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Abstract

The Altiplano-Puna Plateau of the Central Andes hosts numerous lakes, playa-lakes, and salars with a great
di-versity and abundance of carbonates forming under extreme climatic, hydrologic, and environmental
conditions. To unravel the underlying processes controlling the formation of carbonates and their
geochemical signatures in hypersaline systems, we investigated coupled brine-carbonate samples in a
high-altitude Andean lake using a wide suite of petrographic (SEM, XRD) and geochemical tools (§%H, §120,
513C, 6B, major and minor ion composition, aqueous modelling). Our findings show that the inflow of
hydrothermal springs in combination with strong CO, degassing and evaporation plays an important role
in creating a spatial diversity of hydro- chemical sub-environments allowing different types of
microbialites (microbial mounds and mats), travertines, and fine-grained calcite minerals to form.
Carbonate precipitation occurs in hot springs triggered by a shift in carbonate equilibrium by
hydrothermal CO2 degassing and microbially-driven elevation of local pH at crystal-lisation. In lakes,
carbonate precipitation is induced by evaporative supersaturation, with contributions from CO2 degassing
and microbiological processes. Lake carbonates largely record the evaporitic enrichment (hence salinity)

of the parent water which can be traced by Na, Li, B, and 620, although other factors (such as e.g., high
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precipitation rates, mixing with thermal waters, groundwater, or precipitation) also affect their
signatures. This study is of significance to those dealing with the fractionation of oxygen, carbon, and
boron isotopes and par-titioning of elements in natural brine-carbonate environments. Furthermore,

these findings contribute to the advancement in proxy development for these depositional environments.
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3.1.Introduction

Carbonates form in a variety of terrestrial environments (e.g., rivers, lakes, caves, soils) and are
important archives in the geological record as they reflect physical, chemical, and biological interactions
(Tanner, 2010). Analysis of their isotopic and elemental signatures can provide a wealth of information
about the environmental conditions and processes during their precipitation (Deocampo, 2010; Kele et
al., 2011). However, the interpretation of these signatures needs to be underpinned by knowledge of the
multiple factors influencing the formation and stability of carbonates as well as the incorporation
mechanisms of different elements and their isotopes into their mineral structure. Initially these signals
are controlled by the geochemistry and temperature of the water, the processes driving mineralisation
(inorganic, biologically-controlled, -induced or -influenced), the carbonate (precursor) mineralogy, and
may be complicated by disequilibrium effects during precipitation and diagenetic effects after deposition
(Immenhauser et al., 2002; Leng and Marshall, 2004; Jones and Peng, 2016; Dupraz et al.,, 2009;
Deocampo, 2010; Geske et al., 2012; Della Porta, 2015; McCormack et al., 2019; Ryves et al., 2020).
Although carbonate precipitation experiments are valuable to isolate the impact of specific solution
conditions on trace elements incorporation and isotopic fractionation, they are unable to simulate the
complex interrelated processes of natural environments (Leng and Marshall, 2004; Mitnick, 2018, Liet al.,
2020; Wassenburg et al., 2020). In light of these complexities, a more holistic approach is necessary to
unravel the multifaceted controls on mineralisation and the incorporation of different elements and their
isotopes in natural carbonate records. Thus, it is essential to expand studies to different active carbonate
systems in a broad range of geological settings and environmental conditions to develop a more
comprehensive framework for the interpretation of carbonates geochemical signatures (Kele et al., 2015;

Wassenburg et al., 2020; Apolinarska et al., 2021; Mors et al., 2022).

Andean lakes have a high potential as natural laboratories to study carbonate formation processes
under a wide range of conditions (e.g., Valero-Garcés et al., 1999; Beeler et al., 2020; Muller et al., 2020,

2022). The Altiplano-Puna Plateau, the second highest and largest plateau in the world (Allmendinger et



al., 1997), hosts numerous endorheic basins with permanent lakes, playa-lake, and salars where carbonate
deposits and carbonate microbialites form in an active tectonic and volcanic setting (Valero-Garcés et al.,
2001; Gomez et al., 2018, 2020; Bougeault et al., 2019; Muller et al., 2020; Vignale et al., 2022). These
environments are governed by extreme conditions (i.e., altitude above 3000 m a.s.l., precipitation deficit,
high solar radiation, large diurnal temperature variations, strong winds, and hypoxia; Garreaud et al, 2003;
Morales et al., 2015), and sustain highly specialized biodiversity, ranging from large vertebrates to
polyextremophilic microbial communities (Mlewski et al., 2018; Farias and Saona Acufia, 2020; Vignale et
al., 2022). As a result, carbonates from this region of the Andes comprise a wide variety of types (e.g.,
fine-grained precipitates, travertines, microbial mats, stromatolites, oncolites, thrombolites, among
others) that record a combination of local hydrological conditions, water geochemistry, and microbial
activity (e.g., Laguna Pastos Grandes, Laguna Negra, Laguna Carachipampa, Laguna del Diamante, and
Laguna del Peinado; Valero-Garcés et al., 1999, 2001; Gomez et al., 2014, 2018; Mlewski et al., 2018;
Bougeault et al., 2019; Beeler et al., 2020; Farias et al., 2020; Gomez et al., 2020; Muller et al., 2020, 2022;
Vignale et al., 2022).

In the last decade, interest in these lacustrine systems has increased as they are considered modern
analogues of environmental conditions on early Earth, possible conditions for life on Mars, and the
formation environments of some hydrocarbon reservoirs in continental carbonates (Morris et al., 2010;
Gomez et al., 2014, 2018; Mlewski et al., 2018; Buongiorno et al., 2019; Farias and Saona Acuia, 2020;
Muller et al., 2020; Vignale et al., 2022). In addition, the high sensitivity of these systems to small
fluctuations in water balance (e.g., Grosjean et al., 1997; Valero-Garcés et al., 2000; McGlue et al., 2013;
Santamans et al.,, 2021) makes their carbonate deposits promising archives for the study of past
environmental and climatic changes. The carbonate record is of particularimportance in the Puna Plateau,
where limited instrumental records (i.e., beyond the last 30 years) and the lack of other high-resolution
natural climate archives (e.g., ice cores, speleothems, tree-ring records) have hampered the
understanding of regional and temporal hydro-climate dynamics (Villalba et al., 2009; Piovano et al.,
2014). Previous work attempting to reconstruct hydrological changes supported by geochemical data
from lacustrine carbonates has proven to be challenging due to the disagreement between different
proxies because of the variety of processes potentially influencing them (e.g., high salinity intervals
interpreted from Sr content that do not correlate with the §™0 record; Valero-Garcés et al., 1999, 2000,
2003). Similar challenges extend to the interpretation of trace elements (Sr and Mg) in microbialites as
archives of hydrological changes (e.g., Buongiorno et al., 2019). The value of the carbonate deposits of

these Andean systems as modern analogues and climate archives underscores the necessity to advance

our comprehension of the interrelated factors controlling their formation and geochemical signatures.



This study focuses on a high-altitude hypersaline Andean lake system located in the southern Puna
Plateau (Catamarca province, Argentina). The lake, Laguna del Peinado, contains particularly abundant
carbonate deposits including a variety of travertines and a large microbialite system (Valero-Garcés et al.,
1999, 2001; Farias et al., 2020) and provides an ideal natural laboratory to understand the fundamental
processes underpinning modern carbonate precipitation. Our study aims to unravel the processes
influencing the carbonate system dynamics and promoting carbonate precipitation in the El Peinado
system and the underlying factors controlling their geochemical signatures. It is intended to contribute to
the advancement of proxy development within this specific depositional environments, rather than the
extraction of climate data. To achieve this, we combine elemental (Ca, Mg, Na, K, B, Sr, Li, Si, Cl, SO4) and
isotopic (62Hw, 80, 8'!By) analyses of the main water sources during the observation period (2019-
2021) with an investigation of the elemental (Na/Ca, Mg/Ca, Al/Ca, Sr/Ca, Li/Ca, B/Ca) and isotopic
(6™0carb, 6"3Ccarn, 6Bearn) composition of recent calcium carbonate deposits from different sub-
environments across the basin. Based on these comprehensive data, we examine the elemental partition
coefficients and isotopic fractionation factors, thereby shedding light on the mechanisms responsible for
the carbonate formation and the distinct geochemical signatures arising in these hypersaline lacustrine

environments.

3.2. Geological and environmental setting

Laguna del Peinado lake is located at 3760 m a.s.l. in the southern Puna Plateau in the Central Volcanic
Zone of the Andes of Catamarca province, Argentina (26° 30' 16.87" S, 68° 5' 49.95" W; Fig. 3.1a). The lake
lies in the topographically closed El Peinado basin along the Peinado lineament, a NNE-SSW fault system.
Here several mafic monogenetic centers and the potentially active Peinado stratovolcano of mafic
compositions (basaltic andesites and andesites, last activity dated to ~ 36 ka) are aligned (Grosse et al.,
2022). To the west of the lake, the Laguna Amarga rhyolitic ignimbrites (3.7-4 Ma) crop out (Kay et al.,
2010). Large volumes of magma are suggested to exist in the crust below the El Peinado area (Bianchi et

al., 2013; Ward et al., 2017; Grosse et al., 2022).

