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The lithium-rich brines of the Salar de Olaroz in the Central Andes of NW Argentina are considered to be of great
economic and strategic interest. This study focused on the fluid source(s) and geochemical processes governing
the chemical and isotopic characteristics of the surficial waters of Olaroz (residual brines, ephemeral lakes, rivers
and tributary streams), aiming to define the mechanisms leading to such a huge Li reservoir. The chemistry of the
Rosario River, which is one of the main sources of recharge of the Salar de Olaroz, is mostly controlled by fluid
inputs from hydrothermal systems located north of the salar (in the volcanic areas of Rosario de Coyaguayma,
Pairique, and Cono Panizo). The hydrothermal fluids are characterized by relatively high Li concentrations, as
they interact with Li-rich rocks pertaining to Miocene — Pliocene volcanic formations, Ordovician sedimentary
deposits, and, possibly, pre-Ordovician crystalline basement. In the salar, the hyperarid climate regulates the
relative proportion between supplied waters and evaporation, inducing deposition/dissolution of salts, which
controls the concentrations of main ions in brines and ephemeral lakes. Hence, the peculiar combination of a Li-
rich primary source, the hydrothermal scavenging by geothermal fluids that feed the Rosario River, and sec-
ondary concentration processes affecting the surficial water within the salar leads to the formation of the huge Li
reservoir characterizing this area.

1. Introduction

The Altiplano-Puna Plateau (APP) in the Central Andes is the world’s
second highest plateau (mean altitude ~4000 m a.s.l.) after the Tibetan
plateau. Endorheic basins in the APP host saline lakes, playa-lakes and
salt pans that are known as salars (Risacher et al., 2003; Risacher and
Fritz, 2009). The arid regional climate is characterized by a strong
precipitation deficit (Garreaud et al., 2009; Morales et al., 2015), intense
solar radiation, large daily temperature fluctuations, strong winds and
frequent frosts (even during the Austral summer). Climate controls the
hydrology of these basins that are characterized by an extremely nega-
tive water balance. In this South American region, informally known as
the Lithium Triangle, up to 80% of the world’s brine lithium resources
occur (Warren, 2010; Kesler et al., 2012; Munk et al., 2016; Flexer et al.,
2018). Due to their economic and strategic interest, Li-rich continental

brines of the Bolivian and northern Chile portions of the Andean Plateau
have been largely investigated (Moraga et al., 1974; Rettig et al., 1980;
Risacher et al., 1999, 2003; Risacher and Fritz, 1991, 2000, 2009; Munk
et al., 2018; Moran et al., 2019). Specific attention was given to the
chemistry of brines in Andean salars, providing conceptual geochemical
models for circulating fluids (Warren, 2010; Houston et al., 2011; Munk
et al., 2018). Hydrothermal fluids, whose chemistry reflects the inter-
action between meteoric waters and Andean crustal rocks (Perkins et al.,
2016; Peralta Arnold et al., 2017; Chiodi et al., 2019; Tapia et al., 2019),
were considered to be one of the main sources for the Andean Li-rich
brines (Lowenstein and Risacher, 2009; Houston et al., 2011; Munk
et al., 2011; Godfrey et al., 2013; Lopez Steinmetz et al., 2018; Garcia
et al., 2020). Brines concentrate as evaporation (i.e., water loss) induces
salt precipitation (Eugster, 1980; Munk et al., 2018). Geochemical data
of brine-type deposits from the southeastern sector of the plateau
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(Argentine Puna Altiplano), e.g. Hombre Muerto and Olaroz salars, were
recently reported (Orberger et al., 2015; Lopez Steinmetz, 2017; Lopez
Steinmetz et al., 2018; Orocobre, 2019; Garcia et al., 2020), remarking
the importance of these areas for exploitation purposes. Specifically,
Salar de Olaroz (Fig. 1) is of great economic interest, being ranked as one
of the richest in the world, with resources estimated at 1.50 million
tonnes (Kesler et al., 2012), characterized by extremely high Li, B and K
concentrations and optimal Li/Mg ratios (Lopez Steinmetz et al., 2018).
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As part of a multidisciplinary approach carried out to investigate the
formation of Li-rich deposits in the northern Puna, the present study
focuses on investigating the fluid source(s) and geochemical processes
governing the chemical and isotopic features of surficial waters (residual
brines, ephemeral lakes, rivers and tributary streams).
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2. Study area
2.1. Morphological and hydrological features

