing from the Domeyko Cordillera to the Central
Depression shows a clear spatial hydrochemical distribution that can
be observed in the map of modified Stiff diagrams (Fig. 4). Overall,
chemical distributions can be described as follows: near the summit of
the Cordillera Domeyko, at elevations higher than 3400m a.s.l., ground-
water is of the Ca-HCO3 type, while in areas below 3400 m a.s.l., it is of
the Ca, Na-SO4 type. Accordingly, hereinafter, the spring sampleswill be
considered in groups according to their elevation. However, some sam-
ples located in the distal parts of the Central Depression are of Na-Cl
type (G1 and G2 wells; Fig. 4). The chemical differentiation in these
groups may depend on the local soils and the aquifer lithology.

The less saline spring waters at high altitude are likely related to the
dilute meteoric waters that probably recharge these areas (Figs. 4 and
5). These springs are close to areas where precipitation is highest, indi-
cating short transit time and therefore limited water-rock interaction.
For this reason, dilute spring waters retain the chemical characteristics
of rainfall and snow, and were probably recharged at similar altitudes.
However, the Río Frío springs (RFi; RFu) were probably recharged at
higher altitudes because they are located to the east of the Domeyko
Cordillera.

There is a linear relationship between the concentration of some
ions (SO4, Ca, Na,Mg) and chloride (Fig. 5A–D), indicating gradual evap-
oration leading to an increase in salinity. The concentrations are not
high enough to precipitate halite or thenardite, but calcite, gypsum
and anhydrite are close to saturation, as shown by the calculated satura-
tion indices (Table 4). These minerals are present in unconsolidated
gravel sediments of Central Depression soils, as in Pampa Buenos
Aires, showing that such extreme degrees of evaporation are possible.

The groundwater sulphate concentration significantly increases
from 25–310 mg/L in springs above 3400 m a.s.l. to 186–2780 mg/L
and 105–713mg/L in springs andwells below 3400m a.s.l., respectively
(Fig. 5A). The rSO4/rCl ratio in the spring waters is higher than seawater
(0.103) and tends towards 5 as salinity increases (Fig. 5A). The sulphate
excess with respect to chloride in meteoric waters is close to 5:1, sug-
gesting a sulphate contribution from environmental dust to recharge
waters. Snow can capture dust containing gypsumparticles of sedimen-
tary origin and other phases, such as thenardite, found in soils of the
Central Depression. Also, sulphate could be derived from nearby active
volcanism with sulphur-rich fumaroles in the Western Cordillera
(40–50 km eastward). However, some snow samples close to the Alto
de Varas spring (AV) have sulphate concentrations below the 1:1 line
in the rSO4 vs. rCl plot, suggesting some contribution either frommarine
aerosol from the distal coast or from an excess of chloride as halite due
to dust coming from the Salar de Punta Negra, located immediately east
of Domeyko Cordillera (S1 and S7 samples) at this latitude. These snow
samples do not seem related with recharge water, based on their com-
positional difference to groundwater. Furthermore, the distance from
the coast to the upper part of the Domeyko Cordillera, where most of
snow samples have been collected, is N120 km. Rech et al. (2003) sug-
gest that marine aerosol contribution only affects areas within ~90 km
from the coast, and below 1200m a.s.l. elevationwhere the Coastal Cor-
dillera discontinuities allow for it, as in La Negra ravine. Therefore, ma-
rine aerosol is an unlikely contribution source of dust, at least for the
highest parts at this latitude.



Table 2
Chemical composition, ionic ratios and field parameters (temperature in °C, pH, electrical conductivity (EC) in μS/cm, and alkalinity (Alk) in mg/L CaCO3) of wells and springs in the
Domeyko Cordillera and the Central Depression. Concentrations in mg/L. E (%) is the ion balance error of the major elements. r = value in meq/L.

Sample T(°C) pH EC Alk. Ca2+ Mg 2+ Na+ K+ HCO3
− Cl− SO4

2− NO3
− SiO2 Br− rSO4/rCa rSO4/rCl rNa/rK rCl/rBr rNa/rCl rK/rCl E (%)

AV 15.4 7.8 239 30 11.7 0.6 27.3 1.6 32.1 10.5 41.3 3.6 23.3 0.040 1.5 2.9 29.9 592 4.0 0.13 3.4
RFi 7.1 7.8 312 87 52.0 8.7 21.3 7.0 123.8 13.8 84.6 15.3 35.2 0.031 0.7 4.5 5.2 1006 2.4 0.46 0.1
PV 10.9 7.7 190 96 27.4 2.9 7.5 0.9 73.1 5.9 24.6 8.4 12.2 0.033 0.4 3.1 14.3 406 1.9 0.14 1.7
RFu 10.0 6.9 36 29.9 4.7 14.5 5.5 10.5 22.0 61.0 26.4 3.0 0.540 0.9 2.0 4.5 92 1.0 0.23 3.1
PM 8.0 7.4 383 108 54.0 5.3 18.9 3.3 114.2 9.0 86.2 17.2 28.0 0.084 0.7 7.1 9.7 241 3.2 0.33 1.9
PL 8.4 7.3 410 117 58.8 6.7 19.6 2.3 142.0 7.7 101.0 1.0 16.1 0.062 0.7 9.7 14.8 280 3.9 0.26 2.9
LSu 9.0 7.7 248 75 30.2 5.5 9.1 1.7 102.0 4.6 34.2 3.7 18.8 0.003 0.5 5.5 9.4 3427 3.1 0.33 3.5
LSi 13.3 7.3 737 90 114.1 7.0 44.3 1.8 105.2 5.9 309.7 2.7 23.2 0.044 1.1 38.6 42.1 303 11.5 0.27 0.9
SNu 10.4 7.5 376 108 50.4 12.1 16.3 5.2 197.8 10.4 53.1 3.8 30.8 0.047 0.4 3.8 5.3 500 2.4 0.45 3.9
SNi 12.8 7.1 382 125 47.1 12.7 18.2 4.4 160.5 7.6 78.4 5.5 32.4 0.056 0.7 7.6 7.1 307 3.7 0.52 3.0
VA 18.6 6.9 458 118 51.7 11.7 19.3 4.8 144.6 12.6 75.1 10.6 34.8 0.6 4.4 6.8 2.4 0.35 0.5
QM 610.3 205.5 587.6 23.4 276.4 508.0 2779.9 0.3 28.6 1.9 4.0 42.6 1.8 0.04 2.1
MNi 13.5 6.3 912 170 104.3 10.3 75.2 2.6 175.9 86.7 185.7 0.4 18.7 0.7 1.6 49.2 1.3 0.03 1.0
MNu 14.7 6.8 2690 135 373.1 28.4 227.3 3.8 169.2 240.5 1028.5 19.5 0.140 1.2 3.2 102.8 3872 1.5 0.01 0.1
CP 14.7 7.6 911 65 101.2 6.4 64.8 2.9 67.5 29.0 301.6 15.9 23.7 0.126 1.2 7.7 37.4 519 3.4 0.09 0.1
CN 6.5 7.3 4030 219 519.8 84.5 367.0 21.9 226.1 419.9 1606.7 0.5 52.9 0.541 1.3 2.8 28.5 1750 1.3 0.05 0.4
CS 15.5 7.3 1383 135 147.5 30.5 92.7 6.0 150.9 91.7 444.1 4.4 41.2 0.119 1.3 3.6 26.4 1737 1.6 0.06 1.1
CC 16.3 7.7 1183 126.1 5.7 87.8 3.3 44.4 60.8 358.6 39.4 26.0 1.2 4.4 44.8 2.2 0.05 0.6
ES 14.6 7.4 770 60 89.3 5.3 38.4 3.3 56.4 10.0 273.5 4.9 21.5 0.066 1.3 20.1 19.9 343 5.9 0.30 2.4
P1 23.4 9.7 1163 31 0.420
P2 24.4 6.7 1360 33 277.0 7.4 128.6 5.0 32.0 157.4 713.3 44.0 24.8 0.254 1.1 3.3 43.4 1396 1.3 0.03 0.9
P3 28.8 6.6 1130 39 165.5 5.7 91.4 3.7 37.4 81.1 454.1 16.7 26.3 1.1 4.1 42.1 1.7 0.04 0.7
P4 27.0 7.8 1045 39 0.104
G1 17.4 7.9 92.8 2.3 145.1 5.2 13.5 184.0 242.8 1.2 1.1 1.0 47.4 1.2 0.03 3.6
G2 20.3 9.0 3.8 0.7 131.5 3.7 104.7 94.9 105.2 5.6 11.6 0.8 60.0 2.1 0.04 4.8
G3 19.5 8.6 78.0 1.6 87.1 3.4 14.5 109.3 239.0 1.2 1.3 1.6 43.2 1.2 0.03 2.6
G4 23.6 8.1 574 80 31.3 0.5 69.1 3.1 76.2 21.0 126.7 15.0 34.9 0.074 1.7 4.5 38.1 639 5.1 0.13 0.3
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Thus, chloride-rich salts from the Salar de Punta Negra have composi-
tions that greatly contrast with most of springs and probably do not have
a strong effect by contributing solute load. The rain and snow samples
with a chemical composition close to springs at high elevations suggest
that thesemeteoricwaters are effectively scavenging dust from the atmo-
sphere and from dry deposition in land surface before reaching the aqui-
fer. Therefore, the solute contribution to the meteoric waters can be
derived from:

1. S-rich dust and salts deposited at the land surface, which are
transported by the wind, and mineral particles that come from re-
gional volcanism,

2. sulphate of continental origin in dust from wind erosion and human
activity, and

3. the plants that reduce sulphur to form volatile carbonyl sulphide,
which is afterwards oxidized. This last possibility is unlikely in the
study area due to the very scarce vegetation cover.

The springs near the summit could be less affected by evaporation
than those flowing in the lowest parts of the basin, considering that
chloride increases due to evaporation, since no other chloride sources
are known (Fig. 5). Ca and Na concentrations also increase (Fig. 5B
and C) in groundwater from springs located above 3400 m a.s.l. (Ca,
12–114 mg/L; Na, 8–44 mg/L) to springs (Ca, 89–610 mg/L; Na,
38–588mg/L) andwells (Ca, 4–277mg/L;Na, 69–145mg/L) at lower el-
evations. The rCa/rCl ratio is slightly modified in some meteoric water
samples. It is possible to differentiate between snow samples with rCa
b rCl (below the 1:1 line) and meteoric samples with rCa N rCl. The
source of solutes in the first group could be salts from the Salar de
Punta Negra or altered rocks that release alkalis to the dust. The other
group is related to recharge water that possibly receives a terrigenous
contribution from environmental dust, as suggested by sulphate con-
tent. Regarding the sodium concentration, meteoric waters with an ex-
cess in calcium have low sodium. rNa/rCl in the snow samples S1, S7, S9
and S10 is 1:1 (Fig. 5C), identifying a contribution of NaCl, which sug-
gests that the deposition area of the sampled snows receives salty
dust from the Salar de PuntaNegra. However, these snow samples prob-
ably do not contribute to recharge. There is also an increase in
magnesium with respect to chloride (Fig. 5D), parallel to the 1:1 slope
line, from springs above 3400 m a.s.l. (1–13 mg/L) to springs below
this elevation (5–206mg/L). However, this is not clear for well samples
(0.5–7 mg/L). This agrees with the samples that have an excess of cal-
cium and a deficit of sodium (Fig. 5B–D).

Some samples, such as QM, CN and MNu (Fig. 5A–D) have higher
chloride concentrations than water in wells at the lowest parts, which
does not follow the expected behaviour. This may suggest that some
lithological factor could be influencing the chloride content.

Nitrate concentrations also showa linear ratiowith respect to chloride
in most of meteoric waters and springs close to the summit (1–26mg/L),
but is less clear for springs and wells at lower altitudes, with wider com-
positional ranges (0.3–39 and 1–44 mg/L, respectively) (Fig. 5E). Low ni-
trate concentration in snow is consistent with the excess of chloride with
respect to sulphate, calcium and magnesium, as observed previously
(Fig. 5A, B and D). Meteoric samples with higher nitrate possibly suggest
a continental source to the dust, which can be related to local windblown
salts containing nitrate formed by sun UV ray oxidation of nitrogen in the
atmosphere or to dust from the nitrate deposits existing outside of the
study area towards the northwest, in areas close to Oficina Rosario.

Bicarbonate is the predominant carbon species for the measured
range of pH, with a relative constant concentration in spring waters at
different elevations (44–276 mg/L, except for AV and RFu, with values
of 32 and 11 mg/L, respectively; Fig. 5F). However, generally wells at
low altitudes have lower values (14–105 mg/L). These differences
could be due to the contribution of different salts in the dust or from
precipitation of CaCO3.

The solute concentrations with respect to chloride, including minor
elements as lithium (Fig. 6), suggest a gradual evaporation process
and salinity increase. Molar ratios Cl/Li are between 130 and 1893 in
meteoric waters and vary between groundwater above and below
3400 m a.s.l., from 43–447 to 123–1416, respectively.

The rSO4/rCa ratio evolutionwith chloride (Fig. 7A) indicates a slight
increase in sulphate concentrations that in some cases could be associ-
ated to gypsum dissolution, which is consistent with the sulphate and
calcium plots (Fig. 5A–B).

The rNa/rK ratio in springs at higher altitudes are similar to a small
group of meteoric waters, indicating that they are probably fed by



Table 3
Chemical and ionic ratios in rain and snow in the Domeyko Cordillera and the Central Depression. The prefix to the water sample codes identifies rain samples (R) and snow samples (S). E (%) is the ion balance error of major elements. r = value in
meq/L. U: upper; L: lower. The sample with (*) only has one isotopic measurement indicated in Table 5. UTM datum WGS 84 zone 19 south.

Code Site UTM Elevation Date pH Ca2+ Mg2+ Na+ K+ HCO3
− Cl− SO4

2− NO3
− SiO2 Br− rSO4/rCa rSO4/rCl rNa/rK rCl/rBr rNa/rCl rK/rCl E (%)

