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Lithium-rich brine within the sub-surface of the Salar del Hombre Muerto (SHM) salt pan in the Andes of
northwestern Argentina has a chemical and isotopic composition which is consistent with Li derived
from several sources: the modern halite saturated lagoon, Li-rich salts and brines formed recently, and
dissolution of halite which precipitated from ancient saline lakes. SHM lies in the closed basin that
includes part of the massive Cerro Galan caldera which is drained by the Rio los Patos, which is respon-
sible for 90% of surface runoff into the salar. The low Li isotope composition, +3.4%o., of this river is con-
sistent with significant contributions of geothermal spring water. As water drains through the
volcaniclastic deposits which cover a large proportion of the basin, Li removal, as indicated by decreasing
Li/Na, occurs but without significant isotope fractionation. This indicates a mechanism of surface sorption
onto smectite or ferrihydrite rather than Li incorporation into octahedral structural sites of clays. These
observations suggest that conditions in this high altitude desert have limited the dilution of hydrother-
mal spring water as well as the formation of clay minerals, which jointly have allowed the Li resource to
accumulate rapidly. Changes in climate on a multi-millennial time scale, specifically in the hydrologic
budget, have resulted in solute accumulation rates that have been variable through time, and decoupled
Li and Na fluxes. Inflow to the salar under modern conditions has high Li/Na (7.9 x 107> by wt) with &’Li
indistinguishable from basement rocks (—0.3%o to +6.4%o¢), while under pluvial climate conditions the Li/
Na of the saline lake was 40 times lower than the modern lagoon (0.1-0.3 x 10~ compared to 10.6-
13.4 x 1073) with slightly higher 8’Li, +6.9%o to +12.3%., reflecting the uptake of °Li into secondary min-
erals which formed under a wetter climate.

© 2013 Published by Elsevier Ltd.

1. Introduction

Concerns associated with fossil fuels have promoted alternative
energy strategies, many of which require energy to be stored. The
development of high energy density Li-batteries, and in particular
their application in hybrid transport technologies has increased the
demand for Li many-fold, and the search for new resources. Some
of the richest brine sources of Li come from the closed drainage ba-
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sins of the Central Andes (Evans, 2008). Ide and Kunasz (1989) pro-
posed that Li is derived from one or more of the following
processes; (1) low temperature weathering of ash-flow tuffs; (2)
geothermal waters associated with active volcanism; (3) Li-rich
clays that pre-date volcanic arc activity in this area in which the
Li concentration is high due to a local or regional Li anomaly of
uncertain origin; and (4) saline water that formed outside the
topographic limits of the drainage basin in which it is extracted
and that entered the basin through faults. Although Ide and Kunasz
were specifically addressing the accumulation of Li in the Salar de
Atacama in Chile, which occupies a basin on the western flank of
the Andes, the mechanisms which accumulate Li in many of the
other salars in the arid Central Andes are expected to be similar
(Houston et al., 2011).

An additional factor we consider is climate. Studies in the Cen-
tral Andes have shown that hydrological conditions have varied
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considerably over millennial time scales. Ages of elevated shore-
lines and lake deposits in currently dry salt pans have been found
to coincide with the last glacial maximum in the Puna of Argentina
as well as southern Bolivia and Northern Chile (Godfrey et al.,
2003; Lowenstein et al., 1996, 2003; Bobst et al., 2001; Fritz
et al., 2004; Placzek et al., 2006). An increase in the hydrologic cy-
cle may serve to accelerate weathering in hyper-arid climates, or
dilute fluids emanating from hot springs (Gibert et al., 2009), both
of which can influence the formation and geochemical composition
of brine. This study thus provides the opportunity to study the Li
isotope geochemistry and budget of water draining a volcanically
active region where climate has altered the hydrologic budget
and influenced weathering.

This study focuses on the Hombre Muerto drainage basin and
salt pan (salar), located in northwest Argentina within the broader
domain of the Puna plateau. The drainage basin of Hombre Muerto
is a closed system, so all the products of weathering accumulate in
the salar. Changes in climate and hydrologic budget of the region
during the late Pleistocene may have altered the relative contribu-
tions of Li from different sources and areas of the drainage net-
work, altering the mean weathering flux of the basin. We present
chemical and isotopic data for fluids, rocks and chemical sediments
from the Salar del Hombre Muerto basin. We use these data to
determine the conditions, present and past, under which brine in
the Salar del Hombre Muerto has developed with very high con-
centrations of Li.

2. The geological setting of Salar del Hombre Muerto and its Li
reserve

At 4000 m altitude, Salar del Hombre Muerto (SHM) occupies
one of many closed drainage basins located on the eastern side
of the Puna plateau in northwestern Argentina (Fig. 1a). The salar
is renowned for its mineral reserves: Boron is mined at Tincalayu
on its northern margin and from the clastic apron formed by the
Rio los Patos entering the salt pan; and Li is currently extracted
from the subsurface brine by FMC at its Fenix plant while a second
site, Sal da Vida, is under development by Galaxy Resources.

The 600 km? Hombre Muerto salar lies in the northern end of a
4000 km? drainage basin (Fig. 1b). The Hombre Muerto drainage
basin is filled by young volcanic features overlying Paleozoic crys-
talline rocks, Paleozoic marine sediments, and Cenozoic continen-
tal sediments. Cenozoic volcanic activity in the region began in the
early Oligocene with the formation of andesitic stratovolcano Ra-
tones (Linares and Gonzalez, 1990). Magmatism at Cerro Galan be-
gan during the Miocene, and between 2.2 and 2.0 Myr ago erupted
1000 km? of ignimbrites (Sparks et al., 1985; Kay et al., 2010a), col-
lectively referred to as the Cerro Galan ignimbrite. Recent shallow
seismic swarms of uncertain origin, as well as young scoria cones
on the western edge of Cerro Galan indicate continued activity
(Risse et al., 2008; Heit et al., 2010).

