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• The thermohaline groundwater flow of
the Salar de Atacama basin is modelled.

• The most evaporated brines converge
towards the eastern edge of the Salar
de Atacama.

• A saline interface isolates the nucleus
from external groundwater flow contri-
butions.

• Li enrichment can be explained by re-
mobilization of buried Li-rich salt/clays.

• Convection in faults can favour the ex-
treme Li enrichment of dilute inflows.
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The Salar de Atacama (SdA) is the largest Li reserve globally. The origin of Li, together with the rest of solutes, has
been object of debate. Thus, rock weathering at low temperature, hydrothermal leaching or magmatic origin to-
gether with subsequent evaporation has been hypothesized. However, the extreme Li enrichment (N4000mg/L)
and the location of the Li-Mg-rich brines around the Salar Fault System (SFS) that crosses the nucleus of the SdA
in half remain unexplained. The objective of this work is to define the thermohaline groundwater flow in the SdA
basin to account for the genesis of its extreme Li enrichment.
Thermohaline flowmodelling has demonstrated the critical effect of theminimum hydraulic head (MHH) of the
regional water table on the groundwater flow of salt flats. TheMHH divides the basin into two isolated hydrody-
namic systems and constitutes the endpoint towards which the most evaporated brines converge. The spatial
mismatch between the locations of the Li-Mg-rich brines in the central-western zone of the nucleus (in the
SFS) and the MHH in the easternmost zone of the nucleus discards recent evaporative concentration of the re-
charge water as themainmechanism of Li enrichment. Moreover, the persistence of a saline interface surround-
ing the nucleus at depth, regardless of the temperature gradient, also precludes lateral recharge (predominantly
from the east) to ascend along the SFS.
On the other hand, the computed thermohaline flow is compatible with the remobilization of buried layers of Li-
Mg-enriched salts and/or clays by dilute recharge waters coming from the west or southwest of the basin. Here,
the role of faults and density-driven flow is key to allow efficient downward and upward flow rates that favour
the remobilization of Li and Mg.
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1. Introduction

The intense evaporation (mainly phreatic evaporation) that occurs
in salt flats (salars) contributes to the enrichment in Li, B, I, K, Mg and
NaCl, which are very attractive for mining exploitation (Baspineiro
et al., 2020; Eugster, 1980; Hardie et al., 1978; Liu et al., 2019; Liu and
Agusdinata, 2020; Rosen, 1994; Wood and Sanford, 1990; Yechieli and
Wood, 2002; Zatout et al., 2020). The brines of salt flats account for
80% of the world's reserves of Li. This element is essential for the devel-
opment of mobile phone and electric vehicle batteries, as well as in the
pharmacology industry (USGS, 2019). The largest salt flats on earth are
located in the Central Andes, which includes northwestern Argentina,
southwestern Bolivia and northeastern Chile (Warren, 2016, 2010). Ap-
proximately 25% of the global Li reserves are in the Salar de Atacama
(SdA) (northeast Chile), which is located in the Pre-Andean Depression
to the west of the Altiplano-Puna (Fig. 1). The SdA is formed by a halite
nucleus filled by interstitial brine in the centre of the basin and a mar-
ginal zone composed of gypsum and carbonates around it, which fea-
tures outcrops of the mixing zone (saline interface) resulting from the
density contrast between the freshwater (1000 kg/m3) coming from
the recharge in the mountains and the brine (1200 kg/m3) of the nu-
cleus (Marazuela et al., 2018, 2019a). The nucleus is divided into two
blocks by the north-northwestern-trending Salar Fault System (SFS) lo-
cated in its central-western zone (Figs. 1 and 2). The pores and cavities
of the nucleus are filled with SO4-rich brines in the eastern block, Ca-Cl-
rich brines in the western block and Li-Mg-rich brines (N4000 mg/L) in
the area around the SFS closest to the Cordón de Lila (Ide and Kunasz,
1990; Kesler et al., 2012; Munk et al., 2018; Risacher and Alonso,
1996) (Fig. 2).

The origin of solutes in salt flats has been extensively studied in re-
cent decades, mainly using solute chemistry and isotopic data. Both vol-
canic fluids and weathering of volcanic rocks have been proposed as
Fig. 1. Location of the Salar de Atacama basin. Also the to
primary sources for Li and other solutes in the Andean salt flats
(Alonso and Risacher, 1996; Alpers and Whittemore, 1990; Risacher
et al., 2003; Risacher and Alonso, 1996; Risacher and Fritz, 2009, 1991,
among others). Regardless their origin, the dilute concentration of Li
in the surface and groundwater recharge and in the geothermal fluids
of the region (commonly below 50 mg/L, Godfrey et al., 2019) make
necessary to consider an additional concentration process to explain
the extremely high Li concentrations in the SFS.

Munk et al. (2016) described the formation of Li-rich brines world-
wide as a result of groundwater flow paths converging into endorheic
basins and discharge through evaporation, concentrating the solutes
and resulting in precipitated salts andhighly concentrated brines. Refer-
ring to Andean salt flats in general, Risacher et al. (2003) proposed
evaporation and recycling of brines (leached of buried salt flats or
leaked from present-day salt flats) as the mechanisms to explain the
chemistry of some salt flats. Thus, depending on the inflow water, the
evaporative concentration would lead to Ca-Cl-rich and SO4-rich brine.
The infiltrating brines would mix with diluted meteoric water forming
recycling cells. The heat flow would act as a driving force for these
recycling cells, possibly resulting in very complex mixing patterns. For
the SdA in particular, Risacher and Fritz (2009) described a system in
which each brine is related to the lithology of its drainage basin
(Fig. 3A). Thus, sedimentary-evaporitic rocks in the western flank of
the basin result in Ca-Cl-rich brines, and volcanic rocks in the eastern
flank of the basin lead to SO4-rich brines. These authors concluded
that no inflow currently enters the nucleus from the west and, there-
fore, the Ca-Cl-rich brine formed in ancient times and could be entirely
replaced by the SO4-rich brines inflowing from the east in the future.

More recently, based on an important deficit in salt mass balance,
Corenthal et al. (2016) proposed that the SdA topographic watershed
does not coincide with the hydrogeological watershed (Fig. 3B). Using
multi-element, multi-isotope and statistical approaches, Rissmann
pography of the numerical model profile is shown.



Fig. 2. Hydrogeochemical framework of the Salar de Atacama. A) Water table, types of brines and Li concentration contour map of the sallowest aquifers. Note the spatial mismatch
between the minimum hydraulic head of the water table and the Li-Mg-rich brine locations. B) Hydraulic head contour map of the vertical cross-section marked in white in the Fig. A.
(Modified from Marazuela et al., 2019a).
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et al. (2015) suggested that the basal leakage of evaporated brines from
the volcanic arc/Altiplano-Puna active salt flats participated together
with meteoric water in the regional groundwater of the southern aqui-
fer feeding the SdA. Using chemical and isotope information of surface
and groundwater from the east of SdA and He isotopes in brines,
Munk et al. (2018) concluded that more than half of the Li in the halite
nucleus is derived from the eastern flank inflows. In order to explain the
high Li concentrations from inflowwaters to brines, these authors pro-
posed evaporative concentration, transition brines and halite
crystallisation. The pending question would be if the water recharged
in the eastern flank of the SdA can reach the SFS area and evaporate
along its path resulting in Li-rich brines.

