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• 3D groundwater flow modelling of the
Salar de Atacama

• Damping capacity of salt flats water
table was defined.

• Brine pumping causes reduction in the
evaporation rate of salt flats.

• Reduction of evaporation due to brine
pumping damping the water table
drawdown

• The damping capacity ends upwhen the
water table is depleted below 0.5–2 m
deep.
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The Salar de Atacama is used as a case study to analyse and quantify coupled natural (evaporation and recharge)
and anthropogenic processes (pumping of lithium-rich brine) to abstract their patterns to other salt flats using a
three-dimensional groundwater flowmodel. Important changes in the dynamics of the water table between the
pre-operational period (1986–1994) and operational period (1994–2015) are observed. The water table exhib-
ited a gradual drawdown during the pre-operational period because the evaporation was greater than the re-
charge for most of these periods. This negative balance was counteracted by some sharp rises that were
produced by direct rainfall events on the salt flat. The deep lateral recharge that arrived from the mountains
did not produce abrupt changes in the water table because the rainfall events in the mountains were damped
by the distance of the recharge zone and great thickness of the unsaturated zone.
The natural evolution of thewater table wasmodified by the intensive brine pumping that was performed in the
south-western Salar de Atacamaduring the operational period. As evaporation depends on thewater table depth,
the pumping caused a drawdownof thewater table, resulting in an evaporation rate reduction that partially com-
pensated for the pumped brine in thewater balance of the basin. This effect is defined as the damping capacity of
salt flats. Thus, salt flats have a high capacity for dampening oscillations in their water table in response to both
natural and anthropogenic disturbances which is of great importance for the management of lake and wetland
ecosystems and brine exploitation. The limit of the dampening capacity of salt flats is defined by the evaporation
extinction depth, which is in the range of 0.5–2 m.

© 2018 Elsevier B.V. All rights reserved.
Keywords:
Groundwater management
Numerical modelling
Evaporation
Brine
Pumping
Lithium
ssessment and Water Research (IDAEA), CSIC, Jordi Girona 18, 08034 Barcelona, Spain.
razuela).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2018.11.196&domain=pdf
https://doi.org/10.1016/j.scitotenv.2018.11.196
mamarazuela@outlook.com
Journal logo
https://doi.org/10.1016/j.scitotenv.2018.11.196
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


1119M.A. Marazuela et al. / Science of the Total Environment 654 (2019) 1118–1131
1. Introduction
The Salar de Atacama is the largest source of lithium in the world,
containing approximately a quarter part of the global reserves. It is, be-
hind the Salar de Uyuni (Bolivia) and Salinas Grandes (Argentina), the
third largest salt flat of the Altiplano and of the world (Risacher et al.,
2003). Brine of saltflats is also a source of large amounts of boron, potas-
sium, iodine, sodium chloride and bischofite (Evans, 1978; Hardie,
1991; Kesler et al., 2012; Lowenstein and Risacher, 2009; Munk et al.,
2016; Rissmann et al., 2015). These elements andminerals are essential
for the production of batteries, fertilizers, ceramics, detergents and
other important industrial utilities (Marom et al., 2011; Vikström
et al., 2013). The exploitation of lithium and other chemical elements
is executed through brine pumping. The extracted brine is channelled
into large pools where it evaporates and precipitates salts, returning a
part of the excess brine to the aquifer via infiltration or reinjection
wells. The boom in clean energy production forecasts an increase in
the demand for these elements and minerals that could trigger signifi-
cant ecological impacts on salt flat ecosystems. Therefore, understand-
ing the hydrodynamics of these hydrogeological systems is important
for predicting their response to anthropogenic pressure and for propos-
ing solutions for their sustainable management.

Salt flats are saline dry lakes often associated with arid to hyperarid
environments in which the water table is located close to the land sur-
face, allowing phreatic evaporation from groundwater. Under the natu-
ral regime, the depth of the water table is a result of the balance
between the recharge produced mainly by rainfall in the mountains
and the evaporation produced in the salt flat (Yechieli and Wood,
2002). The high evaporation rates maintained for thousand or millions
of years allow the accumulation of large amounts of salts (Corenthal
et al., 2016; Warren, 2010; Wood and Sanford, 1990).

As a consequence of the density contrast between the brine pro-
duced from evaporation and the freshwater recharged in the moun-
tains, a saline interface with a mixing zone is often present in the
margins of the salt flats (Fan et al., 1997; Hamann et al., 2015;
Holzbecher, 2005; Nield et al., 2008; Wooding et al., 1997). When the
groundwater recharged in the mountains arrives at the marginal zone
of the salt flat, it is forced upward by its lower density. In the marginal
zone where the mixing zone is located, many lakes and wetlands with
valuable ecosystems exist, favoured by the upward groundwater flow.
Moreover, in the salt flat, the evaporated brine sinks due to its high den-
sity, and when it arrives at themixing zone, it can be forced to return to
the land surface of the mixing zone by convection cells, causing mixing
with the freshwater that comes from the mountains (Marazuela et al.,
2018).

