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RESUMO

Os travertinos sao depdsitos ndao marinhos de carbonato produzidos pela
desgaseificacdo de aguas hidrotermais e a influéncia de fatores bidticos. O interesse
econdmico e cientifico em carbonatos ndo marinhos vem crescendo nos ultimos anos
porque sao considerados como reservatorios de hidrocarbonetos do Presalt do Brasil
e de Angola. A expansao do conhecimento destes sistemas permite prever melhor as
metas de exploracdo de potenciais reservatérios de petroleo. Esta pesquisa € a
primeira a descrever o sistema de travertino Vega Verde - Botijuela, Argentina Puna
do Sul. O sistema foi descrito utilizando abordagens multiescala: megascopico,
mesoscopico e microscopico. Em conjunto com a analise mineralégica de abordagem
multi-escala com difragao de raios X, composi¢cao geoquimica de 6xidos principais e
ions tragcos com fluorescéncia de raios X e isotopos estaveis de C e O. Trés zonas de
deposigao no sistema foram reconhecidas com base na distancia da fonte, inclinagao
e caracteristicas litologicas: proximal, intermediaria e distal. A zona proximal é
compreendida por um monte conico bem desenvolvido € uma inclinacdo de ~15° com
a presenca de uma moderna crista de fissura com canais e lobbes. A zona
intermediaria é caracterizada pelo desenvolvimento de um talude com inclinacéo de
10-20°, placas e canais com piscinas preenchidas por depdsitos de carbonato e
sedimentos siliciclasticos. A zona distal apresenta uma inclinagdo de ~10°
caracterizada pela presenga de vegetacao, e mistura de aguas, planicies aluviais com
desenvolvimento de canais. Mineralogicamente, os depdsitos sdo compostos
principalmente de calcita e calcita portadora de Mg. A analise isotopica revela um
vasto enriquecimento de 813C (1,97~10,84) e valores negativos 6120 (-0,67 - -8,91)
que em conjunto com a analise Sr e Ba indicaram uma origem hidrotermal para as
distintas facies sedimentares. Na zona proximal, a area é diretamente influenciada
pela fonte com um contendo de Fe203 elevado (~4,3%), Pb-As elevado (~0,5 a 1,7%),
e outros metais tais como Zn(~139 ppm). Estas caracteristicas geoquimicas ocorrem
em associagcao com a presenca da facies de geyserites com carbonatos ferruginosos,
silica globular, e calcita fibrosa. Os valores de silica também mostraram uma
concentracédo consideravel na zona proximal (~2%). Na zona distal, as facies com
componentes detriticos dissolvidos em alta alcalinidade atingem valores de Si de ~5-
6 % que poderiam estar relacionados a uma fase de Si amorfo. O empobrecimento
desses componentes e o incremento do Si em todo o sistema € acompanhado pela
crescente influéncia de processos sedimentares relacionados a depdsitos
siliciclasticos que aumentam gradualmente de proximal, passando de intermediario
para distal na direcdo da bacia do Salar de Antofalla. Pesquisas futuras, juntamente
com dados do reconhecimento Sr e REE, permitirdo definir com precisao a origem da
agua e a influéncia dos processos organicos e inorganicos no sistema.

Palavras-chave: travertinos. Botijuela. Geyserites. puna sul.



ABSTRACT

Travertines are non-marine carbonate deposits produced by degassing of
hydrothermal waters and the influence of biotic factors. The economic and scientific
interest in non-marine carbonates have been growing in recent years because they
are considered as hydrocarbon reservoirs in the pre-salt plays of Brazil and Angola.
Expanding knowledge of these systems allows predicting better exploration targets for
potential oil plays. This research is the first research to describe the Vega Verde
travertine system- Botijuela, Argentina South Puna. The system was described using
multiscale approaches: megascopic, mesoscopic and microscopic. In conjunction with
the multi-scale approach mineralogical analysis with X-Ray diffraction, geochemical
composition of major oxides and traze ions with X-Ray fluorescence and stable
isotopes of C and O. Three deposition zones in the system were recognized based on
the distance from the spring, slope, and lithological features: proximal, intermediate,
and distal. The proximal zone is comprehended by a well-developed conical mound
and a slope of ~15° with the presence of a modern fissure ridge with channels, fans,
and lobbes. The intermediate zone is characterized by the development of a slope
with 10-20° inclination, sheets and channels with pools filled by carbonate and
siliciclastic deposits. The distal zone presents an inclination of ~10° characterized by
the presence of vegetation, and mixing of waters, alluvial plains with channels.
Mineralogically the deposits are mainly composed of calcite and Mg-bearing calcite.
Isotopic analysis reveals a vast enrichment of 8-C (1.97~10.84) and negative 6O
values (-0.67 - -8.91) that in conjunction with Sr and Ba analysis indicated a
hydrothermal origin for the distinct sedimentary facies. In the proximal zone, the area
is directly influenced by the spring by high Fe203 (~4.3 %), high Pb-As (~0.5 to 1.7%),
and other metals such as Zn(~139 ppm). These geochemical characteristics occur in
association with the presence of the geyserite facies with ferruginous carbonates,
globular silica, and fibrous calcite. Silica values also showed a considerable
concentration in the proximal zone (~2%). In the distal zone the facies with detrital
components dissolved in high alkalinity reach Si values of ~5-6 % that could be related
to an amorphous Si phase. The impoverishment of those components and the
increment of Si throughout the system is accompanied by the increasing influence of
sedimentary processes related to siliciclastic deposits that gradually increase from
proximal, through intermediate to distal in the direction of the Salar de Antofalla basin.
Future research together with data from Sr and REE reconnaissance will make it
possible to accurately define the origin of the water and the influence of organic and
inorganic processes in the system.

Keywords: travertine. Botijuela. geyserites. puna sul.
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1. INITIAL CONSIDERATIONS

To study the etymology of the word “travertine” we have to go back to the past,
since the times of the ancient Roman Empire. "Lapis travertinus", “tiburtinus” or
“tivertino” were the first names assigned to these materials extracted from Tivoli in
Rome. These rocks constituted a precious building material being extracted from
quarries located throughout the ancient Roman peninsula and several others in China
and Turkey (Pentecost, 2005). For its useful qualities and for economic interest
numerous scientists, philosophers and authors have continued throughout history to
study travertine. They did so in order to classify the system where these rocks form,
to find the most accurate definition for its genesis, and also to know its main
components. Actually, the interest of industry and academy in travertine and non-
marine carbonates have been growing up because they are considered as
hydrocarbon reservoir (Della Porta, 2015; Ronchi & Cruciani 2015, Virgona et al. 2013)
in the pre-salt play of Brazil and Angola (Ronchi & Cruciani 2015; Janssens et al.,2020;
Shiraishi et al., 2020).

Travertine and tufas are rocks that had many definitions throughout history,
among them the one proposed by Emig, (1917); Bates & Jackson (1987); Ridding
(1991); Koban & Schweigert (1993); Ford & Pedley (1996); Fouke et al. (2000); Glover
& Robertson (2003); Pentecost (2005), Cappezuoli et al., (2014); Kano (2019). This
continental carbonate rocks laterally transitions into tufa by water cooling to near
ambient temperatures and gradually downward increase of biotic interaction (Ford &
Pedley, 1996). The difference between those terms is problematic and could lead to
confusion and several research papers were made in order to clarify both terms and
find and straightway criteria and definition of them (Ford & Pedley, 1996; Capezzuoli
et al. 2014, Kano et al. 2019). Modern authors describe that the biotic/abiotic genesis
of travertine is related to the fact that these rocks create situations favorable to the
proliferation of benthic microbial communities, a fact that can influence the genesis of
a travertine and/or its final shape (Burne & Moore, 1987; Ridding, 2000; Jones &
Renault, 2010; Rogerson et al.,, 2014; Kano et al. 2019, Shiraishi et al., 2020).
Geomorphology, tectonics, source of water, sedimentology, geochemistry and
influence of microorganisms were used as criteria to describe these open systems that
are so sensitive to those factors. On the other hand, the proliferation of terms, types,
and facies definitions specific to each travertine system studied by many authors
brings with it some difficulties in establishing a common lexicon for all of them.

Modern definitions for travertine and tufas describe them as non-marine
carbonates from spring water formed after the process of degassing in water with
dissolved Ca?* and CO:2 with biotic and non-biotic factors involved in their formation.
Their geochemical classification is based on the origin of CO2 and also in the origin
and the depth at which the fluids circulated in the subsurface (Pentecost, 2005;
Crossey et al., 2006; Teboul et al., 2016; Jones & Renault, 2010; Rogerson et al.,
2014; Kano et al. 2019, Shiraishi et al., 2020).

1.1.MECHANISM OF PRECIPITATION

The main process involved in the formation of travertine is degassing. In order
to understand the importance of this process, we must track the main source of the
raw materials that build these rocks which are carried by hydrothermal water. At its
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origin, this water has initial high Ca concentrations and high partial pressure of CO2
(Kano, 2019). The sudden loss of CO2 (degassing) upon discharge from the hot spring
causes the pH to increase and subsequently the CaCOzs precipitates following the
mechanism below (1):

(1) Caz+(aq)+2 HCO-(aq) «— CaCOs(s)+CO2(g) + H20()

Applying the Le-Chatelier principle, a loss of COz2 in the system will lead to
higher consumption of reagents to increase product formation in order to achieve a
new equilibrium position, which in this case is achieved by the production of more
calcium carbonate. Carbonates are open systems where precipitation and diagenesis
are mainly related to temperature, geochemical characteristics of the initial fluid,
geological context and microbial communities involved in their development (Della
Porta, 2017). Other mechanisms of calcium carbonate precipitation (Pentecost, 2005)
through hydrothermal waters are described in (2) (3):

(3) Ca(OH)2+CO2 «» CaCOs3 +H20
(4) Ca(HCO3)2 + OH- «» CaCO3 + HCO3 + H20

Meteogene and thermogene are two distinct terminologies to refer do travertine
acording to the origin of the CO:2 carrier. tufa’s are are those in which the carbon
dioxide comes from meteoric sources (Capezuoli et al., 2014), while the thermogenic
originates from thermal processes in the interior of the earth's crust.

1.2. PETROGRAPHIC COMPONENTS

Tucker (2001) divides the components into four groups: i) non-skeletal grains, ii)
skeletal grains, iii) micrite, and iv) cement. The main components found in the studied
site are named below. Coated grains is a term used for ooids, pisooids, and also
oncoids (Tucker, 2001).

