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A B S T R A C T

One of the largest global known lithium brine resources is the Salar de Uyuni (SDU) in the Bolivian Altiplano, yet 
presently, lithium exploitation is limited. Large-scale lithium extraction could impact regional water resources, 
which are used by local indigenous communities. Here, we investigate the water quality and geochemistry of 
shallow groundwater in the vicinity of the SDU, evaluating geochemical factors that control the occurrence of 
geogenic contaminants. We present a suite of geochemical analyses of shallow groundwater (n = 63) used as a 
primarily drinking water source by communities surrounding the SDU. Integrated water quality data shows that 
concentrations levels in most groundwater exceeded the World Health Organization drinking water recom
mended threshold values for at least one contaminant. We show that salinity, arsenic, boron and lithium are the 
major geogenic constituents that pose risks to human health. These results are consistent with established pat
terns of geogenic water quality issues reported for other water resources in the high Andes. Our analysis shows 
that low salinity groundwater west of the SDU is characterized by low δ2H and δ18O with a slope that mimics the 
Local Meteoric Water Line and distinctively high boron, B/Li, Mg/Li, and low 87Sr/86Sr, indicating water-rock 
interactions with associated andesitic rocks. Groundwater from the Rio Grande watershed and eastern of the 
SDU have higher δ2H, δ18O, and 87Sr/86Sr, reflecting local recharge and different lithological sources with a 
radiogenic Sr isotope composition. Through the region we identified hot spots of saline groundwater with low B/ 
Li and Mg/Li ratios and with relatively low δ2H and δ18O, as well as 87Sr/86Sr ratios that are different from those 
of the SDU brines, indicating rather mixing with underlying saline geothermal waters. Future large-scale lithium 
extraction could intensify groundwater pumping that would be likely to cause regional groundwater level 
drawdown and further increase the impact of underlying saline geothermal waters, exacerbating the already 
impaired quality of water resources for indigenous communities in the SDU vicinity.

1. Introduction

One of the major global water demands is allocating water for the 
energy sector along the different stages of energy production, including 
mining, processing, and distribution. The recent onset of the clean en
ergy transition and accompanying large-scale extraction of critical 
minerals involves water intensive processes that pose additional strain 
on freshwater resources in areas of critical minerals mining (Liu and 
Agusdinata, 2020; Kirshen et al., 2025). In the Salar de Atacama in 
Chile lithium extraction induces large volumes of brine estimated as 
~200 m3 per ton of lithium carbonate equivalent (LCE) whereas the 
freshwater use for processing requires a volume of 25 m3 per ton LCE 
(Palacios et al., 2026). Consequently, impacts have been shown in the 

Salar de Atacama, where large-scale Li extraction over the last three 
decades has resulted in drawdown of the groundwater table, which has 
triggered localized surface subsidence (Flexer et al., 2018; Marazuela 
et al., 2019, 2020; Bustos-Gallardo et al., 2021; Vera et al., 2023). The 
potential for critical mineral extraction to impact local water quality 
and/or availability highlights the ongoing need to sustainably manage 
limited groundwater resources and establish water quality baselines in 
regions hosting critical mineral deposits prior to large-scale extraction.

A critical mineral central to the clean energy transition is lithium 
(Li), a component of Li-ion batteries needed for energy storage and 
electric vehicles (International Energy Agency, 2021). Lithium is 
currently extracted from both hard-rock pegmatite deposits and 
closed-basin brines often found in salt flats (“salars”) in South America 
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(Kesler et al., 2012; Jaskula, 2024). Salt flats form in continental 
closed-basins, where dilute inflows already enriched in Li are gradually 
concentrated by evaporative enrichment (Eugster and Hardie, 1978). 
Many of these salt flat systems were formed in the dry, high Central 
Andes in South America, constituting a region known as the Lithium 
Triangle, which is estimated to contain up to 60% of global Li reserves 
(Jaskula, 2024; Moon, 2024; Munk et al., 2025). The largest of these 
deposits is the Salar de Uyuni (SDU) in the Bolivian Altiplano (Fig. 1), 
with a surface area of 10,000 km2 and an inferred resource of 19.2 Mt of 
Li (Risacher and Fritz, 1991a, 1991b; YLB, 2019). However, Li extrac
tion in the SDU has not yet progressed beyond pilot scale extraction 
(Williams and Vengosh, 2025).

Although comprehensive hydrogeological data in the immediate 
proximity to the SDU is not available, pervasive water quality issues 
have been demonstrated in the Altiplano as a function of the geological 
setting and/or mining activities unrelated to Li mining (Risacher and 
Fritz, 1991b; Banks et al., 2004; Ormachea Muñoz et al., 2015; 2013; 
Lima et al., 2019, 2020; Tapia et al., 2019). In particular, arsenic (As), 
boron (B), Li and salinity have been reported as high levels, and As and B 
commonly exceed World Health Organization (WHO) drinking water 
recommended values in the local groundwater (Banks et al., 2004; 
Concha et al., 2010).

In the Altiplano region, the occurrence of geogenic As in ground
water has been attributed to weathering of volcanic rocks and leaching 
of silicic glasses (Murray et al., 2023), influx of geothermal fluids 
enriched with As (Banks et al., 2004; Morteani et al., 2014; Ormachea 
Muñoz et al., 2015; Morales-Simfors et al., 2020; Muller et al., 2020), 
and volcanism (Tapia et al., 2019; Morales-Simfors et al., 2020). In many 
of these cases, the basaltic rocks are enriched in As, which is then 
mobilized through water-rock interactions to the local groundwater 
(Murray et al., 2023). Similar to the observed behavior of As in shallow 
groundwaters globally, As in groundwater from the lower Katari Basin 
and southern Poopo Basin of the Bolivian Altiplano is commonly found 
as oxidized As(V) and more mobile under slightly alkaline conditions in 
sodium - bicarbonate (Na-HCO3) type waters (Smedley and Kinniburgh, 
2002; Ormachea Muñoz et al., 2013).

Boron and Li in natural waters of the Altiplano are also commonly 
attributed to volcanic and geothermal sources. In the southern Bolivian 
Altiplano, Risacher and Fritz (2009, 1991b) suggested B and Li content 
in cold spring waters resulted from alteration of andesitic volcanic rocks, 
brine recycling, and dissolution of evaporite deposits in the subsurface. 
Boron enrichment has been observed in geothermal waters of the Alti
plano and is also linked to water-rock interactions with andesitic rocks 
(Kasemann et al., 2004; Morteani et al., 2014; Schmitt et al., 2002). 

Fig. 1. General and geological maps with sample locations investigated in this study in the vicinity of the Salar de Uyuni, Bolivia. The northwest sampling group is 
represented by orange squares, the east by green circles, the southwest by blue diamonds, and the Rio Grande watershed by pink triangles. Note that the basin 
situated between the western and eastern mountain ranges (Cordillera Occidental and Cordillera Oriental) of the Central Andes. (For interpretation of the references 
to color in this figure legend, the reader is referred to the Web version of this article.)
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Elsewhere, silicic volcanic rocks enriched in Li have been shown to leach 
Li during water-rock interaction, often resulting in economically valu
able Li resources (Hofstra et al., 2013; Álvarez-Amado et al., 2022; Ellis 
et al., 2022; Cortes-Calderon et al., 2025; Del Bono et al., 2026). In 
similar closed-basin playa settings in Nevada, USA, geothermal waters 
were shown to be enriched in Li, where Li is leached at high tempera
tures and remains mobile during ascension to lower temperature 
groundwater (Araoka et al., 2014). Recent laboratory experiments on 
volcanic rocks from New Zealand has also suggested that Li leaching is 
significantly enhanced with increasing thermal water temperature 
(Sajkowski et al., 2025).

