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El Tatio in northern Chile is one of the best-studied geothermal fields in South America. However, there remain
open questions about the mass and energy budgets, water recharge rates and residence time in the subsurface,
origin of dissolved solutes, and processes affecting the phase and chemical composition of groundwater and sur-
face water. We measured and sampled surface manifestations of the geothermal system (geysers, perpetual
spouters, mud pools/volcanoes, and non-eruptive hot springs) and meteoric water. From the isotopic composi-
tionwe infer that the thermal water has ameteoric origin that is different from the composition of localmeteoric
water. The absence of detectable tritium in thermalwaters indicates thatmost of the recharge occurred pre-1950.
Boiling and steam separation from the deep reservoir appear to be the main subsurface processes affecting the
thermal fluids. A large amount of heat is lost to the atmosphere by evaporation from surface water and by
steamemitted fromerupting geysers. Using the chloride inventorymethod,we estimate thermalwater discharge
to be 218 to 234 L/s, and the advective heat flow to be 120 to 170 MW.
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1. Introduction

The El Tatio geothermal Basin is located in the northern Chilean
Andes at N4200 m above sea level (Fig. 1a). It is the one of the largest
and best-studied geothermalfields in South Americawith N200 thermal
features within an area of ~30 km2 (e.g., Zeil, 1959; Trujillo, 1969;
Glennon and Pfaff, 2003; Tassi et al., 2005). It is one of the largest geyser
fields in the world (Hurwitz and Manga, 2017), and one of the main
tourist attractions in the Atacama region.

Exploration and deep drilling in El Tatio have been conducted spo-
radically during the 1960s, 1970s, and late 2000s to constrain the condi-
tions of the undeveloped geothermal reservoir (e.g., Healy and
Hochstein, 1973; Cusicanqui et al., 1975; Lahsen, 1976a,b; Giggenbach,
1978; Cortecci et al., 2005; Tassi et al., 2005). However, heat flowmea-
surements have not been performed since the 1970s. These earlier data
estimated natural hydrothermal discharge of 250 L/s to 500 L/s
(Navarro, 1972; Trujillo, 1974) and heat flow between 100 MW to
250 MW (e.g., Mahon, 1970, 1972; Hochstein, 1971; Trujillo, 1974;
Muñoz and Hamza, 1993).

Themain goals of our studywere to estimate themass and heat bud-
get of El Tatio by combining new measurements with those performed
N40 years ago. We also aim to constrain the origin of water recharging
the thermal reservoirs and the residence time of groundwater to
Saez),
v (S. Hurwitz).
improve the conceptual model of the geothermal system (e.-
g. Giggenbach, 1978; Lahsen and Trujillo, 1975). In order to assess the
mass and heat budget of the geothermal field, we apply the chloride in-
ventory method (e.g., Ellis and Wilson, 1955; Sorey and Lewis, 1976;
Ingebritsen et al., 1989, 2001) and we estimate the enthalpy of the sys-
tem from the temperature of the reservoir (e.g. Hurwitz et al., 2012).
We also performed an experiment tomeasure themagnitude of heat re-
leased by an erupting geyser. To constrain the origin of the recharge of
water, we obtained a large data set of oxygen and hydrogen stable iso-
topes values and augmentedwith new tritium values of thermalwaters.
We first describe and discuss the El Tatio geothermal field and the
chemical measurements and then present heat flow calculations. We
end by synthesizing the new and previous datasets and propose a con-
ceptual model for the geothermal system connecting the local basins to
a regional system. These newdata and the quantitative analysis can pro-
vide land managers and policymakers with the information required to
protect this unique natural system and guide possible geothermal ex-
ploration in the surrounding area.

2. Geological and hydrothermal background

Most of the thermal features in El Tatio are clustered in three basins
(Glennon and Pfaff, 2003): upper basin (UB), middle basin (MB), and
lower basin (LB) (Fig. 1b). In this study, we also refer to the mud
pools in the north of the UB as Vega Rinconada (VR), the mud pools
and mud volcano area south of the MB named the South-East (SE),
and thermal features located toward the south of the LB as El Tatio

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jvolgeores.2018.07.007&domain=pdf
https://doi.org/10.1016/j.jvolgeores.2018.07.007
shaulh@usgs.gov
https://doi.org/10.1016/j.jvolgeores.2018.07.007
http://www.sciencedirect.com/science/journal/03770273
www.elsevier.com/locate/jvolgeores


Fig. 1. (a) Aerial photograph of El Tatio geothermal area. Blue boxes are the sites for snow samples SN1, SN2, SN3 and a channel fed by snowmelt SN4. (b) Geology of El Tatio geothermal
field (modified fromMarinovic and Lahsen, 1984). Stars represent eruptive features, red symbols are geysers and yellow symbols are for perpetual spouters. Red circles show the locations
of non-eruptive hot springs, blue squares – locations of meteoric water samples, blue diamonds - samples collected in streams, green triangles - mud volcano or mud pool samples, and
white hexagons show the location of geothermal wells (Giggenbach, 1978). We labeled sites sampled for the analysis major elements: GW water from wetland, #0 drainage from the
Upper Basin and Vega Rinconada (VR), #1 Salado River, #100 drainage from the South East (SE), #122 and #113 are drainages from the Middle Basin (MB), and #400 is discharge in
the El Tatio Stream. Coordinates conform to the Universal Transverse of Mercator System (UTM), Datum WGS 84, and Zone 19S. Line C-D in part (a) and A-B-C in (b) are for the cross
section presented in Fig. 7.

26 C. Munoz-Saez et al. / Journal of Volcanology and Geothermal Research 361 (2018) 25–35
stream (TS). The UB has the highest concentration of thermal features,
which are aligned along the hanging wall of a normal fault defining
“the El Tatio half graben” (Lahsen, 1976a,b; Marinovic and Lahsen,
1984). It was proposed that the heat for the system is provided by Ho-
locene andesitic stratovolcanoes that had no historical eruptions
(Lahsen, 1976a,b). The geological map (Fig. 1b) indicates that
hydrothermal deposits occur on top of Miocene to Holocene sequences
of lavas and ignimbrites and glacial deposits (Marinovic and Lahsen,
1984).

