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Abstract

Salars with lithium-rich brines are a characteristic feature of the Central Andes, but knowledge about the main sources of
lithium and the mobilization processes of lithium in the salar deposits is still incomplete. This work focuses especially on
the Salar de Diablillos (southern Puna) as part of a larger area that includes the neighboring Salar Centenario and Salar de
Ratones. Building on the ability of Li as a tracer of silicate weathering, we investigate the Li content and isotope composi-
tion of samples from the depocenter and catchment of the Diablillos basin (3-D) and conduct a surface reconnaissance in the
Centenario and Ratones depocenters to identify the key metallogenic processes. Radiogenic Sr and Nd isotope compositions
are also provided to discriminate the main local Li sources. The isotope data in all three depocenters show that most of the
Li in the brines and evaporite deposits are derived from Cenozoic volcanic rocks, despite the dominance of the Paleozoic
basement in the catchment. In the Centenario and Ratones depocenters, near-surface chemical weathering appears to be the
dominant Li mobilization process. In contrast, hydrothermal mobilization of Li also plays a role in the Salar de Diablillos,
possibly related to the presence of a fractured basement with pressure zones and artesian conditions in the aquifer at depth.
These fluids also show a larger element contribution from the basement.
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Introduction (Isacks 1988; Allmendinger et al. 1997; Prezzi et al. 2009). It is

characterized by numerous endorheic basins (hereafter “closed

The Altiplano-Puna plateau of the Central Andes is consid-
ered the largest continental plateau related to subduction in the
world. It forms an extensive morphostructure (1800 km long
and 400 km wide) with an average elevation of 3700 m a.s.L.
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basins”) bounded by north—south oriented mountain ranges
(Turner 1970; Vandervoort et al. 1995). Their depositional
center (depocenters) host silicate detritus from the restricted
catchment areas and commonly evaporite deposits in salt lakes
and salt pans, also known as salars, in their morphological
deepest sections (Risacher et al. 2003). The evaporite depos-
its formed under long-term, generally arid climatic conditions
(Strecker et al. 2007), and many of them host world-class brine
pool deposits of lithium (Li) (Lopez Steinmetz 2017; Lopez
Steinmetz and Salvi 2021). At present, the world’s largest
lithium reserves in brines are geographically confined to the
SW Bolivia—-NW Argentina—NE Chile segment of the plateau
(between about 20° and 27° S), an area informally referred to
as the “Lithium Triangle” (Grosjean et al. 2012).

The current transition to a low-carbon society has trig-
gered an ever-increasing demand of Li for high energy den-
sity batteries, e.g., in electric vehicles (Goodenough 2016).
Lithium has become a new in-demand element, and the
lithium-rush is pushing the Central Andean salar deposits
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into the spotlight. Despite conceptual models of the genesis
of Li brine deposits (e.g., Munk et al. 2016), detailed case
studies of Li sources and the generation of Li-rich brines in
individual Andean salar deposits are still rare. Munk et al.
(2016) presented a list of six characteristics that continental
Li-rich salar deposits have in common, including: (1) arid
climate; (2) closed basin containing a salar, a salt lake, or
both; (3) associated igneous and/or hydrothermal activity;
(4) tectonically driven subsidence; (5) suitable Li sources;
and (6) sufficient time to concentrate Li. Of these, the source
of Li is probably the most discussed topic, together with the
processes involved in mobilizing Li from the primary source
rocks and concentrating in salt pans.

Generally, two main lithological groups are proposed
as the primary sources of Li in the Central Andes: (1) the
Cenozoic felsic volcanic rocks, especially the large inter-
mediate and silicic ignimbrite rocks (Alonso et al. 1991;
Risacher and Fritz 2009; Hofstra et al. 2013; Orberger et al.
2015; Garcia et al. 2020; Meixner et al. 2020, 2021; Chen
et al. 2020; Muller et al. 2020, among others) and (2) the
Paleozoic (Pz) metamorphic-magmatic-sedimentary base-
ment rocks (Meixner et al. 2020; Lopez Steinmetz et al.
2020) that recycle older, Proterozoic, continental material
(Bahlburg and Berndt 2016; Biittner et al. 2005; Willner
et al. 2008). Activation of Li from these sources is known
to occur via low-temperature weathering processes and/or
hydrothermal leaching (Godfrey et al. 2013; Godfrey and
Alvarez-Amado 2020; Risacher et al. 2003, 2011; Peralta
Arnold et al. 2017; Lépez Steinmetz 2017; Garcia et al.
2020; Marazuela et al. 2020; Franco et al. 2020; Meixner
et al. 2021). Other factors that might also contribute to Li
enrichment of brines include recycling of Li-rich clays
(Godfrey and Alvarez-Amado 2020; Lopez Steinmetz et al.
2018) and remobilization of buried Li-rich salts (Marazuela
et al. 2020). However, these cannot be considered as primary
lithium sources, but rather as intermediate reservoirs where
Li was previously concentrated after its primary mobiliza-
tion from Li-rich source rocks, as described above.

Li isotopes are useful tracers for identifying and distin-
guishing low-temperature weathering processes from higher-
temperature hydrothermal processes, especially in silicate
rocks (Pogge von Strandmann et al. 2020 and references
therein), while radiogenic Sr isotopes are useful tracers of
source rocks in sedimentary systems and host rocks in fresh-
water surveys (Palmer and Edmond 1989). The combination
of both isotope systems is a promising tool for evaluating
Li cycling in closed basins, assuming that the clastic sedi-
mentary infill (“clastic” in the following) represents eroded
material from catchment areas and that water enters the sys-
tem mainly via surface runoff and groundwater flow.

Studies using both Li and Sr isotope systems to determine
the sources of clastic infill and water supply to the Li-bear-
ing basins are still limited (Munk et al. 2018; Godfrey et al.
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2019; Godfrey and Alvarez-Amado 2020; Garcia et al. 2020;
Meixner et al. 2021). In the southern Puna, where the study
area is located (Fig. 1), comprehensive studies have been
conducted on Salar de Hombre Muerto (Godfrey et al. 2013)
and Salar de Pozuelos (Meixner et al. 2021). An exploratory
study was conducted on Salar de Centenario and Ratones
(Orberger et al. 2015), but it did not include Sr isotope data.
A regional assessment of the Li and Sr isotopic composition
of the Pz-basement and Cenozoic volcanic rocks of the Cen-
tral Andes as potential source rocks was recently published
by Meixner et al. (2020).

To further our understanding of the different processes of
Li mobilization (weathering and/or hydrothermal leaching)
and accumulation that play an important role in the salars
of the southern Puna in north-western Argentina, this work
focuses on the Centenario (CN), Ratones (RT), and Diablil-
los (Di) basins, that host the smallest salars that are among
the world-class brine deposits in the Lithium-Triangle. We
use Sr and Nd isotopes for source tracing and Li contents
and Li isotopes to constrain Li mobilization from source to
deposition. Materials studied include catchment and basin
surface samples of the salars and samples from wells and
cores (to a depth of 250 m) from the Salar de Diablillos.

