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Brines located in the Salar de Atacama are a significant source of lithium 

worldwide. The extractive method for these minerals is through brine pumping, with 

subsequent solar evaporation in ponds. In this latter process, part of the water present in 

brine is evaporated to the atmosphere, leading to the possibility of harvesting lithium and 

potassium salts. This situation has risen a series of environmental concerns among local 

stakeholders and international environmental groups; specifically, in terms of water 

depletion caused by mining activities. However, no comprehensive studies have been 

carried out to quantify the impact on the water availability of this basin as a consequence of 

lithium mining. The aim of this study is to contribute to fill in this gap by quantifying the 

impact of brine and water evaporation over the precipitations in the area, and thus on the 

water stress at the Salar de Atacama basin.  

Through the implementation of a novel methodology based on a VAR model, the 

potential recharge on the basin is estimated, considering the precipitations associated with 

water evaporation in the process of lithium extraction. With this information, the Water 

Stress Index (WSI) over the period 2002-2017 is computed. The results show that 
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comparing the factual and a mining-free counterfactual scenario, the extraction of brine 

would have had a minor impact on the availability of water in the Salar de Atacama basin.  

 

Keywords: Hydrological cycle, Lithium, Salar de Atacama, Solar evaporation, Water 

Stress Index 

 

1 Introduction 

 

Climate change is a natural phenomenon (Scafetta, 2010), boosted by anthropogenic 

activities related with the emission of greenhouse gases (such as carbon dioxide), which 

could lead to a generalized disturbance of vital cycles in the world (Kundzewicz, 2008). 

Whilst the effects of climate change on freshwater resources seem to vary depending on the 

region (Yang et al. 2019), the hydrological cycles show a generalized tendency to 

disturbance (Kundzewicz, 2008).  

The Battery Electric Vehicles (BEV) revolution responds to a decarbonization era, 

risen by the worldwide necessity of fighting against climate change (Habib et al., 2020; 

Sovacool et al., 2020). Hence, a soaring demand for BEV has consequently created a strong 

incentive to boost lithium supply, as lithium is an indispensable resource for BEV 

production.  

Lithium is currently exploited mainly from two sources: (1) pegmatitic resources 

and (2) salt flats or salars (Garret, 2004; Kesler et al., 2012). The former exploitation is 

associated with rock (solid) extraction, while the latter focuses on brine (liquid) pumping. 

Salars are evaporitic resources which formation relates to the occurrence of precipitation 

over a saturated brine surface or near surface, hydrologically driven by solar evaporation 

(Warren, 2016). Historically salt flats have been exploited for the extraction not only of 
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lithium and potash but also of borates, hydrocarbons, sodium sulfate, sodium carbonate, 

calcium chloride, among other minerals (Warren, 2016).  

The Salar de Atacama is the largest source of lithium under exploitation in the 

world, containing approximately a fourth part of global reserves (Marazuela et al., 2019a). 

It is located 55 km south from San Pedro de Atacama, at 2300 m.a.s.l. in the Andes 

Mountains of northern Chile at the Atacama Desert. The Atacama Desert has a hyper-arid 

climate with an average precipitation of less than 2 mm/yr (Finstad et al., 2016). However, 

this arid tendency is not generalized for the Atacama Desert (Marazuela et al., 2019b). The 

Salar de Atacama’s precipitations are positively affected in magnitude by altitude, reaching 

more than 120 mm/yr in the Western Cordillera flank where elevations above 5,000 m.a.s.l 

are attained (Houston, 2006; Marazuela et al., 2019b; Marazuela et al., 2020).  

The overall Salar de Atacama’s endorheic basin has an area of approximately 

17,000 km2 and its long axis is disposed in the N-S direction (see Figure 1) (Marazuela et 

al., 2020). This flat is the third largest saline pan in the world with a surface area of 3,100 

km2 (Marazuela et al., 2020) that has formed through cycles of irregular dry and wet 

periods. The latter of these cycles, lasted for tens of thousands of years (Bobst et al., 2001) 

and the phenomenon of solar evaporation has played a major role not only on its formation 

process (Kampf et al., 2005), but as it is, and has always been, the biggest source of 

evaporation in the entire Atacama Desert (Finstad et al., 2016). 

The salt flat is composed by a nucleus and a marginal or mixing zone (see Figure 2). 

The nucleus is mainly composed by halite, while the mixing zone is primarily composed by 

carbonates and gypsum (Vásquez et al., 2013). In the marginal zone, hypersaline wetlands 

and lagoons are primarily placed on the east zone of the salt flat (see Figure 2). These 

lagoons are the result of upwelling groundwater that emerges to the surface due to density 
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differences between freshwater coming from precipitation recharge and brine (Marazuela et 

al., 2020).  

As the preservation of water bodies enhances the preservation of the living 

ecosystems in the area, studying the dynamic behavior of the Salar de Atacama in terms of 

its water cycle is key. Most of the time salars are considered to be static or “fossil”, 

although they are actually in dynamic equilibrium (Houston et al., 2011). Because of this, a 

significant effort has been done to understand the environmental impact of lithium 

exploitation in the Salar de Atacama, specially related with the brine and water extraction 

and their effects on the surrounding hypersaline lagoons and wetlands (DGA, 2013; 

Amphos, 2018a; Marazuela, 2019a; Marazuela, 2019b, Marazuela, 2020). However, so far 

no impacts from brine pumping have been identified in these aquatic systems (Munk et al., 

2021). 