1.2.1. Non skeletal grains

1.2.1.1. Ooids

Ooids are rounded to subrounded particles smaller than 2mm that have concentric
lamella that grows around a nucleus (Tucker, 2001). The term superficial ooids is
applied to oodis that only have one lamella around their nucleus and composite ooids
when many ooids are rounded by other lamellae (Tucker, 2001). Ooids can acquire
various shapes beyond rounded or subrounded (Granier & Lapointe, 2022, 2021,
Anderson et al., 2018), their shape constitutes an important paleoenvironmental
record (Beaupré et al., 2015). The development of a systematic method for the study
of the shape and evolution recorded in their plates was proposed by Sipos et al.
(2018). Their mineral composition is mainly formed by tangential acicular aragonite
and high-Mg calcite but also can be by low-Mg calcite (Tucker,2001), calcareum ooids
are normal both in antique and modern sediments (Kimberley, 1983). Ooids coats



16

could also be ferruginous like the ones exposed in the research of (Dibella et al., 2019)
or phosphatic. The origin of ooids is diverse diverse and the relation between pCO:
and the reason Mg/Ca is important in order to build their mineralogy composition
(Tucker, 2001). The exact mechanism of inorganic precipitation is not described yet
and the nature of the formation of each individual ooid is still subject to some degree
of uncertainty (Tucker, 2001; Fltgel 2010).). However, in waters supersaturated with
respect to CaCOs with agitation, sufficient temperature, and incipient degassing,
carbonate crystals begin to precipitate around a nucleus (Tucker, 2001). Ooids record
their growth in lamellae similarly to trees (Sipos et al., 2018) and these patterns occur
by both chemical precipitation (Li & Goldenfeld, 2008) and physical abrasion
(Domokos et al. 2014). The presence of mucilaginous layers may coat and
permeabilize the ooids, also the organic matter may create a microenvironment where
carbonate precipitation occurs (Tucker, 2001), lamellae growth mechanisms possibly
biologically mediated given under conditions of CaCOs supersaturation are also
considered (Folk & Lynch, 2001). Formation of ooids is involved at less with the
following five requirements: i) presence of nucleus, ii) bottom agitation to move grains,
iii) source of supersaturated water, iv) process of water renewal and v) minimal amount
of grain degradational process (Flugel, 2010).

Ooid ) P o
_ Concentric lamellae Sup_)erflual ooid
single lamella

Micritized lamella

Nucleus, skeletal fragment
or quartz grain

Tangential aragonite

needles in most Composite ooid
modern ooids

Radial fibrous calcite

|«— Diameter —» in most ancient ooids
typically
0.2-0.5 mm

Aggregate Peloid — composed of micrite
(a) (b)
A pellet, typically Amorphous grain,
0.1-0.5 mm many are micritized

A collection of grains diameter skeletal grains

cemented together

Figure 1.1. Non skeletal coated grains and peloids. From Tucker, (2001)
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Depo-Eystem Travertines
Depo-zone Proximal zone Intermediate zone Distal zone
Mound Slope Marsh
Depo-element Pinnacle Self built channel Shallow lake
Fissure-ridge Alluvial plain
Mud-pot
Depo-shape
X)) v) 2 X)) Y) 2 X v) 2
Mound e — Ridge 7\ [\ Pinnacle /\ /\
— 0 SR / _ _ 0
TR I\
_ =N s
/4
X v 2 X v 2 X)) v) 2
Clinoform N\ Fan R Channel -
= R \ D : N = v / ~— ~—
i //’i:/o
XY 32 X)) 2
Pool Sheet Vertical suspended /_\
— —_— O I:l channel ~ @
s = T F
Depo-facies Abiotic Abiotic-Biotic Biotic

Figure 1.2: Travertine system hierarquical classification from Mancini et al. (2019)

1.2.1.2. Pisoids

The term pisoid is considered for ooids larger than 2 mm (Fltugel, 2010) and
actually they’re considered for ooids larger than 2 mm with ooid-like structure formed
in continental environment (Middleton et al., 2003; Fltgel, 2004; Mei, 2008; Mei and
Gao, 2012). On the other hand, ooids larger than 2 mm formed in marine environments
are called giant ooids.

1.2.1.3. Peloids

Peloids are “spherical, ellipsoidal or angular grains, composed of
microcrystalline carbonate, but with no internal structure” (Tucker, 2001). The term is
purely descriptive (Flugel, 2010; Tucker, 2001) and they are mostley composed by
carbonates but also could be glauconitic (Van Houten & Purucker, 1984). Peloids are
smaller than other carbonate particles like oncoids and ooids (<200um) (Fltgel, 2010).
The origin of peloids could be i) biotic (fecal pellets), ii) reworked from mud and grains,
i) product of alteration of grains or iv) formed in situ (Flugel, 2010).
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1.2.1.4. Oncoids

Oncoids are coated grains with an irregular cortex that usually overlaps laminae
with recognizable biofabric (particularly cyanobacteria) that develop spheroidal and
disk plate shapes (Pentecost, 2005). They are also defined as organo-sedimentary
structures with non-adherent bodies and concentric lamination (Burne & Moore, 1987).
The shape and sphericity of oncoids are related to their nuclei, transport energy,
microbiology, and environment, active oncoids are mobile to a certain extent, thus
preventing them from cementing to the substrate (Pentecost, 2005). Oncoids are
microbialites that are not fixed to the substrate like “microbial balls”(Tucker, 2001).
Continental environments described for this structures, lacustrine and fluvial ,are
described by Pentecost (2005). Fluvial oncoids occur in moderately gradient
hydrologic flux and are subject to occasional water flows necessary to overturn them.
They are frequently found in pools separating travertine dams, occasionally being
washed down to the dam below and gaining size as they advance, eventually they
cease moving and become part of the substratum. Lacustrine oncoids are mainly
found at the margins of shallow lakes and usually have a rock or a small shell as a
nucleus (Pentecost, 2005), the size of them increases with water depth reflecting water
level fluctuations (Shafer & Stapf, 1978; Jones & Wilkinson, 1978).

1.2.1.5. Intraclasts and lithoclasts

Siliclastic materials and carbonate materials from the basin transported and
redeposited by water flux or wind could make an important component of some
deposits (Tucker, 2001; Capezuoli et al., 2014).

1.2.2. Skeletal grains

Skeletal grains can be divided into "non-algal" and algal. Non-algal grains include all

invertebrates such as Mollusca, Arthropoda, Foraminifera, Radiolaria, Porifera,
Bryozoa, Cnidaria, Echinodermata, Brachiopoda (Tucker, 2001). Among all the phyla
mentioned above, it is particularly important to highlight the arthropods. This taxon,
particularly Ostracoda, was recognized in one of the samples from Vega Verde. Algal
contribution is an also important framework source to limestones, and therefore
travertines, providing them with skeletal carbonate particles or siliceous (Tucker,
2001). In these groups is important to recognize the importance of diatoms, the first
eukaryotic algae recognized in travertines (Pentecost, 2005), have a silicon frustule
that in some travertines they make up a great proportion of travertine framework
components(Pentecost, 2005).

1.2.3. Micrite

Micrite is the abbreviation of “Micro Cristaline Calcite” and it was defined by Folk
(1959). They are composed of an aggregate of fine crystals smaller than 4 um (crypto
to microcrystalline) of aragonite to Mg-rich calcite and it is considerate the carbonate
rock matrix (Fligel, 2010). During diagenesis, they are transformed into low Mg calcite
crystals. Micrite forms at protected, low-energy environments such as lagoons, deep
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shelf, abyssal bottoms (Folk, 1962).
1.2.4. Cement

Sparite is the name generally given to carbonate cement and corresponds to calcite
crystals larger than 4 um that precipitate in the spaces between the grains of carbonate
sediment or in the internal spaces of these particles between the grains of carbonate
sediment (Folk, 1962).

1.3.MICROBIAL CONTRIBUTION

Although the travertine deposition is mainly inorganic (CO2 degassing from
water), biological factors such as microbial activity or organic matrix presence, could
influence the textural characteristic of sedimentary facies of this carbonate rock. In
nature, a variety of microorganisms is known to contribute to carbonate precipitation
(MCP) by altering solution chemical equilibrium (producing alkalinity) through different
metabolic pathways such as photosynthesis, ureolysis, ammonification, denitrification,
sulfate reduction, anaerobic sulfide oxidation, and methane oxidation), and providing
nucleation sites for mineral precipitation, particularly due to the presence of
extracellular polymeric substances (EPS). An important feature of EPS is its cation-
binding ability by its negative functional groups, which depending on the intrinsic
physicochemical characteristics, could play a dual role, either promoting carbonate
formation (increasing the concentration of metal ions in the microenvironment, which
favors the oversaturation state in respect to carbonates) or
inhibiting carbonate precipitation (reduce free cation from solution, which consequently
reduces the saturation in respect of calcium carbonate). After EPS are degraded,
generally by heterotrophic microorganisms such as sulfate-reducing bacteria, the free
Ca?* ions locally reach high concentrations and thus favor precipitation of calcium
carbonate when carbonate or bicarbonate is available (Zhang et al 2014; Dupraz et al
2009).

In the process of precipitation of calcium carbonate, it begins as an amorphous
material and gradually transforms into a stable crystalline structure. Since the
carbonate nucleation and precipitation occur in the organic matrix of the microbial mat,
it has been proposed that metastable crystalline intermediates could stabilize their
structure by interacting with organic molecules of the matrix, leading to the formation
of polymorphic calcium carbonate crystals with characteristic features (spherulites,
smooth rhombohedral crystals, dumbells, among others) which has an impact on the
texture of the microbial carbonates (Braissant et al 2007; Pentecost, 2005). In addition
to this, the calcified microbial structures, like filaments, coccoids, and EPS also
contribute to the travertine textural facies (Kano et al 2019).

1.4. ARCHITECTURAL ELEMENTS OF THE TRAVERTINE SYSTEM.

The hierarchical classification of the different elements that compose a
travertine system made by Mancini et al., (2019) proposes that each part of the system
is associated with particular constructive elements: depo zones, depo elements, depo
shapes, depo facies (Fig. 1.2). This classification allows to describe, recognize and
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compare the Vega Verde Travertine system with others in the world. Additionally, to
the proposal of Mancini et al. (2019), the term "microfabric" to specify the different
internal components that each of the present depositional facies content. The terms
depositional zone, element and shapes are also modified.