Due to the topographic barrier effect of the Andes that block the moisture-bearing easterly zonal
winds, this area is extremely dry with evaporation greatly exceeding precipitation (Garreaud et al., 2003,
20009; Strecker et al., 2007; Castino et al., 2017). Mean annual precipitation values are < 120 mm/yr (based
on TRMM satellite data maps from 1998 to 2019, Fig. 3.1b), while evaporation has been estimated to be
> 1500 mm/yr in Laguna del Negro Francisco area (27°28’S, 69°14’ W, 4,125 m a.s.l.; Grosjean et al., 1997).
The region is generally cold, with a mean annual temperature of 8°C but a large daily temperature

amplitude of up to 40 °C (Valero-Garcés et al., 1999).



Laguna del Peinado is a shallow hypersaline lake (maximum water depth ~4.2 m measured during the
wet season in spring 2019, this study) fed by numerous hot springs on its southern and western shores.
At its southern shore, a hydrothermal pool discharges through a stream into an extensive shallow wetland
area of approx. 0.7 km in length (Fig. 3.1c). At its western shore, numerous smaller marginal hot spring
seeps are found. To the north of Laguna del Peinado, the smaller hypersaline lake Laguna Turquesa
(estimated water depth ~1.3 m) is located and currently disconnected from the main lake due to low
water level (Fig. 3.1c). Carbonates comprise a wide variety of types including microbialites (microbial
mounds and mats, oncolites), travertines, and fine-grained mineral precipitates (Valero-Garcés et al.,
2001; Farias et al., 2020; Della Vedova et al., 2022). Macrophytic travertines consist of an open meshwork
of calcite-coated stems that occur near hydrothermal springs, along the vegetated lake margin, in the
submerged littoral zone, and at the lake bottom (Valero-Garcés et al., 2001). Microbial mounds show a
patchy distribution and constitute the largest known microbialite system in this region (Valero-Garcés et

al., 2001; Farias et al., 2020).
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Figure 3. 1. Study area location. The white star points Laguna del Peinado location in a relief map (a) and the mean annual rainfall
distribution derived from 1998 to 2019 TRMM satellite data (Huffman et al., 2007) in the Central Andes of NW Argentina (b).
c) Samples location in the lake and catchment area.



3.3.Materials and Methods

3.3.1. Fieldwork and sampling

Samples for this study were collected during fieldwork in the El Peinado basin in January 2019,
November 2019, and February 2021 (austral spring-summer). Water samples were collected from Laguna
del Peinado (n = 7), the smaller Laguna Turquesa (n = 2), the inflowing hydrothermal springs (n = 8), and
the wetlands (n = 2; Fig. 3.1c, Table S1; Vignoni et al., 2023a). Rainwater (n = 2) was sampled in the nearest
town, Antofagasta de la Sierra (3320 m a.s.l.) located approx. 80 km towards the northeast, and snow (n
= 2) was collected at nearly 5000 m a.s.l., 17 km southeast of the lake. Temperature, pH, electrical
conductivity (EC), total dissolved solids (TDS), and salinity were measured in situ with a Hanna HI 98194
multiparameter. Water samples were vacuum-filtered with sterilized syringes and 0.22 um/0.45 um pore-
size cellulose acetate filters (Minisart, Sartorius Stedim Biotech GmbH) and stored in polyethylene bottles

at 4 °C until analyses. Samples for metal analyses were acidified with ultrapure HNOs (to pH < 2).

The lake bathymetry was measured using a Garmin Echosounder installed in an inflatable Zodiac boat.
Short sediment cores (< 1 m) were recovered from Laguna del Peinado using a raft equipped with an
Uwitec coring device. Carbonate and surface sediment samples were collected from the lakes, hot springs,
and the catchment area, packed in polyethylene vials and plastic bags, and stored at 4 °C. At the GFZ
Potsdam (Germany) laboratories, the cores were length-wise split into two halves, described and sampled
for subsequent analyses. All samples were kept in a freezer for 24 to 48 hours and freeze-dried for 72
hours. Surface sediments were further subsampled and separated into a matrix fraction (i.e., fine
material) and calcium carbonate fragments and ground to powder. A total of 33 sediment samples were

analysed in this study.
3.3.2. Sample preparation and analysis

3.3.2.1. Water sample analyses

Total alkalinity (TA) was measured by open-cell titration using a 0.01 M HCl solution with a 876 Dosimat
plus (Q Metrohm) at GEOMAR (Kiel, Germany) for samples collected in 2019. For samples collected in
2021, TA was measured by end point titration using a 1.6 N H,SO, solution until pH = 4.5 at CICTERRA
(Cérdoba, Argentina).

Major and minor ion composition in water samples was determined on an ICP-OES (Inductively
Coupled Plasma-Optical Emission Spectrometry) at GEOMAR. The relative standard deviation (2RSD)

based on repeated measurements of standard Atlantic seawater reference material IAPSO was 1% for Ca,



Na and Sr, 2% for Mg and Li, 3% for K, 4% for B, and 9% for Si. Anions were measured by IC (lon
Chromatography) at GFZ Potsdam with a 2RSD of 3% for Cl and 4% for SO..

Oxygen (6%0,) and hydrogen (82H.,) isotopic composition of water samples was measured at GFZ
Potsdam with a Cavity Ring-Down Spectrometry device from PICARRO (L2130-i). Results are expressed in
6-notation in %o relative to VSMOW (Vienna Standard Mean Ocean Water). The analytical precision was
< 0.1%o for 50, and < 0.5%o for 8*H,, (SD).

Boron isotope analyses of water samples (51'B,,) were performed at the University of St Andrews (UK).
Prior to measurements, boron was separated from the rest of the elements in the sample using a boron-
specific ion exchange resin Amberlite IRA 743. Purified boron samples were measured for their isotopic
composition on a Neptune Plus (Thermo Scientific) MC-ICP-MS equipped with 10 Q resistors.
Instrumental mass bias was corrected by standard-sample bracketing with a 15 ppb standard NIST SRM
951 (boric acid) that consequently converted *'B/1°B ratios to 5-notations. Samples, standards and blanks
were introduced to the instrument in a 0.5 M HNOs matrix spiked to 0.3 M HF to aid boron wash out
(Zeebe and Rae, 2020). Total procedural blanks (TPBs) were used to monitor potential contamination to
the sample, containing on average ~10 pg of B and hence were negligible against the typical sample size
of ~ 10-20 ng B. The analytical uncertainty was assessed by repeated measurement of NIST RM 8301
(Coral) and NIST RM 8301 (Foram) processed along with samples, yielding average values of 25.05 + 0.26
(2SD, n = 4) and 14.63 + 0.14 (25D, n = 1), respectively, consistent with the published values (Stewart et
al., 2020).

3.3.2.2. Aqueous chemistry modelling

We used the PHREEQC software (Version 3; Parkhurst and Appelo, 2013) with the Pitzer database
(pitzer.dat; Plummer et al., 1988; Appelo et al., 2014) to determine aqueous speciation of compounds,
species contribution to TA, and minerals saturation indexes (Sl). Input values were taken from Table S1

(Vignoni et al., 2023a). The Sl is defined as:

SI = logﬂ (1)
Ksp

where IAP is the ionic activity product and K, is the thermodynamic solubility constant. If SI > 0, the

solution is supersaturated with respect to a mineral phase and may therefore precipitate, while Sl < 0

indicates that the solution is undersaturated in a considered mineral phase.

We further used PHREEQC to perform mixing and inverse models to explore the hypothetical mixing
between lake-hot spring waters and the reactions necessary to achieve the composition of a given water

sample. PHREEQC results are included in Tables S2 and S3 (Vignoni et al., 2023a).



3.3.2.3. Calcium carbonate samples analyses

Elemental ratios (Li/Ca, B/Ca, Na/Ca, Mg/Ca, Al/Ca, Mn/Ca, Sr/Ca, Cd/Ca, Ba/Ca, Nd/Ca and U/Ca) and
boron isotope analyses of carbonate powders (8'!Bcarb) Were performed at the University of St Andrews.
An aliquot of approx. 3-4 mg was collected into an acid pre-cleaned 1.5 ml centrifuge vial and further
processed following previously established cleaning protocols (e.g., Jurikova et al., 2019, 2020) to
eliminate potential oxide coatings and organic matter before dissolution in 0.5 M HNOs. A small aliquot
of (approx. 5% of total sample volume) was used for elemental determinations using a QQQ-ICP-MS
(Agilent 8900). The analytical precision based on repeated analyses of in-house standards and NIST RM
8301 (Coral) measured along with samples was < 3.5% (2RSD) for all the reported ratios. This manuscript
discusses the Li/Ca, B/Ca, Na/Ca, Mg/Ca, Sr/Ca, and Al/Ca results, all measured elemental data is however
available in Table S4 (Vignoni et al., 2023a). The remainder of the dissolved sample was processed and

analysed for 6B using the same protocols as previously described for water samples (Section 3.2.1).

Oxygen (6®0cm) and carbon (8%3Cear) isotope analysis of carbonate samples were carried out on an
automated carbonate extraction device (KIEL 1V) coupled to a Finnigan MAT 253 IRMS (Thermo Fisher
Scientific) at the GFZ Potsdam. Results are expressed in the conventional 6-notation in %o relative to VPDB
(Vienna Pee Dee Belemnite). Repeated measurements of the reference material NBS 19 yielded an

analytical precision better than + 0.07%o (SD) for both §3Ccarb, and 6%¥0carb.

