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MECANISMOS DE CONTROL DE LAS RAZONES GE/SI EN SÍNTERES SILÍCEOS 

EN SISTEMAS GEOTERMALES  

Los sínteres silíceos son depósitos formados cerca de la superficie, al precipitar un fluido 

hidrotermal rico en sílice. El campo geotermal El Tatio, ubicado a 4300 m.s.n.m. en Sudamérica, 

y contiene más de 200 manifestaciones termales. Las tasas de precipitación de sílice en El Tatio 

parecen estar controladas por las condiciones ambientales, que impulsan el enfriamiento rápido del 

agua, la alta evaporación y los microorganismos presentes. La dinámica de la precipitación puede 

influir en la incorporación de elementos traza como el Ge y el Al, que pueden sustituir a los átomos 

de Si en la estructura del ópalo. El objetivo de esta investigación es determinar la variación de la 

razón Ge/Si en fluidos y precipitados fósiles y modernos del campo geotermal El Tatio, además de 

comprender el efecto de las condiciones medioambientales en el fraccionamiento de la razón Ge/Si 

durante la precipitación de ópalo. 

Se seleccionaron dos manifestaciones termales, Ckoitchi (chorro perpetuo) Vega Rinconada 

(géiser), para la obtención de muestras de fluidos hidrotermales y depósitos de sínteres activos, así 

como para el desarrollo de experimentos de precipitación y evaporación in-situ. Además, se consi-

deró la toma de muestras de un sínter fósil para su posterior comparación, junto con muestras de 

estudios previos en El Tatio y en otros dos campos geotermales de Chile. A partir del experimento 

de evaporación, se estableció que, a mayor volumen evaporado, precipita más sílice, aumentando 

las razones Ge/Si en el fluido desde 71.9 a 81.4 μmol/mol, debido al comportamiento conservativo 

del Ge con respecto al Si. Los fluidos hidrotermales en El Tatio presentan razones Ge/Si entre 

68.52 y 110.98 μmol/mol, mientras que los depósitos de sínter tienen razones Ge/Si que varían de 

1.3 a 32.58 μmol/mol. Respecto al experimento de precipitación, se obtuvieron tasas de precipita-

ción mayores de las ya registradas para El Tatio, entre 0.44 y 5.8 kg/año/m2. Las tasas de precipi-

tación aumentan a medida que el fluido se enfría al escurrir desde su fuente, desde 0.6 a 2.7 

kg/año/m2 en promedio entre la fuente y el punto más distal muestreado (4.2 metros), tanto en el 

chorro perpetuo como en el géiser. Además, el experimento demuestra que la razón Ge/Si de los 

precipitados disminuye alejarse desde la fuente. Las razones Ge/Si obtenidas en los depósitos de 

sínteres muestran una relación inversamente proporcional con las tasas de precipitación, lo cual es 

indicativo de que, a mayores tasas de precipitación, la incorporación de Ge en los depósitos dismi-

nuye, debido a la lenta cinética de incorporación del Ge respecto a la precipitación de Si.  

Los resultados evidencian la lenta incorporación de elementos traza en sínteres silíceos a 

medida que aumenta la tasa de precipitación de sílice, subrayando la influencia de la cinética de 

los procesos hidrotermales en la precipitación de elementos y su partición en fases sólidas, enfati-

zando el uso de la razón Ge/Si como trazador de la dinámica del sílice en ambientes hidrotermales. 
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CONTROLS ON GE/SI RATIOS IN SILICEOUS SINTERS IN GEOTHERMAL FIELDS 

 

Silica sinters are opal deposits formed by the precipitation of silica-rich hydrothermal fluids 

near the Surface. The El Tatio geothermal field is located at 4300 m.a.s.l. in South America, hosts 

more than 200 hydrothermal manifestations. The precipitation dynamics can impact the incorpora-

tion of trace elements such as Ge and Al which can substitute Si atoms in the opal structure. This 

thesis aims to understand determine the variation of the Ge/Si ratio in fossil and modern fluids and 

precipitates from the El Tatio geothermal field, in addition to understanding the effect of environ-

mental conditions on the fractionation of the Ge/Si ratio during opal precipitation.  

Two thermal manifestations, Ckoitchi (perpetual spouter) and Vega Rinconada (geyser), 

were selected for sampling hydrothermal fluids and active sinter deposits, as well as for conducting 

in-situ precipitation and evaporation experiments. Additionally, sampling included a fossil sinter 

for comparative analysis, alongside samples from previous studies conducted in El Tatio and two 

other geothermal fields in Chile. The evaporation experiment shows that higher volumes of evap-

oration lead to increased silica precipitation, thereby increasing the Ge/Si ratios in the fluid from 

71.9 to 81.4 μmol/mol, due to the conservative behavior of Ge relative to Si. Hydrothermal fluids 

in El Tatio exhibit Ge/Si ratios ranging from 68.52 to 110.98 μmol/mol, whereas sinter deposits 

have Ge/Si ratios varying from 1.3 to 32.58 μmol/mol. The results from the silica precipitation 

experiments show higher precipitation rates when compared to those previously documented for 

El Tatio, ranging between 0.44 and 5.8 kg/year/m2. The precipitation rates increase as the fluid 

cools while flowing from its vent, ranging from 0.6 to 2.7 kg/year/m2 on average between the vent 

and the furthest sampled point (4.2 meters), both in the perpetual spouter and the geyser. In addi-

tion, the silica precipitation experiments show that Ge/Si ratios in the precipitates decreases down-

stream from the vent. Overall, the results from both precipitation experiments and in-situ sinter 

deposits show that Ge/Si ratios show an inversely proportional relationship with precipitation rates, 

indicative that higher precipitation rates lead to reduced Ge incorporation into silica, due to the 

slow kinetics of Ge partitioning into the solid. 

The results highlight the slow incorporation of trace elements into silica sinters as silica pre-

cipitation rates increase, emphasizing the influence of hydrothermal process kinetics on element 

precipitation and partitioning into solid phases. Additionally, it underscores the utility of the Ge/Si 

ratio as a tracer of silica dynamics in hydrothermal environments. 
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CHAPTER 1: INTRODUCTION 

1.1.  Silica sinter deposits  

Silica sinters are opal deposits formed by the precipitation of silica-rich hydrothermal fluids 

during the discharge and cooling of underlying geothermal systems (Cortecci et al., 2005; Lynne 

& Campbell, 2003). Opal as the main component (SiO2*nH2O), can be found in any of its phases, 

either as Opal-A, Opal-CT or Opal-C (e.g., Jones & Segnit, 1971; Peng & Jones, 2012; Smith, 

1998), depending on the degree of maturity of the sinter (Herdianita et al., 2000b; Lynne et al., 

2005; Lynne & Campbell, 2003), with opal-A being the most immature phase. Around the world, 

sinter deposits can be found, for example, in Yellowstone National Park (United States, Guidry & 

Chafetz, 2002), Kamchatka (Russia, Kyle et al., 2007), Taupo Volcanic Zone (New Zealand, Lynne 

& Campbell, 2003), Iceland (Álvaro et al., 2021),or Chile (Munoz-Saez et al., 2015). Silica sinter 

deposits preserve information about the hydrothermal fluids through textural, chemical, and bio-

logical evidence (Cortecci et al., 2005). D. M. Guido & Campbell (2011) for example, by studying 

paleo-hotspring deposits from the Deseado Massif were able to determine the regional structural 

influence on the flow of hydrothermal fluids in the area during the Late Jurassic. Sinters are also 

relevant in epithermal deposit exploration, as they appear as paleosurfaces that allow the determi-

nation of thermal flow zones (either upward or lateral flows), facilitating the determination of min-

eralization in case they are properly identified, especially considering low and intermediate sulfi-

dation epithermal deposits (e.g. Hamilton et al., 2019; Sillitoe, 2015). The formation of sinters has 

also become important in geothermal energy since silica scaling is a recurring problem in power 

plant equipment, and studies have focused on preventing precipitation or accelerating it to control 

it (e.g. Rothbaum et al., 1979; Setiawan et al., 2019; Shannon et al., 1982). Even in the initial stages 

of geothermal exploration, the textural information related to temperature and pH gradients ob-

tained from sinters can be associated with a specific environment, which can help to find hidden 

geothermal systems (Lynne, 2012). In addition, other studies have considered sinters in astrobio-

logical exploration given the identification of opal on the surface of Mars (e.g. Ruff & Farmer, 

2016; Squyres et al., 2008; Sun & Milliken, 2015), being useful in the study of life or as a paleoen-

vironmental tool about the past climate on Mars, either by their morphology, preservation of bi-

osignatures such as biosedimentary structures or determined concentrations of elements and/or 

minerals (Barbieri et al., 2014; Barbieri & Cavalazzi, 2014; Cady et al., 2018; Ruff et al., 2020; 

Sun & Milliken, 2018).  

1.2. Factors controlling sinter formation and silica precipitation mechanisms in surface 

hydrothermal systems  

The precipitation and dissolution behavior of amorphous silica in water is given by the fol-

lowing reaction in its simplest form and considering a pH <8.5, as: 

             SiO2(Am.Si.) + 2H2O ↔ H4SiO4(aq)                       (1) 

Abiotic silica precipitation is driven by thermodynamics and kinetics, where the main fac-

tors that influence silica precipitation dynamics are: 1) fluid temperature, which controls the satu-

ration state of silica in the fluid, and also influences kinetics as precipitation rates vary as a function 
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of temperature (Fournier & Rowe, 1966; Guidry & Chafetz, 2002; Rimstidt & Barnes, 1980; White 

et al., 1956; among others); 2) the fluid composition including concentration of silicic acid, which 

determines the degree of supersaturation of the fluid at a given temperature, and the concentration 

of metals such as Al3+, Be2+ or Fe3+ which decrease silica dissolution rates (Ballou et al., 1973; 

Hurd, 1973; Ichikuni, 1970; Iler, 1973; Lewin, 1961); 3) evaporation rates which  influence the 

development of the different sinter morphologies such as geyserites or lilypads (Braunstein & 

Lowe, 2001; Orange et al., 2013; Walter, 1976); 4) surface area and nucleation mechanisms, where 

surface area is a direct function of polymerization rate (Fleming, 1986; Geilert et al., 2014).  Ho-

mogeneous nucleation forms nano-colloids particles, which begin a process of ripening and ag-

glomeration either by coagulation and/or flocculation to form stable critical nuclei of silica (Saun-

ders, 1990; Scott et al., 2024; Tobler et al., 2009; van den Heuvel et al., 2020; Weres et al., 1981). 

On the other hand, heterogeneous nucleation contemplates polymerization from a pre-existing sur-

faces (Carroll et al., 1998; Handley & Campbell, 2011; Lynne et al., 2007; Rimstidt & Cole, 1983). 

In addition to abiotic silica precipitation, several studies have highlighted the role of biota in the 

formation of massive sinter silica deposits (Handley et al., 2005; Jones et al., 1999; Lowe & Braun-

stein, 2003; Wilmeth et al., 2020). Intermediate to low-temperature environments (between 25-

60°C) can host a wide variety of organic material, including cyanobacteria, diatoms, or pollen 

(Cady & Farmer, 1996; Weed, 1889; among others), which can act as a template for sinter precip-

itation by providing heterogeneous nucleation sites where polymeric and/or colloidal silica can be 

adsorbed (Konhauser et al., 2004). However, these organic mats do not necessarily play a funda-

mental role in the precipitation itself, and do not enhance silica precipitation rates (Konhauser et 

al., 2004; Gong et al., 2022; Munoz-Saez et al., 2023). On the other hand, there are organisms that 

use silica as one of their main functional components, either as a skeletal structure in diatoms, 

radiolarians and siliceous sponges (Ikeda, 2021; Kroger et al., 2002; Müller et al., 2003), or as a 

result of plant cell metabolism, such as precipitation derived from transpiration that forms phyto-

liths (Cornelis et al., 2011; Kumar et al., 2017; Raven, 1983). However, these taxa are not abundant 

in hot spring environments. 

1.3. Germanium as a tracer for silica precipitation mechanisms 

Silica and germanium have analogous inorganic geochemical behavior, including aqueous 

and mineral environments, due to their similar ionic radius of 40 pm for Si and 53 pm for Ge and 

equal charge (+4), which allows them to show the same coordination in minerals and aqueous 

complexes, thus, germanium tends to replace silicon in mineral lattice sites (Froelich et al., 1985) 

following Goldschmidt's (1926) camouflage principle. Considering this behavior the Ge/Si ratio 

has been used as a tracer of silica dynamics as well as its sources in different environments, such 

as silicate rocks, rivers, oceans, soil, and even in biological incorporation in phytoliths, diatoms, 

sponge spicules, among others (e.g. Ellwood et al., 2006; Filippelli et al., 2000; Froelich et al., 

1992; Jochum et al., 2017; Mortlock & Froelich, 1987; Tatzel et al., 2017) . Particularly, in hydro-

thermal waters the values of Ge/Si ratios are usually very high with an average of  122.2 µmol/mol 

when compared to freshwater 0.6 µmol/mol (Figure 1), these values can reach values up to 1080 

μmol/mol in Himalayan springs (Evans & Derry, 2002).  
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Figure 1: Compilation of Ge/Si ratios vs Si concentrations in hot springs around the world. The black solid 

square and the colorless square correspond to samples from hot springs and wells in Iceland, respectively 

(Arnórsson, 1984) The hexagram represents the Yellowstone hot springs samples (Gaspard et al., 2021b). 

Polish springs samples are represented by asterisks(Dobrzyński et al., 2018). Samples from Massif Central 

springs(Criaud & Fouillac, 1986) are represented by triangles., while samples from Himalayan springs (Ev-

ans & Derry, 2002) are denoted by squares. Samples from Guadeloupe hot springs (Gaspard et al., 2021a) 

are represented by stars. The light blue circle represents the average of the Freshwater (Mortlock & Froelich, 

1987). 

 

Ge/Si ratios in hydrothermal fluids depend on fluid temperature, and depletion of silica in 

the fluids (e.g., Arnórsson 1984; Evans & Derry, 2002). For example, research by Evans & Derry 

(2002) determined that quartz precipitation is a dominant factor in controlling the Ge/Si ratio in 

hot spring fluids in the Himalayas, as Ge/Si ratios increase due to silica removal rather than changes 

in Ge concentrations. In fact, in 1984, Arnórsson already stated that the Ge/Si ratio in Icelandic 

and New Zealand sinter silica deposits was systematically lower than in the hot spring fluids from 

which the deposits originate, suggesting the conservative behavior of Ge during silica precipitation. 

Previously, Pokrovski & Schott (1998b) established that the increase of Ge/Si ratios in the fluids 

with respect to temperature can be attributed to thermodynamic differences between Ge(OH)4(aq) 

and Si(OH)4(aq) leading to preferential partitioning of Ge with respect to Si in the fluid. According 

to a recent study conducted by Fernandez et al. (2021), the partition coefficients of Ge are influ-

enced by silica precipitation rates. Specifically, under kinetically controlled conditions, the incor-

poration of Ge decreases as the precipitation rate decreases. Conversely, under equilibrium-con-

trolled conditions, the partition of Ge into fluid is plausible as the silica precipitation rates are 

slower. This finding, derived from laboratory experiments and numerical simulations, emphasizes 

the potential of using germanium as a tracer in conjunction with δ30Si. 

In addition to germanium, aluminum has also been studied in its relationship with sinters, 

considering that Al3+ can substitute for Si4+. Both Ichikuni (1970) and Iler (1973) have indicated 
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that the presence of aluminum reduces the solubility of amorphous silica, thereby slowing down 

the dissolution rate of silica. Additionally, Ichikuni mentions that aluminum is incorporated into 

the siliceous phases. Furthermore, Yokoyama et al. (1993) have noted that aluminum is highly 

concentrated in the siliceous deposit despite its low concentration in thermal waters. Other inves-

tigations that study the relationship between Al and Si are associated with scaling and corrosion 

processes in geothermal energy (e.g. Gallup, 1998; Spinthaki et al., 2021), erosion or alteration 

processes (Bouchez et al., 2011; Rodgers et al., 2002) and the biogeochemical study of Al and Si 

cycles, as in silica of biogenic origin derived from diatoms (e.g. Liu et al., 2024). 

1.4. El Tatio geyser field for investigating silica precipitation dynamics 

El Tatio geothermal field, located at 4300 m.a.s.l. in the Central Andes in Chile, hosts more 

than 200 hydrothermal manifestations covering an area of approximately 30 km2, with the main 

surface thermal features grouped within an area of 10 km2 (Lahsen & Trujillo, 1976; Tassi et al., 

2005), including geysers and perpetual spouters where fossil and modern sinter silica deposits are 

ubiquitous (Cortecci et al., 2005; Munoz-Saez et al., 2018). El Tatio is the largest geothermal field 

in the southern hemisphere and the third largest in the world (Glennon & Pfaff, 2003; Hurwitz & 

Manga, 2017) being specifically situated in the Altiplano-Puna Volcanic Complex (Lahsen & Tru-

jillo, 1976; Lucchi et al., 2009; Munoz-Saez et al., 2020; Salisbury et al., 2011). Extreme environ-

mental conditions prevail in El Tatio, including low atmospheric pressure (0.58 atm; Munoz-Saez 

et al., 2015; Wilmeth et al., 2020), extreme dryness due to high radiation (UV-A of 22 Wm-2 and 

UV-B of 6.0 Wm-2, by Phoenix et al. (2006). The high daily oscillation of air temperature is given 

by a daily variation that reaches a 20°C difference, with maximum wind speeds between 4 and 6 

m/s, being stronger in spring and weaker in winter, considering a data set between 2018 and 2021 

(Gong et al., 2022; Munoz-Saez, 2022; Munoz-Saez et al., 2023). At the altitude of El Tatio, water 

boiling temperatures reach approximately 86.6°C (Cortecci et al., 2005; Cusicanqui et al., 1975; 

Munoz-Saez et al., 2015). Thus, silica precipitation rates at El Tatio are controlled by these extreme 

environmental conditions (lower boiling temperature combined with the air temperature oscilla-

tions, strong winds and high radiation) which drive fast water-cooling and high evaporation 

(Munoz-Saez et al., 2023). Precipitation rates in El Tatio compared to other hydrothermal systems 

are high, reaching up to 2.92 kg/yr/m2 (Nicolau et al., 2014; Slagter et al., 2019). Therefore, the 

extreme environmental conditions driving fast silica precipitation rates and minimal influence of 

biota in silica deposition, make El Tatio geyser field an ideal location for investigating how pre-

cipitation dynamics influence trace element partitioning into opal. 
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Figure 2:  Simplified geological map of El Tatio geothermal field showing the two sites of interest in this 

study: Ckoitchi (Ck) and Vega Rinconada (VR), and the location of the paleosinter considered in this study. 

Modified from Lahsen & Trujillo (1976), Lucchi et al., (2009), Munoz-Saez et al. (2018, 2020), and 

Álvarez et al. (2023). 

1.5. Hypothesis and objectives 

It has been documented that Ge/Si ratios in geothermal systems show higher values due to 

the precipitation of Ge-poor quartz or opal (Evans & Derry, 2002) as Ge stays in the fluid. Accord-

ing to batch experiments of silica precipitation, this fractionation effect is enhanced during rapid 

silica precipitation, as the rate of Ge incorporation can be orders of magnitude lower than the rate 

of silicon precipitation (Fernandez et al., 2021). This study proposes that precipitation dynamics 

can control the incorporation of trace elements, such as Ge, substituting Si in the opal structure. 

The main goal of this research is to determine the variation of the Ge/Si ratios in fluids and 

modern and fossil precipitates from El Tatio Geyser Field and understand the effect of environ-

mental conditions on the behavior of Ge/Si partitioning during opal precipitation. The primary 

focus of the research will be to identify the mineralogy and crystalline phases present in the active 

siliceous sinter deposits. Following this, the study will concentrate on characterizing the physico-

chemical properties, determining the concentrations of major and trace elements, and analyzing the 

Ge/Si ratios of the associated hydrothermal fluids. In addition, the research will involve estimating 

the Ge/Si partitioning through fluid evaporation experiments and characterizing the remaining flu-

ids. In-situ precipitation experiments will be carried out to estimate precipitation rates at El Tatio, 

and the Ge/Si ratios in active and fossil sinter deposits will be compared. These ratios will also be 

correlated with ages determined previously by radiocarbon dating. Moreover, the Ge/Si ratios of 

active sinters at El Tatio will be compared to those from other geothermal systems in Chile. Ulti-

mately, the study aims to establish connections between Ge/Si ratios, precipitation rates, fluid tem-

perature, and sample age. 
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CHAPTER 2: METHODOLOGY 

To investigate the controls of Ge/Si ratios in siliceous sinters, in-situ brine evaporation and 

opal precipitation experiments were set up for further analyses of the evaporated fluids and silica 

precipitates. In addition, water samples from different hydrothermal manifestations were collected 

to characterize the variability of Ge/Si ratios across the El Tatio hydrothermal field. Finally, sam-

ples from fossil sinter deposits in El Tatio and two locations were collected to study the partitioning 

of Ge in opal across a range of extreme environmental conditions.  

