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G E O L O G Y

The role of boron in controlling the pH of lithium brines
Gordon D. Z. Williams, Paz Nativ, Avner Vengosh*

The global clean energy transition requires the development of alternative energy technologies that rely on critical 
raw materials including lithium. Closed-basin brines, which generate ~40% of global lithium production, often have 
a circumneutral pH; however, during the evaporative concentration required for lithium production, the evaporated 
brines become acidic. Using primary geochemical and boron isotope data from the Salar de Uyuni (SDU), Bolivia 
combined with a modeling approach, we show that boron enrichment, which commonly co-occurs with lithium in 
closed-basin brines, is the primary factor in controlling the pH of brines from the SDU. We demonstrate that boron in 
global lithium- and boron-rich brines from closed basins exerts a similar influence on brine pH. The unique boron 
enrichments and its speciation can explain large proportions of alkalinity in these brines (~98% at the SDU), where 
evaporation alters the dissociation of boric acid, which triggers the formation of acidic evaporated brines.

INTRODUCTION
Brines are important sources of several mineral commodities in-
cluding lithium, which is a key element required for the global green 
energy transition (1, 2). Now, ~40% of annual global lithium pro-
duction is sourced from lithium-rich brines, primarily from a few 
salt pan (“salar”) deposits in the Lithium Triangle (Chile, Argentina, 
and Bolivia) in the high plateau of the central Andes, as well as from 
brine deposits in the Tibetan Plateau, notably the Qaidam Basin 
(Fig. 1) (3–5). These deposits were formed in continental closed ba-
sins in which a variety of geologic and climatic factors, including 
evaporative concentration, resulted in hypersaline brines containing 
high concentrations of lithium (5, 6).

The geochemical evolution of brines in these closed basins is di-
rectly controlled by the chemical composition of inflow waters and 
their modifications through evaporation and precipitation of miner-
als (e.g., calcite, gypsum, and halite) (7). In contrast, conservative 
elements such as lithium and boron remain in solution and become 
enriched in the residual brines (6, 8). The incompatibility of lithium 
and boron in many major minerals means they often co-occur in 
silica-rich (more felsic) volcanic rocks and the associated low-saline 
tributaries and geothermal waters flowing into closed basins (9, 10). 
Consequently, the evaporated brines in salars are often highly en-
riched with both lithium and boron (10, 11). Traditionally, natural 
lithium-rich brines in closed basins are pumped from underlying 
aquifers into sequential evaporation ponds. This allows both lithium 
and boron to further concentrate while precipitating undesired salts 
(e.g., NaCl) prior to lithium extraction in a processing facility (8, 12).

The speciation of boron in natural waters is controlled by pH and 
typically limited to either boric acid [B(OH)3], which is the domi-
nant species when the pH is <~9.2 in fresh water and <~8.6 in sea-
water and the borate ion [B(OH)4

−], which is dominant at pH > ~9.2 
in fresh water and pH > ~8.6 in seawater (13, 14). Salinity, tempera-
ture, and pressure all influence the apparent dissociation constant of 
boric acid, affecting equilibrium between these species (13–15). In 
most natural waters, the borate ion typically makes negligible con-
tributions to alkalinity, and therefore does not affect pH (16). In 
some boron-rich brines, however, this contribution can be mean-
ingful, accounting for ~4% of total alkalinity (TA) in seawater [TDS 

(total dissolved salts) ~35 g/kg, pH ~8.1] and up to ~58% at the 
Dead Sea (TDS ~280 g/kg, pH ~6.3), whereas the remainder of TA 
is from carbonate species (CO3

2− and HCO3
−) (17, 18). These brines 

have relatively low concentrations of boron ~0.4 mmol/kg in seawa-
ter up to ~4.6 mmol/kg at the Dead Sea (17, 18). By contrast, natural 
lithium-rich brines (TDS ~150 to 300 g/kg) often have boron con-
centrations in excess of 20 to 50 mmol/kg, whereas in brines from 
evaporation ponds, this can reach ~300 to 600 mmol/kg (TDS > 300 g/
kg) (8, 12, 19).

Although the pH of lithium-rich brines can vary substantially 
from pH ~2 [e.g., Salar de Gorbea, Chile (20)] to pH ~10.5 [e.g., Salar 
de Pintados, Chile (8)] (8, 21, 22), those of natural brines in the 
Lithium Triangle are often circumneutral with pH ~6 to 8 [e.g., Salar 
de Atacama, Chile; Salar de Uyuni (SDU), Bolivia] (10, 23). Howev-
er, during evaporation, the pH can drop substantially (12, 19). This is 
particularly evident at the Salar de Atacama where the pH drops 
from ~7.4 to 2.5 in brines from evaporation ponds with correspond-
ing increases in TDS rising from ~280 to 370 g/kg and in boron con-
centration rising from 57 to 310 mmol/kg (12). Given the highly 
elevated concentrations of boron in natural and evaporated lithium-
rich brines, we hypothesize that boron species are a major alkalinity 
species and can exert a strong control on pH, an unstudied aspect of 
lithium-rich brines.

In this study, we investigate the role of boron in controlling the 
alkalinity and pH of lithium- and boron-rich brines. We use original 
and published geochemical and boron isotope data from natural 
and evaporated brines at the SDU in Bolivia (19), the largest known 
lithium brine resource (3, 24, 25), model boron speciation, and dis-
tribution, and integrate these to calculate variations in the dissociation 
of boric acid during evaporation. After corroborating our approach, 
we expand the study to include 323 additional lithium-rich brine 
analyses from different global salar-type deposits, including brines 
from the Lithium Triangle and the Tibetan Plateau (Fig. 1). Our 
analyses demonstrates the importance of boron in controlling the 
pH and alkalinity of global lithium-rich brines. Last, we develop an 
empirical equation for predicting the apparent dissociation constant 
of boric acid in global lithium-rich brines and hypersaline solutions.

The findings reported in this study have important implications 
for studying hypersaline brines, including lithium-rich brines, from 
terrestrial basins because boron is a common major element and 
directly associated with lithium in such systems. Previous studies 
have highlighted the dependence of boron speciation on pH and the 
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utility of boron isotope geochemistry as a sensitive tracer to recon-
struct paleoenvironmental and pH conditions as well as for detecting 
hydrological and water contamination issues (26–28). This study, 
however, presents the key role of boron and its speciation in control-
ling the alkalinity and thus the pH of boron-rich hypersaline brines. 
In the absence of carbonate alkalinity (CA), we show that the dis-
sociation of boric acid in boron-rich hypersaline brines has a major 
role in buffering the brine pH. In natural brines, this often results in 
circumneutral pH and, in evaporation ponds, this leads to acidic 
conditions. Understanding the dynamics of boron in saline systems 
has important implications for studying the origins of hypersaline 
brines as well as for the management and environmental assessment 
of wastewaters and spent brines generated from lithium mining 
(19,  29). Furthermore, the transition to direct lithium extraction 
(DLE) technologies may require adjustments of the brine pH to in-
crease extraction efficiency (30), in which boron will likely have an 
impact. Last, this research sheds light on potential biases in titration-
based analytical procedures for determining TA and the concentra-
tion of dissolved inorganic carbon (DIC) in boron-rich brines.

RESULTS
Alkalinity and boron speciation in brines
The pH of natural waters are controlled through buffering reactions, 
a process typically dominated by DIC as the carbonic acid system 
(CO3

2−, HCO3
−, and H2CO3*) and to a lesser degree the deproton-

ated species of other weak acids like boric acid, phosphoric acid, and 
water (15,  16). The enrichment or depletion of alkalinity species 
largely controls the pH of natural brines.

