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Carbonate deposits and sedimentary records from lakes in southern Patagonia provides an excellent contribution
in the regional environmental register. The Laguna Timone is situated within a maar of the Pali Aike Volcanic
Field, a Quaternary volcano-tectonic complex in southernmost South America and represents one of hundreds
of “pools” of brines developed after explosive volcanic eruptions in a periglacial environment. The lake consti-
tutes an endorheic hydrological systemwhere processes leading to carbonate precipitation took place under ex-
treme physicochemical conditions and biological influences that can be explored. Laguna Timone is recharged by
groundwater and sporadic episodes of precipitation (ca. 200mm/year) and high evaporation rates are controlled
by regimes of strong wind (westerlies) and seasonal solar radiation. Carbonate precipitation was studied in
microbialite fragments of tufa deposits and carbonate crust located in the edge of the lake, and the mineralogy
of all samples is calcite. The clay fraction of the sediment underlying the carbonates was characterized and
HRTEM analysis shows that authigenic smectites have influence on calcite crystal precipitation. The positive
δ18O values (2.28 ‰) in thin crust layers are associated with evaporation processes. In contrast, the negative
δ18O values (−6.52 ‰) in the microbialites show meteoric and/or groundwater influences. The δ13C (−0.43‰
to 2.50‰) values indicate physico-chemical and biochemical processes controlling the precipitation. The carbon-
ate precipitation involves the interrelations of hydrogeological properties, climate and biological influences.
Laguna Timone provides a natural laboratory for understanding mineral precipitation processes that register
continuous climatic and environmental archives.

© 2022 Elsevier B.V. All rights reserved.
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1. Introduction

Sub-recent carbonate precipitates in modern lakes are formed by a
combination of physical, chemical, and biological processes. Particularly
the lakes in southern Patagonia represent natural laboratories that
provide unique terrestrial records of (1) climate evolution, (2) hydrol-
ogy, (3) interaction of ice-sheet dynamics, (4) volcano-tectonic events,
(5) erosion related to strong winds and (6) microbiological processes.
In this manner, most of Patagonian lakes with carbonates are ideal
places to disclose the interrelation of lithospheric, biological and
ez).
atmospheric processes. Nevertheless, there are few studies due to diffi-
cult access and adverse climate conditions.

Awindow to study these processes is provided by lakes in endorheic
basins sited in semiarid regions, as in southern extra-Andean Patagonia,
which generally respond effectively to environmental and climate
changes (Zolitschka et al., 2006). This is the case of Laguna Timone,
which corresponds to an extinct maar of the Pali Aike Volcanic Field, is
one of the few permanently water-filled lake systems offering the op-
portunity to carry out interdisciplinary studies. The maar was formed
through explosive phreatomagmatic eruptions in middle Pleistocene
times once ice caps formed during the Great Patagonian Glaciation
(Rabassa et al., 2005; Ton-That et al., 1999) started to retreat. Regionally,
it is postulated that cold climatic conditions were influenced by a prox-
imal periglacial environment and that explosive eruptions were related
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to the interaction of hot basalticmagmaswith the permafrost (Coronato
and Rabassa, 2011; Bockheim et al., 2009).

Currently, the evidence of lake-level fluctuations at Laguna Timone,
recorded by several paleo-shoreline levels, and the occurrence of car-
bonates, clay minerals and microbial activity make this place an excep-
tional site to explore the record of late Quaternary environmental
changes and continuous climatic archives in an unusual and still unex-
plored scenario. In this contribution,we combine a variety ofmineralog-
ical and geochemical analyses of sediments, carbonates and water
(Henriquez, 2021) as well as field evidence obtained during systematic
collection of data in two seasons. The geological and geochemical stud-
ies at Laguna Timone contribute to the knowledge of the precipitation
conditions of carbonates and authigenic clayminerals, taking advantage
of the favorable local conditions, considering the contribution of the
volcanic source in the lake, and the identification of microbialites
under cold climate in southern Patagonia.

2. Geological setting

The Cenozoic geodynamic evolution of southernmost South America
is mainly due to the interaction between three tectonic plates: South
American, Antarctic, and Scotia plates. It results from: (1) Subduction
of the Nazca and Antarctic Plates beneath the South American Plate
and (2) transcurrent movements between the Scotia and South
American Plates. The occurrence of Cenozoic mafic magmatism associ-
ated with the Pali Aike Volcanic Field (PAVF) (Fig. 1) is related to the
opening of an asthenosphericwindowunder South America in response
to the subduction of the Chile Ridge under the continent (D'orazio et al.,
2001, 2000; Dickinson and Snyder, 1979; Skewes and Stern, 1979). The
complex geotectonic configuration of plate boundaries near the PAVF at
52°S latitude resulted in distinctive tectonic provinces (Winslow, 1983).
From west to east, these units correspond to: (1) a Paleozoic metamor-
phic basement, intruded by the Jurassic–Miocene Patagonian Batholith
exposed in the Pacific Coastal Archipelago (Herve et al., 2007); (2) the
PatagonianCordillera, constituted of Upper Jurassic to Lower Cretaceous
silicic volcanic rocks (Tobifera Formation) and ophiolitic complexes of
Fig. 1. Location and geologic context of the study area. The Laguna Timone maar is located nea
(Source: adapted from Ross et al. (2011).)
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the ‘Rocas Verdes’ back-arc basin (Calderón et al., 2007); (3) the eastern
thin-skinned ‘fold-and-thrust belt’ developed since the Late Cretaceous
to the lateMiocene (Fosdick et al., 2011); and (4) finally, theMagallanes
foreland basin was affected by Neogene extensional tectonics and
development of graben systems (Diraison et al., 1997).

