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Abstract: The Li-rich brine contained within the halite body of the Salar de Atacama is uncommon
for two reasons: First, it has an exceptionally high Li concentration, even compared to other closed
basins in the Li triangle of South America; and second, it is widespread within the halite nucleus
and not restricted to a localized area. This study focusses on the southern half of the salar where Li
production occurs and draws comparisons with its northern neighboring basin through which the
Loa river flows. Concentration and isotope data for water inflowing to this part of the salar were
obtained from surface inflow as well as wells located within the alluvial fans on its eastern margin.
Lithium varies between 0.2 and 20 mg/L before reaching the salar where small amounts of the brine
and or salts that precipitated from it can increase its concentration up to 400 mg/L or higher. The §7Li
of the inflow water varies between +4.9%o0 and +11.2%o0 and increases to +12.6%o within the salar
margin, consistent with salar brine based on reported measurements. Boron isotopes indicate that it is
unlikely that solutes are derived from sedimentary evaporites or mineral cements, unlike the situation
in the adjacent Loa basin. Water that flows through an aquifer laterally confined by a basement
block and a line of volcanoes has a notably higher §”Li than other inflow water, around +9%., and
increasing to +10.5%o. 8”Li values are overall higher than were measured in the adjacent Loa basin,
indicating that here the water—rock reactions for Li are more evolved due to longer residence times.
Lithium concentrations increased with sodium and chloride, but sedimentary evaporites are shown
to be unimportant from §!'B. This is accounted for two ways: evaporated saline inflow leaks from
higher elevation basins and inflows are partly derived from or modified by active volcanic systems.
Active and dormant volcanoes plus the massive Altiplano-Puna magmatic body are important as
heat sources, which enhance water-rock reactions. The large topographic difference between the
mean elevation of Altiplano on which these volcanoes sit and the salar surface allows hydrothermal
fluids, which would otherwise stay deep below the surface under the modern arc, to uplift at the salar.

Keywords: lithium isotopes; boron isotopes; volcanism; water—rock interaction

1. Introduction

The Salar de Atacama is extraordinary because Li has become extremely enriched in the interstitial
brine of its halite nucleus. Li concentrations exceed 1000 mg/L nearly everywhere, and in its southern
sector, close to the Cordon de Lila, they reach 5000 mg/L [1]. Its average concentration of 1400
mg/L exceeds the Li concentrations of other salars in the region by a factor of four, with the possible
exception of Pastos Grandes in Bolivia, which averages 1062 mg/L [2,3] though its spatial extent is
not reported. Hypotheses why Li becomes so enriched in brine within closed basins of the central
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Andes include indeterminate Li-rich rocks or clays, hydrothermal activity, an arid climate and tectonic
subsidence [2-8]. These hypotheses are characteristic of the area in general, and not specific to the
Salar de Atacama; thus, the reasons why the Salar de Atacama has become exceptionally enriched in Li
requires a specific set of conditions.

The Salar de Atacama has been studied extensively. Data for surface water inflow to the halite
nucleus are readily available [9-12], but for deeper inflow and the salar brine data, the data are
proprietary or without spatial identification [1]. Isotopic information can provide insight into the
chemical processes beyond that based on chemical concentrations, but isotope data are sparse. Li
isotope data have only been reported for water at the end of a single aquifer, which drains into the salar
in its southeastern corner [1], and so cannot be representative of the whole system. This study also
focusses on a part of the salar, its broader southern half and drainage system, because this part of the
salar is where most of the extraction of the Li brine occurs. In addition to the Li isotopes, we include the
B and Sr isotope systems studied in the neighboring upper Loa basin [13]. Li and B isotopic tracers are
strongly influenced by geochemical processes, such as temperatures of weathering and formation of
secondary phases. Evaporation involves minimal isotope fractionation of dissolved Li, partly because
so little is removed into evaporite minerals, including halite [5]. Boron, like Li, is considered a soluble
element, but unlike Lj, it is more readily incorporated into early forming carbonate and borate minerals
during evaporation. Carbonate and many borate minerals preferentially incorporate B in tetrahedral
coordination, which is enriched in 1B [14-17]. If these minerals later dissolve, they decrease the
water’s §!'B, assuming that water was isotopically similar to the water from which they originally
precipitated [13]. Sr isotopes are included to address the role of lithology. Furthermore, our inclusion
of data from the wells within the alluvial fan aims to further our understanding of solute fluxes to
the Salar.