The borate ion is present in natural waters, aids in buffering, and 
is controlled by the conversion between boric acid [B(OH)3] and the 
borate ion [B(OH)4

−] (15)

Combined, the ability of the deprotonated species of weak acids 
to accept protons controls TA, which is defined as the sum of the 
equivalents of the deprotonated species of weak acids minus the H+ 
concentration (15). Considering only the carbonic and boric weak 
acid systems, TA can be approximated as shown in Eq. 2

Salinity, discussed throughout the text as ionic strength (IS; as 
molal units, m), affects the dissociation constants of these weak ac-
ids, typically increasing dissociation with increasing IS. This results 
in a larger apparent dissociation constant (K ′; calculated as shown in 
Eq. 3 for the boric acid system, K ′

B
, where αH+ = 10−pH is the activity 

of H+, and the square brackets indicates analytical concentration) 
and thus a lower apparent pK′ (pK� = −logK �) (15). For example, 
the pK ′

B
 of the boric acid system, in fresh water (IS < ~0.05 m, 

TDS  <  ~1 g/kg) is ~9.2 (13), whereas in seawater, (IS ~0.7  m, 
TDS ~35 g/kg), it drops to ~8.6 (14) and, in the hypersaline Dead 
Sea (IS ~10 m, TDS ~280 g/kg), it reduces to ~6.3 (17)

Given that evaporation in the highly arid closed basins of the 
Lithium Triangle and Tibetan Plateau generates hypersaline brines 
(TDS often in the range of 150 to 300 g/kg) (5), the increase in dis-
sociation constants should also be apparent in lithium-rich brines. 
Dissociation of the boric acid system has been modeled to show that 
K ′
B
 increases (pK′

B
 decreases) with increasing salinity and has been 

well defined in salinities relevant to seawater and up to TDS ~45 g/
kg (14). Despite recent advances using the geochemical software 
PHREEQC with a Pitzer ion interaction model where the pK′

B
 of 

the Dead Sea brine was both modeled and calculated from available 
data (17), variations in the pK′

B
 of hypersaline brines with much higher 

boron concentrations remain poorly constrained. In addition, at B(OH)3 +H2O↔ B(OH)4
− +H+, pKB = 9.23 (1)

TA(H2CO3
∗ ,B(OH)3) =

[

HCO3
−
]

+ 2∗
[

CO3
2−
]

+
[

B(OH)4
−
]

(2)

K �

B
=

[

B(OH)
−

4

]

∗ αH+

[

B(OH)3
] (3)

Fig. 1. Map of the lithium-rich brines. Map of closed-basin salar-type brine deposits. Those with brine data used in this study are shown as circles, whereas other notable 
salar-type lithium-rich brines not included in this study are also shown. Locations and map features were compiled from several sources (5, 83–85).
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high salinities, the increased concentration of cations allows for 
complexes to form more readily with deprotonated weak acid spe-
cies, which, in turn, may change pH and TA (15, 17, 31).

The Pitzer model in PHREEQC accounts for two complexes of 
the borate ion, with magnesium [MgB(OH)4

+] and with calcium 
[CaB(OH)4

+], each of which contribute one equivalent to alkalinity 
because they decomplex during an alkalinity titration, allowing 
B(OH)4

− to become a proton acceptor.
As described in Eq. 1, boron typically exists in common natural 

waters as boric acid and the borate ion. However, in solutions with 
high total boron (TB) concentrations, the structural units of boric 
acid (trigonal planar, defined here as “B3”) and the borate ion (tetra-
hedral, defined here as “B4”) can polymerize to form polyborate 
ions (32, 33). In most natural waters, the concentrations of polyborates 
are negligible; however, when TB concentrations exceed ~50 mmol/
kg, non-negligible concentrations of polyborates may form (34). Be-
cause TB concentrations in many lithium brines and evaporation 
ponds exceed this threshold (8, 12, 19), the formation of polyborates 
are expected. The Pitzer model in PHREEQC accounts for two poly-
borate species by the following equations (35)

The structure of B3O3(OH)4
− is composed of two B3 units and 

one B4 unit, whereas that of B4O5(OH)4
2− is composed of two B3 

and two B4 units (33). From these two polyborate species and the 
structural configurations of other polyborates (33) not included in 
the Pitzer model, it is clear that polyborate anions contribute a stoi-
chiometrically equal amount of alkalinity to B4 structures in the 
polyborate ion [e.g., B3O3(OH)4

− has one B4 unit with one equiva-
lent of alkalinity].

For the purpose of discussion of the system, we can rewrite all 
equations to account for all species of boron (boric acid, borate, bo-
rate complexes, and polyborates) and the relative structural units of 
B3 and B4. Thus, we can simplify Eqs. 1, 4, and 5 into one basic 
equation, Eq. 6, which takes the common components from each 
dissociation equation where the formation of a B4 structure is ac-
companied by the release of an H+ and the dissociation of a B3 
structure (water is also shown as a reactant to balance the equation) 
and where each B4 unit contributes one equivalent of alkalinity

Considering all B4 units as alkalinity species, the approximated 
TA equation (Eq. 2), with the same reference species, can be re-
written as

Geochemistry and composition of brines from SDU, Bolivia
Geochemical divides of inflow waters determine closed-basin brine 
chemical compositions, where precipitation of minerals during 
transport and evaporation of the inflow waters removes ion pairs in 
the stoichiometric proportions of the precipitated mineral (7, 36). 
The ion that has a greater proportion in the solution becomes en-
riched, whereas the relatively depleted ion becomes further depleted 
in the residual solution. For example, [SO4

2−] would increase and 
[Ca2+] would decrease when [SO4

2−] > [Ca2+] during CaSO4 pre-
cipitation (36). Alkaline salt lakes are typically generated from 

inflow waters with relatively high DIC and therefore high CA (sum 
of equivalents of CO3

2− and HCO3
−) and relatively low calcium 

concentrations. This is because carbonate mineral precipitation al-
lows for further enrichment of DIC when [CA]  >  2[Ca] because 
CaCO3 consumes two equivalents of CA and the resulting brine 
then becomes rich in both DIC and CA, generating an alkaline lake. 
In contrast, inflow waters where [CA] < 2[Ca] results in the deple-
tion of DIC and CA, leading to circumneutral pH brines (7, 36, 37). 
At the SDU, inflow waters precipitate calcite, largely removing DIC 
followed by gypsum and ulexite precipitation that has largely re-
moved calcium, resulting in a Na-(Mg)-Cl brine [following the 
brine classification scheme of ref. (7)] with elevated concentrations 
of sulfate, lithium, and boron (38–40).

Natural brines from the SDU were collected from production 
wells operated by Yacimientos de Litio Bolivianos (YLB) in the 
southern section near the Rio Grande Delta (Fig. 1) through pump-
ing from a subsurface halite and sand aquifer [see refs. (19, 25) for 
details]. Evaporated brines were collected from a series of eight se-
quential evaporation ponds, where the dominant minerals precipi-
tating are halite in the first three ponds, sylvite in the fourth, mixed 
potassium salts in the fifth and sixth, lithium sulfate in the seventh, 
and bischofite in the eighth (19, 25).