The emplacement of the Pali Aike Volcanic Field, occurred on top of
the Upper Cretaceous to Cenozoic Magallanes Basin (Zolitschka et al.,
2006; Mazzarini and D'Orazio, 2003; Winslow, 1983) along the
southern Patagonian rift (Corbella et al., 1996). The late Miocene to
Quaternary PAVF (3.8 to 0.17 Ma) extends over an area of approxi-
mately 4500 km2 in Argentina and Chile. Three main volcanic stages
have been proposed for the generation of alkaline basalts of the
PAVF (Mazzarini and D'Orazio, 2003). According D'Orazio et al.
(2000), the PAVF stratigraphy was can be divided into three strati-
graphic units, U1, U2 and U3. U1 is the oldest and most extensive unit,
covers 83 % of the total area, and consists of planar lava flows that
form a plateau. Unit U2 consists of over 450 volcanic edifices which
include: spatter, scoria cones, maars, and tuff ring associated with
basaltic lava flows and mantelic xenoliths (Corbella, 2002; Skewes and
Stern, 1979). These occupy 15 % of the total area of the PAVF. Finally,
unit U3 is the youngest and consists of scoria cones and well preserved
lava flows, occurs only in the SE part of the volcanic field, and occupies
only 2 % of the total area.

The maar Laguna Timone discussed in this work belongs to unit U2.
The preservation of these morphologies is affected due to erosion.
Laguna Timone is the result of circular emission centers that reach up
to 2 km in diameter and are surrounded by a tuff ring resulting from a
phreatomagmatic eruption. The high diameter of the lagoon can be in-
dicative that this is one of the oldest maars of the PAVF (Coronato and
Rabassa, 2011).

The PAVF overlies late Cenozoic marine sedimentary rocks
(sandstone and shale) related to a marine transgression correspond to
the oldest outcropping geological strata of the study area. Miocene
fine-grainedmolasse sediments from the LowerMiocene tectonic uplift
of the Andes, and fluvioglacial deposits from the Pliocene and Pleisto-
cene glaciations (Zolitschka et al., 2006) are present. The volcanic field
r the SW border of the Pali-Aike Volcanic Field.
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represents the contrasting topography of a recently built eruptive area
caused by glacial and periglacial phenomena, geomorphological agents
of the fluvial cycle, and wind activity (Corbella and Gagliardini, 1997).

Themonogenetic cones in the PAVFhave a spatial distributionwith a
preferential alignment and elongation. The observation realized by
Mazzarini and D'Orazio (2003) through the satellite image, topographic
maps, field surveys, and aerial photos determines four main lineament
families: N–S (azimuth range 350°–010°), NE–SW (021°–060°), E–W
(080°–100°) and NW–SE (110°–150°). NW–SE and NE–SW are the
most common structural orientations in the PAVF. Recent volcanism is
consistent with elevated geothermal gradients (cf. Lagarrigue et al.,
2019), suggesting that heat transport by advection can be related to
hydrothermal fluids heated by deep and stagnant magmatic reservoirs
within the continental crust.

3. Climatic conditions

Climatic conditions of southern Patagonia are controlled byAntarctic
ice mass and wind circulation from the west (Weischet, 1996; Mayr et
al., 2007b). High solar radiation melts extensive ice fields during
the summer. Moreover, Humboldt Current (west coast) and Falkland
Currents (east coast) transport coldwater to the north along the Patago-
nian coasts, simultaneously reducing atmospheric heating. The cold-air
mass advection arrives from the continent generating cold summers,
and the proximity to the ocean is the cause of moderate winters
(Barros et al., 1979). In general, southern Patagonia is characterized by
extreme climatic conditions. Moreover, westerly winds that transport
humid air from the Pacific Ocean to the Southern Andes lead to annual
rainfall values between 4000 and 6000 mm on the coast and Andean
territory. On the other hand, the Andean mountains behave as a topo-
graphic barrier for humid winds and generate the rain shadow on the
eastern slopes of the Andes, where the PAVF is located. This fact gener-
ates an abrupt decrease in precipitation to <300 mm/year, with a regu-
lar distribution generating semi-arid and desert climates (Zolitschka
et al., 2006). In addition, the decrease in relative humidity related to
the increase of mean annual temperature is another factor that influ-
ences the reduction of precipitation east of the Andes (Weischet,
1996). Eastern Patagonia tends to have a continental climate dominated
by the SWW, with highly evaporative conditions at the surface
(Garreaud et al., 2013). In summary, the area of Laguna Timone is charac-
terized by a semi-arid and cold climate, with temperatures close to 0 °C in
winter and 15 °C in summer, characterized by regimes of strong winds
and low annual precipitation rates (ca. 200 mm/year).

4. Hydrogeological description

Laguna Timone developed in the Pliocene to late Quaternary Pali
Aike Volcanic Field (Zolitschka et al., 2006) and products were depos-
ited on the volcano-sedimentary sequences of the Magallanes foreland
basin (Corbella et al., 1996). Around 0.77 Ma phreatomagmatic erup-
tions were triggered by the interaction of mafic groundwater and/or
permafrost (Zolitschka et al., 2006; Coronato and Rabassa, 2011) and
formed hundreds of maars, commonly filled by a lake, creating a maar
which developed into the lake of Laguna Timone. The surface of area
is dominated by fluvioglacial sediments. The crater margins are formed
by tuff ring forms and scoria and spatter cones. This structure contains
materials generated during the eruptions such as ash, lapilli, and basalt
bombs, juvenile fragments due to phreatomagmatic eruption. The crater
depression of Laguna Timone, itself, is only partly occupied by the lake
and has a diameter of approximately 3 km. Laguna Timone is one of
the few lakes that is a permanently water-filled lacustrine system in
the region. The negative topography of the maar probably allows the
accumulation of water from the melting of ancient ice masses, ground-
water supply and currently episodic tributaries, such as rainwater. The
runoff only occurs episodically through a few arroyos after snow-melt
in spring and rain episodes. The area has no permanent tributaries, no
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surface outflow, and semi-arid climate reflecting that the lake is fed by
mainly groundwater and episodes of precipitation. Because of the pro-
nounced exposure to the influence of westerly extremely strong
winds in this area, the lake has no persistent seasonal stratification
today, the winds cause frequent mixing of water levels, and therefore,
the hydrological budget is extremely susceptible. Several seasonal
lake-levelfluctuations at Laguna Timone are evidenced by gradualwith-
drawal of the water in the crater, evidenced by preserved shoreline,
which register a decrease in the water mass.