Salar de Olaroz is part of the Olaroz-Cauchari endorheic basin, and is
located in the northern part of the Argentine plateau (24°05'S and
66°40'W, 3950 m a.s.l.; Fig. 1). The salar has an area of 3567 kmz, being
bordered to the south by the alluvial fan of the Archibarca River,
whereas the Tanque and Lina north-south trending ranges delimit the
salar to the east and west, respectively. To the north, the salt pan extends
up to the latitude 23°22'37.73"S, where it transitions to an alluvial
plain.

The Salar de Olaroz is linked with an extensive endorheic basin
hosting permanent rivers and many ephemeral streams. Waters flowing
to the salar include (i) precipitation (during the Austral summer) and (ii)
surface-subsurface drainage and groundwater (Orocobre, 2019). The
Rosario and Archibarca rivers are perennial, although before reaching
the salar their waters disappear from the surface as they infiltrate into
the permeable alluvial fan deposits (Fig. 1). With a mean annual base
flow of ~8.5 x 10° m3, the Rosario River is the most important source of
superficial recharge to the salar (Orocobre, 2019). When surface water
enters the salar, the river generates an extensive alluvial fan where cold
and hot springs emerge (Fig. 1). The Rosario headwaters include several
hydrothermal springs in different parts of the catchment areas (Peralta
Arnold et al., 2017, Fig. 1). The Archibarca River is the second most
important feeding system to the Salar de Olaroz and its outlet consist of a
huge (~35 km?) distributive fluvial system (or megafan; Weissmann
et al., 2015) that separates Olaroz from the Salar de Cauchari. Although
the megafan of Archibarca imposes a surface drainage divide, the hy-
draulic connection between Olaroz and Cauchari cannot be ruled out
(Orocobre, 2019). Eventually, ephemeral streams located along the
eastern and western salar margins, which are active only during the
rainy season, act as minor tributaries.

The Salar de Olaroz morphology consists of distal distributive fluvial
systems surrounding the flat central area hosting the typical halite-
dominated salt pan and its associated typical depositional sub-
environment (Hardie et al., 1978; Smoot and Lowenstein, 1991; War-
ren, 2010), such as polygonal salt crusts (subaerial halite nucleus) and a
marginal dry mudflats and desiccated saline mudflats (Franco et al.,
2018). Each depositional sub-environment of the salar has its own suite
of minerals, sediments and sedimentary structures, and their distribu-
tion is controlled by climate, hydrology and position in the drainage
basin (Franco et al., 2016, 2018).

Previous information about the chemistry of the Olaroz brines,
including Li contents (up to 1213 mg/L), was reported in technical re-
ports by mining companies (Orocobre, 2019) and scientific papers
(Lopez Steinmetz et al., 2018; Garcia et al., 2020).