Here, we investigate the water quality and geochemistry of shallow 
groundwater in the vicinity of the SDU in Bolivia (Fig. 1). The local 
indigenous communities rely on shallow, untreated wells and surficial 
springs for drinking and agricultural water. The objective of this study is 
to evaluate the occurrence and distribution of geogenic contaminants 
through a systematic sampling of available water resources combined 
with utilization of geochemical and isotope tracers of oxygen, hydrogen, 
and strontium. As far as we are aware, this is the first water quality study 
of groundwater resources used by communities in the SDU region. We 
hypothesize that the combination of lithology and geochemistry of the 
shallow groundwater resources within the watershed of the SDU con
trols the water quality and that future groundwater extraction projected 
for large-scale lithium extraction could further impact water availability 
and quality in that region. This study aims to establish a water quality 
baseline of shallow groundwater in the vicinity of the SDU prior to large- 
scale Li extraction, assess the occurrence of geogenic contaminants, and 
evaluate the geochemical factors that control their occurrences in the 
shallow groundwater resources.

2. Methods

2.1. Geological background

The Bolivian Altiplano of the high Central Andes is a north-south 
oriented high plateau situated between the Cordillera Occidental 
(western mountain range) and Cordillera Oriental (eastern ridge) of the 
Central Andes. In the lower-lying salt flats of the Bolivian Altiplano, such 
as the SDU and the Salar de Coipasa (SDC), the mean elevation is ~3653 
masl, whereas surrounding summits reach up to 6000 masl.

The Cordillera Occidental is an active volcanic arc generated by 
subduction located west of the SDU. The range is dominantly composed 
of andesites and dacites of Late Miocene and Quaternary age, as well as 
associated ignimbrite and tuff deposits. These volcanic deposits overlie 
Tertiary clastic and evaporite deposits. The Cordillera Oriental range to 
the east is a highly fractured fold and thrust belt of Paleozoic and 
Mesozoic marine shales and sandstones, which overlies a Precambrian 
basement. The range is cut by intrusive rocks of Paleozoic and Miocene 
age and is overlain in some regions by ignimbrites. The southeastern 
region of the SDU is characterized by abundant Quaternary sedimentary 
alluvium and evaporite deposits.

The western cordillera and Bolivian Altiplano comprise a portion of 
the Central Volcanic Zone (CVZ), which is one of the largest ignimbrite 
provinces globally (Stern, 2004). The eruptive history is dominated by 
eruptions of andesitic to dacitic composition, including lava flows, ig
nimbrites, and pyroclastics (Schnurr et al., 2007). Geophysical evidence 
indicates the presence of a large magmatic body and high heat flow 
beneath the southern Altiplano (de Silva et al., 2006). Thermal springs 
are abundant regionally, and near the eastern cordillera in the lake 
Poopó basin, they are associated with deep fault zones, where hot waters 
readily ascend to the surface through fractures (Ormachea Muñoz et al., 
2015).

The SDU and SDC, situated between the two Cordilleras (Fig. 1), are 
remnants of several large paleolakes that occupied the southern Alti
plano during the Pleistocene, the most recent of which desiccated as 
recently as ~11 thousand years ago (Baker et al., 2001; Fornari et al., 

2001; Placzek et al., 2013; Risacher and Fritz, 1991a, 1991b). The 
combined effect of an arid climate, closed-basin tectonic setting, abun
dance of solutes, and a suitable timescale for evapoconcentration, are 
key factors leading to the formations of salt flats, such as the SDU (Munk 
et al., 2025; Williams et al., 2026).

2.2. Field sampling

Water samples were collected during a single campaign in September 
2024. Locations of water samples (n = 63) sorted by their location with 
respect to the SDU are depicted in Fig. 1. Water sampling coordination 
and collection were conducted after getting the permission of the local 
indigenous organization, Federación Regional Única de Trabajadores 
Campesinos del Altiplano Sur (FRUTCAS). Individual sampling locations 
were primarily guided by community members and included water 
sources that are used as drinking water and/or for irrigation. Individual 
samples and communities were grouped into four subregions (east, 
northwest, southwest, and Rio Grande) based on their geographic 
location with respect to SDU (Fig. 1). These groupings are partially 
based on general physiographic/geologic variations and are used for 
geospatial and statistical analyses. All the samples in the northwest and 
southwest regions were collected from lithology primarily composed of 
andesitic or rhyolitic volcanic rocks, the Rio Grande region composed of 
Quaternary alluvium and andesitic or rhyolitic volcanic rocks, and the 
east lithology was composed of sedimentary rocks (Fig. 1).

pH, electrical conductivity (EC), and dissolved oxygen (DO) were 
measured in the field, using a Hanna HI98494 multiparameter probe 
calibrated daily. All water samples were extracted and filtered (0.45 μm) 
with a syringe filter in the field. Samples for alkalinity were filtered into 
clean high-density polyethylene (HDPE) bottles that were triple rinsed 
on site and filled without headspace. Samples for cations and trace el
ements were filtered into acid-washed HDPE bottles and acidified to 
pH < 2 with Fisher brand optima HNO3

− . Samples for strontium isotopes 
and anions were filtered into clean HDPE bottles. More detailed de
scriptions of sample collection methods are available elsewhere 
(Williams et al., 2025a, 2025b; Williams and Vengosh, 2025). All data 
collected for each sample is in Table S1.

Water sample included surficial springs (n = 45), shallow wells 
(n = 11), streams (n = 3), a river (n = 1), a lake (n = 1), and tap water 
samples (n = 2) provided by the community members, which are indi
cated hereafter as groundwater owing to their original source from 
community wells. All samples were classified into broader groups, as 
either low salinity groundwater (n = 52), where TDS < 1000 mg/L, 
surface waters (n = 5), or saline groundwater (n = 6) in which TDS >
1000 mg/L. Finally, data for geothermal water from the region are from 
Morteani et al. (2014), Muller et al. (2020), and Ormachea Muñoz et al. 
(2015) are tabulated in Table S2. SDU brine chemistry data are from 
Williams et al. (2026) and rock geochemistry data are from Muller et al. 
(2020) and available in Table S3 and Table S4, respectively.

2.3. Water analysis

Major ions were measured with ion chromatography (IC) at Duke 
University. Cation (Na+, K+, Mg2+, Ca2+) concentrations were measured 
on a Thermo Scientific Aquion IC, and anion (F− , Cl− , Br− , NO3

2− , SO4
2− ) 

concentrations were measured on a Thermo Scientific Dionex IC DX- 
2100. Trace elements were measured at Duke University with a 
Thermo Fischer X-Series II Inductively-Coupled Plasma Mass Spec
trometer (ICP-MS). Randomly selected replicates and DI water 
(>18 MΩ/cm) blanks were regularly included. Total alkalinity, 
expressed as [HCO3