5. Material and methods

The applied methods focused on the materials found in shoreline.
For this study, samples of carbonate rocks, sediments and water were
collected during two different seasons (May and September) (Fig. 2).
To have a better understanding of the lake system a schematic model
was developed (Fig. 3). The lake overlaps the volcanoclastic sequence
of theMagallanes basin, such as sandstones and volcanic ash associated
with the Miocene Palomares Formation (Mella, 2001). The crater is
filled by gravitational flow deposits associated with tuff ring erosion
by winds, and carried fluvioglacial deposits. The water is dark and
cloudy associated with the large number of sediment particles related
to weathering of basaltic rocks, detrital material, water from the ice
melting and the mixture caused by the winds. In addition to lake and
carbonate-related studies, biological observations were carried out.

In the east margin of the lake, and strongly influenced by the west-
erlies, there is an interaction zonewith waves that rework the observed
microbial mats, and this material is covered and uncovered by waves.
The microbial mats and biofilm are interacting with carbonate crystals.
Thematerials are greenish to brownish, and present boomerang-shaped
typical of microbial mats associatedmicrobialites. Next, a foam is mark-
ing levels with precipitation of salts and crystals showing a strong inter-
action zone between the water and westerlies. A gray mud (LTS01)
underlies salt crystals and carbonate crust (LT01) deposits. Then, a
green sediment (LTS02) is observed inside an arroyo. This material
looks like a very fine-grained mud, and it contains organic matter asso-
ciated with gel-like substance characteristic of extracellular polymeric
substances (EPS). In the more distal part of the lake level, deposits of
tufa are found with identified microbialite fragments (LT02, LT03).
The deposits have mainly botryoidal structures and in small sections
aligned crystals are observed. These carbonates are not presented as
tufa buildings. The deposits are highly eroded as a result of strong
winds and rock falls of the volcanic deposits that surround the lake.
This sector shows a notable decrease in the level of the lake. Probably,
tufa deposits were larger structures covered by water.

5.1. Water physiochemistry

Water parameters such as temperature (°C), pH, electric conductiv-
ity (EC mS cm−1) and total dissolved solids (TDS mg/L) through a mul-
tiparameter equipment Horiba were measured in situ during the field
campaign (Table 1). The water chemistry was analyzed at Laboratório
de Pesquisas Hidrogeológicas (LPH), housed at UFPR. The sample in the
field was filtered through 0.45 μm SFCA (surfactant-free cellulose ace-
tate) syringe filters, and the procedurewas repeated due to its high con-
tent of dissolved solids. The samples were collected in the edge of the
lake and superficially due to the difficulty to enter the lake. Neverthe-
less, the layers are constantly mixing due to strong winds (Fig. 2).

In the laboratory, the samples were filtered using a fiberglass
membrane and a cellulose ester membrane. The concentrations
were measured in mg/L and the abundance in milliequivalents per
liter. The ion concentrations of sulfate, fluorine, phosphate, nitrites,
nitrates, silica, iron and manganese using colorimetry were measured
using Spectrophotometer equipment (MN® UV/Vis II). Chlorine, total
alkalinity, carbonate, bicarbonate, hydroxide, calcium, and magnesium
were analyzed using the analytical method Titulometry through the
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BRAND® Titrette® digital bottle-top burette. To measure sodium and
potassium, the flame emissionmethodwas performed using a Photom-
eter model FC 280 from Celm. Gravimetry was used for total dissolved
Fig. 3. Schematic model of L
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solids. The pH and conductivity were measured by potentiometry
using sp2000 equipment Sensoglass brand. To geochemical simulations
of the data, PHREEQC Interactive (Pfizer database)was used to calculate
aguna Timone system.



Table 1
The image shows physicochemical characteristics of water sample. PHREEQC calculated
(*) saturation states.

Physicochemical analysis of water

Water

Physical parameters
Total dissolved solids (TDS) (mg/L) 110,576
pH 9.7
Electric conductivity (μS/cm) 111,000.00
Temperature (°C) 7

Chemical parameters (mg/L)
Calcium (Ca) 9.00
Magnesium (Mg) 3.00
Sodium (Na) 29,076.00
Potassium (K) 2560.00
Iron (Fe) 0.42
Manganese (Mn) 0.25
Chloride (Cl) 41,000.00
Fluoride (F) 12.5
Sulfates (SO2) 140
Phosphorus (PO3) 110
Nitrates (NH3) 358.15
Nitrites (NO2) 0.272
Carbonates (CO3) 29,997.43
Hydroxides (OH) 1018.32

Saturation states
Ω calcite* 1.64
Ω aragonite* 1.8
Ω dolomite* 3.01
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mineral saturation states. The supersaturation state (Ω) of a solution
was calculated using a thermodynamic calculation as follows: Ω =
([Ca2+] [CO3

2−] / K*sp) with ion activity product and K*sp the
stoichiometric solubility product corresponding to the carbonate
mineral (Stumm et al., 1996). In addition, the data was analyzed in
the Piper diagram to classify the type of water.