Unpublished data from 1970s suggested that natural thermal dis-
charge of the Rio Salado, which drains the El Tatio geothermal field (Sa-
lado River; Fig. 1b) was between 250 L/s in the dry season (Trujillo,
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1974) and 400 to 500 L/s during the wet season (Navarro, 1972). Heat
flow estimates ranged between 109 MW (Hochstein, 1971) and
209 MW (Trujillo, 1974), based on measurements of direct heat lost
from thermal water discharge (Lahsen and Trujillo, 1975). Chloride
flux measurements implied a heat flow of 251 MW in wet periods
(Mahon, 1970), and 105 to 117 MW in dry and warm periods
(Mahon, 1970, 1972). Muñoz and Hamza (1993) recalculated an advec-
tive heat flow of 203 MW based on measurements of volumetric flow
rates and water chemistry that were published in the 1970s.

Geothermal wells drilled between 1960 and 1970 identified two
permeable zones (Lahsen and Trujillo, 1975) associated with two ther-
mal reservoirs (e.g. Cusicanqui et al., 1975; Healy and Hochstein, 1973;
Giggenbach, 1978): A, a deeper (N600 m) hotter reservoir (260 to 270
°C), and B, a shallower (b250m), cooler (160 to 170 °C) andmore dilute
reservoir. The isotopic compositions of the thermal waters in wells
(Giggenbach, 1978) and at the surface (e.g., Ellis, 1969; Giggenbach,
1978; Tassi et al., 2005) led to two contrasting interpretations of the
data: (1) thermal water whose composition is determined by rock-
water interacction mixed with local meteoric water (Giggenbach,
1978), and/or (2) mixing of meteoric and magmatic waters (Cortecci
et al., 2005; Tassi et al., 2005; Tassi et al., 2010). Both interpretations in-
voked twodifferent isotopic compositions of themeteoric endmembers
for the recharged water.

Hydrogeological models proposed that meteoric waters are
recharged through deep faults at higher altitude ~15 to 20 km to the
east of El Tatio (e.g., Healy and Hochstein, 1973; Cusicanqui et al.,
1975; Giggenbach, 1978;Muñoz andHamza, 1993) and are then heated
along the flow path (e.g., Healy and Hochstein, 1973; Lahsen, 1976a,b).
Geophysical surveys identified a zone of low electrical resistivity that
extends toward the south and southeast of the field (Lahsen and
Trujillo, 1975), suggesting groundwaterflow into thebasin from that di-
rection. However, precipitation on high-elevation mountains
(N5000 m) around El Tatio had not been sampled. One preliminary tri-
tium datum of 3.2 TU (1 TU is equal to 1 atom of 3H per 1018 atoms of
hydrogen) in thewater from a geothermal well suggested thatmeteoric
water infiltrates the geothermal reservoir in 10 to 17 years, implying a
mean flow velocity of 1 to 1.3 km/year (Cusicanqui et al., 1975;
Muñoz and Hamza, 1993). In contrast, the original report (Mahon,
1974) suggested there was mixing between two waters, old reservoir
water with much younger meteoric water. A more recent study found
no tritium in high chloride thermal water (Cortecci et al., 2005).

3. Methods

In October 2014, we collected water samples from two thermal dis-
charges (geyser # 225, and pool # 231 in Table 1), six discharge chan-
nels, and from a wetland of slow flowing water (Fig. 1b) for major
element chemistry analysis. In April 2017, we collected four additional
samples of snow and water from snowmelt channels at elevations of
4200 to 5122 m. Snow samples were melted and filtered in-situ. Sam-
ples for major element chemistry were filtered in the field (0.45 μm)
and the samples for cation analysis were then acidified with nitric
acid. Chemical analysis was carried out approximately one month
after sampling at the U.S. Geological Survey water geochemistry labora-
tories in Menlo Park, California. Concentrations of anions were deter-
mined using a Dionex ICS-2000 ion chromatograph with an analytical
error of b3% for Cl−, F−, and SO4

2− and b5% for Br−. Total alkalinity as
HCO3

− was measured by titrating 10 mL of sample with 0.05 M sulfuric
acid to the bicarbonate end-point with an analytical error of ~5%. The
concentrations of the major cations were measured using a
ThermoFisher ICAP 6000 inductively coupled argon plasma optical
emission spectrometer.

The analytical errors for Na+, K+, and B+ are b5%, and for SiO2,Mg2+

and Ca2+ errors are b10%. The charge imbalance of most samples was
≤5%, but the relatively large imbalance of a few samples (10–13%)
might be a result of either very low ion concentrations (sample #231)
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or CO2 degassing between sampling and analysis approximately one
month later (samples #0 and GW) (Table 1).

For δ18O and δD analysis of thermal waters, we sampled catchment
channels downstream of the thermal basins and a wetland (sample
GW) (Fig. 1b). 60 mL of unfiltered water were analyzed using the
water–CO2 equilibration method for oxygen (Epstein and Mayeda,
1953) and the zinc-reduction method for deuterium (Coleman et al.,
1982) at the University of California at Berkeley. Results are reported
in delta notation per mil, using the standard reference Vienna-
Standard Mean Ocean Water (V-SMOW). The analytical errors for
δ18O are ~0.2% and for δD are ~1%.

