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ABSTRACT
Silica sinter deposits overlying geothermal fields are reliable records of environmental, 

geochemical, and biological changes through time. Therefore, determining the absolute ages 
of formation of these deposits is fundamental to constrain the timing and evolution of pro-
cesses that have shaped silica precipitation on the Earth’s surface. We performed 14C dating 
of organic matter trapped within silica sinter deposits from the high-altitude El Tatio gey-
ser field in the Chilean Altiplano. Radiocarbon ages of stratigraphically controlled samples 
retrieved from four well-preserved paleosinter mounds range from 10,840 ± 30 to 230 ± 
35 yr B.P., indicating that the El Tatio system has had active discharge of silica-rich chloride 
springs over at least the past 10,000 years that has resulted in the formation of extensive sinter 
deposits. These ages are used to determine the silica precipitation rate at El Tatio, which was 
calculated to be between 0.14 and 2.57 kg/yr/m2. These values are among the highest pre-
cipitation rates in geothermal systems for which data are available, and are consistent with 
in situ silica precipitation experiments at El Tatio (0.84–2.92 kg/yr/m2). Our results indicate 
that the extreme environmental conditions of the arid Chilean Altiplano, i.e., high evapora-
tion and cooling rate of thermal waters and significant daily temperature oscillations, play 
a key role in the construction and preservation of silica sinter deposits.

INTRODUCTION
Silica sinter deposits are the surface expres-

sions of underlying geothermal systems and 
form when near-neutral pH thermal waters 
discharge and cool at the surface, precipitat-
ing silica (Lynne et al., 2007, and references 
therein). They are found near hot springs, form-
ing mounds, and are targets for exploration of 
concealed geothermal energy resources and 
epithermal Au-Ag deposits (Sillitoe, 2015). 
Sinter deposits have also been the focus of 
astrobiological investigations (Konhauser et al., 
2003, and references therein), and recently the 
El Tatio geyser field in the central Andes has 
been proposed as an early-Mars analog envi-
ronment because of similar siliceous sinter 
textures observed on the Martian surface 
(Ruff and Farmer, 2016). El Tatio is one of the 

world’s largest geyser fields and is located in 
the Chilean Altiplano at an altitude of 4200 m 
above sea level (a.s.l.), associated with extreme 
environmental conditions including high evapo-
ration rates and daily air temperature oscilla-
tions that can reach up to 40 °C (Fig. 1). Silica 
sinter deposits at El Tatio cover an area of 
30 km2 with more than 200 thermal springs that 
host active sinters and fossil sinter, i.e., “paleo
sinter”, deposits which are mostly concentrated 
in the upper basin (Fig. 1). This unique setting 
has motivated studies on the geochemistry and 
dynamics of thermal fluids, the mineralogy of 
sinter deposits, and the description of extremo-
phile bacterial communities (Jones and Renaut, 
1997; Fernandez-Turiel et al., 2005; Phoenix 
et al., 2006; Garcia-Valles et al., 2008; Nicolau 
et al., 2014; Munoz-Saez et al., 2016). Despite 
these advances, the absolute age of the El Tatio 
sinter deposits remains unconstrained, limiting 

our knowledge about the evolution of the geo-
thermal system at depth, the formation of sinter 
deposits on the surface, and the impacts of 
extreme environmental conditions on the rates 
of silica precipitation.

Determining the absolute age of silica sinter 
deposits is challenging. Previous studies have 
attempted to answer this question indirectly, 
either by relating hydrothermal deposits to gla-
cial ages (White et al., 1988) or through estima-
tions of the time that would be necessary to form 
the sinter deposits based on silica precipitation 
rates determined in situ (Nicolau et al., 2014). 
More recent geochronological studies, in con-
trast, have used radiocarbon dating techniques 
(14C) to obtain ages of organic carbon trapped 
within silica, opening new avenues for dating 
sinter deposits (Foley, 2006; Lynne et al., 2008; 
Lynne, 2012; Lowenstern et al., 2016).

In this study, we present 13 radiocarbon ages 
of stratigraphically controlled samples retrieved 
from four well-preserved paleosinter mounds at 
El Tatio. Our results point to a protracted history 
of silica precipitation with some of the oldest 
14C ages reported so far for active geothermal 
fields. Our new radiocarbon ages are integrated 
with field observations and in situ experiments 
to determine the rates of silica precipitation at 
El Tatio, which point to a strong effect of envi-
ronmental conditions on the construction of 
silica sinter deposits in high-altitude geother-
mal systems.

