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A B S T R A C T

The Mg/Li ratio is widely used to evaluate the extraction potential of lithium-rich brines, yet the processes 
controlling its variability remain poorly constrained. Across the Lithium Triangle of the Central Andes in South 
America, closed-basin brines exhibit Mg/Li ratios spanning more than three orders of magnitude (from <1 to 
>500) despite broadly similar geology, evaporative evolution, and major-ion chemistry. Here we present a 
regional synthesis of Mg/Li ratios in spring waters and closed-basin brines, drawing on geochemical data for 
hundreds of springs (n = 577) and brines (n = 1078) from more than 100 closed-basins to develop a framework 
for interpreting Mg/Li variability. We show that Mg/Li ratios in inflow waters are primarily governed by the 
temperature of water-rock interactions: high-temperature geothermal systems produce low Mg/Li ratios, 
whereas low-temperature, near-surface water-rock interactions produce water with higher Mg/Li ratios, 
resembling the ratios in source rocks. At the basin scale, brine Mg/Li ratios reflect mixing-weighted integration of 
high- and low-temperature derived inflows. Evaporative concentration, mineral precipitation, and water- 
sediment interactions modify absolute solute concentrations but generally preserve the integrated Mg/Li ra
tios of the inflows under the circumneutral pH conditions typical of Lithium Triangle brines. Important excep
tions occur in alkaline systems, where Mg-silicate precipitation alters the inflow Mg/Li signature. These results 
demonstrate that Mg/Li ratios record the integrated thermal history of solute sources and provide a context- 
dependent indicator of geothermal versus near-surface fluid contributions to closed-basin brines. This frame
work refines interpretation of Mg/Li ratios in lithium exploration and has broader implications for continental 
brine systems worldwide.
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1. Introduction

Lithium (Li) is a critical element for the global clean energy transi
tion due to its essential role in Li-ion batteries used in electric vehicles 
and grid-scale energy storage (IEA, 2021). Lithium is produced primarily 
from two deposit types: hard-rock Li-rich pegmatites and closed-basin 
Li-rich brines (Kesler et al., 2012). Although closed-basin brines host 
the majority of the world's Li resources (Kesler et al., 2012), they 

currently account for only ~40% of global production (Jaskula, 2025a; 
Moon, 2025). A series of over 100 such closed-basins occur in the high 
Central Andes, collectively hosting nearly 50% of global Li resources in a 
region known as the Lithium Triangle, spanning parts of Chile, 
Argentina, and Bolivia (Fig. 1) (Jaskula, 2025a; Kesler et al., 2012; 
Mihalasky et al., 2020; Munk et al., 2025). Several of these basins are 
actively producing Li, while many others are under exploration or 
development, making the Lithium Triangle one of the most important 

Fig. 1. Maps of the Lithium Triangle in the Central Andes, panels A and B are the same geographic extent. (A) Map of cold and thermal spring waters (not all 
datapoints have location information) from the compiled dataset evaluated in this study and their relationship to the large ignimbrite fields of the Central Andes, the 
Altiplano-Puna Magma Body (APMB), the Southern Puna Magma Body (SPMB), and closed-basin salars/lakes. (B) Map of the median Mg/Li ratio (from the compiled 
dataset) in the closed-basin brines/waters from salars/lakes of the Lithium Triangle (the symbol is larger than the visible surface area of most closed-basins), ranges in 
values that were determined following the classification scheme described in the text (section 3.1). Several notable salars/lakes and those discussed in the text are 
labeled. Map layers modified from several sources: Ignimbrites (Freymuth et al., 2015), Salars (Mihalasky et al., 2020), APMB (de Silva et al., 2006), SPMB (Ibarra 
and Prezzi, 2019).
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regions for future Li supply (Jaskula, 2025b).
A key geochemical parameter controlling the economic viability of Li 

brines is the co-occurrence of magnesium (Mg), as Mg interferes with Li 
extraction due to its similar ionic radius and chemical behavior (Kesler 
et al., 2012; Munk et al., 2025). Consequently, the Mg/Li ratio has long 
been used as a first-order screening criterion in Li-brine exploration and 
resource evaluation. High Mg/Li ratios increase processing costs and 
chemical consumption for Mg removal, posing challenges for both 
conventional evaporative extraction and emerging direct Li extraction 
(DLE) technologies (Meshram et al., 2014; Mojid et al., 2024; String
fellow and Dobson, 2021; Yang et al., 2024; Zhu et al., 2023). As a result, 
brines with Mg/Li ratios below ~10 are generally considered more 
favorable for Li extraction (Munk et al., 2025). For example, the Salar de 
Atacama in Chile, the world's most productive Li brine, has a Mg/Li ratio 
of ~7 (López Steinmetz and Salvi, 2021), whereas the Salar de Uyuni in 
Bolivia, the world's largest Li-brine deposit (Jaskula, 2025a; YLB, 2019), 
has a substantially higher ratio of ~22 and has long been regarded as 
difficult to exploit (An et al., 2012; Bradley et al., 2013; López Steinmetz 
and Salvi, 2021; Meshram et al., 2014).

Despite its widespread consideration, the geochemical origins of the 
Mg/Li ratio in closed-basin brines remain poorly constrained. Across the 
Lithium Triangle, Mg/Li ratios span more than three orders of magni
tude, from <1 (e.g., Salar de Ratones, Argentina) to >500 (e.g., Salar de 
Michincha, Chile), yet variations in the Mg/Li ratio show no clear 
geographic pattern (López Steinmetz and Salvi, 2021). This variability is 
striking given that most Lithium Triangle brines share broadly similar 
Na-Cl-(SO4) chemistries and evolve through comparable evaporative 
pathways involving calcite, gypsum, ulexite, and halite precipitation, 
producing largely circumneutral pH brines with occasional calcium (Ca) 
or Mg enrichment (López Steinmetz and Salvi, 2021; Lowenstein and 
Risacher, 2009; Risacher and Fritz, 2009; Williams et al., 2025a, 2026). 
The processes responsible for this heterogeneous and differential 
enrichment of Mg relative to Li therefore remain unresolved.

Lithium enrichment in the source rocks of the Lithium Triangle is 
commonly attributed to crustal thickening, volcanism, and post-eruptive 
cooling which promote Li enrichment in ignimbrites, volcanic glass, and 
related lithologies (Bradley et al., 2013; Chen et al., 2020; Ducea et al., 
2026; Ellis et al., 2018). Leaching of these rocks during water-rock in
teractions can liberate Li into solution (Álvarez-Amado et al., 2022b; 
Cortes-Calderon et al., 2025; Del Bono et al., 2026; Ellis et al., 2022; 
Hofstra et al., 2013; Munk et al., 2018). In addition, geothermal fluids 
enriched in Li through high-temperature water-rock interactions and 
magmatic inputs have been proposed as important contributors to Li 
brines (Alam and Muñoz, 2024; Araoka et al., 2014; Bradley et al., 2013; 
Ducea et al., 2026; Liu et al., 2025; Sanjuan et al., 2022). The Lithium 
Triangle lies within the Central Volcanic Zone (CVZ) of the Andes, which 
hosts extensive ignimbrite fields and large magma bodies such as the 
Altiplano-Puna Magma Body (APMB) and a series of smaller magma 
bodies (e.g., the Cerro Galán and Incahuasi magma bodies) collectively 
known as the Southern Puna Magma Body (SPMB; Fig. 1) (Bertin et al., 
2025; de Silva et al., 2006; de Silva, 1989; Schnurr et al., 2007). These 
features provide heat for regional geothermal systems that may enhance 
Li mobilization and contribute solutes to closed-basin systems (Cortes- 
Calderon et al., 2025; Peralta Arnold et al., 2017; Risacher et al., 2011).

At the same time, low-temperature, near-surface water-rock in
teractions with local andesitic to dacitic volcanic rocks supply solutes to 
surficial waters (i.e., shallow groundwater, rivers) that flow into the 
closed basins and are typically relatively dilute waters (Risacher and 
Fritz, 1991a, 2009). While these waters are relatively dilute, such low- 
temperature water-rock interactions have also been suggested as a 
potentially important source of Li to closed-basin brines (Coffey et al., 
2021; Ellis et al., 2022; Hofstra et al., 2013). High-temperature 
geothermal waters, on the other hand, are typically more saline and 
are in part derived from either the dissolution of ancient evaporites or 
from the leakage of closed-basin brines (Risacher et al., 2011; Risacher 
and Fritz, 2009). Although many Lithium Triangle brines are thought to 

receive at least some geothermal inputs (e.g., Cortes-Calderon et al., 
2025; Godfrey and Álvarez-Amado, 2020; Godfrey et al., 2013; Risacher 
and Fritz, 2009), geochemical and isotopic signatures diagnostic of 
geothermal origin are commonly overprinted by sedimentary (e.g., δ7Li 
fractionation)(Millot et al., 2010) and evaporative processes (e.g., 
δ18O–δ2H systematics)(Drever, 1997). As a result, the relative contri
bution of geothermal water originating from high-temperature water- 
rock interactions versus inflows originating from near-surface low- 
temperature water-rock interactions in controlling brine composition 
has remained difficult to assess.

The Mg-Li geothermometer exploits the preferential incorporation of 
Mg into secondary minerals at elevated temperatures, resulting in lower 
Mg/Li ratios in high-temperature fluids (Kharaka and Mariner, 1989). 
While this relationship is well established in geothermal systems, it re
mains unclear whether Mg/Li ratios in closed-basin brines primarily 
reflect the thermal conditions of water-rock interaction at solute sour
ces, or whether they are substantially modified by basin-scale processes 
such as mixing of multiple inflows (i.e., sources with different Mg/Li 
ratios), evaporative concentration and mineral precipitation, and water- 
sediment interactions (i.e., loss of Mg or Li to adsorption, incorporation). 
Resolving this ambiguity is critical for interpreting Mg/Li ratios as in
dicators of brine genesis and for constraining the ultimate sources of Li 
to closed-basin brines.

Here we present a regional synthesis of Mg/Li ratios in springs and 
closed-basin brines across the Lithium Triangle, drawing on geochem
ical data from hundreds of spring waters and more than 100 closed- 
basins. By integrating spring water chemistry, brine compositions, and 
case studies of the geochemical evolution of inflow waters to closed 
basins, we develop a framework for interpreting Mg/Li ratios in conti
nental closed-basin brine systems. We evaluate the extent to which Mg/ 
Li ratios record the thermal history of solute sources, assess how basin- 
scale mixing and sedimentary processes modify this signal, and identify 
the conditions under which Mg/Li ratios retain or lose diagnostic value. 
This framework provides new constraints on the role of geothermal 
versus near-surface inputs in Li-brine formation and offers a revised 
perspective on one of the most widely used geochemical indicators in Li 
exploration.