Numerous faults cross Hombre Muerto basin and the salar
(Fig. 1c) creating deep clastic filled relict basins (Jordan et al.,
1999; Rosko and Jaacks, 2012). One particular NNW-SSE strike-slip
fault identified from surface features and gravity data runs along
the western side of Isla Catal and then cuts SW across the salar
to Vega Hombre Muerto. The thickness of halite increases by many
hundreds of meters to the west of the fault into the halite nucleus
of the salar (Jordan et al., 1999). The halite nucleus accounts for al-
most half the area of SHM and has a rough relief due to the buck-
ling of halite polygons formed under prolonged aridity. Increased
hydrologic activity in the past is evidenced by halite preserved
from long-lived saline lakes which covered this area 86.0 + 9.3 Ka
ago and 63.8 + 6.8 Ka ago, as well as from smaller or shorter-lived
lakes which occurred within the last 22 Ka (Lowenstein et al.,

1996; Godfrey et al., 2003). Laminated carbonate precipitated at
a now inactive spring mound around 40 Ka ago (M. Fleisher, pers.
comm.) also documents an increased water budget.

The largest source of surface water to the salar is the Ri6 los Pa-
tos which drains almost 80% of the total area of the drainage basin
and flows roughly north-south about 150 km from Cerro Galan.
Measured flow rates of the Rio los Patos typically vary between
0.8 and 2.0 m?/s. The average flow in 1992, when the precipitation
total for the year was 15 mm below a 10-year average of 77.4 mm,
was 1.6 m3/s and represented 90% of surface runoff to the salar
(Hombre Muerto EIS, Water Management Consultants, 1992; Ros-
ko and Jaacks, 2012). Most of the remaining10% of surface run-off
is accounted for by the Rio Trapiche. There are two branches of the
Rio los Patos which meet close to water sampling location 1. The
shorter branch drains Vega Aguas Caliente in the caldera of Cerro
Galan through a gap in the northern part of the caldera rim, while
the longer branch drains most of the eastern flanks of the caldera
and a narrow strip of Paleozoic basement on the western flank of
the Eastern Cordillera of the Andes. After these branches join, the
river flows approximately 50 km to enter the eastern side of
SHM where it then turns to the southwest (Fig 1c). At the southern
end of Isla Catal the river forms a lagoon except during dry years
when there is insufficient flow and it infiltrates soft sediments. In
the eastern area brackish water overlies dense brine while in the
western halite nucleus brine is close to the surface and brackish
water is confined to narrow mudflats at the edge of the salar.

The Li resource of SHM is contained in the brine which occupies
the pore space in most of the sedimentary units in-filling the salar.
The Li resource in the eastern and northern sub-basins is estimated
to be about 10° kg (Rosko and Jaacks, 2012). In the western sub-ba-
sin, the effective porosity of halite is 9 + 3% (1 standard deviation,
Hombre Muerto EIS, Water Managament Consultants, 1992), and if
similar to the halite-dominated sub-basins, may not change signif-
icantly with depth (Lithium One, NI 40-101, 2012). Using an aver-
age porosity of 9% and reported mean Li concentration of 650 mg/L
(Hombre Muerto EIS, Water Managament Consultants, 1992),
some 2.5 x 10° kg of Li are present in the upper 140 m, the average
depth of other sub-basins of the salar. Combining these estimates
suggest that about 3 x 10° kg of Li, if not more, may exist in SHM
brine.

3. Sampling and methodology
3.1. Sample collection

Water from springs and streams were collected between 1996
and 2008 (Fig 1c). Geothermal fluid locations are indicated in
Fig. 1b. The description of most of these geothermal systems can
be found in Giggenbach (1978), Schmitt et al. (2002), Kasemann
et al. (2004) and Cortecci et al. (2005). Water samples were filtered
through 0.4 pm polypropylene syringe filters and duplicate sam-
ples were stored in polyethylene bottles, acidified for cation and
Li and Sr isotope analyses, or unacidified for anion analyses. Acid
neutralizing capacity was measured in the field by titration with
0.1 N HCL

Samples of laminated carbonate and primary lake halite were
used to determine the chemistry of lake and inflow waters in the
past. Two samples of halite formed in a lake 86.0 £ 9.3 Ka (#351)
and 63.8 £ 6.8 Ka (#321) were collected from core #2005 which
was used in previous paleohydrology studies of the basin (Lowen-
stein et al., 1996; Godfrey et al., 2003). Halite crystals were cleaved
under a microscope with a razor blade to exclude portions that
contained detrital material, other evaporite minerals such as gyp-
sum, or halite cement which could contaminate the sample with
modern subsurface fluids. Samples of carbonate were taken from
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the laminated carbonate which forms a spring mound last active
about 40 Ka ago located 500 m to the west of the southern end
of Isla Catal.

Basement rocks and pegmatites were collected near Mina los
Patos. Samples representative of mafic volcanic rocks in the system
come from two lavas from Isla Catal. Two samples of the Cerro
Galan ignimbrite were collected, a welded and finely crystalline
sample from the eastern margin of SHM and a coarsely crystalline
one from Vega Hombre Muerto which shows evidence of weather-
ing by bronzing of biotite. Rock powders were digested in closed
Teflon vials using ultrapure HF, HNO3 and HCI acids. Lithium was
leached at room temperature from the 2.1 Ma Cerro Galan ignim-
brite and ash (LAS-W and LAS-S) from the 1993 eruption of Lascar
which lies immediately east of the Salar de Atacama using distilled
water for 51 days, following the protocol of Risacher and Alonso
(2001).

3.2. Analytical methods
Cation (Na, K, Ca, Mg, and Sr) concentrations were measured

with an ARL direct current plasma atomic emission spectrometer
(DCP-AES) at Binghamton University or a Varian inductively

coupled plasma optical emission spectrometer (ICP-OES) at Rut-
gers University (geothermal spring waters). Repeated analyses of
Hombre Muerto water samples and gravimetric standard solutions
gave error estimates of less than +10% relative standard deviation.
Anion (Cl, SO4, Br) concentrations were measured using a Dionex
ion chromatograph at Cornell University. Silicon concentrations
were measured by standard additions using a Varian ICP-OES at
Rutgers University.