As the saltflatswater table is controlled by evaporation and recharge
processes, these systems are very sensitive to climatic and anthropo-
genic changes (Rosen, 1994). Climatic cycles may cause a direct re-
sponse in hydraulic heads at different scales (Bowen et al., 2017;
Duffy and Al-Hassan, 1988). Moreover, the anthropogenic pressure up-
stream of the salt flats or directly in the same salt flat can generate large
disturbances to the water table (Acosta and Custodio, 2008; Tyler et al.,
2006) and therefore in the ecosystems depending on it. The study of
some of these processes that join in the hydrodynamics of salt flats
has been addressed in a separate manner in previous studies. Such is
the case for the evaporation and rainfall in the Altiplano. Evaporation
occurs directly from the groundwater due to the shallow water table,
which favours the rise of water by capillarity. The evaporation in salt
flats can reach the potential evaporation rate in open water reservoirs,
but this rate decreases exponentially until extinguishing in the range
of 0.6–2 m of depth (Kampf et al., 2005; Kampf and Tyler, 2006;
Muñoz-Pardo et al., 2004). This causes the fluctuations of the water
table due to natural or anthropogenic processes to modify the evapora-
tion rate. Rainfall in the Altiplano basins is conditioned by topography,
which, due to the Altiplano uplift, results in two rainfall domains, one
more arid at lower elevations and another wetter one at high elevations
(Bookhagen and Strecker, 2008; Boutt et al., 2016; Houston, 2006; Rech
et al., 2006). To the best of the authors' knowledge, there are no studies
that integrate in a coupled manner all natural processes with the
pumping of brine. Based on numerical models, Muñoz-Pardo et al.
(2004) developed a direct relationship between the water table depth
and recharge and evaporation and investigated how this relationship
could contribute to keeping the water table stable, but a detailed
study of this process and the effect of brine pumping is still lacking.
Acosta and Custodio (2008) evaluated the environmental impacts
under different pumping rates in the exploitation of the Salar de Huasco
(Chile), although they could not compare with measured data for the
case studied.

Numerical models are the best tool capable of integrating all compo-
nents of thewater balance to analyse its interactions and to quantify the
effects that brinepumpinghas on thewater table. No previous studyhas
integrated all natural and anthropogenic processes at the same time to
reproduce the water table evolution of a salt flat in a three-
dimensional (3D) numerical model. Additionally, no study has analysed
the response of salt flats to the intensive pumping of brine and how this
affect the natural regimeof thewater table. The high computational cost
and the difficulty of quantifying the water balance of these basins are
the reasons why these systems have rarely been quantitatively
modelled.

To fill this scientific gap, the Salar de Atacama is a suitable case study.
The monitoring network of the Salar de Atacama is considered the larg-
est in the world (Tyler et al., 2006), and it has hydraulic head and den-
sity data spanning N30 years. The range of the continuous data record
covers a first period (1986–1994) in which the hydrodynamics of the
system were dominated by natural processes (the pre-operational pe-
riod in an almost-natural regime) and a second period (1994–2015),
in which the effect of the intensive extraction of brine was added (the
operational period in the mining or anthropogenic regime).

Marazuela et al. (2018) used the Salar de Atacama to describe the
hydrodynamics of the mixing zone in salt flats and to propose a meth-
odology of hydraulic head corrections based on density variations to ap-
proximate the vertical fluxes of the mixing zone in constant-density 3D
numerical models at the regional scale. This allows overcoming the lim-
itation of the high computational cost of 3D models with variable den-
sity. Furthermore, the 3D steady-state numerical model of Marazuela
et al. (2019) established the average water balance and groundwater
flow of the Salar de Atacama in its natural regime, which serve to evi-
dence that the infiltration in hyperarid basins reaches values much
higher than what was previously believed. In their work, the water bal-
ance of the Salar de Atacama basin was established to be 16 m3·s−1 for
both the recharge and evaporation, allowing a 0 m3·s−1 net balance.
However, the temporal evolution of the water table and the effect of
the hydrodynamics of the natural processes coupled to the brine
pumping were outside the scope of the research and have not yet
been studied. Understanding how brine pumping has affected the natu-
ral hydrodynamics of the Salar de Atacama for more than three decades
is of great importance to know how salt flats respond to anthropogenic
pressure and how this may affects their ecosystems. This is of para-
mount importance because salt flats (and their ecosystems) are becom-
ing increasingly targeted for mining raw material critical for modern
industry.

The objective of this paper is to study the interaction between the
natural and anthropogenic processes that coexist in salt flats, using
the Salar de Atacama as a case study, and to abstract natural and anthro-
pogenic patterns to other salt flats. For this purpose, a 3D transient-state
numerical model is used as a tool to describe and quantify the water
table response to these coupled processes.

2. Study area

The Salar de Atacama basin is located in a large endorheic basin of
the current forearc of northern Chile. The surface area of the basin is
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approximately 17,000 km2, and its depocenter (2300 m a.s.l., meters
above sea level) is the Salar de Atacama. It belongs to the Antofagasta
Region, located 55 km south of San Pedro de Atacama and 320 km
northeast of Antofagasta (Fig. 1). The basin may be divided into four
geomorphological domains: salt flat nucleus, mixing zone, alluvial fans
and basement and volcanic rocks.

The eastern limit of the basin is represented by the Western Cor-
dillera, which is the current volcanic arc of the Andean Range and
reaches 5000 m a.s.l. The western limit of the basin is the Cordillera
Domeyko, which has an average elevation of 3000 m a.s.l. and is con-
stituted by Paleozoic and Mesozoic rocks (Arriagada et al., 2006;
Pananont et al., 2004). At its southern boundary, the basin is limited
by the Cordón de Lila, which includes igneous and sedimentary rocks
from the Ordovician to the Carboniferous (Muñoz et al., 2002). The
Miocene and Pliocene ignimbrites along with some Upper Paleozoic
rocks outcrop on the slope of theWestern Cordillera (Mpodozis et al.,
2005).
Fig. 1. Location of the Salar de Atacama (LANDSAT 8: 27 September 2016). The black lines bor
shown in orange lettering (internal, IMZ; middle, MMZ and external, EMZ). (For interpretatio
of this article.)
The current depocenter of the basin is mainly filled by clastic and
evaporite sediments that, due to the continuous lateral groundwater re-
charge coming from the mountains and permanent evaporation, have
generated a nucleus enriched in sodium chloride of area 1360 km2.
The nucleus is surrounded by a marginal zone that corresponds to the
intersection between the mixing zone and the land surface. The mixing
zone has an area of approximately 2000 km2, and it is constituted by ha-
lite, gypsum and calcite (Vásquez et al., 2013).

