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STABLE ISOTOPE AND ANTHROPOGENIC TRACER SIGNATURE OF WATERS IN
AN ANDEAN GEOTHERMAL SYSTEM

In the present study, we combined stable isotopes and anthropogenic tracers to investigate
the origin, residence times, and evolution of thermal waters in the Lonquimay-Tolhuaca
Volcanic Complex (LTVC) of the southern Chilean Andes. A total of 20 groundwater samples
from springs discharging at a broad range of temperatures (8�96 ◦C) were collected and
analyzed for major ion geochemistry, stable isotope ratios (δ2H, δ18O, δ13CTDIC), dissolved
chloro�uorocarbons (CFCs) and sulfur hexa�uoride (SF6).

In addition, we compiled all available data on the isotopic composition of precipitation
in the region to derive the local meteoric water line. Coupled with a Rayleigh-fractionation
model of precipitation, we provide constraints on the elevation at which in�ltration and
recharge to the system is produced. δ13CTDIC values are consistent with the bulk of dissolved
inorganic carbon being derived from the addition of soil CO2 to an atmospheric source, while
magma degassing and boiling processes are evidenced in samples discharging directly on
the �anks of volcanoes. The isotopic composition of thermal water, once heated at depth, is
further modi�ed by CO2 degassing and carbonate precipitation during ascent. All geothermal
samples contain low but detectable concentrations of CFC-11, CFC-12, CFC-113, and SF6,
suggesting the addition of only a small fraction (2 to 22%) of modern meteoric water. The
discharge temperature of naturally out�owing springs in the LTVC correlates directly with
the age distribution of the water samples. This di�erence in residence times is attributed
to the distinct subsurface circulation pathways of each water type�i.e., the shallow, di�use
�ow of cold groundwater vs. the deep, focused circulation of thermal water along fault zones.
Conduit �ow along high vertical permeability networks allows hydrothermal �uid to remain
relatively unmixed with shallow meteoric water during ascent.

Data from this study con�rm that fault-fracture meshes with di�erent orientations exert
a �rst order control on the residence times, ascent, and mixing rates of thermal waters in
this segment of the Andean Cordillera, thus modulating their chemical and isotopic signa-
ture. Additionally, our results show that the combined use of conventional hydrogeochemical
and isotopic data with environmental tracers, including anthropogenic CFCs and SF6, is a
powerful tool to better understand the dynamics of geothermal systems.
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ISÓTOPOS ESTABLES Y TRAZADORES ANTROPOGÉNICOS EN LAS AGUAS DE
UN SISTEMA GEOTERMAL ANDINO

El presente trabajo se centra en el uso de isótopos estables y trazadores antropogénicos
para investigar el origen, los tiempos de residencia y la evolución de las aguas termales en el
Complejo Volcánico Lonquimay-Tolhuaca, ubicado en la parte central de la Zona Volcánica
Sur. Veinte muestras de agua subterránea, surgiendo en un amplio rango de temperaturas
(8�96 ◦C), son analizadas para determinar su composición química, incluyendo elementos
mayores, razones isotópicas (δ2H, δ18O, δ13CTDIC), y la concentración de cloro�uorocarbonos
(CFCs) y hexa�uoruro de azufre (SF6) disueltos.

Adicionalmente, se presenta un compilado de toda la información disponible sobre la
composición isotópica de la precipitación en la región de la Araucanía. Mediante un modelo
de fraccionamiento de Rayleigh aplicado a los isótopos de oxígeno, se logra constreñir la
elevación a la cual se produce la recarga del sistema. Los valores de δ13CTDIC en las aguas
indican la adición de CO2 del suelo a una fuente de origen atmosférico en la mayoría de
las muestras. No obstante, procesos de ebullición y desgasi�cación magmática se evidencian
en las surgencias termales ubicadas en los �ancos de volcanes. La composición isotópica de
las aguas termales, una vez calentadas en profundidad, es modi�cada posteriormente por
procesos de desgasi�cación de CO2 y precipitación de carbonatos durante su ascenso. Todas
las muestras de aguas termales presentan concentraciones bajas pero detectables de CFC-11,
CFC-12, CFC-113 y SF6, lo que sugiere la adición de una pequeña fracción (2 a 22%) de
agua meteórica moderna al sistema. La temperatura de surgencia de las aguas termales en
el Complejo Volcánico Lonquimay-Tolhuaca se relaciona directamente con la distribución de
edad en las muestras. Estas diferencias en los tiempos de residencia se atribuyen a los distintos
mecanismos de circulación de cada tipo de agua: por un lado, las aguas frías poseen tiempos de
residencia cortos y evidencian una circulación somera a través de un medio poroso, mientras
que las aguas termales poseen tiempos de residencia mayores y evidencian un �ujo canalizado
a través de zonas de falla. El �ujo de las aguas termales a través de estos conductos de alta
permeabilidad vertical impide que sean diluidas con agua meteórica durante el ascenso.

Los datos de este estudio con�rman que las redes de fallas y fracturas con distintas orien-
taciones ejercen un control sobre los tiempos de residencia, el ascenso y las tasas de mezcla de
distintos �uidos en este segmento de la Cordillera de los Andes, determinando así su composi-
ción química e isotópica. Asimismo, nuestros resultados muestran que el análisis geoquímico e
isotópico convencional, en conjunto con el uso de trazadores ambientales (incluyendo los tra-
zadores antropogénicos, CFC y SF6) son una poderosa herramienta para entender la dinámica
hídrica de los sistemas geotermales.
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CHAPTER 1: INTRODUCTION

1.1 Motivation

The Andean volcanic arc of Chile has long been recognized as one of the most promis-
ing�yet underdeveloped�geothermal provinces in the world, with estimations of geothermal
energy potential varying from 3,000 to 16,000 MW for 50 years at depths of less than 3 km.
(Lahsen et al., 2010; So�a and Clavero, 2010; Aravena et al., 2016). First attempts at
geothermal exploration in Chile began in the 1920s, with two wells drilled to 70�80 m depth
at El Tatio Geothermal Field, although these e�orts were cut short due to a lack of economic
support and technical issues (Sanchez-Alfaro et al., 2015). Over the course of the remaining
century, geothermal energy development in the country would see sporadic drilling and feasi-
bility studies, focused mostly in the north (e.g. Lahsen, 1976, 1978, 1988; Cusicanqui, 1979;
Letelier, 1981; Hauser, 1997). It was not until 2017, almost 100 years after the �rst drilling
attempts, that geothermal energy in Chile would see its �rst success with the Cerro Pabellón
Geothermal Power Plant, the �rst (and, as of the time of this writing, the only) geothermal
power plant in South America.

One of the main obstacles to the development of geothermal energy in Chile is the critical
lack of hydrogeological background knowledge on these systems. Su�cient recharge and
adequate permeability pathways are essential for sustainable exploitation of the geothermal
resource (Ellis and Mahon, 1977), yet there is little to no data on these parameters to support
models that help evaluate sustainability of the resource at depth.

The geochemical and isotopic analysis of �uids (i.e., water and gas) can provide valuable
constraints on factors such as the source of water recharge, �ow-paths, residence times, and
evolution of geothermal systems. Nonetheless, as hydrothermal �uids ascend towards the
surface, their geochemical and isotopic signature is usually modi�ed by shallow crustal pro-
cesses, e.g., depressurization boiling, degassing, mineral precipitation, and mixing with cold
groundwater in shallow aquifers (Giggenbach, 1988; Hedenquist, 1991; Arnórsson et al., 2007).
These mechanisms have the potential to mask the geochemical/isotopic signature imprinted
on �uids at depth, hindering interpretation of subsurface reservoir conditions. Adequately
constraining these processes can signi�cantly improve our understanding on the migration of
�uids through the upper crust, and, together with the delimitation of hydrothermal system
recharge, is fundamental to the development of successful geothermal exploration models.

The Lonquimay-Tolhuaca Volcanic Complex (LTVC), located in the Southern Volcanic
Zone of Chile, is an area where volcanism, tectonics, hydrothermal systems, and abundant
groundwater resources converge, providing an ideal setting to study these processes. The
present thesis aims to understand the hydrogeochemical dynamics of the geothermal area
around the LTVC, with a focus on constraining the source of groundwater recharge, identi-
fying �ow pathways, and assessing subsurface mixing rates. To accomplish this, we applied
an integrated geochemical approach, including the analysis of major ion chemistry, stable
isotopes (C, H, and O), and dissolved environmental tracers of anthropogenic origin (CFCs,
SF6) in thermal and cold groundwater out�owing at di�erent localities within the LTVC.
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1.2 Background

1.2.1 Geothermal systems in the Southern Volcanic Zone

Extending from the central Chilean Andes at 33◦S to the Aysén Region at 46◦S, the South-
ern Volcanic Zone (SVZ) of Chile hosts approximately one quarter of all geothermal areas in
the country (Hauser, 1997; Sánchez et al., 2013). Volcanism, seismicity, and hydrothermal
activity along this segment are inextricably linked (Fig. 1.1), driven by the oblique con-
vergence between the Nazca and South American plates (e.g. Cembrano and Lara, 2009;
Rosenau et al., 2006). The resulting deformation is accommodated along the intra-arc by
two regional-scale fault systems: the Liquiñe-Ofqui Fault System (LOFS) and the Andean
Transverse Faults (ATF). These faults are preferentially oriented and severely misoriented to
the prevailing regional stress �eld, respectively, and exhibit contrasting characteristics with
regard to permeability and �uid circulation. In recent years, signi�cant advances have been
made in deciphering the role of these structures in hydrothermal system formation, as well as
unraveling their control on �uid composition (Sánchez et al., 2013; Pérez-Flores et al., 2016,
2017a,b; Tardani et al., 2016; Roquer et al., 2017; Wrage et al., 2017; Held et al., 2018).

Fracture networks of the LOFS promote in�ltration of meteoric water and the develop-
ment of deep convection cells. The predominant mechanism of heat transfer in these systems
is thermal conduction from crystalline host rock, and the chemical composition of discharg-
ing springs is a product of heat-�uid-rock interaction at depth (Sánchez et al., 2013; Wrage
et al., 2017). The ATF, in contrast, inhibit vertical �uid permeability, providing suitable con-
ditions for the development of magma reservoirs and subsequent di�erentiation (Cembrano
and Lara, 2009). The geochemical evolution of �uids in the ATF corresponds to meteoric
water absorption of magmatic gases (leading to the formation of steam-heated reservoirs and
acid-sulfate waters), and subsequent interaction with volcanic host rock (Sánchez et al., 2013;
Wrage et al., 2017).

Inherent di�erences between these fault systems are observed in the chemical and isotopic
composition of associated geothermal �uids, particularly evident in conservative element
ratios such as Cl/B (Fig. 1.2), and the isotopic signature of certain volatile components (i.e.
3He/4He, δ13C-CO2 , δ15N). The predominance of two clusters in geochemical data across
multiple studies points to the existence of two tectonic-hydrothermal domains with di�erent
sources of mass and heat. The main geochemical characteristics of �uids in each domain are
summarized in Table 1.1

On the northern termination of the LOFS, at 38◦S, and along its intersection with a
NW-striking fault of the ATF, lies the Lonquimay-Tolhuaca Volcanic Complex (LTVC).
Lonquimay and Tolhuaca are composite stratovolcanoes of late-Pleistocene to Holocene age,
with Lonquimay having recorded eruptive activity as recently as 1990. The LTVC and its
surrounding area host a number of geothermal features, including natural springs, fumaroles,
and boiling pools. Geothermal exploration campaigns including surface mapping, �uid chem-
istry analyses, resistivity (MT) measurements, and wells drilled down to ∼2000 m depth have
indicated the presence of a high-enthalpy (250�300 ◦C) reservoir located under Tolhuaca vol-
cano at ∼1�2 km depth (Melosh et al., 2010, 2012), yet geothermal energy capacity in the
area remains unexploited. The structural arrangement of this area, including two contrast-
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Figure 1.1: Geological map of the central segment of the SVZ (37�41◦S), showing volcanoes, major
fault systems with fault kinematics, and main geothermal areas classi�ed based on predominant
water type and fault association (Red star: ATF-associated, no star: LOFS-associated.) Tags
indicate location name. TT: Trapa Trapa, PM: Pucón Mahuida, AV: Termas del Avellano, PE:
Termas de Pemehue, PL: Pelehue, CU: Termas de Coyuco, MA: Termas de Malleco, JM: Tolhuaca
Vn., MZ: Termas de Manzanar, CG: Termas de Malalcahuello, PO: Pozo de Oro (Lonquimay), BT:
Sierra Nevada Vn., VA: Agua de la Vaca, BB: Termas de Balboa, RB: Termas de Río Blanco, QC:
Termas Quimey-Có, ME: Parque Termal Menetúe, SL: Termas de San Luis, PA: Termas de Palguin,
ER: Termas El Rincón, PF: Termas Pellaifa, CO: Termas de Coñaripe, TR: Termas de Tra�pan,
CH: Termas de Chihuio, PU: Termas de Puyehue, AC: Termas de Aguas Calientes, RU: Termas de
Rupanco. Modi�ed from Wrage et al. (2017)
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Table 1.1: Major regional-scale geochemical di�erences between LOFS-associated and ATF-
associated geothermal �uids.

LOFS-associated ATF-associated

Conservative elements High Cl/B ratios (∼50). Low Cl/B ratios (∼1).

pH Neutral to high pH. (7�10) Neutral to low pH (2�7).

Trace alkali metals Strong correlation between Li,
Cs, Rb and Cl (R2: 0.7�0.9).

No correlation between trace al-
kali metals and Cl.

Mamgatic degassing No direct magmatic contribu-
tion.

Meteoric water absorption of
volcanic gases (CO2, H2S, SO2,
etc.).

Gas isotopes Primitive isotopic signatures
of volatile elements (3He/4He,
δ13C-CO2 , δ15N).

Higher degrees of crustal
contamination in volatiles
(3He/4He, δ13C-CO2 , δ15N).

ing fault systems, and its hydrogeological complexity, re�ected in an abundance of thermal
and non-thermal manifestations, present an ideal setting to explore the e�ects of fracture
permeability on groundwater age, �uid mixing, and dilution.

1.2.2 Groundwater age and the use of environmental tracers

The term groundwater age is generally `intuitively' understood as the time elapsed
between when a parcel of water �rst enters the saturated zone, and when it arrives at a
given location (usually, the sampling point). Within this assumption, the age of a water
sample corresponds to a single scalar value, with time scales ranging from a few days to
thousands of years. Such an idealized parcel of water, which would be required to remain
constant from the point of recharge to sampling, clearly does not exist. This highly idealized
notion of groundwater age ignores the nature of molecules in a liquid, which, unlike in a
solid, have more freedom to move relative to one another as they are transported. Due to
the e�ects of molecular di�usion, hydraulic dispersion, and mixing during groundwater �ow,
the �neighbors� of a given water molecule in a sample will likely be very di�erent than those
it had when it originally crossed the water table, and these new neighbors may each have
entered the aquifer at vastly di�erent places and times. In other words, a single water sample
can contain an entire population of unique ages. When we speak of the age of groundwater
in terms of a number, we are actually referring to an unknown average of such idealized ages,
known more precisely as the apparent age of our water sample (Suckow, 2014).