2.1. Hydrothermal springs sampling 

In September 2021 water samples were obtained from ten thermal discharges, consisting of 

one perpetual spouter (named as Ckoitchi in this study), three thermal pools (Piscina Cristalina, 

Piscina Exp. Evap. and Piscina Linzor), and six geysers (Vega Rinconada, La Concha, El Asesino, 

El Horno, El Cobreloa and Géiser Corazón). During water sampling four aliquots of the hydrother-

mal fluid were sampled into different bottles for analyses of alkalinity, anions, cations/trace ele-

ments and silica. For alkalinity the water was extracted directly from the source (vent/pool) in 

deionized water-washed high-density polyethylene (HDPE) bottles, filled completely to avoid air 

entrapment, capped, and wrapped with parafilm.  The samples for cations and trace element chem-

istry were collected in an acid-washed 125 ml HDPE bottles and were filtered through 0.22 μm 

Millipore cellulose acetate syringe filters in the field. These samples were acidified with 1.4 mL of 

4M HNO3 down to pH < 2 after filtering, and were filled completely to avoid air entrapment, 

capped, and wrapped with parafilm. For anions analyses, we followed the same filtering protocol, 

and collected the samples in deionized water-washed HDPE bottles. Samples for silica and germa-

nium were collected in an acid-washed 250 mL HDPE bottle and filtered through 0.22 μm Milli-

pore cellulose acetate syringe filters in the field, also acidified with 2.5 mL of 4N HNO3. The 

samples were diluted by a factor of 10x in the field. Samples were capped and wrapped with para-

film. All samples were refrigerated at 4ºC upon returning from the field at the Geology Department, 

Universidad de Chile, prior to analysis. 

2.2. Evaporation experiments 

The evaporation experiments were performed to examine the effect of early onset silica pre-

cipitation on Al/Si and Ge/Si composition of hydrothermal fluids. For this purpose, the evaporation 

experiments were deployed at the Vega Rinconada geyser which corresponds to the surface hydro-

thermal manifestation with the highest conductivity (15.5 mS/cm) and neutral pH and silica con-

centrations of 319 mg/L (Munoz-Saez et al., 2015, 2018). Seven previously acid-washed graduated 

cylinders of 2000 mL (20 mL) were filled with hydrothermal fluid and placed towards the SE 

around the vent (Figure 3) on September 25th, 2021. One test tube was sampled each following day 

until October 1st (2021), when the last two graduated cylinders were collected. For each tube, the 

remaining volume was measured each day. The collected test tubes were sampled following the 

same procedure described for water samples, except for alkalinity, thus, only 3 aliquots were 
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sampled from each graduated cylinder for silica and Ge, cations and trace elements, and anions. 

Prior to sampling, the remaining volume was recorded from the graduation marks in the cylinder 

and temperature was measured with an infrared thermometer at the surface of the cylinder. After 

collecting the water sample, cooled temperature, pH, conductivity, and TDS were measured with 

a calibrated hand-held multimeter.   

2.3. Silica precipitation experiments 

In-situ silica precipitation experiments were deployed at El Tatio to determine silica precip-

itation rates and the effect of environmental conditions on the behavior of Ge/Si. This experiment 

was carried out in two hydrothermal vents with different hydrodynamic characteristics and fluid 

compositions: the first site corresponds to a perpetual spouter identified as Ckoitchi (Ck) in this 

study, which was previously described as site 411 in Slagter et al., 2019); and the second site is the 

Vega Rinconada (VR) geyser, same location as the evaporation experiments. At each site six and 

four sampling points were selected respectively, to create a temperature gradient along the main 

discharge channel for each vent. The temperature gradient allows to investigate precipitation rates 

across different environmental settings in hot spring as described by Lynne (2012). The location 

of each point is illustrated in Figure 3. 

 
Figure 3: Location of sampling points for the precipitation experiments. (A) Top panel shows photograph 

of the position of the experiments around Ckoitchi (perpetual spouter). Bottom panel includes a schematic 

profile of the points with their respective daily average temperatures. (B) Top panel shows photograph of 

the Vega Rinconada sector and the position of the experiments. At the bottom, the respective schematic 

profile with their respective daily average temperatures. Both profiles were modified from Guido & Camp-

bell (2011) and are not to scale. 
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Ckoitchi is a perpetual spouter with a sinter mound of ~0.15 m high and almost 0.5 m in 

diameter, notably surrounded by orange/green biofilms (Figure 3A). At each point selected for 

Ckoitchi, temperature sensors were installed for one week, from which the average temperature 

was obtained (Table 1). On the other hand, Vega Rinconada (Figure 3) is an active geyser with a 

vent diameter of 0.3 m (Munoz-Saez et al., 2015) opening to a small pool of about 1 m in diameter. 

For Vega Rinconada, temperatures were measured during the main eruption of the geyser, which 

causes the activation of the channels adjacent to the vent, allowing the temperature to be measured 

when water flows using an infrared thermometer. For more details on each sampling point, see 

Table 1. 

 

Table 1: Characteristics of the sampling points of this study, considering the distance to the vent, tempera-

ture, and pH of the fluid, along with observations of the respective location. 

Site 
Sample 

point 

Distance 

from the 

vent 

Temperature 

of fluid 

pH of 

fluid 
TDS Observations 

    m °C   mg/L   

Ckoitchi 

(Ck) 

Ck-Vent 0 86.6 6.16 9749 Perpetual spouter vent. 

Ck-1 0.2 85.3 - - 
Splash zone of the vent at the 

NW. 

Ck-2 1.6 65.9 6.66 9892 

Fast flowing channel to the NW 

from the vent, with presence of 

orange biofilms. 

Ck-3 2.8 61.5 6.32 9908 

Fast-flowing channel to the 

NW from the vent, with pres-

ence of orange/green biofilms. 

Ck-4 3.8 50.7 6.63 9876 
Apron area to the SW from the 

vent. 

Ck-5 2.3 67.7 4.82 10287 

Little thermal pool, aligned 

with Ck to the NW from the 

vent. 

Vega Rin-

conada 

(VR) 

VR-1 0 86.6 6.25 14960 

Geyser vent, with a cycle time 

between 1.4-2 hrs. (Munoz-

Saez et al. 2015). 

VR-2 0.2 74.4 - - 
Splash zone of the vent at the 

W. 

VR-3 2.8 63.2 6.16 15286 

Channel to the NW from the 

vent, intermittent overflow 

area. 

VR-4 4.2 55 6.26 15202 

Superficial pool to the SW 

from the vent, formed by the 

fast-flowing channel during 

eruptions. 
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The silica precipitation experiments were carried out during 203 to 210 days, between Sep-

tember 24th (2021) and April 22nd (2022). Prior to their installation in the field, the glass slides were 

manually sanded to increase their surface area and roughness. After sanding or glueing the sand-

paper, the slides were weighed in the laboratory before installation using a Precisa 40SM-200A 

Precision Digital Scale Balance. On each sampling point, three glass slides (25.4 x 76.2 mm mi-

croscope slides) and one glass slide covered with sandpaper were placed vertically and perpendic-

ular to water flow, except for Point 1 (VR-1) and Point 3 (VR-3) of discharge channel in Vega 

Rinconada where they were placed horizontally. To secure the slides at each point, these were 

fastened to heat-resistant plastic racks or secured with wire. After ~200 days, the samples were 

collected and stored in either 50 mL centrifuge tubes or 100 mL sterile polyethylene containers.  

Upon return to the lab the samples were left to airdry at room temperature before weighing 

them to determine the weight of the precipitated material by subtracting the previously measured 

slide weight. First, the maximum silica precipitation rates (kg/day) were calculated assuming a 

continuous precipitation process since the installation of each slide, no re-dissolution, and that sil-

ica is the only material that accumulates (Slagter et al., (2019). To normalize the precipitation rates 

to area (kg/day/m2), the effective precipitated area in each slide was determined by discarding the 

areas without precipitate based on a detailed photographic analysis of each scanned slide, the cal-

culation was performed considering Eq. 2, where AEp corresponds to the effectively precipitated 

area, Ao is the original area of the glass slide (1935.48 mm2) and Anp is the non-precipitated area.  

                        AEp = AO – Anp                                                                (2)                             

This is necessary, because silica deposition is irregular across each slide, where each area 

may differ from one sample to another depending on the position, height of the water-air interface, 

water flow or presence of biological material for example. Therefore, for the calculation of the bulk 

precipitation rate, the weight of the precipitated material must also consider the effective area of 

the precipitated material, then, the weight of the precipitated material (or bulk precipitate, PBulk) is 

given by: 

  PBulk= Dry precipitate – Glass slide x PAEp                      (3) 

Where Dry precipitate is the sum of the weight of the glass slide and the precipitate after air 

drying, Glass slide is the measured weight of the glass slide before field installation, and PAEp is 

the effective area expressed as a percentage. Finally, the bulk precipitation rate is expressed ac-

cording to Eq. 4, where tPrecip represents the time duration of the precipitation experiment. 

               Bulk silica precipitation rate =   

PBulk

tPrecip

AEp
             (4) 

If silica is not considered to be the only material precipitating in the experiment, an adjust-

ment to the bulk precipitation rate should be made by correcting with the measured silica concen-

tration (in wt.%). This correction can be critical when there is excess organic material, precipitation 

of other phases, or detrital material.  
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2.4. Fossil and in-situ sinter deposit sampling 

To evaluate Ge/Si ratios in both fossil and active silica sinter deposits, seven samples were 

taken from fossil deposits that represent former outflow zones from a paleosinter mound (site 404) 

described in Slagter et al. (2019), and fourteen samples were extracted from active deposits at El 

Tatio (Ckoitchi, Piscina Linzor and Vega Rinconada). The paleo sinter samples obtained from site 

404 followed Slagter et al. (2019) using our own nomenclature. The volume of each sample was 

about 10 cm per side. The samples of active deposits were obtained from the same points as in the 

precipitation experiments, including an additional point located 12 m from the vent in Ckoitchi. In 

addition, four extra samples were considered for the fossil deposits, two coming from the study of 

Slagter et al. (2019) and two from Munoz-Saez et al. (2020). For active sinter deposits, four samples 

from Slagter et al (2019) and ten samples from Munoz-Saez et al. (2020) belonging to El Tatio 

were also analyzed, together with samples coming from other geothermal fields, four samples from 

the Alpehue geyser field (Pérez Nuñez, 2019), and five samples from the Puchuldiza geothermal 

field (Sanchez-Yanez et al., 2017).  

Examples of the in-situ experiments and sinters sampled for this study can be found Figure 

4 and Figure 5. The Ckoitchi zone (Figure 4a) displays a distribution of microbial communities 

along the temperature gradient, similar to the research conducted by Megevand et al. (2022) in 

another hot spring at El Tatio. In this area, precipitation experiments (e.g., Figure 4b) revealed 

variations in the color associated with the presence of these organisms (e.g.,Figure 4c). Further-

more, extracting in-situ sinters requires careful consideration due to the abundance of these organ-

isms (Figure 4d).  

In the Vega Rinconada experiment (Figure 5a), there is no apparent presence of bacterial 

communities, unlike in Ckoitchi. Additionally, the experiment samples (Figure 5b) do not display 

any color variation apart from silica (Figure 5c). It's also worth noting that even in-situ sinter sam-

pling is much easier compared to Ckoitchi (Figure 5d). 
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Figure 4: Images associated with the Ckoitchi zone, showing (A) a general view of some of the sampling 

points, with the red arrow indicating point Ck-4, (B) a close-up of the precipitation experiment at point Ck-

44, almost 7 months after its implementation, the red arrow indicates the precipitate (C) denominated Co04-

15 and (D) samples of in-situ sinter deposits at that point. 

 

 
Figure 5: Images of the Vega Rinconada area, showing (A) an overview of the geyser surroundings, with 

the red arrow indicating sampling point VR03, (B) a close-up of the experiment at VR-3, with the red arrow 

indicating (C) the VR03-27 precipitate, and (D) samples of in-situ sinter deposits at that point. 
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2.5. Opal alkaline digestions 

Due to the impurities such as dust grains or organic matter present in modern and fossil sinter 

deposits, it is important to separate just the silica components of these deposits to analyze their 

trace element geochemistry. Particularly, dust grains containing clay, iron oxides or sulfides can 

contain significant amounts of Ge, and thus can bias our interpretation of trace element partition 

into the opal (e.g.,Bernstein, 1985; Kurtz et al., 2002; Mortlock & Froelich, 1996). Thus, to analyze 

the trace element composition of the opal, an alkaline extraction method adapted from Mortlock & 

Froelich (1996) was used to purify the silica. This methodology consisted of dissolving between 

10 to 25 mg of sample in 125 to 250 ml of sodium carbonate solution (2M Na2CO3) to reach a silica 

concentration of <100 ppm (below silica saturation at 25ºC). After weighing the samples, the im-

purities are removed by several steps of sequential leaching and weight measuring the samples, 

before the dissolution in sodium carbonate step. The first leach uses 30%wt hydrogen peroxide and 

1N nitric acid, followed by sonification of the samples to let carbonates and organic matter react. 

After this, the samples are rinsed with deionized water and centrifuged to remove the supernatant 

from the precipitated solids (including opal, clays, iron oxides and sulfides). The supernatant is 

discarded before following with the alkaline dissolution step, and the precipitate is transferred to 

previously acid-washed 250 mL bottles, and 250 mL of 2M Na2CO3 were added. The bottles were 

capped and placed in a hot bath at 80-85°C for about 10 days. The samples of Ck followed the 

same procedure but using 125 mL bottles and 125 mL of 2M Na2CO3. Upon collection, an aliquot 

of the sample was neutralized with 65% nitric acid (down to pH < 6) before proceeding with the 

geochemical analyses. Details of each step can be found in the ANNEX A. 

The alkaline extractions for the active and fossil sinter samples were performed in January 

2022 and December 2022 (eleven months later), with some of the January samples being replicated 

in December. The alkaline extractions for the precipitates occurred in January 2023, and the silica 

concentration analyses using the molybdenum blue method for all samples was completed in Jan-

uary 2023. 

2.6. Geochemical analytical methods 

Major cations in opal and silica concentrations in the fluids were measured by inductively 

coupled plasma optical emission spectrometry on a SpectroBlue ICP-OES (Ametek, Kleve, Ger-

many) at the Geochemistry Lab in Cornell University. Anions, trace elements and alkalinity 

(HCO3, CO3
2) were analyzed at the Fluid Geochemistry Laboratory in the Department of Geology, 

University of Chile. Anion concentrations were determined by ion chromatography using a Thermo 

Scientific Dionex™ ICS-2100 Ion Chromatograph with Dionex IonPac™ AS11-HC RFIC™ ana-

lytical 4 x 250 mm column, Dionex IonPac™ AG11-HC RFIC™ 4 x 50 mm pre-column. Car-

bonate and bicarbonate species concentrations were analyzed using the Giggenbach (1988) method 

in a Hanna HI-902C automatic titrator with a combined glass electrode. Trace element concentra-

tions in the fluid samples were measured through mass spectrometry with a quadrupole ICP-MS 

Thermo Scientific Q-iCAP. Reactive silica concentrations in the opal samples were determined 

using the molybdenum blue colorimetric method (Geilert et al., 2014; Iler, 1979) using VWR Spec-

trophotometer UV-1600 PC at Cornell University. Aluminum or other major elemental concentra-

tions in the opal were not measured because the high sodium matrix of the alkaline extractions 
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prevented measurement of these solutions using ICP-OES, due to dissolution of the quartz torch at 

the Geochemistry Lab at Cornell University. No attempts were made to purify the matrix.  

Germanium concentrations in the both the fluid and the sinter samples were measured using hy-

dride-generation ICP magnetic sector mass-spectrometry (HG-ICP-MS) (Mortlock & Froelich, 

1996 Aguirre et al., 2017). The hydride generator sample introduction system used corresponds to 

an HGX-200 from Cetac-Teledyne. The system uses a 0.27 M sodium borohydride in ammonia 

solution (NaBH4 powder trace grade from Thermo Scientific) and a 3 M nitric acid (Aristar Plus, 

trace grade quality). Ge in the fluid samples was determined through a standard calibration curve 

using Ge standards of  5, 10, 20, 50, 100, 250 and 500 ng/L at Cornell University using a Thermo 

Finnigan Element 2 magnetic sector ICP-MS with < 5% accuracy. The dissolved opal samples 

were quantified using isotope-dilution (ID-HG-ICP-MS) using an enriched 70Ge spike to target a 

70/74 ratio in the sample close to 10. These analyses were carried out using a Thermo Scientific 

Element II magnetic sector HR-ICP-MS at the PARI High Resolution Analysis Platform located at 

the Institut de Physique du Globe de Paris (IPGP). These analyses obtained an average uncertainty 

of ~5%.  

Mineralogical characterization of ten opal samples for both active and fossil sinters was car-

ried out by X-ray diffraction at the Andean Geothermal Center of Excellence (CEGA), in Univer-

sidad de Chile. An aliquot of the powdered samples was used to determine the mineralogy and the 

corresponding siliceous phase. The XRD analyses were performed using a Bruker D2 Phaser dif-

fractometer, using Cu-Kα radiation, a voltage of 30 kV, and an applied current of 10 mA, and the 

samples were analyzed at angular domains of 5–80°2θ. The bulk-sample XRD diffraction patterns 

were treated and interpreted using the DIFFRAC.EVA software, which incorporates multiple ref-

erence databases (e.g. ICDD PDF2/PDF4+/PDF4 Minerals/PDF4 Organics databases). Addition-

ally, the XRD pattern of sample ET03-Co01 showed a clear presence of clay minerals, so further 

mineral identification, the mineralogy < 2 μm fraction was studied using clay separation methods. 

Sample chip was washed in distilled water to remove salts, treated to remove organic matter and 

calcite, separated by centrifugation, and mounted in oriented aggregates following the recommen-

dations of Moore & Reynolds (1997). Clay-mineral analysis was carried out between 4.5 and 

39°2θ, with a step size of 0.006°2θ and a scanning time per step of 152 s. The minerals in the clay 

fraction were identified according to the position of the basal reflections of air-dried (AD), eth-

ylene-glycol solvated (EG), and heated to 500°C for 1 h (H) XRD patterns, using the criteria of 

Moore & Reynolds (1997). 

2.7. Reflected light petrography and scanning electron microscopy analyses 

Three active sinter samples (from vents of Ckoitchi and Vega Rinconada, and sinter of Pis-

cina Linzor) and samples from the precipitation experiment (nine samples, one per position without 

considering the Ckoitchi vent) were coated in epoxy resin, cut, and polished for petrographic anal-

ysis in optical microscopy and scanning electron microscopy (SEM). The samples were inspected 

under a Leica DM2700P Polarization Microscope by reflected light and the photographs were taken 

using a Nikon D5600 camera. SEM observations were carried out using a FEI Quanta 250 SEM 

equipped with backscattered electron (BSE) energy-dispersive X-ray spectrometry (EDS), and sec-

ondary electron (SE) detectors, at the Andean Geothermal Center of Excellence (CEGA), 
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Universidad de Chile. The operating conditions were a spot size of 5 μm, accelerating voltage of 

20 kV, beam intensity of 1 nA and a working distance of ~9.5-10 mm. 
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CHAPTER 3: RESULTS 

In this chapter, the findings of this study are organized into five subsections, considering the 

different methodologies used in this research for the study of Ge/Si ratios. First, the mineralogy of 

the siliceous sinters is introduced, followed by the geochemical composition and Ge/Si ratios of 

the hydrothermal fluids at El Tatio. Fluid evaporation experiments are then addressed, followed by 

silica precipitation experiments. Then, the active sinter and fossil deposits of El Tatio are reported 

considering their geochemistry and Ge partitioning. Finally, the geochemistry of active sinter de-

posits from other geothermal fields is provided.  