− ], was determined by titration with 0.02 N HCl on a 
Metrohm Eco Autotitrator (Williams et al., 2025b). Reaction errors for 
all samples were less than ±5%. For strontium (Sr) isotope analysis 
(87Sr/86Sr), Sr was purified with Sr-spec resin (Eichrom) and HNO3 (Hall 
et al., 2025; Hill et al., 2025). For all analyses, accuracy was verified by 
regularly running the IAPSO Atlantic seawater standard and waters from 
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the USGS Standard Reference Sample Project. Strontium isotopes were 
measured on a ThermoFisher Triton thermal ionization mass spec
trometer (TIMS) at Duke University following standard procedures (Hall 
et al., 2025). NIST SRM-987 standards were measured repeatedly, 
yielding a long-term average of 0.710244 ± 0.000013 (n = 12); aligning 
with expected values (Jochum et al., 2005; McArthur et al., 2025); the 
IAPSO Atlantic seawater standard was also run yielding a value of 
0.709166 ± 0.000009 (n = 10) also in agreement with expected values 
(Krabbenhöft et al., 2009). Strontium isotopic compositions are reported 
as both 87Sr/86Sr ratios and delta values (δ87Sr), where the long-term 
average of NIST SRM-987 in our analytical runs, yielding a reproduc
ibility of ±0.02‰, was chosen for the standard in delta notation as 
shown in Equation (1): 

δ87Sr (‰)=

(

87Sr/86Sr sample − 87Sr/86Sr NIST 987

)

87Sr/86SrNIST 987

× 1000 (1) 

Oxygen and hydrogen isotopes were measured at the University of 
California, Davis stable isotope facility by headspace equilibrium with 
CO2-He and H2-He gas for O and H respectively. Oxygen isotopes in 
headspace CO2 were measured on a Thermo Scientific GasBench II 
coupled to a Thermo Finnigan Delta Plus XL IRMS and H isotopes in 
headspace H2 were measured on a Thermo Scientific GasBench II 
coupled to a Thermo Electron Delta V Plus IRMS. Replicate analysis of 
reference materials for O and H across the mass range yield a precision of 
±0.04‰ for δ18O and of ±1.1‰ for δ2H referenced to VSMOW.

2.4. Data analysis

All statistical analyses were performed with R (version 4.4.3) (R Core 
Team, 2023). Spearman's Rank Correlation (Spearman's Rho, ⍴) was 
chosen as the nonparametric measurement of the strength between two 
variables in waters. Statistical significance of the Spearman's Rho values 
is evaluated with p values, where a 99% confidence interval is given 
when p < 0.01, and a 95% confidence interval is given when p < 0.05. 
Geospatial analyses were conducted on ArcGIS Pro (Version 3.5).

The redox speciation of arsenic as either As(III) or As(V) was simu
lated using the Specific ion Interaction Theory (SIT theory) database in 
PHREEQC (version 3.7.3). The pe of the solution was calculated using 
the Nernst equation with field measurements of the solution oxidation 
reduction potential (ORP) and temperatures. ORP measurements were 
performed on the same multiparameter probe with an Ag/AgCl (3 M 
KCl) reference electrode. The field measured potentials were converted 
to the standard hydrogen electrode (SHE) scale by adding 0.22 V O2 
concentrations were adjusted to equilibrate the PHREEQC simulated pe 
to the field measured value of the solution. As dissolved oxygen con
centrations were relatively high, the required adjustment produced 
small changes in the overall aqueous solution composition.

Mixing modeling of the groundwater was conducted through 
selecting the highest saline geothermal water in Pastos Grandes reported 
by Muller et al. (2020) as the saline endmember and two low-saline 
groundwater with slightly different chemical composition to represent 
the low-salinity endmember, generating two mixing modeling scenarios. 
The mixing modeling was conducted using the common mixing equa
tions assuming all elements are conservative without modification by 
water-rock interactions.

3. Results

3.1. Major chemistry and trace elements variations

Results of field measurements (pH, temperature, conductivity, etc.) 
and major ion concentrations (Na, K, Mg, Ca, F, Cl, Br, NO3, SO4, HCO3) 
are presented in Table S1, respectively. Most of the water samples had 
circumneutral pH range (median of 7.6) and were weakly oxidizing 

(median ORP of 26.9 mV). The only detected reducing waters samples 
were a saline spring in the northwest near the SDU (− 18.5 mV), a saline 
spring in the southwest (− 121.6 mV), a drinking water well in the 
southwest (− 9.4 mV), and a spring in the Rio Grande area (− 11.9 mV). 
In all waters, the groundwater salinity varies from low salinity (TDS of 
354 mg/L) up to saline groundwater (4727 mg/L), with two excep
tionally high salinity waters in the northwestern area.

The variations of Ca, Mg, SO4, and HCO3 versus chloride concen
trations in (shown in mmol/L) are presented in Fig. 2. The chemistry is 
highly variable across the water types, with relatively high Ca, Mg, SO4 
and HCO3 in a fraction of groundwater samples from the Rio Grande 
watershed as well as the saline groundwater from the eastern region 
(Fig. 2). Considering variations in the Na/Cl molar ratios, low-saline and 
saline groundwater from the northwest and southwest have Na/Cl ~1 
whereas those from the east show Na/Cl typically greater than 1 with 
values around 1.3 (Fig. 2). The variations of the Ca/Cl, Mg/Cl, and SO4/ 
Cl (molar) ratios versus the TDS (Fig. 3) show that low salinity 
groundwater from the Rio Grande area has distinctively high Ca/Cl, Mg/ 
Cl, and SO4/Cl ratios, whereas the saline groundwater samples in all 
different geographic regions are characterized by consistently lower 
ratios. The groundwater from the Rio Grande region with relatively 
higher Ca and SO4 have Ca/SO4 ratios ~1, whereas the eastern 
groundwater has Ca/SO4 < 1 (Fig. 3).

Arsenic concentrations ranged from 0.9 μg/L to 118.3 μg/L and 
exceeded the WHO recommended limit of 10 μg/L in 51% of sampled 
waters (n = 32), in which the median regional concentrations of 5.1 μg/ 
L was detected in the northwest (n = 14), 12.3 μg/L in the southwest 
(n = 13), 11.8 μg/L in the Rio Grande (n = 25), and 15.6 μg/L in the east 
(n = 6) (Fig. 4, S1). Across the entire study area and within water types, 
As was not correlated with ORP or pH (Table S5). In all the regions 
except for the east, As was strongly positively correlated with F 
(⍴ = 0.58, p < 0.05; Table S5). Arsenic was positively correlated with 
SO4 in the northwest (⍴ = 0.58, p < 0.05) and Rio Grande (⍴ = 0.61, 
p < 0.01) regions. Arsenic was also strongly and positively correlated to 
Na in the southwest (⍴ = 0.70, p < 0.05) and Rio Grande (⍴ = 0.60, 
p < 0.01) and was correlated to HCO3 (⍴ = 0.66, p < 0.01) and Ca 
(⍴ = 0.66, p < 0.01) in the Rio Grande region (Table S5).

Boron concentrations exhibited a wide range of concentrations 
across multiple orders of magnitude, from 100 μg/L to 10,200 μg/L. In 
43% (n = 27) of all sampled waters, B exceeded the WHO recommended 
limit of 2400 μg/L. The median B concentration was 5600 μg/L in the 
northwest (n = 14), 2300 μg/L in the southwest (n = 13), 3400 μg/L in 
the east (n = 6), and much lower concentrations of 300 μg/L in the Rio 
Grande watershed (n = 25) (Fig. 4; Fig. S2). Boron content was excep
tionally elevated in the northwest in groundwater associated with vol
canic rocks of the western Cordillera. Boron contents ranged from 
1600 μg/L in low salinity groundwaters, to surface waters (3900 μg/L), 
up to high salinity groundwater (6500 μg/L). In groundwater from all 
the regions, B followed a positive trend with Cl (⍴ = 0.89, p < 0.001) and 
overall TDS (⍴ = 0.72, p < 0.01), except for within a subset of the 
northwest groundwater, where in some low salinity groundwater the B 
concentrations were high without a correspondent increase in salinity 
(Fig. S3; Table S6).