1.1. Background to the Salar de Atacama

The Salar de Atacama, the largest salt pan in Chile, lies between two first-order morphostructural
units, the Western Cordillera to the east, and the Domeyko Range to the west. It interrupts the western
slope of the Andes that is 200 km east of the Pacific coastline. The salar has a surface area of 3000 km?
and estimates of the halite volume range between 1500 and 2200 km? [18-20]. Below the halite body is
600 m of claystone with minor sand [20], forming a very low permeability layer. Best estimates indicate
that the halite unit in the salar started to accumulate within the last 10 Myr [21]. While the halite
was accumulating, the relief between the salar and the Andean crest increased 2300 + 1050 m [22].
Dated ignimbrites within the halite body indicate that the amount of salt has not increased uniformly
during this time [21]. Between the Atana and Tucticaro-Patao ignimbrites (4.0 to 3.1 Ma), 400 m of salt
accumulated, followed by a hiatus of some 1-2 Myr, depending on the location within the salar. Salt
accumulation resumed, but at much higher rates, especially during the deposition of the uppermost
200 m [21,23]. These accumulation changes are roughly consistent with the paleoclimate history of
the area, with semi-arid to arid conditions occurring in the late Miocene-Pliocene before switching to
being hyper arid [24-27] when salt deposition was most rapid. Coincident changes in relief, climate
and salt accumulation suggest they may be linked to drainage, either in terms of drainage basin size,
water fluxes and/or solute fluxes if the solute concentration has changed through time.

The salar’s drainage basin extends beyond its topographic divide, how far is unknown [28], but it
likely incorporates several basins that are topographically closed. Leakage of water from lakes within
these basins has been proposed from geochemical constraints [29]. The salinity of this water may
be elevated by evaporation or dissolution of mixed salt assemblages, so this water could already be
enriched in elements such as Li and B before it reaches the Salar de Atacama. These sedimentary
processes could overprint any increase in Li and B that is characteristic of water in hydrothermal
systems [30].

Within the neighboring drainage system of the upper Loa river system, it was found that the impact
of brine and evaporite dissolution on groundwater geochemistry was important in water draining
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ignimbrite-covered areas (“Ignimbrite group”), but not in water that only drained stratovolcanoes
along the Loa river (“Loa group”) [13]. 6’Li and Na/Li data for water entering the southeast part of the
salar reported by Munk et al. [1], plot on a line whose §”Li and Na/Li was similar to the “Loa group”
but not the “Ignimbrite” group, even though the eastern flanks of the salar are draped by the thick and
extensive ignimbrites of the Miocene—Pliocene age. While some of the ignimbrites are shared between
basins, this difference could indicate geochemical and isotopic heterogeneity of ignimbrites or the
basement they obscure. Morphologically, though, the two basins differ. For this study, we sampled
groundwater flowing towards the halite nucleus through the alluvial fan on the eastern border of the
salar from wells and springs. The analysis of chemical and isotopic signatures was undertaken to
address the role of warm or cold temperature weathering, brine leakage or salt dissolution on inflow
water compositions.

1.2. Hydrological Description of the Salar de Atacama Basin

The region around Salar de Atacama has been arid or hyper arid since the end of the middle
Miocene [31]. The streams that flow into the salar are groundwater fed and groundwater enters the
salar directly. The inflow of water to the salar is from the Andes to the east and is negligible from
the west [9]. Salt precipitates in the salar continuously, from shallow saline groundwater during dry
periods and saline lakes when they were present during wet periods [23]. The continuous accumulation
of salt has recorded the movement of a N-NW-striking reverse blind fault in the southern part of the
salar, which has developed an offset of 900 m on its eastern side since the Pliocene [21,23]. Faults that
may be linked to this Salar Fault extend beyond the boundary of the halite nucleus into the Tilocalar
Valley and Cordon de Lila in the south, and along Cordillera de la Sal, Llano de la Paciencia and
Cordillera Domeyko in the north [18,20]. Jordan et al. [21,32] hypothesized that the Salar Fault probably
acted as a barrier to sub-horizontal groundwater flow, either due to contrastingly low permeability
of the rocks to its west, or because halite at the fault zone impedes horizontal flow and promotes
vertical flow. Maps [1] show abrupt increases in Li concentrations occur immediately west of the Salar
Fault, especially between the fault and the northern portion of the Cordon de Lila. A second set of
reverse faults, the Peine Fault system strikes N-NE with less displacement along the eastern side of the
salar [20,21]. These faults may also influence groundwater flow based on a series of pools and surface
drainage that align with its position based on seismic lines [21].

La Pacana caldera, the source of the rhyolitic Toconao ignimbrite (5—4 Ma) and the cogenetic and
voluminous (>2000 km?) dacitic Atana ignimbrite (4 Ma) [33,34] lies immediately east of the salar. The
caldera is ~60 km N-S and ~35 km E~W and covers a N-5 range that extends from the northern end of
the salar to the southern third of the halite nucleus. Volcanism continued for at least an additional 2
Myr, producing dacite domes and younger ignimbrites in the southern half of the caldera depression.
To the west and south of the caldera rim are young andesitic volcanic centers, including the active
volcano Lascar. The slope between these young volcanoes and the salar is covered by ignimbrites
and alluvial fans. These fans and ignimbrites, if they are fractured, act as aquifers that recharge at
the western crest of the Andes and possibly further east. In the southeast part of the salar, where
the exposed pre-volcanic Peine block separates the salar from the volcanic arc, groundwater flow
is deflected from simple E to W to S to N. The Quebrada de Nacimiento Fault, which bounds the
Peine block to its east, also acts as a barrier to flow, causing water to be retained in the lagoons of
Miscanti and Mifliques. Large volumes of water flow into the salar’s SE corner from the southern
Monturaqui-Negrillar-Tilopozo (MNT) aquifer system through the Tilocalar Valley [1,35]. Water
enters the MNT aquifer from the east, where it is postulated that shallow groundwater acquires salinity
from salars to the east, and then flows close to the northern edge of Volcan Socompa where additional
water enters the aquifer that has been modified by hydrothermal activity [35]. Further hydrothermal
interactions might occur in the vicinity of the Tilocalar scoria cone.
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2. Samples and Methods