1.5. GEOCHEMISTRY
1.5.1. Major and trace ions composition

Geochemical studies of trace and major elements provide a wide range of data that
can be used to understand and particularize the origin of the components, genesis,
paleohydrology, paleoenvironment, and the nature of the travertine systems
(Pentecost, 2005; Janssen et al.,2020; Claes et al. 2019; Teboul et al.,2016). By
Researching for scientific contributions of travertines in all the world Pentecost (2005)
made a list of the mean values of the different elements in travertine systems.

1.5.2. Stable isotopes

Isotopes to a specific element that have equal number of protons but a different
number of neutrons, with this, they have different masses (Chang, 2011).
Isotopes are present like unstable and stable, the unstable spontaneously emit
particles or electromagnetic radiation in a phenomenon called radioactivity. while the
stables don’t have that property (Chang, 2011). Particularly the stable isotopes, of C
and O, are considered a very useful tool for the study of travertines and for geological
materials (Pentecost, 2005; Kano, 2019). The fractionation undergone by these stable
isotopes is the result of different processes depending on temperature, CO2 source,
degree of degassing, and post-depositional alterations including diagenesis (Kano,
2019). Isotopic fractionation or reaction (Kano, 2019) are measured by a factor a of a
particular element and it is measured to a respectively standard. For C and O, the
standards are Viena Pee Dee Belemnite (VPDB) and Viena Standard Mid Ocean
Water (VSMOW) (Pentecost, 2005). The isotopic fractionation can lead to an
enrichment or a depletion compared to these two standard values which is identified
by the symbol &. For C exist two isotopes: '2C and '3C and the for the VPDB the value
is 813C and is calculated as follows:

d"3C=[(3C/1?C) sample/('3C/'?C) standard] — 1 (x1000)

Positive values of 8'3C mean enrichment and negative means a depletion (Pentecost,
2005). Changes in the isotopic composition across a travertine profile due to changes
in temperature, evaporation rate, degassing and pH (Kano,2019; Pentecost, 2005).
The degree of change for 8180 is a combination of factors such as distance from the
vent, temperature difference, and also water flow. The degree of change for 3'8C
depends on the initial pCO2, pH; and for Kano (2019) the continuous degassing of COz2
will cause an enrichment of 3C.
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1.6. GEOLOGICAL CONTEXT

The Argentinean Puna comprehends a plateau region 3700 m above sea level,
located the Catamarca, Salta, and Jujuy provinces, NW Argentina (Fig. 1.3a). The
region has limits with the geological provinces of Cordillera Oriental to the east,
Cordillera Frontal and Sistema de Famatina to the South and Cordillera Occidental in
the West (Ramos, 1999). Alonso et al. (1984) divided the Puna by the EIl Toro-
Olacapato lineament: into North and South Puna (Fig. 1.3a). The Altiplano-Puna
plateau is the largest non-collisional orogen on Earth (Oncken et al., 2006) between
the Peruvian and Chilean flat slabs (14°S- 27°S) at the West margin of South America
(Gianni et al., 2019). In this context, Gianni et al. (2019) describe the Southern Puna
plateau subduction (SPSS) as a slab shallowing that begins at about ~300 km from
the trench that is characterized by a ~200 km wide shallow portion at ~100-120 km
that dips between 10 and 12° to the east, within the Altiplano-Puna plateau at the south
of the El Toro-Olacapato lineament. The Central Volcanic Zone (CVZ) is a region
between 24°S- 27°30° S (Cahill & Isacks, 1992) that contrasts with the abrupt flat to
normal subduction transitions usually described in the Nazca Plate (Scire et al., 2015).
For Gianni et al. (2019) beneath the CVZ, the slab segment of the SPSS is ~30 90 km
shallower than the rest of the slab. This area has a high concentration of Miocene and
younger mafic volcanic centers, which were enhanced by a change in the kinematic
conditions of the faults from a compressional regime in the Miocene to an oblique-slip
regime with N-S extension component in the late Pliocene (Kraemer et al. 1999; Voss,
2002). The most expressive geological event in the Puna is the Cenozoic orogenic
volcanism that intercalates with continental sediments of intermontane endorheic
basins, culminating with large evaporitic deposits large salars (Ramos, 1999). Located
at the South Puna there are: Rincon salar, Pocitos Salar, Arizaro Salar, Antofalla Salar,
and Hombre Muerto Salar among others salars (Alonso & Rojas, 2020). In this context,
Gianni et al. (2019) describe the Southern Puna Plateau Subduction as a shallow slab
starting around ~300 km from the trench that is characterized by a ~200 km wide
shallow portion at ~100-120 km that dips between 10 and 12° to the east, within the
Altiplano-Puna plateau at the south of the El Toro-Olacapato lineament.

1.6.1. Antofalla Salar

The Puna is one of the driest regions of the Andes and this condition is related to the
tectonic evolution and the regional morphology of the area (Alonso et al. 2006). It
shows arid to semiarid climate, average annual temperatures of 4.7°C-5.3°C
(Conhidro, 2016), big T° variance between day and night (more than 30°C)and annual
rainfall reaches a total of 400-500 mm/year in the west and 100-200 mm/year in the
east (Cajal, 1998). In this context, the Salar de Antofalla Basin is an example of the
Puna local relief (Kraemer et al. 1999),a NNW-SSE striking basin with a 140 km long
and 10 km of wide large salar in its center. The Salar de Antofalla is a region located
at 3340 m above sea level surrounded by steep slopes and peaks that are thousand
of meters above the salar surface (Voss, 2002). The deformation and uplift history of
the southern Puna region involving the Salar de Antofalla started in the Paleogene by
the Incaic phase at and after that in four different stages: D1, D2, D3, D4 (Kraemer et
al. ,1999; Voss, 2002; Carrapa et al. 2005). The Incaic phase (Steinmann, 1929)
triggered east and west-vergent thrusting and reverse faulting of basement blocks onto
folded Late Eocene strat. The D1 involves ExW to WNW=zESE shortening
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accommodated by a significant west-vergent reverse fault system. D2 is characterized
by ExW to WNW+ ESE shortening reactivating the west-vergent fault system that was
active during the deformation interval D1. Additionally, D2 produced new reverse faults
and thrusts where basement blocks were thrust towards both east and west onto tilted
Tertiary strata. The D3 stage is the Mid-Miocene ExW to WNW=+ESE shortening to the
eastern part only. In the western part, no significant structural elements indicating
compression younger than Early Miocene can be found. The D4 interval comprehends
contraction movements and transpressional and transtensional movements of
directional faults (Acazoque Fault) that cut older reverse faults. Also the development
of monogenetic cones of stratovulcans 5.3 £0.3 - 3.6 £0.2 My (million years)(Maro et
al. 2017, Baez et al. 2015). The D4 shortening is indicated by reverse faulting and
thrusting at the eastern edge of the Salar de Antofalla reducing the basin to its true,
narrow, elongate shape giving the region tectonic and sedimentological attributes of
an intra-arc environment (Carrapa et al., 2005; Kraemer et al. 1999). The
tectonosedimentary and volcanic description of the Antofalla Salar begins in the upper
Eocene with Quifioas Formation following to the Late Oligocene with Chacras
Formation (Carrapa et al. 2005; Kraemer et al., 1999). The Early Miocene is
represented by the Potrero Grande Formation and the Middle to Late Miocene is
represented by the Juncalito Formation. Since the Late Miocene/Early Pleistocene
mainly basaltic-andesitic magma erupted from monogenetic centers (Fig. 1.5). The
last episode of regional volcanism corresponds to the Cerro Blanco volcano with 5-4
Ky and today the South Puna is under a more quiet tectonic phase as it is indicated
by very low seismic activity in comparison with the boundary zones and by young
alluvial fans which are generally undeformed (Maro et al., 2017; Baez et al., 2015;
Fernandez-Turiel et al.,2013; Montero Lépez et al., 2010;).
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1.6.2. Botijuela

Within the Salar de Antofalla there are several ocurrences of hydrothermal
vents and also permanent lakes such as the Salinas Grandes and Olaroz (Alonso &
Rojas, 2020). These water bodies brought great scientific interest to the area in recent
years, because it is one of the few places in the world where modern microbialites are
currently being formed (e.g., Valero-Garces et al., 2000; 2001; Gomez et al., 2008;
2018; Farias, 2009; Farias et al., 2011; 2020; Iturra et al., 2020). Microbialites and
travertines, and also other stromatolitic structures were reported by Valero-Garcés et
al. (2000; 2001), lturra et al.(2020), Vignale et al. (2021), Villafafie et al. (2021), who
carried out facies analyses for palaeoenvironmental and paleohydrological
reconstruction of the system. Among the hydrothermal vents in the area, the Botijuela
hot springs located at the western edge of the Salar de Antofalla at 3433 meters above
sea level (25°43'32.97-25°43'32.9"S; 67°50'38.7"- 67°47°3.48” W)(Fig. 3). This is a
complex hydrothermal system, with remarkable dimensions, where a great diversity of
carbonate facies can be recognized in the Vega Verde and Vega Blanca. For Seggiaro
(2007) the older rocks of the area are the medium to high-grade metamorphic rocks
from the neo-proterozoic to the Cambrian and the Campo Grande Granite from the
Lower Ordovician (Fig. 1.3b). An unconformable boundary with the Lower Paleozoic
rocks lies the alluvial sediments of the Vizcachera Formation and also Pliocene
volcanic rocks. The youngest sediments in the area are represented by alluvial and
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colluvial deposits overlying the underlying evaporites of the Salar de Antofalla
(Seggiaro, 2007).

1.7.0BJECTIVE

The main goal of this thesis was to recognized the geological and
geomorphological features of the Vega Verde travertine system, Botijuela, Argentine
Puna. To achieve this objective a multi-proxy and multi-scale approach focoused on
facies analysis and geochemical characterization of distinct sectors of the travertine
system.

e Evaluate the lithological records

e Analyze three-dimensional architecture of the travertine system.

e Study the relationships between the carbonate deposits and the local tectonic
structures.
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2. MATERIAL AND METHODS

This research was carried out in field and also in laboratory following a work flux showd
in the Fig. 1.5

Bibliographic research: consulting the articles of different authors who have worked
both in the region and in similar carbonate systems.