Lithium concentrations in the studied groundwater also showed a 
wide range of 3.2 μg/L to 6700 μg/L. In all groundwater samples from all 
subregions, Li was strongly positively correlated to Cl (⍴ = 0.87, 
p < 0.01; Fig. S4; Table S7). Lithium content generally increases from 
south to north, with median values of 12.5 μg/L in the Rio Grande 
(n = 25), 36.8 μg/L in the southwest (n = 13), 117 μg/L in the northwest 
(n = 14), and 167.8 μg/L in the east (n = 6) (Fig. 4; Fig. S5). Low salinity 
groundwater had a range of 3.2 - 709.3 μg/L, whereas Li concentrations 
in saline groundwater was from 1278 μg/L to 6723 μg/L.

To assess the potential health risks of co-exposures to contaminants 
in drinking water used by the local communities, we used the Integrated 
Water Quality (IWQ) parameter, based on that of Horton (1965) that 
was calculated as the sum of Cl, As, and B normalized to their respective 
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WHO and EPA drinking water recommendations, as shown in Equation 
(2): 

IWQ=

(
Chloride

(
mg
L

))

250
+

(
Arsenic

(
ug
L

))

10
+

(
Boron

(
ug
L

))

2400
(2) 

IWQ has extensively used in the literature to evaluate the combina
tion of water quality parameters and typically has been classified into 5 
categories of excellent (<1), good (1–2), marginal (2–3), poor (3–5) and 
unsuitable (>5) and depends on the concentration of multiple contam
inants present in groundwater samples (Mukate et al., 2019). Thus, 
higher IWQ indicates enrichment in one or more of these parameters 
above the recommended WHO threshold water quality parameters, and 
therefore less desirable water quality. In all studied waters, IWQ exhibits 
a wide range of 0.3 – 51.3. The median IWQ is variable across the study 
area, with 3.8 in the northwest, 2.8 in the southwest, 5.6 in the east, and 
1.5 in the Rio Grande (Fig. 5). Water quality decreases from low salinity 
groundwater (median IWQ: 2.4) to saline groundwater (median IWQ: 
9.1).

3.2. Boron and lithium occurrences

As part of this study, we evaluated the occurrences and relationships 
between Mg, B and Li in groundwater. B/Li molar ratios in groundwaters 
were highly variable (range 1 - 366). The highest B/Li ratios tend to 
occur in low salinity groundwater in the northwest (median: 33) and 

southwest (median: 49) regions, whereas low salinity groundwater from 
the Rio Grande region had intermediate ratios (median: 18). In contrast, 
saline groundwater from all regions shows systematically low B/Li ratios 
(~1.3). The B/Li ratios were strongly and negatively corrected with 
salinity in the northwest (⍴ = − 0.85, p < 0.01), southwest (⍴ = − 0.65, 
p < 0.01), and east (⍴ = − 0.94, p < 0.01), and a moderate negative 
correlation in the Rio Grande area (⍴ = − 0.53, p < 0.01) (Fig. 6). 
Similarly, our data show relatively high Mg/Li ratios in the low salinity 
groundwater, while saline groundwater had low Mg/Li ratios (Fig. 6).

In the northwest region, groundwater samples with elevated B/Li 
ratios (B/Li > 50) had a strong positive correlation between B/Li and 
Na/Cl (⍴ = 0.95, p < 0.01; Fig. S6). In the same region, low B/Li waters 
with high salinity fall into two discrete groups. Near the Tahua com
munity, on the northern edge of the SDU, 4 samples with low B/Li (<20) 
had high salinity compared to the region (TDS range of 531-5264 mg/L) 
and lower Na/Cl ratios (~0.9). Near Tres Cruces and the SDC, 3 samples 
with low B/Li ratios also had high salinity (TDS range of 551-2007 mg/ 
L) and slightly elevated Na/Cl ratios (~1.2). In groundwater with high 
B/Li elsewhere across the SDU no correlation with Na/Cl were detected. 
Although As content did not demonstrate any obvious geospatial pat
terns, As content was inversely correlated with B/Li in the southwest 
(⍴ = − 0.67, p < 0.01), and the Rio Grande (⍴ = − 0.40, p < 0.05) regions 
(Fig. S7). Fluoride mimics this trend in both regions (⍴ = − 0.63, p < 0.01 
and ⍴ = − 0.62, p < 0.01, respectively) (Table S5), indicating that saline 
waters across the region share consistent geochemical composition of 
high F and As and low B/Li ratios.

Fig. 2. Variations of Na, Ca, Mg, SO4, and HCO3 versus Cl in the investigated water samples, sorted by their geographical locations. The dashed black line represents 
a Na/Cl molar ratio of 1. Correlation coefficients are as follows: ρ = 0.94, p < 0.001 for Cl vs. Na; ρ = 0.67, p < 0.001 for Cl vs. Mg; ρ = 0.41, p < 0.001 for Cl vs. Ca; 
ρ = 0.41, p < 0.001 for Cl vs. SO4; ρ = 0.73, p < 0.001 for Cl vs. bicarbonate (alkalinity).
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3.3. Strontium isotope geochemistry

Strontium concentrations (μg/L) and isotope ratios (87Sr/86Sr; δ87Sr) 
are reported in Table S9. Across all groundwater in the vicinity of the 
SDU, δ87Sr showed a wide range from − 6.3 ‰ to 2.6 ‰ (87Sr/86Sr 
range = 0.7058 to 0.7121, Fig. S10). In the western area Sr isotope ratios 
were low (median δ87Sr = − 5.2 ‰; 87Sr/86Sr = 0.7066 in the southwest; 
and median δ87Sr = − 5.0 ‰; 87Sr/86Sr median = 0.7067 in the north
west), while the ratios in the eastern groundwater were relatively high 
(median δ87Sr = 0.8 ‰; 87Sr/86Sr = 0.7108). Groundwater from the Rio 
Grande watershed, which span a larger geographic area and contain 
regions that drain both the eastern and western Cordilleras, had variable 
isotope ratios with a δ87Sr range of − 4.3 ‰ to 2.3 ‰ (87Sr/86Sr 
range = 0.7072 - 0.7118) (Fig. 7). The Sr isotope variations in ground
water detected in this study are consistent with the isotope variations 
previously reported for the local surface waters in catchments draining 
the eastern and western cordilleras of the Altiplano (Grove et al., 2003; 
Placzek et al., 2011), as well as the brines at the different sides of the 
SDU (Williams et al., 2025b). Placzek et al. (2011) have shown that the 
87Sr/86Sr ratios of surface waters in catchments draining the eastern and 
western cordilleras surrounding the SDU have distinctive 0.7110 and 
0.7069 ratios, respectively consistent with the results we report from 
shallow groundwater from these areas.

Notably, B/Li molar ratios were inversely correlated to 87Sr/86Sr in 
groundwater from the northwestern (⍴ = − 0.55, p < 0.05) and south
western (⍴ = − 0.57, p < 0.05) regions (Fig. S8). However, no such 
correlations were detected in the eastern groundwater, or further south 

in the Rio Grande watershed. In the northwestern groundwater, Li 
content was positively correlated with 87Sr/86Sr (⍴ = 0.55, p < 0.05) 
(Table S7), consistent with the inverse correlation of 87Sr/86Sr and B/Li 
ratios. In the Rio Grande basin, B was negatively correlated to 87Sr/86Sr 
(⍴ = − 0.57, p < 0.01) (Table S6). Arsenic was not related to 87Sr/86Sr in 
groundwater of any region (Table S5).