3.3.2.4. Scanning electron microscopy and X-ray diffraction

Scanning electron microscopy (SEM) and X-ray diffraction (XRD) analyses were carried out at the GFZ
Potsdam. SEM imaging was performed on a PHENOM XL Desktop SEM with BS and EDS detectors (Thermo
Fischer Scientific). To determine the mineralogy, four samples were crushed and powdered to a grain size
of < 62 um for XRD measurements. XRD patterns were obtained using a PANalytical Empyrean X-ray
diffractometer operating at 40 kV and 40 mA with a theta—theta goniometer, Cu-Ka radiation, automatic
divergent and anti-scatter slits and a PIXcel3D detector. The diffraction data were recorded from 4.6 to
84.9° 2 © with a step size of 0.013° and a scan time of 58.4 s per step. The software package AXS
DIFFRACplus EVA (Bruker) was used to identify minerals and select peak references from a mineralogical

database.

3.3.3. Determination of partition coefficients and isotopic fractionation factors

Empirical partition coefficients for an element X (Kpxx) were calculated using measured element/Ca

ratios as follows:

_ (X/Ca)carp
Koo = "oercan 2)



where (X/Ca)earb is the molar ratio of a given element to Ca in calcite and (X/Ca)w is the molar ratio of the
corresponding water sample. When Kpx) > 1 the calcite is enriched in the given element with respect to
the water, while Kpx) < 1 indicate that the calcite is relatively impoverished in the element compared to

water.

Boron partition coefficients (Kp) were defined following Mavromatis et al. (2015) as:

[B/Calcarp
K = 3
D(B) [B/CO§_]W (3)
To calculate the B/COs* ratio of waters, total B and COs* (including ion-pairs) concentrations were
obtained from the PHREEQC aqueous speciation modelling (Table S2; Vignoni et al., 2023a). For practical

purpose, all Kpix) values are presented as Kpx) x 10% in Table S5 (Vignoni et al., 2023a).

Oxygen isotope fractionation between carbonates and waters was calculated from measured 6¥0carb
and 8'0., after 680 conversion relative to VSMOW scale following Hoefs (2015). The fractionation

factor is expressed as follows:

A'80¢arp—w = 1000 In acqrpy—w “
, Where

_ (8™°0cary +1000)
Aecarb-w = (6180,,+1000) B

Values A®0cm-w > 0 and dearb-w > 1 indicate enrichment of the heavier isotope in carbonates relative to

water.

3.3.4. Boron isotope principles and incorporation mechanisms

Boron in water is almost exclusively present as trigonal boric acid [B(OH)s] and tetrahedral borate ion
[B(OH)4 ], with their relative proportions being pH dependent, and a constant isotopic fractionation factor
between them (g of 26%o0; Klochko et al., 2006; Nir et al., 2015). Thus, as the relative distribution of B(OH);
and B(OH),; changes with pH, so does their isotopic composition. The tetrahedral borate ion B(OH), is
preferentially incorporated into CaCO; (Hemming and Hanson, 1992; Mavromatis et al., 2015), hence

reflecting the pH conditions upon precipitation.

The pH dependence of the two B species is defined by the boric acid apparent dissociation constant
PKg:

[B(OH)Z]X(IH+

PKs = =109 =15 Gy,

(6)



where ay+is the activity of H*. In this study, we compared two different methods for calculating pKg. The
first method followed Dickson (1990) who described the thermodynamics of the dissociation of boric acid
in synthetic seawater over a wide range of temperatures and salinities. While this approach has been
commonly used for §''B-based pH reconstructions from marine archives, it does not account for variations
in major ion contributions to salinity. These may be considerable in continental evaporitic settings; hence,
this approach for calculating pKz may not present the best choice. As the second approach, we therefore
used the PHREEQC software (Parkhurst and Appelo, 2013), as previously used for example by Golan et al.
(2016) and Jurikova et al. (2023) in the Dead Sea. The pKjy values obtained via the two different methods

are summarised in Table S5 (Vignoni et al., 2023a).

Given as, pKj, 8™Bw and 8™ Bcan, it is possible to calculate the pH at which CaCO; precipitated:

(7)

_ * Slle_SuBcarb ]
pH - pKB log[ 811By—(apx811Bcary)—103(ag—1)

To assess the incorporation of B species into calcite, we further calculated the 8B composition of
boric acid and borate ion in the water samples (5'Bs and !B, respectively) following Nir et al. (2015)
expressions:

81B,,xBy—£gXB3
B4_+(XBXB3

8B, = (8)

811B3 = 811B4 X apg + €B (9)

where B,, and 6By, are the dissolved and isotopic composition of the total boron system, Bz and 56!B3
of boric acid, B; and 8B, of borate, €z the fractionation factor between boron species (26%o) and ag =
(1073x g5 +1) (1.026; Nir et al., 2015). Using the measured total dissolved boron, the concentrations Bz and

B. (including borate-ion pairs) were obtained from the PHREEQC output (Table S2; Vignoni et al., 2023a).

3.4.Results

3.4.1.Hydro-chemistry

In the following we summarise the measured hydro-chemical characteristics of waters in the El Peinado
basin as to its most recent state in 2021, for results from 2019 the reader is referred to Table S1 (Vignoni

et al., 2023a) and Figure 2.

Analyses of waters from Laguna del Peinado and Laguna Turquesa indicated alkaline brines (pH = 7.8
to 8.2) with high EC, TDS, and salinity (> 60 mS/cm, > 30 g/L and > 45 psu, respectively; Table S1; Vignoni
et al., 2023a). The highest values were found in Laguna Turquesa, where salinity was estimated to be 97

psu from a regression line between salinity and conductivity (R*=0.99, Salinity (psu) =0.6806 x EC (mS/cm)
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—1.788). TA was 4.6 and 7 meg/L for Laguna del Peinado and Laguna Turquesa, respectively. Hot spring
waters from the southern shore were brackish (4.6 psu), slightly acidic (pH = 6.15), with a temperature
around 36 °C, and the highest TA (12.1 meqg/L). Hydrothermal waters from the western shore were
characterised by higher EC, TDS, and salinity values (Table S1; Vignoni et al., 2023a), more variable pH
(between 5.1 and 6.5) and temperatures (between 20 and 41 °C). Waters from the wetlands showed
similar, hydrothermally dominated, values for all measured parameters (Table S1; Vignoni et al., 2023a).

Rain and snow waters were very dilute, with low TDS and acidic pH (Table S1; Vignoni et al., 2023a).

The major (relative abundance > 1%: Na*, Ca%**, Mg, Li*, B, CI,, SO4%) and minor (abundance between
1% and 0.01% range: K*, Sr**) ion composition of water samples is shown in Figure 2. The waters are
sodium-chloride type. Both lakes and the western shore hydrothermal springs were Ca-rich with Mg/Ca <
1, while the hot springs at the southern shore were comparatively more enriched in Mg (with Mg/Ca ratio
between 1.5 and 3.1; Fig. 3.2). Li and B concentration was high in all waters, with highest concentrations
reaching values of 43.7 and 37.7 mmol/L in Laguna Turquesa, respectively (Fig. 3.2, Table S1; Vignoni et
al., 2023a). Dissolved Si varied little between water samples (1.6 to 2.2 mmol/L; Table S1; Vignoni et al.,
2023a). Waters in the wetland areas were more concentrated in all relevant ions when compared to the
hot springs, and ion concentrations in rain and snow waters were naturally very low, yet variable between

samples (Table S1; Vignoni et al., 2023a).
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Figure 3. 2. Major and minor ion composition of waters in the El Peinado basin. Concentrations of all elements expressed in
mmol/L on a logarithmic scale to allow comparison between the different water samples. Composition of mean ocean seawater
(IAPSO) and brines from other lakes from the Altiplano-Puna Plateau — Laguna Negra (Catamarca, Argentina; Gomez et al., 2014)
and Laguna Pastos Grandes (Southern Bolivia; Muller et al., 2020) — are also shown for comparison. For Si concentrations and the
composition of rainfall and snow samples please refer to Table S1 (Vignoni et al., 2023a).
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Systematic sampling during the austral spring-summer season from 2019 to 2021, showed a gradual
increasing trend in EC, TDS, salinity, and dissolved ion concentrations in the lakes (Fig. 3.2, Table S1;

Vignoni et al., 2023a).

3.4.2. PHREEQC modelling

Aqueous chemistry modelling using PHREEQC showed that lake brines of both Laguna del Peinado and
Laguna Turquesa were supersaturated (i.e., SI > 0) with respect to calcite and aragonite (Table S2; Vignoni
et al., 2023a). Positive Sl for gypsum (of 0.15) was found only in Laguna Turquesa while values for Laguna
del Peinado were close to equilibrium (i.e., SI ~ 0; Table S2; Vignoni et al., 2023a). Waters from the
southern shore hot springs were undersaturated with respect to calcite and aragonite, except for one
sample (PEI19-HTS1-3) that yielded SI > 0. Likewise, waters from the western hot springs were
undersaturated, except for one sample possibly mixed with the lake water (PEI19-HTS4-1). Carbonate
alkalinity (CA = [HCOs] + 2[COs%]) is the main contributor to total alkalinity (TA) in all hot springs (Table
S2; Vignoni et al., 2023a). In the lakes, CA represented between 37 to 74% of the TA and borate alkalinity
(BA = [B(OH)4]) between 26 and 62% (Table S2; Vignoni et al., 2023a). Modelled DIC values ranged
between 39.75 and 1.71 mmol/L, with higher values in the hot springs and lower values in the lakes.
Considering two samples from the western shore hot springs as outliers, DIC and CA values showed a

strong covariation (r = 0.92, Fig. 3.3a).