2. Materials and methods

2.1. Data compilation

Data for inflows and brines were compiled from numerous sources 
with samples from around the Lithium Triangle (Alam and Muñoz, 2024; 
Álvarez-Amado et al., 2022b; Ávila Salas, 2023; Badaut and Risacher, 
1983; Borda et al., 2023; Cortecci et al., 2005; Ericksen et al., 1978; 
Ericksen and Salas, 1987; Gamboa et al., 2019; Garcia et al., 2020; 
Godfrey and Álvarez-Amado, 2020; Godfrey et al., 2013; Grove et al., 
2003; Haferburg et al., 2017; Ide, 1978; Kasemann et al., 2004; Lagos 
Durán, 2016; López Steinmetz, 2017; López Steinmetz et al., 2018, 
2020; Meixner et al., 2022; Moraga et al., 1974; Morteani et al., 2014; 
Muller et al., 2020; Munk et al., 2018, 2021; Placzek, 2005; Placzek 
et al., 2011; Pueyo et al., 2017, 2021; Rettig et al., 1980; Risacher, 1992; 
Risacher et al., 1999, 2011; Risacher and Fritz, 1991a, 1991b; Rissmann 
et al., 2015; Sarchi et al., 2023; Scandiffio and Alvarez, 1990; Scandiffio 
and Cassis, 1990; Scandiffio and Rodriguez, 1990; Schmidt, 2010; 
Schmitt et al., 2002; Servant-Vildary and Roux, 1990; Sieland et al., 
2011; Sieland, 2014; Tassi et al., 2010; Vignoni et al., 2024; Williams 
et al., 2025a, 2026; Williams and Vengosh, 2025). This amounts to over 
3000 individual samples of which 577 are from springs and 1068 from 
brines across 103 closed basins with both reported Mg and Li concen
trations. Data for numerous other springs, rivers, and streams in the 
region and other analytes including major elements, trace elements, and 
isotopes were also compiled and are available in this dataset, however, 
are not the focus of this study. Geographic coordinates were not avail
able for all samples, however when available it was compiled or 
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approximated and digitized from maps. The entire dataset can be found 
in the supplementary information and any updated versions at https 
://gordondzwilliams.github.io/LTdataset.

The spring waters considered in this study were classified as either 
cold springs or thermal springs. Thermal springs were classified as such 
if their field measured temperature was ≥30 ◦C or if they were classified 
as thermal springs in their original publication. Cold springs followed 
the same protocol but for field measured temperatures <30 ◦C. This 
30 ◦C cutoff was chosen since it is the lower limit of the applicable 
temperature range for the geothermometer of Kharaka and Mariner 
(1989), which is an indicative parameter as discussed in section 3.1. Any 
uncategorized springs without a reported temperature were only 
considered in the total distribution of Mg/Li ratios in spring waters. 
Brines are classified as from within the closed basin if they were origi
nally reported as representative of the brine or if they are the only 
datapoint available. In several cases, brines along the margins of a salar 
were not considered representative if they appeared to be directly fed by 
local inflows. This was notably the case with the Salar de Atacama where 
numerous brine pools along the margin of the salar are fed by or mixed 
with dilute inflows, thus only brines from within the central region/ 
halite nucleus were considered in this study.

The rock geochemical data used is from the database of Mamani et al. 
(2010) covering the Central Andes and was cleaned to only include 
samples with both reported Mg and Li concentrations and to only 
include samples from within the Lithium Triangle countries of Chile, 
Bolivia, and Argentina.

2.2. Analytical methods & sample collection

In addition to the compiled dataset, new samples were collected 
along a transect of the Rio Grande stream as it flows down from the 
APMB towards the Salar de Uyuni and within the Uyuni watershed (n =
24); a single brine sample from the Salar de Coipasa (n = 1) was also 
collected. The analytical and sample collection methods and analytical 
validation for brines and waters can be found in Williams et al. (2026, 

2025b, 2025a) with discussion of analytical accuracy and error found in 
Williams et al. (2025a). Briefly, for cations and trace elements, samples 
were collected in acid washed HDPE bottles and acidified to pH <2 
while for anions and alkalinity were collected in rinsed HDPE bottles 
without headspace. All samples were filtered to 0.45 μm. All brines and 
waters were measured for major cations (Li, Na, Mg, Ca) and major 
anions (Cl, Br, SO4) via ion chromatography (IC) on Thermo Scientific 
Aquion IC and Dionex IC DX-2100 systems, respectively. Trace elements 
including Li (if the analytical concentration was <1000 μg/L) and B 
were measured with a Thermo Fisher Scientific X-Series II inductively 
coupled plasma mass spectrometer at Duke University. Alkalinities were 
measured only in freshwater via titration to pH 4.5 using 0.02 M HCl. 
The recovery for all elements measured was within ±6% of the expected 
value the IAPSO Atlantic Seawater Standard, which was prepared and 
analyzed in the same manner as all samples.

3. Origins and modification of the Mg/Li ratio in waters and 
brines

Mg and Li are widely recognized to substitute for each other in 
mineral surfaces and structures during water-rock interactions. The 
degree of this substitution is temperature dependent and has been 
characterized in both low-temperature (e.g., the Mg/Li paleo-seawater 
temperature proxy in marine carbonates)(Bryan and Marchitto, 2008; 
Case et al., 2010; Dellinger et al., 2018) and high-temperature systems 
(e.g., the Mg-Li geothermometer in sedimentary basin and geothermal 
fluids)(Kharaka and Mariner, 1989), where higher temperatures pref
erentially incorporate Mg into mineral phases. In geothermal systems, 
Mg has long been known to preferentially incorporate into (secondary) 
mineral phases at higher temperatures relative to alkali metals 
(Giggenbach, 1988; Nicholson, 1993), while Li is typically considered 
one of the most conservative elements (Nicholson, 1993). Since the re
lationships between Mg and Li are temperature dependent and both Mg 
and Li are generally considered conservative ions in evaporative systems 
of the Lithium Triangle, we hypothesize that the Mg/Li ratio of closed- 

Fig. 2. (A) Variations in Mg/Li ratios of spring waters and volcanic rocks across the Lithium Triangle. Cold springs overlap with the full range of regional rock 
compositions, whereas thermal springs and deep geothermal waters typically exhibit substantially lower Mg/Li ratios. Rock geochemical data are from the database 
of Mamani et al. (2010). For reference, the shaded region is the range in mean values for the upper, middle, and lower continental crust (Rudnick and Gao, 2014). (B) 
Estimated equilibrium temperatures of water-rock interactions calculated using the Mg-Li geothermometer of Kharaka and Mariner (1989). Although some calculated 
temperatures fall outside the nominal applicability range of the geothermometer (30–350 ◦C), a strong inverse relationship is observed between Mg/Li ratio and 
estimated temperature, highlighting the systematic dependence of Mg/Li ratios on the thermal conditions of water-rock interaction. All fluid data are from the 
compiled dataset.
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basin brines is preserved from its original solute source(s) and can be 
used to determine the types of inflows providing solutes to closed-basin 
brines (i.e., geothermal versus low-temperature near-surface inflows). 
The following sections investigate the variations between the Mg/Li 
ratio in waters from low- and high-temperature systems in the Lithium 
Triangle and how these original ratios can be modified as a water flows 
into a terminal basin. This includes mixing of different water sources, 
evaporation and mineral precipitation, and uptake of ions through 
water-sediment interactions.

3.1. Cold springs versus thermal waters

Using a compiled dataset, we evaluated data from cold springs (<30 
◦C, n = 348) and thermal springs (≥30 ◦C, n = 270) from throughout the 
Lithium Triangle (Fig. 1A) combined with a small dataset of deep 
geothermal waters (n = 10) that are samples collected from geothermal 
wells without a direct connection to the surface. Fig. 2A shows the 
considerable ranges in these values; the median Mg/Li ratio for cold 
spring is ~31, thermal springs ~3, and deep geothermal waters ~0.02. 
By comparison, volcanic rocks of the Central Andes (Mamani et al., 
2010) typically have much higher Mg/Li ratios with median values for 
ignimbrites at ~68, lavas at ~1050, and some intrusive igneous rocks at 
~750 (Fig. 2A). For reference, the Mg/Li ratios of the bulk continental 
crust (mean values for upper middle and lower crust) ranges from ~623 
(upper crust) to ~3358 (lower crust) (Rudnick and Gao, 2014), gener
ally overlapping with non-ignimbrite rocks (Fig. 2A). Waters from each 
group typically have lower Mg/Li ratios than the host rocks and bulk 
continental crust (p < 0.001, Fig. 2A), suggesting that Li is preferentially 
mobilized into the aquatic phase.

Experimental leaching studies with a variety of rock types and under 
different low- and high-temperature conditions ranging from 25 to 
400 ◦C have previously demonstrated that under low-temperature con
ditions the aqueous Mg/Li ratios typically mimic that of the initial 
source rocks (Yuan et al., 2021). High-temperature leaching, on the 
other hand, leads to much lower Mg/Li ratios than the source rocks, in 
agreement with known trends in geothermal systems (Yuan et al., 2021). 
This is clearly the case in spring waters throughout the Lithium Triangle; 
cold spring waters have an overlapping range of Mg/Li ratios with the 
different rock types found in the Lithium Triangle and the bulk conti
nental crust while thermal springs and deep geothermal waters typically 
have much lower values (Fig. 2A).

While the measured temperature of spring waters at the surface may 
not reflect their temperature at depth, the original equilibrium tem
perature at depth can be reconstructed using chemical geo
thermometers. This is done using variations in chemical concentrations 
or ratios that have been calibrated to reflect equilibrium temperatures at 
depth. To estimate the reservoir temperature we use the Mg-Li geo
thermometer of Kharaka and Mariner (1989), which reportedly esti
mates subsurface temperatures between 30 ◦C and 350 ◦C. The equation 
is: 

T(◦C) =
2200

log

( ̅̅̅̅̅
Mg

√

Li

)

+ 5.47
− 273 (1) 

where Mg and Li are the concentration in mg/L and T represents the 
equilibrium reservoir temperature. It should be noted that the calculated 
temperatures are estimates and that other factors such as rock type and 
fluid composition can influence the accuracy of chemical geo
thermometers (Cioni and Marini, 2020); the Mg-Li geothermometer, 
however, has generally proven reliable in different rock types and in 
fluids with high Li concentrations (Boschetti et al., 2024; Kharaka and 
Mariner, 1989), conditions relevant to the geothermal waters of the 
central Andes (Cortecci et al., 2005; Inostroza et al., 2025; Peralta 
Arnold et al., 2017; Risacher et al., 2011). Accordingly, we focus on the 
Mg-Li geothermometer in this study, and evaluation of alternative 

geothermometers is beyond the scope of this study.
Since Eq. (1) is concentration dependent, it is not directly a function 

of the Mg/Li ratio alone. Nonetheless, plotting estimated reservoir 
temperatures against the Mg/Li ratios of cold springs, thermal springs, 
and deep geothermal waters reveals a strong inverse correlation (ρ =
0.92, p < 0.001; Fig. 2B), indicating that Mg/Li ratios systematically 
decrease with increasing temperature of water-rock interaction.

To illustrate this relationship using Mg/Li ratios alone, independent 
of absolute concentrations, we fit an exponential curve to the data 
within the reported applicability range of the Mg-Li geothermometer 
(30–350 ◦C) (Fig. 2B). This yields the following empirical relationship: 

Mg
Li

= 688.6*e− 0.03755*T(◦ C) (2) 

This relationship explains a substantial portion of the variance in the 
data (R2 = 0.53), but it should be emphasized that Eq. (2) is not intended 
as a predictive geothermometer. Rather, it provides a heuristic frame
work for visualizing how Mg/Li ratios broadly vary as a function of the 
temperature of water-rock interactions across diverse lithologies and 
fluid compositions. The remaining variance likely reflects differences in 
host rock composition, fluid evolution, mixing of multiple water sources, 
and post-equilibration processes.