3.4. Stable isotopes of oxygen and hydrogen

Stable isotope data of oxygen (δ18O) and hydrogen (δ2H) are re
ported in Table S9. Across all groundwater in the vicinity of the SDU, 
δ18O and δ2H show large variations, and yet most of the δ18O and δ2H 
data of the groundwater are highly correlated and are associated with 
the Local Meteoric Water Line (LMWL) defined for modern precipitation 
in the Chilean and Bolivian Altiplano at altitudes of 2800–5700 m 
(δ2H = 8.15 x δ18O + 15.3 (Chaffaut et al., 1998);) (Fig. 8). Groundwater 
from the northwestern and southwestern areas are characterized by 
relatively low δ18O (median values of − 16.6‰ and − 15.5‰, respec
tively) and δ2H (median values of − 118.9‰ and − 113.7‰, respec
tively), while groundwater from the Rio Grande watershed show 
systematically higher δ18O (median values of − 12.5‰) and δ2H (median 
values of − 91.3‰). Groundwater from the eastern area show overall low 
δ18O (median values of − 15.0‰) and δ2H (median values of − 115.3‰). 
A few saline groundwater samples deviate from the LMWL towards 
higher δ18O (Fig. 8). Note the large distinction between the δ18O and δ2H 
values of the shallow groundwater with lower values and a δ2H-δ18O 
slope of ~8 relative to shallow brines in the SDU with much higher 

Fig. 3. Variations of Na/Cl, Ca/Cl, Mg/Cl and SO4/Cl molar ratios versus TDS (mg/L) and Ca versus SO4 (molar units) in the investigated water samples, sorted by 
their geographical locations. The dashed black line represents a Ca/SO4 molar ratio of 1.
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values and a δ2H-δ18O evaporative slope of ~6.1 (Fig. 8) (Williams et al., 
2026).

4. Discussion

4.1. Tracing the sources of the low-salinity groundwater

The variations in major elements composition of the investigated 
groundwater suggests that elemental mobilization from water-rock 

interactions directly affect the chemical composition of groundwater. 
The relatively low salinity and composition of groundwater associated 
with andesitic and dacitic rocks from the northwest and southwest re
gions (Fig. 1) are typical of local volcanic rocks alteration, specifically 
resulting in systematic Na/Cl ratios ~1 (Fig. 2) (Risacher and Fritz, 
1991b, 2009). In contrast, low salinity groundwater from the Rio 
Grande region had elevated Ca and SO4 with conspicuously high SO4/Cl 
and Ca/Cl ratios, as well as Ca/SO4 molar ratios of ~1, indicating in
teractions with rocks containing gypsum. This suggests that this 

Fig. 4. Boxplots of arsenic (μg/L), boron (μg/L), and lithium (μg/L) in groundwater from the northwest (orange), southwest (blue), Rio Grande (pink), and east (green) 
regions. Horizontal red dashed lines represent the WHO drinking water guidelines for arsenic and boron. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.)
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Fig. 5. Map depicting the spatial distribution of integrated water quality (IWQ) in low salinity groundwater (circles), high salinity groundwater (triangles), and 
surface water (squares). IWQ of less than 1 is green, from 1 to 5 is blue, from 5 to 10 is red, from 10 to 20 is purple, and greater than 20 is black, reflecting the severity 
of the water quality status. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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subgroup of groundwater samples in the Rio Grande watershed is 
impacted by dissolution of local gypsum diapirs. Although the precise 
location of these evaporite deposits and gypsum diapirs is not available, 
they have been previously documented in the vicinity of the SDU region 
as a potential source of salinity for waters (Risacher and Fritz, 1991a, 
2000). Groundwater from the eastern side of the SDU is associated with 
mixed lithologies of sedimentary and volcanic rocks and has relatively 
higher salinity and lower Na/Cl of 1.3 (Fig. 2), inferring a different 
source. The different lithology sources are clearly shown by the large 
differences in the 87Sr/86Sr ratios of groundwater from the west with low 
87Sr/86Sr ratios which mimic the composition of the western Cordilleras 
volcanic (andesitic to dacitic) rocks as opposed to the eastern ground
water with higher 87Sr/86Sr ratios that are associated with the mixed 
sedimentary and volcanic lithology of the eastern Cordilleras. Such a 
distinction has been reported by Grove et al. (2003) and Placzek et al. 
(2011). Groundwater from the Rio Grande watershed shows 

intermediate 87Sr/86Sr ratios (Fig. 7) that likely reflects contributions 
from both the western and eastern Cordilleras rocks.

Our data reveal high B/Li and Mg/Li ratios in the low salinity 
groundwater, particularly in the northwest and southwest regions 
(Fig. S9). Williams and Vengosh (2026) have shown that Mg/Li ratios in 
low-temperature (<30OC) and near-surface springs in the Lithium Tri
angle are characterized by relatively high Mg/Li ratios (median 
value = 31) that are consistent with the relatively high Mg/Li ratios 
reported in local rocks (i.e. ignimbrites, lavas, and some intrusive rocks) 
ranging from ~68 to 1050 (rock data from Mamani et al. (2010)). 
Consequently, the relatively high Mg/Li ratios in the low salinity 
groundwaters from the northwest (median = 80) and southwest (449) 
are consistent with this observation, indicating that low-temperature 
water-rock interactions induce similar mobilization of Mg and Li from 
the regional volcanic rocks, maintaining the relatively high Mg/Li ratios 
of the local lithologies. This evaluation is supported by the temperature 

Fig. 6. B/Li and Mg/Li versus chloride (mg/L) in shallow groundwater surrounding the SDU in comparison to geothermal water from Pastos Grandes located south of 
the SDU (data from Muller et al., 2020) and geothermal water across the Altiplano (Morteani et al., 2014; Ormachea Muñoz et al., 2015). Note the potential mixing 
lines between the most saline geothermal water from Pastos Grandes and two low-salinity groundwater endmembers calculated in a mixing model conducted in this 
study (dashed lines).
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dependent leaching experiments reported in Yuan et al. (2021).
In contrast, the high B/Li ratios in the shallow groundwater in the 

northwest (median = 20) and southwest (70) are not consistent the ra
tios detected in volcanic rocks of the central Andes. Previous studies 
have detected Li concentrations in volcanic rocks of the Central Andes 
varying between median values of 16.1 ppm (n = 706; Mamani et al. 
(2010)) to 20 ppm (n = 53; Meixner et al. (2020)) whereas B (a less 
commonly measured element in rocks) concentrations have a median 
value of ~20 ppm reported by Rosner et al. (2003) (n = 20) and Shinjoe 

et al. (2013) (n = 30). Muller et al. (2020) reported higher concentration 
values of Li (median of 147 ppm) and B (60 ppm) in volcanic rocks of 
Pastos Grande located upstream to the Rio Grande watershed in Bolivia. 
Consequently, the B/Li ratios in volcanic rocks vary from <1 to ~1, 
which are lower than the ratios detected in the shallow groundwater. 
Previous reported data (Risacher et al., 2003; Risacher and Fritz, 2009) 
and data compiled by Williams and Vengosh (2026) show relative 
higher B/Li ratios in low salinity groundwater from the Central Andes 
with a median value of 9.5 (for groundwater with TDS<1000 mg/L; 
n = 261). The observation of a higher B/Li in low-saline groundwater is 
consistent with the results of multiple experimental studies that have 
shown that low-temperature weathering process commonly generates 
preferential B mobilization relative to Li, mostly due to the partial 
incorporation of Li into smectite, zeolite, or other secondary alumino
silicates phases, while B remains more mobile into the aquatic solution 
(Millot et al., 2010; Pistiner and Henderson, 2003). One would argue, 
however, that the arid conditions in the high Altiplano region would not 
promote intensive weathering secondary minerals (Godfrey et al., 2013, 
2019) and that the high B/Li reflects preferential leaching of B over Li 
from the volcanic rocks, related to the occurrence of B in the more 
soluble phases (e.g., glass) of the volcanic rocks (Shaw and Sturchio, 
1992).