An alternative explanation to the Li-Mg-rich brines found in the
central-western zone of the nucleus is the ascent of hydrothermal



Fig. 3. Conceptual ideas of the Salar de Atacama hydraulic functioning as deduced from the literature: (A) SO4-rich brines replacing relict Ca-Cl-rich brines, (B) evaporation of the
groundwater recharged east of the Salar de Atacama and (C) deep hydrothermal brines ascending along the Salar Fault System. See details in the text.
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solutions. Jordan et al. (2002) highlighted the potential hydraulic role of
the SFS and suggested that, during desiccated stages, groundwater flow
paths coming from the recharge in the eastern flank of the basin could
reach the centre of the nucleus and after ascend along the SFS. Following
this idea, Lowenstein and Risacher (2009) hypothesized that Ca-Cl-rich
deep waters, heated in the subsurface of the volcanic arc at the east of
the SdA, rise to the surface of SdA along faults related to the SFS
(Fig. 3C). Although no clear genetic link has been established, these
Ca-Cl-rich brines coexist with the Li-Mg-rich brines close to the SFS.
The 3He isotope values measured by Munk et al. (2016) were
interpreted as a possible indicator of the influence of mantle-derived
gases. These authors proposed that interaction of groundwater and
magmatic systems of the Altiplano-Puna is another potential mecha-
nism for transporting mantle-derived Li, from volcanic systems to the
SdA. However, these authors suggested that the fault planes located
within the salt flat, such as the SFS, are not good candidates because
the lithosphere is cold and rigid (Schurr and Rietbrock, 2004); a better
optionwould be the faults located between the salt flat and the volcanic
arc (Fig. 3B). González et al. (2009) related some faults of the SdA basin
to deep magma chambers. Lithium contents of approximately
1000mg/L are common influid andmelt inclusions associatedwith vol-
canic and magmatic rocks (Hofstra et al., 2013; Lindsay, 2001; Schmitt,
2001). The contribution of hydrothermal fluids to the brine composi-
tions has been described in the Salar de Uyuni in Bolivia (Ericksen
et al., 1978); the Fox Creek Area in Canada (Eccles and Berhane,
2011); the Salton Sea, Death Valley and Bristol Dry Lake in California
(Lowenstein et al., 2016; Lowenstein and Risacher, 2009); the Qaidam
basin (Tibet) in China (Li et al., 2018; Lowenstein and Risacher, 2009;
Yu et al., 2013); and many other magmatic zones in the world
(Benson et al., 2017). Karmanocky and Benison (2016) documented
the control of hydrothermal and magmatic pulses on the geochemistry
of the Salar Ignorado, located 200 km south of the SdA, through the
study of inclusions in gypsum crystals. The study carried out in several
salt flats of northwest Argentina by López Steinmetz et al. (2018) con-
firmed the positive linear correlations between Li, K andMg, suggesting
a common source for these ions, probably a thermal contribution. Again,
the hydrogeological connection between the magmatic systems of the
volcanic arc and the nucleus of the SdA remains a major pending
question.

The previously described conceptual ideas on the genesis of the Li-
Mg-rich brines (mainly based on chemistry and isotopic data) hypothe-
sized the evaporation of thewater recharged on the eastern flank of the
SdA basin (Fig. 3A and B) or the deep groundwater flows in the nucleus
fromoutside the basin (Fig. 3C). However, none of these hypotheses has
been tested as feasible by means of groundwater flow numerical
models.

The groundwater flow modelling of saline system basins indispens-
ably needs to consider the strong coupling of flow,mass and heat trans-
port and the dependency of density and viscosity on pressure, mass
concentration (salinity) and temperature (Driesner and Heinrich,
2007; Klyukin et al., 2016; Kohfahl et al., 2015). In thermohaline sys-
tems, the large variations in density and viscosity play an important
role in groundwater flow,which is regulated by Darcy's law. Thermoha-
line convection implies that dense brines counter the upward buoyant
flow and convective cells promoted by thermally driven flow (Irvine
et al., 2014; Magri et al., 2015, 2012, 2009; Wooding et al., 1997). The
leaking of concentrated brines would prevent the salt flats to reach ex-
tremely high concentrations (Sanford and Wood, 1991). Furthermore,
fault planes are frequently associated with preferential flow paths due
to their higher permeability combinedwith the development of convec-
tive cells (Barcelona et al., 2019; Hirthe and Graf, 2015; Koltzer et al.,
2017; Li et al., 2016; Magri et al., 2016, 2015, 2010; Shafabakhsh et al.,
2019; Simms and Garven, 2004; Zechner et al., 2019). However, al-
though previous work has highlighted the necessity of addressing ther-
mohaline circulation in salt flats (e.g., Godfrey and Álvarez-Amado,
2020; Hardie, 1991, 1990; Magaritz et al., 1990; Munk et al., 2016;
Risacher et al., 2003; Rosen, 1994), only synthetic models focused on
the saline interface of the shallowest aquifers have been performed to
date (Duffy and Al-Hassan, 1988; Fan et al., 1997; Hamann et al.,
2015; Holzbecher, 2005; Marazuela et al., 2018; Nield et al., 2008;
Simmons et al., 1999; Tejeda et al., 2003; Vásquez et al., 2013). The com-
plexity and high computational cost of these models is probably what
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has prevented the development of quantitative thermohaline models
that can explain the complex groundwater flow and hydrochemistry
of salt flat basins.

The objective of this work is to explain the thermohaline groundwa-
ter flow in the Salar de Atacama basin to account for the genesis of the
world's largest Li reserve and discuss the feasibility of the hydraulic hy-
potheses behind all the conceptual genetic models of the Li-rich brines
proposed in the literature, in particular, the Li enrichment by evapora-
tive concentration of the inflows feeding the nucleus laterally (Fig. 3A
and B) and the ascent of Li-rich hydrothermal brines along the Salar
Fault System (Fig. 3C). To achieve this objective a thermohaline numer-
ical model of the groundwater flow has been developed to explain
(1) the factors that determine the location of the most evaporated
brines within saline systems and (2) how the thermohaline convection
in a fractured mature salt flat basin like the present-day Salar de
Atacama can contribute to the Li enrichment of brines.
2. Material and methods

2.1. Hydrogeological setting

The SdA basin is a prominent morphological depression of
17,000 km2 located in the proximal forearc between the Western Cor-
dillera (present-day volcanic arc) to the east and the North Chilean
Precordillera (Cordillera de Domeyko) to the west at 2303 m a.s.l. (me-
tres above sea level) (Fig. 1). The SdA basin, especially its eastern flank,
is on the arc-shaped region of high heat flow described in the literature
between latitudes 15 and 30° south (Hamza et al., 2005). The strong
positive anomalies in the isostatic residual gravity of the SdA are caused
by dense bodies at 4–6 km and 10–15 km emplaced magmatically or
tectonically during the Cretaceous rift episode (González et al., 2009;
Reutter et al., 2006).