A first step for understanding the effects of the mining activity at the Salar de 

Atacama over the basin’s water cycle is to understand the extraction process. Figure 3 

shows a diagram illustrating the current technology used by both companies operating in 

the Salar de Atacama (SQM and Albemarle). In general terms, brine is pumped and 

transported using pipelines (where freshwater is required to enhance transportability). The 

watered brine is deposited in evaporation ponds to harvest potassium and other salts. Once 

these salts have precipitated the remaining solution is deposited in a new evaporation pond 

to recover lithium. While potassium salts are processed to produce potassium chloride and 

other potash compounds, lithium is sent to a treating plant (Salar del Carmen) to produce 

lithium carbonate and lithium hydroxide. Once the process has concluded, the remaining 

brine is reinjected in the basin, and its volume is in average a 20% of the original extracted 

amount (SQM, 2020).  
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The current technology of lithium production in the Salar de Atacama is 

consequently based on solar evaporation: a natural, residue free process that several authors 

have stated as cleaner than other technologies available or being used in other operations 

around the world, which typically depend on the use of more freshwater and chemical 

additives for lithium extraction (Bian et al., 2017; Calvo, 2019; Liu et al., 2019; Zhao et al., 

2019a). However, lithium extraction through evaporation ponds presents a relatively low 

efficiency in terms of lithium recovery (around 50%-70%) compared with solvent 

extraction, ion-sieve adsorption, electrochemical processes, or membrane technologies that 

can achieve more than 80% of recovery (Bian et al., 2017; Calvo, 2019; Liu et al., 2019; 

Zhao et al., 2019a).  

As it was previously detailed, lithium’s exploitation process at the Salar de Atacama 

includes two inputs that contain water among other elements: (1) a brine with more than 

170 [g/L] of total dissolved solids; and (2) freshwater with less than 10 g/l of total 

dissolved solids. Water with solid contents between 10 and 170 [g/L] is categorized as 

brackish water, but it does not play a preponderant role in the lithium extraction activity; 

therefore, it is not considered in the analysis. Brine is a non-renewable natural resource at 

human scale (although water contained in it can possibly be considered as perishable over 

geological scales5). However, it must be understood that it is not an available resource for 

human or animal consumption with current technology due to its high solid’s concentration 

 
5 Perishability is a concept coined by Guzmán (2019) to refer to natural resources which generation rate is 

negative without human intervention. There is no conclusive evidence regarding the perishability of water 

contained in brines in Salar de Atacama, however, this is potentially the case at the scale of tens or hundreds of 

thousands of years. The following evidence supports this conjecture: Natural evaporation rates in the nucleus 

have been estimated in 0.005 mm/d and lower in the border at the geological scale (Mardones, 1998), empirical 

evidence shows that preoperational (before anthropogenic mining took place) brine storage was -12 l/s as 

average (SQM, 2020) and geological studies of other salars in Atacama Desert show this is the expected 

condition (Finstad et al., 2016).  
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(Flexer et al, 2018). Therefore, water contained in brine is a relevant source only when the 

separation process from salts occurs. In this case the process consists of evaporation ponds 

where water turns to be available as water vapor in the atmosphere. Regarding freshwater 

that is extracted from aquifers on the same basin, the mining of lithium and potash at the 

Salar de Atacama consumes in average 180 l/s of freshwater (SQM, 2020).  

To date, the extraction of brine at the Salar de Atacama has been carried out only by 

two companies: Albemarle and SQM. The former started its operations in 1983 under the 

name of Foote Mineral Company, while the latter started potash exploitation in 1986 and 

lithium production in 1994. Though the first one has specialized in the production of 

lithium with scarce potash production, the second one has mined potash, lithium and 

borates. Both producers rent the property to CORFO, a national agency that owns the 

mining concessions at the Salar de Atacama. As part of this contract, CORFO has 

constrained the amount of extractable lithium during the period of rent through a quota.   

Nevertheless, not everyone agrees with the form in which lithium extraction has 

been carried out at the Salar de Atacama. The companies that extract brine from the salt flat 

have been harshly criticized on public media due to an apparently extensive consumption of 

freshwater (Deutsche Welle, 2020; Reuters, 2018; BBC, 2019). However, these statements 

are based on treating brines as freshwater. Consequently, a gap still exists regarding the role 

that mining activities have played in the generation of hydric stress at the Salar de Atacama 

basin. Specifically, concerns on the amount of water extracted in lithium mining operations 

in a desertic region arise as a major issue (Liu and Agusdinata, 2020; Sovacool et al., 

2020). 

Currently, there is a scientific debate regarding the impact of brines and water 

extraction on the Salar de Atacama over the basin’s hydric equilibrium. Some authors 
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suggest that lithium mining leads to the dewatering of hypersaline lagoons surrounding the 

salt flat and the destruction of its fragile ecosystems (Gajardo and Redón, 2019; Sovacool 

et al., 2020; Garcés and Álvarez, 2020). Contrastingly, the latest research indicates that the 

historical reduction of natural evaporation in the Salar de Atacama nucleus, triggered by a 

gradual drawdown of the water table because of mining activity, have not affected the 

water heads of the mixing zone and partially compensated the brine extraction, enhancing 

the preservation of the mixing zone ecosystems (Marazuela et al., 2019a). This is termed to 

as the “damping effect” by Marazuela et al. (2019a), and it supports the view that the Salar 

de Atacama is a resilient system in terms of hydrological behavior. In fact, Marazuela et al. 

(2020) found out that natural evaporation decreases from 12.85 m3/s to 10.95 m3/s starting 

on 1986, when a significant brine extraction commenced. Therefore, results from 

Marazuela et al. (2020) suggest that the Salar de Atacama dynamics could partially 

compensate mining activities through evaporation reduction.  

Another relevant evidence that supports the damping effect occurring in the basin 

refers to the measuring of the area covered by lagoons adjacent to the deposit. Tejeda et al. 

(2003) showed that the presence of evaporation buffers both the variations in the phreatic 

surface and the maximum discharge rate to the ground surface. Consequently, they report 

that bordering lagoons to the Salar de Atacama do not undergo any significant changes in 

size despite variations occurring in freshwater recharge rates. Unfortunately, no recent 

studies are available for measuring the impact of lithium mining on the hypersaline 

lagoons. 