Lithium isotope analyses were either performed at Louisiana
State University (LSU) or at the University of Maryland (UMD) as
indicated in the data tables. Lithium analyzed by thermal ioniza-
tion mass spectrometry (TIMS) at LSU was also purified at LSU
using the method described in You and Chan (1996). Samples ana-
lyzed at UMD for Li isotope compositions were separated at Rut-
gers University, using 1N NHO;3 in 80% (v/v) methanol and
AG50W-X8 cation resin for rock samples (Tomascak et al., 1999),
or 0.25 N HCl and AG50W-X12 cation resin for the water samples.
Every sample was checked to insure quantitative Li recovery and
separation from Na before it was analyzed for &’Li (Jeffcoate
et al., 2004). Lithium isotope analyses using the Nu Plasma multi
collector inductively coupled plasma mass spectrometer (MC-
ICPMS) at the UMD used the standard-bracketing method. Isotope
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data are reported as 8’Li in %o units relative to NIST standard L-
SVEC, where 67Li = [((7Li/6Li)sample - (7Li/6Li)standard)/(7Li/6Li)stan—
dara] * 1000. The external precision of the TIMS method was better
than ~1.5%o0 (2 SD) and <1%. (2SD) for MC-ICPMS based on repeat
measurements of samples and standards. Measurement of §’Li in
IRMM 016 gave —0.11%o0 (20.77%0, n=12) and the reproducibility
(2 SD) of an in-house granite standard was 0.8%o, n = 7. USGS rock
standards G-2 and AGV-1 gave +0.4%. and +2.6%o. respectively. The
basalt standard ]JB-2 analysed at LSU during this period of study
yielded +5.1%. Chan et al., 2002a. Two samples, the Rio los Patos
and the Li depleted andesite at the southern end of Isla Catal were
analyzed by TIMS and MC-ICPMS, and yielded §’Li values within
the analytical uncertainty.

Strontium isotopes were analyzed using a Micromass Sector 54
instrument at Cornell University following standard cation chro-
matographic methods. Analyses of NBS 987 during this period
yielded 0.710244 + 0.000006 20, n = 40. Oxygen and hydrogen iso-
topes of water were analyzed by Mountain Mass Spectrometry or
at Cornell University using a Finnegan Delta S mass spectrometer
equipped with an equilibration device (Godfrey et al., 2003). IAEA
and in- house standards were included in each run; precision and
accuracy were better than 0.2% and 1%. for 8'%0 and D,
respectively.

Carbonate mineralogy was determined by powder X-ray dif-
fraction using a Philips ‘XPert MRD at Rutgers University. This
instrument uses graphite monochromatized Cu Ko radiation
(i =1.5418 A) Bragg-Betana data collection mode with a scan range
of 4-90° at 0.02°/step and 1 s/step.

3.3. Experimental determination of lithium distribution and isotope
fractionation during halite precipitation

In order to constrain the effects of evaporation and halite for-
mation on Li concentrations and isotope composition, an experi-
ment was performed. Twelve mL of a halite-saturated neutral pH
solution containing 820 ppm Li was evaporated at room tempera-
ture in a PTFE beaker in a HEPA-filtered hood. Over the course of
the evaporation experiment <5 pL samples of solution were col-
lected and analyzed for Li and Na concentration and a subset for
Li isotopes. At the end of the experiment the halite which formed
was washed with methanol to remove any remaining brine and
then dissolved in sub-boiling distilled water or ground in methanol
to extract brine trapped in inclusions. Samples of ancient lake ha-
lite from Hombre Muerto were similarly treated.

4. Results
4.1. Li isotope fractionation during halite formation

Lithium is small relative to the cation site in the halite structure,
and partitions into the fluid phase as indicated by the 10-fold in-
crease in the Li/Na ratio of the remaining brine during the halite
precipitation experiment (Fig. 2; Table 1). The halite-brine distri-
bution coefficient D, where D = (Li/Na)naiite/(Li/Na)prine, determined
from the Li/Na ratio of the inclusion-free halite and the initial ha-
lite-saturated solution, was 0.048. As salt precipitated, the Li/Na ra-
tio of the solution increased, and D decreased to 0.005. The Li in the
initial experimental halite saturated brine had a &’Li composition
of —0.6%., and after 90% of the water had evaporated it had a com-
position of +0.4%., within analytical error of the initial solution. The
8’Li composition of the brine inclusions was —1.6%o, within error of
the initial solution, but slightly more negative and outside the error
limit of 8’Li in the final brine. For Li to substitute for Na in the ha-
lite lattice it must change from having 4 water molecules in its in-
ner hydration sphere in fresh water, through a state of 3 water
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Fig. 2. Results of the experiment to determine the effects of halite formation on the
concentration and isotope distribution of Li. Circles Li/Na ratios, diamonds, 8’Li and
open diamond brine, closed diamond brine inclusion (exchanged with halite-bound
Li).

molecules and 3 chloride ions in brine (Copestake et al., 1985), to
6 chloride ions in halite. The process could ultimately be associated
with an isotopic fractionation factor as high as 1.024 (Yamaji et al.,
2001). The lack of isotope fractionation suggests that (1) the step
with the largest fractionation factor went to completion or (2)
since Li partitions strongly into the brine, brine inclusions may
overwhelm the Li inventory of primary lake halite and exchange
between lattice-bound and inclusion-bound Li after the halite
has formed may shift lattice-bound &’Li towards that of the brine.
However, if all Li is ultimately incorporated into halite, mass bal-
ance requires the initial 8’Li to be preserved in a sample which is
representative of all halite which formed. In summary, the 8’Li of
halite brine inclusions appears to record the 8’Li of the halite-
forming brine.

4.2. Lithium content and isotope composition of Hombre Muerto
bedrock and ash weathering experiment

Whole rock Li concentrations and isotope compositions of two
Cerro Galan ignimbrites are 25 ppm with +7.0%., and 106 ppm
with +4.9 (Table 2). Quaternary lava flows on Isla Catal have Li con-
centrations of 18-35 ppm and &’Li compositions of —5.2% to
+1.2%0, while andesite from Cerro Ratones has 20.5 ppm Li and
+3.1%o, similar to other arc volcanic rocks (Moriguti and Nakamura,
1998; Chan et al.,, 2002a; Tomascak et al., 2002). Basement rocks
and tourmaline-bearing pegmatites, which are the source of B in
the Miocene deposit of Tincalayu (Kasemann et al., 2004), contain
2-65 ppm Li and have §’Li between —0.3%. to +7.2%. (Table 2).
These values are consistent with estimates of the upper continen-
tal crust, 0 +2%0 and marine metasediments (Teng et al., 2004;
Chan et al., 2006). There are no records or accounts of Li-rich peg-
matites exposed in the basin, although much of the basement is
obscured by the widespread ash deposits of Cerro Galan. A sample
of lepidolite and a sample of amblygonite from regional Paleozoic
pegmatites have Li concentrations of 2.0% and 8.8%, and a ’Li com-
position of +8.8%. and +7.6%o, respectively.