Successive extensional and compressional regimes have strongly
fractured the basin, with the SFS being the best expressed feature
(Arriagada et al., 2006) (Fig. 2). The north-northwestern-trending SFS
affects the salt flat nucleus from the Cordón de Lila in the south to the
Cordillera de la Sal in the northwest, and it has been active over an inter-
val that spans the last 5–10Ma (Jordan et al., 2007). The SFS has caused
the stratigraphic units of the east block of the SdA to be much thicker
than those in the west block. At least three other major faults are also
described in the literature: the Tucúcaro Fault (which, like the other
minor faults in the SdA nucleus, we include in the SFS to simplify the
Fig. 4. Simplified stratigraphy and structural features of the vertical profile chosen for the nume
location in Figs. 1 and 2.
wording), the Peine Fault and a fault referred to in this study as the
East Fault (Jordan et al., 2007; Muñoz et al., 2002; Reutter et al., 2006).

The hyper-arid climate of the Atacama Desert, where the SdA is lo-
cated, was established long before the SdA developed approximately
5.8 Ma ago (González et al., 2009), although some relatively wetter
and drier short periods have occurred (Bobst et al., 2001). These climatic
cycles have been able to modify the hydrogeological behaviour of the
basin over time. Actually, a higher precipitation rate, above 120 mm/
yr, occurs in the Western Cordillera flank where elevations above
5000 m a.s.l. are reached (Houston, 2006; Marazuela et al., 2019a). In
the salt flat nucleus, the precipitation rate barely reaches 5 mm/yr.

The discharge in the basin occurs mainly by phreatic evaporation in
the marginal zone but also minority in the nucleus (Marazuela et al.,
2019a, 2019b, 2020). In the marginal zone, where the water table is
closest to the ground or directly above the ground in the lakes andwet-
lands fed by the upward flows of the mixing zone, evaporation rates
reach up to 5.84 mm/d (Marazuela et al., 2020). In addition, despite
the relatively greater depth of thewater table in the nucleus, it also con-
tributes slightly to the discharge in the basin with evaporation rates
lower than 0.05 mm/d. Under the current climatic conditions and con-
sidering the water table in the shallowest aquifers, the strong asymme-
try in the discharge by evaporation seems to prevail over the
asymmetry in the recharge, and consequently, the minimum hydraulic
head is located in the easternmost zone of the nucleus, close to themar-
ginal zone (Marazuela et al., 2019a, 2019b) (Fig. 2). Therefore, at least in
the shallowest aquifers, the rechargedwater on both flanks of the basin
converges towards the eastern part of the nucleus.
2.2. Stratigraphy

The upper crustal lithology and structure of the basin needed to sup-
port the modelling works are well known from industry seismic data
and a deep explorationwell drilled in the centre of the basin (a synthetic
profile is shown in Fig. 4) (Jordan et al., 2007; Muñoz et al., 2002;
Pananont et al., 2004; Reutter et al., 2006).

The pre-Cretaceous basement is represented by sedimentary and ig-
neous rocks that crop out in the Cordón de Lila peninsula and bywidely
distributed, stratified volcanic and sedimentary rocks of late Paleozoic
to Triassic age. The early Paleozoic rocks are composed of clastic sedi-
ments with intercalations of pillow lavas of Ordovician age and Ordovi-
cian to Carboniferous plutonic rocks.

The Cretaceous to Eocene sequences that underlie the present-day
SdA were deposited in the back-arc of the volcanic arc before 38 Ma
rical simulations (vertically scaled x1.5 like all profiles shown hereinafter). See the section
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(Reutter et al., 2006). The Purilactis Group (Cretaceous to Eocene)
which crops out in the fold and thrust belt of the El Bordo Escarpment,
underlies the late Eocene to recent sedimentary fill of the basin. The
lowest part of the Purilactis Group is composed of limestones, gypsum
and halite, and the upper part is composed of conglomerates. Addition-
ally, basaltic to andesitic lavas, dikes, sills and subvolcanic intrusive
rocks were described in these sequences as a consequence of the strong
volcanic activity through fissures in the N-S direction.

The Cenozoic rocks correspond to continental clastic sediments and
ignimbrites (liparites) associated with substantial extension. The San
Pedro Fm. (Eocene-Early Miocene), which crops out in the Cordillera
de la Sal, is composed of continental deposits of both clastic (clays, silt-
stones, sandstones and fine-grained conglomerates) and evaporitic (ha-
lite and gypsum precipitated in an ancient tertiary salt flat) rocks. The
equivalent Tambores Fm. is composed of paraconglomerates and poorly
consolidated sandstones.

The Quaternary is mainly represented by the Vilama Fm. (late
Pliocene-present), which constitutes the SdA halite nucleus. The dating
of the five ignimbrite layers originally expelled from the volcanic arc
(stratovolcanoes) and currently buried in the Vilama Fm. constrain the
age of the nucleus deposits to 5.8 Ma (De Silva, 1989; Gardeweg and
Ramírez, 1987; González et al., 2009).

2.3. Numerical model

The thermohaline flow modelling encompassed three numerical
simulations based on the geological profile shown in Fig. 4, and whose
main characteristics are summarized in Table 1. The first two simula-
tions (symmetric and asymmetric simulations) aimed to analyse the ef-
fect of the evaporation discharge distribution across the salt flat surface
on the location of the most evaporated brines and, therefore, of the ex-
pected Li-Mg-rich brine if only evaporation was considered as mecha-
nism of Li enrichment. The third simulation (mature stage simulation)
reproduced the current hydraulic conditions of the SdA basin to charac-
terize its thermohaline groundwater flow and search for a numerically
validated hypothesis of the genesis of Li-Mg-rich brines.

2.3.1. Coupled formulation
The FEFLOW code (Diersch, 2014; Shao et al., 2016) was used to

model the strong coupling of groundwater flow, solute transport and
heat transfer based on the following governing equations.

The equation of fluid mass conservation in equivalent hydraulic
heads is defined as:

Ss
∂h
∂t

þ ∇ � q ¼ 0 ð1Þ

where Ss is the specific storage, h is the equivalent hydraulic head and q
is Darcy's law, which describes the flow of a fluid through a porous me-
dium:

q ¼ −K ∇hþ ρ f−ρ f
0

ρ f
0

u

" #
ð2Þ

where K is the hydraulic conductivity tensor,
ρf is the fluid density and ρ0f is the reference density. The second added
term of this law is the product of the density ratio and the gravitational
unit vector, u, which represents the buoyancy force induced by density
variations.