N E m a.s.l

R1 Punta el Viento (U) 7224754 477368 3963 15-01-2015 7.1 46.9 3.70 15.2 232 15.6 231.0 43.3 0.70 0.9 0.39 0.14 0.11 0.10 0.91 9.2
R2 Punta el Viento (U) 05-06-2015 7.1 58.7 6.23 25.4 1.99 114.4 11.1 106.5 15.80 12.7 0.0180 0.76 7.08 21.73 1390 3.53 0.16 0.7
R3 Punta el Viento (L) 7226194 475120 3630 05-04-2015 2.7 0.20 0.5 1.20 1.5 1.3 5.1 1.70 b0.214 0.0080 0.79 2.90 0.71 366 0.59 0.84 2.2
R4 Punta el Viento (L) 05-06-2015 7.3
R5 Punta el Viento (L) 21-04-2016 0.0152
R6 Chepica 7236621 467818 2928 05-04-2015 20.6 0.70 3.3 2.40 7.4 2.9 36.9 5.60 12.9 0.0130 0.75 9.39 2.34 503 1.75 0.75 9.8
R7 Chepica 04-06-2015 6.0 9.9 0.57 4.5 3.36 9.6 4.3 16.1 8.00 0.6 0.68 2.76 2.27 1.61 0.71 5.0
R8* Chepica 18-08-2015
R9 Escondida 7203299 455282 2796 21-08-2015 8.1 2.6 0.15 2.7 0.79 8.1 3.0 4.6 0.2 0.73 1.13 5.93 1.41 0.24 5.1
R10 Escondida 30-03-2016 35.6 1.81 12.0 b3.00 24.0 26.1 58.0 2.20 3.0 0.68 1.64 0.71
R11 Peñon 7299968 449593 1808 07-06-2017 0.0016
R12 Peñon 07-06-2017 0.0060
S1 Sierra de Varas 7252817 478733 3184 29-05-2014 0.7 0.07 5.0 1.91 6.1 7.3 0.6 0.48 0.1 0.0210 0.39 0.06 4.40 779 1.05 0.24 3.5
S2 Sierra de Varas 7255029 482012 3432 29-05-2014 0.7 0.14 0.2 0.31 2.0 0.5 1.3 0.48 2.2 0.0074 0.74 1.91 0.83 153 0.46 0.56 13.6
S3 Sierra de Varas 7252148 484662 3710 29-05-2014 1.1 0.11 0.3 0.41 4.1 0.7 1.2 1.05 0.3 0.0065 0.45 1.24 1.39 243 0.75 0.54 18.2
S4 Sierra de Varas 7252069 485430 3866 29-05-2014 0.4 0.03 0.04 1.0 0.4 0.3 0.49 0.6 0.0021 0.30 0.47 429 0.00 0.10 31.3
S5 Sierra Blanca 7255615 441094 2523 29-05-2014 0.8 0.06 0.24 1.0 0.9 2.1 1.50 0.2 0.0110 1.04 1.70 185 0.00 0.24 35.1
S6 Sandón 7206800 471450 3541 22-06-2014 1.4 0.27 0.2 0.69 3.6 1.3 1.2 0.77 0.9 0.0096 0.36 0.67 0.48 305 0.23 0.48 5.7
S7 Portezuelo de la sal 7240807 486654 3903 29-07-2014 2.4 0.17 10.9 2.77 18.3 18.3 1.1 0.68 1.0 0.0100 0.19 0.04 6.71 4125 0.92 0.14 11.2
S8 Río Frío 7222546 489305 3878 04-04-2015 2.4 0.20 0.9 1.80 2.4 1.0 3.2 1.20 b0.214 0.0079 0.56 2.36 0.85 285 1.39 1.63 18.2
S9 Alto de varas 7256928 483843 3767 04-05-2015 7.8 0.9 0.12 8.0 4.34 6.2 8.7 2.2 1.20 0.3 0.0084 0.98 0.19 3.15 2334 1.43 0.45 16.3
S10 Alto de varas 7257172 484788 3931 04-05-2015 8.0 1.1 0.10 5.7 1.54 10.5 7.2 2.7 0.90 0.4 0.0110 1.07 0.28 6.32 1475 1.22 0.19 0.3
S11 Alto de varas 7257174 484774 3929 18-08-2015 8.2 1.1 0.19 1.0 0.50 4.3 0.8 1.9 0.02 0.3 0.0036 0.70 1.75 3.40 501 1.93 0.57 1.5
S12 Sandón 7202756 463205 3159 21-08-2015 7.7 1.5 0.12 1.0 1.99 9.3 1.7 1.1 0.50 0.6 0.0018 0.31 0.48 0.86 2129 0.91 1.06 5.1
S13 Guanaco 7222783 447378 2700 07-06-2017 0.0083
S14 Guanaco 7226329 442086 2829 16-06-2017 0.0040
S15 Chepica 7236626 467751 2932 17-06-2017 0.0050
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Fig. 4.Modified Stiff diagrams of spring and well waters. The water hydrochemical types are given in colours, as explained in the symbology.
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these rains and snow (dashed encircle; Fig. 7B). The springs and wells
below 3400 m a.s.l. are similar. Ratios higher than 20 possibly indicate
that, when groundwater flows for an extended period, salinity in-
creases, and the chemical composition tends to equilibrium with the
new alteration minerals and clays in soils, which is a commonly ob-
served trend.

The correlation of rNa/rCl ratio with Cl for rainwater possibly indi-
cates that the salt in the dust comes from the Central Depression. The
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Table 4
Calculated logarithmic saturation indices from analytical data. SiO2(a) = amorphous
silica.

Sample Calcite Gypsum Anhydrite Thenardite Halite SiO2 (a) Quartz

AV −1.17 −2.54 −2.79 −9.21 −8.06 −0.62 0.71
RFi −0.15 −1.72 −1.97 −9.24 −8.06 −0.37 1.03
PV −0.61 −2.42 −2.67 −10.59 −8.86 −0.86 0.50
RFu −2.24 −2.02 −2.28 −9.65 −8.01 −1.46 −0.09
PM −0.51 −1.69 −1.94 −9.33 −8.29 −0.47 0.91
PL −0.48 −1.60 −1.86 −9.24 −8.35 −0.72 0.67
LSu −0.47 −2.26 −2.51 −10.30 −8.89 −0.66 0.72
LSi −0.34 −0.99 −1.24 −8.13 −8.15 −0.60 0.75
SNu −0.13 −1.94 −2.19 −9.67 −8.30 −0.45 0.92
SNi −0.71 −1.81 −2.06 −9.41 −8.40 −0.45 0.90
VA −0.76 −1.80 −2.04 −9.37 −8.17 −0.47 0.84
MNi −1.11 −1.23 −1.48 −7.90 −6.75 −0.70 0.65
MNu −0.32 −0.29 −0.54 −6.43 −5.90 −0.68 0.65
CP −0.26 −1.05 −1.30 −7.80 −7.30 −0.60 0.73
CN 0.28 −0.06 −0.32 −5.92 −5.45 −0.17 1.22
CS −0.12 −0.84 −1.09 −7.42 −6.66 −0.37 0.96
CC −0.33 −0.93 −1.17 −7.50 −6.86 −0.58 0.75
ES −0.63 −1.11 −1.36 −8.28 −7.98 −0.65 0.69
P2 −1.05 −0.49 −0.71 −6.99 −6.33 −0.66 0.61
P3 −1.20 −0.78 −0.99 −7.39 −6.75 −0.68 0.57
G1 −0.69 −1.19 −1.43 −7.21 −6.16
G2 0.003 −2.79 −3.03 −7.52 −6.47
G3 −0.06 −1.23 −1.47 −7.62 −6.60
G4 0.002 −1.79 −2.01 −8.00 −7.40 −0.52 0.76

341C. Gamboa et al. / Science of the Total Environment 690 (2019) 329–351
rCl/rBr ratio variability in groundwater (92–3870) is similar to the me-
teoricwaters (153–4125; Fig. 8). As the ratio remains almost constant as
salinity increases, it is possible that the waters are affected by concen-
tration by evaporation. Also, the higher values of the ratio in meteoric
water could be explained by some halite contribution to the dust.

4.2. Isotopic data

The isotopic composition of strontium (87Sr/86Sr), sulphur and oxy-
gen in sulphate (δ34S(SO4); δ18O(SO4)) and boron (δ11B) of groundwa-
ter and meteoric water from the Domeyko Cordillera and the Central
Depression are given in Table 5. To relate the variations in the isotopic
compositionwithwater chemistry, the concentration of someminor el-
ements, like strontium and boron in groundwater, are also given in
Table 5. Furthermore, the 87Sr/86Sr, δ34S and δ18O in sulphate, and δ11B
isotopic composition of rocks and sediments samples are given in
Table 6.

4.2.1. Strontium isotopes
The chemical and isotopic compositions of strontium in meteoric

and groundwater samples are given in Fig. 9A and B, respectively. Addi-
tionally, the isotopic composition of rock and sediment samples col-
lected from different geological units in the study area is included in
Fig. 9B, to evaluate the potential role of different geological materials
in water-rock interaction processes. Following the general trend, the
strontium concentrations are well-correlated with calcium, especially
in groundwater samples (Fig. 9A). Snow (0.0004–0.028 mg/L Sr) is
more diluted than rain (0.01–0.066 mg/L Sr). While the spring samples
with lower salinity located above 3400 m a.s.l. have lower strontium
concentrations (0.008–0.643 mg/L) than the most distal and more sa-
line spring and well samples located below 3400 m a.s.l. which have
higher strontium concentrations (0.483–4.046 mg/L), except for G4
well sample (0.115 mg/L) which is more diluted. This contrast in stron-
tium concentrations between spring samples above and below
3400 m a.s.l. altitude is also observed in the strontium isotopic values.
This can be explained by the different rocks and dissolution rates of
strontium ore minerals in the Paleozoic magmatic rocks above
3400 m a.s.l. and the Mesozoic and Cenozoic rocks in the lower areas
(Fig. 3).

The 87Sr/86Sr isotopic composition of rain and snow waters has
values in the range 0.706746–0.707831 and 0.706915–0.709511, re-
spectively (Fig. 9B). Modern sea water 87Sr/86Sr ratio is around 0.7091
(Burke et al., 1982; Veizer et al., 1997; Rech et al., 2003). This indicates
that snow probably does not have a significantmarine aerosol contribu-
tion. The 87Sr/86Sr values of precipitation are similar to those of gypsum
(0.706907–0.707601) and thenardite (around 0.706758) found in salt
mixtures contained in the gravels (0.706841–0.710645) in the distal
parts of the Central Depression and some of the Salar de Punta Negra
salts, east of Domeyko Cordillera (Fig. 3). Thus, it is probable that the
87Sr/86Sr isotopic values of meteoric waters have their origin in the at-
mospheric dust derived from the lower parts of the Central Depression.
The 87Sr/86Sr values in springs from higher altitudes are variable
(0.707011–0.714862) and overlap with the range measured in the
Permian igneous rocks (0.707759–0.717302), indicating that the stron-
tium source for these springs is primarily from these igneous rocks of
Paleozoic age (Fig. 3).