Geological setting of the research area

The Argentine Puna is located south of 22° S (Fig. 1) and is
characterized by the development of internally drained tec-
tonic depressions with active evaporite accumulation, lim-
ited by uplifted blocks (bounded by reverse faults) (Turner
1970; Vandervoort et al. 1995). The surface geology of the
Puna is dominated by young volcanic rocks, with exten-
sive ignimbrite sheets especially in the northern Puna, and
mafic to intermediate volcanic centers in the south. Mag-
matic, low-grade metamorphic, and sedimentary rocks of
Early Paleozoic age form the oldest basement, cropping out
north of the Calama-Olacapato-Toro lineament (Fig. 1). In
the southern Puna, the Lower Pz-basement occurs alongside
with Ediacaran to Early Cambrian metasedimentary rocks
(Hongn and Seggiaro 2001; Rapela et al. 2018). Metamor-
phism of the basement varies from low- to high-grade (Mon
and Hongn 1987; 1996; Biittner et al. 2005).

The study area is located in the southern Puna (Fig. 1)
in an elongated intermontane depression, NNE-SSW ori-
ented, and includes three closed drainage (hydrographical)
basins, each with defined catchment areas. From N to S,
these are the Centenario (CN), Ratones (RT), and Diablil-
los (Di) basins (Figs. 2 and 3). Due to the arid climate, the
hydrological balance of the closed basins is negative, and
evaporation exceeds the relatively small discharges of fluvial
tributaries. These conditions lead to the formation of brines
enriched in various easily soluble metals such as lithium and
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:.Andean Plateau DSalars & Closed basins

Fig.1 Regional map of the Altiplano-Puna plateau modified after
Lépez Steinmetz et al. (2018). Continuous and thin dotted black
lines represent international and provincial boundaries, respectively.
Divisions within the Andean plateau (green area) are indicated with
thick dashed lines, defining the Altiplano, Northern, and Southern
Puna regions (Alonso et al. 1984). The southernmost division is rep-
resented by the Calama-Olacapato-Toro lineament (Alonso and Vira-
monte 1987; Allmendinger et al. 1997), which lies approximately
at 24° S and divides the Puna geological province into the northern
and southern part. Main salars in white. The study area includes the
Diablillos, Centenario, and Ratones closed basins (solid red lines),
see Fig. 2 for more details

to the deposition of various salts that accumulated mainly in
the morphologically lowest parts of the salars.

The eastern boundary of the Diablillos, Ratones, and
Centenario basins is represented by the Luracatao-Filo de
Oire Grande Mountain Range, while the western bound-
ary is mainly constituted by the Filo de Copalayo Moun-
tain Range. The Diablillos basin is bounded and isolated
from the Ratones basin by the Inca Viejo Range to the NW
(Fig. 2). The Ratones basin is bordered by the Cerro Ratones
hill (volcano) to the south, and the Centenario basin is bor-
dered by the Pozuelos and Pastos Grandes basins to the
north (Hains Engineering Company Limited 2018; Millen-
nial Lithium 2019). The Centenario and Ratones basins are
separated by the coalescence of alluvial fan deposits within
the salar environment (Hongn and Seggiaro 2001). The Cen-
tenario depocenter is the largest (1005 km?) followed by
Ratones (593 km?) and Diablillos (509 km?) (Fig. 2), and the
associated salars occupy an area of 7 km?, 3 km?, and 4 km?,
respectively (L6pez Steinmetz et al. 2020). The Salar de
Diablillos is at the highest altitude of 4000 m a.s.l; Ratones
and Centenario are at 3820 and 3810 m a.s.1, respectively.

Lithology of the catchment area

The catchment areas of the three closed basins present quite
different lithological units (Fig. 2). The catchment area of the
Diablillos basin consists almost exclusively of Early Paleozoic
metamorphic and magmatic basement rocks, which are subdi-
vided in meta-sedimentary low- to medium-grade rocks (Rio
Blanco Metamorphic Complex; Hongn and Seggiaro 2001)
and Cambrian-Ordovician granitoids (Oire Eruptive Complex/
OEC; Blasco and Zappettini 1996). The granitoids from the
Luracatao and the Sierra del Inca Viejo ranges include per-
aluminous granites and granodiorites as well as orthogneiss.
Cenozoic volcanic rocks are restricted and are represented by
small outcrops of Miocene dacitic porphyries assigned to the
Inca Viejo Formation (Hongn 1995).

The eastern part of the Ratones catchment also contains
abundant Cambrian-Ordovician granitoids of the OEC. The
western part of the catchment consists of Ordovician base-
ment rocks such as pelite-greywacke meta-sedimentary rocks
(with intercalated volcanic rocks) of the Falda Cienaga For-
mation (Acefiolaza et al. 1976). The Filo de Copalayo Range
consists of Paleogene continental sequences of sandstone and
conglomerate with volcaniclastic intercalations (Pozuelos and
Catal formations; Alonso and Gutiérrez 1986; Hongn and
Seggiaro 2001), Miocene-Pliocene volcanic deposits (dacites
of the Bequeville Formation; Turner 1961), and Quaternary
mafic andesite flows linked to fissures and monogenic centers
(Incahuasi Formation; Hongn and Seggiaro 2001). Miocene-
Pliocene volcanic deposits of Ratones andesite occur in the
south of the basin (Gonzalez 1984).

@ Springer



1354

Mineralium Deposita (2023) 58:1351-1370

66°54'W

Quaternary:
Evaporitic Deposits - Salars.

[ ] Aluvial deposits
- Fm Incahua5|

Paleo ene-Neo ene:
- Lava Real Grande.

- Fm.Rumibola.
- Fm. Bequeville.

- Ratones andesite.
. .\ | Fm Inca Viejo.

R
: - Fm. Luracatao.

°| Fm. Singuel.

(Sub) - volcanics

. Sijes.

Sediments

. Pozuelos.
. Geste.

“Cambrlan Ordovician:
- Oire Eruptive Complex (OEC)
- Fm. Falda Cienaga.

- Fm. Copalayo.

- Fm. Burruyacu.
”Neoproterozmc Early Palaeozonc -
- Rio Blanco Metamorphic Complex.

Fm. Puncoviscana

f . 7. /
./ Streams/ River /Lineaments 4 Normal fault

66°54'W

,‘I Reverse fault

(LA

}“Fll\cid?e Qire
GrandgRange

~

66°36'W

‘7L Syncline 7(» Anticline *Travemne outcrops

Fig.2 Geological map of the study area based on Hongn and Seg-
giaro (2001), Blasco and Zappettini (1996), and Suzaiio et al. (2015),
with its location in northern Argentina. Closed basin limits of Diablil-
los (Di), Ratones (RT), and Centenario (CN) after Flo Solutions

The Cambrian-Ordovician granitoids of the OEC and
the low-grade Ordovician meta-dacites of the Burruy-
acu Formation (Blasco and Zappettini 1996) are largely
exposed in the eastern catchment of the Centenario closed
basin, and Ordovician meta-sedimentary rocks of the Falda
Cienaga and Copalayo (Acefiolaza et al. 1976) formations
are found in the Filo de Copalayo Range. Continental Pale-
ogene deposits with volcanic intercalations of the Sijes,
Singuel, and Catal formations cover the Early Paleozoic
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(2017), Hains Engineering Company Limited (2018), Millennial
Lithium (2019), and Moran et al. (2019). PO and HM refers to Salar
de Pozuelos and Salar de Hombre Muerto, respectively. Yellow stars
refer to travertine outcrops

basement in the west of the basin. Contemporary with the
deposition of the continental deposits of the Sijes Forma-
tion, intense volcanic-subvolcanic activity occurred in this
section of the Puna, represented by the lower Miocene
Inca Viejo dacitic porphyries and the Rumibola andesite
of upper Miocene-Pliocene age with outcrops in the east
and west of the basin. Quaternary siliciclastic sediments
are deposited as alluvial fans in the catchment areas of the
three basins (Hongn and Seggiaro 2001).
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Fig.3 Digital terrain model of the research area, indicating sur-
face sampling sites (red cones) and Diablillos wells positions (vio-
let cones). The green, purple, and light blue shadings schematically
show the area covered by the Centenario, Ratones, and Diablillos
closed basins, respectively. Numbers refer to the following salars: (1)
Centenario, (2) Ratones, (3) Diablillos, and (4) Hombre Muerto