Despite the efforts made to obtain a scientific response regarding the actual state of 

water dynamics at the Salar de Atacama basin, no comprehensive studies have been done 

for understanding the role that mining has had on the hydrological cycle at the basin level. 
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Specifically, the evolution of the water cycle at the basin and the impact that brine pumping 

has had on it is the topic of interest that will be further developed. As the main 

environmental concern refers to the basin’s water stress it is precise to understand not only 

the role of mining in discharge flows in terms of water consumption, but also the role of 

mining (if any) in the recharge flows in terms of precipitations.  

 

 

2 Salar de Atacama’ Hydrological Cycle  

 

The first step is to understand the components of any basin’s water balance equation 

of hydrology (Hölting and Coldeway, 2019), without changes in stock6, which corresponds 

to: 

ℎ̇𝑃 = ℎ̇𝐸 + ℎ̇𝑅 + ℎ̇𝐷                   (1) 

Where ℎ̇𝑃 refers to the precipitation rate, ℎ̇𝐸  evaporation (or more generally 

evapotranspiration) rate, ℎ̇𝑅 is the surface runoff rate and ℎ̇𝐷 is the discharge rate. 

Based on equation (1), Figure 4 shows the conceptual hydrological cycle in the 

Salar de Atacama basin. The hydric discharge rate associated to mining activities is 

generally easy to establish, since companies extracting water from the Salar de Atacama 

report the extracted amount to the environmental authorities. Additionally, the impact of the 

lithium mining in both the surface runoff rate and freshwater evaporation is expected to be 

null or negligible. However, the role of lithium mining on the precipitation rate is less clear. 

 
6
 The assumption that the water stock at the Salar de Atacama basin do not change significantly over a short 

period of time is reasonable when brines are not treated as freshwater, which by the reasons before exposed 

seem sensible.  
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Therefore, the primary focus of this paper is to assess the effect of lithium mining on this 

variable. 

Brine extraction occurs in two different aquifers (A and B, separated by an 

aquitard), where theoretically all evaporated water should be returned in the form of 

precipitation, although not necessarily to the same basin. From the basic equation of 

hydrologic balance, it is not clear whether part or all the evaporated water from lithium 

mining ponds is returning to the Salar de Atacama basin. This uncertainty arises since 

equation 1 is valid for closed systems. Therefore, while this is a good assumption for 

groundwater, it is not necessarily straightforward for water vapor or moisture in the 

troposphere associated with water evaporated from the basin. 

Some authors recognize, either for a hydrological basin or a couple of them, the 

local effect that evaporation has on precipitation, although without considering 

anthropogenic effects in our knowledge (Kong et al., 2013; Seneviratne et al., 2010; 

Zongxing et al., 2016; Zhao et al., 2019b). Still, there are no articles describing the 

anthropogenic effect on precipitations due to changes in land evaporation from mining of 

any mineral. Nonetheless, some authors recognize the impact that other anthropogenic 

activities can have on precipitations due to: (1) aerosol emissions (Bai et al., 2020), (2) 

greenhouse emissions and (3) land use (Umar et al., 2019). Additionally, there is a 

significant support to the view that different human activities (particularly land use and 

dam constructions) may alter the hydrological cycle at a basin scale (Awotwi et al., 2017; 

Elsanabary and Gan., 2015; Shao et al., 2020; Van der Ent, 2010; Wang et al., 2008). 

There are many factors that influence the occurrence of local precipitations due to 

local evaporation (or evapotranspiration if vegetal transpiration is counted). These factors 

include climate, topography, water body areas, soil moisture content, vegetation coverage, 
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plant species and human activities, all of them at a local level (Zongxing et al., 2016; Zhao 

et al., 2019b). Evaporation and precipitation are intrinsically related with soil moisture and 

temperature. The resulting interaction among all these four variables can be characterized 

as a dynamic complex system. Ultimately, precipitation intensity is not only defined by 

water contribution from evaporation but, it is also affected by changes in the rest of 

variables as a response to changes in evaporation (Seneviratne et al., 2010). 

The evapotranspiration contributions to local precipitation depends on the basin’s 

climate. In poorly vegetated areas, the evaporation would have a higher contribution to 

precipitation than transpiration. Instead, in an overly vegetated area the transpiration 

contribution will prevail over the evaporation contribution (Kong et al., 2013; Zongxing et 

al., 2016). Evapotranspiration can also have a seasonal contribution that differs between 

summer or winter times (Zongxing et al., 2016). Contribution of evapotranspiration at a 

local scale seems to be different and specific for each geographical area. For example, this 

fraction has been found to be 23% for Shiyang inland river basin in China (Zongxing et al., 

2016), 5%-16% in the Great Lakes region (Gat et al., 1994; Machavaram and 

Krishnamurthy, 1995), 3% in Alpine regions (Froelich et al., 2008) and 37% and 31% in 

plain and foothill regions of Taiwan, respectively (Peng et al., 2011). 

 

 

3 Methodology and data  

A total of 12 weather stations in the basin are considered (Figure 1). These stations 

are monitored by the two main lithium extracting companies in the Salar de Atacama (SQM 

and Albemarle) as well as the DGA (the water governmental agency in Chile) and the 

Institute for Agricultural Research (INIA). Precipitations per each weather station are 
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available at a monthly basis from January 1986 to December 2018, where a heterogenous 

behavior is observed (Figure 5), as precipitations are more abundant in the northeast sector 

of the basin compared to the nucleus or south section of the salt flat. Figure 5 shows that 

precipitations are not only spatially heterogenous but also seasonal within a year (with 

higher precipitations registered during summer because of the “Altiplanic winter” 

phenomenon). However, no clear long-term trend for precipitations is observed.   

It is difficult to determine the contribution that brine evaporation in ponds has had 

over the registered precipitations at the Salar de Atacama basin (Flexer et al., 2018). This 

difficulty is explained due to the complex dynamics of the causality mechanisms between 

the involved phenomena, the presence of unobserved variables during the period of study 

such as natural evaporation of the salt flat or other climate variables, as well as the 

necessary modelling of the Salar de Atacama within a much bigger area in order to 

understand advective phenomena in the troposphere (including also regional climate 

processes such as El Niño and La Niña). 

