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Abstract

The extraction of lithium from salt flats such as the Salar de Atacama (SdA) has raised
concerns about its potential impact on the local water balance. This study evaluates the
possibility of including localized mining impacts on groundwater tables, lagoons, brine–
freshwater mixing, evaporation, precipitation feedback, and recharge in a localized water
footprint case study of lithium mining in the SdA. Using ready-to-use hydrogeological
models, we primarily assessed the effects of lithium extraction on groundwater levels,
evaporation, precipitation, and basin recharge dynamics. The influence on evaporation and
recharge appears to be limited, with surplus evaporation due to mining accounting for a
maximum of 4% of basin-wide evaporation. Regarding groundwater tables, drawdown
exceeding 25 cm to several meters has largely been confined to areas that are not critical for
local ecosystems. Available hydrogeological models have also helped to estimate whether
the extraction of freshwater by mining companies can exacerbate groundwater drawdown
during brine extraction. Consequently, non-overlapping, geographically distinct depres-
sion cones have been identified, but total water consumption by all users in the basin
has not been considered. Furthermore, the aspect of model uncertainty requires further
investigation, as do changes in lagoon areas and brine–freshwater mixing, which are not
yet comprehensively captured by existing models.

Keywords: water footprinting; lithium mining; lithium brine; Salar de Atacama; water
scarcity; sustainability

1. Introduction
Lithium is a critical resource [1–3], with global demand increasing progressively in

recent years [4]. The majority of the world’s known lithium reserves (approx. 60%) are
found in continental brines [5,6], with the Salar de Atacama (SdA) in northern Chile being
the largest producing brine deposit in the world [7,8]. The SdA forms part of the Atacama
Desert, known as the driest and oldest desert in the world [9–11]. The main features of the
natural water balance of the SdA basin are determined by evaporation and precipitation,
with no relevance of discharge to the sea [12,13]. The Atacama salt flat itself represents the
basin’s sink [13,14]. It contains the salt flat nucleus from which lithium brine is extracted at
an altitude of about 2300 m above sea level [13]. Within the salt flat, groundwater tables
lie close to the land surface, which allows for phreatic evaporation from groundwater [15].
Precipitation, on the other hand, comes mainly from the surrounding mountain ranges,
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which occasionally form surface drainage networks and infiltrate into the groundwater
downhill within an alluvial zone [13]. Due to the density contrast between the brine
formed over long periods of time by evaporation and the inflowing freshwater from the
mountains, a saline interface with a mixing zone is commonly present at the margins of
the salt flat [15–18]. When groundwater recharged from the mountains reaches this zone,
the density difference creates an upward groundwater flow that supports many lagoons
with valuable ecosystems [13,15]. These include particularly unique ecosystems, such as
the Reserva Nacional de los Flamencos, an official Ramsar site [13]. Increased lithium
brine extraction has raised concerns about its potential impact on surrounding water
bodies (e.g., on local groundwater levels and lagoon surface areas) [19–22]. The SdA hosts
important groundwater-fed lagoons and wetland systems, including the lagoon systems of
Soncor, Quelana, Peine, and Tilopozo [23]. Furthermore, the potential impact of lithium
mining on local flora and fauna [19,20,24], local communities [19–21], and the mixing of
lower-salinity water with lithium brine has been discussed in the literature [25,26].

In the SdA, the process of mining lithium involves pumping lithium-rich brine into a
series of evaporation ponds [27]. Over time, various salts precipitate out and are removed
as the lithium becomes increasingly concentrated [27]. A large proportion of the water
content of the extracted lithium brine is consumed through evaporation from the ponds’
surface [27,28]. Water footprinting based on life cycle assessment (LCA) is an appropri-
ate tool for assessing water-related environmental impacts (e.g., water scarcity impacts)
along a product’s life cycle [29] and has been widely used in the lithium mining con-
text [26,28,30–37]. However, default LCA-based water footprints cover global production
systems and typically do not reflect the local characteristics of such an extreme environment.
They focus on freshwater scarcity impacts along the supply chain, with the majority of
studies not accounting for the consumption of brine [26,33–37], usually due to its high
salinity, making it unfit for human use [33,34,36,37]. While this approach is scientifically
sound and in line with the ISO water footprint standard 14046 [29], the majority of water-
footprint-related work still recognizes the fact that brine extraction may have induced
effects on local ecosystems [38]. Although a comprehensive water footprint assessment
according to ISO should take into account all environmentally relevant attributes [29],
such localized effects of brine extraction are not yet fully addressed within applied water
footprinting [38].

In Link et al. [38], we suggested a set of localized accounting principles for water
footprinting, specifically relevant in the context of lithium brine mining. The principles
were developed based on the ISO 14046 standard [29] and known hydrological features of
the salar. They address water functionality (i.e., how water of different salinity or quality
supports various human and ecosystem functions) and the induced effects of extracting
lithium brine on the hydrological system. A total of ten principles were defined, which are
presented below as principles (a) to (j).

(a) Defining functional water quality descriptors for different water types along the salin-
ity gradient within the study region, offering insights into how ecosystem functions
may be affected by changes in water volume, surface area, or depth;

(b) Quantifying lithium brine extraction and evaporation losses from lithium ponds;
(c) Modeling the spatially resolved effect of brine extraction on groundwater level decline

in the surrounding environment;
(d) Estimating changes in phreatic evaporation from shallow groundwater due to ground-

water level drawdown;
(e) Assessing the effect of brine extraction on the surrounding lagoon surface area;
(f) Quantifying potential mixing effects between brine and lower salinity water due to

lithium brine extraction;
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(g) Addressing changes in net evaporation that are determined by summing artificial
evaporation from lithium ponds, reductions in phreatic evaporation due to draw-
down of the groundwater level, and reductions in evaporation due to the shrinking
lagoon area;

(h) Estimating how changes in net evaporation affect precipitation feedback and basin
recharge in the basin;

(i) Linking induced hydrological effects to a functional unit representing the quantified
performance of a product system (e.g., the impact of production in relation to a
specified amount of intermediate lithium product);

(j) Incorporating future scenario analyses to evaluate potential long-term impacts of
brine extraction.

The aim of this work is to test the applicability of accounting principles (a) to (j) in a
localized LCA-based water footprint case study of lithium mining in the SdA. This will
be achieved by applying primary data-based hydrogeological models currently available
for the region. Where these models do not adequately address specific aspects of the
accounting principles, a review of the literature will be conducted to identify the current
state of knowledge and derive recommendations for future research.

