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ABSTRACT

The sustainability of the lithium industry in Chile is being threatened by the series of environmental
and social impacts occurring in the Salar de Atacama. This study is based on a review of technical and
environmental reports, including the inspection processes carried out to date at the Salar de Atacama,
the main lithium brine deposit worldwide. Demand for clean technologies has increased global lithium
production, pressuring the production system to increase the quota of brine extraction to satisfy the
greater demand for this resource. As a result of the extraction process in the salt flat, millions of tons
of water are removed from the system in an arid region, the biota is affected, and natural conditions
change in this fragile and dynamic ecosystem. The impact on the salt flat not only translates into loss
of water, but also in the disappearance of vulnerable species that only exist in these places, the loss of
the cultural heritage of indigenous peoples, the losses of millions of years of evolution of adaptation
processes of species, including the extremophilic organisms. From the economic point of view,
although both companies are committed to compensating the damage to the Atacamefias communities,
one with 3.5% of the value of sales and the other with a contribution of US$15 million annually, it
is not comparable with the deterioration of the Salar and the loss of cultural heritage. In conclusion,
it is verified that the lithium mining industry causes strong environmental and social impacts, so we
cannot speak of lithium as a synonym for “green economics.” Therefore, can the lithium industry be
considered of strategic relevance to the development of zero carbon technologies?

Keywords: water mining, extraction of lithium, Salar de Atacama, socio-environmental impacts,
natural brines, Andean biodiversity, salt flat, Andean evaporites.

1 INTRODUCTION

The Atacama Desert is one of the driest deserts on earth [1]-[4], what can average annual
precipitation to reach 1 mm [5], which means long periods of extreme aridity, but another
period can occur strong rainfall events. During in the summer months, in the “Invierno
Altiplanico” (highlands winter), the rain that enters from the Amazon Basin towards the
Andes mountain, produces great avenues of waters that drain into the east sector towards
the Pacific ocean. The paleohydrological studies in Salar de Atacama have allowed verifying
two periods of greater groundwater discharge [6]. The first period of 12,800 and 8,100 years
BP, registered only in the eastern part of the Salar de Atacama (Tilomonte), and a second
period of greatest activity of 7,400 and 3,000 years BP registered in the area of Tilomonte,
Loa river, Salado river and Quebrada Puripica [5], [7].

Regional fault systems NS and WE, has facilitated the formation of major
geomorphological entities: Cordillera de la Costa, Intermediate Depression, Precordillera,
Preandine Basins, Altiplano and Andean Cordillera, and local endorheic basins, together with
geological, climatological and aridity factors In the northern region of Chile, the formation
of continental evaporites has been favored, with rich chemical components, such as Li,
Boron, Potassium, etc., product of the leaching of cenozoic volcanic rocks that surround
these basins

Today, mainly the brine extraction option is used, versus minerals rocks principally by to
be economically more profitable. In this study, we assessed the environmental impacts that
to production over to extraction of brines for production of lithium carbonate (Li>CO3) from
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the world leading producers SQM and Albemarle which are located at the Salar de Atacama
in Chile. Li,COs is the main feed material for lithium-based products, e.g. batteries.
Rechargeable lithium-ion (Li-ion) batteries are considered to be a better option to meet the
future requirements of electric vehicles (EV), which in turn are expected to play a major role
in the transition towards a more sustainable mobility from the world.

1.1 Lithium mining companies

The Anaconda company discovered lithium in the brines of the Salar de Atacama in 1962.
One of the large lithium-producing companies heard this news and studied the feasibility of
the lithium project in Chile. This was possible due to adaptation of the Silver Peak, Nevada
lithium extraction process by Foote Minerals (known today as Albemarle) in 1979. In 1980
the Sociedad Chilena de Litio Ltda (SChL) was formed, with Foote 55% (American
technology) and CORFO 45% (contributions from the Chilean state), for production and sale
of lithium compounded up to 200,000 MT of equivalent lithium. In 1984 SChL
started production of lithium carbonate with a capacity of 14 million Ibs/year. In 1999 started
producing lithium chloride. In 2016 Albemarle was authorized for expanded brine extraction
capacity to 442 L per second, and to a production of 27,000 tons of lithium and 136,000 tons
of potassium. At the next year modified the contract with CORFO, from 27,000 to 47,000
tons of lithium and from 136,000 to 218,000 tons of potassium salts, maintaining the
extraction of brine at 442 L per second. In March 2018, Albemarle was authorized to increase
the quota from 120,000 to 140,000 tons per year without further extraction of brine and water.