5.2. Mineral and microstructure characterization of carbonates

The mineral and microfacies analyses of the microbialite frag-
ments (Fig. 3) were performed using standard petrographic thin sec-
tions, examined under a Zeiss Image A2m microscope. The images
were processed with the Axio Vision software. In addition, the mor-
phology of carbonates was obtained using a JEOL model 6010LA
scanning electron microscope equipped with detectors for second-
ary electrons, backscatter electrons, and the energy dispersive spec-
troscopy (EDS) model EX-94410T1L11 for images and operating
equipment with a voltage of 20 kV and the magnification range of
this instrument is 5× to 300,000×. Microtomography was used to
visualize specific parts of an internal structure of carbonates, and it
allows the observation of non-destructive cross-sections and three-
dimensional parts. Computerized tomography produces an image
closer to the real thing, for these thousand shares of radiographs of
different rotation angles, from 0° to 360° (Cnudde et al., 2006). The
previously selected rock samples were cut in a rectangular shape of
approximately 1.0 cm × 3.0 cm. X-ray Microtomography, model
1172 from Skyscan, with 90 kV potential parameters, 112 μA current,
and 12.8 8 μm/pixel resolution and computer “clusters” for analysis
treatment and processing of results, allows microscale analysis.
These analyses were performed at LAMIR Institute, housed at UFPR.

5.3. Chemical composition of carbonates and sediment

The X-ray diffraction (XRD) analyses of carbonate rocks and sedi-
ments (Fig. 3) were performedwith the PANalytical X-ray diffractometer,
model Empyrean with an X-Celerator detector, with CuKα radiation con-
ditions with readings at a scan rate of 0.5°/min, under a voltage of 40 kV
and current of 30 mA. The different carbonate minerals in the samples
5

were determined from their d-spacing in the X-ray diffraction spectra
following Zhang et al. (2010). The preparation of the samples for X-ray
diffraction of the clay fractionwas based on themanual of the procedures
suggested byKisch (1991), and claymineral identificationswere basedon
methods described through the comparison of peak positions and inten-
sities in patterns obtained from treatments: air-dried, ethylene glycol and
heating to 550 °C (Moore and Reynolds, 1997). The mineral composition
was determined using the HighScore software at LAMIR Institute, housed
at UFPR.

The quantitative chemical analysis by the X-ray fluorescence (XRF)
method was used to identify and quantify the presence of 10 main ox-
ides (SiO2, Al2O3, Fe2O3, CaO, MgO, K2O, Na2O, TiO2, MnO, and P2O5)
and trace elements (Sr, Ba, S, and Cl). The equipment used corresponds
to the X-ray Fluorescence Spectrometer, from the PANalytical brand,
model AXIOS mAX with a rhodium tube. The interpretation was
conducted by the software SuperQ 5.3 at the LAMIR Institute, housed
at UFPR.

The mineral and elemental mass of rocks and sediment were
analyzed by an analytical technique known as automatedmineralogical
mapping by a TESCAN-TIMA instrument. Image analysis was performed
simultaneously with SEM backscatter electron images combined with
X-ray fluorescence. The operation is automated, and it has a robust da-
tabase that transforms EDS chemical data tomineralogy. The equipment
is housed in Chile at Soluciones en microscopía y Mineralogía Aplicada
(SEMMA).

To obtain the morphological structure and chemical detail of the in-
dividual crystals and crystalline phases of clay fraction, the samples
were pulverized and solubilized in 99.9 % alcohol and subsequently
put in an ultrasound. To affix the particles a carbon film of 200 mesh -
copper and later metalized was used. Images, qualitative analyses, and
quantitative chemical analyses of clay fraction samples were obtained
by a High-Resolution Transmission Electron Microscope – FEI TITAN
G2, equipped at 300 kV at Centro de Instrumentación Científica (CIC),
housed at the Universidad de Granada.

5.4. Isotope composition

A mass spectrometer model Delta V Advantage, brand Thermo
Fischer Scientific, was used for the experimental acquisition of mineral
C and O isotopic composition of microbialite fragments and crust
(Fig. 3). The spectrometry is performed on CO2 released from
phosphoric acid digestion of carbonatic powder samples ‘online’ by
reaction with 100 % H3PO4 at 72 °C using gas preparation and the
introduction system Gas Bench II. Isotopic ratios were referenced in an
international standard and are expressed in the ‘δ’ notation relative
to Vienna Pee Dee Belemnite (VPDB). Data were processed by the
software Isodat 3.0. These analyses were carried out at the LAMIR
Institute, housed at UFPR.

6. Results

6.1. Water physiochemistry

6.1.1. Physico-chemical parameters (Table 1)
The lagoon water is cloudy and dirty. Physico-chemical parame-

ters show that during May, the pH range is ca. 10, the electrical
conductivity is 129,100 μS/cm, and dissolved solids are 67,100 ppm.
The water temperature of the lake reaches a maximum of 1 °C.
The water chemistry values correspond to Ca2+ (141.3 mg/L), Mg2+

(448 mg/l), chloride (18.785 mg/l), sodium (19,285 mg/l), potassium
(856.9 mg/L), nitrate (229.3 mg/l), sulfate (727.1 mg/l) and phosphates
(195.3 mg/l). During September the pH range is ca. 10, the electrical con-
ductivity is 111,000 μS/cm, anddissolved solids are 110,567ppm. The sur-
ficial water temperature of the lake reaches a maximum of 15 °C. The
water chemistry shows Ca2+ (9 mg/L), Mg2+ (3 mg/l), and carbonate
(29,997.43 mg/l). Comparing chloride (41,000 mg/l) ion average
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results with different types of water, the concentrations are very high,
even exceeding the average content in seawater. Sodium (29,076 mg/l),
potassium (2560 mg/L), nitrate (358.15 mg/l), sulfate (140 mg/l) and
phosphates (110 mg/l) follow.

Related to hydrochemical data, an analysis of the Piper diagram
shows a strong tendency toward the sodium chloride type. Geochemical
simulations to calculate mineral saturation states show that aragonite,
calcite and dolomite could precipitate under the current physicochem-
ical conditions of the lagoon. In this case, chemical analyses indicate
that in both seasons the predominant mineral for the crust is calcite.
The lake system indicates a temporal physical-chemistry variability be-
tween the months of May and September (Fig. 4). The Schoeller–
Berkaloff diagram shows a chemical variation mainly for Ca2+ ion
concentration.
6.2. Microstructural characterization of carbonates

The reworked nature of the tufa deposit with fragments of
microbialites due to wind erosion and landslides coming from the sur-
rounding volcanic rocks prevents a macroscopic facies characterization.
However, features such as botroydal and spherulitic textures, and lam-
inations are recognized at the microscopic scale. The samples from
Laguna Timone are highly porous, have interparticle, vugs, and fenestral
types. The porosity of carbonates could have been increased by
weathering effects, fragmentation, and desiccation.