The salar basin deposits

All three salars correspond to the immature clastic salar
type as classified by Houston et al. (2011) and have
similar stratigraphic characteristics. The salars surface
is characterized by a hard crystalline halite salt crust,
which is better developed in the central part of the salars
that transits outwards to more clastic facies. The stratig-
raphy comprises an upper layer (to a depth of 4 m) domi-
nated by thin-bedded clay and silt deposits, with minor
sands intercalated with borate deposits (mainly ulexite).
Downwards, the infill continues with alternating silici-
clastic sediments, represented by fine to medium sands
with occasional coarser sands and gravels and very thin
evaporite (mostly halite and less frequently gypsum)
layers, till it reaches the Pz-basement rocks (at vari-
able depths, SRK Consulting 2011; Flo Solutions 2017).
Small, rounded borate concretions are most abundant
in the Salar de Ratones and massive halite layers (up to
3 m) are most frequent in the Salar Centenario. Based
on the description of a 252-m core from well DDD-07, a
summary stratigraphic column of siliciclastic infill could
be established for Salar de Diablillos (Fig. 4). Below the
borate layer, alternating siliciclastic sediments (sandy
layers interbedded with clays and silts) grade downward
into coarser, gravel-dominated sediments overlying crys-
talline basement rocks, which occur at a depth of 240-m
depth at the location of drill core DDD-07 (Fig. 4) and at
114-m depth at the location of monitoring well DDD-02

in the Salar de Diablillos (Rodinia Lithium 2011; Flo
Solutions 2017). Basal conglomerates and breccias are
deposited directly over the basement and largely consist
of rock fragments derived from the underlying metamor-
phic rocks. This basement comprises fractured greenish
phyllites and gneisses from the Rio Blanco metamor-
phic complex. The fractured basement functions as an
aquitard with a low hydraulic conductivity of 0.01 m/
day (Rodinia Lithium 2011). Basement rocks were rec-
ognized at 162 m in the Salar Centenario (own descrip-
tion). In the Salar de Ratones, two deep exploration drill
holes performed by Eramine Sudamericana Company
at the center and southern part of the salar encountered
a thick basal ignimbrite deposit at 200-m depth (Rojas
et al. 2019) and 70-m depth (126 m thick, own obser-
vation), respectively. These deposits have not yet been
correlated to other ignimbrite deposits cropping out in
the area. The brines of the salars are alkaline of the
Na*/C1=-SO,~ type with pH values ranging between
7.5 and 8 (Lopez Steinmetz et al. 2020). A distinctive
feature of the Salar de Diablillos is high artesian condi-
tions at depth and the presence of pressurized zones with
high dissolved gas concentration of unknown origin in
the aquifer. This is evidenced by the artesian behavior
of some wells that intercept such pressurized areas and
have been steadily producing without a pump.

The few ephemeral streams that feed the basins are
mainly active during the rainy season in summer between
January and March. Melting snow on the high eastern
(Filo de Copalayo) and north-western (Luracatao and
Filo de Oire Grande) foothills contributes to the precipi-
tation input (Rodinia Lithium 2011). The Diablillos River
is the only permanent tributary in the area and supplies
the Diablillos basin with freshwater from the Luracatao
Range throughout the year. Other drainage courses, that
supply lower water flows, are the Singuel and Copalayo
rivers, which drain into the Centenario basin from the
eastern slope of the Filo de Copalayo Range (Fig. 2). No
active hot springs have been identified in the study area,
but in the south-east of Salar de Diablillos, along the
Diablillos River, discontinuous travertine deposits have
been described that are associated with former springs
(Rodinia Lithium 2011) and are probably linked to the
NW-SE orientated lineament that limits the south end
of Salar de Diablillos. Discontinuous travertine depos-
its, which occur as 1- to 2-m thick relict terraces on the
eastern side of the Centenario and Ratones salars, are
associated with a regional N-S fault interpreted as the
feeder of hot boron-bearing water (Alonso and Gutierrez
1984; Alonso and Viramonte 1987), bounding the eastern
margin of the salars (Fig. 2).
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Fig.4 Li concentrations, 8'Li a
values, and 7St/%Sr ratios

against sampling depth of sur-
face samples and samples from
wells DRC-01, DDD-02, and
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Materials and methods
Sample material
Catchment and basin surface samples

Catchment and basin surface samples include Pz-basement
rocks, sediments, travertines, salt crusts, brines, and freshwa-
ter (Table 1). Samples from the Pz-basement include mag-
matic and low- to medium-grade metamorphic rocks from
the Rio Blanco Metamorphic Complex (n=>35) and rocks from
the Oire Eruptive Complex (n=2) that comprise granitoids,
orthogneisses, schists, and phyllites sampled at the Luracatao
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[] sand-rich/ [{ Clay-rich sediments 3 Brine X Salt/Halite
X Surface salar sediments

Range. Travertines (n=2) were sampled from the discontinu-
ous terrace outcrops within Ratones and Centenario salars
(Fig. 2). Samples of unconsolidated sediments (n=4) were
collected from pits (30-cm depth) dug in the halite nucleus of
all three salars. Brine samples (n=6) were taken from natu-
ral pools, mechanically dug exploration test pits, and from
an artesian well. In some cases, surface brines and salt crust
samples are collected as cogenetic pairs from natural pools in
the Diablillos, Centenario, and Ratones salars (see Table 1 for
pairs ID). Freshwater samples (n=3) are from the Diablillos
River in the Diablillos basin and from the Copalayo River and
Tar6n Canyon in the Centenario catchment area. All near-
surface salt crust, brine, sediment, and travertine samples were
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collected in May 2020, while freshwater and rock samples
were collected in November 2014.

Drill cores

Drill core samples include brines, sediments, and Pz-base-
ment rocks from cores and wells to a depth of 250 m from
Salar de Diablillos (Table 2). Between 2009 and 2015, Rod-
inia Lithium Company explored the Salar de Diablillos for
K, B, and Li resources and carried out drilling programs
using diamond drilling with core recovery (wells identi-
fied as DD) and reverse circulation drilling with cutting
recovery (wells identified as RC) together with deep brine
sampling. To evaluate variations in isotopic composition
and content with depth, sediments (n =8, silt-rich and sand-
rich samples) were collected from depths between 20 and
115 m, and basement samples (n =2, phyllites) from the
Rio Blanco Metamorphic Complex were collected from
245- and 250-m depths from the core from well DDD-07
(Flo Solutions 2017; Fig. 4).The brines (n=28) from well
DRC-01 were sampled between 22.5- and 114-m depth, and
the brines (n=2) from well DDD-02 were sampled between
132- and 156-m depth in the fractured Pz-basement. Wells
DDD-07 and DRC-01 are both located in the center of the
salar, while DDD-02 is located on the margin of the Salar
de Diablillos (Fig. 4), where the basement is encountered at
shallower depths (about 114 m). Core DDD-07 was drilled
and sampled in July 2011, while the deep brines from wells
DRC-01 and DDD-02 were collected in July 2010 and July
2011, respectively (Flo Solutions 2017).