For tritium (3H) analysis we collected 500 mL of unfiltered water
from discharge streams, from a wetland (GW), and from a thermal
spring (# 225 in Table 2). Tritium concentrations were measured
using the 3He in-growthmethod (Bayer et al., 1989) at the U.S. Geolog-
ical Survey Noble Gas laboratory in Denver, Colorado. About 170 mL of
unfiltered water was degassed, sealed in a vacuum flask, and stored
for approximately 3 months to accumulate 3He (from the decay of
3H). The concentration of 3He was measured by a magnetic mass spec-
trometer and was calculated from the storage time and the decay con-
stant (Lucas and Unterweger, 2000), a process that has a detection
limit of 0.05 TU.

Water discharge was measured in catchment channels down-
stream of the thermal basins using a Global Flow probe FP211 with
an accuracy of 0.03 m/s. Discharge was calculated by surveying the
cross section of the channel and measuring velocity across the chan-
nel following standard gauging procedures (Corbett, 1943). We esti-
mate the uncertainty of the discharge values to be about 15% of the
measured value.

We calculate thermal water discharge and advective heat output
from the El Tatio basin using the chloride inventory method (Ellis and
Wilson, 1955), assuming that all the chloride discharged by rivers is de-
rived from the thermal sourceswithin the basin. This assumption is con-
sistent with the very low chloride concentrations of snowmelt
upstream of El Tatio (Table 1, samples SN1 to SN4). From the discharge
measurements downstream of every basin (QS) and the chloride con-
centration (ClS), we calculate themass flow rate (QT) of a group of ther-

mal springs: QT ¼ QS ðClS−CluÞ
ðClT−CloÞ . The value Clu corresponds to the chloride

upstream of every basin, ClT is the chloride concentration of a thermal
basin, determined from hot spring data, and Clo is the background Cl
that we assume to be zero (the value of the snow).
Table 2
Summary of field measurements and isotopic values at the different locations identified in Fig.

Location Type N Tmean (°C) pHmean Cmean (mS

UB Eruptive 11 84.6 ± 1.9 7.3 ± 0.4 14.6 ± 0.
Non-eruptive 13 72.1 ± 11.0 6.8 ± 0.4 14.2 ± 2.
Stream (#0) 1 36.3 7.8 7.4
Wetland (GW) 1 35.7 7.6 1.3

VR Eruptive (#225) 1 85.6 6.9 15.5
Non-eruptive 9 70.3 ± 8.9 6.3 ± 0.5 7.8 ± 5.9
Mud pools 39 72.6 ± 12.1 – –

MB Eruptive 8 85.7 ± 1.0 7.2 ± 0.2 13.9 ± 0.
Non-eruptive 1 74.7 7.0 15.2
Stream North fork (#112) 1 23.8 7.3 13.9
Stream South fork (#113) 1 21.2 7.9 12.1

SE Non-eruptive 2 82.3 ± 1.2 7.4 ± 0.4 0.7 ± 0.0
Mud pools 11 75.6 ± 9.3 – –
Stream (#100) 1 21.4 7.2 14.4

TS Eruptive 1 86.6 7.7 11.9
Non-eruptive 1 68.4 7.4 10.0
Tatio stream (#400) 1 38.9 8.3 3.8

LB Eruptive 8 84.8 ± 2.0 7.3 ± 0.4 12.1 ± 0.
Non-eruptive 8 77.2 ± 9.6 7.2 ± 0.3 12.0 ± 0.
Stream Rio Salado (#1) 1 30.5 7.9 8.2

SN Snow 4 0.0 6.6 ± 0.6 0.0
Total number of measurements 124

a Cl estimated from the electrical conductivity.
4. Results

The concentrations of Cl− and Na+ aremore than one order of mag-
nitude higher than the concentrations of other major elements dis-
solved in the thermal waters (Table 1, Supplementary Fig. S1). The
electrical conductivity increases linearly with the concentrations of
chloride (r2 N 0.93), allowing us to use it as a proxy for salinity. Based
on the concentrations of Cl−, SO4

2− and HCO3
−, we found two distinct

endmembers of thermalwaters:water from geyser # 225 (Table 1) cor-
responds to mature high chloride geothermal water and water from
thermal pool # 231 with a low Cl− concentration is consistent with im-
mature peripheral water. Those two end members are similar to those
reported in previous studies (e.g. Giggenbach, 1978; Cortecci et al.,
2005; Tassi et al., 2005). There is N10% of imbalance in the charges be-
tween anions and cations in some samples from the UB and VR
(Table 1, samples # 0, # 231, GW).

Consistent with previous studies (e.g. Giggenbach, 1978; Cortecci
et al., 2005; Tassi et al., 2005),we find thatwaters fromerupting geysers
have a restricted range of temperature, pH and salinity and their isoto-
pic compositions are similar (Fig. 2, Table 2, Supplementary material
Table S1, Fig. S2). They have the highest temperatures, at or a few de-
grees below the local boiling temperature (86.6 °C), aremore saline (es-
pecially thermal waters of the UB), and their pH is close to neutral. In
contrast, waters from non-eruptive thermal features are more variable;
their temperatures are below boiling, their pH can be as low as 5, they
are typically less saline, and their isotopic compositions span a wide
range of values. In MB, LB and TS water salinities are slightly lower,
with respect to those measured in the UB thermal water, but still high
enough to be considered mature high chloride thermal waters.

Most of the sampled thermal features are enriched in δ18O with re-
spect to localmeteoricwater (Figs. 2, 3, Table 2, Supplementarymaterial
Table S1, Appendix A), consistent with previous studies
(e.g., Giggenbach and Stewart, 1982; Cortecci et al., 2005).Meteoric wa-
ters were sampled at different elevations spanning nearly 1 km
(4200–5122 m) and there is no clear relationship between isotopic
composition and elevation. All meteoric water samples plot on the
local meteoric water line (Fig. 3) defined for this part of the Andes
(Aravena et al., 1999; Chaffaut et al., 1998). Snow sample SN3 (Fig. 2),
was collected at 5100 m falls along the LMWL and is the only meteoric
water sample depleted in δD (more negative value) with respect to
the thermal waters (Fig. 3).
1.