GEOLOGICAL BACKGROUND
El Tatio geyser field is bounded by a north-

east-trending half-graben, which controls the 
orientation of most thermal manifestations 
(Fig. 1). The geyser field comprises extensive 
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paleosinter deposits that precipitated over gla-
cial sediments, and actively forming siliceous 
sinters with surface manifestations includ-
ing thermal springs, fumaroles, geysers, and 
mud pools. Most of the hot springs discharge 
at temperatures close to the boiling point at 
4200 m a.s.l. (~86 °C) and are characterized 
by near-neutral pH and high alkali chloride 
and silica concentrations (Cl >8000 mg/L, Na 
>3500 mg/L, and SiO2 >150 mg/L) (Cusicanqui 
et al., 1975; Cortecci et al., 2005; Munoz-Saez 
et al., 2016).

The climate in this area is characterized by a 
low precipitation rate (<100 mm/yr). The mean 
annual temperature ranges from 8 to 11 °C dur-
ing the day and day-night temperature variation 
often reaches 35°. In winter, the temperature 
can drop below –30 °C at night (Fernandez-
Turiel et al., 2005). Wind direction is predomi-
nantly from the west with speeds between 3.7 
and 7.5 m/s. The mean annual evaporation rate 

at El Tatio is 131.9 mm/month, reaching its 
maximum during December (183.2 mm/month) 
and a minimum during June (72.8 mm/month) 
(Nicolau et al., 2014; Fig. DR7 in the GSA Data 
Repository1).

These extreme environmental conditions 
have conditioned microbial life at El Tatio. 
Microbial communities that usually live in water 
temperatures close to 40 °C thrive under higher-
temperature conditions (>60 °C) due to the high 
thermal gradient resulting from the strong Alti-
plano winds (Phoenix et al., 2006).

SAMPLES AND METHODS
We selected four well-preserved paleosinter 

mounds that represent former outflow zones in 
the upper basin (mounds 404, 502, 429, and 408; 

Fig. 1). We divided each mound from bottom to 
top into regular intervals (Fig. 2), and retrieved 
a 5-cm-thick sample at the base of each inter-
val. The number of intervals in each mound 
depended on the height of the mound and the 
observed textures. The depositional environ-
ments and approximate temperature conditions 
can be inferred for each textural type by compar-
ing the distinct textures preserved in the sampled 
paleosinter mounds with examples from modern 
geothermal settings (Lynne, 2012). The sampled 
mounds show textures that are characteristic of 
high-temperature conditions (60 °C) such as 
geyserite, as well as palisade and laminated tex-
tures that are similar to sinter textures described 
previously at El Tatio and which represent depo-
sition at middle- to low-temperature conditions 
(40–20 °C) (Fig. DR1; Nicolau et al., 2014). 
Detailed examination using polarized light 
microscopy and scanning electron microscopy 
revealed that all of the sinter samples contain 
remnants of filamentous bacteria and plant 
fragments (Figs. DR2 and DR3). Bacteria are 
preserved within the siliceous matrix, which is 
predominantly opal-A (Fig. DR4). Details of the 
methods can be found in the Data Repository.

Two active geysers in the upper basin (sites 
411 and 412) were selected for in situ silica 
precipitation experiments (see the Data Reposi-
tory). At site 411, water is in equilibrium with 
amorphous silica, while at site 412, the geo-
thermal water is undersaturated with respect to 
silica according to the equilibrium equation of 
Gunnarsson and Arnórsson (2000) (Table DR4 
and Fig. DR6; see the Data Repository).