LT02 show the cloudy aspect due to the high content of organic ma-
terial related to extracellular polymeric substances (EPS). It is possible
to observe around a pebble clast as the material takes advantage of
Fig. 4. The Schoeller–Berkaloff diagram shows the variation on ion concentration betweenMay
September. (For interpretation of the references to color in this figure legend, the reader is ref

6

that substrate to start growing. This evidence is represented in macro-
scopic level where microbial mats are related with precipitated carbon-
ates (Fig. 5A). Arborescent structures associated with coalescent oncoid
with amicrite tomicrosparitematrix that varies between dark and light
colors with irregular contours (Fig. 5B). The portions with massive tex-
ture (without porosity) are defined by intercalation of micrite and
microsparite as layers with different tonalities, defining a millimeter
crenulated internal lamination (Fig. 5C). Micro CT and SEM images
show ramification with high porosity (53 %) (Fig. 5D) and few lamina-
tions with neo-crystal of calcite (Fig. 5E).

LT03 shows botryoidal structure defined by coalescent oncoid and a
lumpy texture with a micrite, sparite, and microsparitic matrix. Small
peloids are observed. Crystal aggregates tend to develop a subhedral
and equant form. Intracrystalline microporosity, vuggy, and fenestral
porosity are distinguishing (Fig. 6A). The oncoid isfilledwithmicrocrys-
talline aggregates of calcite (Fig. 6B), showing concentric sheets around
a nucleus. A spherical form is observed (Fig. 6C), and SEM shows similar
forms of calcite (Fig. 6D). Micro CT images show nano-scale calcite crys-
tals coalescing into spherical shapes, neo-forming calcite in botryoidal
(Fig. 6E). The porosity is less than the LT02 sample (36 %) (Fig. 6F).
6.3. Chemical composition of carbonates

TESCAN-TIMA results reveal that mass percentage close to 100 % is
calcite. Traces of anorthoclase, labradorite, quartz, amphibole, musco-
vite, and biotite are accessory minerals, probably as particles carried
by the wind (Fig. 7A, B, C). In addition, the elemental analyses in the
samples reveal Ca, C and O (Fig. 7D, E, F) as the main constituents,
(2017) and September (2019) seasons. The red line representMay and blue line represent
erred to the web version of this article.)



Fig. 5. A-The images show that carbonate precipitation takes advantage of that substrate (pebble) to start growing. Macroscopic observation linked microbial mats taking
advantage of substrate to developed carbonate precipitated. B-Arborescent texture with a micrite to microsparite matrix, small peloids, and organic material. C-Massive
texture, intercalation of micrite and microsparite with crenulated internal lamination. D-Micro CT image confirming a shrub-like form with high porosity; F-SEM imaging
shows few laminations with neo-crystal of calcite.
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with low magnesium content (>1 %), confirming that the carbonates
correspond to calcite.Mineralogical XRD analysis verified the results de-
livered by TESCAN-TIMA and showed that all samples, crust (LT01) and
microbialites (LT02, LT03) are mainly composed of calcite with a bit of
variation in proportions among the samples. The classification of car-
bonate was based on the d-spacing values in X-ray diffraction spectra,
following the evaluation from Zhang et al. (2010) showing calcite.
(Table 2). Monohydrocalcite in the sample was detected in LT02, and
fluorite is a trapped detrital mineral in carbonates LT01 and LT03.

6.4. C&O isotopy analysis

The carbon and oxygen isotopic ratios of samples of microbialite
fragments and crust, were measured. The microbialite samples show
an average isotopic composition for δ13C of 1.82 ‰VPDB and δ18O a
7

value of −5.94 ‰VPDB. It is possible to observe a clear difference in the
isotopic composition of the carbonate crust showing a relative
depletion of δ13C with a value of −0.19 ‰VPDB while for δ18O it shows
a considerable enrichment with a value of 2.0 ‰VPDB (Fig. 8).

6.5. Chemical composition and microstructure of the clay minerals

TESCAN analysis showed chemical composition (%) of the following
elements in the bulk sediments: O, Si, Ca2+, Mg2+, Fe, Al3+, K+, Ti, C,
Na+, F−, V, Mn, S, Cl, P, Cu, H, B, and REE (Fig. 9). It is only possible to ob-
serve a significant variation of Ca concentration between gray-mud
(LTS01) and green-mud (LTS02), 6.97 % and 3.43 %, respectively. The
lithological characteristics of the parental area are critical to justify the
inputs of these elements, mainly Ca2+, Mg2+ and Al3+ associated with
mafic rocks. The source of Mg and Ca is related to weathering of



Fig. 6. A-Botryoidal structure showing coalescent oncoid and a lumpy texture with micrite, sparite and microsparitic matrix, small peloids, subhedral and equant crystal form.
Intracrystalline microporosity, vuggy and fenestral porosity. B-Oncoid filled withmicrocrystalline aggregates of calcite showing concentric sheets around a nucleus associated. C, D-Sphe-
roidal form. E, F-Micro CT images show nano-scale calcite crystals coalescing in spherical shapes.
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minerals in basaltic rocks, such as olivine and orthopyroxene, and
plagioclase and diopside, respectively. Regarding Si, glacial–fluvial de-
posits, clays, diatoms, detrital material, and weathering of the silicate's
minerals may be possible sources.