GIS and Remote Sensing: Interpretation of satellite images provided by Google-
Earth, Bing satellite, and geological maps provided by SEGEMAR (Servicio Geologico
Minero Argentino) and IGN (Instituto Geografico Nacional de Argentina), with the
software SAGAgis, Qgis, GRASSgis to build a cartographic base for the research.

| Bibliography research |— ————————————————— -
; 1
1
| Field work }— ————————————— —‘ Cartografia com SIG
I
4 |
| Sampling and descriptions }— ————————————————— -
4
| Laboratory analysis | —| Interpretation
l XRD analyses
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IRMS / Stable isotopes: d13C, d180 |
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| Macrofabrics despeription |
v | Sedimentary facies analysis H Palecambiental analysis |
| Microfabrics description |

Figure 1.5: Workflux of this thesis

Fieldwork: The fieldwork was carried out during March 2020 when it was identified
and described the site and collected the samples. The field activities also included:

o Location and delimitation of the travertine systems of Vega Verde and with GPS
and description of their morphologies considering several authors (Dunham, 1962;
Pentecost, 2005 and Kano, 2019).

o Systematic collection of samples from each system for further laboratorial macro
and microanalyses. A total of 27 samples were collected the letters A through H
for each defined geomorphological compartment.

Laboratory Analyses: this step followed a fairly complete analytical flow at iLAMIR
installations in the Universidade Federal de Parana (UFPR ), starting with microscope
petrography; mineralogical analysis by x-ray diffraction (XRD), chemical analyses by
x-ray fluorescence (XRF) and C & O isotopes.
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Macro facies: Polished sections and hand samples were analyzed in Zeiss
Discovery V8 binocular magnifier.

Microfacies: To observe and define the microfacies, estimate porosity, recognize
microstructures and identify structures of organic and inorganic origin, 16 thin
sections of the samples were described in Zeiss petrographic microscopes, model
Imager.A2m were used.

XRD Analyses: To obtain the mineral fractions present in the samples, 38 powder
samples were from the 27 samples collected in the field. Malvern PANalytical
Empyrean, with X'Celeratore detector and Cu tube applying in a a scan rate of 0.5
°/ min, under a voltage of 40kv, current of 30mA. The mineral composition and
semi- quantitative mineral abundances of the samples were determined using the
HighScore software.

FRX analyses: A total of 38 powder samples were analyzed by the X-ray
fluorescence method in order to identify and quantify the presence of 10 main
oxides (SiO2, Al203, Fe203, CaO, MgO, K20, Na20, TiO2, MnO, and P20s)
elements (Sr, Ba, Zr, Rb, S, Nb, Pb, As, Cu, Zn, V, ) and REE (Ce, La, Nd, Y). To
determine loss on ignition (LOI), the samples were heated to 1000 ° C for 2h in a
muffle. The used equipment was the X-ray Fluorescence Spectrometer, from the
PANalytical brand, model AXIOS mAX with a rhodium tube. Interpretation of raw
data was carried out in the software SuperQ 5.3.

IRMS / Stable Isotopes: A total of 38 carbonate samples were analysed for C and
O stable isotopes in order to know the organic and inorganic influence in the
travertines (Burne & Moore, 1987). Mass spectrometer model Delta V Advantage,
brand Thermo Fischer Scientific, was used to bulk C and O isotopic composition.
The spectrometry is performed on CO, released from phosphoric acid digestion of
carbonatie powder samples ‘online’ by reaction with 100%.

Interpretation of the processes and agents in the systems: By integrating facies
and facies associations with the geochemical data, an analysis of the organic and
inorganic processes in the outcrops will be done consulting material by Guo &
Ridding (1998), Tucker( 2001), Penteccost (2005), Flugel, (2010), Fouke et al.
(2000), Gandim & Capezzuoli (2014), Teboul et al. (2016), Janssen et al. (2019),
Della Porta et al. (2022).
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3. RESULTS

Submitted paper in Andean Geology: “Faciological and geochemical characterization
of the Botijuela Travertine System, Central Andes, Argentine.” Still in revision stage at
the time of this publication.

TITLE:
Faciological and geochemical characterization of the Botijuela Travertine System, Central

Andes, Argentine.
AUTHORS: Alonso, G.E.!; Varejao, F.G.%; Franca, A.'; Stepanenko, T.!; Bahniuk, A.M.
!: Farias, M.E.%; Villafafie, P.G> and Cury, L.F. !

1. Instituto LAMIR- Universidade Federal do Parana.

2. Universidade Federal de Ouro Preto.

3. Planta Piloto de Procesos Industriales y Microbiologicos Tucuman- CONICET-
Argentina.

ABSTRACT

The economic and scientific interest in non-marine carbonates, particularly travertines, have
been growing in recent years because they are considered as hydrocarbon reservoirs in the pre-
salt plays of Brazil and Angola. Expanding knowledge of these systems allows predicting better
exploration targets for potential oil plays. This research is the first to describe the Vega Verde
travertine system- Botijuela, Argentina South Puna. The system was studied using multi-scale
approaches: megascopic, mesoscopic and microscopic. In conjunction, mineralogical analysis
with X ray diffraction, geochemical composition of major oxides and trace ions with X ray
fluorescence and stable isotopes of C and O, were done. Three deposition zones in the system
were recognized based on the distance from the spring, slope, and lithological features:
proximal, intermediate, and distal. Mineralogically the deposits are mainly composed of calcite
and Mg-bearing calcite. Isotopic analysis reveals a vast enrichment of 8'3C (1.97~10.84) and
negative 8'20 values (-0.67 - -8.91) that together with Sr and Ba analysis indicated a
hydrothermal origin for the distinct sedimentary facies. In the proximal zone, the area is directly
influenced by the spring, with high concentration of Fe203 (~4.3 %), Pb-As (~0.5 to 1.7%),
and other metals such as Zn (~139 ppm) and SiO; (~2 %). These geochemical characteristics
occur in association with the presence of the geyserite facies with ferruginous carbonates,
globular silica and fibrous calcite. In the distal zone detrital components dissolved in high
alkalinity reach SiO; values of ~5-6 %, that could be related to an amorphous Si phase. The
impoverishment of those components and the increment of Si throughout the system is
accompanied by the increasing influence of sedimentary processes related to siliciclastic
deposits that gradually increase from proximal, through intermediate to distal in the direction
of the Salar de Antofalla basin. These results suggest that Vega Verde could be categorized as
a hydrothermal-sedimentary travertine system. The origin of the main fluid that build the
system could be located in the proximal area denoted

by the geyserite facies presents only in that spot. These facies could be a useful tool for future
paleoenvironmental reconstruction in other travertine systems.

Key words: Travertine, geyserite, Botijuela, South Puna
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TITULO: Caracterizacion faciologica y geoquimica del sistema travertino de Botijuela, Andes
centrales, Argentina.

RESUMEN

El interés econdomico y cientifico por los carbonatos no marinos, en particular los travertinos,
ha crecido en los ultimos afnos porque se consideran rocas reservorio de hidrocarburos en los
sistemas petroleros del Presalt de Brasil y Angola. La ampliacion del conocimiento sobre estas
rocas permite predecir mejores objetivos de exploracion en tales sistemas. Esta investigacion
es la primera que describe el sistema travertino de Vega Verde - Botijuela, Puna Sur de
Argentina. El sistema fue estudiado utilizando enfoques multiescala: megascopico,
mesoscopico y microscopico. En conjunto, se realizaron analisis mineraldgicos con difraccion
de rayos X, composicion geoquimica de 6xidos principales y elementos traza con fluorescencia
de rayos X e isotopos estables de C y O. Se reconocieron tres zonas de deposicion en funcion
de la distancia al manantial surgente, la pendiente y las caracteristicas litologicas: proximal,
intermedia y distal. Mineralégicamente los depdsitos estdn compuestos principalmente por
calcita y calcita portadora de Mg. Los analisis isotopicos revelan un gran enriquecimiento de
813C (1,97~10,84) y valores negativos de 820 (-0,67 - -8,91) que, junto con los analisis de Sr
y Ba, indican un origen hidrotermal para las distintas facies sedimentarias. En la zona proximal,
el area esta directamente influenciada por el manantial, con una alta concentracion de Fe>O3
(~4,3 %), Pb-As (~0,5 a 1,7%), y otros metales como Zn (~139 ppm) y SiO2 (~2 %). Estas
caracteristicas geoquimicas se dan en asociacion con la facies de geiserita que presenta
carbonatos ferruginosos, silice globular y calcita fibrosa. En la zona distal los componentes
detriticos disueltos en alta alcalinidad alcanzan valores de SiO> de ~5-6 %, que podrian estar
relacionados con una fase de Si amorfo. El empobrecimiento de estos componentes y el
incremento de Si en todo el sistema se acompafia de la creciente influencia de procesos
sedimentarios relacionados con depdsitos siliciclasticos que aumentan gradualmente desde la
zona proximal, pasando por la intermedia hasta la distal en direccion a la cuenca del Salar de
Antofalla. Estos resultados sugieren que Vega Verde podria ser categorizado como un sistema
travertino hidrotermal-sedimentario. El origen del fluido principal que construye el sistema
podria situarse en la zona proximal denotada por las facies de geiserita presentes solo en ese
lugar. Estas facies podrian ser una herramienta util para futuras reconstrucciones
paleoambientales en otros sistemas travertinos.

Palabras clave: travertino, Botijuela, geiseritas, Puna

I.  INTRODUCTION
Travertine and tufa are non-marine carbonates from spring water, formed after the process of
degassing in water with dissolved Ca*" and CO» with biotic and abiotic factors involved in their
formation. Their geochemical classification is based on the origin of CO and also in the origin
and the depth at which the fluids circulated in the subsurface (Pentecost, 2005; Teboul et al.,
2016; Jones and Renault, 2010; Rogerson et al., 2014; Kano et al. 2019, Shiraishi et al., 2020).
Travertine and tufa definitions were proposed by many authors through history like Emig,
(1917); Bates and Jackson (1987); Riding (1991); Koban and Schweigert (1993); Ford and
Pedley (1996); Fouke et al. (2000); Glover and Robertson (2003); Pentecost (2005) and the
difference between those terms is problematic and could lead to confusion (Ford and Pedley,
1996; Capezzuoli et al., 2014, Kano et al., 2019). In an effort of clarify both terms Capezzuoli
et al. (2014) made a strict difference between those terms based in diverse features like
depositional process, HCOs™ content, §'°C, water temperature, mineralogy, primary porosity,
biological content, depositional morphologies, distinctive lithofacies, hydrological setting and
tectonic relation. Normally travertines transitions laterally to tufa in areas where the water has
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cooled to near ambient temperatures (Ford and Pedley, 1996) and the biotic factors like
(macrophytes,microphytes, microbes, invertebrates and/or vertebrates) that develop in those
systems gradually increase (Rainey and Jones, 2009; Capezzuoli et al., 2014, Mancini et al.,
2019). Interest of industry and academy in non-marine carbonates have been growing up in the
latest years because they are considerate as hydrocarbon reservoir in the Pre-Salt play of Brazil
and Angola (Della Porta,2015; Ronchi and Cruciani, 2015, Virgona et al., 2013 Janssens et
al.,2020; Shiraishi et al., 2020). A large variety of rocks can provide substrate and ion sources
for travertines and tufas including igneous rocks and sedimentary rocks (Teboul ef al., 2016).
Facies and geochemical analyses (trace and major elements and stable and radiogenic isotope
proxies), provide a wide range of data that can be used to understand and particularize the
origin and the nature of travertine systems (Pentecost, 2005; Janssen et al. ,2020; Claes et al.,
2019; Teboul et al., 2016), as well as it is used as a tool to understand tectonic-related process
(Hancock et al., 1999; Curewitz and Karson, 1997; Mesci et al., 2007).