Although evaporation from brine extracted in the mining of lithium and potash was 

not available, the total monthly extraction of brine was provided by SQM for the period 

January 1983 to December 2018, covering the period of brine extraction for both 

companies operating in the Salar de Atacama. In Figure 6 it is shown that brine extraction 

has increased over time, to produce more potash and lithium. Since brine evaporation cycle 

in ponds takes less than two years since brine extraction is performed (Flexer et al., 2018), 

this variable should be highly correlated with evaporation if a time lag smaller than two 

years is considered. Therefore, brine extraction will be used as a proxy variable for water 

evaporation from brine ponds.  
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The response of brine evaporation, henceforth represented by brine extraction with a 

lag, to precipitation variability per each weather station was evaluated using a non-

structural vector autoregression (VAR) model. The use of this multivariate statistical 

technique has been applied in literature to determine the cause-effect relationship at a local 

scale of different climatological variables, including: (1) temperature and soil humidity 

(Feng et al., 2019), (2) precipitation and soil moisture (Salvucci et al., 2002), (3) 

groundwater level dynamics (Mangiarotti et al., 2012), (4) temperature, precipitation, 

humidity and wind speed (Ramli et al., 2019), (5) groundwater level and local 

precipitations (Russo and Lall, 2017) and (6) groundwater level, precipitations and 

temperatures (Sasikumar and Indira, 2019), among others. 

The VAR model makes it possible to test statistical causality among all different 

variables. The principle behind this model is that if there is a phenomenological causality 

among the variables, then there should also be a statistical causality. However, it is 

important to note that the reverse implication is not necessarily true. Although an 

interesting approach would be studying the causality of precipitations among weather 

stations, a crucial purpose of this investigation is to determine whether brine extraction 

explains part of the precipitations occurring in Salar de Atacama basin.  

3.1 Data collection 

The brine extraction rate at a monthly basis is presented in Figure 6, disaggregating 

the extraction rate of the two firms exploiting the Salar de Atacama. The average extraction 

of brine totals 2,192,813 m3/month, 87% of this amount is extracted by SQM (which 

processes the brine to recover lithium and potash), while the remaining 13% is extracted by 

Albemarle (which only recovers lithium). As reinjected brine is negligible in terms of 



14 

 

volume content compared to the extracted brine (20%) (SQM, 2020), it is not considered as 

a proxy variable for evaporation.  

It is important to emphasize, as it was previously explained, that there is no register 

for natural evaporation, and in fact there is a significant source of uncertainty related with 

this variable (Marazuela et al., 2020). Although a damping effect has been lately 

recognized (Marazuela et al., 2019a; Marazuela et al., 2020), related to the fact that a 

decrease on natural evaporation at the salt flat has occurred due to the anthropogenic 

mining activity, more research in the estimation of natural evaporation is needed to include 

this effect on the analysis.  

For precipitation characterization, an inventory of weather stations with existing 

precipitation records in the Atacama Salar basin is carried out. The available data has a 

monthly frequency. Still, for some weather stations and during certain months data was not 

registered. When this was the case, SQM filled missing data with their own estimates, 

based on linear regressions constructed through the precipitation registers on close weather 

stations in terms of isohyets. Even though there is no available data for precipitations 

during the period between January 1983 to December 1985, brine extraction during this 

time window was scarce, averaging 110,756 m3/month in comparison with upcoming 

extractions that average 2,382,091 m3/month, as shown in Figure 6. 

Finally, it is important to acknowledge that due to the lack of information reported 

from the Monturaqui station, this series is treated differently from the rest. SQM (2020) 

estimated it as an extrapolation from the Socaire station, which is located in a similar 

isohyet. Hence, the Monturaqui station is not included in the VAR model, but it is 

considered in the analysis and in the impulse-response model that is presented in the 

following sections. 
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3.2 VAR Model 

A univariate data analysis is carried out as a first step to understand the behavior of 

the series being modelled (Lütkephol, 2006; Killian and Lütkephol, 2017). In this scenario, 

the Augmented Dickey-Fuller test is performed separately in each precipitation series, with 

the purpose of analyzing their individual stationarity. A multivariate data analysis is the 

second step. Therefore, the Johansen cointegration test (Lütkephol, 2006) is carried out for 

different combinations of intercept and trend, in order to assess if the variables have a 

common stochastic tendency.  

Afterwards, the VAR model is performed. In this step two important issues must be 

corrected before developing the model in order to obtain the desired results: (1) the non-

stationarity of brine extraction must be corrected through the inclusion of an additional lag 

as suggested by Toda and Yamamoto (1995); and (2) the seasonality of the data must be 

managed by transforming the original series via X12 seasonal adjustment. By performing 

the latter correction, if no qualitative difference is found in results, then no seasonal 

adjustment of the series should be done since the inclusion of seasonal adjustment 

generates a biased and inconsistent coefficient result (Hylleberg, 1986). 

Consequently, a VAR process of multivariate time series data is developed to model 

the relationship between the precipitation series and brine extraction rate. The basic 𝑝 −lag 

VAR model is shown in equation (2) and it is solved through the implementation of 

ordinary least squares (Lütkephol, 2006; Killian and Lütkephol, 2017). Different lag criteria 

(Likelihood Ratio, LR; Final Prediction Error, FPE; Akaike, AIC; Schwarz Criterion, SC; 

Hannan-Quinn, HQ) is used to estimate the lag 𝑝 in all the available precipitation time 

series.  
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𝑌𝑡 = 𝜈 + 𝐴1𝑌𝑡−1 + 𝐴1𝑌𝑡−2 + ⋯ + 𝐴𝑝𝑌𝑡−𝑝 + 𝜀𝑡   (2) 

From equation (2), 𝑌𝑡 and 𝜈 are 12 vectors of times series variables, 𝑡 represents 

time (monthly), 𝐴𝑗 is a 12x12 coefficient matrix and 𝜀𝑡 is the vector that contains the 12 

errors associated with the adjustment for each time series variable. 