The natural brines of the SDU are characterized by a high TDS of 
275 to 285 g/kg (IS of 7.5 to 8.5 m) and are relatively well buffered 
with a natural pH ranging from 6.7 to 7.1, whereas the TA ranges 
from 16.6 to 28.4 mequiv/kg and DIC is far lower (<0.35 mmol/kg). 
In the evaporation ponds, TDS increases to 358 g/kg (IS of 17.3 m), 
whereas the pH progressively decreases to 3.2 in the residual brine 
(Fig. 2). The progressive evaporation results in concentration in-
creases of chloride, magnesium, lithium, and boron and decreases 
in sodium, sulfate, and potassium in the residual evaporated brines 
(fig. S1 and table S1), reflecting the sequential salt precipitation. De-
spite the apparent conservative rise in boron concentration, a frac-
tion of boron is clearly entrained in the precipitated salts during the 
late stages of brine evaporation (ponds 6 to 8) (fig. S1 and table S2).

The total possible alkalinity from DIC (assuming all DIC is in the 
CO3

2− form) in the natural brines ranges from 0.42 to 0.71 mequiv/
kg, which could account for up to only ~3.3% of the TA, insufficient 
to be the dominant source of alkalinity, suggesting that other ions 
control the alkalinity of these brines. TB, however, is highly en-
riched, ranging from 73 to 111 mmol/kg, and correlates well with 
pH and TA (Fig. 2), indicating that borate could be the source of the 
alkalinity. These trends are extended with the evaporation ponds, 
where TB in the evaporated brines increases up to 536 mmol/kg and 
TA rises to >80 mequiv/kg, whereas the pH drops as low as 3.2 and 
the residual brines are virtually devoid of DIC (0.057 mmol/kg in 
the final pond). The only other potential contributor to TA at the 
SDU is arsenic, which can occur as either arsenic acid (H3AsO4) or 
arsenous acid (H3AsO3) depending on redox conditions (41). Total 
arsenic in the natural brines ranges from 0.01 to 0.12 mmol/kg but 
increases up to 0.66 mmol/kg in the evaporation ponds. At most, 
arsenic can contribute 3 equiv/mol in the most dissociated form (42), 
which would bring the maximum possible contribution to TA to 
0.03 to 0.36 mequiv/kg in the natural brines and up to 1.98 mequiv/kg in 
the evaporated brines (0.3 to 3.2% of TA), exceeding the potential 
contributions from DIC, and yet far below that of TB. Consequently, 
we conclude that B4 is likely the major alkalinity species in brines of 
the SDU, whereas DIC and arsenic might contribute only relatively 
minor fractions to TA.

3B(OH)3 ↔ B3O3(OH)4
− + 2H2O +H+ (4)

4B(OH)3 ↔ B4O5(OH)4
2− + 3H2O + 2H+ (5)

B3 +H2O↔ B4− +H+ (6)

TA =
[

HCO3
−
]

+ 2∗
[

CO3
2−
]

+ [B4] (7)
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Boron speciation in SDU brines
Boron speciation was determined using a Pitzer ion interaction 
model as implemented in PHREEQC (35), which accounts for free 
boric acid and borate as well as the metal borate complexes 
MgB(OH)4

+ and CaB(OH)4
+. In addition, two polyborate ions, 

B3O3(OH)4
− and B4O5(OH)4

−2, the structures of which are com-
posed of both B4 and B3, in 1:2 and 2:2 ratios are included (33).

As predicted in the model for the natural brines, free boric acid 
is the dominant species (~66% of TB) whereas metal-borate com-
plexes account for ~15%, polyborates ~13%, and the free borate ion 
~6%. From a structural perspective, ~23% of TB in the natural 
brines is in the B4 form with the remaining ~77% is in the B3 form. 
The model predicts that a non-negligible fraction, up to 25%, of the 
B4 (as calculated from Eqs. 10 and 11 in the Materials and Methods) 
in the natural brines is derived from polyborate species, whereas the 
rest is from metal-complexed and free borate ions (Fig. 3).

As evaporation progresses in the evaporation ponds, the fraction 
of TB in polyborates increases to ~53% whereas all other species de-
crease with free boric acid accounting for ~44%, metal borates ~3%, 
and free borate ions <1%. This means that polyborates begin to dom-
inate and account for up to ~88% of B4 (Fig. 3). Therefore, as evapo-
ration progresses and TB increases, the fractions of B4 as metal-borate 
complexes and free borate ions decrease to a minority (Fig. 3). Of the 
total B3 structures, free boric acid remains the dominant B3 species 
in the natural brines with <20% of B3 within the polyborate species; 
however, this proportion rises to 42% in the most evaporated brine 
(Fig. 3). The proportions of B4 to B3 in the brines remain nearly con-
stant in the evaporation ponds despite variations in speciation except 

in pond 7 where the B4 fraction drops with an estimated 16 and 84% 
in the B4 and B3 forms, respectively. The sudden decrease in the pro-
portion of B4 relative to B3 in pond 7 would suggest that some B4 is 
preferentially lost to the solid phase, which is consistent with the de-
tected boron in the salts of pond 7 (fig. S1 and table S2).

Boron isotope variations in brines and salts from the 
evaporation ponds
The δ11B values of the SDU natural brines fall within a narrow range 
from −5.2 to −6.9 per mil (‰). The δ11B values of brines in the 
evaporation ponds are within the same range, and yet the δ11B val-
ues in the final two ponds shift toward higher values, up to −3.1‰ 
in pond 8 (Fig. 4). The δ11B values of salts precipitating in the early 
evaporation ponds closely match their brine counterparts, −6.0 to 
−6.5‰ in the first six ponds, whereas salts from ponds 1 and 2 did 
not have enough boron for isotopic measurements. However, in the 
final two ponds, the brines become more enriched whereas the pre-
cipitated salts are relatively depleted in 11B as compared to the par-
ent brine, with a δ11B difference of 3.0 to 3.6‰ (Fig. 4).

Boron and alkalinity in global lithium-rich brines
A dataset of brines from global salar-type deposits (n = 339, inclu-
sive of the original data presented here from the SDU; table S3) was 

Fig. 2. Geochemical variation in brines from Salar de Uyuni (SDU), Bolivia. Cor-
relations of TB and IS with TA and pH in natural brines and in evaporated brines 
from the SDU. Both TA and pH show strong correlations with TB, suggesting that 
the alkalinity is tied to boron species.

Fig. 3. Control of speciation on the structural variability of boron at Salar de 
Uyuni (SDU), Bolivia. Variations of the fractions of boron species contributing to 
the total B4 and B3 structures (B4 and B3) in the natural and evaporated brines 
from the SDU predicted from the model. The natural brines are shown as circles, 
whereas the evaporated brines are shown as triangles. In the natural brines (TDS 
275 to 285 g/kg), metal-borate complexes and free borate ions account for most B4, 
whereas this shifts to dominantly polyborates in the boron-rich evaporated brines 
(TDS 285 to 360 g/kg). On the other hand, B3 is dominantly in the boric acid form 
rather than the in polyborate form in both natural and evaporated brines.
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compiled and includes salt-lake and subsurface brines from the 
Lithium Triangle, the Tibetan Plateau, and the Qaidam Basin in-
cluding brines from each region that have operations currently pro-
ducing lithium. These regions are each characterized with many 
salar-type lithium-rich brines of differing chemistries. This dataset 
also includes brines that are evaporated inflow waters (with IS > 
0.7 m, approximately that of seawater) to the salars, as well as brines 
from evaporation ponds from the Salar de Atacama in Chile (12) 
and the Qarhan playa in the Qaidam Basin of China (29). Conse-
quentially, the dataset spans a large range of salinities and chemical 
compositions.