Mixing modelling between the lake and the southern shore hot spring water showed that a mixing
ratio of 10% and 90%, respectively, is necessary to reach Sl = 0 with respect to calcite (Fig. 3.3b). A mixture
of 15% lake and 85% hot spring water resulted in the Sl for calcite observed for sample PEI21-WL-4 (Fig.
3.3b, Table S2; Vignoni et al., 2023a). For the western shore hot springs, near equilibrium conditions
(calcite SI ~ 0) were reached with a mixture of 80% lake and 20% hot spring water, while a mixture with
approx. 91% of lake water was needed to reach calcite Sl close to that of sample PEI21-WL-3 (Fig. 3.3b,
Table S2; Vignoni et al., 2023a). Mixing models for both sites showed increasing conductivity with higher

percentage of lake water (Fig. 3.3c).

Inverse modelling was run to estimate the degree of mixing between the lake and the hot spring waters
and the carbonate system reactions required to reach the values observed in the wetlands (within the
given uncertainties; Table S3; Vignoni et al., 2023a). To constrain the number of model runs, H,0g), COy),
calcite, and gypsum were considered as reactant phases and an uncertainty of 0% was set for TA in both
the initial and the final solutions. For the southern shore, the transition to the wetland sample PEI21-WL-
4 involved the loss of H,0( and CO5g), and calcite precipitation from an initial solution consisting only of
hot spring water (Fig. 3.3b, Table S3; Vignoni et al., 2023a). Another model showed in addition gypsum

dissolution. To achieve the composition of the western shore sample PEI21-WL-3 a combination of mixing
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Figure 3. 3. PHREEQC geochemical modelling results. a) Carbonate alkalinity (CA) and dissolved inorganic carbon (DIC) modelled
values. The two samples from western hot springs with extreme DIC values (> 30 mmol/L) were excluded from the linear
regression as well as from the calculation of the Pearson’s correlation coefficient (r). b) Saturation index (SI) with respect to calcite
and c) conductivity values obtained considering different percentages of mixing between lake water (PEI21-WL-1) and water from
the southern and western shore hot springs (PEI21-HTS1-1 and PEI21-HTS5-1, respectively). Samples from the southern and
western shore wetlands (PEI21-WL-4 and PEI21-WL-3, respectively) are plotted according to the percentage of lake water
required in the mixing and inverse models (marked with *) to achieve the calcite SI based on in situ observations (Table S2;
Vignoni et al., 2023a). Note that the measured conductivity values for the wetland samples are lower than those resulting from
the mixing model (c).

of ~94% of hot spring water with ~6% of lake water, the removal of H,0( and COy), and calcite dissolution
was required. An alternative model also showed gypsum precipitation (Fig. 3.3b, Table S3; Vignoni et al.,
2023a).

Two water samples from Laguna del Peinado shore (PEI21-WL-2 and PEI21-WL-5) and one sample from
Laguna Turquesa (PEI21-LTurquesa-1) failed to converge a numerical solution based on the input
parameters, suggesting that non-carbonate alkalinity in the samples might have been greater than the
measured input TA value. At the measured in situ pH and B concentrations, modelled BA for each sample
was 5.28, 3.42, and 12.19 meqg/L, respectively (Table S6; Vignoni et al., 2023a). These values are higher
than the measured TA by 0.38, 0.86, and 5.1 meg/L, respectively, meaning that aquaeous modelling
required higher than measured input TA values. Because DIC was not measured and two parameters (pH,
TA, DIC, pCO,) are needed to determine the carbonate system, different scenarios were tested for

comparison where pH or TA was allowed to vary (Table S6; Vignoni et al., 2023a). We also tested the
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database sit.dat which resulted in a successful model for each sample. A detailed analysis of the results is
beyond the scope of this work but can be found in Table S7 and Figures S1 to S4 (Vignoni et al., 2023a)

where they are compared with the values obtained using the database pitzer.dat.

3.4.3. Isotopic (680w, 62Hw, and 8'1B\) composition of waters

Lake brine from the Laguna del Peinado was the isotopically the heaviest with §'¥0, and §H, values
of 7.3%o and 7.6%., respectively, based on 2021 samples (Fig. 3.4a, Table S1; Vignoni et al., 2023a). Values
for Laguna Turquesa were slightly lower, with 0, and &8%H. of 6.2%0 and -6.3%o, respectively.
Hydrothermal springs, on the other hand, yielded considerably lighter isotopic values. Average 5§'®0, and
8%H,, values for the southern hot spring pool were -5.9%o and -54%o, respectively. Hot springs from the
western shore showed even lower §0,, and 6°H,, values (-8.4%o and -76.1%., respectively). Wetland
samples showed slightly higher values than those obtained from hot springs (Fig. 3.4a, Table S1; Vignoni
et al., 2023a). Measured spring-summer precipitation plotted close to the Global Meteoric Water Line
(GMWL; Craig, 1961) and is used to define a potential Local Meteoric Water Line (LMWL; 8*Hy = 7.78 x
80 + 13.5, R?=0.95; Fig. 3.4a).
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Figure 3. 4. Isotopic composition of water samples in El Peinado basin. a) 6180, and 62H,, values. The solid line is the Global Water
Meteoric Line (GWML; Craig, 1961) and the dashed line represents a potential Local Meteoric Water Line (LMWL) as defined by
the precipitation samples. Right bottom corner: Rayleigh model for 6180,; the initial conditions are based on the 680, values of
the western shore hot spring (PEI19-HTS3-1). b) 611B,, and B concentrations. Grey triangle shows the average value for ignimbrites
in the Altiplano-Puna Volcanic Complex (Schmitt et al., 2002). Grey shaded bar represents the composition range of volcanic rocks
from Rosner et al. (2003).
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Boron isotopic composition of the hot springs and brine samples varied between -4.3%o0 and -3.2%.
(Fig. 3.4b, Table S1; Vignoni et al., 2023a). Lake waters were isotopically heavier than hot springs by
approx. 0.4%o (Fig. 3.4b, Table S1; Vignoni et al., 2023a). Highest &§'!B,, values were found in rainwater
samples from Antofagasta de la Sierra and the 2021 snow (between -1.8%o and 7.6%o), while the lowest

5'1B,, value (-7.8%o) was measured in the snow sample from 2019.

3.4.4.Characterisation of carbonate samples

Macrophytic travertines were found in all areas of the basin, including nearby the hydrothermal
springs, along the western and southern lake margin, in the wetlands, at the lake bottom, and approx. 10
m above the present lake level on basaltic deposits (Fig. 3.5 a, b, and c). Cocconeis placentula s.l. diatoms
cemented with micritic calcite were commonly found in the walls of the stem-holes (Fig. 3.6a, b, and c).
Some also presented microbial filament structures that consisted of mineralized fine parallel columns (Fig.

3.6d).

Carbonates in the hydrothermal springs were commonly associated with microbial mats, and were
particularly abundant in the southern hot spring and stream (Fig. 3.5f and 6e). On the edges of the
southern hot spring pool, microbialites consisted of alternating layers of red-pink microbial mats of a few
milimeters thick and calcium carbonate layers up to ~1 cm thick (Fig. 3.5f). At the bottom of the pool and
stream, carbonate precipitates were found underneath green mats consisting of fine-grained calcite and

diatoms, sometimes in aggregates.

Surface sediments collected from short cores (Fig. 3.1c, Table S4; Vignoni et al., 2023a) comprised
macrophytic travertines, aquatic macrophytes (Myriophyllum or Potamogeton), and matrix (Fig. 3.6c and
f). The travertines consisted of thin beige and/or grey stalks in an open meshwork arrangement, filled
with a matrix composed of fine-grained calcite, halite, diatoms, and organic matter remains (Fig. 3.6f).
SEM imaging of travertines revealed abundant infill with Cocconeis placentula s.l. diatoms and mineralized
microbial structures (Fig. 3.6c). Sediments collected from the shore of the lake and wetlands were formed
mainly by diatom-carbonate aggregates, travertines clasts, halite (Fig. 3.6g and h), and variable amounts
of medium to coarse volcanic sand, particularly common in samples from the northwestern shore. The
single available sample from the shore of Laguna Turquesa consisted of a thin calcite crust with diatoms

and halite present (Fig. 3.6i).

XRD analyses revealed calcite as the main CaCOs polymorph in all but one sample from the southern
hot spring, which contained both calcite and aragonite (Fig. 3.6j). SEM images confirmed the presence of

calcite in all samples, with no observations of aragonite (Fig. 3.6a to i).
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The different carbonate samples are shown in tables and figures according to the location or sub-

environment from which they were collected (Table S4; Vignoni et al., 2023a).