After coefficient estimations of the VAR model are obtained via ordinary least 

squares, a stability test is carried out. For assuring the stability of results, all the inverse 

roots of the autoregressive (AR) characteristic polynomial should be found within the unit 

circle (Lütkephol, 2006). 

The response in precipitations is obtained by using a standard deviation unit 

impulse in the brine extraction rate. Errors are estimated through analytic methods since the 

large data observations available assures an asymptotic behavior. 

For enhancing a better understanding of the analyzed scenarios, the term 

counterfactual will be henceforth used for referring to the hypothetical estimations done for 

the case in which no lithium and potash exploitation (i.e., brine extraction) is performed 

during the analyzed period. Similarly, the term factual will be used for referring to the 

estimations done for the case in which lithium and potash exploitation is performed at its 

actual level during the analyzed period (i.e., the real-life scenario). It is important to 

acknowledge that the factual scenario considers the total water discharge in the basin 

occurring through brines evaporation and water consumption. The response of 

precipitations due to the brine pumping impulse is subtracted from the real precipitation 

series, obtaining through this procedure the precipitations of the counterfactual scenario.  

In order to measure the impact on the basin’s hydrology it is necessary to calculate 

the counterfactual recharge in terms of the factual recharge. According to estimates 
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provided by SQM’s hydrogeologists in a personal communication to the authors, the 

approximate water recharge in the basin for the period January 1983 to December 2018 for 

different changes in precipitations in the same basin in a range going from -40% to +20% 

regarding actual levels. Figure 7 shows the basin recharge response to changes in 

precipitations coming from SQM estimates. Assuming a linear response to precipitations in 

each weather station (since other functional forms show a more erratic behavior outside the 

sensibility range of Figure 7), the adjustment factor for recharge was estimated for the 

counterfactual scenario of no mining. 

3.3 Water stress of the Salar de Atacama’s basin 

As it was previously discussed, information regarding the hydrologic balance 

condition on the Salar de Atacama is scarce and not yet fully developed on literature. 

Fortunately, it is possible to quantify the water stress for the Salar de Atacama hydrological 

basin through the water stress index (𝑊𝑆𝐼) introduced by Smakhtin et al. (2004). This 

metric constitutes an indicator of water scarcity, which basically consists on the ratio 

between water usage (withdrawn water) and water availability according to equation (3).  

𝑊𝑆𝐼 =
𝑊𝑖𝑡ℎ𝑑𝑟𝑎𝑤𝑛 𝑤𝑎𝑡𝑒𝑟

𝑊𝑎𝑡𝑒𝑟 𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦
    (3) 

The numerator in (3) can also be defined as the water consumption instead of 

withdrawn water. Nevertheless, in literature it is mainly interpreted as water usage (Aitken 

et al., 2015; Nilsalab et al., 2016). Since it is highly non-trivial to quantitatively 

differentiate water usage from water consumption, a corrected measure of 𝑊𝑆𝐼 is the 𝑊𝑆𝐼𝑒, 

which is defined as shown in equation (4). The idea behind this correction is to include the 

ecological relevant requirements in the area in order to adjust the availability of withdrawn 

water. 
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𝑊𝑆𝐼𝑒 =
𝑊𝑖𝑡ℎ𝑑𝑟𝑎𝑤𝑛 𝑤𝑎𝑡𝑒𝑟

𝑊𝑎𝑡𝑒𝑟 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦−𝐸𝑊𝑅
    (4) 

The main difference between 𝑊𝑆𝐼𝑒 and 𝑊𝑆𝐼 is that the former considers that 

available water for usage is adjusted by the environmental requirements (𝐸𝑊𝑅 = 

Environmental water requirements). 

According to Smakhtin et al. (2004) the stress level measured by the 𝑊𝑆𝐼𝑒 can be 

classified as slightly exploited (𝑊𝑆𝐼𝑒 < 0.3), moderately exploited (0.3 ≤ 𝑊𝑆𝐼𝑒 < 0.6), 

heavily exploited (0.6 ≤ 𝑊𝑆𝐼𝑒 < 1) or overexploited (𝑊𝑆𝐼𝑒 > 1). While the overexploited 

refers to a depletable condition, a heavily exploited water stress index is associated with an 

environmentally stressed basin. 

The 𝑊𝑆𝐼𝑒 numerator corresponds to water consumption rate in the basin. Therefore, 

to assess the 𝑊𝑆𝐼𝑒 for the Salar de Atacama basin, it is necessary in the first place to 

consider the available estimations of water consumption in activities that contribute to 

water depletion in the basin. The water consumption estimations for: (1) touristic and 

domestic water use, (2) copper producing industries and (3) lithium producing industries 

were extracted from Liu and Agusdinata (2020), Amphos (2018b) and SQM (2020)7.  

Analogously, the 𝑊𝑆𝐼𝑒 denominator comes from subtracting the environmental 

requirements and runoffs (DGA, 2013) to the total water entering the basin, resulting in a 

water availability of 2,730 l/s, which is assumed to be constant over time (results are not 

sensitive to small changes in this value). Although this assumption is a simplification, there 

are some indicators that could suggest that water availability has been relatively constant in 

the last decades. For example, precipitations on the basin have not clearly diminished or 

 
7 Information for Albermarle water consumption was extracted from Amphos (2018b). 
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increased over time. Due to the available data, only the periods 2002-2017 is considered for 

water stress calculations.  

