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- The hydrodynamics can be extended to other salt flat systems. 13 

- The regional 3D numerical model served to validate the water balance. 14 

- The conventional infiltration values for the hyperarid zones were not valid. 15 

- Infiltration rates of hyperarid basin that reach 75 % are justified. 16 
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ABSTRACT 24 

The Salar de Atacama is one of the most well-known saline endorheic basins in the world. It 25 

accumulates the world main lithium reserves and contains very sensitive ecosystems. The 26 

objective of this work is to characterize the hydrodynamics of the Salar de Atacama, and to 27 

quantify its complex water balance prior to the intense brine extraction. The methodology and 28 

results can be extrapolated to the groundwater flow and recharge of other salt flats. A three-29 

dimensional groundwater flow model using low computational effort was calibrated against 30 

hundreds of hydraulic head measurements. The water infiltrated from the mountains ascends 31 

as a vertical flux through the saline interface (mixing zone) produced by the density contrast 32 

between the recharged freshwater and the evaporated brine of the salt nucleus. This water 33 

discharges and is largely evaporated from lakes or directly from the shallow water table. On 34 

the other hand, the very low hydraulic gradients, coupled with the presence of the mixing zone 35 

that operates as barrier, leads the salt flat nucleus to act as a hydrodynamically quasi-isolated 36 

area. The computed water table shows the lowest hydraulic head in the salt flat nucleus near 37 

the discharge at the mixing zone. 38 

The groundwater balance of the Salar de Atacama in its natural regime was quantified 39 

resulting in an inflow/outflow of 14.9 m3·s-1. This balance considers the basin as an endorheic 40 

system. The very low infiltration values that are generally assumed for hyperarid basins are not 41 

consistent with the hydrogeology of the Salar de Atacama. Indeed, very high infiltration rates 42 

(up to 75% of rainfall) occur because of the high degree of fracturing of rocks and the scarce 43 

vegetation. This high infiltration is consistent with the light isotopic composition of the water 44 

from the recharge area (Altiplano). Therefore, the existence of additional inflows outside the 45 

basin is unlikely. 46 
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1. INTRODUCTION 55 

Salt flats are saline and endorheic hydrogeological systems that are frequently associated with 56 

arid to hyperarid climates, in which the water table is several centimetres or decimetres below 57 

the ground surface. The largest salt flats in the world are on the Altiplano-Puna plateau of the 58 

Central Andean Range, which includes northwestern Argentina, southwestern Bolivia and 59 

north-eastern Chile (Risacher et al., 2003; Warren, 2010). The salt flats and their brines are a 60 

major source of lithium, boron, sodium chloride, iodine, potassium and magnesium (Evans, 61 

1978; Kesler et al., 2012; Munk et al., 2016). Some of these elements are highly valued in the 62 

modern economy. For example, lithium is a main constituent in batteries for mobile phones, 63 

electric cars (Marom et al., 2011; Tarascon, 2010; Vikström et al., 2013) and even 64 

pharmacological treatments (Cipriani et al., 2005). 65 

The Salar de Atacama (SdA) is the third largest salt flat in the world after the Salar de Uyuni 66 

(Bolivia) and Salinas Grandes (Argentina). Its brine contains a lithium concentration (~5,000 67 

ppm) that is much higher than that of the other salt flats, and makes the SdA the main lithium 68 

reserve in the world. In addition, it is located in the most arid area of the Earth and houses 69 

exceptional ecosystems, such as the Reserva Nacional de los Flamencos (Ramsar site). These 70 

ecosystems are threatened because of the mining exploitation of the brine that has been 71 

occurring since the 1980s. In contrast, the brine pumping carried out have allowed to dispose 72 

of the best monitoring network in the world, which makes the SdA a reference for the 73 

scientific community. 74 

The origin of the SdA dates to the Oligocene-Miocene boundary, synchronous with the 75 

increase in volcanic activity and Altiplano uplift (Arriagada et al., 2006). The uplift of the 76 

plateau marked the paleoclimatology history as a consequence of the strong topographic 77 

gradient reached, giving rise to a more humid plateau and a hyperarid salt flat (Rech et al., 78 

2006). From this ancient time until the mid-1980s, the hydrodynamics of the system were 79 

controlled by the different climatic cycles. However, from the 1980s onward, the pumping of 80 

the brine for commercial purposes has altered its natural dynamics. Most of the studies that 81 

have been carried out in the SdA have analysed the current anthropogenic regime of the 82 

system (Salas et al., 2010), in which the water table of the salt flat has been drawn down. 83 

However, studies of the natural regime of the system, prior to exploitation, are lacking. Only 84 

the water table contour map of the eastern alluvial fans performed by HARZA (1978) is 85 

available. Unfortunately, this work does not take density differences into account. 86 
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Under the natural regime, the water table depth of the SdA was determined by a complex 87 

balance between the water inputs and outputs that tended to be zero (Rosen, 1994; Yechieli 88 

and Wood, 2002). The main recharge was precipitation (rainfall) that occurred in the 89 

mountains of the basin. The evaporation was controlled by the water table depth, which was a 90 

few decimetres below ground (Kampf et al., 2005; Kampf and Tyler, 2006; Tyler et al., 2006). 91 

The salt deposits accumulated because of the strong evaporation rates that were maintained 92 

for several thousands of years (Corenthal et al., 2016; Hardie, 1991; Wood and Sanford, 1990). 93 

These complex systems tend to be very sensitive to climatic and anthropogenic changes 94 

(Godfrey et al., 2013). 95 

Although progress has been made in the last few decades to understanding the hydrogeology 96 

of the SdA, there are still many uncertainties in the water balance, and no water balance has 97 

been validated with numerical models. Thus, some authors present divergences about key 98 

factors to calculate the flow discharge: water table depth, areas of discharge and evaporation 99 

rates. The first study that addressed evaporation in the SdA (Mardones, 1986) quantified the 100 

volume of evaporated water as 5.29 m3·s-1. Assuming that in the basin-scale balance the inputs 101 

(recharge) are equal to the outputs (evaporation), this value should correspond to the 102 

recharge value. Subsequent works used this value as a reference and, obtained water balances 103 

in the range of 5.17-5.58 m3·s-1 (Dirección General de Aguas, 2013, 2010, 1986; Muñoz-Pardo 104 

et al., 2004). Kampf and Tyler (2006) obtained values of evaporation in a range of 1.6-22.7 105 

m3·s-1, depending on the multiple calculation methods that were applied, which were based on 106 

remote sensing and evaporation zoning. Recently, Corenthal et al. (2016) used an 107 

approximated value of recharge from Bookhagen and Strecker (2008), applied the recharge 108 

model of Houston (2006) and obtained a net recharge of 0.9 m3·s-1 (26.5 m3·s-1 of rainfall with 109 

3.5 % of infiltration). However, the same authors predicted that evaporation should have been 110 

21.7 m3·s-1 to explain the amount of accumulated salts, and they proposed as a probable 111 

explanation that the estimated recharge deficit is compensated by contributions from the 112 

Altiplano outside the SdA basin. However, this approach is not consistent with the scarce 113 

presence of vegetation that would facilitate evapotranspiration and with the scarce evidence 114 

of surface runoff that would favour evaporation. If the evapotranspiration is very low and 115 

surface runoff almost non-existent, the recharge rate to aquifers should be very high. 116 

Therefore, there is still great uncertainty regarding the values of recharge and evaporation in 117 

the basin of the SdA under the natural regime. 118 

Numerical models constitute a powerful tool to justify and validate the water balance. The 119 

steady-state models offer a hydrogeological reference for the system around which the system 120 
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will naturally oscillate. These models also serve as a basis to incorporate natural oscillations 121 

(e.g., cycles of evaporation, precipitation, etc.) and anthropogenic impacts (pumping and 122 

artificial recharge) in future transient-state models. However, determining the average water 123 

balance under the natural regime is not trivial and requires an analysis of a sufficiently large 124 

time interval that includes several dry and humid climatic cycles. In addition, three-125 

dimensional (3D) numerical models represent a much more powerful tool than two-126 

dimensional (2D) models as they allow to include recharge and evaporation processes within a 127 

geometry that faithfully reproduces the hydrostratigraphy of the basin in its three spatial 128 

components. This allows to quantify the total water balance at the basin scale. 129 