3.1. Mineralogy of siliceous sinters 

A total of nineteen samples were analyzed for mineralogical characterization, of which nine 

were considered for X-ray diffraction (XRD) and twelve for scanning electron microscopy (SEM), 

being two samples used in both analyses, those corresponding to the Ckoitchi and Vega Rinconada 

vents (ET03-Co01 and ET02-VR01 respectively). Seven samples from the fossil deposit (paleo-

sinter mound of site 404) described by Slagter et al. (2019) were considered for the XRD samples, 

apart from the active sinters from the Ck and VR vents. For each sample, the curve and baseline 

were fitted manually to measure the Full Width at Half Maximum (FWHM) and determine the 

degree of silica crystal lattice order/disorder (Herdianita et al., 2000a; Herdianita et al., 2000b; 

Lynne et al., 2005). The resulting bulk-sample X-ray diffraction patterns for the active and fossil 

samples show peaks between 4.02 and 4.01 Å for all the samples except ET03-Co01, which shows 

a different pattern than the other samples and whose peak is shifted to 3.34 Å. Opal in all the 

analyzed samples corresponds to the Opal-A (Table 2), characterized by a wide peak centered at 

~4.0 Å broad band extending from 15 to 30° 2θ and FWHM values ranging from 5.8° to 7.7° 2θ 

(Flörke et al., 1991; Herdianita et al., 2000b; Lee et al., 2022; Liesegang & Tomaschek, 2020; 

among others). Only one sample showed the presence of clay minerals (sample ET03-Co01), of 

which smectite was identified, by the peak shift from ~10.8 Å to 17.0 Å after EG solvation, and 

collapse to 10 Å after the heat treatment (Moore & Reynolds Jr, 1997), and illite, identified by the 

10.0 Å reflection on AD preparations, which are not displaced after the EG and H treatments (Fig-

ure 6). 
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Figure 6: XRD spectrum of active sinters of the vents from Ckoitchi (ET03-Co01, spectrum at the top) and 

Vega Rinconada (ET02-VR01, spectrum at the bottom). The broadband of VR is centered in 25.6°2θ. The 

accessory minerals identified correspond to albite (Ab), detrital quartz (Qz), and cristobalite (Crs), which 

contributes to the identification of the samples as Opal. 

 

Table 2: XRD parameters and phases identified for the fossil sinter (first group of samples, sinter mound 

404 in Slagter et al., 2019) and for the Vega Rinconada and Ckoitchi vents (last two samples). The minerals 

correspond to cristobalite (Crs), albite (Ab), quartz (Qz) and biotite (Bt). 

Sample         

Name 

Peak Maximum 
FWHM Silica 

phase 
Other minerals Position intensity 

Å counts/sec 2°θ 

ET06-Psa 4.05 1021 7.571 Opal-A Crs  Qz  
ET06-PSb1 4.10 981.674 7.649 Opal-A Crs    

ET06-PSb2-a 4.05 1062.117 7.025 Opal-A Crs Ab Qz  
ET06-PSb2-b 4.07 977.936 7.103 Opal-A Crs    

ET06-b3 4.07 1020.023 7.337 Opal-A Crs Ab   

ET06-PSc1 4.07 998.365 7.921 Opal-A Crs  Qz Bt 

ET06-PSc2 4.05 951.298 7.727 Opal-A Crs Ab Qz  

ET02-VR01 4.05 880.898 6.364 Opal-A     

ET03-Co01 3.34 990.48 1.122 Opal-A     
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Figure 7:  XRD spectra for the analysis of clays in the ET03-Co01 sample according to the criteria of Moore 

and Reynolds (1997). From the bottom, the spectra of air-dried (AD, red spectrum), ethylene-glycol solvated 

(EG, blue spectrum), and heated (H, green spectrum) respectively. Illite (Ilt) and smectite (Sm) were iden-

tified. 

 

Regarding the paleosinter samples, Table 2 presents the names used in this work and the 

equivalent names for the samples of Slagter et al. (2019), along with their respective radiocarbon 

ages. The analyses of the paleosinter samples (Figure 8) are consistent with the phases obtained in 

Slagter (2019). However, more crystalline phases than Opal-A/CT were not found here. It was 

possible to recognize more accessory minerals besides detrital quartz, such as albite and biotite. 

Moreover, consequently, also the results are comparable with those previously obtained by Fer-

nandez-Turiel et al. (2005), Garcia-Valles et al. (2008), Munoz-Saez et al. (2016), Nicolau et al. 

(2014) and Sanchez-Garcia et al. (2019). 
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Figure 8: XRD spectrum of paleosinter (sinter 404 of Slagter et al., 2019). The broadband is centered around 

25°2θ for all samples. The accessory minerals identified correspond to albite (Ab), biotite (Bt) and detrital 

quartz (Qz), in addition, cristobalite (Crs) is identified, which contributes to the identification of the samples 

as opal. 

 

Table 3: Names assigned to Paleosinter samples in this work and their corresponding designation by Slagter 

et al. (2019), along with the ages obtained there. 

Nomenclature Radiocarbon ages (Slagter et al. 2019) 

This Work Slagter et al. (2019) 14C yr B.P. ± 

ET06-PSc2 404a 5860 25 

ET06-PSc1 404b 6330 80 

ET06-b3 404c 8230 140 

ET06-PSb2-b 404d 8550 50 

ET06-PSb2-a 404d 8550 50 

ET06-PSb1 404e 9340 30 

ET06-Psa 404f 10840 30 
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SEM analyses were performed on three samples from active sinter deposits (ET03-VR01, 

ET03-Co01 and ETLIN02) and nine samples from precipitation experiments, four of which corre-

spond to samples from Vega Rinconada. Backscattered electrons (BSE) were used to capture im-

ages of the samples and identify the areas for qualitative chemical analysis. Subsequently, energy-

dispersive X-ray spectrometry (EDS) was employed to recognize the primary chemical compo-

nents present. In general, the samples display diverse features that enable distinction between Vega 

Rinconada and Ckoitchi. The Ck samples present mostly thin intercalations of silica laminations 

and silicified bacterial mats, as shown in Figure 9A, where the silica laminations are composed of 

silica microspheres, which also coat the filaments present (Figure 9B). In comparison, the VR sam-

ples are composed mostly of massive silica layers (Figure 9C-D). These layers also show the pres-

ence of bacterial filaments, but they either fill cavities or are present in the outer layers (Figure 

9C). They are not part of the laminations; if present, these would likely be detrital material depos-

ited during specific time intervals (Figure 10A).  

 
Figure 9: Cross-sections of the sinter deposits from the in-situ precipitation experiment. The images are 

oriented with the glass slides at the bottom and the growth of the sinter upwards. (A) SEM photomicrograph 

of sample Co04-15 showing sinter laminations. The lower arrow indicates the boundary between the glass 

slide (bottom) and the precipitate, while the upper inset corresponds to the image in B. (B) Enlarged rectan-

gle showing silicified microbial filaments and a cavity with silica microspheres. The arrow indicates a 

sheathed filament. (C) SEM image of sample VR01-21 showing a massive silica layer, together with free 

microbial filaments on top of the glass slide. The red arrow indicates the boundary between the glass slide 

(bottom) and the precipitate (top). (D) SEM photomicrograph of sample VR02-49 composed mainly of 

massive silica and exhibiting a microspicule. 
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Figure 10: SEM images of samples ET02-VR01 (A), ET03-Co01 (C) and their respective resulting profiles 

(B and D) of the Al/Si ratios obtained by EDS analysis. Each line represents where the profile was performed 

and the small lower star indicates the starting direction of the profile, i.e., the initial distance 0. 

 

Regarding the qualitative analysis of the samples, each sample was subjected to either a point, 

profile, or map analysis, depending on the characteristics of the sample (the detailed table of anal-

yses can be found in Tables 17 in ANNEX C. Point EDS analysis was performed on the most 

homogeneous samples in the BSE analysis. Through profile analysis, it was determined that sample 

ET02-VR01 (Figure 10A) contained 84.73 wt.% SiO2, while ET03-Co01 (Figure 10C) contained 

79.35 wt.% SiO2. Additionally, the point analysis for samples VR01-21 (Figure 9C) and VR02-49 

(Figure 9D) revealed 97.65 wt.% and 96.76 wt.% of SiO2, respectively, for the precipitates. In 

contrast, sample Co04-15 (Figure 9A) displayed a SiO2 content of 42.89 wt.%, which was compar-

atively lower. This discrepancy could be attributed to the presence of laminations within the sam-

ple. When polished and analyzed, a significant portion of the profile aligned with the interlaminar 

zones, which could have been filled with resin. Regarding sample ET02-VR01 from the Vega Rin-

conada vent, it exhibits a relatively consistent composition, except for some debris (Figure 10A). 

Furthermore, when considering measurements of aluminum and silicon in the sample and calculate 

the Al/Si ratio (Figure 10B), it is observed that the Al/Si values remain consistent at an average of 

0.12. In other words, the ratio stays relatively constant, and any variations observed may be due to 

the existence of material external to the precipitated opal. On the other hand, the sample of the 
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Ckoitchi vent (ET03-Co01, Figure 10C) shows two colorations. The lighter color represents a bac-

terial mat at the top, at the sinter-air interface. The darker color in the lower part, closer to the 

center, corresponds to a silicified deposit. This deposit contains a mixture of different detritus in 

the lower part, while the upper layer consists of a more recent, cleaner-looking sinter with fewer 

cavities. The Al/Si values for this sample (Figure 10D) are elevated at specific points that are not 

directly linked to the sinter (lower zone, associated with the bedrock). Despite the compositional 

disparity between the bacterial and siliceous parts, the ratios between the two do not fluctuate sig-

nificantly, remaining consistently less than 0.2 in value. This consistency is similar to the VR vent 

sample. 

3.2.  Geochemical composition and Ge/Si ratios of hydrothermal fluids across El Tatio 

The physicochemical parameters, major and trace element compositions of hydrothermal fluids of 

interest at El Tatio are detailed in Tables 4 and 5. Geothermal fluid temperatures measured in this 

study range from 50.9° to 86.6°C, with pH ranging from 4.8 to 7.7 (Table 4). Based on the concen-

trations of major ions in the samples, they are classified as Na-Cl type waters (Figure 56 in ANNEX 

C) according to the Piper classification (Piper, 1944). Some distinguishing features can be observed 

upon examining the samples based on the type of hydrothermal manifestation. The different sample 

groups correspond to geysers (La Concha, El Asesino, El Horno, El Cobreloa, Geyser Corazón, 

Vega Rinconada, with Vega Rinconada being analyzed independently), thermal pools (Piscina 

Cristalina and Piscina Exp. Evap.), and the perpetual spouter at Ckoitchi. For temperatures, the 

geysers fluctuate between 83.7° and 86°C, the thermal pools average 53.6°C (Table 4). The tem-

perature at the Ckoitchi and Vega Rinconada vents is 86.6°C. The specific conductivity is higher 

in the geysers, reaching in average 18904 μS/cm, the pools on the other hand average 17898 μS/cm. 

Vega Rinconada has an average specific conductance of 22955 μS/cm in the vent (considering the 

average of samples ET-002 and ET-025 in Table 4), while the Ckoitchi vent presents the lowest 

value in comparison with 14773 μS/cm in average (considering the samples ET-001 and ET-026 

in Table 4). The major constituents of these waters are Na+ and Cl-. Na+ concentrations in the 

geysers range from 2491.3 to 4608.5 mg/L, while the pool range is 3753.8-4849.1 mg/L. The 

Ckoitchi and Vega Rinconada vents have Na+ concentrations of 3107.7 and 4026.2 mg/L, respec-

tively. Chloride concentrations in the geysers range from 3765.2 to 7549.9 mg/L; in the pools, they 

range from 5845.6 to 7872.9 mg/L. The chloride concentration in the Ckoitchi vent averages 

4704.73 mg/L; in the Vega Rinconada vent, it is 7760.27 mg/L. In terms of the elements of interest 

in this study, silica concentrations in the geysers range between 161.9 and 344.6 mg/L, the pools 

between 210.6 and 369.4 mg/L. While the VR vent has an average silica concentration of 313.3 

mg/L and the Ckoitchi vent of 223.0 mg/L. On the other hand, germanium concentrations (Table 

5) for the geysers vary between 18.7 and 25.9 μg/L, and for the thermal pools, concentrations range 

between 26.5 and 28.8 μg/L. While the Ckoitchi vent has a germanium concentration of 30.2 μg/L 

and the Vega Rinconada vent 36.1 μg/L.  

 

 

 

 



 

22 

 

Table 4: Composition of hydrothermal fluids from El Tatio. The table includes in-situ physicochemical 

parameters (T°, pH, specific conductivity (SPC)) and major ions composition. Temperatures are in °C, spe-

cific conductivity (SPC) in μS/cm. concentrations are expressed in mg/L. nd: no detected, ‘-’: unmeasured. 

Sample Location T pH SPC Ca Mg Mn Na SiO2 F- Cl- SO4
-2 Br- NO3

- PO4
-3 HCO3

- 

ID  °C  µS/cm mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 

ET-001 Ck-Vent 86.6 6.2 14995 198.2 5.0 0.3 3012.4 225.1 0.6 4581.9 49.9 4.9 <0.25 <0.085 72 

ET-002 VR-Vent 86.6 6.3 23019 260.7 0.1 0.3 4606.3 314.6 1.1 7722.0 49.7 3.8 <0.25 <0.085 19 

ET-003 VR-3 63.2 6.2 23530 261.6 0.1 0.3 4488.2 312.8 1.2 7991.8 49.8 3.9 <0.25 <0.085 nd 

ET-005 Ck-5 67.7 4.8 15814 230.4 5.8 0.3 3266.3 201.8 0.7 5013.7 52.4 4.7 <0.25 <0.085 nd 

ET-006 Ck-2 65.9 6.7 15220 203.1 5.3 0.3 3059.1 224.7 0.6 4830.5 53.3 4.9 <0.25 <0.085 nd 

ET-007 Ck-3 61.5 6.3 15245 213.1 5.4 0.3 3225.8 242.6 0.6 4932.7 53.8 5.2 <0.25 <0.085 nd 

ET-008 Ck-4 50.7 6.6 15190 210.9 5.5 0.3 3191.4 239.7 0.6 5011.1 54.7 5.3 <0.25 <0.085 nd 

ET-009 
La Con-

cha 
84.1 6.2 18190 287.3 0.4 0.1 3750.9 233.9 1.4 5831.7 66.2 7.5 <0.25 <0.085 23 

ET-011 
Piscina 

Cristalina 
50.9 5.3 18065 289.6 1.1 0.1 3884.9 264.3 1.5 5973.5 71.3 6.5 <0.25 <0.085 2 

ET-012 
El Ases-

ino 
85.4 6.4 18069 286.3 0.1 0.0 3770.9 253.1 1.5 5818.3 68.1 6.3 <0.25 <0.085 32 

ET-015 El Horno 84.4 6.0 23300 269.9 0.0 0.1 4608.5 333.0 1.6 7544.1 50.9 9.0 <0.25 <0.085 5 

ET-016 
Linzor 

Pool 
- - - 276.8 0.1 0.2 4849.1 369.4 1.2 7872.9 49.9 9.8 <0.25 <0.085 nd 

ET-017 
El Cobre-

loa 
86.0 5.8 22588 267.1 0.4 0.3 4599.3 344.6 1.2 7549.9 49.2 9.5 <0.25 <0.085 9 

ET-020 

Piscina 

Exp. 

Evap. 

56.3 6.0 17730 271.3 3.0 0.2 3753.8 210.6 0.9 5845.6 60.9 6.2 <0.25 <0.085 nd 

ET-021 VR-4 55.0 6.3 23387 293.1 0.2 0.3 5059.8 342.9 1.6 8255.6 54.1 10.6 <0.25 <0.085 nd 

ET-023 
Geiser 

Corazón 
83.7 6.6 12373 157.7 5.8 0.5 2491.3 161.9 0.6 3765.5 46.3 4.1 <0.25 <0.085 117 

ET-025 VR-Vent 86.6 7.2 22890 284.0 0.7 nd 3446.0 312 3.6 7798.5 43.8 8.0 <0.1 <0.2 24 

ET-026 Ck-Vent 86.6 7.7 14550 182.0 4.2 nd 3203.0 221 1.4 4827.6 43.1 4.9 <0.1 <0.2 68 
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Table 5: Trace element composition for the hydrothermal fluids in El Tatio, including Ge in µg/L, Ge/Si  

(µmol/mol) and Al/Si (mmol/mol) ratios. Concentrations are expressed in μg/L and mg/L for high concen-

trations. ‘-’: unmeasured. 

Sample  Ge Li  B  Al  Mn  Cu  As  Rb  Sr  Zr  Mo  Sb  Cs  Ba  Ge/Si Al/Si 

ID µg/L mg/L mg/L µg/L µg/L µg/L mg/L µg/L mg/L µg/L µg/L mg/L mg/L µg/L μmol/mol mmol/mol 

ET-001 30.2 21.5 100.9 323.9 335.2 23.8 24.8 2.3 3.06 67.4 35.2 1.4 10.0 331 110.98 3.20 

ET-002 36.1 35.7 175.6 272 342.3 39.1 41.8 6.2 4.30 112.7 40.1 2.5 15.7 220.8 94.88 1.93 

ET-003 25.9 35.5 178.1 396.4 342.3 36.9 42.3 6.3 4.32 113.4 40.3 2.6 16.1 223.9 68.52 2.82 

ET-005 23.9 23.8 111.9 376.1 356.1 25.7 26.1 2.4 3.57 60.6 42.3 1.5 11.6 146.4 97.86 4.15 

ET-006 23.3 23.1 108.5 305.4 344.5 34.5 26.7 2.4 3.24 62.2 37.4 1.5 10.7 303.5 85.58 3.03 

ET-007 23.2 23.3 108.8 568.1 354.4 25.9 26.8 2.4 3.28 62.8 37.4 1.5 10.8 290.2 79.08 5.22 

ET-008 22.8 23.8 114.1 274.5 355.3 26.3 26.8 2.5 3.32 67.8 38.1 1.5 10.9 295.2 78.53 2.55 

ET-009 24.5 26.0 136.9 341.9 106.8 30.1 31.8 2.5 4.18 75.1 36.9 2.2 12.6 108 86.81 3.26 

ET-011 27.3 26.5 142.9 326.1 125.5 33.2 31.1 2.5 4.40 73.5 37.6 2.4 13.3 122.9 85.53 2.75 

ET-012 25.2 25.6 134.9 354.4 54.2 38.6 31.7 2.5 4.21 75.8 35.4 2.2 12.5 210.8 82.49 3.12 

ET-015 25.9 35.8 169.4 335.9 159.3 41.8 40.9 6.2 4.23 95.2 39.1 2.6 15.9 154.2 64.32 2.25 

ET-016 26.5 37.6 175.2 292.3 279.6 41.1 42.9 6.5 4.41 101.4 40.2 2.3 16.4 221.9 59.26 1.76 

ET-017 25.2 35.3 167.4 352.5 275.7 39.3 40.6 6.1 4.17 96.4 37.9 2.4 15.4 202 60.53 2.28 

ET-020 28.8 26.9 134.5 331.2 204.9 32.2 27.9 2.6 4.21 66.7 43.2 1.8 14.2 69.9 113.29 3.50 

ET-021 29.1 38.7 181.0 292.6 357 46.7 44.8 6.7 4.62 105.6 39.4 2.5 17.2 251.1 70.26 1.90 

ET-023 18.7 18.7 82.4 183.2 552.2 21.1 21.4 2.5 2.40 51.1 25.1 1.3 8.3 223.3 95.67 2.52 

ET-025 - 36.4 174.7 286.6 323.9 38.5 42.1 6.3 4.34 99.9 36.8 2.8 16.1 214.5 - 2.05 

ET-026 - 22.4 105.2 276.6 319.3 25 26.0 2.4 3.09 61.8 33.1 1.5 10.4 297.2 - 2.79 

 

Figure 11 compares all geothermal fluids, including the additional samples from Ckoitchi 

(Ck) and Vega Rinconada (VR), which will be discussed later. Upon examining the silica 

concentrations (Figure 11a), it is possible to differentiate two groups: a first group with SiO2 

concentrations between 200-250 mg/L, including the samples from Ckoitchi, the thermal pools, 

together with La Concha and El Asesino geysers. A second group shows SiO2 concentrations 

higher than 300 mg/L, and corresponds only to geysers, including Vega Rinconada, El Horno and 

El Cobresal. In general, no clear trend of silicon concentration with respect to temperature is 

observed if all samples are considered. Regarding germanium concentrations (Figure 11b), there is 

no apparent trend with respect to temperature, or hot spring type. However, the highest Ge 

concentrations correspond to the samples taken at the vents of Vega Rinconada geyser and Ckoitchi 

perpetual spouter. 
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Figure 11: Silica (a) and germanium (b) concentrations of hydrothermal fluids from El Tatio. The pink 

diamonds represent the Ckoitchi (Ck) samples, the blue circles are the Vega Rinconada (VR) samples. LC: 

La Concha (asterisk), EA: El Asesino (cross), PC: Piscina Cristalina (star), PE: Piscina Evap. Exp. (hexa-

gram), EH: El Horno (plus sign), CO: El Cobreloa (downward triangle), GC: Geyser Corazon (rightward 

triangle). 