Low temperature leaching experiments on the coarse grained
2 Ma old Cerro Galan tuff from Vega Hombre Muerto yielded a
leachate which was 5% enriched in ’Li relative to the whole rock
Li (Table 2). A similar leachate composition resulted from leaching
12 year old ash erupted from Lascar in Chile.

4.3. Geochemical signatures of inflow water to Salar del Hombre
Muerto and their relationship to regionally important fluids

The concentration of Li in spring and stream water in the Hom-
bre Muerto drainage basin varies between 0.06 and 6.5 ppm and
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Table 1
Li and Sr data for secondary minerals and evaporation experiment.
Sample Li Li/Na 57Li Sr/Na (x 875r/86sr
(ppm) (x 10%) 10°)
Halite precipitation
experiment
Initial brine 8.0 -0.6"
Final brine 73.0 +0.3°
Halite brine inclusion 37.0 +1.6°
Halite matrix 0.37
Hombre Muerto chemical sediments
Travertine (aragonite) 42.2 -1.8°% 0.71534
Halite brine inclusion 0.290 +12.3> 7.9 0.71311
# 321 (63.8 ka)
Halite matrix #321 0.014
Halite brine inclusion 0.150 +6.9° 4.2
#351 (86 ka)
Halite matrix #351 0.020
@ Li isotope analyses at LSU, precision +1.2 (2s).
b Li isotope anaylses at UMD, precision 1.0 (2s).
Table 2
Li concentration and isotope data for rocks.
Sample Li 87Li
(ppm)
Volcanic rocks
Ignimbrite at Vega Hombre Muerto (coarse 24.74 +7.0°
grained)
Washed ash 24.56 +7.2°
% Leachable 0.70 +12.6”
Ignimbrite near Mina los Patos (fine grained) 106.30 +4,9°
Southern Isla Catal andesite 35.20 —5.1% —5.1¢
Southern Isla Catal basalt 22.60 -3.6°
Cerro Ratones andesite 20.45 +3.1°
Basement rocks sampled near Mina los Patos
Garnet biotite schist 21.23 +6.4¢
Biotite separate 110.00 +2.9¢
Pegmatite with tourmaline 4.52 —-0.3°
Augen gneiss 9.52 +0.1°
High grade biotite schist with epidote growth 9.65 +7.2P
Epidote separate 0.73
Pegmatite with tourmaline 14.08 +1.1°
Pegmatite with tourmaline 3.13 +4.3°
Tourmanline separate 31.20 +5.8¢
Amphibolite 13.51 +1.6°
Garnet biotite schist 64.85 +2.3P
Biotite separate 118.0 +2.0°

Lepidolite (Cachi)
Ambligonite (Cachi)

V. Lascar 1993 erupted ash

19,532 +8.9¢
87,581 +7.6°

LAS-W bulk 15.8 +2.0°
% LAS-W leachable 1.2¢ +7.6°
LAS-S bulk 22.7 +3.1¢
% LAS-S leachable 0.3% ND

4 Risacher et al. (2003).
b Li isotope analyses at LSU, precision + 1.2 (2s);
¢ Li isotope anaylses at UMD, precision + 1.0 (2s).

87Li between +2.5%c and +7.6%. (Table 3). The range in concentra-
tion and &’Li contrast to rivers in other parts of the world where Li
concentrations are less than 0.02 ppm (unless they are influenced
by geothermal systems or brine) and &’Li compositions are be-
tween +6%. and +32%. because octahedral sites in secondary min-
erals preferentially incorporate °Li (Huh et al., 1998, 2001;
Bottomley et al., 1999; Chan et al., 2002b; Tomascak et al., 2003;
Kisakiirek et al., 2005; Pogge van Strandmann et al., 2006, 2010;
Vigier et al., 2008, 2010; Millot et al., 2010a; Wimpenny et al.,
2010). The springs and streams can be divided between two groups
within the basin based on chemical and isotopic compositions

(Fig. 3). The composition of the first group is dominated by Na
and Cl, have the highest Li/Cl and Li/Na ratios, and &’Li values
below +4%.. Samples which belong to this group drain Cerro Galan
and Cerro Ratones, and include springs around the eastern margin
of the salar associated with some of the major basement faults. The
other group has variable contributions of HCO3;™ and Ca, and com-
pared to Group 1 has lower Li/Cl and Li/Na and &’Li higher than
+6%o. It represents springs and streams located around the western
side of the salar, which predominantly drain Paleozoic and Ceno-
zoic sedimentary rocks and minor mafic volcanic units of the
Incahuasi group. This water chemistry grouping is mostly reflected
in their 87Sr/%6Sr compositions. For example, the Rio los Patos and
the spring near Mina los Patos have radiogenic Sr compositions of
0.72. This radiogenic character may be derived from the crystalline
basement rocks which can have 87Sr/®Sr as high as 0.79 (Becchio
et al.,, 1999). While biotite in the Cerro Galan ignimbrite can be suf-
ficiently radiogenic, its Sr concentration is low compared to the
whole rock and suggests ignimbrite weathering may be a relatively
minor source of Sr because we expect weathering of the glass com-
ponent should release Sr with a composition similar to the whole
rock (Sparks et al., 1985; Kay et al., 2010a,b). In contrast, while
the spring at the base of Cerro Ratones is similar to the previous
two examples in terms of Na, Cl, and Li, it contains the least radio-
genic Sr. Group 2 streams and springs have intermediate 37Sr/36sr
(Fig. 3).

Geothermal fluids from the Central Andes occupy the same field
as Group 1 on the Durov plot and also have high Li/Na. Geothermal
sites located within Miocene and more recent volcanic units have
8’Li between +2%. and +4%., which is also true for Diablo although
it is surrounded by crystalline basement rocks. Luracatao and Ariz-
aro have higher §’Li for reasons not understood.