/cm) Cla (g/L) δO18
mean δDmean (‰) Q (L/s) 3H (TU)

9 7.3 ± 0.4 −4.79 ± 0.46 −69.95 ± 1.91 – –
3 7.1 ± 1.0 −4.59 ± 0.11 −70.25 ± 5.81 – –

3.0 −6.16 −58.30 250 0.14 ± 0.04
0.0 −9.08 −57.90 0.5 0.28 ± 0.03
7.91 −4.61 −69.40 – b0.05
3.3 ± 2.2 −4.42 ± 2.38 −65.91 ± 6.38 – –
– – – – –

9 6.9 ± 0.4 −5.24 ± 0.62 −67.60 ± 1.20 0.1–5.8 –
7.7 −4.13 −65.70 – –
6.9 −1.93 −53.40 15 b0.05
5.9 −3.94 −61.40 3.8 b0.05
0.0 −3.38 ± 1.75 −50.30 ± 1.84 – –
– – – – –
7.2 −0.07 −46.40 4.7 0.18 ± 0.05
5.7 −6.04 −70.10 – –
4.6 −6.28 −70.20 – –
0.7 −7.14 −57.80 140 b0.05

4 5.8 ± 0.3 −5.88 ± 0.48 −70.50 ± 1.88 – –
6 5.8 ± 0.4 −5.78 ± 0.31 −70.40 ± 1.28 – –

3.5 −5.72 −55.40 860 0.13 ± 0.05
0.0 −9.67 ± 1.06 −61.52 ± 9.84 – –



Fig. 2. Characterization of water samples according to the type of thermal feature. The symbols are the same as Fig. 1. (a) Temperature.We did not include the temperature of geothermal
wells (Tmax N 200 °C). (b) pH. (c) Electrical conductivity with scale on the left y-axis and Cl− concentration on the right y-axis (derived from the electrical conductivity). (d) δ18O. (e) δD.
Covariation of water characteristics is shown in Supplementary Figs. S1–S4.

29C. Munoz-Saez et al. / Journal of Volcanology and Geothermal Research 361 (2018) 25–35
Four samples have tritium concentrations above the analytical detec-
tion limit (N0.05 TU) (Table 2). Tritium in thermal water sample # 225 is
below the detection limit, consistentwith a previous study (Cortecci et al.,
2005), indicating that most of the recharge occurred pre-1950. Sample
GW has the highest 3H concentration (0.28 TU; Table 2), which is lower
than concentrations previously reported for precipitation at El Tatio and
adjacent areas in the Andes (Aravena et al., 1999; Cortecci et al., 2005;
Houston, 2007; Boutt et al., 2016). Streams draining the thermal basins
have 3H values lower than GW or below the detection limit, consistent
with the dilution of thermal water with recent meteoric water.

Discharge and salinity measurements in the channels are summa-
rized in Table 2 and Fig. 3. The highest discharge was measured in the
channels upstream of the Salado River are in the UB, and the TS. Dis-
charges in the channels of the MB were one order of magnitude lower
than in the UB.

5. Discussion

Here, we discuss the new water chemistry, isotope and discharge
data and how they address 1) the origin of water recharging the
Fig. 3. Stable isotopes (δ18O, δD) and lines representing different processes shifting the composit
Andes (Aravena et al., 1999; Chaffaut et al., 1998). In this plot we used the same symbols as pre
the continuous steam separation from A and B starting at a temperature of 260 °C (reservoir A)
Basin (UB) compositions are more concentrated at the final step of the steam separation of A
(Appendix B). (b) For the Middle Basin (MB) the thermal features follow steam separation
water line (LMWL) and follow the trend of steam-heated waters and evaporation described p
the Tatio Stream (TS) are undistinguished, and they plot between the steam separations of b
the fluids invoked in previous studies. (e) Data and interpretation from this study.
reservoir, 2) the thermal state of the reservoir and 3) heat output from
the system and how processes such as phase separation (Appendix A)
and evaporation (Appendix B) affect the heat flow estimates.

5.1. Origin of the thermal waters

The concentrations of 3H measured in GW can be the result of
mixing old meteoric water (pre-bomb) without 3H and small amounts
of modern water with 3H. The absence of detectable tritium in thermal
water indicates a residence time N60 years and lack of mixing with
modern water. This new data contrasts with previous estimations of
residence times of 10 to 17 years (Cusicanqui et al., 1975).

From geothermal well data (Giggenbach, 1978) and the isotopic
composition of snow samples (Fig. 3), we infer that water in the deep
reservoir has a meteoric origin with an isotopic composition similar to
the composition of sample SN3 (−75.7‰ for δD and − 11.07‰ for
δ18O), which matches the theoretical values of groundwater of −78‰
for δD and− 11‰ for δ18O, calculated by Cortecci et al., (2005). Assum-
ing that the recharge of meteoric water occurs at elevations N5000 m,
and thus about 15 km east of El Tatio, and considering the residence
ion from the local meteoric line (LMWL) δ18O=8.15 δD+15.3 defined for this area of the
vious figures and added reservoirs A and B proposed by Giggenbach (1978).We computed
and 190 °C (reservoir B) and decreasing in 20 °C steps until 80 °C (Appendix A). (a) Upper
. Vega Rinconada (VR) compositions are spread along the dilution and evaporation lines
of B and evaporation (Appendix B). The South-east pools (SE) plot above the meteoric
reviously by Giggenbach (1978) (Appendix B). (c) Samples in the Lower Basin (LB) and
oth aquifers. (d) Summary of data and interpretation of the different processes affecting
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time assessed in this study, we estimate a time-averaged groundwater
velocity of b0.25 km/year. This value is 4 to 5 times smaller than previ-
ous estimates (1 to 1.3 km/year; Cusicanqui et al., 1975; Muñoz and
Hamza, 1993), likely resulting from differences in the estimation of res-
idence times.