 

The Ge/Si ratios of the fluids (Figure 12a) range from 59.2 to 113.3 μmol/mol, and no rela-

tionship with temperature is observed among the different hot spring types. However, it is possible 

to observe a positive correlation between Ge/Si and temperature within the fluids sampled at dif-

ferent temperatures from the vents at Ck and VR. This will be further discussed in a following 

section. In addition, the Al/Si ratios in the fluids (Figure 12b) vary between 1.9 and 5.2 mmol/mol, 

and no trend is observed with temperature. Notably, the vents of all geysers and the perpetual 

spouter (Ckoitchi) are concentrated between 1.9 and 3.3 mmol/mol, with an average Al/Si ratio of 

2.6 mmol/mol. 

 
Figure 12: Ge/Si (a) and Al/Si (b) ratios as a function of temperature for El Tatio geothermal fluid samples. 

The pink diamonds represent the Ckoitchi (Ck) samples, the blue circles are the Vega Rinconada (VR) 

samples. LC: La Concha (asterisk), EA: El Asesino (cross), PC: Piscina Cristalina (star), PE: Piscina Evap. 

Exp. (hexagram), EH: El Horno (plus sign), CO: El Cobreloa (downward triangle), GC: Geyser Corazon 

(rightward triangle). 
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Temperatures for the Ckoitchi sampling points vary between 50.7°C and 86.6°C. The sam-

pled fluid temperatures at Vega Rinconada are between 55° and 86.6°C. The temperatures of these 

points will be used to characterize both fluid and sinter samples. Silica concentrations for the 

Ckoitchi downstream sampling points range between 201.8 and 242.6 mg/L; while the downstream 

sampling points at Vega Rinconada range between 312 and 342.9 mg/L (Figure 13a). Chloride 

concentrations are also higher in Vega Rinconada, ranging between 7722-8255.6 mg/L, while 

Ckoitchi has values between 4827.6 and 5012.7 mg/L (Figure 13c). Both silica (Figure 13a) and 

chloride (Figure 13b) concentrations do not follow a noticeable trend with temperature. The be-

havior of germanium concentration with respect to temperature (Figure 13b) does not seem to fol-

low a clear trend either. Ge concentrations at Ckoitchi vary between 22.8 and 30.2 μg/L, and those 

of Vega Rinconada between 25.9 and 36.1 μg/L, with higher values on average in the VR sector 

(30.4 μg/L, versus 24.5 μg/L in Ckoitchi). Both vents present higher concentrations than the lower 

temperature points. Aluminum concentrations (Figure 13d) show no trend with temperature.  

 
Figure 13: Major (a and c) and trace (b and d) element concentrations as a function of in-situ temperature 

for the Ckoitchi (Ck, pink diamonds) and Vega Rinconada (VR, blue circles) fluids. 

Upon closer look at the Ge/Si ratios at the Ckoitchi and Vega Rinconada sampling points 

(Table 5), it can be observed that at VR, the Ge/Si ratios range from 68.5 to 94.9 μmol/mol, and 

the Ck ratios range from 78.5 to 111 μmol/mol. The average ratio at Vega Rinconada is 77.9 

μmol/mol, while in Ck, it is higher at 90.4 μmol/mol. This difference is attributed to the varying 
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silica concentrations between the two zones (Figure 13a). Ge/Si ratios as a function of fluid tem-

perature, in both VR and Ck,  (Figure 14a) show an increase with temperature, upon proximity to 

the vent.  

The Al/Si ratio ranges from 2.6 to 5.2 mmol/mol in Ckoitchi, while in Vega Rinconada, the 

range is between 1.9 and 2.8 mmol/mol (Figure 14b). It is worth noting that Ck has a higher average 

Al/Si ratio of 3.5 mmol/mol compared to VR, with 2.2 mmol/mol.  

 

Figure 14: Fluid Ge/Si (A) and Al/Si (B) ratios as a function of temperature in-situ for Ckoitchi (Ck, pink 

diamonds) and Vega Rinconada (VR, blue circles). 

3.3. Fluid evaporation experiments 

The remaining volumes from the evaporation experiments were analyzed to determine the 

behavior of Ge and Al as a function of early silica precipitation and/or polymerization. Table 6 

shows the remaining volumes (mL) and the dates of their implementation and extraction. The total 

evaporated volume across the seven days of the evaporation experiments ranges from 40 to 205 

mL. The average evaporation rate is 33 mL/day with variations for each graduated cylinder 

throughout the experiment. The daily variations probably result from re-arrangement of the cylin-

ders in the geyser pool during the experiment, which resulted in different heat fluxes from the 

bottom hot pool where they were submerged. The evaporation rates decreased from 40 to 26.7 

mL/day over the first three sample extractions. On September 29th, the maximum evaporation rate 

of 45 mL/day was recorded, followed by a decrease to 24 mL/day on the following day, which 

marked the minimum evaporation rate among the samples. The evaporation rates then ranged be-

tween 28.3 and 34.2 mL/day in the samples taken on the last day, October 1st. 
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Table 6: Evaporation experiments with their respective sampling dates, evaporated volumes, and resulting 

evaporation rates. Evaporated volumes are expressed in mL, while evaporation rates are in mL/day. 

Sample ID 
Date of  

Implementation 

Date of 

extraction 

Duration of the 

experiment 

Evaporated 

Volume 

Evaporation 

Rate 

hours mL mL/day 

ET-004                   

VR-EVAP-01 
25-sept 26-sept 17.03 40 40 

ET-010          

VR-EVAP-02 
25-sept 27-sept 40.28 60 30 

ET-013          

VR-EVAP-07 
25-sept 28-sept 64.28 80 26.7 

ET-014            

VR-EVAP-04 
25-sept 29-sept 91.20 180 45 

ET-018              

VR-EVAP-03 
25-sept 30-sept 112.03 120 24 

ET-022               

VR-EVAP-05 
25-sept 01-oct 137.78 205 34.2 

ET-024             

VR-EVAP-06 
25-sept 01-oct 137.78 170 28.3 

 

Table 7 and Table 8 show the elemental concentration of the remaining fluids from evapora-

tion experiments. The remaining evaporated fluids at VR have a high specific conductivity, aver-

aging 23412 μS/cm. They also have high concentrations of sodium and chloride, with concentra-

tions of 5077.9 mg/L and 8198.4 mg/L, respectively. In general, most elements in the fluid exhibit 

conservative behavior, increasing in concentration as the fluid evaporates and loses volume. How-

ever, silica and calcium do not follow this pattern. Ca concentrations remain constant at 290.8 

mg/L, indicating the possible presence of an external buffer. This may indicate the formation of 

complex compounds that regulate the calcium level in the solution, external influences, or a variety 

of chemical reactions. Furthermore, adsorption and desorption processes could represent another 

distinct mechanism potentially influencing the observed phenomena. 
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Table 7: Fluid composition of the evaporation experiments. The table includes in-situ physicochemical pa-

rameters (T°, pH, specific conductivity (SpC)) and major ions composition. Temperatures are in °C, SpC in 

μS/cm. Concentrations are expressed in mg/L.‘nd’: no detected. 

Sample ID 
T 

pH  
SpC Ca Mg Mn Na SiO2 F- Cl- SO4

2- Br- NO3
- PO4

-3 HCO3
- 

°C μS/cm mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 

ET-004                   

VR-EVAP-01 
- 5.6 22061 282.0 0.1 0.3 4934.1 343.1 1.15 7796.3 49.8 3.7 <0.25 <0.085 nd 

ET-010          

VR-EVAP-02 
34.5 6.4 22804 276.1 0.2 0.3 4823.8 329.2 1.07 7634.3 52.7 3.6 <0.25 <0.085 nd 

ET-013          

VR-EVAP-07 
30 7.0 23049 283.8 0.2 0.3 5007.5 330.7 1.54 8141.2 54.6 9.8 <0.25 <0.085 nd 

ET-014            

VR-EVAP-04 
31 6.7 23993 290.2 0.2 0.3 5106.1 303.2 1.62 8444.9 57.9 10.7 <0.25 <0.085 nd 

ET-018              

VR-EVAP-03 
30 6.9 23383 292.0 0.2 0.3 5147.0 315.5 1.57 8303.6 54.5 10.3 <0.25 <0.085 nd 

ET-022               

VR-EVAP-05 
25.4 6.9 24413 306.8 0.2 0.3 5294.6 336.9 1.66 8621.3 54.8 11.0 <0.25 <0.085 nd 

ET-024             

VR-EVAP-06 
25.4 6.8 24181 305.0 0.2 0.3 5232.4 332.6 1.56 8447.3 56.2 10.6 <0.25 <0.085 nd 

 

Table 8: Trace element composition for the evaporation experiment samples, including Ge in µg/L, Ge/Si  

(µmol/mol) and Al/Si (mmol/mol) ratios. Concentrations are expressed in μg/L and mg/L for high concen-

trations. 

 

 

Sample ID 
Ge Li  B  Al  Mn  Cu  As  Rb  Sr  Zr  Mo  Sb  Cs  Ba  Ge/Si Al/Si 

µg/L mg/L mg/L µg/L µg/L µg/L mg/L mg/L mg/L µg/L µg/L mg/L mg/L µg/L μmol/mol mmol/mol 

ET-004                   

VR-EVAP-01 
29.8 35.6 177.6 255.1 341.9 37.6 42.3 6.2 4.3 112.0 40.0 2.7 15.9 214.5 71.87 1.66 

ET-010              

VR-EVAP-02 
28.8 37.9 177.2 626.8 342.2 40.5 43.8 6.5 4.5 101.6 38.9 2.7 16.7 212.8 72.29 4.24 

ET-013                      

VR-EVAP-07 
29.0 38.6 180.9 364.7 355.0 42.5 44.7 6.6 4.6 106.7 39.5 2.6 16.9 246.9 72.49 2.46 

ET-014                             

VR-EVAP-04 
29.8 40.4 189.4 314.6 361.4 45.3 46.8 6.9 4.8 110.6 41.6 2.8 17.9 238.3 81.42 2.31 

ET-

018                                 

VR-EVAP-03 

29.1 39.2 188.0 307.7 354.3 43.3 46.1 6.8 4.7 112.3 41.2 2.8 17.6 216.2 76.30 2.17 

ET-022                                     

VR-EVAP-05 
32.3 40.7 191.0 276.7 365.2 44.2 47.4 7.0 4.8 114.5 41.5 2.9 18.1 229.4 79.18 1.83 

ET-024                                 

VR-EVAP-06 
31.7 40.3 192.3 216.2 365.2 47.9 47.3 7.0 4.8 114.9 41.4 2.9 18.1 234.3 78.91 1.45 
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Silica concentrations in the evaporation experiments ranged from 303.2 to 343.1 mg/L, with 

an average of 327.3 mg/L. The data presented in Figure 15a illustrates the trend of silica concen-

trations in relation to the evaporated volume, revealing a general decrease in silica concentration 

as the evaporated volume increases. An exception to this trend is observed in the samples from 

October 1st, which show a higher concentration. A possible explanation for the elevated Si concen-

tration in these samples is the adjustment in the placement of the cylinders in the pool, as they were 

moved closer to vent when the rest of them had been retired. This proximity likely resulted in a 

higher fluid temperature during eruptions, which, in turn, increased the solubility of silica. Chloride 

(Figure 15c) exhibits a conservative behavior, increasing in concentration as fluid is lost through 

evaporation. Considering the concentrations of Ge and Al, due to their similarities to Si, one might 

expect similar behaviors. Yet, examining Ge concentrations (Figure 15b) reveals an almost con-

servative trend, increasing slightly upon volume change. For Al (Figure 15d), analyzing the evap-

orated volume does not show a clear pattern. 

 
Figure 15: Silica(a), germanium (b), chloride (c) and aluminum (d) concentrations of the remaining fluid as 

a function of the evaporated volume in the evaporation experiment. Each blue square represents a sample, 

while the blue triangles represent the samples extracted on the last day (October 1st). 

 

 

 

      

      



 

30 

Concentrations of SiO2, Cl-, Ge, and Al as a function of average evaporation rates show that: 

1) silica concentrations (Figure 16a) increase with higher evaporation rates (with exception of the 

sample collected on Sept. 29th); 2) no correlation between chloride, Ge or Al concentrations and 

evaporation rates is observed (Figure 16b, c and d). 

 
Figure 16: Silica (a), germanium (b), chloride (c) and aluminum (d) concentrations of the remaining fluid 

as a function of the Average Evaporation Rate (mL/day) in the evaporation experiment. Each blue square 

represents a sample, while the blue triangles represent the samples extracted on the last day (October 1st). 

 

Ge/Si ratios in the evaporation experiment samples ranged from 71.9 to 81.4 μmol/mol, with 

an average of 76.1 μmol/mol. Al/Si ratios ranged from 1.45 to 4.24 mmol/mol, with an average 

Al/Si ratio of 2.3 mmol/mol. Ge/Si ratios increase with evaporated volume (Figure 17a), while the 

Al/Si ratios (Figure 17b), as well as the Al concentrations, do not follow a trend with respect to the 

evaporated volume.  
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Figure 17: Ge/Si (A) and Al/Si (B) ratios as a function of the evaporated volume in the evaporation experi-

ment. Each blue square represents a sample, while the triangles represent the samples extracted on the last 

day (October 1st).   

 

Finally, when examining the Ge/Si ratios in relation to average evaporation rates (Figure 

18a), two distinct trends emerge for two sample groups. Samples with a ratio higher than 75 

μmol/mol show an increase with rising evaporation rates, whereas those with a ratio lower than 73 

μmol/mol exhibit a slight decrease as the evaporation rate increases. For the Al/Si ratios, there are 

no conclusive results regarding the relationship with the average evaporation rate (Figure 18b). 

 
Figure 18: Ge/Si (A) and Al/Si (B) ratios as a function of the Average Evaporation Rate (mL/day) in the 

evaporation experiment. Each blue square represents a sample, while the triangles represent the samples 

extracted on the last day (October 1st).   
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3.4. Opal precipitation experiments 

3.4.1. Bulk precipitation rates 

The in-situ silica precipitation experiments at El Tatio resulted in 38 slides with precipitated 

material, out of which 26 were considered for calculation of precipitation rates. Nine of the dis-

carded slides correspond to those covered with sandpaper, which failed to increase the adhesion 

surface for opal precipitation (some had almost no precipitated material), the remaining three slides 

were discarded due to low efficiency of precipitation or a significant deviation from values obtained 

from other slides at the same point, resulting from being submerged in the hydrothermal fluid, high 

accumulation of biologic material, and indirect interruption of waterflow. Measured effective pre-

cipitated area, duration of the experiment, bulk precipitated weights, precipitation rates, and obser-

vations about each sample are presented in Table 9 for the Ckoitchi samples, and Table 10 for the 

Vega Rinconada samples.  
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Table 9: Information obtained from the precipitation experiment conducted at Ckoitchi. The positions of the 

slides are those in which they were found at the end of the experiment. AEp= Effectively precipitated area. 

H=horizontal position, V= vertical position, Subh= subhorizontal position. *= slide used for geochemical 

analysis. 

Sample 

site 

Sample 

ID 

Site 

T 
Time AEp 

Bulk Pre-

cipitate 

Bulk silica 

precipitation 

rate 

Adjusted silica 

precipitation 

rate 

Position 

of the 

slide 

Observations 

°C days mm2 g kg/year/m2 kg/year/m2 

Ck-V 3 86.6 210 1935.48 0.805 0.723 0.405 V  

Ck-V 4* 86.6 210 1935.48 0.491 0.441 0.247 V  

Ck-1 04L 85.3 210 1935.48 1.531 - - V 
Sample discarded for precip-

itation rate calculation. 

Ck-1 7 85.3 210 1935.48 1.196 1.074 0.601 V  

Ck-1 8 85.3 210 1841.23 1.985 1.874 1.049 V  

Ck-1 39* 85.3 203 1859.78 1.262 1.220 0.683 V  

Ck-2 07L 65.9 210 1935.48 1.283 - - H 

Sample discarded.  Less bulk 

precipitate than the site aver-

age. 

Ck-2 40 65.9 203 925.68 2.985 5.798 5.450 V  

Ck-2 10 65.9 210 805.25 2.424 5.233 4.919 V  

Ck-2 6* 65.9 210 1921.48 0.555 - - Subh 

It was subhorizontal, which 

is why it precipitated less 

material. Sample discarded 

for precipitation rate calcula-

tion. 

Ck-3 09L 61.5 210 1935.48 1.308 - - V 

Sample discarded.  Less bulk 

precipitate than the site aver-

age. 

Ck-3 41 61.5 203 1310.62 2.419 3.318 3.053 V  

Ck-3 12* 61.5 210 1273.78 2.463 3.361 3.092 V  

Ck-3 13 61.5 210 1104.77 2.616 4.115 3.786 Subh  

Ck-4 06L 50.7 210 1935.48 0.436 - - V 

Sample discarded.  Less bulk 

precipitate than the site aver-

age. 

Ck-4 43* 50.7 203 1143.12 2.441 3.840 3.264 V  

Ck-4 15 50.7 210 1040.24 2.625 4.387 3.729 V  

Ck-4 16 50.7 210 969.24 2.935 5.264 4.474 Subh  

Ck-5 08L 67.7 210 1935.48 -0.043 - - V 

It has noticeable precipitate 

(visually), but when balanc-

ing it is lost, part of the sand-

paper may have been lost.  

Sample discarded for precip-

itation rate calculation 

Ck-5 17 67.7 210 1276.70 1.849 2.517 1.862 V  

Ck-5 42* 67.7 210 1935.48 0.321 - - V 

The slide was submerged in 

the pool.  Less bulk precipi-

tate than the site average.  

Sample discarded. 

Ck-5 19 67.7 210 1607.40 1.392 1.505 1.114 Subh   
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Table 10: Information obtained from the precipitation experiment conducted at Vega Rinconada. The posi-

tions of the slides are those in which they were found at the end of the experiment. AEp= Effectively precip-

itated area. H=horizontal position, V= vertical position, Subh= subhorizontal position. *= slide used for 

geochemical analysis. 

Sample 

site 

Sample 

ID 

Site 

T 
Time AEp 

Bulk Pre-

cipitate 

Bulk silica 

precipitation 

rate 

Adjusted silica 

precipitation 

rate 

Position 

of the 

slide 

Observations 

°C days mm2 g kg/year/m2 kg/year/m2 

VR-1 12L 86.6 209 1935.48 -0.175 - - H 

It has precipitate (visu-

ally), but in the balance, it 

is lost. Sample discarded 

for precipitation rate cal-

culation 

VR-1 21 86.6 209 1603.92 0.997 1.086 1.043 H  

VR-1 23 86.6 209 1307.69 1.590 2.123 2.038 H 

Suspended in mid-air, it 

could cool the fluid faster 

and precipitate more. 

VR-1 24 86.6 209 1703.88 0.731 0.749 0.719 H  

VR-2 15L 74.4 209 1935.48 0.560 - - V 

Sample discarded.  There 

is less bulk precipitate 

than the site average. 

VR-2 28 74.4 209 1283.58 1.344 1.828 1.828 V  

VR-2 29 74.4 209 1362.64 1.441 1.847 1.847 V  

VR-2 30 74.4 209 938.09 2.690 - - V 

It remained behind the 

sandpaper-covered slide 

without receiving the 

splash of water. 

VR-3 13L 63.2 209 1935.48 2.032 - - H 

Although it has precipi-

tated material, it does not 

reach the precipitation 

values for this point con-

cerning the other slides. 

Sample discarded for pre-

cipitation rate calculation. 

VR-3 26 63.2 209 1549.39 2.727 3.074 3.074 H  

VR-3 27* 63.2 209 1550.66 3.390 3.818 3.818 H  

VR-3 37 63.2 209 1614.53 2.084 2.254 2.254 H 
Less water reached it di-

rectly 

VR-4 11L 55 205 840.62 4.549 - - V 

It presents a greater pre-

cipitate because the area 

was better constrained for 

the glass slide. Sample 

discarded for precipitation 

rate calculation. 

VR-4 33 55 205 879.27 2.792 5.655 5.655 V 

It precipitated in a smaller 

area compared to the 

other uncoated slides. 

VR-4 34 55 205 1098.32 2.385 3.867 3.867 V  

VR-4 38* 55 205 1231.36 2.003 2.896 2.896 V   
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At the Ckoitchi sites, the bulk precipitate ranged from 0.49 to 2.99 g for the samples that 

were not discarded, while at Vega Rinconada the range was 0.73 to 3.39 g. The mean amount of 

bulk precipitate was higher in Vega Rinconada compared to Ckoitchi. 