From this dataset, we show that the pH generally decreases as a 
function of IS (ρ = −0.69, P < 0.01) (Fig. 5A). This is consistent 
with previous findings showing pH generally decreasing with in-
creasing salinity (22, 43–46). The chemistry of these brines varies 
considerably with alkaline lakes (pH > 8) and circumneutral lakes 
(6 < pH < 8), indicating that each brine follows different geochem-
ical divides, resulting in the enrichment and depletion of different 
elements (36, 47). Many of the alkaline lakes are highly enriched in 
DIC, which explains their elevated pH (10, 22, 37) and a handful 
are slightly to highly acidic (e.g., Salar de Gorbea, Chile), resulting 
from the oxidation of sulfides (20). Regardless, boron is enriched in 
many of these brines as shown in Fig. 5B, up to several hundred 
mmol/kg. The evaporation pond data follow the same trends as at 
the SDU with decreasing pH and increasing IS and TB. The final 
evaporation pond at the Salar de Atacama has a pH of 2.5 and a TB 
concentration of 310 mmol/kg (12) [reported up to 650 mmol/kg 
TB (8)], whereas at the Qarhan Playa, the pH drops to 4.8 with a TB 
concentration of 50 mmol/kg (29).

DISCUSSION
Role of boron speciation on apparent pK�∗

B
 at the SDU

To discuss the influence of B4 on alkalinity and its control on pH, we 
calculate a simplified apparent dissociation constant (marked with 
an *) based on the total B3 and total B4 concentrations in solution 
(calculated as described in Materials and Methods from the Pitzer 
database in PHREEQC, which uses eqs. S1 to S5)

This is distinct from K ′
B
 which, as calculated in Eq. 3, only con-

siders the boric acid species and the borate ion, whereas K �∗
B

 ac-
counts for all boron species in solution and their structural 
distributions as determined by conservative parameters in the brine 
(i.e., TA, elemental concentrations, and IS). For further discussion 
of K �∗

B
, we will use pK�∗

B
 for ease of interpretation and comparison.

The apparent pK�∗
B

 was calculated from the boron speciation dis-
tribution on a B4 and B3 structural basis (Eqs. 10 and 11) as de-
scribed in Materials and Methods. The apparent pK�∗

B
 of the natural 

brines at the SDU is calculated to a range of 7.1 to 7.6 and decreases 
with IS (Fig. 6). We can compare our pK�∗

B
 to those published for 

both seawater and the Dead Sea because polyborate species are neg-
ligible in both, due to their relatively low TB concentrations, and 
therefore the published pK′

B
 are effectively on a structural basis. 

Given the elevated IS of the SDU brines (7.5 to 8.5 m) relative to 
seawater (~0.7 m), we would expect the pK�∗

B
 to be lower than that of 

seawater (~8.6) (14). By comparison, the pK′
B
 of the Dead Sea, an-

other high IS (~10.3 m) brine is ~6.3 and considerably lower (17). 

K �∗

B
=

[B4] ∗ αH+

[B3]
(8)

Fig. 4. Boron isotopes of natural and evaporated brines at Salar de Uyuni 
(SDU), Bolivia. Variations of δ11B in SDU natural brines, brines from the evapora-
tion ponds (linked in sequential order), and salt precipitates from the correspond-
ing evaporation ponds. Note that the IS for the precipitated salts corresponds to 
that of the parent brines in the evaporation ponds. Although no variations in δ11B 
were observed in the natural brines and early stage evaporated brines, the δ11B 
value increases in the most evaporated brines (ponds 7 and 8) with corresponding 
lower δ11B of the precipitated salt, suggesting preferential removal of 10B into the 
salt phase.

Fig. 5. Variability in pH and boron enrichment of global brines. (A) Measured 
pH versus IS in natural (circles) and evaporated (triangles) lithium-rich brines from 
major global basins color coded by country. (B) TB concentrations in natural and 
evaporated brines. Evaporated brines are from evaporation ponds from the SDU in 
Bolivia, the Salar de Atacama (SDA), in Chile, and the Qarhan Playa in the Qaidam 
Basin.
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Although the TDS values of both brines (~280 g/kg at the Dead Sea 
and 275 to 285 g/kg at the SDU) are comparable, the difference in IS 
stems from the higher abundance of divalent cations such as Ca2+ 
and Mg2+ in the Dead Sea brine relative to SDU brines, which causes 
the difference in the pK�∗

B
 values. Golan et al. (17) demonstrated the 

relative effect of monovalent versus divalent cations, where divalent 
cations, presumably, complex more readily with the borate ion [e.g., 
MgB(OH)4

+], pushing the equilibrium of Eq. 1 to the right. At both 
the Dead Sea and the SDU, Mg2+ and Na+ are the dominant divalent 
and monovalent cations, and yet the relative proportions of each are 
considerably different. At the SDU, the Mg/Na ratio is much lower 
(0.14 to 0.36) than at the Dead Sea (1.54). Furthermore, the natural 
SDU brines follow a clear trend with an inverse relationship be-
tween Mg/Na and pK�∗

B
 (Fig. 6). This effect is propagated in the evap-

oration ponds where halite (NaCl) is continuously precipitated to 
remove Na+, whereas Mg2+ remains in solution, resulting in pro-
gressively increasing Mg/Na ratios (up to 63.2). A concomitant de-
crease in pK�∗

B
 of the evaporation pond brines is also calculated, 

dropping to 3.7 and lending further evidence to the influence of 
complexing divalent cations with borate on the apparent pK�∗

B
. This 

can be explained in part not only by the increasing complexation of 
metal-borate species composed of divalent cations but also by the 
increasing dominance of polyborate ions.

From the speciation modeling results, it is clear that polyborates 
are important species to consider and that they become a major spe-
cies of boron in brines from the evaporation ponds (Fig. 3). This 
means that the dissociation of boric acid begins to be controlled by 
polyborate formation rather than borate formation as evaporation 
progresses and TB increases. Because our calculation of pK�∗

B
 ac-

counts for all B4 structures formed (as described in Materials and 
Methods), this further reduces the calculated pK�∗

B
. This means that 

polyborates are expected to become a major form of aqueous boron 
in such brines with high TB and that IS and metal-borate complexes 
are not the only factors affecting the reduction of pK�∗

B
.

The constant proportionality of total B4 to total B3, across all spe-
cies, in all brine samples means that the decrease in pK�∗

B
 nearly parallels 

that of pH, suggesting that pH drops as a result of changes in pK�∗
B

 and 
the conservative increase in B concentration (and B4 and B3, respec-
tively). If pH were dropping for another reason (e.g., addition of an acid 
such as oxidation of sulfide) and pK�∗

B
 remained constant, the fraction of 

B3 would increase. However, because pK�∗
B

 does decrease with evapora-
tion, more B3 must dissociate during evaporation.

The TA determined by the Pitzer ion interaction model in PHREEQC 
agrees well with the measured TA in the SDU brines, within ±5%, in-
dicating that we were not overlooking any major alkalinity species 
(Fig. 7). The exceptions are the final three evaporation ponds, which 
have measured TA values that are considerably different from the 
predicated values (both greater and lower values). Furthermore, the 
fraction of TA that can be attributed to BA (as predicted in PHREEQC) 
is 97.8 to 98.8% in natural brines and >99.0% in evaporated brines. 
This means that TA ≈ BA = [B4] because there is no meaningful con-
tribution to TA from other ionic species and that the measured TA 
with measured TB can be used to determine the concentrations of B4 
and B3 (i.e., [B4] = TA and [B3] = [TB]-[B4]). Using these values in 
Eq. 8, we empirically calculate the apparent pK�∗

B
 from the measured 

data. The empirically derived and PHREEQC modeled pK�∗
B

 values 
agree very well in all but the final three evaporation ponds (Fig. 7), 
further indicating that the modeled approach we used to determining 
pK�∗

B
 is valid. The consistency between the theoretical approach with 

the Pitzer model in PHREEQC and our empirical results clearly rein-
forces the accuracy of our measurements and the modeled pK�∗

B
 meth-

od. The deviation between measured and calculated TA in the final 
evaporation ponds does, however, suggest that the modeling approach 
may only be applicable to solutions of IS less than ~12 to 13 m.