The density contrast between the rainwater (freshwater) and the evaporated water (brine) 130 

results in a mixing zone (saline interface) that represents the dynamic equilibrium of both 131 

miscible fluids and has a strong influence on the groundwater flow (Marazuela et al., 2018) 132 

(Figure 1). To date, only 2D models of the mixing zone have been published in scientific 133 

manuscripts (Duffy and Al‐Hassan, 1988; Fan et al., 1997; Holzbecher, 2005; Marazuela et al., 134 

2018; Tejeda et al., 2003; Vásquez et al., 2013; Wooding et al., 1997). To the best of our 135 

knowledge, 3D numerical models that integrate the complex recharge-evaporation interaction 136 

within a salt flat do not exist. Moreover, no detailed studies have been conducted to provide a 137 

numerical response on a regional scale to the role that is played by the mixing zone and its 138 

lakes in a salt flat system. The principal reason for this lack of specific studies is probably the 139 

high computational cost and the absence of methodologies to consider the effects of density 140 

variations. In the case of the SdA, regional models have neglected the effects of density on the 141 

flow (Anderson et al., 2002; Muñoz-Pardo et al., 2004), despite of the large density contrasts (1 142 

to 1.23 kg·L-1). To overcome this problem, Marazuela et al. (2018) proposed a methodology 143 

based on the correction of freshwater and mixed water heads by density variations in salt flats. 144 

This method allows the reproduction of the vertical flows that occur in the mixing zone at a 145 

low computational cost. 146 

FIGURE 1 147 

The objective of this study is to characterize the hydrogeological behaviour of the SdA and to 148 

quantify its complex water balance, prior to brine exploitation, to establish a reference for the 149 

salt flats studies. To reach the objective, firstly, the hydrogeological conceptual model of the 150 

system is defined and quantified to subsequently proceed to its 3D numerical modelling, which 151 

allows to validate the estimated water balance and to determine its uncertainties. The recent 152 

methodology proposed by Marazuela et al. (2018) for 3D numerical modelling of salt flats that 153 
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is based on the 3D mapping of the salt interface is used. This leads to a discussion about the 154 

recharge and hydrodynamics of the salt flat basins, and how the SdA basin can serve as a 155 

reference for the hydrogeological conceptualization of other salt flat basins and its 3D 156 

numerical modelling. 157 

2. MATERIALS AND METHODS 158 

The methodology followed in this work mixes experimental and numerical modelling 159 

techniques. First, it is performed a synthesis of the SdA location and its regional 160 

hydrodynamics, especially of its saline interface which was studied previously by Marazuela et 161 

al. (2018), and which serves as a basis for the correction of hydraulic heads by density 162 

variations applied in the 3D model of the present work. Second, the stratigraphy of the SdA 163 

focused on defining the geometry of the 3D numerical model is addressed. Third, the obtaining 164 

of experimental data such as precipitation and evaporation data, as well as the collection of 165 

isotope values that are included in the basin recharge discussion, is addressed. Fourth, the 166 

modelling strategies that are proposed for the salt flats modelling and which can be applied in 167 

the future to other analogous systems are defined. Fifth, all the characteristics of the 3D 168 

numerical model and the calibration are described. 169 

2.1. STUDY AREA 170 

The SdA basin, with a north-south elongated shape, is between 23° and 24° S latitude and 68° 171 

and 69° W longitude (Figure 2). To the east, it is enclosed by the main chain of the Andean 172 

Range (>5,500 m a.s.l., metres above sea level), while to the west, lies a secondary mountain 173 

range called the Cordillera de Domeyko. The salt flat, including the mixing zone, encompasses 174 

3,000 km2, and it is approximately 100 km in length and 50 km in width. 175 

FIGURE 2 176 

Four geomorphological zones from the depocenter to the watershed can be identified as 177 

follows: (1) salt flat nucleus; (2) mixing zone; (3) alluvial fans; and (4) volcanic and basement 178 

rocks (Figures 1 and 2). The salt flat nucleus is mainly made up of halite and it has an elevation 179 

of approximately 2,300 m a.s.l., whose topography exhibits a high level of roughness because 180 

of evaporation and ephemeral surface water. The mixing zone comprises calcite, gypsum and 181 

halite (Boschetti et al., 2007; Pueyo et al., 2017; Vásquez et al., 2013). The alluvial fans and 182 

particularly the volcanic and basement rock reach the highest altitude and constitute the main 183 

recharge area of the basin. 184 
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The hydrographic network is rather sparse and consists of two rivers, some streams and lakes; 185 

most of the lakes are in the mixing zone. The main tributaries are the San Pedro and Vilama 186 

Rivers, which originate to the north of the basin. Streams descend from the highest mountains 187 

to disappear through infiltration in the highly permeable alluvial fans. The lakes are grouped 188 

into four systems, namely, Soncor, which is feeded by the Burro Muerto channel, Aguas de 189 

Quelana, Peine and Tilopozo (Figure 2). In addition, the Tebinquiche and the Cejar lakes can be 190 

distinguished in the northern part of the San Pedro alluvial fan. The lakes have an extent of no 191 

more than several hectares. 192 

The exploitation of the brine is carried out in three plants constituted by evaporation pools, 193 

where the pumped brine is transported. The pumping wells associated with the mining plant 1, 194 

belonging to Albermale company, began in 1984 while those associated with mining plants 2 195 

and 3, belonging to the Sociedad Química y Minera de Chile (SQM) company, began in 1994 196 

and 1996, respectively. 197 

2.2. HYDROGEOLOGY OF THE SALINE INTERFACE (MIXING ZONE) 198 

The density contrast between the recharged rainwater (freshwater) and the evaporated water 199 

(brine) results in a mixing zone (saline interface) that represents the dynamic equilibrium of 200 

both miscible fluids and has a strong influence on the groundwater flow (Marazuela et al., 201 

2018) (Figure 1). The brine that is evaporated in the salt flat nucleus sinks because of gravity. 202 

The sinking of the denser fluid causes the rise of less dense fluid. On the freshwater side of the 203 

mixing zone, the groundwater that originates from the recharge area (mountains) is forced to 204 

rise to the surface by the mixing zone because of its lower salinity. On the brine side of the 205 

mixing zone, the brine also rises to the surface and is pushed by a convection cell that is similar 206 

to the seawater intrusion process in coastal aquifers (Post and Werner, 2017; Werner et al., 207 

2013). Through this mechanism, the main discharge occurs in the freshwater-brine mixing 208 

zone, where some lakes may appear, and the water table is very near the surface, which 209 

results in higher evaporation rates (Cornellà et al., 2009; Tejeda et al., 2003). 210 

Marazuela et al. (2018) differentiate three zones within the mixing zone depending on its 211 

hydraulic characteristics: the internal mixing zone (IMZ) corresponds to the mixed water that is 212 

pushed by the marginal convection cell of the nucleus and the middle mixing zone (MMZ) and 213 

the external mixing zone (EMZ) are characterised by upward fluid flow from the mountains, 214 

with high and medium flow velocities, respectively (Figure 1). This zoning is also evident on the 215 

surface, and the corresponding lakes and wetlands are in the MMZ (Figure 2). The Los 216 
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Flamencos National Reserve occupies the northeastern and eastern mixing zone associated 217 

with the upward groundwater flow that provides the water to the lakes and wetlands. 218 

2.3. STRATIGRAPHY OF THE SALAR DE ATACAMA 219 

According to the lithological data of more than one thousand cores (IDAEA-CSIC, 2017; 220 

XTERRAE, 2011), with lengths that rang between less than 10 m and more than 200 m, six 221 

stratigraphic units can be distinguished in the salt flat nucleus as follows: (1) Unit A (Upper 222 

halite); (2) Unit AB (Upper gypsum with carbonates); (3) Unit B (Intermediate halite); (4) Unit C 223 