4.4. Geochemical signatures of brine

The composition of brine occupying the salar varies spatially
although they are all in the Na-CI-SO,4 family (Table 3). Based on
Li and Sr isotope compositions, there are at least two distinct sur-
face brines: brine in the terminal lagoon of the Rio los Patos south
of Isla Catal (8”Li = +7.2; 87Sr/%5Sr = 0.7197) and brine that emerges
at the southern edge of SHM at Vega Trapiche (5’Li = +9.4; 87Sr/8¢-
Sr = 0.7154). While the lagoon forms as a result of inflow of the Rio
los Patos, its chemical composition evolves not just from evapora-
tive enrichment, but from precipitation of some minerals (notably
carbonate and gypsum) and dissolution of others, including halite.
Of all the solutes analyzed, Li and SO4 exhibit the highest enrich-
ment in the lagoon compared to the Rio los Patos before it reaches
SHM, despite the precipitation of gypsum which removes some
sulfate from solution earlier in the evaporation sequence. No
change in 37Sr/®®Sr occurs as the Rio los Patos flows to its lagoon
indicating there is negligible input of solutes from different
sources, but does not rule out incorporation of late stage brine or
salts which formed from the river inflow during previous years.
The increase in 8’Li of the lagoon by 2-3%. relative to the river
(Fig. 4) only occurs after evaporation has caused much of the silica
to be lost by forming amorphous silicates and Ca by forming car-
bonate. Since our experiments indicate there is effectively no
change in 8”Lipine When halite forms, either the increase in 8”Li oc-
curs as gypsum precipitates between Curva los Patos and the la-
goon, or as bittern salts precipitate in the final phases of
evaporation and remaining brine may leak into the lagoon. This
highlights the difference between Sr and Li isotopes, and the neces-
sity to first determine how evaporation might cause 8’Li to change
due to the precipitation of different evaporite minerals before a
brine’s 8’Li can be used to infer that of its freshwater parent.

Based on isotopic compositions (5Li = +8.3; 87Sr/%5Sr = 0.7184),
brine in the top 40 m of the halite nucleus is a mixture of different



Table 3
Major and minor element concentrations (ppm) and isotope data of water samples.

Sample 5'%0 5D Si0, Alkanity Na K Mg Ca Sr 875r/86sr  Cl Br S0, Li 87Li
Rio los Patos (1) -5.23 -11.4 79.0 228.75 423 46 13 38 0.82  0.72000 674.8 0.72 58.4 3.33 +2.6%; +3.4°
Curvalos Patos (2) 5.05 23.39 393 1057 120 23 36 1.86 0.71976 1755 1.37 123.6 7.57 +3.9°
Lagoon (9) 13.32 60.07 86,980 8535 1720 350 29.22 0.71973 148,720 62.1 17,174  926.2 +7.2°
Lagoon Pore fluid (10) 14.06 65.92 84,546 9947 2665 260 25.09 0.71975 150,160 98.1 21,856 1137 +6.6"
Rio Trapiche (3) -5.83 —46.12 55.1 116.51 30 2 3 30 0.12  0.71322 17.6 0.07 26.4 0.066 +6.6"
Vega Hombre Muerto (4) —-6.46  —49.25 80.3 1663 83 23 101 424  0.72057 2612 1.32 134.3 5.97 +6.3°
Vega Trapiche (11) 12.63 33.9 81,928 8113 3390 1421 66.81 0.71538 157,437 15.8 3450 1615 +9.4°
Pore fluid at 2m (13) 552 -16.37 91,116 5617 789 695 3493 0.71950 152,282 28.6 7621 452 +7.9°
Well (12) -7.51 —65.41 92,285 5542 787 538 14.5 0.71843 151,414 108 8277 504 +8.3°
Chucalaqui (5) -9.9 —74.15 48.1 470.31 239 8.4 55.4 66.3 0.16  0.71435 250 0.02 197 0.67 +.6.0%
Cerro Ratones Spring -794 -78.21 98.3  430.05 749 72 43.2 197 3.16 0.71163 1530 0.644 625 6.46 +2.5%
Mina los Patos (7) —-4.67 -55.03 40.6 193.98 293 17.6 21.9 56 096 0.72037 330 0.26 214 1.42 +3.1¢
Incahuasi (8) -9.08 -71.24 61.1 85.4 420 224 64.4 118.6 1.58 0.71373 823 0.103 282 3.00 +7.6%
Cold spring at dacite dome (14) —-6.47 —48.94 248 325 40.2 50.7 182.4 1.82 313 29.9 0.28

(number in parentheses refers to location in Fig. 1)

Cerro Galan springs

PUN 1053 99.6 192.5 9.1 9.0 253 355.3 219 2.6 +4.6°
PUN 1054 1324 3135 8.1 4.3 19.3 548.2 30.7 53

Galan 14 77.5 1484.6 63.3 0.7 12.0 2166.7 41.5 183 +3.3°
Galan 2¢ 64.0 60.8 14.8 1.0 6.8 509.0 26.3 0.4 +2.97
Galan 3¢ 771 78.0 11.0 3.0 9.0 553.8 221 0.8

Galan 4¢ 66.4 22.0 1.2 14 7.8 479.0 12.6 0.1

Regional geothermal springs

Antuco 42.7 5358 601.4 239 345 11,231 1357 147.4 +3.0°
Diablo 1¢ 8.1 4943 449.4 159 5.0 8558 497.2 333 +4.7°
Diablo 2¢ 173 5237 439.6 164 6.3 9051 522.0 333

Arizaro 1°¢ 35.1 62,401 5376 1239 492 159,268 4451 953 +18.4°
Arizaro 2°¢ 334 50,859 3535 1040 418 159,253 11,927 99.8

Aguas Calientes® 86.8 5478 368.4 551 843 9385 1970 7.0

Luracatao® 31.6 4179 186.2 83 6.4 5827 186.6 27.7 +10.3%
El Tatio 1 134.1 4431 5103 0.2 245 7706 47.7 39.5 +1.97
El Tatio 2 145.0 4506 507.1 0.1 220 7735 49.5 37.8

El Tatio 3 161.8 4115 520.5 0.4 224 7961 45.5 37.7

El Tatio 4 224.6 4934 576.1 0.4 287 8147 34.9 47.5

El Tatio 5 200.1 3352 152.9 0.2 233 6251 62.4 25.2

El Tatio 6 195.3 4024 157.6 1.0 256 6084 57.7 28.5

El Tatio 7 181.8 3279 150.7 0.2 226 5915 63.8 26.2 +1.4°
El Tatio 8 139.3 1991 171.8 7.0 87.6 3090 49.9 14.8

Dilute waters saturated with respect to calcite (C), hydrated Mg-silicates (S); (-) under-saturated all minerals. Calculated, where possible, using PHREEQC (Parkhurst and Appelo, 1999).

