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Abstract
Dynamics of Geyser systems, El Tatio, Atacama
by
Carolina Munoz-Saez
Doctor of Philosophy in Earth and Planetary Science
University of California, Berkeley
Professor Michael Manga, Chair

Geysers are hot springs that periodically or episodically erupt liquid water and vapor.
They are uncommon because they require a combination of abundant water recharge,
magmatism to supply heat and silica, and fractures or cavities to trap rising multiphase
fluids. To better understand the dynamics inside of geyser conduits, interaction between
geysers, properties of the surrounding rock, and the origin of the fluid, we collected data
in the El Tatio geothermal field, Atacama Desert in Chile, during October 2012 and 2014.
We monitored eruption intervals, durations, and discharge through measurements of
pressure and temperature within geyser conduits. At the surface, we collected samples for
petro-physical and geochemical analysis. We identify that geyser systems evolve over
time, including changes in the interval between eruptions, development of new thermal
features, and interactions between geysers. Though geysers erupt with different styles, we
recognize some common features: the conduit recharges with liquid during the quiescent
period, bubbles enter the conduit before eruptions, and eruptions occur when water boils
in the upper part of the conduit. Eruptions are triggered by the episodic addition of steam
coming from depth suggesting that the dynamics of the eruptions are dominated by
geometrical and thermodynamic complexities in the conduit and deeper reservoir. The
depth where heat is added dictates the eruption style: conduits with deeper heat input are
more likely to show pre-play or minor eruptions. Further evidence favoring the
dominance of internal processes in controlling periodicity is also provided by the absence
of responses of the geyser to environmental perturbations (air pressure, temperature and
Earth tides). The thermal features interact by pressure transmission through subsurface
permeable layers, which is consistent with permeability measurements of sinter in the lab.
Sinter closely resembles vesicular volcanic rocks and other material formed by
precipitation in geothermal settings such as travertine. We find that in fresh geyserite
sinter the pore structure, and thus hydrological and geophysical properties, is controlled
by the distribution of microbial matter. The geochemistry of water indicates mixing of
andesitic and meteoric water. Steam separation, and dilution underground occurs as fluids



rise to the surface. Evaporation at the surface seems to affect thermal pools, fountain
geysers, and water in discharge channels.
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CHAPTER 1: INTRODUCTION

Chapter 1 Introduction

Hot springs that episodically erupt steam, liquid water, and non-condensable gases are
called geysers. Geysers are uncommon compared to other non-eruptive hot springs.
Fewer than 1000 geysers have been reported on Earth and most geysers are concentrated
in three geyser fields: Yellowstone National Park (Wyoming, United States), Geyser
Valley (Kamchatka, Russia), and El Tatio (Atacama, Chile). Other two geyser fields
Steam Boat (Nevada, United States) and Taupo (New Zealand) have become extinct due
to the development geothermal energy (Bryan, 1995). A special combination of water
supply, a heat source, and a particular underground geometry of the conduit/reservoir are
required to generate geysers (e.g., White, 1967; Fournier, 1969; Kieffer, 1989;
Ingebritsen and Rojstaczer, 1993, 1996; Kedar et al., 1998; Kiryukhin et al., 2012;
Belousov et al., 2013; Karlstrom et al., 2013; Shteinberg et al., 2013; Vandemeulebrouck
et al., 2013; Namiki et al., 2014; Vandemeulebrouck et al., 2014; Munoz-Saez et al.,
2015ab). The episodic release of fluid, especially steam, from cavities underneath the
conduit may control geyser periodicity (Mackenzie, 1811; Belousov et al., 2013;
Vandemeulebrouck et al., 2013; Adelstein et al., 2014; Munoz-Saez et al., 2015ab). There
is also evidence of geysers interacting with other nearby thermal springs (e.g., Scott,
1992, 1994; Munoz-Saez et al., 2015b), which can be attributed to changes of fluid
pressure (Rojstaczer et al., 2003). Water erupted from geysers has a high content of silica,
which precipitates to form opaline deposits called sinter.

The study of geysers is important because they are diagnostic features of high
temperature reservoirs at depth, and provide information about the underlying geothermal
systems. Eruption processes in geysers are similar to those operating in volcanoes or
hydrothermal eruptions, but are smaller and more frequent; they provide a natural
laboratory to study eruptive phenomena (Kieffer, 1984). Studying properties of modern
sinter rocks around geysers provides measurements than can improve the interpretation of
geophysical surveys and assess fluid transport.

By studying the thermodynamic state and composition of water, and the properties of the
rocks around geysers, we can address some long-standing fundamental questions about
geyser systems:

. What are processes and thermodynamic conditions in the conduit during the entire
cycle? At what depth does the eruption begin? How is heat transported in geyser system?
. Why do so few hot springs erupt as geysers? Why are most geysers concentrated
in few areas? How does geology control the distribution of thermal features?

. What is the geometry of subsurface permeable zones? How does this geometry
affect the eruption process? Are geysers connected through permeable pathways to other
thermal sources? How does this connection affect the eruption cycle? Does sinter play a
role in the circulation of fluid?



CHAPTER 1: INTRODUCTION

. How and why does the geyser cycle evolve over time? How do external
perturbations including earthquakes, atmospheric conditions, and Earth tides affect the
eruption cycle?

. What is the origin of the fluids that erupt? Do geysers and non-eruptive hot spring
have the same reservoir?
. What is the longevity of geothermal systems?

To provide answers to these questions we collected data from El Tatio geyser field in
Chile in 2012 and 2014. This area presents ideal conditions for studying geyser
behaviour: there is a variety of thermal features; more than 200 geothermal features have
been reported including ~80 eruptive features at the local boiling temperature of 86°C
(Glennon and Pfaff, 2003); the recharge of local meteoric water is limited compared to
other geyser around world; and daily variation in atmospheric conditions are large
compared to elsewhere.

We collected data of pressure and temperature inside geyser conduits, and we combine
this data with observations at the surface; we collected rock samples from sinter
structures (cones and terraces) with different relative ages and measure properties in the
laboratory; and we collected measurements of the steam flow and water samples from
different thermal features. The data analysis and interpretation are presented in four main
chapters:

. Chapter 2: We analysed data from a regular geyser with a regular cycle in order to
understand the response to environmental forcing and thermodynamics within the geyser
conduit.

. Chapter 3: We analysed the evolution of the eruption’s characteristics over time
and the interaction between hot springs and geysers.
. Chapter 4: We analysed hydraulic and physical properties of the rock samples to

better understand modern sinter, interpret geophysical surveys, and controls on the
transport of fluids.

. Chapter 5: We analyzed the geochemistry of the water in the entire basin to
develop a regional understanding of the source of fluids, differences between thermal
sources, processes affecting fluids as they ascend to the surface, and assess the mass
balance and energy balance of the geothermal basin.

Finally, in chapter 6 the results and conclusions from each chapter are summarized and
recommendations for future research are provided.
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Chapter 2 Dynamics within geyser conduits, and
sensitivity to environmental perturbations:
Insights from a periodic geyser in the El Tatio

geyser field, Atacama Desert, Chile

The following chapter includes work previously published in:

Munoz-Saez, C., Manga, M., Hurwitz, S., Rudolph, M.L., Namiki, A. and Wang, C.Y.,
2015. Dynamics within geyser conduits, and sensitivity to environmental perturbations:
Insights from a periodic geyser in the El Tatio geyser field, Atacama Desert, Chile.
Journal of Volcanology and Geothermal Research, 292, pp.41-55.

2.1 Abstract

Despite more than 200 years of scientific study, the internal dynamics of geyser
systems remain poorly characterized. As a consequence, there remain fundamental
questions about what processes initiate and terminate eruptions, and where eruptions
begin. Over a one-week period in October 2012, we collected down-hole measurements
of pressure and temperature in the conduit of an exceptionally regular geyser (132
s/cycle) located in the Chilean desert. We identified four stages in the geyser cycle: (1)
recharge of water into the conduit after an eruption, driven by the pressure difference
between water in the conduit and in a deeper reservoir; (2) a pre-eruptive stage that
follows the recharge and is dominated by addition of steam from below; (3) the eruption,
which occurs by rapid boiling of a large mass of water at the top of the water column, and
decompression that propagates boiling conditions downward; (4) a relaxation stage
during which pressure and temperature decrease until conditions preceding the recharge
stage are restored. Eruptions are triggered by the episodic addition of steam coming from
depth, suggesting that the dynamics of the eruptions are dominated by geometrical and
thermodynamic complexities in the conduit and reservoir. Further evidence favoring the
dominance of internal processes in controlling periodicity is also provided by the absence
of responses of the geyser to environmental perturbations (air pressure, temperature and
probably also Earth tides).

2.2 Introduction

Geysers are springs that produce discrete eruptions of steam, liquid water, and
non-condensable gases. Their eruptions are smaller and typically more frequent than

3
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volcanoes and hydrothermal eruptions, providing a natural laboratory to study eruptive
processes (Kieffer, 1984). Geysers are uncommon; less than 1,000 have been described
worldwide, and this number is decreasing due to geothermal energy development (Bryan,
1995). Special conditions are needed for their formation: a supply of water, a source of
heat, and a particular system of fractures and/or porous rocks to permit episodic discharge
(e.g., White, 1967; Fournier, 1969; Kieffer, 1989; Ingebritsen and Rojstaczer, 1993,
1996; Kedar et al, 1998; Kiryukhin et al., 2012; Belousov et al., 2013;
Vandemeulebrouck et al., 2013; Karlstrom et al., 2013; Shteinberg et al., 2013; Namiki et
al., 2014; Vandemeulebrouck et al., 2014).

There are several open questions about processes and conditions before, during
and after the eruption: how is heat transported to and within the geyser system? Do
eruptions begin in a conduit as observed in some laboratory experiments (Adelstein et al.,
2014)?, or in a deeper reservoir as proposed from limited observations in natural systems
(Belousov et al., 2013; Vandemeulebrouck et al., 2013) and experiments (Steinberg et al.,
1982)? What is the geometry of subsurface fractures and how do they affect the eruption
process? Previous studies of natural geysers provide at least partial answers to these
questions. Some observations indicate that prior to an eruption, temperature in the water
column is below boiling, and the boiling is caused by ascent-driven decompression (e.g.,
Bunsen 1847, Fukutomi, 1942ab; Kieffer, 1984). Conversely, some studies in
Yellowstone National Park (USA) suggested that intermittent injection of superheated
water leads to eruption (Rinehart, 1972,1980), assuming hydrostatic conditions and that
the depth of the measurements (23 m) was accurate. White (1967) proposed that
eruptions begin with the discharge of water below the boiling temperature (Tpoil),
progress to a liquid-dominated fountain that becomes steam-rich, and end with a
quiescent phase. Seismic observations suggest that steam bubbles are crucial in
transferring heat to water in the conduit and in driving the eruption (Kieffer, 1984, 1989).
Underground cavities at some geysers may create a “bubble trap” that allows for the
accumulation of a two-phase fluid (liquid+steam) in the system and the episodic release
of this fluid (Mackenzie, 1811, Belousov et al., 2013, Vandemeulebrouck et al., 2013,
2014, Adelstein et al., 2014).

The response of geyser eruptions to external influences provides additional insight
into how they work. Some geysers in Yellowstone respond to local and remote
earthquakes (Marler, 1964; Rinehart and Murphy, 1969; Marler and White, 1975;
Hutchinson, 1985; Husen et al., 2004ab; Manga and Brodsky, 2006; Hurwitz et al.,
2014). The responses of geysers to non-seismic strain (Earth tides, barometric pressure),
and weather (atmospheric temperature, rainfall and wind) vary between geysers (e.g.,
Rinehart, 1972; White and Marler, 1972; Rojstaczer et al., 2003; Hurwitz et al., 2008;
Hurwitz et al., 2012; Hurwitz et al., 2014).

Most data used to study geysers comes from observations made at the surface.
Data on processes in the subsurface of geysers are limited due to the complexity of taking
measurements in situ. Active and passive field experiments inside conduits have been
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performed at Yellowstone National Park (Birch and Kennedy, 1972, Rinehart, 1972;
Hutchinson et al., 1997; Kedar et al., 1998), and Kamchatka (Belousov et al., 2013;
Shteinberg et al., 2013). Data from these experiments provided a better understanding of
conduit geometry (Hutchinson et al., 1997; Belousov et al., 2013), thermodynamic
conditions (Kedar et al., 1998, Hutchinson et al., 1997), and recharge processes
(Shteinberg et al., 2013).

We obtained continuous time series of pressure and temperature inside the conduit
of a geyser located in El Tatio, northern Chile (Figure 2.1a). This geyser does not have
an official name, so we nicknamed it “El Jefe” (Figure 2.1b,c) and use this name
throughout the manuscript. This geyser corresponds to feature T35 described in Glennon
and Pfaff (2003) as one of the more significant and periodic geysers in the basin. One
unusual aspect of the El Tatio geysers is that they are located in the middle of a very dry
area, the Atacama Desert, in contrast to other geyser fields in the world (Yellowstone
National Park, Kamchatka, Iceland, and New Zealand). The marked daily variation in air
pressure and temperature, very high evaporation rates, and the limited meteoric water
recharge, make El Tatio’s geysers ideal for examining the sensitivity of multiphase
systems to external perturbations. A better understanding of ‘“cause and effect”
relationship between external conditions and geyser cycle may help to constrain and
quantify the processes governing the eruptions.

Down-hole measurements of pressure and temperature from 3,531 eruptions of El
Jefe Geyser during one week in October 2012 provide an extensive record of
thermodynamic conditions during the entire geyser cycle. We combined these data with
measurements at the surface to: 1) examine the geyser’s response to environmental
forcing, and; 2) better understand the thermodynamics within the geyser conduit.

We begin with a description of the study area. Then, we describe the field
measurements and instruments, followed by a compilation of observations and results.
We end with an interpretation of the measurements and evaluate proposed hypotheses for
the mechanisms leading to geyser eruptions.

2.3 El Tatio geyser field

The El Tatio geyser field contains more than 80 active geysers (Glennon and Pfaff,
2003). It is located in northern Chile at an elevation of 4,200 to 4,300 m. The field is
situated among Holocene andesitic stratovolcanoes, which provide the heat for the
geothermal system, but there are no historical eruptions (Lahsen, 1976ab). Thermal
manifestations develop in the hanging wall of a NS trending half-graben (Figure 2.1a),
that is filled with ~ 1000 m of sub-horizontal ignimbrites, tuffs and lavas, and covered by
Holocene alluvial and glacial deposits (Healy, 1974; Lahsen and Trujillo, 1975).
According to the distribution of the geothermal features, the field is divided into a Lower,
Middle and Upper Basin (Glennon and Pfaff, 2003) (Figure 2.1a). Data from geothermal
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wells suggest that the permeability is dominated by open fractures in the ignimbrite
layers (Cusicanqui et al, 1975, 1976). The maximum temperature measured at the bottom
of a 600 m deep geothermal well was 253°C (Lahsen and Trujillo, 1976).

At El Tatio in October 2012, we measured the average daily air temperature and
pressure, which vary between approximately -5°C to 20°C and 6.07x10" to 6.10x10" Pa,
respectively,. The boiling temperature (Tyoi1) of pure water at these air pressures ranges
between 86.2 and 86.4°C (http://webbook.nist.gov/chemistry/fluid/). Evaporation is
extremely high, leading to rapid silica deposition (Nicolau et al., 2014).

Most water feeding the geyser field is recharged in the Bolivian Altiplano, 15 to 20
km to the east (Lahsen, 1976; Cusicanqui et al., 1976; Giggenbach, 1978; Munoz and
Hamsa, 1993; Cortecci et al., 2005). Discharged thermal waters at the El Tatio area have
a pH of 6 to 8, and a conductivity of ~20 mS/cm. Most discharged waters have high
concentrations of C1” (6000 to 8000 mg/1), Na™ (>3500 mg/1), SiO, (>220 mg/l), and As>
(>30 mg/l), and low SO* (<50 mg/l), (e.g., Cusicanqui et al., 1976; Fernandez-Turiel et
al., 2005; Landrum et al., 2009; Cortecci et al., 2005 ; Tassi et al., 2010 ; Nicolau et al.,
2014). Chemical and isotopic characteristics of thermal waters indicate complex mixing
between magmatic, meteoric and hydrothermal sources (Cusicanqui et al., 1975;
Giggenbach, 1978; Tassi et al., 2005; Tassi et al., 2010).

2.4 Instrumentation and measurements

Between October 20 and 27, 2012, we deployed a set of instruments at the surface
and within the conduit of “El Jefe” geyser (Figure 2.1 b,c). To synchronize instruments
we used a GPS clock (GlobalSat BU-353 USB GPS Receiver) connected to the computer
(HP mini 1000) that started the temperature data loggers.

At the surface, we recorded daytime eruptions simultaneously with a video camera
(GoPro, ~30 frames per second) and an infrared video camera (FLIR model A320, ~15
frames per second) for 50 minutes on October 20, 2012. To detect eruptions throughout
the experiment, one thermocouple was placed at the geyser “mouth” (top of the geyser
conduit at the ground surface) and a second thermocouple was placed 30 cm above the
ground surface. Sensors were attached to a rigid steel rod so that they would not move
during eruptions. These pre-calibrated type K thermocouples recorded temperature every
1 second and were in contact with water only during the eruption; between eruptions they
recorded air temperature. QuadTemp 2000 four channel temperature recorders were used
to collect all temperature measurements. Air pressure (P,i;) was measured every 10 min
with a barometer (Setra Model 278).

To measure discharge of the erupted water we placed a rectangular wooden flume
(length 65 cm, width 15 cm, height 10 cm) in the wide outflow channel of the geyser.
Water discharge was calculated by measuring the velocity of floating objects along the
flume using a video camera (videos in electronic supplementary material Munoz-Saez et
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al., 2015a), and water level in the flume with a ruler. We made measurements during 6
consecutive geyser cycles. Image analysis obtained from the videos was used to estimate
the average discharge. Visual observations suggested that the flume captured only ~ 40-
60 % of erupted water, with the rest of the water flowing from the pool at the surface
back into the conduit. We were unable to better quantify the fate of erupted water.

A GoPro video camera in a custom-built waterproof and insulated housing was
lowered into the upper part of the conduit (up to ~0.5 m depth) for one complete geyser
cycle to obtain visual images of the conduit geometry and the level of the water during
the cycle (videos in electronic supplementary material). However, we observed only the
upper conduit (depth up to ~0.7 to 0.8 m) because of the diminution of conduit diameter
at depth, and lack of light. We were able to introduce a rigid measuring stick 1.52 cm
below the surface.

Inside the conduit, we deployed six pre-calibrated type K thermocouples spaced 30
cm apart, between the conduit mouth and the bottom of the accessible conduit at a depth
of 1.5 m (Figure 2.2). Temperature was measured every 1 second. The error in the
temperature measurements is less than 1.1 °C
(http://www.omega.com/thermocouples.html). We attached three absolute pressure
transducers mounted in watertight housings (Honeywell models 19C050PA4K and
19C030PA4K) to a rigid metal rod and located them adjacent to the three deeper
temperature sensors at 0.9 m, 1.2 m and 1.5 m below the surface (Figure 2.2).
Measurements were collected at a frequency of 100 Hz with a 24-bit Nanometrics Taurus
logger. The data logger had an internal GPS clock to synchronize the measurements. The
transducers were calibrated in the laboratory under conditions resembling the down-hole
pressures and temperatures at El Jefe. We measured the ground deformation using a

surface tiltmeter with a calibrated resolution of 0.23 urad/mV (Applied Geomechanics
Inc. Surface Mount Tiltmeter Model No. 701-2), at a frequency of 2 Hz from October 20
to 22, 2012. The tiltimeter was located 5 m to the East of the vent. We removed the long-
term fluctuations with periods greater than the geyser cycle by using a high pass filter
>2x10° Hz. We used data only at restricted time periods (October 20th, 22:00-24:00,
October 21% 23:00-24:00, October 2nd 00:00-01:00, 04:00-05:00, UTC time) during
which the amplitude of noise was relatively small. Even during these short periods the
signals were noisy, and we only used data when the maximum tilt within three eruptions
was smaller than 10 urad.

2.5 Data analysis and results

2.5.1 Pressure and temperature time series and the interval between eruptions
(IBE)

The evolution of both pressure and temperature in the conduit are very repeatable
between eruptions (Figure 2.3a). We calculated the interval between eruptions (IBE) for
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every geyser cycle using pressure and temperature measurements. To understand the
temporal evolution of a single cycle, we compare time series and video observations of
the fountain at the surface. We established seven reference points in time (Figure 2.3a;
green stars numbered 1 to 7), which identify different key stages in the eruption.
. Point 1 indicates the beginning of the geyser cycle; it is coincident with the
minimum water pressure inside the conduit. After this point, pressure increases while the
conduit refills.
. Point 2 shows the beginning of a rapid pressure increase, before an eruption.
4 Point 3 indicates a sudden increase in pressure and temperature. The beginning of
fountaining occurs between points 3 and 4.
4 Point 4 indicates the maximum pressure in the conduit; after this point, pressure
decreases at an approximately constant rate.
. Point 5 indicates the maximum water temperature; after this point, temperature
decreases at an approximately constant rate.
. At Point 6 the rate of pressure decrease changes, and corresponds to the end of
fountaining at the surface.
. Point 7 identifies an increase in the rate of pressure decrease, and the end of the
geyser cycle.

During the week of measurements, the mean interval between the 3,531 eruptions
(IBE) was 132.2 + 2.4 s (Figure 2.3b-d): the eruption itself (points 3 to 7) lasted 51.9 +
2.5 s, and the quiescent period (including the time from points 1 to 3 and from 7 to 1) was
80.3 & 3.0 s. Uncertainties shown here and elsewhere are one standard deviation.

In the next sections, we summarize the observations, beginning at the surface and
moving progressively downward in the conduit.

2.5.2 Surface measurements

1.1.1.1.  Geometry of the conduit

The sinter-lined conduit is located in the center of a small depression. The
diameter of the conduit opening at the surface is 0.25 m to 0.30 m (the geyser’s “mouth”
— Figure 2.2b). The conduit remains approximately cylindrical to a depth of 0.8 m, below
which it narrows. Because we could insert a metal rod to depths of 1.52 m, at greater
depth the conduit either has a constriction with a diameter less than ~2 cm, or it bends
(Figure 2.2). Fissures and other cavities of unknown dimensions intersect the conduit
(Figure 2.2c). Video observations inside the conduit suggest that during the quiescent
period the conduit is partially full of water with the minimum water level (air-water
interface) at ~0.75 to 0.8 m of depth. The depth of air-water interface varied during the

geyser cycle; it increases by ~0.25 m during the quiescent period.
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1.1.1.2.  Environmental perturbations

Figure 2.4 shows the power spectra for water pressure and temperature inside the
geyser, air temperature and pressure, and Earth tides. At high frequencies we recognized
a strong and sharp peak in water pressure and temperature, which corresponds to the IBE
(Figure 2.4a). At lower frequencies we identify the daily signals of barometric pressure,
atmospheric temperature and tides. The phase and amplitude of solid Earth tides were
calculated theoretically by the SPOTL software package (Agnew, 2012).

1.1.1.3.  Temperature measurements above the ground surface

We overlapped the time series of temperature above the ground surface (for 2
eruptions) with the infrared video (FLIR) recording. We observed the eruptions of hot
water at the surface for only ~35 seconds (Figure 2.5, points 3 to 6), while at depth the
water stays hot for longer (Figure 2.5, point 3 to 7). The maximum water ejection height
(2 m) observed in the FLIR images coincided with the highest temperature measured by
the thermocouple at the ground surface (~83°C), which remained almost constant during
the eruption, a few degrees below Ty, due to cooling in the atmosphere (Figure 2.5,
points 4 to 5). At the end of the eruption (Figure 2.5, between points 5 and 6), the
temperature at the surface sensor decreased rapidly, recording air temperature.

1.1.1.4.  Discharge measurements

From discharge measurements we obtained an average volumetric flow rate of
1.9x10” m*/s during the eruption, corresponding to a mass flow rate of 1.8 kg/s (using a
hot water density of 970 kg/m’). The water flowed through the flume for ~35 s (the
duration eruptions at surface). The measured discharge is a lower bound on the erupted
volume since we estimated visually that 40-60% of the water flows back into the geyser
rather than flowing through the flume. There are holes in the ground close to the vent that
also drained water back to the conduit (videos in electronic supplementary material,
Munoz-Saez et al., 2015a). The volume measured flowing through the flume is still
probably representative of the average net mass discharge from the system. Given the
calculated mass flow rate, the net erupted mass is 66 kg. As this value is perhaps <60 %
of the total amount of water erupted, we expect that total mass erupted is >110 kg per
cycle. The mean net mass flow rate for a geyser cycle is 0.83 kg/s (total erupted mass
divided by IBE).
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1.1.1.5.  Ground deformation

Figure 2.6a shows water pressure in the conduit, and Figures 2.6b and ¢ show the
corresponding tilt of the ground surface. We stacked tilt data of ~130 eruptions and
calculated the average shown by black curves in Figures 2.6a and 2.6b. Both tilt vectors
indicate that eruptions produce measurable ground deformation. Figure 2.6b shows a
small tilt increase during the resting time and a large increase during the eruption,
followed by a decrease at the end of eruption. Figure 2.6¢ for the tangential direction
shows an increase of the tilt during the quiescent time; but it does not show a signal at the
beginning of the eruption. We cannot exclude the possibility that the temporal tilt pattern
could be a result of water ponding in the pool during the eruption rather than subsurface
sources of pressure changes.

2.5.3 Measurements in the conduit

Because the temperature and pressure waveforms of all the eruptions are very
similar (Figures 2.2 and 2.3), we stacked the waveforms of all 3,531 eruptions and
calculated the average value of temperature and pressure throughout an ‘“average”
eruption (Figures 2.7 and 2.8).

We define the upper conduit as the part of the conduit without water during
quiescent period, from the surface to the air-water interface right before an eruption (~0.6
m from surface). Once water at the air-water interface reaches Tyoi (Figure 2.7¢, points 3
to 4) the eruption starts, and boiling water moves rapidly upward through the conduit,
reaching the upper sensors in the conduit (Figure 2.7ab, points 3 to 4), and the surface
(Figure 2.5, points 3 to 4). After the ~35 second duration of the eruption (Figure 2.7ab
points 3 to 5), temperature decreases continuously as the water level decreases.

The temperature at the top of the water column remains constant at Tyoii for ~45
seconds (Figure 2.7¢c, points 3 to 7). Subsequently, the temperature drops ~15 °C as
cooled erupted water from the surface, and air enter into the conduit (Figure 2.7c, points
7 to 1, video in electronic supplementary material, Munoz-Saez et al., 2015a). The high
concentration of dissolved ions in the water does not increase the boiling point
significantly (<0.15°C for concentrations of 8 g/l of NaCl dissolved in water).

We define the lower conduit as the part of the conduit below the air-water interface
before the eruption, to a depth of 1.52 m. We observe that before the eruption (points 1 to
3), the temperature of the water is almost constant at all depths, close to Thoi.
Temperature in the lower conduit then increases (Figure 2.8, from points 3 to 5) once the
geyser is erupting at the surface (Figures 2.5 and 2.7). Pressures at depths of 0.9 m and
1.2 m reach maximum values (Figures 2.8ab) during the first half of the surface eruption
(Figures 2.5 and 2.7, from points 3 to 4). However, at a depth of 1.5 m, pressure between
points 3 to 4 is almost constant, with a slightly noticeable maximum between these

10
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points. Temperature increases 3+1°C. The very small change in pressure, and comparably
larger change in temperature between points 3 and 4, suggest that heat is added, but with
little additional mass.

Pressure decreases from points 4 to 7 (Figure 2.8abc), and temperature continues
to increase until point 5. Water at a depth of 0.9 m reaches boiling conditions at point 5
(Figure 2.8a). Small changes in temperature and a large decrease in pressure around point
5 are consistent with adiabatic decompression of water in the conduit. Water at the
deepest sensors reaches boiling conditions close to point 6 (Figure 2.8bc), suggesting a
downward propagation of the boiling front into the conduit (Figure 2.5, 2.7, and 2.8). Ata
depth of 0.9 m, boiling conditions (Figure 2.8a, points 5 to 7) are maintained beyond the
end of the eruption at the surface (Figures 2.5 and 2.7, point 2.6).

Figure 2.8 shows that from points 6 to 7, changes in pressure are small; the

pressures at 0.9 m and 1.2 m decrease slightly but at a depth of 1.5 m pressure increases
slightly. The temperature shows a marked decrease of about 1°C at all sensors, suggesting
heat loss or exchange with cooler water. After that, pressure and temperature from points
7 to 1 decrease and remain close to the boiling curve until the system returns to the initial
conditions (close to Tyoi).
Fluctuations in pressure from points 3 to 7 (Figure 2.3, 2.6, and 2.8) are coincident with
Thoil at a depth of 0.6 m (Figure 2.7c). Considering the uncertainties in the temperature,
there is no clear evidence of superheated fluid; if superheated fluid is present (points that
are to the right of the boiling curve in Figure 2.8), superheating is not sustained in time.