In 1986 a lease agreement is signed to produce 180,100 tons of lithium for 30 years with
SQM (Chilean company). In 1997 started the production of lithium carbonate with an initial
capacity of 17,500 t/a. SQM has an authorized brine consumption of 1,700 L per second and
an annual production of 48,000 tons of lithium and 2,000,000 tons of potassium. The excess
of brines are reinjected into the salt flat. In 2005 SQM started operations in its Lithium
Hydroxide Plant with an annual capacity of 6000 tons. Between 20082011 SQM begins to
expand the capacity of its lithium carbonate plant from 30,000 to 48,000 tons. The contract
will end on December 31, 2030 [8], with the extraction of net lithium from the brines in
620,000 tons of LME and without considering reinjection

2 STUDY AREA AND METHODOLOGY
2.1 Salar de Atacama

The Salar de Atacama is located at the coordinates 23° 30’ south and 68’15 west, at
2,300 masl, in an endorheic basin. It is a pre-Andean salt flat and it is the third largest salt
flat in the world. Its economic importance lies in the high concentrations of lithium (1,500
ppm on average and variations between 600 to 5,000 ppm) and potassium, besides, providing
crucial ecosystem services to local communities and the diversity of flora and fauna species.
The surface of the salt flat is approximately 2,770 km?, with brackish waters as a result of
recharging the surface and underground channels that carry salts caused by the leaching
of volcanic rocks [9]. The water bodies to arrives in the basin are rivers San Pedro (mean
flow 0.8—1.2 m%/s) and Vilama (mean flow 0.15-0.25 m?*/s) for the north side [10], freshwater
and saline springs, for the east and south side. Besides, the salt flat receives important
subterranean contributions of water, springs originated by the volcanic formations of the
Andes. The dissolved components in the waters have two main origins: the alteration of
volcanic rocks provides K, Li, Mg, B and a low concentration of Na and Ca, meanwhile the
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redissolution of antique salts (under volcanic formations) make an important contribution
with Na, Cl, Ca and SOy in the more saline waters [11].

In the Salar two zones are clearly differentiated: the saline nucleus and the marginal zone.
The central nucleus of crystallized salts, of around 1,400 km?, is mainly made up of halite
and clastic sediments [12]. This core is permeable in the first 30 to 40 m depth and its
hydrogeological properties of transmissibility and storage are heterogeneous, with high
permeability values (up to 0.03 m/s) and in other areas with predominantly clay
characteristics (less than 1 10-6 m/s); while very low permeability strata (1 10-6 and 1
10-8 m/s) have been detected at the edges of the nucleus [13]. Precipitation in the Salar is
concentrated in the austral summer, and reaches up to 25 mm/year, potential evaporation is
2000 mm/year [11]. The thermal amplitude can exceed the 30 degrees and mean relative
humidity is ca. 50%, median wind speed reaches 10 m/s at 0.4 m above the ground, and
generally has a westerly direction [14].

The marginal zone is made up of two units, the silt zone and the efflorescence zone. The
silt zone is located on the edges of the saline deposit, presenting an abundant and
homogeneous vegetation. This area is made up of clays and silts of alluvial origin (chlorides
and sulphates). The efflorescence zone is located between the silt zone and the saline nucleus,
this area is mainly made up of gypsum, anhydrite, carbonate and borate salts [15], and
presents a relatively abundant vegetation. Cornella et al. [16], describes a strip around the
lagoons (south of Barros Negros) on the eastern edge of the Salar, in which the lithological
substrate is interspersed with sedimentary and evaporitic deposits, which shows the
interrelation between both depositional environments.

The eastern edge of the Salar, known as the marginal zone (saline interface), is the most
sensitive sector made up of a lagoon system and with the presence of vegas and peatlands,
generated by the outcrop of freshwater contributions of underground origin that find a barrier
or saline wedge [10]. The most relevant sectors include the Tilopozo valley system and the
Peine lake system, with the La Punta and Salada lagoons in the southern sector. In the middle
part of the marginal area are the lagunar system Soncor (with the Chaxas, Puilar and Barros
Negros lagoons) and Aguas de Quelana. Finally, towards the northern sector are the
Baltinache, Cejas and Tabinquiche lagoons. The west side of the salt flat does not have
lagoon. The Sistema Soncor and Aguas de Quelana area is made up of permanent lagoons
that sustain biological diversity and serve as an important nesting center for flamingos.