The effect of boron on pH at the SDU
Our data indicate that increasing the IS, TB, and Mg/Na and de-
creasing the pK�∗

B
 due to evaporation drives Eq. 6 (as a function of 

Fig. 6. Variations in calculated dissociation constant at the SDU. Variations of 
apparent pK�∗

B
 with IS and Mg/Na mole ratios in the natural and evaporated lithium-

rich brines from the SDU. The reduction of pK�∗
B

 in the brines is controlled by both 
the IS and the increasing proportion of the divalent cation, Mg2+, over the monova-
lent cation, Na+, in the brines.

Fig. 7. Validation of the modeling method. Variations of modeled TA and calcu-
lated pK�∗

B
 from PHREEQC versus measured TA and calculated pK�∗

B
 from the mea-

sured TA in the natural and evaporated brines from the SDU. The high correlation 
between the modeled and measured alkalinity values verifies that boron occur-
rence and its species distribution in the lithium-rich brines are controlling the alka-
linity of the brines. The double outlined triangles are the last three evaporation 
ponds with measured TA that deviate from the modeled TA.
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borate and polyborate formation) to the right. Therefore, with in-
creasing evaporation, these equations are pushed toward the pro-
duction of B4 in borate and polyborate ions, which liberates H+ into 
solution and therefore decreases pH. A similar decreasing pH dur-
ing brine evaporation with increasing IS has been observed in sev-
eral natural settings and experimental tests (29, 43, 45). However, in 
these cases, TB concentrations were much lower and DIC controlled 
the major alkalinity species. In contrast, at the SDU, boron is the 
dominant player contributing to TA and therefore in controlling 
pH. On the basis of the model predicted TA, the fraction of borate 
alkalinity (BA) contributing to TA (i.e., BA/TA) is >0.978 in all 
brines with the remaining contributions derived from CA and total 
OH− alkalinity. Therefore, it is clear that BA as B4 structures is the 
dominant control on alkalinity in the SDU brines.

The sudden deviation between δ11B of the brines and precipitat-
ed salts detected in ponds 7 and 8, where the brines have greater 
δ11B values than the salts by ~3‰ (Fig. 4), indicates that boron is 
precipitating to a solid phase introducing isotope fractionation in 
which 10B is selectively incorporated into the salts. The deviation of 
TA from the nearly linear trend with B and with IS (Fig. 2) in the 
final evaporation ponds might also indicate preferential B4 precipi-
tation due to the lower than the expected TA. Using the modeled 
pK�∗

B
 and a fractionation factor of 26‰ where 10B is enriched in B4 

as determined for seawater (48), we can estimate the δ11B values of 
B4 and B3. We assume that this boron isotope fractionation factor is 
applicable given that it has been experimentally established in sea-
water to be ~26‰ (26). Incorporation into precipitated salts of poly-
borates and various B-minerals containing mixed proportions of B3 
and B4 would likely reduce the apparent overall isotope fraction-
ation effect because the precipitate would not exclusively contain 
either B4 or B3 (49). From mass balance calculations using the 26‰ 
fractionation factor, the δ11B values of B4 in the natural brines and 
the first six evaporation ponds average −26.1‰, whereas B3 aver-
ages −0.1‰ (table S1). Using the predicted δ11B of B4 and B3 in the 
brine, the precipitated salt should have the same δ11B for B4 and B3, 
meaning that we can determine the fraction of B4 and B3 in the salt 
from the δ11B value of the bulk salt using mass balance calculations. 
This corresponds to ~32% B4 and ~68% B3 in salts precipitated in 
ponds 7 and 8. Many common borate minerals have a structural 
formula where B4/B3 ≥ 1 (49), and yet the relatively high proportion 
of B3 in the salt could be indicative of either (i) residual brine en-
trapped in the salts, (ii) precipitation of solid boric acid, among 
other B-minerals, which would result in a relatively high B3 propor-
tion in the salt, or (iii) that B3 enriched polyborates [e.g., 
B3O3(OH)4

−] might be directly incorporating in to precipitated salts 
as suggested in ref. (50), each would affect the δ11B values of the bulk 
precipitated salts. From the modeling results, we can see that solid 
boric acid is supersaturated in these final brines, thus suggesting 
that it could reasonably be incorporated into the precipitated salts 
(among other B-minerals) yet the relative influence of brine inclu-
sions and polyborate incorporation cannot be ruled out. Regardless, 
the higher δ11B of the residual brine and the relatively lower δ11B of 
the bulk precipitated salt (inclusive of all precipitated salts) clearly 
indicate preferential removal of the 10B-enriched B4 structures from 
solution (i.e., B4/B3 salt > B4/B3 brine) into either precipitated B-
minerals or as incorporated into other salts.

The precipitation of boron to the solid phase during brine evapo-
ration can preferentially remove either B4 or B3 from solution. This 
means that B-mineral precipitation can act as an accelerating force 

for the reduction of pH during evaporation when B4 is preferen-
tially removed into the bulk salt phase (i.e., where B4/B3 of the bulk 
precipitate is greater than B4/B3 of the brine; however, individual 
precipitated minerals may have different B4/B3 ratios), thus increas-
ing the dissociation of B3 in solution to B4 to maintain equilibrium. 
The inverse is also true; if the B4/B3 of the precipitate is less than the 
brine, then the pH would conversely rise from the preferential re-
moval of B3 and consequential shift in Eq. 6 to the left, consuming 
an H+. This would be the case if only solid boric acid were precipi-
tating. The possible outcomes of B-mineral precipitation with differ-
ent B4/B3 ratios are best demonstrated in Fig. 8, where we have 
modeled the average natural SDU brine and simulated the precipita-
tion of 20% of TB into B-minerals of varied B4/B3 ratios (mineral 
precipitation follows eqs. S6 to S12) (49, 51). The resulting modeled 
pH does decrease when precipitating minerals with a B4/B3 greater 
than that of the source brine and increase when B4/B3 in the min-
eral is lower. This is also observed in the published experimental 
data from Oi et  al. (52) where boron minerals were precipitated 
from synthetic solutions of varied IS and pH; after calculating the 
B4/B3 ratios in the solution, it can clearly be seen that pH typically 
rises when precipitating minerals with a lower B4:B3 ratio than the 
brine and vice versa (fig. S4).