The XRF analysis shows thatmajor oxide content in gray-mud (sam-
ple LTS01) is characterized by high contents of SiO2 (51.5 wt%) and CaO
(17,2wt%) followed byAl2O3 (9.3wt%), Fe2O3 (7.8wt%)MgO (5.3wt%),
Na2O (3.5 wt%), K2O (1,9 %) and Cl (1.1 %). The mass of the trace
elements is below 1 wt%. The green-mud (sample LTS02) also indicates
high contents of SiO2 (51.5 wt%) but shows significant differences in
Na2O (17.9 wt%) and CaO (7.1 wt%) concentration in relation to the
gray-mud. Al2O3 (9,3 wt%), Fe2O3 (8,0 wt%) and MgO (5.3 wt%) are
similar. The Cl (7.7 wt%) and K2O (3 wt%) concentration is notably
higher. The mass of the trace elements (P, Mn, Sr, Ba, Rb, Br) is below
0.5 wt%. TiO2 is less abundant (1 wt%) and can be considered as a
minor constituent, but Ti has been used as an indicator for the
presence of clay minerals (Koinig et al., 2003).
8

Several studies show that K is used as an indicator of clay (Kylander
et al., 2011) associated with illite (Minyuk et al., 2007) related to K2O,
Na2O, and CaO composition. The high Fe2O3 and MgO values in the
sediments are indicators of chlorite related to Mg and Fe. These are
two of the major elements of chlorite formation (Brownlow, 1996).
Smectite is supported mainly by Si, Al, Mg, Ca, and Fe (Drief and Nieto,
2000).

Individual crystals cannot be identified in SEM images because the
clay appearsflaky, partially covering grains of detrital quartz and calcite.
Therefore, the precise identification of the clay fractionwas based on X-
ray diffraction analyses, supported by TEM and EDX analyses showing
the main elements involved. Clay mineral identifications were based
on methods described by comparing peak positions and intensities in
patterns obtained from treatments: air-dried, ethylene glycol, and
heating to 550 °C (Moore and Reynolds, 1997).

Green mud (LTS02) (Fig. 10) showed a peak at 14.42 Å in air-dried
conditions following treatment with ethylene glycol expanding to



Fig. 7. TESCAN analyses of carbonates: A-Carbonate crust (LT01) composed by 99.78 % of calcite; B-LT02 composed by 99.85 % of calcite; C-LT03 composed by 99.45 % of calcite. All the
samples contain detrital material <1 %.
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17.55 Å through the 001 peaks and collapsing to 10.09 Å after heating to
550 °C, confirming the presence of a clay mineral of the smectite group
(according to USGS-flow chart). Other clays identified in the samples
correspond to members of the illite group characterized by intense
10.03 Å 001 peak and a 5.03 Å 002 peak unaltered by ethylene glycol
and heating to 550 °C (Fanning et al., 1989).

Since the reflection at 7 Å corresponds to the sum between kaolinite
(d001) and chlorite (d002), it is difficult to quantify them because they do
not vary with the ethylene-glycol treatment and when they are heated
to 550 °C the crystalline structure collapses. However, in this case, char-
acteristic basal reflections of chlorite were represented by a 3.54 Å 004
peak. Therefore, in poly-mineral samples, a way to differentiate be-
tween kaolinite and chlorite is based on comparing the 3.58 Å kaolinite
Table 2
Mineralogical composition XRD and TESCAN-TIMA analysis.

Samples XRD % d (Å) carbonates Mineral classification
(Zhang et al., 2010)

Other mineral phas

LT03 89 % 3.03 Calcite Fluorite
LT01 98 % 3.03 Calcite Monohydrocalcite
LT02 96 % 3.04 Calcite Fluorite

9

peak with the 3.54 Å chlorite peak (Biscaye, 1965), and the peak posi-
tion of 7.10 Å indicates chlorite (Biscaye, 1964).

The quartz is identified by the intensity peaks corresponding to
the reflections of 4.26 Å (d001) and 3.35 Å (d002) and 3.21 Å suggests
the presence of feldspar. Gray-mud (LTS01) (Fig. 11) shows a
difference in smectite peak absence. X-ray diffraction of the clayminer-
alogy of samples shows that smectite, chlorite, and illite to be the
primary clay minerals, with quartz and potassium feldspar. Fig. 11
shows that the difference in intensity and crystallinity of smectite can
be related to authigenic minerals.

Scanning electron microscopy (SEM images) shows mineral grains
and an aggregate of fine crystals that generally have irregular morphol-
ogies. In some cases, spherical, angular, and tabular shapes were
es TESCAN % Mineral phases Other mineral phases

99.78 % Calcite Quartz, muscovite, plagioclase
99.82 % Calcite Anorthoclase, quartz, fluorpargasite, ankerite
99.45 % Calcite Quartz, ankerite, plagioclase



Fig. 8. Stable isotope data of oxygen and carbon of Laguna Timone samples.
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identified.Within themineral, grain calcite is dominated (Fig. 12A, B). In
addition, a thin layer without defined morphology is covering the crys-
tals (Fig. 12C). The EDX spectra of the different samples generally indi-
cate a similar trend in terms of Si, Mg, Al, Na, Fe, Ca, and K in their
composition (Fig. 12D). These characteristics are indicative of clay min-
erals. Also, the bulk sediment shows diatoms in the phase of dissolution
inside (Fig. 12E).

Imaging obtained from Transmission electron microscopy (TEM)
shows irregular morphologies like “cotton”. Also, elongated crystals
composed of Ca and O associated with calcite were identified
Fig. 9. Graphic shows elemental composition of the bulk sediments. A-Element conc
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(Fig. 12F, G). The “cotton” morphology is associated with authigenic
processes and is common in smectites associated with reactive surfaces
(Tosca, 2015; Tosca and Wright, 2015). Clay coatings on diatom struc-
tures (Fig. 12H) were observed. High-resolution TEM lattice-fringe
images of the small clay particle show mixed-layer I–S packets of layer
spacing from 1.3 nm characteristic of smectite and layer spacing from
1.0 nm characteristic of illite. The spacings correspond to the sum of
illite and smectite-like layers (21.7–23 Å periodicity) (Fig. 12I)
(Drits et al., 1997). Layers to 24 Å (Fig. 12J) are the result of an ordered
sum of one chlorite layer (14 Å) and one contracted smectite layer
entration of gray-mud (LTS01). B-Element concentration of green-mud (LTS02).



