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- The thermohaline groundwater flow of the Salar de Atacama basin is modelled. 12 

- The most evaporated brines converge towards the eastern edge of the Salar de Atacama. 13 

- A saline interface isolates the nucleus from external groundwater flow contributions. 14 

- Li enrichment can be explained by remobilization of buried Li-rich salt/clays. 15 

- Convection in faults can favour the extreme Li enrichment of dilute inflows. 16 
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ABSTRACT 22 

The Salar de Atacama (SdA) is the largest Li reserve globally. The origin of Li, together with the 23 

rest of solutes, has been object of debate. Thus, rock weathering at low temperature, 24 

hydrothermal leaching or magmatic origin together with subsequent evaporation has been 25 

hypothesised.  However, the extreme Li enrichment (>4,000 mg/L) and the location of the Li-26 

Mg-rich brines around the Salar Fault System (SFS) that crosses the nucleus of the SdA in half 27 

remain unexplained. The objective of this work is to define the thermohaline groundwater flow 28 

in the SdA basin to account for the genesis of its extreme Li enrichment. 29 

Thermohaline flow modelling has demonstrated the critical effect of the minimum hydraulic 30 

head (MHH) of the regional water table on the groundwater flow of salt flats. The MHH divides 31 

the basin into two isolated hydrodynamic systems and constitutes the endpoint towards which 32 

the most evaporated brines converge. The spatial mismatch between the locations of the Li-Mg-33 

rich brines in the central-western zone of the nucleus (in the SFS) and the MHH in the 34 

easternmost zone of the nucleus discards recent evaporative concentration of the recharge 35 

water as the main mechanism of Li enrichment. Moreover, the persistence of a saline interface 36 

surrounding the nucleus at depth, regardless of the temperature gradient, also precludes lateral 37 

recharge (predominantly from the east) to ascend along the SFS. 38 

On the other hand, the computed thermohaline flow is compatible with the remobilization of 39 

buried layers of Li-Mg-enriched salts and/or clays by dilute recharge waters coming from the 40 

west or southwest of the basin. Here, the role of faults and density-driven flow is key to allow 41 

efficient downward and upward flow rates that favour the remobilization of Li and Mg. 42 

 43 

 44 

 45 

 46 

 47 

 48 

 49 

 50 

 51 



3 
 

1. INTRODUCTION 52 

The intense evaporation (mainly phreatic evaporation) that occurs in salt flats (salars) 53 

contributes to the enrichment in Li, B, I, K, Mg and NaCl, which are very attractive for mining 54 

exploitation (Baspineiro et al., 2020; Eugster, 1980; Hardie et al., 1978; Liu et al., 2019; Liu and 55 

Agusdinata, 2020; Rosen, 1994; Wood and Sanford, 1990; Yechieli and Wood, 2002; Zatout et 56 

al., 2020). The brines of salt flats account for 80 % of the world’s reserves of Li. This element is 57 

essential for the development of mobile phone and electric vehicle batteries, as well as in the 58 

pharmacology industry (USGS, 2019). The largest salt flats on earth are located in the Central 59 

Andes, which includes northwestern Argentina, southwestern Bolivia and northeastern Chile 60 

(Warren, 2016, 2010). Approximately 25 % of the global Li reserves are in the Salar de Atacama 61 

(SdA) (northeast Chile), which is located in the Pre-Andean Depression to the west of the 62 

Altiplano-Puna (Fig. 1). The SdA is formed by a halite nucleus filled by interstitial brine in the 63 

centre of the basin and a marginal zone composed of gypsum and carbonates around it, which 64 

features outcrops of the mixing zone (saline interface) resulting from the density contrast 65 

between the freshwater (1,000 kg/m3) coming from the recharge in the mountains and the brine 66 

(1,200 kg/m3) of the nucleus (Marazuela et al., 2019a, 2018). The nucleus is divided into two 67 

blocks by the north-northwestern-trending Salar Fault System (SFS) located in its central-68 

western zone (Figs. 1 and 2). The pores and cavities of the nucleus are filled with SO4-rich brines 69 

in the eastern block, Ca-Cl-rich brines in the western block and Li-Mg-rich brines (>4,000 mg/L) 70 

in the area around the SFS closest to the Cordón de Lila (Ide and Kunasz, 1990; Kesler et al., 71 

2012; Munk et al., 2018; Risacher and Alonso, 1996) (Fig. 2). 72 

FIGURE 1 73 

FIGURE 2 74 

The origin of solutes in salt flats has been extensively studied in recent decades, mainly using 75 

solute chemistry and isotopic data. Both volcanic fluids and weathering of volcanic rocks have 76 

been proposed as primary sources for Li and other solutes in the Andean salt flats (Alonso and 77 

Risacher, 1996; Alpers and Whittemore, 1990; Risacher et al., 2003; Risacher and Alonso, 1996; 78 

Risacher and Fritz, 2009, 1991, among others). Regardless their origin, the dilute concentration 79 

of Li in the surface and groundwater recharge and in the geothermal fluids of the region 80 

(commonly below 50 mg/L, Godfrey et al., 2019) make necessary to consider an additional 81 

concentration process to explain the extremely high Li concentrations in the SFS. 82 

Munk et al. (2016) described the formation of Li-rich brines worldwide as a result of 83 

groundwater flow paths converging into endorheic basins and discharge through evaporation, 84 
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concentrating the solutes and resulting in precipitated salts and highly concentrated brines. 85 

Referring to Andean salt flats in general, Risacher et al., (2003) proposed evaporation and 86 

recycling of brines (leached of buried salt flats or leaked from present-day salt flats) as the 87 

mechanisms to explain the chemistry of some salt flats. Thus, depending on the inflow water, 88 

the evaporative concentration would lead to Ca-Cl-rich and SO4-rich brine. The infiltrating brines 89 

would mix with diluted meteoric water forming recycling cells. The heat flow would act as a 90 

driving force for these recycling cells, possibly resulting in very complex mixing patterns. For the 91 

SdA in particular, Risacher and Fritz (2009) described a system in which each brine is related to 92 

the lithology of its drainage basin (Fig. 3A). Thus, sedimentary-evaporitic rocks in the western 93 

flank of the basin result in Ca-Cl-rich brines, and volcanic rocks in the eastern flank of the basin 94 

lead to SO4-rich brines. These authors concluded that no inflow currently enters the nucleus 95 

from the west and, therefore, the Ca-Cl-rich brine formed in ancient times and could be entirely 96 

replaced by the SO4-rich brines inflowing from the east in the future. 97 

FIGURE 3 98 

More recently, based on an important deficit in salt mass balance, Corenthal et al. (2016) 99 

proposed that the SdA topographic watershed does not coincide with the hydrogeological 100 

watershed (Fig. 3B). Using multi-element, multi-isotope and statistical approaches, Rissmann et 101 

al., (2015) suggested that the basal leakage of evaporated brines from the volcanic arc/Altiplano-102 