The bulk silica precipitation rates for Ckoitchi vary between 0.44 and 5.8 kg/year/m2, while 

for Vega Rinconada, between 0.75 and 5.65 kg/year/m2. By averaging the bulk precipitation rates 

at each point, the maximum precipitation rates at Ckoitchi were recorded at 65.9°C with an average 

of 5.5 kg/year/m2 and at 1.6 m from the vent. Regarding Vega Rinconada, the highest average rate 

was 4.1 kg/year/m2 at a fluid temperature of 55°C, which occurred at 4.2 m from the vent. There 

are no significant differences between the values obtained in Ckoitchi and Vega Rinconada. When 

all sites are considered together, along with the resulting slides (Figure 19), it is evident that pre-

cipitation rates as a function of temperature are higher at lower temperatures (between 50-65°C), 

and there is a steady increase in rate downstream of the vents (86.6°C). Thus, at both VR and Ck 

sites, the silica precipitation rates increase with the cooling of the fluid as it flows away from the 

vent. Although the VR site has fewer control positions, this tendency remains, showing the lowest 

silica precipitation rate at the vent despite the higher spread across the different experiments. At 

vent temperatures around 86.6ºC, the silica precipitation rate at Vega Rinconada is higher than at 

Ckoitchi. The estimation of the precipitated areas by photographic analysis could be one of the 

main sources of error in the precipitation rates obtained; however, despite this adjustment, the re-

sults are quite consistent with each other, especially considering that each of the slides was ana-

lyzed separately so that an overestimation or underestimation of the areas would change only the 

point of highest precipitation. 

 

Figure 19: Bulk silica precipitation rate (kg/year/m2) in the glass slides as a function of temperature (°C) for 

each site at Ckoitchi (Ck, pink bar) and Vega Rinconada (VR, blue bar). 
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Given the presence of biological material especially evident in Ckoitchi to the naked eye, for 

greater accuracy, the precipitation rate should consider only the opal content of the sample. This 

correction implies multiplying the bulk SiO2 concentrations obtained from the alkaline extractions. 

However, due to some inconsistencies that will be detailed in subsection 3.5, for this case, only the 

results from the January 2022 alkaline extractions were considered as correction factors. Therefore, 

the rates that showed a greater change when adjusting the ratio with the silica content were those 

of the Ckoitchi sector, due to their higher organic material content (Figure 20). In the case of 

Ckoitchi, after adjusting the precipitation rates, the values decreased from a range of 0.44-5.8 

kg/year/m2 to 0.25-5.45 kg/year/m2 (Table 9), with an average of 2.5 kg/year/m2. For Vega 

Rinconada, the results were adjusted from a range of 0.75-5.65 kg/year/m2 to a range between 0.72-

5.65 kg/year/m2. Therfore, no significant adjustent resulted from the bulk SiO2 correction in the 

VR samples (Table 10). 

Comparing Figure 19 and Figure 20 reveals two main changes in the samples: a narrowing 

in the ranges of Ckoitchi rates in Figure 20 and a greater difference in the precipitation rates of the 

vents, with Ckoitchi rates dropping even lower after adjustment. Although this adjustment 

improves the accuracy of the calculation of precipitation rates when comparing these two different 

zones, in the following sections, the bulk precipitation rate will be used in the comparisons to avoid 

confusion with the SiO2 correction that was ineffective for some batches of the alkaline extractions. 

These will be discussed later on. 

 
Figure 20: Adjusted silica precipitation rate (kg/year/m2) in the glass slides as a function of temperature (°C) 

for each site at Ckoitchi (Ck, pink bar) and Vega Rinconada (VR, blue bar). The weighting factors (opal 

SiO2 measurements) for the bulk precipitation rate used to obtain the adjusted rate were: 56% for Ck-V and 

Ck-1, 94% for Ck-2, Ck-3=92%, Ck-4= 85%, Ck-5= 74%, VR-1= 96% and for VR-2, VR-3 and VR-

4=100%. 
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3.4.2. Ge partitioning in opal precipitates 

For conducting the geochemical analyses of the precipitates, only one sample from each sam-

pling point was selected, based on the premise that precipitates originating from the same location 

share an identical composition. These selected samples are highlighted with an asterisk (*) in Ta-

bles 9 and 10. It is worth mentioning that in the Vega Rinconada sector, it was only possible to 

collect precipitate samples for geochemical analysis from the two areas farthest from the vent (VR-

3 and VR-4). This limitation arose because the samples from VR-1 and VR-2 had very thin precip-

itate layers that could not be manually separated without removing the glass slide. However, these 

samples were analyzed using SEM, as previously shown in Figure 9C and D.  

For the selected slides for geochemisty at each point (Table 11), bulk precipitation rates at 

Ckoitchi vary between 0.29-3.84 kg/year/m2, while for Vega Rinconada, the samples have a bulk 

precipitation rate of 2.89 and 3.82 kg/year/m2.  The precipitation rates from the slides Co02-06 and 

Co05-42 (equal to 0.502 kg/year/m2 and 0.288 kg/year/m2 respectively) (Table 11), were discarded 

for computing the average precipitation rates at each location due to the low precipitation yield 

compared to the rest of slides in points in Ck-2 and at Ck-5 (Table 9). However, their individual 

bulk precipitation rates will be used when examining the geochemistry results at each point, same 

as the rest of the samples. The silica content of the samples ranges from 28 wt.% to 64 wt.% of 

SiO2 for Ckoitchi, and 66-77 wt.% of SiO2 for the Vega Rinconada samples. For Ckoitchi these 

values are too low considering that the alkaline extraction procedure removes any organic material 

that might contribute to the low yield. Considering the SEM analysis of an in-situ sinter sample at 

the same point revealed approximately 79 wt.% of SiO2 (Figure10C), and thus, it appears that these 

low concentrations are related to low yield of the extraction procedure in some cases, which we 

will discuss later. Germanium concentrations in the precipitates range from 7.2 to 43.8 ppm at 

Ckoitchi with an average of 19.7 ppm, while precipitates measured from Vega Rinconada average 

4.3 ppm of Ge. The Ck samples have a higher Ge concentrations than the VR samples.  

Table 11: Silica precipitation rates and geochemistry of the silica precipitation experiments. The table lists 

sampling temperature, silica precipitation rates, SiO2, Ge (ppt) and Ge/Si. 

Sample 

site 

Measured 

Sample ID 

T 
Bulk silica precipi-

tation rate 

Adjusted silica 

precipitation rate 
SiO2 Ge Ge/Si 

°C kg/year/m2 kg/year/m2 wt.% ppm μmol/mol 

Ck-V CoVent-04  86.6 0.441 0.247 28% 20.023 59.06 

Ck-1 Co01-39 85.3 1.220 0.683 33% 18.397 45.57 

Ck-2 Co02-06 65.9 0.502 0.472 45% 43.833 81.02 

Ck-3 Co03-12 61.5 3.361 3.092 57% 16.006 23.37 

Ck-4 Co04-43 50.7 3.840 3.264 64% 7.221 9.35 

Ck-5 Co05-42 67.7 0.288 0.213 36% 12.551 29.11 

VR-3 VR03-27 63.2 3.818 3.818 77% 2.379 2.55 

VR-4 VR04-38 55 2.896 2.896 66% 6.133 7.71 

 

Examining silica concentrations with respect to temperature (Figure 21a) and bulk precipita-

tion rates (Figure 21b) reveals that the highest silica concentrations are found at lower temperatures 

and higher precipitation rates, corresponding to points farthest from the vent. 
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Figure 21: Silica concentrations as a function of temperature (a) and bulk precipitation rates (b) for samples 

from the Ckoitchi (pink diamonds) and Vega Rinconada (blue circles) precipitation experiments. Each point 

is associated with their respective position in the experiment, denoted as Ck-X or VR-X. 

 

Germanium concentrations as a function of temperature (Figure 22a) and bulk precipitation 

rates (Figure 22b) generally show a slight increase in concentration with temperature (with excep-

tion of the Ck-2 point sample Co02-06), and thus, they increase with lower precipitation rates. 

Overall, the samples closer to the vent have slightly higher Ge concentrations, contrary to silica. 

 

 

Figure 22: Germanium concentrations as a function of temperature (a) and bulk precipitation rates (b) for 

samples from the Ckoitchi (pink diamonds) and Vega Rinconada (blue circles) precipitation experiments. 

Each point is associated with its respective position in the experiment, denoted as Ck-X or VR-X. 

 

Despite the potential difficulties in the alkaline extractions that could impact total concentra-

tions of major and trace element constituents in the precipitates, we assume dissolution of the opal 

is stoichiometric, and thus, elemental ratios are preserved, particularly for Ge/Si (Kurtz et al., 
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2002). Ge/Si results in the precipitation experiments range between 9.35 and 81.02 μmol/mol at 

Ck and 2.55 and 7.71 μmol/mol at VR (Figure 23A, same values as Table 9). The Ge/Si ratios 

decrease as a function of temperature at the Ckoitchi site, and consequently, they follow an inverse 

trend with respect to silica precipitation rates (Figure 23B), i.e., the Ge/Si ratio decreases down-

stream from the vent. The Co02-06 slide from the Ckoitchi site shows an anomalously high value 

of Ge/Si (81.02 µmol/mol) that escapes from the trend when compared to the rest of the samples 

as a function of temperature. It is possible that this anomalous result is derived from the significant 

amount of organic material deposited on the slide. The Co02-06 slide was positioned subhorizon-

tally and was almost entirely covered by bacterial mat. The two VR samples exhibit an opposite 

behavior with temperature, but they still follow the general inverse trend with respect to precipita-

tion rates. 

 

Figure 23: Ge/Si ratios as a function of temperature in ºC (a) and silica precipitation rate (kg/yr/m2) (b) for 

the silica precipitation experiments at Ckoitchi (Ck, pink diamonds) and Vega Rinconada (VR, blue circles). 

3.5. Geochemistry and Ge partitioning of active and fossil sinter deposits from El Tatio 

3.5.1. Active sinter deposits at El Tatio 

In addition to carrying out precipitation experiments, samples from active sinter deposits 

were collected at both Ckoitchi and Vega Rinconada for analysis. Specifically, at Ckoitchi (points 

3 and 4), samples of sinter coated with microbial mats were extracted, identified as Co03-Organic, 

Co04-Organic, and Co04-Tofu, or collectively known as "Ck Org.". The biological material con-

tent was measured using the loss on ignition method (LOI) after air-drying the samples. The Co03-

Organic sample had a LOI of 27%, while the Ck-4 samples reached 55% of LOI.  

The concentrations for the active sinter samples at El Tatio are divided into two main groups 

based on the month in which the alkaline extraction was performed in 2022. For the January sam-

ples, the silica concentrations of the Ckoitchi samples range from 56 wt.% to 94 wt.%, averaging 

82 wt.%, while those from Vega Rinconada range from 96 wt.% to 106 wt.%, which amounts to a 

100 wt. % of silica concentration. The silica concentrations of the December samples in the 

Ckoitchi sector vary between 33 wt.% and 67 wt.%, with an average of 47 wt.%. For the Vega 
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Rinconada samples, the silica concentrations range from 68 wt.% to 79 wt.%, with an average of 

73 wt.%. Lastly, for the Ck Org group, the silica concentrations have an average of 22 wt.%. In 

both the January and December groups, the silica concentrations of Vega Rinconada are higher 

than those of Ckoitchi. In addition, the Ck Org. samples have the lowest silica values among the 

samples. In terms of Ge concentrations, samples from the January Ckoitchi group range between 

6.97 ppm and 13.72 ppm, with an average of 9.47 ppm. The Vega Rinconada samples range be-

tween 1.82-3.66 ppm, averaging 2.61 ppm. For the December samples, Ge concentrations at 

Ckoitchi range between 4.06-12.83 ppm, with an average of 6.99 ppm, and those from Vega Rin-

conada have concentrations between 1.27 ppm and 2.74 ppm, averaging 1.66 ppm. The Ck Org. 

group has concentrations between 6.42 ppm and 19.99 ppm, with an average Ge concentration of 

11.34 ppm. In the January and December groups, the Ckoitchi samples consistently show higher 

germanium concentrations than Vega Rinconada's samples. Notably, the Ck Org group's samples 

stand out by achieving the highest germanium concentrations across all the samples. 

Both silica concentrations at Ckoitchi (Figure 24a) and Vega Rinconada (Figure 24b) do not 

exhibit any discernible trend with respect to temperature. Furthermore, it is notable that for both 

locations, the silica levels in the January samples are higher than those in the December samples, 

showing a difference of 34% in the Ckoitchi samples and roughly 27% in Vega Rinconada. For Ge 

concentrations at Ckoitchi (Figure 24c) and Vega Rinconada (Figure 24d), there is also no trend 

with temperature. The January samples are slightly higher than the December samples, being al-

most identical in the Ck-5 point samples (67.7°C). 
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Table 12: Geochemistry of the active sinter deposits at El Tatio. The table lists alkaline extraction month in 

2022, sampling temperature, sample site of the sample, SiO2, Ge (ppt) and Ge/Si. 

Sample ID  

Alkaline 

Extraction 

Month 

2022 

Sample Site  
T  SiO2 Ge Ge/Si 

°C wt.% ppm μmol/mol 

ET-03-Co01 January Ck-1 85.3 56% 13.72 20.19 

ET-03-Co02 January Ck-2 65.9 94% 8.38 7.39 

ET-03-Co03 January Ck-3 61.5 92% 13.48 12.14 

ET-03-Co04 January Ck-4 50.7 85% 7.22 7.05 

ET-03-Co05 January Ck-5 67.7 74% 6.97 7.81 

ET-03-Co07 January Ck, 12 m from 

the vent 
18 89% 7.06 6.59 

ET-02-VR01 January VR-1 86.6 96% 1.82 1.57 

ET-02-VR02 January VR-1 86.6 106% - - 

ET-02-VR03 January VR-2 74.4 105% 2.34 1.85 

ET-02-VR04 January VR-3 63.2 103% 3.66 2.94 

ET03-Co01-1 December Ck-1 85.3 33% 12.83 32.58 

ET03-Co02.5-1 December Ck-2 65.9 46% 7.28 13.09 

ET03-Co03-1 December Ck-3 61.5 51% 7.30 11.95 

ET03-Co04-1 December Ck-4 50.7 44% 5.25 9.89 

ET03-Co05-3 December Ck-5 67.7 44% 7.02 13.33 

ET03-Co06-1 December Ck-4 50.7 67% 4.06 5.03 

ET03-Co07-3 December Ck, 12 m from 

the vent 
18 47% 5.19 9.17 

ET02-VR01 -2 December VR-1 86.6 68% 1.32 1.60 

ET02-VR02 -1 December VR-1 86.6 79% 1.27 1.33 

ET02-VR03 -2 December VR-2 74.4 74% 1.32 1.48 

ET02-VR04 -2 December VR-3 63.2 72% 2.74 3.15 

Co03-Organic December Ck-3 61.5 31% 19.99 54.11 

Co04-Organic December Ck-4 50.7 18% 7.61 34.37 

Co04-Tofu December Ck-4 50.7 16% 6.42 33.54 

 

 



 

42 

 
Figure 24: Silica (wt%) and Ge concentrations (ppm) in the Ckoitchi (Ck) and Vega Rinconada (VR) sectors 

as a function of temperature (°C), considering the alkaline extraction groups performed in January and 

December separately from the Ck Org samples. (a) Silica concentrations as a function of temperature for 

Ck samples. (b) Silica concentrations versus temperature for VR samples. (c) Ge concentrations as a func-

tion of temperature for Ck samples. (d) Ge concentrations versus temperature for VR samples. The diamonds 

correspond to the Ck samples, with the January samples indicated by purple and the December samples by 

pink. The asterisk (*) in Ck is used to represent a duplicate December sample from the Ck-4 point. Red 

triangles denote the Ck Org. group samples. Vega Rinconada samples are depicted as circles, with January 

samples shown in green and December samples in blue. The error bars depict the uncertainty in the Ge 

measurement. The asterisk in VR represents the duplicate sample VR-1. 

 

Silica (Figure 25a for Ck and Figure 25b for VR) and Ge (Figure 25c for Ck and Figure 25d 

for VR) concentrations do not show any discernible trend as a function of bulk precipitation rate. 
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Figure 25: Silica (wt%) and Ge concentrations (ppm) in the Ckoitchi (Ck) and Vega Rinconada (VR) sectors 

as a function of the average Bulk silica precipitation rate (kg/year/m2), considering the alkaline extraction 

groups performed in January and December separately from the Ck Org samples. (a) Silica concentrations 

as a function of Bulk silica precipitation rate for Ck samples. (b) Silica concentrations versus Bulk silica 

precipitation rate for VR samples. (c) Ge concentrations as a function of Bulk silica precipitation rate for 

Ck samples. (d) Ge concentrations versus Bulk silica precipitation rate for VR samples. The diamonds cor-

respond to the Ck samples, with the January samples indicated by purple and the December samples by 

pink. The asterisk (*) in Ck is used to represent a duplicate December sample from the Ck-4 point. Red 

triangles denote the Ck Org. group samples. Vega Rinconada samples are depicted as circles, with January 

samples shown in green and December samples in blue. The error bars depict the uncertainty in the Ge 

measurement. The asterisk in VR represents the duplicate sample VR-1. 

 

As mentioned above, assessing elemental ratios avoids the errors induced by different yields 

on the alkaline extractions, as Ge and Si dissolve stoichiometrically. Ge/Si ratios in the samples 

(Figure 26) range between 1.3 and 54.1 µmol/mol , with an average of 12.7 μmol/mol. The Ck 

samples show different Ge/Si ratios between those with high and low organic material content 

(bacterial mats). For the low organic material and silica-rich Ck active samples, the duplicate Ge/Si 

ratios obtained from two different digestions (Jan and Dec 2022) are shown in Figure 26a, with 

both datasets showing an increasing trend with respect to temperature. Mean Ge/Si ratios in the 

January extractions is 10.19 μmol/mol, ranging from 6.59 to 20.19 μmol/mol. For the December 

extractions, the average ratio is 13.58 μmol/mol, within a range of 5 to 33 μmol/mol. The organic 

samples show an average Ge/Si ratio of 40.7 μmol/mol, ranging from 33.54 to 54.11 μmol/mol. 

The VR samples show Ge/Si ratios within 1.33 and 3.15 μmol/mol (Figure 26b), and differences 
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between the duplicate samples are 0.23 μmol/mol on average. The VR active sinter samples show 

an inverse trend with respect to temperature, in contrast to the Ck samples. However, the VR sam-

ples show low variability in Ge/Si ratios (0.7 equivalent to one standard deviation), in contrast to 

the wider range observed in the Ck samples (14 μmol/mol standard deviation). 

 

Figure 26: Ge/Si ratios in active (in-situ) sinter deposits as a function of temperature. (a) shows the Ckoitchi 

samples from January (purple diamonds), December (pink diamonds) and Organic (red triangles) as a func-

tion of temperature. (b) Vega Rinconada samples from January (green circles) and December (blue circles) 

as a function of temperature. The error bars depict the uncertainty in the Ge measurement. 

 

Additionally, sixteen samples of other active sinter deposits from El Tatio will be considered 

in this study.  Four of these samples are from this study, while four samples were obtained by 

Slagter et al. (2019) and eight by Munoz-Saez et al. (2020), the associated geochemical information 

is presented in Table 13. These additional samples have an average silica concentration of 93 wt.%, 

and an average Ge concentration of 2.8 ppm. The associated Ge/Si ratios range from 0.15 to 7.63 

μmol/mol, with an average of 2.56 μmol/mol. 
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Table 13: Geochemistry of other active sinter deposits at El Tatio, considering some additional samples 

extracted in this work and by Slagter et al. (2019) and Munoz-Saez et al. (2020). The table lists the alkaline 

extraction month in 2022, data origin, sampling temperature, SiO2, Ge (ppm), and Ge/Si. 