Samples were collected using in situ submersible pumps from six wells located to the east of the
salar margin (Figure 1, Table 1) or directly from springs and streams. All samples were filtered to
< 0.4 pum in the field and stored in new, acid-cleaned polyethylene bottles. Samples were acidified to
pH < 2 with nitric acid. Temperature and pH were measured in the field, and alkalinity on the same
day by acid titration. Additional trace metal cations were measured at Rutgers University, using a
Thermo iCAP-Q at Rutgers University with a Teflon introduction system and trace HF in the carrier
acid to rinse out B. Concentrations were determined using synthetic standard mixtures and their
accuracy checked with certified standards and seawater. Accuracy was typically better than 5% and
the relative standard deviation typically 1-3%.
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Figure 1. Map of the Salar de Atacama basin from References [36-38], showing the major rock units
and the sample locations.
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Table 1. Field measurements, concentration and isotopic data for water samples from the southern part of the Salar de Atacama.

TDS g/L H alk Cl Br SOy Ca K Mg Na Sr 8781/565r Li §7Li B s11B
(g/L) P (mg/L) (mg/L) (mg/l) (mg/lL) (mg/L) (mg/L) (mg/lL) (mg/L) (mg/L) (mg/L) (mg/L)

Margin samples
DE6 14.60 8.17 2.95 9500 2.54 3000 840 505 570 5200 21.6 0.71171 41.0 3.7 12.0 -9.2
LF7 0.66 8.08 5.07 224 0.19 148 38.3 23.5 11.6 227 0.5 10.1 55 10.6 -9.3
LF5 1.49 8.25 8.28 519 0.63 299 30.9 449 19.2 568 0.2 0.70866 1.6 6.9 31.2 -6.3
ELA 66.54 7.88 6.00 56000 7.7 6600 658 520 2400 31500 6.9 0.70787  428.0 5.6 30.1 —4.4
LF1 45.85 7.55 4.49 34884 3831 753 3326 1473 17820 7.6 0.70811 52 11.4 36.6 -6.8
SEP 9.32 8.29 3.05 6800 0.98 720 718 499 399 3700 12.5 0.70787 33.0 12.6 10.3 1.0
LIS 58.15 7.71 2.03 58710 5898 1843 4551 2373 29800 30.7 0.70794  251.6 11.5 81.9 -9.6
LI1 4.70 7.56 7.86 2491 1.09 1175 177 262 271 1830 2.7 0.70792 19.8 10.5 22.7 -3.5
Surface inflow
HON 0.18 8.05 1.28 43 0.27 26 12 1 19 21 0.1 0.70864 0.3 6.5 4.0 2.7
PEN 2.40 7.36 2.46 1000 1.25 932 216 26 80 472 1.8 0.70767 1.3 9.2 59 6.1
TIL 3.02 7.04 2.75 1500 1.29 886 210 61 199 727 2.0 0.70750 22 8.8 7.0 6.8
LI4 3.61 7.32 521 2209 1.55 753 478 80.7 192 972 3.8 0.70792 3.0 6.8 11.5 6.4
50C 0.77 8.64 4.23 128 0.29 314 19 10 44 103 0.3 0.70734 0.2 6.7 5.4 -0.1
LG3 7.57 8.68 1.95 2896 2.79 5024 673 368 303 3021 55 0.70715 2.6 10.6 51.8 4.0
Alluvial fan wells
W10 0.59 8.02 3.34 228 0.15 100 10 27 23 180 0.3 0.70872 1.4 8.5 16.0
WMU 0.95 7.14 4.48 381 0.487 212 25 31 31 315 0.6 0.70925 2.2 4.9 12.0 =51
WAL 2.49 8.91 2.80 395 3 1600 76 27 220 508 0.4 0.70740 0.7 9.1 10.7 0.4
W5B 6.10 6.56 9.59 4000 1.39 921 201 146 249 2400 1.8 0.70790 14.0 11.2 4.0 -1.4
WCl1 1.67 9.86 16.13 366 0.61 265 4 18 28 580 3.1 10.5 18.9 -2.5