The apparent age of groundwater cannot be measured directly. It must be inferred from
hydrological model simulations, or derived experimentally via the use of tracers. Tracers, in
this context, are substances transported with groundwater that can be used to draw conclu-
sions from the system. In very broad terms, dating with tracers consists in using a de�ned

4
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Figure 1.2: Box plot of Cl/B ratios in thermal waters of the central SVZ, according to water type
(acid-sulfate vs NaCl) and fault domain (ATF vs LOFS). Yellow circles represent outliers. Modi�ed
from Wrage et al. (2017)

mathematical formula (with speci�c assumptions) to convert a measured tracer concentration
into a model tracer age (Fig. 1.3). If we can also prove that the tracer behaves su�ciently
well�that is, if it is transported with water in a su�ciently predictable manner�then the
model tracer age and the apparent age of our sample will be the same. One such method
employed to assess the apparent age of groundwater is the use of environmental trac-
ers, such as the anthropogenic chloro�uorocarbons (CFC-12, CFC-11, CFC-113) and sulfur
hexa�uoride (SF6).

CFCs and SF6 are trace gases introduced into the Earth's atmosphere during the past cen-
tury as a product of anthropogenic activities related to industrial and household applications
(Maiss and Brenninkmeijer, 1998; Plummer and Busenberg, 2006). Commercial production
of CFC-12 (CCl2F2) �rst began in the year 1930, followed by CFC-11 (CCl3F) in 1936, and
CFC-113 (C2Cl3F3) in 1944 (Plummer and Busenberg, 2006). Due to their high chemical
stability, low boiling points, low toxicity, and the fact that they are non-�ammable and non-
corrosive, these gases found extensive applications in air-conditioning and refrigeration, as
solvents, blowing agents in foams, and propellants in aerosol cans, among other uses (Plum-
mer and Busenberg, 2006). Release of these gases into the atmosphere has closely followed
their production (Gamlen et al., 1986; Midgley and Fisher, 1993). CFCs are primarily respon-
sible for the depletion of the ozone layer and are partial contributors to global warming (e.g.
Molina and Rowland, 1974; Hansen et al., 1989; Kroeze and Reijnders, 1992). Atmospheric
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Figure 1.3: Schematic illustration showing the use of environmental tracers to characterize time-
scales along a �ow-path. (1) The concentration of a speci�c tracer, C, is a known function of
time. When recharge occurs and the parcel of water crosses the water table, the tracer is sealed
o� from the atmosphere and its concentration remains �xed. (2) The tracer travels conservatively
with water along a �ow-path, from the recharge area to the point of sampling. (3) The dissolved
tracer concentration in a water sample is measured, and used to determine the time of in�ltration,
t. Note that, while the conversion of time to tracer concentration is unique, the conversion of tracer
concentration to time can give non-unique results. This issue can be circumvented by the use of
multiple tracers.

concentrations of CFCs peaked in the 1990s, although their increase has been curtailed in
the last decades due to regulations imposed by the Montreal Protocol (1987). Similarly, SF6

is a non-�ammable, non-toxic, stable gas with excellent electrical insulating properties. Pro-
duction of this gas began in 1953, being used mainly as an electrical insulator in high-voltage
switches and transformers (Busenberg and Plummer, 2006). SF6 is recognized as a gas with
one of the highest greenhouse warming potentials, estimated to be ∼23,900 times that of CO2

(Intergovermental Panel on Climate Change, 1995). While concentrations of CFCs have been
nearly constant or decreasing in recent years, atmospheric concentrations of SF6 have risen
steadily since industrial production began in the 1950s (Maiss and Brenninkmeijer, 1998).

These gases are stable under a wide range of conditions and are water-soluble; hence,
they have been incorporated into the hydrologic cycle through precipitation, in�ltration, and
groundwater recharge. Their concentration in the atmosphere is well established with respect
to time (Elkins et al., 1993; Walker et al., 2000; Bullister, 2015), as well as the equations
that characterize their solubility in water (Busenberg and Plummer, 2006; Plummer et al.,
2006a), allowing their use as e�cient groundwater dating tools. When compared to other
environmental tracers, CFCs and SF6 present several advantages. These gases are well-mixed
in the atmosphere, meaning that their concentrations are not area-speci�c, unlike the more
commonly used tritium (3H). Analysis of these tracers is rapid and cost-e�ective compared
to tritium and other radio-isotope techniques (Darling et al., 2012). Their ubiquity in the
atmosphere and high chemical stability makes them suitable for dating in a wide range of
environments. Of course, as with the use of any other tracer, caveats apply. Precautions
must be taken to ensure that any secondary processes altering their concentrations during
subsurface �ow (e.g. microbial degradation, contamination, excess air, degassing, etc.) are
adequately constrained (Cook et al., 2006). The solubility of these gases in water is tem-
perature, pressure, and salinity dependent, which means that the precise inversion of tracer
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concentrations to derive groundwater age depends on the accurate determination of these
recharge parameters (Busenberg and Plummer, 2006; Plummer et al., 2006a).

The multi-tracer approach enables more robust groundwater dating by overcoming the lim-
itations arising from the use of a single tracer, and reducing ambiguity in results. Secondary
processes, such as degradation or contamination, can be evidenced by the elevated/reduced
concentration of one tracer with respect to the others.

Out�owing springs and wells consist of several converging �ow lines, each of which may
likely be contributing a di�erent apparent age to our sample (Fig. 1.4). Comparison of
multiple tracers allows us to constrain mixing between end-members of di�erent ages, and
more adequately represent the age distribution of our water sample as fractions of di�erent
�uids, as opposed to the more commonly used averaged apparent age. In the context of
geothermal systems, this information can be extremely useful, as it allows us to assess if deep,
geothermal �uid is being diluted with modern, meteoric groundwater. This can indicate �uid
mixing during ascent, or the intrusion of meteoric water into the geothermal reservoir.

1.3 Research questions and aims of this study

1.3.1 Objectives

The present thesis focuses on unraveling water recharge source, residence times, mix-
ing, and dilution rates in the Lonquimay-Tolhuaca geothermal area of the SVZ. Our aim
is to provide insights into the geochemical evolution of geothermal �uids�from in�ltration
to discharge�and to assess how circulation through fault-fracture networks a�ects the age
distribution of groundwater in these systems. The main questions addressed here are:

1. What are the sources of groundwater recharge in this geothermal area?

2. Do fault-fracture meshes play a key role in thermal water circulation?

3. If so, how do these di�erent �ow mechanisms a�ect the residence times and mixing
rates of di�erent �uids?

1.3.2 Hypothesis

Cold groundwater and hydrothermal systems in the vicinity of the LTVC possess similar
recharge sources, and the topography of the Andes plays a fundamental role in recharge dis-
tribution. Fault-fracture networks exert a primary control on geothermal �uid circulation�
allowing convective �ow to develop at greater depths due to the increased permeability of
fractured bedrock, and acting as focused pathways for comparatively rapid vertical �ux.
This is re�ected in the age distribution of discharging thermal springs, enabling old, deeply
circulating geothermal �uid to remain relatively unmixed with young, shallow groundwater
during its ascent towards the surface. In contrast, cold springs re�ect shorter residence times
and more complex mixing patterns, corresponding to di�use �ow through shallow permeable
sediments.
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Figure 1.4: Schematic cross-section illustrating di�erent types of groundwater �ow and mixing at
sampling point. (a) Con�ned aquifer with narrow recharge area. A piston �ow model (PFM) is
applicable if no tracer dispersion is assumed. (b) An uncon�ned aquifer with exponential distribution
of transit times. If all �ow lines mix at sampling point, an exponential mixing model (EMM) is
applicable. (c) Flow along a fractured aquifer. Borehole is sampling a mixture of older, slow-moving
water (dashed lines) moving through pore spaces, and young water moving rapidly through fracture
networks (black line). A binary mixing model (BMM) is applicable in this situation. Modi�ed from
Maªoszewski and Zuber (1982) (a,b) and Darling et al. (2012)(c).
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1.4 Structure of the thesis

The present thesis is organized into three chapters. The current chapter (Chapter 1)
presents a general overview of the problem, along with the research questions and aims
of this study. A brief theoretical background is also provided for readers not familiar with
geothermal systems in the SVZ, or the use of certain geochemical tools, such as environmental
tracers for groundwater dating. Chapter 2 constitutes the central part of this dissertation,
including the methodologies, results, and discussions. It is written as a self-contained paper
that will be submitted for publication in an international journal upon completion of the
Master's program. Chapter 3 provides a summarized review of the scienti�c contributions of
this work and their implications, as well as a brief discussion on future work that may improve
our understanding of geothermal systems in the Andes, based on the author's perspective.

In addition, supplementary material to Chapter 2 has been included for reference. Ap-
pendix A.1 contains all collected data on precipitation from the Araucanía Region, including
the isotope values used for calculating the local meteoric water line. Appendix A.2 contains
the PHREEQC code developed for computing the distribution of 13C isotopes during CO2 de-
gassing and calcite precipitation in the CO2-CaCO3-H2O system. Appendix B is a detailed
description of the equations, boundary conditions, and necessary assumptions behind the
Rayleigh fractionation model used to estimate recharge altitude of samples based on isotopic
values.

1.5 Publications and abstracts resulting from this dissertation

Publications

Pérez-Moreno, R., Reich, M., Daniele, L., Morata, D., Held, S., Wrage, J. (2019) Stable
isotope and anthropogenic tracer signature of waters in an Andean geothermal system.
Manuscript in preparation. (Chapter 2).

Conference abstracts

Pérez-Moreno, R., Reich, M., Daniele, L., Morata, D., Tardani, D., Wrage, J., Sánchez-
Alfaro, P., Held, S., Delgado, A. (2018) Constraining groundwater source and �uid-�ow
pathways at the Lonquimay-Tolhuaca Volcanic Complex, Southern Chile, presented at
the XV Chilean Geological Congress, Concepción, Chile, November 2018.

Pérez-Moreno, R., Reich, M., Daniele, L., Morata, D., Tardani, D., Wrage, J., Sánchez-
Alfaro, P., Held, S., Delgado, A. (2018) Geochemistry and environmental tracer signa-
ture of thermal waters in an Andean geothermal system, presented at Goldschmidt,
Boston, MA, August 2018.
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Pérez-Moreno, R., Reich, M., Daniele, L., Morata, D., Tardani, D., Wrage, J., Sánchez-
Alfaro, P., Held, S., Delgado, A. (2017) Geochemical composition and anthropogenic
tracer signature of thermal waters in the Lonquimay-Tolhuaca volcanic complex: Ground-
water recharge source and subsurface mixing processes, presented at UNESCO IGCP636
Annual Meeting, Santiago, Chile, November 2017.

1.6 Publications resulting from side projects

Peer-reviewed

Wrage, J., Tardani, D., Reich, M., Daniele, L., Arancibia, G., Cembrano, J., Sánchez-
Alfaro, P., Morata, D., Pérez-Moreno, R. (2017). Geochemistry of thermal waters in
the Southern Volcanic Zone, Chile � Implications for structural controls on geothermal
�uid composition. Chemical Geology, 466:545�561, doi:10.1016/j.chemgeo.2017.07.004.

Other publications

Alvial, I.*, Johansson, C.*, More, J.*, Neirot, A.*, Pérez-Moreno, R.*, Retamal, A.*,
Rivera, J.*, Rodríguez, F.*, Toledo, P.*, Garretón, V., Hevia, S., Roberts, R., González,
P. (2018). El agua como recurso vital [Water as a vital resource], published by the Li-
brary of National Congress of Chile and the Millennium Science Initiative. Available
at: iniciativamilenio.cl/legislacion.

* Indicates equally contributing authors, listed in alphabetical order.
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ABSTRACT

In the present study, we combined stable isotopes and anthropogenic tracers to investi-
gate the origin, residence times, and evolution of thermal waters in the Lonquimay-Tolhuaca
Volcanic Complex (LTVC) of the southern Chilean Andes. A total of 20 groundwater sam-
ples from springs discharging at a broad range of temperatures (8�96◦C) were collected and
analyzed for major ion geochemistry, stable isotope ratios (δ2H, δ18O, δ13CTDIC), dissolved
chloro�uorocarbons (CFCs) and sulfur hexa�uoride (SF6). In addition, we compiled all
available data on the isotopic composition of precipitation in the region to derive the lo-
cal meteoric water line. Coupled with a Rayleigh-fractionation model of precipitation, we
provide constraints on the elevation at which in�ltration and recharge to the system is pro-
duced. δ13C values are consistent with the bulk of dissolved inorganic carbon being derived
from the addition of soil CO2 to an atmospheric source, while magma degassing and boil-
ing processes are evidenced in samples discharging directly on the �anks of volcanoes. The
isotopic composition of thermal water, once heated at depth, is further modi�ed by CO2 de-
gassing and carbonate precipitation during ascent. All geothermal samples contain low but
detectable concentrations of CFC-11, CFC-12, CFC-113 and SF6, suggesting the addition
of only a small fraction (2 to 22%) of modern meteoric water. The discharge temperature
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of naturally out�owing springs in the LTVC correlates directly with the age distribution of
the water samples. This di�erence in residence times is attributed to the distinct subsurface
circulation pathways of each water type�i.e., the shallow, di�use �ow of cold groundwater
vs. the deep, focused circulation of thermal water along fault zones. Conduit �ow along
high vertical permeability networks allows hydrothermal �uid to remain relatively unmixed
with shallow meteoric water during ascent. Data from this study con�rm that fault-fracture
meshes with di�erent orientations exert a �rst order control on the residence times, ascent,
and mixing rates of thermal waters in this segment of the Andean Cordillera, thus modulat-
ing their chemical and isotopic signature. Additionally, our results show that the combined
use of conventional hydrogeochemical and isotopic data with environmental tracers, includ-
ing anthropogenic CFCs and SF6, is a powerful tool to better understand the dynamics of
geothermal systems.