(Middle gypsums); (5) Unit D (Lower halite); and (6) Unit E (Clays) (Figure 3). The three upper 224 

hydrogeological units are of paramount importance for mineral resources and ecological 225 

sustainability, and these units are considered to be the main hydrological system. These layers 226 

constitute the more permeable area of the salt flat, the mineral exploitation domain, and they 227 

interact directly with the lakes of the mixing zone. Units C, D and E do not play any important 228 

hydrological role because of their lower permeability. 229 

FIGURE 3 230 

Furthermore, the stratigraphy of the SdA has been seriously affected by the synsedimentary 231 

tectonics, particularly by the Salar fault (Arriagada et al., 2006; Jordan et al., 2007; Mpodozis et 232 

al., 2005) but also slightly by the Tucúcaro fault (see their location in Figure 2). As a 233 

consequence, the thickness of the hydro-stratigraphic units has been affected and ranges from 234 

50-250 m on the western side of the Salar fault to 400-500 m on the eastern side. 235 

Unit A or aquifer A comprises pure halite with sediments and gypsum. Its porosity is higher 236 

than the underlying units. The sediments are clays, silts and sands of a brown to red colour. 237 

This unit is affected by the Salar fault; thus, in the western part, it has a thickness between 14 238 

and 20 m, while in the eastern part, its thickness ranges between 25 and 40 m. 239 

Unit AB or aquitard AB corresponds to a group of lithologies that present continuity through 240 

lateral facies changes, with a gradation from clays in the marginal zones to gypsum with 241 

carbonates in the nucleus. The thickness ranges between 0.2 m and 3 m, although in some 242 

areas it may be thicker. 243 

Unit B or aquifer B comprises halite with sediments and gypsum in the western part. In the 244 

eastern part, the unit consists mainly of pure halite and lenses of organic matter and gypsum. 245 

In the western part, this unit has a variable thickness between 20 m and 25 m, while in the 246 

eastern part, the unit reaches up to 400 m in thickness. 247 
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2.4. EXPERIMENTAL DATA 248 

A meteorological analysis was performed from January 1986 to December 2015. This interval 249 

was considered representative to stablish the average natural regime of the SdA basin as it 250 

includes several wet and dry cycles. 251 

The rainfall study was based on the daily meteorological data that has been collected by 14 252 

weather stations since the 1970s (see their location in Figure 4A). An interpolation that is 253 

consistent with the topography and meteorological data was performed for the average 254 

rainfall values of the basin. The interpolation of these meteorological data allowed to create 255 

the average isohyets map of the SdA for the 1986-2015 period (Figure 4A). Topographic factors 256 

were the dominant criterion for this interpolation. These estimated values may have a small 257 

uncertainty because not all of the weather stations records were continuous and complete, 258 

but in general, the amount and distribution of the data was considered good enough. 259 

FIGURE 4 260 

To quantify the recharge, the basin was discretized into 11 sub-basins and 30 zones (Figure 4). 261 

The sub-basin division was performed based on geomorphological and topographical features 262 

and watersheds. Each of these sub-basins captures the water that is recharged by rainfall in 263 

the mountains and moves it to the salt flat. In the salt flat and surroundings, the definition of 264 

zones was based on soil features. The recharge produced by rainfall infiltration was estimated 265 

subtracting the detention –defined below- from the total rained water in each rainfall event. 266 

One rainfall event comprises the integration of rainfalls that occurred in some consecutive 267 

days, mostly during the summer season. Detention is an equivalent term for the “initial 268 

abstraction” defined in the Runoff Curve Number methodology (Mishra and Singh, 2003) as 269 

the water held by interception, surface detention and infiltration at the beginning of a storm 270 

and that finally back to the atmosphere through evaporation. This detention value was applied 271 

to each event. Furthermore, previous δ18O and δ2H values of the groundwater of the SdA were 272 

used to discuss the location of its recharge (Huerta-Vásquez, 2012; Rissmann et al., 2015). 273 

The potential evaporation data were obtained from the measurements that were taken at 274 

evaporation trays or evaporimeter tanks installed at the weather stations. Furthermore, 275 

several lysimeters collected evaporation data from the water table of the eastern mixing zone. 276 

The water table depth was the most critical factor in the evaporation rate in the SdA. Water 277 

table depth values were obtained from old reports and field campaigns (IDAEA-CSIC, 2017; 278 

Marazuela et al., 2018). To consider the depth of the water table, the methodology of Philip 279 

(1957) was used. This method correlates the evaporation value that is measured at the surface 280 
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with the water table depth through an exponential adjustment. The evaporation rate 281 

difference that is caused by solute concentration was directly included in the measurements. 282 

To quantify the evaporation flow, the zoning of Mardones (1986) was used as reference. This 283 

was slightly modified considering the new data and the availability of high-resolution satellite 284 

images, we improved this zoning (Figure 4C).   285 

The stream flows was daily monitored by 15 gauging stations (see their location in Figure 2) 286 

during most of the analysed time. The missing data in the time series were filled with the 287 

average flow rate of each stream and were joined to the meteorological data of the weather 288 

stations and the ranges of oscillation in the nearby streams. 289 

The hydraulic conductivity reference values were stablished considering previous studies and 290 

the interpretation of the pumping and packer test that was completed in the field by SQM. 291 

Over the last few decades, numerous scientific and technical studies have been conducted to 292 

assess the hydraulic properties of the study area (IDAEA-CSIC, 2017; Muñoz-Pardo et al., 2004; 293 

Rio Chilex S.A, 1997; Rockwood-Lithium, 2015). Furthermore, hydraulic tests, including packer 294 

tests, were conducted by SQM and then re-interpreted by the authors to obtain reference 295 

values. The parameter zoning (Figure 5) was based on geological features and pumping test 296 

results. 297 

FIGURE 5 298 

2.5. CRITERIA FOR THE 3D MODELLING OF THE MIXING ZONE OF SALT FLATS 299 

2.5.1. Double boundary condition for modelling the mixing zone 300 

Among the main difficulties in the modelling of salt flats is the presence of a freshwater-brine 301 

mixing zone within the modelled domain. In the similar case of coastal aquifers (Custodio and 302 

Bruggeman, 1987; Ferguson and Gleeson, 2012; Post et al., 2013; Post and Werner, 2017; 303 

Werner et al., 2013), the mixing zone is usually used as the outer boundary of the model and 304 

the sea level is prescribed. However, no numerical solution has been proposed for the regional 305 

modelling of the mixing zone of salt flats. In the available 2D numerical models of salt flats, 306 

almost the only ones made to date, two modelling strategies have been used: (1) reactive 307 

transport models taking into account evaporation and dissolution-precipitation processes 308 

(Hamann et al., 2015; Vásquez et al., 2013) and (2) to simplify the modelling strategies when 309 

the hydrochemical reactions are not the objective through the use of fixed hydraulic head in 310 

the saline interface (Duffy and Al‐Hassan, 1988; Fan et al., 1997; Marazuela et al., 2018; Tejeda 311 

et al., 2003). 312 
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In the present work, the outflow from the mixing zone was treated by a double boundary 313 

condition (BC): (1) the main outflow was considered through the Neumann BC that is imposed 314 

in the entire surface mixing zone area as in the salt flat nucleus and (2) the rest of the outflow 315 

was considered through the Cauchy BC with the hydraulic head fixed along the MMZ. This 316 

methodology is valid as long as the mixing zone is not affected by pumping or strong 317 

perturbations. This option for modelling the saline interface is favoured for two reasons: the 318 

water table is fairly constant along the entire mixing zone that surrounds the salt flat nucleus, 319 

and this allows to close the total water balance with the balance component of greatest 320 

uncertainty. Although the evaporation of the salt flat nucleus and especially the recharge of 321 

each zone can be estimated and introduced to the model with high accuracy, the water that is 322 

ejected in the mixing zone may be more difficult to evaluate in the conceptual model because 323 

of the complex processes that occur in this area. In this approach, the balance can be reliably 324 

closed and adjusted to reality if the other calculations for recharging and evaporation have 325 

been correctly estimated. In addition, the boundary of the model must be located far enough 326 

from the mixing zone, being an efficient choice the contact between the alluvial fans and the 327 

basement, where the permeability is markedly reduced. 328 

2.5.2. Hydraulic head corrections for density variations 329 

Because of the presence of two miscible fluids of different density, i.e., freshwater and brine, 330 

the hydraulic heads that refer to each of the fluids cannot be co-modelled at a constant 331 

density without applying a correction, since the resulting groundwater flow would not be 332 

representative of reality (Maas and Emke, 1989; Oude-Essink, 2001; Strack, 1976). In coastal 333 

aquifers, where the area of interest is the land side (freshwater side), the seawater heads may 334 

be corrected to freshwater heads (Lusczynski, 1961; Post et al., 2007). Nevertheless, because 335 

the salt flat nucleus and its mixing zone are the areas of greatest interest, Marazuela et al. 336 