The range in 87Sr/86Sr for springs below 3400 m a.s.l. and wells is
considerably restricted compared to the high elevation springs. Several
springs located below 3400 m a.s.l. are in areas of carbonate-bearing
marine sedimentary sequences of Jurassic age (Fig. 3), with values be-
tween 0.707274 and 0.707843. The strontium isotopic composition of
Jurassic marine limestones is between 0.70680 and 0.70785 (Burke
Fig. 5. (A–F) Bivariate plots of the chemical composition of groundwater andmeteoric waters vs
the observed evolution trend with respect to chloride.
The major elements content in seawater is taken from Custodio and Llamas (1976/1983).
et al., 1982), suggesting that these rocks are the most likely strontium
source to thewaters that flow through them. Any contribution of stron-
tium from the very restricted travertines in the study area to groundwa-
ter is minimal at most, because their isotopic values (around 0.705159)
are much lower than that of the water.

As strontium is provided by different types of lithologies, the water-
rock interaction will give different isotopic values. The 87Sr/86Sr in
springs located towards the eastern part of the Domeyko Cordillera is
variable, because these waters outflow in ignimbrite formations (Río
Frío Ignimbrite; Fig. 3) intercalated with Miocene gravels from the
Pampa de Mulas Formation. Thus, the water strontium composition in
these zones depends on themain lithology interactingwith the ground-
water that ultimately outflow in the springs. The isotopic values of
strontium in ignimbrites associated with Miocene volcanism are be-
tween 0.7060 and 0.7095 (Mamani et al., 2010). The strontium isotopic
values in the springs of this zone (RFi, 0.708894; RFu, 0.708040) are
similar to those of these volcanic rocks. However, as mentioned before,
a relationship with the gravels in this area cannot be discarded.

4.2.2. Isotopes of 34S and 18O in sulphate
The isotopic composition of δ34S and δ18O in sulphate and the varia-

tion of δ34S(SO4) with respect to the 87Sr/86Sr ratio are given in Fig. 10 A
and B, respectively. The isotopic composition of δ18O(SO4) could not be
measured in all rain and snow samples, because the sulphate content in
some of them was not enough for its determination. The values of δ34S
(SO4) in meteoric water ranges between +1.1 and +6.1‰ and the
δ18O(SO4) values in the rain samples measured ranges +6.2 to +7.4‰
(Table 5). These values are similar to the δ34S(SO4) and δ18O(SO4) isoto-
pic composition of salt samples in continental sediments within the
study area, specifically gypsum and thenardite (+0.5 to +4.2‰ and
+5.6 to+8.6‰, respectively). The exception is the Gy2 gypsum sample,
which has a heavier δ18O composition (+13.9‰), because it likely rep-
resents the filling material in a fault zone between Jurassic sequences
and Cenozoic gravel deposits (Table 6). δ34S(SO4) and δ18O(SO4) results
are in agreement with previous results of strontium isotopic values
(Fig. 9B). This suggests that meteoric water is likely influenced by
. the Cl content (r=meq/L). The arrows included in some plots display the relationship or



Fig. 6. Bivariate plot of lithium vs. chloride.

Fig. 7. Bivariate plots of ionic ratios vs. chloride: A -. Logarithmic plot of the rSO4/rCl ratio
vs. rCl, B. - Logarithmic plot of the rNa/rK ratio vs. rCl. (r = meq/L). The encircled area in
fig. B groups the springs at high altitude in the Domeyko Cordillera and some meteoric
water samples.
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particulate material from highly soluble salts in the land surface with
high sulphate content located in the Central Depression, which are
blown by the wind and dissolve in recharge water in the highest parts
of the Domeyko Cordillera. They correspond to the highlighted samples
in orange colour in Fig. 10A.

As mentioned before, the springs above 3400 m a.s.l. outflow from
areas of densely fractured igneous rocks, considered to be the Paleozoic
basement of the Domeyko Cordillera, which can then be covered by un-
consolidated sediments and gravels in the ravines. The δ34S value of
these spring waters varies between −1.4 and +6.9‰, which are very
different from the current seawater isotopic composition (δ34S(SO4):
+20.9‰; Rees et al., 1978; Rech et al., 2003). The corresponding
water δ18O ranges between −6.1 and −3.3‰. The more depleted δ34S
values found in these springs can correspond to the kinetic oxidation
of pyrite present in these volcanic rocks, which are similar to the δ34S
values of pyrites reported by Cortecci et al. (2005), between −3.0 and
+1.0‰. The δ18O(SO4) of these springs at high elevations presents a
large variability, between +6.8 and +13.1‰ (Fig. 10A), in agreement
with 18O equilibrium between water and sulphate (Van Stempvoort
and Krouse, 1994). At low temperature, there is no 18O isotopic ex-
change between dissolved sulphate and water for sulphate dissolution,
so some of the springs at high altitudes with the lowest δ18O(SO4)
values (~6.9‰) are indicative of a source of sulphate from the dust,
which has similar δ18O(SO4) in the sulphatemineral phases. The highest
δ18O(SO4) values correspond to sulphates also related to dust contribu-
tion, where the waters have previously been affected by different de-
grees of evaporation (highlighted in purple, Fig. 10A). This can occur
when the water flows at shallow depths through the fractured rocks,
where the dust can be washed from the hillside. Thus, three sources of
solute could generate the observed isotopic variations: dust from
Central Depression, oxidation of sulphides from volcanic rocks, and
minerals in the gravel formation.While the strontium isotopic composi-
tion ismore sensitive towater-rock interactionwith the Paleozoic rocks
in the higher parts of the Domeyko Cordillera (highlighted in purple,
Fig. 10B), the sulphur isotopic composition confirms that the dust is
also an important contributor of solutes to water at this altitude.

Additionally, in the south-west of the Domeyko Cordillera, in the
study area, some small localized sectors are affected by hydrothermal
alteration. This could affect the LSi spring area. So, in the upwelling
area of this spring, sulphides could have been oxidized in the past, pro-
viding sulphates to groundwater.

In the springs below 3400 m a.s.l., the increase in sulphate (Fig. 5A)
and strontium concentration (Fig. 9A) is also accompanied by an isoto-
pic variation with respect the higher elevations. These isotopic changes
could be related to water-rock interaction with different lithologies.
Thus, the increasing solute concentration (salinity) with distance from
the Domeyko Cordillera, allows that groundwater acquire the chemical
signature from new sources of rocks. Two main geological units below
3400 m a.s.l. can be involved in these reactions: 1. - the marine carbon-
ate rocks of the Jurassic Profeta Formation located in the lower part of
the Domeyko Cordillera and, 2. - the alluvial sediments widely distrib-
uted and infilling the basins of the Central Depression in the study
area. Thus, a group of springs with negative δ34S(SO4) values (−10.6



Fig. 8. Logarithmic bivariate plot of the rCl/rBr ratio vs. rCl (r =meq/L). The ratio does not
change with salinity.
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to−1.2‰; green highlighted samples, Fig. 10A)mostly outflow in areas
of Jurassic marine rocks, which mainly include limestones, calcareous
sandstones, shales and fetid calcareous rocks formed in an anoxic ma-
rine environment that have been associatedwith the presence of diage-
netic sulphides. Water-rock interaction processes involving sulphide
oxidation can explain the negative values of δ34S(SO4) from these
springs. The δ18O(SO4) variability (between +10.3 and +13.9‰) may
also indicate that during the oxidation of sulphides involves oxygen
from water (δ18O(H2O) between−3.8 and−1‰) and atmospheric ox-
ygen (+23‰). Depleted δ34S(SO4) values respect to the Jurassic marine
sulphates (δ34S(SO4): +13 to +19‰ and δ18O(SO4): +9 to +16‰;
Claypool et al., 1980) indicate that dissolution of gypsum-anhydrite
frommarine Oxfordian Profeta basin do not seems to contribute signif-
icant sulphate to these waters.