2.6 Discussion

2.6.1 Modulation of the IBE

An important observation made at El Jefe was the consistent timing and evolution
of the eruptions (at least within the week of measurements) despite the fact that a large
amount of the erupted water cools at the surface and recharges the geyser system.
Lengthening of geyser IBE, as a result of decreases in the air temperature, has been
reported in pool geysers (Hurwitz et al., 2014, Merzhanov et al., 1990). This lengthening
occurs because the large surface area of pool geysers enhances heat loss to the
surroundings; thus, IBE increases as air temperature decreases and wind speed increases
(Hurwitz et al., 2014). The extremely regular IBE and very weak correlation between the
IBE and air temperature (r*= 0.01) suggest that there is no significant influence of air
temperature on the geyser cycle. The constant value of IBE also implies that large
variations in wind speed and hence evaporation (which we did not measure) may have
negligible influence.

Stresses induced by barometric pressure changes (3 x10”Pa) and solid Earth tides
(10° Pa) can potentially produce poroelastic perturbations in the conduit and/or reservoir
that interfere with bubble nucleation and growth, or change permeability, hence changing

11
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the time to reach critical conditions for an eruption (Hutchinson et al., 1997;
Vandemeulebrouck et al., 2013). Although one week of data may not be enough to
establish a clear correlation, El Jefe Geyser does not show variation of the IBE related to
external stress changes, consistent with measurements at geysers at Yellowstone (Hurwitz
et al., 2014; White and Marler, 1972; Rojstaczer et al., 2003). Pressure perturbations
greater than 3 x10° Pa may thus be required to affect the IBE of El Jefe.

The regularity of El Jefe’s IBE and the weak modulation of its IBE by external
conditions suggest that the behavior of some geysers is dominated by internal processes
(Bloss and Barth, 1949; Marler, 1951; Rojstaczer et al., 2003; Hurwitz et al, 2014). The
geometry and thermodynamic state of the reservoir and/or deeper conduit must dominate
the periodicity of El Jefe geyser. The insensitivity to changes in ambient temperature
implies that the erupted volume is smaller than the subsurface reservoir, or the amount of
cooled water that flows back into the conduit is not significant compared with hotter
water coming from below.

2.6.2 Duration of the eruption and the quiescent period

Steinberg et al. (1982) and Shteinberg (1999) developed a model to explain a
relationship between the quiescent period and the duration of the previous eruption in
which heat and water are provided by two sources: a cold reservoir with recharge
controlled by pressure in the conduit, and a hot reservoir with a constant recharge to the
system. A longer eruption would remove more heat and mass from the system, and thus
the time needed for the next eruption would increase. In contrast, IBE shows no real
variation, and we observed that the duration of an eruption and its subsequent quiescent
period have a weak negative relationship (Figure 2.9, a), though the correlation
coefficient is small and the distribution is nearly uniform (Figure 2.3b-d). The length of
quiescent period before the eruption and the IBE are unrelated with the eruption duration
(Figure 2.9: b, ¢). Temperature data do not indicate that accumulating heat is transferred
to the near-surface conduit during the quiescent period, but rather, temperature is almost
constant, suggesting that a single reservoir dominates recharge to the conduit. The
addition of heat occurs at the end of recharge, which we attribute to steam coming from
below over a short time interval, not at a constant rate.

2.6.3 Eruption stages

We apply idealized models to interpret pressure and temperature measurements,
with the objective of constraining or inferring key processes and properties: the recharge
from the reservoir into the conduit; hydrogeologic parameters of the conduit; steam mass
fraction before and during the eruption; sound speed; and the possibility of choked flow
at the vent.

Previous authors (e.g., Kieffer, 1984; Karlstrom et al., 2013, Namiki et al., 2014;
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Adelstein et al., 2014) described a preparation stage preceding major eruptions called
“pre-play”, which is characterized by pulses of liquid and/or steam discharge. At El Jefe
we also document a preparatory phase in the form of the oscillations preceding every
eruption, but without surface discharge.

1.1.1.6.  Recharge of the conduit

During the quiescent period, water level changes by ~0.25 m. The equivalent radius
of a cylinder with volume >110 liters (our estimate of erupted volume) is >0.38 m,
greater than the dimensions seen by the video camera (r < 0.15 m), implying that cavities
and fractures imaged by the video camera that intersect the conduit (Figure 2.2) contain
water that erupts.

Estimated mean net mass flow of 0.83 kg/s for El Jefe is similar to the estimate of
0.68 kg/s made at Old Faithful Geyser of Calistoga, California, USA (Rudolph et al.,
2012). The mass flow rate is smaller than at Lone Star geyser in Yellowstone National
Park, 1.9 kg/s (Karlstrom et al., 2013), and Old Faithful, 7.0 - 8.3 kg/s, using a measured
discharge of 38 - 45 m’ (Allen and Day, 1935).

We define the beginning of each cycle by the initiation of recharge of the conduit
as documented by an increase in pressure (points 1 to 3). The rate of pressure increase
decays exponentially during most of the refilling period (Figure 2.11d) and it is similar to
models and measurements at other geysers (e.g., Steinberg et al., 1982; Kedar et al.,
1998; Rudolph et al., 2012; Shteinberg et al., 2013). The water level in the conduit Z_(t),
increases from the initial value Z, owing to the recharge of water. Taking the base of the
conduit as a reference, the total water level Z(t) increases (Figure 2.10) as

Zt)=Z2.t) +Z, . (1)

The mass flow rate during the recharge of the conduit G(t), assuming a constant
water density (p) and a constant cross section of the conduit (S), changes the water level
(Figure 2.10):
dz(t)

dt

G(6) = pS @)

Even though we observe that the conduit width varies with depth, we assume that it
is constant to simplify the equations.

Total pressure inside the conduit during the recharge, P(t), can be determined
assuming that it is close to hydrostatic conditions, i.e., P(Z,t) = pgZ (t), with g being
the gravitational acceleration.

Following previous approaches (Steinberg et al., 1982; Kedar et al., 1998; Rudolph
et al., 2012; Shteinberg et al., 2013), we assume that recharge G(t) into the conduit is
linearly proportional to the pressure difference between the reservoir (P,) and the
conduit (Figure 2.9),

G(t) = —a(P(t) —Py). 3)
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This expression is analogous to Darcy’s law if we neglect pressure diffusion in the system
providing the recharge. By analogy to Darcy’s law, the constant of proportionality, a,
depends on the hydraulic conductivity K, the distance L to the reservoir, and the surface
area, 4, over which recharge occurs. Here, A4 is again assumed to be constant, and not
dependent on water level. The constant o in equation (3) can be related to equivalent
quantities in previous models (Steinberg et al., 1982; Kedar et al., 1998, Rudolph et al.,
2012): o0 = dsteinberg = SP/ OKedar = ORudoph/P)-

From equations (2) and (3), we obtain

G)El=-aPr®-P). @
Integrating, and applying the initial condition P, att=0
—tag

P() =P, +(Py—P)(e s ) . (5)

The pressure measured at the sensor Py, (t) is related to the total pressure by
Psen(t) = P(t) - PO_in (6)
where Py ;,, is the difference of hydrostatic pressure between the reservoir and the sensor
(Figure 2.10)
—ta,
Psen(t) = (Poo - PO_in) - (Poo_PO)(eTg . (7)
Fitting the data from the sensor located at a depth of 1.5 m with equation (7), from points
1 to 2, we obtain

(Po — Py,,,) = 6.97 x10* + 4x10? Pa (8)
(Py — Py) = 2.10x103 + 2 x102 Pa 9)
S =43.00 +4s (10)
ag

Considering that Py = Py ge, + Po i, from (8) and (9) we obtain
Py gen = 6.76 x10* + 1x10% Pa (11)

The reasonable fit between the observed and modeled pressure suggest that recharge
is dominated by the water level in the conduit. However, toward the end of recharge
(Figure 2.11, points 2 to 3), the rate of pressure increase is greater than predicted by the
model and deviates from the exponential fit. This misfit may be the result of the decrease
in diameter of the upper conduit. Additionally, we calculated the exponential fit between
points 2 and 3. Using equation 10, the new fitting (considering the same ag), we infer
that the surface area between points 1 and 2 is 4.5 times greater than the surface area
between points 2 and 3. By the end of the recharge period, water reaches the upper
conduit where the radius was ~0.15 m, whereas the lower conduit is estimated to be
~0.32 m. From the total erupted volume, the equivalent radius was estimated to be
~0.38m. Assuming S for a conduit of constant radius (» ~ 0.38 m) (Figure 2.10), from
equation (10) we calculate
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a =3.40 x 10~ L(12)

If we treat the rock around the conduit as a porous medium, the volumetric flow
Q(t) is given by

Q)= -KZZW® - Z) . (13)
Then, equation (4) is written as
Q) = —ga(Z(t) — Zo) (14)
=50 o

We can estimate the ratio % as a function of permeability, &£ = Ku/pg. If the
recharging system has & >10" mz,%< 0.1 m (using a viscosity of 0.335 x 107 Pas at

Thoil), Which implies a thin and long fracture. If £ <10 m2, % > 12 m, and a much thicker

region provides recharge.

Previous models considering two sources of water suggested that hot water from
below provides a constant heat input (Steinberg 1982; Kedar et al., 1998). Those models
predict an exponential increase of temperature in the conduit during the recharge. To test
those models, we consider a constant heat input H(t) of liquid water coming from below

M .
t(t), where M is the mass

with mass flow rate in the conduit G =

H@®) =Cp G(&) (T(6) = Tp)  (16)
If the initial temperature (T) is constant
H(t)
G(t)Cp

T(t) = T, + (17)

—tog

From equations (3) and (7) we obtain the total mass flow G(t) = Gy(e s ), and with
H(t) =H,

T() = T, + T 8)

Fitting an exponential curve to the temperature data (Figure 2.11e):

=0.014 + 0.003°C  (19)

— e s
(GoCp)

H
(GoCp)

2-20452s  .(20)

ag
The constant given in equation (20) is different from the equivalent one obtained from
pressure data in equation (10). Temperature at a depth of 1.5 m is nearly constant, and
increases only towards the end of the recharge period (Figure 2.11c¢). It is this increase
that drives the fit in equation (18). We propose next that the discrepancy between the two
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values implies that heat input is not constant, and that there is an additional source of heat
provided by steam during the later stages of recharge.

1.1.1.7.  Pre-eruptive pressure signal

The pressure difference between the sensors at 0.9 and 1.2 m between the
beginning (point 1) and the end of the recharge period (point 3) decreases by 2.5 x10* Pa.
This decrease implies that some liquid water is replaced by steam. Assuming that initially
the conduit had only liquid water with a density of ~970 kg/m’, by the end of recharge
the density decrease is ~80 kg/m’. This value would arise if ~ 8 volume % of the liquid is
replaced by vapor, equivalent to a steam mass fraction of ~ 5x107.

We observe a water pressure signal with a period of 1 to 2 s during a geyser cycle
(Figure 2.12). One possible source of such periodic signals is resonance within the geyser
conduit. Periodic signals were documented at other geysers (e.g. Kieffer, 1984; Lu and
Kieffer, 2009) and seismic tremor is widely documented at magmatic volcanoes (e.g.,
Chouet, 1992; Johnson and Ripepe, 2011; Denlinger and Moran, 2014).

Resonance and damping of the perturbations are controlled by the geometry of the
conduit, and the sound speed in the fluid U. In a pipe closed at one end, resonant
frequencies fof a water column with height Z are (e.g., Kinsler et al., 1982)

nu
=22, @

where 7 is the mode (odd integer values, with n=1 being the fundamental mode and
higher values being overtones), and we assume U constant. The equilibrium sound speed
of water+steam mixtures with a vapor mass fraction of 5x10” is U~l m/s (the non-
equilibrium sound speed is >40 m/s; Karlstrom et al., 2013). The fundamental mode for a
water column height of 0.85 m (approximate water level from the bottom of the conduit
before eruption) is then ~3.4 s (0.3 Hz). Our estimate is highly uncertain (the mass steam
fraction is uncertain and is not likely to be uniform inside the conduit), and the value only
differs by a factor of 2 to 3 from the 0.5 to 1 Hz signal that we see. We do not favor a
resonance origin, however, because we do not see any overtones, nor any frequency
gliding that might arise from temporal changes in steam mass fraction or water depth.
Kedar et al. (1998) did not find evidence for conduit resonance at Old Faithful,
Yellowstone either.

A second possible source of the oscillations is bubbles of steam or warm water
entering the conduit from below every 1-2 s. Cross-correlation of the pressure
measurements (Figure 2.13) shows no time lag suggesting that all sensors are recording
oscillations in the height of the water column. Several models of geysers describe
“bubble traps” or cavities at depth, which are connected to the conduit and allow steam to
accumulate and then be released into the geyser conduit (Mackenzie, 1811, Hutchinson et
al., 1997; Belousov et al., 2013; Vandemeulebrouck et al., 2013; Adelstein et al., 2014).
El Jefe’s upper conduit ends at depth in a narrow crack, which may be connected to a
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similar bubble trap. A slug of steam passing through the crack can increase the water
level in the conduit (Kedar et al., 1998). Increasing the elevation of the water column by
injecting steam may explain the faster increase in pressure at the end of the recharge, ~ 10
s before the eruption (Figure 2.11d). We visually observed a rapid increase of water level
seconds before the eruption begins (down-hole video: electronic supplementary material
Munoz-Saez et al., 2015a).

1.1.1.8.  Eruption

Water below the air-water interface is near boiling temperatures during the entire
cycle. An additional input of heat into the system increases the water temperature, and a
large mass of water boils in the upper conduit (Figure 2.7c, point 3 to 4). Once the
eruption begins, we see large pressure fluctuations, similar to those attributed by Kedar et
al. (1998) to boiling and bubble collapse. The volume expansion of water when it boils
will increase the pressure above the liquid surface and hence increase pressure at greater
depths as well.

Once an explosive eruption begins at the surface, water is removed from the
conduit (Figure 2.5 and 7 points 3 to 6), and the fluid in the conduit decompresses (Figure
2.8 points 4 to 6). Boiling conditions propagate downward (Figure 2.8 points 5 to 6). By
the time the system at depth reaches the maximum temperature, the eruption of water
ends at the surface (Figure 2.5 and 2.8, point 6). Temperature decreases at depth (Figure
2.8 points 6 to 7), suggesting that heat is lost, however boiling continues in the upper part
of the water column because pressure continues to decrease (points 6 to 7 in figures 2.7¢
and 2.8a). However, in the deeper part of the conduit (Figure 2.8c) there is a slight
increase of pressure that can be explained by lesser amounts of steam at depth. These
observations suggest a non-uniform distribution of steam through the conduit. Water at
depth stays below the boiling curve (Figure 2.8, points 6 to 7c). Refilling by erupted
water cools the conduit and ends the cycle (Figure 2.7c, points 7 to 1).

Boiling conditions alone are not sufficient to cause an explosive eruption as
boiling conditions persist after the eruption ends. The addition of steam from below the
conduit, combined with a small enough volume of the cavity above the boiling surface,
may be necessary to create pressures from boiling sufficient to initiate and sustain the
eruption.

We performed a moving-window cross-correlation between pressure fluctuations
recorded at different depths during the eruption. We find that pressure fluctuations
propagate upward with a speed of 3 to 4 m/s (Figure 2.13). This measured speed is the
sum of the upward propagation velocity of pressure waves and upward velocity of the
fluid in the conduit. Speeds of a few m/s would empty the conduit very rapidly, so we
assume that at depth the propagation speed is close to 3-4 m/s. Using the model for the
sound speed of liquid+steam mixtures under conditions of thermodynamic equilibrium
(Kieffer, 1984; Lu and Kieffer, 2009), the implied steam mass fraction during the
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eruption is of the order of 1.2 x107 (U = 3 m/s) to 1.7 x10™ (U = 4 m/s), using the
formulation presented in Karlstrom et al. (2013); the equivalent volume fraction of steam
is between 0.75 to 0.80 (using steam density of 0.4 kg/m’ and liquid water density of 970
kg/m® for P, and Tpoi)). These values suggest that the steam mass fraction during the
eruption is two orders of magnitude higher than the amount of steam present in the
conduit during recharge (inferred from the pressure changes described in the previous
section).

The exit velocity v of the steam+liquid mixture can be estimated from the eruption

height 4 by converting kinetic energy to potential energy, v =./2gh. The value of A

varies during the eruption; using FLIR images and video recording we estimated the
maximum 4 < 2 m (Figure 2.5), thus v < 6 m/s. This value is higher than, but still close
to, the sound speed inferred from propagating pressure signals, suggesting that the flow
may in fact be choked to the equilibrium sound speed at the vent. However, uncertainties
on the mass fraction of steam are too large to make this inference robust. Considering v
and the size of the geyser mouth (#~0.15 m), the exiting volume flux of liquid-steam
mixture is 0.42 m’/s, which is 3 orders of magnitude higher than discharge of liquid water
measured at the surface.

During the eruption, the temperature at depth increases by ~ 3°C (Figure 2.7, point
3 to 4). We calculated the heat added to the system that is needed to increase the
temperature of the column water by 3°C. Considering an average mass of the erupted
water of >110 kg, we obtain ~1.4 x10° kJ, using Heypea = CymT, and C,=4.2 kJ/kg’C.
The amount of vapor condensation needed to heat this water is ~0.52 kg, using a latent
heat of 2660 kl/kg (for Py and Tyeir). The implied volume of steam required is ~1.24 m’
(steam density 0.4 kg/m’), equivalent to a cavity ~1 m in diameter. ~0.52 kg of steam in
110 kg of water is equivalent to a steam mass fraction of 4.7 x 107, consistent with the
previous estimates given the large uncertainty associated with the inferred sound speed
(again, using the equilibrium sound speed).

The tilt data are noisy and likely influenced by the ponding and flow of water at
the surface. However, when the tilt data are stacked, we do see a correlation with pressure
in the conduit (Figure 2.6ab). At El Jefe we see deformation, as recorded by the tilt that
tracks the pressure in the conduit. Large increases of the tilt occur at the beginning of the
eruption. In contrast, previous studies of geysering wells documented rapid decrease of
the tilt during the eruption and gradual recovery during the quiescent period associated
with recharge of water (Nishimura et al., 2006, Rudolph et al., 2012). The nature of the
conduit may explain the difference: the previous studies were conducted at the Onikobe
geyser, Japan and Old Faithful Geyser of Calistoga, California, which are artificial
geysers whose conduits are metal pipes that isolate processes within the conduit from
ground deformation.
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1.1.1.9. Relaxation

At the end of the eruption, the large amplitude pressure fluctuations end. Boiling
ends, and colder erupted water enters the conduit. Pressure and temperature smoothly
decrease until the cycle starts again.

1.1.1.10. Conceptual model

Figure 2.14 illustrates the conceptual model for all the key stages in the geyser

cycle:

*  Recharge: A single reservoir dominates recharge to the conduit. The pressure P, in
the reservoir is constant, and exceeds the pressure inside the conduit P(t). The
temperature of the reservoir is constant, T.. The filling process is adiabatic, and reaches
boiling conditions at the top of the water column T(t)~T},;;. The rate of recharge
G (t) and pressure increase P(t) inside the conduit decrease over time. Pressure in the
conduit is close to hydrostatic and depends on the water level.

*  Pre-eruptive stage: At the end of the recharge, steam bubbles from below (bubble
trap) add latent heat to the system. P(t) and T'(t) increase rapidly, and initiate explosive
boiling at the top of the conduit.

*  Eruption: During the eruption there is explosive discharge of water at the surface
driven by rapid expansion of steam. The eruption column increases in height. Boiling
conditions propagate downward in the conduit, as pressure decreases and temperature
reaches a maximum value. The eruption at the surface ends but the column of water in
the conduit is still at boiling conditions. Cooler erupted water enters the conduit, cooling
the top of the water column (Figure 2.7c). Large amplitude pressure fluctuations are
caused by some combination of boiling, cavitation, and bursting of steam bubbles at the
liquid surface.

*  Relaxation: Once the eruption stops, temperature and pressure inside the conduit
continue decreasing, remaining close to the boiling curve until initial conditions are
restored.

2.7 Conclusions

Our work at El Jefe Geyser provides a unique dataset, with a complete record of
pressure and temperature inside a geyser conduit during complete geyser cycles over a
large number of eruptions. We document the different stages of the geyser cycle, we
calculate the fluid properties during an eruption, and we infer thermodynamic conditions
at depth. Rapid boiling of a large mass of water occurs at the top of the water column.
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Water is then removed from the conduit and the remaining water decompresses, causing
the boiling front to propagate downward. Eruption terminates when the addition of steam
has ceased.

In the introduction we highlighted a few outstanding questions that our
measurements allow us to address:

. How is heat transported? Steam ascending from depth provides thermal energy
used in boiling during the eruption at El Jefe geyser. A small mass fraction of
steam (order of ~107) is enough to produce an eruption. We infer sound speeds for
liquid+steam mixtures between 3 to 5 m/s. There is a possibility that flow may be
choked at the vent, but uncertainties are too large to be conclusive.

. What is the geometry of the subsurface and its role? The dynamics of the eruptions
are dominated by geometrical and thermodynamic complexities in the conduit and
reservoir system below the near-surface conduit, allowing the accumulation and
periodic release of steam in a reservoir that acts as a “bubble trap”.

. How do geysers respond to external influences? Data do not show modulation of
the interval between eruption (IBE) by external perturbations, implying an internal
control on the geyser cycle. It also suggests that the thermal reservoir is very large
relative to the amount of water erupted for this geyser.

El Jefe Geyser had an extremely regular eruptive cycle at least during the week it
was monitored, which contradicts the long-standing legend that the El Tatio geysers erupt
when the sun rises.
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Table 2.1 Summary of parameters

Parameter Value Unit Description
A - m? Cross-sectional area of flow of water from the
aquifer to the conduit
a - mxs Constant of proportionality between mass flow rate
and pressure inside conduit
Cp - J Heat capacity of water
kg K
f - Hz Frequency of resonance
g 9.8 m Acceleration of gravity
52
G, kg Initial and constant mass flow rate of water coming
s from hypothesized reservoir or aquifer
G(t) - kg Total mass flow rate of water during the recharge
s
h - m Height of the eruptive column
H(t) - 1 Heating rate during the recharge calculated from
S model
Hepipiea - ] Heat needed to generate an eruption
k - m? Permeability of the conduit
K - m Hydraulic conductivity
s
L - m Distance over which water flows from the aquifer to
the conduit
m - kg Total mass of water erupted
M(t) - kg Mass of water in the conduit during recharge
n 1 - Fundamental mode of resonance
P. 6.07 x10* to Pa Atmospheric pressure measured at El Tatio, 4200 m
6.1 x10° of elevation
P, - Pa Initial hydrostatic pressure in the conduit
Py in - Pa Initial hydrostatic pressure inside of the conduit,
below the sensor.
Py sen - Pa Initial hydrostatic pressure inside of the conduit,
above the sensor.
P(t) =P(Z,t) - Pa Total hydrostatic pressure
P.(t) Pa Hydrostatic pressure above Zg
Peon () Pa Hydrostatic pressure above the sensor
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P, - Pa Pressure in the hypothesized reservoir
Q(t) - m?3 Volumetric flow rate into the conduit
S
r 0.15-0.38 m Radius of the conduit, assuming a cylindrical shape
p ~970 kg Density of water at Tpoj
m?
S - m? Cross section area of the conduit with radius
t - S Time
Tair -51t0 25 °C Measured atmospheric temperature
Thoil 86.2 - 86.4 °C Boiling temperature at P,
Ty - °C Initial temperature at the bottom of conduit before
recharge
T(t) - °C Temperature inside the conduit during the recharge
T - °C Temperature in the hypothesized reservoir or aquifer
U - m Sound speed of water
s
v - m Exit velocity from the conduito the surface
s
U 0.335x 107 Pas Dynamic viscosity of water at Ty,
Yy y
Zy m Initial water level into the conduit at the beginning of
the recharge
Zy in - m Initial water level into the conduit, below the sensor
Zy sen m Initial water level into the conduit, above the sensor
Z(t) - m Water level in the conduit during the recharge
Zgen(t) - m Water level into the conduit during the recharge,
above the sensor
Z.(t) - m Water level into the conduit during the recharge,

above the Z; son
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Figure 2.1: El Tatio Geyser Field

(a) Map of South America showing the location of El Tatio in Northern Chile. (b) Aerial
photograph of El Tatio Geyser Field (GLCF: Earth Science Data Interface); white boxes
show the Upper, Middle, and Lower Geyser Basins. In the upper basin, El Jefe Geyser
(UTM coordinates 601768 E; 7530174 S, WGS84, 195) is marked by the white star. The
blue line indicates the normal fault that bounds the El Tatio half-graben. El Jefe Geyser is
located in the hanging wall of that fault. (c) El Jefe Geyser erupting.
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Figure 2.2: Geyser conduit

(a) Ilustration of the conduit and the locations of the deployed temperature (T) and
pressure (P) sensors. (b) Photograph of the conduit mouth, while the water level was
decreasing, showing the string of sensors; distance between the red marks is 30 cm. (c)
Photograph of the conduit at the air-water interface (0.6 m) showing the irregular conduit,
with constrictions and cracks that intersect the conduit.
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Figure 2.3: IBE and time series of pressure and temperature

a) Pressure and temperature time series for a subset of five eruption cycles, at a depth of
1.5m, on October 20™, 2012. Temperature (red) and pressure (blue) data are plotted on
the y—axis, while time is on the x-axis. The box highlights a single cycle. Stars labeled
from 1 to 7 identify key stages in the cycle. The green line shows mean boiling
temperature (Tuoi ~ 86.4°C) at average local atmospheric pressure. Lower panel shows
histograms of the duration of stages of the eruption cycles: (b) eruption duration (points 3
to 7), (c) quiescent period (including relaxation stage, recharge, and pre-eruptive stage,
points 7 to 3), (d) interval between eruptions (IBE)
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Figure 2.4: Effect of evironmental conditions

(a) Power spectra of pressure (blue) and temperature (red) inside the geyser (1.5m), and
external periodic daily signals: air temperature (T,;), atmospheric pressure (P.i), and
solid Earth tides (Tidal). Values on the y-axis were normalized to have the same scale.
One-day period observed in the water temperature (1.5 m) data is an instrumental artifact
and not a real signal. (b) Time series for 3.5 days showing daily variations of air
temperature, atmospheric pressure and solid Earth tides. Values shown on y-axis were
normalized ((Value-mean(Value))/Std(Value)). (c) and (d) are 2-D histograms: white dots
show the data, and colors show number of dots plotting in that region (color bar). (c) IBE
as a function of air temperature, the coefficient of correlation is r* = 0.01 (d) IBE as a
function of atmospheric pressure, the coefficient of correlation is r* = 0.02.
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Figure 2.5: Eruption in the surface

(a) A sub-sample of the temperature time series for two sensors at the surface. Every peak
represents an eruption. Sensor 1 is located at the geyser mouth. Sensor 2 is located 0.3 m
above the conduit mouth. Sensors were in the air before eruptions occur. During the
eruption, temperature increased because hot erupted water reached the sensors. (b) Zoom
on 35 seconds of a single eruption (box). Stars with numbers are the key stages in the
eruption cycle defined in Figure 2.3, but for a different eruption. Images (c) to (g) were
taken with a FLIR camera (extracted from the video every ~6 seconds) during the same
eruption. High temperature, in red, is related to boiling water coming out of the conduit
during the eruption. Image (c) was taken shortly after the start of the eruption at point 3,
and it shows the high temperature in the mouth of the conduit. Between points 4 and 6,
temperature remains close to Tyeii, the boiling point; subsequent images (d), (e), and (f)
show a high volume of hot water coming out of the conduit. At point 6, temperature
decreases (sensor in contact with air). The volume of hot water drops (image (g))
identifying the end of the eruption at the surface.
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Figure 2.6: Ground deformation

(a) The pressure measured at depths of 1.5 m (dark blue) and 0.9 m (light blue). (b) and
(c) show the ground deformation recorded by a tiltmeter, in the radial and tangential
directions, respectively. A positive sign indicates that the ground rises in the direction of
vent and to the north, respectively. Black curves are the averaged signals. Yellowish to
bluish curves are for individual eruptions
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Figure 2.7: Temperature in the shallowest part of the conduit

Record of 3,531 geyser cycles at depths of: (a) 0.0 m, (b) 0.3 m, and (¢) 0.6 m. The
geyser cycles (red curves) are stacked and averaged (black curves). Range of time is the
IBE (132 s). The green line shows the boiling temperature (Tpoi1) for the corresponding air
pressure (P,i;). From points 2 to 3, the temperature increases. After point 3, water reaches
the boiling curve at 0.6 m, and the eruption starts. Between points 4 and 5, boiling water
reaches the shallowest sensors at 0.3 m and 0.0 m. Between points 6 and 7, water
continues to boil at 0.6 m, but boiling water does not reach the shallowest sensors and the
eruption ends at the surface. At point 1, cooled erupted water returns to the conduit and
the cycle starts again.
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Figure 2.8: P,T cycle

Water pressure and temperature during the eruption cycles, for ~3,531 eruptions. Gray
arrows show the evolution of pressure and temperature with respect to time (stars 1
thl'Ollgh 7: 1= 0 S, th= 65 i 25, t3 =70 i 25, ty= 85 i 25, t5= 100 i ZS, t6= 105 i
2s,t7=120 + 2s). Black curves show the average and the black bars show the standard
deviation of the data. Green lines show the calculated boiling curve for pure water.