RADIOCARBON AGES
Radiocarbon and calibrated ages are reported 

in Table DR1. The ages of four paleosinter 
mounds comprise a time interval between 
10,840 ± 30 yr B.P. and 230 ± 35 yr B.P. The 
oldest mound (mound 404) formed between 
10,840 ± 30 and 5860 ± 25 yr B.P. and corre-
sponds to a 1.5-m-tall structure with a smooth 
surface. Six intervals were sampled from this 
mound, with geyserite on top (sample 404a) and 
laminated and palisade textures at the bottom 
(samples 404f, 404e, 404d, 404c, and 404b) 
(Fig. 2A; Fig. DR1). Mound 408 has a height 
of 0.8 m, with a geyserite texture at the bottom 
(sample 408b; 7220 ± 45 yr B.P.) and a palisade 
texture at the top (sample 408t; 555 ± 20 yr 
B.P.). Mound 429 is 0.5 m high and has a gentle 
slope. Two layers are identified in this mound, 
with ages from 3720 ± 70 yr B.P. to 2625 ± 20 
yr B.P. Lastly, mound 502 has a height of 2.4 m 
and was divided into three intervals. Radiocar-
bon dating yielded an age range of 2220 ± 15 yr 
B.P. to 230 ± 35 yr B.P. Laminated textures were 
found at the base (sample 502b), and geyserite 
and palisade textures were found in the middle 
(sample 502m) and top (sample 502t) layers, 
respectively (Fig. DR5). Most of the samples 
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Figure 1. A: Location of El Tatio geyser field in Chilean Altiplano. B: Map of El Tatio showing lower, 
middle, and upper basins in satellite image. White areas are silica sinter deposits; light green, 
glacial deposits; orange, ignimbrites. Modified from Munoz-Saez et al. (2018). C: Map of upper 
basin (white rectangle in B). Black lines are roads. Light blue lines are natural water courses. 
Mapping of surface thermal manifestations is overlain on drone image obtained in April 2017.

1GSA Data Repository item 2019113, textures, 
mineralogy, tables, and methods, is available online 
at http://​www​.geosociety​.org​/datarepository​/2019/, or 
on request from editing@​geosociety​.org.
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consist of opal-A, which is present in samples 
younger than 8000 yr B.P. (Fig. DR4; see the 
Data Repository).

SILICA PRECIPITATION RATES
The silica precipitation rate for each layer 

within each mound was determined consider-
ing the thickness and extent of the layer (Table 
DR2). The thickness of each layer was mea-
sured directly from the mound, and the area 
was determined using aerial drone imaging 
(Fig. 2B; see the Data Repository). The pre-
cipitation rate R, in kg/yr/m2, was calculated 

using R
A

t
= *ρ

∆
, where A is the layer thickness 

(m), ρ is density, assumed as 1.8 g/cm3 based 
on previous density measurements in sinters 
(Herdianita et al., 2000; Munoz-Saez et al., 
2016), and Δt is the difference in radiocarbon 
age between two consecutive layers. Silica pre-
cipitation rates were calculated considering a 
continuous precipitation process. In addition, 
the reported rates are considered minimum val-
ues because erosion was not taken into account. 

Calculated silica precipitation rates for the four 
paleosinter mounds are between 0.14 and 2.57 
kg/yr/m2 (Figs. 3 and 4). It is worth noting that 
precipitation rates have varied at a given site 
through time. Mound 404 has varied from 0.1 
to 0.9 kg/yr/m2, and in mound 502, precipita-
tion has varied from 1.4 to 2.5 kg/yr/m2 (Fig. 4). 
Foley (2006) suggested that pulses and pauses 
in silica sinter formation are due to variations in 
discharge rates and feature geometry changes. 
The higher precipitation rates observed in 
mound 502 may be due to either environmental 
changes or intrinsic variations in the hydrother-
mal system at depth.

The experimental precipitation rate varies 
between 0.84 and 2.92 kg/yr/m2 (average 1.86 
kg/yr/m2; Table DR3), in agreement with previ-
ously reported in situ rates of 1.3–3.4 kg/yr/m2 
measured on glass slides (average 2.5 kg/yr/m2; 
Nicolau et al., 2014). Silica precipitation rates 
determined for El Tatio are compared with pub-
lished data for other geothermal systems (Fig. 3; 
see the Data Repository). In El Tatio, precipita-
tion rates are among the highest measured in 

geothermal systems where data are available, 
reaching a maximum value of 3.4 kg/yr/m2 
(average of 2.5 kg/yr/m2; Nicolau et al., 2014), 
corresponding to in situ measurements.