The spring waters with higher δ34S(SO4) values located below
3400 m a.s.l. (CC and ES; Fig. 10A) seem to have a sulphate source sim-
ilar to well waters in the more distal parts of the study area (between
+0.1 and +7.7‰), and a wide range of δ18O(SO4) values (+7.9 to
+13.6‰). These values are similar to the already mentioned values
for the sulphate salts in the land surface of the study area and are
quite close to those obtained in other investigations in sulphate salts
of the Oficina Rosario area (Fig. 2), in the Central Depression (δ34S
(SO4): −1.3 to +3.4‰ and δ18O(SO4): −0.5 to +10.6‰; Barraza,
2006) and to the sulphur and strontium isotopic composition from
salts and saline sediments in the Salar de Atacama (Carmona et al.,
2000; Rech et al., 2003). However, the oxygen isotope composition of
sulphates obtained from salts in the Salar de Atacama by Carmona
et al. (2000) is enriched with respect the values presented in this
study, possibly due to the isotopically heavier water existing there as a
consequence of the higher evaporation in the salar. The oxygen variabil-
ity would be preserved from higher levels, as the interaction with cal-
careous rocks should not affect the isotopic composition.

This information agrees with the obtained strontium isotopic values
(Fig. 10B). The low radiogenic values of strontium isotope in the springs
below 3400 m a.s.l. fit with Jurassic sedimentary limestones (green
highlighted samples, Fig. 10B) and surface alluvial sediments obtained
for this study (orange highlighted samples, Fig. 10B). From the lowest
radiogenic values, the salts of the alluvial sediments could be a possible
source. However, it cannot be discarded that the marine Jurassic units
could also be the predominant source for both cases (Fig. 9B).

4.2.3. Boron isotopes
The boron chemical and isotopic composition of meteoric water and

groundwater samples and its relationshipwith the isotopic values of sa-
line sediments are shown in Fig. 11. Boron concentration increases grad-
ually in parallel to chloride (Fig. 11A), from snow (0.001–0.011mg/L) to
rain (0.002–0.077 mg/L), and from springs above 3400 m a.s.l.
(0.086–0.297 mg/L) to springs and wells at lower elevation
(0.244–2.329mg/L). The group of snow sampleswith low sulphate con-
centration relative to chloride (Fig. 5A) also has lower boron concentra-
tion (Fig. 11A). This is probably associated with the dust coming from
the east side of the Domeyko Cordillera, where the Salar de Punta
Negra is located, which can contribute salts with high chloride content
to the atmospheric dust. However, most of rain and snow samples
near the 1:10 line (Fig. 11A) probably correspond to recharge waters.
Since, the samples with higher chloride to boron ratio do not appear
to influence the chemistry of water recharging the aquifer.

According to the neutral-weakly alkaline pH of the samples
(Table 2), the dominant chemical boron species in groundwater is
boric acid and not the borate anion. The average pH in the snow samples
is 7.9 (Table 3). To evaluate themobility of boron in groundwater and in
meteoric water, its isotopic composition has been comparedwith boron
in the saline sediments found in the Central Depression in the study
area. These sediments may contain small clay particles, which could
also be part of the dust contribution to the atmosphere. Thus, the δ11B
values in the snow samples (−11.1 to +7.82‰) covers a wider range
than the rain samples (+3.2 to +8.4‰; Fig. 11B). The snow and rain
sample compositions are very different from the δ11B value of modern
seawater (δ11B: +39.5‰; Spivack and Edmond, 1987; Rose-Koga
et al., 2006). The salt and clay mixtures of sedimentary deposits have
low δ11B values (between −22.4 and −5.7‰), except for RTh and Y5a
samples, with values of +10.5 and +12.8‰, respectively (Fig. 11B).
This suggests that the boron isotopic composition of snow can be
more influenced by dust than rain because the range of δ11B values of
snow are wider and similar to the salts in the Central Depression. The
adsorption of boron onto the ubiquitous clay particles from dust that
can contribute to snow may occur, affecting the δ11B variation when
they have not yet fully dissolved in the snow (Schwarcz et al., 1969;
Rose-Koga et al., 2006). However, when the dissolution is complete in
the snow, the isotopic fractionation would be likely non-significant
due to the pH range of these snow waters. On the other hand, only a
few snow and rain samples have positive isotopic boron values that fit
groundwater composition, suggesting that these meteoric waters re-
charge the aquifer. The rain samplesmay show the complete dissolution
of soluble boron with no re-adsorption from a well-mixed air mass,
while snow captures variations in the dust source.

The potential contribution of boron from the volcanic arc in the
Western Cordillera to the dust has not been discussed in this research,
because the attenuation of the processes related to volcanic dust con-
densation with the distance of the source still remains unknown. How-
ever, the influence of some volcanic dust contribution in the snow
samples cannot be discarded.

The spring samples located above 3400 m a.s.l. have a range of δ11B
values (+1.48 to +12.03‰), which is slightly narrower than the group
of spring samples located below 3400 m a.s.l. (−0.68 to +13.13‰).
However, the well samples have the narrowest range of δ11B values
(+2.96 to +5.45‰). Contrary to what can be expected for the furthest
sampling points of the flow path, they do not have the highest δ11B
values due to loss of 10B by adsorption on clays. This is consistent with
the rK/rCl ratio (Table 2), which decreases towards the west of the
study area (from 0.52 to 0.01 above and below 3400 m a.s.l., respec-
tively). This suggests that the boron continues to dissolve from the
rock in the alluvial material and overwhelms any loss of 10B to clay sur-
faces. Also, the homogeneity in the δ11B values of groundwater (all the



Table 5
Isotopic composition and chemistry of minor elements of groundwater and meteoric water in the Domeyko Cordillera and the Central Depression. Concentrations are in mg/L except for
Rb+ and Li+, which are given in μg/L. Boronmeasurements weremade at Rutgers University, except those indicatedwith a (*), whichweremeasured at the Universitat de Barcelona. S.E.:
standard error.

Sample B3+ Sr2+ Rb+ Li+ δ34S(SO4) (‰) CDT δ18O(SO4) (‰) V-SMOW 87Sr/86Sr δ11B (‰)

Mean S.E (2σ)

AV 0.220 0.106 1.4 34 +6.8 +11.2 0.711518 0.000007 +2.74
RFi 0.261 0.180 1.9 21 +6.8 +9.6 0.708894 0.000014 +4.81
PV 0.153 0.087 0.5 9 +4.4 +6.8 0.709143 0.000016 +12.03
RFu 0.122 2.8 14 +2.1 +6.9 0.708040 0.000012 +4.8
PM 0.221 0.174 0.9 22 −1.4 0.709982 0.000012 +6.73
PL 0.196 0.152 0.6 35 −1.1 +12.1 0.711198 0.000014 +7.61
LSu 0.086 0.008 0.1 2 +3.4 +9.8 0.714862 0.000016 +6.16
LSi 0.297 0.643 0.9 22 +6.9 +13.1 0.707011 0.000016 +1.48
SNu 0.086 0.169 2.0 19 +5.4 +11.2 0.713693 0.000014 +7.02
SNi 0.203 0.192 2.2 25.6 +1.8 +11.1 0.713309 0.000008 +6.16
VA 0.145 0.190 2.4 20 +0.9 +7.0 0.709817 0.000020 +5.54
MNi 0.408 0.800 0.8 70.3 −1.2 +11.1 0.707588 0.000010 +6.13
MNu 0.893 4.046 1.3 251 −10.6 +11.3 0.707274 0.000014 −0.68
CP 0.304 0.483 3.7 24.7 −2.8 +12 0.707322 0.000006 +13.13
CN 2.329 1.951 44.9 312 −8.4 +13.9 0.707843 0.000012 +6.13
CS 0.704 0.928 19.5 137 −4.6 +10.3 0.707820 0.000016 +2.25
CC 0.678 0.885 2.8 50 +0.1 +7.9 0.706551 0.000008 +3.06
ES 0.244 0.601 2.7 16 +7.7 +13.2 0.706848 0.000006 +4.83
P1 0.821 1.099 5.3 84 +3.8 +8.0 0.706936 0.000026 +4.74
P2 0.579 2.114 8.2 78 +1.4 +9.3 0.706876 0.000007 +3.03
P3 0.586 1.320 4.9 58 +5 +9.4 0.707061 0.000010 +2.96
P4 0.626 1.019 3.4 65 +6.6 +13.6 0.707324 0.000008 +3.12
G4 0.823 0.115 3.4 2.9 +3.7 +11.3 0.706504 0.000008 +5.45
R2 0.0260 0.017 0.77 2.60 +5.2 +7.0 0.707831 0.000018 +3.18
R3 0.0197 0.010 0.20 1.96 +5.0 +7.4 0.707694 0.000012
R4 +4.9 +6.2
R5 0.0310 0.021 0.59 3.92 +1.1 +5.12
R6 0.057 0.066 0.80 3.88 +8.41
R7 0.077*
R8 +4.6
R9 0.05*
R10 b0.30*
R11 0.0080 0.80 7.20 0.706746 0.000010
R12 0.0024 0.40 6.40
S1 0.0040 0.0054 20.50 1.58 0.707361 0.000014 +2.07
S2 0.0040 0.0028 7.2 0.51 0.707948 0.000020 +3.04
S3 0.0040 0.0026 0.10 0.40 0.707466 0.000023 −11.12
S4 0.0030 0.0004 0.07 0.706915 0.000070 −4.16
S5 0.0050 0.0024 9.70 0.27 0.707028 0.000023 +7.82
S6 0.0050 0.0039 7.60 1.77 0.709511 0.000019 −2.63
S7 0.010 0.0140 4.30 2.20 0.707264 0.000028
S8 0.008 0.0029 0.20 0.69 0.707593 0.000028
S9 0.0064 0.0070 1.70 0.90
S10 0.0074 0.0094 2.60 1.10
S11 0.0060 0.0020 0.20 0.30 +6.1
S12 0.0030 0.0033 0.70 0.40
S13 0.0110 0.0275 0.40 1.00
S14 0.0008 0.0028 0.20 0.10
S15 0.0014 0.0018 0.20 0.10
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springs and wells samples have δ11B values between −0.68 and
+13.13‰) can be explained considering that the boron concentration
increases in groundwater, mainly due to evapoconcentration,
supporting the evidence obtained from the rCl/rBr ratios. Thus, it
would be expected that the boron isotope composition of the meteoric
waters samples with positive values is transferred to groundwater.