The energy-balance equation for the fluid and porous medium is
given by the expression:

∂
∂t

ϕρ f c f þ 1−ϕð Þρscs
� �

T
� �

þ ∇ � −λ∇Tþ ρ f c f Tq
� �

¼ 0 ð3Þ

where ϕ denotes the porosity, ρs is the density of the solid, T is the tem-
perature, cf is the specific heat of the fluid, cs is the specific heat of the
solid and λ is the thermal conductivity of the saturated porous medium
as a whole.

The equation of solute-mass conservation in its convective form is as
follows:

ϕ
∂C
∂t

þ q � ∇C−∇ � D∇Cð Þ ¼ 0 ð4Þ

where C is the mass concentration and D is the tensor of hydrodynamic
dispersion.

The tensor of hydraulic conductivity, K, is defined as:

K ¼ kρ f
0g

μ f
ð5Þ

where k is the intrinsic permeability tensor. The dynamic viscosity of
the fluid phase, μf, is regarded as a thermodynamic function of mass
fraction, ω, and T. The pressure (p) dependence on brine viscosity can
be neglected at subcritical temperature (Schoofs and Hansen, 2000).
Combining the high-concentration dependency given by Lever and
Jackson (1985) with the empirical temperature dependency of Mercer
and Pinder (1974), the following expression is reached employing refer-
ence values for concentration, C0, and temperature, T0:

μ f C; Tð Þ ¼ μ0
1þ 1:85ω−4:1ω2 þ 44:5ω3

1þ 1:85ω C¼C0ð Þ−4:1ω2
C¼C0ð Þ þ 44:5ω3

C¼C0ð Þ
1þ 0:7063ς T¼T0ð Þ−0:04832ς3

T¼T0ð Þ
1þ 0:7063ς−0:04832ς3

ð6Þ

where ς = (T − 150)/100 at T in °C and ω = C/ρf.
The equation of state used for the fluid density is given in terms of

reference values for density, concentration, temperature and pressure,
p0, by the BrineDensity plug-in implemented in the FEFLOW code
(Magri, 2009):

ρ f C; T ;pð Þ ¼ ρ f
0 1−β T−T0ð Þ þ γ p−p0ð Þ þ α

Cs−C0
C−C0ð Þ

� �
ð7Þ

where the coefficients of thermal expansion, , compressibility, , and
mass concentration ratio, , vary as a function of C, T and p.

2.3.2. Mesh and model parameters
The 2D model extended from west to east across the basin and

reached the Precambrian-Carboniferous basement throughout (Figs. 1
and 4). The 2D model represented a selected section quite parallel to
the main groundwater flow and, therefore, out-of-plane groundwater
contributions were neglected as a simplification (Fig. 2). The objective
of this model was not to calibrate field data (there are no data at
depth) but to describe thermohaline hydrodynamics at basin scale.
This section captured the main hydrodynamic features that constitute
the basis of the discussion, such as the developing of a mixing zone
around the salt flat nucleus, the hydraulic role of theminimum hydrau-
lic head of the regional water table and the possible convective flow in
the SFS. All of them proved to be intrinsic to saline systems and, there-
fore, although their location or geometry can vary depending on the hy-
draulic parameters and recharge/discharge ratio, the regional hydraulic
behaviour that they trigger does not change.

The maximum elevation was reached at the eastern boundary
(Cerro Lejia) with 5769 m a.s.l. On the other side, the profile only
reaches an elevation 2871 m a.s.l. at the Border Escarpment. The salt
flat nucleus was located 2303 m a.s.l. at the centre of the profile. Due
to the syncline-shaped basin, the Precambrian-Carboniferous basement
was reached 8300m b.s.l. (metres below sea level) beneath the nucleus
and only 2200 m a.s.l. below the volcanic arc.

The finite-element mesh was built using the “Triangle” algorithm
and satisfying theDelaunay criterion (Shewchuk, 1996). Thewhole pro-
file comprised approximately 120,000 triangular elements. The element



Table 1
Summary of the main characteristics of the three thermohaline simulation carried out in this work. E: evaporation.

Simulation Time Objective Specific considerations

Symmetric evaporation 100,000 yr Location of the most evaporated brines in a hypothetical ancient
salt flat with symmetric evaporation

Enucleus = Emarginal zone

Faults disabled
Asymmetric evaporation Location of the most evaporated brines in a salt flat with

asymmetric evaporation
Enucleus b Emarginal zone

Faults disabled
Mature stage Quasi-steady-state Thermohaline flow in the present-day Salar de

Atacama basin
Enucleus b Emarginal zone

Pore water of San Pedro and
Vilama Fms. is saturated in halite

7M.A. Marazuela et al. / Science of the Total Environment 739 (2020) 139959
size ranged from approximately 25 m in the faults and evaporation
zones, which allowed implementing the evaporation boundary condi-
tions in the nucleus and marginal zone as described below, to an aver-
age value of 150 m in the less critical areas to avoid numerical errors.

Faults were represented as permeable areas of 300 m width (it was
very small compared to the basin-scale groundwater flow) extending
from the basement to the top of the model, using the well-established
equivalent porous media (EPM) approach (Blessent et al., 2014;
Vujević et al., 2014). The EPM technique requires less computational ef-
fort than discrete-fracture models and it allows modeling the density-
driven flow inside the faults (Magri et al., 2016, 2015, 2012, 2010).
Faults were disabled in the symmetric and asymmetric evaporation
simulations.

Each stratigraphic unit was considered homogeneous and isotropic
with respect to the physical properties (hydraulic conductivity, poros-
ity, thermal conductivity and volumetric heat capacity) listed in
Table 2. Average values of each parameter were taken from previous
studies in the SdA (e.g., Marazuela et al., 2019a, 2019b) and
complemented with literature reference values for each type of rock
(e.g., Eppelbaum et al., 2014). The basement was considered imperme-
able and then neglected in the modelling task. Due to its extremely low
hydraulic conductivity, preliminary simulations demonstrated that
neglecting the basement did not have a significant impact on the
groundwater flow. The longitudinal and transverse dispersivities for
both, mass and heat transport, were 100 and 10 m, respectively.