Western shore ‘o SS9 Western shore n
= = ]

pisig

| Southern shore| ¢

Figure 3. 5. Macrophytic travertines a) above the lake level, b) coating macrophyte stems on the western shore and c) emerging
in the wetland area in the southern shore. d) Aerial view of the western shore microbialites system in 2019. e) Western shore
microbialites in 2021. f) Hot spring pool on the southern shore. g) Aerial view of Laguna del Peinado in 2019.
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Figure 3. 6. a to i) Scanning electron microscope (SEM) images of travertine and sediment samples from the El Peinado basin.

i) XRD diagrams of the analysed samples. cc = calcite, ar = aragonite, hal=halite, plg= plagioclase, qtz=quartz.
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3.4.5.Elemental and isotopic composition of carbonates

Chemical composition varied strongly between samples (Fig. 3.7, Table S4; Vignoni et al., 2023a).
Mg/Ca ranged between 15 and 69 mmol/mol, with lower values found in the lake samples and higher
values in the southern samples. Calcites from the western shore and lakes showed a narrow range in Sr/Ca
(mean 5 mmol/mol), while those collected from the south showed a larger variability (between 2.3 and
11 mmol mol?). Lake and western calcites had generally higher Na/Ca, Li/Ca, and B/Ca content compared
to the southern ones, reaching up to 14 mmol/mol for Na/Ca, 2006 pmol/mol for Li/Ca and 4383
pumol/mol for B/Ca. Calcite from Laguna Turquesa recorded the highest Li/Ca and B/Ca values (Fig. 3.7,
Table S4; Vignoni et al., 2023a).

The 86%®0carb values varied between -4.6%o and 6.7%o, and 63Cc.r varied between 4.3%o to 9.4%o (Fig.
3.8a, Table S4; Vignoni et al., 2023a). Lowest values (for both §®¥0cm and 83Cearb) Were measured in
samples associated with the southern hot springs, while western samples were comparatively isotopically
heavier. Lake calcites exhibited the highest §®0cn, (between 5.4%o0 and 6.2%o), with §*Ce.n between
7.2%0 and 9.2%. (Fig. 3.8a, Table S4; Vignoni et al., 2023a).

The 8B values varied between -22.8%. and -32.6%o (Fig. 3.8b, Table S4; Vignoni et al., 2023a). The
lowest 8Bcar, values corresponded to surface lake sediments from one of the short cores (PEI19-SC-5).
Samples from the southern shore had relatively higher 8B, While calcites from the western shore

covered a wider range of values (between -24.6%o and -30.8%o).

Lake samples:
Laguna del Peinado:
top short cores and SE shore
sediment

—Laguna Turquesa

1x10%

Western samples:
Hot spring sediments,
travertines, and microbialite

1x10'

Southern samples:
Hot spring sediments,
travertines, and wetland
sediments

Element/Ca (mmol/mol)

1x10°+

1x10" T T T T T
Mg/Ca Sr/Ca Na/Ca Li/Ca B/Ca

Figure 3. 7. Carbonate elemental composition. Concentrations are shown as ratios with respect to calcium and are displayed in
mmol/mol (element/Ca) for comparison purposes.
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Figure 3. 8. Carbonate a) 680car, and 613Ccar, composition. The grey area represents the 95% confidence interval. b) §11Bc,r, and
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3.4.6. Partition coefficients and fractionation factors

Partition coefficients for Mg, Sr, Na, Li, and B ranged between 8-91, 66-578, 0.2-2.4, 0.5-9.5, and
0.0001-0.02 (x 103), respectively (Fig. 3.9 and 10, Table S5; Vignoni et al., 2023a). In general, southern
samples had the lowest Kpmg), Kona), and Kpwy. Conversely, the highest Kommg), Kowa), and Kppy values
corresponded to samples from the western shore, with lake samples falling in between (Fig. 3.9, Table S5;
Vignoni et al., 2023a). Both lowest and highest Kpsr) were recorded in the south, contrasting with less
variable values from the lake and the western side (Fig. 3.9). Highest Kp(s) values corresponded to samples
from Laguna del Peinado and a microbialite from the western shore, while samples from the southern
shore and the western hot springs showed values below 0.003 (x 103; Fig. 3.10). Linear regression of Kp(g)
values showed a strong significant positive correlation with total dissolved B and B(OH)s” concentration
(Fig. 3.10a and b). Kpg) values for the Laguna Turquesa sample, Laguna del Peinado southeast sediments,
and a western shore travertine could not be calculated as the COs> concentration of the corresponding
water sample could not be modelled at the measured pH (Eg. 3). When considering all B/Ca values, a
significant strong positive correlation with total dissolved B and a low correlation with measured pH was

observed (Fig. 3.10c and d).
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Figure 3. 9. Partition coefficients Kp(x) of Mg, Sr, Li, and Na between water and carbonates. Kp(x) values are reported as Kp(x) x 103
for practical purposes.

Obtained A™®Ocm-w values ranged between 29%. and 41%o (Table S5; Vignoni et al., 2023a) and are
shown plotted against water temperature (Fig. 3.11). Lowest A¥®Ocm-w corresponded to lake samples,

while samples from the southern and western waters showed the highest A®0carb-w.

Measured 8B, were compared to the §1'B composition of aqueous borate ion at in situ conditions
(611By; Fig. 3.12). When plotted against the predicted 8§'B,, samples from the southern shore were offset
above the 1:1 relationship (61'Bcarb = 61Bs4), with lake and western samples scattered above and below the

1:1 line.

3.5. Interpretation and discussion

3.5.1.0rigin and evaporitic evolution of waters in the El Peinado basin

The potential LMWL constructed from the isotopic composition of precipitation in the vicinity of the
study area is in general agreement with the LMWL proposed for northern Chile (Boschetti et al., 2019),
the Altiplano-Yungas of Bolivia (Gonfiantini et al., 2001), and the northern Puna Plateau (Rohrmann et al.,
2014; Peralta Arnold et al., 2017). The brackish hot springs are the principal water contributors to the
hypersaline Laguna del Peinado. Their §%0,, and &H,, values plot close to the GMWL-LMWL, supporting
a meteoric provenance of water in the hydrothermal reservoir (Fig. 3.4a, Table S1; Vignoni et al., 2023a)
as in other Andean hydrological and hydrothermal systems (e.g., Peralta Arnold et al., 2017). Due to the
hyper-arid conditions at present, most of these lacustrine systems are sustained by old groundwater that

likely formed during wet periods in the past (Latorre et al., 2006; Placzek et al., 2009; Gayo et al., 2012),
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with relative contribution of modern water (< 60 years old) being minimal and spatially scarse, or almost
non-existent as evidenced by the zero 3H activity observed in lake waters of the Carachi Pampa basin (~
50 km east of the El Peinado basin; Moran et al., 2019; Boutt et al., 2021; Frau et al., 2021). The observed
positive shift with respect to the GMWL-LMWL likely results from evaporative enrichment (i.e., prior to

infiltration, during fluids ascent; Muller et al., 2020 and references therein), moisture recycling (Godfrey
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Figure 3. 10. Boron partition coefficients (Kp) relative to water a) total B and b) B(OH.) concentrations. Carbonate B/Ca
(mmol/mol) relative to water c) total B and d) pH. Kp) values are reported as Kpix) x 103 for practical purposes. The axes are
plotted in logarithmic scale for a better visualisation of the data. Pearson's correlation coefficients (r) describe the linear
correlation between the different variables. These coefficients were calculated from the original data, without logarithmic
transformation.
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et al., 2003), water-rock interaction, and/or some contribution of magmatic water (Peralta Arnold et al.,

2017).

The physicochemical characteristics (high TDS, high DIC, acidic, and warm) and elevated concentrations
of dissolved Li and B (Table S1 and S2; Vignoni et al., 2023a) are typical of hydrothermal fluids associated
with volcanic activity (Giggenbach, 1988; Chiodi et al., 2019; Mors et al., 2022). CO, and other gases in the
hydrothermal reservoir likely derive from magma degassing, which is consistent with the young volcanism
in the El Peinado basin (Grosse et al. 2020, 2022), the presence of magma reservoirs (Bianchi et al., 2013;
Ward et al., 2017), and the large reservoir effect in 1*C ages of modern aquatic plants from the hot springs

(up to > 26 000 **C years; Vignoni et al., 2023b). The low 5B, values are interpreted to derive from the

interaction of waters with local volcanic host rocks as they are within the range of those reported for
hot springs and salt-lake waters in the western Puna Plateau (-4.1%o to +5.7%0; Schmitt et al., 2002;
Kasemann et al., 2004) and are consistent with inherited B from the volcanic bedrock (Fig. 3.4b; Schmitt

et al., 2002; Rosner et al., 2003).