2. Materials and Methods
2.1. Case Study Region, Models, and Definition of Functional Water Quality Descriptors (a)

The location of the case study area is shown in Figure 1, where the salt flat nucleus
represents the area suitable for lithium mining. Lithium brine extraction occurs in the
western part of the salt flat nucleus. Beige labels mark the brine abstraction and rein-
jection points of the two operating lithium mining companies, Albemarle Corporation
and Sociedad Química y Minera (SQM). Black-dashed isodensity lines indicate different
fluid zones at the intersection with the groundwater surface [39]. The fluid zone fully
equilibrated with the brine encompasses the salt flat nucleus and extends slightly beyond
it (Figure 1) [39]. This zone corresponds to densities of ρ ≥ 1.2 g/mL [39], equivalent to
electric conductivity (EC) ≥ 214,000 µS/cm or total dissolved solids (TDS) ≥ 320,000 mg/L,
indicating salinity many times higher than seawater [29,33,40]. Other isodensity lines corre-
spond to ρ = 1.065 g/mL (EC = 126,000 µS/cm; TDS = 130,000 mg/L) and ρ = 1.005 g/mL
(EC = 5000 µS/cm; TDS = 2500 mg/L).

The relationship between EC (mS/cm) and TDS (g/L) is given in Equation (1), after
Marazuela et al. [41]:

TDS = 3 ∗ 10−5 ∗ EC3 − 0.0049 ∗ EC2 + 1.1947 ∗ EC − 3.4357 (1)
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Figure 1. Spatial coverage of hydrogeological models (HMs) used in the SdA case study;
yellow dashed line: salt flat nucleus zone model [42]; purple dashed line: Aguas de Que-
lana model [43]; orange dashed line: alluvial zone model [44]; symbols indicate brine extrac-
tion/reinjection points and freshwater extraction sites by mining companies; black dashed isodensity
lines mark fluid zones at groundwater surface level corresponding to varying salinity levels [39]:
ρ ≥ 1.2 g/mL (EC ≥ 214,000 µS/cm; TDS ≥ 320,000 mg/L): full brine equilibrium; ρ = 1.065 g/mL
(EC = 126,000 µS/cm; TDS = 130,000 mg/L); ρ = 1.005 g/mL (EC = 5000 µS/cm; TDS = 2500 mg/L);
the inset in the top left shows the model boundaries within the SdA catchment area, as well as the
water quality zoning (zones A and B), as defined in Table 1.
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We classify areas beyond the salt flat nucleus, beginning at the isodensity line
of ρ = 1.005 g/mL (EC = 5000 µS/cm; TDS = 2500 mg/L), as part of the freshwater system,
although they exceed the conventional freshwater threshold of TDS ≤ 1000 mg/L [29]. The
SdA is an extreme environment where most waters surpass this limit [29,39]; neverthe-
less, waters with slightly higher TDS values can still fulfill freshwater functions such as
irrigation according to local norms [45,46]. Figure 1 depicts the locations of mining com-
panies’ freshwater wells, while additionally indicating the positions of relevant lagoons
and surrounding communities. About the lagoons, Figure A1 of Appendix A provides an
additional zoomed-in view of the main lagoon systems linked to the salt flat nucleus.

To test accounting principles (a) to (j) introduced in Section 1, we primarily used
output data from numerical hydrogeological models provided by the mining company
SQM [42–44]. These models are built and calibrated using primary data such as field
measurements and monitoring records and focus on groundwater table modeling under
different brine and groundwater extraction scenarios. They encompass the core area of
lithium mining (salt flat nucleus) and adjacent areas, including larger lagoon systems [42],
the “Aguas de Quelana” sector with its numerous permanent and seasonal lagoon sys-
tems [43], and the alluvial zone to the east [44]. The spatial coverage and boundaries of the
models are shown in Figure 1 with yellow (nucleus), purple (“Aguas de Quelana”), and
orange (alluvial zone) dashed lines. Brief model descriptions can be found in Appendix B.

As a first step for conducting the case study, we derived functional water quality
descriptors according to accounting principle (a). Rather than relying on fixed salinity
thresholds to define water functionality, we derived a simplified spatial zoning approach
that more effectively captures both direct and indirect aspects of water functionality. The
zoning is shown in the inset in the top left of Figure 1 and described in more detail in
Table 1. Water functionality zone A refers to the area outside the salt flat nucleus, whose
boundaries are marked by the thick grey line in Figure 1. It extends across all fluid zones,
with a major part not in equilibrium with brine. This zone hosts both local lagoon systems
and occasionally groundwater-dependent vegetation [13,47,48]. Some of the water in this
zone is of a salinity that meets local requirements for human use. For instance, according
to Chilean norms, water used for drinking purposes needs to have a TDS ≤ 1500 mg/L
(NCh409; [46]) and water used in agriculture a TDS ≤ 5000 mg/L (NCh1333; [45]). On
the other hand, water from local lagoon systems can also reach hypersaline conditions,
e.g., within the Soncor lagoon system located near the salt flat nucleus [49]. With respect
to the brine–water mixing zone, there are lagoons that are indirectly supported by brine,
which induces upward groundwater flow of lower salinity water [13,15]. Overall, there
is no lithium brine extraction associated with zone A. To protect local ecosystems and
ensure access to groundwater for nearby communities, we suggest that extraction outside
zone A should not negatively affect water heights, surface areas, and volume levels within
the zone.

Table 1. Characteristics of the defined functional water quality zoning.

Characteristics Water Functionality Zone A Water Functionality Zone B

Fluid system Covers all fluid zones with a major part
not in equilibrium with brine

Exclusively refers to the fluid zone in
full equilibrium with brine

Local specification Represents areas outside of the salt
flat nucleus

Represents the area of the salt
flat nucleus

Functional water quality
descriptors for humans

Partially meets the requirements for direct
human use according to Chilean norms
(e.g., when TDS ≤ 5000 mg/L) [45,46]

Highly saline brine that is not intended
for direct human use
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Table 1. Cont.