4
6.0“04 6.0“0‘ 6.0“0
6.2 6.2 6.2
6.4 6.4 6.4
6.6 6.6 6.6
6.8 6.8 6.8
©
& 70 7.0 7.0
g
w 72 7.2 7.2
wv
@
Q. 74 7.4 7.4
7.6 76 N 7.6
7.8 78 7.8
8 09m 7 , 1.2m : 3 1.5m
: 86 88 90 92 B4 e 88 90 92 % s 88 90 92

Temperature (C) Temperature (C) Temperature (C)

30



CHAPTER 2: GEYSER CONDUITS AND ENVIRONMETAL PERTURBATIONS

Figure 2.9: IBE relationships

2-D histograms of (a) relationship between eruption duration and duration of following
quiescent period, the coefficient of correlation is r* = 0.4; (b) relationship between
eruption duration and duration of previous quiescent period, the coefficient of correlation
is r* = 0.03 (c) Relationship between eruption duration and IBE, the coefficient of
correlation is r* = 0.06. IBE is defined for an entire geyser cycle: the period between the
beginning of an eruption and the beginning of the next eruption (eruption duration plus
the quiescent period after eruption). White dots show the data, and colors show number
of observations plotting in that region (color bar).
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Figure 2.10: Geyser Model
Schematic illustration of the geyser subsurface showing parameters used in the recharge

model.
Pair, Tair, Thoil Surface
;9 SIS i el e Sl PSS i o
Conduit
k, K
Zc( t) To ~ Thoil
!, BT ™
Zsen(t)
P(t), Z(t) /N
— T Z. .«
P, H \ /?
741 | IEpuee _\l/— — =Py = ——— - sensor
{
H(t)‘ £
Reservoir P A@ Teo

32



CHAPTER 2: GEYSER CONDUITS AND ENVIRONMETAL PERTURBATIONS

Figure 2.11: Recharge

Data from sensors located at (a) 0.9 m, (b) 1.2 m, and (c) 1.5 m. Pressure (blue) and
temperature (red) data on the y-axes, and time for a single eruption cycle on the x-axis.
Green line shows the boiling temperature at atmospheric conditions Tuei (86.4°C).
Numbers 1, 2 and 3 are the same key points described in previous figures. (d) Shows the
pressure during the resting time. Fitting curves of the data are the black lines, and vertical
gray lines show *1 standard deviation. (¢) Temperature during the same period. Fitting
curves are the black lines, and the red vertical lines show +1 standard deviation.
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Figure 2.12: Pre-eruption signal

(a) Spectrogram of four eruption cycles (pressure sensor at 1.5 m). We observe the same
pre-eruption signal in every cycle. (b) Time series of pressure during the resting time and
beginning of the eruption. Spectrograms of pressure at (c) 1.2 m, and (d) 0.9 m show that
main frequency in the pre-eruptive signal is 0.5 Hz. Plots below the spectrograms (dark
green line) in (c) and (d) show the single-sided amplitude spectrum based on fast Fourier
transform (FFT).
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Figure 2.13: Pressure propagation

(a) Pressure data of a subsample of five eruptions from a sensor located at a depth of 1.5
m. Plots (b) and (c) show the cross-correlation between pressure data from different
depths. Time is shown on the horizontal axis and the vertical axis shows the time lag (in
seconds) for the cross- correlation. (b) Cross-correlation of sensors located at 1.2 m and
0.9 m, showing a strong cross-correlation at a time lag of -0.1 s (black box). The negative
lag means that the signal arrives first at 1.2 m and then at 0.9 m, propagating upward with
a speed of 3 m/s. (c) Cross-correlation between sensors located at 1.5 m and 0.9 m,
showing a strong signal at -0.15 s (black box). The pressure signal is moving upward
with a speed of 4 m/s. (d) Pressure data subsample of 2 s during the eruption.
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Figure 2.14: Conceptual model for geyser eruption

Conceptual model for El Jefe geyser showing the different stages of the eruption cycle:
recharge, pre-eruption, eruption, and relaxation. The model includes a bubble trap or
cavity adding steam to the conduit. Blue dots inside the conduit represent bubbles of
steam. Blue background represents liquid water. Conditions of pressure (P), temperature
(T), water level (Z), and mass flow (G) inside the conduit evolve with time. The
progression from t; to t; correspond to the key stages in the cycle (Figure 2.3).
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Chapter 3 Geyser eruption intervals and
interactions: examples from El Tatio, Atacama,
Chile.

The following chapter includes work previously published in:

Munoz - Saez, C., Namiki, A. and Manga, M., 2015. Geyser eruption intervals and
interactions: Examples from El Tatio, Atacama, Chile. Journal of Geophysical Research:
Solid Earth, 120(11), pp.7490-7507.

3.1 Abstract

We compare and contrast data collected in 2012 and 2014 from the El Tatio
geyser field, Chile. We identify geyser systems that evolve over time, including changes
in the interval between eruptions (IBE), development of new thermal features, and
interactions between geysers. We study three different cases: (a) an isolated geyser,
which is periodic and has nearly identical eruptions every cycle; (b) a geyser and coupled
non-eruptive pool, where the geyser has non-regular cycles and several pre-play eruptions
before the main eruption; (c) two geysers and a mud volcano, which have non-regular
cycles and are all interacting. Though geysers erupt with different styles, we recognize
some common features: the conduit recharges with liquid during the quiescent period,
bubbles enter the conduit before eruptions, and eruptions occur when water boils in the
upper part of the conduit. The episodic addition of heat may govern the periodicity, while
the depth where heat is added dictates the eruption style: conduits with deeper heat input
are more likely to show pre-play or minor eruptions. The interactions between thermal
features can be explained by pressure transmission in subsurface permeable layers
between geyser conduits.

3.2 Introduction

Geysers are eruptive hot springs that episodically discharge steam, liquid water, and
non-condensable gases. Most geysers on Earth are concentrated in Yellowstone National
Park (United States), Geyser Valley (Russia), and El Tatio (Chile). Formation of geysers
in these areas is due to particular combinations of water supply, heat sources, and
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fractures and/or porous rocks (e.g., White, 1967; Fournier, 1969; Kieffer, 1989;
Ingebritsen and Rojstaczer, 1993, 1996; Kedar et al., 1998; Kiryukhin et al., 2012).

Subsurface geometry and fluid flow pathways may govern eruption characteristics.
Conduits and reservoirs in the geysers system may have a complex geometry
(Hutchinson, et al., 1997). Cavities underneath geysers may act as “bubble traps”,
accumulating liquid and steam (Belousov et al., 2013). The episodic release of fluid from
the cavities can be linked to the periodicity of eruptions (Mackenzie, 1811; Belousov et
al., 2013; Vandemeulebrouck et al., 2013; Adelstein et al., 2014; Munoz-Saez et al.,
2015a). Bubbles of steam can also transfer enough heat to warm water in the conduit and
permit sustained eruptions (Kieffer, 1984, 1989; Adelstein et al., 2014). Geysers may also
be hydraulically connected with other nearby thermal springs (e.g., Scott, 1992, 1994),
and diffusion of fluid pressure changes may be responsible for the communication
between geysers (Rojstaczer et al., 2003).

There remain open questions about the geometry beneath geysers and their

interaction with other springs: How is the eruption cycle of a geyser influenced by other
adjacent and distant thermal sources? Are hot springs and geysers connected through
permeable pathways? Why do so few hot springs erupt as geysers?
We studied geysers whose eruption characteristics evolve over time and interact with
those of other hot springs or geysers. During one week periods in October 2012 and
October 2014, we made measurements at three different geysers that display differing
degrees of complexity in their eruption cycles: (1) an isolated geyser that erupted
regularly, called El Jefe (EJ), representing the simplest case; (2) a geyser that interacts
with an adjacent thermal pool, called Vega Rinconada geyser (VRG) and Vega
Rinconada pool (VRP), respectively; and (3) a geyser that in 2012 was an independent
single system called El Cobreloa geyser (CL), but in 2014 was found interacting with a
secondary geyser called El Cobresal (CS), and a mud volcano (MV). In 2012, we did not
observe the secondary geyser (CS) erupting; however, sinter had accumulated around the
vent, indicating that it was a pre-existing feature. The mud volcano (MV) was a small
fumarole in 2012. Most of the 2012 data at El Cobreloa and El Jefe geysers were
previously reported by Namiki et al. (2014) and Munoz-Saez et al. (2015a), respectively.

3.3 El Tatio Geyser Field

The EI Tatio geyser field is located in the Altiplano area of the Atacama Desert in
the north of Chile (Figure 3.1a). The elevation of the area is 4.2 to 4.3 km above sea
level, where the boiling temperature of water is approximately 86.6°C. El Tatio is the
third largest geyser field in the world and includes more than 80 active geysers (Glennon
and Pfaff, 2003). The water supply for the geyser field is located 15 to 20 km to the east
in the Bolivian Altiplano (Lahsen, 1976; Cusicanqui et al., 1976; Giggenbach, 1978;
Munoz and Hamsa, 1993; Cortecci et al., 2005). The heat is provided by Holocene
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andesitic stratovolcanoes (with non-historical eruptions) that surround the geyser field
(Lahsen, 1976ab). Permeability is dominated by open fractures in the ignimbrite layers,
according to data from geothermal wells (Cusicanqui et al., 1975, 1976).

A north-south trending half-graben structure generates the El Tatio basin, which is
filled with ~ 1 km of sub-horizontal Miocene and Pliocene ignimbrites, tuffs and lavas,
and covered by Holocene alluvial and glacial deposits (Healy, 1974; Lahsen and Trujillo,
1975). Wells indicate that the geothermal reservoir is located in the highly fractured
Pliocene ignimbrite Puripicar (Cusicanqui et al., 1975, 1976), and the maximum
temperature measured was 253°C (Lahsen and Trujillo, 1976). Chemical and isotopic
data from well and surface thermal waters suggest a complex mixing between magmatic,
meteoric and hydrothermal sources (Cusicanqui et al., 1975; Giggenbach, 1978; Tassi et
al., 2005; Tassi et al., 2010).

The El Jefe isolated geyser (EJ) (Figure 3.1b) has a sinter-lined conduit with a
diameter of ~0.3 m near the surface, and the conduit narrows below a depth of 0.8 m; the
maximum reachable depth was ~1.7 m in 2014. In the Vega Rinconada geyser-pool
system (Figure 3.1c), the geyser (VRG) has a conduit ~10 cm in diameter that opens to a
flared vent with a diameter of ~1 m and depth of 0.3 m. At depth the conduit narrows.
Measurements with rods suggest that the conduit tilts ~30° from vertical, and our sensors
extended down ~8 m (~7 m vertical depth). The pool (VRP) is a non-eruptive hot spring
with a diameter of ~0.5 m and is located 2 m away from the geyser. In the geyser-geyser-
mud volcano system (Figure 3.1c¢), the primary geyser El Cobreloa (CL) has a small cone
~0.5 m high connected to the surface by a crack-lined vent. The maximum depth we
could reach with instruments is ~1 m, at which point the conduit narrowed and twisted.
The secondary geyser, El Cobresal (CS), is located ~8 m east of the primary geyser (CL),
and has a conduit ~1.5 m deep and ~0.4 m in diameter. The mud volcano (MV) is located
~5 m north of the primary geyser (CL), and it lies in a surface depression ~2 m in
diameter.

3.4 Field measurements and methodology

From 21-28 October 2012, and 2-9 October 2014, we obtained time series of video,
ground deformation, temperature, and pressure. We synchronized the instruments and the
data loggers with GPS clocks (GlobalSat BU-353 USB GPS Receiver, and Scimolex SC-
GPSCLK). For down-conduit measurements, we attached the sensors to a rigid metal rod
to keep them in place.

3.4.1 Single geyser (EJ)

In 2012 at EJ we recorded surficial visible and infrared video and measured
discharge, tilt and surficial temperature. In the conduit, we recorded video, temperature,
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and pressure to a depth of 1.5 m (Munoz-Saez et al., 2015a). In 2014, we measured
temperature at the top of the conduit and at depths of 0.7 m, 1.2 m, and 1.7 m, using pre-
calibrated K-type thermocouples connected to a QuadTemp 2000 (MadgeTech). The
uncertainty in the temperature measurements is < 1.1°C (Omega Thermocouple Home
Page). At 1.7 m depth we recorded pressure with a Honeywell pressure sensor
(19C030PA4K) connected to a CR-850 (Campbell Scientific) data logger. The accuracy
of the sensor is <0.25% of its range of 100mV (Honeywell Sensing and Control),
corresponding to ~95 Pa, for a temperature between 0 °C and 82 °C. All instruments
recorded at 1 Hz frequency.

3.4.2 Geyser (VRG) - pool (VRP)

In 2012 at VRG, temperature and pressure measurements were made inside the
conduit. Eight evenly spaced sensors measured temperature from the surface to a depth of
7 m. Considering the conduit tilt, the corrected vertical depths are: 0.0 m, 0.9 m, 1.7 m,
2.6 m, 3.5 m, 43 m, 5.2 m, and 6.1 m. We measured pressure during two eruptions at
vertical depths of 4.3 m and 6.1 m. At VRP we recorded temperature and pressure at a
depth of 3 m for 3 days. We did not record pressure at VRP and VRG simultaneously.

In 2014, we installed a similar temperature array for two days, adding one pressure
sensor at a vertical depth of 4.3 m. For the next five days we recorded temperature 0.3 m
above the surface (in the air) and at vertical depths of 0.9 m, 2.2 m, 3.5 m, 4.8 m, 5.6 m,
and 6.3 m, with one pressure sensor added at 6.3 m. At VRP, we recorded pressure and
temperature at a depth of 2 m for the entire period.

For temperature measurements, we used pre-calibrated K-type thermocouples
connected to QuadTemp 2000 (MadgeTech) data loggers measuring at 1 Hz frequency.
For pressure, we used Honeywell transducers (models 19C050PA4K and 19C030PA4K)
mounted in watertight housings. In 2012, we connected the pressure sensors of VRG to a
24-bit Nanometrics Taurus logger recording with a frequency of 100 Hz. In 2014 the
sensors were connected the sensors to a CR-1000x (Campbell Scientific) data logger
recording with 1 Hz frequency. The pressure sensor in VRP was connected to a CR-
1000x (Campbell Scientific), recording with a frequency of 1 Hz.

3.4.3 Primary geyser (CL), secondary geyser (CS), and mud volcano (MV)

In 2012 at CL we recorded surficial video and made surficial acoustic and
temperature measurements (Namiki et al, 2014). In 2014, we recorded ground
deformation with a tiltmeter located 3.5 m northwest of the vent. Pressure and
temperature were measured in the geyser conduit at ~1 m depth, which is above water
level while the geyser is quiescent. The temperature of water at the ground surface was
measured 0.5 m northwest, and 3.5 m west of the vent. At the CS geyser, we recorded
video and measured temperature inside the conduit at depths of 0.0 m, 0.4 m, 0.8 m and
1.2 m. At the MV we recorded video on 8 Oct. 2014 and measured temperature at the
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surface on 9 Oct. 2014.

The instrumentation consisted of two digital video cameras with resolutions of
1920 x 1440 and 1920 x 1080 pixels recording 30 frames per second. The tiltmeter was
calibrated to a resolution of 0.23p rad mV ™' (Applied Geomechanics Inc. Surface Mount
Tiltmeter Model No. 701-2). At CL, pressure sensor XPM10 (the accuracy of the sensor
is <0.25% of its range, corresponding to 100 Pa), K-type thermocouples and the tiltmeter
were connected to a HIOKI 8430 data logger recording at 100 Hz, though the response
times of K-type thermocouples and the tiltmeter were longer than 10 ms. The temperature
at CS was recorded every 1 s with a QuadTemp 2000 (MadgeTech) data logger. The
pressure sensor located in the CS conduit leaked, and no data could be collected.

3.5 Results: Time series

3.5.1 Isolated geyser (EJ)

The evolution of both pressure and temperature at EJ are very similar between
eruptions, and the interval between eruptions (IBE) is extremely regular (Figure 3.2ab).
Data from 2012 (Munoz-Saez et al., 2015a) showed that the eruption cycle at EJ has a
mean IBE of 132.2 + 2.4 s for 3,531 eruptions (Figure 3.2a). In 2014 (Figure 3.2bde), the
mean IBE decreased ~20%, to 105.0 £+ 3.2 s for 4,150 eruptions. This reduction reflected
mostly the quiescent period, which decreased from 80 + 3 s in 2012 (Munoz-Saez et al.,
2015a)to 63 £ 4 sin 2014.

Based on 2012 data (Figure 3.2c), seven reference points in time identified
different key stages in the eruption (Munoz-Saez et al., 2015a) and are also applicable to
data from 2014 (Figure 3.2cde). Point 1 indicates the beginning of the geyser cycle; it
coincides with the minimum water level and pressure inside the conduit (Figure 3.2ce).
The lower part of the conduit was under-water the entire cycle (Figure 3.2¢). Pressure
increases from point 1 at 1.7 m, documenting refilling of the conduit. Point 2 marks the
beginning of a rapid pressure increase (Figure 3.2ce), which coincides with a rapid 2.5 to
3°C increase of temperature (Figure 3.2¢). This change is detectable only at 1.7 m, and
was not observed in 2012 when measurements were restricted to depth less than 1.5 m.
Temperature also starts increasing at 0.6 m (Figure 3.2d) when hot water reaches the
sensor as the water level rises in the conduit. Point 3 indicates a sudden increase in
pressure with large fluctuations (Figure 3.2ce), and temperature increases in the entire
conduit (Figure 3.2cde). Between points 3 and 4, water at 0.6 m reaches boiling
conditions and the fountaining begins at the surface. Point 4 indicates the maximum
pressure in the conduit (Figure 3.2ce); after this point, pressure decreases at an
approximately constant rate. Immediately after point 4, the temperature at 1.7 m has a
second peak (Figure 3.2e), which occurs earlier than in the rest of the conduit and (again)
was not detected in 2012 (Figure 3.2¢). Point 5 indicates the maximum water temperature
at 1.2 m, coincident with data from 2012, while pressure and temperature at 1.7 m are
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still decreasing. After this point, temperature at depths of 1.7 m, 1.2 m and 0.6 m
decreases at an approximately constant rate. At Point 6 the rate of pressure decrease
changes, and this corresponds to the end of fountaining at the surface, which produces a
rapid drop in the temperature in the upper part of the conduit, first at 0.0 m and then at
0.6 m (Figure 3.2d). Point 7 identifies the end of the pressure fluctuations, an increase in
the rate of pressure decrease, and the end of the geyser cycle. After this point, erupted
water returns to the conduit, increasing temperature in the upper part of the conduit, first
at 0.0 m and then at 0.6 m (Figure 3.2d).

3.5.2 Geyser (VRG) - pool (VRP)

The IBE analysis shows that the duration of eruption cycles changed from 2012 to
2014 (Figure 3.3), at least during the periods of measurements. However, the features of
the cycles in both years are similar (Figure 3.4). In 2012, we measured 117 eruption
cycles. The IBE varied from ~0.69 h to ~2.08 h, with a bimodal distribution centered at
1.4 h and 2 h for the major and minor peaks respectively (Figure 3.3a), and a mean IBE
of 1.4 £ 0.4 h (standard deviation). In 2014, we measured 118 eruption cycles. The IBE
had less variability, from 0.75 h to 1.80 h. IBE values showed an asymmetric distribution
centered at 1.4 h (Figure 3.3b), and the mean IBE was 1.5 + 0.2 h. We calculated IBE
using the local maximum of smoothed temperature measurements at 6.1 m depth as the
beginning of an eruption and the local minimum at 0.9 m as the end of the eruption.

In both 2012 and 2014, pressures at different depths in the geyser conduit vary in
the same way as pressure in the pool (Figure 3.4cd). The temperature in the geyser
changes at different depths, and over time (Figure 3.4bc), while the temperature in the
pool remains constant and below boiling (~85°C) (Figure 3.4d). Cycles have different
durations (Figure 3.3), but they have the same stages: a main eruption (Figure 3.4 letter
A) and a quiescent period that can be divided in two stages; minor discharges of water
(Figure 3.4 letter B) and water level changes at the conduit surface (Figure 3.4a).

During the main eruption (Figure 3.4 letter A), temperature increases in the
deepest accessible part of the geyser conduit from ~90.5°C to 94°C (Figure 3.4b) and
decreases in the middle part (3 to 5 m depth) from ~90.5°C to 89°C (Figure 3.4bc).
Pressure decreases at the beginning of the main eruption, levels out in the middle of the
eruption, and then decreases again at the end of the eruption (Figure 3.4cd). Both
pressure drops produce large splashes of water at the surface (Figure 3.4ac).

After the main eruption (Figure 3.4 letter B), during the first part of quiescent
period, pressure increases irregularly, with two marked pressure drops of ~0.5 x 10" Pa
(Figure 3.4c) that coincide with small splashes or eruption of water at the surface (Figure
3.4ac). Shorter eruption cycles have one or no pressure peaks during this period. In
general, temperature tends to increase at an approximately steady rate of ~ 3.6°C/h
throughout the conduit. In the deepest part of the conduit (Figure 3.4b) temperature
shows some small peaks coincident with the pressure peaks. In the middle part of the
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conduit (3 to 4 m depth) the temperature drops somewhat, following the changes in
pressure (Figure 3.4bc), and this region remains slightly colder than the rest of the
conduit (Figure 3.4b).

During the second half of the quiescent period (Figure 3.4 letter C), pressure at
depth increases and becomes constant (Figure 3.4c) while the conduit overflows at the
surface (Figure 3.4a). At the same time, temperature in the deepest part of the conduit
increases ~2°C (Figure 3.4b), followed by an increase of temperature in the rest of the
conduit. After that, pressure drops again, ~0.2 x 10" Pa, water level drops at the surface,
and temperature decreases in the middle of the conduit (Figure 3.4abc). Next, pressure
increases as water level increases, and pressure becomes constant once the conduit
overflows again. Temperature increases in the middle of the conduit until a new main
eruption occurs.

3.5.3 Primary geyser (CL), secondary geyser (CS), and mud volcano (MV)

The CL geyser in 2012 was characterized by a main eruption every ~4.66 h,
preceded by several minor eruptions every ~0.23 h (Namiki et al., 2014). The main
eruption lasted ~1 h, started as liquid-dominated, and evolved to steam-dominated. Minor
eruptions splashed hot water intermittently. We did not observe other time dependent
features: CS was not erupting, and MV was a fumarole.

In 2014, CS and MV had intermittent eruptions, and eruptions of CL, CS, and MV
are correlated (Supplementary Material: Video # 1 Munoz-Saez et al., 2015b). Minor
eruptions of CL and eruptions of CS, and MV occur at similar intervals. MV erupts just
after the eruption of CS. During the steam-dominated eruption of CL, CS stops erupting.
At the end of the first eruption of CS after the CL eruption, MV has a vigorous eruption
that includes the ejection of pebbles.

We identified “main eruptions” from strong signals in the temperature, pressure,
and tilt data. Compared with 2012, the main eruptions at CL were irregular and shorter,
presenting a bimodal distribution of the IBE centered at 0.75 h and 2.75 h, the minor and
major peaks respectively (Figure 3.5a) for the 35 eruptions we measured. The mean IBE
is ~2.16 h £ 0.86 h. Discharge of fluid during the eruptions lasted ~0.25 h to ~1 h
depending on the duration of the cycle. Within main eruptions, we recognize small peaks
in the temperature record inside the conduit that correspond to minor eruptions. Minor
eruptions occur almost regularly, every ~0.24 h. We use video observations to confirm
that these signals are associated with minor eruptions at the surface. For the secondary
geyser CS we measured 280 eruptions (Figure 3.5b). The IBE presents an asymmetric
distribution centered at 0.2 h (Figure 3.5b), and the mean IBE was 0.26 £+ 0.09 h. For the
MYV we did not record enough eruptions to establish meaningful statistics.

At CL, during a main eruption, the temperature at 1 m depth in the conduit
(Figure 3.6ab) increases to 94°C, with one or more pulses. High temperature is sustained
for several minutes and then temperature decreases steadily to ~85°C by the end of the
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eruption. Temperature at the geyser surface also increases (Figure 3.6a), as erupted water
reaches the sensors deployed around the vent. The pressure in the conduit increases
correspondingly (Figure 3.6b). By the end of the eruption, pressure decreases to a value
close to atmospheric (6.1 x 10* Pa), indicating that the conduit is almost empty. The sub-
atmospheric values of pressure can be attributed to noise and other pressure fluctuations
coming from the empty conduit. The tilt (Figure 3.6¢) increases at the beginning of an
eruption, but more slowly than the pressure signal. After the eruption, tilt in the radial
direction decreases slowly. Throughout the minor eruptions (Figure 3.6bd), temperature
in the conduit (Figure 3.6ab) increased to ~86.6°C (boiling point at atmospheric
pressure). Minor eruptions of CL become progressively more vigorous following a main
eruption of CL (Figure 3.6b), as Namiki et al. (2014) previously described for 2012 data,
but not as systematically in 2014. Pressure tends to increase as temperature increases.
When the geyser is not erupting, temperature is lower than 85°C, and pressure shows
large amplitude and high frequency variations about the atmospheric value (Figure
3.6bd). There are no detectable tilt signals during minor eruptions (Figure 3.6¢).

At CS geyser (Figure 3.7), we observe that when an eruption occurs the
temperature increases sharply to 86 - 87° C in the entire conduit, and maintains that value
throughout the eruption. Once the eruption ends, the conduit empties and the temperature
decreases below 50°C as erupted water pours back in the conduit. The duration of the
eruption is almost the same in each cycle, but the quiescent period varies (Figure 3.7b).
Temperature in the deepest part of the conduit (Figure 3.7a, 1.2m) increases gradually as
the conduit refills, and for longer quiescent periods the conduit refills more slowly before
an eruption. The CS geyser stops erupting during the first maximum of temperature in the
main eruption (Figure 3.6 and 3.7).

From temperature data (Figure 3.8), we observe that the temperature of MV is
mostly maintained at a constant value close to the boiling point of water at the surface
(86.6° C). Temperature in the MV (Figure 3.8) decreases at beginning of the CS eruption
and during minor eruptions of CL as liquid water flows to MV (Supplementary Material:
Video # 1 Munoz-Saez et al., 2015b). We observed that the MV eruptions start at the end
of the CS eruption (Supplementary Material: Video # 1 Munoz-Saez et al., 2015b) and
the MV overflows during the main eruption of the CL (Figure 3.12).

3.6 Discussion

3.6.1 Eruption Cycle

The geyser systems we studied present cycles of different complexity: the isolated
geyser EJ has a single eruption per cycle, while VRG and the primary geyser CL have
several minor eruptions preceding the main eruption. However, we recognize in all cases
similar behaviors and eruption stages: recharge, pre-eruption, and eruption. The recharge
is characterized by an increase of the hydrostatic pressure in the conduit as we observed
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at EJ (Figures 3.2 and 3.9, numbers 1 to 2) and VRG (Figures 3.4 and 3.9, B and C). A
pre-eruptive signal is observed in the pressure data before every eruption in EJ and VRG
(Figure 3.10).

In CL geyser, the pressure during the quiescent period (Figure 3.9) is close to
atmospheric values with temperatures below boiling, indicating that the conduit is empty
at ~1 m, and we do not observe the recharge and pre-eruption signal. For the secondary
geyser (CS) we observe recharge during the quiescent period (Supplementary material:
Video #2 Munoz-Saez et al., 2015b). During an eruption (Figure 3.9 and Munoz-Saez et
al., 2015a), the temperature and pressure follow the boiling curve, with no clear evidence
of superheated fluid. At EJ and CL, we recorded pressure in the shallow conduit, which
increases at the beginning of the eruption.

At EJ, pressure increases as the conduit fills during the liquid dominated part of the
eruption, and never exceeds the hydrostatic pressure. In contrast, at CL, pressure exceeds
hydrostatic values, suggesting that there is high-pressure steam within the conduit. As the
eruption progresses, pressure and temperature decrease and follow the boiling curve as
steam escapes from the vent and the conduit empties.

At VRG we could reach depths well below the surface, providing insight into deeper
parts of the geyser system. Pressure and temperature deeper than 4.3 m are below boiling
during the entire cycle (Figure 3.9). This offset from the boiling curve occurs only at
depth, given that the temperature in the upper part of the conduit is close to the boiling
temperature at atmospheric pressure (~86°C Figure 3.4b). At depth, pressure and
temperature during the main eruption (Figure 3.9 path A) evolve parallel to the boiling
curve. Eruptions are initiated with a sudden increase of temperature and decrease in
pressure, which can be attributed to the addition of steam. Addition of steam produces
movement of fluid, and decreases the density of the fluid above the sensor. Pressure in
the pool VRP tracks that in the geyser VRG.