Sample ID 

Alkaline 

Extraction 

Date 

Data Origin 
T  SiO2 Ge Ge/Si 

°C wt.% ppm μmol/mol 

ET-LIN02 January This work, Piscina Linzor - 102% 1.98 1.61 

ET-LC-01 January This work, La Concha 84.1 98% 7.57 6.39 

ET-LC-02 January This work, La Concha 84.1 108% 3.40 2.60 

ET-LC-03 January This work, La Concha 84.1 102% 4.71 3.83 

ET-414-CM January El Tatio, Slagter et al. (2019) <40 79% 1.37 1.43 

ET-420-CM January El Tatio, Slagter et al. (2019) <40 96% 0.68 0.58 

ET-435-CM January El Tatio, Slagter et al. (2019) <40 97% 0.48 0.41 

ET-441-CM January El Tatio, Slagter et al. (2019) - 85% 3.71 3.63 

ET-506-CM January El Tatio, Munoz-Saez et al. (2020) <40 77% 5.42 5.82 

ET-509-CM January El Tatio, Munoz-Saez et al. (2020) <40 94% 2.32 2.04 

ET-510DA-CM January El Tatio, Munoz-Saez et al. (2020) <40 78% 7.22 7.63 

ET-510NV-CM January El Tatio, Munoz-Saez et al. (2020) 40-75 101% 0.57 0.46 

ET-512-CM January El Tatio, Munoz-Saez et al. (2020) <40 100% 5.74 4.76 

ET-514-CM January El Tatio, Munoz-Saez et al. (2020) 40-75 98% 0.27 0.22 

ET-515-CM January El Tatio, Munoz-Saez et al. (2020) >75 90% 1.18 1.09 

ET-517-CM January El Tatio, Munoz-Saez et al. (2020) 40-75 103% 0.19 0.15 

ETLIN02-1 December This work, Piscina Linzor - 70% 0.72 0.84 

3.5.2. Fossil sinter deposits at El Tatio and correlation with ages and precipitation rates de-

rived from radiocarbon dating. 

The paleosinter deposit considered in this study (analogous to the paleosinter mound from 

Site 404 of Slagter et al., 2019) was also analyzed geochemically. The analysis revealed that silica 

concentrations within the paleosinter varied from 64 wt.% to 82 wt.%, averaging 76 wt.%, while 

germanium concentrations ranged from 244.3 ppb to 893.7 ppb, with a mean of 381.4 ppb. Addi-

tionally, the Ge/Si ratios fluctuated between 0.25-0.9 μmol/mol, averaging 0.41 μmol/mol (Table 

14). 
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Table 14: Geochemistry of the Paleosinter deposit of this study). The table lists the alkaline extraction month 

in 2022, data origin, SiO2, Ge (ppb), and Ge/Si. The asterisk (*) represents a laboratory duplicate sample of 

ET06-PSc1. 

Sample ID 

Alkaline 

Extraction 

Date 

Data Origin 
SiO2 Ge Ge/Si 

Precipitation rates 

(Slagter et al. 2019) 

wt.% ppb μmol/mol kg/years/m2 

ET06-PSa-2 December This work, paleosinter 76% 277.05 0.30 0.988 

ET06-PSb1-1 December This work, paleosinter 72% 295.98 0.34 0.355 

ET06-PSb2-a-2 December This work, paleosinter 77% 352.57 0.38 0.563 

ET06-PSb2-b-1 December This work, paleosinter 75% 352.49 0.39 0.563 

ET06-PSb3-1 December This work, paleosinter 78% 385.11 0.41 0.189 

ET06-PSc1-1 December This work, paleosinter 64% 250.13 0.33 0.383 

ET06-PSc1-B-2* December This work, paleosinter 82% 893.68 0.90 0.383 

ET06-PSc2-2 December This work, paleosinter 80% 244.34 0.25 - 
 

 

Silica concentrations from the alkaline extractions in the paleosinter range between 64 to 82 

wt.%. No trend is observed for the silica concentrations in the paleosinter mound as a function of 

age (Table 3, Figure 27a). Ge concentrations for the paleosinter extractions range between 244-385 

ppb, with an average of 308 ppb. Similarly to SiO2, Figure 27b shows no evident trend in Ge con-

centrations as a function of sample age. It is evident that the duplicate sample (marked with an 

asterisk *) exhibits abnormally high Ge when compared to the rest of the samples.  

 

Figure 27: Silica (a) and germanium (b) concentrations in the Paleosinter as a function of ages obtained by 

radiocarbon dating according to Slagter et al. (2019) for the analogous samples. A duplicate analysis was 

performed to the sample corresponding to 6330 yr B.P. (ET06-PSc1), shown with an  asterisk (*) in the 

figure. 

 

Upon analyzing the Ge/Si ratios as a function with sample age (Figure 28), the results mirror 

those of Ge concentrations as expected due to the relatively constant silica contents, and thus, no 

distinct trend for Ge/Si ratios is observed as a function of age. Similarly, no trend can be identified 
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when comparing Ge/Si data with average precipitation rates derived from radiocarbon dating (Ta-

ble 14, Figure 28). 

 

Figure 28: Ge/Si ratios in Paleosinter samples as a function of ages by radiocarbon dating and precipitation 

rates obtained by Slagter et al. (2019) for analogous samples. A duplicate analysis was performed to the 

sample corresponding to 6330 yr B.P. (ET06-PSc1), shown with an  asterisk (*) in the figure. 

 

For geochemical analysis, four additional samples of El Tatio fossil sinters were included 

from studies by Slagter et al. (2019) and Munoz-Saez et al. (2020), the results of which are pre-

sented in Table 15. The silica concentrations in these samples are fairly consistent, varying between 

82 wt.% and 95 wt.%, with the average concentration being around 90 wt.%. The germanium con-

centrations, on the other hand, span from 695 to 6869 ppb, with an average concentration of 2675 

ppb. Analyzing the resulting Ge/Si ratios, these fall between 0.6 to 6.4 μmol/mol, averaging at 2.5 

μmol/mol. 

Table 15: Geochemistry of other fossil sinter deposits at El Tatio, considering additional samples from 

Slagter et al. (2019) and Munoz-Saez et al. (2020). The table lists the alkaline extraction month in 2022, 

data origin, SiO2, Ge (ppt), and Ge/Si. 

Sample ID 

Alkaline 

Extraction 

Date 

Data Origin 
SiO2 Ge Ge/Si 

wt.% ppb μmol/mol 

ET-408-CM January El Tatio, Slagter et al. (2019) 82% 1502.50 1.52 

ET-500-CM January El Tatio, Munoz-Saez et al. (2020) 94% 694.67 0.61 

ET-501-CM January El Tatio, Munoz-Saez et al. (2020) 95% 1635.23 1.42 

ET-502-CM January El Tatio, Slagter et al. (2019) 89% 6868.90 6.36 
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3.6. Geochemistry of active sinter deposits from other locations  

To evaluate Ge/Si ratios in active siliceous sinter deposits as a function of other geothermal 

fields besides El Tatio, samples from the Alpehue (Pérez, 2019) and Puchuldiza (Sanchez-Yanez 

et al., 2017) geothermal fields were included in this study. The Alpehue geyser field is located on 

the southeast flank of the Sollipulli volcano (38°58′26”S, 71°31′11”W), at an elevation of 1350 

m.a.s.l., in the Southern Volcanic Zone of Chile. This area encompasses at least four geysers within 

approximately 0.2 km2 (Munoz-Saez et al., 2020). Conversely, the Puchuldiza geothermal field is 

situated at an altitude of 4200 m.a.s.l., in northern Chile (19°24’46.5”S, 68°57’35.6”W), and spans 

an area of about 1 km2  (Lahsen, 1978; Sanchez-Yanez et al., 2017) with about 170 thermal sources    

(Trujillo, 1970). 

The silica concentrations in the examined sinters (Table 16) average 76 wt.% in Alpehue and 

reach 80 wt.% of SiO2 in Puchuldiza. Ge concentrations in the samples range between 686.5 ppb 

and 3307.8 ppb in Alpehue, with an average of 2074.9 ppb. In Puchuldiza, the concentrations vary 

between 152.2 ppb and 6382.5 ppb, with an average of 2576.7 ppb. Ge/Si ratios range between 0.7 

and 3.7 μmol/mol in Alpehue and between 0.2 and 7.8 μmol in Puchuldiza. Alpehue has lower 

average ratios compared to Puchuldiza (2.3 vs. 2.9 μmol/mol respectively). 

 

 

Table 16: Geochemistry of other active sinter deposits at Alpehue (Perez, 2019) and Puchuldiza (Sanchez-

Yanez et al., 2017). The table lists the alkaline extraction month in 2022, data origin, SiO2, Ge (ppb), and 

Ge/Si. 

Sample ID 
Alkaline Ex-

traction Date 
Data Origin 

SiO2 Ge Ge/Si 

wt.% ppb μmol/mol 

ALP-02-M1-1 December Alpehue, Perez Nuñez (2019) 73% 3307.77 3.74 

ALP-05-M2-1 December Alpehue, Perez Nuñez (2019) 78% 1830.20 1.95 

ALP-05-M7ISO-1 December Alpehue, Perez Nuñez (2019) 76% 2474.96 2.69 

ALP-01-M4-1 December Alpehue, Perez Nuñez (2019) 78% 686.47 0.73 

D2P2R-1 December Puchuldiza, Sanchez-Yanez et al. (2017) 83% - - 

D2P5-1 December Puchuldiza, Sanchez-Yanez et al. (2017) 84% 2220.35 2.19 

D2P6R (EN)-1 December Puchuldiza, Sanchez-Yanez et al. (2017) 80% 1551.83 1.60 

D3P1mondat-1 December Puchuldiza, Sanchez-Yanez et al. (2017) 68% 6382.50 7.77 

D3P6B-1 December Puchuldiza, Sanchez-Yanez et al. (2017) 86% 152.16 0.15 
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CHAPTER 4: DISCUSSION 

4.1. Ge/Si ratios in hydrothermal fluids across hot springs types in El Tatio 

El Tatio hydrothermal fluids of chloride-rich composition analyzed in this study are subdi-

vided into three categories: geysers, thermal pools, and a perpetual spouter. Based on the specific 

conductance and chloride concentrations of the three groups, it is possible to establish that the 

perpetual spouter (Ckoitchi) is the most diluted, which could be explained due to its closer prox-

imity to the Salado River (i.e., Cortecci et al., 2005; Munoz-Saez et al., 2018). It is not possible to 

establish a correlation between Si and Ge concentrations and temperature, nor it is possible to es-

tablish any trend with respect to the type of hot spring. Similarly, there is no apparent relationship 

between Ge/Si ratios and temperature or manifestation type. This observation agrees with Gaspard 

et al. (2021a), who suggest that Ge/Si ratios in hot springs do not necessarily reflect the composi-

tional type of the fluid or type of hydrothermal manifestation.  

To contextualize the Ge/Si ratios of El Tatio fluids globally, Ge/Si ratios and silica concen-

trations were compiled from hot springs worldwide (Figure 29). Ge/Si in thermal fluids from El 

Tatio show the highest Ge concentrations and Ge/Si ratios between 80 to 100 µmol/mol when 

compared to those from geothermal fields hosted in volcanic provinces such as Yellowstone or 

Iceland, with a dominance of Cl-rich fluids with high silica concentrations, (Arnórsson, 1984; Gas-

pard et al., 2021a). The main difference between the El Tatio and the Icelandic hydrothermal fluids 

is given by their chloride concentration, as the El Tatio samples are more concentrated by a factor 

of almost 70. The higher salinity of the hydrothermal fluids enhances the surface reactivity of silica 

in solution (Icenhower & Dove, 2000). The rest of the hydrothermal fluids surveyed worldwide 

exhibit different silica and Ge compositions and lower temperatures. For example, the Polish 

springs from the Sudetes Mountains, associated with a basin and fault tectonics, have low Ge con-

centrations (0.025 to 10.62 µg/L) and temperatures ≤ ~30°C (Dobrzynski et al., 2018). These fluids 

are characterized by being rich in CO2, rather than chloride, and their Ge/Si ratios are ~40 

μmol/mol. The Massif Central hot springs, from an intracontinental rifting and extensional tectonic 

setting, generally have temperatures below 20°C, with two springs reaching nearly 60°C, and are 

also rich in CO2, showing Ge/Si ratios of 337 μmol/mol on average (Criaud & Fouillac, 1986). The 

Himalayan springs—associated with continental collision and orogeny—range in temperature from 

20°C to 70°C and are mainly Na+-HCO3
-- Ca2+-Cl- waters with pH around neutrality and showing 

Ge/Si ratios of 260 μmol/mol on average (Evans & Derry, 2002; Evans et al., 2004). Finally, the 

Guadeloupe hot springs located in around the volcanic field show different compositions from sul-

fate, carbonate, and chloride richs fluids, but their Ge/Si ratios are lower compared to El Tatio, 

reaching an average Ge/Si ratio of only 4 μmol/mol (Gaspard et al., 2021a).  
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Figure 29: Fluid Ge/Si ratios versus Si (µmol/kg) in hot springs from El Tatio Geothermal Field in red 

circles, plus a compilation of hydrothermal  fluids from around the world. Legend is the same as Figure 1. 

Ge/Si data were compiled from Arnórsson (1984), Criaud & Fouillac (1986), Dobrzyński et al. (2018), 

Evans & Derry (2002), Gaspard et al. (2021a) and Gaspard et al. (2021b). 

 

As for the different sampling points considered for Ckoitchi and Vega Rinconada, silica con-

centrations in the fluids remain relatively uniform at different temperatures, and hence different 

distances from the vent, with slightly lower concentrations at the vent (Figure 13a). Ge concentra-

tions, show a similar trend, and present lower Ge concentrations downstream (Figure 13b). This is 

in agreement with Kraynov (1967), who associated high Ge concentrations in carbonate thermal 

waters with high temperatures. Ge/Si ratios obtained from both the perpetual spouter and the geyser 

of interest range from 68.5 μmol/mol to 111 μmol/mol. Although the fluid concentrations are 

relatively uniform, the Ge/Si ratios do show trends as a function of temperature. This study shows 

that the Ge/Si ratios in the fluids increase with temperature. This observation agrees with the model 

proposed by Evans & Derry (2002), which predicts an increase in the Ge/Si fluid ratio with rising 

temperature. These authors propose that Si is scavenged from the fluid through quartz or opal 

precipitation, thus increasing the Ge/Si ratio of the fluids (e.g., Evans et al., 2004). This is in 

agreement with previous findings by Mortlock et al. (1993), who observed a trend of increasing 

Ge/Si towards lower silica concentrations in hydrothermal fluids from black smoker vents. The 

conservative behavior of Ge in the fluid also agrees with batch silica precipitation experiments 

showing high Ge/Si ratios in the fluid associated to faster removal of silica in opal at 25ºC 

(Fernandez et al., 2021). Given that the variability in silica concentrations is more pronounced than 

that of Ge concentrations when comparing Ckoitchi and Vega Rinconada, it could be argued that 

the observed disparities in their ratios, notably higher in Ckoitchi, may be attributable to its dimin-

ished silica concentration, similar to the finding of Mortlock et al. (1993), where the Ge/Si ratio 

increases at lower Si concentrations in the fluid. 
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4.2. Efficiency of opal alkaline extractions in close to equilibrium solutions 

The alkaline extractions used here for dissolving only the opaline silica in the collected 

samples resulted in varying total silica concentrations in all the solid samples (including 

precipitates, in-situ modern sinters, and paleo sinters), with ranges between 28 and 108 wt.%  SiO2. 

Although some variability in silica concentrations is expected between depending on the amount 

of either detrital material, salts, organic matter, or other neo-formed minerals such as clays, iron 

oxides or sulfides; silica concentrations should range between 60-94 wt.% SiO2 (Lynne et al., 

2005 ; Inagaki et al., 1997; Nicolau, 2013). Additionally, our SEM semiquantitative data indicates 

that silica concentrations in the precipitates show average silica concentrations of 88.7 wt.% for 

Ckoitchi and 89.1 wt.% for Vega Rinconada, while the in-situ sinter samples in the vents would 

reach 77 wt.% for Ck and 85 wt.% in VR (Table 17 in ANNEX C), and thus any additional material 

might only amount up to ~20% weight of the total sample. Moreover, silica concentrations in one 

paleosinter from El Tatio show 90 wt.% SiO2 (Wilmeth et al., 2020), while this study, here we only 

obtained an average silica concentration of 76 wt.% in the paleosinter, and an average of 90 wt.% 

for other fossil sinter deposits at El Tatio. The Puchuldiza samples in this study yielded an average 

silica content of 80 wt.%, whereas Sanchez-Yanez et al. (2017) reported for the same samples an 

average of 87.1 wt.%. The disparity of our silica concentration data among the solid samples, and 

their discrepancy with both the SEM semiquantitative concentration analyses, and the published 

data in El Tatio and other systems, suggests that the silica concentrations obtained through the 

alkaline extractions are not necessarily accurate. For further insight, we analyze a set of duplicate 

samples that were digested eleven months apart (January 2022 and December 2022), but analyzed 

during the same round (January 2023). 

The analyses of the alkaline extractions performed in January 2022 for both Ckoitchi and 

Vega Rinconada yielded higher silica concentrations compared to the samples from the December 

2022 alkaline extractions. The Vega Rinconada samples show an average difference of 26% (with 

differences between 21-28%), while the Ckoitchi samples show an average difference of 38% (with 

a minimum difference of 24% and a maximum of 48%). That is, silica concentrations are higher in 

samples whose alkaline extraction was performed eleven months prior to the analysis. A plausible 

explanation for the differences observed between the duplicate samples that were allowed to react 

for either one or eleven months prior to their analysis is due to slow silica dissolution kinetics. The 

alkaline extraction process to purify the samples, considered that the alkaline extraction solutions 

had a pH over > 9 and were allowed to react for over a week at 85ºC to promote faster dissolution 

(Mortlock and Froelich, 1996). However, the disparity between both batches, shows that the 

sampled that solutions that allowed dissolution at room temperature for a longer period, yielded 

higher silica concentrations which are close to 90-100% wt. as expected. It is important to note that 

the alkaline solutions were close to silica saturation, as the method was limited by the volume of 

the batch dissolution containers (250 mL for VR, and 125 mL for Ck), and the stability of the 

analytical balance to weight less than 20 mg of powdered sample. Such small amount of sample is 

required to make sure each extraction solution is below amorphous silica saturation (< 100 mg/L). 

However, weighting less than 20 mg of sinter samples is hard given the highly charge surface of 

amorphous silica, which affects the stability of the electronic balance. The slow kinetics of silica 

dissolution are explained by an initial fast dissolution stage due to the elimination of chemisorbed 

silicic acid, followed by slower dissolution stage due to the surface reorganization of amorphous 

silica, which causes the fast dissolution to not be favored (Fleming, 1986). Previously, Krauskopf 
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(1956) proposed that the slower dissolution of opal is caused by its smaller surface area. 

Additionally, Demarest et al. (2009) suggested that the dissolution rate of biogenic silica decreases 

probably due to a reduction in the total surface area. Despite the mechanisms determining the slow 

dissolution kinetics of amorphous silica, slower dissolution rates are enhanced when dissolution is 

carried out under under near equilibrium conditions (e.g., Dove et al., 2005; Maher et al., 2009; A. 

F. White et al., 2008; White & Brantley, 2003)These characteristics would have affected the 

alkaline extraction efficiency for the opal solutions in the near-equilibrium conditions of the 

samples in this study. 

4.3. Silica precipitation rates in El Tatio and their comparison to other kinetic models 

and field sites 

Following the discussion by Munoz-Saez et al. (2023), the measured silica precipitation rates 

were compared with two precipitation rate models obtained by Rimstidt & Barnes (1980) (Equation 

6) and Carroll et al. (1998) (Equation 7). Equation 6 was determined from laboratory experiments, 

considering a pre-exponential factor A = 2.02 (mol/m2/s), and activation energy Ea = 49.8 (kJ/mol). 

Equation (7) was determined from field experiments. For both cases, [H4SiO4(aq)] corresponds to 

the silica concentration in the fluid (in mol/kg) and Keq is the temperature-dependent solubility 

constant for amorphous silica (Gunnarsson & Arnorsson, 2000). 

RR&B(mol/m2/s ) = −Aexp(−Ea/RT) x (1 − [H4SiO4(aq)]/Keq)                          (6) 

RCarroll(mol/m2/s ) =  10−10.00±0.06exp ([H4SiO4(aq)]/Keq)4.4±0.3                        (7) 

l𝑜𝑔𝐾𝑒𝑞(𝑇) = −8.476 − 485.24 𝑥 𝑇−1 − 2.268 𝑥 10−6 𝑥 𝑇2 + 3.068 𝑥 𝑙𝑜𝑔(𝑇)       (8)  

 

Figure 30 shows the curves resulting from both silica precipitation models together with 

box plots representing the multiple precipitation rates obtained in our precipitation experiments at 

each temperature point in both Ckoitchi and Vega Rinconada. The data obtained in this study do 

not fit any of the models employed. However, the equation of Carroll et al. (1998) captures the 

inverse relationship between precipitation rate and temperature observed in our data. The labora-

tory-based model (Rimstidt & Barnes, 1980) appears to underestimate silica precipitation rates, 

while the field-based model (Carroll et al., 1998) does the opposite especially at lower tempera-

tures.  
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Figure 30: Measured silica precipitation rates and modeled rates from Carroll et al. (1998) (dashed lines) 

and and Rimstidt & Barnes (1980) (solid lines). The pink boxes correspond to the Ckoitchi precipitates and 

the blue boxes to the Vega Rinconada precipitates. The modeled curves assume the fluid silica concentration 

is equal to those at the vents of Ck (pink) and VR (blue). 