2.1 Introduction

There is a general agreement that fault-fracture networks play a fundamental role on
permeability distribution in the crust (e.g. Sibson, 1996; Manning and Ingebritsen, 1999;
Rowland and Sibson, 2004; Faulkner et al., 2010). This, in turn, a�ects residence times,
water-rock ratios, and mixing rates, ultimately impacting the geochemical composition of
the circulating �uid. For example, in the Southern Andean Volcanic Zone (SVZ) of Chile,
signi�cant advances have been made in constraining the role of fault-fracture meshes on hy-
drothermal system formation (Sánchez et al., 2013; Pérez-Flores et al., 2016; Tardani et al.,
2016; Roquer et al., 2017; Wrage et al., 2017). Orientation with respect to the prevailing
stress �eld, dictated by the tectonic regime, impacts fault and fracture aperture and may
play a signi�cant role in either facilitating or hindering �uid circulation (Pérez-Flores et al.,
2017b). Favorably oriented structures can act as high-�ux vertical conduits for hydrothermal
�uid, promoting deep convection cells and �uid-rock interaction at depth. In contrast, in-
herited basement faults, strongly misoriented with respect to the present-day stress regime,
form compressional structures that favor magma emplacement in the crust. This leads to
increased reservoir temperatures and deep-crust/mantle contributions through magmatic de-
gassing (Ray et al., 2009; Tardani et al., 2016), imparting a distinct geochemical signature
on hydrothermal �uid depending on the associated volcano-tectonic domain (Sánchez et al.,
2013; Wrage et al., 2017).

Nonetheless, as hydrothermal �uids ascend towards the surface, their geochemical and iso-
topic signature is usually modi�ed by shallow crustal processes such as depressurization boil-
ing, degassing, mineral precipitation, and mixing with cold groundwater in shallow aquifers
(Giggenbach, 1988; Hedenquist, 1991; Arnórsson, 1995; Arnórsson et al., 2007; Kaasalainen
and Stefánsson, 2012). These mechanisms usually occur in conjunction with one another,
and can potentially mask the geochemical/isotopic signature imprinted on the �uid at depth,
hindering interpretation of subsurface reservoir conditions. Adequately constraining these
processes can signi�cantly improve our understanding �uid migration through the crust,
and, together with the delimitation of hydrothermal system recharge, is fundamental to the
development of successful geothermal exploration models.
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The present study focuses on unraveling water recharge source, residence times, �uid
mixing, and dilution rates in the Lonquimay-Tolhuaca geothermal area of the SVZ. Our aim
is to provide insights into the geochemical evolution of geothermal �uids, from in�ltration to
discharge, and to assess how circulation through fault-fracture networks a�ects the residence
times and mixing rates of groundwater in these systems.

The area surrounding the Lonquimay-Tolhuaca Volcanic Complex (LTVC) in the southern
Andes of Chile ( 38oS) hosts several geothermal surface manifestations, including fumaroles,
thermal springs, and bubbling pools. Within this area, geothermal activity occurs in close
spatial relationship with two major tectonic features: the NNE to NE-trending Liquiñe-
Ofqui Fault System (LOFS) and the WNW-striking Andean Transverse Faults (ATF) (Lopez-
Escobar et al., 1995; Lara et al., 2006; Cembrano and Lara, 2009; Sánchez et al., 2013). The
complex interplay between these contrasting fault systems and geothermal activity presents
an ideal setting to explore the e�ects of fracture permeability on hydrothermal �uid circu-
lation. To accomplish this, we apply an integrated geochemical approach�including the
analysis of major ion chemistry, stable isotopes (C, H, and O), and dissolved environmental
tracers of anthropogenic origin (CFCs, SF6)�in thermal and cold groundwater out�owing
at di�erent localities within the LTVC.

Oxygen and hydrogen isotopes are proven tracers for establishing recharge areas in regions
with signi�cant elevation changes, such as the Andean Cordillera (e.g. Dansgaard, 1964;
Clark and Fritz, 1997; James et al., 2000; Rowley, 2007). Similarly, stable isotopes of dissolved
carbon can provide information on �uid source(s) and other fundamental processes commonly
occurring in hydrothermal settings, such as CO2 degassing and carbonate precipitation (Rose
and Davisson, 1996; Chiodini et al., 2000; Frondini et al., 2009). Chloro�uorocarbons (CFCs)
and sulfur hexa�uoride (SF6) are trace gases introduced into the Earth's atmosphere during
the past century as a product of anthropogenic activities related to industrial and household
applications (Maiss and Brenninkmeijer, 1998; Plummer and Busenberg, 2006). CFCs are
primarily responsible for the depletion of the ozone layer and are partial contributors to
global warming (e.g. Molina and Rowland, 1974; Hansen et al., 1989; Kroeze and Reijnders,
1992). These gases are stable under a wide range of conditions and are water-soluble; hence,
they have been incorporated into the hydrologic cycle through precipitation, in�ltration,
and groundwater recharge. Their concentration in the atmosphere is well established with
respect to time (Elkins et al., 1993; Walker et al., 2000; Bullister, 2015), as well as the
equations that characterize their solubility in water (Busenberg and Plummer, 2006; Plummer
et al., 2006a), allowing their use as e�cient groundwater dating tools. These tracers serve as
extremely sensitive indicators of the presence of a `modern' (>1940) groundwater component.
Furthermore, the analysis of multiple tracers allows us to compare tracer ratios and elucidate
mixing between waters of di�erent ages. Based on our combined geochemical, stable isotope,
and anthropogenic tracer results, we propose a hydrogeochemical model for �uid circulation
consistent with the structural arrangement of the SVZ.
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2.2 Geological background

2.2.1 Regional tectonic and structural setting

The tectonic and structural setting of the Southern Volcanic Zone (SVZ) of Chile is
driven by oblique convergence between the Nazca and South American plates at a rate of
ca. 6.6 cm/year (Pardo-Casas and Molnar, 1987; Somoza, 1998; Angermann et al., 1999).
The resulting dextral transpressional strike-slip-dominated deformation is partially accom-
modated along the intra-arc by two major tectonic features, which are ubiquitous throughout
the SVZ: the Liquiñe-Ofqui Fault System (LOFS) and the Andean Transverse Faults (ATF).
The LOFS is a 1200-km-long major fault system present between 38◦S and 47◦S (Cembrano
et al., 1996; Rosenau et al., 2006; Cembrano and Lara, 2009). It is composed of a series
of subvertical, NNE-striking dextral-shearing master faults, second order subvertical NE to
ENE-striking normal faults which splay o� these master faults, and third order ENE-to-EW
striking faults (Pérez-Flores et al., 2017b). In contrast, the ATF are a series of discrete,
steeply-dipping WNW-striking faults which are severely misoriented for shear with respect
to the prevailing stress �eld, and thus require supralithostatic �uid pressures to become active
(Pérez-Flores et al., 2016; Sanchez-Alfaro et al., 2016; Roquer et al., 2017). The ATF have
been interpreted as crustal weaknesses associated with pre-Andean faults that reactivated as
sinistral-reverse strike-slip faults during arc development (Lopez-Escobar et al., 1995; Lara
et al., 2006; Melnick et al., 2006; Pérez-Flores et al., 2016). These transverse faults play a
major role in the formation of volcanic systems (e.g. Lonquimay-Tolhuaca volcanic complex,
Villarrica-Quetrupillan-Lanín volcanic chain) as they provide suitable conditions for the de-
velopment of magma reservoirs and subsequent di�erentiation (Cembrano and Lara, 2009),
as well as long-lived potential pathways for crustal ascent of deep-seated �uids (Pérez-Flores
et al., 2016; Sanchez-Alfaro et al., 2016; Tardani et al., 2016).

The area of the Lonquimay-Tolhuaca Volcanic Complex, which is the focus of the present
investigation, is located in the northern termination of the LOFS, roughly near 38◦S (Fig.
2.1). In this area, master and subsidiary faults of the LOFS splay o� to the NE, forming
duplex and horsetail geometries. This eastward shift in strike develops extensional and
hybrid (extension + shear) cracks, which constitute localized permeability pathways that
may enhance the vertical migration of �uids in the crust (Melnick et al., 2006; Sánchez et al.,
2013; Pérez-Flores et al., 2016; Roquer et al., 2017; Wrage et al., 2017).

2.2.2 Subsurface geology and geothermal reservoir potential

The Cura-Mallín basin developed as an intra-arc basin of the upper Oligocene-lower
Miocene volcanic arc between 36◦ to 39◦S (Niemeyer and Muñoz, 1983; Suárez and Em-
paran, 1997). The in�ll is comprised of the Cura-Mallín Group (re-de�ned as such by Pe-
droza et al. (2017), previously the Cura-Mallín Formation), with an estimated thickness of
2�4 km (Burns et al., 2006; Radic, 2010). In the study area, the Cura-Mallín Group is divided
into two roughly contemporaneous (22�11 Ma), but lithologically distinct formations which
interdigitate with one another at the base: The volcano-sedimentary Guapitrío Formation
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Figure 2.1: Map of the study area. (a) Structural map of the Central Southern Volcanic Zone
(37◦ to 41.5◦S), showing the trench and convergence vector (Angermann et al., 1999), Liquiñe-
Ofqui Fault System (black lines), Andean Transverse Faults (red lines), and genetically associated
volcanoes. Black square marks the study area. (b) Geological-structural map of the Lonquimay-
Tolhuaca Volcanic Complex, located at the northern termination of the LOFS. Structures from
Pérez-Flores et al. (2016). Samples are shown with their respective location ID. (c) Hydrology of
the southern LTVC. Red curve represents the water divide delimiting the Río Imperial basin. Blue
lines are drainage networks. Contour lines show elevation in m a.s.l.
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and the sedimentary Río Pedregoso Formation (Pedroza et al., 2017). The Guapitrío Fm.
hosts a fossil hydrothermal system outcropping east of the LTVC, and is considered to be of
low potential for present-day convective �uid �ow, due to extensive hydrothermal alteration
that produced secondary minerals clogging pore spaces and fractures (Suárez and Emparan,
1997; Vicencio, 2015; Pedroza et al., 2017). The sedimentary Río Pedregoso Fm. has grain
sizes that range from impermeable shales and mudstones, to relatively thick, semi-permeable
sandstones and conglomerates which may have su�cient primary permeability for geother-
mal reservoirs to develop at depth (Suárez and Emparan, 1997; Pedroza et al., 2017). To the
west, the volcanic Pliocene-Pleistocene (4�1 Ma) Malleco Formation overlies the Cura-Mallín
Group in unconformity (Suárez and Emparan, 1997). Batholitic rocks of Miocene age intrude
these units and outcrop to the north and south of the LTVC.

The above described units constitute the basement underlying a series of Quaternary vol-
canoes and are potential host units for geothermal reservoirs. Permeability in sandstones of
the Río Pedregoso Fm. ranges from 10−1 m2 (semi-permeable) to 10−6 m2 (almost imper-
meable) (Pedroza et al., 2017). Representative samples of volcanic and plutonic rocks in the
study area have baseline values that range from 10−18 to 10−20 m2, though it has been ob-
served that the presence of throughgoing mated macro-fractures can increase permeability of
these rocks by four to six orders of magnitude, which would allow convective �ow to develop
(Pérez-Flores et al., 2017a). These enhanced values are more consistent with those that allow
hydrothermal convection of heated groundwater to form in the crust (> 10−16 m2) (Cathles
et al., 1997).

2.2.3 Climate of the study area and groundwater occurrence

Moisture in the western slopes of the southern Andes is derived as precipitation from
the Paci�c, and carried inland by the Southern Hemisphere westerly winds. In this area,
orography plays an important role on climate and precipitation distribution (e.g. Seluchi
et al., 1998; Garreaud, 2009; Insel et al., 2010). The dominant mechanisms that control
the amount of precipitation and its isotopic composition are the orographic uplift of air
and seasonal variations in temperature (Stöwhas and Moyano, 1993; Rozanski and Araguás-
Araguás, 1995). Climate of the study area is characterized by mild temperatures during the
summer months (∼16◦C) and cold winters (∼8◦C). Mean annual precipitation exceeds 2000
mm per year, being lowest in January (∼50�70 mm) and highest in June (> 300 mm) (data
collected from the CR2 database, http://explorador.cr2.cl). Stream�ow records from 1940
onwards indicate that the hydrological regime in this region is fundamentally pluvial with a
small snowmelt contribution during spring (Fernández et al., 2018).

2.3 Sampling and analytical techniques

A total of 20 groundwater samples from naturally discharging springs and 6 surface water
samples were collected within the period of 2016�2018 and analyzed for major element geo-
chemistry at the Andean Geothermal Center of Excellence (CEGA) Laboratories, University
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of Chile, in Santiago, Chile. During sampling, out�ow temperature, pH, conductivity and
redox potential were measured using a Hach HQ-40 multiparameter probe. Samples were
�ltered through a 0.45µm �lter (cellulose acetate) into pre-cleaned high-density polythene
bottles with double caps. Samples for major cation analysis were acidi�ed with HNO3 (Merck
Suprapur) 4N, 1 mL to 100 mL sample. Cations were analyzed by ICP-OES (Optima 7300V,
Perkin Elmer). Anions were measured by ion chromatography (Dionex ICS-2100, Thermo-
Scienti�c). Carbonate alkalinity (HCO3

� and CO3
2� ) was measured using the volumetric

titration methods described in Giggenbach and Gougel (1989). SiO2 contents were analyzed
by Portable Photometer (Hanna HI96705). Total dissolved inorganic carbon (TDIC) and
saturation indices of select minerals were calculated for each sample using the aqueous speci-
ation model program PHREEQC and the Lawrence Livemore National Laboratory database
(Parkhurst and Appelo, 2013)

Samples were analyzed for δ2H, δ18O (V-SMOW), and δ13CTDIC (PDB) at the University of
Waterloo Environmental Isotope Laboratory. Samples were collected in 125 mL high-density
polythene bottles, double capped and avoiding any headspace. Vials for carbon isotope
analyses were preserved with a few drops of HgCl2 to prevent fractionation due to biological
activity. Samples were kept refrigerated at 4◦C prior to being shipped for analysis. 18O/16O
and 2H/1H ratios were analyzed by O�-Axis Integrated Cavity Output Spectroscopy (OA-
ICOS) laser absorption using a Los Gatos Research Liquid Water Isotope Analyzer, model
T-LWIA-45-EP with precisions of δ2H = ± 0.8%� and δ18O = ± 0.2%�. 13C/12C ratios were
analyzed by a Micromass-IsoPrime mass spectrometer. Precision of analyses was δ13C = ±
0.2%�. Samples AV(1), PE(2), CG(15), CG(16), and R1(21) were analyzed for δ2H and δ18O,
and δ13C in the Laboratory of Biogeochemistry of Stable Isotopes at the Andalusian Institute
of Earth Sciences (CSIC, Spain) using a Finnigan Delta Plus XL mass spectrometer attached
to a Finnigan GasBench II, with an analytical error of ± 1.1%�, ± 0.1%�, and ± 0.05%�
respectively.