WP2 1.33 7.51 2.75 668 0.38 346 82 23 46 351 1.5 0.70850 2.5 10.4 5.0 2.4
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Strontium isotopes were measured following chromatographic separation using AGW50x8 with
hydrochloric acid. Samples were loaded on a Re filament with a Ta activator and analyzed using a
VG Sector 54 thermal ionization mass spectrometer (TIMS) at Cornell University (Ithaca, NY, USA).
Fractionation was corrected by normalizing to 80Sr/88Sr = 0.1194. Measurement of NBS 987 was included
with all analyses, and averaged 0.710245 + 0.000006 (2, n = 40). Lithium isotopes were analyzed
at Rutgers University (Piscataway, NJ, USA) using a ThermoScientific Neptune Plus MC-ICPMS
following separation using two cation exchange columns (7 mL resin bed followed by 0.2 mL resin
bed) filled with an AGW50 X 12 200-400 mesh and 0.5 N HCl as eluant. A sample of seawater was
included with all sample batches and separated using different column pairs to ensure yields were
quantitative. Lithium solutions of 20 ppb concentration were analyzed that, utilizing a Teledyne Cetac
Aridus IT and X-type Ni skimmer cone, yielded a signal exceeding 18 V on §”Li with an acid blank
of < 150 mV. The high sensitivity of the instrument allows small samples to be processed though ion
chromatography, which enables column calibrations to be stable. Standard—-sample-standard (L-SVEC)
bracketing was used, and signals matched to within 5%. A solution of IRMM-016 was included in each
batch of analyses, and the long-term §’Li average of that and seawater were 0.1%o + 0.07 (2, n = 25)
and +30.6%o0 + 0.12 (2, n = 18), respectively. Measurement of boron isotopes followed separation using
a micro-sublimation technique [39]. Samples were run in duplicate and differed by less than 0.5%o.
A seawater sample was included in every sublimation batch. Measurement of 5!'B was also made
with the Thermo Neptune Plus at Rutgers University using a PFA micro-concentric spray chamber
(ESI) and a 2% HNOj; and 0.1% HF matrix. The signal intensity for §!'B was about 350 mV for a 30
ppb solution, and the acid blank was < 2.5 mV. NIST 951 a was used for sample—standard bracketing.
Solutions of the BAM standards AE120 and AE122, an acid blank and the seawater sample were run
periodically throughout each analysis. Standards AE120 and AE122 yielded —19.9%0 + 0.08 (2, n = 13)
and +39.5%o + 0.14 (2, n = 13), respectively, and Sargasso seawater +40.3%o + 0.14 (n = 11).

3. Results

3.1. Elemental Characterization of Water

Data are reported in Table 1. The total dissolved solids (TDS) of well water in the alluvial margin
is1to 6.1 g/L, so it can be characterized as slightly brackish. This is higher than in surface water, which
ranges between 0.2 and 3.6 g/L [11,12]. Water has a near neutral pH or is alkaline, but the wells are
more alkaline, with a pH reaching as high as 9.86 in WC1. Major cation and anion compositions of
water sampled at the surface around the salar basin are shown in a Durov diagram (Figure 2).

Figure 2. Durov figure including data from the Salar de Atacama (this study),the Loa groundwater
basin [13], the Monturaqui-Negrillar-Tilopozo aquifer [35], neighboring basins Capur, Tuyaito and
Aguas Calientes 3 [11], plus important regional thermal water [40,41].
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3.2. Strontium Isotope Compositions

Almost all samples have 8 Sr/%0Sr ratios between 0.7075 and 0.7095, overlapping with the ignimbrite
group from the Upper Loa basin [13]. In general, the northern catchment area of the salar has water
with higher 8”Sr/%0Sr than the southern catchments [1], with water draining through the eastern alluvial
fans having intermediate compositions. Of the wells, WMU, located between the Aguas Blancas and
Talabre creeks, which originate on Lascar volcano, has the most radiogenic Sr. Its composition of 0.70925
is higher than the reported data for Lascar lava or ignimbrite (0.7056—0.7072; [42,43]) suggesting input
of St from a more radiogenic source. One potential source are basement rocks, either Permo-Triassic
volcanics or later-formed clastic units, such as the El Bordo unit [33,44], and exemplified by a single
sample, DE6, with an 8Sr/2°Sr composition of 0.71171. DE6 was collected north of the halite nucleus
and coincident with the Peine Fault. Less radiogenic water in the more southerly wells is consistent
with reported 8 Sr/%0Sr values for lavas and ignimbrites of the Cordén Punta Negra, as well as the
Socompa and related groundwater(<0.7073 [35,42,43]). The brine in the salar, assuming it is recorded
by evaporite minerals, has a composition of 0.7070 just north of the Cordén de Lila, around 0.7082 in
the center, to 0.7086 just north of the halite nucleus [45] and indicates that inflow to the salar nucleus
from radiogenic sources are more important in the northern portion of the basin.