@ Li isotope analyses at UMD, precision +1.0 (2s).
Li isotope analyses at LSU, precision 1.2 (2s).

b

c

Collected by S. Hynek.

4 Collected by S. Kay.
Collected by S. Kasemann (locations in Fig. 1, Schmitt et al., 2002).
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Fig. 3. An extended Durov plot showing the relationships between dilute inflow water Li/Na ratios, higher 8’Li and 87Sr/®6Sr. Circles, fresh water in Group 1, mostly associated

with the Rio los Patos; diamonds, other freshwater sources in the western part of SHM.
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Fig. 4. Relationship between 87Sr/*6Sr and &’Li. Water in Group 1 which is largely
associated with the Rio los Patos possess radiogenic Sr and &’Li compositions little
enriched in ’Li relative to rocks until the formation of evaporite minerals starts to
remove °Li. The precipitation of evaporites has no effect on #7Sr/®Sr so that an
evaporating water body will produce a vertical line on this plot. The pumped well
plots between the lagoon and Vega Trapiche. The saline water which filled SHM,
and captured by halite, plots on an extension of the brine array towards higher 8’Li.
Open symbols as for Fig. 3, closed circle, paleolake halite inclusion, closed diamond
paleospring carbonate.

surface brine bodies (Fig. 4). However, the chemical composition of
the subsurface brine in the halite nucleus, in particular Li/Cl and Li/
Na values which are both lower than in surface brine, suggest it has
undergone additional modification. The 8'80 and 8D compositions
of the brine point to the nature of this modification. In arid cli-
mates, as water undergoes evaporation its §'20 and §D plot with
a shallow slope and fall to the right of, or below, the meteoric
water line (MWL). The two SHM surface brines plot well to the
right of the MWL indicating they have undergone significant

80 evaporation trend
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Fig. 5. 5'80-5D for inflow water and brine samples. Symbols as for Fig. 3, 5'%0 data
from Godfrey et al. (2003).

evaporation, but the subsurface brine, during both sampling years,
plots close to the MWL (Fig. 5). Since the subsurface brine plots on
the MWL, some part of its salt content is acquired by dissolution of
soluble evaporite minerals such as halite and bittern salts, and this
causes the brine pumped from the well in the halite nucleus to
have a lower Li/Na than the surface brine (Fig. 6a). While it is pos-
sible that the unevaporated nature of the subsurface brine may re-
flect increased freshwater inflow towards the center of the salar
due to pumping, subsurface brine near the margins of the Salar
de Atacama also had §'80-8D compositions falling on the meteoric
water years before that salar was commercially developed (Fritz
et al.,, 1978). Instead we postulate that as the water table lowered
with increasing aridity, water entering SHM, except through the la-
goon, does so in the subsurface and its evaporation is delayed. This
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Fig. 6. (a) The adsorption of Li onto the surface of smectite and ferrihydrite as water
flows from the volcano summit springs causes negligible fractionation of Li isotopes
but decreases Li/Na. The formation of brine by evaporation causes a small increase
in 8’Li, but a large increase in Li/Na due to the precipitation of halite. The subsurface
brine contains a component of dissolved halite which has low Li/Na, and draws its
position on this plot to the left. If the halite being dissolved was formed in a past
saline lake, it will also increase &’Li. Symbols as in Fig. 3. (b) The high
concentrations of Li in thermal water around the Hombre Muerto drainage basin
are shown in context of the Andean southern volcanic zone of Chile plus selected
worldwide geothermal locations by the plot of Li/Na ratios versus Li concentrations.
Additional data from Giggenbach (1978, 1995), Fournier (1989), Sturchio and Chan
(2003), Millot et al. (2007, 2010b, 2012) and Risacher et al. (2011).

does not imply the salar is fossil and losing halite mass, but that
dilute, shallow groundwater dissolves salt, and through capillary
action rises to the surface where it completely evaporates. This
leaves no isotopic imprint on §'%0 or 8D, but does recycle halite,
also indicated by the halite fabric (Lowenstein et al., 2003). Our ha-
lite precipitation experiment confirms Li does not partition into the
halite structure, and that halite has low Li/Na relative to its parent
brine. As a consequence, halite dissolved by shallow groundwater
produces brine with lower Li/Na than one formed through evapo-
ration, and one with §'80 that bears no trace of evaporation (Figs. 5
and 6a).

4.5. Li isotope compositions of lake halite and spring carbonate

Two samples of halite formed in perennial lakes early in the last
glacial period yielded halite brine inclusion 8’Li compositions of
+7%o0 (#351, 86.0 + 9.3 Ka old) and +12%. (#321, 63.8 + 6.8 Ka old)
and (Li/Na)haite of 2.0 x 107> and 1.4 x 107> respectively. 8’Li of
+7%o is the same as the modern lagoon, but +12%o. is higher than
any modern water or brine sample we have analyzed. Using our
experimentally determined distribution coefficients, the brine in
these ancient lakes had a Li/Na between 0.0003 and 0.004 depend-
ing if the brine had just started to form halite or had almost fully
evaporated. The lower estimate, which is consistent with the Li/
Na of the brine inclusions, is much lower than any of the modern

fresh water or brines in the basin today (Fig. 6a). The Sr isotope
composition of the brine inclusions, 0.7131, is similar to the
streams and springs that drain the western half of the salar
(Fig. 4). Since there is no geological evidence for the Rio los Patos
to have been diverted into a different drainage network, loss of
the salars radiogenic signature suggests that this river had a differ-
ent isotope composition in the past.