Experimental studies demonstrate that low-temperature leaching of 
volcanic rocks typically produces aqueous Mg/Li ratios similar to those 
of the source lithology, whereas higher-temperature interactions pref
erentially sequester Mg into secondary minerals while Li remains rela
tively conservative (Yuan et al., 2021). Consistent with this behavior, 
ignimbrites of the Central Andes, which are widely considered a primary 
source of Li to regional waters (Álvarez-Amado et al., 2022b; Álvarez- 
Amado et al., 2022a; Cortes-Calderon et al., 2025; Del Bono et al., 2026; 
Meixner et al., 2022; Munk et al., 2018; Risacher and Fritz, 2009), have a 
median Mg/Li ratio of ~68 (Fig. 2A). Other common lithologies in the 
region, including lavas and intrusive igneous rocks, typically exhibit 
even higher Mg/Li ratios that are similar to the bulk continental crust 
(Fig. 2A). On this basis, we consider waters derived predominantly from 
low-temperature (near-surface) water-rock interactions to have Mg/Li 
ratios similar to or greater than those of ignimbrites (i.e., > ~68). Using 
Eq. (2) solely as a qualitative guide, Mg/Li ratios of ~16 and ~ 0.4 
broadly align with equilibrium temperatures on the order of ~100 ◦C 
and ~200 ◦C, respectively.

Accordingly, we classify Mg/Li ratios in waters as indicative of 
dominantly influenced by low-temperature (>68), moderate- 
temperature (68–16), high-temperature (16–0.4), or very-high- 
temperature (<0.4) water-rock interactions. These categories are 
intended to represent broad thermal regimes rather than discrete tem
perature thresholds and are used below to facilitate regional comparison 
of Mg/Li ratios in closed-basin brines.

3.2. Modification of the Mg/Li ratio in inflow waters

While geothermal waters that reach the (near)-surface environment 
may retain the Mg/Li ratio they achieved at depth, surficial processes 
can potentially modify it. Potential modification mechanisms include 
(1) mixing of different water sources, (2) precipitation or dissolution of 
Mg or Li bearing minerals, and (3) retention of Li and Mg during water- 
sediment interactions (e.g., adsorption to clay and/or oxides).

The evaporative evolution of dilute inflow waters to closed-basin 
brines leads to the precipitation of several primary minerals. In the 
Lithium Triangle these are dominantly calcite (CaCO3), gypsum 
(CaSO4•xH2O), ulexite (NaCaB5O9•xH2O), and halite (NaCl) (Risacher 
and Fritz, 2009; Williams et al., 2026), which are not expected to 
appreciably incorporate Li and Mg as substituting ions (Bąbel and 
Schreiber, 2014; McCaffrey et al., 1987). Notably Mg salts like poly
halite only form from extremely evaporated hypersaline brines and are 
rare in the natural settings (Williams et al., 2026). Lithium-bearing salts 
like Li-sulfate have been hypothesized to form from the extreme 
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evaporation of natural brines (Boschetti et al., 2007) and are known to 
form in evaporation ponds (Williams and Vengosh, 2025), but have not 
been found or proven to form naturally in salar systems.

In general the precipitation of Mg-silicates (e.g., sepiolite, clays) and 
Mg‑carbonates from inflow waters and brines, a process analogous to 
reverse weathering involving authigenic clay formation, are known to 
be important steps in controlling the aqueous geochemistry of brines 
(Eugster and Hardie, 1978; Hardie and Eugster, 1970; Tosca and Tutolo, 
2023). Their precipitation, however, is primarily controlled by pH 
where alkaline conditions (pH > ~9) facilitate their formation and thus 
they are typically found in alkaline lakes (Tosca and Tutolo, 2023; 
Tutolo and Tosca, 2018). Such alkaline conditions are however not 
common to closed-basin brines or inflows during their evaporative 
evolution in the Lithium Triangle (Risacher et al., 2003; Risacher and 
Fritz, 2009). This is in part as a result of the oxidation of aeolian sulfur/ 
sulfides (Risacher and Fritz, 2009; Risacher and Fritz, 1991a) and the 
enhanced dissociation of boric acid at high salinities (Williams et al., 
2025a), which inhibit the formation of alkaline brines and generally 
produce a circumneutral pH brine. Furthermore, the cold and arid 
conditions of the Lithium Triangle and the generally low Al concentra
tions in waters have been argued as inhibiting the authigenic formation 
of clays (Godfrey et al., 2019; Godfrey et al., 2013; Risacher, 1984). 
Despite this, authigenic Mg-smectites have been observed to signifi
cantly and actively form on biogenic silica but only in a few alkaline 
salars of Bolivia (Badaut and Risacher, 1983). Independent Mg‑car
bonates (i.e., magnesite) are typically undersaturated in waters from the 
Lithium Triangle and are not expected to form (Risacher and Fritz, 
2009), however, relatively minor Mg incorporation as a substitute for Ca 
in calcite can occur (Vignoni et al., 2024). From this we can reasonably 
expect that Mg and Li are not appreciably removed from solution by the 
precipitation of salts or Mg-silicates in the Lithium Triangle.

To assess how the Mg/Li ratio can be modified, we consider four 
different closed basin systems with different Mg/Li ratios and geological 
settings: (1) Laguna Pastos Grandes, which has a brine dominantly 
derived from geothermal waters; (2) the Salar de Uyuni (SDU), which 
has a brine derived from multiple sources and has a relatively large river 
and delta system where evaporite minerals precipitate and waters 
interact with detrital sediments; (3) the Laguna Colorada, which is one 
of the few (moderately) alkaline brines in closed-basins of the Lithium 
Triangle with the formation of Mg-silicates; and (4) the Salars de Gorbea 
and Ignorado, the only two known acid brines in closed-basins of the 
Lithium Triangle.

3.2.1. The Laguna Pastos Grandes, a high-temperature system
The Laguna Pastos Grandes (LPG) in Bolivia is a relatively small 

playa/salt flat (~125 km2) (Risacher and Fritz, 1991a), is primarily fed 
by thermal springs that discharge within and around the playa/salt 
crust, and is situated within the APMB (Fig. 1) (Ballivian and Risacher, 
1981; Bougeault et al., 2020; Jones and Renaut, 1994; Muller et al., 
2020; Risacher and Eugster, 1979). Consequently, the LPG represents a 
brine with a clear geothermal connection and yet it also has many of the 
same geochemical characteristics that occur in other salars. All major 
evaporite salts forming at other salars are also forming at LPG from the 
evaporation of inflowing thermal spring water including, calcite, gyp
sum, ulexite, and halite (Muller et al., 2020; Risacher and Eugster, 
1979), while the conditions (pH ~ 7.5) are not suitable for Mg-silicate 
formation (Badaut and Risacher, 1983). Furthermore, this salar main
tains a low δ7Li value in the brines at ~3.9‰ that essentially mirrors the 
Li isotope composition of the inflowing thermal springs ranging from 
2.6‰ to 5.6‰ (Muller et al., 2020). The low and overlapping δ7Li values 
of the brine and thermal springs demonstrates that Li isotopes have not 
been fractionated, and therefore Li was not retained by sediments (i.e., 
Li isotope fractionation is expected if Li is retained), meaning that Li 
maintains its conservative nature during evaporation and mineral pre
cipitation. Given the geochemical similarities between Li and Mg and 
the cooling of thermal waters at the surface, one would not expect that 

Mg is also retained to sediments, similar to Li. This is consistent with 
variations in the Mg/Li ratio; in the thermal springs the Mg/Li ratio 
ranges from 1.2 to 3.2 while the LPG brines are between 1.9 and 2.8 
(Fig. 3A), demonstrating that the Mg/Li ratio of the inflows is preserved. 
This low Mg/Li ratio is also consistent with high-temperature 

Fig. 3. (A) Mg/Li ratios in Laguna Pastos Grandes, Bolivia and inflowing 
thermal springs. The Mg/Li ratio of these brines is essentially unaffected by 
evaporation and mineral precipitation and is directly connected to the thermal 
springs. Data from the compiled dataset. (B) Evolution of the Mg/Li ratio in the 
Rio Grande stream (RG Stream) and the Rio Grande delta (RG Delta) with 
respect to linear distance from the SDU's salt crust. Mixing in the Rio Grande 
stream alters the Mg/Li ratio from its original value and reflects the weighted 
integration of different tributaries. Variations in Mg/Li in the RG delta are 
modified by attenuation of Mg and Li to sediments (see text and Fig. 4 for 
further discussion). Data from Risacher and Fritz (1991b) and Risacher (1992). 
(C) Evolution of the Mg/Li ratio in an evaporative transect of a representative 
inflow to the Laguna Colorada demonstrating the modification of the Mg/Li 
ratio of inflow waters by Mg-silicate precipitation. Data from Risacher and 
Fritz (1991a).
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geothermal activity following the classification system described in 
Section 3.1. To further support this we approximate the reservoir tem
perature for the thermal springs using Eq. (1) from Kharaka and Mariner 
(1989), which would suggest a reservoir temperature of ~185 ◦C (me
dian of thermal springs). This is in rough agreement with the estimated 
temperatures suggested by Muller et al. (2020) ranging from ~150 to 
230 ◦C on the basis of several different geothermometers. Overall, the 
LPG demonstrates a relatively clear case in which the Mg/Li ratio of a 
closed-basin brine is dominantly influenced by high-temperature 
geothermal waters and the original inflow ratio is unmodified by surfi
cial processes such as evaporation and the sequence of salt precipitation. 
The LPG therefore represents an endmember case in which Mg/Li ratios 
retain a clear geothermal signature due to minimal mixing and limited 
sedimentary modification.

3.2.2. The Salar de Uyuni, a brine of mixed origin
The Salar de Uyuni (SDU) is the largest salt flat in the world 

(~10,000 km2)(Risacher and Fritz, 1991b) and represents a particularly 
complex case, as its brines are largely the relicts of a series of extensive 
paleolakes that episodically connected the SDU basin with several 
northern terminal basins of the Altiplano, including Coipasa and Poopó, 
and that received overflow from Lake Titicaca to the north (Baker et al., 
2001; Placzek et al., 2013; Risacher and Fritz, 1991b; Williams et al., 
2026). The large watershed (roughly the entire Altiplano at ~193,000 
km2)(Lehner et al., 2008) feeding these paleolakes likely integrated 
solute inputs from waters that experienced a wide range of water-rock 
interaction temperatures. In this context, Mg/Li ratios in the SDU are 
not expected to reflect a single water-rock interaction source, but rather 
a mixing-weighted integration of solute sources with distinct thermal 
histories. Although the Rio Grande is the only major modern inflow to 
the SDU and southern inflows like the Rio Grande were also a significant 
contributor of solutes to the paleolakes (Placzek et al., 2011; Risacher 
and Fritz, 1991b; Williams et al., 2026), it is estimated to have supplied 
less than 1% of the halite present in the modern salt crust since the last 
paleolake stage (Risacher and Fritz, 1991b).

The SDU brines have a relatively high Mg/Li ratio of ~22 on average 
(López Steinmetz and Salvi, 2021), which we interpret as reflecting a 
mixed solute inventory dominated by contributions from waters that 
experienced low-temperature water-rock interactions during the pale
olake stages, with a smaller and yet non-negligible contribution from 
higher-temperature geothermal sources. If the SDU brines were derived 
exclusively from the desiccation of a well-mixed paleolake system, one 
might expect the Mg/Li ratios of the Salar de Coipasa (SDC), the next 
highest basin formerly connected to the SDU, to be similar. However, the 
SDC exhibits a substantially higher average Mg/Li ratio of ~47 (López 
Steinmetz and Salvi, 2021). This difference likely reflects post-paleolake 
modification of the SDC brines through continued solute inputs, 
particularly from the Rio Lauca (Mg/Li ≈ 56), which floods the salar 
annually and has contributed up to an estimated ~20% of the halite to 
the SDC salt crust since the last paleolake (Risacher and Fritz, 1991b). 
The relatively high Mg/Li ratio of the Rio Lauca, combined with its 
significant salt flux, suggests that ongoing low-temperature solute inputs 
have shifted the Mg/Li ratio of the SDC to higher values.