Inside the saline core, there are two private companies that extract lithium-rich brines,
SQM and Albemarle. Several communities of indigenous peoples, workers from mining
companies and a high percentage of tourists also live around the salar

2.2 Extraction process in Salar de Atacama

The brine is pumped from 35 m beneath the crust to evaporation ponds. These brine is
concentrated by solar evaporation and wind from 0.18% Liy 2.5% en K to as 6% lithium, by
means evaporation/precipitation steps. This technology involves several steps of successive
evaporation of the original brine in different ponds with precipitation and harvesting of
different salts (halite, silvinite, carnalite de K, bischoffite, carnalite de lithium) [17 ]-[20].
The evaporation/precipitation steps take up between 9 and 14 months from the beginning of
the extraction process (brine pump out of the underground aquifers). The extraction process
into brines naturally occur at high altitude and in desert areas [21], [22], solar/wind
evaporation is a cost effective method for concentrating brines and precipitating salts [20].
The concentrated brine is transported at chemical Plant (outside to Salar), next to the city
of Antofagasta, for treated with sodium carbonate (soda ash), thereby precipitating lithium
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carbonate. Chemical species that do not spontaneously precipitate in the ponds need to be
removed by chemical treatment. Borates are usually removed by solvent extraction, while
magnesium cations are removed by precipitation with lime. In case of lithium battery grade,
the primary lithium carbonate is re-dissolved and reprecipitated to reach the purity needed.

2.3 Methodology

In this work we focus on evaluating the more significant environmental aspects (SEAs) over
the Salar de Atacama a cause of extraction of the brines for production of lithium. We
considerer impacts over natural resources: water, fauna, flora, and social-cultural. This study
adopted a qualitative case study methodology [23]. Specifically, the case study methodology
was used to explore the characterization and conceptualization of a mining space and the
affected ecosystem. Case studies allow researchers to study a phenomenon and its
environment in a natural environment and obtain valuable information on complex processes
[24]. The data collection process consisted of to collets antecedents and analyzing the data
from reports and articles in relation to mining sustainability, jointly conducting interviews
with people living in the surroundings of the salar, conducting observations in the field,
contrasting with aerospace images and photographs.

During the field campaigns, we visited the mining expansion area that included the mining
operations of both companies that operate the salar. Scientific articles, reports from public
institutions, reports from mining companies that are in the Environmental Assessment
Service were reviewed, along with the testimonies of local actors from the region’s
indigenous communities. The main research questions were focused on the different social
and environmental dimensions of lithium extraction and the impacts on communities.

2.4 Results and analyses

The analysis carried out in China, the mayor destination of lithium minerals and chemicals,
reveals the growth of the electric vehicle (EV) market [25]. The studies confirm the
dependence on lithium imports, so much so that the reserves and demand for lithium in China
show an increasing increase [26]; lithium availability for EVs in the European Union will be
only 0.5 Mt by 2050 [27]. On the other hand, rechargeable batteries have had an explosive
increase from 23% in 2008 to 65% in 2019 [28]. In this context, the competition for lithium
in recent years to ensure its provision, have their sights set on the reserves of the South
American salt flats, and especially on the Salar de Atacama. The companies that operate in
the salar have increased the extraction of brines. Albemarle between 1984-2009 exploited an
average annual brine flow of 142 1/s, increasing to reach 442 1/s by 2020, and ending at 600
I/s. The authorized freshwater rights is 23.5 I/s. For its part, SQM between 1998-2006
extracted approximately 600 l/s of brines, in 2010 they pumped 1400 I/s and today they reach
1600 I/s, having authorized a maximum total exploitation flow of 1700 /s [29]. The water
rights granted and environmentally approved for SQM represent 6% of the total groundwater
granted for extraction in the Salar de Atacama basin [30].