1.1.1.11. Recharge

From pressure data at EJ and VRG, we can estimate hydraulic parameters for the
“aquifers” providing water to the conduit. During the quiescent period the water level in
the conduit of the isolated geyser EJ increases, which corresponds to changes in the
hydraulic head H (t) in the conduit. We assume that water drains from a deeper reservoir
of constant hydraulic head H.. to the conduit with H(t) < H.. The volumetric rate of

refilling S Z—I: (S is the cross section of a constant-radius conduit) is proportional to the
head difference between the conduit and the reservoir:
dH

where g is gravity, and o is the constant of proportionality that relates flow to head
differences. By analogy to Darcy’s law (Steinberg et al., 1982; Kedar et al., 1998,
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Rudolph et al., 2012; Munoz-Saez et al., 2015a), o depends on the hydraulic parameters

of the conduit and aquifer: hydraulic conductivity K, the distance L to the reservoir, and
the surface area, A, over which recharge occurs. Hereafter, we define H=0 to be the local

ground surface.

Integrating equation (1), and applying the initial condition H, at ¢ = 0, we obtain
—-tag
H(t) = Hoo + (Hoo - HO)(eT) . (2)

Considering the depth of the sensor, and transforming the measured pressure to hydraulic
head by subtracting the atmospheric pressure and dividing pressure by density times
gravity (pg), we fit the data during the quiescent period and obtain for EJ in 2014:

Hepy = —0.82 £ 0.05m, Hypy — Hog; = 0.25 +0.03 m, ( S5) ) =33.90 +4s. From

agjg
the fit we obtain Hyg; = —1.07 £ 0.04 m, which is consistent with the value obtained
from the measured minimum pressure Hy gq¢q = —1.03 + 0.05 m. Using for Sg; the

cross section area for a conduit of radius 0.2 m, az; = (4.30 + 0.60)x 10~* m - s. From
pressure data in 2012 (Munoz-Saez et al., 2015a), we obtain: Hyy912 = —0.81 +

0.01m , Hyso2 = —1.02 £0.01m , (52"—12) =43.00 £4.00s , and ayp, =
20129

(340 £ 0.20)x 10~* ms. Parameters are similar in both years, indicating that the

properties of the conduit and aquifer did not change significantly.

For VRG, the recharge of the conduit is interrupted by minor eruptions of water.
Before every minor and main eruption, the pressure increases. Using equation (2) we can
determine the evolution of hydraulic head documented by the pressure changes. We
obtain H,,;yg = —0.02 + 0.07 m. The parameter Hyy, increases from —1.06 £+ 0.1 m to
during the first part of the recharge (Figure 3.4, 3.9, 3.10a period B) to —0.15 +
0.05 m during the second part (Figure 3.4, 3.9, 3.10a, period C), which is consistent with
refilling of the conduit, and successively higher initial water levels. The last

5 . . . :
term (a VRg) varies, reflecting changes in the geometry of the conduit; the parameter
VR

changes from 147 =+ 15 s during the first part, where the conduit is being recharged
(period B), to 345 + 20 s during the second part, when the conduit overflows (Figure
3.4a, period C), and water accumulates in a wider depression at the surface. Considering
ag constant, the conduit cross section (S) at depth may be half of the cross section at the
surface.

Values of H., within a couple m of the local ground surface are similar to those
inferred by active experiments performed at two geysers in Kamchatka (Shteinberg et al.
2013). High overpressures in a recharging reservoir thus do not appear necessary for
geyser eruptions.

After the main eruption of CL, the radial component of the tilt decreases
continuously, which requires continued subsurface movement of fluids. A porous conduit
or a porous layer connecting different geyser conduits would permit circulation of fluids
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below the surface. Geysering wells show a very different evolution of tilt (Nishimura et
al., 2006; Rudolph et al., 2012), with the tilt gradually increasing during the quiescent
period. Conduits for artificial geysers are isolated pipes, and the measured ground
deformation records fluid flow at the depth where the well is recharged. This hypothesis
can explain the fact that the magnitude of the tilt signal is one order of magnitude larger
than values reported at other natural geysers (Munoz-Saez et.al, 2015) and geysering
wells (Nishimura et al., 2006; Rudolph et al., 2012). The measured tilt near CL shows
water recharge of shallow aquifers; in other instances, tilt reflects changes in deeper
aquifers.

For the secondary geyser CS, during the recharge period (Supplementary Material:
Video # 1 Munoz-Saez et al., 2015b) the water level increases, but in a discontinuous
way, which we attribute to the influence of CL eruptions.

1.1.1.12.  Pre-eruptive behavior

By the end of recharge in the isolated EJ geyser, we observe a peak in temperature
at 1.7 m in the 2014 data (Figure 3.2 and Figure 3.9, points 2 to 3) that coincides with an
increase in the rate of pressure change and with a 2 Hz pre-eruptive signal described in
2012 (Munoz-Saez et al., 2015a). Similarly, in the geyser conduit of VRG, we identified
a 3.5 Hz pre-eruptive signal preceding the main eruption and a 3.5 to 2 Hz signal when
the pressure reaches a local maximum before every minor eruption (Figure 3.10). Some
of those pressure peaks overlap with small temperature peaks in the deepest part of the
conduit. Temperature peaks overlapping with the pre-eruption pressure fluctuations at EJ
and VRG support the interpretation that steam bubbles are flowing into the conduit
(Mackenzie, 1811, Hutchinson et al., 1997; Belousov et al., 2013; Vandemeulebrouck et
al., 2013; Adelstein et al., 2014; Munoz-Saez et al., 2015a). In down-conduit videos from
CS (Supplementary Material: Video # 2 Munoz-Saez et al., 2015b) we observe sporadic
addition of bubbles during the entire recharge period that intensified before the main
eruption.

1.1.1.13.  Liquid/steam distributions in the conduit during minor

and main eruptions

The eruptions of the isolated geyser EJ (Figure 3.2ce) and the primary geyser (CL)
(Figure 3.5) started with a sudden increase of temperature and pressure, and both
temperature and pressure decrease as the eruption progress. At EJ, pressure shows large
fluctuations during an eruption (Figure 3.2ce) that can be associated with boiling and
bubble collapse (Kedar et al., 1998; Munoz-Saez et al., 2015a; Vandemeulebrouck et al.,
2014). Pressure never rises above the hydrostatic value for a liquid-filled conduit.
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During minor eruptions at CL, the temperature of the water is close to boiling
conditions at atmospheric pressure, whereas during the main eruption, pressure and
temperature increase significantly and continue to follow the boiling curve (Figure 3.9).
Namiki et al. (2014) show that boiling in the reservoir releases steam and hot liquid water
to the conduit, causing minor eruptions, and heating the conduit. Eventually the water
becomes warm enough to boil, leading to a steam-dominated eruption that empties the
conduit. During the field measurements in 2014, the sensor was located at a depth of 1 m.
If the conduit was full of water, the hydrostatic pressure would be 10* Pa, greater than the
atmospheric value. During the minor eruptions pressure increases to this value (Figure
3.9), consistent with the conduit filling with liquid during a liquid-dominated eruption.
During the main eruption, pressure exceeds the hydrostatic value (Figure 3.9), which can
be attributed to increased vent pressure as steam is forced through the vent. During the
steam-dominated part of the main eruption, only steam exists at the vent. The tilt of the
surface follows pressure in the conduit, suggesting that water is supplied to the shallow
aquifer by the main eruption. Pressure increases inside the conduit, and the ground rises
in the direction of the vent, consistent with tilt measurements at other natural geysers
such as EJ (Munoz-Saez et al., 2015a). The very short, large amplitude tilt anomaly at the
very beginning of each eruption is likely the poroelastic Noodbergum effect caused by
faster propagation of mechanical deformation than hydraulic propagation of pressure
changes, magnified where there are very compressible formations (Kim and Parizek,
1997).

Minor eruptions at VRG followed a single-step pressure drop in the conduit and a
slight temperature increase at depth. The main eruption occurs during a two-step pressure
drop that overlaps with a large peak in temperature in the deepest part of the conduit. We
interpret the temperature increment in the deepest part of the conduit before and during
an eruption as bubbles being released from a cavity or a boiling reservoir. Consequently,
the pressure drops in the conduit due to liquid water moving down the conduit and fluid
above the sensor becoming less dense owing to the addition of bubbles. The boiling
temperature is reached in the upper part of the conduit (Figure 3.4b) where temperature is
close to the local boiling temperature. According to the model fit during the recharge
period (section 5.1.1) and visual observations (Figure 3.4), the conduit of VRG is full of
water before the eruption begins, and then a large mass of water is removed from the
conduit during the eruption and causes the decease of pressure. This also explains the
opposite behavior of pressure in VRG, where pressure decreases at the beginning of an
eruption. At EJ and CL the upper part of the conduit was empty before the eruption, and
filled with water during an eruption, increasing the pressure.

The temperature in the middle of the conduit remains constant, suggesting that
convection occurs in the conduit. Pressure decreases in the conduit would bring the upper
part of the water column to boiling conditions if the water in the conduit were warm
enough to boil at the surface. If bubble addition is sustained, a main eruption occurs and
continues until steam is depleted. Otherwise, minor eruptions occur. Minor eruptions of
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water during the recharge are analogous to the preparation stage “pre-play” that precedes
the main eruptions characterized by pulses of liquid and/or steam discharge (e.g., Kieffer,
1984; Karlstrom et al., 2013, Namiki et al., 2014; Adelstein et al., 2014), which can heat
the conduit before a main eruption (Namiki et al., 2014).

The magnitude of the pressure drops associated with minor eruptions (~0.5 x 10*
Pa) is similar to each step in the main eruption, consistent with the idea of steam release
from a bubble trap (eg. Belousov et al., 2013; Vandemeulebrouck et al., 2013; Adelstein
et al,, 2014; Munoz-Saez et al., 2015a) rather than fluid from a boiling reservoir
(Ingebritsen and Rojstaczer, 1993, 1996; Namiki et al., 2014), and provides insight into
the size of the cavity. Considering the range of temperature in the upper conduit and the
pressure-dependence of the boiling temperature, water can boil from the surface to ~1 m
depth during the minor eruptions and to ~2.5 m depth for main eruptions. In EJ, the
eruption at the surface occurs between points 3 to 4 (Figure 3.2cde); then the conduit
decompresses and the boiling front propagates downward (Figure 3.2cde, Figure 3.9
between point 5 to 6). At both VRG and EJ, boiling occurs at the top of the water
columns and boiling conditions propagate downward.

Given the depth of the heat input in the conduit, the bubble trap connected to VRG
may be deeper than that at EJ. The eruption cycle (IBE) at VRG is longer and more
irregular than (EJ), because there is more water to warm up in the conduit, and multiple
pre-play or minor eruptions are needed to heat the conduit before the main eruption.

3.6.2 IBE and Interactions between geysers
1.1.1.14. Evolution over time

At EJ geyser, we observed a difference of ~20 % in the IBE from 2012 to 2014 that
is not associated with changes in recharge, but instead may be caused by changes in the
supply of heat, changes in the bubble trap or changes in the permeability of the
surroundings (e.g., Ingebritsen and Rojstaczer, 1996). In addition, changes in the IBE of
CL from 2012 to 2014, the appearance of the two new two eruptive features (CS and
MYV), and the change from bimodal (2012) to unimodal (2014) IBEs at VRG (Figure 3.3)
highlight the dynamism and complexity of hydrological pathways. However, we cannot
establish whether changes in IBE are caused by discrete events or instead occur
progressively over time. For example, in February 2013, heavy rain fell in the area of San
Pedro de Atacama, 70 km SW of El Tatio (ONEMI, 2013) and on April 1%, 2014 a
magnitude 8.2 earthquake occurred in Iquique, ~350 km NW of El Tatio (USGS). Both
of these events could potentially have affected the geysers given their magnitudes and
locations (e.g., Manga and Brodsky 2006; Hurwitz et al., 2014; Hurwitz and Lowenstern
2014). Numerical simulations show that geyser cycles can be sensitive to changes in
porosity, length and permeability of conduit, permeability of surrounding rock, and the
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rate of recharge (Ingebritsen and Rojstaczer, 1993, 1996). Dynamic stress from distant
earthquakes can modify permeability (e.g., Manga et al., 2012) or the effective conduit
length due to changes in the aperture of exiting fractures (Ingebritsen et al., 2006), and
changes in recharge can be caused by climatic events. Depending on the orientation of
fractures, re-opening fractures can create connective pathways between geysers such as
the CL, CS and MV, reactivate a dormant geyser such as CS, and change the eruption
behavior of a feature such as MV. Closing fractures can reduce the permeability and
reduce the IBE, as documented at EJ. Switching from unimodal to bimodal eruption
intervals has also been recognized at other geysers (e.g., Silver and Valette-Silver, 1992)
and is not unexpected in hydrothermal systems where nonlinear relative permeability
functions are sufficient to lead to switching (e.g., Ingebritsen and Rojstaczer, 1996).

VRG in 2012, and CL in 2014, have bimodal distributions of the IBE (Figure 3.3a
and 3.5a). Changes in the IBE have been attributed to changes in the air temperature
(Hurwitz et al., 2008, 2014; Merzhanov et al., 1990) and stresses induced by barometric
pressure changes (3x10” Pa) and solid Earth tides (10° Pa) (Hutchinson et al., 1997;
Vandemeulebrouck et al., 2013), which occur in daily cycles. In VRG and CL, long and
short eruption cycles occur independent of the time of the day (Figure 3.11ac), indicating
that the bimodality of those geysers is not the consequence of environmental
perturbations. At VRG (Figure 3.11ab), several short eruptions can occur before a long
eruption, and the IBE increases progressively until a long eruption occurs; after that, IBE
decreases progressively. Pre-play or minor eruptions are absent during the recharge as
cycles become shorter. In CL, short and long eruptions cycles usually alternate (Figure
3.11cd). Short cycles may be heating the conduit before a long eruption, and could be
considered very large pre-play events.

1.1.1.15. Geyser-Geyser Interaction

The time series (Figure 3.6, 3.7, 3.8) and surface observations (Figure 3.12, and
Supplementary material: Video #1 Munoz-Saez et al., 2015b) document the interaction
between three eruptive features (CL, CS, and MV), suggesting that a permeable “aquifer”
connects all three. As we discussed in Section 5.1.3, pressures inside the conduits
fluctuate, which leads to water transport between eruptive features. Here we summarize
possible mechanisms for the observed interaction.

As pressure increases in the CL conduit by water recharge, water in a shallow
aquifer is sent to the other features. The shallow water is below boiling, suppressing the
eruption of the secondary geyser CS (Figure 3.12 and the longer quiescent period in 13 b)
and overflowing the MV (Figure 3.12). As the CL conduit fills with steam, the pressure
below the vent in the deeper conduit decreases, and water in the aquifer may flow back
toward the CL conduit.

Pressure in the conduit of CS may increase at the beginning of the eruption when the
conduit fills with water, as occurs at EJ, sending some liquid back to CL and to the MV.
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This liquid can produce temporarily liquid-dominated stages during the main eruption of
CL (Figure 3.13ab), and decreases the temperature of the MV (Figure 3.8), suppressing
its eruption. By the end of the CS eruption, pressure in the conduit becomes low,
allowing liquid to flow back to CS and allowing MV to erupt (Figure 3.8, and
Supplementary material: Video #1 Munoz-Saez et al., 2015b). The aquifer connecting the
geysers must be deep enough (at least a few tens of cm) that it does not sense diurnal
variations in temperature. But it must be shallow enough to sense pressure changes in the
geyser conduits. The fluid supply from the deeper sources may also be influenced by
pressures in the geyser conduits. Some combination of all these factors control the
complex interaction among the three eruptive features.

The periodic eruptions and variations in the pressure in the conduit will lead to
periodic variations in pore pressure in the porous materials surrounding the geyser. These
pressure variations decay exponentially in magnitude with increasing distance from the

geyser, decreasing by a factor of e over distance L.~V DT, where D is the hydraulic

diffusivity and T is the interval between eruption. We infer that the separation of thermal
features d is small enough compared to L. that pressure fluctuations can influence

eruptions, that is d < O(L.). The hydraulic diffusivity D = depends on the

k
H(B1+$B2)
permeability (k), viscosity of water ( u = 0.335x1073Pas, near the boiling
temperature), compressibility of the rock (5;) and liquid water (f,) and porosity (¢);

B, + @B, is ~1071° Pa. Given the mean IBE of CL ~ 2.16 h, and that the separation of
CS and CL is ~8 m, a permeability £ > 1071® m? should allow pressure fluctuations from
one geyser to be sensed at the other. The isolated geyser EJ is located 165 m from CL, so
that a permeability £ > 10713 m? would be needed for an interaction between those
geysers. EJ seems to be unresponsive to the other geysers, thus bounding permeability.

1.1.1.16. Geyser-Pool Interaction

Similar changes in pressure in VRG and VRP indicate strong hydrologic connections
between the pool and the geyser though a permeable zone. The temperature evolves
differently between the pool and the geyser: in VRP the temperature remains constant,
while in VRG it varies throughout the geyser cycle, suggesting that the heat source is
only directly connected to the geyser conduit. A temperature decrease in the upper part of
the geyser conduit, after the pressure decreases, can be attributed to the permeable zone
draining colder water into the geyser conduit. The addition of colder water could
contribute to ending the eruption. We do not observe warmer water flowing from the
geyser to the pool during the eruption, indicating that flux between eruptions is a small
fraction of the pool volume.
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3.6.3 Conceptual Model

For the single geyser (EJ), episodic addition of heat from below (e.g., a bubble
trap) increases the temperature in the upper part of conduit (Figure 3.14). When the water
reaches boiling conditions the geyser erupts. Eruptions are frequent (~2 min) and without
pre-play.

The geyser (VRG) and the pool (VRP) are hydraulically well-connected.
However, addition of heat occurs only in the deepest part of the conduit (Figure 3.14).
The bubble trap may be deeper compared to EJ geyser, the IBE is longer, and multiple
pre-plays or minor eruptions heat the conduit before the main eruption. During the main
eruption, the bubble trap empties, causing flow of liquid water into the cavity, which
deceases pressure in the conduit and the pool.

The two geysers (CL, CS) and the mud volcano (MV) are hydraulically connected
through a permeable aquifer (Figure 3.14). These all may be connected to a deeper heat
source. The main geyser (CL) and the secondary geyser (CS) interact, and both control
the periodicity of the MV.

3.7 Conclusion

Our field measurements document that geyser systems evolve over time, including
changes in interval between eruption (IBE) and development of new thermal features.
These measurements allow us to answer some of the questions highlighted in the
introduction:

. How is the eruption cycle of a geyser influenced by other adjacent and distant
thermal sources? Are hot springs and geysers connected through permeable pathways?
Geysers can be connected through permeable pathways to other nearby hot springs and
geysers. Distances must be small enough that pressure changes in one geyser can be
sensed at the other geysers. At El Tatio, reasonable permeabilities are inferred based on
the separation distance of interacting and non-interacting geysers.

. Why do so few hot springs erupt as geysers? Given enough heat and water, the right
subsurface geometry may be necessary. Geysers with deeper bubble traps and greater
volume are more likely to have pre-play or minor eruptions. Complexity in the
underground geometry determines the features of the eruption cycles.
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3.9 Figures

Figure 3.1: El Tatio Geyser Field

(a) Location (Google Eath, 2015); green stars indicate the positions of the studied geysers
and the blue line indicates the normal fault that bounds the El Tatio half-graben, showing
that geysers are located in the hanging wall of that fault. (b) El Jefe geyser (EJ) erupting
in 2012, (c) Vega Rinconada geyser (VRG) and Vega Rinconada pool (VRP) in 2014, (d)
El Cobreloa geyser (CL) is erupting in front, El Cobresal geyser (CS) and the mud pool
(MP) steaming in the background in 2014.

a) El Tatio Upper Basin El Cobreloz
5 o ). %sc)obresal H‘i")

Image © 2015 DigitalGlobe
Google Earth
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Figure 3.2: Eruption cycle of El Jefe geyser (EJ)

(a) Histogram of interval between eruptions (IBE) for data collected in 2012 (Munoz-
Saez et al., 2015a), showing a normal distribution with a mean of 132.2 s and standard
deviation of 2.4 s. (b) IBE for 2014 with a mean of 105.5 s and standard deviation of 3.2
s. (¢c) Example of pressure and temperature evolution in 2012 at a depth of 1.5 m (Munoz-
Saez et al., 2015a); stars numbered 1 to 7 identify key stages in the cycle. (d) Time series
of temperature at depths of 1.7 m (red), 1.2 m (orange), 0.6 m (light blue), and 0.0 m
(pink) from 2014; subset of four eruption cycles. (¢) Temperature at 1.7 m (red) and 1.2
m (orange), and pressure at 1.7 m (blue), during the same four cycles. The box at right
highlights a single eruption cycle, identifying key stages in the cycle defined for 2012
data (panel c).
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Figure 3.3: Interval between eruptions (IBE) for Vega Rinconada geyser (VRG)
(a) Oct. 2012, showing a bimodal distribution centered at 1.4 h and 2.0 h; the mean IBE
is 1.4 h and the standard deviation 0.4 h and (b) Oct. 2014, showing an asymmetric
distribution, centered at 1.4 h; the mean IBE is 1.5 h and the standard deviation 0.2 h.
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Figure 3.4: Vega Rinconada geyser (VRG) and pool (VRP) in 2014

(a) Right side shows a picture of the geyser surface, where we extract the central pixel for
all heights (vertical pink line) for images taken every 1 s to obtain the surface time series
shown on the left. White curve shows the liquid water height above the vent. Time
interval “A” corresponds to the period of the main eruption, “B” to small discharges of
water, and “C” to the increase of water level at the conduit surface measured from the
image sequence. (b) 2D color plot of temperature inside the geyser conduit (temperature
sensors were located at depths of: 0.0 m, 0.9 m, 1.7 m, 2.6 m, 3.5 m, 4.3 m, 5.2 m, and
6.1 m) and temperature is interpolated between the measurement depths. (c) Time series
of pressure (black) and temperature (green) at 4.3 m and 6.1 m (red) depths in the geyser
conduit. (d) Time series of pressure (black) and temperature (blue) at 2 m depth in the
pool. Time shown for all figures begins on Oct. 5™ 2014, 13:22:00 UTC.
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Figure 3.5: Interval between eruptions (IBE) of El Cobreloa geyser (CL) and El
Cobresal geyser (CS) during Oct. 2014

(a) For main eruptions in the CL, the IBE distribution is bimodal with peaks at 0.75 h and
2.75 h, the mean IBE is 2.16 h, and the standard deviation is 0.86 h. The IBE is calculated
from signals in pressure, temperature and tilt data. (b) The IBE of the CS shows an
asymmetric distribution centered at 0.20 h; the mean IBE is 0.26 h and the standard
deviation is 0.09 h. IBE is calculated from temperature measurements.
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Figure 3.6: El Cobreloa (CL) showing an example of three eruption cycles measured
on Oct. 8th, 2014

(a) Temperature at a depth of 1 m in the conduit (red) and horizontal distances of 0.5 m
from the vent (purple), and 2.5 m from the vent. (b) Pressure (grey) and temperature (red)
from sensors located at a depth of 1 m in the conduit. The black line indicates
atmospheric pressure. (¢) Ground deformation: tangential component (light blue), and
radial component (dark blue). (d) Image sequence taken every 1 s above the geyser
conduit, which corresponds to the part of the time series presented in (a) and (b); y-axis
indicates the height above the conduit. We observe water coming out of the conduit
during minor eruptions (white arrows), and main eruptions (black arrow), also identified

in (b).
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Figure 3.7: El Cobresal (CS) time series in 2014

(a) Temperature in the conduit at depths of 0.0 m (green), 0.4 m (magenta), 0.8 m
(yellow), and 1.2 m (red). (b) Images sequence taken every 1 s above the geyser conduit
showing five consecutive eruptions (black arrow), followed by a quiet period, and then
five more eruptions. Same interval as Figure 3.6.
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Figure 3.8: Temperature time series from 9 Oct. 2014
Measurements at a depth of 1 m in the crater of the Mud Volcano (MV) shown in green
and a depth of 1.2 m in El Cobresal conduit (CS) shown in red.
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Figure 3.9: Temperature and pressure evolution within the geysers

T, P with the theoretical boiling curve for pure water (red curve). The y-axis has two
scales at the left side we express pressure in Pa and at the right side in mm of H,O. In the
purple box we plot data from 4,150 eruptions of el Jefe (EJ) in 2014 at a depth of 1.7 m
(pink dots), the black curve is the average during an eruption cycle, and numbers 1 to 7
indicate key points in the eruption cycle. In the green box we plot data from 35 eruptions
in 2014 at the primary geyser (CL) at a depth of 1 m (green circles); black ellipses show
the quiescent period and the eruptions. Arrows on the left show the values of atmospheric
pressure, and the theoretical maximum hydrostatic pressure measured in CL and EJ if the
conduit is full of water. The green box shows that the pressure at CL exceeds the
hydrostatic value during the main eruptions, but this does not occur for EJ. In the blue
boxes we plot data from Vega Rinconada geyser (VRG). In 2014 we measured 118
eruptions, and the sensors were located at depths of 4.3 m and 6.1 m. In 2012 we
measured one eruption, and the sensors were located at depths of 4.3 m and 5.9 m. The
black curve superimposed on the data shows the average pressure and temperature during
one cycle. The letter A shows the evolution during main eruptions, B identifies the first
part of the recharge period, and C shows the second half of the recharge period (as
observed in Figure 3.4). In the grey box we plot data of Vega Rinconada pool (VRP)
from 2012 (light grey) and 2014 (dark grey).
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Figure 3.10: Eruption cycle of Vega Rinconada geyser (VRG)

(a) Temperature (red) and pressure (blue) at a 5.9 m depth. Sampling frequency is 1 Hz
for temperature, and 100 Hz for pressure. A corresponds to the main eruption, B and C to

the recharge. (b) Spectrogram of the pressure during the same period of time.

A 3.5 Hz

signal occurs before every main eruption, and during every local maximum of pressure
during the recharge period. Time shown begins on Oct. 27" 2012, 21:59:50 UTC.
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Figure 3.11: Interval Between Eruption (IBE) at Vega Rinconada geyser (VRG) and
El Cobreloa geyser (CL)
(a) IBE at different times of the day at VRG. Data from Oct 21* to Oct 29" 2012 are
shown with different colors. (b) Temperature in VRG at depths of 0.9 m (dark magenta),
2.6 m (blue), 4.3 m (yellow) and 6.1 m (red). Boxes show five eruption cycles on Oct.
23 2012. Numbers from 1 to 4 and the long arrow on the red line ((a) Oct. 23™) shows
the IBE increasing with time as in (b). From 4 to 5 the IBE decreases (short arrow). (¢)
IBE during the day for CL, data from Oct 6™ to Oct 9™ 2014. (d) Pressure (blue) and
temperature (red) at a depth of 1 m in CL on Oct. 7" 2014. From 1 to 2, and 3 to 4, the
arrows in (c¢) and (d) show a long eruption cycle followed by a short eruption cycle.
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Figure 3.12: Image sequence

Same time period shown in Figures 3.6 and 3.7. (a) El Cobreloa (CL), (b) El Cobresal
(CS), (c) Mud volcano (MV). For (a) and (b) pictures were taken facing the water
column; in (c) the pictures were taken facing toward the MV vent. Red arrows indicate
the eruptions, and the triangle in (c) shows the MV overflowing.
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Figure 3.13: Interaction between El Cobreloa geyser (CL) and El Cobresal geyser
(CS)

(a) Time series of surface expression of eruptions showing three main eruptions at CL.
(b) Time series of temperature (light blue), pressure (grey) of CL at 1 m depth, and
temperature in CS at 1.2 m depth (red) during the same time period of (a). Main eruptions
of CL are characterized by a large increase of temperature and pressure that correlate
with water height in (a). In the time series of CS we numbered each eruption interval
sequentially. Number 1 has a large IBE that coincides with a main eruption of the CL. (c)
IBE of eruptions at CS geyser during one cycle of the CL as we observe in (b). We
observe that the IBE of CS decreases at the beginning of the CL eruption cycle, and then
increases over time. (d) IBE of eruptions at CS geyser before the main eruption of CL;
number 1 corresponds to the longest cycle, and previous eruptions are numbered
sequentially.
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Figure 3.14: Conceptual model for the three geyser systems

(a) The isolated geyser, El Jefe (EJ) has a single conduit connected to the bubble trap.
Bubbles moving toward the conduit indicated by the arrows generate the eruption. (b)
Vega Rinconada, the geyser (VRG) - pool (VRP) system, has two connected conduits,
but only the geyser is connected to the bubble trap. Arrows show the direction of fluid
flow. (c) El Cobreloa (CL), El Cobresal (CS) and the Mud Volcano (MV) are three
conduits connected through a permeable layer or aquifer.
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CHAPTER 4: SINTER DEPOSITS

Chapter 4 Physical and hydraulic properties of

modern sinter deposits: El Tatio, Atacama

The following chapter includes work previously published in:

Munoz-Saez, C., Saltiel, S., Manga, M., Nguyen, C. and Gonnermann, H., 2016. Physical
and hydraulic properties of modern sinter deposits: El Tatio, Atacama. Journal of
Volcanology and Geothermal Research, 325, pp.156-168.