In order to determine groundwater age and constrain possible subsurface mixing pro-
cesses, concentration of dissolved anthropogenic tracers chloro�uorocarbons (CFC-11, CFC-
12, CFC-113) and sulfur hexa�uoride (SF6) was measured. Sampling procedures for these
tracers followed guidelines described in Busenberg et al. (2006). Springs were sampled using
a peristaltic pump �tted with Viton tubing, with one end of the tube inserted at the bottom
of the sampling vial and the other in the opening of the spring where maximum discharge
occurred. Viton is the only elastomer adequate for use in pumps that does not contaminate
the sample due to di�usion of CFCs into the polymer and subsequent release into the water
(Reynolds et al., 1990; Cook et al., 2006). Samples were collected in 1 L glass bottles with
metal lined caps and enclosed in tight copper tins to prevent atmospheric contamination.
Bottles were placed on a 10 L bucket and �lled from the bottom up. The bucket was allowed
to over�ow by at least three bottle volumes before capping bottles and tins underwater. All
materials were �ushed extensively with sample water prior to collection. When atmospheric
contamination could not be excluded due to unfavorable out�ow conditions, springs were not
sampled. CFCs and SF6 were analyzed by purge and trap gas chromatography with an elec-
tron capture detector (Bullister and Weiss, 1988; Happell et al., 1996) at the Spurensto�abor,
Wachenheim, Germany. The detection limit for CFCs was 0.01 pmol kg−1 and 0.1 fmol kg−1

for SF6.
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2.4 Results

Table 2.1 presents the analytical results (physicochemical parameters, chemical composi-
tion, stable isotope signature, and anthropogenic tracer concentration) of water samples from
this study, as well as physicochemical parameters measured in situ. The data set includes
12 samples which were classi�ed as thermal (Discharge temperature > Air temperature +
4◦C), 8 cold groundwater samples (Discharge temperature < Air temperature + 4◦C) and 6
surface water samples corresponding to major perennial rivers in the study area. Samples
are sorted in latitudinal order from north to south and with an ID label corresponding to
sampling location. In locations with more than one discharge point, samples were selected
for anthropogenic tracer analysis (CFCs, SF6) based on best out�ow conditions. Fig. 2.1b
shows all sample locations.

2.4.1 Physicochemical parameters and �uid chemistry

Thermal waters in the study area discharge at a broad range of temperatures (31◦ to 96 ◦C),
pH (2.4 to 9.8), and total dissolved solids (111 to 2805 mg L−1). Samples were classi�ed
based on major ion concentrations. All thermal waters classi�ed as Na-Cl waters, with the
exception of two high temperature, high sulfate springs (JM(7) and BT(19)), located near
zones of fumarole activity, which classi�ed as Ca-SO4 waters. Na-Cl waters tend to cluster
in the Na + K corner of the ternary cation plot and are dispersed throughout the ternary
anion plot, while calcium-sulfate waters fall near the SO4

� corner of the anion plot and have
higher relative concentrations of Ca and Mg. (For a comprehensive discussion of the major
ion geochemistry of thermal waters in the SVZ, as well as the formation mechanisms involved
behind each water type, the reader is referred to Wrage et al. (2017).)

In contrast to thermal springs, cold groundwaters exhibit more narrow ranges, with tem-
peratures from 8 to 13 ◦C, a more neutral pH (5.5 to 7.9) and a more dilute composition
(40 to 284 mg L−1). These parameters are more akin to those observed in surface waters
(pH 6.7�7.6, TDS 35�96 mg L−1). Cold groundwaters and surface water samples all classi�ed
as bicarbonate waters. Figure 2.2 illustrates the major cation and anion composition of all
samples, showcasing the distinct chemical composition of hot and cold groundwaters.

2.4.2 Stable isotope composition

δ18O and δ2H

Figure 2.3 shows the δ18O and δ2H values of groundwater and surface water samples. With
the exception of the two sulfate waters identi�ed in the previous section (JM(7) & BT(19)),
the oxygen and hydrogen isotope signatures of hot, cold and surface samples present no major
di�erences in overall composition (δ18O: thermal waters −11.5 to −8.9%�, cold groundwater
−11.6 to −8%�, surface waters −10.1 to −8.6%�; δ2H: thermal waters −78.11 to −61.2%�,
cold groundwater −82.7 to −57.98%�, surface waters −68.7 to −59.1%�). To supplement
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Table 2.1: Chemical composition, isotopic signature, and atmospheric tracer concentration of water samples in the study area.

# ID Location name
Sample Location* Temp. pH Eh TDS SiO2 Na K Ca Mg
type Easting Northing [◦C] [mV] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L]

1 AV Termas del Avellano Thermal 277623 5792326 67.8 8.1 -25.5 768 97 198.0 9.75 25.60 0.179
2 PE Termas de Pemehue Thermal 263072 5782280 36.1 7.8 334.8 2805 94 793.0 38.40 153.00 0.414
3 NI Niblinto Cold 248525 5773548 11.8 5.5 363.6 49 14 2.5 <0.4 3.61 1.575
4 NI Niblinto Cold 247743 5773517 10.4 6.3 412.4 49 19 2.4 0.44 3.13 1.160
5 MA Termas de Malleco Thermal 261523 5764434 84.6 8.3 -207.1 447 158 102.0 4.27 5.59 0.050
6 MA R.N. Malleco Thermal 261451 5765257 30.8 8.8 -114.6 111 29 22.9 <0.4 4.53 0.235
7† JM Tolhuaca Vn. Thermal 266696 5758625 92.0 2.4 n.a. 798 82 17.3 5.20 31.40 16.000
8 CU Curacautín Cold 245946 5747882 11.0 5.7 394.0 41 16 2.5 1.07 2.61 0.790
9 VL Vega Larga Cold 256658 5739110 9.7 7.3 428.3 129 30 7.9 1.54 9.84 5.200
10 VL Vega Larga Cold 255768 5739368 13.2 6.2 420.0 88 24 6.6 0.90 6.07 2.180
11 MZ Manzanar Thermal 263738 5739080 45.4 9.7 290.5 250 67 70.0 1.00 1.25 0.022
12 MZ Manzanar Thermal 263715 5739024 48.2 9.6 45.3 251 63 70.0 0.92 1.12 0.004
13 AM Agua del mote Cold 293689 5738927 11.3 7.8 28.8 286 31 24.6 1.35 40.40 3.900
14 ML Malalcahuello Cold 274910 5738246 8.4 7.9 396.5 88 24 5.4 0.69 9.56 1.450
15 CG Casagrande Thermal 274480 5736573 40.5 9.3 277.3 200 50 49.9 0.94 2.68 0.001
16 CG Casagrande Thermal 274480 5736573 40.2 9.5 315.2 180 48 43.5 0.81 3.14 0.009
17 PO Pozo de Oro Thermal 289182 5732951 32.7 9.0 385.5 440 40 117.0 1.18 15.00 0.118
18 CB Cañón del Blanco Cold 266164 5729992 12.0 7.3 391.5 139 37 13.1 2.76 13.30 3.480
19 BT Baños del Toro Thermal 272137 5727180 95.7 7.0 n.a. 380 83.1 24.2 3.12 88.62 6.279
20 VA Agua de la Vaca Thermal 271097 5726641 63.2 7.1 269.4 965 145 179.0 24.24 65.40 3.368

Surface waters

21 R1 Diablo River Surface 261107 5784738 6.2 7.2 455.4 42 10 2.4 0.31 5.01 0.660
22 R2 Niblinto River Surface 246313 5773972 9.4 6.6 342.6 35 11 2.1 <0.40 3.18 0.686
23 R3 Corcoludo River Surface 257035 5757208 3.8 6.7 421.4 38 17 2.3 0.61 2.07 0.700
24 R4 Cautín River Surface 263718 5739092 9.1 7.6 341.7 96 29 6.2 1.15 8.71 2.870
25 R5 Cautín River Surface 275023 5737727 7.5 6.7 346.4 63 23 3.2 0.69 4.44 1.425
26 R6 Punta Negra River Surface 287742 5730775 8.8 6.9 379.5 36 13 1.8 0.41 2.80 0.772

n.a = not analyzed; n.d = not detected (sample concentration below detection limit); Eh is given relative to the standard hydrogen electrode.
∗ WGS84/UTM zone 19S
† Geochemical and isotope data from Wrage et al. (2017)
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Table 2.1: (continued)

# ID
F Cl SO4 Br NO3 PO4 HCO3 CO3 δ2H δ18O TDIC δ13CTDIC SI SI

[mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [%�] [%�] [mmol/kg] [%�] Calcite Dolomite

1 AV 2.04 233.0 167.0 0.28 0.77 <0.1 34.2 n.d. -66.8 -9.7 0.431 -14.9 -0.01 -0.73
2 PE 2.69 1436.0 259.0 4.21 0.12 <0.1 24.3 n.d. -61.2 -8.9 0.363 -13.3 -0.20 -1.53
3 NI <0.03 1.2 0.5 <0.05 3.07 <0.2 22.9 n.d. -58.0 -8.0 3.693 -19.9 -4.06 -7.16
4 NI <0.03 0.8 0.6 <0.05 <0.1 <0.2 22.2 n.d. -58.1 -8.3 0.884 -20.0 -3.36 -5.84
5 MA 2.11 37.1 25.2 0.10 0.49 <0.1 112.0 n.d. -65.8 -9.7 1.413 -9.2 0.34 0.23
6 MA 0.29 7.1 17.4 <0.05 <0.1 <0.2 27.0 3.5 -66.2 -9.9 0.489 -15.0 -0.33 -0.52
7† JM 0.12 0.5 645.0 n.d. n.d. n.d. n.d n.d. -45.7 -5.3 n.a. n.a. n.a. n.a.
8 CU <0.03 2.2 0.3 <0.05 0.46 <0.2 15.2 n.d. -59.8 -8.6 1.666 -20.3 -4.19 -7.57
9 VL 0.04 2.5 14.8 <0.05 0.38 <0.2 56.0 n.d. -70.8 -10.2 1.046 -5.1 -1.53 -2.03
10 VL <0.03 3.0 7.5 <0.05 6.81 <0.2 31.1 n.d. -62.2 -9.1 1.370 -17.2 -3.01 -5.13
11 MZ 1.22 17.8 47.0 <0.03 0.36 0.25 41.8 2.3 -64.0 -9.7 0.724 -14.1 -1.29 -2.87
12 MZ 1.25 18.7 49.1 <0.03 0.26 0.25 42.4 3.5 -64.0 -9.9 0.753 -11.2 -1.03 -3.03
13 AM 0.14 2.3 18.8 <0.05 1.49 <0.2 161.6 n.d. -82.7 -11.6 2.744 -14.8 0.01 0.32
14 ML 0.05 1.1 1.2 <0.05 0.80 <0.2 43.2 n.d. -70.4 -9.8 0.729 -15.5 -1.05 -1.62
15 CG 0.85 15.0 47.1 0.04 0.66 <0.1 33.3 <1.0 -65.8 -10.4 0.208 -16.1 -0.38 -2.74
16 CG 0.64 11.4 37.4 <0.03 0.44 <0.1 32.9 1.7 -67.4 -10.1 0.153 -17.4 -0.27 -1.63
17 PO 0.91 73.1 171.0 0.18 0.15 <0.1 21.8 <1.0 -78.1 -11.2 0.214 -16.5 -0.10 -0.92
18 CB 0.07 12.6 15.8 0.05 0.13 <0.2 40.9 n.d. -64.0 -9.5 0.759 -15.3 -1.50 -2.26
19 BT n.a. 0.3 232.0 n.a. n.a. n.a. 106.8 n.d. -54.5 -7.1 n.a. n.a. n.a. n.a.
20 VA 0.34 279.0 186.0 0.75 0.45 <0.1 81.9 n.d. -67.0 -9.5 1.490 -9.8 -0.18 -0.20
Surface waters

21 R1 <0.03 1.5 2.6 <0.03 0.75 <0.1 19.3 n.d. -64.8 -9.4 0.378 -8.4 -2.39 -4.38
22 R2 <0.03 0.7 2.8 <0.05 <0.1 <0.2 14.5 n.d. -59.1 -8.6 0.412 -5.1 -3.25 -5.86
23 R3 <0.03 0.9 0.8 <0.03 0.62 <0.1 12.5 n.d. -66.0 -10.1 0.340 -9.0 -3.49 -6.18
24 R4 0.04 1.4 3.4 <0.05 0.22 <0.2 43.3 n.d. -68.7 -10.0 0.758 -9.2 -1.38 -1.94
25 R5 0.04 0.8 0.7 <0.05 <0.1 <0.2 29.3 n.d. -69.9 -10.0 0.768 -8.7 -2.75 -4.69
26 R6 <0.03 0.5 0.6 <0.05 <0.1 <0.2 16.2 n.d. -66.1 -9.7 0.364 -6.1 -2.97 -5.19

n.a = not analyzed; n.d = not detected; TDIC = Total dissolved inorganic carbon; SI = Saturation index.
† Geochemical and isotope data from Wrage et al. (2017)
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Table 2.1: (continued)

# ID
CFC-12 CFC-11 CFC-113 SF6
[pmol/L] [pmol/L] [pmol/L] [fmol/L]

1 AV 0.12 ± 0.05 0.19 ± 0.05 0.02 ± 0.05 0.5 ± 0.1
2 PE 0.18 ± 0.05 0.24 ± 0.05 0.03 ± 0.05 0.3 ± 0.1
3 NI n.a n.a n.a n.a
4 NI 2.5 ± 0.20 4.3 ± 0.60 0.42 ± 0.05 3.0 ± 0.3
5 MA 0.11 ± 0.05 0.19 ± 0.05 0.02 ± 0.05 0.3 ± 0.1
6 MA n.a n.a n.a n.a
7 JM n.a n.a n.a n.a
8 CU 2.8 ± 0.20 5.3 ± 0.60 0.49 ± 0.05 3.4 ± 0.4
9 VL n.a n.a n.a n.a
10 VL 1.7 ± 0.10 2.4 ± 0.30 0.25 ± 0.05 2.6 ± 0.3
11 MZ 0.33 ± 0.05 0.48 ± 0.05 0.05 ± 0.05 0.5 ± 0.1
12 MZ 0.05 ± 0.05 0.08 ± 0.05 0.01 ± 0.05 0.3 ± 0.1
13 AM 2.2 ± 0.20 1.6 ± 0.20 0.19 ± 0.05 2.2 ± 0.3
14 ML 2.4 ± 0.20 4.1 ± 0.50 0.35 ± 0.05 1.4 ± 0.2
15 CG 0.15 ± 0.05 0.09 ± 0.05 <0.01 0.1 ± 0.1
16 CG 0.38 ± 0.05 0.41 ± 0.05 0.04 ± 0.05 0.3 ± 0.1
17 PO 0.55 ± 0.05 0.90 ± 0.10 0.07 ± 0.05 0.6 ± 0.1
18 CB 2.2 ± 0.20 2.8 ± 0.30 0.28 ± 0.05 1.5 ± 0.2
19 BT n.a n.a n.a n.a
20 VA 0.71 ± 0.05 0.9 ± 0.10 0.09 ± 0.05 0.5 ± 0.1

n.a = not analyzed.
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Figure 2.2: Piper diagram comparing the ionic composition of cold groundwater, surface water,
and hot spring samples. The lower left and right ternary plots show major cation and anion con-
centrations, respectively, which are then projected into the diamond. Concentrations are in Eq/L.

isotope analyses from this study, we compiled all available isotopic data in precipitation in
the Araucanía region of Chile. The dataset includes values from the International Atomic
Energy Agency's Global Network of Isotopes in Precipitation (GNIP) (IAEA/WMO, 2018)
and reports from Chile's National Water Board (Dirección General de Aguas, 2016). A total of
47 samples from 21 locations between 38�39.5◦S were compiled (Appendix A, Supplementary
Material A.1). We applied a linear-regression analysis to establish the local meteoric water
line. To verify quality of the dataset and rule out the e�ects of secondary processes�such
as partial evaporation during sampling or site-speci�c environmental conditions�deuterium
excess (d ≡ δ2H−8 · δ18O, de�ned by Dansgaard (1964)) was calculated for each data point.
Distribution of d�excess values was tested for normality. No statistically signi�cant deviation
from a normal distribution was observed (Skew = 0.06; Kurtosis = 1.08; Shapiro-Wilk test
W = 0.975 with p-value = 0.55). Outliers were discarded via Chauvenet's Criterion (Taylor,
1997; Benjamin et al., 2005) and the best-�t line was calculated via the least squares method.
A total of 2 samples were removed from the database (4.3% of the data set). The resulting
local meteoric water line and its corresponding equation are shown in Figure 2.3.