Given that the boron isotope fractionation follows the distribu-
tion and differential uptake/precipitation of B3 and B4, during evap-
oration, any combination of B-minerals (and boron incorporation 
into other evaporite minerals) can precipitate and thus the bulk B4/
B3 ratio of all precipitating minerals will dictate not only the δ11B 
values of the solids but also the shift in pH of the residual brine dur-
ing evaporation. Using the δ11B value of the salts and the brines in 

Fig. 8. Role of boron mineral precipitation on pH. Predicting the possible chang-
es in pH to the average natural SDU brine as a result of the precipitation of different 
boron-bearing minerals with varied incorporation of B4 and B3 structures. This is 
shown on the x axis as the ratio of B4 to TB and shown in the graph as the ratio of 
B4:B3 for each mineral (bolded values). The average natural brine (~75 mmol/kg B), 
its pH (6.84), and the fraction of B4/TB (0.234) are shown as dashed lines. Using the 
model, we force the precipitation of various minerals to remove 20% of boron from 
the average natural brine (15 mmol/kg). This results in a change in pH of the resid-
ual brine where minerals with a greater B4:B3 ratio than the initial brine decrease 
pH and those with a lower ratio increase pH.
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the final evaporation ponds, we can quantify the relative fraction of 
TB lost to the salts from solution by conducting a mass balance cal-
culation. We do this for ponds 7 and 8 by taking the δ11B value of the 
prior pond, which we assumed to be the sole brine source (i.e., pond 
6 to pond 7 and pond 7 to pond 8) and the δ11B value of the precipi-
tated salt. Using this method, we estimate that ~15 and ~58% of bo-
ron is removed to the solid phase in ponds 7 and 8, respectively. 
Using the model, returning the respective amount of boron lost to 
the brines from ponds 7 and 8 in the appropriate B4/B3 ratios of the 
salts (as dissolution of solid boric acid, which is entirely B3, and bo-
rax, which has two B4 and two B3 units) would be expected to raise 
the pH of each brine, for pond 7 from 3.50 to 3.52 and pond 8 from 
3.18 to 3.75. This is because the B4/B3 of the salts (~0.48) is greater 
than that of the brine (~0.35), and to return to equilibrium, some B4 
must convert to B3, consuming an H+ via Eq. 6 and thus raising the 
pH. Because the inverse would have been true during precipitation, 
this simulation ultimately indicates that the preferential removal of 
B4 to the solid phase would have accelerated the drop in pH in the 
residual brine. Consequently, the combination of increasing δ11B in 
the final brines from the evaporation ponds (ponds 7 and 8) com-
bined with the gradual reduction of pH and a decrease in δ11B of the 
bulk salts relative to the parent brine (Fig. 4) indicates selective re-
moval of B4 over B3 into the solid phase. This intensifies the disso-
ciation of B3 to B4 in the residual brine to maintain equilibrium.

It is important to note that the Pitzer model in PHREEQC, how-
ever, appears to inaccurately predict the minerals that would pre-
cipitate during evaporation because it primarily anticipates the 
precipitation of solid boric acid. This has a B4/B3 ratio of 0 (i.e., it is 
only B3), which is lower than that of the brines (~0.35) and would 
lead to a rise in pH during precipitation. This is contrary to the mea-
sured decrease in the pH during evaporation and the rise in δ11B of 
brines and the corresponding decrease in precipitated salts from the 
final evaporation ponds (Figs. 2 and 4), whereas the inverse would 
have occurred if primarily boric acid were precipitating. This clearly 
indicates preferential removal of B4 from solution, suggesting that 
the Pitzer model in PHREEQC is limited at such a high IS or is not 
equipped with the appropriate minerals or saturation information 
(a limited number of B-minerals are included in the Pitzer database) 
applicable to these hypersaline brines.

Boron and pH in global lithium brines
Following the method developed and validated for the SDU brines, 
we estimate the pK�∗

B
 for global lithium-rich brines, which are com-

monly enriched with boron. All data points clearly show a reduction 
of pK�∗

B
 with increasing IS (Fig. 9), following the same trend as 

shown at the SDU. From this, we can expect that some fraction of 
TB is in the B4 form and is thus affecting the TA and pH of these 
lithium-rich brines to varying degrees.

Divalent cations should complex more readily with B4 then 
monovalent cation, in which increasing their concentrations causes 
a decrease in pK�∗

B
. This is clearly demonstrated in the dataset of 

global lithium-rich brines. Figure 9 shows that greater divalent cat-
ion to monovalent cation ratios (M2+/M1+) tend to have lower pK�∗

B
 

values at the same IS. This further confirms the role of divalent cat-
ions in reducing pK�∗

B
 proposed by Golan et al. (17) and thus high-

lights the importance of divalent cations in decreasing pH during 
brine evaporation.

The fraction of TB associated with polyborates is clearly better 
correlated with TB (ρ  =  0.89, P  <  0.01) than with IS (ρ  =  0.40, 

P < 0.01; fig. S2). When TB is greater than ~50 mmol/kg, more than 
~10% of TB is within polyborate species. When TB is greater than 
~200 mmol/kg, polyborates become the dominant boron species. 
The high fractions of TB suggested to be in polyborate species of the 
global brines is consistent with the findings of the SDU brines.

Narrowing this dataset to natural brines with reported DIC 
(n = 295), it is clear that, in many cases, TB concentrations are far 
higher than DIC (Fig. 10A), suggesting that, in global brines, boron 
species may also be important contributors to alkalinity. Using the 
predicted TA from PHREEQC for each of these brines, we can esti-
mate the fraction of BA contributing to the TA (assuming that TB 
and DIC are the only contributors to TA). Figure 10B shows that, in 
many of the natural lithium-rich brines, TA is composed predomi-
nantly of BA (mean  ~55%), whereas in several instances, BA ap-
proaches 100% of the TA.

From the compiled water chemistry data of global lithium-rich 
brines (table S3), DIC is often reported as HCO3

− or CO3
2−, having 

been measured via an alkalinity titration to either a set endpoint or 
a true endpoint, and assumes that this alkalinity is solely derived 
from CA (11, 53–56). Although boron corrections can be made to 
subtract the fraction of BA from TA to then calculate CA, a pK′

B
 

relevant to either seawater (~8.60) (14) or fresh water (~9.24) (13) is 
presumably used; this was done in at least one paper of the compiled 
dataset, but the pK′

B
 used was not reported (57). Because these ap-

parent pK′
B
 values are higher than the pK�∗

B
 values that are expected 

for such hypersaline brines and because many brines have lower pH 
than these pK′

B
 values, this approach would drastically underesti-

mate the fraction of B4 in solution and therefore underestimate 
BA. For example, from the average natural SDU brine with a pH of 
6.8 and pK�∗

B
 of 7.3, ~23.4% of TB would be in the B4 form; however, 

using the pK′
B
 for seawater would underestimate this at only 1.7%. 

As a result, many reported DIC concentrations, measured from 

Fig. 9. Effect of cation complexation on the calculated dissociation constant. 
Variations in calculated pK�∗

B
 versus IS of natural and evaporated lithium-rich brines 

from major global basins. Data points are sorted based on the ratios of divalent cat-
ions to monovalent cations in solution (M2+/M1+). The data show that lower pK�∗

B
 val-

ues are associated with greater M2+/M1+. Dashed lines are best fit linear regressions 
for each group to demonstrate the variability of pK�∗

B
 as a function of M2+/M1+ and IS.
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titration, may be overestimating DIC, neglecting the true contribu-
tion from BA to TA. This means that the BA/TA as shown in Fig. 
10B may underestimate the contributions of BA to TA in global 
lithium-rich brines.

A subset of the compiled data for brines from Bolivia and Chile 
has reported TA as measured to a potentiometric endpoint (a true 
endpoint rather than a set endpoint) (21, 58) from which we can 
estimate the true contribution of BA to TA. Figure S3 shows data 
from individual salars and evaporated inflows and clearly shows that 
several brines have BA/TA > 0.95. This is notably the case in sam-
ples from Laguna Chiar Kota, Laguna Verde, and Laguna Mahama 
Koma from Bolivia and Salar de Carcote, Salar de Ascotan, Salar de 
Wheelwright, and Laguna del Francisco Negro in Chile. This indi-
cates that our findings from the SDU are not unique and that B4 is 
by far the dominant alkalinity species in several other lithium-
rich brines.