 

To proceed with the 𝑊𝑆𝐼𝑒 estimation, some problems associated with the data are 

corrected. In concrete, the series used by Liu and Agusdinata (2020) for water consumption 

by touristic use and lithium mining presents two drawbacks. The first one is that authors 

consider that evaporated water in brine is of the same nature as freshwater (Liu and 

Agusdinata, 2020, p.2); hence, evaporated water is accounted as water consumed by lithium 

mining. As it was discussed previously, brine cannot be considered as water for any useful 

purposes (domestic, agricultural, or industrial), at least during the period of analysis. Yet, it 

is a source of vapor that could contribute to local precipitations. That is why lithium mining 

water consumption calculated by SQM (2020) and Amphos (2018b) is used instead of the 

data estimated by Liu and Agusdinata (2020). A second shortcoming on the Liu and 

Agusdinata (2020) data is that touristic consumption estimation assumes that tourists stay 

only one day at the Salar de Atacama (Liu and Agusdinata, 2020; p.5), while the average 

stay in San Pedro de Atacama (the town located in the basin) is 5.2 days (Subsecretaría de 

Turismo, 2018). To calculate the water stress index (𝑊𝑆𝐼𝑒) this correction is introduced. 

On the other hand, for the counterfactual scenario water consumption associated to lithium 

mining is not considered, and the water availability is corrected by subtracting the average 

recharge response (via precipitations) to the brine pumping impulse. Moreover, for the 

counterfactual scenario a high (P97.5 of the response recharge) and low (P2.5 of the 

response recharge) estimations are calculated.  

 

4 Results 
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4.1 Precipitations response to brine extraction  

To understand the causality between brine extraction and precipitation series, a 

Granger causality test is carried out. The results show that: (1) 10 of the 12 weather stations 

(except for Peine and KCL) present statistical causality à la Granger (𝑝˂0.05) (Granger, 

1969); (2) causality between weather stations cannot be rejected with a p-value of 𝑝˂0.15; 

and (3) no causality is found between precipitations and brine extraction (𝑝˂0.10), as 

expected.  

The univariate data analysis is carried out by studying the stationarity of each 

precipitation series. This is performed through the Augmented Dickey-Fuller test, obtaining 

the following results: (1) stationarity is rejected for all 12 precipitation series but not for 

brine extraction rate at a 10% of significance, where an integrated process of order 1, 𝐼(1), 

is identified and (2) seasonal behavior is not rejected for all the model variables  at a 

confidence level of 95%. 

By performing the VAR model corrections previously indicated, no qualitative 

differences are found in the results after performing the inclusion of an additional lag (Toda 

and Yamamoto, 1995). Regarding seasonal adjustments no qualitative results are derived, 

so no adjustment for this is done. 

The basic 𝑝 −lag VAR model was previously shown in equation (2). Different lag 

criteria is used to estimate the lag 𝑝 in all the available precipitation time series, the results 

show that the LR estimation results in 1 lag. Since brine extraction rate corresponds to a 

non-stationary variable, a lag of 2 months is finally chosen, following the suggestion of 

Toda and Yamamoto (1995). This decision was taken after a sensitivity analysis was 

performed by increasing the lag to 3 and 4 months, which shows that these changes do not 
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qualitatively affect the results. Hence, for weather station 𝑖 (𝑖 = 1, … ,11) the regression is 

given by equation (5), where 𝑦11,𝑡 refers to brine extracted during period 𝑡. 

𝑌𝑖,𝑡 = 𝑐𝑖 + 𝛼1,1
𝑖 ∙ 𝑦1,𝑡−1 + 𝛼1,2

𝑖 ∙ 𝑦2,𝑡−1 + ⋯ + 𝛼1,11
𝑖 ∙ 𝑦11,𝑡−1 + ⋯ + 𝛼1,1

𝑖 ∙ 𝑦1,𝑡−2 +

⋯ + 𝛼1,11
𝑖 ∙ 𝑦11,𝑡−2 + 𝜀𝑖,𝑡   (5) 

Where 𝑌𝑡 is a vector of 11 times series variables8, 𝑡 represents time (monthly), 

𝐴𝑗  is a 11x11 coefficient matrix with 𝛼𝑖,𝑗 values, 𝜀𝑡 is the vector that contains the 11 

errors associated with the adjustment for each time series variable and 𝑐𝑖 is the vector that 

contains the constants for each time series variable. 

The model coefficients suggest the following results9: (1) the response of 

precipitations is larger within the first year after brine is extracted; (2) the maximum 

response occurs between 3 to 4 months after the extraction; and (3) a lag of dynamic 

correlation is found, which extends the precipitation response up to 24 months after the 

brine extraction has taken place on some weather stations (Figure 8a). These average results 

coincide with the 2-year evaporation cycle of brine in operational ponds as it was 

previously discussed (Flexer et al., 2018). Moreover, precipitation responds at a maximum 

during the second quarter after brine extraction has taken place, suggesting that water 

evaporated during this period is also the largest. A highlight of the findings is presented on 

Figure 8.b, which shows the response of precipitations to brine extraction within a 

confidence level of 95%. In this case 10 of the 11 weather stations have a positive response 

(i.e., increase in precipitations) to an increase on brine extraction rate, occurring between 4 

 
8 After making adjustments for lags, each series contained a total amount of 394 observations, which can be 

considered as a large sample (Lütkephol, 2006). 
9 As it was previously indicated, the VAR model only considers 11 of the 12 total stations, due to 

Monturaqui’s special estimation conditions 
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and 18 months after the extraction has taken place (𝑝˂0.05). Only in the case of El Tatio 

station the positive response is significant between 4 and 5 months later (𝑝˂0.05). 

Additionally, the response is also heterogenous among different weather stations. 

There is a high Pearson correlation between the isohyet of each station and its maximum 

response during the fourth month after brine extraction (𝜌 = 0.92), (most weather stations 

achieved the maximum response). Since higher isohyets are found upper in the Andes 

mountains, the results suggest that water evaporated in the nucleus of the salt flat (where 

mining and evaporation of brine take place) mostly precipitates in the North-East zone of 

the Salar de Atacama basin where higher altitudes are found. 