It should be noted that the water-rock interactions with the andesitic 
rocks from the western cordillera have resulted in conspicuously high B 
concentrations despite the relatively low salinity of the groundwater 
relative to the other regions. Therefore, the occurrence of B above the 
WHO recommended drinking water level is directly linked to these 
volcanic rocks. The inverse correlation between B/Li and 87Sr/86Sr ra
tios in groundwater from the northwest and southwest regions (Fig. S8) 
further reinforce our hypothesis that the high boron content is derived 
from greater water-rock interactions with volcanic rocks of the western 
cordillera in which the distinctive low 87Sr/86Sr fingerprint of the local 
lithology is becoming more prominent with greater B/Li ratios, and 
therefore, having a greater impact on the composition of the local 
groundwater.

The stable isotope variations show different recharge patterns in the 
shallow groundwater surrounding the SDU. While the low salinity 
groundwater from the northwestern and southwestern areas have rela
tively low δ18O and δ2H associated with the GMWL (Fig. 8), low salinity 
groundwater from Rio Grande watershed has much higher δ18O and δ2H 

Fig. 7. Boxplot of 87Sr/86Sr isotopic compositions in water samples across the SDU regions; from left to right; northwest (orange), southwest (blue), Rio Grande 
(pink), and east (green). The dark blue dashed line represents the approximate 87Sr/86Sr ratio of the SDU (Williams et al., 2025b). The two outliers northwestern 
samples are the northernmost samples in the region, near the SDU. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.)

Fig. 8. Variations of δ18O and δ2H in groundwater sorted by the geographical re
gions in comparison to the composition of surface brines from the Salar de Uyuni 
(Williams et al., 2026) and Local Meteoric Water Line (LMWL; Chaffaut et al. 
(1998)). Note that most of the groundwater samples had δ18O and δ2H values 
with a slope associated to the LMWL with a slope of 8 relative to the SDU brines with 
higher values and a δ2H- δ18O slope <8.
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along the GMWL. This difference suggests that the recharge waters in the 
western areas are derived from higher elevation sources (Gonfiantini 
et al., 2001) associated with the western Cordilleras, whereas recharge 
in the Rio Grande watershed is more local from a lower elevation source. 
It is important to note that the relatively higher δ18O and δ2H values in 
the low salinity groundwater from the Rio Grande watershed do not 
deviate from the LMWL, inferring that the higher values are not the 
result of evaporative processes.

4.2. Tracing the sources of the saline groundwater

Saline groundwater (i.e., TDS> 1000 mg/L) was detected across the 
different areas surrounding the SDU (Fig. 3). We hypothesize that the 
saline groundwater can be derived from the following sources: (1) in- 
situ evaporation of the shallow groundwater/spring; (2) mixing with 
the nearby subsurface SDU brines; and (3) mixing with underlying 
geothermal waters. Each of these sources has a unique and distinct 
geochemical fingerprint that can be used to delineate the source(s) of the 
saline groundwater. The SDU brine has distinctly high δ18O and δ2H 
values with a lower δ18O-δ2H slope than the LMWL (Fig. 8) as well as a 
narrow range of 87Sr/86Sr ratios of ~0.7086 (Williams et al., 2026). We 
expect that in-situ evaporation would result in a similar deviation of the 
δ18O-δ2H slope from the LMWL. To evaluate the geochemical fingerprint 
of a possible geothermal source, we have evaluated the geochemistry of 
geothermal waters located across the Bolivian Altiplano north of SDU 
reported by Morteani et al. (2014) and Ormachea Muñoz et al. (2015) as 
well as geothermal waters from Laguna Pastos Grandes south of SDU 
reported by Muller et al. (2020) (Table S2). The data of the geothermal 
water show a wide range of salinity, ranging from low salinity 
(Cl = 50 mg/L) to highly saline water (Cl = 10,000 mg/L) with 
Na/Cl~0.95, low Ca/Cl and Mg/Cl ratios, conspicuously low SO4/Cl 
ratios, as well as low Mg/Li ratios (median for all geothermal water = 3, 
1 for the highest salinity water) and B/Li (median = 1.2; n = 25) ratios 
(Fig. 6). Relationship between Mg and Li are commonly employed as a 
geothermometer where Mg is preferentially removed from the system at 
higher temperatures due to retention by secondary minerals (Kharaka 

and Mariner, 1989; Li et al., 2021). In contrast, Li is effectively mobi
lized from the rock and remains relatively soluble resulting in low Mg/Li 
ratios in geothermal fluids (Kharaka and Mariner, 1989). The viability of 
the Mg/Li ratio has been demonstrated as an effective proxy of the 
relative temperature of solute origins for spring waters across the alti
plano where low temperature water-rock interactions are shown to 
produce high Mg/Li ratios whereas high temperature water-rock in
teractions result in low Mg/Li ratios (Williams and Vengosh, 2026).

The inverse relationships between Mg/Li and B/Li with salinity 
(Fig. 6) and the positive association between B/Li and Mg/Li ratios 
(Fig. 9) are consistent with the B/Li and Mg/Li variations of the 
geothermal water across the Bolivian Altiplano. To further evaluate this 
association, we conducted mixing modeling between the highest salinity 
geothermal water of the Laguna Pastos Grandes located south of SDU 
(data from Muller et al., 2020) and two endmembers of low-saline 
groundwater from this study. In the mixing model we mix the B, Mg, 
and Li concentrations as referenced to Cl, assuming it is a conservative 
component. Nonetheless, the mixing modeling conducted for the saline 
geothermal water and two types of low-saline groundwater show 
consistent trends with the variations of the B/Li and Mg/Li ratios (Figs. 6 
and 9), suggesting that the geothermal water is the source for the saline 
shallow groundwater. Based on the mixing model we estimate that 
shallow groundwater with Cl > 1000 mg/L correspond to ~20% 
contribution of the saline geothermal water (Fig. 6). However, the large 
geochemical variations of the geothermal waters could infer a different 
geothermal water endmember with lower salinity, which would infer in 
a larger fractional contribution of the geothermal water in the saline 
shallow groundwater.