Puna active salt flats participated together with meteoric water in the regional groundwater of 103 

the southern aquifer feeding the SdA. Using chemical and isotope information of surface and 104 

groundwater from the east of SdA and He isotopes in brines, Munk et al (2018) concluded that 105 

more than half of the Li in the halite nucleus is derived from the eastern flank inflows. In order 106 

to explain the high Li concentrations from inflow waters to brines, these authors proposed 107 

evaporative concentration, transition brines and halite crystallisation. The pending question 108 

would be if the water recharged in the eastern flank of the SdA can reach the SFS area and 109 

evaporate along its path resulting in Li-rich brines. 110 

An alternative explanation to the Li-Mg-rich brines found in the central-western zone of the 111 

nucleus is the ascent of hydrothermal solutions. Jordan et al. (2002) highlighted the potential 112 

hydraulic role of the SFS and suggested that, during desiccated stages, groundwater flow paths 113 

coming from the recharge in the eastern flank of the basin could reach the centre of the nucleus 114 

and after ascend along the SFS. Following this idea, Lowenstein and Risacher (2009) 115 

hypothesized that Ca-Cl-rich deep waters, heated in the subsurface of the volcanic arc at the 116 

east of the SdA, rise to the surface of SdA along faults related to the SFS (Fig. 3C). Although no 117 
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clear genetic link has been stablished, these Ca-Cl-rich brines coexist with the Li-Mg-rich brines 118 

close to the SFS. The 3He isotope values measured by Munk et al. (2016) were interpreted as a 119 

possible indicator of the influence of mantle-derived gases. These authors proposed that 120 

interaction of groundwater and magmatic systems of the Altiplano‐Puna is another potential 121 

mechanism for transporting mantle-derived Li, from volcanic systems to the SdA. However, 122 

these authors suggested that the fault planes located within the salt flat, such as the SFS, are 123 

not good candidates because the lithosphere is cold and rigid (Schurr and Rietbrock, 2004); a 124 

better option would be the faults located between the salt flat and the volcanic arc (Fig. 3B). 125 

González et al. (2009) related some faults of the SdA basin to deep magma chambers. Lithium 126 

contents of approximately 1,000 mg/L are common in fluid and melt inclusions associated with 127 

volcanic and magmatic rocks (Hofstra et al., 2013; Lindsay, 2001; Schmitt, 2001). The 128 

contribution of hydrothermal fluids to the brine compositions has been described in the Salar 129 

de Uyuni in Bolivia (Ericksen et al., 1978); the Fox Creek Area in Canada (Eccles and Berhane, 130 

2011); the Salton Sea, Death Valley and Bristol Dry Lake in California (Lowenstein et al., 2016; 131 

Lowenstein and Risacher, 2009); the Qaidam basin (Tibet) in China (Li et al., 2018; Lowenstein 132 

and Risacher, 2009; Yu et al., 2013); and many other magmatic zones in the world (Benson et 133 

al., 2017). Karmanocky and Benison (2016) documented the control of hydrothermal and 134 

magmatic pulses on the geochemistry of the Salar Ignorado, located 200 km south of the SdA, 135 

through the study of inclusions in gypsum crystals. The study carried out in several salt flats of 136 

northwest Argentina by López Steinmetz et al. (2018) confirmed the positive linear correlations 137 

between Li, K and Mg, suggesting a common source for these ions, probably a thermal 138 

contribution. Again, the hydrogeological connection between the magmatic systems of the 139 

volcanic arc and the nucleus of the SdA remains a major pending question. 140 

The previously described conceptual ideas on the genesis of the Li-Mg-rich brines (mainly based 141 

on chemistry and isotopic data) hypothesized the evaporation of the water recharged on the 142 

eastern flank of the SdA basin (Fig. 3A and B) or the deep groundwater flows in the nucleus from 143 

outside the basin (Fig. 3C). However, none of these hypotheses has been tested as feasible by 144 

means of groundwater flow numerical models. 145 

The groundwater flow modelling of saline system basins indispensably needs to consider the 146 

strong coupling of flow, mass and heat transport and the dependency of density and viscosity 147 

on pressure, mass concentration (salinity) and temperature (Driesner and Heinrich, 2007; 148 

Klyukin et al., 2016; Kohfahl et al., 2015). In thermohaline systems, the large variations in density 149 

and viscosity play an important role in groundwater flow, which is regulated by Darcy's law. 150 

Thermohaline convection implies that dense brines counter the upward buoyant flow and 151 
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convective cells promoted by thermally driven flow (Irvine et al., 2014; Magri et al., 2015, 2012, 152 

2009; Wooding et al., 1997). The leaking of concentrated brines would prevent the salt flats to 153 

reach extremely high concentrations (Sanford and Wood, 1991). Furthermore, fault planes are 154 

frequently associated with preferential flow paths due to their higher permeability combined 155 

with the development of convective cells (Barcelona et al., 2019; Hirthe and Graf, 2015; Koltzer 156 

et al., 2017; Li et al., 2016; Magri et al., 2016, 2015, 2010; Shafabakhsh et al., 2019; Simms and 157 

Garven, 2004; Zechner et al., 2019). However, although previous work has highlighted the 158 

necessity of addressing thermohaline circulation in salt flats (e.g., Godfrey and Álvarez-Amado, 159 

2020; Hardie, 1991, 1990; Magaritz et al., 1990; Munk et al., 2016; Risacher et al., 2003; Rosen, 160 

1994), only synthetic models focused on the saline interface of the shallowest aquifers have 161 

been performed to date (Duffy and Al‐Hassan, 1988; Fan et al., 1997; Hamann et al., 2015; 162 

Holzbecher, 2005; Marazuela et al., 2018; Nield et al., 2008; Simmons et al., 1999; Tejeda et al., 163 

2003; Vásquez et al., 2013). The complexity and high computational cost of these models is 164 

probably what has prevented the development of quantitative thermohaline models that can 165 

explain the complex groundwater flow and hydrochemistry of salt flat basins. 166 

The objective of this work is to explain the thermohaline groundwater flow in the Salar de 167 

Atacama basin to account for the genesis of the world’s largest Li reserve and discuss the 168 

feasibility of the hydraulic hypotheses behind all the conceptual genetic models of the Li-rich 169 

brines proposed in the literature, in particular, the Li enrichment by evaporative concentration 170 

of the inflows feeding the nucleus laterally (Fig. 3A and B) and the ascent of Li-rich hydrothermal 171 

brines along the Salar Fault System (Fig. 3C). To achieve this objective a thermohaline numerical 172 

model of the groundwater flow has been developed to explain (1) the factors that determine 173 

the location of the most evaporated brines within saline systems and (2) how the thermohaline 174 

convection in a fractured mature salt flat basin like the present-day Salar de Atacama can 175 

contribute to the Li enrichment of brines. 176 

2. MATERIAL AND METHODS 177 

2.1. HYDROGEOLOGICAL SETTING 178 

The SdA basin is a prominent morphological depression of 17,000 km2 located in the proximal 179 

forearc between the Western Cordillera (present-day volcanic arc) to the east and the North 180 

Chilean Precordillera (Cordillera de Domeyko) to the west at 2,303 m a.s.l. (metres above sea 181 

level) (Fig. 1). The SdA basin, especially its eastern flank, is on the arc-shaped region of high heat 182 

flow described in the literature between latitudes 15 and 30° south (Hamza et al., 2005). The 183 

strong positive anomalies in the isostatic residual gravity of the SdA are caused by dense bodies 184 
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at 4-6 km and 10-15 km emplaced magmatically or tectonically during the Cretaceous rift 185 

episode (González et al., 2009; Reutter et al., 2006). 186 

Successive extensional and compressional regimes have strongly fractured the basin, with the 187 

SFS being the best expressed feature (Arriagada et al., 2006) (Fig. 2). The north-northwestern-188 

trending SFS affects the salt flat nucleus from the Cordón de Lila in the south to the Cordillera 189 

de la Sal in the northwest, and it has been active over an interval that spans the last 5–10 Ma 190 

(Jordan et al., 2007). The SFS has caused the stratigraphic units of the east block of the SdA to 191 

be much thicker than those in the west block. At least three other major faults are also described 192 

in the literature: the Tucúcaro Fault (which, like the other minor faults in the SdA nucleus, we 193 

include in the SFS to simplify the wording), the Peine Fault and a fault referred to in this study 194 

as the East Fault (Jordan et al., 2007; Muñoz et al., 2002; Reutter et al., 2006). 195 