4.2.4. Other isotopic ratios
Other isotopic ratios are important, not only to localize the areas of

recharge, but also to know the circumstances of groundwater
evapoconcentration. This process has been considered at north of the
area, in the Pampa del Tamarugal, Altos de Pica and Salar del Huasco-
Collacagua basins (Acosta and Custodio, 2008; Acosta et al., 2013;
Scheihing et al., 2018; Viguier et al., 2018) and in the upper part of the
Loa River basin (Martí Antón, 2013). Results show that in a plot of δ2H
versus δ18O, meteoric water follows the World Mean Meteoric Water
line of slope 8 and deuterium excess of +10‰ to +15‰, but spring
and groundwater plots displaced to the right on a line of slope 8.0 to
7.5 and with deuterium excess of 0‰ to −5‰ (Boschetti et al., 2019;
Scheihing et al., 2018; Acosta and Custodio, 2008). This is interpreted
as a possible lumped result of individual displacements along an evapo-
ration line of low slope, when soil water is kinetically evaporated as
there is no significant plant cover. This seems also to be the case in the
study area, but further research is needed.

In the study area, sampling to determine the stable isotopic compo-
sition of dissolved inorganic carbon (DIC) was not considered. In the
same areas mentioned above, and in other studies in the Cordillera de
la Costa near Antofagasta (Herrera and Custodio, 2014; Herrera et al.,
2018), the δ13C‰ of DIC was determined. The high values of δ13C,
often between−3 and+2‰, indicate that the soil air CO2 is dominantly
atmospheric,with δ13C=−8‰, rather than beingderived from respira-
tion by soil organisms. At the basic pH of soil water and relatively cold
environmental temperature, the isotopic fractionation between soil
CO2 and water HCO3 is close to −8 to −9‰. Exceptions are found



Table 6
Chemical and isotopic composition of rocks samples. The analyses correspond to whole rock samples. Concentrations are in ppm. S.E.: standard error. UTM datumWGS 84 zone 19 south.
(*) Contact between the Pampa de Mulas Formation and the Profeta Formation.

Sample Site Material UTM Elevation B3+ Sr2+ Rb+ Li+ Mg
(%)

S
(%)

Ca
(%)

δ34S
(SO
4)
(‰)
CDT

δ18O
(SO4)
(‰)
V-SMOW

87Sr/86Sr mean S.E.
(2σ)

δ11B
(‰)

N E m a.s.l

51P La Tabla
Formation

Tuff 7249086 486293 3880 31.2 131.0 144.5 8.9 0.49 0.62 1.98 0.717302 0.000010

12P La Tabla
Formation

Tuff 7268923 482318 3810 48.2 223.3 165.1 16.0 0.63 0.07 0.96 0.713738 0.000011

33P La Tabla
Formation

Tuff 29.5 243.9 47.9 26.1 1.18 0.72 1.64 0.707759 0.000009

40P Permian Granitic
pluton

Monzodiorite 7279526 479044 3197 13.7 197.4 99.1 17.4 2.55 0.49 4.18 0.711719 0.000010

42P Permian Granitic
pluton

Granodiorite 7279548 479166 3227 30.8 247.3 28.6 10.5 1.18 0.46 2.95 0.708317 0.000009

30P Permian
Hypabissal
intrusives

Rhyolitic
porphyry

7282040 472712 2820 23.8 175.5 141.9 22.8 0.31 1.09 0.93 0.715439 0.000010

79P Permian
Hypabissal
intrusives

Dacitic
porphyry

7255644 489601 3760 17.6 198.5 131.0 25.6 0.46 0.78 1.44 0.712374 0.000009

53T Cerro Guanaco Fm
(Triassic)

Andesite 7248931 486293 3950 9.1 121.6 159.7 28.2 1.02 0.92 1.77 0.713509 0.000009

75T Cerro Guanaco Fm
(Triassic)

Andesite 7239908 487765 3870 3.3 81.1 51.5 3.7 0.15 0.99 1.45 0.709967 0.000014

36T Cerro Guanaco Fm
(Triassic)

Andesite 23.1 195.2 243.2 3.6 0.24 0.96 7.28 0.714927 0.000011

14T Sierra de Varas Fm
(Triassic)

80.5 154.3 75.5 44.5 0.38 1.41 0.709112 0.000009

28J Profeta Fm
(Jurassic)

Sandstone 109.5 135.2 35.5 10.0 0.26 0.54 1.53 0.712243 0.000011

59J Profeta Fm
(Jurassic)

Calcareous
sandstone

49.0 584.1 44.4 20.7 0.50 1.56 5.57 0.709563 0.000013

84J Profeta Fm
(Jurassic)

Sandstone 44.0 66.1 34.5 23.7 0.61 1.18 5.46 0.715497 0.000010

RTh Oficina Rosario Thenardite (at
surface)

7319212 399780 1230 +
4.2

+ 8.6 0.706558 0.000008 +10.5

Y3 Oficina Rosario Mixed salts (at
surface)

7299942 428478 1462 0.24 −10.1

Y4a Oficina Rosario Mixed salts (at
surface)

7301834 436145 1603 0.06 −14.3

Y4b Oficina Rosario Gypsum (2–3
cm depth)

7301834 436145 1603 0.15 −13.8

Y4c Oficina Rosario Mixed salts (4
cm depth)

7301834 436145 1603 0.03 −9.7

Y5a Oficina Rosario Mixed salts 7303110 404573 1368 0.34 +12.8
Y5b Oficina Rosario Mixed salts 7303110 404573 1368 0.36 −11.0
Y5c Oficina Rosario Mixed salts 7303110 404573 1368 0.01 −5.7
BTh Pampa Buenos

Aires
Thenardite (at

surface)
7286270 432105 1612 +

1.8
+ 7.7 0.706958 0.000010

BGy Pampa Buenos
Aires

Gypsum (at
surface)

7286270 432105 1612 +
0.5

+ 6.5 0.706958 0.000010

Gy1 Aguada Zorro Fm Gypsum 7245130 474466 3030 +
2.5

+ 5.6 0.706907 0.000010 −17.3

Gy2 Contact Fault (*) Gypsum
(secondary)

7245400 475727 3068 +
3.0

+ 13.9 0.706935 0.000011 −22.4

Gy3 Aguada Zorro Fm Gypsum
(gravel
cement)