Both the SDU and SDC were also historically influenced by overflow 
from Lake Titicaca, which has a much higher Mg/Li ratio of ~97 
(Risacher and Fritz, 1991b), consistent with the fact that it is dominantly 
recharged by meteoric inputs (Lima-Quispe et al., 2025) and therefore 
reflects solutes primarily originating from near-surface, low-tempera
ture water-rock interactions. In contrast, the Rio Grande at its discharge 
to the southern part of the SDU has a much lower Mg/Li ratio of ~18 
(Risacher and Fritz, 1991b), potentially reflecting its drainage of regions 
associated with the APMB (Fig. 1A), where geothermal activity is 
common (i.e., near the LPG). Taken together, these observations indi
cate that the Mg/Li ratios of the SDU and SDC brines represent mixtures 
of solutes derived from multiple inflows with distinct thermal signa
tures. Paleolake reconstructions suggest that solutes during the final lake 

stages were supplied primarily from the north via Lake Titicaca and the 
Rio Lauca and from the south via the Rio Grande (Grove et al., 2003; 
Risacher and Fritz, 1991b), with southern inputs considered dominant 
(Placzek et al., 2013; Placzek et al., 2011).

Using the modern Mg/Li ratios of Lake Titicaca (~97), the Rio Lauca 
(~56), and the Rio Grande (~18), and assuming that these values are 
representative of their paleolake-stage counterparts, we conduct 
simplified mass-balance calculations to approximate source contribu
tions to the SDU brines. If the modern SDU brine Mg/Li ratio (~22) 
approximates the paleolake value, an assumption supported by the near 
absence of Mg- and Li-bearing salts in the SDU and the negligible 
contribution of modern solute inputs (Risacher and Fritz, 1991b; Wil
liams et al., 2026), two-endmember mixing between the Rio Grande and 
the northern inputs suggests that ~89–95% of the Mg and Li in the SDU 
is derived from the Rio Grande, with only ~5–11% originating from 
northern sources. This estimate is consistent with independent assess
ments indicating that the solute inputs from Lake Titicaca were rela
tively minor (Placzek et al., 2013; Placzek et al., 2011). Importantly, this 
analysis demonstrates that the Mg/Li ratio of a closed-basin brine re
flects the mixing-weighted integration of solute sources with different 
thermal histories, rather than recording a single source with high- or 
low-temperature water-rock interactions.

The Rio Grande, the only major modern inflow to the SDU, provides 
an opportunity to examine how Mg/Li ratios of inflows can evolve 
during transport, mixing, and evaporation prior to flowing into basin 
brines. At its headwaters, the Rio Grande drains the APMB (Fig. 1A), a 
deep-seated magma body that provides heat for regional geothermal 
systems (de Silva et al., 2006). Near this region, the river exhibits its 
lowest Mg/Li ratios (~7.7), which increase downstream to ~25, 
decrease to ~14, and then rise again to ~20 within the Rio Grande Delta 
(Fig. 3B). These variations are interpreted primarily as the result of 
mixing with tributaries that experienced different water-rock interac
tion sources. One major tributary, the Rio Alota, has Mg/Li ratios 
ranging from ~26 to 43 and Na/Cl molar ratios of ~1.00–1.15, char
acteristic of relatively low-temperature alteration of local volcanic rocks 
(Risacher and Fritz, 2009; Risacher and Fritz, 1991a). In contrast, the 
most upstream Rio Grande sample has a Na/Cl molar ratio of ~0.81, 
indicative of recycled brines typical of regional geothermal waters 
(Risacher et al., 2011; Risacher and Fritz, 2009). The initial increase in 
the Mg/Li ratio of the Rio Grande likely reflects mixing with the Rio 
Alota downstream of their confluence (Fig. 3B), with subsequent fluc
tuations attributable to additional tributary inputs. Throughout its 
course, the Rio Grande remains relatively dilute, with TDS increasing 
from ~1.4 g/L upstream to ~2.3 g/L prior to entering the delta. Overall, 
along the flow of ~190 km, the Mg/Li ratio of the Rio Grande is 
modified from a geothermal fingerprint in the APMB (ratio ~ 7.7) to a 
more intermediate value or ~ 20 due to inputs from tributaries with low- 
temperature fingerprints.

Within the Rio Grande Delta, inflowing waters evaporatively evolve 
to hypersaline compositions, precipitating calcite, gypsum, ulexite, and 
halite (Risacher and Fritz, 1991b; Williams et al., 2026). During this 
evolution, waters also interact extensively with detrital sediments 
before mixing with paleolake-derived brines (Risacher and Fritz, 1991b; 
Williams et al., 2026). Although Mg- or Li-bearing minerals have not 
been reported in the delta and conditions are not favorable for Mg- 
silicate formation due to circumneutral pH (Badaut and Risacher, 
1983; Risacher and Fritz, 1991b), Mg/Li ratios in the delta waters/ 
brines vary between ~15 and 23 and converge to ~18 prior to mixing 
with the SDU brine (Fig. 3B). In the absence of discrete Mg or Li mineral 
phases, these variations are best explained by partial attenuation of both 
elements through water-sediment interactions (i.e., adsorption). 
Lithium isotope data show that δ7Li values increase from ~3‰ in the 
river to ~12‰ in the brine (Williams et al., 2026), indicating the 
removal of Li to sediments and the subsequent Li isotope fractionation. 
To determine the fraction of Li and Mg removed, we normalize Li and 
Mg to Br, a relatively conservative element during the evaporation 
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process. Conducting mass balance calculations between the highest 
(11.3 and 170) and lowest (4.3 and 77.7) Li/Br and Mg/Br ratios found 
at respectively early and late stages of evaporation in the delta suggests 
that ~62% of Li and ~ 55% of Mg are lost to water-sediment in
teractions (regardless of the manner of attenuation)(Fig. 4). This esti
mate is consistent with a Rayleigh fractionation calculation using Li 
isotopic fractionation factors of ~16–20‰, factors, which have been 
reported for Li uptake into oxides and clays (Vigier et al., 2008; Wim
penny et al., 2015; Wimpenny et al., 2010). Despite this attenuation, our 
evaluation indicates that Mg and Li are removed to roughly comparable 
degrees, resulting in the approximate preservation of the integrated Mg/ 
Li ratio that remains ~18 in the final Rio Grande derived brines as 
compared to the value of ~14 in the stream prior to entering the delta.

Within the classification framework developed in this study, the in
tegrated Mg/Li ratio of the Rio Grande after evaporative evolution falls 
within the range indicative of moderate-temperature influence, consis
tent with its mixed solute provenance that includes both high- 
temperature geothermal inputs from the APMB region and low- 
temperature near-surface inputs from tributaries such as the Rio Alota. 
This example demonstrates that while Mg/Li ratios are not static in 
deltaic environments and both Mg and Li can be significantly attenuated 
during evaporation and water-sediment interaction, the magnitude of 
the integrated Mg/Li ratio of the inflow is largely preserved.

In sum, the evolution of the Rio Grande and the paleohydrology of 
the SDU illustrate that (1) Mg/Li ratios of individual inflows reflect the 
temperature of water-rock interactions of each source; (2) mixing of 
these inflows produces composite Mg/Li ratios that record a weighted 
integration of these thermal signatures rather than discrete interaction 
temperatures; and (3) evaporative concentration and water-sediment 
interactions modify the absolute Mg and Li concentrations and yet can 
roughly preserve the integrated Mg/Li ratio of the inflows. Accordingly, 
the Mg/Li ratio of the SDU brine (~22) reflects a system dominated by 
low-temperature solute inputs with a smaller but significant contribu
tion from higher-temperature geothermal sources, consistent with the 
basin's paleohydrologic evolution.

3.2.3. The Laguna Colorada and alkaline brines
Alkaline brines represent a distinct geochemical regime in which 

Mg/Li ratios may no longer directly reflect the temperature of water- 
rock interactions of the inflow waters because Mg can be selectively 
removed from solution through the precipitation of Mg-silicates under 

elevated pH conditions. The following examples illustrate this process.
The third example is Laguna Colorada, a small (~52 km2)(Risacher 

and Fritz, 1991a), moderately alkaline (pH ~8.0–8.4) saline lake located 
within the APMB that hosts active geothermal activity as well as several 
low-temperature springs and streams (Risacher and Fritz, 1991a; Scan
diffio and Alvarez, 1990). The Mg/Li ratio of the lake brine is ~4. 
Risacher and Fritz (1991a) presented an evaporative transect of a 
representative inflow water to the lake. During the early stages of 
evaporation, Mg-silicates actively precipitate as pH increases to values 
as high as ~9.1 (Risacher and Fritz, 1991a). However, oxidation of 
aeolian sulfides and sulfur subsequently reverses the alkaline evapora
tive pathway of Hardie and Eugster (1970), forcing a decrease in pH to 
~8.4 and inhibiting further Mg-silicate formation (Risacher and Fritz, 
1991a).

During this process, Li behaves conservatively and does not appear to 
be significantly attenuated by water-sediment interactions (Risacher 
and Fritz, 1991a). As a result, the Mg/Li ratio of the evaporative transect 
decreases from ~8 to ~4 due to the selective removal of Mg into Mg- 
silicates (Fig. 3C); this equates to a roughly 50% removal of Mg 
assuming Li is conserved as suggested by Risacher and Fritz (1991a). 
Nonetheless, the overall magnitude of the Mg/Li ratio of the inflow 
waters is broadly preserved in the residual brine. This preservation is 
attributed to the reversal of the alkaline pathway, which limits extensive 
Mg-silicate precipitation, as reflected by the moderately alkaline pH of 
the lake brine. Given that Mg/Li ratios characteristic of high- 
temperature water-rock interactions range from ~16 to 0.4, both the 
inflow water (~8) and the lake brine (~4) are consistent with a domi
nant high-temperature contribution despite the partial, but significant, 
Mg removal.

Reversal of the alkaline evaporative pathway is a common feature of 
dilute inflow waters throughout the Lithium Triangle (Risacher et al., 
2003; Risacher and Fritz, 2009; Risacher and Fritz, 1991a). These waters 
often originate from alteration of volcanic rocks that would otherwise 
promote an alkaline evolution. However the alkalinity reversal is 
induced by aeolian sulfide and sulfur oxidation, which is thought to be a 
primary reason why strongly alkaline brines are rare in the Lithium 
Triangle (Risacher et al., 2003; Risacher and Fritz, 2009; Risacher and 
Fritz, 1991a). Accordingly, the Laguna Colorada example demonstrates 
that such reversal processes can allow Mg/Li ratios of the brines to 
remain broadly representative of inflow conditions as waters evolve into 
brines, even in the presence of limited Mg-silicate formation.