The hyper-arid climate of the Atacama Desert, where the SdA is located, was established long 196 

before the SdA developed approximately 5.8 Ma ago (González et al., 2009), although some 197 

relatively wetter and drier short periods have occurred (Bobst et al., 2001). These climatic cycles 198 

have been able to modify the hydrogeological behaviour of the basin over time. Actually, a 199 

higher precipitation rate, above 120 mm/yr, occurs in the Western Cordillera flank where 200 

elevations above 5,000 m a.s.l. are reached (Houston, 2006; Marazuela et al., 2019a). In the salt 201 

flat nucleus, the precipitation rate barely reaches 5 mm/yr. 202 

The discharge in the basin occurs mainly by phreatic evaporation in the marginal zone but also 203 

minority in the nucleus (Marazuela et al., 2020, 2019a, 2019b). In the marginal zone, where the 204 

water table is closest to the ground or directly above the ground in the lakes and wetlands fed 205 

by the upward flows of the mixing zone, evaporation rates reach up to 5.84 mm/d (Marazuela 206 

et al., 2020). In addition, despite the relatively greater depth of the water table in the nucleus, 207 

it also contributes slightly to the discharge in the basin with evaporation rates lower than 0.05 208 

mm/d. Under the current climatic conditions and considering the water table in the shallowest 209 

aquifers, the strong asymmetry in the discharge by evaporation seems to prevail over the 210 

asymmetry in the recharge, and consequently, the minimum hydraulic head is located in the 211 

easternmost zone of the nucleus, close to the marginal zone (Marazuela et al., 2019a, 2019b) 212 

(Fig. 2). Therefore, at least in the shallowest aquifers, the recharged water on both flanks of the 213 

basin converges towards the eastern part of the nucleus. 214 

2.2. STRATIGRAPHY 215 

The upper crustal lithology and structure of the basin needed to support the modelling works 216 

are well known from industry seismic data and a deep exploration well drilled in the centre of 217 
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the basin (a synthetic profile is shown in Fig. 4) (Jordan et al., 2007; Muñoz et al., 2002; Pananont 218 

et al., 2004; Reutter et al., 2006).  219 

FIGURE 4 220 

The pre-Cretaceous basement is represented by sedimentary and igneous rocks that crop out in 221 

the Cordón de Lila peninsula and by widely distributed, stratified volcanic and sedimentary rocks 222 

of late Paleozoic to Triassic age. The early Paleozoic rocks are composed of clastic sediments 223 

with intercalations of pillow lavas of Ordovician age and Ordovician to Carboniferous plutonic 224 

rocks. 225 

The Cretaceous to Eocene sequences that underlie the present-day SdA were deposited in the 226 

back-arc of the volcanic arc before 38 Ma (Reutter et al., 2006). The Purilactis Group (Cretaceous 227 

to Eocene) which crops out in the fold and thrust belt of the El Bordo Escarpment, underlies the 228 

late Eocene to recent sedimentary fill of the basin. The lowest part of the Purilactis Group is 229 

composed of limestones, gypsum and halite, and the upper part is composed of conglomerates. 230 

Additionally, basaltic to andesitic lavas, dikes, sills and subvolcanic intrusive rocks were 231 

described in these sequences as a consequence of the strong volcanic activity through fissures 232 

in the N-S direction. 233 

The Cenozoic rocks correspond to continental clastic sediments and ignimbrites (liparites) 234 

associated with substantial extension. The San Pedro Fm. (Eocene-Early Miocene), which crops 235 

out in the Cordillera de la Sal, is composed of continental deposits of both clastic (clays, 236 

siltstones, sandstones and fine-grained conglomerates) and evaporitic (halite and gypsum 237 

precipitated in an ancient tertiary salt flat) rocks. The equivalent Tambores Fm. is composed of 238 

paraconglomerates and poorly consolidated sandstones. 239 

The Quaternary is mainly represented by the Vilama Fm. (late Pliocene-present), which 240 

constitutes the SdA halite nucleus. The dating of the five ignimbrite layers originally expelled 241 

from the volcanic arc (stratovolcanoes) and currently buried in the Vilama Fm. constrain the age 242 

of the nucleus deposits to 5.8 Ma (De Silva, 1989; Gardeweg and Ramírez, 1987; González et al., 243 

2009). 244 

2.3. NUMERICAL MODEL 245 

The thermohaline flow modelling encompassed three numerical simulations based on the 246 

geological profile shown in Fig. 4, and whose main characteristics are summarized in Table 1. 247 

The first two simulations (symmetric and asymmetric simulations) aimed to analyse the effect 248 

of the evaporation discharge distribution across the salt flat surface on the location of the most 249 
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evaporated brines and, therefore, of the expected Li-Mg-rich brine if only evaporation was 250 

considered as mechanism of Li enrichment. The third simulation (mature stage simulation) 251 

reproduced the current hydraulic conditions of the SdA basin to characterize its thermohaline 252 

groundwater flow and search for a numerically validated hypothesis of the genesis of Li-Mg-rich 253 

brines. 254 

TABLE 1 255 

2.3.1. Coupled formulation 256 

The FEFLOW code (Diersch, 2014; Shao et al., 2016) was used to model the strong coupling of 257 

groundwater flow, solute transport and heat transfer based on the following governing 258 

equations. 259 

The equation of fluid mass conservation in equivalent hydraulic heads is defined as: 260 

𝑆𝑠
𝜕ℎ

𝜕𝑡
+ ∇ · 𝐪 = 0 (Eq. 1) 261 

where 𝑆𝑠 is the specific storage, h is the equivalent hydraulic head and q is Darcy’s law, which 262 

describes the flow of a fluid through a porous medium: 263 

𝐪 = −𝐊 [∇ℎ +
𝜌𝑓−𝜌0

𝑓

𝜌0
𝑓 𝐮] (Eq. 2) 264 

where K is the hydraulic conductivity tensor, 𝜌𝑓 is the fluid density and 𝜌0
𝑓

 is the reference 265 

density. The second added term of this law is the product of the density ratio and the 266 

gravitational unit vector, 𝐮, which represents the buoyancy force induced by density variations. 267 

The energy-balance equation for the fluid and porous medium is given by the expression: 268 

𝜕

𝜕𝑡
((𝜙𝜌𝑓𝑐𝑓 + (1 − 𝜙)𝜌𝑠𝑐𝑠)𝑇) + ∇ · (−𝝀∇T + 𝜌𝑓𝑐𝑓𝑇𝐪) = 0 (Eq. 3) 269 

where 𝜙 denotes the porosity, 𝜌𝑠 is the density of the solid, 𝑇 is the temperature, 𝑐𝑓 is the 270 

specific heat of the fluid, 𝑐𝑠 is the specific heat of the solid and 𝝀 is the thermal conductivity of 271 

the saturated porous medium as a whole. 272 

The equation of solute-mass conservation in its convective form is as follows: 273 

𝜙
𝜕𝐶

𝜕𝑡
+ 𝐪 · ∇𝐶 − ∇ · (𝐃∇𝐶) = 0 (Eq. 4) 274 

where 𝐶 is the mass concentration and D is the tensor of hydrodynamic dispersion. 275 

The tensor of hydraulic conductivity, 𝐊, is defined as: 276 
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𝐊 =
𝐤𝜌0

𝑓
𝑔

𝜇𝑓  (Eq. 5) 277 

where 𝐤 is the intrinsic permeability tensor. The dynamic viscosity of the fluid phase, 𝜇 𝑓, is 278 

regarded as a thermodynamic function of mass fraction, 𝜔, and 𝑇. The pressure (𝑝) dependence 279 

on brine viscosity can be neglected at subcritical temperature (Schoofs and Hansen, 2000). 280 