Another important parameter that rules out the effects of salinization 
from mixing with SDU brine is the systematic δ18O-δ2H slope of ~8 of 
most of the shallow groundwater samples relative to the much higher 
δ2H and δ18O values with a δ18O-δ2H slope <8 that characterizes the 
SDU brines (Fig. 8). Since the O and H isotopes would reflect the direct 
water molecule mixing relationships, any small contribution of the SDU 
brine in a possible blend would shift the δ18O-δ2H slope towards higher 
values and a <8 slope. This phenomenon was not observed, indicating 

Fig. 9. Mg/Li ratios versus B/Li ratios in all low salinity (TDS<1000) groundwaters from this study (blue circles), saline groundwaters (TDS>1000) from this study 
(yellow squares), surface waters from this study (green diamonds), brines from Williams et al. (2025b), and thermal water data from Muller et al. (2020) and 
Morteani et al. (2014). The correlation of Mg/Li and B/Li ratios is associated with the variations of the mixing modeling conducted in this study between saline 
geothermal water with low Mg/Li and B/Li ratios and low-saline groundwater with high Mg/Li and B/Li ratios (dashed line). (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.)
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no impact of the SDU brines. In contrast, it has been shown that δ18O and 
δ2H in the geothermal water in the Bolivian Altiplano falls along the 
LMWL with a slope of ~8 with relatively low δ18O and δ2H values 
(Morteani et al., 2014). Therefore, mixing of the shallow groundwater 
with local geothermal water would not affect the δ18O and δ2H varia
tions nor their meteoric water characterization (i.e., a δ18O-δ2H slope 
~8).

We have identified several saline groundwater sites with low B/Li 
ratios (a range of 0.97-12.9) that could indicate the occurrence of 
geothermal waters rather than other saline sources, such as SDU brines 
(Fig. 9). In the northwest region, these include 4 sites near Tahua on the 
margin of the SDU, with low B/Li and high TDS (Fig. S6). However, one 
would suggest that high saline groundwater along the border of the SDU 
brine, which contains high TDS and low B/Li, could be attributed to 
mixing with subsurface hypersaline SDU brines rather than geothermal 
water. However, the low 87Sr/86Sr ratios detected in the saline 
groundwater (~0.706; δ87Sr = -5.97‰) are different from the relatively 
high 87Sr/86Sr of the SDU brine (0.7087; δ87Sr = -2.17‰; Williams et al., 
2026), which does not support mixing with the SDU brine. Rather, we 
suggest that the low B/Li and Mg/Li of the saline groundwater reflect 
mixing with underlying geothermal waters, and that the less radiogenic 
Sr isotope ratios reflect water-rock interactions with local lithology of 
the western cordillera. Similarly, a saline spring west of the Rio Grande 
watershed with high TDS and low B/Li also mimics the Sr isotope ratio of 
the western cordillera isotope composition, suggesting the presence of 
geothermal water. Likewise, we have also detected multiple sites else
where in the study area that suggest similar geothermal origins (Fig. 10). 
Two saline springs in the east with high TDS also have low B/Li and low 
Mg/Li ratios (Fig. 10). The 87Sr/86Sr ratios there are more radiogenic 
(~0.711; δ87Sr = 1.06‰), and therefore also reflect water-rock inter
action with the local lithology of the eastern cordillera with high 
87Sr/86Sr rather than mixing with subsurface SDU brines. Overall, given 
that the Sr isotopes ratios of the saline groundwater from the western 
and eastern areas are consistent with the compositions of waters 
draining the respective cordilleras rocks and not SDU brines, the Sr 
isotope data reinforces our hypothesis for the geothermal source of the 
saline groundwater in the vicinity of the SDU.

4.3. Geochemical behavior of arsenic

Our data indicate that As levels above the WHO drinking water 
recommendation occur in both low- and high salinity groundwater 
(Fig. 11). Therefore, we link the As occurrence for both mobilization of 
As from the local lithology through low temperature water-rock in
teractions as well as mixing with the As-rich geothermal water. It should 
be noted that the occurrence of As above 10 μg/L is distributed across all 
regions, indicating that water-rock interactions with the lithology of 
both the eastern and western cordillera results in similar As mobilization 
into the groundwater. Across all regions, the maximum As concentra
tions are associated with low B/Li ratios, indicating a geothermal source 
(Fig. S7). In contrast, some saline groundwater had up to an order of 

Fig. 10. 87Sr/86Sr and δ 87Sr (‰) versus TDS (mg/L) in groundwater from the east (circles), northwest (squares), southwest (diamonds), and Rio Grande (triangle) 
regions. Waters are colored by the variations of the B/Li molar ratios, with B/Li < 10 as white, B/Li from 10 to 100 in beige, and B/Li > 100 in dark brown. The Sr 
isotopic composition of the SDU brine is denoted by a dashed black line. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.)

Fig. 11. Arsenic (μg/L) versus TDS (mg/L) in groundwater samples from the 
northwest (orange squares), east (green circles), southwest (blue diamonds), and Rio 
Grande (pink triangles). (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.)
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magnitude higher As content, reflecting the larger contribution of As 
from the geothermal source commonly enriched in As.

The modeled speciation of As reveals the vast majority (>99%) of As 
occurrence in the shallow groundwater is in the form of the oxidized 
arsenate species (As(V); see Fig. S11) in nearly all samples collected. 
This is consistent with low concentrations of other redox-sensitive ele
ments such as Mn and Fe in the shallow groundwater. Our modeling 
results are consistent with As speciation data reported in previous 
studies; Tapia et al. (2019) have reported that 90% of As found in surface 
and groundwaters across the Altiplano occurs in the As(V) species. Other 
studies have shown that geothermal springs also contain As (III), how
ever it has been suggested to quickly oxidize to the As(V) upon exposure 
to oxidizing conditions near the surface (Ormachea Muñoz et al., 2015; 
Tapia et al., 2019).

4.4. Community health and broader implications

Our data indicates that communities in the SDU watershed are 
currently exposed to one or more contaminants above the WHO drinking 
water recommendation limits through consumption of the local shallow 
groundwater. Future large scale lithium extraction from the SDU will 
require extensive water use in this arid zone and therefore massive 
groundwater pumping is expected. Large-scale groundwater extraction 
will likely result in drawdown of groundwater levels and potentially 
desiccation and/or further contamination of the already impaired water 
resources. Such impacts have been shown in the Salar de Atacama (SDA) 
in Chile, where large-scale lithium brine pumping for Li exploration over 
the last three decades has resulted in drawdown of the water table 
within the salt pan, which has triggered localized surface subsidence 
(Flexer et al., 2018; Marazuela et al., 2019, 2020; Bustos-Gallardo et al., 
2021; Vera et al., 2023). Likewise, we hypothesize that climate change, 
which could alter precipitation patterns in the Altiplano region, could 
reduce groundwater replenishment and thus groundwater levels. As 
demonstrated in this study, saline groundwater detected in the vicinity 
of the SDU watershed is originated from mixing with underlying 
geothermal waters. Therefore, projected large-scale groundwater 
pumping for lithium extraction and/or climate change effects will likely 
induce further salinization and increase the occurrences of trace ele
ments hazardous to human health in the shallow groundwater resources 
currently used by the local communities. In some other areas in the 
Central Andes previous studies have shown that groundwater chemistry 
is influenced by mixing with geothermal waters and that shallow 
groundwaters often have a geothermal component (Rissmann et al., 
2015; Williams and Vengosh, 2026). Consequently, extensive water 
pumping resulted from large-scale Li extraction could likely reduce 
water availability as well as degrade the quality of the already impaired 
local groundwater resources.

We have mapped out the communities that are at the highest risks of 
geothermal water contamination to occur in the low-lying areas in 
proximity to the SDU, where groundwater sites are already saline as 
illustrated in Fig. 12. The projected salinization will likely increase the 
concentrations of B, Li, and As in the groundwater resources. However, 
groundwater from the western cordillera is currently characterized by 
conspicuously high B independent of salinity, which also poses human 
health risks to the local populations.