The travertines of Botijuela are located in the region of South Puna at the west margin of
Antofalla Salar in Argentina (Figure 1) (25°45°55°* S/ 67°48°56°°0). Outcrop descriptions
revealed fossil and modern travertine systems with absence of gushing sources, gaseous phases,
presenting significant volume of lithified rocks and mixtures of hot and cold water, and
presence of microbial communities. Such characteristics, position Botijuela as an attractive
study area that could provide useful interpretations to understand continental carbonate
deposition processes in the geological past. As well as trying to establish the relationship
between the climate and the geological environment, both ancient and recent, that occurred
during the formation of these carbonate systems. It is for the above that the main goal of this
work is to describe the Vega Verde travertine system located in Botijuela from a geological,
geomorphological, and geochemical approach, classifying and associating facies in order to
evaluate the composition, sedimentary structures, and textures. This kind of analysis applied to
the study of other continental carbonate systems in the world have been done in numerous
scientific contributions (Mors ef al., 2022; Shiraishi et al., 2021, Iturra et al., 2021; Della Porta
et al.,2022, 2017, 2015; Janssen et al., 2019; Teboul et al. 2016:) in order to unravel the
implications of carbonates in different sedimentary environments.

I.I.  Geological context

Argentine Puna comprehends a plateau region, 3700 m above sea level located in the Northwest
of Argentina (Figure 2.a). The region has limits with the geological provinces of Cordillera
Oriental to the East with a gradual transition to Cordillera Frontal and Sistema de Famatina to
the south and Cordillera occidental in the West (Ramos, 1999). Alonso et al. (1984) divided
the Puna by the El Toro-Olacapato lineament into North and South Puna (Figure 2.a). The
Altiplano-Puna plateau is the largest non-collisional orogen on Earth (Alonso et al., 2006;
Oncken et al., 2006), between the Peruvian and Chilean flat slabs (14°-27° S) at the West
margin of South America (Gianni et al. 2019). The most expressive geological feature in the
Puna region is the Cenozoic orogenic volcanism that intercalates with continental sediments of
intermontane endorheic basins, culminating with large evaporitic deposits that constitute large
salt flats (Ramos, 1999). Located at the South Puna there are the Rincon, Pocitos, Arizaro,
Antofalla, Hombre Muerto, among other salt flats (Alonso and Rojas, 2020). For Seggiaro
(2007) the older rocks of the study area are the medium to high-grade metamorphic rocks from
the Neoproterozoic to the Cambrian and the Campo Grande Granite from the Lower Ordovician
(Figure 2.b). An unconformable boundary with the Lower Paleozoic rocks lies the alluvial
sediments of the Vizcachera Formation and also Pliocene volcanic rocks (Figure 2.b). The
youngest sediments in the area are represented by alluvial and colluvial deposits overlying the
underlying evaporites of the Salar de Antofalla (Seggiaro, 2007).

The Southern Puna plateau subduction (SPSS) was described as a shallow slab subduction that
begins at about ~300 km from the trench. It is characterized by a ~200 km wide shallow portion
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at ~100— 120 km that dips between 10 and 12° to the east, within the Altiplano-Puna plateau at
the south of the El Toro-Olacapato lineament (Gianni et al., 2019). The central volcanic zone
(CVZ) is a region between 24°S- 27°30” S (Cahill and Isacks, 1992) that contrasts with the
abrupt flat to normal subduction transitions usually described in the Nazca Plate (Scire et al.,
2015). For Gianni et al. (2019) beneath the CVZ, the slab segment of the SPSS is ~30 to 90 km
shallower than the rest of the slab. This area has a high concentration of Miocene and younger
mafic volcanic centers, which were enhanced by a change in the kinematic conditions of the
faults from a compressional regime in the Miocene to an oblique-slip regime of N-S extension
in the late Pliocene (Figure 3) (Kraemer et al. 1999; Voss, 2002; Carrapa et al., 2005).
LII.  Botijuela

Within the Salar de Antofalla there are several occurrences of hydrothermal vents and also
permanent lakes such as the Salinas Grandes and Olaroz (Alonso and Rojas, 2020). These water
bodies brought great scientific interest to the area in recent years, because it is one of the few
places in the world where modern microbialites are currently being formed (e.g., Valero-Garces
et al., 2000; 2001; Gomez et al., 2018; Farias et al., 2009; Farias et al., 2011; 2020; Iturra et
al., 2020). Microbialites and travertines, and also other stromatolitic structures were reported
by Mors et al., 2022; Valero-Garcés et al. (2000; 2001), Iturra et al. (2020), Vignale et al.
(2021), Villafafie et al. (2021), who carried out analyses for paleoenvironmental and
palaeohydrological reconstruction of the system. Among the hydrothermal vents in the area,
the Botijuela hot springs located at the western edge of the Salar de Antofalla at 3433 meters
above sea level (25°43'32.97-25°43'32.9"S; 67°50'38.7"- 67°47°3.48°> W). Among the
travertine systems in the area, Vega Verde is notable for the presence of vegetation and by a
relief with both the current and the fossil travertine system in a single profile.

II. MATERIAL AND METHODS
Fieldwork was carried out during March 2020 and comprises tasks of identification and
description of the sites and the collection of 27 samples (Table I). The letters A to H were
assigned for each compartment according to their morphological features measured in the field
based on the criteria of different authors (Mancini ef al., 2019; Minissale et al., 2002, Fouke et
al., 2000) and the sedimentary facies description following the criteria of Dunham (1962),
Envry Klovan (1971), Guo and Riding (1998).
Each one of the 27 samples was sub-sampled in facies using a hand drill and a total of 38
powder samples were extracted and pulverized in agata pot (Table I). X ray diffraction, X ray
fluorescence and C and O isotopic analysis were performed in iLAMIR installations at
Universidade Federal de Parana (UFPR). Hand samples were analyzed using a Zeiss Discovery
V8 binocular magnifier and a total of 16 thin sections were described in order to observe and
define the microfabrics with Zeiss petrographic microscope model Imager A2m.
Mineral fractions were analyzed with Malvern PANalytical Empyrean, with X'Celeratore
detector and Cu tube was applying scan rate of 0.5 °/ min, under a voltage of 40kv, current of
30mA. The mineral composition and semi-quantitative mineral abundances of the samples
were determined using the HighScore software with semi-quantitative Rietveld analysis to
approach the percentual mineral composition. Complementary with this step, carbonate
minerals in the samples were calculated from their d-spacing in the X-ray diffraction spectra
following Zhang et al. (2010).
The X ray fluorescence method identified and quantified the presence of 10 main oxides (SiO»,
AL O3, Fex03, CaO, MgO, K>0, Na;O, TiO2, MnO, and P>0s) elements (Sr, Ba, Zr, Rb, S, Nb,
Pb, As, Cu, Zn, V,) and rare earth elements (REE) (Ce, La, Nd, Y) by fused tablet with lithium
tetraborate / lithium metaborate. The used equipment corresponds to the X ray Fluorescence
Spectrometer, from the PANalytical brand, model AXIOS mAX with a rhodium tube.
Interpretation of raw data was carried out by the software SuperQ 5.3. To determine loss on
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ignition (L.O.L.), the samples were heated to 1000 °C for 2h in a muffle.

For the C and O isotopic analysis the samples were powdered at 325 mesh, submitted to acid
digestion with H3POys at a constant temperature of 72°C, inserted the gas at the injection system
GasBench II (Thermo Fischer Scientific), and analyzed in the Delta V Advantage IRMS
(Thermo Fischer Scientific). The data processing by the Isodat software, and expressed relative
to Vienna Peedee Belemnite (VPDB).

[II.  GEOLOGICAL FEATURES OF THE DEPOSIT

Based on the distance from the spring, slope and geomorphologic features the Vega Verde
travertine system was divided in proximal, intermediate and distal areas (Figure 4, Figure 5).
Each area was individualized with its surface, facies features and the process involved in the
carbonate precipitation. Proximal area is composed by the compartments A, B, C and D,
intermediate area by the compartments E and F and distal area by G and H.

III.I.  Proximal area

Smallest area of the system with the steepest slope and the greatest diversity of sedimentary
features in the system. Compartments A and B are related to a conical structure (i.e., mound
and mound slope). Compartment C is related to a slope that ends with gentle breaks, allowing
the recognition of the stacking pattern of the travertine system and compartment D is a fissure
ridge in a mound slope that develops fans with channels, pools, and dams (Table II).
IL.LI.  Mound

15-m-high conical structure (i.e., mound and mound slope) with 6.3 m of diameter in the upper
part and 36 m at the base. The upper part of the (Figure 6.A) is a flat area presenting small-
scale pools (1-3 cm) filled with calcite grains with a flat base and convex-up in this area, some
small (cm-scale) collapsed conical structures can be observed dispersed. The mound is
internally organized of quasi-horizontal layers composed of ferruginous carbonate facies with
fibrous calcite, crystal fans, silica globular, and botryoidal mudstones with shrubs disposed
parallelly to the laminated bedding (Figure 6.A).

ILLII.  Mound slope
It comprises the edge the mound, displayed in a steep (<45°) presenting collapsed dome
structures (Figure 6.A). Small carbonate pools (~3cm) filled with granular calcite and
intraclasts are observed associated with the collapsed domes. Botryoidal structures with shrub
facies are observed associated with the collapsed domes.

IILIII.  Plateau Slope
Compartment C is a 35m long plateau that surrounds the ancient vent and it is divided into two
parts, one close to the vent and the other further away. The nearest part is characterized from
bottom to top by i) intercalation of laminated mudstone with fibrous calcite and oncoids,
intraclastic rudstones; ii) Crenulated mudstone with oncoids intercalated with laminated
mudstone that presents fibrous calcite at the base and intraclastic rudstones at the top. The
farthest sector is composed of laminated mudstones with coated bubbles (vugs), shrubs, and
oncoidal floatstone facies at the top of the mudstone layers.