2.1. Hydrogeology

As an endorheic basin, all recharge that occurs in the aquifers of the
Salar de Atacama is produced by infiltration of rainfall. Because the An-
dean Range acts as a barrier to the amazonian clouds and Humboldt
Current of the Pacific coast, the Salar de Atacama is under a subtropical
high-pressure zone, and it has a hyperarid climate that is characterized
by low precipitation rates.
der the salt flat nucleus and the mixing zone. The three sub-zones of the mixing zone are
n of the references to color in this figure legend, the reader is referred to the web version
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The surface water network is scarce, and the highest flows occur in
the San Pedro and Vilama rivers (Fig. 1). The San Pedro River forms an
alluvial fan (San Pedro alluvial fan) when arriving at the northern mar-
gin of the salt flat, where water infiltrates detrital sediments. Addition-
ally, there are some intermittent streams that drain, across the eastern
margin, the water from the mountains such as the Toconao, Aguas
Blancas, Talabre, Camar, Socaire, Peine and Tilomonte streams. At a
short distance from San Pedro alluvial fan, and in the east direction,
the BurroMuerto Channel connects and feeds the Chaxa and Barros Ne-
gros Lakes which constitute the Soncor Lake system.

In addition to Soncor, there are several lakes (Cejar, Tebenquiche,
Aguas de Quelana, Peine and Tilopozo) in the mixing zone associated
with the upward flows that constitute highly valuable ecosystems that
serve as a habitat or nesting centre for Andean flamingos and other spe-
cies (Cornellà et al., 2009; Ortiz et al., 2014; Salas et al., 2010; Tejeda
et al., 2003) (Fig. 2). Marazuela et al. (2018) differentiated three hydro-
dynamic zones inside the mixing zone: an internal mixing zone (IMZ),
middle mixing zone (MMZ) and external mixing zone (EMZ). Most of
the lakes are located in the upstream flows associated with the MMZ,
which separates the IMZ from the EMZ (Fig. 1). The IMZ exhibits a hy-
drodynamics dominated by groundwater movements associated with
density contrasts. On the other side, the EMZ is controlled by the
groundwater flows coming from the recharge in the mountains
(Marazuela et al., 2019). The water table depth in the natural regime
ranges from 0.1–1 m in the salt flat nucleus and 0–1.5 m in the mixing
zone.

In the nucleus, themost permeable aquifer is the upper stratigraphic
unit of halite (Fig. 2) (IDAEA-CSIC, 2017; Marazuela et al., 2019). Below,
a second halite aquifer is confined by a low permeability stratigraphic
unit of gypsum that constitutes an intermediate aquitard. Towards the
margins, the hydro-stratigraphic sequence aquifer-aquitard-aquifer is
transferable to the alluvial fans as a regional simplification, where the
upper and lower high-permeability detrital deposits are detached
from the lower ones by a poorly permeable layer constituted mainly
by sands, silts and ashes. Twomain faults affect the thickness and geom-
etry of these stratigraphic units, the Salar and Tucúcaro faults.

3. Materials and methods

In this section, themethodology followed to obtain the data used for
the estimation and calibration of the inflows and outflows of the numer-
ical model is described. First, themeteorological data considered for the
estimation of recharge, evaporation and flow of streams are explained.
Fig. 2.Hydrogeological performance of the Salar de Atacama basin (modified fromMarazuela et
and SP is the San Pedro alluvial fan.
Second, we address the hydrogeological data, which include the
pumping rate of the brine and freshwater wells, the hydraulic heads of
the observational wells and the hydraulic parameters involved in the
calibration process of the numerical model. Finally, the geometry and
performance of the 3D transient-state numerical model are described.

3.1. Meteorological data

3.1.1. Recharge
The rainfall datawere provided by 14weather stations located in the

Salar de Atacama basin (see their locations in Fig. 3A). Some rainfall
events affect a very local area, and analysing the rainfall over time in
an integrated manner is not possible. Therefore, each rainfall event
from January 1986 to December 2015 was mapped individually. Thus,
an isohyets map of each event was created, taking into account topo-
graphic factors as the dominant criteria for the interpolation.

Two multivariate methods were used to fill gaps in the rainfall time
series: weighted linear combination (Peterson and Easterling, 1994)
and the Karl methodology (Karl and Williams, 1987). The first method
allows filling the gaps from the data of statistically proximal series by
means of a weighted linear combination of the series that are used.
The second method replaces the gap of a record by the corresponding
value of another nearby station that has a high linear correlation
index, it being necessary to know the behaviour of precipitation in the
basin (e.g. rainfall gradient).

The recharge by infiltration of rainfall water was calculated by
subtracting the detention from the total precipitation following the
criteria of Marazuela et al. (2019). In accordance with this previous
work, the Salar de Atacama basin cannot be treated as a typical hyper-
arid area with very low infiltration rates and a homogeneous precipita-
tion rate. The sparse vegetation, the underdeveloped surface water
network and the high degree of fracturing of the rocks of themountains
(the main recharge area) imply that the great part of the rainfall infil-
trates in the mountains. Detention is the proportion of rainfall that
will not arrive to infiltrate and recharge the aquifers. At the beginning
of each precipitation event, approximately 5 mm are detained in the
soil and return to the atmosphere by evaporation. This value is justified
because rainfall events lower than 5 mm almost never affect the water
table of the salt flat because the water is detained in the soil and subse-
quently evaporated. This value was subtracted for each rainfall event.