3.3. Light Isotopes, Li and B

§7Li varies between +3.7%o and +12.6%o in streams and pools, and +4.9%o and +11.2%o in the
springs and wells. Compared to samples from the Upper Loa basin [13], the samples reported here
have higher 5Li for a given 8”Sr/%Sr composition (Figure 3A). The springs at Peine and Tilomonte
(PEN, TIL, LI1), wells W5B, WP2 and WAL, as well as margin sample SEP and ELA plot close to two
streams sapping water from the Altiplano plateau [13]. Water entering the salar via the MNT aquifer,
based on 6”Li data [1] and 8 Sr/80Sr data [35] probably plots close to the 87 Li-%7Sr/36Sr trend defined
by samples close to the San Pedro-Linzor line of volcanoes, and which formed the Ignimbrite group
of samples in the Loa catchment [13] (Figure 3A). The brine in the Salar’s southeast halite nucleus
has a 8”Li composition between +10 and +12%o [1], which in combination with the Sr isotope data of
salts [45] gives it the highest &7 Li for its 8Sr/%Sr composition. This range is similar to nearby margin
samples, such as SEP, but margin samples a little to the north, such as SEL, have considerably lower
57Li even though their 87Gr/%0Gr is similar.

511B varies between —5.2%o to +2.5%o in the wells, and the lowest §11B was recorded in WMU,
which is close to the base of active volcano Lascar, whereas the highest was recorded in WP2. The
range in 5!1B for the springs and streams, is —0.1 to +6.9%o. Wells, springs and streams lie on the same
S B-87Sr/8Sr trend as the groundwater and surface water of the Upper Loa drainage Basin (Figure 3B),
where solute sources were attributed to ignimbrite and lava rock sources [13]. Except for a few samples
located close to the halite nucleus, 5'B values do not get as low as evaporite minerals in the area,
which can have §'!B below —10%o [13,46].
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Figure 3. Diagrams showing the relationship between lithology, as indicated by 87Sr/%0Sr and (A) Li
and (B) isotopes. Ignimbrite and arc lava fields are from References [7,13,47,48]. Data for water in the
neighboring upper Loa drainage basin is from [13], virtually the same. Ignimbrite and arc lava fields
are from References [7,13,47,48].

4. Discussion

4.1. Chemical Constraints on Solute Fluxes

We identified two different trends and three endmembers (H, A and S; Figure 2). Figure 2 also
includes regional hydrothermal water [40,41] and saline lake water from Capur and Tuyaito [11], lakes
that could potentially leak into regional groundwater [29,30,49]. The two trends of Figure 2 share
one endmember (H), which has high Na and Cl, indicating the likelihood of halite recycling and is
similar in composition to saline lakes and El Tatio. In the adjacent upper Loa basin, the endmember
for water draining ignimbrite-dominated areas (IG, [13]) is nearly coincident with (H). The other two
endmembers have a greater proportion of Mg and Ca, but the trends are distinguished by the relative
proportion of (HCO3;™ + CO3%7) and SO4%~ (A, for alkaline, and S, for sulfate endmembers). These
waters, in which sulfate increases, drain into the SE part of the salar but flow east of the Tilocalar
valley in the Lomas de Quilvar. Samples from the steam-heated Apacheta geothermal site cluster at
this endmember (S) [41]. The other trend, which comprises a larger number of samples, is defined by
an increase in alkalinity. These waters, which plot furthest towards endmember (A), include the Rio
Talabre, the Rio Jauna and groundwater in the Negrillar volcanic aquifer [11,35]. These three are all
characterized by their proximity to young or active volcanoes: Lascar, the El Tatio volcanoes and Cerro
Pular-Socompa. A spring close to geothermal site Torta de Tocorpuri, where Tassi et al. [41] proposed
that limestone is the source for much of the CO,, has a higher alkalinity than endmember (A). For
comparison, both endmember water compositions in the upper part of the neighboring Loa basin,
which drained stratovolcanoes or the Altiplano, plot close to (A) [13].

The data for the wells studied here either lie on trend (H)—(A) or are offset towards higher
alkalinity but without an increase in Ca or Mg. WC1 has the most extreme Na-carbonate composition
of the wells and based on location, wells WMU and W10 may be influenced by similar water. The
high pH, Na concentration and alkalinity of WC1 indicate high CO; inputs and hydrolysis of Na-rich
silicates. Similar compositions were reported for groundwater in Baja California, which had undergone
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deep but rapid flow through fractured igneous and metamorphic rocks [50]. However, the high TDS
of WC1 suggests a long residence time or higher weathering rates, possibly influenced by elevated
temperatures. One reason that WC1, as well as WMU and W10 have compositions that are not typical
of other water in the basin is they represent deeper groundwater, whereas other samples reported to
date are for rivers and springs. While those are groundwater fed, it is likely that they are fed by very
shallow groundwater or from perched aquifers, common in these volcanic systems where welded
ignimbrites or lava provide confining layers [51].