Owing to the chemical equilibrium of the brines with halite in most
of the system considered, the impact of dissolution-precipitation on po-
rosity and permeability is expected to be small at basin-scale and, there-
fore, it has been neglected. Although a fully coupled thermohaline
reactive transport model has been partially attempted at local and sim-
pler scale (e.g. Graf and Therrien, 2007), the computational cost of such
model at basin-scale is far beyond the current conventional computa-
tional resources and is often despised (e.g., Magri et al., 2015, 2009;
Zechner et al., 2019).
2.3.3. Boundary and initial conditions
Groundwater flow and mass transport boundary conditions (BCs)

encompassed freshwater inflow along the recharge areas on the eastern
andwestern flanks of the basin and a freshwater sink in the nucleus and
marginal zone (Fig. 5). The inflow ratewas based on the recharge values
presented by Marazuela et al. (2019a). The main recharge occurred on
the eastern flank, with values that increase from 34 mm/yr in the con-
tact between the alluvial deposits and the outcropping Triassic rocks
to 85mm/yr in Cerro Lejía. These values correspond to the current rain-
fall rates of 40 to 100 mm/yr minus the 15% that is estimated by inter-
ception, surface detention and infiltration at the beginning of a storm
and that finally back to the atmosphere through evaporation. On the
western flank, the recharge was reduced to 5.5 mm/yr. These inflow
rates led to a total recharge of 5.7 m3/d. As a requirement for numerical
calculation, the hydraulic head was fixed at 5000m a.s.l. at the eastern-
most node of the top to allow the free calculation of the water table in
the centre of the basin, where the salt flat and mixing zone are located.
Both freshwater inflows (with the exception of the San Pedro Fm.
stretch in the mature stage simulation, as described below) had a
concentration of 5000 mg/L, which represented a recharge water
slightly enriched in solutes after having passed through volcanic rocks.

The evaporation was implemented as a freshwater sink across two
rectangles 200 m wide that extends along the top of the nucleus and
marginal zone. This sink allowed the extraction of pure freshwater
(0 mg/L) without solutes, thereby increasing the solute concentration
in each consecutive time step through evaporative concentration
(Nield et al., 2008). For the asymmetric evaporation and mature stage
simulations that considered the present-day evaporation, the outflow
in the nucleus and marginal zone was 0.3 and 5.4 m3/d, respectively,
in accordance with the evaporation rates estimated by Marazuela
et al. (2020) (Fig. 5). For the symmetric evaporation simulation that
considered a homogeneous evaporation rate across the entire surface
(nucleus and marginal zone), the total outflow also remained at
5.7 m3/d. Therefore, in all simulations the water inflows and outflows
were compensated (closed basin). The normalization range for concen-
tration was established between 0 mg/L, equivalent to pure freshwater
with a density of 1000 kg/m3 and 350,000 mg/L with a density of
1200 kg/m3. For the mature stage simulation, the groundwater of the
San Pedro and Vilama Fms. was assumed to have the maximum solute
concentration (350,000mg/L), representing the rapid attainment of ha-
lite saturation by dissolution of their evaporitic rocks. Additionally, a
mass concentration BC limited the maximum concentration
(350,000 mg/L, which corresponds to halite saturation) that the brine
could reach in each node of the evaporation rectangle (Kohfahl et al.,
2015).

The heat transport BC allowed reproducing the geothermal gradient
considering the heat flow values obtained by Hamza et al. (2005). The
heat inflow at the bottom increased from 80 mW/m2 at the eastern
end to 120 mW/m2 at the western end, taking into account that the
crust below the salt flat nucleus is colder than that below the volcanic
arc (Fig. 5). An average atmospheric temperature of 18 °C was fixed at
the top of the model. The lateral boundaries were closed to fluid, heat
and mass flow because they were considered the limits of the basin.
Also the bottom was closed to fluid and mass flow.

The initial conditions for hydraulic head and temperature were de-
rived from a convective hydrothermal model that was previously car-
ried out. The initial mass concentration was 5000 mg/L in the entire
domain, representing a hypothetical basin filled completely with re-
charge freshwater. The mature stage simulation was run until the
quasi-steady state regime was achieved.

3. Results

3.1. Solute enrichment by evaporation in salt flats

Although prior to a salt flat development, the SdA basin was proba-
bly occupied by a freshwater lake governed by a topography-driven
flow, this initial flow regime changed drastically when the freshwater
lake evolved to a salt flat and the increase in solute concentration mod-
ified the density of the groundwater. During its stage as saline system
(at least from 5.8 Ma ago), there are two possible hydraulic regimes
through which the basin has been able to evolve or alternate and
whichmust be analysed for its possible implication in the solute enrich-
ment process. These regimes are: (1) salt flat with homogenous



Table 2
Hydraulic and thermal parameters considered for the numerical simulations. The colours are in accordance with the geological profile shown in Fig. 4.
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evaporation throughout the salt flat surface (called here symmetric
evaporation) and (2) salt flat with asymmetric evaporation like the
present-day SdA. In this section, two numerical simulations was carried
out to analyse the effect of considering a symmetric or asymmetric
evaporation distribution across the salt flat surface on the location of
the most solute enriched brines by evaporative concentration.

The results showed that, assuming a symmetric evaporation rate on
a hypothetical ancient salt flat, the minimum hydraulic head of the re-
gional water table was computed in the western nucleus as a conse-
quence of the present-day asymmetry in the recharge (Fig. 6). The
minimum hydraulic head determined the direction towards which the
most evaporated brine tended to move and accumulate; therefore, it
had capital significance for the enrichment of Li and other conservative
elements in the brine and for the precipitation of salts. The groundwater
coming from the recharge in the mountains was increasing its concen-
tration in solutes by evaporation and accumulated at the minimum hy-
draulic head, forming a “salt bulge”. The density contrast generated by
the solute concentration gradient led the system to convection and,
Fig. 5.Mesh and sketch of the main flow, mass and heat boundary conditions considered for t
asymmetric distribution of the evaporation; for the symmetric evaporation simulation, the
nucleus and marginal zone. See details in the text for the consideration of San Pedro and Vilam
thus, the brackish water began to sink due to its higher density. The
salt bulge evolved downwards until it reached the impermeable base-
ment. Although the sinking process was sensitive to the hydraulic pa-
rameters of the rocks, and low permeability layers slightly favoured its
lateral expansion, the reaching of the basement by the salt bulge in
forming occurred even before saturation in halite was achieved in the
shallowest layers (Fig. 6B). That is, the leakage of evaporated brine
from the salt flat towards deep layers was favoured with respect to
lateral expansion even when the rocks had low permeability. This oc-
curred because the density gradient was very strong and the density-
driven flow overcame the topography-driven flow. In addition, the ef-
fect of temperature gradient on brine density enhanced this deepening.
When the present-day asymmetric evaporation was considered, the
minimum hydraulic head moved towards the contact between the nu-
cleus and the eastern marginal zone (Fig. 7). The following evolution
of the salt bulge was similar to that described for the symmetric evapo-
ration regime. Therefore, symmetric or asymmetric evaporation signifi-
cantly affected the location of the most evaporated brines.
he numerical model. Note that the freshwater sink shown correspond to the present-day
total freshwater sink remained at 5.7 m3/d with a constant distribution of it across the
a Fms. as a saline domain.



Fig. 6. Computed mass concentration as resulted from the symmetric evaporation simulation. The brines produced by evaporative concentration accumulate at the minimum hydraulic
head (salt bulge), which is located in the western edge of the salt flat nucleus.
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In addition, because the brine preferably sinks instead of expanding
laterally, reaching the width of the current SdA nucleus only by evapo-
ration seemsunlikely. Themodel results suggest that, although it cannot
be completely ruled out, evaporation alone would take too long to fill
the SdA nucleus (Figs. 6B and 7B). The dissolution of salt rocks belong-
ing to San Pedro and Vilama Fms., as it is considered below for the ma-
ture stage simulation, could contribute to explain this fact.