The isotopic shift of the reservoir water (geothermal wells) from the
endmembers of meteoric water may be ascribed to water-rock interac-
tions (horizontal lines in Fig. 3). Oxygen isotopic composition of Meso-
zoic to Quaternary igneous rocks in the central Andes have δ18O
between 6 and 11‰ (Longstaffe et al., 1983; Hamon et al., 1984). The
observed shift requires exchange of a few tens of percent of oxygen.
The major process affecting the ascending fluids from the reservoir is
boiling and steam separation between the thermal reservoirs and the
ground surface. Thermal waters appear to have isotopic compositions
somewhat between the steam separation steps of the two reservoirs A
and B defined by Giggenbach, 1978 (+ symbols shown in Fig. 3;
Appendix A). Dilution with local meteoric water at depth is insignifi-
cant, in contrast to data reported in previous studies (Cusicanqui et al.,
1975; Giggenbach, 1978; Giggenbach and Stewart, 1982). The reason
for the difference is not clear. A reduction in the meteoric water re-
charge in the last 40 years can explain this difference, though there is
no statistically significant decrease in total precipitation (DGA, 2007,
Heidinger et al., 2018).

Samples with enriched isotopic composition were found in previous
studies, and these were explained by mixing with magmatic water
(Cortecci et al., 2005; Tassi et al., 2010). However, that trend can be ex-
plained by increased evaporation, without the need to invoke exotic
sources. More quantitatively, Fig. 3 and Supplementary Fig. S4 show
how isotopic composition changes from evaporation at the surface.
The slope of the evaporation line depends on the temperature of the
thermal source (Appendix B). Considering the atmospheric conditions
in the El Tatio high desert, evaporationmay be themost important pro-
cess affecting the isotopic composition of surface waters. The trends in
the stable isotope data from thermal features can thus be explained by
steam separation in the subsurface and evaporation at the surface, pro-
cesseswe knowmust occur,without requiring the addition ofmagmatic
water.

5.2. Heat flow

Using the chemical composition of thermal water sample # 225 in
Table 1 (VR geyser), we calculate reservoir temperatures by applying
the SiO2 and cation geothermometers (e.g., Fournier and Truesdell,
1973; Fournier, 1977, 1979; Giggenbach, 1988; Amorsson, 2000) and
the iGeoT Multireaction Equilibrium Geothermometry (MEG) code
(Spycher et al., 2013, 2014) (Table 3). For the iGeoT simulations, we as-
sume that the dry gas is 100% CO2, and consider a common assemblage
of hydrothermal (secondary)minerals: calcite, quartz, albite, and smec-
tite. Calculated results are presented in Table 3 and plotted Fig. 5a. The
calculated SiO2-Adiabatic temperature (196 °C) is considerably lower
than the calculated Na-K temperatures (241 °C–254 °C) and the tem-
perature calculated with iGeoT (230 ± 11 °C) is intermediate. The
Table 3
Calculated reservoir temperatures using different chemical geothermometers, the
chemical composition of geyser sample # 225, and measured in the geothermal wells.

Geothermometer T (°C) Reference

SiO2-adiabatic 196 Fournier (1977)
SiO2-conductive 214 Fournier (1977)
Na-K-Ca 213 Fournier and Truesdell (1973)
Na-K 250 Fournier (1979)
Na-K 254 Giggenbach (1988)
Na-K 241 Amorsson (2000)
iGeoT 230 ± 11 °C Spycher et al. (2013, 2014)
Well 1 211 Giggenbach (1978)
Well 7 260 Lahsen and Trujillo (1976)
lower reservoir temperatures inferred from the SiO2 geothermometer
may be the result of polymerization andprecipitation of silica, enhanced
by the high salinity of the waters (e.g., Kley et al., 2017). The range of
temperatures calculated is within the range of temperatures calculated
by previous studies (e.g., Lahsen, 1976a,b; Giggenbach, 1978; Muñoz
andHamza, 1993; Cortecci et al., 2005; Tassi et al., 2005), andmeasured
in the geothermal wells (Giggenbach, 1978; Lahsen and Trujillo, 1976).
The calculated values are also similar to those calculated for geothermal
reservoirs in other high-silica volcanic systems (e.g., King et al., 2016;
Hurwitz and Manga, 2017).

We use the chloride inventory method to calculate the total dis-
charge of thermal water into the Salado River by using the discharge
and electrical conductivity of eruptive geysers in each basin or thermal
group (Fig. 4). We assume zero background chloride (snowmelt).
Starting upstream in the hydrological basin, we calculate that in the
UB the discharge of thermal water varies between 85 L/s based on aver-
age measured Cl, and 92 L/s based on maximum Cl. For the SE and MB,
the conductivity of each thermal group is higher than in the discharge
channel, which implies some addition of meteoric water. For those
two areas we consider the discharge in the channel to be the discharge
of thermalwater, which is equivalent to 20 L/s. For the TS, we calculated
a thermal discharge of 38 L/s. The input of the LB group is 88 L/s for the
average Cl to 92 L/s for the maximum Cl, considering the proportional
contribution of every group upstream. As a result, the total amount of
thermal discharge is between 218 and 234 L/s depending on the value
of Cl concentration used for the calculation. Together, the UB and the
LB contribute about 80% of the total thermalwater into the Salado River.