22



0-2-4-6-8-10-12

δ2H = 7.31δ18O + 4.47
r2 = 0.88
n = 47

Thermal spring
Cold spring
Surface water
Precipitation
Precipitation

(outlier)

δ18O [‰, V-SMOW]

δ2
H

 [‰
, V

-S
M

O
W

]

0

-20

-40

-60

-80

-100

LM
WL

7

19

13
17

Figure 2.3: δ18O vs. δ2H plot. Gray circles represent the isotopic composition of precipitation
samples from the SVZ between 38 and 39◦S. Red circles are outliers discarded from the database.
Black line represents the local meteoric water line (LMWL), calculated by linear regression via the
least squares method (corresponding equation in the upper left). Dashed lines represent the 2σ
prediction interval for samples (95% probability) of the linear regression. Excluding JM(7) and
BT(19), samples fall within the 2σ-prediction interval of the meteoric linear regression, indicating
with high probability that small deviations from the LMWL are within the natural spread of source
precipitation isotope composition, and the δ18O and δ2H values of these waters likely did not su�er
major changes during subsurface circulation.

δ13CTDIC

The inorganic carbon isotope composition of samples is presented in Table 2.2. Thermal
and cold groundwater isotope compositions overlap, with cold groundwaters being generally
more depleted in the heavier isotope (thermal springs: −17.4 to −10.1%�, average −14.1%�,
cold groundwater: −20.3 to −5.1%�, average −16%�). One cold groundwater sample (VL(9))
had an anomalously high (−5.1%�) isotopic composition compared to other samples, due to
mixing with river water near discharge point. All surface water samples (−9 to −5.1%�) have
compositions near atmospheric equilibrium due to continuous exchange with the atmosphere.
JM(7) and BT(19) thermal waters could not be sampled for δ13CTDIC, although the δ13CCO2

values of the associated fumaroles in these geothermal areas are reported in Tardani et al.
(2016) as −9.75 and −8.79%�, respectively.

23



2.4.3 Dissolved anthropogenic tracer concentration

Dissolved anthropogenic tracer concentrations of groundwater samples are presented in Ta-
ble 2.1. Low but detectable concentrations of all tracers were measured in geothermal springs
(CFC-12: 0.05�0.71 pmol L−1; CFC-11: 0.08�0.9 pmol L−1; CFC-113: 0.01�0.09 pmol L−1;
SF6: 0.1�0.5 fmol L−1), with only one sample (CG(15)) being below detection limit for CFC-
113. The two high-temperature sulfate springs, JM(7) and BT(19), were not considered for
tracer analysis due to the fact that boiling processes, which could a�ect dissolved tracer con-
centrations, could not be discarded. In contrast to thermal waters, cold groundwater samples
have signi�cantly higher concentrations of all tracers (CFC-12: 1.7�2.8 pmol L−1; CFC-11:
1.6�5.3 pmol L−1; CFC-113: 0.19�0.49 pmol L−1; SF6: 1.4�3.4 fmol L−1) pointing towards a
much more recent in�ltration.

2.5 Discussion

The chemical, isotopic, and anthropogenic tracer data presented above reveals di�erences
in water samples based on their temperature, despite proximity of out�ow points. In the
following section, we examine these di�erences and discuss possible subsurface processes
(e.g. fractionation, mixing, �uid-rock interaction) as well as the implications of these data
for �uid source and circulation in a complex fractured hydrogeological setting.

2.5.1 Hydrothermal system recharge

Excluding JM(7) and BT(19) samples, thermal waters display no signi�cant deviation
from the LMWL (Fig. 2.3), despite a shift commonly being observed in geothermal sys-
tems around the world, due to the progressive equilibration of thermal �uid with host-rocks
(Craig, 1963; Giggenbach, 1992). This may be due to insu�cient temperatures for isotopic
exchange, or indicative of a system with high permeability leading to increased water/rock
ratios (Druschel and Rosenberg, 2001). Additionally, small changes in isotopic signature hav-
ing occurred at depth can be partially masked by mixing with meteoric �uids during ascent.
The relative enrichment in the heavier isotopes of oxygen and hydrogen in JM(7) and BT(19)
indicate either boiling at depth, or mixing with magmatically-derived, �andesitic� waters (e.g.
Giggenbach, 1997; Wrage et al., 2017).

The predominantly meteoric origin of thermal waters (Fig. 2.3) is consistent with previ-
ous studies in the SVZ (e.g. Muñoz et al., 2011; Sánchez et al., 2013; Wrage et al., 2017;
Negri et al., 2018). However, the aforementioned studies do not address the relation of ther-
mal �uid isotopic composition with that of local precipitation, or the implications of the
orographic e�ect on system recharge. Due to the scarcity of data in southern Chile on the
isotope composition of rainfall throughout the year and at high altitude stations, we applied
a mathematical model to determine the vertical variation of oxygen isotope ratios in precip-
itation (δ18OP). Moisture in the western slopes of the Andes at ∼38◦S is principally derived
from evaporation at the Paci�c Ocean and carried over the continent by prevailing westerly
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winds (Garreaud, 2009). As it migrates inland, the moist parcel of air is forced aloft as it
encounters higher elevations. This lift in air-mass is known as the orographic e�ect, and
isotope fractionation in this model is driven primarily by the accompanying decrease in tem-
perature (Rozanski et al., 1993). The progressive depletion of rainwater in heavier isotopes
with increasing altitude is modelled to �rst order by a Rayleigh-type distillation process, in
which condensate is continuously removed from air-mass vapor during its ascent (Dansgaard,
1964; Stöwhas and Moyano, 1993; Rozanski et al., 1993; Rowley et al., 2001; Rowley, 2007).
The Rayleigh model is coupled with a one-dimensional simulation of the ascent, cooling and
subsequent condensation of atmospheric moisture from a low elevation source. A full descrip-
tion of equations applied in the model is provided in Appendix B. The boundary conditions
required to compute the vertical variation of δ18OP are starting temperature, relative humid-
ity and isotope composition of the vapor (δ18OV) prior to saturation. As a starting point
we chose the Temuco weather station (114 m a.s.l., Fig. 2.1a), which is located to the west
of the study area�the direction from which moisture is derived at sea�and is the point in
the Araucanía region were the most complete meteorological data is available. The starting
value of δ18OV was chosen to yield precipitation compatible with local GNIP data at Temuco.
Figure 2.4 shows the δ18O values of water samples versus discharge elevation, compared to
the isotope composition of precipitation based on our Rayleigh-fractionation model. Assum-
ing isotopic composition was not altered during subsurface circulation (Fig. 2.3), the δ18O
values of samples can be extrapolated to the curves to determine mean recharge elevation
(e.g. James et al., 2000; Kelly and Glenn, 2015).

Three cold groundwater samples (NI(3), NI(4), and CU(8)) plot above the mean annual
precipitation curve (Fig. 2.4). This may initially seem counterintuitive, as it would imply
that average annual recharge for these samples occurs below discharge point. However,
samples in these two areas also had the highest anthropogenic tracer concentrations (Table
2.1), indicating modern day recharge and, consequently, a larger seasonal component. Thus,
recharge altitude for these samples was calculated based on the summer curve. Three hot
spring samples (MA(5), MA(6), VA(20)), also plot above the annual curve (Fig. 2.4). A
seasonal component in thermal springs is unlikely, as these are predominantly old (pre-1940)
waters, and seasonal variations tend to be �smoothed-out� in old, well-mixed groundwater
systems. Assuming no boiling at depth or evaporation modi�ed their isotopic signature (Fig.
2.3), we observe that these samples are all high-altitude springs discharging on the �anks of
the Tolhuaca and Sierra Nevada volcanoes, respectively, and correspond to high-temperature
geothermal systems with associated fumarole activity (Melosh et al., 2010, 2012). These
springs are likely located near the up�ow zones of their respective systems, where thermal
buoyancy of water causes upward �ow along vertical fracture zones. Meteoric recharge for
these convection-dominated volcanic systems likely occurs along fault zones and permeable
sediments/soils at the base of volcanoes, is heated at depth, and rises along vertical fractures
in volcanic rocks (Moeck, 2014).

The estimated recharge altitude of each sample is presented in Table 2.2. Based on our
model, geothermal system recharge in the south-west basin formed by the volcanic arc (areas
MA, MZ, CG, and VA, see Fig. 2.1c) occurs at average elevations near ∼1000 and up to
∼1200 m a.s.l. These altitudes correspond roughly to precipitation occurring at the margins
of valleys and the lower �anks of mountain chains (Fig. 2.1c), where the bulk of precipitation
is expected to occur due to orographic uplift as moist air is forced upwards along steep
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gradients. Favorably-oriented faults (LOFS, Fig. 2.1b) and fracture zones present across
these �anks and valleys constitute high vertical permeability pathways that allow recharge
to reach deep levels of this thermal area (Tardani et al., 2016; Pérez-Flores et al., 2017b).

AM(13) and PO(17) samples are depleted in δ18O and δ2H values with regard to other
samples from this study (Fig 2.3). These samples belong to a di�erent drainage basin, east of
the volcanic arc formed by the LTVC and Sierra Nevada, and are likely hydraulically discon-
nected from the rest of the system. The isotopic depletion of these samples, located east of
a high-altitude, steep-slope terrain (Fig 2.1c) is consistent with our model assumption that
topography is the dominant factor modulating the isotope ratio of precipitation (and there-
fore, of system recharge), as the orographic uplift of air would lead to enhanced precipitation
on the windward side (west) of the mountain range, leaving relatively depleted isotope ratios
on the leeward side (east). Stern and Blisniuk (2002) observed this �isotopic rain-shadow�
e�ect farther south in the Patagonian Andes was able to generate δ18O values up to ∼ 4%�
lower on the east side compared to the west. The Coyuco geothermal area (not included in
this study), located 50 km directly east of the LTVC, at approximately 1600 m a.s.l., reports
an even more depleted meteoric signature of δ18O = −87.6%� and δ2H = −12.4%� (Wrage
et al., 2017), supporting this hypothesis.
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Table 2.2: Summary characteristics of hot and cold springs. Samples are listed by geographic location from north to south.

Out�ow Out�ow Recharge Recharge Equivalent atmospheric mixing ratio
# ID Sampling Location* Elevation Temp. Elevation Temp. CFC-12 CFC-11 CFC-113 SF6

date Easting Northing m a.s.l. ◦C m a.s.l. ◦C [pptv] [pptv] [pptv] [pptv]
Hot springs
01 AV 2017/04/15 277623 5792326 535 67.8 1011 7.0 21.49 8.68 2.91 1.27
02 PE 2017/04/11 263072 5782280 710 36.1 737 8.8 34.20 11.75 4.72 0.80
05 MA 2017/04/13 261523 5764434 1241 84.6 987 7.2 19.81 8.73 2.93 0.76
06 MA 2018/05/07 261451 5765257 1165 30.8 1055 6.7 - - - -
07 JM 2014/01/14 266696 5758625 2105 92.0 - - - - - -
11 MZ 2017/04/10 263738 5739080 732 45.4 1003 7.1 59.35 22.02 7.31 1.27
12 MZ 2017/04/10 263715 5739024 734 48.2 1055 6.7 8.86 3.61 1.43 0.76
15 CG 2017/04/10 274480 5736573 968 40.5 1212 5.7 26.68 3.90 n.d. 0.25
16 CG 2017/04/10 274480 5736573 968 40.2 1120 6.3 66.43 18.19 5.63 0.75
17 PO 2018/05/03 289182 5732951 945 32.7 1465 4.1 88.72 36.32 8.85 1.41
19 BT 2013/03/27 272137 5727180 1362 95.7 - - - - - -
20 VA 2017/04/14 271097 5726641 1074 63.2 944 7.4 129.06 41.82 13.34 1.28
Cold Springs
03 NI 2018/05/04 248525 5773548 643 11.8 656 9.3 - - - -
04 NI 2018/05/04 247743 5773517 698 10.4 794 8.4 469.35 207.57 65.03 7.89
08 CU 2018/05/02 245946 5747882 665 11.0 934 7.5 510.09 246.88 72.86 8.74
09 VL 2018/05/05 256658 5739110 667 9.7 1150 6.1 - - - -
10 VL 2018/05/05 255768 5739368 654 13.2 790 8.4 319.43 115.97 38.75 6.84
13 AM 2017/04/09 293689 5738927 911 11.3 1572 3.4 345.77 62.62 23.20 5.07
14 ML 2018/05/03 274910 5738246 940 8.4 1029 6.9 428.18 186.32 50.60 3.54
18 CB 2017/04/12 266164 5729992 779 12.0 953 7.4 399.13 129.79 41.40 3.85

n.d. = not detected. Tracer concentration below detection limit.