Fig. 10. XRD patterns of the clay fraction of green-mud (LTS02) sample of peak positions and intensities in patterns obtained from air-dried (AD), ethylene glycol (EG) and heating 550 °C
(H) treatments. Smectite group was identified by AD: 14,42 Å, EG: 17,55 Å, H: 10,09 Å to 001 peak positions. Illite groupwas identified by AD: 10,03 Å, EG: 10,04 Å, H: 10,09 Å (d001) and
5,03 Å (d002). Chlorite group was identified by AD: 7,10 Å, EG: 7,10 Å, H: collapse (d002) and 3.54 Å (d004). The quartz is represented by 4,26 Å (d001) and 3,35 Å (d002) and 3,21 Å (d110)
suggest feldspar.
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(10 Å) (Shau et al., 1990). TEM analysis shows that clay minerals
correspond mainly to illite, smectite, and chlorite The mafic rock
minerals such as pyroxene, olivine and plagioclase have been associ-
ated to the formation of illite, chlorite and smectite clay minerals in
saline and arid environments (Needham et al., 2006; Dekayir et al.,
2005; Wilson, 2004).

7. Discussions

7.1. Role of climatic/hydrochemical conditions

The cold waters of Laguna Timone are characterized by high salinity
and alkalinity, being rich in calcium,magnesium, sodium, potassium, ni-
trate, nitrite, sulfate, and phosphates. The supersaturation state (Ω) cal-
culated from the solution shows Ω (=1.64) is >1, indicating that is
supersaturated with respect to CaCO3 and thus suitable for carbonate
precipitation. In this case associated to calcite, the high contents of
chloride and sodium result in a high salinity in the lake system that
exerted a key role in the increase of the solubility of minerals
(O'Corner et al., 2001). The cations like Ca2+, Mg2+, and Fe2+, and
bicarbonate are released from the crystalline structure when exposed
to saline solution increasing the alkalinity and pH of the aqueous
Fig. 11. XRD patterns of the clay fraction of gray-mud (LTS01) sample of peak positions and inte
Illite groupwas identified by AD: 10,04 Å, EG: 10,01 Å, H: 10,06 Å (d001) and 5,03 Å (d002). Chlo
position. The quartz is represented by 4.26 Å (d001) and 3,34 Å (d002).
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system that subsequently favors the formation of carbonate minerals
(Oelkers et al., 2015; Bundeleva et al., 2014; Dabirian et al., 2012;
Kelemen et al., 2011; Ferris et al., 1994).

The lake is exposed under critical conditions, mainly extremely
strong winds, low temperature and annual precipitation. The evapora-
tion/precipitation processes are two critical factors that affect saline
lakes (Williams, 2002). The strong winds at the latitudes of the PAVF
are responsible for the permanent mix of the shallow water column
and the high evaporation rates in the range of 1,000 to 1,600 mm/year
(Ohlendorf et al., 2013; Mayr et al., 2007a). This process induces calcite
supersaturation of water and leads to subsequent precipitation in
Laguna Timone. Several lake-level fluctuations at Laguna Timone point
to lake level variations triggered by prior hydrological changes. Changes
in water level are evidenced by gradual withdrawal of the water in the
crater, indicated by preserved paleo-shorelines which register a de-
crease in the water mass. On the other hand, the field observations
show physical changes in the carbonate crust, and the Schoeller–
Berkaloff diagram (Fig. 4) indicates chemical variations in ion concen-
trations. The result indicates the highest ion concentration (specifically
Ca2+) in thewaterwhen the extent of carbonate crust decreases around
the lake. In this seasonal period, the temperature andwind are lower. In
contrast, during periods of higher temperatures and strong winds the
nsities in patterns obtained from air-dried, ethylene glycol and heating 550 °C treatments.
rite groupwas identified by AD: 7,11 Å, EG: 7,09 Å, H: collapse to 002 and 3,54 Å 004 peak
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Fig. 13. Image shows the main source of availability elements in the system.
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extent of carbonate precipitates increases. This fact results in a decrease
of ion concentration in the lake, probably, associated to evaporative
processes.

Isotope data show that positive δ18O values (2.28 ‰) in carbonate
crust are associated to evaporation processes. In contrast, the more nega-
tive δ18O values (−6.52‰) observed in the microbialites possibly reflect
fractionation produced by meteoric and/or groundwater influences.
These data suggest that the microbialites level may have formed when
thewater level was higher, as recorded by the paleo-shoreline levels, cor-
responding to the oldest carbonate deposits, while the crust corresponds
to modern deposits that register the current climatic variations (Fig. 8).
The closed system of Laguna Timone inside an semi-arid environment is
more susceptible for register climate and hydrochemical changes. The
small variations were evidenced in the carbonates.

7.2. Implication of lithology in mineral precipitation

The weathering of silicates greatly impacts the soil formation and
the cation release. The enriched chloride, sodium, fluoride, potassium,
calcium, and magnesium compositions indicate that the chemical com-
position of superficial waters at Laguna Timone is influenced primarily
by chemicalweathering of bedrockminerals frommafic rocks and ultra-
mafic components of the PAVF (Fig. 13). In the closed hydrological sys-
tem of Laguna Timone, the composition of water is conditioned on the
lithologies that are leached.

The physical and chemical disintegration of olivine, pyroxene, and
plagioclase in basalts, and minerals in rare lherzolite and harzburgite
xenoliths provides element availability as Ca, Mg, Fe, Al, Si, K, and Na
and subsequently saturation of waters and sediment enrichment. The
presence of olivine could be important in this context because studies
show that the ion leaching from this mineral can drive the subsequent
precipitation of carbonate related to their highweathering rates causing
an important geochemical process on the carbon cycle (Olsson et al.,
2012; White and Blum, 1995).