4.2. Isotopic Approaches

The Li and B isotopic compositions of water are affected by the formation and interaction with
secondary minerals, and fractionation is temperature dependent. The mineralogy of the host rocks
on isotope composition is small in comparison. Lithium bonds via O and is either in tetrahedral or
octahedral coordination, in water and minerals, and §”Li is favored in lower coordination number
sites. When secondary minerals equilibrate with water, regardless of type, if there are octahedral
sites for Li to occupy, a greater proportion of them are occupied by °Li. This leaves water enriched in
87Li [52]. The plot of §87Li versus 8Sr/86Sr (Figure 3A), which includes the fields for ignimbrite and
lava [7,13,47,48], shows that the role of lithology from 87Gr/8Sr does not account for the variation in
§7Li. Boron in water likewise becomes enriched in the heavy isotope, but the mechanism is different to
that of Li. However, like Li, the role of lithology is minor unless marine limestone is involved, which
has a high 5B compared to silicates [13]. Boron exists as B(OH); and B(OH);~ in water according to
pH with an isotope separation around 20%o at typical Earth surface temperatures [15,16]. Because
B(OH);~, which is enriched in 1B, is the preferred B species incorporated into clays, water becomes
enriched in §''B [14]. While boron isotopes reflect silicate weathering and clay formation there is a
strong pH dependence. The isotope separation between the two isotopes of B does not change, but the
isotope separation between bulk water and (B(OH), ") increases as pH decreases. The low partition
coefficient of B(OH); into minerals causes B to behave in a more conservative fashion at a low pH and
the formation of secondary minerals produces only small increases in the water’s 5'!B. For example,
there is a greater isotope expression for B uptake into secondary phases that occurs at pH 8.5 than at
pH 7.5 because the Kq at pH 8.5 is 33 compared to 5, even though the equilibrium isotope separation
between bulk water and B(OH),~ at pH 8.5 is less [53]. Based on these factors that influence water’s
57Li and 511B, we address the solute fluxes in the Salar de Atacama.

4.3. Saline Influxes to the Salar de Atacama

One explanation for the extraordinary enrichment of Li in the Salar de Atacama brine is water
that has been enriched before it reaches the halite nucleus. It is possible that precipitation of salts in
topographically closed but hydrologically open basins leaves Li in brine that drains into the regional
groundwater [29]. As well as capturing brine from neighboring basins or meteoric water dissolving
evaporites, water—rock reactions with dilute water or saline groundwater continuously extract Li.

High Cl/Br ratios as well as high Cl and Na concentrations are often used to demonstrate the
presence of dissolved halite [54]. High Cl/Br ratios and low 5'!B were used to demonstrate the role for
evaporite mineral dissolution in influencing the geochemistry of water draining ignimbrite covered
areas of the neighboring upper Loa basin [13]. In order to evaluate the halite dissolution, we studied
Na/B and Na/Li ratios compared to Cl/Br (Figure 4); B and Li concentrations are normalized to Na to
address possible changes due to evaporative enrichment. In terms of B, corresponding increases in
Na/B and Cl/Br (Figure 4A) are consistent with halite dissolution. In comparison to the upper Loa
basin, Na/Li ratios do not change or slightly decrease (Figure 4B) as Cl/Br increases. Moreover, two
samples near Toconao (HON and LF7) have remarkably low Na/Li. If increasing Cl/Br ratios indicate
halite is a source of Cl, and hence Na, either Li and halite come from the source area but Li does
not itself originate from halite, or the halite itself is extremely enriched in Li, possibly due to Li-rich
inclusions since Li does not fit into the halite lattice. The sodium-normalized distribution coefficients
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of Li in halite are around 0.05 to 0.005 [5], so if Cl/Br and Li only increase due to dissolving halite, the
brine from which that halite precipitated must have had a very high Li concentration.

1,000,000 ¢ A
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Figure 4. Diagrams showing the relationship between Na/B and CI/Br (A), and Na/Li and CI/Br (B). The
dotted line indicates the effect that evaporate dissolution, primarily halite, has on water compositions.
The effect on B is shown in (A) and (B).

Boron isotopes in the Upper Loa drainage basin did not conform to open or Rayleigh isotope
fractionation models [13] for two reasons. First, evaporite minerals, in which B often occurs as B(OH)4~,
are enriched in '°B and their dissolution imparts a negative 5!'B signature relative to the original
water [13,17], so mixing was more important. Second, pH was not so high that B would be taken up
by clays compared to the amount released from silicates. Unlike the southern ignimbrite covered
part of the upper Loa drainage basin, there is no indication from 5!'B that substantial quantities of
evaporite minerals dissolve except within the salar’s margin and at WMU. This is consistent with
the idea that buried salts formed within ancient salt lakes would have been long exhausted within
aquifer catchments since there are no salars of sufficient size where evaporites could persist to influence
modern ground water [35,49]. In basins such as Capur or Tuyaito there is also a conspicuous absence of
large accumulations of salt [51]. Li-rich sedimentary salts as a Li source can be discounted using 5'!B.

4.4. Rock Weathering Sources: Insights from 8”Li and 5''B

Models describing mixing, open system and Rayleigh fractionation, used to describe stable
isotopes in rivers draining volcanic systems, including water in the upper Loa basin [13], are applied
here. The same equations are used to address Li and B; the example given is for Li [55]. Open
system fractionation follows 8 Liw = &’Li; — (1 — ). A”Lic.y and Rayleigh fractionation 8 Liy = 6’Li;
— A Licw.In(f), where 8”Liy is the isotope composition of the evolving water, 8”Li; its initial isotope
composition, A the isotope separation between clay and f the fraction of Li remaining in solution.
Li was normalized to Na, and Na was assumed to be conservative.