7244738 469929 2780 +
2.0

+ 6.2

Gy4 Punta Negra Gypsum (at
surface)

7292338 510801 2966 0.707601 0.000016 −18

NS Punta Negra South Mixed salts 7273579 506911 2960 0.707817 0.000012 −11.8
NN Punta Negra North Mixed salts 7294188 512362 3004 0.708427 0.000014 −9.4
EB Escondida (Basal) Mixed salts 7203312 455120 2780 0.706921 0.000014
ED Escondida (Distal) Mixed salts 7203312 455120 2780 0.706841 0.000011
ET Escondida (Top) Mixed salts 7203312 455120 2780 0.706877 0.000014
AT Alto de Varas

(Top)
Mixed salts 7254996 481955 3447 0.710645 0.000016

T1 Sierra del Limbo Travertine 7226938 456302 2894 0.704772 0.000015
T2 Sierra del Limbo Travertine 7226938 456302 2894 0.705547 0.000040
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where there is concentrated recharge around wetland patches fed by
springs, mostly bofedales. Two extreme possibilities have been identi-
fied: 1. - soil CO2 derives from wetland plants and has isotopically
light C with pH variable between slightly acid to basic, and 2. - infiltrat-
ing water is directly in equilibriumwith atmospheric CO2 and the pH is
variable between slightly acidic to basic. This is a pending research in



Fig. 9. Plots of Sr and Sr isotopes. A. - Strontium vs. calcium concentration and B. - 87Sr/86Sr of water samples (green area for meteoric waters; red area for groundwater) and rock samples
(grey area) are presented. There is no vertical scale; data is shown in rows accordingwith the common origin. The vertical strip bounded by the grey dashed lines help to differentiate the
87Sr/86Sr ranges in the different types of samples, including the typical range (black horizontal line) for isotopic values of the Jurassic marine limestones (from Burke et al., 1982). (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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the study area that could clarify if some recharge depends on previous
episodic ponding under current or past conditions.

4.3. Water modifying processes and conceptual hydrogeological model

In general, the regional groundwater flow tends to increase progres-
sively its water salinity. It is expected that the initial chemical composi-
tion of recharge water will be defined by the meteoric water
composition and alteration of soil minerals, depending on the contribu-
tion of CO2 from soil organic matter degradation and plat root respira-
tion (Custodio and Llamas, 1976/1983). In the hyper-arid conditions
prevailing in the study area vegetation is practically absent, and the
Fig. 10. Bivariate plots of sulphate isotopes. A. - δ34S(SO4) vs. δ18O(SO4). B. - δ34S(SO4) vs. 87S
responding to a ternary mixture of waters: red arrows for rainfall evolving towards upper and
wells. The coloured areas are explained in the text. (For interpretation of the references to colo
increase of CO2 concentration above that of the atmosphere will be
small. It is expected that the resulting soil water defines the chemical
composition of aquifer recharge.

The snow cover that falls during the winter in the high parts of the
Domeyko Cordillera (Vuille and Ammann, 1997) typically remains
only a few days before it is subjected to sublimation and ablation, and
before ambient temperatures allow its melt to generate in situ recharge
through the snow pack and surface water run-off. Surface runoff flows
to lower altitudes in ephemeral streams and temporally puddles in
the foothills (Jordan et al., 2019). Run-off waters originating from rain
and snowmelt are also subjected to evaporation and receive salt in the
dust before they contribute to recharge. The role of salt dust in
r/86Sr. The arrows represent the assumed hydrochemical evolution pathways for waters
lower springs composition; blue arrow for the pathway from lower springs towards the
ur in this figure legend, the reader is referred to the web version of this article.)



Fig. 11. Bivariate plots for boron and boron isotopes. A. - Boron vs. chloride concentration in groundwater andmeteoricwater. B. - δ11B ofwater and rock samples. There is no vertical scale.
Data are shown in rows according with a common origin. The coloured areas represent the different types of samples (green for meteoric water; red for groundwater; grey for salts in
sediments). The coordinates of the samples of the mixture of salts, gypsum and thenardite collected for this study are given in Table 6. (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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atmospheric deposition has also been observed in other parts of the
Atacama Desert (Pueyo et al., 2001; Rech et al., 2003; Ewing et al.,
2008; Amundson et al., 2012; Wang et al., 2014), where marine aerosol
is not the most important contribution at this distance inland, largely
because the Cordillera de la Costa effectively blocks it (Rech et al.,
2003; Wang et al., 2014). On the other hand, the significant presence
of highly soluble salts in the lower parts of these basins increase the
amount of salt dust going to higher altitudes (Ewing et al., 2008). In
the study area, the values of 87Sr/86Sr, δ34S and δ18O in sulphate and
δ11B of waters are very different than that of modern sea water, thus
supporting the hypothesis that the marine aerosols contribution is not
significant at this zone.

Rain and snow waters should be strongly influenced by wind-
displaced dust from the Central Depression towards the high parts of
the Domeyko Cordillera, as it is suggested for arid areas (Custodio
et al., 2018). Rainfall and snow-melt infiltrate through rock fractures
in the high areas and through the poorly developed soil covered by
sparse vegetation in the lower parts. Consequently, the CO2 concentra-
tion in open pores of the unsaturated zone can be expected to be close
or only slightly higher than in the atmosphere. Thus, infiltrated water
has a low capacity to alter minerals of the crystalline basement rock
and is subjected to significant evapoconcentration. Locally, the CO2 in
the unsaturated zone air can be high in the vegetation-rich wetland
patches (bofedales) located at the low areas and valley bottoms, al-
though they are scarce in the study area and correspond to areas of dis-
charge rather than places of recharge.

One of the greatest difficulties in explaining the origin of groundwa-
ter salinity is the significant increase in chloride ion content between
water of springs located at elevations above 3400 m a.s.l. and ground-
water located at lower elevations. Given the conservative nature of
the chloride ion, a fast increase in concentration along the flow path is
not expected, as there are very few igneous and sedimentary rocks
that can contribute large amounts of chloride to water. The study of
the rCl/rBr ratio shows that the range of values of meteoric waters and
groundwater are similar. Although groundwater is more saline than
meteoric water, the range of values of rCl/rBr does not change. Conse-
quently, halite is not dissolving and there is no chloride contribution
from the geological medium. In any case, if the increase in the chloride
content of groundwater is a consequence of the contribution of igneous
or sedimentary rocks, this would imply an increase in the value of rCl/
rBr, which is not observed. Parallel studies show that water isotopes
agree with this process. Thus, the high salinity of groundwater could
be explained only by intense evapoconcentration of recharge water.
This agrees with what has been said before: there is a good correlation
between chloride and lithium and the values of the rCl/rBr ratio found
in groundwater remains almost constant as salinity increases.

Once water has been recharged, several other processes can modify
groundwater along its flow path and are reflected in the chemical and
isotopic changes. The compositional variability indicates that in the
higher parts of the Domeyko Cordillera, groundwater mainly flows
through the igneous Paleozoic rocks (Fig. 12), where the rather low sol-
ute concentration of meteoric waters causes the original strontium iso-
topic signature to be masked by weathering of igneous rocks and the
release of their radiogenic signatures. The resistance of these materials
to leaching and the short time of water-rock interaction prevent exten-
sive weathering at the hillside, which is apparent in samples in which
the contribution of strontium from dust predominates. Thus, ground-
water flow would be mainly through the superficial layers of the igne-
ous rock fractures. Afterwards, water flows down in the ravines,
where the sulphate content can be enhanced by the sediment filling of
ephemeral streams channels or from atmospheric dust materials prior
to its infiltration downstream. Therefore, the radiogenic source of stron-
tium isotopes can include dust from atmosphere contributing to the fill
of the ravines.