In addition to the foregoing, in the southern sector of the Salar there are freshwater
withdrawals from the copper miners BHP and Minera Zaldivar, which have made efforts to
increase their quota of 1815 and 625 I/s, respectively. The newspaper and news reports show
that the water levels in the Salar are the lowest, and the basin without precipitations has no
possibility of recovery, even more so if the extraction of brines is increasing. Water-related
conflicts mark the different communities in northern Chile [31]-[35]; Although these
conflicts have occurred in general with the mining industry, specifically, it is the shortage of
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water that is the trigger, added to the scarce rainfall, the high rates of evaporation, global
warming and the industrial quantity of extractions in the salt flat for purposes miners, have
increased discontent in the population.

In the case of affectation to the Atacama Salt Flat, we make use of the audit reports for
the years 2013, 2014, 2015 and 2016 of the Superintendency of the Environment, SMA. The
commitment of non-affectation refers exclusively to the Soncor, Quelana Waters
and Vegetation Systems of the Eastern border of the Salar, and is related to the brine and
freshwater extraction activities. The results of the audits showed the affectation of water
courses as a result of the exploitation of its brines [36]. The above shows the deterioration in
the flora associated with wells and catchment sites [36]. In addition, there was a notable
decrease in the water levels in the salt flat, added to the absence of reports of injection and
reinjection during the 2012-2013 period. The inspection body verified the loss of 13
specimens of Algarrobo (Prosopis Flexuosa), corresponding to 22% of the specimens
monitored [37]. The decrease of the water mirror of the lacustrine systems associated with
the vegetative system of the Eastern border of the Salar was verified, especially in the Laguna
Interna. This fact explains large sectors without vegetation and the increasing deterioration
of the flora over time. Events that are repeated in the Pozo Camar with a number of species
in the dry state and with an increase in the very weak category [38]. The progressive
affectation of the state of vitality of the Algarrobos trees, calculation errors in the reinjection
of brines, problems in updating the Contingency Plan for the Peine System, are some of the
affectations found during the audit of the following year [39]. In the last 20 years of
exploitation of the salar, there is a significant decrease in plant coverage in the Salar, fewer
plant and floristic species are found in the eastern sector of the areas close to exploitation,
the most sensitive area, where its deterioration has been faster. Recent studies with satellite
images and spectroradiometry show the increase in the loss of vegetation in the Salar in the
last 20 years as a result of the extraction of its brines [40], [41].

The lithium industry has expanded its operations territorially the last two decades
increasing from 20.54 to 80.53 km?, that is, 4 times more than the scale of production in 1997.
The average expansion rate is 7.07% per year. The operational increase in the extraction of
brines increases the consumption of water for their tasks. During the evaporation process the
brines are concentrated approximately 30 times with respect to the initial lithium
concentration, from 0.2% to 6% approx. To produce a ton of lithium, 2 million L of water
are evaporated from the wells, that is, 2,000 tons of water that cannot be recirculated and
thousands of tons of saline waste are generated [42]. Even when some mention that the brines
are not water, the truth is that during the evaporative process what is lost from the system is
water. During the process of concentration in pools, various discard salts result. The
approximate volume of additional waste salts is 888,321 m*/month at the MOP plant and
135,417 m*/month at the SQM SOP plant [43]. In other words, 12,284,856 m* of waste salts
are deposited monthly, thereby increasing the area of waste salt storage in the core of the salt
flat, constituting 37.9 km? (MOP and SOP plants) [44]. The approximate composition of the
waste salts is sodium chloride with traces of ions characteristic of the salt brine (potassium,
calcium, magnesium, sulphate, chloride, lithium and boron) (personal communication during
visit to the salt), with humidity lower than 10% and solids greater than 90%. In the case of
Albemarle, the amount of sodium chloride accumulated in cakes in the Salar reaches approx.
3.5 million tons, which with the increase in approved production will generate a total of close
to 745,000 tons per year [13] in the next 10 years.

As for evaporation ponds, they have also increased, covering a total of 8.36 ha
of evaporation surface [13] and in SQM they reach 1700 ha [44].This large extensions of
evaporation pools cause ecocide of birds [45].
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Based on a series of technical reports, the Ministry of Mining, through CORFO [46],
published the consolidated report for the Salar de Atacama basin, in which in the natural
regime, the entrances are similar to the exits, 6,810 1/s versus an interval between
6,575-6,975 /s, respectively. However, in a system influenced by anthropic extractions
between the years 2000 to 2015, the outputs are greater than the inputs, ranging between
8,442 1/s and 8,842 1/s [46]. In other words, there is clearly an imbalance in the system.
Between the years 2000 to 2015, there is an increase in the discharge of the salt flat and its
recharge is maintained, so the decrease in the water balance is caused by extraction of brine
and fresh water from the basin.