2.2. Geological setting

The Salar de Olaroz is surrounded by ranges that expose the base-
ment (Fig. 1), which consists of early Ordovician metasedimentary rocks
(Acoite Formation, Floian — Darriwillian; Turner, 1964; Bahlburg et al.,
1990; Albanesi and Ortega, 2016). The Ordovician sequences are
covered by sedimentary deposits of the Salta Group (Cretaceous-Paleo-
cene; Turner, 1959; Marquillas et al., 2005). Paleogene to Lower
Miocene reddish fluvial conglomerates, as well as calcareous sandstones
of the Log Log, Vizcachera and Pena Colorada Formations (Oligocene to
Lower Miocene; Coira et al., 2004: Seggiaro et al., 2015), uncomform-
ably cover the Salta Group rocks. These formations are followed by
Middle Miocene to Pleistocene volcanic units (Coira et al., 1993; Seg-
giaro, 1994; Soler et al., 2007; Seggiaro et al., 2015; Maro and Caffe,
2017), interbedded with fluvial and lacustrine deposits including
evaporites of the Loma Blanca and Sijes Formations (Alonso, 1986) and
fluvial-alluvial deposits of the Pastos Chicos-Trinchera Formations
(Schwab, 1973). The stratigraphic record culminates with Quaternary
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deposits consisting of alluvial fans (Fig. 1), playa lake and salars (Franco
et al., 2018).

2.3. Climate

The climate in the northern Puna region is characterized by intense
solar radiation and extreme daily temperature fluctuations (Buitrago
and Larran, 2000), persistent winds, and a strong hydrological deficit
(Morales et al., 2015). Aridity is caused by the local atmospheric cir-
culation patterns combined with orographic effects (Garreaud et al.,
2003, 2009; Vuille and Keimig, 2004). The Atlantic Ocean is the main
source of moisture, leading to a rainy period during the Austral summer.
The marked precipitation seasonality is controlled by the South Amer-
ican Monsoon System (SAMS) that is strongly influenced by the dy-
namics of the Bolivian High (Garreaud et al., 2003, 2009; Vuille and
Keimig, 2004; Vuille et al., 2012). The northern Westerlies circulation
regulates the moisture input from the north-northeast by reducing the
precipitation rates from north to south and from east to west across the
APP (Garreaud et al., 2003). Likewise, inter-annual precipitation varies
due to the climatic impact of El Nino-Southern Oscillation (ENSO). High
rainfall in the Altiplano-Puna region is usually associated with La Nina
(Vuille, 1999; Garreaud et al., 2003, 2009). Annual rainfalls in Salar de
Olaroz averages 170 mm, mostly occurring from December to March.
Consequently, a strong water deficit characterizes the rest of the year,
producing a negative hydrological balance which favors evaporation
and the formation of salars (Hardie and Eugster, 1970; Eugster and
Hardie, 1978; Warren, 2010).

3. Materials and methods

Three major groups of waters were collected from Salar de Olaroz
and its surroundings, as follows (Table 1): (1) inflow waters, (2)
ephemeral lakes and (3) brines. Inflow waters (blue circles, Fig. 1)
include (i) rivers (Rosario, I1; Archibarca, I2; Ciénaga Bravaro, I3) and
(ii) creeks (14 and I5), located at the middle part of the Rosario alluvial
fan (Fig. 1). Ephemeral lakes (light blue triangles; Fig. 1) are located in
the Rosario River alluvial fan (Fig. 1) comprising Laguna de los
Flamencos (E1), Laguna Colorada (E2), Laguna de Los Patos (E3), and
Laguna Rosario (E4). The latter was completely dried out during our
surveys, thus the water sampling was carried out at a depth of 0.56 m.
Brines (red squares) were collected at 5-150 cm depths from dug pits,
and include samples collected from (i) the saline nucleus (R1, R3 to R9
and R11), (ii) peripheral areas (R2, R10, and R12), and (iii) one shallow
(0.69 m depth) well and one spring (R13 and R14, respectively) located
in the Rosario alluvial fan (Fig. 1). The water samples were collected
during four field campaigns carried out in February 2015, September
2015, April 2016 and October 2016.