Around the Salar de Atacama, pH gets sufficiently high in some of the wells to allow fractionation
during secondary mineral formation to be apparent. Wells WAL and WC1 have a pH around 9 or
above, suggesting a fractionation factor between water and clay of around 0.988 [14]. Applying open
system fractionation using this fractionation factor and an initial water composition of WMU, which is
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also like El Tatio [13], produces a curve around which these two samples plot (Figure 5A). WP2 also
plots close to this line although its pH is close to neutral, but its B isotope composition could have been
set earlier where pH was high. Spring water at Peine and Tilomonte (PEN, TIL) have higher §'!B than
the line describing the batch model evolution of groundwater but have compositions consistent with a
fractionation factor of 0.985 and adsorption at a lower pH. The cause of the enrichment in the Socaire
(SOC), the Honor (HON), margin sample LF7 as well as the Loa streams is currently unknown.
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Figure 5. Diagrams showing the relationship between 511B and Na/B (A), and 8”Li and Na/Li (B). Solid
lines represent isotope fractionation following Rayleigh or batch (open) models for partitioning between
solution and secondary minerals. Dashed lines represent mixing between different end-member
reservoirs (filled gray circles).

Lithium isotopes, unlike B’s, are not influenced by evaporite mineral dissolution because Li is not
incorporated into evaporites. Open and closed fractionation in the upper Loa system were modeled
using an initial 5’Li value of water, the same as rock and El Tatio hydrothermal water. Using an isotope
separation between water and clay, a A”Lic.w of —3.5%o produced &”Li values and Li/Na ratios close to
the measured surface water. This value is low for describing Li in octahedral sites but reasonable for
surface adsorption or uptake by kaolinite [56,57]. The same A”Lic., value was applied to groundwater
following open system fractionation, which accounts for the importance of Li release from rocks and
not just the removal processes during clay formation (Figure 5B).

Samples from the southeastern section of the Salar de Atacama do not plot with the ignimbrite
group of samples from the upper Loa Basin, even though the area is also covered by ignimbrites
(Figure 1). Groundwater emanating at the Peine and Tilomonte springs (PEN, TIL) have more evolved
compositions in terms of Li isotopes than nearby surface water, such as Socaire (SOC) or saline water in
Capur or Tuyaito, but is not as evolved isotopically as brine in the southeast part of the salar. Since rock
dissolution dampens the increase in 8”Li in the direction of flow for groundwater [58], the high 8”Li of
the groundwater at PEN and TIL relative to the nearby Socaire (SOC) stream suggest either a long
residence time of water in the aquifer, or water had been at the surface before it entered the aquifer,
for example, in a lake. For the highest 67Li to occur in the salar is consistent with it being the end of
the regional flow paths. The high &”Li of Miscanti lake (LG3) suggests that this lake also represents
the end of its catchment and does not leak water. In comparison, saline water in the topographically
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closed basins Capur and Tuyaito do not have as high 8”Li [46], and they are likely to be locations where
infiltration into the regional groundwater system occurs.

Changes in the 8”Li-Na/Li of inflow at the northern end of the Tilocalar valley was explained
by Li isotope fraction and removal to secondary minerals during evaporative enrichment [1]. The
brine in the nucleus of the salar is extremely enriched in Li relative to Na, and even a minor fraction
of this brine will significantly change the composition of water it may mix with. Consequently, any
sample located close to the salar could have its Li content affected by the nucleus brine. Most of the
freshwater wells in the alluvial fans lie close to a mixing line between the salar brine and freshwater
inputs, especially those further to the south. Given the depth of these wells (90 to 180 m), the extent of
the density-driven mixing appears to laterally extend 5-10 km east of the limit of the halite nucleus
surface [59]. Although the PEN and TIL springs also lie on this mixing line, the nucleus brine cannot
influence them as they sit above the salar. However, if A’Lic.y is increased to —12%o (= 0.988), open
system fractionation accounts for the composition of both the PEN and TIL springs as well as well
water at WMU and WAL, and some of the water in the Loa basin such as the V. Barro and Silala
streams [13]. This fractionation factor is consistent with a temperature of 80 °C [57], reasonable for
deep groundwater in this volcanically active area. However, the increase in Li with Cl for samples at
a higher elevation than the salar requires some explanation, as do the very low Na/Li of the Honor
stream and nearby LF7 sample. This is addressed next.

4.5. A Volcanic Origin of Li

Changes in Cl/Br and Na/Li (and Cl/Br-Li) indicate there is a Li- and Cl-rich, Br- and B-poor source
that cannot be the salar brine because it affects water above the salar. Furthermore, this source affects
different parts of the salar-the area near the Tilocalar valley and around Toconao—where the most
dilute water was sampled.