4.1 Abstract

Sinters are siliceous, sedimentary deposits that form in geothermal areas.
Formation occurs in two steps. Hot water circulates in the subsurface and dissolves silica
from the host rock, usually rhyolites. Silica then precipitates after hot water is discharged
and cools. Extensive sinter formations are linked to up-flow areas of fluids originating
from high temperature (>175°C) deep reservoirs. Fluid geochemistry, microbial
communities, and environmental conditions of deposition determine the texture of sinter
and pore framework. Porosity strongly influences physical and hydraulic properties of
rocks. To better understand the properties controlling the transport of fluids, and interpret
geophysical observations in geothermal systems, we studied 17 samples of modern
geyserite sinter deposits (<10 ka) from the active El Tatio geothermal field in northern
Chile. We measured the physical properties (hydraulic, seismic, and electrical), and
internal microstructure (using uX-Ray computed tomography). We find that the pore
structure, and thus hydraulic and physical properties, is controlled by the distribution of
microbial matter. Based on velocity-porosity relationships, permeability-porosity scaling,
and image analysis of the 3D pore structure; we find that the physical and hydraulic
properties of sinter more closely resemble those of vesicular volcanic rocks and other
material formed by precipitation in geothermal settings (i.e., travertine) than clastic
sedimentary rocks.

4.2 Introduction

Sinters are terrestrial, siliceous, sedimentary deposits that are common in geothermal
areas with near-neutral alkali chloride springs and typically originate from deep
reservoirs with temperatures >175°C (Fournier and Rowe, 1996). Silica can be also
deposited from acid-sulfate-chloride waters (e.g. Jones et al., 2000; Mountain et al, 2003;
Rodgers et al., 2004; Schinteie et al., 2007). Sinter deposits are located at the surface of
geothermal systems; near-vent deposits called geyserite form a thin unit that can reach up
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to ~15 m thicknesses, while the thickness of sinter terraces and aprons varies from 10 to
100 m (e.g., Campbell et al., 2015a).

Geophysical methods commonly used to image geothermal settings include seismic,
electrical, and radar and hence require knowledge of the seismic velocity, density, and
electrical conductivity of sinter to interpret geophysical data. Few studies report physical
properties of sinter (e.g., Herdianita et al., 2000; Rodgers et al., 2004; Lynne et al., 2005,
2008), none of which report geophysical properties.

Physical and hydraulic properties of rocks are strongly influenced by their porosity
and pore structure. The origin and evolution of sinter porosity have received more
attention in the literature; primary porosity can be modified by post-depositional events
including burial, compaction, secondary fluid circulation and precipitation of silica in
pores, diagenetic transformation of silica, and dissolution via acid steam condensate (e.g.,
Fernandez-Turiel et al., 2005; Campbell et al., 2015b; Lynne et al., 2008). The evolution
of porosity in some cases appears to be independent of mineral maturity (Lynne et al.,
2005, 2008). The shape and size of the pores/voids preserved in the sinter layers provide
information about the regime of water discharge in channels (Lynne, 2012). Primary
porosity in microbial textures occurs in the matrix and inside silicified organisms (Jones
and Renaut, 1997; Fernandez-Turiel et al., 2005; Campbell et al., 2015b). Abundant
fenestral porosity has been observed in laminae and palisade micro textures (e.g.,
Konhauser et al., 2001; Fernandez-Turiel et al., 2005). Gas bubbles (<15mm) released by
photosynthetic bacteria can be trapped in microbial mats prior to silicification of
microbes (e.g., White et al., 1964; Hinman and Lindstrom, 1996; Lynne, 2012). Microbes
can overgrow surfaces faster than the deposition rate of silica and produce macro-scale
sinter textures of multiple curved laminations with oval or lenticular voids (Lynne, 2012).

To better understand the properties of modern sinter, interpret geophysical
surveys and to provide estimates of properties that control the transport of fluids, we
analyzed a set of young sinter samples from an active geothermal field located in north of
Chile called El Tatio. We sampled proximal to middle facies of modern sinter deposits,
and we examined the microstructure, porosity and distribution of microbial filaments in
the samples by using optical (thin sections) and pX-Ray Computed Tomography
methods. We measured the hydraulic, seismic, and electrical properties of the samples in
the laboratory, and compared the measured relation between microstructure and physical
properties with commonly used effective medium models and empirical relationships.

4.3 Importance of studying sinter

Depending on the distance from the geothermal vent and the flow regime, proximal,
middle and distal deposits have distinctive sinter facies, including cones, mounds,
channels, terraces, aprons, and marsh (e.g., Cady and Farmer, 1996; Braunstein and
Lowe, 2001; Campbell et al., 2015a). Geyserite is a type of proximal sinter deposit
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characterized by dense and fine lamination that is generated by intermittent discharge
from hydrothermal vents (White et al., 1964). Proximal deposits are associated with high
temperature water, ranging from 75 to 100°C (e.g., White et al, 1964; Walter, 1976a;
Campbell et al., 2015a). Sinter, especially proximal deposits, provides a guide for
identifying ore epithermal deposits and geothermal systems, These deposits indicate the
location of up flow zones, and the position of vents/fractures connected to deep
geothermal reservoirs (e.g., Sillitoe, 1993, 2015; Guido and Campbell, 2009; Lynne
2012).

Sinter textures preserve information about the fluid geochemistry, discharge,
microbial communities, and environmental conditions of deposition (e.g., Walter,
1976ab; Cady and Farmer, 1996; Hinman and Lindstrom, 1996; Konhauser and Ferris,
1996; Jones and Renaut, 1997, 2004; Campbell et al., 2001; Konhauser et al., 2001; Lowe
et al., 2001; Jones et al., 2003; Guidry and Chafetz, 2003; Lynne and Campbell, 2003;
Handley et al., 2005; Schinteie et al., 2007; Nicolau et al., 2014). Hot springs settings are
inhabited by microbial communities; hence studying sinter can provide insights into the
development of early life on Earth under extreme environmental conditions (e.g., Walter,
1972; Konhauser, et al., 2003; Westall et al., 2015). Opaline silica deposits have been
identified on Mars (e.g., Squyres et al., 2008; Ruff et al., 2011), and they are of
astrobiological interest because terrestrial opaline sinters preserve signatures of microbial
life. Microbial textures tend to remain longer than microfossils as fingerprints of
organisms, which tend to disappear in ancient sinters (e.g., Guidry and Chafetz, 2003;
Lynne et al., 2005). A few pre-Quaternary sinters with microbial fossils have been found
in the geological record e.g., Devonian Drummond in Australia (e.g., Walter et al., 1996),
Devonian Rhynie cherts in Scotland (e.g., Rice et. al, 2012), Late Jurassic Deseado
Massif in Argentina (Guido and Campbell, 2014; Campbell et al., 2015a).

Palisade texture is commonly preserved in the geological record, and it is associated
with low-temperature (<40°C) relatively calm water that accumulates in shallow terraces,
large pools and distal apron-slope (e.g., Weed, 1889; Walter et al. 1996; Cassie, 1989;
Cady and Farmer, 1996; Lynne and Campbell, 2003; Guido and Campbell, 2014;
Campbell et al., 2015b). Palisade texture typically has thin laminated layers (1-5 mm
thick) that are rich in microbial filaments; these layers alternate with solid silica horizons
(e.g., Campbell et al., 2001, 2015b). Filaments arrange into closely packed, vertically-
oriented, micropillar structures (e.g., Cassie, 1989; Cady and Farmer, 1996; Lynne and
Campbell, 2003). Silicified stacks of filamentous palisade layers can form stromatolitic
structures (e.g., Campbell et al., 2001, 2015b). These microbial filaments commonly
correspond to photosynthetic cyanobacterias of the genus Calothrix spp., which are
characterized by individual filaments of >10pum diameter and 4mm length (Watanabe and
Kurogi, 1975). Microbial filaments form felted mats. Mid-temperature (~40-60°C) hot
spring aprons and discharge channels are inhabited by thin <5um diameter sheathed
filamentous cyanobacteria Leptolyngbya ssp. (e.g., Walter, 1976a; Cady and Farmer,
1996; Lowe et al., 2001). High-temperature (60-75°C) proximal slopes and channels are
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inhabited by filamentous microbes of <lum diameter, which are in the limit of
photosynthetic bacteria (Pierson and Castenholz, 1974). In near vent environments
(>75°C), sinter is deposited under subaqueous conditions and intermittently wetted by
splash, waves, surging, or airborne eruptions (e.g., Lowe et al., 2001; Lynne, 2012).
Biofilms of non-photosynthetic bacteria and archaea have been recognized in alkaline
waters >75 °C (e.g., Bott and Brock, 1969; Huber et al., 1998; Blank et al., 2002; Cady,
2008).

Studying the properties of modern sinters offers insights to discriminate between
depositional processes and later overprints. Mineralogical and textural changes in sinter
occur gradually over time as a result of burial and diagenesis (e.g., Cady and Farmer,
1996; Herdianita et al. 2000; Lynne et al., 2012). However sinter diagenesis is mostly
controlled by burial, circulation of secondary fluids and condensation of acid steam (e.g.,
Lynne and Campbell 2013; Lynne et al., 2005, 2008). The main phase in fresh sinter is
non-crystalline opal A, a hydrated amorphous form of silica. Micro-spheres of opal-A
progressively change to nanospheres of opal-A/CT, lose water and crystallize to para-
crystalline opal-CT, opal-C, and eventually to quartz (e.g., Chaika and Dvorkin, 1997;
Herdianita, et al., 2000; Rodgers and Cressey, 2001; Lynne et al., 2008).

4.4 El Tatio: geological setting and characteristics of sinter deposits

El Tatio is an active geothermal area located in the Atacama Desert, northern
Chile (elevation >4,000 m). The heat of the system is provided by Holocene dominantly
andesitic stratovolcanoes with no historical local eruptions (Lahsen, 1976ab). Based on
chemical and isotopic characteristics, the thermal waters are inferred to originate from
mixing between magmatic, meteoric and hydrothermal sources (Cusicanqui et al., 1976;
Giggenbach, 1978; Cortecci et al., 2005; Tassi et al., 2010). The thermal water has pH
from 6 to 8, conductivity of ~20 mS/cm, high concentrations of CI" (>6000 mg/l), Na"
(>3500 mg/l), SiO, (>220 mg/l), and As’(>30 mg/l), and low SO* (<50 mg/l) (e.g.,
Cusicanqui et al., 1976; Giggenbach, 1978; Fernandez-Turiel et al., 2005; Cortecci et al.,
2005 ; Tassi et al., 2010; Nicolau et al., 2014).

Most thermal manifestations are located in an area ~10 km?, and the distribution
of the thermal features is bounded by a N-S trending half-graben (Figure 1). The basin is
filled with ~1000 m of sub-horizontal ignimbrites, tuffs and lavas and covered by
Holocene alluvial, glacial (Healy, 1974; Lahsen and Trujillo, 1975) and sinter deposits.
Diverse thermal features have been reported, including geysers, springs, perpetual
spouters, mud pools, mud volcanoes, and fumaroles (Glennon and Pfaff, 2003). Sinter
deposits form an array of mounds, geyser cones, pool-rim dams, and complex sinter
aprons characterized by shallow terraced pools (Jones and Renaut, 1997). The absolute
age of the sinter deposits is unknown, a bound of <10 ka can be constrained by the time
of the last glacier retreat considering the glacial deposits below the sinter units (Lahsen,
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1976ab). However, considering the rates of silica precipitation and the size of the deposit,
deposition would likely have begun ~1 to 4 ka (Nicolau et al., 2014).

A precipitation rate of silica between 1.3 to 3.4 kg/m” per year was measured in-situ for
sub-aerial sinter that accumulated during 10 months along different portions of the
discharge channel of a hot spring (Nicolau et al., 2014). This rate is lower than in
Waiotapu, New Zealand, where the sub-aerial precipitation is 1 to 10 kg/m* (Handley et
al., 2005), but relatively high considering that the silica content of the water in the
measured springs of El Tatio (147 ppm) is lower than in Waiotapu (430ppm). Silica
deposition is governed by environmental conditions leading to high evaporation rate and
high cooling rate (Nicolau et al., 2014).

Previous studies of sinter at El Tatio explained some petrographic, chemical, and
textural characteristic of sinter, describing opal-A as the dominant silica phase, with
halite and gypsum as accessory minerals (e.g., Jones and Renaut 1997; Rodgers et al.,
2002; Glennon and Pfaff, 2003; Fernandez-Turiel et al., 2005; Garcia-Valles et al., 2008;
Lynne, 2012; Nicolau et al., 2014). Mineralogically mature opal-C is mostly located in
older distal depositional environments and near active fumaroles (Garcia-Valles et al.,
2008). Sinter deposits preserve microbial communities of cyanobacteria, green bacteria,
diatoms, and particles of silicified pollen and plants in their layering (Fernandez-Turiel et
al. 2005; Garcia-Valles et al., 2008; Nicolau et al., 2014). The high elevation of El Tatio
lowers the boiling point of water to ~86.4°C, and leads to higher UV radiation than at
other sinter areas, e.g., Yellowstone in the USA, hot springs in New Zealand and Iceland.
Precipitation of silica offers cyanobacteria protection against UV radiation (Phoenix et
al., 2006). Compared to low the altitude hot springs in New Zealand, the El Tatio
microbial mats have similar color and texture, but slightly higher temperatures (Lynne et
al., 2012). Proximal to geysers (70 to 86°C) are green bacteria that were observed at
Yellowstone in waters below 75°C (Fernandez-Turiel et al., 2005). Ranges of temperature
for hyperthermic and mid-temperature microbes at El Tatio were not strictly defined
(e.g., Phoenix et al., 2006; Nicolau et al., 2014). Hyperthermophilic bacteria (1pm
diameter) and mid-temperature microbes (>5um diameter) coexist with boiling-related
textures and proximal environments of >60°C (Nicolau et al., 2014). Filamentous
cyanobacteria Lyngbya ssp. (<Spum diameter), Calothrix ssp. (>10um diameter), and
Phormidium ssp. (2-12um diameter), were identified from microbial mats collected in
outflow channels and terraces of <40°C (Phoenix et al., 2006).

At El Tatio, geysers and spouting springs discharge from tube-shaped vents that
can be surrounded by steep-sided mounds or cones up to ~3 m high and ~3 m in basal
diameter, or by pools (few cm up to Sm diameter) filled with hot water, and bounded by
pool-rim dams (Jones and Renaut, 1997). Deposits present irregular shapes and
discontinuous laminations, smooth knobs and ridges, columns, erected spicules, and
oncoids (Jones and Renaut, 1997; Fernandez-Turiel et al., 2005; Garcia-Valles et al.,
2008; Nicolau et al., 2014). Strong daily variations in temperatures produced freezing-
related textures: platelets, micro columns and ridges (Nicolau et al, 2014).
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Microscopically, silica spheres can be randomly aggregated forming layers or botryoidal
crusts; massive silica forms smooth-dense layers; and biogenic silica forms porous sinter
laminations (Fernandez-Turiel et al., 2005; Garcia-Valles et al., 2008; Nicolau et al.,
2014). Middle facies associated with discharge channels, elevated sinter terraces around
springs and geysers, and mid-apron have macro-scale textures characterized by laminated
spicules and oncoids of varied shape (Jones and Renaut, 1997; Fernandez-Turiel et al.,
2005; Garcia-Valles et al., 2008). Micro-scale textures show fine laminations alternating
with palisade textures (Jones and Renaut, 1997; Fernandez-Turiel et al., 2005).

4.5 Methodology

We collected samples from three locations: TAT-002, TAT-005 and TAT-006
(Figure 4.1). TAT-002 is a sinter terrace formed by the discharge of an active geyser
located 5 m from the sample site. This sample was still saturated with water, and the
temperature was ~40 °C when collected. TAT-005 and TAT-006 are abandoned geyser
cones, and samples were dry. TAT-005 is located in an area without discharge of thermal
fluids, while at TAT-006 vapor was still emanating from the center of the cone. Cores
derived from samples collected from different stratigraphic levels were sampled
systematically from the bottom of the cone to the top every 5 to 10 cm, and labeled
alphabetically in the same order. We assume that samples from the bottom were older
than samples from the top. Measurements were performed only in samples of fine-
layered sinter (1 to 5 mm laminations).

For the petrography, we analyzed thin sections of the three sampled sites with a
petrographic microscope. We analyzed 2.5 mm diameter cores from sample TAT-002
with uX-ray computed micro-tomography (uWXRT), which is a non-destructive technique
that creates a high-resolution three-dimensional image of rock density (resolution of 1.3
um/voxel). uXRT was performed at the Advanced Light Source (ALS) beamline 8.3.2,
Lawrence Berkeley National Laboratory (LBNL). We used 22 keV monochromatic X-
rays. We reconstructed and visualized the 3-D internal structure of the sample using
Octopus, Image-J and Avizo software.

For X-ray diffraction (XRD), considering that sinter diagenesis can be patchy
spatially and layers can be heterogeneous in composition, we powdered different sinter
layers from the hand sample, mixed them and analyzed a few milligrams. We used a
PANalytical X’Pert Pro diffractometer equipped with a Co X-ray tube and a fast
X’Celerator detector. Minerals produce characteristic X-ray patterns that can be
compared with a database of known phases using the analytical software XPERT-PRO.
For hydraulic, seismic and electrical properties analysis, we drilled 17 cores 2.5 cm in
diameter. Some of the cores were perpendicular, and others orthogonal, to the lamination.
The connected porosity was determined in the lab using a Micromeritics AccuPyc I 1340
(Nguyen et al., 2014) that measures the change of helium pressure within the calibrated
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volume and Boyle’s law. Powdered samples were also measured using the AccuPyc II
1340 to determine the density of the skeleton (solid plus any isolated vesicles that are
not somehow connected to the sample surface). We computed the total porosity by
dividing the difference between the volume of skeleton and the volume of the cylindrical
core by the total volume of the core. Bulk density of the core was determined from the
ratio between the total mass and volume of the core.

For Darcian permeability measurements we used a Capillary Flow Porometer
(Model CFP-1100AXL-AC, Porous Media, Inc.). We jacketed the cores with
impermeable epoxy resin, except at the two flat ends. The inlet air pressure varied from
1.1x10° Pa up to 6x10° Pa while the outlet pressure was atmospheric. We measured each
sample with 2-3 interchangeable flow meters to improve accuracy. The pressure gradient
across the sample length varied between 0 and 5x10° Pa m™, and the measured
volumetric flow rate of air was between 3x10~ and 5x107 m’s™', with an accuracy ~
5x10° m’ s (~ 1% of the minimum measured flow rate).

For the measurement of seismic velocities we used ultrasonic waves. We used
Source/Receiver NER P and S wave transducers and an oscilloscope, Tektronix TDS 210.
A sonic pulse is generated at one side of the sample and we measure the arrival time of
the wave in the other end of the sample. We obtained the acoustic velocities by
measuring the travel time (minus the ‘face to face’ time in the transducers themselves)
along the sample axis divided by the sample length. When the signal exceeded a
threshold, we manually selected this point as the arrival time of the wave. We calculate
P-wave velocity (Vp) in dry and saturated samples, given that the deposition of the sinter
occurs in an aqueous environment, and the pore space in geothermal reservoirs is
saturated. Saturation also minimizes the effect of small cracks in the rocks that may affect
the measurements. We used two methods to saturate the sample: vacuum chamber and
boiling; we obtained >80% of saturation in every sample. S-wave velocity (Vs) was only
measured in dry samples, since the fluid should not affect the shear modulus of the
samples. To test the anisotropy of the samples, we measured the S-wave velocity in two
perpendicular directions of polarization. For V» and Vs we used MHz frequencies, and the
error in velocity is < 3%. Some samples were too attenuating at these frequencies to make
an accurate measurement; they were excluded from this study. The elastic moduli of the
rocks were calculated with the seismic velocities and the bulk density of the samples.
There are no laboratory standards for the seismic properties of opal-A in sinter rocks in
the literature. As a reference, we used standard values of opal measured in the lab on
marine chalks with opal-A as the main mineral phase, and less than 50% of opal A/CT
(Chaika and Dvorkin, 1997; Chaika, 1998).

We measured the electrical resistance of the saturated samples by connecting an
electrode to each end of the core and applying an oscillating electrical current. The
resistivity was calculated by measuring the voltage across the sample of a measured
length, given the applied current with a range of frequencies from 0.1 to 1000 Hz. The
measured resistivity varied at the lower frequencies (due to surface conduction effects)
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but became constant at higher frequencies; we report the latter value. We used an IET
RS-200W, with an accuracy, after subtracting the residual impedance, of ~0.2%. We
measured the resistivity of the samples saturated (Ryo,cx) with two brines of different
resistivity, Ry;=41.35 Qm, R,»=15.81 OAm. We expected the lower resistivity of the
second brine to lessen the effect of partial saturation because aqueous conduction should
dominate over mineral surface conduction, which is more sensitive to saturation. Also the
resistivity of Ry, is close to the corresponding values of conductivity and salinity of
water reported in the field (e.g., Giggenbach, 1978; Cortecci et al., 2005). The resistivity
of the brines was used to determine the resistivity index or formation factor (Fr) that
corresponds to the ratio between the resistivity of the saturated sample and the resistivity
of the water saturating the rock (Fr = Ryock/Rwater) (Archie, 1942).

4.6 Results

4.6.1 Observations of sinter layers and pores structure

In thin sections, we observe that El Tatio samples are composed of diverse silica
layers, with a variable pore concentration, size, and shape (Figure 4.2). Sample TAT-002
has a palisade texture, with elongated pores perpendicular to the lamination (Figure
4.2abc). In older cones (TAT-005 and TAT-006), we observe palisade-like textures, with
a similar orientation of the pores, but they have a smaller amount of voids, and these
voids are much more rounded (Figure 4.2eg). We find layers of different textures,
including palisade-like textures (Figure 4.2¢), massive silica (Figure 4.2h), and porous
silica (Figure 4.2di). The boundaries between layers vary: in places we observe sharp
changes in texture (Figure 4.2dh) and in others we find transitional changes (Figure
4.2bi). Dark lines delimit different layers (e.g., Figure 4.2g), and fragments of volcanic
rocks or glass shards (Figure 4.2f) were deposited between layers. Fragments of sub-
angular glass shards provide evidence of subaerial exposure between depositional
periods, evidence of geyser quiescence.

We find filamentous microbes in the palisade texture described above for the young
sample TAT-002. From the thin sections and 3D reconstructions from puX-ray computed
tomography (Figure 4.3), we observe that filaments have diameters ~10 um. Filaments
tend to be oriented perpendicular to the lamination. Some filaments are long and cross
through the entire core diameter (2.5 mm). The pores are also elongated in the same
direction as the filaments. Using our 3D image volumes, we calculate that the
filamentous bacteria surpass 20% of the volume of the rock.

Additionally, in the older samples we observe oncoid structures of ~2 mm
diameter, surrounded by porous silica (TAT-0051, Figure 4.4a). Oncoids have concentric
massive layers of silica, while the surrounding porous silica have a palisade texture. The
dark regions around the pores can be attributed to microbial filaments. In sample TAT-
006Q we find wavy laminated textures (Figure 4.4b) with fenestral porosity between the
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laminae. From detailed observations inside the pores of sample TAT-006H, we can
establish that glassy silica precipitated from the border to the center of the pores (Figure
4.4c). Crystals of hornblende (Ca, (Mg, Fe, Al)s (Al, Si)s O, (OH),) infill pores (Figure
4.4d).

XRD from different levels of TAT-006 (Figure 4.4¢) indicate the predominance
of non-crystalline opal-A, and the peaks show the presence of detritial accessory
minerals. TAT-006A present several small diffraction peaks, the one at 31° is associated
with quartz (Si0O,), and the one at 32.7° with plagioclase, probably albite (Na(Si3Al)Os).
TAT-006I shows diffraction peaks at 25.6° and 33.3° from cristobalite (polymorph of
quartz), 31° and 42.9° from quartz, and 32.5° and 32.7° from plagioclase. TAT-006M has
the same peaks for cristobalite, quartz, plagioclase, and peaks at 31.5° and 41.6° from
zircon (ZrSiOy).

Using pXRT-3D image analysis (Figure 4.5), we estimate that the porosity varies
among cores from ~20% to 50%, with slightly lower values for the smaller cores because
we did not sample the larger voids. The size distribution analysis of individual pores
(diameter >5 pm) show that more 85% of the pores had a volume <10’ um3, but their
contribution to the total porosity is <5%. Pores with volume between 10° and 10° um?3
account for ~ 10% of the pores, and ~15% of the total porosity. The rest of the pores with
volume >10° um3 correspond to 0.5% of the number of pores and ~80% of the total
porosity.

4.6.2 Hydraulic, seismic, and electrical properties

Table 1 summarizes the measurements of bulk density (p), porosity (¢), permeability
(k), seismic velocities (Vp and Vs) and formation resistivity factor (Fx) of the sinter
samples. The propagation velocities of P-waves in dry and saturated samples are denoted
Vepry and Vpsas, respectively. The two polarization directions of S-waves are denoted as
Vsi and Vs,. The formation resistivity factors (Fg; and Fry) were measured with two
brines. The cores are also labeled according to whether they were oriented parallel (//) or
orthogonal (L) to the lamination.

4.6.3 Relationships between porosity (¢) and permeability (k)
The total porosity (¢t,¢) ranges between 25.8 and 54.1%, and the mean porosity is

39.4%, with most of the porosity connected (¢, ) (Figure 4.6a). The values of

permeability (k) range between 107 to 10™'? m?, with a mean k of 10™° m* (Figure 4.6b),
showing a slight positive correlation with porosity. The highest value of k£ was measured
in a core parallel to the layering (TAT-006LC). Some samples were cored parallel and
perpendicular to the layering. k£ in the parallel cores was 1 to 2 orders of magnitude
higher (TAT-0061 and TAT-006L) than in the orthogonal cores. In other samples, two
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orthogonal cores were analyzed, and & varied up to 2 orders of magnitude (TAT-006M)
(Table 1).

4.6.4 Anisotropy of S-wave propagation (V)

We analyzed the anisotropy of S-wave velocity with the ratio Vsi/Vs,, where the
faster direction is 1 such that the ratio was always greater than or equal to 1 (Figure
4.7a). For samples oriented parallel to the lamination, the two polarizations were different
relative to the layering. High Vsi/Vs, indicates that the layers have different seismic
properties, or are seismically anisotropic. For orthogonal samples, both polarizations
sample the same layers. High Vs1/Vs, suggests that the layers themselves are anisotropic.
For most of the samples Vsi/Vs; is close to 1, indicating that most of the samples are
isotropic. For those samples where Vs /Vs, is far from 1, there is no clear relationship
with respect to orientation of the samples.

4.6.5 Relationships between seismic velocities Vp, Vs, porosity (¢), and bulk density
)

Seismic velocities show large scatter, with low to medium coefficients of
correlation in typical linear empirical relationships (Figure 4.7bcde). This may be due to
highly compliant open cracks or grain boundaries (Mavko et al, 1998), which are more
prevalent in some of the samples.

P-wave velocities measured in dry samples (Vpp,,) are more variable than water-
saturated samples, and Vps,, shows a better correlation coefficient with total porosity (¢)
(Figure 4.7b). S-wave velocities show large scatter, and poor correlation with total
porosity (¢) (Figure 4.7c). The relation between the seismic velocities in dry samples,
Vepry and Vs (Figure 4.7d), show a moderate correlation. Vpg, and bulk density (p) are
also moderately correlated (Figure 4.7¢).

4.6.6 Critical porosity (¢ )

Most porous materials have a critical porosity (¢,) that separates their behavior in two
domains: (1) ¢, , < ¢, is the load-bearing domain where the solid supports the rock,

(2) ¢pop > b is the suspension domain, where the solids are in suspension. In the load-
bearing domain, seismic velocities range between the mineral (zero porosity) and the
suspension value at ¢, and this dependence can be characterized by the relationship

between pV? and ¢ (Nur et al., 1991, 1995, 1998). From our sinter samples, we
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estimated ¢.~71% (Figure 4.8a). When ¢ = 0, the values pV§ and pV¢ correspond to
the elastic moduli of the mineral: P-wave modulus (/) and S-wave or shear modulus (G),
respectively. From the linear regression of pVi; vs. ® 1o WE Obtain that M is 41.6 GPa

for the saturated rock and 34.5 GPa for the dry rock, and G is 13.6 GPa. Given the great
scatter of the seismic velocities, the values of M and G have large uncertainties.

4.6.7 Effective medium model and the effects of inclusion shape

Effective medium models describe the macroscopic properties, such as elastic
moduli, of a solid with inclusions of a different phase. Through a self-consistent
approximation, the model uses the analytical solution for a single inclusion, then
iteratively solves for the moduli of the background mixture, incorporating interactions
between inclusions (O’Connell and Budiansky, 1974). The model of Kuster and Toksoz
(1974) uses this self-consistent approximation to calculate Vp and Vs for a range of
porosities (density of inclusions) depending on the shape of the inclusions (Appendix).
We identify inclusions as pores filled with water. Using ellipsoidal penny-shaped cracks
(Berryman, 1980), we estimate a range of possible of pore shapes (parameterized by
aspect ratio oo = semi-minor axis/semi-major axis) that fit our sinter data. We calculate
the model considering the properties for the two extremes cases of minerals in sinter: opal
and quartz (Figure 4.8c, and Appendix). For opal, the implied aspect ratio (o) ranges
between 0.2 and 0.8. For quartz, the aspect ratio is lower and has a smaller range of
possibilities (from 0.09 to 0.11).