Characteristics Water Functionality Zone A Water Functionality Zone B

Functional water quality
descriptors for ecosystems

Outside the salt flat nucleus, possibly
supporting local vegetation
assemblages [50]
Supporting lagoons that provide habitats
for local animal species adapted to high
salinity conditions, either directly or
indirectly (by inducing upward
groundwater flow) [19]

Does not support local flora in surface
ecosystems [50]
There are no critical lagoon systems in
the overlying area [50]

Consideration of brine
consumption in the context of
water scarcity

Not applicable as there is no consumption
of brine in this zone

Consumption of brine as such is not
considered as it does not directly
deprive humans and local flora and
fauna of water for direct uses

Consideration of induced
(indirect) effects of brine
consumption in the context of
water scarcity

Brine extraction shall not affect water
levels, surface areas, and volumes within
this zone, to protect local surface
ecosystems and ensure access to
groundwater for human purposes
(freshwater system)

Reductions in groundwater heights
and volumes are acceptable, provided
these effects do not extend into zone A

Water functionality class B, on the other hand, exclusively refers to the fluid zone
in full equilibrium with brine. As shown in Table 1, this zone contains water that is
not intended for direct human use due to its high TDS content. We neglected the direct
function of the underground brine reservoirs for adapted microorganisms that inhabit them
(e.g., halophytic bacteria [51]) and instead focused on their potential functions for surface
ecosystems. However, brine in the salt flat nucleus does not directly support above-lying
lagoon ecosystems or groundwater-dependent vegetation assemblages [50]. To sum up,
the consumption of brine does not deprive humans and local flora and fauna of water for
direct use. Furthermore, we assume that reductions in groundwater tables in zone B are
acceptable to a certain limit as long as effects do not spill over into zone A.

2.2. Quantifying Lithium Brine Extraction and Evaporation Losses from Lithium Ponds (b)

With respect to lithium brine extraction, we considered both extraction from Albemarle
Corporation and SQM (see Appendix C for assumed (net) extraction rates). The main
abstraction points of lithium brine are marked by beige labels in Figure 1. The amount
of water that evaporates in the evaporation ponds depends on the average water content
of the pumped brine (⊘water ≈ 70%; TDS ≈ 300,000 mg/L [52]), its initial lithium content
(approx. 0.17% [53]), and the target lithium content at the end of the evaporation process
(6%) [7]. Based on these assumptions, about 97% of the water is evaporated during the
evaporation process in the ponds, which corresponds to about 0.68 kg water per kg brine
abstracted. Using net brine extraction data from Companies A and B, we calculated the
volume of water that evaporated during the up-concentration process in the lithium ponds.
SQM provided us with hydrogeological model outputs reflecting the conditions in 2020,
which we used as a reference year [54].

2.3. Modeling the Effect of Brine Extraction on Groundwater Level Decline (c)

To assess the potential for groundwater levels to decline due to lithium mining,
we used output data from SQM’s hydrogeological models (Appendix B). The relevant
model [42], developed by SQM’s hydrogeological department, focuses on trends in ground-
water table elevations within the nucleus system (nucleus hydrogeological model; yellow
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dashed line in Figure 1), which encompasses both the salt flat nucleus and the brine–water
mixing zone. In terms of lowering water tables, the most suitable available output of the
hydrogeological model for characterizing present-day conditions referred to the period
between 1986 (when operations began) and 2020 (the reference year), forming the baseline
scenario. However, the modelling of scenarios includes projections of drawdown beyond
this period (Section 2.9). In addition to climatic conditions, we assumed that groundwater
levels in the nucleus system are primarily driven by brine pumping. To distinguish be-
tween these effects, the outputs of a model that simulated brine extraction and its impact
on local groundwater tables were separated from those of a natural forcing scenario [42].
The available brine forcing scenario also included Albemarle freshwater withdrawal. All
outputs at the respective model nodes were transformed into area-related averages using
Thiessen polygons. Then, we aggregated the results on a continuous rectangular grid of
400 m × 400 m resolution.

2.4. Estimating Changes in Phreatic Evaporation from Shallow Groundwater Tables (d)

Based on the estimation of groundwater drawdown due to lithium brine extraction, we
derived potential changes in phreatic evaporation. We used an existing local dataset from a
study by SRK Consulting to determine evaporation as a function of varying groundwater
levels [55]. This dataset covers the full extent of the hydrogeological model that was used
to assess variations in the groundwater table within the nucleus zone (delineated by the
yellow dashed line in Figures 1 and 2) and extends slightly beyond its boundaries. It
divides the area into zones with similar evaporation behavior, as shown in Figure 2.

Figure 2. Evaporation zones distinguished; the yellow dashed line refers to the delineation of the
hydrogeolocial model of the nucleus zone [42], with which parallel modelling of the groundwater
table depth took place; the gray line marks the edge of the salt flat nucleus.

The relationship between evaporation and varying groundwater levels in each zone
was defined empirically. Two empirical relationships were used to characterize evaporation
behavior: the method by Philip [56], presented in Equation (2), and the approach based on
Morel-Seytoux and Mermoud [57], presented in Equation (3).

Evaporation rate [mm ∗ d−1] = a ∗ eGWdepth
b

(2)
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Evaporation rate
[
mm ∗ d−1

]
= a ∗ GWdepth

−b (3)

In both equations, a and b are fitting parameters that are adjusted to match observed
data. Appendix D summarizes, for each evaporation zone, the selected empirical equation,
the maximum evaporation rates, the fitted parameter values (a and b), and the start
adjustment groundwater table depth in cases where the Morel-Seytoux and Mermoud
method [57] was applied.

2.5. Estimating Effects on Surrounding Lagoon Surface Area (e)

Lagoon systems and potential reductions in lagoon surface area have not yet been im-
plemented in the available hydrogeological models. Therefore, we only explored this aspect
through the literature by considering research by Guiterrez et al. [20] and Guzmán et al. [23]
that analyzed effects on lagoons in the SdA. In addition, we considered stable groundwater
levels in the vicinity of the lagoon systems as a potential indication that the systems may
not be significantly affected by brine extraction.

2.6. Quantifying Potential Mixing Effects Between Brine and Lower Salinity Water (f)

As mixing effects were not yet quantifiable with available hydrogeological models,
the issue was briefly summarized using a selection of relevant literature [25,26,32,58,59].

2.7. Estimating Changes in Net Evaporation (g) and Effects on Precipitation Feedback and Basin
Recharge (h)

The aspect of net evaporation was addressed by determining the difference between
artificial surplus evaporation from lithium ponds and potential reductions in phreatic evap-
oration due to brine extraction. Changes in surface water evaporation were not included.
Finally, short-term precipitation feedback and recharge were incorporated using a global
dataset on atmospheric moisture tracking [60] and knowledge of the average recharge
fraction of local precipitation. The moisture tracking dataset used contains the spatially
resolved areas of reprecipitation for land evaporation across a 1.5◦ × 1.5◦ grid [60]. Using
annual averages, we aggregated this information to the shape of the SdA basin and deter-
mined the fraction of evaporated water that rains back within the same basin. According to
Berger et al. [61], this process is referred to as basin internal evaporation recycling (BIER).
To estimate the average recharge fraction of precipitation, we used the average values re-
ported by Moran et al. [62] and incorporated findings from hydrogeological investigations
conducted by SQM [63].