Aragonite travertine and geyser structures which formed to the
west of Isla Catal about 40 Ka ago (Fleisher, pers. comm.) contain
42 ppm Li with a 8’Li of —1.8%.. From this a fluid 8’Li composition
of ~+9%, is predicted, since the 8’Li of aragonite is 11%. lower than
that of the fluid from which it formed (Marriott et al., 2004). None
of the freshwater inflows to the salar have &’Li as high as +9%,
although it is comparable to that of some springs in the region,
for example Luracatao (Table 3), as well as the subsurface brine
and the inferred composition of the pluvial stage lake. The 87Sr/°Sr
compositions of these travertine deposits are between 0.7148 and
0.7155 (Table 1), similar to minor springs and streams draining the
western portion of the salar. In contrast, travertine ridges on the
northern margin of the salar flanking the western side of Cerro Ra-
tones were formed from more radiogenic fluids (37Sr/26Sr = 0.7220;
Godfrey, unpubl. data), similar to the Rio los Patos and to the base-
ment-hosted Mina los Patos spring.

5. Discussion and implications

All streams and springs have low 5’Li within the Hombre Muer-
to drainage basin compared to rivers worldwide (Huh et al., 1998),
but the 8’Li of springs and streams which drain the Cerro Galin
caldera are particularly low (Table 3). Our leaching experiment
on ash of different ages indicates that Li leached by fresh water
would be enriched in ’Li relative to the bulk composition of the
ash. Leaching experiments in ash erupted from Lascar reported
by Risacher and Alonso (2001) showed that the most soluble phase
was CaSO4 which they attributed to the incorporation of recycled
sedimentary gypsum into the volcanic system of Lascar. The “Li
enrichment of the leachate we measured is consistent with this
theory, but incorporation of sedimentary gypsum into Cerro Galan
ash is problematic since crystalline basement underlies the vol-
cano (Kay et al, 2010b), not ancient sediments. During the
emplacement and cooling of ash flows, we postulate that Li dis-
solved in associated fluids, condensed volcanic steam or soil water,
was trapped in silicate minerals or precipitated with salts such as
CaS0,4. Secondary minerals such as smectite or illite would have
tended to incorporate SLi leaving “Li to precipitate with late-form-
ing simple salts which are now readily dissolved, but further inves-
tigation would be required to prove this.

Curiously, stream and spring waters in the tuff-covered part of
the basin have 8’Li which are similar to, or lower than, that of the
tuffs, not the modestly elevated values obtained from our 51 day
long room temperature leaching experiments. River water is, on
average, enriched by 18-23%. in ’Li relative to all rocks except
marine chemical sediments (Teng et al., 2004; Chan et al., 2006)
because °Li is lost from solution to secondary minerals in weather-
ing profiles and as it is transported to the oceans (Huh et al., 1998;
Pistiner and Henderson, 2003). Since only altered andesites have
unusually low 8’Li, but are volumetrically of minor importance,
the similarity of surface water 8’Li to rocks at Hombre Muerto im-
plies that (1) no secondary minerals are forming, (2) there is a high
contribution of Li from thermal springs where high temperatures
minimize Li isotope fractionation between liquid and solid phases,
or that (3) secondary minerals with low §’Li are being leached. The
latter seems unlikely because rivers associated with strongly lea-
ched horizons are very dilute (Huh et al., 1998, 2001), in contrast
to strongly mineralized waters of Hombre Muerto and of the
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Central Andes in general. While the kinetics of clay formation are
limited by temperature, precipitation (White and Blum, 1995)
and biological activity, all of which are low in this high altitude
desert (silt and sand comprise the clastic sediments in the Rio los
Patos delta), the high solute content of the water, especially of sil-
ica and Li, is indicative of a geothermal signature, and indeed, most
regional geothermal fluids cannot be distinguished from the Rio los
Patos based on geochemistry (Fouillac and Michard, 1981; Sturchio
and Chan 2003; Millot and Négrel, 2007; Millot et al., 2007, 2010b,
2012).

The strongest geothermal signature (high Li/Na and low &’Li) is
found in springs on the resurgent summit of Cerro Galan (Fig. 6a).
Other streams and springs in Group 1 have similar §’Li to the
springs within the caldera but lower Li/Na, suggesting that any re-
moval of Li has occurred with minimal isotopic fractionation. Con-
sidering the suite of secondary minerals likely to occur in the basin
and the low surface temperatures, this has occurred through sur-
face adsorption to smectite and ferrihydrite (Pistiner and Hender-
son, 2003; Vigier et al., 2008, 2010). Streams and springs which
drain into the western side of the salar, Group 2, have yet lower
Li/Na but higher &’Li, suggesting that while their overall high Li
content indicates they have a component of geothermal fluid, their
3’Li has been more affected by loss of °Li into structural sites of
smectite. The difference in Li removal between the two groups
may reflect the protolith or the nature of the drainage network,
with a tendency for water draining permeable volcaniclastic debris
in areas of high topographic relief to not form clays, while the less
permeable lithology and low relief around the salar allows clay to
form. Alternatively, if there are only a limited number of mineral-
sites which can remove Li from solution, only a small proportion of
the Li in Li-rich geothermal water on Cerro Galan is removed from
solution, and its &’Li signature is barely changed. By having a smal-
ler component of geothermal fluid, Group 2’s 8’Li is more strongly
affected. One spring of note is Group 1's Mina los Patos which
forms a pool bordering a small wetland, an environment in which
we expect clays to be abundant. The apparent absence of any in-
crease in &’Li suggests a low, possibly negative ’Li initial compo-
sition of inflow water or that too little Li is removed by clays for it
to affect 8’Li of the water. This spring is located on one of the larg-
est regional faults which transect the basin, and the similarity of
the Li data to others of Group 1 suggests that flow through this
fault is sufficiently high that its 5’Li does not evolve any more than
other Group 1 fluids.