Combining the high-concentration dependency given by Lever and Jackson (1985) with the 281 

empirical temperature dependency of Mercer and Pinder (1974), the following expression is 282 

reached employing reference values for concentration, 𝐶0, and temperature, 𝑇0: 283 

𝜇 𝑓(𝐶, 𝑇) = 𝜇0
1+1.85𝜔−4.1𝜔2+44.5𝜔3

1+1.85𝜔(𝐶=𝐶0)−4.1𝜔(𝐶=𝐶0)
2 +44.5𝜔(𝐶=𝐶0)

3

1+0.7063𝜍(𝑇=𝑇0)−0.04832𝜍(𝑇=𝑇0)
3

1+0.7063𝜍−0.04832𝜍3  (Eq. 6) 284 

where 𝜍 = (𝑇 − 150)/100 at 𝑇 in °C and 𝜔 = 𝐶/𝜌𝑓. 285 

The equation of state used for the fluid density is given in terms of reference values for density, 286 

concentration, temperature and pressure, 𝑝0, by the BrineDensity plug-in implemented in the 287 

FEFLOW code (Magri, 2009): 288 

𝜌𝑓(𝐶, 𝑇, 𝑝) = 𝜌0
𝑓

(1 − �̅�(𝑇 − 𝑇0) +  �̅�(𝑝 − 𝑝0) +
�̅�

𝐶𝑠−𝐶0
(𝐶 − 𝐶0)) (Eq. 7) 289 

where the coefficients of thermal expansion, �̅�, compressibility, �̅�, and mass concentration 290 

ratio, �̅�, vary as a function of 𝐶, 𝑇 and 𝑝. 291 

2.3.2. Mesh and model parameters 292 

The 2D model extended from west to east across the basin and reached the Precambrian-293 

Carboniferous basement throughout (Figs. 1 and 4). The 2D model represented a selected 294 

section quite parallel to the main groundwater flow and, therefore, out-of-plane groundwater 295 

contributions were neglected as a simplification (Fig. 2). The objective of this model was not to 296 

calibrate field data (there are no data at depth) but to describe thermohaline hydrodynamics at 297 

basin scale. This section captured the main hydrodynamic features that constitute the basis of 298 

the discussion, such as the developing of a mixing zone around the salt flat nucleus, the hydraulic 299 

role of the minimum hydraulic head of the regional water table and the possible convective flow 300 

in the SFS. All of them proved to be intrinsic to saline systems and, therefore, although their 301 

location or geometry can vary depending on the hydraulic parameters and recharge/discharge 302 

ratio, the regional hydraulic behaviour that they trigger does not change. 303 

The maximum elevation was reached at the eastern boundary (Cerro Lejia) with 5,769 m a.s.l. 304 

On the other side, the profile only reaches an elevation 2,871 m a.s.l. at the Border Escarpment. 305 
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The salt flat nucleus was located 2,303 m a.s.l. at the centre of the profile. Due to the syncline-306 

shaped basin, the Precambrian-Carboniferous basement was reached 8,300 m b.s.l. (metres 307 

below sea level) beneath the nucleus and only 2,200 m a.s.l. below the volcanic arc. 308 

The finite-element mesh was built using the ”Triangle” algorithm and satisfying the Delaunay 309 

criterion (Shewchuk, 1996). The whole profile comprised approximately 120,000 triangular 310 

elements. The element size ranged from approximately 25 m in the faults and evaporation 311 

zones, which allowed to implement the evaporation boundary conditions in the nucleus and 312 

marginal zone as described below, to an average value of 150 m in the less critical areas to avoid 313 

numerical errors. 314 

Faults were represented as permeable areas of 300 m width (it was very small compared to the 315 

basin-scale groundwater flow) extending from the basement to the top of the model, using the 316 

well-stablished equivalent porous media (EPM) approach (Blessent et al., 2014; Vujević et al., 317 

2014). The EPM technique requires less computational effort than discrete-fracture models and 318 

it allows to model the density-driven flow inside the faults (Magri et al., 2016, 2015, 2012, 2010). 319 

Faults were disabled in the symmetric and asymmetric evaporation simulations. 320 

Each stratigraphic unit was considered homogeneous and isotropic with respect to the physical 321 

properties (hydraulic conductivity, porosity, thermal conductivity and volumetric heat capacity) 322 

listed in Table 2. Average values of each parameter were taken from previous studies in the SdA 323 

(e.g., Marazuela et al., 2019b, 2019a) and complemented with literature reference values for 324 

each type of rock (e.g., Eppelbaum et al., 2014). The basement was considered impermeable 325 

and then neglected in the modelling task. Due to its extremely low hydraulic conductivity, 326 

preliminary simulations demonstrated that neglecting the basement did not have a significant 327 

impact on the groundwater flow. The longitudinal and transverse dispersivities for both, mass 328 

and heat transport, were 100 and 10 m, respectively. 329 

TABLE 2 330 

Owing to the chemical equilibrium of the brines with halite in most of the system considered, 331 

the impact of dissolution-precipitation on porosity and permeability is expected to be small at 332 

basin-scale and, therefore, it has been neglected. Although a fully coupled thermohaline 333 

reactive transport model has been partially attempted at local and simpler scale (e.g. Graf and 334 

Therrien, 2007), the computational cost of such model at basin-scale is far beyond the current 335 

conventional computational resources and is often despised (e.g., Magri et al., 2015, 2009; 336 

Zechner et al., 2019). 337 
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2.3.3. Boundary and initial conditions 338 

Groundwater flow and mass transport boundary conditions (BCs) encompassed freshwater 339 

inflow along the recharge areas on the eastern and western flanks of the basin and a freshwater 340 

sink in the nucleus and marginal zone (Fig. 5). The inflow rate was based on the recharge values 341 

presented by Marazuela et al. (2019a). The main recharge occurred on the eastern flank, with 342 

values that increase from 34 mm/yr in the contact between the alluvial deposits and the 343 

outcropping Triassic rocks to 85 mm/yr in Cerro Lejía. These values correspond to the current 344 

rainfall rates of 40 to 100 mm/yr minus the 15 % that is estimated by interception, surface 345 

detention and infiltration at the beginning of a storm and that finally back to the atmosphere 346 

through evaporation. On the western flank, the recharge was reduced to 5.5 mm/yr. These 347 

inflow rates led to a total recharge of 5.7 m3/d. As a requirement for numerical calculation, the 348 

hydraulic head was fixed at 5,000 m a.s.l. at the easternmost node of the top to allow the free 349 

calculation of the water table in the centre of the basin, where the salt flat and mixing zone are 350 

located. Both freshwater inflows (with the exception of the San Pedro Fm. stretch in the mature 351 

stage simulation, as described below) had a concentration of 5,000 mg/L, which represented a 352 

recharge water slightly enriched in solutes after having passed through volcanic rocks. 353 

FIGURE 5 354 

The evaporation was implemented as a freshwater sink across two rectangles 200 m wide that 355 

extends along the top of the nucleus and marginal zone. This sink allowed the extraction of pure 356 

freshwater (0 mg/L) without solutes, thereby increasing the solute concentration in each 357 

consecutive time step through evaporative concentration (Nield et al., 2008). For the 358 

asymmetric evaporation and mature stage simulations that considered the present-day 359 

evaporation, the outflow in the nucleus and marginal zone was 0.3 and 5.4 m3/d, respectively, 360 

in accordance with the evaporation rates estimated by Marazuela et al. (2020) (Fig. 5). For the 361 

symmetric evaporation simulation that considered a homogeneous evaporation rate across the 362 

entire surface (nucleus and marginal zone), the total outflow also remained at 5.7 m3/d. 363 

Therefore, in all simulations the water inflows and outflows were compensated (closed basin). 364 