Sample preparation and isotope analysis

Li concentration, stable isotopes of Li, and radiogenic iso-
topes of Sr and Nd were analyzed at the Isotope Geochemis-
try Laboratory at MARUM-Centre for Marine Environmen-
tal Sciences, University of Bremen, following the methods
described in Meixner et al. (2020, 2021). Lithium isotope
ratios are reported as 8'Li values relative to the reference
material NIST 8545. The repeatability of the individual
8’Li values is given as two standard deviations; analytical
uncertainty for Li concentrations is <6% (2 sd). The analyti-
cal uncertainty for the radiogenic isotope ratios is given as
25d,,¢qn- Details on sample preparation, analytical procedures,
and reference materials are provided in the supplement ESM1.

Results

The elemental and isotope data are listed in Tables 1 and 2,
and are also available through the World Data Center Pan-
gaea (https://doi.pangaea.de/10.1594/PANGAEA.954690).

@ Springer

Surface samples

In the Salar de Diablillos, the brines (n=4) have Li con-
centrations ranging from 642 to 1345 mg/L and 8’Li val-
ues from + 6.9 to + 7.2%o, while the corresponding values
of the freshwater sample are 11 mg/L and + 5.4%0. The
87S1/%°Sr values of the brines are quite comparable (0.7223
and 0.7267) but differ significantly from the river sample
(0.7152). The Li contents (174 and 196 pg/g) of two salt
crusts from the center of the salar are significantly lower
than those of the brines, while the isotope compositions
of Li and Sr (+ 6.9%0 and 0.7238) are similar to the val-
ues of the brines. Two siliciclastic sediment samples from
shallow pits in the center of the Salar de Diablillos have
Li contents of 89 and 272 pg/g and 8’Li values of — 7.8
and — 6.2%o. The Sr and Nd isotope compositions of the
two sediment samples are comparable, averaging 0.7139
and 0.5123, respectively.

The brine sample from Salar de Ratones has a Li concen-
tration similar to the lower range of the Diablillos samples
(710 mg/L), but a higher 8"Li value (+9.1%0) and a less
radiogenic Sr isotopic composition (0.7133). The salt crust
sample has a 8’Li value of + 8.8 %o and an 8’Sr/%®Sr ratio
of 0.7136 and closely resembles the isotopic composition
of the cogenetic brine but has a lower Li content (61 pg/g).
The siliciclastic sediment sample differs from the Salar de
Diablillos samples in having a lower Li content (40 pg/g) but
has similar Li, Sr, and Nd isotope compositions of — 6.3 %o,
0.7134, and 0.5123. The travertine sample has a Li content
of 19 pg/g with a Li isotope composition of +4%o and an
87Sr/%Sr ratio of 0.7142.

The Li content (852 mg/L), 8"Li value (+9.3%o), and
Sr isotope composition (0.715) of the brine sample and
salt crust (51 pg/g; +9.4%o; 0.7150) from Salar Cente-
nario are similar to the composition of the brine and salt
from Ratones. Two fresh-water samples have low Li con-
centrations (1 and 5 mg/L), positive 8'Li values (+ 5.1
and + 6.3%o), and variable Sr isotope composition (0.7137
and 0.7355). The siliciclastic surface sediment sample has
a Li content of 69 pg/g, a 8’Li value of —0.4%o, and an
8751/80Sr ratio of 0.7151, and has the same Nd isotope
composition as the sediments from Diablillos and Ratones
(0.5123). The travertine sample (Li content 77 pg/g; 8'Li
value + 3.7%o; ¥7Sr/30Sr 0.7156) has a similar composition
to the travertine from Ratones.

In the catchment, Paleozoic basement rocks of the Rio
Blanco Metamorphic Complex and Oire Eruptive Complex
formations have Li contents ranging from 14 to 68 pg/g
and 8'Li values from — 5.5 to+5.6%o¢ (with exception of
a tourmaline-rich schist with 79 pg/g and +9.6%0). The
87S1/%0Sr data range from 0.7370 to 1.1222 with most sam-
ples having ratios of 0.740 to 0.780.
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Drill core samples from Salar de Diablillos

In the core from well DDD-07, the Li contents and 8Li
values of the sand-rich samples range from 110 to 420 pg/g
and — 8.7 to —4.9%o, while the isotopic compositions of Sr
and Nd are 0.710 and 0.5123, respectively. For the silt-rich
samples, values range from 300 to 814 pg/g, —9.3 to —7.2%o,
0.7121 to 0.7172, and 0.5122 to 0.5123, respectively. The
unaltered/fresh basement rock has Li content, 8’Li value,
87Sr/%6Sr, and '**Nd/"**Nd ratios of 17 pg/g, +2.5 %o, 0.8142,
and 0.5120, respectively, while the altered rock has values of
103 pg/g, — 83%o, 0.8652, and 0.5122. Brine samples from
well DRC-01, located in the center of the salar and collected
from a subsurface sedimentary aquifer, have high Li con-
tents ranging from 584 to 703 mg/L, Li isotope compositions
ranging from+ 6.6 to 7.1%o, and®’Sr/*°Sr ratios ranging from
0.7214 to 0.7238. Two brine samples from well DDD-02
are from the deep fractured basement and have Li contents,
8’Li values, and 3’Sr/%Sr ratios of 477 and 479 mg/L, + 8.4
and+ 8.7 %o, and 0.7228 and 0.7232, respectively.

Discussion

We start this discussion by characterizing the bedrocks
as potential sources for Li in the catchment and plac-
ing the siliciclastic sediments of the depocenters within
the framework of catchment lithology and potential
influence of intense Cenozoic magmatism using Sr and
Nd isotope compositions (Fig. 5). Then we discuss the
link between the Sr isotope composition of the Li bear-
ing brine and potential rock sources of the catchments
(Figs. 4c and 6a). The Li isotope fractionation by acti-
vation of the Li from potential host rocks (Cenozoic
magmatic rocks, Pz basement) and secondary mineral
formation in the sedimentary infill salar deposit is
addressed using the Li isotope composition of source
rocks, salar sediment, and brines and freshwater feed-
ers (Figs. 4a; 6b). Finally, we locate the Centenario,
Ratones, and Diablillos evaporitic Li deposits in the
large picture of the Li province of the so-called Lithium-
Triangle (Fig. 7, ESM2 Fig. Al).

10 - - S/ /
- Rty aisctons @ Diablillos sediments
sk compositional ranges A R
I @ Centenario sediments
6 - MORB O Ratones sediments
al O Diablillos brines
B Pz-basement rocks
2k Cenozoic q
Andesites O Pozuelos sediments
- O
z [ Quevar Volcanic Complex
w 2+ P Di-brines Sr isotope
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6 ignimbrites
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L ¥ {
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Fig.5 Eyq values and 8’Sr/*Sr ratios of sediments and brines from
the Diablillos, Centenario, and Ratones salars. The colored circles
indicate near-surface sediments from salars. Crossed brown circles
are silt-rich sediments and circles with a dot in the center are sand-
rich sediments from core DDD-07, Salar de Diablillos. With no Nd
isotope data for the fluids, the pink, grey, and green vertical boxes
indicate the %7Sr/%°Sr range of the Diablillos, Ratones, and Cente-
nario brines, respectively. The light blue squares indicate the 8’Sr/%*Sr
ratios of the brines from the Diablillos drill core. Also plotted for
comparison: average mantle composition (MORB, black bar) (Saun-
ders et al. 1988), Cenozoic andesites (green field) (James 1982; Rog-
ers and Hawkesworth 1989; Trumbull et al. 1999), Altiplano-Puna
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volcanic complex (APVC, orange field) ignimbrites (Lindsay 1999;
Lindsay et al. 2001; Schmitt 1999), Cerro Galan ignimbrites (purple
field) (Francis et al. 1989; Kay et al. 2011), andesites and dacites of
the Quevar volcanic complex and Aguas Calientes Caldera ignimbrite
(all yellow fields) (Matteini et al. 2002a, b) and Pz- felsic metarmor-
phic and magmatic basement rocks (field delimited by blue dashed
line), and red square from Argentine lower Pz gneisses samples (Bec-
chio et al. 1999; Lucassen et al. 2001). Neodymium isotopic composi-
tion is expressed with the €y, notation, calculated using '**Nd/.1*Nd
CHUR =0.512638 (Hamilton et al. 1983). Empty black circles cor-
respond to Salar de Pozuelos surface and core sediment samples
(Meixner et al. 2021)
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Bedrock contributions to brine and sediment
infill-Nd and Sr isotope evidence