According to the composition of halite inclusions, the paleolake
that covered the salar during wet climate states had much lower
Li/Na and higher 8’Li higher than any modern water or brine
(Fig. 6a). These chemical and isotopic properties may be similar
to groundwater that infiltrated during pluvial climates. Similarly
low Li/Na ratios have been measured in river water draining arc te-
phras, but in a wet climate (Dessert et al., 2009). The low Li/Na of
the ancient lake suggests that with an increased hydrologic budget,
either more Li was sequestered by clays or hydrothermal fluids
were more diluted by meteoric water. Either of these scenarios is
consistent with a higher 8’Li by incorporation of °Li in clays or
by making the 8’Li of run-off more similar to the experiments of
ash leaching. Since the paleolake’s Sr isotope composition also
changed relative to the modern lagoon (0.71311 versus 0.71973;
Fig. 4), becoming more similar to the whole rock composition of
the Cerro Galan tuffs, dilution of hydrothermal water during past
pluvial climates by low temperature weathering of the ignimbrites
appears to have been of greater importance. It has been noted that
the activity of other spring systems in the Puna have also changed
as climate conditions fluctuated between arid and more humid
conditions relative to a constant heat flux (Gibert et al., 2009).
However the analysis of lake halite in this study indicates that
the activity or dilution of hot spring water may influence the

chemical composition of surface and shallow groundwater on ba-
sin-wide scales in this volcanically active area.

Because our survey did not find any rocks particularly enriched
in Li within the drainage basin, we conclude that the Li resource
represents the accumulation of Li sourced from geothermal fluids
and rock weathering with minor clay formation. One important
implication of the change in climate is that accumulation of the
Li resource has been episodic. If a flow of 1.6 m>/s for the Rio los
Patos (based on measurements during 1992; data from Hombre
Muerto EIS, Water Management Consultants, 1992) and a Na con-
centration of 420 ppm are representative of modern conditions, it
would take 450 Ka to form the amount of halite above a lake-bed
halite directly dated at 85 Ka and now at a depth of 40.7 m in
the 300 km? halite nucleus (Godfrey et al., 2003). The conflict be-
tween the 85 Ka age of the salt formation and the current influx
of Na suggests that an additional source of salt is not accounted
for by surface inflow, such as the recycling of salt from older halite
units. In contrast, the 3 ppm dissolved Li concentration of the Rio
los Patos implies it would take a much shorter time, less than
5Ka, to accumulate the 0.8 x 10° kg Li deposit now found in the
top 40 m of the halite nucleus showing that the weathering flux
of Li and Na can decouple according to climate state.

The Central Andes is a volcanic region with many closed drain-
age basins containing Li-rich brine. Salt lakes and pans occupying
closed basins surrounded by volcanic rocks are found in other re-
gions of the world, but few have Li concentrations comparable to
those of the Central Andes (Evans, 2008). The surface geology of
the Central Andes is dominated by volcanic rocks, especially ash
which contains readily soluble glass; there are also many hydro-
thermal springs which are active, or have recently been so. Geo-
thermal fluids from other locations worldwide, including the
southern Andes of Chile, have as high or higher Li/Na ratios (Gig-
genbach, 1978, 1995; Gougel, 1983; Fournier, 1989; Sturchio and
Chan, 2003; Cortecci et al., 2005; Millot and Négrel, 2007; Millot
et al., 2007, 2010b, 2012; Risacher et al., 2011), but compared to
those from the Central Andes their Li concentrations tend to be
lower (Fig. 6b). It is possible that more Li can be lost from spring
water in temperate areas because there is more clay formation be-
tween the hydrothermal cell where Li is dissolved and the point
where the springs emanate, or that thermal springs in the Central
Andes entrain additional sources of Li. Risacher et al. (2011) sug-
gested that many thermal springs in Northern Chile contain some
fraction of brine leaked from salars, a model which should be appli-
cable to arid Northwest Argentina. If surface brine had been en-
trained by thermal springs, we would expect it to have relatively
high &Li. It is possible that a spring at Salar de Arizaro whose
water has low Li/Na and high ’Li (Table 3) does have sedimentary
brine mixed with a thermal fluid. Nevertheless, that example is
anomalous within the small set of springs we have analyzed,
although it is clear that the influence of recycled brines cannot
be overlooked.

6. Summary

An experiment to determine the isotopic fractionation of Li dur-
ing the formation of halite indicates that any fractionation which
might occur cannot be resolved by current measurement tech-
niques, and that primary halite is a material which can preserve
the Li isotopic composition of ancient brine. The evaporation of
fresh water to concentrations where halite precipitates may cause
a small increase in 8’Li as minerals form earlier in the evaporation
sequence, but further work is required to determine which miner-
als are responsible. Unlike 7Sr/25Sr, which is a conservative prop-
erty during brine formation, measurement of fresh water §’Li
should not be assumed to be identical to the §’Li of a brine or halite
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that may form by evaporation and vice versa. However, with these
constraints, it has been possible to address the isotope budget of Li
in Salar del Hombre Muerto’s drainage basin and brine.

Hombre Muerto salar is the terminal point of a drainage basin
which includes a large part of the Cerro Galan caldera. Geothermal
activity and weathering of the volcanic deposits produces water
rich in Li relative to Na, and with a Li isotope composition similar
to the protolith, which indicates there is little Li isotopic fraction-
ation due to the formation of secondary minerals in this high alti-
tude desert. Water sources in areas closer to SHM with lower relief,
and where bedrock lithology includes sedimentary rocks, are also
enriched in Li relative to rivers on a global scale, but have had their
Li/Na and isotope compositions modified by clay formation com-
pared to the high relief volcanic part of the basin. Spring carbon-
ates and brine-inclusions in the salt which fills SHM indicate that
water which formed a salt lake during pluvial climates in the past
had a different composition, with lower Li/Na, higher &’Li, and less
radiogenic Sr. While the slower accumulation of the Li resource
and lower Li/Na under a wet climate can reflect increased precipi-
tation diluting a geothermal Li input, we propose that it was also
accompanied by an increase in clay formation which sequestered
Li, and in particular °Li.

Today'’s conditions of dry climate and geothermal activity are
common to many other basins in the Central Andes, and other tec-
tonically active desert-belt regions. Decoupling the flux of Li in
run-off from other major cations such as Na occurred when the ra-
tio of geothermal to cold surface water changed with climate. This
caused episodic accumulation of the Li resource at Salar del Hom-
bre Muerto, and may characterize other Li-brine resources in the
Central Andes.
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