The normalization range for concentration was established between 0 mg/L, equivalent to pure 365 

freshwater with a density of 1,000 kg/m3 and 350,000 mg/L with a density of 1,200 kg/m3. For 366 

the mature stage simulation, the groundwater of the San Pedro and Vilama Fms. was assumed 367 

to have the maximum solute concentration (350,000 mg/L), representing the rapid attainment 368 

of halite saturation by dissolution of their evaporitic rocks. Additionally, a mass concentration 369 



13 
 

BC limited the maximum concentration (350,000 mg/L, which corresponds to halite saturation) 370 

that the brine could reach in each node of the evaporation rectangle (Kohfahl et al., 2015). 371 

The heat transport BC allowed to reproduce the geothermal gradient considering the heat flow 372 

values obtained by Hamza et al. (2005). The heat inflow at the bottom increased from 80 mW/m2 373 

at the eastern end to 120 mW/m2 at the western end, taking into account that the crust below 374 

the salt flat nucleus is colder than that below the volcanic arc (Fig. 5). An average atmospheric 375 

temperature of 18°C was fixed at the top of the model. The lateral boundaries were closed to 376 

fluid, heat and mass flow because they were considered the limits of the basin. Also the bottom 377 

was closed to fluid and mass flow. 378 

The initial conditions for hydraulic head and temperature were derived from a convective 379 

hydrothermal model that was previously carried out. The initial mass concentration was 5,000 380 

mg/L in the entire domain, representing a hypothetical basin filled completely with recharge 381 

freshwater. The mature stage simulation was run until the quasi-steady state regime was 382 

achieved. 383 

3. RESULTS 384 

3.1. Solute enrichment by evaporation in salt flats 385 

Although prior to a salt flat development, the SdA basin was probably occupied by a freshwater 386 

lake governed by a topography-driven flow, this initial flow regime changed drastically when the 387 

freshwater lake evolved to a salt flat and the increase in solute concentration modified the 388 

density of the groundwater. During its stage as saline system (at least from 5.8 Ma ago), there 389 

are two possible hydraulic regimes through which the basin has been able to evolve or alternate 390 

and which must be analysed for its possible implication in the solute enrichment process. These 391 

regimes are: (1) salt flat with homogenous evaporation throughout the salt flat surface (called 392 

here symmetric evaporation) and (2) salt flat with asymmetric evaporation like the present-day 393 

SdA. In this section, two numerical simulations was carried out to analyse the effect of 394 

considering a symmetric or asymmetric evaporation distribution across the salt flat surface on 395 

the location of the most solute enriched brines by evaporative concentration. 396 

The results showed that, assuming a symmetric evaporation rate on a hypothetical ancient salt 397 

flat, the minimum hydraulic head of the regional water table was computed in the western 398 

nucleus as a consequence of the present-day asymmetry in the recharge (Fig. 6). The minimum 399 

hydraulic head determined the direction towards which the most evaporated brine tended to 400 

move and accumulate; therefore, it had capital significance for the enrichment of Li and other 401 
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conservative elements in the brine and for the precipitation of salts. The groundwater coming 402 

from the recharge in the mountains was increasing its concentration in solutes by evaporation 403 

and accumulated at the minimum hydraulic head, forming a "salt bulge". The density contrast 404 

generated by the solute concentration gradient led the system to convection and, thus, the 405 

brackish water began to sink due to its higher density. The salt bulge evolved downwards until 406 

it reached the impermeable basement. Although the sinking process was sensitive to the 407 

hydraulic parameters of the rocks, and low permeability layers slightly favoured its lateral 408 

expansion, the reaching of the basement by the salt bulge in forming occurred even before 409 

saturation in halite was achieved in the shallowest layers (Fig. 6B). That is, the leakage of 410 

evaporated brine from the salt flat towards deep layers was favoured with respect to lateral 411 

expansion even when the rocks had low permeability. This occurred because the density 412 

gradient was very strong and the density-driven flow overcame the topography-driven flow. In 413 

addition, the effect of temperature gradient on brine density enhanced this deepening. When 414 

the present-day asymmetric evaporation was considered, the minimum hydraulic head moved 415 

towards the contact between the nucleus and the eastern marginal zone (Fig. 7). The following 416 

evolution of the salt bulge was similar to that described for the symmetric evaporation regime. 417 

Therefore, symmetric or asymmetric evaporation significantly affected the location of the most 418 

evaporated brines. 419 

FIGURE 6 420 

FIGURE 7 421 

In addition, because the brine preferably sinks instead of expanding laterally, reaching the width 422 

of the current SdA nucleus only by evaporation seems unlikely. The model results suggest that, 423 

although it cannot be completely ruled out, evaporation alone would take too long to fill the 424 

SdA nucleus (Figs. 6B and 7B). The dissolution of salt rocks belonging to San Pedro and Vilama 425 

Fms., as it is considered below for the mature stage simulation, could contribute to explain this 426 

fact. 427 

3.2. Thermohaline circulation in the Salar de Atacama 428 

The results of the mature stage simulation showed the effects of temperature and salinity on 429 

the groundwater flow of the SdA basin (Fig. 8). The temperature gradients predicted by the 430 

model below the SdA, 25°C/km, and below the Western Cordillera, 35°C/km, were consistent 431 

with the 18-31°C/km obtained by Jayne et al. (2016) for the Salar de Huasco located farther to 432 

the north (Fig. 8A). These results confirmed that the lithosphere is cooler in the central part of 433 

the basin than in the volcanic arc, although this did not prevent convection. The computed 434 
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temperature field was constrained by the syncline-shape geometry of the basin, which 435 

determined the distribution of the hydraulic and thermal parameters. The temperature field 436 

also was distorted by the presence of faults and the saline interface. 437 

FIGURE 8 438 

In the mature stage, a saline interface and its associated mixing zone were located around the 439 

salt flat nucleus as a consequence of the density contrast generated by the mass concentration 440 

gradient between the brine in the nucleus and the recharged freshwater in the mountains (Figs. 441 

8B and C). The geometry of the mixing zone was controlled by the ratio between the freshwater 442 

recharge and the evaporation discharge and by the hydraulic parameters of the basin rocks. 443 

Thus, the slope of the eastern mixing zone close to the surface was lower than at depth (Fig. 444 

8D). Marazuela et al. (2018) already pointed out that the presence of highly permeable rocks in 445 

the shallowest aquifers results in a slope of the mixing zone much lower than previously 446 

predicted in the SdA. 447 

Because of the increase in temperature with depth, the density of the brine below the nucleus 448 

decreased from 1,200 to 1,100 kg/m3 (Fig. 8C). This reduction in density favoured the brine 449 

leakage from the bottom of the salt flat and the subsequent lateral entry of relatively more 450 

dilute fluids at the top. As the precipitation of salts would only occur when saturation in halite 451 

was reached, this explains why the porosity and permeability of the shallow aquifers do not 452 

decrease dramatically due to salt precipitation 453 

However, despite this density reduction, the mixing zone did not disappear at depth (Figs. 8B 454 

and C). The persistence of the mixing zone at depth was a critical factor for basin-scale 455 

hydrodynamics because it prevented any groundwater flow path coming from the recharge zone 456 

in the Western Cordillera, or hypothetically in the Altiplano-Puna, directly reaching the SFS in 457 

the nucleus. This did not rule out a possible groundwater contribution from the Altiplano-Puna 458 

to the SdA basin, but any flow path coming from this region would be forced to ascend to the 459 

marginal zone before joining the nucleus. 460 

At basin-scale, a key factor was that the minimum hydraulic head of the regional water table 461 

divided the system into two isolated hydrodynamic systems, eastern and western (Fig. 8D). The 462 

minimum hydraulic head was computed in the easternmost part of the salt flat nucleus, close to 463 

the eastern mixing zone. In this location, the flow paths coming from both hydrodynamic 464 

systems converged and terminated. 465 
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In the eastern hydrodynamic system, the groundwater recharged in the mountains moved along 466 

shallow aquifers, but when it reached highly permeable faults like the East Fault, the flow path 467 

descended (Fig. 8D). Due to the downward direction of the relatively cold flow in the fault, a 468 

negative anomaly in the temperature field was produced (Fig. 8A). Finally, the freshwater 469 

coming from the Western Cordillera was forced to flow upward to the surface of the marginal 470 

zone by the mixing zone, feeding the wetland and lake ecosystems in the area (Fig. 8D and 9). 471 