(2018) proposed to correct the fresh and mixed water heads to brine heads. This methodology 337 

was based on the 3D mapping of the regional mixing zone of the SdA, and the equations for 338 

the correction in each type of well are shown in detail there. 339 

Thus, the hydraulic head data were corrected for variable density effects following the 340 

methodology proposed by Marazuela et al. (2018). A correction of the fresh and mixed water 341 

heads was applied to compensate for density variations, using the brine density, 1.23 kg·L-1, as 342 

reference. Thus, the water head of the observational points in the salt flat nucleus or very near 343 

it did not require any correction. The hydraulic heads that were measured in the mixing zone 344 

generally required a small compensation because the saline interface is very near the surface. 345 
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The hydraulic heads of the observational points in the alluvial and recharge zones required a 346 

greater correction because the interface is deeper. The depth of screening and the local 347 

stratigraphy were analysed as thoroughly as possible for each well. 348 

The result of this hydraulic head correction is the existence of a regional minimum water head 349 

in the mixing zone or near it. If this correction was not applied to the hydraulic heads, the 350 

minimum piezometric head would be displaced to a more central position within the salt flat 351 

nucleus. Then, the flow pathways would cross the mixing zone without considering the effects 352 

of the variable density that drives an ascending flow in this area and feeds the lake 353 

ecosystems. Alternatively, if the correction is applied, a minimum piezometric head is reached 354 

in this area and reproduces the upward flow in the marginal zone at a low computational cost. 355 

2.6. NUMERICAL MODELLING 356 

2.6.1. Model set-up 357 

A steady-state model was built to reproduce the average water table of the natural regime of 358 

the SdA and to justify the water balance before intensive brine extraction. The steady-state 359 

flow equation was solved with the FEFLOW code (Diersch, 2014). 360 

The model domain (see location Figure 2) encompassed an area of 3,303 km2, which included 361 

the nucleus, mixing zone and alluvial fans, and its bounds were defined on the basis of 362 

hydrogeological features. The northern boundary corresponded to a structural lineament of 363 

the basement, the eastern and southern boundaries largely represented the contact between 364 

alluvial fans or the salt flat nucleus with the basement and volcanic rocks, and the western 365 

boundary was the limit between the nucleus and the Cordillera de la Sal. 366 

A 3D domain was used to model the regional groundwater flow of the SdA because a vertical 367 

component of the flux and a vertical heterogeneity were identified. The three upper 368 

hydrogeological units were considered: unit A is a free aquifer, unit AB is an aquitard, and unit 369 

B acted as a semi-confined aquifer. The geometry of the hydrostratigraphic units was provided 370 

by the correlation of cores and geophysical data (IDAEA-CSIC, 2017). Figure 6 shows the 371 

geometry and topography of each geological unit. 372 

FIGURE 6 373 

The finite element mesh consisted of 168,025 nodes that were, arranged in 266,340 triangular 374 

prismatic elements of variable size, and were distributed in four layers (Figure 7). Aquifer A 375 

and aquitard AB were represented with one layer each one. Aquifer B was represented by two 376 



13 
 

finite element layers to smooth the mesh in the strong jump of the Salar fault. As a 377 

consequence, the south-western part of the bottom layer was deactivated. The grid was 378 

refined in the areas of greatest interest, such as the mixing zone and lakes. 379 

FIGURE 7 380 

2.6.2. Boundary conditions (BCs) 381 

The inflows (the surface recharge, lateral groundwater recharge, streams and Soncor lake 382 

system) and outflows (evaporation) of the model were implemented by using several BCs as 383 

described below. 384 

Surface recharge was applied in each zone of the domain through a Neumann BC (Figure 4C). 385 

A fixed flow rate condition was applied to the lateral groundwater recharge and streams. The 386 

lateral recharge of each sub-basin was applied to the nodes of Unit B, which represented the 387 

groundwater flow that originates from the recharge occurring outside the model domain 388 

(Figure 4B). Only the North Alluvial and North Mixing Zone areas were applied to Unit A. The 389 

flow rates of the Jerez, Aguas Blancas, Talabre, Camar, Socaire, Peine and Tilomonte streams 390 

(their locations are shown in Figure 2) were fixed in the nodes of the Unit A, except for the 391 

Jerez stream. The San Pedro and Vilama Rivers and the Jerez stream were included in the 392 

lateral recharge value of the North Alluvial and North Mixing Zone areas. 393 

A special case of recharge occurred in the complex Soncor lake system. The historical data of 394 

the water table showed a constant inter-annual hydraulic head of 2,300 m a.s.l. (with 395 

oscillations of only ± 0.1 m). This value was chosen to fit (Cauchy BC) the hydraulic head in 396 

Soncor lake system (Figure 4C). 397 

The evaporation was treated with two BCs. On the one hand, for each defined zone of the salt 398 

flat nucleus and the mixing zone, an evaporation rate was imposed. On the other hand, part of 399 

the evaporation that occurs in the mixing zone was represented by a Cauchy BC along the 400 

MMZ (Figure 4C). The fixed water head was 2,299.9 m a.s.l., which corresponds to the average 401 

value in the mixing zone, and it was fairly constant during the considered time. The northern 402 

stretch of the mixing zone mapped in Figure 2 was not taken into account for the Cauchy BC 403 

(Figure 4C) because its hydraulic heads considerably changed with respect to the nucleus and 404 

the eastern mixing zone. The outflow from this zone was considered in the calibrated value of 405 

the Neumann boundary condition. 406 

2.6.3. Model calibration 407 
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The mean of the hydraulic head value of the historical series at each observational point from 408 

January 1986 to December 1994 were used in the calibration. These values were corrected for 409 

density variations (see section 2.5.2). The data closest to Mining Plant 3 (see their location in 410 

Figure 2) were not considered because they were already affected by small local pumping 411 

during this period of time. Furthermore, the measurements of the hydraulic head measured 412 

since January 1995 were included only if they did not show perturbations due to mining 413 

activities. These observational points were mainly in the mixing zone and alluvial fans, far from 414 

the mining exploitation area, and they contributed to improve the calibration in the areas 415 

where no data prior to 1994 were available. Thus, a total of 299 observational points were 416 

used in the model calibration (Figure 2). 417 

The lateral groundwater recharge was calibrated manually, while the evaporation rates for 418 

each zone and the hydraulic conductivities (Kx, Ky and Kz) were calibrated through steady-state 419 

inverse modelling with the parameter estimation code PEST (Doherty, 2015). The core of the 420 

PEST engine is the GLMA search algorithm, which iteratively optimizes the model parameters 421 

to improve its fit to observed data. 422 

3. RESULTS 423 

3.1. HYDROGEOLOGICAL BEHAVIOUR 424 

The SdA is an endorheic basin in which the inputs correspond to the recharge that is produced 425 

by rainfall, and the outputs are represented by the evaporation that is produced from the salt 426 

flat nucleus and particularly in the surface mixing zone (Figure 8). 427 

The Andean Range acts as a barrier to the cold Humboldt Current of the Pacific coast. Because 428 

it is under a subtropical high pressure zone, the SdA has a hyperarid climate, with low 429 

precipitation (Bookhagen and Strecker, 2008; Garreaud et al., 2010; Hartley and Chong, 2002). 430 

The main recharge is produced in the eastern side of the basin, in the Altiplano, particularly 431 

during the austral summer when the main rainfall events occur and particularly during wetter 432 