The VAR model also allows to assess the precipitations for each weather station 

under the counterfactual scenario of no mining operations (i.e., no brine extraction). The 

total response to the impulse of brine extraction in the period from January 1986 to 

December 2018 suggests that in average a 20.5% (or 8.6 mm/month) of total precipitations 

registered at the Salar de Atacama basin would have been contributed by the extracted brine 

evaporation linked with the mining of lithium (and potash). With a confidence level of 95% 

(𝑝˂0.05) the VAR model indicates that, considering the basin as a closed system (which 

does not necessarily illustrate the real dynamic of the system), at least 1.2% and as much as 

39.8% of total precipitations in the Salar de Atacama basin could be attributable to the 

mining activity of brine extraction. Besides, the basin recharge could have been between 69 

l/s to 1,375 l/s lower in the counterfactual scenario of no mining at the Salar de Atacama 

(723 l/s in average)10.  

 
10 The great differences between the high and low estimates are related with the variability in brine extraction 

throughout the selected timespan. Hence, higher values appear on recent years as extraction has significantly 

increased during the past decade. 
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4.2 Water stress in the Salar de Atacama 

Regarding the water stress on the basin, which is a fundamental part of this analysis, 

in Figure 9 the 𝑊𝑆𝐼𝑒 between 2002 and 2017 is shown. This index was calculated for the 

average, high and low estimates for the counterfactual scenario recharge response. The high 

and low estimates are not to be calculated on the factual scenario since this case is not 

estimated but calculated based on real data coming from DGA (2013), Liu and Agusdinata 

(2020), Amphos (2018b) and SQM (2020). In average, the factual scenario presents a 𝑊𝑆𝐼𝑒 

of 0.6 with a positive slope of 0.019 per annum. Whilst the counterfactual scenario presents 

for the low, average and high estimate a 𝑊𝑆𝐼𝑒 of 0.55, 0.73 and 1.09 and a growing slope 

per annum of 0.016, 0.021 and 0.031, respectively.  

 

5 Discussion 

These results lead to the existence of a positive feedback between mining activity 

and water recharge which had not been previously discussed in literature. This opens the 

possibility of producing water from extracted brine through solar evaporation, which could 

contribute to a partial destress of the already stressed water environment in the Salar de 

Atacama.  

If the Salar de Atacama is considered a closed system, the evaporated water (in 

average 647.22 l/s in the period of study) is 2.7 times higher than the maximum permitted 

freshwater to be consumed in the process of lithium and potash production.  

The presented evidence suggests that mining of lithium and potash at the Salar de 

Atacama might be considered as “exohydric” at a human time scale (at a geological time 

scale, the water contained in salars might be evaporated anyway), as it enables the 

possibility of transforming a brine which is non-usable for human activities into freshwater 



24 

 

in the form of precipitation. This is a new acknowledgement that had not been previously 

discussed as a potential positive consequence attributable to the extraction or processing of 

minerals. However, it requires further investigation as long-term brine extraction could 

have other consequences that are not incorporated in this study. 

Finally, it is also noticeable that water separation from brine is present in some 

technologies under conceptual development for extracting the water to be used in domestic 

or agricultural applications (Baspineiro et al., 2020; Flexer et al., 2018). However, these 

technologies are not currently economical, since mechanical separation is an expensive 

procedure. Still, evaporation ponds have shown to lead to water recovery in the form of 

recharge through a cost-free, natural procedure. The main differences between these 

processes are: i) the necessary timespan for achieving the separation; and ii) the water 

recovery rates, which are known for the technologies under development but more research 

is required to be clearly evaluated in the natural process.  

 

5.1 Hydric stress at the Salar de Atacama basin 

 

These findings, contrary to the common view, suggest that lithium mining activities 

could have contributed to destress the water availability in the Salar de Atacama basin by 

triggering an excess on precipitations in comparison with a mining-free scenario. Through 

the calculation of the 𝑊𝑆𝐼𝑒 (Figure 9) in both the factual and counterfactual scenarios, the 

following conclusions can be driven: (1) for any period, and considering the average 

counterfactual scenario, the factual scenario always presents a lower stress value than its 

counterpart; (2) there has been a consistent increase on the basin’s water stress over time, 

regardless of the scenario; (3) the basin has passed from moderately exploited in 2002 to 

heavily exploited in the last years; and (4) only in the high estimate of the counterfactual 
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scenario the basin seems to have experienced an overexploitation status during the last 

years.  

When comparing the averages of the factual and counterfactual scenarios it is 

possible to assess that not only the factual scenario is less stressed that the counterfactual 

scenario (21.7% of difference in the 2002-2017 period) but also the trend associated to the 

soaring rate is lower in the former (6.9% lower). Given the above, it is possible to suggest 

that lithium mining activities could have contributed to destress the water availability in the 

basin during the period between 2002 and 2017. Yet, this result is not necessarily 

extendable to the future and should be taken carefully into account due to the complexity of 

the Salar de Atacama’s hydrological cycle. Therefore, more research is required to 

confidently sustaining that lithium mining activities can contribute to destress the basin. 

5.2 Future Technologies 

New technologies for extracting lithium from brine aim to increase lithium 

recovery, from the current 60% to more than a 90% (Bian et al., 2017; Calvo, 2019; Liu et 

al., 2019; Zhao et al., 2019a). These technologies are expected to reduce the rate of pumped 

brine as they increase lithium production. Brine pumping reduction in the Salar de Atacama 

would deplete the risk of environmental negative effects over the delicate ecosystem. From 

the perspective of the use of the mineral deposit, a reduction in brine pumping rate would 

improve selectivity so higher ore grades could be extracted reducing in this way the cost of 

use or Hotelling rent of the deposit and so increasing the life of the mine (Guzmán, 2019). 