HILIV.  Fissure vent + Slope
Compartment D shows both traces of a fossil system and a still-active one (Figure 6.B). The
active system has been individualized into four compartments. 1) The first sector corresponds
to a travertine mound of spring characterized by an artesian pool with warm water (Figure 6.B)
and the proliferation of microbial mats. The facies present in this area are bottom to top:
crenulated mudstone, shrubs. ii) The system continues with a flow characterized as a channel
developed on a gradient of (>15°) with pools (small ~3cm) rims, walls, and cascades. ii1) The
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system continues as a slope with deconfinement of the main flow and development of fans and
lobes. Pools with rounded and lobular morphologies with calcite fill and shrub facies are
present near the rims and walls. iv) The last portion is described as a slope break with carbonate
precipitation where runoff features are observed (fine grade calcite precipitation). At the base
of the scarp, the development of shrub structures is common.

IILLII.  Intermediate area

The intermediate area is a gentle slope characterized by the surface shapes of fans and channels.
Compartments E and F are composed by siliciclastic materials begin to occur to a greater extent
in this area and they develop intercalations with the carbonate rocks (Table III).
ILILI.  Plateau
Compartment E is defined as a plateau (<10°) with the development of small terraces (Figure
7.A). This compartment is represented in profile view, from base to top, by: 1) breccia rudstone,
at base; i1) interbedded grainstone and crenulated mudstone, at the middle part, and iii) oncoid-
rich crenulated mudstone and laminated mudstone with fibrous calcite at top.
HLILIL.  Slope

The compartment F is an 81 m long steep area with the development of several steps. At the
beginning of this area a 6 m thick mixed siliciclastic carbonate succession was measured
(Figure 7.A, B). At the base of the section, intraclastic and volcanic-rich conglomerates with
coarse-grained sandstone matrix dominate. The conglomerates constitute the base of a fining-
upward succession characterized at the top by interbedded structureless sandstone and
crenulated mudstone. The medium portion is dominated by interbeds of crenulated mudstone
and thin layers of sandstone, which grades at the top (coarsening-upward succession) to pebbly
(basic volcanic and carbonates) sandstones with massive aspects. The upper part of the section
is also a coarsening-upward succession, with massive mudstones at the base, grading to
medium grained grainstones, interbeds of crenulated mudstone and pebbly sandstone, and
conglomerates at the top (paraconglomerate with volcanic and carbonate clasts). The terminal
area comprehends an approximately 3-m-thick fining upward succession with siliciclastic-
dominated base and carbonate-dominated top. The siliciclastic-dominated lower portion is
characterized by sandstones (locally pebbly) with normal grading; sigmoid-shaped lenses of
orthoconglomerates with volcanic and carbonate clasts; and horizontally laminated pebbly
(angular volcanic clasts) sandstone at the top. The carbonate-dominated upper portion is
dominated at base by lower crenulated mudstone with vuggy porosity and dispersed volcanic
and carbonate clasts; and a top by upper planar mudstone with fibrous calcite.

II.III.  Distal Area

This area includes the travertine system after compartment F and it is composed of the
compartments G, H including the development of alluvial plains morphologies like channels
and fans (Fig. 7.B). The distal area finishes in the Salar de Antofalla Basin and is characterized
by the absence of springs, and the presence of higher energy sedimentary facies (Table IV).
IILIILI.  Fans and lenses, rims and pools
It is 210 m long with four slope reliefs separated from each other by flat areas (Figure 7.B).
Profile exposition of deposited sedimentary facies is described as 3 m thick succession
composed at the base of mudstones that transition to inversely graded gravels. The top of the
section is dominated by crenulated mudstones with vuggy porosity and sandstones.
ILILIL  Channels and rims and pools

It is an isolated sloping relief at the terminal portion of the travertine system. It is composed by
conglomerates with normal gradation at the base, intercalations of sandstone, mudstone,
boundstone with shrubs, and intraclastic rudstone with developing teepee structures at the top.
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And finishes in interbedded contact with the Salar de Antofalla basin (Fig, 7.B)
IV. FACIES CHARACTERIZATION AND DISTRIBUTION

The sedimentary facies described are geyserites, autochthonous limestone with fossils,
bafflestones, laminated mudstone, crenulated mudstones, grainstones, packstones, rudstones
and intraclasts breccias

IV.I.  Geyserites
This facies is only present in the mound features in the compartment A. On a mesoscopic scale
these facies present massive appearance with globular silica, reddish ferruginous carbonates
and development of centimetric bubble morphology (Figure 6.a.1).
IV.II.  Autochthonous limestone with shrubs

These rocks are located mainly in the proximal zone in areas close to the vent in the
compartments A and B. It occurs as an alternation ~0,5 - 2cm of arborescent structures with
laminated reddish or brownish carbonates (Figure 6a i, ii). On a micro scale Internally, it is
composed of ~750 pm brownish arborescent structures of prismatic habit that are presented
gradually growing radially from a point in common (Figure 8.a). These arborescent structures
intercalate with lumpy micrite levels with scattered calcite, ferruginous oxides and carbonates
as well as small organic matter. Porosity of these facies is (high @ = 25-35%) mainly fenestral
with development of vugs.

IV.III.  Bafflestones
These rocks are mainly located in the slope zones of the proximal and intermediate areas. At
hand scale they are characterized by a brownish-whitish color with fragments of botryoidal and
oncoid structures <0.7cm of very bad selection that are covered by calcite lamellae. They show
a chaotic distribution of these components as well as irregular cavities <l.5cm. At microscale
they exhibit fragments of peloids, oncoids, stromatolites, and peloidal micrite that are cemented
together by sparite cement (Figure 8.b). Shrubs structures could also be composed of clean
sparite growing from a point (Figure 8.c) and were hard enough to stay there after the
dissolution process of the organic matter. The porosity (estimated ) =15-25%) is mainly of the
secondary type and has large vugs and channels that may or may not have carbonate infills.

IV.IV.  Laminated mudstone
Laminated mudstones exhibit mesoscale laminar textures of 0.5-2mm. These laminae are
eventually found in association with ooid and/or oncoids, which interfere with the continuity
of the lamination. Near the mound the laminations can occur with a good development of linear
continuity grading laterally to mounds, at the rest of the system it shows development of ~5 cm
longitudinal and lobular pools structures.

IV.V.  Crenulated mudstone
These facies are observed in association with pools where dams are well-developed in all the
areas of the system. In mesoscale is presented with a -4.5c¢m structure characterized by stacked
pools and rims that presents this crenulated appearance. At the edges of the pools can develop
botryoidal structures and also arborescent <0.5cm. On a micro-scale, these facies present a
cyclic heterophasic banded aspect (50-150um). The lamination is highlighted by the
interlamination of dark brownish micrite with oxides, and organic matter that intersperses with
covers of microsparite/sparite (Figure 8.d). The corrugated pattern in this scale is shown by the
brownish micritic layers with high lateral continuity. Contact with other facies is usually
gradual. They may occasionally contain some lithic and peloids fragments as well as
stromatolitic crusts and dendrolytes on the edges of the pools.

IV.VL.  Sandstones
Sandstones facies start to be present in the intermediate zone and increase in quantity towards
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the distal zone. They occur with either normal or inverse grading and are generally intercalated
with carbonate facies and showing gradational contact with conglomerates.
IV.VIL.  Rudstones
At hand sample are present as brownish to white color with oncoids and fragments of other
facies. They are present at the end/transition between the proximal and the intermediate area
and also in the distal areas. At microscale they are composed of aggregates of peloidal micrite,
ooids and oncoids and cemented by sparite isopachous cement (Figure 9.a). Coalescent and
coated grains of these particles are common (Figure 9.b). The porosity is medium (@ 5-15%)
and is intraparticle and interparticle.
IV.VIII.  Intraclastic breccias.
Intraclastic breccias occur as white to light brown carbonate aggregates with fragments of the
that are cemented with microsparite: oncoids, peloids, angular pyroxene lithic fragments and
plagioclase and also are recognizable small angular fragments (<2cm) of the other facies. This
facies is found in association with channel morphologies at the slopes of the end of the proximal
areas and also in the intermediate and distal areas. Caves are sometimes filled by generations
of dog tooth calcite developing rhombohedral shapes. Porosity is very low (@ 5-10%) and is
restricted to fracturing. At microscope it exhibits chaotic disposition of the components and
also Individual beds display lower, abrupt and irregular contact with the other facies and
commonly has reworked fragments of microbialites and oncoids (Figure 9.c).
IV.IX.  Grainstones
This facies is mainly located in the intermediate and distal areas. Grainstones generally show
a gradual transition to sandstone facies but also it presents abrupt discordances. At thin sections
this is composed by poorly-selected oncoids, peloids and detrital fragments of plagioclase and
pyroxenes cemented with sparite or microsparite and micritization process in some clasts
(Figure 9.d). Porosity is approx. @ =15% which presents an inter-particular type and also
secondary with dissolution generating vugs and fracturing.
IV.X.  Packstones
Clastic facies located at the end of the intermediate and in the distal areas. It is composed of
allochthonous and intraclastic materials cemented by a dense micritic cement with extremely
low porosity (Figure 8.e and f). At the hand scale, it is possible to identify tubular plant marks,
but at the micro-scale it is unrecognizable. Diatoms and ostracods fossils are distinguishable in
thin sections. The porosity is very low @ =5% and is strictly restricted to fracturing and some
pore dissolution products with a subsequent filling of scalenohedral calcite crystals.

V. MINERALOGICAL AND GEOCHEMICAL COMPOSITION

The isotopic values obtained for the samples are shown in the table V. Sampling spots were
held in 7 different positions of the meadow, targeting the recognition of mineralogical,
chemical and isotopic distribution, aiming the understand the different patterns in the vent
(samples A and B), over the proximal zone (samples C, D), intermediate zone (samples E and
F), and the distal zone (samples H). For the analysis, subsamples were selected based on the
facies classification, drilling in base and top layers to sight the consistency of the records.
Mineralogical analysis by X-ray diffraction shows a very homogeneous pattern in the mineral
composition, with predominance of calcite (max 98%, min 52%, mean 79,58%) all over the
deposit compartments, and Mg-bearing calcite (max 25%, min 5%, mean 9,73%) consistently
observed. D-spacing values show very low molar % content of MgCOs, except only for the
samples C1-I; E2; F1. EI with d-spacing values measured of 3.03589 corresponding to 0.23 %
of molar MgCOs3. Gypsum and anhydrite are observed in some pools placed in the proximal
zone sites A, B and C, making no more than 23% of the mineral assemblage (table VI).
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Detrital minerals were observed in ~70% of the samples, mainly represented by quartz and
plagioclase in the proximal zone, whereas the grainstones, rudstones and breccias of
intermediate and distal zones, the lithic fragments including volcanic rock granules together
with oncoids and autochthonous carbonate pebbles are frequently.