Water supplied by hydrothermal springs to the lake is modified through evaporation, which is
evidenced by the increasing EC, TDS, salinity, and dissolved ions concentrations (Fig. 3.2, Table S1; Vignoni
et al., 2023a). Laguna del Peinado waters show concentration of dissolved elements approx. 9 times
higher than the southern shore hot springs and 2.5 times higher compared to the ones on the western

shore (Fig. 3.2). Laguna Turquesa, which became isolated from Laguna del Peinado around 2005 (Villafafie
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Figure 3. 11. Fractionation factor AQcarb-water between carbonates-lake/hot spring water and temperature for the El Peinado
basin. The equilibrium curves proposed by Kim and O’Neil (1997), Watkins et al. (2013), Tremaine et al. (2011), Coplen (2007),
and Kele et al. (2011) are included. The equilibrium oxygen isotope composition of the DIC was calculated following Zeebe (2007).
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-20 —] et al, 2021), shows the highest concentration of

_225 " dissolved elements (Fig. 3.2) and thus represents the

\ evaporitic end-member of the system. The evaporitic

= _24_; \ trend is also interpreted from the strong enrichment

UE; —26—i A ‘ £ & in heavy isotopes relative to the inflowing waters (Fig.

!:%%-28-5 ,v"". & 3.4). Considering a Rayleigh type fractionation, more

P than 60% of evaporation accounts for the observed

'30'; . 180 and 2H enrichment (Fig. 3.4a). The progressive

_32_: " increasing 6By, values support ongoing evaporitic

- evolution, driven by the co-precipitation of 1°B(OH),

_34_34 _3‘2 _3'0 _ig _2'6 _é4 _iz 20 in carbonate and gypsum evaporitic minerals

678, (%) (Jurikova et al., 2023). The strong evaporative trend

CaREpOMpES: Westen ~oHmEm has intensified in the El Peinado basin and regionally

Laguna del Peinado: samples: samples:

® top short cores Hot spring Hot springs  since the mid-1980s due to increasing air temperature
A SE shore sediment Travertines Travertines

# Laguna Turquesa Microbialite sediment and decreasing precipitation (Frau et al., 2021;

tland . .
wetlan Santamans et al., 2021) and was evident during the

Figure 3. 12. Measured 8B, and calculated water §11B,
composition (at the measured pH) following Nir et al. (2015). study period (2019 to 2021) with decreasing lake
The dashed line represents the 1:1 relationship (8'Bearb =
611B,). For samples that failed to converge to a numerical

Solution, a range of p|ausib|e 61184 values was calculated element concentrations observed between the years
based on in situ measured pH (marked with *) and 61Bcar,-

derived pH. (Fig. 3.2, Table S1; Vignoni et al., 2023a).

levels, increasing salinity, EC, TDS, and dissolved

3.5.2.Carbonate precipitation pathways

In the El Peinado basin, as in other hypersaline and hydrothermal environments in general, a variety
of physicochemical and biological processes operating at different scales affect the carbonate system and
favour carbonate precipitation: CO, degassing, evaporation, water mixing, and microbial activity (Gomez

et al., 2014, 2018; Beeler et al., 2020; Mors et al., 2022; Muller et al., 2022).

Magma derived CO; fluxes into the hydrothermal reservoir explain the observed acidic pH, high DIC,
and undersaturation with respect to calcite (i.e., SI < 0) in the hot spring waters, whereas towards the lake
we observe a decrease in DIC and CA, higher pH, and calcite supersaturation (i.e., SI > 0, Fig. 3.3a, Table
S1 and S2; Vignoni et al., 2023a). We estimated the CO; partial pressure (pCO,) in the hot spring waters
to be between 6 and 164 kPa (Table S2; Vignoni et al., 2023a), which is well above the atmospheric pCO,
estimated for the Puna region at ~ 4000 m a.s.l. of 0.23 kPa (Mors et al., 2022). This suggests strong CO,
degassing in the hot spring waters due to the pronounced pCO, gradient with the atmosphere, which

declines towards the lake as pCO, drops (Table S2; Vignoni et al., 2023a). The progressive loss of CO,
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decreases DIC without changing CA and increases the pH, favouring carbonate precipitation (Zeebe and
Wolf-Gladrow, 2001). High evaporation rates increase DIC and Ca?* concentration explaining the brine
supersaturation with respect to calcite (i.e., SI > 0, Table S2; Vignoni et al., 2023a). Calcite precipitation,
in turn, causes a decrease in DIC and CA in a 1:2 ratio and lowers the pH as the carbonate equilibrium
shifts to higher CO; levels (Zeebe and Wolf-Gladrow, 2001). The net balance of these processes explains
the increase in pH and decrease in DIC and CA in a ~2:1 ratio as the hydrothermal waters evolve into the
lake, and indicates a higher rate of DIC removal compared to CA (Fig. 3.3a). On a large scale, CO; degassing,
evaporation, and calcite precipitation are thus the main processes driving changes in DIC and CA in these
systems, which is also supported by the inverse modelling results (Table S3; Vignoni et al., 2023a).
Moreover, the loss of CA by carbonate precipitation in high ionic strength environments also explains B
becoming the major buffer contributing to TA in both the Laguna del Peinado and the Laguna Turquesa,
where BA accounts for ~ 26 to 60% of the TA of the brines (Table S2; Vignoni et al., 2023a). Similar
observations have been also made in the Dead Sea, where BA comprise ~ 60% of the TA (Golan et al.,

2016).

Mixing between hot springs and hypersaline lake water, in addition to CO, degassing and evaporation,
is interpreted to play a role in the increase of calcite Sl on the western margin of the El Peinado system as
shown by geochemical modelling (Fig. 3.3a and b; Table S3; Vignoni et al., 2023a). In fact, the occurrence
of the microbial mounds system in this region (Valero-Garcés et al., 2001; Farias et al., 2020) suggests that
the combination of these processes is key for its development. Microbialites within water mixing zones
have also been described in other Andean lakes (e.g., Gomez et al., 2014; Buongiorno et al., 2019)

underscoring the relevance of this process in sustaining these ecosystems.

On a microenvironment scale, the observed close association of carbonates with microbial
communities in the El Peinado basin (e.g., calcite-diatom aggregates, mineralised microbial structures,
cemented epiphytic diatoms Cocconeis placentula s.l., microbial mats, microbial mounds; Fig. 3.4 and 5)
indicates their fundamental role in the formation of microbialites (Dupraz et al., 2009). Recent studies
reported the predominance of Bacillariophyta, Crytophyta, and Cyanobacteria in the phytoplankton of
Laguna del Peinado (Frau et al., 2021). Microbial communities control chemical gradients, supply crystal
nucleation sites, and trap and bind suspended particles (Gomez et al., 2018; Mors et al., 2022; Shiraishi et
al., 2022 and references therein). Diatoms and bacteria also produce exopolymeric substances (EPS) that
act as nucleation sites allowing primary grains to bind and grow into larger calcite crystals (Gomez et al.,
2018; Mlewski et al., 2018 and references therein). Photosynthetic activity additionally consumes CO,
resulting in a local pH increase that favours carbonate precipitation. Contrary to previous assumptions

that under high DIC conditions photosynthesis may not induce carbonate precipitation (Arp et al., 2001),
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recent studies in hydrothermal systems in Japan have shown that photosynthetically-induced carbonate
precipitation may indeed occur in high DIC environments, albeit to a lesser extent (Shiraishi et al., 2022).
This could be explained by a local reduction in DIC (by degassing and evaporation) within microbial mats
to a degree that photosynthetic activity can increase saturation sufficiently for calcite precipitation
(Muller et al., 2022). Such mechanism likely explains the occurrence of calcite in El Peinado hot springs,
and highlights well the important role both large-scale basin-wide and microenvironment processes play

on carbonate precipitation.

3.5.3. Controls on calcite geochemistry during precipitation from brines and hydrothermal
fluids

The observed large variations in the geochemical composition of the different carbonates are
controlled by the water chemistry of the specific sub-environment in which they formed (i.e., lakes, hot
springs, wetlands) and the dominant processes driving precipitation. To explore and interpret these
variations, we use the partition coefficients and fractionation factors between the carbonates and the
waters from which they precipitated. It is to be noted that the water composition used for deriving our
Koy and fractionation factors corresponds to the conditions at the time of sampling, while the carbonates
may integrate variations over longer time spans (e.g., diurnal, seasonal), in particular, travertines and
microbialites that form over longer timescales (Muller et al., 2022). However, despite the increase in
dissolved ion concentrations in both lakes from 2019 and 2021, the difference in water element/Ca ratios
between one year and the other does not impact the observed trends in Kpix) values. Likewise, it is unlikely
that any variations in the isotopic composition of the water affected the calculated fractionation factors,
as these are homogenised by water volume and reflect rather longer-term conditions (Li et al., 2020). We
thus consider our water samples to be reasonably representative of the solution composition over the
span of the modern carbonate precipitation and valid for deriving the Kpx values and fractionation

factors.