The flow paths became almost parallel to the surface in the shallowest aquifers of the marginal 472 

zone due to the very low slope of the mixing zone described above. That is where the highest 473 

flow rates of the system occur, at peak velocity of 7 m/yr (Fig. 9). Along this quasi-horizontal 474 

flow path, the shallow water table experienced intense evaporation, resulting in a rapid increase 475 

in the solute concentration and leading the fluid to halite saturation before it reached the 476 

minimum hydraulic head. The low flow that reached the nucleus did not surpass the point of the 477 

minimum hydraulic head and, as a consequence, it recirculated by convection along the inner 478 

side of the mixing zone. 479 

FIGURE 9 480 

In the western hydrodynamic system, the rapid attainment of halite saturation by the scarce 481 

recharge was likely due to the geology of the area. As described in section 2.2, evaporitic rocks 482 

crops out throughout the western margin of the salt flat through the Cordillera de la Sal and 483 

extends deep below the entire salt flat (Arriagada et al., 2006; Jordan et al., 2007). 484 

Conceptualization of the San Pedro and Vilama Fms. as a saline domain in which pore water is 485 

saturated in halite led to a brine of homogeneous density throughout the entire salt flat nucleus 486 

(Fig. 8C). Previous simulations that did not consider the San Pedro and Vilama Fms. as a saline 487 

domain demonstrated that the computed location of the minimum hydraulic head and the 488 

regional flow pattern did not change significantly, and only the width of the salt flat nucleus was 489 

reduced. The assumption of the leaching of the water-soluble rocks from the Cordillera de la Sal 490 

implied that the groundwater entering through the western margin of the nucleus was a brine 491 

with a density of 1,200 kg/m3. The brine coming from the west moved towards the minimum 492 

hydraulic head in the easternmost zone of the nucleus and along this path a weak evaporation 493 

occurred. The groundwater flow inside the nucleus featured a very low velocity due to the small 494 

hydraulic gradients induced by its flat topography.  495 

Also, during its crossing towards the minimum hydraulic head in the easternmost zone of the 496 

nucleus, some brine was captured by the convective flow developed in the SFS (Fig. 8D). The 497 

computed groundwater flow indicated that complex thermohaline circulation occurred in the 498 
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SFS (Fig. 10). The density contrast induced by temperature and salinity gradients was the driving 499 

force of this thermohaline circulation (Fig. 10A). Internal convection cells developed not only 500 

around the faults but also inside the faults, similar to those described in other thermohaline 501 

systems (Magri et al., 2012, 2010) (Fig. 10B). Convection circulated groundwater inside the SFS 502 

at velocities ranging between 0.25 and 2.5 mm/yr, which was one to three orders of magnitude 503 

higher than in the surrounding rocks. This deformed the temperature field, with a temperature 504 

decrease on the eastern side of the Tucúcaro Fault and western side of the Salar Fault and an 505 

increase on the opposite sides of these faults (Fig. 10A). The thermohaline convection in the SFS 506 

could notably favour the remobilization of solutes, such as Li or Mg, that were hypothetically 507 

contained in the mineral structures of deep layers of salts and/or clays. 508 

FIGURE 10 509 

4. DISCUSSION 510 

4.1. The minimum hydraulic head constraint 511 

According to the modelling results, the minimum hydraulic head determines the direction in 512 

which the most evaporated brines tend to converge and accumulate (Figs. 6, 7 and 8). Therefore, 513 

the most evaporated brines in salt flats are expected at the minimum hydraulic head. As the 514 

highest concentration of Li is found in the SFS in the central-western nucleus (Fig. 2), the present-515 

day minimum hydraulic head should be located in that area to explain the Li enrichment as a 516 

result of evaporative concentration. But only if the evaporation was homogeneous across the 517 

entire surface of the salt flat (symmetric evaporation) would the minimum hydraulic head be 518 

located in the central-western portion of the nucleus (Fig. 6). This hypothetical scenario could 519 

have occurred in previous stages of the SdA formation and it is possible that layers buried today 520 

under the current salt flat recorded this old hydraulic regime. Therefore, it is likely that deep 521 

layers have the maximum lithium concentration in the SFS area. However, despite the low 522 

topography-driven flow in the nucleus and due to the high hydraulic conductivity of its 523 

shallowest aquifers, the current brine hydrochemistry of the shallowest aquifers has to be 524 

consistent with the current groundwater flow. In recent times, the minimum hydraulic head is 525 

located in the easternmost zone of the nucleus (Figs. 2 and 8D), which implies that the most 526 

evaporated brines are also expected in the easternmost zone of the nucleus and not in the SFS. 527 

Thus, it is not possible to explain the Li-Mg-rich brines in the SFS only by evaporative 528 

concentration of the inflows coming from the eastern flank as the hypotheses of Figs. 3A and B 529 

would require. 530 

4.2. The mixing zone as a regional hydraulic barrier for deep groundwater flow 531 
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In the eastern hydrodynamic system, the development of a mixing zone surrounding the salt flat 532 

nucleus causes the less dense recharge to float on and partially mix with the dense brine 533 

occupying the nucleus of the salt flat (e.g. Fan et al., 1997) (Figs. 8D and 9). The abundance of 534 

native sulfur in the volcanoes of the Western Cordillera leads to SO4-rich inflow waters (Risacher 535 

et al., 2003). After evaporative concentration in the marginal zone, SO4-rich brines are produced. 536 

These SO4-rich brines accumulate in the east block of the nucleus, since the minimum hydraulic 537 

head prevents its advance towards the west block (Fig. 9). 538 

The computed thermohaline circulation showed that, although it may be slightly distorted by 539 

the temperature gradient, the eastern mixing zone continues downward to the lower 540 

impermeable boundary (Fig. 8). The persistence of the mixing zone at depth has important 541 

implications for the regional hydrodynamics of the basin because it forces any deep 542 

groundwater flow path coming from the east to ascend to the marginal zone surface. This 543 

prevents any deep hydrothermal fluid heated below the volcanic arc to reach and ascend along 544 

the SFS as the hypothesis of Fig. 3C would require. Therefore, if the majority origin of Li was 545 

anywhere to the east of the mixing zone (including the Altiplano-Puna) the highest 546 

concentration of Li would be located in the easternmost zone of the nucleus, where the 547 

minimum hydraulic head of the water table is located and the flow paths terminate. 548 

4.3. The role of fractures and thermohaline convection in the formation of Li-rich brines 549 

The location of the Li-Mg-rich brines in the SFS suggests that fractures could have played an 550 

active role in the accumulation of Li and Mg. A key question to discuss, therefore, is the origin 551 

of the hypothetically Li-Mg-enriched solution that ascends along the SFS. Hereafter, we propose 552 

that the extreme enrichment in Li can be explained as a result of the remobilization of an ancient 553 

deposit of Li-Mg-enriched salts or clays located below the present-day salt flat nucleus. This 554 

enrichment could form under ancient hyper-arid climatic conditions and homogeneous 555 

evaporation. Then, the minimum hydraulic head was computed in the western nucleus as a 556 

consequence of asymmetry in the recharge (Fig. 6). 557 

In the western hydrodynamic system, the water recharged on the Cordillera Domeyko and the 558 