Li’s increase with Cl/Br [48] suggest it is transported with Cl-rich water towards the Salar de
Atacama, but 5B indicates it is not with water that acquired salinity from sedimentary halite. This
differs from the situation in the neighboring upper Loa basin where 5’Li and §''B were consistent
with drainage from a system that had contained brine and salt. The formation of the regions multiple
and large calderas that occurred during the Miocene-Pliocene ignimbrite flareup, when the climate
was dry, provides a clue. Any brine or evaporite sequence that formed in one of the caldera lakes
during their active stages, including La Pacana, would be Li-rich. Volcanism can explain the overall
enrichment of Li in the salty water of the region, but does it account for the exceptional qualities of the
Salar de Atacama?

Magnetotelluric surveys indicate low electrical resistivity zones occur a few km below volcanic
edifices, including volcanoes in the central Andes [60,61]. Models indicate that these zones represent
a brine lens from which a halite cap precipitates. The depth of the low resistivity zone indicative of
saline fluids and hydrothermal activity under Lascar and Salar de Aguas Calientes is around 1 km. A
deeper (up to 6 km) conductive layer to the south of Lascar is indicative of either fluids or a magma
chamber [60]. The depth of the upper conductive layer is similar to the topographic difference between
the ignimbrite plateau on which the volcanoes of the western Cordillera sit, and the modern salar
surface, meaning that the upper conductive layer is close in elevation to the salar surface. Shallow
magma chambers and the massive Altiplano-Puna magmatic body cool by radiation, but also by
convection of groundwater. We postulate that groundwater close to the Salar de Atacama is involved
in hydrothermal reactions of rock and gets close to where Li-, B- and Br-rich vapor phases partitioned
from a volcanic brine [62] or even a volcanic halite cap may dissolve into it. The steep eastern slope and
unique position of the Salar de Atacama relative to the Andean crest allows this groundwater mix into
shallow, meteoric dominated groundwater. The low Na/Li and Na/B in WMU, HON and LF7 indicate
the possibility of small traces of a volcanic vapor, probably from Lascar, reaching shallow levels in
the crust, although the 8”Li is low compared to basalt measurements of magmatic fluids overlying
the subducting slabs [52]. However, the reaction with wall rocks, which happens if ignimbrites or



Minerals 2020, 10, 201 13 of 17

the basement have low 8’Li [7], could lower this higher slab value. The higher Na/Li and lower
8”Li of samples in the Tilocalar area suggest a source that was made more saline by surface brine
interacting with a hydrothermal system associated with the historically active Socompa volcano or
with the Tilocalar cone.

According to established basin flow models [63], the topographic hole in which the salar sits
focusses flow of deep and intermediate-depth groundwater towards it, transporting Li. As the elevation
difference on the eastern side of the salar increased following the peak of the ignimbrite flare-up, so the
increase in salt accumulation indicates redistribution of salt and brine to the salar. A partly magmatic
origin of Li is not dissimilar to models already proposed based on melt inclusions [64,65]. In the
ignimbrites of La Pacana, reported Li concentrations in melt inclusions do, albeit rarely, exceed 1000
ppm, although we point out that many ignimbrites are dacitic, not rhyolitic [66]. These melt inclusions
are less enriched than those in intracontinental systems studied in North America [64,65]. For the Salar
de Atacama, eruption of volcanic products and their subsequent weathering is not required to bring
volcanic Li to the surface—topography does this instead. A second possibility, though one currently
not supported by observations in northern Chile, is that there are clays with very high Li enrichments
within these nearby calderas. Diagenesis involving water enriched by magmatic fluids in a manner
that created the Li-rich clays of the McDermitt system is one scenario ([67], this volume). Li-illite
minerals occur in sediments of the Guayatayoc playa lake located at the eastern cordillera of the Andes,
and although considered detrital [6], could be similar to the clay described in the McDermitt caldera’s
Thacker Pass deposit [67]. Passage of groundwater through these buried clays leaches and transports
Li to the salar.

5. Conclusions

Groundwater reaching the salar have spatially varied and distinct chemical signatures due to
complex topography and structures. Low &Li values in water draining the area with active or dormant
volcanoes are consistent with water-rock reactions occurring at somewhat elevated temperatures due
to a high geothermal gradient or associated hydrothermal systems. In other aquifers, such as those in
the Lomas de Quilvar, water has a high 6”Li, which can be explained by a longer subsurface residence
time. A fraction of the water in the Lomas de Quilvar aquifers leaked through lake bottoms within
the topographically closed basins of the Altiplano. This water does not carry a B isotope signature of
evaporite mineral dissolution and supports earlier models that salinity is derived from evaporated
water and not from dissolution of buried salts. The highest 5”Li compositions occur in the Salar de
Atacama brine, the end of the groundwater flow.

There are two likely reasons why Li concentrations of the Salar de Atacama brine are so high even
compared to other closed basins within the Li-triangle of the central Andes: First, silicate weathering
under conditions of regionally elevated temperatures aids in the effective leaching of Li from the
extensive ignimbrites and other volcanic rocks although the rocks themselves are not exceptionally
enriched in Li; and second, the proximity to active volcanoes and a huge magmatic body, whose
cooling drives large-scale groundwater convection, combined with the fact that more than 1000 m
of elevation adjacent to the salar allows fluids, which would normally remain at depth, to reach the
surface where they then evaporate in the salar.
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