La Niña (ENSO) years. The water that is recharged in the mountains arrives mainly to the salt 433 

flat through lateral groundwater flow. When the lateral groundwater reaches the brine, it 434 

ascends to the surface as forced by the mixing zone, where a mixing and flow that is 435 

dominated by convection processes occur. Only a small portion of the recharge occurs through 436 

direct rainfall events on the salt flat or through the infiltration of water from rivers and 437 

streams. 438 
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The individualized results of the recharge, evaporation, streams and hydraulic parameters that 439 

characterize the SdA basin are described in detail below. 440 

 FIGURE 8 441 

3.1.1. Recharge 442 

The resulting isohyet map shows that precipitation in the highlands of the Andean Range 443 

exceeds 160 mm·yr-1, while in the salt flat nucleus, precipitation barely reaches 10 mm·yr-1. 444 

The most western area of the basin show precipitation values of less than 5 mm·yr-1. 445 

Therefore, the SdA basin exhibits precipitation values that are typical of hyperarid zones, while 446 

in the mountains, the rainfall rates are much higher. 447 

There are no experimental works that quantify the values of detention in the Atacama region. 448 

The high degree of fracturing of the ignimbrites and volcanic rocks in the mountains (recharge 449 

area) and the predominant coarse-grained composition of the alluvial fans results in a little 450 

developed surface runoff and a very high infiltration. Additionally, the sparse vegetation also 451 

contribute to very low evapotranspiration from the soil. Some direct observations in several 452 

piezometers of the salt flat show that rainfall events of less than 5 mm do not produce any 453 

response in the groundwater heads (Figure 9). This value was selected as representative of the 454 

detention in the salt flat; it was also extrapolated for the entire basin in the absence of 455 

previous experimental data on the recharge in the mountains and it was based on the previous 456 

criteria (sparse vegetation and a high degree of fracturing). After detracting 5 mm from the 457 

rainfall, the estimated detention for the sub-basins was between 25 % and 85 % (Table 1), and 458 

for the zones of the salt flat and surroundings, this value was 35 % (Table 2). 459 

FIGURE 9 460 

TABLE 1 461 

TABLE 2 462 

Therefore, the calculated average precipitation in the SdA basin was 23.5 m3·s-1, and the 463 

recharge (precipitation minus detention) to the aquifers was 16.2 m3·s-1. The precipitation 464 

value is quite reliable and it is only submitted to the small uncertainty of the interpolation 465 

technique. The recharge estimation has a somewhat greater uncertainty because the exact 466 

detention is more difficult to quantify. 467 

3.1.2. Evaporation 468 
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According to the data that were collected at the different weather stations, the average annual 469 

temperature was 14 °C, with a maximum of 24 °C during February (summer) and a minimum of 470 

4 °C during July (winter). 471 

The measurements show an annual evaporation rate that oscillates between 1,100 mm·yr-1 472 

and 4,500 mm·yr-1. The variation was attributed to the seasonal behaviour of the potential 473 

evaporation. These potential values of evaporation decrease exponentially until they 474 

disappear when the water table reaches depths between 0.5 and 2 m. 475 

The evapotranspiration that was produced by vegetation was neglected because the surface 476 

that is covered by vegetation is less than 5 %; it is also not a continuous and dense cover, 477 

which makes it difficult to predict with traditional methods. Therefore, taking into account the 478 

depth of the water table and integrating the different evaporation zones (Figure 4C), the total 479 

discharge of water by evaporation in the studied area was initially estimated in 16.0 m3·s-1. This 480 

result is significantly larger than the discharge of 5.0 to 6.0 m3·s-1 obtained by Mardones 481 

(1986), that has been used as reference in many water mass balances up to now (Dirección 482 

General de Aguas, 2013, 2010, 1986) . Nevertheless, using the original Mardones’ exponential 483 

curves and the groundwater depth data obtained from old reports and surveys, the discharge 484 

results in  15.0 m3·s-1 (HARZA, 1978; Marazuela et al., 2018; Rio Chilex S.A, 1997), a value close 485 

that obtained in the present study.  486 

3.1.3. Streams 487 

The surface drainage network develops from the highlands to the salt flat during intermittent 488 

rainy periods. The water that originates from the rainfall in the mountains moves downhill 489 

until it disappears through infiltration in the alluvial fans. These drainages are in the northern 490 

and eastern areas of the basin. The average value of each stream is shown in Table 3. The 491 

highest flows are in the San Pedro and Vilama Rivers, with average values of 0.72 m3·s-1 and 492 

0.28 m3·s-1, respectively. The flow of the eastern streams ranges between 0.15 m3·s-1 and 0.01 493 

m3·s-1. 494 

TABLE 3 495 

3.1.4. Hydraulic parameters 496 

The evaporites and cemented detrital materials of the salt flat nucleus and the mixing zone 497 

have a low hydraulic conductivity. However, the karstification that occurs because of 498 

dissolution can increases these values by several orders of magnitude, which results in 499 

preferential underground channels (Bakalowicz, 2005). In a simplified manner, these materials 500 
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can be treated as a discretized equivalent porous media (Scanlon et al., 2003). The hydraulic 501 

test performed in the nucleus showed transmissivities between almost zero to more than 502 

10,000 m2·d-1. In the case of the alluvial fans, the hydraulic tests show transmissivity values 503 

from 2,000 m2·d-1 to 9,000 m2·d-1. The reference hydraulic conductivity values are shown in 504 

Table S1. 505 

3.2. GROUNDWATER FLOW DYNAMICS 506 

The hydraulic head contour map that was obtained from the natural steady-state model is 507 

shown in Figure 10. The fit of the observational data to the simulation data is expressed 508 

through the objective function (the weighted sum of the squares of the residuals between the 509 

observations and the simulation results). The results of the hydraulic head calibration are 510 

shown in Figure 11, and the lateral recharge, superficial recharge and hydraulic conductivity 511 

values that were obtained are shown in Tables 1, 2 and S1, respectively. The results show a 512 

very accurate fit of the data with an average error of 0.48 m and a root mean square and a 513 

standard deviation of 0.64 m. The errors of the model are not spatially concentrated which 514 

indicate that the calibration is accurate for all model zones. 515 

FIGURE 10 516 

FIGURE 11 517 

The resulting water table is representative of the average climate under natural regime. 518 

Therefore, this is the water table around which the hydraulic heads oscillates due to natural 519 

perturbations (e.g., rainfall events or evaporation cycles). 520 

The hydraulic gradients cause the flow to converge from the mountains to the mixing zone and 521 

to the eastern and south-eastern area of the salt flat nucleus. Higher hydraulic gradients are 522 

identified in the northern, eastern and southeastern zones, which coincides with the main 523 

lateral recharge sub-basins. The lower hydraulic gradients occur in the salt flat nucleus because 524 

of the low rainfall, flat topography and high hydraulic conductivities. The specific 525 

characteristics of each zone defined in Figure 10 and are described as follows. 526 

In the northwestern sector of the domain (Zone 1 of Figure 10), groundwater flows from the 527 

northeast to the southwest in its northernmost zone, which gives way to a north-south flow 528 

and finally to a northwestern-southeastern flow in the San Pedro alluvial fan. The hydraulic 529 

heads oscillate between 2,340 m a.s.l. in the north and up to 2,300 m a.s.l. near the nucleus. Of 530 

particular importance are Tebinquiche and Cejar lakes (their locations are shown in Figure 2) 531 
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that constitute the relative minimum piezometric heads and act as local discharge zones 532 

through evaporation. 533 

In the northeastern sector (Zone 2), groundwater flows from the northeast to the southwest. 534 

The flow follows to a great extent the geometry of the alluvial fans to their end at the mixing 535 

zone, where the hydraulic heads are approximately 2,300 m a.s.l. Zone 3 is the southward 536 

extension of the trend that is described in Zone 2 where the groundwater flow move in east-537 

west direction, from the Andean Range to the mixing zone (Zone 6). 538 

Zone 4 corresponds to the discharge of the Monturaqui aquifer (Anderson et al., 2002; Boutt 539 

et al., 2016; Rissmann et al., 2015). It shows more pronounced hydraulic gradients than in 540 

nearby areas, with a SE-NW flow direction and water heads that ranges from 2,316 m a.s.l. to 541 

2,300 m a.s.l. 542 

A sector of special interest because of its hydrogeological location and ecology is the Soncor 543 

lake system (Zone 5). This zone is characterized by water heads of approximately 2,300 m a.s.l. 544 

Although a great part of the water is evaporated, another part infiltrates aquifer A. 545 