2.8. Linking Induced Hydrological Effects to a Functional Unit (i)

Considering functional water aspects next to induced changes in groundwater levels,
evaporation, precipitation feedback, and recharge, the accounting in the case study focused
on the following numbers. First, the average groundwater drawdown related to functional-
ity zone A was considered. This served to demonstrate the average effect of brine extraction
on groundwater levels in areas critical to the local ecosystem. Second, changes in basin
recharge outside the salt flat nucleus were analyzed. For simplicity, it was assumed that
all basin recharge occurs outside the salt flat nucleus, where precipitation is significantly
higher. The effects on recharge were related to the overall water budget of the region,
taking into account annually renewable water resources as reported by Moran et al. [62].

The results were related to one ton of harvested concentrated lithium brine that was
set as a functional unit. In addition, to assess whether the effects of brine extraction can
be separated from the effects of other water extraction, we considered the 2020 outputs
of the hydrogeological models for the Aguas de Quelana system (dashed purple line in
Figure 1) and the alluvial zone (dashed orange line in Figure 1). These outputs considered
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additional groundwater extraction for freshwater purposes in comparison to scenarios
including natural forcing plus brine pumping (Aguas de Quelana) or natural forcing alone
(alluvial zone). We made the simplified assumption that in the alluvial zone, groundwater
levels are mainly influenced by groundwater extraction for freshwater purposes and that
the influence of brine abstraction is negligible so far. This assumption is supported by
existing studies that have limited the brine-induced groundwater drawdown since 1986
mainly to the west and center of the nucleus system, further extending eastward to the
edge of the mixing zone [64,65]. As a conservative measure, all brine-induced effects of
mining were attributed to the lithium product, with no share of the impacts being allocated
to potential co-products.

2.9. Incorporation of Future Scenario Analyses (j)

Finally, future analyses were presented comparing the outputs on groundwater levels
from the numerical model of the nucleus system for the years 2030, 2042, 2050, 2075, and
2100 to the year 2020. Brine and water abstraction data fed the numerical models until 2030
(end of contractual period for SQM) and 2042 (end of contractual period for Albemarle),
respectively. The extension of the time horizon beyond these points served to identify
possible delayed effects of brine abstraction or recovery times of groundwater tables that
may occur after the operational period. Brine and groundwater extraction rates that fed the
models are shown in Table A1 of Appendix C.

3. Results and Discussion
The results are presented and discussed in subsections that follow the sequence of

accounting principles (a) to (j), with the headings indicating the corresponding content.

3.1. Water Functionality Zoning (a)

The applied water functionality zoning (Table 1, Figure 1) represents a simplified
zoning using two functionality zones. As far as possible, it accounts for all changes in water
level, surface area, or volume outside the salt flat nucleus, where sensitive ecosystems or hu-
mans may be affected. We consider this a rather conservative assumption. However, other
approaches to water functionality zoning may be equally valid and scientifically sound.

3.2. Evaporation from Lithium Ponds (b)

Based on the methodology described in Section 2.2, the evaporation from lithium
ponds (reference year 2020) was estimated to be 44,000,000 m3 per year.

3.3. Spatially Resolved Effect of Brine Extraction on Groundwater Level Decline (c)

Figure 3 shows the groundwater levels for the reference year 2020, under both a natural
forcing scenario and a scenario that includes brine extraction. The absolute difference
between the two scenarios is plotted in Figure A2 of Appendix E. This indicates that
drawdown is largely confined to the salt flat nucleus, especially in the west near SQM
wells, which extract more brine than Albemarle’s operations, with declines exceeding seven
meters in certain locations. Outside the salt flat nucleus, the drawdown is generally less
than 25 cm, with an average of 13 cm, and a few outliers of up to 4 m.

The outliers in the southwestern part of the model can be explained by the freshwater
extraction of Albemarle, which was part of the brine forcing scenario. A slight lowering of
the groundwater table also takes place in areas where lagoon systems are present. However,
this drawdown does not extend extensively across the boundary of the salt flat nucleus,
so the potential effects of brine extraction on sensitive ecosystems are considered to be
rather small up to this period. Nevertheless, potential uncertainties of the hydrogeological
model should be considered. These uncertainties were discussed with the modelers and
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can be summarized as follows: the nucleus model is a regional model primarily focused
on brine density. It has a transitional zone in the east, which can be challenging to handle.
Thus, while it is possible to develop representative flow and hydraulic head trends in this
zone, it is difficult to calibrate the magnitude of the head accurately, which can result in
errors of up to 5 m. Additionally, the nucleus model has a long processing time. Due
to this limitation, conducting a comprehensive uncertainty analysis becomes impractical.
Improvements could involve optimizing the model’s run time to allow for a more thorough
analysis of the system and its uncertainties. Adding an uncertainty analysis component
to the modeling process would allow the range of possible outcomes to be quantified and
better understood, providing a more comprehensive assessment. In addition, fine-tuning
of some conceptual aspects of the model, such as geometry, groundwater recharge, and
surficial recharge, could be targeted to improve the accuracy and reliability of the model.

 

Figure 3. Modeled groundwater level evolution under natural forcing and brine pumping for
the reference year 2020; the gray outline shows the salt flat nucleus, beyond which the effects of
groundwater lowering due to brine extraction must be avoided; the hydrogeological model system
boundary is the yellow dashed line.

3.4. Changes in Phreatic Evaporation (d)

Phreatic evaporation under natural conditions within the delineation of the model for
the nucleus system was estimated to be 34,570,000 m3 per year. This is slightly less than
the annual evaporation from lithium ponds. Brine extraction and lowering of the water
table can reduce phreatic evaporation to 8,910,000 m3 per year, representing a reduction of
approximately 74%. However, it should be kept in mind that these figures allow, at best, a
rough classification of the possible orders of magnitude for the change in evaporation. In
the study area, evaporation can change exponentially with the depth of the groundwater
table, so shifts in the water table of just a few centimeters can result in significant changes
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in evaporation (see Appendix D). Thus, the results are subject to some uncertainty. The
fact that changes in groundwater levels and evaporation may also be present beyond the
boundaries of the model may add to this. The uncertainty of the variable evaporation is also
reflected in the literature, which gives a wide range of values for the evaporation discharge
in the basin, ranging from 1.6 to 22.7 m3·s−1 (approx. 50 million to over 700 million m3 per
year) [64,66].