4.6.8 Empirical relation between resistivity (Fr) and porosity (¢)

The formation factor is an intrinsic property of the rock (independent of the
conductivity of the fluid), related to the efficiency of water-filled paths in conducting
electrical currents through the medium. Electrical properties of a rock depend on the pore
geometry and fluid distribution. Archie (1942) found an empirical power law relationship
between the electrical properties (Fr), and the porosity (¢p) of the rocks in sandstone
reservoirs (Fr = a ¢ ™), where the m is the cementation exponent and is usually close to
2 for consolidated rocks, and a is the tortuosity factor generally close to 1, assuming fully
saturated conditions. For the sinter, both measurements of Fr roughly show a power law
relationship with porosity (Figure 4.9). For the fit with the more resistive brine, the Fg;,
the cementation exponent m is -1.9 and the tortuosity factor a is 0.71, while for the less
resistive brine, Fry, the fit of the exponent and factor increases to -2.44 and 0.79
respectively. Considering the data from both brines, the cementation exponent m is -2.16
and the tortuosity factor a is 0.75.
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4.7 Discussion

In our samples, we observe silica around filamentous material forming palisade
fabric, and porous and massive silica layers without biogenic components (Figures 4.2,
4.3 and 4.4) similar to sinter textures described previously in El Tatio (Jones and Renaut,
1997; Fernandez-Turiel et al., 2005; Garcia-Valles et al., 2008; Nicolau et al., 2014). In
sample TAT-002, we observe that silica and pores are elongated parallel to the bacteria
(Figure 4.3). Some levels of the older cones TAT-005 and TAT-006 preserve similar pore
structures, even though direct evidence of bacteria are unclear (Figures 4.2 and 4.4),
probably due to the complete replacement of cellular material by silica (Westall et al.,
1995, 2000). Similar pore frameworks have been described for palisade textures in low
temperature environments and near vent-sinter (e.g., Lowe et al., 2001; Fernandez-Turiel
et al., 2005; Campbell et al., 2001). We conjecture that bacterial filaments determine the
pore structure in the rock, however the presence of biological material does not determine
the origin of the silica precipitation. Microorganisms can provide a favorable substrate
for opaline silica precipitation (e.g., Cady and Farmer, 1996; Jones and Renaut, 1996,
1997; Renaut et al., 1999). Thus silicification around microbial material produces a
structural fabric that characterizes some sinter textures (Campbell et al., 2015ab).
However, some studies indicate that silica precipitation is largely abiogenic due to
cooling and evaporation (e.g., Walter, 1976a; Braunstein and Lowe, 2001; Guidry and
Chafetz, 2003), and cyanobacterial surfaces have a negligible effect on silica nucleation
(e.g., Yee et al. 2003; Benning et al., 2004; Handley et al. 2005). uX-Ray allow us to
isolate and quantify the volume and shape of the silica matrix, bacterial material not
replaced by silica, and isolated pores (Figures 4.3 and 4.4). Sinter textures, including pore
framework, can survive beyond fossilization, and can potentially be explored with this
method.

Even though our measurements were restricted to the finer and most
homogeneous sinter layers, we find that the physical properties and empirical
relationships have large scatter. Observed microstructures show heterogeneities in
different layers and within single layers, with respect to pore size and shape, and the
extent to which pores have been infilled. The total porosity of our samples varied
between 25 to 56%. Previous studies on young sinter, phase opal-A dominant, reported a
similar porosity range of 10 to 60% for samples from New Zealand estimated to be < 2 ka
(Herdianita et al., 2000), and lower values < 20% of porosity for samples from Opal
Mouth, USA dated by MCat~19ka (Lynne et al., 2005), and < 25% at Steamboat, USA,
whose youngest '*C age was ~6,283 + 60 years BP (Lynne et al., 2008). Even though,
the absolute age of El Tatio samples is unknown, the youngest sample (TAT-002) has the
highest porosity compared with the samples collected closest to the bottom of extinct
cones (TAT-005D and TAT-006A). The shape of the individual pores changed from
elongated in the younger sample (TAT-002) to more rounded in the older samples (TAT-
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005 and TAT-006). There was no extensive evidence of dissolution, burial, compaction
or diagenesis. For samples exposed longer at the surface, the reduction of porosity and
shape change can be attributed to secondary precipitation of silica within the pores.

Petro-physical properties of the rocks depend on the lithology and the texture of
the rock, including grain sorting and shape of voids (Mavko et al., 1998). Bulk density of
the rock (p) is closely related to porosity by p = (1 — ¢)p, + ¢py;, where p, is the
density of the mineral, and py, is the density of the fluid (water). Here we infer a mineral
density of 2.18 g/cm’. The measured density of opal-A particles in sinter range between
1.5and 2.2 g/cm3 (Herdianita et al., 2000; Lynne et al., 2005, 2008), and in chalk reached
2 g/em’ (Chaika, 1998). Denser accessory minerals like quartz (2.65 g/cm’) and
cristobalite (2.33 g/cm’) (e.g., McSkimin et al., 1965; Mavko et al., 1998) could have
slightly increased the bulk density, and the mineral density estimated from our data
should be considered as an upper bound on opal-A density.

Primary microbial porosity in sinter produced by gas released by photosynthesis
produces bubble-like individual pores in sinter (e.g., Lynne, 2012). Effective medium
models for the measured seismic velocity of opal are consistent with moderate aspect
ratio (0.2 and 0.8) penny-shaped cracks (Figure 4.8c). Thin sections and 3-D analysis of
individual pores (Figures 4.2, 4.3, 4.4) also show sub-spherical to sub-ellipsoidal shapes.

In Table 4.2, we compare our results with laboratory measurements on other types
of rocks. Quartz sandstone is a sedimentary clastic rock. Primary porosity in sandstone
corresponds to the space between grains. For consolidated sandstone, porosity and
permeability (Mavko et al., 1998; Bear, 1972, 2012) are lower than sinter. Seismic
velocities of sandstone have a wide range (Mavko et al., 1998), and they can be higher
than sinter at low porosity. Travertine is an analogue to sinter, but it is formed by
precipitation of carbonate from water in low temperature geothermal settings. Images
from uX-Ray tomography in travertine (Soete et al., 2015), show a cuboid and rod-like
pore shape, while our sinter samples show more spherical to ellipsoidal pores.
Furthermore, porosity in travertine is smaller (Table 4.2), permeability spans a wider
range, and seismic velocities are higher than in sinter (Soete et al., 2015; Torok and
Vésarhelyi, 2010). Opaline chalk is a sedimentary rock composed of biogenetic clasts,
siliceous shells of microorganisms that were deposited in the deep ocean. Primary
porosity in chalk is given by the space inside of the shells (e.g., Compton, 1991; Chaika
and Dvorkin, 1997), thus the total porosity is high, similar to sinter, but the permeability
is lower (e.g., Mallon et al., 2005; Fabricius, 2007). Pumice is a vesicular volcanic rock
made of volcanic glass containing bubbles. Bubbles in volcanic rocks are formed by the
exsolution and expansion of gases. Values of porosity reported in effusive (e.g., Saar and
Manga, 1999) and explosive volcanic rocks (Wright et al., 2009; Nguyen et al., 2014)
span a wider range than in sinter. Nevertheless the permeability of vesicular volcanic
rocks from 107" to 107"° m? (e.g., Saar and Manga, 1999; Wright et al., 2009) has a
similar range to that of sinter. Seismic velocities of pyroclastic rocks (Vanorio et al.,
2002) range within the sinter values.
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The permeability (k) of sinter shows a directional dependence with higher values
in the direction parallel to the layering than in the orthogonal direction (TAT-006I and
TAT-006M), similar to other layered sedimentary rocks. Values of £ can vary by up to 2
orders of magnitude in the same layer (TAT-006M), reflecting the heterogeneity in
individual layers. Field observations suggest higher values of permeability. For example,
geysers interact with each other through the subsurface (Rojstaczer et al., 2003),
presumably through permeable pathways, requiring an average permeability of the host
rock of the order of 10"°m* (Munoz-Saez et al., 2015ab). The permeability measured on
centimeter-size cores represents a lower bound on field values, which are likely
controlled by fractures, conduits and other high-permeability structures that increase
permeability at the field scale.

Seismic velocities Vp and Vs varied linearly with porosity (¢). Linear regressions
of Vp and Vs versus porosity (¢) (Figure 4.7¢c) show predictions of seismic velocities at
zero porosity that are higher than opal, but less than quartz. Likewise, extrapolating the
linear fit of pV& to zero porosity we obtained values of G slightly higher than that for
opal (Figure 4.8a). These results might be due to the high scatter in the seismic velocities.
However, accessory minerals can slightly increase density and elastic modulii. From
XRD we identify accessory minerals quartz, cristobalite, and zircon. Previous studies in
the area also reported trydimite (polymorph of quartz) and halite (Garcia-Valles et al.,
2008; Nicolau et al., 2014). In thin sections we find other accessory minerals, including
hornblende.

The formation factor shows large scatter (Figure 4.9), which can be attributed to
heterogeneities in the rock structure. Nevertheless, the cementation exponent m is close to
2, as expected for Archie’s Law. The tortuosity factor a depend on the pore structure,
grain size, rock texture and compaction of a rock. The value a = 0.75 estimated for sinter
falls within the expected range of 0.5 to 1.5 (Bassiouni, 1994).

4.8 Conclusions

To study the petro-physical properties of fine-layered sinters we used multiple
approaches (optical microscopy, X-ray diffraction, X-ray computed tomography, and
measurements of porosity, permeability, seismic velocity, and electrical resistivity). The
physical properties are scattered and empirical relationships have moderate correlation
coefficients, as a consequence of heterogeneities between different layers and within
single layers.

Sinters are porous rocks, with more than 90% of their porosity connected. In
palisade fabric, the presence of microbial filaments is found to determine pore shape and
size distribution. Porosity is higher in fresh samples, decreasing over time as silica
precipitates in the pore space, yet preserving the structure seen in the younger, microbial-
influenced samples.
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Petro-physical properties of sinter depend on lithology and texture. Opal-A is the

main phase along with some accessory minerals including quartz, cristobalite,
plagioclase, zircon and hornblende. Those accessory minerals, derived from the volcanic
country rock, can slightly modify physical properties. Individual pores resemble spherical
to elongated bubbles, consistent with effective medium models for the measured seismic
velocity of opal containing moderate aspect ratio penny-shaped cracks. Porosity and
permeability in sinter are different than clastic sedimentary rocks, and more similar to
vesicular volcanic rocks (e.g., pumice). However, permeability shows a directional
dependence with higher values in the direction parallel to the layering than in the
orthogonal direction, similar to other layered sedimentary rocks.
For large-scale interpretation of geophysical surveys, and modeling of hydrogeological
processes within geysers, our measurements can be considered a lower bound for
permeability and resistivity and an upper bound for seismic velocity given that they do
not include the effect of fractures and large-scale faulting.
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4.10 Appendix

The effective medium model described by Kuster and Toskoz (1974) and
Berryman (1980) calculates the effect of the shape of inclusions in a solid on seismic

velocities. The general expressions for Kgr (bulk modulus) and pgr (shear modulus)
(Kuster and Toskoz, 1974) are:

(K + 22m)

Kgr — Km) —2- = I xi(Ki — Kp)P™ (1)

4
(Kgr+ ™)

m+t Sm i
(MKT = Hm) Lim* om) _ N xi(W — ) Q™ (2)

(HkT+Em)
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Bm (9Km+81m)
6(Km+ 2itm)

where, &, =
The subscripts represent the moduli of inclusion (i) and matrix (m); x; is the
volume of the inclusion (porosity in our case), P™ and Q™ quantify the effect of the
inclusions compared to the matrix; there are different expressions for different inclusion
shapes.
From Berryman (1980), for penny-shaped cracks, the values of P™ and Q™! are
defined as:

44
; Km+—=2)
pmi — _3° 3
(Ki+ Lltmapy) 3)
2(1jtim)
mi 1 8im Kit—3
Q - (1 AT Ki+§ui+m8m> 4)
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where, By = WUm 3Km+4um)’ and a is the aspect ratio (semi-minor axis/semi-major axis)

of the inclusion.
The effect on seismic velocities (Vp, Vs), are calculated by inserting the effective
moduli into the equations:

KKT"’EIJ-KT
Vp = T3 )

Vs = % (6)

To simplify the equations, we considered a single material forming the rock
(either opal-A/CT (e.g., Chaika, 1998; Herdianita, et al., 2000; Rodgers and Cressey,

2001; Lynne et al., 2008): kmopal = 12.6 x10° Pa, Kmopar = 14.2 x10° Pa, pyyopar= 2 g/em’

or quartz (e.g., McSkimin et al., 1965; Mavko et al., 1998): upq, = 44.3 x10° Pa, Ko, =
37.9 x10° Pa, Pmqz= 2650 g/em’). We used standard values of liquid water for the
inclusions (K; = 2.2x10° Pa, y; = 0, and p; = 1 g/em’). ais a free parameter that
represents the effective shape of pores in the rock. Although the rock obviously contains
many different pore shapes, the effective medium approximation provides a
parameterization of the macroscopic behavior of the rock as a whole.
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4.11 Tables and Figures

Table 4.1: Summary of the laboratory measurements
Bulk density (p), porosity (¢7,; and @conn), permeability (k), P-wave velocity (Vpp,, and
Vesar), S-wave velocity (Vs; and Vi), and formation resistivity factor (Fr; and Fgy). We

added the core orientation, parallel (/) or orthogonal (L), and type of petrographic

analysis: thin section (TS), X-ray diffraction, and puX-ray tomography (uXRT).

ID P | Prot | Pconn K Vepy | Vesar | Vi Vsz Fg; Fgy; | Or | TS/
g/cc % % m’ km/s | km/s | km/s | km/s 2m 2m XRD/
PXRT
TAT-002 | 1.00 | 55.79 | 52.92 2.33E-13 | 2.57 2.73 1.87 1.39 1.02 1.26 /! TS
UXRT
TAT- TS
005D 1.48 | 32.90 | 30.49 1.12E-13 | 3.34 3.76 3.14 2.11 - - 1
TAT- TS
005G 1.37 | 37.62 | 35.69 1.85E-15 | 3.35 3.54 2.45 2.51 - - 1
TAT- TS
005H 1.15 | 47.95 | 46.50 7.46E-15 | 3.14 3.31 3.11 1.92 2.60 2.98 1
TAT- TS
0051 1.19 | 45.51 | 43.71 - - - - - - 1
TAT- XRD
006A 1.63 | 25.78 | 25.17 6.89E-15 | 3.69 4.09 2.25 2.27 7.71 10.34 1
TAT-
006B 1.41 | 3532 | 34.36 1.97E-13 | 3.63 3.80 1.99 2.04 4.47 2.79 // )
TAT-
006FA 1.36 | 37.38 | 36.62 1.09E-12 | 3.62 3.74 2.17 1.92 9.81 3.47 L |-
TAT- TS
006H 1.31 | 40.39 | 39.97 9.22E-14 | 2.63 3.77 1.51 1.19 16.61 | 4.48 1
TAT- XRD
0061A 1.51 | 31.87 | 30.61 1.11E-14 | 3.06 3.84 2.09 2.00 5.611 | 10.98 1
TAT-
0061B 1.53 | 31.13 | 29.79 4.26E-13 | 3.66 3.89 2.11 2.66 - - // )
TAT-
006LA 1.28 | 41.62 | 41.09 2.00E-14 | 3.35 3.38 2.42 2.35 6.48 3.58 1|
TAT-
006LB 1.18 | 46.25 | 46.28 3.14E-14 | 3.15 3.51 1.75 1.86 8.55 5.91 L |-
TAT-
006LC 1.00 | 54.14 | 54.83 9.53E-12 | 3.48 3.48 2.02 1.94 15.70 | 5.01 // )
TAT- XRD
006MA 1.26 | 43.62 | 42.72 6.99E-13 | 3.65 3.84 2.35 2.28 - - 1
TAT-
006MB 1.31 | 41.34 | 39.56 6.30E-15 | 3.78 4.17 2.42 2.28 - - L |-
TAT- TS
006Q 1.47 | 33.28 | 31.81 1.65E-13 | 4.13 4.14 2.57 2.48 17.79 | 7.38 //
TAT- XRD
006RB 1.44 | 34.58 | 32.89 4.13E-14 | 4.00 4.09 3.58 2.14 1.02 8.08 //
Mean 1.33 | 39.80 | 38.61 7.45E-13 | 3.43 3.71 2.34 2.08
Std 0.18 | 8.06 8.33 2.28E-12 | 0.42 0.36 0.53 0.38
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Table 4.2: Petrophysical properties of different rock measured in the laboratory
Sinter (this study), consolidate quartz sandstone (Mavko et al., 1998; Bear, 1972, 2012),
opaline chalk (Mavko et al., 1998; Chaika and Dvorkin, 1997; Chaika, 1998; Isaacs,
1981; Mallon et al., 2005; Fabricius, 2007), travertine (Mavko et al., 1998; Soecte et al.,
2015; Torok and Vasarhelyi, 2010), pumice (Saar and Manga, 1999; Wright et al., 2009;
Nguyen et al., 2015; Vonorio et al., 2002). * Range of permeability includes carbonate
chalks.

Rock type Main Pmineral ¢ ¢c K Ve Vs

mineral | (g/em®) | (%) (%) (m?) (km/s) | (km/s)

Sinter Opal-A 218 [25-60 | 71 107-10" [25-42]1.0-32

Consolidate | Quartz 2.65 1-40 40 107-10% |3.0-6.0 | 1.5-4.0

Sandstone

Opaline Opal- 206 | 10-65 65 10°-10%7" | 1.2-40 | 0.8-22

Chalk A/CT

Tavertine Calcium | 2.71 5-35 - 10"-10" | 3.6-6.0 | 2.0-32
carbonate

Pumice Silicate 2.4 20 - 80 80 10°-10" | 2.0-3.0 | 1.0-2.0

glass
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Figure 4.1: El Tatio Geyser Field and samples location

(a) Location on Google Earth (imagery date: 5/17/11); the blue line indicates the normal
fault that bounds the El Tatio half-graben and the dots indicate the sampled sites: (b)
TAT-002 sinter terrace (22°19°52.09”S/ 68°0°39.47°W), (c) TAT-005 extinct
cone/mound without signs of geothermal activity (22°19°30”S/ 68°0°36.36”W), and (d)
TAT-006 extinct cone/mound expelling vapor (22°19°44.9”S/ 68°0°32.81”°W). The length
of the hammer in the images is 0.9m.

(a) El Tatio Rk
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Figure 4.2: Thin sections imaged with transmitted light showing different sinter
layers.

(a), (b), and (c) show variation within the same palisade texture from sample TAT-002.
(d) TAT-005D, (e) TAT-005G, and (f) TAT-005I, represent different levels of the cone at
site TAT-005. (g) and (h) are thin sections of sample TAT-006H, and (i) is a thin
sections of TAT-006Q. The scale bar at the top of the images is the same for all images
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Figure 4.3: Sample TAT-002, thin sections and pXRay Tomography reconstructions
(XRT)

(a) Thin section showing palisade texture with elongated pores perpendicular to the
layering (Fig. 2c). (b) Magnification of (a) showing elongated microbial filaments
between pores, magnified further in (c). (d) One slice through the uXRT image of the
rock; black background shows empty space (pores), light blue identifies solid matrix and
pink shows the microbe filaments. (¢) 3D reconstruction of the core including filaments.
(f) 3D reconstruction of filaments, separated from the solid matrix (light blue in d). The
image exaggerates the diameter of the filaments by a factor of 4.
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Figure 4.4: Pore structure and XRD in older cones

(a) Sample TAT-0051 shows a silica oncoid and porous silica around it forming palisade-
like texture. (b) Sample TAT-006Q has wavy laminated structures with pore space
between laminae. (c) TAT-006H shows details of silica filling pores from the border to
the center of the pores. (d) TAT-006H shows the accessory mineral hornblende filling the
pores. (¢) XRD diffraction of three different samples from cone TAT006 (TAT-006A
was the bottom of the cone, TAT-0061 was ~0.5 m height, and TAT-006M was ~1 m
height from the bottom of the cone). XRD traces show opal-A broadbands, and accessory
crystals of cristobalite (Cb), quartz (Qz), zircon (Zn), and plagioclase (P1g).
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Figure 4.5: 3D XRT reconstruction and pore size distribution of sample TAT-002

(a) 3D reconstruction of the rock and, (b) individual pores in the central part of the core;
blue circle on top of black square corresponds to one slice of the XRT as a reference. (c)
3D view of individual pores. (d) Plot of cumulative frequency as a function of pore
volume (e) Plot of cumulative volume as a function of pore volume.
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Figure 4.6: Density, porosity and permeability
(a) Linear relationship between total porosity (¢ T,¢) and connected porosity (¢ conn)- (b)

Porosity (¢ conn and ¢ o) and permeability (k) show a weak relationship. Error bars are
smaller than the plotted symbols.
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Figure 4.7: Seismic velocities

(a) Anisotropy of S-wave propagation: x-axis shows the name of every sample, and the y-
axis is the ratio between the two polarized velocities. The triangles correspond to samples
that were measured parallel to the layering and circles are samples perpendicular to the
layering. Vsi/ Vsaclose to 1 indicate that waves are propagating in isotopic layers. (b) P-
velocities (Vpsa and Vppry) show a moderate negative relationship with porosity (¢ tot).
(c) S-velocities (Vs; and Vs, combined) show a weak negative relationship with porosity
(¢ Tot)- Seismic velocities of opal and quartz are shown as a reference for linear
regressions at zero porosity. (d) P-wave velocity (Vpp,,) and S-wave velocity (Vs; and Vs
combined) show a moderate positive linear relationship. (e) Velocity of P-wave (Vpsat)
and density (p), show a moderate positive linear relationship. Error bars are smaller than
the plotted symbols.
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Figure 4.8: Critical porosity and effective medium models (Kuster-Toksoz, 1974),
Berryman, 1980)
(a) Density-velocity (pV?) relationship with porosity (¢pro¢) shows a high positive linear
relationship at Vpsy, and moderate positive relationship with Vpepy, and Vs (Vsi and Vs2
combined). The critical porosity of sinter (¢p.) occurs when pVZ = 0, and the shear
modulus (G) of the mineral occurs in zero porosity. (b) Kuster-Toksoz effective model
for Opal-A/CT for pores of penny-shaped cracks with different aspect ratios 0.2 to 0.8
(same legend as a). (c¢) Kuster-Toksoz effective model for quartz is consistent only with
penny-shaped cracks with aspect ratio of 0.1.
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Figure 4.9: Formation resistivity factor (Fr) with total porosity (¢)

Fr shows a moderate power law relationship. For Fg; the rocks were saturated with a
brine of resistivity Ry=41.35 Qm. For Fg, the resistivity of the brine was Ry,,=15.81 Qm.
Using all the data m is 2.16 and a is 0.75.
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Chapter 5 Hydrogeology and geochemistry of
the El Tatio geothermal basin, Atacama, Chile

5.1 Abstract

We collected water samples for isotopic and geochemical analysis and measured
temperature and discharge from hydrothermal features and streams in the El Tatio
geothermal basin in the Northern Chilean Andes. We found two sources of meteoric
water, thermal water ascending from depth and precipitation of water from higher
elevation. Andean high elevation precipitation can mix with magmatic water to generate
the thermal fluids in the main aquifer, while a secondary aquifer appears to be diluted by
local meteoric water. Thermal features are located on the hanging wall of a normal fault.
These features present different degrees of mixing. The normal fault would allow the
circulation and mixing of fluids. As the thermal fluids ascend to the surface they are
affected by steam separation and dilution with local meteoric water. Dilution at shallow
depth occurs in thermal springs located in marshy areas where the water table is close to
the surface. At the surface, evaporation plays an important role controlling the chemistry
of the fluids in thermal pools, perpetual spouters and fountain geysers. Water in discharge
channels can lose as much as 30% of their water by evaporation. A field experiment
performed at El Jefe geyser allows us to quantify the enthalpy of the erupting water. The
specific enthalpy is lower than that in the reservoir implying that heat is lost during
ascent or that ascending water mixes with cooler water. For the whole basin, the
discharged thermal fluids from deep aquifers are 0.5 m?/s.

5.2 Introduction

The characteristics of thermal waters discharged at Earth’s surface provide
insights into subsurface geothermal processes. For example, discharge and temperature
help assess the mass and energy budget of geothermal systems; dissolved ions can be
used to infer reservoir temperatures; stable isotopes of oxygen and hydrogen reveal
mixing, phase separation and water sources; radiogenic isotopes constrain water sources
and ages.

The El Tatio basin is the largest geothermal field in South America (Tassi, et al.,
2005), and owing to its location in the arid Atacama Desert, Chile, the origin and
dynamics of water discharged at the surface have been of considerable interest (e.g, Ellis,
1969; Healy and Hochstein, 1973; Cusicanqui et al., 1976; Giggenbach, 1978; Cortecci et
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al., 2005; Tassi, et al., 2005; Munoz-Saez et al., 2015ab). Thermal manifestations appear
mostly in three main areas: the upper, middle and lower basins (Figure 5.1). The upper
basin, contains the largest number of thermal features, including dozens of geysers, and
these are aligned in the northeast direction along the hanging wall of a normal fault
(Figure 5.1). The middle basin is located in the southern part of the field; deep pools with
fountain—type eruptions dominate, and mud pools are found to the southwest. The lower
basin is located to the west, along the banks of the Rio Salado, and includes geysers and
thermal springs.

Here we report a new data set of stable isotopes of oxygen and hydrogen, and
measurements of temperature, pH, and conductivity across the different thermal features.
We also report measurements of chemistry, discharge and tritium of water in the channels
that collect discharge from the different basins and drain to the Salado River. We
performed an active experiment in one geyser to estimate the enthalpy of the erupting
water and the amount of steam released to the atmosphere. The goals of this study are to
understand: (1) source of fluids, (2) processes affecting these fluids from the source
reservoirs to the outflow, and (3) better assess the mass balance and energy balance of the
basin.

5.3 Geological setting and Previous Studies

El Tatio is an active geothermal area located in the Atacama Desert, north of
Chile (elevation > 4,000 m). El Tatio is the third largest active geyser field in the world,
and the largest one in the southern hemisphere (Glennon and Pfaff, 2003). It is located in
the semi-arid Chilean Altiplano at 4200 m a.s.l, with environmental conditions
characterized by large diurnal temperature oscillations (-10 to 10° C). Most water
drainage is associated with summer rains (South American Monsoon) from the Bolivian
highlands.

El Tatio more than 200 thermal features (e.g., Zeil, 1959; Trujillo et al., 1969)
within an area of ~30 km® (Tassi et al., 2005), including ~80 eruptive features with
temperature near the local boiling temperature of 86°C (Glennon and Pfaff, 2003). Three
basins, the upper, middle and lower basins (Figure 5.1) contain most of the features, and
few thermal springs occur north of the Salado River (along the Tucle River), and
fumarole activity emerges southwest of the middle basin.

The heat for the system is provided by Holocene andesitic stratovolcanoes with no
historical eruptions (Lahsen, 1976ab). Based on chemical and isotopic characteristics of
water from wells and surface discharge, the thermal waters originate from mixing
between magmatic fluids, meteoric water and hydrothermal sources (Cusicanqui et al.,
1976; Giggenbach, 1978; Cortecci et al., 2005; Tassi et al., 2010). Most thermal
manifestations are located within an area of ~10 km?, and the distribution of the thermal
features is bounded by a North-South trending half-graben (Figure 5.1). The basin is

96



CHAPTER 5: HYDROGEOLOGY AND GEOCHEMISTRY

filled with ~1000 m of sub-horizontal ignimbrites, tuffs and lavas which are covered by
Holocene alluvial, glacial and sinter deposits (Healy, 1974; Lahsen and Trujillo, 1975).
Diverse geothermal features have been reported, including geysers, hot springs, perpetual
spouters, mud pools, mud volcanoes, fumaroles, and extensive sinter terraces and aprons
(Glennon and Pfaff, 2003).