The zoning to quantify the recharge by rainfall was performed at two
levels: (1) peripheral sub-basins and (2) the salt flat nucleus, mixing
zone and alluvial fans. The first correspond to the most elevated areas
al., 2019). Q is the Quelana Lake, SLS is the Soncor Lake system, Tb is the Tebenquiche Lake



Fig. 3. Superficial recharge and evaporation zones (modified from Marazuela et al., 2019). A) Regional recharge sub-basins and isohyets map. Green points indicate the positions of the
weather stations. The basin recharge values of each zone are listed in Table S1. B) Recharge zones at the surface of the model domain. The recharge and evaporation values of each
zone are listed in Table S2. (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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located between 2400 and 5500ma.s.l. The sub-basins of greater exten-
sion and elevation are found in the eastern half of the basin. In these
areas, andesite and ignimbrite rocks appear interspersedwith continen-
tal sedimentary facies. They constitute aquifers of low hydraulic con-
ductivity and storage capacity, although they can increase their
effective hydraulic conductivity due to the high degree of fracturing.
As explained above, the high degree of fracturing together with the
scarce vegetation and the processes of physical-chemical weathering
on the surface make the infiltration rate very high. A total of 11 sub-
basinswere defined based on amorphometric study that included a dig-
ital elevation model and satellite images (LANDSAT 7 and 8) (Fig. 3A).
On the other hand, the domain that encompasses the salt flat nucleus,
mixing zone and alluvial fans was discretized into 30 zones according
to geomorphological and soil features (Fig. 3B). The recharge values
for sub-basins are listed in Table S1, and those for surface zones are pre-
sented in Table S2.

3.1.2. Evaporation
The evaporation in the Salar de Atacama occurs from thewater table

which is very close to the ground (phreatic evaporation). The higher
evaporation rates, however, occur in the mixing zone where the water
table is closer to the land surface and where some lakes allow direct
evaporation. In the salt flat nucleus, the polygonal structure of the salt
crusts allows the rise of the groundwater by capillarity and favours
evaporation from the water table when it is close to the surface. Al-
though the evaporation rate in the nucleus is much less than in the
mixing zone, this should not be neglected because the surface area is
very large.

Evaporation rates were estimated from the experimental data regis-
tered by evaporation trays and lysimeters. Evaporation trays were
installed in the weather stations. Lysimeters were installed in the
mixing zone tomeasure the evaporation from the groundwater. Evapo-
ration rateswere correlatedwith thewater table depth byfitting the ex-
perimental data of the lysimeters with the Philip (1957)-type curve.
This method relates the evaporation rate that is measured to the
water table depth through an exponential fit.

Considering the characteristics of each type of soil and the data col-
lected by the evaporation trays, the annual evolution of the evaporation
rate in each zone of the Fig. 3B was established. The average values for
each zone are listed in Table S2.
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3.1.3. Streams
Although the surface water network is undeveloped in the Salar de

Atacama basin, two rivers and some streamsmay be identified. Streams
descend from the eastern mountains until the alluvial fans, where the
often intermittent flows infiltrate as a consequence of the high perme-
ability. These streams were continuously monitored using 15 gauging
stations (see their locations in Fig. 1). Time series gaps were filled
through data correlation between nearby gauging stations, taking into
account the average value of each stream and the meteorological data
of the weather stations. The highest flows are in the San Pedro River,
with 0.72 m3·s−1, and the Vilama River, with 0.28 m3·s−1, both of
them at the north of the Salar de Atacama. The other streams, such as
Toconao, Aguas Blancas, Talabre, Camar, Socaire, Peine and Tilomonte,
are located on the eastern or south-eastern side of the Salar de Atacama,
with flow rates that range between 0.15 m3·s−1 and 0.01 m3·s−1. The
average values of streams are presented in Table S3.

3.2. Hydrogeological data

3.2.1. Pumping wells
At present, two mining companies pump the brine of the Salar de

Atacama. These companies are Sociedad Química y Minera de Chile
S.A. (SQM), owner ofmining plantsMOP and SOP andAlbemarle Corpo-
ration (ALB), owner of mining plant ALB.

The pumping network of SQM consists of several hundred brine
pumpingwells located in the southwestern salt flat nucleus, 5 freshwa-
ter wells in the eastern alluvial fans and 4 reinjection points associated
with infiltration from the evaporation pools (Fig. 1). Daily flow rates are
available from the beginning of the pumping in 1994.

The pumping network of the ALB mining company comprised 62
brine wells in the southern salt flat nucleus and 3 freshwater wells in
the southern alluvial fans. Historical flows were seasonally represented
based on the data presented in Rockwood-Lithium (2015).

The brine pumping performed by ALB began in 1983 at a rate of
0.05 m3·s−1 and increased to 0.13 m3·s−1 by 2015. The extraction of
brine performed by SQM began in November 1994 at a rate of
0.07 m3·s−1 and reached 1.37 m3·s−1 in 2015, with the maximum ex-
traction in summer and minimum in winter (Comisión Regional del
Medio Ambiente, 2006; IDAEA-CSIC, 2017). The freshwater pumping
performed by ALB ranged between 0.01 m3·s−1 in 1999 and
0.02 m3·s−1 in 2015, and for SQM, it ranged between 0.07 m3·s−1 in
2000 and 0.21 m3·s−1 in 2015. The SQM reinjections increased from
0.1 m3·s−1 in 1996 to 0.38 m3·s−1 in 2015. Therefore, a pre-
operational period (1986–1994) and an operational period
(1994–2015) were differentiated. In the pre-operational period some
brine extractions occurred, but they were insignificant compared with
those that have occurred since 1994.

3.2.2. Observational wells
The hydraulic head time series were recorded manually or with a

data logger in a total of 549 wells (see their locations in Fig. 1). The
data were corrected for variable density variations following the meth-
odology of Marazuela et al. (2018). This methodology is based on the
application of a correction to the fresh and mixed water heads to com-
pensate for the density variations, taking as reference the density of
the brine (1.23 kg·L−1).

3.2.3. Hydraulic parameters
Evaporites and cemented detrital deposits of salt flats have low hy-

draulic conductivities if they are not altered. However, the dissolution
and karstification increase the permeability by several orders of magni-
tude, resulting in preferential channels (Bakalowicz, 2005). These de-
posits can be treated as discretized equivalent porous media in
regional studies (Scanlon et al., 2003).