It has been well documented that many of the salars of the Lithi-
um Triangle should evolve to alkaline conditions from modeling the 
evaporation of their inflows; however, nearly all salars have a cir-
cumneutral pH (23, 58). This deviation from the modeled evapora-
tion trend has been attributed to the oxidation of aeolian sulfides/
native sulfur deposited in inflow waters (23, 58). These studies, how-
ever, did not consider the effect of precipitation of B-minerals on 
pH. Given that many salars throughout the Andes have ulexite de-
posits precipitated from the evaporation of inflow waters and from 
brines (59, 60), the formation of ulexite would preferentially pre-
cipitate B4 from solution. This is because the B4:B3 ratio of ulexite is 
3:2 (49) and inflow waters are relatively dilute, typically have a 

circumneutral to slightly alkaline pH (21,  58), and would have a 
relatively high pK�∗

B
 (presumably similar to that of seawater ~8.6), 

meaning that most boron in inflow waters is in the B3 form and 
would therefore have a B4:B3 ratio less than that of ulexite. Ulexite 
also precipitates from some salar brines and is found within the salt 
crusts of several salars (60) meaning that this effect might not be 
restricted to evaporating inflows. From the compiled dataset, the 
vast majority of brines have a lower proportion of B4 than ulexite 
and other B-minerals common to salar deposits of the Lithium Tri-
angle (Fig. 10C). As discussed with the SDU brines, precipitation of 
B-minerals with a B4:B3 ratio greater than the solution preferen-
tially removes B4 and causes more B3 to convert to B4 to maintain 
equilibrium, liberating an H+ into solution. We suggest that this 
process could be a factor for preventing the formation of alkaline 
brines in the salar systems of the Lithium Triangle and may be 
an unconsidered geochemical divide during the formation of 
boron- and lithium-rich brines. The effect of sulfide oxidation, 
however, cannot be ruled out and ultimately this warrants fur-
ther investigation.

Empirical equation for approximating pK�∗

B
 in brines

Given the potential to overestimate DIC concentrations from the 
common titration methods, we propose tools that can provide more 
accurate geochemical data. As a best practice, when reporting DIC 
concentrations in brines with high TB, it is advisable to measure to 
a potentiometric endpoint and to calculate the fraction of BA using 
an accurate pK�∗

B
. To this end, we have developed an empirical 

equation, from the compiled dataset and the calculated pK�∗
B

, that 

Fig. 10. Control of boron on alkalinity of global brines. (A) The ratio of TB/DIC (molar) clearly demonstrates that boron is often more concentrated than DIC in natural 
brines. Loss of DIC and the conservative enrichment of boron lead to elevated TB/DIC ratios in the evaporation ponds. (B) Fraction of calculated BA to TA from modeling 
results. The data show that the TA is primarily composed of BA in many of the global lithium-rich brines. (C) Fraction of TB that is in the B4 form of natural brines. The 
dashed horizontal lines show the same ratio for several B-minerals, which are generally higher than that of the solution, indicating that their precipitation would lead to 
a decrease in pH via the preferential removal of B4 from solution (see text for explanation). Note that TB/DIC and BA/TA only include samples with reported DIC concentra-
tions or reported TA. Evaporated brines are the data presented in this study for evaporation ponds from the SDU.
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can be used to quickly and accurately determine the pK�∗
B

 of a brine 
based on a variety of factors that affect the apparent pK�∗

B
, including 

pH, IS (molal units), TDS (g/kg solution), and major ion concentra-
tions ([ion], mmol/kg solution) in a solution, following

Given the potential unreliability of the Pitzer model in PHREEQC 
at IS greater than ~13, we have limited this equation to only be ap-
plicable to brines of IS between 0.7 and 13.0. This equation appears 
to match the calculated pK�∗

B
 from the PHREEQC-based method 

reasonably well with an SD of 0.08 for all data points and an R2 of 
0.98. For a discussion of the validation of this equation, please see 
Supplementary Text. This equation is also applicable to non-lithium- 
and non-boron-rich brines and produces values clearly in line with 
that of the PHREEQC-method on the tested brines from various 
saline systems (fig. S5). As a result, the equation should be sufficient 
to approximate pK�∗

B
; however, it should be limited to brines occur-

ring at common surficial temperatures because the brines included 
in this study were all assumed to be 15°C. Although this equation 
can approximate pK�∗

B
, the best results will be derived from the 

PHREEQC method as described in Materials and Methods. The 
PHREEQC-based approach should also be applicable to a wide va-
riety of temperatures including high temperatures (e.g., geothermal 
and oil and gas brines) because the Pitzer ion interaction model is 
capable at temperatures up to 200°C (61).

In terms of application, the pK�∗
B

 can be treated as a regular pK′
B
 

for determining the ratio of B4 to B3 structures in solution using the 
Henderson-Hasselbalch equation (i.e., B4

B3
= 10pH−pK�∗

B ). Because the 
concentration of B4 corresponds to BA, this can be applied to the TA 
to determine the relative contributions of boron and DIC to TA, as-
suming that contributions to TA from other species are negligible.

One of the major limitations of the data collected from the SDU 
and the compiled data of global lithium-rich brines is the accuracy 
of pH measurements. IS is well known to affect pH measurements 
with conventional pH probes, which are typically calibrated with 
low IS standards that do not matrix match that of the highly saline 
brines (62, 63). Experiments conducted by Golan et al. (63) suggest 
that this deviation would be less than ~0.15 pH units for IS less than 
10 m (63). This would suggest that the measurements conducted in 
the present study and those reported by other authors are reason-
ably accurate and that the findings presented here would not be no-
tably altered with more accurate pH measurements.

Implications for lithium- and boron-rich brine research
Closed basins with lithium-rich brines are found throughout the 
world with currently ~10 brine operations producing lithium and 
many others in developing stages to become operational in the near 
future. Most of these lithium-rich brines are also enriched in boron 
(3, 8, 10, 11) as shown in Fig. 5 and fig. S6. Brines from these conti-
nental basins are also sources of other elements such as potassium and 
potentially other critical raw materials (2, 8), meaning that they are 
under exploration and exploitation for other resources in addition to 

lithium. The findings presented in this study can help to explain 
changes in pH during evaporative concentration, a practice also used 
to further concentrate other elements such as potassium, especially if 
boron is present in elevated concentrations. Furthermore, this could 
be particularly important for understanding the potential environ-
mental impacts of spent brines (residual brines after lithium extrac-
tion), which can leak from storage ponds or be discharged to the 
environment and thus alter the pH and chemistry of the natural brine 
(19). An example of this would be reinjection of spent brines to sub-
surface brine aquifers, a practice being considered at some operations 
to maintain hydraulic pressure and prevent basin sinking induced 
from the overpumping of lithium-rich brines (64). In addition, DLE 
encompasses many different technologies aiming to conserve water 
resources, circumvent evaporation ponds, and expedite the produc-
tion process by preferentially removing lithium from the brine solu-
tion (30). This is currently a major topic of interest to researchers and 
lithium brine operations, and a key component of many DLE tech-
nologies is pH adjustment of the brine to ensure maximum lithium 
recovery (30). Because boron exerts such a strong control on pH in 
these brines, this may be an obstacle that requires large amounts of 
acid/base to make the relevant adjustments.

Beyond brine mining operations, understanding the role of bo-
ron geochemistry on the alkalinity budget of brines and salt lakes 
and having an accurate pK�∗

B
 will be of broad interest to geoscientists. 

These findings will be particularly helpful for those using boron iso-
topes in brines and evaporites to address questions ranging from the 
origins of solutes in closed basins [e.g., (65, 66)] to reconstructing 
paleoclimate and paleo-brine pH variations as recorded in sedi-
ments, evaporites, and fossil brines [e.g., (27, 46, 67)] because such 
studies would address the relative distribution of B4 and B3 in solu-
tion. Furthermore, boron concentrations in geothermal and oil and 
gas brines, both of which are also being explored as a resource for 
their elevated lithium concentrations, can be similar to those of the 
brines presented here, suggesting that, in these cases, boron may 
prove to have a pivotal role in controlling pH (68–70). Overall, this 
study presents a unique and important perspective for understand-
ing the geochemical evolution of brines within closed basins espe-
cially during further evaporation.