The regional minimum water head is located in the mixing zone or in the eastern and south-546 

eastern part of the salt flat nucleus, near the mixing zone (Zone 6). An upward flow of 547 

freshwater from the eastern side discharges the mixing zone, as the vertical hydraulic 548 

gradients show in Figure 12. In addition, the brine from the nucleus also follows an upward 549 

flow in this area although with much lower hydraulic gradient. 550 

FIGURE 12 551 

The nucleus of the SdA (Zone 7) is characterized by very low hydraulic gradients, as in an area 552 

of approximately 1,360 km2, the difference between the maximum and minimum hydraulic 553 

heads is barely 4 m. The western part of the nucleus presents somewhat higher gradients than 554 

the eastern part, particularly in the southwestern sector. The groundwater flows from 555 

southwest to northeast in the western sector. Once the flow path lines reach the eastern part 556 

of the nucleus, they continue to rotate toward southeast, where the regional minimum water 557 

head is reached. 558 

3.3. WATER BALANCE 559 

The water balance of the system was quantified through the numerical model in 14.9 m3·s-1 for 560 

both the inflows and outflows of the SdA basin, which leaves the net balance equal to zero 561 

(Figure 13). 562 
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FIGURE 13 563 

The total recharge comprised lateral recharge from peripheral sub-basins (87.2 %), surface 564 

recharge that was produced by rainwater on the modelled domain (8.6 %), streams (2.2 %), 565 

and water that returned to the upper aquifer through infiltration from the Soncor lake system 566 

(2.0 %). 567 

The total lateral recharge from the peripheral sub-basins was 13.0 m3·s-1. The main lateral 568 

recharge of the modelled domain was produced by the northern area that includes the Rio 569 

Grande and Toconao sub-basins, followed by the sub-basins of the Socaire, Monturaqui and 570 

Talabre; the least water was provided by the western sub-basins. Therefore, the main recharge 571 

was produced in the northern, eastern and south-eastern parts of the system, with very little 572 

lateral recharge from the western section because the heights of the western mountains are 573 

much smaller, and the mountains thus receive less precipitation. 574 

The direct rainfall on the modelled area was much less than in the peripheral sub-basins 575 

because of its lower topography. However, the amount of water that was recharged was not 576 

negligible and reached 1.3 m3·s-1. The streams from the zones outside the domain also made a 577 

small contribution to the system, with a total of 0.3 m3·s-1. 578 

A component of particular interest in the hydrodynamics of the system is the Soncor lake 579 

system. It collected water from the mixing zone. All of these water contributions converged in 580 

the Burro Muerto channel and later arrived at the different lakes of Soncor. The surface 581 

system ends up overflowing to the south of Barros Negros lake (the largest lake of Soncor) and, 582 

it constituted a water return of 0.3 m3·s-1 to aquifer A. 583 

The outputs of the system were produced entirely through evaporation, with a total of 14.9 584 

m3·s-1. The salt flat nucleus evaporated 0.9 m3·s-1, while the mixing zone evaporated a total of 585 

14.0 m3·s-1. A part of the water that evaporated in the mixing zone corresponds to that was 586 

produced through the Neumann BC on the surface (9.7 m3·s-1), and another part corresponds 587 

to the water that was produced through the Cauchy BC in the MMZ (4.3 m3·s-1). The small 588 

inputs that were locally produced by the Cauchy BC are negligible. 589 

4. DISCUSSION 590 

As any endorheic basin, the water table of the SdA under natural regime is the result of the 591 

balance between the inputs that mainly occur in the highlands and the outputs that occur in 592 

the mixing zone and in the salt flat nucleus by evaporation. The recharge of the basin occurs 593 

mainly in the north, east and southeast parts of the basin where the highest topography is 594 
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reached. No external water entries were considered from outside the basin. The water table 595 

was characterized by strong hydraulic gradients in the zones of higher topography and low 596 

hydraulic gradients in the salt flat (Figure 10). As a consequence of the topography and the 597 

geological features, the resulting water table evidences an asymmetry respect to the north-598 

south axis. The minimum hydraulic head is located in the mixing zone or in the eastern part of 599 

the nucleus. 600 

The main vertical groundwater flows that result from the 3D numerical model occurs in the 601 

mixing zone or in the easternmost zone of the nucleus, near to the mixing zone where the 602 

lower hydraulic head is located (Figures 10 and 12). The location of the regional piezometric 603 

minimum in the eastern and southeastern sector of the nucleus, which was near the mixing 604 

zone but not always in the mixing zone itself, may be due to the evaporation that occurs in the 605 

nucleus of the salt flat under its natural regime. The water that reaches the mixing zone from 606 

the mountains largely evaporates in the lakes of the mixing zone or directly from the water 607 

table that is very shallow in this area (less than 1 m depth). Therefore, the eastern mixing zone 608 

constitute the main outflow of the system. Another part of this upward water mixes with the 609 

brine and reaches the nucleus because of the convection cell. This flow pattern is consistent 610 

with the increase in densities in the nucleus from the eastern zone (1.18-1.20 kg·L-1) to the 611 

west-central zone (1.23 kg·L-1). This consistency indicates that the regional flow that is 612 

controlled by the variable density of the fluid was satisfactorily reproduced at a constant 613 

density, which validates the methodology that was proposed by Marazuela et al., (2018) for 614 

the numerical modelling of salt flats with low computational effort. The outflow produced 615 

through the mixing zone reached 14.0 m3·s-1 what equals to 94 % of the total water balance 616 

outputs. Only the 6 % of the outflow was produced through the salt flat nucleus in the natural 617 

regime. 618 

In the northeastern mixing zone, the presence of vertical fracturing planes favours the 619 

upwelling of groundwater (Marazuela et al., 2018). This water that rises in the northeastern 620 

mixing zone is channelled in part by the Burro Muerto channel and flows to the Soncor lake 621 

system, which not only favours evaporation from the surface water but also generates a re-622 

entry of water into the aquifer through overflowing and infiltration. However, this mixing zone 623 

was not mirrored in the western margin because of the presence of the Cordillera de la Sal, 624 

made up of salt rocks, produces enrichment in salts. Therefore, this enrichment causes a 625 

gradual increase in the density of the small amount of water (lower topography) that is 626 

recharged in the western sector of the basin. As a consequence, the mixing zone was much 627 

further to the west from the salt flat and possibly much more gradual. 628 
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The nearly absent hydraulic head gradients in the salt flat nucleus, coupled with the presence 629 

of the saline interface that acts as a barrier on the eastern side, leads the salt flat nucleus to 630 

act as quasi-isolated area, where the small flows that occur are induced by the density 631 

contrasts. The main responsible for the low hydraulic gradients is the topography that 632 

conditions the recharge and the strong karstification of the evaporitic materials. Due to the 633 

karstification processes, the hydraulic conductivities obtained from the pumping tests and the 634 

calibration of the numerical model for the equivalent porous medium was very high. This 635 

barrier effect that is exerted by the saline interface could have a decisive influence on the 636 

hydraulic response of the water table when a recharge or pumping event occurred between 637 

the nucleus and the EMZ such as the events described by Boutt et al. (2016) in the 638 

southeastern mixing zone. 639 

The total water balance, which was estimated as 16.2 m3·s-1 for the rainfall recharge (section 640 

3.1.1) and 16.0 m3·s-1 for the evaporation (section 3.1.2), was slightly higher than the water 641 

balance that is obtained with the calibrated numerical model which was computed as 14.9 642 

m3·s-1 for both of them. This small difference (<8 %) corresponds mainly to a reduction in the 643 

lateral recharge from the Monturaqui sub-basin during the calibration process. In this sub-644 

basin, the shortage of weather stations prevented a more detailed isohyetal mapping of the 645 

zones of greater precipitation. Therefore, the recharge water could be slightly overestimated 646 

in the initial conceptual model. 647 

The water balance studies that have been conducted by the Chilean government (Dirección 648 

General de Aguas, 2013, 2010, 1986) and researchers (Muñoz-Pardo et al., 2004) have used as 649 

reference the 5.29 m3·s-1 value estimated by Mardones (1998). This value is much less than the 650 

value that was obtained from our study (16.0 m3·s-1). Nevertheless, using the original 651 