The reference values of the hydraulic conductivity and specific stor-
age were deduced from the hydraulic tests performed by mining
companies and in some cases reinterpreted by other authors (IDAEA-
CSIC, 2017; Marazuela et al., 2019; Rockwood-Lithium, 2015). The zon-
ing of the hydraulic parameters and specific storage was performed
based on lithological and soil features, pumping test results and the pre-
vious study (Fig. 4).

3.3. Numerical modelling

A transient-state groundwaterflowmodelwas constructed to repro-
duce the hydrogeological behaviour of the Salar de Atacama between
January 1986 and December 2015, considering the natural (recharge
and evaporation) and anthropogenic processes (freshwater and brine
pumping and reinjections). For the initial condition, the steady-state
water table presented by Marazuela et al. (2019) was used, which rep-
resents the average hydraulic heads in the natural regime, prior to brine
pumping, similar to the 1986 regime. A time step limited to 10 dayswas
applied. The FEFLOW code (Diersch, 2014) was used to solve the three-
dimensional groundwater flow equation.

3.3.1. Model set-up
The model domain (Fig. 1) has an area of 3303 km2 and covers the

salt flat nucleus, the mixing zone and a large part of the eastern alluvial
fans. The eastern boundary is the contact between the alluvial fans and
the basement or volcanic rocks, the southern boundary is the contact
between the saltflat nucleus and theCordón de Lila, thewestern bound-
ary is the contact with the Cordillera de la Sal which is constituted by
oligocene-miocene evaporites, and the northern boundary correspond
with a deep structural lineament, sufficiently far from the area of inter-
est (IDAEA-CSIC, 2017).

The three-dimensional mesh contains four layers with a total of
266,340 triangular prism elements to represent aquifer A, aquitard AB
and aquifer B (Fig. 5). Aquifer A and aquitard AB are represented with
one layer each. Aquifer B is represented through the two lower layers
to correctly reproduce the strong fault jump caused by the Salar fault.
Themesh is refined near fault jumps, lakes, pumpingwells and observa-
tional wells. The sizes of the elements range between 10 and 300 m.

3.3.2. Boundary conditions
The lateral groundwater recharge that represents the flows coming

from the water recharged in the mountains was implemented through
the well-type boundary condition around the domain for each sub-
basin. Due to the distance between the mountains and the model do-
main and due to the thick unsaturated zone in the mountains, these
values were constant over time. The recharge produced by the rainfall
events that occurred directly in the model domain, due to the thin un-
saturated zone, was incorporated as a Neumann-type boundary condi-
tion. Therefore, for each defined recharge zone on the top boundary of
themodel, a time serieswith the estimated recharge values of each rain-
fall event was obtained.

The evaporation was incorporated through double boundary condi-
tions, outflow on top and Cauchy-type. The outflow on top was used to
implement the time series of the evaporation rate in each zone of the
nucleus and mixing zone, including lakes. The evaporation time series
included a progressive non-linear reduction in the salt flat nucleus
due to the deepening of the water table produced by the pumping.
The Cauchy-type boundary conditionwith a high leakage served to pre-
scribe the hydraulic head in the Soncor Lake system and in the MMZ,
where the water head was similar to the salt flat nucleus over time.
The northern stretch of the mixing zone mapped in Fig. 1 was not
taken into account for the Cauchy boundary condition (Fig. 3B) because
the water heads change with respect to the nucleus, and it would be
necessary to apply density corrections to the prescribed water heads.
The outflow from this zone was considered based on the calibrated
value of the Neumann-type boundary condition.

Finally, a well-type boundary condition was used to reproduce the
extractions and reinjections. The brine pumping wells were adjusted



Fig. 4. Zoning of the hydraulic conductivity (A) and specific storage (B) for each hydrogeological unit (modified fromMarazuela et al., 2019). The hydraulic conductivity values are listed in
Table S4 and the specific storage values in Table S5.
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to a simplified network of equivalent wells to facilitate their implemen-
tation in the numerical model. This network of equivalent wells was
made using a regular mesh with cells of 1 km2 resolution, assigning
the accumulated pumping of the wells in each cell to its centroid
(Fig. 6). This methodology was performed independently for aquifer A
and aquifer B. A total of 245 equivalent wells were used.

3.3.3. Model calibration
The calibration process was performed through inverse modelling

with the parameter estimation code PEST (Doherty, 2015). The core of
the PEST engine is the Gauss-Levenberg-Marquardt algorithm
(GLMA), which iteratively optimizes the model parameters to improve
their fit to observed data by means of an objective function.

The calibration of the hydraulic conductivity, lateral recharge and
average evaporation was a joint process based on the steady-state
model of Marazuela et al. (2019). The specific storage was calibrated
for the transient-state model.

The hydraulic conductivities in aquifer A exhibited values ranging
between 80 and 300 m·d−1 for the alluvial fans and between 60 and
300m·d−1 for the salt flat nucleus and mixing zone (Table S4). The hy-
draulic conductivities in aquitard AB ranged between 0.01 and 5m·d−1,
and in aquifer B, they ranged between 0.1 and 20 m·d−1. The specific
storage values (Table S5) ranged between 0.007 m−1 and 0.012 m−1

in aquifer A. For aquitard AB and aquifer B, the specific storage was
10−4 m−1 and 10−5 m−1, respectively.

4. Results and discussion

In this section, the field data combined with the results of the 3D
transient-state numerical model are used to discuss the natural



Fig. 5.Mesh of the 3D numerical model. A) 3D view. B) East-West vertical cross section. C) North-South vertical cross section.
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hydrodynamics of the Salar de Atacama and how the brine pumping has
impacted the naturalwater table to abstract patterns applicable to other
salt flats.

First, the individualized natural processes, recharge and evaporation,
that occurred in the Salar de Atacama and their coupled behaviour are
addressed separately. Subsequently, the effects that caused brine
pumping are evaluated and discussed to extrapolate general patterns
to other salt flats.