Two aliquots of waters were filtered in situ using 0.45 pm filters, one
of them was acidified with ultrapure HNOj3. Temperature, pH, and
electrical conductivity were measured using a portable multi-parameter
(Hanna HI 98195). Alkalinity (HCO3 + CO%~) was analyzed by acidi-
metric titration (AT) using a digital titrator Hach model 16900 with
0.01M HCI as titrant. Main anions (F, Cl, SO%’, and F) and cations
(Ca%t, Mg?t, Na™, K", and Li*) were analyzed at the Laboratory of Fluid
Geochemistry of the Department of Earth Sciences of Florence (Italy) by
ion-chromatography (IC), using Metrohm 761 and Metrohm 861 chro-
matographs, respectively. The analytical error for AT and IC analyses
was <5%.

The Cl~, and SO3~ analysis of samples from the ephemeral lakes were
carried out at the geochemistry laboratory of the CICTERRA-UNC by IC
(Thermo Scientific), whereas their cations were analyzed at the
INQUIMAE-UBA using Inductively Coupled Plasma Atomic Emission
Spectroscopy (ICP-AES, SPECTRO Modula Flame). The analytical error
for ICP-AES analysis was <5%. Temperatures, pH, Total Dissolved Solids
(TDS, in mg/L), and concentrations (in mg/L) are listed in Table 1.

The 180/1°0 and 2H/!H ratios of water (expressed as 6180—H20 and
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8D-H50 %o vs. V-SMOW, respectively) were determined by wavelength
scanned cavity ring-down spectrometry (Picarro L-2120-i CRDS) at the
Laboratory GEA-IMASL of the National University of San Luis,
Argentina. The analytical errors for CRDS analysis were <0.1%0 and
<0.5%o, respectively.

Saturation indexes (SI) of gypsum, dolomite, aragonite, calcite,
anhydrite, glauberite, halite mirabilite, sylvite and thenardite were
computed using the computer code PHREEQC 3.4.0 with Pitzer data-
base. The SI calculations based on measured geochemical parameters, i.
e. temperature, pH, and ClI~, SO3~, HCO3, CO% ", Ca?", Mg?", Na*, K*,
and Li* concentrations (Table 1). Precipitation is supposed to occur for
those minerals showing positive SI values (over-saturation conditions).

4. Results
4.1. Chemical compositions

Inflow waters have temperature from 2.80 to 20.30 °C, pH from 7.34
to 8.72, and TDS values from 1752 to 6623 mg/L. They are of the Na*/
Cl™ type, except for samples I2 and I3 that show Na*-S0%(Cl~) and Na*-
HCO3(Cl™) compositions, respectively (Fig. 2a and b). All these waters
have moderate concentrations of Li+(up to 19 mg/L).

Ephemeral lakes are characterized by temperatures from 6.50 to
13.40 °C, pH values ranging between 7.56 and 8.98, TDS from 3097 to
13,200 mg/L, and they show a Na*-Cl" composition (Fig. 2a and b).
Garcia et al. (2020) reported Li* concentrations for these ephemeral
lakes (not available for samples E1-E3) ranging from 38 to 167 mg/L.

Brines have pH values ranging from 6.88 to 8.36, temperature
spanning 7.03-25.3 °C, and TDS values from 37,400 to 332,000 mg/L.
These waters are of the Na™-Cl type (Fig. 2a and b) and show the highest
concentrations of Lit (up to 1500 mg/L).

4.2. Isotopic (518O—H20 and 6D-H50) values

The 6180—H20 and 8D-H,O values of meteoric water (MW) are
—6.2%0 and —50.8 vs. VSMOW, respectively (Table 1). The 6180—H20
and 3D-H,0 values of inflow waters range from —8.08%o to —4.8%0 and
from —74.7%o to —67.09%o vs. VSMOW, respectively. Ephemeral lakes
have 5'80-H,0 values ranging from —9%o to 13.1%o vs. VSMOW and D-
H,0 values from —80.6%o to 33.4%o vs. VSMOW. Brines have 5'80-H,0
values from —6.7%o0 to 13%0 vs. VSMOW and 8D-H;O values from
—66.7%0 to 21.7%0 vs. VSMOW. As shown in Fig. 3, all samples have
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marked '80- and 8D-positive shifts with respect to the Local Meteoric
Water Line (LMWL) (8D = 8.3 x 680 + 11.67; Peralta Arnold et al.,
2017) and fit (r* = 0.97) on the following evaporation line: 8D = 4.86 x
5180 — 35.5.