 

In Figure 31, the rates derived from this study are compared with silica precipitation rates 

obtained in El Tatio (Nicolau et al., 2014; Slagter et al., 2019) and other geothermal fields in the 

world (Braunstein & Lowe, 2001; Handley et al., 2005; Konhauser et al., 2001; Mountain et al., 

2003; Tobler et al., 2008). The silica precipitation rates measured in this study agree with previous 

results obtained in El Tatio, showing that precipitation rates here are among the highest recorded 

globally. The silica precipitation rates obtained in our experiments are slightly higher than those 

obtained previously. Our investigation yielded a range of 0.6 to 5.5 kg/yr/m2 with an average of 

2.7 kg/yr/m2. In contrast, Nicolau et al. (2014) shows an average of 2.5 kg/yr/m2, while Slagter et 

al. (2019) reported an average of 1.9 kg/yr/m2. Our differences with previous studies in El Tatio 

might stem from methodological differences regarding the type of material used to collect the pre-

cipitates: etched glass slides (our experiment), versus sandpaper strips (Slagter et al., 2019), or 

smooth glass slides (Nicolau et al., 2014). Additionally, the experiments by Nicolau et al. (2014) 

were conducted in another hot spring vent in El Tatio with different hydrodynamics and chemistry 

than the Ck and VR hot springs. Besides silica, water, salts and organic matter can add up to the 

total accumulated mass that gets factored into the rates with up to 15-20% of weight (Garcia-Valles 

et al., 2008; Jones & Renaut, 2004; among others). Despite these corrections, the silica precipitation 

rates measured in this study are much higher than those reported in other geothermal fields. 
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Figure 31: Comparative scheme of silica precipitation rates in different studies both in El Tatio and other 

geothermal systems around the world. The samples in color (first group) correspond to those obtained in 

this work. The light pink color represents the bulk silica precipitation rate, while the dark pink color corre-

sponds to the adjusted silica precipitation rate. The other two groups of rates in El Tatio (in gray) were 

established by Slagter et al. (2019) through in situ precipitation experiments on sandpaper strips and by 

Nicolau et al. (2014) in glass slides. Experiments in New Zealand (Handley et al., 2005; Mountain et al., 

2003), Iceland (Konhauser et al., 2001; Tobler et al., 2008) and Yellowstone, U.S. (Braunstein & Lowe, 

2001) were also performed on glass slides (gray color). Figure modified from Slagter et al. (2019). 

 

The findings of this investigation show a correlation between precipitation rates and temper-

ature, with higher precipitation rates as the hydrothermal fluid cools downstream from the vent. 

These results agree with the observations from Carroll et al. (1998). Lower temperatures lead to 

the oversaturation of geothermal waters due to decreased solubility in this temperature range (Gun-

narsson & Arnorsson, 2000). Additionally,  Scott et al. (2024) proposed that the gradual decrease 

in silica polymerization rate with increasing temperature may be attributed to higher concentrations 

of Si(OH)4(aq) at equilibrium, which inhibits polymer formation by reducing reactive surfaces. 
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Based on the precipitation rates observed in this study, the different geochemical and hydro-

dynamic characteristics of two thermal manifestations, a perpetual spouter, and a geyser, do not 

affect the consistent results of the rates, as demonstrated in Figure 14. The precipitation rates in El 

Tatio are primarily influenced by extreme conditions such as fluid temperatures, temperature fluc-

tuations, strong winds, and high radiation, as noted by Nicolau et al. (2014) and Slagter et al. 

(2019).  

4.4. Partitioning of Ge during silica precipitation from hydrothermal fluids 

Trace elements are selectively incorporated in the different phases during precipitation, with 

their distribution being sensitive to fractionation processes. The distribution of trace elements in 

minerals can be described by partition coefficients (KD), which evaluate the incorporation of the 

trace element in the solid versus liquid phase. Lorens (1981) determined partition coefficients as a 

function of precipitation rates of some metals in calcite by using laboratory precipitation experi-

ments. He observed that in addition to solution composition, precipitation rate is an important fac-

tor in the concentration of trace metals in calcite. Studies of metals and metalloids in sinters, such 

as arsenic, gold, or silver, have focused on their relationship to mineral exploration. (e.g. Guido et 

al., 2002; Parker & Nicholson, 1990; Pope et al., 2005). The study by Sanchez-Yanez et al. (2017), 

for example, aimed to investigate the effects of silica precipitation and diagenetic maturation on 

the incorporation of trace elements in sinters. The findings indicated that diagenetic transitions play 

an important role in the absorption of trace elements in sinters, with gold and silver becoming 

enriched in more crystalline phases, while boron and arsenic are enriched in more amorphous or 

immature phases. 

4.4.1. The effect of water evaporation in fast silica precipitation and the partitioning of Ge 

in supersaturated silica-rich hydrothermal fluids  

Since evaporation of hydrothermal fluids plays a role in the formation of sinters, some studies 

have focused on this factor (e.g., Orange et al., 2013; White et al., 1956). Previously at El Tatio, 

Nicolau et al. (2014) measured in-situ open-field evaporation rates at El Tatio concluding/estimat-

ing that evaporation contributes to silica precipitation by increasing the concentration of silica in 

the fluid, leading to its supersaturation and thus promoting opal precipitation. Additionally, the 

temperature of the hydrothermal fluids and heat from the ground can enhance evaporation beyond 

open-field values. For this work, evaporation rates were assessed through daily measurements of 

evaporated and remaining volumes using graduated cylinders. Consequently, the ground tempera-

ture to which each cylinder was exposed influenced the observed evaporation rates. Furthermore, 

this method restricts the exposed evaporation surface to the cross-sectional area of each cylinder. 

As a result, it does not accurately replicate ideal surface conditions in an open field, but it allows 

for tighter control over the volume of evaporated fluid.  

The Ge/Si ratios in the remaining fluid increase as evaporation progresses, controlled by the 

decreasing concentrations of silica in the fluid. In the experiment, silica precipitates while Ge is 

not incorporated into the solid phase, due to the conservative behavior of Ge observed in the re-

maining fluid. This agrees with the study by Evans & Derry (2002), which suggests that high Ge/Si 

ratios in hot springs are attributed to subsurface precipitation of opal or quartz that is low in Ge. 
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High evaporation rates enhance fast silica removal from the fluid through fast silica precipitation 

(Nicolau et al., 2014), plus, fast opal precipitation leads to a delay in the partitioning of Ge into the 

solid phase (Fernandez et al., 2021). Therefore, the increasing Ge/Si ratios throughout the evapo-

ration experiments are consistent with fast silica removal in nano-colloids and SiO2 nuclei as ob-

served experimentally (Fernandez et al., 2021). 

4.4.2.  The effect of fluid temperature and silica precipitation rates in the partitioning of Ge 

into opal 

The silica precipitation experiments in this work allowed to constrain the effect of both fluid 

temperatures, and thus silica precipitation rates, in the partitioning of Ge into the opal precipitates. 

Here I discuss the results obtained from both opal precipitates obtained through a precipitation 

experiment, and from in-situ sinter samples collected along the same thermal gradient as the pre-

cipitates. The first observation from our results is that Ge/Si ratios in both precipitates and in-situ 

sinter deposits decrease with temperature downstream from the vent, meaning that the highest ra-

tios observed are found closer to the vent, where precipitation rates are slow at high Tº (Figure 23b 

and 32), while the lowest Ge/Si ratios are found far from the vents where precipitation rates are 

high. Additionally, as mentioned before, the same behavior is observed for Ge/Si ratios in the 

hydrothermal fluids: meaning that Ge/Si in the fluids increase with faster precipitation rates (Figure 

33). This effect was also seen in the evaporation experiments, as Ge/Si ratios in the fluid increase 

when higher volumes of the fluid evaporates, which allows further silica precipitation, which, in 

turn, inhibits Ge incorporation, causing the appearance of a conservative behavior during the 

duration of the experiment (six days), in agreement with what was also reported by Fernandez et 

al. (2021).  

 

Figure 32: Ge/Si ratios of active (in-situ) sinter deposits as a function of bulk silica precipitation rates. Panel 

(a) shows Ckoitchi samples from the extractions performed in January (purple diamonds), December ex-

tractions (pink diamonds) and organic matter rich samples (red triangles) as a function of the bulk precipi-

tation rate. (b) Vega Rinconada samples from January extractions (green circles) and December extractions 

(blue circles). The error bars depict the uncertainty in the Ge measurement. 
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Figure 33: Ge/Si ratios for fluids (a) and for both active precipitates (in-situ) and those from the precipitation 

experiment (b), plotted as a function of precipitation rates from the experiment, for the Ckoitchi (pink and 

purple diamonds, pink squares) and Vega Rinconada (green and blue circles, blue squares) sectors. 

 

The observed behavior in both solids (precipitates and in-situ samples) and fluids can be 

either explained by: 1) non-favorable equilibrium partitioning of Ge into the opal structure; or 2) a 

kinetic effect which delays Ge partitioning into the solid at higher silica precipitation rates. 

Although the equilibrium partition coefficient of Ge into amorphous silica has not been 

experimentally determined, themodynamic data from quartz and its Ge-bearing analog—argutite 

(GeO2(hex))— indicates that Ge should partition into the quartz¸and thus, the opal structure (Fer-

nandez et al., 2021; Pokrovski et al., 2005; Pokrovski & Schott, 1998b). Therefore, the first 

hypothesis can be ruled out. To investigate the kinetic delay of Ge partitioning into amorphous 

silica, Fernandez et al. (2021) examined the relation between the apparent partition coefficient KD 

(Eq. 5) and opal precipitation rates. Based on their modeled projections, it is anticipated that 

extensive incorporation of Ge would occur under conditions close to equilibrium, with a projected 

equilibrium KD = 12.8 at 25°C. This means that apparent KD should increase over time as 

equilibrium is achieved. In Fernandez et al. (2021) 35-day laboratory experiment, the apparent 

partition coefficient shows a decreasing trend due to the fast removal of silica from the fluid, which 

should over turn as silica removal slows down, resulting in an increase in KD. In our study, the 

precipitation experiment spanned over 200 days, allowing to observe this over turn as silica 

precipitation rates decrease (Figure 34). Additionally, this same trend can be observed in the in-

situ sinter samples (Figure 35). These relations would support the model projections by Fernandez 

et al. (2021) in which Ge incorporation becomes favorable at equilibrium-controlled conditions, 

where silica precipitation rates are slow. 

 

      

(5) 
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Figure 34: Apparent partition coefficients (KD=(Ge/Si)solid/(Ge/Si)fluid) as a function of the silica precipita-

tion rates determined in this study for the precipitated samples of the experiment at Ckoitchi (pink diamonds) 

and Vega Rinconada (blue circles). 

 

 
Figure 35: Apparent partition coefficients (KD=(Ge/Si)solid/(Ge/Si)fluid) as a function of the silica precipita-

tion rates determined in this study for the in-situ sinter deposit samples from Ckoitchi and Vega Rinconada. 

The diamonds correspond to the Ck samples, with the January samples indicated by purple and the Decem-

ber samples by pink. Red triangles denote the Ck Org. group samples. Vega Rinconada samples are depicted 

as circles, with January samples shown in green and December samples in blue. 

 

Therefore, considering the study by Fernandez et al. (2021) and the results of this research, 

the competition between kinetic and thermodynamic factors controlling Ge partitioning in siliceous 

sinters can be summarized in Figure 36: Under equilibrium-controlled conditions (1), the partition 

coefficient is inversely proportional to silica precipitation rates, meaning the partition coefficient 
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increases as precipitation rates decrease. In this regime, the partitioning of Ge into the solid phase 

is feasible due to the slower precipitation rates and the fact that the silica concentration stabilizes 

over time. Ge/Si ratios of the solid phase are higher than Ge/Si ratios in the fluids. While, under 

kinetically controlled conditions (2), the partition coefficient decreases with temperature, meaning 

they are proportionally related, leading to very slow or almost negligible incorporation of Ge due 

to the rapid precipitation of silica. In this regime, the Ge/Si ratios in the fluids are higher than the 

Ge/Si ratios in the sinters. 

 

Figure 36: Competition between kinetic and thermodynamic factors controlling Ge partitioning in siliceous 

sinters. Under equilibrium behavior, precipitation rates are lower and higher partition coefficients are ob-

tained, while under kinetic behavior, precipitation rates are faster and partition coefficients are lower. 

4.4.3. The role of organic matter and sinter maturation in the partitioning of Ge into opal 

 

In general terms, the Ge/Si ratios obtained in fluids, precipitates and in-situ deposits are 

higher in Ckoitchi than in Vega Rinconada. The studied vent at Ckoitchi is covered by microbial 

mats, whereas the vent at Vega Rinconada is bare and does not shows any macroscopic evidence 

of biological activity. Particularly, the fluids at Ckoitchi are more dilute due to its proximity to a 

local freshwater stream; plus the Ckoitchi vent is a perpetual spouter with a continuous flow of 

water, and thus, both features provide favorable conditions for the proliferation of organic matter, 

such as microcial mats (e.g., Damer & Deamer, 2020; Fox-Powell et al., 2018; Megevand et al., 

2022). The organic rich samples obtained at Ckoitchi show the highest Ge/Si ratios (from 33.5 up 

to 81 µmol/mol) when compared to precipitates and active sinter samples at Ck and VR. So far we 

have established that a kinetic delay in the partitioning of Ge into opal is the main factor controlling 

Ge/Si ratios in the opal precipitates, implying that the highest Ge/Si ratios are observed at slow 

precipitation rates at high temperatures and closer to the vent. However, the high Ge/Si ratios in 

the organic samples, may be due to Ge having a higher affinity for complexation with organic 
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ligands when compared to Si (Dobrzyński et al., 2018; Pokrovski & Schott, 1998a). Moreover, 

Shen et al. (2011) suggest that Ge can bind to organic molecules that are attached to clay particles, 

forming Ge-organic complexes adsorbed on clays. Dong et al. (2015) speculate that this could 

result in higher Ge/Si ratios in clays. However, the effect of organic complexation of Ge at the clay 

surface remains to be tested, particularly, since clays already incorporate Ge into the tetrahedral 

clay site (Perez-Fodich & Derry, 2020). 

To examine the effect of aging in Ge/Si ratios in the opal we compare the results obtained 

for three different groups: 1) samples from the precipitation experiment (labeled as precipitates); 

2) samples collected from active in-situ sinter deposits; and 3) paleosinters. In this last group we 

also include paleosinter samples from El Tatio collected by Slagter et al. (2019), and Munoz-Saez 

et al. (2020), in addition to paleosinter samples from the Puchuldiza geothermal field (Sanchez-

Yanez et al., 2017), and the Alpehue geysers (Pérez Nuñez, 2019) (Tables 13, 14 and 15). The 

comparison between the three groups shows that the ratios are higher in the precipitates, followed 

by the active sinters, and lower in the paleosinters  (Figure 37), suggesting that sinter maturation 

and aging results in decreasing Ge/Si ratios. Opal maturation, which involves gradual changes 

from amorphous opal (opal-A), requires internal re-organization of the opal structure as it loses 

water, and becomes more stable (e.g., (Day & Jones, 2008; Herdianita et al., 2000b; Kastner & 

Gieskes, 1983; Liesegang et al., 2018; Liesegang & Tomaschek, 2020). Instead, opal 

recrystallization to more complex phases such as opal-C or quartz occurs in the later stages of 

diagenesis  and involves morphological restructuring that might result in changes in the trace 

element composition of the solid (e.g., Cady & Farmer, 1996; Lynne et al., 2005; Lynne & Camp-

bell, 2004). It is worth noting that all samples in this study correspond to opal-A, thus, the samples 

analyzed here did not undergo una recrystallization that could explain the decreasing Ge/Si ratios 

as a function of sample age. However, the depositional maturity of opal-A itself could explain 

these differences, considering that the X-ray diffraction patterns between the fossil and modern 

samples analyzed here vary in the degree of order/disorder of the silica crystal lattice. The 

paleosinter samples show more defined peaks along with a smoother pattern, reflecting a greater 

degree of homogeneity, while the modern samples exhibit more diffuse peaks and greater varia-

bility in counts. Another hypothesis for the decreasing Ge/Si ratios in the older sinter samples is 

leaching of Ge from the opal through fluid recirculation. Given the porous nature of sinters 

(Munoz-Saez et al., 2016), it is possible that the circulating fluids remobilize Ge, although there 

is no experimental data to corroborate this effect.  
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Figure 37: Comparison of Ge/Si ratios between samples from the precipitation experiment, in-situ sinter 

samples (from this work (Table 12 and 13), Slagter et al (2019) and Munoz-Saez (2020) (Table 13), and 

from Sanchez-Yanez et al (2017) and Perez Nuñez (2019) (TABLE 16)) and the paleosinter samples (from 

this work (Table 14), and from Slagter et al (2019) and Munoz-Saez (2020) (Table 15)). 
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CHAPTER 5: CONCLUSIONS 

The variety of hot spring environments at El Tatio geothermal field with its extreme 

environmental conditions make it an ideal location to study the influence of silica precipitation 

dynamics on the fractionation of trace elements in siliceous sinters. This study has focused on two 

geothermal manifestations with contrasting hydrodynamics and abundance of microbial mats at El 

Tatio geothermal field: the first site Ckoitchi is a perpetual spouter covered by multi-colored 

microbial mats, while the second site Vega Rinconada corresponds to a geyser with no apparent 

surface microbial communities. These sites were selected with the purpose to investigate the 

partitioning of the Ge/Si ratio during opal precipitation. In each of these sites hydrothermal fluid 

and in-situ sinter deposits were collected along a thermal gradient downstream from the vent that 

conditions the type of depositional environment for silica precipitation. In addition, in-situ 

precipitation experiments were carried out in each of the sampling points, as well as an evaporation 

experiment in the Vega Rinconada area.  

The hydrothermal fluids in El Tatio present Ge/Si ratios ranging between 68.52 and 110.98 

μmol/mol among both sampling locations. The Ge/Si ratios in the fluids from Ckoitchi and Vega 

Rinconada, along with other hot springs in El Tatio, show typical ranges for neutral chloride-rich 

hydrothermal fluids. Particularly, the sampled fluids along the thermal gradient show that the Ge/Si 

fluid ratios decrease with decreasing temperatures downstream from vent, which is in agreement 

with previous studies, with a direct relationship between Ge/Si ratio in the fluid and temperature.  

The evaporation experiments show the silica readily precipitates as the fluid becomes 

supersaturated due to cooling and evaporation rates. However, Ge partitioning into the solid phase 

is minimal, with Ge/Si ratios increasing as silica is removed from solution. This behavior highlights 

the slow kinetics of Ge partitioning into silica precipitates, including amorphous silica, opal-A, or 

even quartz, as shown by previous studies. The silica precipitation experiments show that silica 

precipitation rates increase along the thermal gradient as the fluid cools downstream from the vent 

at both the geyser and perpetual spouter sites. Here, the Ge/Si ratios in the opal precipitates show 

an inverse trend as a function of bulk silica precipitation rates. This means that the highest Ge/Si 

ratios in the solids correspond to those point with the slowest precipitation rates (i.e., high 

temperature, closer to the vents). These results are consistent with numerical simulations and lab 

experimental data, in which Ge partitioning into the solids is favored at near equilibrium conditions, 

while fast kinetics retard its incoporation into the opal structure. Finally, the fossil sinters Ge/Si 

data at El Tatio shows a relationship with sample age, with the younger samples having higher 

Ge/Si ratios than the older ones. Additionally, as all fossil samples correspond to opal-A, it is 

possible to conclude that these are not necessarily linked to the degree of depositional maturity.  

This study emphasizes that higher silica precipitation rates occurying at cooler fluid 

temperatures hinder the partitioning of Ge into the solid phase, while Ge behaves almost 

conservatively in the fluid phase. The findings show the slow incorporation of trace elements into 

siliceous sinters as the silica precipitation rate increases, aligning with previous laboratory 

experiment simulations. The study underscores the significant kinetic control in trace element 

partitioning into silica precipitates in hot spring environments. Therefore, the results presented here 

emphasize the potential of Ge and the Ge/Si ratio as a tracer of silica dynamics in hydrothermal 

systems. Studying Ge/Si ratios in siliceous sinters of hydrothermal systems may have an impact on 
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the knowledge of trace element partitioning in minerals formed in hydrothermal systems, and 

moreover, on the continental biogeochemical cycle of silica. 