Results of the main oxides and traces elements are shown in table VII. The chemical
composition of the samples suggests that the system is dominantly calcic (CaO 51.05%) with
low values of MgO (0.44%). The highest Mg values are found in the samples from
compartment C. Values of other major oxides fit within those expected for travertines of
thermogenic origin (Pentecost, 2005) except for Fe>Os, that shows very high concentration
(5.84%) present in the samples located at the mound and mound slope region of the proximal
area. Another highly remarkable aspect of the results obtained is the very high As-Pb content
(17000 ppm), which is exclusively localized in the proximal area and with a subsequent
decrease in the rest of the system (Table VIII). Zn, Ti and Cu values are high in the proximal
area (~163 Zn ppm; ~30 Cu ppm respectively) and subsequently decrease in the rest of the
system. Among them, Zn exhibits a high ratio with respect to As (R? correlation= 0.8).
Regarding sulfur content, the samples suggest a higher accumulation in the proximal system
(~3000 ppm-) and a much lower accumulation in the intermediate and distal parts (~1500ppm).
These values are higher than for an average limestone (~1200 ppm) and fall within those
expected for both thermogene and meteogene travertines (Pentecost, 2005). The values of Sr
obtained for the samples (~2011 ppm), are high but not as high as those values found
(thermogene: 20-14000ppm, meteogene 9->2930 ppm) in Pentecost (2005). Nb contents (-
22ppm) are high in compartment A of the system and exceed the values expected for this
element in the literature (Pentecost, 2005). Yttrium also shows a behavior similar to Nb, high
concentration in the proximal area and below the detection limit towards the intermediate and
distal sectors. Nb contents (-22ppm) are high in compartment A of the system and exceed the
values expected for this element in the literature (Pentecost, 2005). Y is also highly
concentrated in the proximal area and below the detection limit in the intermediate and distal
sectors, as well as Nb. V shows a pattern with higher values at the end of the system.

The stable isotopes of C and O anlysis were performed in samples of proximal, intermedaiate
and distal zones. Plotting the results together is possible to observe a strong fluctuation and
little or no correlation between §'3C and §'%0 (Figure 10), showing up a consistent pattern with
positive 8'3C values spread between 1.65%o and 10.89%o, and negative §'30 values between -
0.67%o and -8.91%o. The values fit within the values expected for hydrothermal or thermogenic
origin.

VI.  DISCUSSION

A well-developed conical mound and a modern fissure ridge are the main source areas for the
hydrothermal fluids. It’s remarkable that the FRX analysis of the mound samples (e.g., A2-I1I)
located there shows the highest contents of all metals and trace elements in the whole system.
Although there is another pulse of element enrichment in compartment D, no other sample
shows values as high as those. In addition, these values showed a tendency to an
impoverishment compared to the rest of the samples. The value of certain elements in each
sample may increase either by their mobility or by the contribution of allochthonous
terrigenous components. The proximal area is characterized by the exclusive occurrence of
vertical and lateral association of bafflestones, autochthonal limestone with fossils and
crenulated mudstone with pool and rims that develop botryoidal features and shrubs. All
geochemical, mineralogical, and petrographic results collected so far suggest that the proximal
zone, particularly the mound, and mound slopes have a distinct and exclusive geochemical
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signal. This set of geochemical, sedimentological, and geomorphological results suggest that
mound samples and its surroundings constitute the point where the main source of
hydrothermal water of the travertine system is located. We suggest that this main source could
be represented by an antique geyser that developed a regular mound system.

The geometry of the travertines facies association is controlled by different factors: local
topographic gradient, the location, and morphology of the hydrothermal vents, the rate, and
chemistry of thermal water discharge which in turn are influenced by the substrate rocks, the
tectonic, and the climate regime (Della Porta et al., 2017). Fractures in the bedrock allow rising
hydrothermal hot waters to build travertines throughout the fissure ridges (Ford and Pedley,
1996; Hancock et al.,1999; Guo and Riding, 1999,1998,1994). Travertine system migration
through fissures is normal, and it was previously reported in other travertine systems over the
world like Therma San Giovanni (Brogi et al., 2010), Futamata (Shiraishi et al. 2020). The
travertine mounds are the subaerial expression of a travertine pipe (Hillaire-Marcel, 1986;
Della Porta, 2017) and near areas of volcanic activity, hydrothermal vents occur associated
with sill complexes (Hansen, 2006; Hansen et al., 2008; Grove, 2013). Hancock et al. (1999)
suggest that mounds and cones occur when fissures underlie softer sediments. In the holes of
these mounds self-sealing happens by the rapid deposition of carbonates resulting in the
migration of the vent building complex deposits (Pentecost, 2005). The existence of the new
vent for the migration of the travertine system to the Antofalla Basin could be related to the
complex fissure-ridge inherited from the travertine systems developed in volcanic areas
together with the self-sealing action typically of those carbonate deposits.

VLI  Magnesium

Magnesium and Ca content in the system are within the parameters presented in the literature
(Pentecost, 2005; Cappezuoli et al. 2014). It is important to note that Mg-bearing calcite is pure
calcite that underwent a late replacement of Ca by Mg, when that replacement reaches a value
>4,2% molar of MgCQOs it is considered magnesian calcite (Pentecost, 2005). The almost
exclusive presence of calcite is suggestive in changes of Mg concentration and temperature,
below 30°C and in low Mg content only calcite is formed (Folk, 1994; Fouke et al., 2000) and
high magnesian travertines are rarely encountered (Pentecost, 2005). The contents of Mg-
bearing calcite in the system vary greatly (Table V). Analysis of the d-spacing using the Zhang
et al. (2010) method shows that only three samples: C1-1, E2, and F1.E1 correspond to a value
of 0,23% mol of MgCOs3, which are indicative of those data are near the normal mean values
for the thermogene travertine systems (Pentecost, 2005). Comparison of these data with
petrographic descriptions suggests that the facies with higher Mg-bearing calcite, and in very
particular cases with MgCOs-bearing calcite, are related to rudstone facies with presence of
oncoids in the C compartment at the proximal area.

VLIIL Strontium

As has been previously reported, aragonite transformation into calcite via meteoric water
circulation leads to precipitate calcite with lower Sr content further down the profile (Pentecost,
2005; Dickinson, 1990), with Sr: Ca ratios of <0.001 (Pentecost, 2005) (Table IX). This
mechanism could be caused by a dynamic calcite dissolution and re-precipitation processes
that will lead to successive less Sr in the recrystallized Ca (Pentecost, 2005). The values of the
Vega Verde system reflect a much bigger Sr: Ca ratio (higher than 0.001) but not as big as
expected in aragonite (0.011) shown in bibliography (Pentecost, 2005) (Table IX). This
situation suggests that calcites are not the product of aragonite dissolution or that in any case
the initial Sr content in the system may be too low to apply this parameter. Regarding the Ba,
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its values fit into the mean for travertines(~64ppm) with a high concentration at the A
compartment in the proximal area (~88ppm). The graphic with log St/ log Ba (Figure 11) shows
a clear carbonate source from granites and mafic (Teboul ef al., 2016).

VLIII.  C and O isotopes

The highest values of '*8C are in the C and D compartments. Degassing process together
Downstream changes of 35C in Vega Verde show a trend to an impoverishment. This is
apparently contradictory with the fact that, whereas as the flow progresses downstream the
remaining liquid would be increasingly enriched in '38C due to the successive degassing and
crystallization of calcite (Kano et al., 2019). High positive *3C and slightly negative 'O values
suggest a hydrothermal source for the travertines (Kano et al., 2019).

VLIV.  Arsenium, Iron and trace elements

The proximal area of the Vega Verde travertine system shows a marked enrichment in As, Pb,
Fe>O3 and trace elements compared to the intermediate and distal areas. Results suggest a
decrease of these elements after the compartment A, and an already noticeable impoverishment
since the beginning of the intermediate area of the system (Figure 11). The presence of As
(5000 to 17000 ppm) and Pb (up to 4850 ppm) is almost exclusively concentrated on the
mound. The values obtained are by far higher compared to the travertine average (Pb 2-228
ppm; As150->1600 ppm) (Pentecost, 2005) and only comparable to that at Carlsbad (As~
27000 ppm) by Clarke (1916). Arsenic is present in hot spring deposits (Lindgren, 1933) and
is highly associated with ferrihydrite (Smedley and Kinniburg, 2001; Mitsunobu et al. 2013).
The mound samples (e.g., A2-III) particularly exhibits very high As and Pb associated with the
occurrence of Fe, Cu, Zn, Nb, Y. In general, much of the iron present in travertines is
autochthonous and it is precipitated when groundwaters containing ferrous ions enter in contact
with the atmosphere (Pentecost, 2005). The presence of iron oxides near the vent area, as well
as ferrihydrite, are common in Japanese thermal springs (Takashima 2008; 2010). Iron oxides
could also be considered as cement for travertines formed during meteoric diagenesis (Della
Porta 2017). Regarding Y and Nb, the highest accumulation was observed in the mound
samples (A and B compartments) and also higher values in the proximal area compared to the
intermediate and distal ones. However, Rb exhibits an inverse pattern showing a higher
accumulation towards the end of the system, this could be due to the high mobility of Rb that
can be transported in the detritus (Figure 11). The distribution patterns of REE in spring
deposits are a good source of information regarding the interaction of fluids that provide ions
for the travertine systems (Bisse et al, 2022; Franchi and Frisia, 2020; Uysal et al., 2009). The
content of Eu and the presence of anomalies in travertine rocks are related to the origin and the
history of the rock/fluid interactions (Bisse et al., 2022). In addition, analysis of the anomalies
in the Ce content is a useful tool to differentiate organic and inorganic fabric. Data of Eu and
Ce in the system are below the 55ppm so it is not possible to carry out the anomalies analyses.