4.3. Saturation index

Most inflow waters were over-saturated with respect to calcite,
dolomite and aragonite (except sample 12 that approaches saturation
only respect to aragonite, Table 2). Samples collected from the ephem-
eral lakes are undersaturated with respect to all the salts (except sample
E4 which is over-saturated with respect to aragonite, calcite, and dolo-
mite). Most brine samples are over-saturated in aragonite, calcite,
dolomite, anhydrite (except samples R7, R10, R13, and R14), gypsum
(except samples R7, R10, R13, and R14), glauberite, and halite (except
samples R7, R10, R11, R13, and R14).

5. Discussion
5.1. Chemical-physical processes controlling water chemistry

Based on the 6180—H20 and 8D-H0 values (Table 1) and considering
the SISO—HZO fractionation factor due to the altitude (—2.62 units per
1000 m; Peralta Arnold et al., 2017), the recharge area can be recog-
nized at the intercept between the LMWL and the evaporation line fitting
the investigated waters, corresponding to an altitude ranging from 5000
to 5500 m a.s.l. This recharge altitude, significantly higher than that
suggested by the values of the local rain water (MW; Fig. 3), is consistent
with the hypothesis that the northern sector of the basin, with altitudes
up to 5800 m a.s.l. (e.g. Nevado de San Pedro; Fig. 1), feeds the Rosario
River. Some of these hydrothermal springs significantly supply the
Rosario River, and are related to the same hydrological system involving
volcanic rocks, tuffs, fluvio-lacustrine sediments and evaporitic deposits,
as supported by the relatively high TDS of the Na™-Cl-type I1 sample
(Table 1 and Fig. 1).

Partially mature waters showing a Na'-Cl~ compositions were
recognized in the Pairique area. Peralta Arnold et al. (2017) proposed
the occurrence of a deep hydrothermal reservoir hosted within the
Paleozoic crystalline basement (not outcropping in the area). According
to the §'80-H50 and 8D-H,0 values, these authors suggested that the
hydrothermal reservoir is mainly recharged by meteoric water, although
some contribution of andesitic water were not completely ruled out.

b) Ccr

N _
SO2 HCO;

B Brines

Fig. 2. (a) Langelier-Ludwig diagram (Langelier and Ludwig, 1942), and (b) SOF-ClI'-HCO3 ternary diagram for water samples from the Salar de Olaroz. R:

brine group.
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Fig. 3. 8D-H0 vs. 5'80-H,0 binary diagram for waters from the Salar de Olaroz. The Local Meteoric Water Line (LMWL) (Peralta Arnold et al., 2017) and the
isotopic values of meteoric water (MW; green triangle) are reported. The altitude of the recharging area is shown on the vertical axis. Symbols of Olaroz waters as in
Fig. 1. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 2
Saturation indices for waters from Salar de Olaroz. S.G.: shallow groundwater.
Sample Anhydrite Aragonite Calcite Dolomite Glauberite Gypsum Halite Mirabilite Sylvite Thenardite
1 —-2.17 1.0 1.26 3.02 —6.18 —1.53 —3.85 —-2.91 —4.35 —5.08
12 —-1.49 —0.01 0.22 0.99 —6.09 —-1.00 —4.92 —4.04 —5.61 —5.51
I3 —1.66 1.33 1.57 2.88 —7.40 -1.21 -5.72 —5.27 -5.81 —6.62
14 —1.80 1.15 1.41 3.48 —5.73 —1.40 -3.79 —3.62 —4.74 —4.78
15 -1.70 1.05 1.29 2.94 —5.85 -1.25 —4.10 -3.69 —4.74 —5.03
El -1.23 nd nd nd —4.72 —0.68 -3.29 -2.71 —4.44 —7.84
E2 -1.43 nd nd nd —4.68 —0.94 -3.30 —2.66 —4.62 —4.17
E3 —2.49 nd nd nd —7.53 -1.90 —4.38 —4.12 —5.22 —6.06
E4 —-2.08 0.5 0.71 1.47 —6.87 —1.54 —4.50 —4.50 -5.25 -5.76
R1 0.32 2.20 2.43 5.97 0.79 0.47 0.36 —0.65 -0.70 —0.45
R2 0.62 2.5 2.75 5.81 1.03 0.67 0.56 -1.10 -1.17 —0.47
R3 0.04 217 2.42 5.65 0.07 0.23 0.00 —0.81 —-1.10 -0.85
R4 0.54 nd nd nd 1 0.63 0.37 —0.87 —0.65 -0.41
R5 0.3 1.86 2.12 5.25 0.5 0.41 0.15 —0.92 —0.85 —0.64
R6 0.3 1.58 1.83 5.27 0.82 0.42 0.3 —0.82 -0.39 —0.37
R7 —0.45 1.08 1.33 2.57 -1.70 —0.10 —0.99 -1.29 -2.26 -2.12
R8 0.3 2.05 2.31 5.1 0.49 0.46 0.24 —0.97 -1.14 -0.71
R9 0.2 1.10 1.38 3.76 0.45 0.27 0.13 -1.01 —1.08 —0.55
R10 —0.55 0.78 1.04 2.18 —1.95 -0.19 -1.18 -1.36 -2.20 -2.27
R11 —0.02 1.28 1.53 3.93 —0.07 0.21 —0.18 -0.71 -1.34 —0.92
R12 0.36 1.84 2.13 4.7 0.35 0.44 0.08 -1.23 -1.36 —0.81
R13 -1.02 0.41 0.66 1.49 -3.07 —0.61 —-1.94 -1.77 —3.08 —-2.92
R14 —1.56 1.14 1.39 3.00 —4.09 -1.15 —2.35 —2.22 -3.03 —3.40

Regional N-S-oriented faulting systems, intercepted by NE-, NW- and
WE-oriented transverse structures, likely act as preferentially uprising
pathways for the deep-originated fluids. This hypothesis was supported
by the Rc/Ra values (up to 1,26 in the thermal springs of Rosario de
Coyaguayma), revealing the occurrence of significant amounts of
mantle-derived He (up to 16%) whose uprising to the surface through a
thick crust implies the occurrence of deep tectonic structures. According

to these indications, fluids emerging in the Olaroz thermal system may
be regarded as the most distal manifestations of the Pairique hydro-
thermal reservoir.