The advective heat flow (WT) assumes adiabatic decompression and
cooling of liquid from a deep reservoir:

WT ¼ QTρCp

with water discharge (QT = 218 to 234 L/s), water heat capacity (Cp =
4.24 kJ/kg oK) and a temperature difference (ΔT) between the reservoir
(T=230± 11 °C; Table 3) and boiling at the ground surface (T=86.6
°C), we estimate that the heat flow from the El Tatio geothermal system
is between 121 and 141 MW. If we consider the highest temperature
measured in the geothermal wells of 260 °C rather than the calculated
reservoir temperature, then the calculated heat flow is slightly higher,
159 and 170 MW. We estimate the partitioning of heat flow between
vapor and liquid assuming adiabatic decompression and cooling of the
fluid from the reservoir to the surface. We estimate that 25 wt% of
Fig. 4. Drainage system of the El Tatio basin. The points indicate the channels where
discharge measurements were made (same symbols as Fig. 1). We added the measured
values of chloride concentration and total discharge (Q value in Table 2). Values in red
boxes present the mean chloride values of thermal water of each thermal basin.
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steam is released by adiabatic decompression (Fig. 5b) carrying to the
surface 113 MW. Additionally, the 75 wt% of liquid water transports
46 MW.

The reservoir was estimated to have a thickness between 150m and
600 m (Lahsen and Trujillo, 1976; Aravena et al., 2016), and the thick-
ness of the ignimbrite that hosts the reservoir was estimated to average
430 m (Lahsen and Trujillo, 1976). The minimum area constrained by
wells is 11.5 km2, and the maximum by geophysical surveys is 30 km2

(Lahsen and Trujillo, 1976). Assuming a mean porosity of 10%, the vol-
ume of water in the reservoir is between 1.73 × 1011 and 1.95
× 1012 L. Dividing these volumes by the thermal discharge (minimum
218 L/s), the mean residence time in the reservoir estimated to be be-
tween 25 and 286 years.

The mean annual precipitation at El Tatio at 4370 m elevation over
the last 40 years is 44 mm/year, with a maximum of 160 mm/year
(DGA, 2007). Assuming that precipitation is the same everywhere, a re-
charge area of at least 155 km2 is required to balance theminimum sur-
face discharge of thermal water of 218 L/s. This value assumes total
infiltration of rainwater into the deep reservoir and no surface runoff
or evapotranspiration at the surface and hence is a lower bound for
the recharge area.

We find that the discharge of thermalwater calculated fromOctober
2014 measurements agrees with the data collected in the dry seasons
during the 1970s (Trujillo, 1974). For comparison, the thermal dis-
charge from El Tatio is an order of magnitude less than the thermal dis-
charge from Yellowstone, USA (3200 L/s, Fournier, 1989) and the
Domuyo Volcano in Patagonia of about 1 GW (Chiodini et al., 2014),
but more than that of the Mutnovsky geothermal field in Kamchatka,
Russia (80 L/s before drilling, Vakin and Pilipenko, 1986), Wairakei,
New Zealand before exploitation (100 L/s, Ellis and Wilson, 1955) and
Lassen Peak, USA (20 L/s, Sorey, 1986). Comparable values of advective
heat flow were calculated for Wairakei of 188 MW (Glover and
Mroczek, 2009) and El Chichon in Mexico of 175 MW (Taran and
Peiffer, 2009).

To provide a quantitative context for the calculated heat output from
the entire El Tatio basin using the chloride inventory method, we quan-
tified heat output from the vigorous, El Jefe (EJ) geyser (an unofficial
name; Munoz-Saez et al., 2015a,b) which had periodic eruptions every
110 s during our study in 2014. To quantify heat output from the geyser,
we added 125 L of ~15 °Cwater to the conduit during one quiescent pe-
riod, similar to the type of experiment performed by Shteinberg et al.
(2013). Before, during, and after the experiment, we recorded the erup-
tions with a video camera, and we recorded pressure (accuracy of 2.5%)
and temperature (1 °C accuracy) at a depth of 1.5m in the conduit every
1 s. After the addition of cold water (Fig. 6), the temperature in the
Fig. 5. (a) Reservoir temperature calculated with the iGeoT Multireaction EquilibriumGeotherm
(Q/K) of theminerals as a function of temperature. Themineral assemblage used for the calculat
230 ± 11 °C. This temperature is the inferred reservoir temperature. (b) Diagram of pressure-e
that region, the contours of equal temperature are the horizontal lines and themass fractions o
230 °C the enthalpy of steam is 2603 kJ/kg, and the arrow represents adiabatic decompression
steam is released.
conduit decreased from 86 °C to 69 °C in b30 s and water level in the
conduit rose by 0.8 m (7 kPa) and reached the ground surface. Immedi-
ately following the addition of water, the geyser skipped two eruptions.
Despite the lack of erupted water, the periodic signals of pressure and
temperature that accompany normal eruptions continued. The geyser
resumed the 110 s eruptive cycle after the two missed eruptions and
water in the conduit was heated to the boiling temperature.

We calculate that ~3.4 × 104 kJ were needed to warm the 125 L of
added water from 15 °C to 86.6 °C (using Herupted = CpmΔT, and Cp =
4.2 kJ/kg oK). This occurs over two eruption cycles, which results in
0.14 MW per cycle (eruption time 120 s). Previous studies at El Jefe
geyser showed that the temperature increase before an eruption is
3 °C and the mass of erupted water is 110 kg (Munoz-Saez et al.,
2015a). From these data, Munoz-Saez et al. (2015a) estimated that
the heat required for one eruption was one order of magnitude
lower ~1.6 × 103 kJ, corresponding to an average heat flow of
0.013 MW; the lower value is the result of neglecting heat transport
by vapor. The heat flow estimated from the experiment at El Jefe gey-
ser (0.14 MW) is only a very small fraction (~0.1%) of the minimum
calculated heat output from El Tatio (121 MW). The present data
suggests that about 90% of the heat added to the conduit is
discharged as latent heat in vapor. A similar inference was made on
the heat output from the more voluminous Lone Star geyser, which
is only a very small fraction of the total heat output from the Yellow-
stone Plateau Volcanic Field (Karlstrom et al., 2013).