In the following sections, we explore the incorporation of elements and fractionation of isotopes
during calcite precipitation in the hot springs and hypersaline lacustrine environments. Our overall Kpx)
values are higher than values obtained from inorganic precipitation experiments, which is in line with
observations from an active travertine system in California (Mitnick, 2018) and has been attributed to the
more complex environmental conditions in natural systems that are difficult to simulate in laboratory

experiments (e.g., Morse and Bender, 1990; Rimstidt et al., 1998; Mitnick, 2018).
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3.5.3.1. Controls on the elemental composition

The incorporation of Mg?* into calcites was found to be influenced by the solution Mg/Ca, with higher
Kpvg occurring at lower Mg/Ca and vice versa, as suggested from precipitation experiments (Mucci and
Morse, 1983; Morse and Bender, 1990; Mitnick, 2018). This is evidenced by the overall highest Mg/Ca in
southern shore calcites (Fig. 3.7, Table S4; Vignoni et al., 2023a) precipitating from hydrothermal waters
characterised by Mg > Ca trend (Fig. 3.2, Table S1; Vignoni et al., 2023a) and thus lower Kpg) values (Fig.
3.9, Table S5; Vignoni et al., 2023a). In contrast, lower Mg/Ca ratios were observed in calcite where Ca >
Mg waters prevail, such as both lakes and the western shore sub-environments, resulting in higher Kpjmg
values (Fig. 3.9, Table S5; Vignoni et al., 2023a). We did not observe Mg/Ca variations as a function of
temperature (e.g., Katz, 1973; Gascoyne, 1983; Day and Henderson, 2013), which is expected considering

the large variability in the water Mg/Ca which would obscure any potential temperature signal.

Our calculated Kpsy values did not show any significant correlation with other Kpx or the water
geochemistry except for Sr/Ca content (Table S8; Vignoni et al., 2023a). Possibly, as crystal growth
experiments have shown, Sr?* incorporation is influenced by the MgCOs content of calcite as Mg*
incorporation produces a deformation in the crystal lattice allowing to accommodate larger cations like

Sr?* (Mucci and Morse, 1983) and/or calcite growth rates (Gabitov et al., 2014 and references therein).

The gradual increase in Na* and Li* in calcites from sediments, travertines, and microbialites from the
less saline southern hot springs towards the more concentrated lake brines of Laguna del Peinado and the
evaporitic end-member Laguna Turquesa (Fig. 3.7) suggests salinity is the primary control, as also
evidenced by the significant positive correlations with Kpna) and Koy (Table S8; Vignoni et al., 2023a). This
is in agreement with laboratory experiments showing interstitial incorporation of Li* and Na*, and hence
Kp increase at higher solution concentrations (i.e., salinity; Ishikawa and Ichikuni, 1984; Marriott et al.,
2004). However, the hot spring and microbialite calcite samples from the western shore, with
comparatively less saline waters due to the inflow of spring water into this sub-environment, presented
higher Kpna) and  Kpiy than the brine samples (Fig. 3.9). Likewise, travertines also showed elevated Na*
and Li* content (Fig. 3.7). This is probably related to higher precipitation rates promoted by CO, degassing
and microbial activity causing defects in the crystal lattice that allow higher Na* and Li* entrapment as

observed in precipitation experiments (Flger et al., 2019).

Boron incorporation was found to increase at higher total dissolved B and B(OH)s concentrations, with
the highest B/Ca recorded in the calcite sample from Laguna Turquesa (Fig. 3.7 and 10, Tables S4 and S5).
Higher B uptake with increasing concentration of B and sodium chloride of the parent fluid has been
reported for synthetic calcite (Kitano et al., 1978; Hemming et al., 1995). More recently, Henehan et al.

(2022) observed a close correlation between Na* and B enrichment in calcite and proposed a paired
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incorporation of Na* and B(OH), in place of Ca** and COs> to maintain the charge balance. This would
explain the mechanism by which salinity, or water Na* concentration, favours the incorporation of B into
the crystal lattice (Henehan et al., 2022). According to our results, B enrichment correlates with higher
water salinity as well as Kpna) and Kpqi) values (Table S8; Vignoni et al., 2023a). As B(OH)4 concentration
depends on pH and total B (salinity), increased Kp) could also be explained by higher pH (Fig. 3.10a and
b) as expected from boron speciation principles and found during experimental precipitation of calcite

(Mavromatis et al., 2015).

3.5.3.2. Controls on the §"0car, and &*3Ceary signatures

The 8%®0.arb at equilibrium is controlled by the isotopic composition of the water, the temperature at
precipitation, and the relative proportion of the DIC species (Hoefs, 2015). In the El Peinado basin, §*¥0carb
values vary broadly from -4.6%. to 6.7%. between the different locations (Fig. 3.8a) suggesting different
controlling factors involved. We observed positive §0ca.r, values (average 6.1%o) in calcites from the short
cores, the southeastern shore of Laguna del Peinado, and the crust from Laguna Turquesa. This is in line
with the 0-enrichment observed in the brines due to the evaporative effect and longer residence time
(Fig. 3.4a and 8a). This suggests that the 6%®0..b signal of these calcites largely record the parent water
isotope signal. If calcite precipitated under thermodynamic isotopic equilibrium conditions and water
temperature was controlling the oxygen isotopes fractionation, the A®Oc,m-w values for these samples
should plot around the oxygen isotope equilibrium lines at the measured water temperatures (Fig. 3.11).
Only the three bulk calcite samples from the short cores revealed A¥Ocm-w Values between the isotopic
equilibrium curves defined by Kim and O’Neil (1997) and Watkins et al. (2013), and are in good agreement
with the curve for cave calcites defined by Tremaine et al. (2011) (Fig. 3.11). This suggests that only calcite
in the lake at the core locations precipitated under apparent thermodynamic isotopic equilibrium

conditions.

In contrast, bulk samples from the southeastern shore of Laguna Peinado and the calcite crust from
Laguna Turquesa shore were offset towards lower A®O0cm.w values (Fig. 3.11) approaching the A®0coso—
w equilibrium (COs?* oxygen isotope in equilibrium relative to water isotopes; Zeebe, 2007). This might be
caused by either high calcite precipitation rates and/or precipitation at higher pH (e.g., Zeebe, 1999;
Dietzel et al., 2009; Gabitov et al., 2012; Watkins et al., 2013, 2014; Li et al., 2020). However, based on
the 680 data alone it is not possible to discriminate whether one or both of these factors influenced the
A®Ocm-w Of these samples. In the following section we attempt to resolve this by the inclusion of boron

isotopes which provide complementary information on the carbonate (bio)mineralisation processes.

On the other hand, calcite samples from hot spring and wetland sediments, microbialites, and

travertines from the southern and western shores showed lower 80 values than brine calcites,
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although even lower values would be expected considering waters in these subenvironments present the
lowest 680, values (Fig. 3.4a and 8a). This implies a stronger ¥0-enrichment relative to the parent waters
compared to the brine calcites suggesting other controls on the §%¥0.b signatures than the isotopic
composition of the water. Calcites from the southern and western shore sub-environments, except one
travertine from the western shore, offset towards higher A¥®0c,n-w values (Fig. 3.11). This can be explained
by isotopic disequilibrium due to kinetic fractionation effects under conditions of rapid CO, degassing
(Kele et al., 2015; Daéron et al., 2019), which is in agreement with the high pCO; estimated for the parent
waters (Table S2; Vignoni et al., 2023a). The loss of isotopically light CO; results in heavier DIC being taken
up by calcite during precipitation (Watkins et al., 2014). Similar to the lake samples discussed above, for
the western shore travertine the offset towards lower A¥0cm-w values (Fig. 3.11) might be explained by
high calcite precipitation rates and/or higher pH (e.g., Zeebe, 1999; Dietzel et al., 2009; Gabitov et al.,
2012; Watkins et al., 2013, 2014; Li et al., 2020).

All calcites in the El Peinado basin show positive 6*Cc.n, values evidencing a strong **C-enrichment and
a progressively increasing 83Cearb trend from the southern and western shore sub-environments to the
lake (Fig. 3.8a). This most likely results from the preferential loss of isotopically light CO, during strong
degassing in the hydrothermally influenced environments and further degassing, albeit to a lesser extent
as indicated by the pCO, decrease (Table S2; Vignoni et al., 2023a), during evaporation in the lake (Valero-
Garcés et al., 1999; Affek and Zaarur, 2014; Mors et al., 2022). Preferential consumption of 2C during
photosynthesis might also lead to *C-enriched carbonates but the contribution of this process is difficult
to constrain (Muller et al., 2022). Considering the strong influence of physical processes (i.e., CO;
degassing and evaporation) in this system it is most likely that these exert the primary control on the
8%3Ccarp Of El Peinado calcites (Valero-Garcés et al., 1999, 2000, 2003), as also found in other saline lakes

(e.g., Stiller et al., 1985; Golan et al., 2017; Beeler et al., 2020).

Some degree of secondary influences is apparent from the only moderate 8®0cn and 83Cear
correlation (r = 0.64; Fig. 3.8a), suggesting that their composition might be affected by other processes
(e.g., water mixing) and/or variable rates of CO, degassing/evaporation considering the diversity of
depositional environments within the basin. The main reason behind the lack of a stronger correlation,
however, appears to be due to four outlying samples, which when excluded lead to an improved Pearson’s
correlation coefficient (r = 0.84, n = 28). Specifically, sample PEI19-HTS3-C-1 has both the highest 8*Ccarp
and A™®0cm-w Which could be interpreted as stronger degassing at the hydrothermal water outlet (Fig.
3.8a and 11); samples PEI19-T-5 and PEI19-T-5_coating correspond to a travertine collected at the
southernmost end of the system that had a very shallow water depth due to intense evaporation (Fig.