IMPACT OF EXTREME 
ENVIRONMENTAL CONDITIONS

The high silica precipitation rates measured 
at El Tatio raise some fundamental questions 
concerning the behavior of dissolved silica in 
thermal waters that discharge on the surface. It 
is well documented that silica precipitation in 
geothermal fields is strongly controlled by cool-
ing, pH changes, silica concentration, and ionic 
strength (Hinman and Lindstorm, 1996; Guidry 
and Chafetz, 2003, and references therein; 
Tobler and Benning, 2013). However, when 
comparing El Tatio to other systems in New 
Zealand and Iceland, it is noted that factors such 
as pH, temperature, and silica saturation do not 
explain the observed differences in precipitation 
rates. For example, the pH of discharged waters 
in all localities is close to 7, except at Geysir, 
Iceland, where more alkaline values have been 
reported (pH ~8.5) (Tobler et al., 2008). Further-
more, the temperature of the thermal fluids is 
also similar, ranging from 70 to 96 °C. Despite 
these similarities, the silica content of thermal 
waters is the lowest at El Tatio, with an average 
of ~216 ppm SiO2 (Nicolau et al., 2014; this 
study; Table DR4) compared with Champagne 
Pool (New Zealand, ~430 ppm; Handley et al., 
2005), Geysir (Iceland, ~360 ppm; Tobler et al., 
2008), and Yellowstone National Park (west-
ern United States, ~750 ppm; Channing and 
Butler, 2007).

Environmental conditions have been reported 
to exert a critical influence on silica precipitation 
and texture development (Lynne, 2012; Nicolau 
et al., 2014; Campbell et al., 2015; Sanchez-
Yanez et al., 2017; Lynne et al., 2019). Particu-
larly, high evaporation and high cooling rates of 
thermal waters enhance silica precipitation (Hin-
man and Lindstorm, 1996). Complete evapora-
tion has been shown to be seven to eight orders 
of magnitude more efficient than precipitation 
from a supersaturated solution (Boudreau and 
Lynne, 2012; Orange et al., 2013). At El Tatio, 
evaporation is intensified by the high altitude, 
high wind speed, and low atmospheric humid-
ity (Nicolau et al., 2014; Fig. DR7). In addition, 
the cooling rate of thermal waters caused by 
the low air temperature is extreme, and drastic 
variability in temperature gradients along chan-
nels can reach ~30 °C within a square decimeter 
(Dunckel et al., 2009). Furthermore, daily freez-
ing and thawing cycles may also influence silica 
precipitation by causing formation of cryogenic 
opal-A (Fox-Powell et al., 2018). Previous stud-
ies at El Tatio have described microtextures (e.g., 
platelets, microcolumns, and ridges) resulting 
from freezing-thawing processes (Nicolau et al., 
2014). Channing and Butler (2007) reported that 
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during freezing, particles become compressed 
by ice, physically forcing aggregate formation. 
The partial freezing of thermal waters also leads 
to an increase in the concentration of dissolved 
chemical components (such as Si, Na, and Cl) 
in the water, enhancing the silica precipitation 
rate (Fox-Powell et al., 2018).

CONCLUSIONS AND FURTHER 
IMPLICATIONS

Our new ages contribute to a better under-
standing of the geologic history of the El Tatio 
area, pointing to a long-lived geothermal sys-
tem that has been active since at least 10,840 
yr B.P. Hydrothermal activity at El Tatio may 
have begun after the last deglaciation (ca. 20–10 
kyr B.P. in the Chilean Altiplano; Blard et al., 
2014) and continued uninterruptedly throughout 
the Holocene.

Our results show that silica precipitation 
rates at El Tatio estimated from in situ experi-
ments are consistent with silica precipitation 
rates calculated based on radiocarbon data, and 
were most likely enhanced by environmen-
tal factors such as high evaporation rates and 
extreme temperature oscillations. Interestingly, 
our data show some significant secular varia-
tions in the silica precipitation rate at El Tatio. In 
particular, an increase of ~2 kg/yr/m2 is observed 
within a 2.4-m-tall geyser mound in the past 
2000 yr (Fig. 4). These variations may have been 
caused by fluctuations in the concentration of 
silica in the fluids due to changes in the geother-
mal system and/or environmental conditions.

Overall, the results presented here indicate 
that siliceous sinter deposits not only contain 
mineralogical and biogeochemical informa-
tion that record the evolution of a geothermal 

system, but are crucial for reconstructing the 
effects of climate change on silica precipitation, 
and potentially on the development of extremo-
philes on Earth, and possibly Mars.
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