*WGS84/UTM zone 19S
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Table 2.2: (continued)

Piston Flow Model Binary Mixing Model
# ID Recharge Year Young water fraction in mixture Age of young component

CFC-12 CFC-11 CFC-113 SF6
SF6/C12 SF6/C11 SF6/C113 C11/C113 C12/C113 SF6/C12 SF6/C11 SF6/C113 C11/C113 C12/C113

Hot Springs
01 AV 1958 1960 1970 1984 n.p. n.p. n.p. 0.04 0.05 n.p. n.p. n.p. 2016 1990
02 PE 1961 1962 1972 1980 0.08 n.p. n.p. 0.06 0.07 2016 n.p. n.p. 2016 1990
05 MA 1957 1960 1970 1980 n.p. n.p. n.p. 0.04 0.04 n.p. n.p. n.p. 2016 1992
06 MA - - - - - - - - - - - - - -
07 JM - - - - - - - - - - - - - -
11 MZ 1965 1965 1974 1984 0.13 n.p. n.p. 0.10 0.14 2016 n.p. n.p. 2016 1989
12 MZ 1952 1956 1967 1980 n.p. n.p. n.p. 0.02 0.02 n.p. n.p. n.p. 2016 2016
15 CG 1959 1956 n.d. 1972 0.04 0.03 n.d. n.d. n.d. 2004 2016 n.d. n.d. n.d.
16 CG 1966 1964 1973 1980 0.11 0.09 0.08 0.07 0.19 2008 2016 2016 1995 1984
17 PO 1968 1968 1976 1985 0.17 0.17 n.p. 0.15 0.23 2015 2016 n.p. 1989 1986
19 BT - - - - - - - - - - - - - -
20 VA 1971 1969 1978 1984 0.22 0.18 0.18 0.18 0.33 2005 2012 2012 2016 1987
Cold Springs
03 NI - - - - - - - - - - - - - -
04 NI 1990 1986 1990 2014 0.92 0.95 0.93 0.79 1.00 2016 2016 2016 1996 1990
08 CU 2016† 2008† 2014† 2016 1.00 1.00 1.00 0.97 1.00 2016 2015 2016 1992 1991
09 VL - - - - - - - - - - - - - -
10 VL 1982 1976 1986 2010 n.p. n.p. n.p. n.p. 0.76 n.p. n.p. n.p. n.p. 1988
13 AM 1984 1972 1982 2003 0.67 n.p. n.p. n.p. n.p. 2013 n.p. n.p. n.p. n.p.
14 ML 1988 1984 1988 1996 0.77 0.74 0.65 0.74 1.00 2001 2002 2005 1991 1988
18 CB 1987 1978 1987 1998 0.68 0.55 0.56 0.57 1.00 2004 2011 2011 2016 1987

n.d = not detected. Tracer concentration below detection limit.

n.p = not possible. Tracer ratios are incongruent with historic atmospheric concentrations.
† Dual ages are derived. Only the younger of two possible ages is shown.
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2.5.2 Sources of inorganic carbon

In Figure 2.5, the total dissolved inorganic carbon (TDIC) and δ13CTDIC values of samples
from this study are compared. The blue star represents the calculated composition of average
rainwater from the study area (pH = 5.6, Temp. = 10◦C) in equilibrium with atmospheric
CO2 (PCO2 = 10−4 atm, δ13C = −7%�) based on the isotope equilibrium fractionation
factors of Zhang et al. (1995). Gray lines are theoretical curves representing the evolution of
in�ltrating rainwater during the addition of soil CO2. Partial pressure of CO2 (PCO2) in soil
is signi�cantly higher than PCO2 of the atmosphere, and thus CO2 derived from the oxidation
of organic matter and root respiration will readily dissolve in groundwater as it percolates
downwards (e.g. Cerling, 1984; Appelo and Postma, 2005). The selected δ13CTDIC values,
ranging from −15 to −27%�, are reported by several authors as indicative of soil CO2 derived
from biogenic sources in non-arid, temperate climates (Rightmire and Hanshaw, 1973; Deines
et al., 1974; Cerling, 1984; Rose and Davisson, 1996; Chiodini et al., 2000). For the magmatic
CO2 input, we assumed ranges of −7.5 to −10%�, based on reported data from Tardani et al.
(2016) of deeply-derived fumarole gas in the SVZ. These magmatic values are interpreted as
having a MORB-like signature of CO2 (δ13C = −6.5 ± 2.2, Sano and Marty (1995)) with
small degrees of crustal contamination (−28 to +6%�, Oehlert and Swart (2014)).
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Figure 2.5: Total dissolved inorganic carbon concentration versus δ13C of cold groundwater and
thermal springs. Blue star represents precipitation in equilibrium with atmospheric air. Curves
represent the evolution of �uid composition during the addition of soil CO2 with di�erent δ13C
values. Magmatic CO2 �eld is shown (based on Tardani et al. (2016)). Dashed curves represent
possible evolution paths of thermal water during the addition of magmatic CO2.

Results are consistent with the bulk of dissolved inorganic C being derived from the
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addition of soil CO2 to an atmospheric source. Geothermal samples MA(5) and VA(20) are
relatively enriched in C with regard to other thermal springs, and have more positive δ13C
values, corresponding to a magmatic signature. Dashed lines in Figure 2.5 represent possible
evolution paths for geothermal waters during the addition of magmatic CO2. The addition
of magmatically-derived CO2 in these geothermal areas is consistent with their proximity to
volcanic centers (LTVC and Sierra Nevada, respectively, see Fig 2.1b) and active fumarole
�elds.

The relatively low TDIC contents of thermal waters and the more positive δ13C values
when compared to cold groundwater (Fig. 2.5) are suggestive of C loss by CO2 degassing
and subsequent calcite precipitation. These processes commonly a�ect hydrothermal �uids
as they ascend to the surface, either due to loss of temperature and depressurization or by
mixing with shallow groundwater. Figure 2.6 illustrates the saturation indices of calcite and
dolomite, the two most commonly occurring carbonate minerals, of samples as a function of
pH. Cold groundwater samples tend to be severely subsaturated for both minerals (SI < −1,
with the exception of AM(13) sample), while thermal waters approach calcite saturation (SI
∼ 0), suggesting that precipitation of this mineral likely occurred during ascent. To explore
the e�ects of degassing and calcite precipitation on the δ13C values of �uid, we model C-
isotope distribution in the CaCO3�CO2(g)�H2O system, assuming CO2(g) and calcite are
continuously removed from the solution (in order to simulate the open system conditions
of the ascending �uid), using PHREEQC geochemical modeling program and the iso.dat
database (Parkhurst and Appelo, 2013). In this model, we consider a theoretical �uid of
meteoric origin, representative of our geothermal system recharge, having initially percolated
through soil prior to heating at depth and with no magmatic CO2 input. The composition
of TDIC is 1.7 mmol kg−1 and δ13C = −17.6%� (average composition of cold groundwater
samples from this study, not considering contaminated sample VL(9)), and is saturated in
Ca with respect to CaCO3. pH of the initial �uid is adjusted to maintain charge balance. In
each step, a �xed volume of CO2(g) (0.1 L) is removed from the �uid and calcite is allowed
to precipitate. The distribution of 13C is then calculated among the calcite, gas phase, and
solute species of C (CO2(aq), HCO3

� , CO3
2� ). Figure 2.7 shows the composition of the �uid

as it approaches equilibrium with surface conditions (PCO2(g) = 10−4 atm)at di�erent tem-
peratures relevant to thermal systems in the SVZ. The PHREEQC code developed for this
model is provided in Appendix A, Supplementary Material A.4. Results from our modeling
show that degassing and calcite precipitation at temperatures below ∼200◦C, likely occurring
by depressurization of the ascending thermal �uid or mixing with shallow groundwater, can
account for the enriched δ13C signature of some thermal springs in the SVZ. This model is
consistent with observations from Pérez-Flores et al. (2016), which reported mineral assem-
blages including calcite, occurring within fault-fracture networks, indicating crystallization
temperatures between 110�170◦C. In the following section, we present anthropogenic tracer
data to explore the groundwater mixing hypothesis in further detail.
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2.5.3 Groundwater residence times and mixing of �uids of di�erent ages

Using the methodologies described in Plummer et al. (2006a) and Busenberg and Plummer
(2006), the atmospheric concentration of CFCs and SF6 during recharge can be reconstructed
as a function of concentration in the water sample, and thus assigned an age. Brie�y, dating
with these low concentration gases is based on Henry's Law solubility, in which the concen-
tration of a particular tracer Ci, dissolved in water in equilibrium with air, is given by:

Ci = KHi
Xi(P − pH2O) (2.1)

where KHi
is the Henry's Law constant for the ith tracer, xi is the dry air mole fraction of Ci,

P is the total atmospheric pressure, and pH2O is the water vapor pressure. P is a function
of mean recharge altitude (Table 2.2), and KHi

and pH2O are well-established functions of
temperature (Weiss and Price, 1980; Warner and Weiss, 1985; Bu and Warner, 1995; Bullister
et al., 2002) during recharge. Recharge temperature was approximated as mean annual
temperature based on measurements from a local weather monitoring station (10 ◦C mean
annual air temperature at 550 m a.s.l. at Curacautín station, see Fig. 2.1c) and corrected
for altitude at an International Standard Atmosphere lapse rate of 0.0065 ◦C per meter of
elevation (ISO, 1975). Once calculated, the dry air mole fraction of a particular tracer
is replaced by the dry air mixing ratio, volume per volume (assuming ideal gas behavior)
and compared to the corresponding historical atmospheric mixing ratio in the Southern
Hemisphere to determine recharge year (Table 2.2).

Derived apparent recharge year of groundwater samples based on direct age determina-
tion for each tracer (simple matching of sample and atmospheric concentrations) is presented
in Figure 2.8a. The Southern Hemisphere atmospheric concentration curves used to calcu-
late recharge year are presented in Figure 2.8b. In accordance with their respective tracer
concentrations, samples that classi�ed as thermal are characterized by substantially older
apparent ages than samples classi�ed as cold. For one cold water sample (CU(8)), dual ages
are derived from CFC-11, 12 and 113 concentrations. Derivation of dual ages from CFC
dating is possible due to the decreasing atmospheric concentration of these tracers in recent
decades. For geothermal water samples, CFC-11 and CFC-12 provide the most similar ages,
with CFC-113 giving consistently younger ages by approximately 10 years, and SF6 biased
even younger, by 15 to 20 years (Fig. 2.8a). On the other hand, CFC-12 and CFC-113 give
the best match in ages for cold springs, with CFC-11 providing older ages (5 to 12 years) and
SF6 being much younger (up to 28 years for one sample). These apparent discrepancies can
occur when either: (a) mixing of �uids of di�erent ages occurs (Plummer et al., 2006b) or (b)
secondary processes are a�ecting anthropogenic tracer composition, such as bacterial degra-
dation or site-speci�c contamination (Cook et al., 2006). Both alternatives are discussed in
the following sections.
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Figure 2.8: (a) Derived apparent recharge year of thermal and cold groundwater samples, based on
direct age determination for each tracer (CFC-11, CFC-12, CFC-113, and SF6). Whiskers represent
analytical error. CFC-113 concentrations of CG(15) sample are below detection limit. Dual ages are
derived for CU sample for all CFCs. (b) Southern Hemisphere atmospheric concentrations of CFC-
11, CFC-12, CFC-113, and SF6 used in age determination of samples. Data from NOAA (available
at ftp://ftp.cmdl.noaa.gov/hats/).
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Subsurface mixing in a geothermal context

Subsurface �ow through di�erent media such as permeable strata or fractured rocks will
induce di�erent mixing patterns in water discharging from wells or springs. Fluids ascending
through focused, permeable pathways will be relatively unmixed, while springs discharging
from di�use-�ow systems will be more a�ected by mixing (Plummer et al., 2006b; Held et al.,
2018). Subsurface groundwater mixing was modeled using a piston �ow, binary mixing, and
exponential mixing approach (Maªoszewski and Zuber, 1982), then compared to the observed
tracer concentrations of thermal and cold springs in the study area. The results of this
comparison are presented in Figure 2.9.

Piston �ow describes the expected concentrations (C) of a tracer dissolved in groundwater
discharging from a single, laminar �ow path with no mixing. Mathematically, this is expressed
as

C(tobs) = Catm(tobs − t′)e−λ (2.2)

where tobs is the time of observation, t′ is the age of the water parcel, and Catm is the
atmospheric input function for the respective tracer (Fig. 2.8b). An exponential decay
factor, λ, accounts for possible bacterial degradation of the tracer. When λ = 0, the piston
�ow model is equivalent to simple matching of �uid and atmospheric concentrations. Binary
mixing describes a simple, two end-member mixture of di�erently weighted water bodies with
di�erent tracer concentrations (C1, C2), given by:

C(tobs) = C1X + C2(1 −X) (2.3)

where X represents the mixing fraction between both �uids. For readability's sake, we
only plot a binary mixing line between old (<1940), tracer-free �uid and a present-day
component, although mixing of �uids of any ages is possible. Exponential mixing describes
complete mixing of multiple water bodies with an exponential age distribution. Physically,
it represents sampling from a homogenous, uncon�ned aquifer of constant thickness, under
the assumption that permeability and porosity decrease exponentially with increasing aquifer
depth (Vogel, 1970). If C represents the dissolved tracer concentration of the water parcel,
then the exponential model is formulated as:

C(tobs) =

∫ ∞
0

Catm(tobs − t′)e−λt
′ 1

τ
e
−t′
τ dt′ (2.4)

where τ is the mean residence time, which is a function of aquifer properties, and all other
variables are the same as in the piston �ow model. While the above described models
may overlap at certain CFC concentration ranges (Fig. 2.9a, 2.9c, 2.9e), the ambiguity
between piston �ow, binary and exponential mixing at very low concentrations is resolved
when plotting SF6, as the signi�cantly di�erent input function of this tracer generates good
separation of plotted curves (Fig. 2.9b, 2.9d).

When observing our data, certain trends become evident. First, geothermal springs show
a relatively simple binary mixing pattern, in which tracer-free �uid mixes with a very young
groundwater component. This is likely due to older, deeply circulated, ascending hydrother-
mal �uid that becomes diluted with a small fraction of meteoric water at near-surface levels.
As reported on geothermal systems around the world (e.g. Hedenquist, 1991; Gardner et al.,
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2011; Sánchez et al., 2013), mixing with meteoric water in near-surface aquifers is one of
the main processes a�ecting the chemical and isotopic signature of hydrothermal �uids. Sec-
ondly, the low mixing fractions of our samples point to a relatively rapid ascent along focused
vertical pathways, as opposed to a di�use ascent, which would have an additional horizon-
tal component and allow for a larger degree of mixing with downwards-percolating, shallow
groundwater. When we consider the generally low primary permeability of lithological units
in the study area (Pérez-Flores et al., 2017b), the role of fractures facilitating conduit �ow
from depth to surface becomes apparent. This interpretation is in agreement with data re-
ported by Held et al. (2018)), which similarly observed a binary mixing model best described
the age distribution of thermal springs in the Villarrica area, ∼100 km south of the LTVC.

Based on a binary mixing model, we calculate the fraction of modern water and the age
of the modern groundwater component using di�erent anthropogenic tracer ratios assuming
one tracer-free end-member recharged prior to 1940, and the other recharged after. Results
of these calculations are presented in Table 2.2. Thermal springs had an average young
water fraction ranging from 2 to 22%. These results are in excellent agreement with data
from Tardani et al. (2016), which concluded, based on He isotope and He/Ne ratios from
water-dissolved gas samples, that the percentage of air-saturated water of thermal springs in
this area fell in a range between 6 and 20%.