3.5. Effects on Surrounding Lagoon Surface Area (e)

As lagoon systems have not yet been incorporated into existing numerical hydrogeo-
logical models, the results are based on a comparison of the available literature on this issue
in the SdA. Guiterrez et al. [20] explored the impact of climate change and lithium mining
on surface water availability, primary productivity, and populations of three flamingo
species in the Lithium Triangle. The study used climate and primary productivity data,
remote sensing data on surface water levels, and a 30-year dataset on flamingo abundance
and evaluated them using structural equation modeling. The authors found that the abun-
dance of flamingo species varied significantly from year to year in response to varying
surface water levels and primary productivity in the region. However, there were no
observable long-term trends. In addition, the results postulated that mining in the SdA is
negatively correlated with the population of two out of three flamingo species.

Guzmán et al. [23], on the other hand, investigated the dynamic behavior of the
main lagoon systems in the SdA using Landsat satellite imagery processing and statistical
analysis for the period between 1986 and 2018. Multivariate analysis indicated no negative
impact of brine extraction on lagoon area evolution [23]. The authors noted that the limited
resolution of Landsat imagery and the exclusion of small surface water bodies from the
analysis may have introduced errors in the surface measurements [23]. Therefore, they
suggested that future research should compare results from different image sources or
technologies with better spatial resolution [23]. High spatial resolution is particularly
important in the Aguas de Quelana lagoon system because there is a large number of
dispersed, highly dynamic, and non-permanent lagoons [67].

Since there are conflicting results regarding the influence of lithium brine extraction on
the evolution of lagoon surface area, we recommend that future research focus more heavily
on the development of numerical hydrogeological models that couple brine/groundwater
dynamics with surface water behavior. However, the fact that groundwater levels around
sensitive lagoon systems did not decrease significantly may indicate that the impact of
brine extraction on these systems has been rather small so far. Assuming that lithium
extraction is not the predominant driver of changes in lagoon surface area to date would
also be consistent with the work of Moran et al. [62], who emphasized the importance of
other influencing factors, such as climate and the full range of water users (e.g., the copper
industry), in the basin.

3.6. Potential Mixing Effects Between Brine and Lower Salinity Water (f)

Several studies have suggested that brine could mix with lower-salinity waters in
the SdA. Depending on the permeability of the salar’s boundaries, Houston et al. [25]
proposed that brine extraction and the resulting depression cone could facilitate this
process. Chordia et al. [26] recommended including mining-induced freshwater seepage
into the brine aquifer when calculating freshwater consumption, but were unable to do
so due to a lack of data. Mas-Fons et al. [32] included freshwater seepage in their water
consumption scenarios but did not specify how. We assume that they made a conservative
assumption, namely that for every cubic meter of brine extracted, an equivalent amount of
freshwater would seep in. A valuable tool to identify and characterize the occurrence of
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mixing processes may be isotopic analysis [58,59]. Finally, it is recommended that enhanced
future numerical hydrogeological models incorporate such multi-density flow dynamics.

3.7. Net Evaporation (g) and Effects on Precipitation Feedback and Basin Recharge (h)

Net evaporation, the difference between additional evaporation from evaporation
ponds minus the reduction in phreatic evaporation due to drawdown of the water table, was
estimated to be 18,340,000 m3 per year. Since potential reductions in phreatic evaporation
beyond the boundaries of the nucleus model were not considered, this value could also be
significantly lower. This implies that evaporation from lithium ponds and reductions in
phreatic evaporation could further offset each other. The overall relevance of the determined
net evaporative flux can be assessed by comparing it with the total evaporation in the
catchment. Taking Marazuela et al. [13] into account, we can estimate a value of 14.9 m3 s−1.
This corresponds to an evaporative flux of approximately 470 million m3 per year, making
the positive net evaporative contribution from lithium mining marginal and less than 4%
of the total.

Part of the net evaporative flux rains back in the originating basin, which refers to the
BIER. Figure 4 shows the average fraction of BIER for the SdA basin based on numerical
moisture tracking [60]. On average, about 0.65% of the water evaporated in the SdA may
return to the basin through reprecipitation. However, this also means that most of the
atmospheric moisture rains down on remote areas, such as the Argentinian region in the
east of the basin. Furthermore, only a fraction of the precipitation that returns to the
basin of origin contributes to the building of new surface and subsurface runoff and thus
to basin recharge. Based on Moran et al. [62] and further hydrogeological research [63],
the recharge fraction of the rainfall within the basin ranges from 8.8% to a maximum
of 70%. Therefore, the runoff relevant part of the basin internal evaporation recycling
(BIERrunoff) represents a percentage share between 0.06% and 0.46%. Multiplying this
by the potential net evaporation from lithium mining gives an indication of how mining
activity could potentially affect basin recharge. In this context, lithium brine mining could
potentially stimulate an additional recharge of between 10,500 and 83,500 m3 per year. This
compares to a total catchment recharge of approx. 85 to 517 million m3 per year (2700
to 16,400 L·s−1) [62,63]. Thus, the potential for lithium mining to affect basin recharge
through increased evaporation and precipitation feedback is very low and, in our view,
negligible. Based on our analysis, no more than 0.1% of catchment recharge could be
attributed to this. This contrasts sharply with the findings of Guzmán et al. [68], who
postulated that surplus evaporation from lithium ponds could reduce (fresh)water stress in
the basin through induced precipitation pulses. Based on statistical analysis, they attributed
20.5% of regional precipitation in the SdA to lithium mining [68]. If true, this would imply
a far greater impact on basin recharge than we have suggested. However, we believe
that an effect of this magnitude is highly unlikely and is due to weaknesses in the study
design. One major weakness of the study by Guzman et al. [68] is the assumption of a
closed system with respect to the SdA basin, which is not an appropriate assumption for
the atmospheric compartment.

3.8. Relating Results to a Functional Unit (i)

For one ton of lithium concentrate (6%), as obtained at the end of the residence time in
the evaporation ponds, approx. 3.125 tons of lithium brine must be extracted. Regarding
changes in the depth of the groundwater table, we have established a relationship between
the total amount of brine extracted by mining companies during their operational period
and the average drawdown outside the salt flat nucleus. Considering 913,200,000 m3 or
tons of brine extracted in the period from 1986 to 2020, the average drawdown per ton
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of brine is 1.44 × 10−10 m. With respect to the functional unit, this results in an average
drawdown of 4.5 × 10−10 m per ton of concentrated lithium brine.

Figure 4. Average share of reprecipitation of evaporated water in % from the source basin (SdA)
outlined in red; based on numerical moisture tracking, the average basin internal evaporation
recycling in the SdA basin is about 0.65%, while the rest of the atmospheric moisture is transported to
remote regions of the Earth.