3.2. Thermohaline circulation in the Salar de Atacama

The results of the mature stage simulation showed the effects of
temperature and salinity on the groundwater flow of the SdA basin
(Fig. 8). The temperature gradients predicted by the model below the
SdA, 25 °C/km, and below the Western Cordillera, 35 °C/km, were con-
sistent with the 18–31 °C/km obtained by Jayne et al. (2016) for the
Salar de Huasco located farther to the north (Fig. 8A). These results con-
firmed that the lithosphere is cooler in the central part of the basin than
Fig. 7.Computedmass concentration as resulted from the asymmetric evaporation simulation. T
of the salt flat nucleus, where the minimum hydraulic head is computed. Note that at 100,00
Atacama nucleus because the brine preferably sinks instead of expanding laterally.
in the volcanic arc, although this did not prevent convection. The com-
puted temperature field was constrained by the syncline-shape geome-
try of the basin, which determined the distribution of the hydraulic and
thermal parameters. The temperature field also was distorted by the
presence of faults and the saline interface.

In the mature stage, a saline interface and its associated mixing
zone were located around the salt flat nucleus as a consequence of
the density contrast generated by the mass concentration gradient
between the brine in the nucleus and the recharged freshwater in
the mountains (Fig. 8B and C). The geometry of the mixing zone
was controlled by the ratio between the freshwater recharge and
the evaporation discharge and by the hydraulic parameters of the
basin rocks. Thus, the slope of the eastern mixing zone close to the
surface was lower than at depth (Fig. 8D). Marazuela et al. (2018) al-
ready pointed out that the presence of highly permeable rocks in the
shallowest aquifers results in a slope of the mixing zone much lower
than previously predicted in the SdA.
he salt bulge produced by accumulation of evaporated brines is located in the eastern edge
0 years, the width of the salt bulge is still far from the width of the present-day Salar de



Fig. 8. Computed (A) temperature field, (B) mass concentration, (C) density and groundwater flow (D) as resulted from the mature stage simulation. The Salar Fault System showed in
Fig. 10 is framed with two black parallelepipeds.
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Because of the increase in temperaturewith depth, the density of the
brine below the nucleus decreased from 1200 to 1100 kg/m3 (Fig. 8C).
This reduction in density favoured the brine leakage from the bottom
of the salt flat and the subsequent lateral entry of relatively more dilute
fluids at the top. As the precipitation of salts would only occur when
saturation in halitewas reached, this explainswhy the porosity and per-
meability of the shallow aquifers do not decrease dramatically due to
salt precipitation.

However, despite this density reduction, the mixing zone did not
disappear at depth (Fig. 8B and C). The persistence of the mixing zone
at depth was a critical factor for basin-scale hydrodynamics because it
prevented any groundwater flow path coming from the recharge zone
in the Western Cordillera, or hypothetically in the Altiplano-Puna, di-
rectly reaching the SFS in the nucleus. This did not rule out a possible
groundwater contribution from the Altiplano-Puna to the SdA basin,
but any flow path coming from this region would be forced to ascend
to the marginal zone before joining the nucleus.

At basin-scale, a key factor was that theminimum hydraulic head of
the regional water table divided the system into two isolated hydrody-
namic systems, eastern and western (Fig. 8D). The minimum hydraulic
head was computed in the easternmost part of the salt flat nucleus,
close to the easternmixing zone. In this location, the flow paths coming
from both hydrodynamic systems converged and terminated.

In the eastern hydrodynamic system, the groundwater recharged in
the mountains moved along shallow aquifers, but when it reached
highly permeable faults like the East Fault, the flow path descended
(Fig. 8D). Due to the downward direction of the relatively cold flow in
the fault, a negative anomaly in the temperature field was produced
(Fig. 8A). Finally, the freshwater coming from the Western Cordillera
was forced to flow upward to the surface of the marginal zone by the
mixing zone, feeding the wetland and lake ecosystems in the area
(Figs. 8D and 9). The flow paths became almost parallel to the surface
in the shallowest aquifers of the marginal zone due to the very low
slope of the mixing zone described above. That is where the highest
flow rates of the system occur, at peak velocity of 7 m/yr (Fig. 9).
Along this quasi-horizontal flow path, the shallow water table experi-
enced intense evaporation, resulting in a rapid increase in the solute
concentration and leading thefluid to halite saturation before it reached
theminimumhydraulic head. The lowflow that reached the nucleus did
not surpass the point of the minimum hydraulic head and, as a conse-
quence, it recirculated by convection along the inner side of the
mixing zone.
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In the western hydrodynamic system, the rapid attainment of halite
saturation by the scarce recharge was likely due to the geology of the
area. As described in Section 2.2, evaporitic rocks crops out throughout
the western margin of the salt flat through the Cordillera de la Sal and
extends deep below the entire salt flat (Arriagada et al., 2006; Jordan
et al., 2007). Conceptualization of the San Pedro and Vilama Fms. as a sa-
line domain in which pore water is saturated in halite led to a brine of
homogeneous density throughout the entire salt flat nucleus (Fig. 8C).
Previous simulations that did not consider the San Pedro and Vilama
Fms. as a saline domain demonstrated that the computed location of
the minimum hydraulic head and the regional flow pattern did not
change significantly, and only the width of the salt flat nucleus was re-
duced. The assumption of the leaching of the water-soluble rocks from
the Cordillera de la Sal implied that the groundwater entering through
the western margin of the nucleus was a brine with a density of
1200 kg/m3. The brine coming from the west moved towards the mini-
mum hydraulic head in the easternmost zone of the nucleus and along
this path a weak evaporation occurred. The groundwater flow inside
the nucleus featured a very low velocity due to the small hydraulic gra-
dients induced by its flat topography.

Also, during its crossing towards theminimumhydraulic head in the
easternmost zone of the nucleus, some brine was captured by the con-
vective flow developed in the SFS (Fig. 8D). The computed groundwater
flow indicated that complex thermohaline circulation occurred in the
SFS (Fig. 10). The density contrast induced by temperature and salinity
gradients was the driving force of this thermohaline circulation
(Fig. 10A). Internal convection cells developed not only around the
faults but also inside the faults, similar to those described in other ther-
mohaline systems (Magri et al., 2012, 2010) (Fig. 10B). Convection cir-
culated groundwater inside the SFS at velocities ranging between 0.25
and 2.5 mm/yr, which was one to three orders of magnitude higher
than in the surrounding rocks. This deformed the temperature field,
with a temperature decrease on the eastern side of the Tucúcaro Fault
and western side of the Salar Fault and an increase on the opposite
sides of these faults (Fig. 10A). The thermohaline convection in the
SFS could notably favour the remobilization of solutes, such as Li or
Mg, that were hypothetically contained in the mineral structures of
deep layers of salts and/or clays.