On the other hand, cold groundwater samples show a wider distribution, corresponding
to more complex mixing patterns, as would be expected from di�use �ow systems. Very
young apparent ages in these samples point to shorter �ow paths at shallow and near-surface
depths. Sample AM(13), VL(10) and CB(18) plot outside the bounding area of atmospheric
curves (Fig. 2.9a, 2.9d) indicating some loss of CFC-11 has occurred with respect to other
tracers, as well as minor loss of CFC-12 with respect to SF6 for the AM(13) sample (Fig.
2.9b).

Other processes a�ecting dissolved anthropogenic tracer concentrations

While there is limited experimental evidence regarding the thermal e�ects on anthro-
pogenic tracers in groundwater at depth (Darling et al., 2012), CFCs have been successfully
applied as dating tools in geothermal systems around the world (Gardner et al., 2011; Ed-
munds et al., 2014; Rolker et al., 2015; Held et al., 2018). Similarly, SF6 has been successfully
used as an arti�cially introduced tracer to evaluate bulk water �ow in a geothermal reservoir
(Upstill-Goddard and Wilkins, 1995). CFCs and SF6 are chemically inert over a wide range
of conditions (Upstill-Goddard and Wilkins, 1995; Cook et al., 2006) and contamination in
remote, rural areas away from urban centers is unlikely. Nonetheless, a major concern when
dating with CFCs is bacterial degradation, as these tracers have been observed to decay under
anaerobic conditions, with CFC-11 being removed much faster than CFC-12 and CFC-113
(Khalil and Rasmussen, 1989; Semprini et al., 1992; Oster et al., 1996; Deipser and Stegmann,
1997). Although partial degradation of all CFCs has been observed in su�ciently reducing
environments (e.g. Sebol et al., 2007; Horneman et al., 2008), there have been no reported
cases of SF6 being a�ected by microbial decay.
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The depleted CFC-11 concentrations with respect to other tracers in VL(10), AM(13), and
CB(18) cold groundwater samples is consistent with the aforementioned pattern of bacterial
degradation. Similarly, some bacterial degradation of CFCs relative to SF6 may be a�ecting
AV(1), MA(5), and MZ(12) geothermal samples, which plot outside the atmospheric curve
bounding area (Fig. 2.9b) and were under or near anaerobic conditions at the time of sampling
(Table 2.1). Nonetheless, the consistently mismatching ages between the non-degrading
SF6 and CFC-12 (generally considered the most robust CFC under low-O2 conditions) for
geothermal samples, as well as the detectable presence of all tracers, evidence the addition
of a small modern component to the hydrothermal �uid.

2.5.4 Conceptual model of �uid circulation

The geochemical, stable isotope, and anthropogenic tracer data presented in this study
are integrated with the current understanding of the structural and geological arrangement of
the SVZ, in order to derive a conceptual model of hydrothermal �uid source and circulation.
This model is summarized in Figure 2.10.

N

Permeable soils + sediments

Symbology:

Geothermal area

Deep geothermal fluid
(>100 yr)

PO

VA
CG

MZ

JM

MA

Tolhuaca

Lonquimay
S. Nevada

Magmatic degassing (?)

(c) 

Shallow groundwater
(<100 yr)

MA = 4%
MZ = 2, 14%
CG = 3, 11%
VA = 22% 
PO = 18%

(a) 

(c): Andesitic water 
δ2H = -20 ± 10‰
-10‰ < δ13C < -7.5‰
High SO2

Meteoric water  
δ2H ≈ 7.3*δ18O + 4.5
δ13C ≈ -7‰

(a): 

Volcano

Recharge

Fluid sources:

Convective flow
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(b): Soil CO2 
-27‰ < δ13C < -15‰

Volatile ascent

Fraction of young 
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Figure 2.10: Conceptual model of hydrothermal �uid circulation proposed for the studied segment
of the SVZ, indicating sources of �uid recharge (a, b, c) and mixing rates between young (<∼100
yr), shallow groundwater and old (>∼100 yr), deeply circulating geothermal �uid. Black and red
lines represent the LOFS and the ATF, respectively, with associated damage zones shown in front
pro�le. Andesitic water δ2H values are taken from Giggenbach (1992). Geothermal areas PE and
AV, located further north, are not shown.
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In the Southern Volcanic Zone of Chile, west of the Andes, were topography is the dom-
inant control on the distribution and isotope signature of precipitation, the bulk of rainfall
occurs as air moisture is forced upwards along the steep slopes of volcanic arcs and moun-
tains. In the area of the Lonquimay-Tolhuaca Volcanic Complex, δ2H and δ18O values of
waters suggest that average recharge elevation of most thermal springs occurs at ∼1000�
1200 m a.s.l., corresponding to the margins of valleys and lower �anks of mountain chains.
Dissolution of soil CO2 during the initial stages of in�ltration is the primary source of C
in waters, and imprints its C-isotope signature on the recharging �uid. Results from our
modeling (Fig. 2.5) show that the addition of even small quantities of soil CO2 signi�cantly
impacts δ13CTDIC values. In the vicinity of volcanic centers, an additional input of CO2 of
magmatic origin is detected in thermal waters associated with active fumarole �elds.

Given the low intrinsic permeability of outcropping volcanic and plutonic units in the
vicinity of the LTVC (Pérez-Flores et al., 2017b) fracture permeability plays a crucial role on
the subsurface circulation of groundwater. Master and subsidiary faults of the LOFS splay
o� to the NE, developing extensional geometries, which constitute localized permeability
pathways enhancing the vertical migration of �uids. In�ltrating groundwater penetrates
deeper into the crust along these points of high secondary permeability. At greater depths,
sandstones of the Río Pedregoso Fm. may have su�cient primary permeability to host a
geothermal reservoir (Pedroza et al., 2017).

As water in�ltrates deeper into the crust through fault-fracture networks, it becomes
heated as a result of the increased geothermal gradient of the SVZ. Increased residence (and
thus, reaction) times at higher temperatures induce greater degrees of �uid-rock interaction
with the volcano-sedimentary rocks of the Malleco Fm. and Cura-Mallín Group, giving
hydrothermal �uid its distinct geochemical composition from the recharging groundwater
(Fig. 2.3). Magmatic degassing and boiling processes (samples MA(5-6), JM(7), BT(19) and
VA(20)) are evidenced in samples discharging near volcanic systems. The initially soil-CO2

dominated isotope signature of recharge to thermal systems is subsequently modi�ed by �uid
degassing and carbonate precipitation during ascent (Fig. 2.6 & 2.7). In this segment of the
SVZ, calcite of hydrothermal origin has been observed in dilational jogs along master and
subsidiary faults of the LOFS (Pérez-Flores et al., 2016), evidencing the occurrence of these
processes, as well as the structurally-controlled migration of these �uids.

Focused �ow along high vertical permeability pathways allows hydrothermal �uids to
remain relatively unmixed with shallow meteoric waters, helping maintain elevated temper-
atures during their ascent to the surface. Nonetheless, low but detectable concentrations of
anthropogenic tracers in all samples suggest the addition of a small fraction (2 to 22%) of
downwards-percolating, modern meteoric �uid. Cold water is denser than hot water, and
may have su�cient pressure to invade thermal aquifers at shallow depths (Truesdell et al.,
1977). Mixing with cold meteoric �uids alters the geochemical composition of thermal �u-
ids, induces carbonate precipitation, and partially resets any changes having occurred to the
oxygen and hydrogen isotopic signatures at depth.

The above interpretation is consistent with the mechanisms of geothermal system forma-
tion described in Wrage et al. (2017), as well as the dissolved gas isotope data from Tardani
et al. (2016), which concluded that the presence of crustal-scale fault systems promotes deep
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circulation of meteoric �uids at ∼ 38◦S, masking any possible deep mantellic δ13CCO2 signa-
ture in thermal �uids due to shallow processes.

2.6 Concluding remarks

Results suggest that, in the vicinity of the LTVC, hydrothermal system recharge is sourced
locally, and topography plays a fundamental role in its distribution. Variations in temper-
ature of discharging springs correlate to di�erent subsurface circulation pathways. These
di�erences�for instance, the shallow, di�use �ow of cold groundwater vs. the deep, focused
circulation of thermal water along fault zones�induce longer reaction times and increased
subsurface P-T conditions, which in turn imprints hydrothermal �uids their distinct chemical
signature due to �uid-rock interaction. Magmatic degassing and boiling processes play an
important role near volcanic systems.

Binary mixing between an old, anthropogenic tracer-free �uid (hydrothermal waters) and
a modern meteoric component (shallow groundwater) best describes the age distribution of
naturally discharging thermal springs in the Southern Volcanic Zone. The modern meteoric
groundwater fraction in these springs was measured to be between 2 and 22%. These low
mixing fractions suggest the rapid ascent of an old, tracer-free �uid along focused pathways.

Data from this study con�rm that the interplay between fault systems with di�erent orien-
tations exerts a �rst order control on the residence times, ascent, and mixing rates of thermal
waters in this segment of the SVZ, thus modulating their chemical and isotopic signature.
The ascent of geothermal �uids along favorably-oriented fault-fracture networks, and the
dependence on these structures for deep groundwater circulation is consistent with previ-
ous studies in the SVZ (Sánchez et al., 2013; Pérez-Flores et al., 2016; Tardani et al., 2016;
Pérez-Flores et al., 2017a,b; Roquer et al., 2017; Wrage et al., 2017). Our data proves that,
despite similar recharge source, host lithology, and proximity of discharge points, residence
times of thermal springs are fundamentally di�erent from those of their non-thermal (or cold)
counterparts, evidencing the di�erent circulation pathways of these waters. Additionally, our
results show that the combined use of conventional hydrogeochemical and isotopic data with
environmental tracers, including anthropogenic CFC and SF6, is a powerful tool to better
understand the dynamics of geothermal systems in the Andes.
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CHAPTER 3: CONCLUSIONS

3.1 Scienti�c contributions of this dissertation

The results presented in this thesis provide new insights into the origin and evolution
of �uids in a hydrothermal area of the Southern Volcanic Zone. In particular, this work
contributes to our understanding on the role of fault-fracture meshes on residence times
and the age distribution of �uids, along with the impact of shallow crustal processes (i.e.
meteoric dilution, degassing) on their geochemical composition. The methods developed in
this study may be applicable to other geothermal systems in the Andes, helping provide
hydrogeological background knowledge useful to the development of geothermal exploration
models. In addition, this work represents the �rst published measurements of dissolved SF6

in groundwater in Chile, which was proven to be in low, but detectable, concentrations in all
thermal samples at the Lonquimay-Tolhuaca Volcanic Complex.

The main conclusions of this work and the implications are summarized as follows:

• In the vicinity of the LTVC, hydrothermal system and cold groundwater recharge is
sourced locally (i.e. within the same basin). The particular topography of the Andean
Cordillera, which provides a crosswise barrier to the predominant wind direction, plays
a fundamental role in modulating precipitation, and therefore, recharge distribution.

• The development of a local meteoric water line for this segment of the Andean arc
(38�39◦S), together with a mathematical model of the isotopic lapse rate in precip-
itation, allows for placing constraints on the recharge elevation of hydrothermal and
cold groundwater systems in this area. The mathematical models are applicable to
other groundwater/hydrothermal systems in the Araucanía region, and can be easily
extended to other systems in the Andes, given su�cient data is available on the isotopic
composition of precipitation.

• Magmatic degassing and boiling processes play an important role near volcanic systems
(Tolhuaca and Sierra Nevada), and are likely related to volatile ascent through the
ATF. This is consistent with the tectonic-magmatic-hydrothermal domains de�ned in
previous studies, as the misorientation of the ATF with regard to the present day
stress-regime favors magmatic chamber development, di�erentiation, and subsequent
degassing.

• Residence times and age distribution of thermal springs are fundamentally di�erent
than those of their non-thermal (or cold) counterparts, evidencing the di�erent circula-
tion pathways of these waters. Cold springs possess shorter residence times and varying
degrees of �uid mixing. Thermal waters evidence longer residence times, and remain
relatively unmixed. Longer residence times, in turn, induce longer reaction times at
increased subsurface P-T conditions, imprinting hydrothermal �uid with its distinct
chemical signature due to �uid-rock interaction.
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• Binary mixing between an old, anthropogenic tracer-free waters (hydrothermal �uid)
and a modern meteoric component (shallow groundwater) best describes the age dis-
tribution of naturally discharging thermal springs in this area of the Southern Volcanic
Zone. The modern meteoric groundwater fraction in these springs was measured to
be between 2�22%. These low mixing fractions suggest the rapid ascent of an old,
tracer-free �uid along focused pathways.

• The e�ects of meteoric dilution in hydrothermal �uid (i.e., mixing of hydrothermal �uid
with cold meteoric water during ascent) were constrained to be less than 22%. There
was no systematic di�erence detected between ATF and LOFS associated systems,
although springs discharging in valleys over permeable Quaternary sediment (MZ, CG,
PO) tend to be more diluted than springs discharging in the �anks of volcanoes or
fractured intrusive rock (MA, PE, AV). It must be considered, however, that the precise
fraction of modern groundwater in a given spring is highly dependent on local out�ow
conditions, such as the presence of nearby rivers, streams, or shallow groundwater
bodies. The dilution percentage may present seasonal variations as well. For example,
dilution with shallow groundwater might increase during rainier periods. Systematic
measurements throughout the year must be carried out to precisely determine these
e�ects.

• Results from this study con�rm that fault systems with di�erent orientations exert a
�rst order control on the residence times, ascent, and mixing rates of thermal waters in
this segment of the SVZ, thus modulating their chemical and isotopic signature. The
ascent of geothermal �uids through favorably-oriented fault-fracture networks, and the
dependence on these structures for deep groundwater circulation is consistent with
previous studies in the SVZ.

• Our results show that the combined use of conventional hydrogeochemical and isotopic
data with environmental tracers, including anthropogenic CFC and SF6, is a powerful
tool to better understand the dynamics of geothermal systems.

3.2 Future work

Results from this thesis provide hydrogeological background knowledge that, compounded
with experimental permeability data, can be used in more detailed studies and provide key
boundary conditions for hydrological model simulations to: quantify recharge area of ground-
water systems, estimate recharge rates, �ow velocities, water balance, etc.

One of the main limitations of hydrogeological research in Chile is the lack of basic hy-
drogeological data. E�orts should be undertaken to constrain the isotope signature of pre-
cipitation and groundwater at di�erent altitudes and di�erent times of the year, at a basin
level. Precisely constraining the age of thermal waters will require the use of multiple tracers
with di�erent age ranges. Although all tracers have inherent drawbacks (for example, 14C
in geothermal systems is complicated by additional sources of magmatic carbon, or calcite
precipitation), this study has shown that the multi-tracer approach can circumvent these
limitations and increase robustness of groundwater dating results.
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Appendix A � Supplementary material

A.3 Data for constructing the local meteoric water line

Table A.1: Isotope precipitation data from the Araucanía Region, Southern Chile.