In terms of volumetric accounting, a relation is shown between lithium mining, in-
creased evaporative fluxes, and basin recharge. Approx. 0.5 to 4 L of water recharge can
be attributed to lithium mining in the SdA basin per ton of concentrated lithium brine
production. Compared to direct and indirect water consumption [33,37], this amount of
positive water gain is insignificant.

In the following, we will examine the extent to which the effects of brine extraction can
be separated from other water consumption. Figure 5 shows the scenario of groundwater
drawdown due to sole brine extraction compared to a scenario considering parallel water
abstraction by mining companies from groundwater wells. Except for a small overlap
in the southwestern part of the alluvial model, the depression cones do not overlap to
date, allowing the effects to be largely separated. Examples of model uncertainty for the
two additional models used in this context were provided by the developers and cover
the following aspects. First, the southern domain of the Aguas de Quelana model is
constrained by a no-flow boundary condition, and it is important to recognize that this
simplification introduces a degree of uncertainty in that part due to a delayed effect of the
boundary condition. Overall, this simplification was intended by the model developers, as
the initial area of interest for which the model was developed was more in the northern part.
Furthermore, the Aguas de Quelana model is a density-dependent complex model, making
it more challenging to represent with intricate detail. Although monitoring wells vary
widely, the model captures the dynamics of the system. For the hydrogeological model of
the alluvial system, conceptual aspects, such as geometry or groundwater recharge, could
be further refined to improve its accuracy and reliability. In addition, the alluvial zone may
be directly affected by other water users in addition to mining, which is not yet accounted
for in the available models.
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Figure 5. Influence of additional groundwater extraction by mining companies Albemarle Corpora-
tion and SQM on groundwater drawdown (b), compared to drawdown from brine extraction alone
(a); reference year: 2020. Yellow, purple, and red dashed lines indicate boundaries of the hydrogeo-
logical models for the nucleus zone, Aguas de Quelana sector, and alluvial zone, respectively; the
gray line marks the salt flat nucleus, beyond which groundwater drawdown from brine extraction
shall be avoided.

3.9. Future Scenario Analyses (j)

Figure 6 shows the modeled groundwater changes for 2020 and the considered future
scenarios for the years 2030, 2042, 2050, 2075, and 2100. Continuing from 2020, the results
initially show a further spread of the groundwater drawdown, but this remains largely
confined to the rather uncritical area of the salt flat nucleus. After the end of the SQM
operation period (2030), a slight recovery of the groundwater level is observed until 2042
(e.g., in the center of the salt flat nucleus). After Albemarle’s contract expires in 2042, the
results for the following points in time show the potential for water table recovery after
brine pumping has stopped. In the reference years 2050, 2075, and 2100, a gradual recovery
of water levels is observed, eventually reducing the drawdown relative to the natural
state in 2020 for most of the area to less than 0.5 m (2075) and 0.25 m (2100). However, it
should be noted that the model uncertainties mentioned in Section 3.3 apply here as well.
In addition, there are other uncertainties, such as future climate change and its impact
on groundwater levels. We also emphasize that the assumption of the end of lithium
mining by 2042 is not a realistic future scenario. We expect lithium brine operations to
continue beyond the end of the SQM (2030) and Albemarle (2042) contracts. However,
future technologies such as direct lithium extraction (DLE) [69] may be implemented in
the future to reduce net lithium extraction and allow reinjection at locations where critical
groundwater drawdown occurs. The incorporation of such aspects into hydrogeological
modeling is a major future challenge.



Water 2025, 17, 3311 15 of 24

 

Figure 6. Groundwater level changes (∆GW) due to brine extraction for 2020 and future scenarios;
changes in drawdown for all years are relative to the 2020 natural forcing scenario; the grey outline
shows the salt flat nucleus, while the hydrogeologic model system boundary refers to the yellow
dashed line.

4. Conclusions
This study tested localized water footprinting principles to assess the impact of lithium

brine extraction on the SdA water balance. Unlike existing studies, which focus on basin-
wide assessments of anthropogenic activities, total water and brine budgets, and their
sources [62], this work aimed to analyze the feasibility of using ready-to-use models to
establish the quantitative relationship between brine extraction and its induced hydrological
effects. This is particularly relevant for localized, comprehensive water footprint studies,
where information on changes in water table, lagoon area, or volume per unit of brine
extracted is needed to characterize ecosystem impacts. When testing the applicability of
previously defined accounting principles, it was found that they could not all be applied
equally. However, several were feasible, including estimating the effects on evaporation,
basin recharge and groundwater drawdown. While mining has negligible effects on
evaporation, precipitation, and basin recharge, continuous monitoring and modeling of
groundwater levels are recommended. Existing numerical groundwater models suggest
that current and near-future drawdown is expected to be confined to areas where it is
unlikely to affect the local flora and fauna or nearby communities. However, they lack the
extraction scenarios needed to identify potential tipping points, critical thresholds beyond
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which ecosystems may undergo long-term or irreversible disturbance. In this context, an
analysis of the sustainability implications of DLE technologies is needed to determine
whether they could help minimize risks associated with brine extraction.

The use of hydrogeological model outputs is subject to additional limitations. While
obtaining first-hand numerical modeling data calibrated with on-site monitoring is ben-
eficial, heavy reliance on company-provided data represents a core limitation. Model
uncertainty remains a critical issue, and several aspects are not yet fully incorporated
into available models, including water consumption by users other than lithium mining,
potential mixing of brine and lower-salinity water, and the coupling of groundwater with
surface water models to better capture influences on local lagoon systems. Addressing these
gaps represents important tasks for future work. Nevertheless, the case study provides
an example of integrating highly localized effects into water footprinting, going beyond
conventional applications.
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Appendix A. Main Lagoon Systems Linked to the Salt Flat Nucleus

 

5 km0 2.5 (3) Peine

(2) Quelana

(1) Soncor

Figure A1. Zoomed-in view of the main lagoon systems [70] located from the northeast to southeast
of the salt flat nucleus, consisting of the Soncor, Quelana, and Peine lagoon systems.

Appendix B. Description of Hydrogeological Models [42–44]
The nucleus model [42] uses the software FEFLOW v7.3. It is a numerical method

based on finite elements. The model was executed under two different settings: once as
a pseudo-stationary model to determine the starting conditions and once as a transient
model to determine the development of the system over time. The model ran from 1
January 1986 to 31 December 2100. Initially, 24,166 elements and 12,295 nodes, each with
a diameter between 2 m and 2368 m, onaverage 461 m, were used. After reducing the
nodes in the marginal areas, a three-dimensional model was designed with 96,664 elements
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and 61,475 nodes. Calibration of the model referred to trial-and-error calibration using
the PEST++ v5 software and consisted of adjusting a series of parameters that condition
the flow dynamics of the zone. This process was carried out for 82 observation points.
The calibration period ran from 1 January 1986 to 3 July 2010 and the validation period
from 4 July 2010 to 31 December 2020. Two different calibration parameters were used: the
hydraulic conductivity and the storage coefficient. The following variables were integrated
into the model: sub-surface inflows, surface inflows, evaporation, storage coefficient, direct
recharge by precipitation, water extraction, and water return by companies.