Fig. 4. Variations in the Mg/Br and Li/Br ratios (mass ratios) in the Rio Grande delta as waters interact with sediments. It is clear that both Li and Mg are lost to 
water-sediment interactions as both decrease with respect to Br, a relatively conservative tracer, along their flow towards the SDU. Distance is linear distance from 
the SDU prior to any halite precipitation or contact with the salt crust. Data from Risacher and Fritz (1991b) and Risacher (1992).
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Only a few strongly alkaline brines exist in the Lithium Triangle, and 
where the alkaline pathway reversal does not occur, Mg-silicate pre
cipitation can exert a dominant control on Mg/Li ratios (Risacher and 
Fritz, 2009, Risacher and Fritz, 1991a). At Laguna Cachi (pH ~10) 
(Fig. 1), for example, inflow waters exhibit Mg/Li ratios between ~9 and 
31, whereas the lake brine has a Mg/Li ratio of ~0.003, indicating 
extensive selective removal of Mg into Mg-silicates (Risacher and Fritz, 
1991a); this equates to >99% removal of Mg assuming that Li is 
conserved in this system as it is in Laguna Colorada. Similar contrasts 
between inflows and brines are observed at other alkaline lakes with pH 
>9, including Lagunas Kara, Honda Sur, Catalcito, and Pelada in Bolivia. 
In these systems, Mg/Li ratios of the brines are controlled primarily by 
secondary mineral precipitation rather than the geochemical charac
teristics of the inflow waters, and therefore, fall outside the scope of the 
Mg/Li-temperature framework developed in this study. Consequently, 
Mg/Li ratios of brines should be interpreted in conjunction with pH and 
mineralogical context when assessing the thermal history of source 
waters to closed-basin brines. Notably, these alkaline brines display 
some of the lowest Mg/Li ratios reported in the Lithium Triangle, in 
stark contrast to the high Mg/Li ratios typically associated with low- 
temperature water-rock interactions in circumneutral pH brine systems.

3.2.4. The acid brines, the Salar de Gorbea & Salar Ignorado
Only two acid brines (pH ~1–3) are known to exist in the Lithium 

Triangle; the adjacent closed basins of the Salar de Gorbea and Salar 
Ignorado in Chile (Fig. 1B) (Pueyo et al., 2021; Risacher et al., 2002). 
Importantly, the chemistries of these brines are unique and their for
mation is distinct from any other brine system in the Lithium Triangle 
(Risacher et al., 2002). Despite this, they both formed from the same 
interplay of high- and low-temperature water-rock interactions that, as 
shown in this study, govern the Mg/Li ratio in other brines.

These brines arise from nearby volcanic rocks are the remnants of an 
intensely hydrothermally altered volcanic core (Cornejo, 1987; Risacher 
et al., 2002). As a result (1) the natural buffering capacity of the volcanic 
rocks have been greatly diminished; and (2) primary minerals of the 
volcanic rocks have been almost completely replaced or altered to sec
ondary minerals including chlorite and elemental sulfur (Cornejo, 1987; 
Risacher et al., 2002). Oxidation of the elemental sulfur provides the 
necessary acidity that cannot be neutralized by the altered volcanic 
rock, allowing the formation of acid brines (Risacher et al., 2002). 
Today, geothermal waters do not occur in the basin (Risacher et al., 
2002) and the salt flats are primarily fed by near-surface waters inter
acting with the intensely altered rocks that evaporate to form the salar 
brines (Pueyo et al., 2021; Risacher et al., 2002). Nevertheless, there is 
evidence from fluid inclusions and sulfur and oxygen isotopes in gypsum 
to support several periods of historic geothermal activity and inputs to 
the salars (Karmanocky III and Benison, 2016; Pueyo et al., 2021).

As mentioned in earlier discussion of geothermal systems, higher- 
temperature water-rock interactions lead to greater incorporation of 
Mg into secondary mineral phases, while Li remains in solution, 
resulting in conspicuously low Mg/Li in geothermal waters. This would 
seem to be apparent in the hydrothermally altered rocks surrounding the 
Salar de Gorbea and Salar Ignorado as chlorite, a common Mg-rich 
secondary mineral in hydrothermal systems, has a major occurrence 
(Cornejo, 1987; Risacher et al., 2002). This deposition of Mg-rich sec
ondary minerals has presumably increased the Mg/Li ratio of the altered 
volcanic rocks from their original values, however this data is not 
available. Despite this, we know that the Mg/Li ratio in the brines of 
these two salars are some of the highest at ~88 for the Salar de Gorbea 
and ~ 316 for Salar Ignorado (medians from the compiled dataset). 
While the two salars are very similar in terms of geology and 
geochemistry, the generally higher salinity and presence of Mg-sulfate 
minerals at Gorbea and their absence at Ignorado (Benison, 2019) 
could explain the relatively lower Mg/Li ratio at Gorbea if all else is 
equal. We posit that the relatively high Mg/Li ratios in these brines are 
linked to the high-temperature hydrothermal alteration of the nearby 

volcanic rocks and the replacement of primary minerals with Mg-rich 
secondary mineral phases. Since near surface processes control water 
and solute inputs to the salar brines in the modern day, it seems likely 
that relatively low-temperature water-rock interactions with the rocks 
that were previously modified by high-temperature hydrothermal 
alteration have produced the distinctly elevated Mg/Li ratios we see in 
the brines from these basins today. In this sense, the Mg/Li ratios of the 
Gorbea and Ignorado brines reflect an inherited geochemical signature 
imposed by earlier high-temperature hydrothermal alteration, rather 
than contemporary geothermal fluid inputs that would otherwise 
contribute a much lower Mg/Li ratio. These acid brines therefore 
demonstrate that the Mg/Li ratios of brines are closely linked to source 
rock composition and record the thermal history of water-rock in
teractions, further emphasizing the importance of inherited geochemical 
signatures in closed-basin brine systems.

4. An overview of Mg/Li ratios in closed-basin brines

4.1. Extrapolating observed trends across the Lithium Triangle

The results presented in this study define a coherent framework for 
interpreting Mg/Li ratios in closed-basin brines across the Lithium Tri
angle. At the scale of individual inflows, Mg/Li ratios are primarily 
established by the temperature of water-rock interactions, with high- 
temperature interactions producing low Mg/Li ratios, while low- 
temperature, near-surface interactions producing relatively high ratios 
that resemble those of source rocks (Fig. 2). This concept follows well 
known trends in geothermal systems and is supported by experimental 
results (Kharaka and Mariner, 1989; Yuan et al., 2021).

At the basin scale, Mg/Li ratios in brines reflect the integration of 
these source signatures through mixing of multiple inflows with distinct 
thermal histories. The case studies presented in this study demonstrate 
that closed-basin brines are often not derived from a single solute source; 
instead, their Mg/Li ratios represent mixing-weighted composites of 
geothermal and near-surface water inputs. While subsequent evapora
tive concentration and mineral precipitation govern absolute solute 
concentrations, they generally exert a relatively minor influence on Mg/ 
Li ratios under the predominantly circumneutral pH conditions that 
characterize most Lithium Triangle brines.

Across the Lithium Triangle, brines consistently form through similar 
evaporative evolutionary pathways that typically result in circum
neutral Na-Cl-(SO4) brines (López Steinmetz and Salvi, 2021; Risacher 
and Fritz, 2009; Williams et al., 2025a), occasionally with Ca or Mg 
enrichments (Lowenstein and Risacher, 2009; Risacher et al., 2003; 
Risacher and Fritz, 2009). This evolution may occur either through 
direct evaporation of inflowing waters or through reversal of an initially 
alkaline evaporative pathway induced by oxidation of aeolian sulfur and 
sulfides, as documented for Laguna Colorada (Lowenstein and Risacher, 
2009; Risacher and Fritz, 1991a). The dilute waters required to initially 
follow an alkaline pathway generally derive from near-surface alteration 
of local volcanic rocks and are not typically considered a dominant 
source of solutes to closed basins (Risacher and Fritz, 2009; Risacher and 
Fritz, 1991a). In contrast, brackish inflows, often generated in part 
through recycling of pre-existing closed-basin brines, are thought to 
represent the primary source of solutes to many basins of the Lithium 
Triangle (Risacher and Fritz, 2009; Risacher and Fritz, 1991a).

Regardless of inflow composition, evaporative evolution leads to 
precipitation of a broadly similar suite of minerals in the majority of the 
basins, including calcite, gypsum, ulexite, and halite (Lowenstein and 
Risacher, 2009; Williams et al., 2026). As demonstrated in the case 
studies presented in this paper (e.g., LPG), precipitation of these phases 
does not significantly modify Mg/Li ratios under circumneutral pH 
conditions. Mg/Li ratios are only substantially altered when Mg-silicates 
form under alkaline conditions, as observed in Laguna Colorada and 
Laguna Cachi. The widespread similarity in brine chemistries across the 
Lithium Triangle therefore implies that common mechanisms control 
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brine formation and supports the broader applicability of the framework 
presented in this study. This does not imply that all systems behave 
identically; for example, the Salar de Atacama does not host an alkaline 
brine, yet minor microbially mediated Mg-silicate precipitation has been 
documented in pools around the salar margin (Suosaari et al., 2026). 
Although not addressed explicitly in this study, such microbial processes 
may play an additional role in modulating Mg or Li concentrations and 
has been documented in other salars (Suosaari et al., 2022a, 2022b). 
Accordingly, this warrants further investigation.

Considering the role of water-sediment interactions, our results show 
that both Mg and Li can be significantly retained in sediments even in 
the absence of primary Mg- or Li-bearing mineral precipitation (e.g., the 
Rio Grande Delta). The extent of such water-sediment interaction varies 
among closed basins, as not all systems possess large deltaic environ
ments (e.g., LPG) where sediment interaction is pronounced. This vari
ability is reflected in the wide range of δ7Li values observed in Lithium 
Triangle brines, spanning approximately ~3‰ to 16‰ (Desaulty et al., 
2022; Meixner et al., 2022), with higher values generally indicating 
more extensive water-sediment interaction and Li retention. While not 
investigated here further research is necessary to determine and quan
tify the mechanisms of attenuation to sediments (i.e., adsorption, 
incorporation into detrital or evaporative minerals, etc.), perhaps by 
integrating both Mg and Li isotope systematics.

Despite this variability, observations from both LPG and the Rio 
Grande Delta demonstrate that the magnitude of the Mg/Li ratio of the 
inflows is largely preserved, even when substantial fractions of Mg and 
Li are both removed from solution during water-sediment interaction. 
This preservation likely reflects broadly similar attenuation efficiencies 
of Mg and Li under these conditions as demonstrated for the Rio Gande 
delta at the SDU. In addition, many closed-basin brines are not derived 
from a single inflow source but instead receive multiple inflows with 
distinct thermal histories.

The Salar de Atacama provides a further example of such mixing, as 
it is a large salt flat receiving waters from multiple sources, including 
possible geothermal inputs from the nearby El Tatio geothermal system 
(Godfrey and Álvarez-Amado, 2020; Lowenstein and Risacher, 2009). 
The Mg/Li ratio of the Salar de Atacama therefore likely reflects a 
mixture of high- and low-temperature water-rock interaction signatures. 
Its relatively low Mg/Li ratio (~7–8) (López Steinmetz and Salvi, 2021; 
the compiled dataset), however, suggests a greater proportional 
contribution from geothermal sources compared to the SDU (Mg/Li ≈
22). This interpretation is consistent with the paleohydrologic evolution 
of the SDU, which incorporates solutes from paleolake-derived brines 
that integrated inputs across the Altiplano, including substantial surfi
cial water contributions associated with low-temperature water-rock 
interactions.

4.2. Distribution of Mg/Li ratio in brines across the Lithium Triangle

We compiled data for 103 closed basins of the Lithium Triangle 
across Chile (n = 52), Bolivia (n = 33), and Argentina (n = 18), including 
basins hosting freshwater lakes, saline lakes, and hypersaline brines in 
salar and playa environments. Of these basins, 80 contain brines with 
TDS greater than 35 g/L (approximately that of seawater), and 91 are 
not considered alkaline (i.e., median pH < 9). Median Mg/Li ratios vary 
widely among basins, ranging from 0.003 (Laguna Cachi, Bolivia) to 722 
(Salar de Michincha, Chile).