The clay fraction was characterized by illite, chlorite, and smectite.
Several studies show that the weathering of mafic rocks can generated
secondary mineralogy, such as interstratified/mixed-layer forms of
Fig. 12. Scanning electronmicroscope images. A-Thin sheet of clayminerals covering the elonga
clay minerals covering partially crystal and dissolved diatom in green-mud (LT02) sample. D-E
dissolved diatoms. G-“Cotton like” clays associated with Mg-clay and elongated crystal of calci
responding to the sum of illite- and smectite-like layer spacings (21–22 Å periodicity). J-Chlor
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smectite, corrensite, chlorite and illite (Needham et al., 2006; Dekayir
et al., 2005; Wilson, 2004; Prudêncio et al., 2002; Drief et al., 2001;
Singer, 1966). The Mg ion input from ferromagnesian minerals could
lead to Mg-clay formation. The cotton-like morphologies associated
with smectites by transformation and authigenic processes (Welton,
2003) from olivine, pyroxene chlorite and illite (Pozo and Calvo,
2018) were identified in Laguna Timone.

According to several studies, the occurrence of clays belonging to the
smectite group is favored in evaporitic environments and semi-arid cli-
matic conditions that are exposed to the contribution of ferromagnesian
silicates and the alkaline and saline conditions promote the precipita-
tion of these minerals (Pozo and Calvo, 2018; Calvo et al., 1999;
Singer, 1984). Moreover, according to Tournassat et al. (2009), the
clay minerals as smectites link hydrated Mg2+ within the interlaminar
region stronger than ions as Na+ and Ca2+. Consequently, the cation
exchange in smectite could reduce the inhibiting effect of Mg2+ on nu-
cleation of CaCO3 to favor the precipitation of calcite.

This evidence shows that the geological context is a conditioning
factor on the formation of secondary minerals in the Laguna Timone
system, where the external input is sporadic.
7.3. Microorganism–mineral relationship in carbonate precipitation

The authigenic clay precipitation requires a source of reactive silica.
The data shows that reactive silica in Laguna Timone is supplied by dia-
toms, volcanic products and/or fluvioglacial deposits, and possibly un-
consolidated pre-eruptive maar deposits exposed on the surface
before phreatomagmatic eruptions (Zolitschka et al., 2006). The SEM
images of sediment show partially dissolved diatoms. TEM analysis
shows clay coatings on diatom structures. The Mg-clay is interrelated
with calcite. This observation suggests that the calcite crystals may
have formed from a Mg-clay gel that acts as an ideal substrate. The
process could be mediate by microbial influence related to silica from
dissolving diatoms. Diatoms produce EPS from binding of Fe, Al, Si, Ca,
Mg, Na, K and other elements (Urbani et al., 2012; Underwood, 2010).
In addition, some studies have reported that calcite can be precipitated
te calcite crystals in gray-mud (LT01) sample. B-EDX analysis shows calcite. C-Thin sheet of
DX analysis of thin sheet shows clay mineral composition of EDX point in C. E; F-Partially
te. H-Clay coatings on diatom structures. I-Thin packets of mixed-layer with spacings cor-
ite/smectite interstratification (24 Å periodicity).
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from silicates rich in Si and Mg (Burne et al., 2014; Wright and Barnett,
2015; Bontognali et al., 2010; Dias et al., 2020).

Moreover, strongwinds help the water to circulate through porosity
and desiccation cracks favoring the dissolution of the diatom fragments
enhanced by alkaline conditions.

On the other hand, cyanobacteria reported in the microbial mat of
Laguna Timone (Henriquez, 2021) can influence Mg–Si substance pre-
cipitation through increases in pH producing undissociated H4SiO4

(Bischoff et al., 2020). Microscopic analysis and field images (Fig. 5)
support the idea that the presence of microorganisms (EPS) has an
influence on precipitation. Microbial influences increase the alkalinity
in the system and likely play a role in the precipitation of CaCO3.
Photosynthetic organisms and extracellular polymeric substances
(EPS) are the most important microbial processes in hypersaline lakes
with microbial mats (Arp et al., 2012; Ludwig et al., 2005). The δ13C
(−0.43 ‰ to 2.50 ‰) values corroborate biotic and abiotic influences
in carbonate precipitation of Laguna Timone.

8. Conclusions

The lakes of southern extra-Andean Patagonia are essential from a
hydro-sedimentological perspective because they offer an opportunity
to examine the genesis of a wide variety of chemical precipitates. This
research reveals the interrelation of lithospheric, biological and atmo-
spheric processes with carbonate precipitation that occur under excep-
tional conditions.

In this system, weathering of the mafic rocks, sporadic rain events,
and sediment–groundwater interface provides the necessary element
to saturate the system and leading to carbonate precipitation favored
by strong winds and seasonal solar radiation that promote evaporative
processes. On one hand, field observations and hydrochemical data
show that the physical properties of carbonates are subject to climate
changes. The isotope data show different precipitation processes
between the crust and the microbialites. The crust records current var-
iability in evaporation events. The microbialites associate their forma-
tion with an older record related to meteoric and/or groundwater
sources.

On the other hand, calcite crystals are influenced by a Mg-clay gel
that acts as an ideal substrate thoughtmicrobial influence related to sil-
ica from dissolving diatoms. The photosynthetic microorganisms affect
the concentration of dissolved inorganic carbon increasing the pH of
an environment generating the necessary conditions to precipitate
carbonate. The δ13C values indicate that the carbonate precipitation is
controlled by either physicochemical and/or biochemical processes.
The intense interaction between volcanic, biological, hydrological and
glacial processes makes southern South America one of the most inter-
esting places to investigate and register the behavior of the climate sys-
tem over time.
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