Exposure to these elements through consumption of contaminated 
drinking water has been shown to produce a wide spectrum of health 
effects in humans. Chronic exposure to As in drinking water at con
centrations of 10 μg/L or greater poses serious long term health risks, 
such as skin lesions and cancer of the lung, kidney, and bladder (WHO, 
2003). In Latin America, exposure to heightened levels of As (>50 μg/L) 
has been estimated to impact up to 4.5 million people (McClintock et al., 
2012). However, recent work has suggested that continuous and long 
term exposure to geogenic As over generations in indigenous Andean 
communities, particularly in Bolivia, has prompted genetic selection to 
allow for higher As tolerance within individuals (Eichstaedt et al., 2015; 

de Loma et al., 2022).
Studies indicate that excessive B consumption is linked to develop

mental and reproductive issues in males, such as low sperm count, 
impaired fetal growth, and fetal skeletal malformations (Weir and 
Fisher, 1972; Price et al., 1996). In northern Argentina in Andean 
communities near San Antonio de los Cobres, where B concentrations in 
drinking water reach up to 5956 μg/L far exceeding the WHO recom
mendation of 2400 μg/L, it has been demonstrated that there is an in
verse correlation between B concentration in maternal serum and 
newborn birth weight, birth length, and head circumference (Harari 
et al., 2012; Igra et al., 2016). The long-term health implications of 
this phenomenon are currently not well understood but stand to impact 
large populations in the Altiplano that are regularly exposed to elevated 
B in drinking water.

Exposure to elevated Li in drinking water has also shown to induce a 
wide range of toxicological effects. Lithium is used as a drug to treat 
bipolar disorder; however, a listed potential side-effect of Li medication 
is reduced thyroid function. Negatively impacted thyroid function has 
been observed in Andean women connected to chronic consumption of 
drinking water with high Li concentrations (Broberg et al., 2011). 
Likewise, in pregnant Andean women impaired thyroid function 
induced by Li exposure may negatively impact fetal development 
(Harari et al., 2015). In contrast, recent genotoxicity work has suggested 
that elevated Li content in drinking waters in Bolivia may exhibit a 
protective effect against DNA strand breaks inflicted by co-occurring As 
exposure (Tirado et al., 2024).

It should be noted that Andean indigenous populations have been 
routinely exposed to As, B, and Li contaminants regularly for thousands 
of years, as evidenced by elevated As, B and Li detected within well 
preserved mummy hairs (Blumenstiel et al., 2020; Arriaza et al., 2021; 
Amarasiriwardena et al., 2023). Nonetheless, the long-term and/or 
confounding human health implications of co-exposures to Li, B, and/or 
As, especially in populations with some evolved genetic resistance, re
mains poorly understood and warrants further investigation.

5. Conclusion

This study presents, for a first time, a comprehensive groundwater 
quality investigation in shallow groundwater resources used by indige
nous local communities surrounding the SDU in Bolivia. The data show 
elevated levels of salinity, As, B, and Li levels in the shallow ground
water, where As and B concentrations exceeded the WHO recommended 
limits for drinking water in 50.2% and 42.9% of the investigated waters, 
respectively. Although there is no WHO threshold value for Li, observed 
concentrations span four orders of magnitude and increase linearly with 
salinity. This study presents key geochemical indicators including 
elemental ratios of B/Li, Mg/Li, stable isotopes of δ18O and δ2H, and Sr 
isotopes (87Sr/86Sr) for delineating the source of the groundwater. The 
results show a distinction between groundwater effected by low- 
temperature water-rock interactions with local volcanic lithology and 
groundwater likely salinized by mixing with geothermal waters. We 
demonstrate that low-temperature water-rock interaction with the local 
lithology generates low salinity groundwater with δ18O and δ2H 
composition that mimics the LMWL, as well as high B/Li and Mg/Li 
ratios, as opposed to the saline groundwater with low B/Li and Mg/Li 
ratios that also characterize the composition of geothermal waters. The 
integration of the geochemical proxies developed in this study can 
provide useful insights to detect the impact of underlying geothermal 
water on shallow groundwater in the vicinity of the SDU that can be 
applied elsewhere in the Altiplano. We conducted a mixing model to 
predict possible mixing between the low-salinity and saline geothermal 
water to demonstrate and quantify groundwater salinization by under
lying geothermal influenced water. Based on evidence from Salar de 
Atacama in Chile, we predict that future large-scale groundwater 
pumping for enhanced lithium extraction in the SDU as well as possible 
changes in precipitation patterns induced by climate change could cause 
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Fig. 12. Map depicting the locations of projected water quality degradation risks in groundwater (circles) in communities surrounding the SDU). Low risks are 
represented by blue circles, and high risks by red circles. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)
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drawdown of groundwater level and even desiccation of shallow wells 
and springs used as the sole water resource for the local communities. 
Using the geochemical indicators for geothermal water contribution, 
this study highlights sensitive areas in which drawdown of groundwater 
level might further increase the impact of the underlying geothermal 
waters and further degradation of the water quality, which could affect 
the communities that presently, almost solely on the local shallow 
groundwater.
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Fornari, M., Risacher, F., Féraud, G., 2001. Dating of paleolakes in the central altiplano 
of Bolivia. Palaeogeogr. Palaeoclimatol. Palaeoecol. 172, 269–282. https://doi.org/ 
10.1016/S0031-0182(01)00301-7.

Godfrey, L.V., Chan, L.-H., Alonso, R.N., Lowenstein, T.K., McDonough, W.F., 
Houston, J., Li, J., Bobst, A., Jordan, T.E., 2013. The role of climate in the 
accumulation of lithium-rich brine in the central andes. Appl. Geochem. 38, 92–102. 
https://doi.org/10.1016/j.apgeochem.2013.09.002.

Godfrey, L.V., Herrera, C., Gamboa, C., Mathur, R., 2019. Chemical and isotopic 
evolution of groundwater through the active Andean arc of northern Chile. Chem. 
Geol. 518, 32–44. https://doi.org/10.1016/j.chemgeo.2019.04.011.

Gonfiantini, R., Roche, M.-A., Olivry, J.-C., Fontes, J.-C., Zuppi, G.M., 2001. The altitude 
effect on the isotopic composition of tropical rains. Chem. Geol. 181, 147–167. 
https://doi.org/10.1016/S0009-2541(01)00279-0.

Grove, M.J., Baker, P.A., Cross, S.L., Rigsby, C.A., Seltzer, G.O., 2003. Application of 
strontium isotopes to understanding the hydrology and paleohydrology of the 
altiplano, Bolivia–Peru. Palaeogeogr. Palaeoclimatol. Palaeoecol. 194, 281–297. 
https://doi.org/10.1016/S0031-0182(03)00282-7.

Hall, G.A., Williams, G.D.Z., Sirbescu, M.-L.C., Lu, P.L., Dwyer, G.S., Richter, D.D., 
Vengosh, A., 2025. Strontium isotopes and Rb/Sr tracers in surface soils for locating 
subsurface lithium pegmatites. Appl. Geochem. 195, 106631. https://doi.org/ 
10.1016/j.apgeochem.2025.106631.

Harari, F., Bottai, M., Casimiro, E., Palm, B., Vahter, M., 2015. Exposure to lithium and 
cesium through drinking water and thyroid function during pregnancy: a prospective 
cohort study. Thyroid 25, 1199–1208. https://doi.org/10.1089/thy.2015.0280.

Harari, F., Ronco, A.M., Concha, G., Llanos, M., Grandér, M., Castro, F., Palm, B., 
Nermell, B., Vahter, M., 2012. Early-life exposure to lithium and boron from 
drinking water. Reprod. Toxicol. 34, 552–560. https://doi.org/10.1016/j. 
reprotox.2012.08.009.
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