Previous studies at El Tatio were focused on understanding the origin of the fluids
and estimating the magnitude of the geothermal resources. These include several
geological, geochemical and geophysical studies, and exploration/exploitation drilling
campaigns conducted in the upper and middle basins (e.g., Trujillo, 1969; Ellis, 1969;
Ambrust et al., 1974; Cusicanqui et al., 1975; Lahsen, 1976; Giggenbach, 1978, 1982;
Marinovic and Lahsen, 1984; Cortecci et al., 2005; Tassi et al., 2005). Hydrogeological
models indicate that the recharge of meteoric waters occurs 15 km east of the field,
infiltrates through normal faults, and heats as it travels to the west at a mean rate of about
1.3 km/year based on tritium isotopes (Healy and Hochstein, 1973; Cusicanqui et al.,
1975; Giggenbach, 1978; Muioz and Hamza, 1993). The fluid is confined in two major
aquifers in fractured and permeable volcanic units, with temperatures of 190°C and
250°C (Healy and Hochstein, 1973; Cusicanqui et al., 1975). The colder aquifer appears
to be the result of underground dilution of hotter aquifer water with local meteoric water
(Giggenbach and Stewart, 1982). Water from springs and wells show high chloride and
bicarbonate waters in the north (upper basin), and intermediate to low chloride and
sulfate-bicarbonate waters in the south (middle basin) (e.g., Ellis, 1969; Cusicanqui et al.,
1975; Giggenbach, 1978; Cortecci et al., 2005; Tassi et al., 2005).

Oxygen and hydrogen isotope studies performed over the past 30 years document
0 enrichment and *H depletion that support the inferences about water mixing and
sources (Giggenbach, 1978; Giggenbach and Stewart, 1982; Cortecci et al., 2005, Tassi et
al., 2010). The chemistry and isotopic trends reveal a variety of processes, though some
uncertainty and debate remain. The properties of water in the hot aquifer result from
rock-water interaction as water travelled from its source 15 km east of El Tatio
(Giggenbach, 1978); this interaction would increase 0'°0. Alternatively, the isotopic
composition of the hot aquifer and some of the chloride thermal features can be explained
by mixing of high altitude precipitation and andesitic water (Cortecci et al., 2005; Tassi et
al., 2005). Steam separated from both aquifers, in a single-step process or in continuous-
steps, as the fluid ascended from the aquifer, would increase 6D (Giggenbach, 1978;
Giggenbach and Stewart, 1982; Cortecci et al., 2005). The water left after steam
separation would be diluted with local groundwater (Giggenbach and Stewart, 1982).
High sulfate waters may be the result of steady-state evaporation and absorption of
sulfide from magmatic steam (Giggenbach, 1978; Giggenbach and Stewart, 1982;
Cortecci et al., 2005). Carbon and strontium in the water (Cortecci et al., 2005), and
helium isotopes in the gas (Tassi et al., 2005), also imply significant magmatic input in
the chloride thermal waters.
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5.4 Methods

5.4.1 Field measurements and sampling

Thermal features appear in clusters; based on these locations, we group samples

in six different areas (Figure 5.1):

(1) The upper basin (UP) contains most of the eruptive features -- geysers and perpetual
spouters (Glennon and Pfaff, 2003). Thermal features developed on and created a sinter
plain aligned with a normal fault. We measured and sampled 20 eruptive features, and 13
non-eruptive hot springs.
(2) Vega Rinconada (VR) is located in the northern part of the upper basin. Thermal
features emerge from a marsh. The area contains one active geyser, and numerous hot
springs and mud pools. We sampled and measured the geyser, 9 hot springs, and
measured the temperature of 39 mud pools.
(3) The middle basin (MB) hosts several boiling pools that erupt as fountains and a few
non-eruptive hot springs (Glennon and Pfaff, 2003). Thermal features emerge within a
sinter plain. We measured and sampled 8 fountain geysers and one hot spring. We
measured the discharge of water from 6 of the fountain geysers.
(4) The south east (SE) of the middle basin is characterized by mud volcanoes and non-
eruptive hot springs and mud-pools. Thermal features emerge from hydrothermally
altered soil/rock. We measured and collected water samples from 2 hot springs. We
measured the temperature of 4 mud volcanoes and 7 mud pools.
(5) The lower basin (LB) is located at the western part of the field; thermal features are
distributed along the Salado River (Glennon and Pfaff, 2003) and near the intersection
with the Tucle River. We measured and collected water samples for 9 eruptive features
and 9 hot springs. We include in this area an eruptive feature located near the southern
edge of the normal fault.
(6) Creeks or discharge channels (Figure 5.1) collect water from the basins and wetlands.
Wetlands sustain channels with flowing water in the Middle Valley area (Glennon and
Pfaff, 2003); we measured and sampled water in one of these channels (GW). Thermal
water from the basins drain to different creeks and form the Salado River (sample #1).
We studied one discharge channel from the UB (sample #0), two from the MB (sample
#112 and #113), one from the SE (sample #100), the Tucle River (sample #400) that
collects water from the south, and the Rio Salado that collects water from the entire
geothermal field.

We performed in situ measurements and collected water samples from October 5™ to
8th, 2014. We measured temperature, pH, electrical conductivity and collected water
samples for stable isotopes (6'°0 and D) in eruptive features (geyser and perpetual
spouters) during the resting period or during the eruption, hot pools, hot springs, and
creeks. Additionally, we measured discharge whenever possible, and collected water
samples for tritium (*H) and chemical analysis of major elements (Figure 5.1) from water
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in creeks, one hot spring and the geyser in VR. In mud pools and mud volcanoes we only
measured temperature.

Digital temperature probes used in the field are accurate to 0.2°C. The pH and
electrical conductivity meter has a 2% accuracy. The probe used to measure flow velocity
has an accuracy of 0.03 m/s. Discharge was calculated by surveying the cross section of
the channel. We measured velocity across the channel following standard gauging
procedures (Corbett et al., 1943).

We collected 60 ml of unfiltered water for 6'°0 and 6D, and 500 ml of unfiltered
water for *H. For major elements, we collected two 120 ml samples at each site, one for
anions and the other for cations. For major elements, we stored filtered water (0.45 mm
filter) for anions, and acidified the water (nitric acid) for cations. We used high-density
polyethylene bottles for all samples.

5.4.2 Analytical methods

Anion concentrations of CI°, F, Br, and SO were determined using ion
chromatography. The analytical errors for C1°, F~, and SO4> are <3% and for Br_ is <5%.
Total alkalinity as HCO3; was measured by titrating 10ml of sample with 0.05 N sulfuric
acid to the bicarbonate end-point. Usually, samples were stored for one month before the

measurement. The analytical error for alkalinity is ~5%. Cation concentrations, Na', K,

B", Mg*" and Ca*" were measured using an inductively coupled plasma atomic emission
spectrometer (ICP-AES). The analytical errors for Na', K', and B" were <5%, and for
Si0, ", Mg*" and Ca®" are <10%. For all samples, the charge balance between anions and
cations was < 13%.

Stable isotope analysis of oxygen and deuterium was carried out using the water—
CO; equilibration method for oxygen (Epstein and Mayeda, 1953) and the zinc-reduction
method for deuterium (Coleman et al., 1982). Isotopic ratios (6'°0, and D) were
measured in a mass spectrometer. Results were reported in delta notation per mil, using
the standard reference Vienna-Standard Mean Ocean Water (V-SMOW). The analytical
errors of 0'°0 was ~0.2% and of JD was ~1%.

Tritium (CH) analyses were performed by the *He in-growth method (Bayer et al.,
1989). About 170 ml of unfiltered water was degassed, sealed into a vacuum flask, and
stored for approximately 3 months. During this period, the sample accumulated *He. The
amount of *He was measured by a magnetic mass spectrometer. The *H concentration
was calculated from the storage time and the decay constant (Lucas and Unterweger,
2000). The detection limit was 0.05 TU (1 TU is equal to 1 atom of *H per 10'® atoms of
hydrogen).
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5.4.3 Active experiment at El Jefe geyser

To estimate the enthalpy associated with a geyser eruption and the steam released to
the atmosphere, we performed an active experiment at El Jefe (EJ) geyser (Figure 5.1).
The estimated amount of water erupted by EJ in 2012 was >110 liters/eruption (Munoz-
Saez et al., 2015a). On Oct. 8" 2014, we added 125 liters of water at ~15°C to the geyser
conduit during one quiescent period. Before, during, and after the experiment, we filmed
a video of the eruptions at the surface, and we recorded pressure and temperature in the
conduit. Sensors were located 1.5 m below the surface. We recorded every 1 s with a data
logger. A K-type thermocouple measured temperature with 1°C accuracy, and a pressure
transducer measured pressure with 2.5% accuracy.

5.5 Results

5.5.1 Field measurements

Most erupting features during their resting periods have temperatures >80°C
(Figure 5.2 aef, Table 5.1), which is close to the local boiling point (~86.6°C). Hot
springs and mud pools have temperatures that varied between 45 to 86 °C. Water in the
discharge creeks have temperatures between 20°C and 35°C. The temperature of the
wetland (GW) was 35°C.

Values of pH (Figure 5.2 be, Table 5.1) in the field varied from 5.3 to 8. Most of
geysers in the upper basin (UB) have pH close to neutral (6.5 to 7.5). At the southern part
of the UB, hot springs and perpetual spouters are more acidic, pH down to 6.2. The
geyser at Vega Rinconada (VR) has neutral pH, while the hot springs and mud pools have
pH neutral to acidic (as low as pH 5.4). The pH in VR tended to decrease with decreasing
the temperature (Figure 5.2 ). Thermal features in the middle basin (MB) are neutral to
slightly basic (6.9 to 7.4). The hot springs in the southeast (SE) show more basic pH (7.1
to 7.8). In the lower basin (LB), the hot springs located in the north had more acidic pH
(6.5 to 6.8) compared with the thermal features (hot springs and eruptive features) in the
south (pH 7 to 7.5). The water in the discharge channels tends to be basic, pH 7.4 to 8.
The GW has pH 7.5.

Electrical conductivity of the water measured in the field (Figure 5.2 cf, Table
5.1) varied from 0 to 19 pS/cm. The UB has the highest values, and most of thermal
features are between 14 and 19 uS/cm. The thermal features located in the VR show the
greatest spread of conductivity. In VR there are two distinct groups: the geyser and some
hot springs have conductivity between 12 and 16 pS/cm, similar to the UB; and hot
springs of conductivity between 0.2 to 6 puS/cm. Thermal features in the MB show
conductivity between 12 and 15 pS/cm. The hot springs at the SE show low conductivity
~0.7 uS/cm. The thermal features in the LB have conductivity values between 11 and 14
puS/ecm. The GW has a conductivity of ~1 puS/cm. The conductivity of the discharge
channels varies from 7 to 15 uS/cm.
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Discharge from UB (sample #0) is 250 L/s (Figure 5.2d, Table 5.1). Downstream,
the discharge from MB is 15 L/s in the north discharge channel (sample #112), and 4.7
L/s in the south discharge channel (sample #113). Discharge from the SE (sample #100)
was 3.8 L/s. The discharge of the GW is 0.48 L/s. Discharge in the Tucle River is 140 L/s
(sample #400), and the Salado River is 860 L/s (sample #1). Discharge from the thermal
features located in the MB varied between 0.1 cm®/s and 5.8 cm’/s.

5.5.2 Major elements

Chemistry of major elements (Figure 5.1, Table 5.2) show that concentrations of
Cl and Na' are at least one order of magnitude higher than other ions. Highest
concentrations of Cl~ (>7000 mg/l), F~ (>3.5 mg/l), Br (>7.5 mg/l), Na" (>4000 mg/l),
Ca®™ (>290 mg/l), K~ (>220 mg/l), As™ (>43 mg/l), and B" (>140 mg/]) are associated
with the channels coming from the MB (samples #112, 113) and from the geyser in VR
(sample # 225).

Intermediate values of CI" (3350 to 5400 mg/l), F (1.1 to 1.7 mg/l), Br (3.0 to
5.5 mg/l), Na" (1974 to 3236 mg/l), Ca®" (120 to 240 mg/l), K (150 to 220 mg/l), As" (19
to 32 mg/l), and B" (84 to 140 mg/l) appear in the channels coming from the UB (sample
#100), SE (sample #0) and Salado River (sample #1). Lower values are present in water
coming from the Tucle River (sample #400): CI" 1540 mg/l, Na' 961 mg/l, F 0.5 mg/l,
Br 1.5 mg/l, Ca*" 92 mg/l, K" 93 mg/l, As" 11.6 mg/l, and B" 41 mg/l. Much lower
concentrations of Cl (<350 mg/l), F~ (<0.3 mg/l), Br™ (<0.3 mg/l), Na" (<271 mg/l), Ca*"
(<20 mg/l), K (<31 mg/l), As" (<3 mg/l), and B" (<9.2 mg/l) are present in the GW and
the hot spring in VR (sample #231).

The highest values of SO4*~ (117 mg/l), HCO; (271 mg/l) and Mg*" (20.6 mg/1) are
found in the water from the Tucle River. Lower values of SO, (53 to 81 mg/l) are
associated to the Salado River, the SE, and the MB. The samples with lowest
concentration of SO, (<50 mg/l) were from the UB, the GW, the geyser and hot spring
in VR. HCO; varies between 145 and 180 mg/l in the Salado River, the UB, the SW, and
GW, while the lowest concentration samples (HCO; <60 mg/l) are from the MB, and the
geyser and hot spring from VR. Values of Mg*" between 5.7 and 12.4 mg/I are found in
the Salado River, all of the discharge channels, and GW, while concentrations <1 mg/l
are associated with the geyser and hot spring from VR.

The highest concentration of SiO, is in the VR geyser (319 mg/l). Water from
channels and rivers had lower SiO, concentrations (from 190 to 250 mg/l). The lowest
values of SiO; are associated with GW and the hot spring, 147 and 143 mg/l respectively.

5.5.3 Isotopes of oxygen and deuterium (6'0 and 5D)

The value of 8'%0 varies between -9.08%o and 1.18%o, while 5D varies between -
88.3%0 and -46.4%o. Figure 5.3 shows the distribution of isotopic values noting that -8.8

101



CHAPTER 5: HYDROGEOLOGY AND GEOCHEMISTRY

for 5'°0 and -53 for JD (Giggenbach, 1978), and -8.8%o for 0'*0 -58%o for oD (Cortecci
et al., 2005), are taken as reference values from the literature for local meteoric water.
The GW sample has an isotopic signature of 0'°0 -9.08%o and 6D -57.9%o, the most
similar to meteoric water of our samples. Creeks and rivers seem to be enriched in §'°0
and 0D with respect to meteoric water. The thermal features at UB tend to be enriched in
50 and depleted in D with respect to meteoric water, except for sample 209 that is
extremely enriched in 6D. In VR, the geyser and most thermal pools are enriched in §'°0
and depleted in 6D, similar to the UB. Few pools have D slightly higher than meteoric
water but they are strongly depleted in §'°0. Values of 'O tend to increase with
conductivity (Figure 5.3d, VR) but 6D does not show any clear trend (Figure 5.3e, VR).
Isotopic values of thermal features in the MB and LB were less variable; we observe an
enrichment of ¢'°0 and depletion of D with respect to meteoric water. In the MB, values
of 980 are between -6%o and -4%o, and values of JD are between -69%o and -65%o. In the
LB, values of 6'%0 are between -6.5%o and -5.2%o, and values of D are between -72%o
and -68%o. The hot springs in the SE area are enriched in §'°0 and D with respect to
meteoric values.

5.5.4 Tritium

Tritium concentrations (Table 5.3, Figure 5.1 for locations) are low, though a few
(samples # 100, 112, 231, 400) are above the detection limit (>0.05 TU). The highest
value of *H is found in the GW sample (0.28 + 0.03 TU). The drainage from the UB
(sample # 0) has a concentration of H of 0.14 + 0.04 TU, the water draining from the
MB (sample # 113) has a *H value of 0.18 + 0.05 TU, and the water from the Salado
Riveris 0.13 + 0.05 TU.

5.5.5 Active experiment at EJ geyser

During the addition of cold water into the conduit, the temperature of the water in
the conduit at 1.5 m decreased from 86°C to 69°C in less than 30 s. The pressure in the
conduit increases linearly from 6.8 x 10* to 7.5 x10* Pa, these values include atmospheric
pressure (6.1 x 10* Pa). The initial height of the water column above the sensor was 0.7
m. During the experiment the conduit was filled up to the surface, which accounts for an
additional 0.8 m of water above the sensor, explaining the pressure increase. Before the
experiment, El Jefe geyser (Figure 5.4) had periodic eruptions every 110 s. After adding
the cold water the geyser skipped two eruptions, however the periodic signal of pressure
and temperature continued. The geyser restored the 110 s cycle after the two missed
eruptions.
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5.6 Discussion

5.6.1 Origin of the fluids

The sample from the wetland, GW (Figure 5.1), has a pH close to neutral (slightly
basic), low electrical conductivity (Figure 5.2), low concentration of dissolved ions, the
highest value of *H, and an isotopic signature similar to meteoric water described in
previous studies (e.g., Ellis, 1969; Cusicanqui et al., 1969; Giggenbach, 1978; Cortecci et
al., 2005). The isotopic signature of GW (6'*O about -9%o and 6D about -58%o) coincides
with the local meteoric water line LMWL (Aravena, 1995; Chaffaut et al., 1998; Figure
5.5). Streams in this wetland had been previously been described as thermal features
(Zeil, 1956; Trujillo, 1968) because they present temperatures >35°C. Previous studies
(e.g., Cusicanqui et al., 1969; Giggenbach, 1978; Cortecci et al., 2005) found local
meteoric water slightly enriched in the heavy isotopes (6'*0 about -8.5 and 6D about -
52). Thus, this light GW water might correspond to local meteoric water that infiltrates
underground and warms up with steam before reaching the surface again.

Measured CI has a linear relationship with electrical conductivity (coefficient of
correlation of 1 of 0.99) and electrical conductivity will be considered a proxy for CI
concentration in the waters for which we did not perform chemical analysis. We found
high values of electrical conductivity, and ClI" >8,000 mg/kg, associated with the UB
(Figure 5.2 cf). Similar values of salinity are reported in previous studies (e.g., Ellis,
1969; Cusicanqui et al., 1969; Giggenbach, 1978; Cortecci et al., 2005; Nicolau et al.,
2014), suggesting that these waters are less diluted with meteoric waters and are more
closely related to the reservoir (Giggenbach, 1978). The geyser in the VR area shows
similarities to the UB geysers in temperature, pH, electrical conductivity, CI
concentration (8000 mg/kg), and isotopic composition, suggesting that the fluids
originate from the same reservoir. Intermediate values of ClI° >5000 mg/kg are
predominant in the UB, MB, and LW.

In general, chloride thermal waters are enriched 6'°O and depleted in 6D (Figures
5.3 and 5.5). Several processes had been invoked in previous studies to explain these
isotopic trends (Figure 5.5a and Figure 5.6). Two reservoirs had been inferred based on
information from geothermal wells drilled in the 1960s and 1970s (e.g. Cusicanqui et al.,
1969; Giggenbach, 1978; Cortecci et al., 2005): a hot aquifer (A) of 260 to 270°C, 6'*0,
about -6.9%o, and dDA about -78%o, feeding the UB and VR, and a colder and more
diluted aquifer (B) of 170° to 190° C, ¢'*Og about -7.2%o and dDg about -73%o supplying
water to the MB and LB (e.g., Cusicanqui et al., 1969; Giggenbach, 1978). Geothermal
wells 2 and 5, drilled around the UB (e.g., Ellis, 1969; Cusicanqui et al., 1969;
Giggenbach, 1978), have isotopic values and temperatures >200°C similar to aquifer A.
Wells 3 and 4 (e.g., Ellis, 1969; Cusicanqui et al., 1969; Giggenbach, 1978), which are
located near the MB, have isotopic compositions similar to the cold aquifer but
temperatures > 200°C.
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The hot reservoir can be generated by mixing (Cortecci et al., 2005; Tassi et al.,
2010) between andesitic water (Taran et al., 1989; Giggenbach, 1992) and meteoric water
from high altitude, different than the local meteoric water (GW), with 6D about -107%o,
and 8'%0 about -14.6%o (e.g., Mahon and Cusicanqui, 1980; Fritz et al., 1979; Gonfiantini
et al., 2001); alternatively, infiltration of water enriched with respect to meteoric water
that interacted with the surrounded rock may explain this trend (Figure 5.5a, Giggenbach,
1978). Our isotopic data show that most of thermal waters from the UB and the geyser of
VR are aligned with the mixing line with hot aquifer A, favoring the idea of a magmatic
input to the reservoir. Low values of pH <6 for some pools in VR may also point to
magmatic input. The tendency of pH to decrease with decreasing temperature (Figure
5.2be) can be associated to the development of acid-sulfate water, which occurs by
addition of HCI and SO, from a magmatic source of water. This magmatic input would
be consistent with magmatic mixing suggested by the isotopes. Previous studies also
reported thermal pools with high sulfate concentration >240 mg/kg in the area (Ellis,
1969; Cusicanqui et al., 1969; Giggenbach, 1978), however the two measured thermal
sources had low values of sulfate <50 mg/kg.

The thermal features in the MB and LB have lower amounts of chloride indicating a
more diluted origin, probably related to aquifer B. Considering the dilution line between
GW and A, we estimate that the cold aquifer B was diluted with ~25% local meteoric
water, which is slightly higher than the value described in previous studies of 17%
(Giggenbach, 1978).

5.6.2 Process affecting the fluids rising up to the surface

Steam separation can occur as the fluid rise to the surface from the reservoir, and
steam separation would explain the enrichment in 3'*0 and 8D of the chloride thermal
waters with respect to the aquifer (e.g., Giggenbach, 1978; Giggenbach and Stewart,
1982; Cortecci et al., 2005). The isotopic composition of some of our thermal sources
coincides with multi-stage steam separation from both aquifers (Figure 5.5b). Using the
chemical analysis of VR geyser (sample # 225, Table 5.1), we estimate a reservoir
temperatures using various geothermometers: for silica, 195.8°C for adiabatic ascent and
214.3°C for conductive heat loss (Founier, 1977); for Na/K/Ca, 213.3°C (Fournier and
Truesdell, 1973); for Na/K, 250.4°C (Fournier, 1979), 254.1°C (Giggenbach, 1988), or
240.9°C (Arnorsson, 2000). The highest estimated temperature of 254.1°C is close to the
temperature of hot aquifer A ~260°C (Giggenbach, 1978) used for steam separation
calculation (section 5.1).

In the UB and VR (Figure 5.5cd), the isotopic signature of the chloride water of
most of the geysers and thermals pools, show a trend that can be attributed to mixing or
steam separation processes, while some perpetual spouters are enriched in 6'°O and 6D
with respect to values from steam separation. The linear regression of all the thermal
features in the UB generates a line with r*= 0.8, and a slope of ~3.5, which is identical to
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slope of the mixing line. These thermals features are located on the hanging wall of a
normal fault (Figure 5.1). This structure would allow the circulation of meteoric fluid
derived from higher altitude and deeper magmatic components to generate different
degrees of mixing along the mixing line. Additionally, evaporation might occur in the
samples with the highest electrical conductivity and thus chloride (Figure 5.3, sample
#209), which are highly enriched in the heavy isotopes. Those samples correspond to
perpetual spouters that are constantly erupting and losing steam while recycling the liquid
water.

Thermal waters from the MB show isotopic values that form a line; the linear
regression of the isotopic values generates a line of r* = 0.95 and a slope of 1.9. The
departure point of the line can be the residual liquid from steam separation from the cold
aquifer (86ss5). Thermal features in the MB correspond to large pools of > 2 m diameter
with permanent fountain eruptions. They are subjected to high evaporation, given the
large area exposed to the air. We assess this evolution considering only the effect of
kinetic fractionation during evaporation given by the simplified Rayleigh distillation
equation

8, — 8 = & (1)

where §; is the composition of liquid, §, is the composition of the evaporated vapor, and
gk is the kinetic fractionation factor. The kinetic factor (g, = €,4 + €pijr) can be
described as a combination of the equilibrium fractionation (g;) and diffusion (gp;f). The
diffusive factor (gp;f) is evaluated in 8.4 for deuterium and 10.12 for oxygen-18 using
experimental data described in the literature (Welhan and Fritz, 1977; Craig et al., 1963).
Combining the effect of dilution, steam separation and evaporation at the surface, we
obtain a slope (SpspSpg) of the dilution-steam separation-evaporation line given by:

(8Dpj1+8Dgss+ekp)
8180p;;+618055+£k150)

S =
DSE (

where water §Dp;; and §'80p;; are the deuterium and oxygen isotopic compositions of
the dilution from the aquifer A to B (84 — 8p); 8Dgg and 8§80 the composition of the
steam separation from 8Dp;; 8180y, the aquifer B (8 — 8555); and &p of about 42.4%o
for deuterium and &g, of about 15.7%o are kinetic factors for water at 85°C estimated
from the equilibrium fractionation (e.g., Horita et al., 2008), which are associated to
evaporation. The slope Spgz calculated with equation (2) is 2.2, which is similar to the
slope calculated from the linear regression. Most of the isotopic data of the LB is
distributed along the steam separation lines of the colder aquifer B, which would suggest
the same diluted origin from aquifer B-

Low chloride/electrical conductivity waters were found in the marshy areas
around the SE and VR. The isotopic composition of the SE thermal waters (Figure 5.3)
form a line with the GW, and present a slope estimated at ~1.9. Previous studies
(Giggenbach, 1978; Giggenbach and Stewart, 1982; Cortecci et al., 2005) attribute these
waters to steady state evaporation of local meteoric water that had been heated by steam
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from the hot reservoir. Similar to equation (2), the slope of steam heated waters (Sgy) can
be calculated as (Giggenbach and Stewart, 1982):

(SDA_SDGW+£RD) (3)
(8180,4—-81805w+Ek180)

Ssp =

where 8D, and 680, correspond to the deuterium and oxygen isotopic
composition of the main aquifer. Considering that the temperature of these features is
slightly below the boiling point, we use same &;p, €150 reported previously to calculate
the slope. The slope calculated from equation (3) is 1.2, which is very close to that
estimated by the linear regression. Additionally, chemical analysis in previous studies
showed high sulfate water in this area (Giggenbach, 1978; Cortecci et al., 2005),
suggesting some steam addition, and defining a slope of 1.6 using values of &p, €150
for 70°C Giggenbach, 1978; Giggenbach and Stewart, 1982; Cortecci et al., 2005).
Low chloride/electrical conductivity of thermal pools in VR show that >30% of local
meteoric water is diluting water from the hot aquifer. The dilution might occur at shallow
depth given that VR is a marsh, and the water table should be close to the surface.
Continuous dilution at different depths was previously identified as one of the most
important process affecting thermal features (Giggenbach, 1978; Giggenbach and
Stewart, 1982) for samples collected at the end of the 1960s and beginning of the 1970s
(e.g. Ellis, 1969; Cusicanqui et al., 1969; Giggenbach, 1978; Giggenbach and Stewart,
1982). Our samples collected in 2014 show <10% dilution at depth for the MB and LB,
and shallow dilution <30% in VR (Figure 5.5b). This difference can be explained if the
previous samples were collected during different seasons, or if there has been a reduction
of local meteoric water input over time. We are not able to distinguish between these two
possibilities with available data.

Even though models applied in equation (2) and (3) include many simplifications and
have strong dependence on the conditions in the hot aquifer, they capture the main
processes affecting the isotopic content of thermal waters, which are summarized in
Figure 5.6. Additional constrains can be added, for example the evaporation effect
calculated from the Rayleigh distillation equation neglects the relative humidity of the
atmosphere, the isotopic composition of the atmosphere, and the effect of the wind.
Additionally, erupted water from thermal sources can drain back to the conduit or
infiltrate into the ground and return to the conduit. This recycling would increase the
proportion of heavy isotopes. Geyser models describe a bubble trap that would add steam
to the system to generate an eruption (e.g., Belousov et al, 2013; Vandemeulebrouck et
al., 2014; Munoz-Saez et al, 2015ab). This steam addition, in contrast to recycling, would
increase the input of light isotopes.
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5.6.3 Mass Balance

The discharge channels that collect water from the basins are subjected to higher
amounts of evaporation than thermal sources. The slope of the evaporation line from the
isotopic data (Sg) can be determined from the Rayleigh equation (1)

Se=—2 . (@)

€180

Water in streams evaporate at lower temperature than the thermal waters (<35°C),
and the kinetic fractionation factors are higher, about 74.4%o for deuterium and &5, of
about 18.5%o for oxygen. With these values the slope calculated for evaporation is closer
to 4. The isotopic trend determined by the channel in the MB (Figure 5.5¢) has a slope
~3.8, which is very close to the slope from equation (4).

The channel that collects water from UB, VR, and local meteoric water (GW) shows
lower electrical conductivity than the thermal springs, and much closer to GW (Figure
5.2). However the isotopic composition of §'°0 and dD (Figure 5.5¢c) disagrees with a
simple dilution of thermal water and GW, suggesting evaporation. The residual fraction
of liquid (f) from evaporation can be calculated using

Sintial — 8final =t lnf (%)

where 8;ptiq; and 8f;nq; are the initial and final isotopic compositions of the water.
Considering that the slope of the evaporation line is 4 (equation 4), the projection of this
line onto the dilution line (Figure 5.5¢) gives an initial composition of the water in the
streams of -7.2%o and -61%o, for 6'°0 and 6D respectively. We calculate that 6%
evaporated. The discharge measured in the channel was 250 L/s (Figure 5.2d), so adding
the evaporated fraction we estimate a total discharge of 267 cm’/s. The initial
composition on the dilution line indicates that about 39% local meteoric water dilutes
about 61% thermal water.