The change in processing technologies for lithium extraction from the Salar de 

Atacama should not be evaluated without considering the unique characteristics of this 

deposit. As a matter of fact, as it is discussed in Flexer et al. (2018) future technologies to 

be implemented in the brine extraction industry must consider chemistry and geology of 
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individual deposits to be effective. This point is specially critic since all brines are different 

in terms of composition and physical parameters (Munk et al., 2016). 

Unfortunately, new productive technologies have several requirements that could 

affect the environmental sustainability of the activity. In general terms, they require either: 

(1) extensive freshwater consumption; (2) the use of chemical reagents, resulting in 

potential brine and surrounding habitats’ pollution; or (3) significant amounts of brine that 

would carry additional trace elements to be reinjected in the deposit, with unknown effects 

in the dynamics of playas and adjacent ecosystems (Flexer et al., 2018). The latter is key 

since there are no studies about the reaction of a salt flat to a significant reinjection rate of 

brines, which could potentially affect the delicate equilibrium in the saline-freshwater 

interface depending on the location of reinjection.  

If companies operating at the Salar de Atacama change the extraction and 

processing technology in the future, the hydric footprint of lithium production will 

undoubtedly change. So, any potential change in technology of extraction and/or processing 

should be evaluated in regard to its impact on the hydric stress of the basin.   

 

6 Conclusions 

The soaring lithium demand, driven by the electric vehicle market, has created a 

strong incentive to boost lithium supply. This has also been the case at Salar de Atacama, 

the largest and highest-grade lithium deposit under exploitation. 

This paper has shown on a statistical basis that the total response to the impulse of 

brine extraction in the period from January 1986 to December 2018 explains, in average, a 

20.5% (or 8.6 mm/month) of the precipitations registered at Salar de Atacama basin during 

this period. This means that brine evaporation linked with the mining of lithium (and 
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potash) would have contributed in this percentage to the basin’s recharge. Additionally, 

with a confidence level of 95% (𝑝˂0.05) the VAR model suggests that at least 1.2% and as 

much as 39.8% of total precipitations in the Salar de Atacama basin could be explained due 

to evaporation ponds linked to the mining activity of potash and lithium extraction. 

Translating the precipitations in terms of recharge, the results show that the contribution to 

the basin ranges between 69 l/s and 1,375 l/s of added recharge to the counterfactual 

scenario of no mining at Salar de Atacama.  

Considering the 180 l/s of water consumption and the 723 l/s of average recharge 

response to brine pumping impulse, the lithium mining in the Salar de Atacama contributes 

to the basin’s recharge more water than it consumes. In this context, if the anthropogenic 

activities in the Salar de Atacama during the period 2002-2017 are quantified, the results 

show that the mining-free scenario would have heavily exploited the basin in terms of water 

stress, while the factual scenario would have only moderately stressed the basin. Yet, these 

results should be complemented with further information and investigations, as the 

hydrological cycle of the Salar de Atacama is a complex system and potentially more 

variables could have a role. 

To improve the understanding of the counterfactual scenario of no exploitation over 

the ecosystem and the hydrological cycle in the Salar de Atacama basin, it could be of 

interest to pursue more research to narrow down the current ranges of solar evaporation 

rate. While the local effect at the basin level is the main concern that affects local 

communities and most stakeholders, checking the exohydric behavior of the system is a 

relevant matter for future research. To complement and fulfill a study on this topic certain 

critical points should be taken into account: (1) changes in natural evaporation; (2) isotopic 

studies to determine the origin of the precipitated water; and (3) eventual natural 
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compensation responses of the hydrological cycle of the basin in absence of a brine 

extraction impulse. Moreover, additional efforts could be made to complement or expand 

the model presented here, incorporating regional and/or global processes that could also 

affect the water availability in the basin.  

To assure the sustainability of the lithium extraction industry in the Salar de 

Atacama, those involved need to pay special attention on the preservation of the delicate 

ecosystem surrounding the exploitation area. Thus, hydrogeological models should be 

improved to establish, with a higher precision, the maximum sustainable pumping rate of 

brine. Considering this information, new technologies mostly focusing on increasing 

lithium recovery from extracted brine should be implemented in the Salar de Atacama only 

if they prove to be equally or less hydric stressful in comparison to the current extractive 

technology. The future of the sustainability of the battery electric vehicle market depends 

on it. 
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Figures 

 

Figure 1. Weather stations overview at Salar de Atacama basin. Light blue line delimits 

the SdA basin frontier. Weather stations are represented by green points. 

 

Figure 2. Conceptual model of Salar de Atacama basin 
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Figure 3. Lithium and potassium flowsheet production at Salar de Atacama 

 

Figure 4. Conceptual hydrological cycle in the Salar de Atacama basin. Blue dashed 

arrows represent the recharge due to brine pumping and the evaporated water leaving the 

basin. Red continuous arrows show the evapotranspiration and green continuous arrows 

show the brine pumping that goes to evaporation ponds. It is shown that brine pumping 

occurs at salt flat nucleus in aquifers A and B which are separated by aquitard AB.  
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Figure 5. Precipitations measured by weather stations. a, Bars show the average 

precipitations (mm/yr) for each weather station between January 1986 to December 2018. 

b, Lines shows the precipitations (mm/month) evolution of each weather station.  
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Figure 6. Yearly brine extraction at Salar de Atacama by SQM and Albemarle (SQM, 

2020). Blue continuous line shows the annual variation in extraction of brines (for 

both companies) 

 

 

Figure 7. Salar de Atacama basin recharge response to changes in precipitations estimated 

by SQM 
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Figure 8. Precipitation response to extraction of brines. Curves show the response in 

precipitations (in terms of standard deviation) for each weather station in a monthly base, 

given an impulse of brine extraction. (a) shows average results, whilst (b) shows the results 

within a 95% of confidence 
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Figure 9. 𝑊𝑆𝐼𝑒 for factual and counterfactual (i.e., no mining) scenarios at Salar de Atacama 
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