4.1. Natural hydrodynamics of the Salar de Atacama

The results of the numerical model simulation show the evolution of
the water table of the Salar de Atacama from 1986 to 2015, taking into
account the brine pumping (Figs. 7 and 8). The brine pumping was al-
most non-existent until 1994, and therefore it is very interesting to
Fig. 6.Methodology used for the definition of the equivalent wells.
first establish the natural hydrodynamics of the salt flat during this pe-
riod (1986–1994) to be able to discuss in the following section the an-
thropogenic impacts of brine pumping.

In the natural regime, the water table is controlled by evaporation
and recharge processes. The experimental data reveal that the evapora-
tion has a clearly seasonal behaviour, with average minimum values of
1050 mm·yr−1 from June–July and maximum values of
4450 mm·yr−1 from December–January. In addition to this annual
evaporation wave, there is a daily day-night cycle that also modulates
the evaporation rate. These values decrease exponentially until
extinguishing at water table depths between 0.5 and 2 m, as evidenced
by the lysimeter data (Fig. 9).

The evaporation process is apparent in the water table evolution
mainly as an annual cycle. Thus, the greater evaporation in summer
than in winter causes a gradual drawdown from December to June
and a gradual rise from June to December. The phase of the sinusoidal
effectmay change slightly depending on the saltflat zone if any external
factor, such as the lateral groundwater recharge that arrives from the
mountains, generates a change in the water table depth. In Fig. 10, the
correlation between the hydraulic heads and the normalized evapora-
tion function applied for each average value of evaporation is shown.
This normalized function was computed based on the evaporation
data of the open water reservoir (evaporation trays data). The water
table oscillations due to the annual cycle of evaporation reach a half
metre in the mixing zone, where the water table is closest to the topo-
graphic surface and the evaporation rate is higher (Fig. 8). However,
inmostmodelled areas themaximumoscillation caused by evaporation
is centimetres or a few decimetres. This effect can be observed in detail
in the observed and modelled hydraulic heads shown in Fig. 8 during
the pre-operational period. The wells P1, P2 and P3 located in the
north-eastern mixing zone exhibit higher oscillation ranges due to
evaporation, which is approximately 0.10 to 0.50 m. Additionally, the
annual cycle of evaporation is evidenced in the wells P5, P10 and P11,
with amplitudes from approximately 0.10 to 0.30 m for the eastern
and south-eastern mixing zones. Furthermore, during the pre-
operational period, this cycle is also evidenced in the wells P4, P6, P7
and P9 of the brine pumping area, with oscillation rates between 0.10
and 0.20 m. These field data confirm that in the natural regime, both



Fig. 7. Hydraulic head contour maps resulting from the 3D transient-state numerical model. The results are shown every five-year periods from December 31st, 1990 to December 31st,
2015. The black letters indicate the value of each hydraulic head contour line in meters above sea level (m a.s.l.).
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the nucleus and the mixing zone evaporated the groundwater. The
mixing zone experienced a higher evaporation rate due to the shallower
water table and the existence of lakes connected to thewater table. This
is coherentwith the lower amplitude of the evaporation cycle in the salt
flat nucleus relative to the mixing zone.

The meteorological data provided by the weather stations reveal
that rainfall rate ranged from b10 mm·yr−1 in the salt flat nucleus to
N160 mm·yr−1 in the eastern mountains (Fig. 3A). The rainfall events
are very scarce, and they are concentrated from December to March.
The amount of precipitation is controlled by the climatic cycles, and it
is subject to cycles of 5, 10 or more years, coinciding also with the El
Niño – Southern Oscillation (ENSO). In the salt flat nucleus, the precip-
itation decreases from north to south and from east to west, since the
clouds discharge the water before reaching the south-western end of
the salt flat.

The effect of the rainfall recharge on the water table depends on its
location. Rainfall events can occur both directly on the salt flat nucleus
and mixing zone or in the mountains. An abrupt and instantaneous
rise in water table is observed with each direct rainfall event on the
salt flat nucleus and the IMZ due to the small thickness of the unsatu-
rated zone. However, some rainfall events exhibit no direct impact on
the water table or a linear relationship between the amount of rainfall
and the disturbance of thewater table (Fig. 11). This behaviour is a con-
sequence of the type of soil, the spatial distribution of the rainfall event
and the temporal lag between rainfall events which modify the deten-
tion. Owing to the great extent of the basin, the rainfall events did not
present a homogeneous distribution along the entire basin, making it
necessary to analyse the isohyets map for each event and translate
this into the time series of the numerical model. Thus, rainfall events
with high rainfall rates and great spatial extent (rainfall events identi-
fied at several weather stations) are those that give rise to greatest
abrupt rises of the water table (Fig. 11). This type of perturbation can
trigger abrupt ascents of several decimetres of the water table, as ob-
served in Figs. 8 and 11. Black arrows denotes each of the rainfall events
than caused a strong rise of the water table, with eight being the most
important during the last 30 years.

Regarding the rainfall events that occurred in the mountains, how-
ever, the perturbation that they produced in the water table of the salt
flat is not obvious. There, the rainwater infiltrates the soil and recharges
aquifers. The amount of water recharged in the eastern mountains is
very large due to the low detention in the soil caused by the presence
of fractured soils (ignimbrites) and the scarce vegetation. However, de-
spite the large volume of water recharged, the perturbations to the
water table were not evident in the salt flat. This is because due to the
greater thickness of the unsaturated zone in themountains and the dis-
tance from the mountains to the salt flat nucleus, the effect of the rain-
fall events is damped.