The channel collecting water from the SE (Figure 5.5¢ sample #100) has high
electrical conductivity and an isotopic composition enriched in heavy isotopes. The
isotopic composition aligns with the thermal sources of the SE, suggesting that the same
steam heating and evaporation process occur, but that the water in the channel has been
cooled.

The discharge channels (samples #112 and # 113) from the MB have an electrical
conductivity similar to the thermal sources (Figure 5.2), and the isotopic enrichment §'°0
and 6D with respect to thermal sources (Figure 5.5d), suggests evaporation from the
thermal sources and a small dilution with local meteoric water. Considering that the
initial composition is close to the composition of the thermal waters (-6.4 and -69.5 for
580 and 6D respectively), we estimate that the residual liquid fraction (equation 5) for
the channel at the north (sample #112) is around 75%, and the total flow before
evaporation was 20 L/s; the residual liquid fraction of the channel at the south is around
65%, which corresponds to 7.5 L/s before evaporation. Adding the flow from both
channels, the water from the thermal sources of the MB would be at least 27.5 L/s.
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Channels from the Tucle River (sample # 400) and the Salado River (sample # 1)
also show evidence of evaporation from a thermal water diluted by meteoric water. Using
equation (5), and the initial composition on the dilution line, we infer that the residual
water after evaporation on Tucle River is about 93% and hence that the recharge before
evaporation is 150 L/s. About 45% ground water dilutes the thermal water. The residual
liquid of the Salado River would be about 85%, thus 1005 L/s recharged the river before
evaporation, and 45% of ground water diluted the thermal water, which corresponds to
452 L/s of meteoric water and 553 L/s of thermal water.

The recharge from the Andean water and the mixing with magmatic water
probably takes a long time before discharging at El Tatio. The absence of the tritium in
thermal water are evidence that both the magmatic water and the meteoric water at high
elevation are older than 1960 (nuclear tests). The local meteoric water instead has the
highest tritium values, and the channels and thermal sources that show some degree of
dilution with the local meteoric water also contain amounts of tritium above the detection
limit. We note, however, that the values of tritium obtained in this study are lower than
those reported in the literature (e.g., Cusicanqui et al., 1969).

5.6.4 Energy Balance

During the experiment the geyser skipped two eruptions but the periodic signal of
pressure and temperature continued, confirming that the periodic addition of heat is
coming from below and is not affected by conditions in the conduit. Eruptions resumed
when the additional water in the conduit warmed enough to boil and erupt again. We
calculated that ~ 3.8 x 10" kJ were needed to warm the 125 liters of added water from
15°C to 86.6 °C (using Herptea = ComT, and C,=4.2 kJ kg K''). We thus assume that
warming occurred during two heat pulses of ~1.9 x 10* kJ each. In previous studies on El
Jefe the estimation for temperate increases before the an eruption was 3°C and the mass
of erupted water was 110 kg (Munoz-Saez et al., 2015a), with these data we estimated
that heat required for one eruption was one order of magnitude lower ~1.6 x 10° kJ. The
present data suggests that about 90% of the heat added to the conduit is discharged as
latent heat in vapor. Using a latent heat of steam of 2660 kJ/kg (for P, and Tyoir), the
equivalent amount of steam added to the conduit was ~7 kg, and volume of steam
required is ~17.6 m® (steam density of 0.4 kg/m?), equivalent to a spherical cavity ~3.2 m
in diameter. The total enthalpy of the erupted liquid plus steam in one eruption is equal to
that in the same mass of water at about 122.6°C. Given that the reservoir temperature is >
200°C, the erupted water must be a combination of reservoir and cooler water, and/or
loses heat during ascent. Other studies have similarly inferred that large amounts of
enthalpy are lost between the deep reservoir and the surface (Karlstrom et al., 2013).
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5.7 Conclusions

In the introduction we listed the three objectives of our study. We conclude by
listing those objectives and our findings based on the data we collected.

*  Origin of the fluids:

There two sources of meteoric water with different relative ages: 1) Old, high

altitude Andean precipitation, which might have a distant zone of recharge that would
take more than 50 years to reach the discharge zone. 2) Local meteoric water that
infiltrates and is discharged in less than 50 years.
Mixing of old meteoric water from high altitude with magmatic water seems to be the
most likely origin of the hot reservoir. Thermal sources in the UB seem to be generated
from this mixing. The normal fault governs the location of the thermal sources permitting
the mixing and then ascent of deep magmatic and distant Andean fluids.

* Processes affecting the fluids:

In the UB, perpetual spouters show a higher degree of the magmatic component and
evaporation, while for geyser and hot pools, mixing and steam separation trends cannot
be distinguished.

Continuous dilution of the hot aquifer with local meteoric water at different depths is
insignificant. We only found evidence of dilution only in the second cooler aquifer and
shallow dilution in VR.

Fountain geysers in the MB appear to result from the superposition of three
processes: dilution of the hot aquifer at depth with local meteoric water up to 25%, steam
separation as the fluid is rising from the diluted aquifer, and evaporation from pools
exposed to the air.

Abundant thermal pools and mud pools in VR and SE can be associated with the
shallow addition of local meteoric water. Those areas are marshes, suggesting that the
water table is close to the surface.

* Mass and energy balance

Evaporation at <35°C can explain isotopic trends in the streams draining the basins.
Water in discharge channels can lose as much as 30% of their water by evaporation.
Discharge channels collect water from the thermal features and local meteoric water, with
different degrees of mixing. Channels from UB and LB have a higher amount of meteoric
water. In the Salado River, 45% of the discharge can be attributed to the addition of local
meteoric water.

About 10% of the mass of steam added to the conduit of a geyser is used to warm
water to the eruption temperature and the rest is lost to the atmosphere.

The erupted water must be a combination of reservoir and cooler water, and/or loses heat
during ascent.
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ID Latitude Longitude TCC) |pH | Cond | del'0O del D

0 -22°20'20.5" -68°01'05.1" 363 | 7.8 7.4 6.2 -58.3
1 -22°20'04.0" -68°01'58.5" 305 79 8.2 -5.7 -55.4
2 -22°20'07.9" -68°01'40.6" 614 | 6.6 11.8 6.0 | -70.0
3 -22°20'06.3" -68°01'35.4" 863 | 75 11.8 6.2 -71.4
4 -22°20'06.6" -68°01'34.4" 81.8 | 638 11.8 64| 720
5 -22°20'08.8" -68°01'34.6" 83.5| 65 11.5 66| -733
6 -22°20'13.4" -68°01'35.3" 85.6 | 7.3 123 5.7 -68.5
7 -22°20'14.7" -68°01'34.4" 86.7| 7.6 12.2 60| -70.1
8 -22°20'19.6" -68°01'34.5" 743 | 7.1 11.4 60| -713
9 -22°20'20.8" -68°01'34.2" 682 | 175 11.2 59| =704
10 -22°20'23.4" -68°01'29.8" 86.6 | 72 12.9 -5.3 71.1
11 -22°2027.1" -68°01'32.7" 83.7| 72 11.6 -6.1 -72.3
12 -22°20'25.7" -68°01'34.9" 86.1| 75 123 59| =708
13 -22°2025.7" -68°01'34.3" 859 | 176 12.0 -5.7 -71.6
14 -22°20'25.3" -68°01'36.6" 868 | 7.4 12.4 -5.3 -68.0
15 -22°20'25.5" -68°01'36.4" 719 | 74 12.4 -5.3 -68.8
16 -22°2025.9" -68°01'37.6" 848 | 75 12.7 -5.5 -69.3
17 -22°2027.1" -68°01'37.5" 823 | 176 12.1 54|  -683
100 -22°20'45.7" -68°00'35.7" 212 79 12.1 39| -614
101 -22°20'56.4" -67°59'48.2" 83.1] 7.1 0.7 46| -516
102 -22°20'56.2" -67°59'48.0" 814 | 7.7 0.7 2.1 -49.0
103 -22°20'32.7" -68°00'46.2" 86.5| 7.3 14.2 54| =677
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104 -22°20'33.1" -68°00'45.5" 84.2 6.8 13.9 -4.3 -65.8
105 -22°20'33.2" -68°00'44.5" 86.4 7.4 14.6 -5.2 -67.6
106 -22°20'33.4" -68°00'43.8" 74.7 7.0 15.2 -4.1 -65.7
107 -22°20'36.6" -68°00'42.4" 86.2 7.0 14.0 -5.1 -66.9
108 -22°20'38.7" -68°00'42.4" 84.6 7.2 14.0 -5.0 -67.0
109 -22°20'38.7" -68°00'43.1" 86.7 7.2 14.3 -5.2 -68.0
110 -22°20'33.7" -68°00'43.2" 84.6 7.3 14.4 -5.5 -68.3
111 -22°20'31.4" -68°00'43.2" 86.4 7.3 11.9 -6.2 -69.5
112 -22°2027.0" -68°01'02.6" 23.8 7.3 13.9 -1.9 -53.4
113 -22°20'32.4" -68°01'03.7" 214 7.2 14.4 -0.1 -46.4
201 -22°19'55.6" -68°00'46.9" 85.8 7.7 16.8 -5.0 -70.9
202 -22°19'55.7" -68°00'46.4" 83.2 7.4 13.6 -3.6 -65.2
203 -22°19'56.0" -68°00'47.4" 86.1 6.8 17.4 -2.8 -64.1
204 -22°19'55.8" -68°00'48.8" 86.6 7.3 15.5 -4.5 -68.6
205 -22°19'55.2" -68°00'49.2" 82.0 7.0 15.2 -4.9 -70.8
206 -22°19'55.5" -68°00'48.5" 87.1 7.0 153 -4.8 -70.1
207 -22°19'55.1" -68°00'48.0" 71.9 7.1 14.8 -4.5 -70.2
208 -22°19'55.6" -68°00'47.9" 86.6 7.2 14.5 -4.2 -69.4
209 -22°19'54.9" -68°00'46.0" 86.5 6.7 18.9 1.2 -46.7
210 -22°19'55.2" -68°00'45.9" 75.8 6.5 6.7 -7.4 -88.3
211 -22°19'57.0" -68°00'46.6" 58.9 6.4 13.9 -2.2 -64.7
212 -22°19'57.4" -68°00'47.0" 76.4 6.6 153 -5.0 -71.1
213 -22°20'00.0" -68°00'47.7" 86.1 6.8 14.5 -5.0 -69.5
214 -22°19'59.9" -68°00'47.4" 56.1 6.4 14.7 -3.9 -65.4
215 -22°20'00.4" -68°00'47.0" 82.7 7.2 14.5 -5.0 -69.2
216 -22°19'59.2" -68°00'46.6" 83.2 6.9 14.2 -4.9 -67.9
217 -22°19'58.7" -68°00'46.3" 49.2 6.2 15.5 -4.1 -66.6
218 -22°19'56.8" -68°00'43.9" 86.0 6.6 15.2 -4.9 -70.2
219 -22°19'57.0" -68°00'43.9" 79.4 6.3 15.5 -4.6 -70.9
220 -22°19'54.7" -68°00'45.2" 85.9 7.4 15.3 -5.1 -71.8
221 -22°19'54.2" -68°00'44.9" 77.4 6.8 14.6 -4.5 -70.7
222 -22°19'54.2" -68°00'44.8" 79.0 7.0 15.0 -4.7 -69.0
223 -22°19'53.8" -68°00'43.0" 73.0 7.5 153 -4.9 -70.2
224 -22°19'53.2" -68°00'42.4" 85.6 7.2 14.9 -4.9 -70.9
225 -22°19'41.4" -68°00'22.7" 85.6 6.9 15.5 -4.6 -69.4
226 -22°19'41.4" -68°00'22.7" 84.0 6.9 15.5 -4.6 -68.5
227 -22°19'41.4" -68°00'22.0" 554 5.6 143 0.0 -56.6
228 -22°19'40.0" -68°00'23.6" 66.2 6.4 6.2 -5.1 -68.5
229 -22°19'39.3" -68°00'24.5" 79.8 6.4 13.1 -4.7 -68.3
230 -22°19'39.7" -68°00'25.6" 65.3 6.8 2.9 -6.6 -66.4
231 -22°19'36.2" -68°00'25.6" 773 6.6 0.2 -6.0 -64.0
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232 -22°19'37.7" -68°00'23.2" 70.7 6.1 5.6 -1.9 -57.6
233 -22°19'37.8" -68°00'20.7" 70.1 54 11.9 -3.3 -65.3
234 -22°19'39.0" -68°00'20.2" 63.6 6.2 0.7 -7.6 -78.0
235 -22°19'54.8" -68°00'44.3" 84.3 6.3 14.0 -5.2 -71.8
236 -22°19'54.4" -68°00'43.9" 70.5 7.3 14.1 -4.1 -68.7
237 -22°19'52.4" -68°00'42.2" 86.5 7.4 14.4 -4.8 -69.8
238 -22°19'51.6" -68°00'39.8" 86.4 7.4 14.7 -4.8 -68.6
239 -22°19'50.2" -68°00'37.9" 86.5 7.5 14.0 -5.1 -70.8
240 -22°19'48.5" -68°00'37.2" 83.0 7.3 14.1 -4.6 -70.6
241 -22°19'48.6" -68°00'36.8" 86.8 7.4 143 -5.2 -71.4
242 -22°19'47.3" -68°00'34.3" 81.3 7.5 14.6 -4.7 -68.9
243 -22°19'46.4" -68°00'34.9" 82.6 7.3 14.5 -4.7 -69.6
301 -22°2022.4" -68°01'06.9" 86.4 7.4 11.3 -6.4 -69.1
401 -22°20'32.0" -68°01'30.0" 86.6 7.7 11.9 -6.0 -70.1
402 -22°20'31.4" -68°01'30.9" 68.4 7.4 10.0 -6.3 -70.2
403 -22°20'30.5" -68°01'30.2" 38.9 8.3 3.8 -7.1 -57.8
GW -22°20'00.2" -68°00'30.8" 35.7 7.6 1.3 -9.1 -57.9
mpl -22°20'56.0" -67°59'48.5" 523
mpl0 | -22°20'55.8" -67°59'49.0" 84.6
mpl1 -22°20'56.0" -67°59'48.7" 86.4
mpl2 | -22°19'37.6" -68°00'18.6" 39.6
mpl3 | -22°19'37.4" -68°00'21.9" 49.0
mpl4 | -22°19'39.9" -68°00'18.8" 49.2
mpl5 | -22°19'39.8" -68°00'19.5" 53.7
mpl6 | -22°19'40.1" -68°00'19.3" 55.1
mpl7 | -22°19'40.6" -68°00'21.3" 56.4
mpl8 | -22°19'39.4" -68°00'24.1" 56.9
mpl9 | -22°19'37.2" -68°00'20.5" 62.2
mp2 -22°20'56.0" -67°59'48.2" 653
mp20 | -22°19'37.5" -68°00'24.7" 62.5
mp21 -22°19'41.0" -68°00'21.9" 66.3
mp22 | -22°19'37.3" -68°00'22.8" 67.6
mp23 | -22°19'37.2" -68°00'23.0" 68.9
mp24 | -22°19'40.0" -68°00'19.6" 70.7
mp25 | -22°19'37.5" -68°00'22.0" 71.3
mp26 | -22°19'39.1" -68°0024.4" 71.5
mp27 | -22°19'37.3" -68°00'22.8" 71.8
mp28 | -22°19'37.7" -68°00'22.4" 72.3
mp29 | -22°19'40.0" -68°00'23.5" 73.0
mp3 -22°20'56.0" -67°59'48.4" 713
mp30 | -22°19'37.5" -68°00'22.3" 73.6
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mp31 -22°19'37.6" -68°00'22.5" 74.0
mp32 | -22°19'37.8" -68°00'19.1" 76.4
mp33 | -22°19'40.1" -68°00'19.8" 77.2
mp34 | -22°19'37.5" -68°00'22.2" 77.6
mp35 | -22°19'37.0" -68°00'23.2" 78.1
mp36 | -22°19'39.7" -68°00'24.0" 79.4
mp37 | -22°19'41.0" -68°00'21.6" 79.4
mp38 | -22°19'37.1" -68°00'23.0" 81.2
mp39 | -22°19'36.9" -68°00'23.5" 81.4
mp4 -22°20'55.7" -67°59'48.1" 73.9
mp40 | -22°19'40.7" -68°00'21.7" 81.4
mp41 -22°19'37.2" -68°00'23.2" 82.1
mp42 | -22°19'37.6" -68°00'22.4" 82.7
mp43 | -22°19'37.6" -68°00'22.4" 82.8
mp44 | -22°19'40.7" -68°00'21.1" 84.6
mp45 | -22°19'40.9" -68°00'21.6" 84.6
mp46 | -22°19'37.0" -68°00'22.3" 85.6
mp47 | -22°19'36.9" -68°00'21.6" 86.4
mp48 | -22°19'37.5" -68°00'22.5" 87.0
mp49 | -22°19'37.3" -68°00"23.0" 87.2
mp5 -22°20'56.1" -67°59'48.1" 743
mp50 | -22°19'41.0" -68°00'21.5" 87.5
mpb6 -22°20'56.1" -67°59'47.8" 71.5
mp7 -22°20'55.9" -67°59'49.0" 79.5
mp8 -22°20'55.7" -67°59'47.9" 81.9
mp9 -22°20'55.7" -67°59'49.1" 84.2
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Table 5.2: Major elements

ID | Cl F SO, HCO; Ca Na K Mg
0 3050 1.1 47.5 145.0 128.4 1974.0 | 217.7 | 7.6
1 3350 1.2 81.0 180.0 148.4 2030.8 | 180.3 | 124
100 | 5400 2.7 53.0 164.0 | 2429 32357 | 155.1 | 10.8
112 | 7400 3.8 68.0 53.0 353.6 4329.7 1 2225 | 5.7
113 | 8100 43 77.0 57.0 3744 4653.1 | 236.2 | 6.9
225 | 8000 3.6 42.0 49.0 | 290.0 4604.2 | 597.9 | 0.6
231 1 0.1 22.0 44.0 7.1 20.1 2.9 0.4
403 | 1540 0.5 117.0 271.0 92.4 961.1 | 92.9 | 20.6
500 | 340 0.3 41.0 167.0 19.9 271.0 | 30.7 7.2
ID | Li Rb Sr Ba Al () As SiO; B

0 17.5 2.9 1.9 0.2 0.1 19.2 12039 | 83.6
| 17.5 2.5 2.2 0.2 0.1 20.7 1190.7 | 87.1
100 | 27.8 2.7 3.5 0.1 0.1 31.8 |209.7 | 139.8
112 | 36.5 3.9 5.2 0.2 0.2 42.8 |233.7]191.0
113 | 39.0 4.2 5.6 0.2 0.2 45.5 |250.3 | 206.7
225 | 42.7 8.1 4.8 0.2 0.2 47.4 | 319.5 | 206.6
231 ] 0.0 0.0 0.1 0.0 0.0 0.1 142.7 | 0.7
403 | 83 1.0 1.1 0.2 0.0 11.6 [ 2193 | 413
500 | 2.3 0.3 0.2 0.0 0.0 2.8 146.8 | 9.2

Table 5.3: Values of tritium isotope (H’)
Dead samples correspond to values of H> <0.05 TU below the detection limit.

Sample H’ Error (TU) (ngog?g)
ET-2-112 0.03 0.04 Dead
ET-2-000 0.14 0.04 Not Dead
ET-2-231 0.08 0.15 Dead
ET-2-113 0.18 0.05 Not Dead
ET-2-001 0.13 0.05 Not Dead
ET-2-403 -0.02 0.04 Dead
ET-2-100 0.04 0.04 Dead
GW 0.28 0.09 Not Dead
Blank 0.04 0.03 Dead
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Figure 5.1: Geology of El Tatio geothermal field (modified from Marinovic and
Lahsen, 1984)

Map shows structures, lithology, age of the deposits, types of features sampled, and
sampled areas: upper basin (UP), Vega Rinconada (VR), middle basin (MB), southeast
(SE), and lower basin (LB). We labeled sites sampled for major elements: sample #0 is
the stream draining the UB and VR, #1 to Salado River, #110 is f drainage from the SE,
#122 and #113 are drainages from the MB, and #400 is discharge in the Tucle River. In
the VR area we sampled the geyser (sample #225) and one hot stream (sample #231). EJ
shows the location of El Jefe geyser. Profiles abc are shown in Figure 6. Coordinates
conform to the Universal Transverse of Mercator System (UTM), Datum WGS 84, and
Zone 19S.
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Figure 5.2: Field measurements
(a) temperature, (b) pH, (c) electrical conductivity, and (d) discharge plotted on a raster
image of El Tatio area from Oct. 11, 2006 (DigitalGlobe Inc.), coordinates conform to the
Universal Transverse of Mercator System (UTM), Datum WGS 84, and Zone 19S.
Relationship between (e) pH and temperature, and (f) electrical conductivity and
temperature in different areas. Legend (same Figure 1): stars are eruptive features; circles
are hot pools and streams; diamonds are channels and rivers; square is a wetland (GW).
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Figure 5.3: Distribution of stable isotopes

(a) 8'°0 and (b) 8D plotted on a raster image of El Tatio area from Oct. 11, 2006
(DigitalGlobe Inc.), coordinates conform to the Universal Transverse of Mercator System
(UTM), Datum WGS 84, and Zone 19S. Relationship between (c) 8'*0 and electrical
conductivity, and (d) 6D and electrical conductivity in different areas. We use the same
legend as that in Figure 5.2.
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Figure 5.4: Experiment at El Jefe geyser
(a) Photo of the geyser erupting at the surface (time = 10s). (b) Photo of cold water being
added to the geyser conduit (time = 170s). (¢) Time series of the eruption at the surface
on Oct. 8, 2004, staring at 15:45:52 UTC time; height 0.0 corresponds to the base of the
geyser shown in the rectangle in panel (a). (d) Time series of pressure (P) and
temperature (7)) sensors inside the conduit 1.5 below the surface.
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Figure 5.5: Stable isotopes (6180, 6D) and interpretation of different processes
affecting fluids
(a) Previous studies and (b) this study. Details from different areas in this study: (c) upper
basin, (d) Vega Rinconada, (¢) middle basin and southeast, and (f) lower basin. We use
the same legend as in Figures 2 and 3. Line GMWL is the global meteoric line §'°0 = 8
8D + 10 (Craig, 1961), LMWL is the local meteoric line 8'*0 = 8.15 8D + 15.3
(Aravena, 1995; Chaffaut et al., 1998). Isotopic composition of proposed deep aquifers
(Giggenbach, 1978) are shown by white triangles labeled A, and B. Black crosses show
the trajectory of compositions from continuous steam separation, departing from the
initial composition of the aquifers and decreasing in 20°C steps until they reach to 90°C.
White triangles labeled 85°C show the final composition of a single steam separation
process. GW sample is the reference for meteoric water in this study, 5'°0 = -9.08 and
0D = -57.9. The steam-heated line with slope 1.5 connects local meteoric water and
andesitic water (AW) (Taran et al., 1989; Giggenbach and Soto, 1992). Mixing line
connects a possible source of meteoric water of composition 5O about -14.6 and 8D
about -107, corresponding to water at 4,000 m of altitude (e.g., Mahon and Cusicanqui,
1980; Fritz et al., 1979; Cortecci et al., 2005) with andesitic water. We define an
evaporation line of slope ~3.8 departing from the composition from steam separation.
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Figure 5.6: Conceptual model of El Tatio geothermal field
Summary of the main processes affecting the composition of the thermal fluids. The
profile abc is in shown in figure 1; at the surface we indicate the lithological units defined
in Figure 1. The profile ab runs from North to South from the UB to MB, while bc run
from the MB to the SE, from North West to South East. The elevation is exaggerated by a
factor of 4. The depth is not to scale; reference depth of 650 m depth is the location of the
aquifers according to well data (e.g., Ellis, 1969; Cusicanqui et al, 1975)
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Chapter 6 Conclusions

Our study provided complete records of pressure and temperature inside geyser
conduits during the entire eruption cycle, providing a unique dataset for natural geysers.
This is the first study reporting hydraulic and physical rocks of sinter rocks.

In the introduction we listed a number of questions that were still unsolved about geyser
systems that we aimed to address with the studies at El Tatio. Here we restate those
questions and summarize some answers.

*  What are processes and thermodynamic conditions in the conduit during the entire

cycle? At what depth does the eruption begin?

A single reservoir dominates the recharge to the conduit of a geyser. The temperature
remains within a few degrees of the boiling point at the surface; the pressure in the
conduit is close to hydrostatic and increases as the conduits refills (Chapters 1 and 2).
Rapid boiling of water occurs at the top of the water column by a sudden increase of
temperature. As water is removed from the conduit the remaining water decompresses,
causing the boiling front to propagate downward. Eruption terminates when the addition
of steam has ceased.

* How is heat transported in geyser systems?

Thermal energy used in boiling during the eruption comes from steam ascending from
depth. Convection may occur into the deeper part of conduit as steam is added (e.g., Vega
Rinconada geyser, Chapter 2). Given that the water in the conduit is close to the boiling
point, only a small part of the steam added to the conduit is used in the eruption, the rest
is released to the atmosphere (e.g., El Jefe geyser, Chapters 1 and 4). The episodic
addition of heat determinates the periodicity of geyser eruptions. A model in which
cavities accumulate and release steam episodically is consistent with the observed
addition of heat. The speed of propagation of pressure fluctuations in the conduit is
similar to the sound speed for liquid and steam mixtures, suggesting that flow may be
choked at vent, however there are large uncertainties in this inference (e.g., El Jefe
geyser, Chapter 1).

* What is the geometry of subsurface permeable zones? How does this geometry
affect the eruption process? Are geysers connected through permeable pathways
to other thermal sources? How does this connection affect the eruption cycle? Do
properties of sinter rocks play a role in the circulation of fluid?

The geometry underground controls the eruption style, given enough heat and sufficient
water supply (Chapter 2). Geysers with deeper cavities and greater volume are more
likely to have pre-play or minor eruptions. Non-eruptive hot springs seem to be
disconnected from the heat supply or cavity, and the temperature remains constant.
Geysers can be connected through permeable pathways to other nearby hot springs.
Pressure changes in one geyser can be sensed in the others that are nearby (Chapter 2).
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Sinter is a highly porous rock with a pore structure that resembles vesicular volcanic
rocks. Permeability of sinter measured in the lab (Chapter 3) represents a lower bound on
field values -- permeable zones are likely controlled by larger fractures.

* How and why does the geyser cycle evolve over time? How do external
perturbation including earthquakes, atmospheric conditions, and Earth tides affect
the eruption cycle?

From data over a one-week period in 2012 and 2014 (Chapters 1 and 2) we established no
apparent effect of external conditions on the interval between eruptions (IBE) over that
period. However, we observed annual changes of hydrogeological pathways. Between
2012 and 2014, we found differences of ~20% in the IBE of El Jefe geyser and we
documented the appearance of new eruptive features. With this data we are not able to
determine if changes occur progressively over time or are caused by discrete events as
earthquakes or rainfall.

*  What is the origin of the fluids? Do geysers and non-eruptive hot springs have the
same origin?

The thermal waters of El Tatio are the product of different amounts of mixing between
water from the reservoir and meteoric water, followed by steam separation, dilution and
evaporation. Two different sources of meteoric water were found: old water (>50 years)
from with precipitation at higher altitude in the Andean Mountains, and younger local
meteoric water (<50 years). Perpetual spouters show more of the magmatic component
and evaporation, while at geysers and hot pools, mixing and steam separation trends
cannot be distinguished. Fountain geysers show evidences of greater dilution with local
meteoric water, steam separation, and evaporation. Areas where the water table is close to
the surface show abundant thermal pools and mud pools rather than eruptive features.

6.1 Future Research

Fundamental questions about geyser dynamics remain unsolved, including:

*  Why do so few hot springs erupt as geysers? Why most geysers concentrated in

few areas? How does geology control the distribution of thermal features?

The dynamics of eruptive features are dominated by geometric and thermodynamic
complexities in the conduit and reservoir. These complexities are not required for non-
eruptive hot springs. The proposed bubble trap model can explain some of the
observations, but we have not been able to image the underground geometry that
connects the deep aquifer and the outflow. The location of thermal sources seems to be
controlled by normal faults that permit the circulation and ascent of deep fluids.
Geophysical studies including seismic surveys and electrical resistivity tomography can
be performed in order understand the geological and structural control on geyser
formation.
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* How do external perturbations including earthquakes, atmospheric conditions, and
Earth tides affect the eruption cycle?

Some geysers seem to respond to external factors such as the dynamic stress from
regional or distant earthquakes, and other geysers show seasonal eruption intervals
controlled by the hydrological cycle and climate. Long term monitoring is required to
separate internal and external controls on geyser periodicity.

*  What is the longevity of geothermal systems?
Studying the evolution of sinter deposits over time, including constraints on sinter
precipitation, the evolution rock properties, stratigraphy, textures, and ages of the
deposits would provide additional insights into the dynamics of the vents and the
longevity of geothermal systems. Additionally, numerical modeling can be useful to
better understand vent migration, interaction between thermal sources, and the connection
of geysers with deep aquifers.
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