The similarity between the %Sr/%0Sr ratios of the Rosario River
(0.715; Garcia et al., 2020) and the ratios of rocks from the Pairique
volcanic complex (~0.716; Kay et al., 2010) represent an additional
evidence of the strong relation between the hydrothermal fluid
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circulation to the north and the main source of recharge of the Salar de
Olaroz. Hence, the chemistry of the thermal springs emerging in the
Olaroz area, as well as that of the creeks (14 and I5) and ephemeral lakes
in the Rosario River alluvial fan, is dependent on the hydrothermal
fluids brought to the salar from the north by Rosario River. Furthermore,
it is affected by the dissolution/deposition processes mostly occurring at
shallow depth within the salar where the arid climate caused strong
evaporation, eventually producing extreme Na' and Cl~ enrichments
(Fig. 4a). The stoichiometric (Mg?>" + Ca®")/(SO%~ + HCO3) ratios
shown by most brines (Fig. 4b) are consistent with dis-
solution/deposition processes of calcite, dolomite, and gypsum. The
heterogeneous spatial distribution of the minerals deposited by evapo-
ration may explain the non-stoichiometric  (Ca?"+Mg?")
/ (SO42‘+HC03') ratios characterizing the ephemeral lakes and the R7,
R17, and R21 brines (Fig. 4b). The brines emerging at the peripheral
zones (R7, R10, R11, R13, and R14) are over-saturated in carbonates,
undersaturated in SOg4-bearing salts (gypsum, anhydrite, glauberite,
mirabilite and thenardite), and Cl-bearing (halite and sylvite) minerals
(Table 2). In contrast, brines located within the saline nucleus (R1, R2,
R3, R4, R5, R6, R8, R9, and R12) are over-saturated in all these mineral
species (Table 2). The highest TDS values are indeed found in brines
located near the north-central part of the salar nucleus. In particular, the
highly variable lithium concentrations in the brine (115-1570 mg/L)
show their maximum in the north-central zones of the salar (R6), and
decrease towards the salar margins (cf. Lopez Steinmetz et al., 2018).
Such a spatial distribution of the brine compositional features is roughly
consistent with the concentric distribution of evaporites typically pro-
duced by the progressive deposition of salts having different solubility
(Lopez et al., 1999; Warren, 2010). The effects of evaporation and salt
dissolution on §'%0-H,0 values and TDS are clearly shown in Fig. 5: the
former process is dominant for most ephemeral lakes, except for E4
(which during our surveys was not present at the surface). Although the
composition of brines is controlled by the two processes (i.e., evapora-
tion and salt dissolution), evaporation largely dominates over dissolu-
tion especially in samples collected at relatively shallow depths (R1, R3,
R4, R5, and R6).

According to the criteria proposed by Hardie and Eugster (1970) and
modified by Risacher et al. (1999), as well as Risacher and Fritz (2009),
the chemical evolutionary pathways followed by waters affected by
evaporation are based on the proportions between alkalinity (alk), cal-
cium, magnesium, and sulfate. Four different evolutionary pathways
were here considered, as follows:
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Carbonated (or alkaline) path: alk > Ca®*" and alk > Ca®t + Mg2+

Direct sulfated and alkaline (or indirect) sulfated paths: alk > Ca>" and alk <
Ca?" + Mg?"

Neutral sulfated path: alk < Ca*" and alk + SO?f > Ca’*
Calcic path: alk < Ca®" and alk 4+ SOF~ < Ca’*.

The Carbonated (or alkaline) pathway followed by the Ciénaga
Bravaro River (I3) at initial stages of water evolution is typical of
shallow groundwater. This water type evolves through Mg-salts pre-
cipitation towards the sulfated pathway influencing the ephemeral lakes
related to this creek (E2 and E3). The composition of most inflow waters
(I1, 12, 14 and I5) and E4 seems to be related to the sulfated pathway,
leading to gypsum precipitation, whereas the chemical features of brines
indicate a further evolution path towards the deposition of mirabilite-
halite (Fig. 6). The peculiar chemical composition (Na™-SO3 type) of
the Archibarca River (I2; Table 1) is likely related to the weathering of
volcanic rocks of the Cerro Bayo de Archibarca, which are affected by a
widespread advanced argillic (alunite-rich) hydrothermal alteration
(Seggiaro et al., 2015). The Ciénaga Bravaro stream (I3), before reaching
the evaporite zone (Fig. 1), is in contact with pre-lower Miocene sedi-
mentary sequences at a relatively limited extent, as shown by its low
TDS values (<1800 mg/L) and its Na'- HCO3 composition.