Cordillera de la Sal quickly increases in density by dissolution of salts in the San Pedro Fm. This 559 

produces Ca-Cl-rich inflow brines similar to the described by Risacher and Alonso (1996), 560 

although still poor in Li and Mg. Besides the Ca-Cl-rich brine produced by the dissolution of the 561 

San Pedro Fm. at the west of the nucleus, some inflows out-of-plain coming from the southwest 562 

boundary of the nucleus (as the water table of the Fig. 2 suggests) could mix with the Ca-Cl-rich 563 

brines in the southwestern zone of the nucleus previously to incorporate in the SFS. 564 
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Once incorporated to the nucleus, the brines move towards the minimum hydraulic head at the 565 

east of the nucleus (Fig. 8D). However, the presence of the SFS can capture these brines and 566 

incorporate them into its complex thermohaline convection (Fig. 10). In accordance with the 567 

model results, the western brine tends to sink several hundred or thousands of metres along 568 

the Tucúcaro Fault and then return to the shallowest aquifer of the salt flat along the Salar Fault 569 

due to convective circulation. Along this flow path, the brine could be enriched in Li and other 570 

solutes if a layer of old salt or exchangeable-position clay enriched in these elements exists in 571 

depth. The enrichment in Li and Mg would cause the precipitation of some halite together with 572 

a small increase in the density of the brine which have not been considered in the calculations. 573 

Finally, the Li-Mg-rich brine resulting from the remobilization of Li and Mg moves towards de 574 

minimum hydraulic head where it converges with the SO4-rich brine (Figs. 8D and 9). In addition, 575 

the diffusion and dispersion processes do not considered by the streamline representations of 576 

the Fig. 8D contribute to the mixing of brines leading to smooth transitions between them across 577 

the nucleus. Similarly, the δ2H and δ18O values of the subsurface brine in the Salar del Hombre 578 

Muerto plotted along the meteoric water line, suggested the inflow of deep dilute water with 579 

salt from halite dissolution (Godfrey et al., 2013). 580 

The existence of Li salts as a source of Li has never been reported in the geological record of 581 

evaporites in the Central Andes (Risacher and Fritz, 2009). Indeed, although K, Mg and B are 582 

known to accumulate in soluble salts (chlorides, sulfates and borates) under advanced 583 

evaporation stages, Li cannot enter the crystalline structures of the salts, and the majority 584 

remains in the liquid phase (Garrett, 2004; Pueyo et al., 2017; Song et al., 2017). Thus, to 585 

precipitate as LiCl, the brine must evaporate up to 38 % w/w LiCl, beyond the formation of 586 

sylvite, carnallite and bischofite (Garrett, 2004). The existence of Li-rich clays has been, however, 587 

more commonly reported. For example, hectorite, which forms from the alteration of rhyolitic 588 

glass, is described together with salt beds in Pleistocene lacustrine sediments in Clayton valley, 589 

Nevada (Araoka et al., 2014; Munk et al., 2011), in several other locations in the North American 590 

Basin and Range Province (Vine and Dooley, 1980) and in Turkish boron-rich salt flats (Büyüburç 591 

and Köksal, 2005). Additionally, the existence of Li-bearing clays is hypothesized to explain the 592 

concentration and isotopic values of Li in deep strata in the Salar de Olaroz, Argentina (Garcia et 593 

al., 2020). No hectorite has been described in the SdA, although Ide and Kunasz (1990) 594 

emphasized the existence of Li concentrations as high as 484 ppm in the argillaceous sediments 595 

underlying the tuffs of the Miocene El Campamento Fm., present in the Cordillera de la Sal and 596 

the Cordón de Lila areas. Up to 200 mg/L of exchangeable Li was removed from synthetic Li-597 

bearing smectites with 1 M NH4Cl and Ca2Cl solution prior to Li isotope fractionation 598 
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experiments (Vigier et al., 2008), and higher concentrations are expected to be extracted with a 599 

halite-saturated brine (approximately 6 M NaCl). 600 

To verify the feasibility of the above described hypothesis, only extensive water table data on 601 

the Li-Mg-rich brine is available (Marazuela et al., 2019b, 2019a), whereas chemical and isotopic 602 

data are scarce. These data are commonly property of mining companies, and if published, they 603 

have no spatial references (e.g., Munk et al., 2018). The enrichment of Li and other salts by dilute 604 

recharge is compatible with the atmospheric signature of the 3He/4He gas ratio and with the 605 

decrease in Na content as the Li content increases in the Li-rich brines reported by Munk et al. 606 

(2018). Additionally, the lack of a clear correlation between Li and Cl (R2= 0.57) reported by 607 

Hydrotechnica (1988) is less consistent with evaporative concentration. Unfortunately, the high 608 

correlations between Li and Mg (R2= 0.98) and Li and K (R2= 0.91) in the data reported by 609 

Hydrotechnica (1988) and the heavier δ7Li values of the Li-Mg-rich brines reported by Munk et 610 

al. (2018) are consistent with both evaporative concentration and dissolution of ancient salts 611 

and/or clay extraction. 612 

Finally, it is important to highlight that the thermohaline convection of salt flats could not be 613 

easily identified in field observations. The shallowest aquifer of the nucleus does not show an 614 

appreciable increase in the water table associated with the SFS (Fig. 2). Because of this fact, the 615 

Ca-Cl-rich brine coming from the west-southwest can, after recirculation, overcome the SFS on 616 

its path to the minimum hydraulic head. Moreover, the most frequent physical-chemical 617 

parameters (density, electrical conductivity, total dissolved solids, etc.) do not give too much 618 

information about this fact, and detailed hydrochemical and isotopic analyses are necessary. 619 

In future studies, the δ2H and δ18O isotopes of the Li-rich brine should readily reveal if the Li-Mg-620 

rich brine comes from a highly evaporated brine or from dilute recharge water acquiring its 621 

salinity by dissolution of salt rocks and/or clay extraction. Additionally, an indirect test for 622 

dissolution of Li-rich salts or leaching of Li-rich clays could be the Br concentration of the Li-rich 623 

brines. Thus, due to the increasing concentration of the solution with evaporation and the higher 624 

solid/liquid partition coefficient of Mg salts (Marion et al., 2010), Br is expected to be enriched 625 

in the advanced evaporation salts hypothetically accompanying the Li salts (see Krupp, 2005 for 626 

a Permian example). Therefore, Br is expected to be present in the analyses of Li-Mg-rich brines. 627 

In contrast, Br is poorly scavenged by halite, and brines formed by recharge water dissolving 628 

halite and extracting Li from clays are not expected to have Br concentrations that differ greatly 629 

from those of the dilute inflows. Similarly, light δ11B values would be more compatible with 630 

exchange with clays rather than dissolution of soluble salts or an advanced stage of evaporation, 631 
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which would be expected to be associated with heavier isotopic values (Godfrey and Álvarez-632 

Amado, 2020). Also, an accurate structural characterization of the SFS and its hydraulic 633 

parameters will help future numerical models to define faithfully local convection cells in the 634 