VLV. Silica

The content of silica near the vent is manifested by the presence of globular silica that
intercalates with calcite precipitation. Siliceous sinters are common in the hot springs of the
Yellowstone Park as well as mixtures of travertine and silica (Pentecost, 2005). Hot water under
high pressure is capable of dissolving a large quantity of silica as orthosilicic acid Si(OH)4 and
hydrothermal silica is deposited by evaporation in circumneutral pH and low Ca content
(Pentecost, 2005). As regards the other areas, the intermediate and distal, the values of Si02 %
are much higher than in the proximal (~2.6% in proximal and ~4.66% in distal). Transport and
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deposition are important sedimentary processes and silica values obtained might be high in
these two areas because of the content of lithic fragments. Content of a higher amount of
allochthonous components raises the values of silica up to 14% (e.g., sample F1.D-I), this value
is related to the quartz and plagioclases facies described by petrography and detected in the
DRX analyses.

VII.  CONCLUSION

The sedimentology, geomorphology, petrography, and geochemistry of the Vega Verde system
were addressed. This set of data suggests that the development of this system is strongly linked
to hydrothermalism. As we move away from the main source, the influence of different
sedimentary events that generate deposits of mixed character starts to take on greater relevance.
Authors like Gandin and Cappezuoli (2014), Mancini et al. (2019), and Minissale (2002) have
discussed the tendency of the travertine system to have more siliciclastic facies at the
intermediate and distal areas. As an additional appreciation, these systems are very open and
susceptible to tectonic and chemical changes so, many times the springs that provide the water
to build the carbonate system can be activated or deactivated. Although the Vega Verde
travertines present characteristic facies for each depositional geomorphological compartment,
the great variability of facies may overlap laterally and these only facies assembly would not
allow to build and define a precise facies model for similar systems.

Among the set of results, we obtained from the analyzed data, we found different and diverse
targets but undoubtedly one of the most important is the distinction and recognition of the
geyserite facies that constitutes the remnant in the record of the main hydrothermal source.
This important sector was recognized both in geomorphology, sedimentology and
geochemistry. The geyserite facies are unique in the travertine system and geochemically they
are marked by a strong imprint that is denoted by the high concentration of metals and arsenic
that were stored in this sector. With this in account we suggest that geyserites facies could bring
potential proxies to paleoenvironmental reconstruction in other fossil systems.

The behavior of silica in the system is under study. The origin of the Si-rich solution in the
spring could be related both to the volcanic area and to the dissolution of the high content of
siliciclastic formations that lies under the travertine system as exposed in the distal area. Its
precipitation in the hydrothermal vent nearby the spring and then post-precipitation in distal
zones may be related to pH changes in the fluid as well as to other inorganic and organic factors.

No data were found that allow us to establish defined limits for where a tufa system begins, so
we prefer to keep the term of this system as a hydrothermal sedimentary travertine system.
Future researches together with data from Sr and REE reconnaissance, will make it possible
to accurately define the origin of the water and the influence of organic and inorganic processes.
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X.  FIGURES CAPTIONS

Figure 1: The road to the work area starts at Ruta Nacional 40 in Catamarca. Between the
cities of San Fernando and Hualfin take Ruta Provincial 43 and drive to the north until you
reach the town of Antofagasta de La Sierra. From there take the provincial route N° 44 and
then take a rural road that crosses from SE-NW the Salar de Antofalla. Botijuela is in the W
margin of Antofalla Salar

Figure 2: a) Puna location and its North and south division. b) Geological context of
Botijuela.

Figure 3: Geological history of Botijuela modified from Carrapa et al. 2005

Figure 4: a) Samples location. B) Vega Verde schematic picture of compartments and
sample’s location.

Figure 5: Vega Verde profile showing the different compartments and geomorphological
features: M= mound, MS= Mound slope, S= Slope, FL= Fans and lobes, P= plateau, AP=
Aluvial plains.

Figure 6: Proximal area. A) Mound with location of A, B, C. Ai) Geyserite. Bi) Autochtonous
limestone with fossils, Bii) Bafflestone and crenulated mudstone, Ci) rudstone. B)
Compartment D. Di) Intraclast Breccia, Dii) Crenulated mudstone

Figure 7: A) Intermediate area with compartments E and F. Ei) Grainstone , Fi) Rudstone. B)
Distal area. Hi, Hii) Packstone.

Figure 8: Petrographic features 1. a) Micritic shrubs, filaments and oxides develop in the vent
area. b) Stromatolites structure “cauliflower” growing up in cycles and different accretion
levels of the pools ¢) sparitic shrubs growing up after micrite laminae d) Micritic shrubs,
stromatolites in a crenulated mudstone e) Packstone with clasts of volcanics. f) Packstone
with ostracods and peloidal micrite.

Figure 9: Petrographic features II a) oncoids cemented by sparite isopachous cement. b)
Coalescent and coated oncoids. ¢) Intraclast breccia and dog tooth crystal with euhedral
shapes filling up a cave. d) Grainstone composed by bad selection of angular oncoids and
fragments cemented by sparite.

Figure 10: Crossplot of °C and 30 values of the samples normalized with VPDB.

Figure 11: a) Log Sr/Ba and geochemical data showing hypogene origin for (Calcite
aragonite travertine and tufa (CATT). b) Stacked chart plot showing high concentration of Fe,
As -Pb at the proximal area samples. ¢) Stacked chart plot showing high concentration of Nb,
Y at the proximal area and high concentration of Rb in the intermediate and distal areas.

XI.  TABLE CAPTIONS

Table I: Location in X and Y of the samples collected in the field trip
Table II: Proximal area

Table III: Intermediate area

Table IV: Distal area

Table V: Stable isotopes of C and O

Table VI: Mineralogical composition obtained in XRD

Table VII: Main oxides composition obtained by XRF

Table VIII: Trace elements composition

Table IX: St/Ca relation.
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Table I
Sample UTM
A UM 1917]

B UTrM 191]

C UTrM 191]

D UTM 191]

E UTrM 191]

F UTM191]

H UTrM 191]

618,054

618.038

618,058

618,048

618,091

618,133

618,337

Y

7,152,320

7152307

7,152,307

7,152,254

7,152,199

7,152,133

7,151,356

Altitude Amostras

3512

3508

3504

3495

3469

3454

3397

Al
ALl
A2 |
A2 1l
A2 1
A3 |
A3l
Ad |
Bl
B2 |
B2 1l
B3 1
B3 1l
Clgral. |
Cl base |
Cl topo |
C2 base |
C2 basell
C2 topo |
C2Tope ll
C2 Topo lll
D11
D11l
D2 |
D3|
D3 1l
D4 |
D5 |
El
Ell
FLAI
F1.B I
F1.CI
F1.DI
F1.EI
F2. A
HI
HII

Sub facies
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shrubs {autochtonous limestone)

mudstone
mudstone
shrubs
mudstone
Bafflestone
Mudstone + shrubs
shrubs
Mudstone + shrubs
Botryoids (Bafflestone)
Mudstone + shrubs
Mudstone
Rudstone breccia
Rudstone + oncoids
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Table IX: Sr/Ca relation of the samples.

Samples Sr/Ca Samnles Sr/Ca
All 0.004770 C2 Topo 1110.010056
Al Tl 0.005517 C2 Topo 1111 0.004893
A21 0.005219 D11 0.009332
A2 11 0.005741 DI 10.005590
A2 11T 0.002475 D21 0.003206
A3 1 0.005229 D31 0.003691
A3 11 0.003741 D3I 10.003751
Ad41 0.003039 D41 0.001901
Bl1 0.003083 D51 0.006419
B21 0.009871 El 0.002385
B2 11 0.008932 E 1l 0.001616
B31 0.007164 F1. A1 10001241
B3 11 0.007686 F1. Bl 10001704

Clgral. 1 | 0.006675 F1.CT 10.003492

Clbasel | 0.004736 F1.DI [0.001582

Cltopol | 0.008366 F1.EI [0.002740
C2basel | 0.010639 F2. A 10.002954
C2basell | 0014472 HI 0.003211
C2topol | 0019423 H Il 0.003002
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FIGURES

Figure 1
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Figure 3
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Figure 7
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Figure 9
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Figure 11
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4. CONCLUSIONS

8 different geomorphologycal compartments from A to H was defined based in
the slope and its sedimentary features. Facies recognized in the system are:
geyserites, autochtonous limestone with fossils, bafflestone, rudstone, grainstone,
rudstone, laminated mudstones and crenulated mudstones. Isotopical data of C and
O and Sr / Ba relation revealed a hydrothermal origin. Composition data shows a
pattern where certain group of elements are concentrated in the mound and other in
the distal area. Mineralogical data shows that the system is main composed by calcite
and Mg- bearing calcite.

The sedimentology, geomorphology, petrography, and geochemistry of the
Vega Verde system were addressed. This set of data suggests that the development
of this system is strongly linked to hydrothermalism. As we move away from the main
source, the influence of different sedimentary events that generate deposits of mixed
character starts to take on greater relevance. Authors like Gandin and Cappezuoli
(2014), Mancini et al. (2019), and Minissale (2002) have discussed the tendency of
the travertine system to have more siliciclastic facies at the intermediate and distal
areas. As an additional appreciation, these systems are very open and susceptible to
tectonic and chemical changes so, many times the springs that provide the water to
build the carbonate system can be activated or deactivated. Although the Vega Verde
travertines present characteristic facies for each depositional geomorphological
compartment, the great variability of facies may overlap laterally and these only facies
assembly would not allow to build and define a precise facies model for similar
systems.

Among the set of results, we obtained from the analyzed data, we found
different and diverse targets but undoubtedly one of the most important is the
distinction and recognition of the geyserite facies that constitutes the remnant in the
record of the main hydrothermal source. This important sector was recognized both in
geomorphology, sedimentology and geochemistry. The geyserite facies are unique in
the travertine system and geochemically they are marked by a strong imprint that is
denoted by the high concentration of metals and arsenic that were stored in this sector.
With this in account we suggest that geyserites facies could bring potential proxies to
paleoenvironmental reconstruction in other fossil systems.

The behavior of silica in the system is under study. The origin of the Si-rich
solution in the spring could be related both to the volcanic area and to the dissolution
of the high content of siliciclastic formations that lies under the travertine system as
exposed in the distal area. Its precipitation in the hydrothermal vent nearby the spring
and then post-precipitation in distal zones may be related to pH changes in the fluid
as well as to other inorganic and organic factors.

No data were found that allow us to establish defined limits for where a tufa
system begins, so we prefer to keep the term of this system as a hydrothermal
sedimentary travertine system. Future researches together with data from Srand REE
reconnaissance, will make it possible to accurately define the origin of the water and
the influence of organic and inorganic processes.
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