Mardones’ exponential curves and the  groundwater depth data obtained from old reports and 652 

surveys, the discharge results in 15.0 m3·s-1 (HARZA, 1978; Marazuela et al., 2018; Rio Chilex 653 

S.A, 1997), a value close that obtained in the present study. 654 

On the other hand, according to the later estimation of Kampf and Tyler (2006), the discharge 655 

could reach 22.7 m3·s-1. Corenthal et al. (2016) estimated a long-term discharge rate of 21.7 656 

m3·s-1 to explain the accumulation of halite deposits. According to our water table depths data 657 

and considering the application of the Philip (1957) fitting curve, the evaporation that was 658 

obtained for the salt flat is reasonable and the main controversy is the infiltration rate 659 

considered in each case. The same authors estimated the gross recharge as 26.5 m3·s-1 based 660 

on the TRMM 2B31 data set of Bookhagen and Strecker (2008). Our specific recharge study 661 
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slightly refined this value to 23.5 m3·s-1.  This shows the high sensitivity of the evaporation with 662 

the water table depth and the need of its accurate measurements in endorheic basin studies. 663 

The main discussion to estimate the amount and location of the recharged water is the 664 

infiltration rate. Traditionally, it has been assumed that the infiltration rate in arid to hyperarid 665 

zones is very low, with values that can range between 0.1-5 %, with the most part being 666 

evaporated from the soil (Scanlon et al., 2006). Following this common assumption, Corenthal 667 

et al. (2016) concluded that an infiltration rate of 3 %, which was obtained by applying the 668 

Houston (2009) recharge model, would results in an effective recharge of only 0.9 m3·s-1 and 669 

cannot explain the amount of halite that has accumulated in the basin. According to these 670 

authors, a possible explanation would be a much wider recharge area from the Altiplano 671 

towards the SdA basin. However, this hypothesis assumes that most of the recharge occurs 672 

from outside the basin, and there is no clear evidence of this. In addition, this hypothesis 673 

would imply that the water that recharges the SdA from the Altiplano would have relatively 674 

heavy δ18O and δ2H values because of the low infiltration and high evaporation rates is 675 

assumed by these authors and the presence of numerous salt flats in the Altiplano. 676 

In contrast, we assumed in our model that most of the rainfall infiltrates with a minor fraction 677 

being evaporated from the soil. Indeed, the main recharge zone comprises ignimbrites, lava 678 

flows and different basement rocks. All these rocks evidence a low degree of incision by 679 

superficial hydric erosion, which indicates that most of the rainwater infiltrates preventing its 680 

rapid evaporation. The sparse vegetation in these zones neither favours evapotranspiration 681 

from the soil. In addition, all these rocks are strongly affected by fractures and deep grooves 682 

because of tectonics and the cooling process of volcanic rocks. A high infiltration rate (i.e., low 683 

detention) is also consistent with the isotopic values of the recharge water. The δ18O and δ2H 684 

values of the groundwater from the wells and boreholes of the eastern and southeastern 685 

recharge area of the SdA, prior to the mixing zone, plot very close to the Local Meteoric Water 686 

Line, and show nearly no evaporation (Figure 14). This result is also consistent with the 687 

isotopic values of Herrera et al. (2016), which show exactly the same characteristics in an area 688 

(Laguna Tuyajto) of the Altiplano several kilometres to the east of the watershed of the SdA. 689 

Only one of the samples that was analysed by these authors showed evidences of evaporation, 690 

but they explained it as a sample that was taken from nearly still water in a small pond. 691 

Therefore, all these reasons indicate that rainwater quickly infiltrate, without sufficient time to 692 

evaporate. In addition, this result disprove the presence of evaporated primary water flows 693 

from the other salt flats of the Altiplano (outside the basin) as the main source of the enriched 694 
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elements in the brine, which is in any case, a very specific process and scarcely important at a 695 

regional scale. 696 

FIGURE 14 697 

For all these reasons, it can be inferred that the infiltration rates of 0.1-5 % that are 698 

traditionally associated with hyperarid systems, with evaporation rates of less than 35 mm·yr-1 699 

in many cases, are not applicable to the SdA basin where the topography reaches 5,000 m 700 

a.s.l., with precipitation rates of 160 mm·yr-1 (Figure 4A). 701 

5. SYNTHESIS AND CONCLUSIONS 702 

The regional groundwater flow and the complex water balance of the SdA under its natural 703 

regime, previous to mining exploitation, were characterized and quantified. A three-704 

dimensional groundwater flow model was used to assess the coherence of the water balance. 705 

The model uses a low computational effort method based on hydraulic head corrections by 706 

density variations to reproduce the vertical fluxes of the mixing zone (saline interface) in salt 707 

flats. 708 

The recharge of the system occurs mainly in the north, east and southeast sub-basins where 709 

the highest elevations are reached. The lowest hydraulic head is located near the eastern 710 

mixing zone. Thus, the mixing zone constitutes the main outflow of the system and it is 711 

motivated by the vertical hydraulic gradients. The groundwater flow that reaches the mixing 712 

zone from the mountains is largely evaporated in both, the lakes of the mixing zone or directly 713 

from the shallow water table. The nearly absent hydraulic gradients in the salt flat nucleus, 714 

coupled with the presence of the mixing zone that operate as barrier lead the salt flat nucleus 715 

to act as a hydrodynamically quasi-isolated area. This is a general trend that can be expected in 716 

the hydrodynamics of any salt flat system. 717 

The basin water balance was quantified as 14.9 m3·s-1 in natural regime for both, the inflows 718 

and outflows. The water balance considered the basin as an endorheic system which was 719 

consistent with the isotopic data. The very low infiltration values that are generally assumed 720 

for hyperarid basins are not consistent with the hydrogeology of the SdA and very high 721 

infiltration rates occur because of the high degree of fracturing of rocks and the scarce 722 

vegetation. The existence of evaporated inflows from the Altiplano (outside the basin) as the 723 

main source of the enriched elements in the brine therefore seems to be unlikely. This 724 

behaviour of the recharge in the SdA basin with high infiltration rates in hyperarid climates, 725 

should serve as reference for future studies in other continental saline systems of the world. 726 



24 
 

This is also of great importance to know the origin and renewal rate of chemical elements that 727 

are extracted from the salt flat brines. 728 
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FIGURE CAPTIONS 959 

FIGURE 1: Hydrodynamics of the mixing zone. IMZ - internal mixing zone; MMZ - middle mixing 960 

zone; EMZ - external mixing zone. Modified from Marazuela et al. (2018). 961 

FIGURE 2: Location of the SdA (LANDSAT 8, 27 September, 2016). The three sub-zones of the 962 

mixing zone are shown in orange lettering (internal, IMZ, middle, MMZ and external, EMZ). 963 

FIGURE 3: Type stratigraphic profile of the western salt flat nucleus. The blue letters highlight 964 

the main hydrogeological units considered in the numerical model. 965 

FIGURE 4: A) Isohyets map of the SdA basin. The white lines show the sub-basin zoning, and 966 

the green triangles show the weather stations. B) Regional recharge sub-basins. The values of 967 

each sub-basin are listed in Table 1. C) Recharge zones in the surface of the model domain. The 968 

values of each sub-basin are listed in Table 2. 969 

FIGURE 5: A) Zoning of hydraulic conductivity in aquifer A (KA). B) Zoning of hydraulic 970 

conductivity in aquitard AB (KAB) and aquifer B (KB). The hydraulic conductivity values of each 971 

zone are listed in Table S1. 972 

FIGURE 6: Geometry of each of the geological surfaces that define aquifer A, aquitard AB and 973 

aquifer B. 974 

FIGURE 7: Three-dimensional mesh of the numerical model. A) Top view of the mesh. In yellow 975 

is the vertical cross-section of Figures B and C. B) North-South vertical cross-section. C) East-976 

west vertical cross-section. 977 

FIGURE 8: Hydrogeological behaviour of the SdA basin. Q is Quelana lake, SLS is the Soncor 978 

lake system, Tb is Tebenquiche lake and SP is the San Pedro alluvial fan. The black lines show 979 

the groundwater flow in the mixing zone. The vertical scale was deformed to better show the 980 

main hydrogeological features. 981 

FIGURE 9: Precipitation data of the Peine and Chaxa weather stations (see their locations in 982 