The impacts observed in the Atacama Salt Flat in relation to lithium mining in the salt
flats are the same as in the Puna de Atacama (north-western Argentina) [47]. The lithium
extraction inevitably harms the soil and also causes air contamination [48]. Indigenous
communities have seen their water supplies diminished for their domestic activities, actually
the regions have not the water, when in the past, the 40% of the total superficial discharge
are estimated to be used by agriculture [49]. The salt flats where lithium is found are located
in arid territories. In these places, access to water is key for the local communities and their
livelihoods, as well as the local flora and fauna. In Chile’s Atacama salt flats, mining
consumes, contaminates and diverts scarce water resources away from local communities
[31]. The extraction of lithium has caused water-related conflicts with different communities,
such as the community of Toconao in the north of Chile [34]. In Argentina’s Salar de Hombre
Muerto, local communities claim that lithium operations have contaminated streams used for
humans, livestock and crop irrigation [48]. Extraction of lithium inevitably damages the soil
and also causes air pollution. In salt flats where lithium is found, they are arid territories. In
these places, access to water is key for local communities and their livelihoods, as well as for
local flora and fauna. Mining consumes, contaminate and diverts scarce water resources from
local communities, causing water-related conflicts in different communities, such as in
Toconao, Peine and other locations. At Olaroz-Cauchari Salt Flats in Argentina, local
communities claim that lithium operations have contaminated streams used to agricult,
livestock and crops [50]-[52].

SQM production costs are between USD 0.5 and USD 0.8 (the most inexpensive in the
world for carbonate produced in brines), establishing an attractive average profit margin
around USD 1.70 per pound produced (a very profitable figure given that the capacity of
installed production is 40,000 tons per year) [53]. While the social costs of the communities
by not having water, they lose their agriculture, livestock, they lose their traditional way of
life and their culture. Finally, if we look at how much is reported to the Chilean state for
operations in the Salar de Atacama, in 2015 SQM reported around USD 15.2 million,
compared to the USD 223 million received by the company. For his part, Albemarle
contributed USD 1.4 million, a very low figure considering that in 2015 the average price
exceeded USD 5,300 per metric ton [54]. It is necessary to highlight that as a result of the
social conflicts over the territories, both companies that extract lithium in the Salar de
Atacama, managed to sign agreements in which one up to now supports a model of local
development program with more conservative projects, under the Responsibility scheme.
Social Business, and with a contribution to current prices of USD 15 million annually,
while the other company signs a shared value agreement for 3.5% of sales of lithium
and potassium [33], [55].

3 CONCLUSION
It is evident that the demand for lithium in the world show an increasing increase, therefore
more availability is required to satisfy lithium consumption mainly in the EV segment, as
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part of the essential for decarbonizing mobility strategy. Lithium is currently extracted from
concentrated brines in desertic ambient, heterogeneous, fragile ecosystems with a unique
biodiversity.

The results show that the increase in the pumping rate as a product of the greater increase
in its extraction, favors the depletion of water in the basin, as a result a saline system is
presented that does not reach equilibrium (greater outputs than inputs). This is corroborated
by studies of various sources and satellite images. As a consequence of the water deficit,
from the results presented and analyzed in this work, it is clearly observed that in recent
years, the Salar de Atacama ecosystem shows loss of vegetation and fauna, changes due to
the decrease in water, a vital element for life, besides that as a result of these changes in
environmental conditions the balance of microbial communities is altered with possible
consequences at different trophic levels.

The process of extraction/concentration of brines through large extensions of evaporation
pools, although economically profitable, operationally it is not efficient (it takes between
9-14 months), but environmentally it causes the ecocide of birds, especially flamingos that
are misled by these large bodies of water, it also generates large amounts of salt product from
the different salts precipitate sequentially.

The lithium industry is a water mining industry, which impacts the ancestral territories
that have been culturally associated with the rituality of water and today are damaged in their
agriculture and grazing, therefore, it is far from being considered an environmentally and
socially sustainable industry. In light of the results presented, can the lithium industry be seen
as synonymous with the green economy?

Finally, it is urgent to change the current extraction process for a more sustainable one, or
to recover the huge amount of water lost by evaporation in a desert region.
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