We summarize our conceptual model in Fig. 7. Snowmelt from
the mountains at elevations N5000 m to the east of El Tatio is
recharged through fractures and faults in the volcanic units. Water
is heated in two deep reservoirs at different depths and interacts
with the surrounding rock for N60 years before ascending adiabati-
cally and boiling in the subsurface. Presumably the boiling happens
at the shallowest depths to ascending reservoir fluids prior to and
during eruptions. Residual liquid mixes with, and heats, to varying
degrees local meteoric water (b5000 m) in the shallow subsurface.
In marshes in VR and SE, mixing of meteoric with thermal water
and steam heating of shallowwater occurs as the water table reaches
the surface. At the ground surface, thermal water evaporates to dif-
ferent degrees. Geysers lose steam to the atmosphere as they erupt.
The geochemical, temperature and discharge measurements com-
piled in the present study quantify the extent of steam separation,
mixing and evaporation and allow us to quantify the total discharge
of thermal fluids and heat.

There remain open questions about the recharge and heat budgets.
What are the recharge rates? We only obtained an upper bound for
the infiltration rate of the water recharging the system. How does the
ometry (MEG) code (Spycher et al., 2013, 2014). We calculated the saturation indices log
ion is described in the legend. The lines cross near zero, close to an average temperature of
nthalpy for pure water showing two-phase region (bounded by thick solid line). Inside of
f steam are the vertical lines. The red circle denotes the conditions of the reservoir fluid: at
to the ground surface where the average temperature is 86.6 °C. In that process, 25 wt%



Fig. 6. Experiment at El Jefe geyser (informal name;Munoz-Saez et al., 2015a,b). (a) Photo of the geyser erupting at the surface (time= 10 s after eruption onset). (b) Photo of coldwater
being added to the geyser conduit (time = 170 s after eruption onset). (c) Stacked video images showing time series of an eruption on Oct. 8, 2014, starting at 15:45:52 UTC; 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 (T) recorded by sensors inside the conduit, 1.5 m below the
ground surface.
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discharge of thermal water vary over timescales of decades to thou-
sands of years? How old is the El Tatio geothermal system? Where is
the heat source? By monitoring the thermal manifestations and cold
streams we can obtain the environmental baseline of the geothermal
system. A combination of this information with geophysical surveys
and detailed structural geology can provide a better understanding of
connections between deep aquifers, shallow aquifers and the heat
sources. Studying the hydrothermal deposits may also provide insights
into the development and evolution of the geothermal system on time
scales of hundreds to thousands of years.
Fig. 7.Vertical cross-section showing a conceptualmodel of the El Tatio geothermal field summa
in Fig. 1. The elevation is exaggerated by a factor of 4 on the left y-axis and a factor of 2 on the ri
Hochstein (1973), where the main deeper aquifer A was described as a fractured ignimbrite c
Trujillo (1976).
6. Conclusions

This study provides data that confirm some of the ideas proposed
from the 1970s and adds new information about the El Tatio geothermal
system:

• Hydrogen and oxygen isotopes indicate that the source of the re-
charge water is snowmelt at elevations N5000 m N15 km east of El
Tatio, and that over time this water interacts with the surrounding
rock to generate the fluids in the geothermal reservoir.
rizing themain processes affecting the composition of the thermal fluids. Profile is defined
ght y-axis. The x-axis is not continuous. Well temperatures were extracted fromHealy and
alled Puripicar. The temperature and depth of reservoir B was extracted from Lahsen and
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• From tritium data and assuming a meteoric origin, we infer that local
ground water has a time-averaged residence time of b60 years, while
thermal water has N60 years residence time.

• The main process affecting the ascending fluids is steam separation
from deep reservoirs. Dilution of the thermal reservoir fluids with
local meteoric water at different depths is insignificant, but evapora-
tion from pools is significant.

• The calculated advective heat discharge from El Tatio is between 120
and 170MW, similar to values estimated atWairakei in New Zealand
and El Chichon in Mexico.

• Total discharge of thermal water at El Tatio in October 2014 was 218
to 234 L/s and is similar to previous estimates, suggesting little change
over the past 40 years.

These findings provide land managers and policymakers data to in-
form sustainable management of potential geothermal development
in the area, while at the same time protecting the unique thermal fea-
tures in this natural system.
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Appendix A. Steam separation

Steam separationmay occur in a single stage or as part of a continu-
ous process (e.g., Truesdell et al., 1977; Giggenbach, 1978; Giggenbach
and Stewart, 1982): (1) during single step separation the steam and
water are contact and maintain isotopic equilibrium until the steam
separates at the surface; (2) during continuous steam separation the
steam is removed continuously as soon as it is formed. In natural sys-
tems the separation of steam occurs in between these two end mem-
bers. During both these processes, as steam is removed, the remaining
liquid is enriched in the heavier isotopes.

In a single stage steam separation, water at some initial tempera-
ture (Ti) boils adiabatically, and steam and liquid separate at temper-
ature (Tf). The mass fraction of the remaining liquid after boiling
(fsteam) is obtained from the enthalpy (H):

f steam ¼ Hliq ið Þ−Hliq fð Þ
� �

Hsteam fð Þ−Hliq fð Þ
� � ; ðA1Þ

where Hliq(i) is the enthalpy of the initial non-separated liquid, and
Hliq(f) and Hsteam(f) the enthalpy of the final liquid and steam,
respectively.

Assuming that isotopic fractionation during a phase change is an
equilibrium process governed by a constant fractionation factor (α),
and approximately proportional to isotopic concentration of the liquid
(δliq) and steam (δsteam) at a given temperature (e.g. Truesdell et al.,
1977; Giggenbach and Stewart, 1982)

δliq−δsteam ≈ 1000 ln αð Þ ðA2Þ

we can evaluate the isotopic composition of residual liquid after steam
separation as a function of the residual mass fraction (Giggenbach and
Stewart, 1982):

δliq fð Þ ¼ δliq ið Þ þ f steam � 1000 ln αð Þð Þ ðA3Þ

Similarly, for continuous step steam separation, the concentrations
of both isotopes can be calculated at every step.