The numerical model for the system Aguas de Quelana [43] relied as well on the
software FEFLOW v.7.3. It represents a variable density model. As for the nucleus model,
two model runs were executed: a pseudo-stationary model for the initial condition of
the system and an independent transient model for the changes in the system over time.
The model ran from 1 January 1986 to 31 December 2100. The grid contains a total of
12,405 elements and 6307 nodes. The average size of the elements is 296.62 m in diameter,
with a maximum of 882.62 m and a minimum of 18.95 m. The trial-and-error calibration
using the PEST++ v5 software involved the setting of a series of parameters that condition
the dynamics of the dynamic flows of the area. The calibration period ran from 1 January
1986 to 3 July 2010 and the validation period from 3 July 2010 to 31 December 2020. For
the calibration, 65 observation points were used. The parameters permeability, hydraulic
conductivity, storage coefficient, direct recharge by precipitation, evaporation, alluvial
lateral recharge, lateral nucleus flow, and water extraction were integrated into the model.

The numerical model for the alluvial zone [44] used the Groundwater Vistas version
7 software. The three-dimensional flow code MODFLOW-USG was applied in this envi-
ronment. To generate the grid and vertical discretization of the numerical model, a 3D
hydrogeologic model was created in Leapfrog Geo. The model ran from 1 November 1986
to 31 December 2100. The area is divided into 4 layers with a thickness between 3.8 and
843 m. The model has a total of 315,948 cells, of which 300,904 are active cells. The cells
have an area between 50 × 50 m and 400 × 400 m. Historical data was available from 1997
to 2020. 70% of this data was used for calibration and the remaining 30% for validation. For
the model of the eastern edge, two periods were defined: the period for calibration from
1997 to 2013 and the period for validation from 2014 to 2020. Calibration was performed
with the PEST++ v5 software complemented by additional trial-and-error calibration. To
calibrate the transient model, the hydrogeological units defined in the conceptual model
were divided into subzones, generating a spatial variation in the hydraulic parameters.
Calibration data of 60 wells were considered, with measurements for the period from March
1997 to December 2020. The parameters evapotranspiration, surface and subsurface inflows,
drainage, evaporation rates of the soil, evapotranspiration of vegetation, evaporation rates
of water bodies, outflow of water, and water pumping for industrial usage were integrated
into the model.

Appendix C. Brine and Groundwater Extraction Rates by
Mining Companies

Table A1 shows the projected brine and groundwater extraction rates for Albemarle
Corporation and SQM during their contractual periods. These rates were used to feed
the hydrogeological models [42–44]. After the contractual period ends, there is a recovery
phase during which no extraction is assumed to occur.
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Table A1. (Net) brine extraction and water withdrawal for freshwater purposes by SQM and
Albemarle that fed the hydrogeological models; the periods we looked at more closely are highlighted
in blue [54].

Year

Brine Ex-
traction;

SQM
(Mm3/yr)

Indirect
Brine

Reinjection;
SQM

(Mm3/d)

Direct Brine
Reinjection;

SQM
(Mm3/d)

Net Brine
Extrac-
tion;
SQM

(Mm3/yr)

Net Brine
Extrac-
tion;
SQM
(L/s)

Brine Ex-
traction;
Albemarle
(Mm3/yr)

Brine Ex-
traction;

Albemarle
(L/s)

Freshwater
Extraction;
Quelana
System

(Mm3/yr)

Freshwater
Extraction;
Alluvial
System

(Mm3/yr)

Freshwater
Extraction;
Quelana
System

(L/s)

Freshwater
Extraction;
Alluvial
System

(L/s)