Cenozoic volcanic and Paleozoic magmatic-metamor-
phic basement rocks have been proposed as the principal
sources of lithium in the salars of the Altiplano-Puna plateau
(Risacher and Fritz 2009; Hofstra et al. 2013; Meixner et al.
2020; Lopez Steinmetz et al. 2020, among others). We dis-
cuss the composition of Diablillos, Centenario, and Ratones
siliciclastic sediments, fluids (streams, rivers, brines), evapo-
rites, and hydrothermal deposits (salt and travertine) in the
framework of the different groups of source rocks based on
their Sr isotope composition. The 8’Sr/2®Sr ratio imprinted
on a fluid or sediment from its host or source changes only
when mixed with different Sr isotopic compositions of
other materials. The sources of siliciclastic sediments are
also addressed by their radiogenic Nd isotopic (‘**Nd/'"**Nd)
composition in the Eyy notation.

The Sr and Nd isotopic compositions of Cenozoic
andesites, Cenozoic large volume ignimbrites, and Pz-base-
ment plot within well-defined, distinct ranges on the regional
scale of the high plateau (e.g., Meixner et al. 2020 and ref-
erences therein). Metamorphic and magmatic Pz-basement
rocks (n="7, Fig. 2) of the Rio Blanco Metamorphic Com-
plex and Oire Eruptive Complex are mostly felsic and show

radiogenic 87Sr/80Sr, higher than 0.735 (Fig. 4c), similar to
the compositional range of Pz-basement rocks—including
Ordovician sedimentary rocks that were not analyzed in
this study, but are present in the study area—reported on a
regional scale by Meixner et al. 2020 (¥Sr/%6Sr average of
0.754). Outcrops of Cenozoic igneous rocks are scarce in
all three catchment areas and have not been analyzed. Their
uniform regional compositional ranges allow, however, the
use of the published ranges. Compared to the Pz-basement,
Cenozoic volcanic rocks have less radiogenic composition,
with an average Sr isotope ratio of 0.707 +0.001 (2sd) for
the andesite group and 0.710+0.001 (2sd) for the large-
volume ignimbrite of the Cenozoic magmatism (Meixner
et al. 2020, and references therein) (Fig. 4c). The dominant
Cenozoic volcanic rocks in the more distant vicinity of the
basins are mainly the large-volume ignimbrites associated
with the huge Cerro Galan Caldera to the south and the
Aguas Calientes Caldera to the north. The 8Sr/*Sr ratios
of Cerro Galan ignimbrites have whole-rock values mainly
between 0.711 and 0.712 (Cerro Galan and Merihuaca ign-
imbrites, Real Grande dacite, Francis et al. 1989; Kay et al.
2011), and Aguas Calientes ignimbrite 0.709 (n=1, Mat-
teini et al. 2002a, b), both resembling the Sr isotope com-
positional ranges of this volcanism on the regional scale
of the Altiplano-Puna plateau (Fig. 5; Mamani et al. 2010;
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Kay et al. 2010; Brandmeier and Worner 2016; Meixner
et al. 2020).Considerable areas of the basins are also covered
by widespread Cenozoic sedimentary deposits that recycle
the local older rocks of the catchment and potentially store
air-fall tephra and windblown dust material derived from
pyroclastic rocks outside the catchment (see discussion in
Meixner et al. 2021).

Siliciclastic sediments

The siliciclastic sediment in the depocentres of the basins
should represent small, well-defined catchments with
variable but generally steep morphological gradients of
slope toward the depocenter. This means short distance
transport of available detritus from physical weathering
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or other unconsolidated surface deposits in the catchment
is expected. The siliciclastic surface sediments from the
Ratones and Centenario depocentres have similar Sr (0.713
and 0.715) and Nd isotope signatures (Exy— 7.3 and —7.4)
and fall within the isotope range of siliciclastic sediments
(0.710 to 0.717; average 0.714 +0.006 (2sd), n=10; Eyy
ranges from — 8.2 to —5.2) occurring at the surface and to
depths of 115 m in the Diablillos depocentre. Thus, the
sediments plot outside the compositional field of the abun-
dant Pz-basement in the catchments, but also outside the
Cenozoic andesite (Figs. 2 and 5). Instead, the Sr isotope
composition of the siliciclastic sedimentary fill of the three
salars is typical of Cenozoic large-volume silicic ignim-
brites (Fig. 5). Cenozoic volcanic rocks do not dominate
the surface geology of the catchments, and extensive silicic
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ignimbrites are not even represented as outcrops in the
area, but they cannot be strictly ruled out to dominate the
sedimentary infill. It would be reasonable that pyroclastic
material related to Cenozoic volcanism and/or sedimentary
derivatives of pyroclastic rocks/tephra erosion might con-
stitute an important component of the sedimentary material
supplied to the salars infill. The presence of an important
ignimbrite deposit buried in Salar de Ratones supports this
assumption (Rojas et al. 2019), but this unit has so far not
been mapped in the surface geology of the region nor cor-
related with any other known ignimbrite deposits in the
region.

Despite the dominance of the Cenozoic volcanic signal in
the Sr isotopic composition of the sediment fill, consistent
differences in 8’St/*°Sr between coarser-grained, sand-rich
samples with less radiogenic ignimbrite-type values and
fine-grained, silt-rich samples with higher radiogenic values
trending toward the Pz-basement are evident in core DDD-
07 (Fig. 4c, Table 2). These differences can be linked to the
different weathering responses (and transport) of the differ-
ent source rocks in the catchment. Crystalline metamorphic
and igneous rocks and well lithified Ordovician sedimentary
rocks of the Pz-basement are expected to be less affected by
physical weathering and more affected by in situ progressive
chemical weathering, supplying solutes to the salar fluids
(i.e., this is evidenced by the radiogenic compositions of
Diablillos brines, see below). Contribution of detritus from
the Pz-basement to the basin infill is most visible in the—
compared to the composition of sand-rich samples—more
radiogenic Sr isotope compositions of the silt-rich samples
(Fig. 4c), most likely by addition of clay- to silt-size minerals
from chemical weathering or small pristine detrital micas. In
contrast, poorly indurated volcanic rocks and related poorly
lithified pyroclastic material, already prone to chemical and
physical weathering, can be easily washed into the basins’
depocenters, dominating the coarser siliciclastic infill even
in catchments dominated by the Pz-basement.