SFS. 635 

5. CONCLUSIONS 636 

Thermohaline flow modelling has demonstrated the critical effect of the minimum hydraulic 637 

head of the regional water table on the groundwater flow of salt flats. The minimum hydraulic 638 

head divides the basin into two isolated hydrodynamic systems and constitutes the endpoint 639 

towards which all flow paths converge and terminate, thereby representing the expected 640 

location of the most evaporated brines. The results show that the relatively cooler crust below 641 

de nucleus of the Salar de Atacama than below the volcanic arc is not an inconvenient for the 642 

developing of convection and upward flow along the Salar Fault System. 643 

Thermohaline flow modelling has been useful in discussing the origin of the extreme Li 644 

enrichment in the Salar de Atacama. Firstly, a clear spatial mismatch between the locations of 645 

the Li-Mg-rich brines in the central-western zone of the nucleus (in the Salar Fault System) and 646 

the computed minimum hydraulic head of the water table in the easternmost zone of the 647 

nucleus has been stablished. Whatever the origin of the recharge solutes (weathering, leakage 648 

of present-day salt flats, leaching of buried salt flats or magmatic contribution, in the eastern 649 

flank of the SdA basin or in the Altiplano-Puna), this mismatch discards recent evaporative 650 

concentration of the recharge water as the current mechanism for reaching the extreme Li 651 

concentrations of the brines. On the contrary, only if the evaporation was more homogenous 652 

than the current one, would the minimum hydraulic head be located in the central-western zone 653 

of the nucleus. This hypothetical scenario could have occurred in previous stages of the Salar de 654 

Atacama formation and recorded in layers buried today below the current salt flat. Secondly, 655 

the persistence of a saline interface at depth, regardless of the temperature gradient, also 656 

precludes deep hydrothermal inflows heated below the volcanic arc to be the source of the Li-657 

Mg-rich brines ascending along the Salar Fault System. 658 

The results of the thermohaline flow modelling are compatible with the remobilization of 659 

ancient layers of Li-Mg-enriched salts and/or clays by dilute recharge waters coming from the 660 

western flank of the basin. The water recharged on the western flank of the basin quickly 661 

increases in density by dissolution of salts in the Cordillera de la Sal. Once incorporated to the 662 

nucleus, along its path towards the minimum hydraulic head, the brine can be captured by the 663 

convective circulation developed in the Salar Fault System. This enables its Li-Mg enrichment if 664 
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a layer of ancient salt or clay enriched in these elements exists in depth. Here, the role of faults 665 

and density-driven flow is capital to allow efficient downward and upward flow rates that favour 666 

the remobilization of Li and Mg. Further chemical and isotopic analyses (major solutes, Br, δ2H-667 

δ18O, δ11B, etc.) of the Li-Mg-rich brines (to add to the scarce published information) are needed 668 

to confirm or discard the proposed hypothesis about the groundwater origin and the mechanism 669 

of Li enrichment in the Salar de Atacama. 670 
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FIGURE CAPTIONS 981 

Figure 1: Location of the Salar de Atacama basin. Also the topography of the numerical model 982 

profile is shown. 983 

Figure 2: Hydrogeochemical framework of the Salar de Atacama. A) Water table, types of brines 984 

and Li concentration contour map of the sallowest aquifers. Note the spatial mismatch between 985 

the minimum hydraulic head of the water table and the Li-Mg-rich brine locations. B) Hydraulic 986 

head contour map of the vertical cross-section marked in white in the figure A (modified from 987 

Marazuela et al., 2019a). 988 

Figure 3: Conceptual ideas of the Salar de Atacama hydraulic functioning as deduced from the 989 

literature: (A) SO4-rich brines replacing relict Ca-Cl-rich brines, (B) evaporation of the 990 

groundwater recharged east of the Salar de Atacama and (C) deep hydrothermal brines 991 

ascending along the Salar Fault System. See details in the text. 992 

Figure 4: Simplified stratigraphy and structural features of the vertical profile chosen for the 993 

numerical simulations (vertically scaled x1.5 like all profiles shown hereinafter). See the section 994 

location in Figs. 1 and 2. 995 

Figure 5: Mesh and sketch of the main flow, mass and heat boundary conditions considered for 996 

the numerical model. Note that the freshwater sink shown correspond to the present-day 997 

asymmetric distribution of the evaporation; for the symmetric evaporation simulation, the total 998 

freshwater sink remained at 5.7 m3/d with a constant distribution of it across the nucleus and 999 

marginal zone. See details in the text for the consideration of San Pedro and Vilama Fms. as a 1000 

saline domain. 1001 

Figure 6: Computed mass concentration as resulted from the symmetric evaporation simulation. 1002 

The brines produced by evaporative concentration accumulate at the minimum hydraulic head 1003 

(salt bulge), which is located in the western edge of the salt flat nucleus. 1004 

Figure 7: Computed mass concentration as resulted from the asymmetric evaporation 1005 

simulation. The salt bulge produced by accumulation of evaporated brines is located in the 1006 

eastern edge of the salt flat nucleus, where the minimum hydraulic head is computed. Note that 1007 

at 100,000 years, the width of the salt bulge is still far from the width of the present-day Salar 1008 

de Atacama nucleus because the brine preferably sinks instead of expanding laterally. 1009 
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Figure 8: Computed (A) temperature field, (B) mass concentration, (C) density and groundwater 1010 

flow (D) as resulted from the mature stage simulation. The Salar Fault System showed in Fig. 10 1011 

is framed with two black parallelepipeds. 1012 

Figure 9: Darcy flow and groundwater flow streamlines of the marginal zone and eastern salt 1013 

flat nucleus. The flow path coming from the eastern recharge zone is forced to rise to the surface 1014 

by the mixing zone, and close to the surface is strongly evaporated producing a SO4-rich inflow 1015 

brine. In addition, the flow paths coming from opposite recharge zones converge at the 1016 

minimum hydraulic head, where the most evaporated brines are expected. 1017 

Figure 10: Computed (A) temperature field and (B) groundwater flow in the Salar Fault System 1018 

as resulted from the mature stage simulation. The location of the figures is shown in Fig. 8. 1019 
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FIGURE 1 1037 
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FIGURE 2    1048 
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FIGURE 3 1050 
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FIGURE 4 1066 
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FIGURE 5 1086 

 1087 

 1088 

 1089 

 1090 

 1091 

 1092 

 1093 

 1094 

 1095 

 1096 

 1097 

 1098 

 1099 

 1100 

 1101 

 1102 

 1103 

 1104 



36 
 

FIGURE 6 1105 
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FIGURE 7 1123 
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FIGURE 8 1141 
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FIGURE 9 1151 
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FIGURE 10 1171 
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TABLE CAPTIONS 1188 

Table 1: Summary of the main characteristics of the three thermohaline simulation carried out 1189 

in this work. E: evaporation. 1190 

Table 2: Hydraulic and thermal parameters considered for the numerical simulations. The 1191 

colours are in accordance with the geological profile shown in Fig. 4. 1192 
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TABLE 1 1213 

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 < Emarginal zone 
Faults disabled 

Mature stage 
Quasi-steady-

state 
Thermohaline flow in the present-day Salar 
de Atacama basin 

Enucleus < Emarginal zone 
Pore water of San Pedro and 
Vilama Fms. is saturated in halite 
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TABLE 2 1234 

Hydrostratigraphic Units K [m d-1] ɸ [-] λ [W m-1 °C-1] ρs cs [106 J m-3 °C-1] 

Precambrian to Carboniferous basement Impermeable 

Late Carboniferous-Triassic (1) 5·10-4 0.02 2.8 2.1 

Late Carboniferous-Triassic (2) 2·10-2 0.02 2.8 2.1 

Late Cretaceous-Eocene 1·10-3 0.03 2.6 2.1 

Cenozoic 1·10-2 0.04 3.0 2.0 

Quaternary salt flat deposits 0.1 0.02 3.5 1.8 

Evaporation zone of the nucleus 0.5 0.05 3.5 1.8 

Quaternary marginal zone 0.1 0.02 3.2 1.8 

Evaporation zone of the marginal zone 0.5 0.05 3.2 1.8 

Miocene to recent volcanic rocks 1 0.10 2.8 2.1 

Alluvial 2 0.10 1.8 1.7 

Faults (EPM) 1 0.25 2.0 1.8 

Fluid - - 0.65 4.2 
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