Figure 4A) and their effect on the hydraulic heads of the observational points P1, P2 and P3 983 

(see their location in Figure 2). The dashed black line shows the average detention value. 984 

FIGURE 10: Map of hydraulic heads of aquifer A that results from the numerical model. 985 

FIGURE 11: Calibration results of the numerical model. The average error (E̅), root mean 986 

square (RMS) and standard deviation (σ) are shown. 987 
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FIGURE 12: Three-dimensional hydraulic head contour map of the vertical cross-section 988 

showed in Figure 10. Black lines show the high velocity freshwater flow and dashed black lines 989 

show the slow velocity brine flow. 990 

FIGURE 13: Water balance that results from the 3D numerical model. 991 

FIGURE 14: Plot of the δ18O and δ2H values of the groundwater from the eastern SdA recharge 992 

area. Values are from Huerta-Vásquez (2012) and Rissmann et al. (2015). Also plotted is the 993 

Local Meteoric Water Line (LMWL) from Aravena et al. (1999), Local Ground and Spring Water 994 

Line (see several authors collected in Rissmann et al., 2015), and evaporation trend that was 995 

calculated according to Skrzypek et al. (2015). 996 
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FIGURE 6 1073 
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FIGURE 7 1092 
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FIGURE 8 1107 
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FIGURE 9 1125 
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TABLES 1216 

TABLE 1: Rainfall and recharge values for each sub-basin. The estimated and calibrated values 1217 

are shown for the recharge. The sub-basin locations are shown in Figure 4B. 1218 

TABLE 2: Rainfall, recharge and evaporation values for each zone of the model domain. The 1219 

recharge zones locations are shown in Figure 4C. 1220 

TABLE 3: Location (Coordinates in Universal Transverse Mercator, UTM) and flow of each 1221 

stream. 1222 
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TABLE 1 1242 

SUB-BASIN AREA [km2] 
RAINFALL 

[mm·yr-1] 

RAINFALL 

[m3·s-1] 

DETENTION 

[%] 

ESTIMATED 

RECHARGE [m3·s-1] 

CALIBRATED 

RECHARGE [m3·s-1] 

Rio Grande 2165 95 6.54 25 4.91 
6.50 

Toconao 1263 77 3.07 25 2.30 

Talabre 845 74 1.97 25 1.48 1.48 

Socaire 1574 60 2.97 25 2.23 2.23 

Monturaqui 3378 44 4.68 25 3.51 2.15 

Altos Pacífico 1093 9 0.30 85 0.05 

0.31 

Altos W 354 37 0.41 85 0.06 

Borde W 1575 13 0.66 85 0.10 

Cordillera W 515 24 0.40 85 0.06 

Chépica 91 6 0.02 85 <0.01 

Zona Sur 521 9 0.15 85 0.02 

North Alluvial 279 35 0.31 35 0.20 
0.25 

North Mixing Zone 83 30 0.08 35 0.05 
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TABLE 2 1259 

ZONE SUB-ZONE 
AREA 

[km2] 

RAINFALL 

[mm·yr-1] 

RAINFALL 

[m3·s-1] 

DETENTION 

[%] 

RECHARGE 

[m3·s-1] 

EVAPORATION [mm·yr-1] EVAPORATION [m3·s-1] 

Initial Calibrated Initial Calibrated 

A
llu

vi
al

 Z
o

n
e

 

A12a 162 23 0.12 35 0.08 1 1 0.01 0.01 

A12b 274 24 0.21 35 0.14 0 0 0.00 0.00 

A12c 61 16 0.03 35 0.02 0 0 0.00 0.00 

A12d 57 23 0.04 35 0.03 0 0 0.00 0.00 

A12e 202 22 0.14 35 0.09 1 1 0.01 0.01 

M
ix

in
g 

Zo
n

e 

A1 21 24 0.02 35 0.01 97 113 0.06 0.07 

A2 127 25 0.10 35 0.07 1066 825 4.31 3.33 

A3 90 21 0.06 35 0.04 744 213 2.12 0.61 

A4 114 25 0.09 35 0.06 97 113 0.35 0.41 

A5 268 28 0.23 35 0.15 97 112 0.82 0.96 

A6 34 22 0.02 35 0.02 1066 514 1.16 0.56 

A7 71 21 0.05 35 0.03 97 764 0.22 1.72 

A8 25 25 0.02 35 0.01 1066 952 0.83 0.75 

A9-1 29 14 0.01 35 0.01 1355 174 1.27 0.16 

A9-2 51 16 0.03 35 0.02 1066 411 1.73 0.67 

A10-2 63 11 0.02 35 0.01 744 172 1.49 0.35 

BNa 1 21 0.00 35 0.00 2190 2190 0.09 0.09 

BNb 1 21 0.00 35 0.00 2190 2190 0.03 0.03 

Chaxa 1 22 0.00 35 0.00 2190 2190 0.02 0.02 

Tebenquiche  2 26 0.00 35 0.00 2190 2190 0.14 0.14 

Cejar 1 26 0.00 35 0.00 2190 2190 0.02 0.02 

Peine 1 16 0.00 35 0.00 2190 2190 0.05 0.05 

Tilopozo 1 11 0.00 35 0.00 2190 2190 0.03 0.03 

Sa
lt

 F
la

t 
N

u
cl

e
u

s 

A13a 507 8 0.13 35 0.09 20 20 0.33 0.33 

A13b 210 16 0.11 35 0.07 20 20 0.14 0.14 

A13c 178 20 0.11 35 0.07 20 20 0.11 0.11 

A13d 260 18 0.14 35 0.09 20 20 0.17 0.17 

A13e 273 14 0.12 35 0.08 20 20 0.18 0.18 

Zi1 140 22 0.10 35 0.06 0 7 0.00 0.03 

Zi2 78 23 0.06 35 0.04 2 8 0.01 0.02 
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TABLE 3 1266 

RIVER or STREAM UTM East UTM North FLOW [m3·s-1] 

San Pedro river 582083 7475499 0.72 

Vilama river 583595 7470601 0.28 

Jerez stream 602845 7435114 0.06 

Aguas Blancas stream 600733 7425563 0.09 

Talabre stream 623250 7420102 0.01 

Camar 606284 7411161 0.01 

Socaire stream 617452 7387854 0.15 

Peine stream 596005 7380506 0.01 

Tilomonte stream 590688 7368361 0.04 
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SUPPLEMENTARY MATERIAL 1285 

TABLE S1: Hydraulic conductivity values, both initially and calibrated by the numerical model. 1286 

The location of each zone is shown in Figure 7. 1287 
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TABLE S1 1310 

UNIT DOMAIN ZONE 
HYDRAULIC CONDUCTIVITY [m·d-1] 

REFERENCE VALUE CALIBRATED 

A
Q

U
IF

ER
 A

 

Mixing Zone 

KA1 100 80 

KA2 100 220 

KA3 100 150 

KA4 100 200 

KA5 100 60 

KA6 100 300 

KA7 100 225 

KA8 100 190 

KA9 100 190 

KA11 100 190 

Lakes 10000 10000 

Alluvial Zone 

KA10a 100 100 

KA10b 100 80 

KA10c 100 80 

KA10d 100 80 

KA10e 100 80 

KA10f 100 80 

KA10g 100 200 

KA10h 100 300 

KA10i 100 250 

Salt flat Nucleus 

KA12a 200 300 

KA12b 200 140 

KA12c 200 160 

KA12d 200 160 

KA12e 200 100 

KA12f 200 100 

KA12g 200 100 

KA12h 200 140 

KA12i 200 140 

A
Q

U
IT

A
R

D
 A

B
 

Mixing Zone 

KAB-1 0.1 0.01 

KAB-2 1 2 

KAB-3 1 5 

KAB-4 1 2 

KAB-5 1 5 

Salt flat Nucleus KAB-6 0.1 0.01 

A
Q

U
IF

ER
 B

 

Mixing Zone 

KB-1 1 1 

KB-2 10 20 

KB-3 10 20 

KB-4 10 20 

KB-5 10 20 

Salt flat Nucleus KB-6 1 0.1 
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