A quantification of the individual components is limited
given the possible admixture of high #’Sr/**Sr micas from
the Pz-basement. A simple binary mixing approach between
an igneous-metamorphic Paleozoic basement endmember
(87Sr/86Sr of 0.74, Sr of 105 pg/g; Lucassen et al. 2001, and
own data) and a Cenozoic large-volume silicic ignimbrite
endmember (hereafter referred to as ignimbrite) ®7Sr/30sr
of 0.711, Sr of 270 pg/g; Kay et al. 2010; 2011) indicates
that 60 to 100% of the Cenozoic ignimbrite (with a similar
composition to the material erupted by the Cerro Galan Cal-
dera) is needed to reach the Sr isotopic composition of the
siliciclastic infill of the Diablillos, Centenario, and Ratones
salars. This indicates that the siliciclastic sediments of these
basins are dominated by debris from ignimbrite deposits and
unconsolidated pyroclastic material eroded and redepos-
ited by fluvial systems, together with easily transportable

volcanic material supplied by neighboring eruptive centers
in the back-arc as air-fall tephra deposits and windblown
volcanic dust. The same situation was reported from the
sedimentary column of the nearby Salar de Pozuelos basin
(Figs. 2 and 4; Meixner et al. 2021).

Considering the presence of andesitic lavas and monoge-
netic centers, mainly in the Centenario and Ratones catch-
ments, the Sr isotope composition of these salar sediments
could also be modelled by mixing 30 to 60% of an andesite
endmember (i.e., ¥Sr/*Sr of 0.707, Sr of 530 pg/g; Meixner
et al. 2020; Rosner et al. 2003 and references therein) with
the Pz-basement composition. However, we favor the large-
volume silicic ignimbrite as the dominant (although not
exclusive) Cenozoic mixing component in the siliciclastic
sediments of the Diablillos, Centenario, and Ratones sal-
ars deposits, considering that (1) Diablillos sediments plot
together with Centenario and Ratones (and Pozuelos) sam-
ples, although the Diablillos (and Pozuelos) catchment pre-
sent nearly no outcrops of Cenozoic volcanic rocks (Fig. 5),
(2) strong differences in Sr isotope composition between
sandy and mica-rich silty material of the sediment col-
umn are absent, i.e., a relatively high input of Pz-basement
micas or clay should result in a higher radiogenic Sr isotope
compositions in the silty sediment compared to the sandy
sediments (Figs. 4 and 5, Table 2), and (3) Cenozoic large-
volume ignimbrites, which form pyroclastic deposits that
are easily transported by surface runoff and wind and are
prone to alteration due to the large specific surface area of
the porous material, dominate the wider area and occur in
the Salar de Ratones section.

Freshwater, brines, and salts

The 37Sr/%Sr ratios of three local freshwater feeders range
from 0.713 to 0.735. The unradiogenic ¥’Sr/%°Sr of freshwa-
ter of the Copalayo River (COPA, 0.713), which drains into
Salar Centenario, and the Diablillos River (QB1, 0.715),
which feeds Salar de Diablillos (Figs. 2 and 6a), may be
explained by the weathering of volcanic detritus. In the case
of the Copalayo River, these materials may be associated
with the presence of Cenozoic sedimentary deposits that
crop out upstream in the Filo de Copalayo Range. No Ceno-
zoic volcanic or sedimentary deposits are mapped for the
Diablillos River catchment, which is fed by the Quebrada
Barranquillas runoff. The radiogenic ’Sr/*°Sr of the Tarén
Canyon feeder (TAR, 0.735), which flows into the southern
end of the Salar Centenario, relate to the low-grade Ordo-
vician metasedimentary basement, i.e., the Falda Cienaga
Formation, exposed in the Filo de Copalayo Range (Figs. 2
and 6a). The 3’Sr/%Sr ratios (0.714 and 0.716) of two trav-
ertine deposits on the eastern margin of the Ratones and
Centenario salars indicate that past hydrothermal activity
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in the area appears to have sampled material with Sr isotope
compositions near the regional average for Cenozoic ignim-
brites (0.712, Meixner et al. 2020).

The brine and salt samples from the Salars de Diablil-
los, Centenario, and Ratones have very similar Sr isotopic
compositions when sampled in pairs (Table 1) and can be
divided in two distinct groups of Sr isotope compositions
(Figs. 4c and 6a). The surface brines and salts of Centenario
and Ratones range from 0.713 to 0.715 (average 0.714, n=4)
and have compositions comparable to those of the siliciclas-
tic sediments, the freshwater, and the travertine, and thus to
those of the Cenozoic volcanic material, i.e., ignimbrites.
The radiogenic Sr isotope signature of the freshwater from
the Tarén Canyon seems to have no traceable influence on
the 37Sr/%6Sr of the brine in Centenario (Fig. 6a).

In contrast, the 8Sr/®Sr of the surface and deep brines
and the salts from the Salar de Diablillos cluster in a small
range from 0.721 to 0.726 (average 0.723 +0.002 2sd,
n=16) and are thus more radiogenic than all material from
Ratones and Centenario and all sediments associated with
the salt and brines in the Salar de Diablillos or the freshwater
(Figs. 4c and 6a). This suggests (1) a higher contribution of
Sr from the Paleozoic crystalline rocks to the brines (and
salts) than recorded in the siliciclastic sediments, and (2) a
limited interchange of Sr between brines and host sediments
in Diablillos.

The Sr isotope composition of the siliciclastic sedimen-
tary record from the three salt pans indicates an important
influx of volcanic material despite the abundance or even
dominance of Pz-basement in the respective catchments
The quantification of the volcanic material remains specu-
lative as two compositional endmembers, the ignimbrite
and andesite, and the mixture of volcanic material and Pz-
basement, are all possible outcomes. The regional setting
with widespread large-volume ignimbrite deposits from the
Cerro Galéan Caldera provides a potential source for debris
eroded from volcanic units (lavas, pyroclastic deposits) in
the past and ongoing deposition of windblown debris. The
decoupling of brine 8’St/*Sr from 87Sr/%6Sr of the coexist-
ing siliciclastic infill in Salar de Diablillos has interesting
implications for our speculations: chemical weathering (lib-
eration of element compounds into an aqueous solution) of
the genuine in situ basement bedrocks is seen in the brine
whereas the siliciclastic sediments are dominated by the
volcanic debris that is transported as unconsolidated mate-
rial at the surface by occasional water flux. For the Diablil-
los brines, only 25 to 40% of the large-volume ignimbrite
(less for the andesite) endmember is needed to explain its
87Sr/%®Sr compositional range. The uniformity of the Sr
isotope composition of the brine with depth and the lack
of exchange (equilibration) with the Sr of the sedimentary
host rock is also underlined by the composition of basement
brine samples pumped from metamorphic basement rocks
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(Table 2; Fig. 4c). Brine was homogenized over time to the
dominant signature and confirms the connection between
the different aquifers previously pointed out in this salar by
SRK Consulting (2011) (indicated in Fig. 4). This potential
homogenization is supported by the radiogenic 3’Sr/*®Sr
ratio (0.726) in a brine from an artesian well in the Salar de
Diablillos. The understanding of the hydrogeological model
of the studied basins is not yet comprehensive. However,
considering the presence of pressurized zones with a high
concentration of dissolved gas in the aquifer, assumed to
enter the salar via deep-seated faults through the basin floor,
a significant amount of groundwater (radiogenic) could also
enter the Diablillos basin through deep-seated structures,
or represent the influence of inter-basin flow from adjacent
basins (e.g., radiogenic 8’Sr/*°Sr values in brines from Salar
del Hombre Muerto, Fig. 7a). The influence of this radio-
genic water inflow would be less important (or absent) in the
Centenario and Ratones salars.