To facilitate regional comparison, Mg/Li ratios were grouped into 
broad ranges indicative of fluids with different dominant thermal in
fluences, recognizing that these categories reflect integrated Mg/Li 
signatures rather than discrete water sources with specific water-rock 
interaction temperatures. Importantly, this classification does not cap
ture the specific processes, such as mixing between endmembers that 
produced a given Mg/Li ratio, and such interpretations must be made on 
a basin-by-basin basis. Nonetheless, within this framework and only 
considering brines with a circumneutral pH, 57 closed-basin brines and 

waters have median Mg/Li ratios that fall within ranges indicative of 
inflows of high-temperature influence (16 > Mg/Li ≥ 0.4); 21 fall within 
ranges indicative of inflows with moderate-temperature influence (68 >
Mg/Li ≥ 16); and 12 exhibit Mg/Li ratios ≥68, consistent with a 
dominant near-surface water inflow with a low-temperature water-rock 
interaction fingerprint. Values lower than 0.4 occur only in three alka
line brines where Mg-silicate precipitation is inferred to strongly modify 
Mg/Li ratios; as such, no basins are interpreted as reflecting inflows 
originating from a very-high-temperature source on the basis of Mg/Li 
alone. Table A1 summarizes Mg/Li ratios of closed-basin brines and 
waters from across the Lithium Triangle and their inferred dominant 
thermal regimes of the inflow waters. Fig. 1B illustrates the spatial 
distribution of Mg/Li ratios across the Lithium Triangle.

Although very-high-temperature (>200 ◦C) geothermal systems are 
known to exist in the Lithium Triangle (Giggenbach, 1978; Munoz-Saez 
et al., 2018), the absence of extremely low Mg/Li ratios in most brines 
does not imply that such geothermal fluids fail to contribute solutes to 
closed basins. Rather, this pattern suggests that mixing with waters 
derived from lower-temperature water-rock interactions occurs in 
essentially all systems, and therefore, geothermal fluids are rarely the 
sole source of solutes that flow into the salar systems. As demonstrated 
by the SDU and Rio Grande case studies, Mg/Li ratios in brines are best 
interpreted as mixing-weighted composites of multiple inflows with 
distinct thermal histories. Consequently, brines with Mg/Li ratios falling 
within ranges indicative of high- or moderate-temperature influence 
likely reflect varying proportions of high- and low-temperature inputs 
rather than exclusive derivation from a single thermal regime.

Previous studies have noted the absence of clear geographic trends in 
Mg/Li ratios across the Lithium Triangle (López Steinmetz and Salvi, 
2021). Nevertheless, several qualitative spatial associations emerge 
when Mg/Li ratios are considered alongside regional geology. Nearly all 
brines in Argentina exhibit relatively low Mg/Li ratios consistent with a 
dominant high-temperature influence (Fig. 1B; Table A1), potentially 
reflecting the fact that most Argentine closed basins lie within or adja
cent to the APMB or SPMB, where geothermal activity is widespread 
(Cortes-Calderon et al., 2025; Peralta Arnold et al., 2017; Reinoso Car
bonell et al., 2025). A similar pattern is observed among small closed- 
basin brines of the high Altiplano-Puna region of Chile, east of the 
Salar de Atacama, which form two groups: basins located within the 
APMB that generally exhibit Mg/Li ratios <10, and basins just south of 
the APMB with Mg/Li ratios >50 (Fig. 1B). This contrast suggests the 
possible impact of more direct geothermal influence within the APMB 
and diminished contributions of geothermal inputs in basins further 
south.

The Mg/Li spatial association does not hold uniformly across the 
southern Bolivian Altiplano (i.e., Sud Lípez), where numerous closed 
basins situated within the APMB display a wide range of Mg/Li ratios, 
from <0.4 in alkaline brines affected by Mg-silicate precipitation to 
values >68 indicative of low-temperature inflows (Fig. 1B). This vari
ability may reflect the generally reduced geothermal discharge at the 
surface in this area relative to northern Chile (Scandiffio and Alvarez, 
1990), allowing near-surface, low-temperature water-rock interactions 
to dominate solute inputs in some basins. The presence of alkaline lakes 
and brines in this region, systems that likely formed from evaporation of 
waters derived from volcanic rock alteration rather than geothermal 
fluids, further supports this interpretation (Risacher and Fritz, 2009; 
Risacher and Fritz, 1991a).

4.3. Brine types and the relative enrichment of Mg

Most closed-basin brines of the Lithium Triangle are of the Na-Cl- 
(SO4) type according to the classification scheme of Eugster and Hardie 
(1978), with occasional enrichments of Mg or Ca (López Steinmetz and 
Salvi, 2021; Lowenstein and Risacher, 2009; Risacher and Fritz, 2009; 
Williams et al., 2026; Williams et al., 2025a). In nearly all cases, Na 
remains the dominant cation unless extreme evaporation and halite 
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precipitation substantially modify brine chemistry (Williams et al., 
2026). Calcium concentrations are broadly governed by the precipita
tion of calcite, ulexite, and gypsum, (Risacher and Fritz, 2009; Williams 
et al., 2026) although relative Ca enrichment may also reflect 
geothermal inputs (Lowenstein and Risacher, 2009).

Magnesium, in contrast, can locally become a major cation (>5 mol 
% of cations). In classical evaporative systems, Mg enrichment is 

commonly associated with waters interacting with more mafic lithol
ogies that are inherently Mg-rich (Eugster and Hardie, 1978; Hardie and 
Eugster, 1970). However, the origin of Mg enrichment in Lithium Tri
angle brines has not been systematically evaluated in the context of 
temperature-dependent water-rock interaction.

To examine this relationship, we plot median major-cation compo
sitions (Na+K, Mg, Ca) of closed basins with TDS > 50 g/L on a standard 

Fig. 5. Ternary diagram of major cation compositions (Na+K, Mg, Ca; relative mol%) for closed-basin brines of the Lithium Triangle, using median values for each 
basin (TDS > 50 g/L). Na (+K) is the dominant cation in nearly all systems. Relative Mg enrichment is mostly observed in brines whose Mg/Li ratios indicate 
dominant low- to moderate-temperature influence, whereas relative Ca enrichment occurs primarily in brines classified as high-temperature influenced or in 
comparatively low-salinity systems prior to extensive Ca removal through evaporite precipitation. Alkaline and acid brines not shown. All data from the 
compiled dataset.

Fig. 6. (A) Co-variation of Mg/Li and B/Li (mass ratios) in spring waters across the Lithium Triangle. This suggests that the relative enrichment of B and Li is 
temperature dependent much like Mg/Li is and that low-temperature water-rock interactions lead to higher B/Li ratios. (B) Median Mg/Li and B/Li ratios in closed- 
basin brines of the Lithium Triangle with TDS > 50 g/L. A similar positive correlation exists in the brines suggesting that the same controls on the Mg/Li ratio also 
apply for B enrichment relative to Li. Alkaline and acid brines not shown. All data from the compiled dataset.
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ternary diagram and distinguish them according to the Mg/Li thermal 
classification developed above (Fig. 5). Two primary patterns emerge. 
First, brines with relative Mg enrichment are predominantly classified 
within the low- to moderate-temperature influence fields (Fig. 5), 
consistent with enhanced Mg contributions from low-temperature near- 
surface water-rock interaction or mixed inflows. Second, relative Ca 
enrichment is observed either in comparatively low-salinity systems 
(prior to substantial Ca removal through evaporite precipitation) or in 
brines classified as high-temperature influenced, consistent with 
geothermal Ca inputs (Fig. 5).

These relationships suggest that major-cation systematics broadly 
support the Mg/Li-based thermal framework: Mg enrichment tends to 
accompany systems dominated by lower-temperature water-rock inter
action, whereas Ca enrichment more commonly reflects either early 
evaporative stages or geothermal influence. Although major-cation 
compositions are modified by evaporative processes, their distribution 
provides an independent line of evidence linking brine chemistry to the 
integrated thermal history of solute sources as inferred by the distribu
tion of Mg/Li ratios.

4.4. Links between the relative enrichment of B, Mg, and Li

While this study primarily focuses on the use of Mg/Li to delineate 
between dominantly high- and low-temperature water-rock interactions 
of the inflow waters and how this can lead to differential enrichment of 
Mg and Li in brines, the relative enrichment of boron (B) over Li has also 
long been a topic of interest in studies of closed-basin brines (López 
Steinmetz and Salvi, 2021; Risacher, 1984). Across spring waters of the 
Lithium Triangle (both thermal and cold) we show a strong positive 
correlation between Mg/Li and B/Li ratios, whereas at Mg/Li ratios 
below ~1, B/Li ratios become comparatively invariant (Fig. 6A). These 
relationships suggest a potential coupling between the processes that 
control Mg/Li and those governing B/Li during water-rock interactions.

One possible interpretation is that the differential enrichment of B 
and Li in spring waters may also depend on the temperature of water- 
rock interactions, with higher B/Li ratios associated with higher Mg/ 
Li ratios and therefore with lower-temperature water-rock interaction 
conditions. Conversely, the apparent invariance of B/Li at low Mg/Li 

ratios (<1), which are characteristic of high-temperature systems, sug
gests that different processes may control B behavior under these high- 
temperature conditions. For example, secondary mineral formation in 
high-temperature environments, including clays and chlorite, can both 
sequester and release B and Li, potentially fractionating B/Li ratios 
(Reyes and Trompetter, 2012; Schmidt et al., 2025).

Consistent with this interpretation, the SDU and SDC, both charac
terized by Mg/Li ratios indicative of moderate-temperature influence 
and mixed solute origins, are also known to exhibit pronounced co- 
enrichment of B over Li (e.g., B/Li ~ 3.0 at the SDC) relative to many 
other closed-basin brines in the Lithium Triangle (e.g., B/Li ~0.8 at the 
Salar de Atacama) (Risacher, 1984; Risacher and Fritz, 1991b). A 
comparison of median Mg/Li and B/Li ratios for closed-basin brines with 
median TDS values greater than 50 g/L reveals a clear positive rela
tionship, with brines exhibiting high Mg/Li ratios consistent with 
dominant low-temperature influence also displaying the highest B/Li 
ratios (Fig. 6B). Table A1 also compiles the median B/Li ratio for each 
closed-basin brine relative to the inferred water-rock interaction 
temperature.

These observations suggest that low-temperature water-rock in
teractions may play an important role in promoting high B co- 
enrichment with Li in some closed-basin brines. However, this inter
pretation remains tentative since B is not conservative during evapora
tive evolution due to the precipitation of borate minerals (typically 
ulexite) that are found in nearly every salar system of the Lithium Tri
angle, directly modifying B/Li ratios of residual brines (Alonso and 
Viramonte, 1990; Orris, 1995; Williams et al., 2026). Regardless, the 
clear correlations between Mg/Li and B/Li in spring waters and closed- 
basin brines demonstrate that the temperature of water-rock in
teractions that control the composition of inflow waters may be an 
important process in controlling the relative enrichment of B over Li also 
in the brines of the Lithium Triangle. Further work is necessary to 
confirm these relationships and to link variations in the B/Li ratios of 
inflow waters to the values in local volcanic rocks and their alteration.