MATERIALS AND METHODS
Sample collection and data compilation
All samples were collected in May of 2023 from the YLB operation at 
the SDU. Natural brines (n = 8) were pumped from wells of the same 
depth (well screen ~16 to 50 m deep) and that were discharged into 
a series of eight evaporation ponds. The natural brines were collected 
from discharge pipes that each represent an aggregate of several 
wells. The individual locations of these wells are not available, but the 
general locations can be seen in Fig. 1 in the southeastern section of 
the SDU. Evaporated brine samples were collected as pumped sam-
ples from the central region of each pond (n =  8). The first three 
ponds precipitate halite, whereas sylvite is formed in pond 4 and 
mixed potassium salts precipitate in ponds 5 and 6. Pond 7 forms 
lithium sulfate, which is harvested for lithium processing, whereas 
the residual brine in pond 8 forms bischofite (25). Brine samples 
were filtered (0.45 μm) in the field with a mixed cellulose ester 
(MCE) filter. For cation and trace metal analysis, this sample was 
collected in an acid-washed high-density polyethylene (HDPE) con-
tainer and acidified with HNO3 (Fisher Optima grade) to pH < 2. 

pK�∗

B
=9.5701−0.22921∗ IS+0.03101∗pH

+0.00019673∗ [Na]+0.00024846∗ [K]

−0.036625∗
[B]

TDS
−0.098138∗LN

([

Cl
])

−0.046226∗LN
([

Mg
])

−0.066406∗LN([Ca])

(9)
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For TA and anion analyses, the samples were stored in cleaned HDPE 
containers without headspace. An unfiltered aliquot was collected in 
a soda glass exetainer without headspace for DIC analysis. Salt sam-
ples were collected directly from each evaporation pond, dried in 
field, and stored in double-sealed polypropylene bags. The pH for all 
samples was measured in the field with a YSI EcoSense pH100A 
probe and regularly calibrated with NIST traceable standards.

Data for other lithium brines were compiled from published 
sources (8, 11, 12, 21, 22, 29, 38, 53–55, 57, 58, 71–75) and include 
brines from the Puna region of Argentina, the Altiplano of Bolivia, 
the Atacama of Chile, and the Tibetan Plateau including the Qaidam 
Basin of China (n = 324; table S3). Only data with complete chemical 
and physical parameters reported (at a minimum including pH, Cl, 
SO4

2−, Na, K, Mg, Ca, Li, and B), brines with an IS of >0.7 m (ap-
proximately greater than seawater), and an absolute charge balance 
error of <5% were included. This includes brines found throughout 
the major lithium-rich brine basins of the world regardless of lithium 
concentration. Because no temperature was reported for most sam-
ples, we assume a temperature of 15°C for all analyses. Conversions 
between reported units (mg/liter, mg/kg, molal, etc.) were done us-
ing the density and volume calculated in PHREEQC. All reported ISs 
are on a molal basis (mol/kg water) as calculated within PHREEQC, 
whereas all elemental concentrations are reported as mmol/kg solu-
tion unless specified otherwise.

Analytical procedures
Major cations (Li+, Na+, K+, Mg2+, and Ca2+) and anions (Cl−, Br−, 
and SO4

2−) were measured with ion chromatography (IC) on Ther-
mo Scientific Aquion IC and Dionex IC DX-2100 systems, respec-
tively, whereas B and As were measured with a with a Thermo 
Fisher Scientific X-Series II inductively coupled plasma mass spec-
trometer at Duke University (76, 77). Accuracy of measurements 
was monitored with regular measurements of an Atlantic Seawater 
standard (OSIL; table S4). All brines were diluted 800 to 1000x prior 
to analysis using deionized water (DI; >18.0 megohms/cm), where-
as salts were dissolved in an excess of DI water in metal-free poly-
propylene centrifuge tubes.

DIC was measured at the UC Davis Stable Isotope Facility by the evo-
lution to headspace of CO2 using phosphoric acid (78). Analyses were 
conducted on a Thermo Scientific GasBench II coupled to a Thermo 
Finnigan Delta Plus XL isotope ratio mass spectrometer. TA was deter-
mined using a Metrohm EcoTitrator with 1.5 M HCl, and the endpoint 
was evaluated using the Gran method (79). A relatively high concentra-
tion acid was used to prevent a dilution effect on the pK�∗

B
 and minimize 

reduction of BA (see note in Supplementary Text and figs. S7 and S8).
Boron isotopes were measured on a Thermo Fisher Scientific 

Triton thermal ionization mass spectrometer in negative ion mode. 
11B/10B ratios were measured as BO2

− and normalized to NIST SRM-
951 and presented in δ11B notation where δ11Bsample = ([11B/10Bsample]/
[11B/10BNBS951]) − 1] × 1000. Replicate analyses of Atlantic seawater 
(n = 16) yield a mean value of 39.8 ± 0.86‰ (2SD), in good agree-
ment with the accepted value of 39.61‰ (80). Sample preparation 
and analytical protocols and accuracy are thoroughly described by 
Leslie et al. (81) and briefly described here. Each sample was oxidized 
with H2O2 (Fisher Optima grade) for at least 24 hours, and ~4 ng of 
B was loaded directly onto rhenium filaments with a boron-free syn-
thetic seawater load solution. Samples and standards ran between 
860° and 930°C. Replicate analyses (>4) of every five to eight samples 
have a reproducibility of ±0.2 to 0.4‰ (2SD).

PHREEQC and pK�∗

B
 calculations

Calculating the pK �∗
B

 for all brines followed the method outlined by 
Golan et al. (17) with modifications. Here, we use PHREEQC (v 3.7.3) 
with a Pitzer ion interaction model (17, 35). The pitzer.dat database 
was chosen for its applicability to high salinity solutions (61). Golan 
et al. (17) only considered the polyborate species B3O3(OH)4

− in their 
calculations but noted that PHREEQC estimated this species was neg-
ligible in their Dead Sea brine and did not consider the proportions of 
B3 and B4 in the polyborate species. It has, however, been predicted 
that polyborate species such as B3O3(OH)4

− and B4O5(OH)4
2− may 

represent a higher proportion of TB in saline solutions with elevated 
TB concentrations (13, 33). Thus, this modified method also accounts 
for the relative fractions of B4 and B3 structures in each polyborate 
species. Equation 8 calculates the dissociation constant (K �∗

B
) of B3 to 

B4. The total B4 and B3 used as inputs to Eq. 8 are calculated from the 
PHREEQC output, where the species concentrations with a PHREEQC 
subscript are from the model predictions

The data input to PHREEQC for calculations included pH, tem-
perature, density, and the total concentrations of Li, Na, K, Mg, Ca, 
Cl, Br, SO4, B, and DIC, whereas other parameters such as TA were 
only included as specified.

Statistical analysis
Nonparametric analyses were used including Spearman’s rank correla-
tion where ρ represents the correlation coefficient, and statistical sig-
nificance is represented by the P values (P). P values are reported 
based on significance as either P < 0.05 or P < 0.01, unless otherwise 
specified. The equation for estimating pK�∗

B
 was made by fitting a linear 

regression model with the calculated pK�∗
B

 from the PHREEQC-based 
method. All analyses were performed in MATLAB version 9.13.0 (82).
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