3.1c and 5c¢); and the sample PEI21-HTS1-C-2 corresponds to a carbonate covering the base and roots of
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shrubs at the edge of the southern hydrothermal pool, where the ®0-enrichment (highest A¥®Ocarb-w
relative to the other southern samples; Fig. 3.11) could be enhanced by evaporation during capillary rise
of water, as previously also suggested in Laguna Pastos Grandes (Bougeault et al., 2020). This highlights
the control of the diversity of depositional environments on the 8®0c., and 83Cen values, even over
short distances, as has also been observed in other lake systems from the region (Buongiorno et al., 2019;

Bougeault et al., 2020).

3.5.3.3. Controls on the 8B, composition

The 8B.arp values fall into different groups when compared to the predicted ambient 6B, (Fig. 3.12),
enabling us to distinguish precipitation processes linked to in situ pH change from those driven by other
secondary factors. When the incorporation of the tetrahedral B(OH), is controlled by the water pH, the
8Bcarb should reflect the water 5B, composition (as indicated by the 1:1 line in Fig. 3.12). While our
8'B.arp values fall around the 1:1 line, they exhibit offsets. The positive 8B, offset (of on average 3.9%o)
observed in the western shore hot spring and southern shore samples can be explained by elevated pH in
the mineralisation microenvironment. The calculated 6''Bc.r,-derived pH (Eq. 7) gives values between 7.9
and 8.6 (Table S5), which is higher than the bulk water pH (between 5.1 and 6.5; Table S1; Vignoni et al.,
2023a). Interestingly, these samples formed in waters undersaturated with respect to calcite (Sl < 0; Table
S2; Vignoni et al., 2023a). Photosynthetically-driven elevation of in situ pH by the thriving microorganism
communities thus appears responsible for driving carbonate precipitation in these environments.
Likewise, calcite from the western shore microbialites showed a positive offset, albeit of a lower
magnitude (1.4%o higher than the expected &'!B;) possibly because of the SI > 0 in these waters,
suggesting minor elevation of in situ pH at precipitation (Fig. 3.12; Table S2 and S5; Vignoni et al., 2023a).

Calcites from one of the short cores from Laguna del Peinado recorded 8B, values on average 4.5%o
lower than that of the predicted 6B, (Fig. 3.12). A potential bias could result from contamination with
clays that preferentially adsorb the relatively lighter 1°B (Palmer et al., 1987; Vengosh et al., 1991), which
can be traced by elevated Al/Ca and B/Ca content. However, no clay minerals were identified by XRD or
SEM and elevated Al/Ca and B/Ca in these samples did not translate into systematically lower 8'Bcar
values (Fig. S5, Table S4; Vignoni et al., 2023a), suggesting that the observed values most likely reflect real
trends. Such relatively light 6!!B values have been also reported for amorphous silica crust and diatom-
rich suspended sediment in a geothermal system in the Indian Himalayas (Steller et al., 2019) as well as
marine biogenic silica (Ishikawa and Nakamura, 1993). This is thought to be driven by the substitution of
the relatively light ®B(OH), for silicate in tetrahedral sites in the diatom opal (Ishikawa and Nakamura,
1993; Steller et al., 2019) with an additional negative isotopic fractionation (i.e., towards '!B-depleted

values) taking place during incorporation (Donald et al., 2020). Contrary to carbonates, a significant
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negative correlation has been observed between 8B in diatoms and pH (Donald et al., 2020). The low
offset of 6B, values compared to the 8B, in these waters could potentially result from the leaching
of 1°B from diatoms within the microenvironment of carbonate precipitation (e.g., Hong et al., 2022) given

the high abundance of diatoms in the sediment and travertines structure.

Calcites from Laguna Turquesa, the southeastern shore of Laguna del Peinado, and a travertine from
the west coast, show a range of plausible 8B4 values which are largely biased towards lower than
expected 6B, at the measured in situ pH (Fig. 3.12; Table S6; Vignoni et al., 2023a). Given that at the
measured pH the model indicated BA was higher than the measured TA (Table S6; Vignoni et al., 2023a),
a lower pH for these water samples is plausible due to the challenges associated with measuring this
parameter accurately in high ionic strength solutions (e.g., Bates, 1974; Covington and Ferra, 1994; Golan
et al., 2014). Partially, this offset can be reconciled when 6B, is calculated using the sit.dat instead of
pitzer.dat (Fig. S4; Table S7; Vignoni et al., 2023a). Alternatively, a potential bias towards lower 8B,
values could result from the influence of 'B-depleted diatoms in the precipitation microenvironment or
higher precipitation rates that increase the incorporation of °B(OH), into calcite as observed by Farmer
et al. (2019). High precipitation rates are particularly likely in these hypersaline waters and would also
explain the deviation from the expected oxygen isotopic equilibrium observed for these samples (Fig.
3.11).

3.5.4. Implications for interpreting geochemical signatures of lacustrine carbonates

Our comprehensive dataset of paired water-carbonate chemistry illuminates some of the key controls
on the elemental and isotopic signatures of calcites forming in natural hypersaline and hydrothermal
environments. These results enable us to elaborate on the potentials and limitations of lacustrine
carbonates in Andean lake systems and similar environments as recorders of past environmental and

hydroclimatic changes.

The high 60 values from calcite deposited at the lake bottom suggest precipitation under isotopic
equilibrium conditions and reflect the water evaporitic enrichment. However, the 80 signatures in
lake sediment records might be biased by the influence of other factors on 60, such as mixing with
waters of different composition (e.g., thermal waters, groundwater), warning against a simplistic
interpretation of 8®0.. as an exclusive indicator of evaporation (Valero-Garcés et al., 2000, 2001). In
contrast, carbonates from the hydrothermal environments are formed at isotopic disequilibrium
conditions between water and the DIC and thus are not suitable as a hydroclimate proxy. Lake 8%Ccars
signatures in such environments may be of limited use as a proxy because *C-enrichment could either
reflect the evaporitic enrichment of the water DIC resulting from evaporation induced-CO, degassing

and/or photosynthesis (Valero-Garcés et al., 1999; Beeler et al., 2020; Muller et al., 2022). Even so,
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covariation of 8%0cm and 8Cem are common in closed-basin lakes and considered to reflect
evaporation, with the decoupling of this trend usually interpreted as changes in the basin hydrology, lake
productivity, or changes in the DIC (Talbot, 1990; Li and Ku, 1997; Valero-Garcés et al., 1999, 2000, 2003).
The oxygen and carbon isotope values of carbonates, however, if carefully interpreted could shed light on
some of the pathways involved in the formation of the carbonates in the past and thus the processes

operating in the basin.

The analysis of 8B in lacustrine calcites provides a useful new tool for extending multiproxy
geochemical approaches. Further information on the composition of the lake water, and hence the source
rocks with which it interacted, as well as evaporitic trends can be obtained. Moreover, it also provides
useful insights into the conditions in the precipitation microenvironment, such as pH changes caused by

microbial metabolism.

Our results show that Na/Ca, Li/Ca, and B/Ca can provide information on water salinity. Na/Ca and
Li/Ca ratios, however, could be biased by high calcite precipitation rates. The Mg/Ca content gives
information on the Mg/Ca ratio of water, which, in hypersaline systems, can give insights into the degree
of brine evolution as Ca®* is consumed in mineral precipitation (Eugster, 1980). It may also indicate
fluctuations in the input of high Mg waters, such as the southern shore hot springs, and weathering of

Mg-rich lithologies (Deocampo, 2010).

3.6. Conclusions

The present study contributes to the understanding of the various processes that drive modern
carbonate precipitation in lacustrine environments of the Altiplano-Puna Plateau and influence their
geochemical signatures. The hypersaline El Peinado lacustrine system can be considered a type locality to
study the complex interactions of evaporation, hydrothermal activity, and biological influences on
carbonate formation in an active tectonic and volcanic setting. The integration of multi-proxy datasets is

critical for robust interpretations and revealed the following:

1) The hydrothermal waters are undersaturated with respect to CaCOs;, but CO, degassing and
biological activity produce a shift in the carbonate equilibrium and increase pH, favouring
carbonate precipitation.

2) In the hypersaline lake system, carbonate precipitation is driven by high evaporation rates that
increase CaCOs saturation state, as well as CO; degassing and biological activity depending on the
location within the lake basin.

3) Microbial communities and diatoms influence carbonate precipitation by modifying the

microenvironment geochemistry (pH, ions availability) and providing nucleation sites.

31



4) Li/Ca, B/Ca, and Na/Ca values reflect water salinity due to evaporative concentration. The Mg/Ca
values record the Mg/Ca of the parent waters and, combined with the interpretation of other
proxies, could serve as an indicator of the evolution of the brine or variations in the input of Mg-
rich waters.

5) The 80 signatures of modern lacustrine calcites largely reflect the strong evaporation and
residence time of the waters, and to some extent likely also the high carbonate precipitation rates,
whereas 6®0..r values of calcites forming in hot springs are dominated by disequilibrium effects
from CO; degassing.

6) Lacustrine 8B.arp sighatures are influenced by the 6B, the pH of the water from which they
precipitated, the pH in the precipitation microenvironment and thus provide insights into the

carbonate (bio)mineralisation processes as well as the water source.

Our findings contribute to the development of proxies for these depositional environments, which is
essential for the interpretation of the geochemical signatures of the different carbonates in the geological

record.
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