1986 0.0 0.0 0.0 0.0 0.0 0.9 27.3 0.0 0.0 0.0 0.0
1987 0.0 0.0 0.0 0.0 0.0 0.9 28.5 0.0 0.0 0.0 0.0
1988 0.0 0.0 0.0 0.0 0.0 1.3 39.8 0.0 0.0 0.0 0.0
1989 0.0 0.0 0.0 0.0 0.0 1.5 46.7 0.0 0.0 0.0 0.0
1990 0.0 0.0 0.0 0.0 0.0 1.9 59.3 0.0 0.0 0.0 0.0
1991 0.0 0.0 0.0 0.0 0.0 1.7 53.5 0.0 0.0 0.0 0.0
1992 0.0 0.0 0.0 0.0 0.0 1.6 49.3 0.0 0.0 0.0 0.0
1993 0.0 0.0 0.0 0.0 0.0 1.6 51.6 0.0 0.0 0.0 0.0
1994 0.5 0.0 0.0 0.5 16.6 1.7 53.6 0.0 0.0 0.0 0.0
1995 8.8 0.0 0.0 8.8 279.8 1.6 50.8 0.0 0.0 0.0 0.0
1996 12.3 −3.3 −3.3 5.7 180.7 1.6 49.4 0.0 0.0 0.0 0.0
1997 19.7 −2.9 −4.1 12.7 402.9 2.1 67.8 0.1 0.1 4.3 4.3
1998 24.3 −1.5 −3.0 19.8 626.4 2.7 86.1 2.0 2.0 62.4 62.4
1999 29.5 −1.8 −3.5 24.1 764.6 2.5 79.3 2.3 2.3 73.3 73.3
2000 29.8 −1.8 −3.9 24.0 762.2 2.6 82.2 2.2 2.2 68.5 68.5
2001 22.9 −1.6 −4.1 17.2 546.0 2.5 80.4 1.9 1.9 60.0 60.0
2002 24.2 −2.2 −4.5 17.4 552.3 2.8 88.9 2.1 2.1 66.4 66.4
2003 24.6 −2.6 −6.0 16.0 508.0 2.8 89.4 2.4 2.4 74.8 74.8
2004 24.6 −2.9 −5.7 16.0 506.5 2.8 87.3 2.5 2.5 78.3 78.3
2005 27.3 −3.3 −8.1 15.9 503.4 3.5 111.2 2.8 2.8 89.4 89.4
2006 26.9 −2.9 −7.1 16.9 535.4 3.7 116.9 2.4 2.4 77.6 77.6
2007 27.4 −2.7 −7.6 17.2 544.7 3.8 120.1 2.6 2.6 83.2 83.2
2008 29.8 −2.0 −7.0 20.9 661.7 6.1 194.7 3.9 4.5 122.4 142.6
2009 27.9 −2.2 −6.9 18.8 597.2 3.8 119.5 4.8 7.3 152.4 231.6
2010 41.1 −0.6 −4.4 36.1 1145.7 6.0 190.3 4.7 7.2 150.1 228.8
2011 48.0 −1.1 −4.8 42.1 1336.1 5.7 182.2 4.7 7.1 149.7 225.8
2012 47.6 −0.1 −4.2 43.3 1374.0 5.9 186.1 4.7 7.1 147.6 224.4
2013 54.2 0.0 −4.2 50.0 1586.4 4.4 141.1 4.7 7.1 148.0 224.5
2014 56.0 0.0 −3.8 52.1 1652.3 4.2 133.3 4.7 7.2 150.1 228.6
2015 59.3 0.0 −4.1 55.2 1750.4 4.6 144.8 4.8 7.2 151.1 229.9
2016 64.1 0.0 −4.5 59.6 1891.1 4.9 156.9 3.3 5.8 106.1 185.4
2017 55.5 0.0 −4.0 51.5 1632.3 8.2 260.7 4.7 7.1 148.1 225.8
2018 41.4 0.0 −4.2 37.2 1179.7 10.8 341.0 3.1 5.6 99.6 177.9
2019 46.9 0.0 −4.1 42.8 1357.5 13.9 442.2 3.0 5.3 93.9 167.3
2020 55.1 0.0 −4.4 50.8 1609.4 14.0 442.4 2.9 3.7 92.7 116.1
2021 40.4 0.0 0.0 40.4 1280.0 16.1 511.4 3.1 3.7 97.4 116.9
2022 40.4 0.0 −7.6 32.8 1039.3 13.3 422.0 2.1 3.8 66.7 120.0
2023 38.6 0.0 −7.2 31.4 994.7 13.3 422.0 2.1 3.8 66.7 120.0
2024 36.8 0.0 −6.7 30.0 952.8 13.3 422.0 2.1 3.8 66.7 120.0
2025 34.9 0.0 −6.4 28.5 904.5 13.3 422.0 2.1 3.8 66.7 120.0
2026 33.1 0.0 −6.1 27.1 858.5 13.3 422.0 2.1 3.8 66.7 120.0
2027 29.3 0.0 −5.4 23.8 756.2 13.3 422.0 2.1 3.8 66.7 120.0
2028 25.9 0.0 −4.6 21.3 674.6 13.3 422.0 2.1 3.8 66.7 120.0
2029 25.9 0.0 −4.3 21.6 685.7 13.3 422.0 2.1 3.8 66.7 120.0
2030 25.9 0.0 −4.3 21.6 686.2 13.3 422.0 2.1 3.8 66.7 120.0
2031 0.0 0.0 0.0 0.0 0.0 13.3 422.0 0.0 0.0 0.0 0.0
2032 0.0 0.0 0.0 0.0 0.0 13.3 422.0 0.0 0.0 0.0 0.0
2033 0.0 0.0 0.0 0.0 0.0 13.3 422.0 0.0 0.0 0.0 0.0
2034 0.0 0.0 0.0 0.0 0.0 13.3 422.0 0.0 0.0 0.0 0.0
2035 0.0 0.0 0.0 0.0 0.0 13.3 422.0 0.0 0.0 0.0 0.0
2036 0.0 0.0 0.0 0.0 0.0 13.3 422.0 0.0 0.0 0.0 0.0
2037 0.0 0.0 0.0 0.0 0.0 13.3 422.0 0.0 0.0 0.0 0.0
2038 0.0 0.0 0.0 0.0 0.0 13.3 422.0 0.0 0.0 0.0 0.0
2039 0.0 0.0 0.0 0.0 0.0 13.3 422.0 0.0 0.0 0.0 0.0
2040 0.0 0.0 0.0 0.0 0.0 13.3 422.0 0.0 0.0 0.0 0.0
2041 0.0 0.0 0.0 0.0 0.0 13.3 422.0 0.0 0.0 0.0 0.0
2042 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2050 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2075 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2100 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Appendix D. Phreatic Evaporation Rates
Table A2 shows the assumed relationship between evaporation and the depth of the

groundwater table (GWdepth), which was used to calculate phreatic evaporation for the
evaporation zones shown in Figure 2.
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Table A2. Phreatic evaporation rate in relation to different evaporation zones; each zone characterizes
this relationship either based on the method by Philip [56] (evaporation rate [mm ∗ d−1] = a ∗
exp(GWdepth

b)) or Morel-Seytoux and Mermoud [57] (evaporation rate [mm ∗ d−1] = a ∗ GWdepth
−b).

Zone Maximum Evaporation Rate [mm/d] Start Adjustment Depth Evaporation [mm/d] Parameter a Parameter b

Nucleus 3.53 GWdepth ≥ 0.031 m a ∗ GWdepth
−b 0.0135 1.6

SS-S 3.53 GWdepth ≥ 0.015 m a ∗ GWdepth
−b 0.06 0.9

SS-A 5.82 GWdepth ≥ 0.028 m a ∗ GWdepth
−b 0.11 1.1

CS 5.82 GWdepth ≥ 0.111 m a ∗ GWdepth
−b 0.1 1.85

A12 5.82 / a ∗ exp
(

GWdepth
b
)

5.8 −4.2

A12-T 5.82 GWdepth ≥ 0.02 m a ∗ GWdepth
−b 0.1 1

SE-S 3.53 GWdepth ≥ 0.032 m a ∗ GWdepth
−b 0.04 1.3

SE-A 5.82 GWdepth ≥ 0.125 m a ∗ GWdepth
−b 0.178 1.65

Zi1-S 3.53 GWdepth ≥ 0.012 m a ∗ GWdepth
−b 0.04 1

Zi2-S 3.53 GWdepth ≥ 0.007 m a ∗ GWdepth
−b 0.005 1.3

CE 5.82 GWdepth ≥ 0.107 m a ∗ GWdepth
−b 0.115 1.75

A2-S 3.53 GWdepth ≥ 0.029 m a ∗ GWdepth
−b 0.035 1.3

STNN 3.53 GWdepth ≥ 0.032 m a ∗ GWdepth
−b 0.04 1.3

A12-W-S 3.53 / a ∗ exp
(

GWdepth
b
)

3.53 −4.5
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Appendix E. Groundwater Level Changes for 2020

Figure A2. Groundwater level changes (∆GW) due to brine extraction for 2020.
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