In the salt flat nucleus and the IMZ, the coupling of both natural pro-
cesses, evaporation and recharge, results in a water table evolution
dominated by a gradual decay due to evaporation which is disrupted
by sudden level rises caused by episodic rainfall events. The natural
trend of the water table is to gradually decay because the evaporation



Fig. 8. Hydraulic head evolution at eleven observational wells showing the modelled versus measured (observed) data. The measured data outside the mixing zone were corrected for
density variations following the methodology of Marazuela et al. (2018). The location of the piezometers are shown in the centre of the figure.
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is greater than the recharge for most of the time period studied. This ef-
fect is evidenced by the evolution of the hydraulic heads of the P4, P8, P9
and P10 wells (Fig. 8), where the decreasing natural trend due to evap-
oration is only perturbed by the episodic rainfall events.

In the EMZ, the gradual decay caused by evaporation is damped even
though the evaporation rate is the highest. This is because the mixing
zone acts as a hydraulic barrier that isolates the two systems, the salt
flat nucleus and the IMZ on one side and themain recharge area (moun-
tains), the alluvial fans and the EMZ on the other, with the domains sep-
arated by theMMZ. In the EMZ, the rainfall events did not exhibit such a
direct response in thewater table, especially those far away from the in-
tersection of the mixing zone with the land surface. The lateral



Fig. 9. Experimental data of evaporation rates taken by lysimeters located in the
evaporation zones A3 and A7. The fit of the average exponential curve was based on the
Philip (1957) type curve.

Fig. 11. Correlation between rainfall events registered at three weather stations (WS8,
WS9 and WS10) (see their locations in Fig. 3A) and the hydraulic head values of the
observational wells W4 and W5 (see their locations in Fig. 1).
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groundwater recharge dominates the surface recharge, and the unsatu-
rated zone becomes wider, weakening the direct effect of the rainfall.
This process results in fairly constant hydraulic heads over time even
though they are affected by evaporation and surface recharge (see the
evolution of the hydraulic heads of the P2, P3 and P5 wells in Fig. 8).
Fig. 10. Correlation between hydraulic head data from observational wells W1, W2 and
As a consequence of the barrier effect exerted by the mixing zone, the
hydrodynamics of the salt flat nucleus and the IMZ are those of pools
that are quasi-isolated from the groundwater that arrives from the
mountains as lateral recharge. The groundwater movement in these
areas (nucleus and IMZ) is much slower and is controlled mainly by
density-driven forces.

4.2. Anthropogenic impacts

Under the natural regime, evaporation and recharge control the hy-
drodynamics and water table of the salt flat. However, in the Salar de
Atacama there has been intensive brine exploitation, whose potential
impacts on the natural hydrodynamics require analysis and quantifica-
tion to extrapolate its behaviour to other salt flats.

4.2.1. Water table evolution
The water table evolution results from the numerical model shows

the origin and evolution of different water table drawdowns as a conse-
quence of the pumping of brine (Figs. 7 and 8). Prior to 1994, the brine
pumping performed in the southern area of the salt flat nucleus by ALB
did not produce large disturbances in the natural regime. In 1994, the
first effects of the pumping appeared, although they were still incipient
W3 (see their locations in Fig. 1) and the normalized evapotranspiration function.



Fig. 12. Total water balance resulting from the 3D transient-state numerical model.
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and only located in the southern zone of the nucleus. In 2000, the af-
fected area spread and more acute pumping depressions developed in
the southern area. In addition, the effects of the reinjections in the
central-western zone of the nucleus were also evident. This situation
was accentuated in 2005, when the southern water table drawdowns
caused water heads lower than 2296 m a.s.l. In 2010, the southern
drawdown cone continued to increase, and a new cone of depression
was evident in the south-western sector. Both cones reached minimum
hydraulic heads in 2015, with values below 2292 m a.s.l.

This gradual drawdown of the water table produced a change in the
location of the regional minimum hydraulic head, which moved from
the eastern mixing zone or close to it to the southwestern salt flat nu-
cleus (the main brine pumping area). However, the water heads in the
mixing zone and outdoor areas remained practically constant through-
out this period. This is the same as saying that until now, the salt flat nu-
cleus has been the only one that has clearly suffered the effects of brine
pumping. This may be explained by both the isolating effect of the
mixing zone already described above and the important reduction of
the evaporation rate in the nucleus caused by the drawdown of the
water table. Indeed, as the evaporation rate from the groundwater is a
function of the water table depth, the brine pumping causes an expo-
nential decay in the evaporation rate, which results in a dampening of
the water table. This effect of the water table is clearly evidenced in
the piezometers P7 and P8 (Fig. 8), which are located in the pumping
area. The hydraulic heads of these piezometers clearly described the an-
nual oscillations of evaporation during the pre-operation period, similar
to the piezometers located far from the influence area of the pumping,
but during the operational period, these oscillations disappeared as a
consequence of the drawdown of the water table, indicating that evap-
oration process stopped as a result of the brine pumping. It is undeni-
able that the dependence of the evaporation rate on the water table
depth enables any salt flat to counterbalance the increase and decrease
of the entries of their basins. This makes salt flats and their ecosystems
fairly stable over time on a geological scale, sincewet periodswithmore
rainfall would imply a rise in the water table that would automatically
trigger an increase in the evaporation rate and therefore slow down
this water table rise. In the same manner, a drier period would lead to
inflows reduction in the basin due to rainfall, which would lead to a
drawdown of the water table. The decrease in water table would
cause a reduction in evaporation rate, which would slow down this
water table drawdown. This effect is termed in the present work the
damping capacity of the water table, which is a property of all salt flats
that acts attenuating both natural and anthropogenic oscillations.