Below 3400m a.s.l., the groundwater solute concentration increases.
These waters outcrop in limestones, which are generally easier to dis-
solve under favourable conditions. Therefore, the isotopic composition
of springs differs from that of high-altitude springs: strontium has
lower radiogenic values and there is a sulphate contribution associated
with the interaction of water with these rocks. The new source of sul-
phate associated with the limestones could be mostly from diagenetic
sulphides that have been kinetically oxidized, with the corresponding
change of the isotopic signatures of sulphur. This is consistent with
Rech et al. (2003), who suggest a possiblewater interactionwithmarine
rocks in the Domeyko Cordillera in some samples near Salar de Punta
Negra, and differs from the observations in the Salar de Atacama
basin, in which the principal sources of solutes are volcanic input and
the dissolution of buried salts below its current volcanic structures



Fig. 12. Hydrogeological cross-sections for the study area through the straight lines shown in Fig. 3. The b–b′ (A) and c–c′ (B) profiles are SE-NW oriented, from the east side of the
Domeyko Cordillera to the centre of the basins in the Central Depression. The d-d′ profile (C) is NE-SW oriented. The lithological units are represented by the same legend as Fig. 3.
The measured water table depth in wells G4 and P4 is 178.5 m and 92 m, respectively. The groundwater levels determined by Ruthsatz et al. (2018) are considered. The different units
through which groundwater flows, and the salt movement with dust from the lowest parts of the basin towards the uplands, are shown by means of arrows.
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(Rissmann et al., 2015; Herrera et al., 2016) or by the interaction of sur-
face run-off with the rocks (Ortiz et al., 2014). In Sierra de Varas area,
the primary control of solute evolution in groundwater is due to the dif-
ferent mixtures produced by the interaction with the diverse lithologi-
cal units and the evaporation processes.

The groundwater solutes from parts of the basin further from the
DomeykoCordillera are related to the alluvial deposits thatfill the ravines
and basins in the Central Depression. This implies long flow paths and
flow time of groundwater, with higher solute concentration due to
evapoconcentration and perhaps some delayed water-rock interaction
processes. A long water flow time agrees with the recorded higher tem-
peratures inwells, which could be explained as resulting from the normal
geothermal gradient effect. However, the chemical compositions of some
groundwater samples show characteristics that are different from expec-
tations. This is the case of the groundwater samples from boreholes ob-
tained in surveys of El Peñón and Guanaco Mines, located N20 km west
of the summit of the Domeyko Cordillera, where the chemical and isoto-
pic composition is similar to themost distal springs of the study area (CC
and ES; Fig. 5). This water is less saline than the springs at intermediate
altitudes flowing out from the Jurassic rocks. This is logical considering
that the potential weathering of groundwater decreases further from
the recharge zone due the slow neutralization of acidity by the reaction
with silicates. It is possible to argue that recharge could also occur
when water flows down through the ravines connecting the Domeyko
Cordillera with the Central Depression when significant precipitation
events are produced. Thus, the accumulated dust in these sectors would
be incorporated into these ephemeral rivers and would recharge water
in parts of the Central Depression. On the other hand, the AtacamaDesert
deposits in the Central Depression (except in ravines) contain soils with
sulphate salts, such as gypsum, thenardite, halite and nitrate, as the
most important mineral component, whose thickness may exceed 2 m
(Rech et al., 2003; Rech et al., 2006; Nalpas et al., 2008). Therefore, it
can be concluded that the recharge will be nil in an important part of
the Central Depression, except in the ravines.

5. Conclusions

It has been demonstrated that atmospheric dust originating in the
salts in the lower parts of the Central Depression is an important local
contributor to the chemical and isotopic composition of 87Sr/86Sr, δ34S
(SO4), δ18O(SO4) and δ11B in the snow and rain water that recharge
the aquifer system in the highest areas of the Domeyko Cordillera.
This also suggests thatmarine aerosols are not an important contributor
to the chemical signatures of these waters.

The chemical solute concentrations and the rCl/rBr ratios comply
with the hypothesis of significant evapoconcentration processes when
groundwater flows to lower elevations. Halite dissolution can thus be
discarded. Also, the isotopic variations allow the identification of the
geological units involved in water-rock interaction processes and how
they vary according to the mixed signatures produced downstream as
new sources become available. It has been found that above 3400 m a.
s.l. groundwater flows through widely fractured Permian volcanic
rocks, where the transit time of water is shorter than at lower altitudes,
so the chemical signatures are quite similar to recharge water. The CO2

in the unsaturated zone air is expected to be close to the atmospheric
concentration, so the infiltrated waters have a low capacity to alter
the igneous rock minerals. However, it can be concluded that ground-
water flow through these rocks is quite shallow and through fractures,
washing the hillsides of the Domeyko Cordillera of eolian salts and
dust. In doing so, groundwater acquires the radiogenic nature of stron-
tium from these rocks, while the main source of sulphate remains from
atmospheric dust prior to infiltration or when the flow is in ephemeral
streams and washes sediments filling the ravines. During these pro-
cesses, the evaporation degree may be variable prior to the infiltration,
which could generate the changes of the oxygen isotope in the sulphate.
When sulphate comes from sulphide oxidation, variability can be due to
the different atmospheric oxygen contribution to oxidation, as in sum-
mertime oxidation is produced with atmospheric oxygen, mainly in
the unsaturated zone, and with scarce water. This is contrary to the sit-
uation in winter.

Below3400ma.s.l., the strontium isotope composition of the springs
points to a less-radiogenic source, probably associated with the Jurassic
limestones of marine origin in this area, which can be dissolved given
favourable conditions. The sulphate source has no significant marine
sulphate contribution, indicating no water-rock interaction with
anhydrite-gypsum layers in the marine units. So, the sulphur and oxy-
gen from sulphate isotopic signature are probably related to kinetic sul-
phide or native sulphur oxidation, which originated through previous
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diagenetic processes and are associated with fetid calcareous rocks
found in this geological unit.

For springs and wells located in most distal parts to the Domeyko
Cordillera in this area, groundwater salinity increases, and the stron-
tium and sulphate isotope source is related to the mixture of salts in
the gravels located in the zone, which include disseminated surface
salts containing gypsumand thenardite. However, it cannot be excluded
that strontium isotope signature is possibly related to the dissolution of
Jurassic marine beds with relatively low marine strontium values. The
composition of these salts would support the hypothesis of its local re-
mobilization through the windblown dust from the Central Depression
to higher elevation areas.

It has been possible to identify, evaluate and characterize the origin
and evolution of solutes in an aquifer of the AtacamaDesert using chem-
ical andmulti-isotopic techniques. However,more research is needed to
quantify the various components of the water balance and amore com-
plete characterization of the aquifer hydrodynamics.

The use of multi-isotopic methods has been successfully used to de-
termine the origin and evolution of solutes, and the resolution of com-
plex geochemical processes that occur in the unsaturated zone and
within aquifers under arid and semi-arid climates (Meredith et al.,
2013; Fu et al., 2018). In some basins in Australia's arid climate, mete-
oric water acquires chloride by rainfall evaporation, with small contri-
bution from atmospheric dust (Cartwright et al., 2013). In addition, it
has been found that the processes influencing groundwater
hydrochemistry in the terminal basin in these areas are dominated by
cyclic wetting-drying and de-dolomitization that have no significant in-
fluence on 87Sr/86Sr values (Dogramaci and Skrzypek, 2015). In these
environments, the groundwater solutes come from rainfall and accu-
mulate over time as it is recycled by precipitation of evaporites and
re-dissolution during sub-sequent flooding events (Skrzypek et al.,
2013). In contrast, in this study area, dust plays a major role in
hydrochemistry of recharge water, but its evolution along groundwater
flow path is governed by water-rock interaction with the different li-
thologies. A similar sulphate contribution from oxidation of sulphides
has been identified in Israel (Vengosh et al., 2007).

Finally, the boron isotopic composition has been useful to discard
the marine aerosol contribution to rainfall and snow and highlights
the importance ofwindblown dust coming from the Central Depression.
It also showed that a control on the groundwater δ11B through fraction-
ation of boron isotopes in a hyper-arid area by the formation of clays
does not occur either, as clay formation is too limited or is overwhelmed
by the continued dissolution of rock, as the values along the flow path
do not increase. Future studies are needed to better understand the pro-
cesses that control boron isotope fractionation in such environments.

As well water samples were taken by pumping, they represent a
mixing of different depths. This has not been considered due to the scar-
city of data and remains a subject for future research.

This research contributes to the explanation of groundwater salinity
and chemical and isotope composition of groundwater in arid to hyper-
arid environments. Thus, it is of general value, beyond that correspond-
ing to a case study. It also shows that, despite the often lack of data in
time and space, a careful consideration of what is available from previ-
ous environmental impact and other studies, can be complemented
with some additional, carefully selected determinations, to yield a co-
herent picture of groundwater and dissolved salts origin and behaviour.
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