5. Conclusion

This study utilizes Mg/Li ratios of spring waters and closed-basin 

Fig. 7. Schematic diagram illustrating the major controls on Mg/Li ratios in closed-basin brines of the Lithium Triangle: (1) temperature-dependent water-rock 
interactions establish initial source Mg/Li signatures in waters; (2) mixing integrates these signatures at the basin scale; and (3) evaporative and sedimentary 
processes generally preserve the integrated Mg/Li ratio under circumneutral conditions. This does not cover variations relevant to alkaline brines.
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brines as a geochemical tool to elucidate the relative roles of high- and 
low-temperature water-rock interactions of the water sources that sup
ply solutes to closed basins of the Lithium Triangle. In geothermal sys
tems, Mg is preferentially incorporated into secondary mineral phases 
relative to Li, resulting in distinctive low Mg/Li ratios, whereas under 
low-temperature, near-surface conditions, aqueous Mg/Li ratios closely 
resemble those of local source rocks and are therefore relatively high. 
These temperature-dependent processes establish the initial Mg/Li sig
natures of dilute inflow waters that flow into the closed basins (Fig. 7).

As waters evolve towards closed-basin brines, several additional 
processes can modify the Mg/Li ratios, including mixing of multiple 
water sources, evaporative concentration and mineral precipitation, and 
attenuation of Mg and Li during water-sediment interactions. Our results 
demonstrate that, aside from mixing between inflows with distinct 
thermal histories, these processes generally exert only a limited influ
ence on the magnitude of Mg/Li ratios during brine evolution. This 
preservation is largely attributable to the circumneutral pH that controls 
the geochemical evolution of most Lithium Triangle brines, which in
hibits extensive precipitation of Mg-silicates (and/or Mg‑carbonates). 
Although both Mg and Li can be scavenged during water-sediment in
teractions, their similar removal efficiencies appear to result in minimal 
fractionation of the Mg/Li ratio during the evolution of inflow waters to 
become closed-basin brines.

Consequently, the Mg/Li ratio of closed-basin brines in the Lithium 
Triangle reflects the integrated thermal history of inflow sources, with 
basin-scale mixing between high- and low-temperature inputs acting as 
the primary modulator of the final brine composition. This is broadly 
summarized in Fig. 7. When interpreted alongside pH, basin hydrology, 
and evidence for mixing, Mg/Li ratios provide a simple yet powerful and 
robust tool for distinguishing between geothermal-dominated and near- 
surface-dominated solute inputs in closed-basin brine systems. Future 
work integrating Mg/Li ratios with isotopic tracers, basin-scale hydro
logic models, and sediment mineralogy will help further constrain the 

magnitude of high- and low-temperature solute inputs.
Beyond the Lithium Triangle, Li-rich brines primarily occur in closed 

basins of the Tibetan Plateau and the western United States, many of 
which exhibit similar Na-Cl-(SO4) chemical composition, have circum
neutral pH, and are spatially associated with active geothermal systems 
(Munk et al., 2025; Williams et al., 2025a; Zheng and Liu, 2009). These 
similarities suggest that the framework developed in this study may be 
broadly applicable to other continental brine systems, although further 
work is needed to evaluate regional differences in Mg and Li cycling and 
sedimentary modification processes.
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Appendix A

Table A1 
Median Mg/Li mass ratios, B/Li mass ratios, and pH values for closed-basin brines of the Lithium Triangle based on the compiled dataset, with the inferred dominant 
water-rock interaction regimes. Classifications reflect integrated Mg/Li signatures resulting from mixing of solute sources with different thermal histories and do not 
imply a single water-rock interaction temperature. The name of salars/basins generally follow those used by Risacher et al. (1999) for Chilean salars/basins, Risacher 
and Fritz (1991a, 1991b) for Bolivian salars/basins, and López Steinmetz and Salvi (2021) for Argentine salars/basins.

Basin Country Samples (n=) Mg/Li (median) B/Li (median) pH (median) Dominant Water-Rock Interaction Regime

Antofalla-Botijuelas Argentina 6 4.1 5.9 7.6 high-temp. influenced
Laguna de Guayatayoc Argentina 3 1.1 3.6 7.6 high-temp. influenced
Laguna del Peinado Argentina 7 9.5 1.4 7.9 high-temp. influenced
Salar de Arizaro Argentina 12 7.7 10 7.4 high-temp. influenced
Salar de Cauchari Argentina 5 2.4 2.5 8.6 high-temp. influenced
Salar de Centenario Argentina 5 11 4.4 7.6 high-temp. influenced
Salar de Diablillos Argentina 4 8.9 5.3 8.0 high-temp. influenced
Salar de Incahuasi Argentina 5 120 4.4 6.9 low-temp. influenced
Salar de Jama Argentina 10 21 95 8.2 moderate-temp./mixed-origin
Salar de Olaroz Argentina 34 2.3 2.0 7.2 high-temp. influenced
Salar de Pastos Grandes Argentina 309 6.5 1.4 6.8 high-temp. influenced
Salar de Pocitos-Quirón Argentina 10 9.4 2.3 7.9 high-temp. influenced
Salar de Pozuelos Argentina 20 5.3 1.0 8.1 high-temp. influenced
Salar de Ratones Argentina 3 1.5 3.5 7.5 high-temp. influenced
Salar de Rincón Argentina 10 8.1 7.7 8.8 high-temp. influenced
Salar de Río Grande Argentina 10 4.7 1.0 7.1 high-temp. influenced
Salar del Hombre Muerto Argentina 10 1.9 1.5 7.8 high-temp. influenced
Salinas Grande Argentina 10 3.6 1.5 7.5 high-temp. influenced
Laguna Balivian Bolivia 1 21 4.2 7.1 moderate-temp./mixed-origin
Laguna Bush Bolivia 1 0.9 2.8 8.3 high-temp. influenced
Laguna Cachi Bolivia 1 0.003 2.9 10.1 N/A, alkaline
Laguna Canapa Bolivia 1 2.8 1.7 7.8 high-temp. influenced
Laguna Capina Bolivia 1 1.3 1.4 8.6 high-temp. influenced

(continued on next page)
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Table A1 (continued )

Basin Country Samples (n=) Mg/Li (median) B/Li (median) pH (median) Dominant Water-Rock Interaction Regime

Laguna Catalcito Bolivia 1 0.3 1.7 9.1 N/A, alkaline
Laguna Chiar Kota Bolivia 1 6.5 1.1 7.4 high-temp. influenced
Laguna Chohillas Bolivia 1 2.9 1.6 7.6 high-temp. influenced
Laguna Chulluncani Bolivia 1 85 43 8.8 low-temp. influenced
Laguna Collpa Bolivia 1 5.4 163 10.8 N/A, alkaline
Laguna Colorada Bolivia 2 4.4 3.8 8.2 high-temp. influenced
Laguna Coruto Bolivia 1 4.7 1.2 7.8 high-temp. influenced
Laguna Hediona Bolivia 1 9.4 1.6 6.7 high-temp. influenced
Laguna Hedionia Sur Bolivia 1 13 227 10.6 N/A, alkaline
Laguna Honda Bolivia 1 2.4 1.5 7.9 high-temp. influenced
Laguna Honda Sur Bolivia 1 0.006 3.2 9.5 N/A, alkaline
Laguna Kara Bolivia 1 1.8 2.4 9.4 N/A, alkaline
Laguna Loromayu Bolivia 1 2.8 0.8 7.8 high-temp. influenced
Laguna Luriques Bolivia 1 1.2 0.9 8.9 high-temp. influenced
Laguna Mahama Coma Bolivia 1 13 1.2 7.4 high-temp. influenced
Laguna Pastos Grandes Bolivia 11 2.6 1.0 7.5 high-temp. influenced
Laguna Pelada Bolivia 1 4.1 16 9.1 N/A, alkaline
Laguna Pujio Bolivia 1 6.7 4.7 7.6 high-temp. influenced
Laguna Puripica Bolivia 1 2.5 2.2 8.5 high-temp. influenced
Laguna Ramaditas Bolivia 1 27 5.5 7.1 moderate-temp./mixed-origin
Laguna Totoral Bolivia 1 2.5 4.9 10.3 N/A, alkaline
Laguna Turquiri Bolivia 1 39 15 8.3 moderate-temp./mixed-origin
Laguna Verde Bolivia 1 7.2 3.6 8.5 high-temp. influenced
Lagunillas Bolivia 1 262 299 9.8 N/A, alkaline
Salar de Chalviri Bolivia 2 35 15 8.3 moderate-temp./mixed-origin
Salar de Coipasa Bolivia 14 46 3.0 7.4 moderate-temp./mixed-origin
Salar de Empexa Bolivia 4 32 1.0 7.0 moderate-temp./mixed-origin
Salar de Uyuni Bolivia 249 22 0.8 6.9 moderate-temp./mixed-origin
Lago Chungara Chile 3 363 3.3 9.2 N/A, alkaline
Laguna Chivato Muerto Chile 1 27 4.8 8.7 moderate-temp./mixed-origin
Laguna Escondida Chile 4 166 20 8.6 low-temp. influenced
Laguna Helada Chile 1 3.5 1.2 7.5 high-temp. influenced
Laguna Lagunilla Chile 1 137 15 8.9 low-temp. influenced
Laguna Lejia Chile 1 194 7.9 8.2 low-temp. influenced
Laguna Minique Chile 3 143 24 8.5 low-temp. influenced
Laguna Miscanti Chile 2 90 21 8.5 low-temp. influenced
Laguna Trinchera Chile 1 8.5 3.7 7.5 high-temp. influenced
Laguna Tuyajito Chile 2 75 2.0 7.6 low-temp. influenced
Laguna Verde Chile 3 12 2.1 8.1 high-temp. influenced
Laguna de la Azufrera Chile 1 278 23 7.6 low-temp. influenced
Laguna del Bayo Chile 1 15 8.2 8.6 high-temp. influenced
Laguna del Negro Franscisco Chile 2 15 2.8 8.0 high-temp. influenced
Lagunas Bravas Chile 2 6.6 3.3 8.5 high-temp. influenced
Lagunas Cotacotani Chile 3 321 3.5 9.2 N/A, alkaline
Lagunas del Jilguero Chile 4 12 5.6 8.5 high-temp. influenced
Salar Grande Chile 2 13 3.3 6.7 high-temp. influenced
Salar Ignorado Chile 2 316 11 3.1 N/A, acid
Salar de Agua Amarga Chile 4 24 2.6 7.5 moderate-temp./mixed-origin
Salar de Aguas Calientes 1 Chile 2 3.9 2.6 7.4 high-temp. influenced
Salar de Aguas Calientes 2 Chile 2 55 3.8 7.8 moderate-temp./mixed-origin
Salar de Aguas Calientes 3 Chile 2 60 3.9 8.5 moderate-temp./mixed-origin
Salar de Aguas Calientes 4 Chile 5 26 5.1 8.3 moderate-temp./mixed-origin
Salar de Aguilar Chile 3 12 2.6 6.9 high-temp. influenced
Salar de Alconcha Chile 1 27 11 8.7 moderate-temp./mixed-origin
Salar de Ascotan Chile 16 10 3.5 8.2 high-temp. influenced
Salar de Atacama Chile 88 7.9 0.8 6.9 high-temp. influenced
Salar de Capur Chile 5 86 3.5 8.0 low-temp. influenced
Salar de Carcote Chile 12 16 2.8 7.6 high-temp. influenced
Salar de Coposa Chile 7 40 3.2 8.4 moderate-temp./mixed-origin
Salar de Gorbea Chile 8 88 5.6 2.5 N/A, acid
Salar de Huasco Chile 5 8.5 4.7 8.7 high-temp. influenced
Salar de Imilac Chile 3 35 2.5 7.5 moderate-temp./mixed-origin
Salar de Infieles Chile 4 19 2.9 7.8 moderate-temp./mixed-origin
Salar de Laco Chile 2 36 2.4 8.1 moderate-temp./mixed-origin
Salar de Loyoques Chile 1 7.6 1.8 6.6 high-temp. influenced
Salar de Maricunga Chile 2 7.6 0.7 6.5 high-temp. influenced
Salar de Michincha Chile 5 722 12 8.7 low-temp. influenced
Salar de Pajonales Chile 8 40 4.9 7.5 moderate-temp./mixed-origin
Salar de Pedernales Chile 5 7.8 1.1 7.5 high-temp. influenced
Salar de Pintados Chile 8 11 2.9 8.1 high-temp. influenced
Salar de Pujsa Chile 1 5.2 3.9 9.0
Salar de Punta Negra Chile 7 15 1.2 8.1 high-temp. influenced
Salar de Surire Chile 11 5.6 3.3 8.0 high-temp. influenced
Salar de Tara Chile 1 2.6 0.9 8.0 high-temp. influenced
Salar de Wheelwright Chile 2 5.8 3.4 6.9 high-temp. influenced
Salar de la Azufrera Chile 3 70 5.6 7.2 low-temp. influenced

(continued on next page)
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Table A1 (continued )

Basin Country Samples (n=) Mg/Li (median) B/Li (median) pH (median) Dominant Water-Rock Interaction Regime

Salar de la Isla Chile 9 5.3 0.3 7.3 high-temp. influenced
Salar de la Laguna Chile 1 22 7.8 8.3 moderate-temp./mixed-origin
Salar de la Piedra Parada Chile 7 24 3.6 8.3 moderate-temp./mixed-origin
Salar de las Parinas Chile 5 7.3 1.1 7.6 high-temp. influenced

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.earscirev.2026.105516.