As far as the Li origin and fate are concerned, it is worth noting that
the Rosario River has a relatively high concentration of Li (16 mg/L), i.e.
more than fivefold higher than that measured in the Archibarca River (3
mg/L). A strong Li" enrichment was also measured (up to 29 mg/L) in
thermal springs that have a hydrological connection with the Rosario
River (Rosario de Coyaguayma, Pairique, and Cono Panizo), which were
ascribed to enhanced rock leaching (Peralta Arnold et al., 2017),
including peraluminous volcanic rock and ignimbrites both character-
ized by high Li concentrations (Borda et al., 2019; Sarchi et al., 2019).
Meixner et al. (2019), based on Li isotopic data, suggested that the deep
Proterozoic-Paleozoic crystalline basement and its sedimentary de-
rivatives also represented a significant Li source. Hence, the extremely
high concentrations characterizing the Olaroz brines are due to (i)
Li-rich hydrothermal type waters brought to the salar by the Rosario
River, (ii) evaporation mostly affecting the former waters within the
basin, and (iii) deposition/dissolution processes regulating the concen-
trations of ions, which in turn form salts when saturation conditions are
reached (e.g., calcite, gypsum, and halite; Fig. 7).
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Fig. 4. Na® vs. Cl™ (a), and (Ca®"+ Mg?") vs. (S07~ + HCO%") (b) binary diagrams for waters from the Salar de Olaroz. Concentrations are in meq/L. Symbols are

comparable to Fig. 1.
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In summary, the Li-rich brines of the Salar de Olaroz are ruled by (i)
climate, (ii) contribution of hydrothermal fluids, and (iii) secondary
dissolution/evaporation processes. As a result, the concentration of Li in
the brines are several orders of magnitude higher than that measured in
hydrothermal sources and in the Rosario and Archibarca Rivers, since
the highly soluble minerals able to incorporate this element can form
only when water evaporation is almost complete. Currently, the Salar de
Olaroz contains the second most important lithium mine in Argentina,
after that of Salar del Hombre Muerto (ca. 25°24’'S - 67°07'W). Lithium
is exploited as LioCOs3 that deposits in the processing plants where the
pumped brine is exposed to extreme evaporation (Garcia et al., 2020).
The production of Li-salts involves two sources of water (Orocobre,
2018): brines and brackish water, the latter being possibly provided by
the Archibarca River. It is worth noting that the water usage for lithium
carbonate production may significantly modify the water balance of the
basin, leading to dramatic consequences for this delicate natural system.
Moreover, although Li exploitation is to be considered an important
opportunity for the economic development of the region, the
socio-environmental impact of mining activity on local communities
needs to be urgently evaluated (Agusdinata et al., 2018).

6. Conclusions

The Rosario River is the main source of recharge to the Salar de
Olaroz and its composition depends on the leachate from the basin
rocks, and the hydrothermal systems, mainly located north of the salar,
that interact with Li-rich volcanic rocks, Ordovician sedimentary rocks,
and, possibly, a deep Neoproterozoic to Lower Paleozoic crystalline
basement. In contrast, the Archibarca and Ciénaga Bravaro Rivers are
characterized by Na*-SO7 and Na'-HCO3 compositions, respectively:
the Archibarca composition is likely related to interaction with SO% -rich
rocks from the Cerro Bayo de Archibarca, which is in turn is largely
affected by alunite-rich epithermal alteration, whereas the Cienaga
Bravaro waters are likely in contact with carbonate-rich lithologies of
Salta Group. The chemistry of the Olaroz brines is mainly ruled by the
geochemical features of the Rosario River, whose evolution, as a
consequence of the strong evaporation, follows the sulfation pathway.
According to this hypothesis, the concentrations of the main ions in the
brine, such as HCO3, SOF~ and Cl, are controlled by calcite, gypsum and
halite deposition/dissolution that may alternatively occur depending on
the amount of supplied water versus evaporation. On the contrary, Li
can reach extremely high concentrations as this metal is not limited by

Journal of South American Earth Sciences 103 (2020) 102742

the mineral deposition that affects other ions.

Hence, the combination of favorable geological and hydrological
settings with chemical-physical processes induced by a peculiar hyper-
arid climate are the key factors the explain the origin of the huge Li
reservoir of Salar de Olaroz.
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