We analyzed waters from the different areas of the El Tatio geother-
mal field, andwe calculated the steamseparation line for single step and
continuous steam separation.We evaluated the values for fractionation
factors (α) at different temperatures fromdata available in the literature
(Majoube, 1971; Horita and Wesolowski, 1994; Horita et al., 1995).

Two reservoirs had been proposed based on measurements from
geothermal wells (e.g., Cusicanqui et al., 1975; Giggenbach, 1978;
Cortecci et al., 2005): a hot reservoir (A) of 260 °C to 270 °C, δ18OA ~
−6.9‰, and δDA ~ −78‰, that feeds the UB and VR, and a colder and
more diluted reservoir (B) of 170 °C to 190 °C, δ18OB ~ −7.2‰ and δDB

~ −73‰ that supplies water to the MB and LB (e.g., Cusicanqui et al.,
1975; Giggenbach, 1978).

Appendix B. Evaporation and dilution

Given the dry and windy environment at El Tatio, evaporation
may play an important role in the isotopic fractionation of water
sources that are constantly exposed to the atmosphere. Pools with
a large surface area exposed to the atmosphere or frequent eruptions
would be subjected to high evaporation rates. This effect has been
documented before only in the southeast side of our main study
area (Giggenbach, 1978; Giggenbach and Stewart, 1982). In the
rest of the geyser field, the greater effect of dilution probably masked
the effects of evaporation.

We assume that evaporation responds only to the kinetic fraction-
ation and that it is given by the simplified Rayleigh distillation equation

δliq−δe ¼ εk ðB1Þ

where δliq is the isotopic composition of liquid, δe is the composition of
the evaporated vapor, and εk is the kinetic fractionation factor. The ki-
netic fractionation factor and the slope defined by kinetic fractionation
of deuterium and oxygen (εkD/εk18O) depend on the temperature of
the water (Craig, 1961, 1963; Welhan and Fritz, 1977).

At 70 °C, close to the average temperature of thermal pools in the UB
and VR (Table 2), the kinetic values are εkD=50 and εk18O=16 and the
slope defined by kinetic fractionation εkD/εk18O is 3.1 (Craig, 1963;
Welhan and Fritz, 1977; Horita et al., 2008). This slope is similar to the
slope S = 3.6 (r2 = 0.96) defined by the linear fit of the isotopic values
for all hot springs that are enriched in δ18O and δD after steam separa-
tion from A (Fig. 3). Even closer is the fit to the slope S = 3 (r2 =
0.92) defined by the linear fit to data from non-eruptive thermal pools
in the area.

In the MB, the isotopic values of thermal features deviate further
from steam separation from reservoir B (Fig. 3b). The linear regression
of the isotopic values generates a line of slope S = 2 (r2 = 0.97). This
slope is similar to slope defined by kinetic fractionation at the boiling
temperature of ~85 °C with values of εkD = 42.4, εk18O = 15.7, and
εkD/εk18O = 2.6 (e.g., Craig et al., 1963; Welhan and Fritz, 1977; Horita
et al., 2008). Thermal features in the MB are large pools of N2 m diame-
ter with permanent fountain eruptions. These results are consistent
with features that are constantly erupting at the boiling temperature.
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Further southeast of our study area, the isotopic composition of wa-
ters was attributed to steady state evaporation of local meteoric water
that had been heated by steam from the hot reservoir A (Giggenbach,
1978; Giggenbach and Stewart, 1982; Cortecci et al., 2005). The slope
of steam-heated waters (SSH) was estimated as (Giggenbach and
Stewart, 1982)

ð ÞδD D
SH ¼ A−δ
S Gw þ εkD

δ18O −δ18A OGw ε
¼ 1:2 ðB2Þ� �

þ k18O

where δDA and δ18OA correspond to the deuterium and oxygen isotopic
composition of the main reservoir A. Data from previous studies found
slopes between 1.6 and 2 (Giggenbach, 1978; Giggenbach and
Stewart, 1982; Cortecci et al., 2005). Evaluating our data from the low-
chloride waters in the SE, the line generated from the isotopic data
and GW give a slope of ~1.3 (r2 = 0.99).

Even though these models are simplified, and the slope for the iso-
tope ratios will strongly depend on the temperature of evaporation,
they seem to capture themain processes affecting the isotopic composi-
tion of thermal waters. Additional processes can be included. For exam-
ple, 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.

In LB and TS, dilution of thermal waters along the Salado River plays
a more important role (Fig. 3c). The evaporation effects are less clear
due to the contributions from fresh water in the river. Low chloride
thermal pools in VR show that b30% of local meteoric water dilutes
the thermal reservoir water (Fig. 3a). The dilution might occur at shal-
low depths given that VR is a marsh. 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 begin-
ning of the 1970s (e.g. Ellis, 1969; Cusicanqui et al., 1975; Giggenbach,
1978; Giggenbach and Stewart, 1982). However, our samples collected
in 2014 show b10% dilution for the MB and LB, and shallow dilution of
b30% in VR, and that continuous dilution at different depths is insignif-
icant. This difference may arise because samples were collected during
different seasons, or local meteoric recharge decreased over time.

Shallowwatersmay also be affected by the addition of deeper gases.
We observed bubbling mud pools with temperatures below the boiling
point, suggesting that CO2 is being delivered from below. Some pools in
the UB, and especially in VR, show moderate-acid pH that tends to de-
crease with decreasing temperature. pH may be reduced by addition
of CO2. The chemistry of the pool in VR showed high HCO−

3 compared
with Cl− and SO2−

4 (Table 1, sample # 231), which occurs through con-
version of dissolved CO toHCO−

2 3 , typical of peripheralwaters located at
the margins of major up-flow zones (e.g., Giggenbach and Soto, 1992;
Giggenbach et al., 1994). However, we have the chemistry of only one
sample.

Appendix C. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jvolgeores.2018.07.007.
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