Li isotope fractionation: from the catchment
to the salar

Li isotopes are useful tracers of weathering processes, espe-
cially of silicate rocks. Unlike Sr, the isotope variations of Li
in surface waters are less dependent on differences in lithol-
ogy, and the main control over the Li isotope system is the
balance between primary mineral dissolution and second-
ary mineral formation (Pogge von Strandmann et al. 2020
and references therein). During chemical weathering, Li is
preferentially retained by the secondary solid products (clay
minerals and iron hydroxides), leading to lighter 8Li values
compared to the source rocks, while the dissolved fraction
(fluid phase) is enriched in "Li, gaining a heavy 8'Li signa-
ture compared to the fresh rocks (Pistiner and Henderson
2003; Rudnick et al. 2004; Kisakiirek et al. 2004; Huh et al.
2001; Vigier et al. 2008; Hindshaw et al. 2019). Congruent
weathering instead produces no Li isotope fractionation and
bulk dissolution of Li-bearing minerals which lead to the
direct transfer of the 8’Li composition of the source rocks to
the fluids, releasing high Li contents (Dellinger et al. 2015,
2017; Kisaktireket al. 2005; Pogge von Strandmann et al.
2010). Modelled experimental A’Li between clay and fluids
(87Lic]ay—67Liﬂuid) was found to inversely correlate with tem-
perature, as was expected from stable isotope fractionation
theory. During clay mineral formation at low temperatures,
A'Li values under — 16.6%0 were obtained (20 °C; Hindshaw
et al. 2019) reaching values of — 19%0 when temperatures
were near 5 °C (Vigier et al. 2008). Previously reported A'Li
between residual solids and solutions from areas with similar
characteristics as the Diablillos, Centenario, and Ratones
closed basins (dry climate, high relief, cold temperatures)
are within the range listed above (A’Li— 17.8%o for the
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Donggi Cona lake in the Tibetan Plateau, Weynell et al.
2017; —18.3%o in the Salar de Pozuelos; Fig. 2, Meixner
et al. 2021).

In active volcanic areas, such as the Central Andes,
hydrothermal activity in and around the volcanic edifices is
an important process. At higher temperature conditions, the
ratio between primary rock dissolution and secondary min-
eral formation changes, leading to a lower fractionation and
alower 8'Li (Pogge von Strandmann et al. 2016; Millot et al.
2010; Millot and Négrel 2007; Henchiri et al. 2014). Pogge
von Strandmann et al. (2016) observed that the formation of
secondary minerals is strongly limited in geothermal waters
and proposed a hydrothermal compositional field with a 8'Li
range between > 0 and < 11%o. The 8’Li of hydrothermal flu-
ids and salar deposits from the Central Andes were found
to fit this compositional range (Garcia et al. 2020; Meixner
et al. 2021).

Local Pz-basement that was sampled in the Diablillos catch-
ment is also present in the two other studied basins. Its average
8’Li composition of +0.8%¢ +4 (n=6; four samples omitted
with 8’Li above 4+ 5% or below —5%o that represent altered
samples or exotic mineralogy) is close to the average 8'Li val-
ues of the regional Pz-metamorphic and magmatic basement
(+0.9+3%0 2sd; n=15; Figs. 4b and 6; Meixner et al. 2020).
The input of fallout tephra or debris eroded from volcanic units
(e.g., ignimbrites or lavas) appears to be important for the Cen-
tenario, Ratones, and Diablillos salars. The regional Li iso-
tope composition of the Cenozoic volcanism is — 1.4 +7%o for
large-volume ignimbrites and + 2.3 +4%. for andesite (Figs. 4b
and 6; Meixner et al. 2020).

Freshwater from small streams connects sections of the
catchment to the brine. The 8’Li of the two samples COPA
and TAR from Centenario and the sample from Diablillos
are quite similar (+5,+ 6.3, and +5.4%0) and higher than
&’Li values of potential source rocks, i.e., indicate incon-
gruent dissolution of the latter and enrichment of "Li in the
fluid as also indicated by the 8'Li of the respective brines
(see below). However, Li contents (5, 1, and 11 pg/g) and
87S1/86Sr (0.713, 0.735, and 0.715) are rather variable, and
the Sr isotope compositions of TAR and Diablillos (QB1)
are significantly different from the uniform composition
of the respective brines. The discussion of these misfits’
brine-freshwater is beyond the scope of the small data set
on freshwater, and we consider these data as a local feature
of sampling of small areas in the catchment (see also the
discussion above).

An estimate of the 8’Li values of possible hydrothermal
additions via the composition of the two travertines in the
Centenario and Ratones salars remains unclear. Both sam-
ples show similar 8’Li values of + 3.7 and + 4.0%o, respec-
tively (Fig. 6). Based on the experiments of Marriott et al.
(2004), the 8’Li composition of the (paleo)spring fluids that
deposited the travertines can be inferred based on Li isotope

fractionation resulting from precipitation of either arago-
nite (~ 11%o) or calcite (~4%o.). For the given 8’Li value
of travertine, the coexisting hydrothermal fluids could have
a 8’Li value of around + 14.8%o or + 6.8%o, respectively.
Observations from an active spring system in the Salar de
Pozuelos (see Meixner et al. 2021) and travertine structures
in the Salar de Hombre Muerto (Godfrey et al. 2013) point to
original aragonite precipitation and hence to a hydrothermal
8’Li value closer to+ 14.8%o. The different Li contents (19
and 77 pg/g; Fig. 6b) of the travertine with virtually no Li
isotopic variation could be due to different Li concentrations
of the hydrothermal fluid (Hathorne and James 2006).

Brines and salts from the surface to the depth of Diablil-
los sedimentary infill have a strikingly uniform Li isotope
composition (between+ 6.6 and +7.2%o), and even the deep-
est brine samples from the fractured Pz-basement have only
a slightly higher 8’Li values of + 8.4 and +8.7%o (Fig. 4b).
The 8'Li values of the surface brines and salts of Salar Cen-
tenario and Ratones are about 2%o heavier than those of
Diablillos (Fig. 6). The 8'Li value of the Ratones brine sam-
ple (+9.1%o) fits the range reported by Orberger et al. (2015)
(between + 8.9 and +9.8%o), while the 8’Li value of the
Centenario brine sample (+9.2%o) is lower than previously
reported values (+ 10.5 and + 13.3%0; Orberger et al. 2015).
All samples show higher 8’Li values than their potential
source rocks, the Pz-basement and Cenozoic volcanic rocks
(Fig. 6), pointing to enrichment of 'Li in the brine. As previ-
ously observed in the Salar de Pozuelos (see Meixner et al.
2021) and in the Salar de Olaroz (Garcia et al. 2020), isotope
fractionation of Li during the evaporation process between
brine and crystallizing halite is negligible and differences are
within analytical uncertainty (Fig. 6, Table 1). The lithium
content in the salt does not exceed 196 pg/g, while the coex-
isting brines reach up to 1345 ug/g, reflecting how halite
crystallization contributes to the final Li concentration in
the brines (Fig. 6b). Although salt crusts have relatively high
Li contents (from 51 to 196 pg/g, n=4) and Li + can substi-
tute for Na+in halite, the relatively large difference in the
ionic radius severely limits this cation substitution (Shannon
1976). It is most probable that Li is incorporated as brine
inclusions trapped in the halite crystals (Godfrey et al. 2013)
rather than in the mineral structure.