4. Discussion

4.1. The minimum hydraulic head constraint

According to themodelling results, theminimumhydraulic headde-
termines the direction inwhich themost evaporated brines tend to con-
verge and accumulate (Figs. 6, 7 and 8). Therefore, themost evaporated
Fig. 9.Darcy flow and groundwater flow streamlines of themarginal zone and eastern salt flat n
by the mixing zone, and close to the surface is strongly evaporated producing a SO4-rich inflow
minimum hydraulic head, where the most evaporated brines are expected.
brines in salt flats are expected at the minimum hydraulic head. As the
highest concentration of Li is found in the SFS in the central-western nu-
cleus (Fig. 2), the present-day minimum hydraulic head should be lo-
cated in that area to explain the Li enrichment as a result of
evaporative concentration. But only if the evaporation was homoge-
neous across the entire surface of the salt flat (symmetric evaporation)
would the minimum hydraulic head be located in the central-western
portion of the nucleus (Fig. 6). This hypothetical scenario could have oc-
curred in previous stages of the SdA formation and it is possible that
layers buried today under the current salt flat recorded this old hydrau-
lic regime. Therefore, it is likely that deep layers have the maximum
lithium concentration in the SFS area. However, despite the low
topography-driven flow in the nucleus and due to the high hydraulic
conductivity of its shallowest aquifers, the current brine
hydrochemistry of the shallowest aquifers has to be consistent with
the current groundwater flow. In recent times, the minimum hydraulic
head is located in the easternmost zone of the nucleus (Figs. 2 and 8D),
which implies that the most evaporated brines are also expected in the
easternmost zone of the nucleus and not in the SFS. Thus, it is not possi-
ble to explain the Li-Mg-rich brines in the SFS only by evaporative con-
centration of the inflows coming from the eastern flank as the
hypotheses of Fig. 3A and B would require.

4.2. The mixing zone as a regional hydraulic barrier for deep
groundwater flow

In the eastern hydrodynamic system, the development of a mixing
zone surrounding the salt flat nucleus causes the less dense recharge
to float on and partiallymixwith the dense brine occupying the nucleus
of the salt flat (e.g. Fan et al., 1997) (Figs. 8D and 9). The abundance of
native sulfur in the volcanoes of the Western Cordillera leads to
SO4-rich inflowwaters (Risacher et al., 2003). After evaporative concen-
tration in the marginal zone, SO4-rich brines are produced. These SO4-
rich brines accumulate in the east block of the nucleus, since the mini-
mum hydraulic head prevents its advance towards the west block
(Fig. 9).

The computed thermohaline circulation showed that, although it
may be slightly distorted by the temperature gradient, the eastern
mixing zone continues downward to the lower impermeable boundary
(Fig. 8). The persistence of the mixing zone at depth has important im-
plications for the regional hydrodynamics of the basin because it forces
any deep groundwater flow path coming from the east to ascend to the
marginal zone surface. This prevents any deep hydrothermal fluid
heated below the volcanic arc to reach and ascend along the SFS as
the hypothesis of Fig. 3C would require. Therefore, if themajority origin
of Li was anywhere to the east of the mixing zone (including the
ucleus. Theflowpath coming from the eastern recharge zone is forced to rise to the surface
brine. In addition, the flow paths coming from opposite recharge zones converge at the



Fig. 10. Computed (A) temperature field and (B) groundwater flow in the Salar Fault System as resulted from the mature stage simulation. The location of the figures is shown in Fig. 8.
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Altiplano-Puna) the highest concentration of Li would be located in the
easternmost zone of the nucleus,where theminimumhydraulic head of
the water table is located and the flow paths terminate.

4.3. The role of fractures and thermohaline convection in the formation of
Li-rich brines

The location of the Li-Mg-rich brines in the SFS suggests that frac-
tures could have played an active role in the accumulation of Li and
Mg. A key question to discuss, therefore, is the origin of the hypotheti-
cally Li-Mg-enriched solution that ascends along the SFS. Hereafter,
we propose that the extreme enrichment in Li can be explained as a re-
sult of the remobilization of an ancient deposit of Li-Mg-enriched salts
or clays located below the present-day saltflat nucleus. This enrichment
could form under ancient hyper-arid climatic conditions and homoge-
neous evaporation. Then, the minimum hydraulic head was computed
in the western nucleus as a consequence of asymmetry in the recharge
(Fig. 6).

In the western hydrodynamic system, the water recharged on the
Cordillera Domeyko and the Cordillera de la Sal quickly increases in
density by dissolution of salts in the San Pedro Fm. This produces Ca-
Cl-rich inflow brines similar to the described by Risacher and Alonso
(1996), although still poor in Li and Mg. Besides the Ca-Cl-rich brine
produced by the dissolution of the San Pedro Fm. at the west of the nu-
cleus, some inflows out-of-plain coming from the southwest boundary
of the nucleus (as the water table of the Fig. 2 suggests) could mix
with the Ca-Cl-rich brines in the southwestern zone of the nucleus pre-
viously to incorporate in the SFS.

Once incorporated to the nucleus, the brinesmove towards themin-
imum hydraulic head at the east of the nucleus (Fig. 8D). However, the
presence of the SFS can capture these brines and incorporate them into
its complex thermohaline convection (Fig. 10). In accordance with the
model results, the western brine tends to sink several hundred or thou-
sands of metres along the Tucúcaro Fault and then return to the
shallowest aquifer of the salt flat along the Salar Fault due to convective
circulation. Along this flow path, the brine could be enriched in Li and
other solutes if a layer of old salt or exchangeable-position clay enriched
in these elements exists in depth. The enrichment in Li and Mg would
cause the precipitation of some halite together with a small increase
in the density of the brine which have not been considered in the calcu-
lations. Finally, the Li-Mg-rich brine resulting from the remobilization of
Li and Mg moves towards de minimum hydraulic head where it con-
vergeswith the SO4-rich brine (Figs. 8D and 9). In addition, the diffusion
and dispersion processes do not considered by the streamline
representations of the Fig. 8D contribute to themixing of brines leading
to smooth transitions between them across the nucleus. Similarly, the
δ2H and δ18O values of the subsurface brine in the Salar del Hombre
Muerto plotted along the meteoric water line, suggested the inflow of
deep dilutewaterwith salt fromhalite dissolution (Godfrey et al., 2013).