The damping capacity of the salt flats water table for natural oscilla-
tions is partially effective for anthropogenic perturbations of the basin
water balance. However, to understand how the damping capacity re-
sponds to anthropogenic disturbances generated by brine pumping, it
is necessary to delve into how the water balance has evolved at the
basin scale during its transition. Thus, brine pumping beyond the natu-
ral evaporation outflow would cause irreversible depletions of the
water heads until recharge was able to replace the pumped brine.
Fig. 13.Water balance evolution. Continuous lines correspond to the primary vertical axis
and dashed lines correspond to the secondary vertical axis. A) Total inputs, outputs and
storage rates. B) Total evaporation and pumping rates.
4.2.2. Water balance evolution
Therefore, it is necessary to analyse the water balance evolution

computed by the 3D numerical model during the pre-operational and
operational periods to advance the knowledge of the damping capacity
of a salt flat when anthropogenic perturbations occur. First, the evolu-
tion of each inflow and outflow of the basin during the natural and
the mining regimes is shown and discussed. Second, the effects of
brine pumping in the water balance and the counterbalance that the
damping capacity has produced in water balance are evaluated.

In the case of Salar de Atacama, the system was dominated by a
negative water balance, which was counteracted punctually with
rainfall events, especially during wet periods. The total inputs
along the modelled period were 1.39 · 1010 m3, and the total outputs
were 1.44 · 1010 m3 (Fig. 12). The resulting negative imbalance was
5.00 · 108 m3, which was less than the volume of pumped brine.

As observed in the total water balance of the numerical model for
the period from 1986 to 2015 (Fig. 12), 89% of the inflows to the salt
flatwere produced through the deep lateral recharge from thewater in-
filtrated into the mountains. The remaining 11% comprised rainwater
fallendirectly on thedomain (7%), infiltration from streams (2%) and in-
filtration from the overflow of the Soncor Lake system (2%).

The outflows of the systemwere produced by evaporation (95%) and
by extraction of brine (5%). The Cauchy-type boundary condition exhib-
ited adequate performance as the inflow produced through this bound-
ary condition was b5% of the outputs, and both remained constant
during the total modelled period.

The temporal evolution of the inflows, outflows and storage over
time is shown in Fig. 13. The annual inflows oscillated between
13.54 m3·s−1 and 17.31 m3·s−1, whereas the outflows had a lower os-
cillation range, between 14.46m3·s−1 and 15.82m3·s−1. The inflows to
the system were mainly represented by the rainwater recharge, which
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depends on the climate cycles. This results in inflow oscillations over
time. On the other hand, the evaporation depends on the potential
evaporation, which may be considered similar every year (taking into
account interannual variability), and on the water table depth, which
decreased throughout the modelled period but was countered by the
brine pumping (Fig. 13B). Consequently, the outflows of the system ex-
hibit lower oscillation amplitudes than the inflows.

In the Salar de Atacama, the natural water balance was modified by
the beginning of the brine exploitation. From then on, a new negative
component was added to the water balance of the system. However,
there is no linear relationship between the water pumped and the de-
crease in storage. This behaviour is associated with the damping capac-
ity of salt flats.When a certain volume of brine is extracted, a drawdown
in the water table is generated, which causes a reduction in the evapo-
ration rate due to an increase in the thickness of the unsaturated zone.
Therefore, an increase in the brine pumping rate implies a decrease in
the evaporation rate, counteracting, in part, the effect of brine pumping
on the total water balance (Fig. 13B). Although the drawdown of the
water table may favour the influx of water from the side of the salt
flat or from the depth, which are difficult to assess, the main factor re-
sponsible for the damping capacity is the modification of the evapora-
tion rate. From an ecological point of view this damping effect may
reduce the impacts of themixing zone on lake andwetland ecosystems.
However, it must be considered that the damping capacity is limited to
the movement of the water table at depths shallower than 2 m. Below
this depth, the evaporation rate goes to zero, and the damping capacity
is lost.

The biggest contributor to the damping capacity of the salt flatwater
table is the nucleus, at least when the natural or anthropic disturbances
are small ormoderate. This is due to two reasons: (1) the large extent of
thenucleus and (2) the location of the brinepumpingwells. The nucleus
of the salt flats generally has a large extent, which implies that even
though the evaporation rate is much lower than that of the mixing
zone, a small rise or fall of the water table leads to a significant change
within the total water balance. This is applicable for both natural and
anthropogenic disturbances. In addition, because the brines are more
evaporated and therefore have a higher economic value in the salt flat
nucleus, the brine pumping wells are located in that sector. Due to
brine pumping, the nucleus suffers the greatest impact in terms of hy-
draulic heads and consequently evaporation rates.

5. Conclusions

The coupled natural and anthropogenic processes that control the
hydrodynamics of many salt flats were addressed using the Salar de
Atacama as a case study. A three-dimensional groundwater flow
model was used to reproduce the water table evolution of the Salar de
Atacama from 1986 to 2015. This also permitted quantifying the water
balance impacts. The three-dimensional approach for the modelling of
the groundwater flow in salt flats was demonstrated to be a power
tool to evaluate natural processes and anthropogenic impacts and to
be of great utility for the management of these systems.

The natural hydrodynamics of the Salar the Atacamawas evidenced
during the pre-operational period (1986–1994). In the natural regime,
the water table exhibited a gradual drawdown because the evaporation
was greater than the recharge most of the time. This negative balance
was counteracted by some sharp rises produced by direct rainfall events
on the salt flat. The lateral recharge that arrived from themountains did
not produce abrupt perturbations to thewater table because the rainfall
events in the mountains were damped by the distance from the re-
charge zone and the great thickness of the unsaturated zone.

The natural regime of the water table was disturbed by the brine
pumping performed in the Salar de Atacama during the operational pe-
riod (1994–2015). The pumping causes a fall in the water table, which
results in a decrease of the evaporation rate that at least partially com-
pensates for the pumped brine. This effect is termed in the present
work the damping capacity of the salt flats. Due to this process, salt
flats have a capacity for damping their water tables in response to
both natural and anthropogenic disturbances, which is of great impor-
tance for the management of lake and wetland ecosystems and brine
mining. The limit of the damping capacity of salt flats is defined by the
evaporation extinction depth, which is between 0.5 and 2 m.
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