Future experimental silica precipitation and trace element partitioning studies should 

consider a longer precipitation time along with higher spatial resolution regarding precipitation 

rates. They should also include different hydrothermal manifestations with varying hydrodynamics 

and fluid compositions both in El Tatio, and other sites with surface geothermal activity.  
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ANNEXES 

ANNEX A  

Alkaline extraction method for opal (from Mortlock & Fröelich, 1996) 

Prior to germanium analysis, the samples must be treated to improve the detection of the trace 

element. The steps performed for the alkaline extraction method for opal (adapted from Mortlock 

& Fröelich, 1996) are detailed below. 

- ~25 mg of crushed (not powdered) sample is required (target SiO2 concentration <100 

ppm). 

- Weigh pre-labeled centrifuge tubes. 

- Transfer the samples to the tubes, reaching the required target, keeping a record of the 

weight. 

- Add 5 mL of 30% H2O2 and weigh again. 

- Leave to stand for 30 minutes, then weigh. 

- Add 5 mL of 1N HNO3, and weigh. 

- Cap and sonify the tube for 30 min to let carbonates and organic matter react. Then dry, 

uncover to release gas, close the lid again and weigh. 

- Add 20 mL of DI H2O 18.2 Ω, and weigh. 

- Centrifuge at 4000 rpm for 6 minutes (acc 6 and decel 5). 

- Decant and remove the supernatant. Weigh the remaining solution. 

Some steps are repeated: 

- Add 5 mL of 30% H2O2 and weigh again. 

- Leave to stand for 30 minutes, then weigh. 

- Add 5 mL of 1N HNO3, and weigh. 

- Cap and sonify the tube for 30 min to let carbonates and organic matter react. Then dry, 

uncover to release gas, close the lid again and weigh. 

- Add 20 mL of DI H2O 18.2 Ω, and weigh. 

- Centrifuge at 4000 rpm for 6 minutes (acc 6 and decel 5). 

- Weigh 250 mL bottles, with the respective label on the cap. 

- After centrifugation, the supernatant is removed and weighed (~1 mL volume is left) 

- Transfer the precipitate to 250 mL bottles and weigh 
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- The tube is rinsed to a volume of 5 mL (with DI water, 2-3 times until the volume is 

reached) 

- Transfer the rinsate to the 250 mL and weigh. 

- Add 250 mL of 2M Na2CO3 solution to the bottle, and weigh. 

- Leave in the thermoregulated bath at 85°C during the day and 80°C at night for 10 days, 

leaving half-open to prevent bursting. Shake the bottles twice a day during this period 

- After 10 days, remove the samples from the bath, dry, allow to cool, and weigh. 

- Weigh 50 mL tubes for transferring samples, 2 tubes per sample should be considered, each 

tube is weighed, labeled, and capped. 

- Transfer 20 mL per sample (10 mL per tube, i.e. two tubes with 10 mL of sample), weigh 

each tube. 

- Neutralize the samples with 2.5 mL of 65% HNO3. Allow to stand and weigh. 
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ANNEX B  

 

Figure 38: Two views of the in-situ sinter deposit sample from point VR01 at Vega Rinconada denoted 

ET01-VR01(A) Hand sample, geyserites of different sizes formed in the Vega Rinconada vent are observed. 

The spicules are finely laminated. (B) Polished cross-section of the sample in (A), shows the bedrock at the 

bottom, and the overlying sinter deposit, initially with laminations and subsequent formation of the geyser-

ites. The red boxes A, B, and C are presented in the figure below. 
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Figure 39: Photographs of sample ET02-VR01 from optical microscopy. A, B and C are the respective insets 

in Figure 38 (above). (A) Image of a spicule, in the lower zone visualizes the bedrock, with thin laminations 

deposited on it. (B) Closer view of the sinter laminations, which would indicate different depositional 

events, at that scale, they are small geyserites that were covered by opal precipitation. (C) Close-up of a 

spicule, at the edges it is possible to recognize small laminations, in addition to the presence of detritus 

trapped during silica precipitation. 

 

 
Figure 40: Different views of sample ET03-Co01 of in-situ sinter deposit, belonging to point Co01 at 

Ckoitchi. (A) Sinter hand samples. (B) Polished cross section of the larger sample in (A), mostly corresponds 

to silica-cemented bedrock. (C) Close-up of the bedrock-sinter deposit boundary, at the top the sinter deposit 

can be distinguished, with thin whitish laminations, being covered by a yellowish-blackish layer of biolog-

ical material (from the bacterial mat). (D) Close-up of the sinter deposit, showing that the whitish layers fill 

the bedrock material, recementing the rock.  
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Figure 41: (A) Polished cross section of sample ETLIN02 from the Piscina Linzor, its fabric follows the 

pattern of a network of irregular silica threads, which generate a primary porosity that could be filled later. 

(B) Close-up of the silica network formed in this sinter. (C) Close-up of one of the sinter pores, which is 

inhabited by microbial filament, similar to those described by Gong et al. (2020). 
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Figure 42: In-situ sinter deposit samples from the Ckoitchi area. (A) Samples called ET03-Co02.5, associ-

ated with the Co02 point. (B) Samples ET03-Co03 from point Co03. (C) Samples ET03-Co04 correspond-

ing to the Co04 sector. (D) Samples ET03-Co05 from the Co05 sector. (E) Samples ET03-Co06 associated 

with the Co04 sector. (F) Sample ET03-Co07 located 12 m from the vent. All samples present laminations 

in whitish tones (deposited sinter), in addition, some of these laminations are yellowish, orange or blackish, 

associated with bacterial mats in the sector. 
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Figure 43: In-situ sinter deposit samples from the Vega Rinconada area along with samples from the Piscina 

Linzor. (A) Sample ET02-VR02 corresponding to point VR01, spicules of different widths and heights. (B) 

Samples ET02-VR03 from point VR02, with spicules of different sizes. (C) Samples ET02-VR04 from 

sector VR03, with the presence of spicules and some oncoids. (D) Sample ETLIN02 from the Piscina Linzor. 

The cylindrical shape is because they were extracted with a tube. The silica network and primary porosity 

formed during precipitation are observed. 
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Figure 44: Samples from the precipitation experiment in the vent of Ckoitchi sector. (A) Complete view of 

one side of the CoVent-04 sample, which was found submerged in water at the time of extraction. (B) View 

of the vent of Ckoitchi to get a perspective in the following images. (C) Image of 24-09-2021, the day of 

implementation of the experiment, the slide on the left corresponds to the one in A. (D) Image two days 

after installation, on 26-09-2021, where the slide acquires a yellowish color due to the splashing of the 

perpetual spouter vent. 
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Figure 45: Images of sample Co01-39 from the precipitation experiment, associated with point Co01, red 

arrows indicate the position of the sample. (A) Complete view of one of the sides of the precipitate, the 

upper right corner is what can be seen in D. (B) Position of the samples with respect to the Vent, image 

from 24-09-2021 in its installation. (C) Image after a few days, on 01-10-2021, it can be seen that the slides 

present yellowish and whitish layers. (D) Image on the day of extraction, 22-04-2024, the slides do not 

retain their original position and are almost completely covered with blackish material, especially the sub-

merged areas. 
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Figure 46: Sample Co01-68 from point Co01 at Ckoitchi, this slide was installed on 22-04-2022. (A) Per-

spective view of the slide, the left part of black-greenish shades was submerged. (B) Polished cross section 

of the precipitate, the red arrow indicates the non-submerged part of the sample (right part in A). (C) View 

of the samples at point Co01 on the day of extraction (22-04-2023), the red arrow indicates position of the 

sheet, indicating the same area as in B. (D) Close-up by optical microscopy of the image in B, showing the 

precipitate in massive form, with some colorations indicating different stages of precipitation. (E) Image by 

optical microscopy of the box shown in B. Fine laminations are observed in the deposit, together with some 

detritus trapped during precipitation. 

 



 

86 

 

Figure 47: Samples of the Co02 precipitation experiment in Ckoitchi. (A) Co02-06 slide used for 

chemical analysis, it can be observed that it has greenish and yellowish layers, with little indication 

of sinter precipitation. (B) Co02-40 precipitate used for SEM analysis, the formation of sinter is 

observed as small irregular spicules. (C) Image of the experimental setup on the day of installation 

(24-09-2021), where the red arrows indicate the positions of A and B as shown. (D) Image of the 
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sample extraction day (22-04-2022), where the red arrows also show the positions of A and B. In 

this case, A was almost completely submerged and covered by bacterial mat. (E) Polished cross 

section of B, two monticules that assimilate the shape of geyserites are observed, in addition the 

images F and G that were through optical microscopy are also indicated. (F) Close-up of the larger 

spicule in E, it is composed mainly of laminations that grow diagonally in brownish-whitish colors, 

it also presents some detritus. (G) Close-up of the small spicule, also showing the laminations of 

F, along with porosities between laminations and also the presence of detritus. 
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Figure 48: Samples associated with the Ckoitchi pun Co03 precipitation experiment. (A) Precipitate Co03-

41 used for representative chemical analysis, greenish and yellowish layers are observed together with the 

precipitated opal. (B) Sample Co03-12 used for SEM analysis, with the same characteristics as the sample 

in A. (C) Image of 24-09-2021 when the samples were left installed. The red arrows indicate the positions 

of A and B. (D) Image on the day of sample removal (22-04-2022). (E) Polished cross section of the sample 

in B, images F and G observed through optical microscopy are indicated in red. (F) close-up of image E, 

massive laminations of silica (in white) are observed together with yellowish colors in some areas, in addi-

tion to the presence of detritus. (G) close-up of image E, this sector also shows laminations, but these are 

more irregular, with sectors that appear to be composed of microspheres. There are also yellowish zones 

with the presence of detritus. 
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Figure 49: Samples from the precipitation experiment corresponding to the Co04 point of Ckoitchi. 

(A) Precipitate Co04-43 used for chemical analysis, three main layers are observed, one whitish 

(precipitated opal) and the others of greenish and orange color, associated to the bacterial mat. (B) 

Co04-15 precipitate used for SEM analysis, with the same characteristics as the sample in A. (C) 

Image of the day of installation (24-09-2021), the rock arrows indicate the positions of A and B 
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respectively. (D) Perspective image of the day of sample extraction (22-04-2022), the Ckoitchi 

vent can be seen in the background. (E) Polished cross section image of B. The layer of precipitated 

opal covered by a greenish layer is observed. The location of images F and G obtained by optical 

microscopy is also indicated. (F) Close-up of image E, the precipitated opal is observed above the 

surface of the glass slide. (G) Close-up of image E, the contact between the precipitated opal (whit-

ish laminations with detritus) and the bacterial mat (greenish network with precipitated opal in 

between) can be observed. 
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Figure 50: Samples from the Co05 point precipitation experiment at Ckoitchi. (A) Sample Co05-

42 used for chemical analysis, a reddish-brown layer of very fine grains is observed. (B) Sample 

Co05-19 used for SEM analysis, a whitish layer of opal precipitate is observed (left side), in addi-

tion to the same reddish-brown layer of fine grains of (A). (C) Image of the day of sample posi-

tioning (24-09-2021) on the side of the pool. The red arrows indicate the positions of A and B. (D) 

Image of sample extraction day (22-04-2022), showing the final position, with A fully submerged 

and B subhorizontal. (E) Polished cross section of the sample in B, showing the resulting 



 

92 

precipitate, resembling a spicule shape at the bottom. The insets indicate the positions of images F 

and G obtained by optical microscopy. (F) close-up of image E, showing the whitish laminations, 

with the presence of detritus especially in the lower part of the deposit, in addition to a reddish-

brown coating, possibly associated with bacterial mat. (G) close-up of the upper part of F, with 

greater detail of the laminations. 

 

 

Figure 51: (A) Sample VR01-21 associated with the Vega Rinconada vent (point VR01), a whitish 

and irregular zone corresponding to the precipitate is observed. (B) Polished cross section of the 

sample in A, the precipitate is barely distinguishable at that scale. (C) image of the day of sample 

extraction (22-04-2022), the red arrow indicates the position of the laminate, to the left of the arrow 

is a 100 Chilean peso coin as a scale. (D) Close-up of image D, where it is possible to distinguish 

the precipitate (thin whitish layer) from the glass slide (below). (E) Close-up of the image in B, the 

thin layer of silica precipitated on the slide is observed, and covered by a thin shiny layer, which 

may be associated with cyanobacteria. 

 



 

93 

 

Figure 52: (A) Precipitate VR02-49 from point VR02 in Vega Rinconada, a light brown-whitish 

layer of irregular polygonal shapes is observed. (B) Image of the day the sample was extracted (22-

04-2023) the laminate remained in the place where it was left, the red arrow indicates its position, 

the vent is to the left with respect to the image. (C) Polished cross section of the sample. A white 

precipitate layer is observed. In addition, the red boxes indicate the positions of images D and E 

obtained by optical microscopy. (D) Close-up of the image in C, a small diagonal spicule is ob-

served, with almost imperceptible fine laminations of white color, besides the presence of few and 

very small detritus. (E) Close-up of the image in C, in this case two small spicules are observed, of 

white color and almost vitreous in some parts, due to the fact that the sector of the image has less 

precipitate than in D. 
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Figure 53: (A) Sample VR03-27 from point VR03 of Vega Rinconada, used for the representative 

chemical analysis. (B) Image of the day of sample installation (25-09-2021), the red arrow on the 

left indicates the position of the slide, also a Chilean 100 pesos coin is presented as scale. The vent 

is located downwards with respect to the image. (C) Image a few days later (01-10-2021) where it 

is observed that some silica precipitated in the samples, the red arrow indicates the position of the 

sample in A and the vent is located towards the upper left zone with respect to the image. (D) Image 

on the day of sample extraction (22-04-2022) showing that all the slides have precipitate. The red 

arrow indicates the position of the sample in A, there is also a Chilean 100 pesos coin as a scale, 

and the vent is located upwards with respect to the image. 
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Figure 54: (A) Sample VR03-52 from point VR03 at Vega Rinconada, showing the whitish pre-

cipitate with light brown tones. (B) Polished cross section of A, indicating the position of samples 

D and E obtained by optical microscopy. The red arrow indicates the same position as in image C. 

(C) Image of the day of sample extraction (22-04-2023), all slides show precipitated material. The 

vent is located upwards with respect to the image. (D) Close-up of the image in B, an almost ho-

mogeneous layer of precipitated opal is observed, with a slight presence of very small detritus. (E) 

Close-up of the image in B, it is observed that the precipitate is almost massive without laminations, 

besides the yellowish detritus that were cemented. 
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Figure 55: Samples from the precipitation experiment at Vega Rinconada point VR04. (A) Precip-

itate VR04-38 used for the representative chemical analysis, shows white and light brown shades. 

(B) Sample VR04-34 used for the SEM analysis, shows whitish and light brown shades, in addition 

to a larger amount of deposited material. (C) Image of the day of sample installation (25-09-2021), 
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with the arrows indicating the position of the slides. A Chilean 100 pesos coin is presented as a 

scale. The vent is located to the lower right of the image. (D) Image of the day of sample extraction 

(22-04-2022) where not much precipitated material is observed. The red arrows indicate the posi-

tions of the samples. In addition, the same previous scale coin is present, and the vent is down to 

the right with respect to the image. (E) Polished cross section of the sample in B, together with the 

boxes indicating the positions of F and G, obtained by optical microscopy. (F) Close-up of image 

E, showing a thin layer of whitish precipitate with a lot of detritus present. (G) Close-up of image 

in F, showing a detritus that was cemented by silica precipitation. 
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ANNEX C 

Table 17: Qualitative information obtained from energy-dispersive X-ray spectrometry (EDS) in scanning electron 

microscopy (SEM) considering three samples of sinter in-situ (from vents of Ckoitchi and Vega Rinconada, and sinter 

of Piscina Linzor) and samples from the precipitation experiment (nine samples, one per position without considering 

the Ckoitchi vent). 

 

 

 

 

 

Sample ID 
Analysis 

type 

Name 

ID 
Data 

SiO2 Al2O3 FeO TiO2 As2O3 CaO Na2O K2O C SO3 MgO Cs2O MnO Sb2O3 

wt. % wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% wt.% 

Co01-68 point 355 

Spectrum1 66.71 1.46 25.94 2.97 - 1.36 0.81 0.26 - - 0.48 - - - 

Spectrum3 97.94 - - - - 1.04 0.73 0.29 - - - - - - 

Spectrum4 95.29 - - - - 1.75 1.52 0.34 - - - - - - 

Spectrum5 96.15 0.00 0.49 - - 1.79 0.89 0.4 - - - - - - 

Co02-40 point 025zoom Spectrum3 83.72 5.84 - - 1.16 3.74 2.58 1.14 - - - - - - 

Co05-19 point 250 Spectrum1 92.68 4.34 - - - - 1.64 1.33 - - - - - - 

ET02-VR01 

map 260 map 86.59 6.84 0.74 - - 0.57 1.84 2.61 - - - 0.6 - - 

profile 260 profile 84.73 7.61 0.81 - - 0.74 2.05 3.16 - - - 0.67 - - 

point 667 Spectrum1 85.41 0.73 - - - - 0.53 0.31 13.02 - - - - - 

point 667zoom 

Spectrum1 24.85 2.37 56.21 15.13 - - - - - - 1.44 - - - 

Spectrum3 69.95 15.84 0.59 - - - - 13.63 - - - - - - 

Spectrum4 5.16 - 20.64 - - - - - 17.43 56.77 - - - - 

Spectrum5 14.48 - 17.43 - - - - - 21.95 46.14 - - - - 

profile 963 profile 83.15 5.8 3.21 1.78 - 0.39 1.26 2.41 - - 1.76 - - - 

ET03-Co01 
profile 571 profile 75.10 1.96 16.44 - - 1.59 1.12 0.57 - - 2.31 - 0.41 - 

profile 483 profile 79.35 1.57 14.2 - - 1.25 0.91 0.52 - - 1.4 - 0.37 - 

ETLIN02 point 452 

Spectrum4 79.97 11.61 - - - - 3.24 4.67 - - - - - - 

Spectrum6 98.27 1.25 - - - - - 0.48 - - - - - - 

Spectrum8 89.71 8.09 - - - - - 2.2 - - - - - - 

VR01-21 point 285 
Spectrum2 83.49 0.64 - - - - 1.12 0.35 14.23 - - - - - 

Spectrum3 97.65 0.82 - - - - 1.13 0.39 - - - - - - 

VR02-49 point 344 

Spectrum1 95.38 - - - - - 1.49 0.69 - - 0.66 - - 1.3 

Spectrum2 95.84 - - - - 0.36 1.14 0.51 - - - - - 1.64 

Spectrum3 78.86 - - - - - 0.76 0.5 18.43 - - - - 0.91 

Spectrum4 96.31 - - - - 0.36 0.88 0.41 - - - - - 1.7 

Spectrum5 96.76 - - - - - 1.11 0.55 - - - - - 1.12 

VR03-52 point 375 

Spectrum1 96.11 - - - - 0.27 0.82 0.43 - - - - - 1.98 

Spectrum2 98.01 - - - - - 0.41 0.32 - - - - - 1.25 

Spectrum3 60.19 10.64 7.93 1.85 - 5.79 2.56 0.78 - - 10 - - - 

Spectrum4 96.84 - - - - - 0.84 0.4 - - - - - 1.32 

Spectrum5 65.07 11.81 6.85 1.51 - 0.88 1.62 6.32 - 1.48 4.22 - - - 

Spectrum6 36.67 21.08 6.87 - - 17.23 - - 18.15 - - - - - 

Spectrum7 96.06 - - - - - 1.08 0.65 - - - - - 1.77 

VR04-34 point 385 

Spectrum1 89.30 - - - - 1.84 3.26 1.1 - 1.98 - - - - 

Spectrum2 94.00 - - - - - 1.78 1.09 - - - - - 1.04 

Spectrum3 93.42 - - - - 0.45 1.71 1.09 - - - - - 1.66 

Spectrum4 81.76 - - - - - 1.7 0.74 13.27 - - - - 1.05 

   min 5.16 0.64 0.49 1.51 1.16 0.27 0.41 0.26 13.02 1.48 0.48 0.60 0.37 0.91 

   max 98.27 21.08 56.21 15.13 1.16 17.23 3.26 13.63 21.95 56.77 10.00 0.67 0.41 1.98 

   mean 80.03 5.56 12.74 4.65 1.16 2.30 1.42 1.53 16.64 26.59 2.78 0.64 0.39 1.40 

   SD 23.69 5.29 15.02 5.89 - 3.97 0.73 2.56 3.28 29.04 3.14 0.05 0.03 0.34 
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Figure 56: Classification of Ckoitchi  hydrothermal fluids according to Piper's classification (Piper, 1944). 

In this case, they correspond to Na-Cl type waters. 

 

  

  

  

  

  
  

  

  

  

  

  
 

  

 

  

 

  

 

  

 

  

 

  

 

  

 

  

 

  

 

        

         

               

          

                   

           

         

         

                   

               