The Li elemental concentrations (between 110 and
814 pg/g; average 407 pg/g, n=38) and 8’Li values
(between — 9.3 and — 4.9%o; average — 7.8 %o, n = 8) of the
Salar de Diablillos siliciclastic infill are not uniform with
depth but there is no systematic covariation between Li
contents and Li isotope composition, depth, or the sys-
tematic variations of 8St/%®Sr in sand- (lower) and silt-
richer (higher) samples (Fig. 4). Compared with the 8Li
values and Li contents of the Paleozoic and Cenozoic
source rocks (Meixner et al. 2020), the 8’Li values and
Li contents of the sedimentary infill indicate substantial

@ Springer



1366

Mineralium Deposita (2023) 58:1351-1370

enrichment of °Li and substantially higher Li contents, at
least 10 times higher than in the source rocks (Fig. 6a) and
are consistent with a high abundance of secondary miner-
als from weathering of the source rocks.

The 8§’Li value (— 6.3%o) of the surface sediment sam-
ple from Salar de Ratones resembles the §'Li value of
the Diablillos sediment samples, indicating alteration
and secondary clay mineral formation were also impor-
tant at Ratones. In contrast, the 8’Li value (— 0.4%0) of
the surface sediment sample from Centenario resembles
the Li isotope composition of the source rocks (Paleo-
zoic basement and Cenozoic volcanic rocks) and sug-
gests this sample is mainly formed by rock fragments
without major alteration or low amount of secondary
minerals (Fig. 6b).

We consider the average 8’Li value (= 7.5 +0.2%o,
n=11; except the Centenario sample) of the sediments
from the salars as the best approximation to the composi-
tion of the stored secondary minerals (“residue”) in the
closed basins. This value is substantially lower than the
average 8'Li value (= 1.4%o to+2.3%oc; Meixner et al.
2020) of the potential source rocks. Furthermore, the high
average Li content of 407 ng/g exceeds the average con-
tents in the different sources (about 20 to 40 pg/g; Meixner
et al. 2020) and can be only related to the abundance of
alteration products (clays) and masks the potential influ-
ence of admixing pristine material, i.e., we consider
the 8'Li of these sediments as close to the composition
of altered rock. Considering the average brine (solu-
tion) compositions of +7.2%o (Diablillos) and + 9.3%o
and +9.1%o (Centenario and Ratones), respectively, as
representing the average compositions of the aqueous
solutions from weathering and hydrothermal activity,
the apparent Li isotope fractionation (A"Li,qggue.solution)
is — 15%o0, — 17%0, and — 17%o for Diablillos, Centenario,
and Ratones, respectively. The estimated A’Li values for
Centenario and Ratones salars are closer to the experimen-
tal average value of -16.6%0 determined by Hindshaw et al.
(2019) between clay minerals and initial solution at low
temperature conditions (20 °C) and smaller than the ALi
calculated between brines and salar sediments in Salar de
Pozuelos (— 18.3%o, Meixner et al. 2021), where mobili-
zation of Li from the source rocks occurs mainly by near-
surface (referred to as “low temperature”) weathering. The
lighter 8’Li values registered in Diablillos brines (and salt)
might reflect the input of fluids mainly from hydrother-
mal leaching or the occurrence of congruent weathering
in the Diablillos catchment, both potentially limiting the
degree of Li isotope fractionation between solid and sol-
ute. In addition, the 8’Li values fit the hydrothermal com-
positional field proposed by Pogge von Strandmann et al.
(2016) (ranging in between 1 and 11%o0) and are close to
the 8'Li values of brines from the neighboring Salar del
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Hombre Muerto (+ 8.3%o), for which the weathering of
volcanic deposits combined with significant influence of
geothermal waters were proposed as the main mobilization
processes (Godfrey et al. 2013).

Conclusions in the framework of current
knowledge of Sr and Li isotopes
in the Lithium-Triangle

The Sr isotope composition of different evaporite depos-
its (brine and salt; see Fig. 7a for references to locations)
from the Altiplano-Puna region is largely consistent with
the regional prevalence of Cenozoic volcanic rocks with
distinct Sr isotope signatures, i.e., large volume ignim-
brite (Olaroz, Pozuelos, Centenario, Ratones and Hombre
Muerto) or andesite (Uyuni, Laguna Pastos Grandes, Ata-
cama, and salars of the southern Puna). The Sr isotope
signature of the sedimentary infill of Salar de Diablillos is
also dominated by the large-volume ignimbrite signature,
despite the dominance of the Pz-basement with radiogenic
Sr isotope composition in the catchment. The same situa-
tion was also observed in Salar de Pozuelos further north
(Meixner et al. 2021). This underlines the importance of
volcanic material in the clastic sedimentation even in areas
without volcanic edifices and massive volcanic deposits
and dominant Pz-basement in the catchment of the closed
basins. In turn, the exceptionally uniform Sr isotope com-
position of the brines in Diablillos in our data-set indicates
a major contribution of radiogenic Sr from the Pz-base-
ment, as expected from its abundance in the basin’s catch-
ment area (and also at depth, with a remarkable fractured
aquifer at Salar de Diablillos). Curiously, the brines have
a uniform Sr signature in Diablillos and did not equilibrate
with the Sr signature of the sedimentary infill of the depo-
center. Investigations of the sedimentary infill of the basins
(drill holes) are currently limited to Diablillos and Pozue-
los and certainly require more detailed attention concern-
ing different groups of detritus (rock fragments, minerals),
also with respect to their importance for the interpretation
of the Li isotope composition.

The emerging amount of Li isotope data from fluids (and
salts) in the Lithium-Triangle for the tracing of processes
of Li transfer from silicate host rock to aqueous fluid with
the final concentration of Li by evaporation of this fluid
(summarized in Fig. 7b) shows the following main char-
acteristics. All aqueous fluids from freshwater to brines
(and related salts) show enrichment of "Li with respect
to the potential host rocks, i.e., the formation of residual
minerals, i.e., “clay,” that enrich oLj during Li extraction
by weathering or hydrothermal leaching (or at least mix-
ing with high "Li fluids from such a process). The “end-
member” of water—rock reaction, congruent solution of the
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source rocks, is restricted to some ground water samples.
The evaporation process and final precipitation of salt do
not further fractionate the Li isotopes but enrich Li in the
brine (summarized in ESM2 Fig. Al).

The siliciclastic sedimentary column (drill holes) in
Diablillos and Pozuelos obviously samples Li with 8’Li
values isotopically lighter, i.e., enriched in 5Li, com-
pared to the 8’Li values in the potential source rocks.
Furthermore, average Li contents in the sediment col-
umn are enriched up to> 10 times the average value
of ~40 pg/g in the large-volume ignimbrite, which has
the highest average Li content among the three poten-
tial source rocks. The siliciclastic infill of the closed
basins obviously stores residual minerals enriched in
oLi throughout the stratigraphic column, i.e., as a con-
tinuous process in time. The calculated fractionation
A"Li,ogique-solution cONsidering the brine as the solution
is close to values obtained from experiments and from
similar natural settings in cold arid climate. A closer
inspection of the components of the siliciclastic sedi-
ments could potentially reveal the location of the high Li
contents and mixing relations between residue and pris-
tine minerals. The 8’Li values of the solutions (brines)
are rather uniform in the respective basins and independ-
ent of the Li concentration.
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