Data availability

All data are available in the paper and supplement
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Garcia, M.G., Borda, L.G., Godfrey, L.V., López Steinmetz, R.L., Losada-Calderon, A., 
2020. Characterization of lithium cycling in the Salar de Olaroz, Central Andes, 
using a geochemical and isotopic approach. Chem. Geol. 531, 119340. https://doi. 
org/10.1016/j.chemgeo.2019.119340.

Giggenbach, W.F., 1978. The isotopic composition of waters from the el tatio geothermal 
field, northern Chile. Geochim. Cosmochim. Acta 42, 979–988. https://doi.org/ 
10.1016/0016-7037(78)90287-9.

Giggenbach, W.F., 1988. Geothermal solute equilibria. Derivation of Na-K-Mg-Ca 
geoindicators. Geochim. Cosmochim. Acta 52, 2749–2765. https://doi.org/ 
10.1016/0016-7037(88)90143-3.
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Williams, G.D.Z., Barre, J., Louvat, P., Bérail, S., Millot, R., Vengosh, A., 2026. 
Geochemical controls on the formation of lithium brines in closed-basins of the 
lithium triangle. Earth Planet. Sci. Lett. 679, 119849. https://doi.org/10.1016/j. 
epsl.2026.119849.

Wimpenny, J., James, R.H., Burton, K.W., Gannoun, A., Mokadem, F., Gíslason, S.R., 
2010. Glacial effects on weathering processes: new insights from the elemental and 
lithium isotopic composition of West Greenland rivers. Earth Planet. Sci. Lett. 290, 
427–437. https://doi.org/10.1016/j.epsl.2009.12.042.

Wimpenny, J., Colla, C.A., Yu, P., Yin, Q.-Z., Rustad, J.R., Casey, W.H., 2015. Lithium 
isotope fractionation during uptake by gibbsite. Geochim. Cosmochim. Acta 168, 
133–150. https://doi.org/10.1016/j.gca.2015.07.011.

Yang, S., Wang, Y., Pan, H., He, P., Zhou, H., 2024. Lithium extraction from low-quality 
brines. Nature 636, 309–321. https://doi.org/10.1038/s41586-024-08117-1.

YLB, 2019. Memoria Institucional 2019. Yacimientos de Litio Bolivianos.
Yuan, X., Hu, Y., Zhao, Y., Li, Q., liu, C., 2021. Contribution of hydrothermal processes to 

the enrichment of lithium in brines: evidence from water–rock interacting 
experiments. Aquat. Geochem. 27, 221–239. https://doi.org/10.1007/s10498-021- 
09395-1.

Zheng, M., Liu, X., 2009. Hydrochemistry of salt lakes of the Qinghai-Tibet plateau, 
China. Aquat. Geochem. 15, 293–320. https://doi.org/10.1007/s10498-008-9055-y.

Zhu, R., Wang, S., Srinivasakannan, C., Li, S., Yin, S., Zhang, L., Jiang, X., Zhou, G., 
Zhang, N., 2023. Lithium extraction from salt lake brines with high magnesium/ 
lithium ratio: a review. Environ. Chem. Lett. 21, 1611–1626. https://doi.org/ 
10.1007/s10311-023-01571-9.

G.D.Z. Williams and A. Vengosh                                                                                                                                                                                                            Earth-Science Reviews 278 (2026) 105516 

17 

https://doi.org/10.1016/j.yqres.2010.08.004
https://doi.org/10.1016/j.yqres.2010.08.004
https://doi.org/10.1016/j.epsl.2012.12.017
https://doi.org/10.1016/j.epsl.2012.12.017
https://doi.org/10.1016/j.chemgeo.2017.06.005
https://doi.org/10.1016/j.chemgeo.2017.06.005
https://doi.org/10.1016/j.chemgeo.2021.120155
https://doi.org/10.1016/j.chemgeo.2021.120155
https://doi.org/10.1016/j.geothermics.2025.103434
https://doi.org/10.1016/j.geothermics.2025.103434
https://doi.org/10.1016/0009-2541(80)90116-3
https://doi.org/10.1016/0009-2541(80)90116-3
https://doi.org/10.1016/j.chemgeo.2012.05.002
http://refhub.elsevier.com/S0012-8252(26)00127-3/rf0485
http://refhub.elsevier.com/S0012-8252(26)00127-3/rf0485
http://refhub.elsevier.com/S0012-8252(26)00127-3/rf0485
https://doi.org/10.3406/sgeol.1992.1889
https://doi.org/10.1111/j.1365-3091.1979.tb00353.x
https://doi.org/10.1016/0016-7037(91)90334-2
https://doi.org/10.1016/0009-2541(91)90101-V
https://doi.org/10.1016/0009-2541(91)90101-V
https://doi.org/10.1007/s10498-008-9056-x
http://refhub.elsevier.com/S0012-8252(26)00127-3/rf0515
http://refhub.elsevier.com/S0012-8252(26)00127-3/rf0515
https://doi.org/10.1016/S0009-2541(02)00021-9
https://doi.org/10.1016/S0009-2541(02)00021-9
https://doi.org/10.1016/S0012-8252(03)00037-0
https://doi.org/10.1016/S0012-8252(03)00037-0
https://doi.org/10.1016/j.jsames.2010.07.002
https://doi.org/10.1016/j.chemgeo.2014.11.029
https://doi.org/10.1016/B978-0-08-095975-7.00301-6
https://doi.org/10.1016/B978-0-08-095975-7.00301-6
https://doi.org/10.1016/j.geothermics.2022.102385
https://doi.org/10.1007/s00126-023-01181-z
http://refhub.elsevier.com/S0012-8252(26)00127-3/rf0555
http://refhub.elsevier.com/S0012-8252(26)00127-3/rf0555
http://refhub.elsevier.com/S0012-8252(26)00127-3/rf0555
http://refhub.elsevier.com/S0012-8252(26)00127-3/rf0555
http://refhub.elsevier.com/S0012-8252(26)00127-3/rf0560
http://refhub.elsevier.com/S0012-8252(26)00127-3/rf0560
http://refhub.elsevier.com/S0012-8252(26)00127-3/rf0560
http://refhub.elsevier.com/S0012-8252(26)00127-3/rf0565
http://refhub.elsevier.com/S0012-8252(26)00127-3/rf0565
http://refhub.elsevier.com/S0012-8252(26)00127-3/rf0565
http://refhub.elsevier.com/S0012-8252(26)00127-3/rf0570
http://refhub.elsevier.com/S0012-8252(26)00127-3/rf0570
http://refhub.elsevier.com/S0012-8252(26)00127-3/rf0570
https://doi.org/10.1016/j.apgeochem.2025.106622
https://doi.org/10.1016/j.apgeochem.2025.106622
https://doi.org/10.1016/S0009-2541(01)00382-5
https://doi.org/10.1016/j.jvolgeores.2007.06.005
https://doi.org/10.1016/j.jvolgeores.2007.06.005
https://doi.org/10.1007/BF00026956
https://doi.org/10.1007/BF00026956
http://refhub.elsevier.com/S0012-8252(26)00127-3/rf0595
http://refhub.elsevier.com/S0012-8252(26)00127-3/rf0595
http://refhub.elsevier.com/S0012-8252(26)00127-3/rf0600
http://refhub.elsevier.com/S0012-8252(26)00127-3/rf0600
http://refhub.elsevier.com/S0012-8252(26)00127-3/rf0600
https://doi.org/10.3390/en14206805
https://doi.org/10.1038/s43247-022-00658-5
https://doi.org/10.1038/s43247-022-00658-5
https://doi.org/10.3390/geosciences12060247
https://doi.org/10.1002/dep2.70055
https://doi.org/10.1016/j.jvolgeores.2010.02.006
https://doi.org/10.2138/gselements.19.1.15
https://doi.org/10.1016/j.gca.2018.01.019
https://doi.org/10.1016/j.gca.2007.11.011
https://doi.org/10.1016/j.gca.2007.11.011
https://doi.org/10.1016/j.gca.2023.11.032
https://doi.org/10.1021/acs.estlett.4c01124
https://doi.org/10.1021/acs.estlett.4c01124
https://doi.org/10.1126/sciadv.adw3268
https://doi.org/10.1021/acs.est.5c13682
https://doi.org/10.1016/j.epsl.2026.119849
https://doi.org/10.1016/j.epsl.2026.119849
https://doi.org/10.1016/j.epsl.2009.12.042
https://doi.org/10.1016/j.gca.2015.07.011
https://doi.org/10.1038/s41586-024-08117-1
http://refhub.elsevier.com/S0012-8252(26)00127-3/rf0690
https://doi.org/10.1007/s10498-021-09395-1
https://doi.org/10.1007/s10498-021-09395-1
https://doi.org/10.1007/s10498-008-9055-y
https://doi.org/10.1007/s10311-023-01571-9
https://doi.org/10.1007/s10311-023-01571-9

	Origins of the Mg/Li ratio in closed-basin brines of the Lithium Triangle: The relative importance of high- and low-tempera ...
	1 Introduction
	2 Materials and methods
	2.1 Data compilation
	2.2 Analytical methods & sample collection

	3 Origins and modification of the Mg/Li ratio in waters and brines
	3.1 Cold springs versus thermal waters
	3.2 Modification of the Mg/Li ratio in inflow waters
	3.2.1 The Laguna Pastos Grandes, a high-temperature system
	3.2.2 The Salar de Uyuni, a brine of mixed origin
	3.2.3 The Laguna Colorada and alkaline brines
	3.2.4 The acid brines, the Salar de Gorbea & Salar Ignorado


	4 An overview of Mg/Li ratios in closed-basin brines
	4.1 Extrapolating observed trends across the Lithium Triangle
	4.2 Distribution of Mg/Li ratio in brines across the Lithium Triangle
	4.3 Brine types and the relative enrichment of Mg
	4.4 Links between the relative enrichment of B, Mg, and Li

	5 Conclusion
	Declaration of competing interest
	Acknowledgments
	Appendix A
	Appendix B Supplementary data
	Data availability
	References