ID Source Location Sampling period Precip. Temp. δ18O δ2H

Latitude Longitude m a.s.l Start Finish [mm] [◦C] [%�] [%�] d -excess Outlier Residual

198810 GNIP - Temuco -38.732639 -72.589222 114 1988/10/01 1988/10/31 99 9.2 -5.6 -44 0.8 No 1.4

198902 GNIP - Temuco -38.732639 -72.589222 114 1989/02/01 1989/02/28 17 16.2 -4.3 -28 6.4 No 7.9

198903 GNIP - Temuco -38.732639 -72.589222 114 1989/03/01 1989/03/31 44 13 -6.3 -44 6.4 No 6.5

198904 GNIP - Temuco -38.732639 -72.589222 114 1989/04/01 1989/04/30 23 10.6 -2.7 -18 3.6 No 6.2

198905 GNIP - Temuco -38.732639 -72.589222 114 1989/05/01 1989/05/31 50 7.9 -9.0 -55 17 No 15.3

198906 GNIP - Temuco -38.732639 -72.589222 114 1989/06/01 1989/06/30 234 8.2 -7.8 -60 2.4 No 1.5

198907 GNIP - Temuco -38.732639 -72.589222 114 1989/07/01 1989/07/31 158 7.3 -8.7 -60 9.6 No 8.1

198908 GNIP - Temuco -38.732639 -72.589222 114 1989/08/01 1989/08/31 140 7.8 -8.5 -65 3 No 1.6

198911 GNIP - Temuco -38.732639 -72.589222 114 1989/11/01 1989/11/30 21 13.1 -8.3 -42 24.4 Yes

198912 GNIP - Temuco -38.732639 -72.589222 114 1989/12/01 1989/12/31 112 15.7 -7.7 -50 11.6 No 10.8

199003 GNIP - Temuco -38.732639 -72.589222 114 1990/03/01 1990/03/31 103 13.3 -7.4 -53 6.2 No 5.6

199004 GNIP - Temuco -38.732639 -72.589222 114 1990/04/01 1990/04/30 71 10.2 -5.8 -43 3.4 No 3.9

199005 GNIP - Temuco -38.732639 -72.589222 114 1990/05/01 1990/05/31 172 8.8 -5.9 -34 13.2 No 13.6

199006 GNIP - Temuco -38.732639 -72.589222 114 1990/06/01 1990/06/30 155 6.9 -4.8 -37 1.4 No 2.6

199007 GNIP - Temuco -38.732639 -72.589222 114 1990/07/01 1990/07/31 97 6.9 -5.8 -50 -3.6 Yes

199010 GNIP - Temuco -38.732639 -72.589222 114 1990/10/01 1990/10/31 50 10.6 -9.4 -66 9.2 No 7.2

199011 GNIP - Temuco -38.732639 -72.589222 114 1990/11/01 1990/11/30 45 11.5 -6.1 -34 14.8 No 15.1

199012 GNIP - Temuco -38.732639 -72.589222 114 1990/12/01 1990/12/31 17 14 -5.3 -28 14.4 No 15.2

199101 GNIP - Temuco -38.732639 -72.589222 114 1991/01/01 1991/01/31 38 15.6 -5.9 -40 7.2 No 7.6

199102 GNIP - Temuco -38.732639 -72.589222 114 1991/02/01 1991/02/28 9 15.5 -7.2 -48 9.6 No 9.1

199104 GNIP - Temuco -38.732639 -72.589222 114 1991/04/01 1991/04/30 153 10.7 -8.4 -55 12.2 No 10.9

199105 GNIP - Temuco -38.732639 -72.589222 114 1991/05/01 1991/05/31 240 8.9 -8.1 -56 8.8 No 7.7
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Table A.1: (continued)

Location Sampling period Precip. Temp. δ18O δ2H

ID Source Latitude Longitude m a.s.l Start Finish [mm] [◦C] [%�] [%�] d -excess Outlier Residual

199106 GNIP - Temuco -38.732639 -72.589222 114 1991/06/01 1991/06/30 128 7.2 -8.6 -63 5.8 No 4.6

199107 GNIP - Temuco -38.732639 -72.589222 114 1991/07/01 1991/07/31 198 7.1 -7.1 -50 6.8 No 6.4

199108 GNIP - Temuco -38.732639 -72.589222 114 1991/08/01 1991/08/31 77 6.8 -6.4 -37 14.2 No 14.3

199109 GNIP - Temuco -38.732639 -72.589222 114 1991/09/01 1991/09/30 127 9.7 -7.7 -53 8.6 No 7.8

199111 GNIP - Temuco -38.732639 -72.589222 114 1991/11/01 1991/11/30 51 13.1 -9.0 -64 8 No 6.3

199112 DGA Report -39.236313 -73.159537 0 2014/09/08 2014/10/20 - 14 -5.1 -34.2 6.6 No 7.5

PP-2 DGA Report -38.954570 -72.081393 297 2014/09/09 2014/10/03 56.63 14.4 -7.1 -50.8 5.6 No 5.2

PP-3 DGA Report -39.390882 -71.680195 407 2014/09/25 2014/10/28 254.81 13.5 -7.6 -55.8 5.1 No 4.4

PP-4 DGA Report -39.272345 -72.408570 257 2014/09/15 2014/10/28 283.13 13.4 -7.0 -42.4 13.2 No 12.9

PP-5 DGA Report -38.686418 -73.367191 83 2014/09/09 2014/10/29 141.56 17 -5.9 -35.3 12.2 No 12.5

PP-6 DGA Report -38.407726 -73.008774 50 2014/09/23 2014/10/11 45.3 15.05 -8.1 -51.8 13.3 No 12.2

PP-7 DGA Report -38.690567 -72.398747 190 2014/09/10 2014/10/04 42.47 16 -7.0 -44.3 12.0 No 11.6

PP-8 DGA Report -38.650107 -72.022820 468 2014/09/10 2014/10/04 67.95 10.1 -7.8 -48.9 13.4 No 12.5

PP-9 DGA Report -38.668009 -71.832530 1102 2014/09/10 2014/10/04 84.94 14.3 -9.9 -65.0 14.5 No 12.1

PP-10 DGA Report -38.769904 -72.708381 69 2014/08/06 2014/10/28 396.38 16 -5.9 -35.8 11.3 No 11.7

PP-11 DGA Report -38.741094 -73.003769 10 2014/09/08 2014/10/29 84.94 17.5 -5.9 -38.8 8.6 No 9.0

PP-12 DGA Report -38.436559 -72.592615 190 2014/09/23 2014/10/11 45.3 21.2 -6.6 -44.6 8.4 No 8.3

PP-13 DGA Report -38.307640 -72.111689 500 2014/09/29 2014/10/11 33.98 15.7 -8.4 -55.4 12.2 No 10.9

PP-14 DGA Report -38.811384 -71.658960 600 2014/09/09 2014/10/03 50.96 14.8 -9.2 -66.8 7.2 No 5.3

PP-15 DGA Report -39.090053 -72.930272 57 2014/09/08 2014/10/20 - 16.5 -6.0 -35.7 12.4 No 12.8

PP-16 DGA Report -39.012574 -73.085269 38 2014/09/08 2014/10/20 130.24 15.1 -6.8 -40.1 14.4 No 14.2

PP-17 DGA Report -38.884306 -73.250854 3 2014/09/09 2014/10/29 101.93 18 -6.1 -36.2 12.4 No 12.6

PP-18 DGA Report -38.958658 -72.611054 104 2014/09/08 2014/10/20 198.19 16.1 -7.2 -44.9 12.5 No 12.1

PP-19 DGA Report -38.561678 -72.599680 324 2014/09/23 2014/10/11 56.63 13.1 -8.8 -56.5 13.6 No 12.1

Rain Held et al. (2017) -39.2199 -71.8153 420 - - - - -7.79 -55.8 6.5 No 5.6

Data from IAEA/WMO (2018). Global Network of Isotopes in Precipitation. The GNIP Database. Accessible at: https://nucleus.iaea.org/wiser, and
Chilean Ministry of Public Works, Dirección General de Aguas. Published in Estudio Hidrogeológico, Región de la Araucanía (2016).
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A.4 PHREEQC code (13C in the CO2-CaCO3-H2O system)

#Initial composition of solution.

#Parameters can be adjusted to match different reservoir fluids.

SOLUTION

temp 100

pH 5 charge

C 1.7

Ca 1 Calcite 0

[13C] -17.60 permil

END

#Define a fixed volume gas phase and a CaCO3 phase.

#Volume can be adjusted to modify degassing rate.

GAS_PHASE 1

-fixed_volume

-vol 0.1

CO2(g) 0

[13C]O2(g) 0

SOLID_SOLUTION 1

Calcite

-comp Calcite 0

-comp Ca[13C]O3(s) 0

END

#Generate graph

USER_GRAPH 1

-headings TC 13C(aq) 13C(CO2(g)) pH

-axis_titles "TDIC, mmoles" "PERMIL" "pH"

-initial_solutions false

-connect_simulations true

-plot_concentration_vs x

-start

10 GRAPH_X TOT("C")*1e3

20 GRAPH_Y ISO("[13C]"), ISO("R(13C)_CO2(g)")

30 GRAPH_SY -LA("H3O+")

-end

-active true

END

#Copy and paste the following block several times to sequentally degas fluid.

#Repeat until final conditions are achieved.

USE solution 1

USE gas_phase 1

USE solid_solution 1

SAVE solution 1

END
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Appendix B � Rayleigh fractionation model

As water vapor in the atmosphere condenses to form precipitation (either rain or snow),
fractionation of the heavier isotope 18O relative to 16O occurs. At equilibrium, the magnitude
of fractionation is determined by the equilibrium oxygen isotope fractionation factor α. If
the condensate is continuously removed from the air-mass as it ascends (open system frac-
tionation), the isotope ratio of the vapor and condensate follows a Rayleigh-type distillation
law, given by the equations:

RV = R0F
α−1 (B.1)

RC = αRV (B.2)

where RV and RC are the 18O/16O ratio of the water vapor and condensate, respectively, R0

is the initial 18O/16O ratio of vapor, and F is the remaining vapor fraction. When expressed
in the δ-notation, the above equations are equivalent to:

δV = (1000 + δ0)F
(α−1) − 1000 (B.3)

δC = α(1000 + δV ) − 1000 (B.4)

The isotope fractionation factor α is a function of the temperature during condensation
and the phases involved. α(T ) has been determined experimentally by Horita and Wesolowski
(1994) for liquid-vapor equilibrium and by Majoube (1970) for ice-vapor equilibrium. While
some of the condensate may form as ice at temperatures below 0 ◦C, condensate in the
atmosphere more commonly occurs as supercooled liquid by 20 ◦C or more below freezing
point (Wallace and Hobbs, 2006). Thus, we apply the liquid-vapor fractionation factor for
temperatures above 0 ◦C, the ice-vapor fractionation factor for temperatures below −20 ◦C,
and a linear mix of the two for intermediate temperatures, such that there is not an abrupt
step in α as the system cools (Rowley, 2007).

Once the system reaches saturation, the remaining vapor fraction F can be expressed as
the saturation mixing ratio of water over the initial mixing ratio (rs/r0), if rs ≤ r0, where r0
is determined by the starting conditions, and rs given by:

rs =
0.622es
p− es

(B.5)

where p is the atmospheric pressure and es is the saturation vapor pressure of moist air,
calculated via the equations postulated by Buck (1981):

[1.0007 + (3.46 · 10−6P )]0.61121 exp

(
17.502T

240.97 + T

)
(B.6)

for liquid-vapor equilibrium, and

[1.0003 + (4.18 · 10−6P )]0.61115 exp

(
22.452T

272.55 + T

)
(B.7)
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for ice-vapor equilibrium, where T is the temperature in degrees celsius, and P is atmospheric
pressure in kPa.

From the equations described above we can conclude that F and α depend entirely on the
temperature and pressure of the system. For our model, we consider increments in altitude
of 1 m and calculate the corresponding changes in P-T, assuming pseudoadiabatic cooling
at each step (no loss or gain of heat except due to the condensation of water vapor). The
decrease in pressure with altitude is approximated by:

p ≈ p0 exp

(
− z

z0

)
(B.8)

where p0 is the pressure at sea-level (101.235 kPa) and z0 is scale height (8000 m). The
change in temperature with height depends on whether or not condensation is occurring.
As the initial air-mass water vapor ascends, before condensation begins, vapor cools at a
constant rate (dry adiabatic lapse rate). At temperatures below dew point, the release of
heat from condensation decreases the cooling rate of the air parcel, and cooling follows the
moist adiabatic lapse rate. The rate of cooling is given by the well-established functions
(American Meteorological Society, 2018):

Γ(m) =


g(1+r)
cpd+rcpv

if r0 ≤ rs,

g(1+r)(1+Lvr
RT

)

cpd+rcpv+
Lv2qs(ε+r)

RT2

if r0 > rs,

(B.9)

where g is gravitational acceleration, r is the mixing ratio of water vapor (r = r0 prior to
saturation, and rs after saturation), cpd and cpv are the speci�c heats at constant pressure of
dry air and water vapor, Lv is the latent heat of vaporization, R is the dry air gas constant, ε
is the ratio of the gas constants of dry air and water vapor (≈ 0.622), and T is temperature.
As we did for the isotope fractionation factor, α, we use the latent heat of vaporization
of water at T < 0 ◦C, of ice at T < −20 ◦C and a linear mix of the two at intermediate
temperatures, to account for the presence of supercooled droplets.

The above described model calculates the isotope composition of condensate forming at
cloud-level. In order to convert these values to precipitation at ground surface, we calculate
the isotopic composition of precipitate as a volume-weighted mean of condensate over a
1 km thick parcel of air, centered at 1000 m above ground, where the weights are based on
the amount of condensate formed in each step (∆rs) (Rowley et al., 2001; Rowley, 2007).
This altitude interval was selected because low-level �ow (below ∼ 1.5 km) near the Andes
transports most of the atmospheric water vapor (Garreaud, 2009).

For border conditions, we use the monthly-average, precipitation-weighted data from
Temuco weather station presented below, and an initial isotope composition of vapor in or-
der to generate precipitation compatible with annual-average precipitation-weighted Temuco
GNIP data (δ18O = −7.3, see Supplementary Material A.1), shown in Table B.1
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Table B.1: Climatic parameters at Temuco GNIP station used as boundary conditions
for the Rayleigh-fractionation model.

Annual
Summer Winter
(Dec�Feb) (Jun�Aug)

Temperature 12 17 10
Rel. humidity 0.83 0.75 0.85
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