The existence of Li salts as a source of Li has never been reported in
the geological record of evaporites in the Central Andes (Risacher and
Fritz, 2009). Indeed, although K, Mg and B are known to accumulate in
soluble salts (chlorides, sulfates and borates) under advanced evapora-
tion stages, Li cannot enter the crystalline structures of the salts, and the
majority remains in the liquid phase (Garrett, 2004; Pueyo et al., 2017;
Song et al., 2017). Thus, to precipitate as LiCl, the brine must evaporate
up to 38% w/w LiCl, beyond the formation of sylvite, carnallite and
bischofite (Garrett, 2004). The existence of Li-rich clays has been, how-
ever, more commonly reported. For example, hectorite, which forms
from the alteration of rhyolitic glass, is described together with salt
beds in Pleistocene lacustrine sediments in Clayton valley, Nevada
(Araoka et al., 2014; Munk et al., 2011), in several other locations in
the North American Basin and Range Province (Vine and Dooley,
1980) and in Turkish boron-rich salt flats (Büyüburç and Köksal,
2005). Additionally, the existence of Li-bearing clays is hypothesized
to explain the concentration and isotopic values of Li in deep strata in
the Salar de Olaroz, Argentina (Garcia et al., 2020). No hectorite has
been described in the SdA, although Ide and Kunasz (1990) emphasized
the existence of Li concentrations as high as 484 ppm in the argillaceous
sediments underlying the tuffs of the Miocene El Campamento Fm.,
present in the Cordillera de la Sal and the Cordón de Lila areas. Up to
200 mg/L of exchangeable Li was removed from synthetic Li-bearing
smectites with 1MNH4Cl and Ca2Cl solution prior to Li isotope fraction-
ation experiments (Vigier et al., 2008), and higher concentrations are
expected to be extracted with a halite-saturated brine (approximately
6 M NaCl).

To verify the feasibility of the above described hypothesis, only ex-
tensive water table data on the Li-Mg-rich brine is available
(Marazuela et al., 2019a, 2019b), whereas chemical and isotopic data
are scarce. These data are commonly property of mining companies,
and if published, they have no spatial references (e.g., Munk et al.,
2018). The enrichment of Li and other salts by dilute recharge is com-
patible with the atmospheric signature of the 3He/4He gas ratio and
with the decrease in Na content as the Li content increases in the Li-
rich brines reported by Munk et al. (2018). Additionally, the lack of a
clear correlation between Li and Cl (R2 = 0.57) reported by
Hydrotechnica (1988) is less consistentwith evaporative concentration.
Unfortunately, the high correlations between Li andMg (R2=0.98) and
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Li and K (R2 = 0.91) in the data reported by Hydrotechnica (1988) and
the heavier δ7Li values of the Li-Mg-rich brines reported by Munk et al.
(2018) are consistent with both evaporative concentration and dissolu-
tion of ancient salts and/or clay extraction.

Finally, it is important to highlight that the thermohaline convection
of salt flats could not be easily identified in field observations. The
shallowest aquifer of the nucleus does not show an appreciable increase
in the water table associated with the SFS (Fig. 2). Because of this fact,
the Ca-Cl-rich brine coming from thewest-southwest can, after recircu-
lation, overcome the SFS on its path to the minimum hydraulic head.
Moreover, the most frequent physical-chemical parameters (density,
electrical conductivity, total dissolved solids, etc.) do not give too
much information about this fact, and detailed hydrochemical and iso-
topic analyses are necessary.

In future studies, the δ2H and δ18O isotopes of the Li-rich brine
should readily reveal if the Li-Mg-rich brine comes from a highly evap-
orated brine or from dilute recharge water acquiring its salinity by dis-
solution of salt rocks and/or clay extraction. Additionally, an indirect
test for dissolution of Li-rich salts or leaching of Li-rich clays could be
the Br concentration of the Li-rich brines. Thus, due to the increasing
concentration of the solution with evaporation and the higher solid/liq-
uid partition coefficient of Mg salts (Marion et al., 2010), Br is expected
to be enriched in the advanced evaporation salts hypothetically accom-
panying the Li salts (see Krupp, 2005 for a Permian example). Therefore,
Br is expected to be present in the analyses of Li-Mg-rich brines. In con-
trast, Br is poorly scavenged by halite, and brines formed by recharge
water dissolving halite and extracting Li from clays are not expected
to have Br concentrations that differ greatly from those of the dilute in-
flows. Similarly, light δ11B values would be more compatible with ex-
change with clays rather than dissolution of soluble salts or an
advanced stage of evaporation, which would be expected to be associ-
ated with heavier isotopic values (Godfrey and Álvarez-Amado, 2020).
Also, an accurate structural characterization of the SFS and its hydraulic
parameters will help future numerical models to define faithfully local
convection cells in the SFS.

5. Conclusions

Thermohaline flowmodelling has demonstrated the critical effect of
theminimumhydraulic head of the regional water table on the ground-
water flow of salt flats. The minimum hydraulic head divides the basin
into two isolated hydrodynamic systems and constitutes the endpoint
towards which all flow paths converge and terminate, thereby
representing the expected location of the most evaporated brines. The
results show that the relatively cooler crust below de nucleus of the
Salar de Atacama than below the volcanic arc is not an inconvenient
for the developing of convection and upward flow along the Salar
Fault System.

Thermohaline flow modelling has been useful in discussing the ori-
gin of the extreme Li enrichment in the Salar de Atacama. Firstly, a
clear spatial mismatch between the locations of the Li-Mg-rich brines
in the central-western zone of the nucleus (in the Salar Fault System)
and the computed minimum hydraulic head of the water table in the
easternmost zone of the nucleus has been stablished. Whatever the or-
igin of the recharge solutes (weathering, leakage of present-day salt
flats, leaching of buried salt flats or magmatic contribution, in the east-
ern flank of the SdA basin or in the Altiplano-Puna), this mismatch dis-
cards recent evaporative concentration of the recharge water as the
current mechanism for reaching the extreme Li concentrations of the
brines. On the contrary, only if the evaporation was more homogenous
than the current one, would the minimum hydraulic head be located in
the central-western zone of the nucleus. This hypothetical scenario
could have occurred in previous stages of the Salar de Atacama forma-
tion and recorded in layers buried today below the current salt flat. Sec-
ondly, the persistence of a saline interface at depth, regardless of the
temperature gradient, also precludes deep hydrothermal inflows
heated below the volcanic arc to be the source of the Li-Mg-rich brines
ascending along the Salar Fault System.

The results of the thermohaline flowmodelling are compatible with
the remobilization of ancient layers of Li-Mg-enriched salts and/or clays
by dilute recharge waters coming from the western flank of the basin.
The water recharged on thewestern flank of the basin quickly increases
in density by dissolution of salts in the Cordillera de la Sal. Once incorpo-
rated to the nucleus, along its path towards the minimum hydraulic
head, the brine can be captured by the convective circulation developed
in the Salar Fault System. This enables its Li-Mg enrichment if a layer of
ancient salt or clay enriched in these elements exists in depth. Here, the
role of faults and density-driven flow is capital to allow efficient down-
ward and upward flow rates that favour the remobilization of Li andMg.
Further chemical and isotopic analyses (major solutes, Br, δ2H-δ18O,
δ11B, etc.) of the Li-Mg-rich brines (to add to the scarce published infor-
mation) are needed to confirm or discard the proposed hypothesis
about the groundwater origin and the mechanism of Li enrichment in
the Salar de Atacama.
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