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ARTICLE INFO ABSTRACT

Besides temperature, mineralogy, residence time and dilution are crucial for assessing water-rock interaction
intensity. The geothermal system at the Villarrica-Quetrupillan-Lanin volcanic chain, Southern Chile, is located
across a prominent lithological transition from plutonic rocks of the North Patagonian Batholith (NPB) to vol-
cano-sedimentary units. With the goal to investigate the impact of lithology on medium-enthalpy geothermal
fluids, 15 hot spring discharges were sampled and analyzed for anthropogenic tracers and isotopic composition
and compared to the analyses of 31 reservoir rock analogues. Comparison of strontium isotope signatures be-
tween rock analogues and hot spring discharges allow an allocation of associated reservoir rocks.
Chlorofluorocarbons quantify the dilution of the geothermal springs by shallow groundwater, ranging from
almost CFC-free samples to dilution with modern meteoric water by up to 50 %. Fluids discharging from plutonic
rocks have low proportions of dilution with modern waters, while hot springs discharging from the volcano-
sedimentary rocks have a higher and variable dilution with modern waters. The fractionation of oxygen isotopes
of the SO4-H»O system reveals reservoir temperature estimates of 80-100 °C in the plutonic sequence matching
discharge temperatures. For the springs discharging from volcano-sedimentary units higher reservoir tempera-
tures of 100-140 °C are calculated. On basis of the analysis, a conceptual reservoir model can be derived. Fast
fluid ascent is indicated along Liquifie-Ofqui fault system in the NPB by similar discharge and reservoir tem-
peratures and low surficial dilution rates. Large differences in discharge and reservoir temperatures in the Cura-
Mallin formation along with a high influx of surficial water may be attributed to a more branched pathway
pattern. In conclusion lithology maybe an important factor when coming to the utilisation of geothermal re-
sources.
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1. Introduction

Hydraulic, thermal and geochemical characteristics of a geothermal
system are intrinsically related to the local permeability distribution.
Natural permeability in geothermal systems is controlled by critically
oriented faults or fractures in the ambient stress field directing fluid
movement (e.g. Rowland and Sibson, 2004; Zoback, 2011). In a given
regional stress pattern mechanical strength contrasts, caused by varying
lithologies, may individually affect fracture mechanics resulting in
different characteristics of fault or fracture zones (e.g. Meixner et al.,
2014). A well-studied example in this context is the Armutlu peninsula
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in NW-Turkey (Eisenlohr, 1997), where the assembly of crystalline
basement rocks, marble, and evaporites causes individual, lithological
dependent circulation systems resulting in different hydrochemical
compositions and reservoir temperatures. However, also in the case of a
pure crystalline setting, such as the well investigated areas of the Black
Forest region, SW-Germany, Stober and Bucher (1999) identified the
coexistence of two flow systems with different hydraulic properties that
can be related to lithological changes between granite and gneiss.
Herein, the change in lithology is accompanied by a permeability
contrast that limits the occurrence of thermal springs to granitic for-
mations being generated by a deep circulation system extending down
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to a depth of 4 km. The gneiss complexes host low-temperature mineral
springs only. The flow is concentrated on sparse, high-permeability
conduits without great penetration depth. In both studies the litholo-
gical control on geothermal circulation was identified by strong varia-
tions in hydrochemical fluid composition.

In case of the geothermal system at the Villarrica volcano the li-
thology contrast between plutonic units of the North Patagonian
Batholith and volcano-sedimentary rocks of the Cura-Mallin formation,
cannot be recognized in the main fluid composition (Held et al., 2017).
Investigating the interplay between tectonics and fluid composition in a
regional study, the system was found to be partitioned, which was at-
tributed exclusively to the location and orientation of major fault zones
neglecting the lithological contrast (Sanchez et al. (2013). The forma-
tion of the hot spring fluids was investigated by interpretation of their
composition (Held et al., 2017) identifying water-rock interaction as
being the process governing the fluid composition of the hot springs.
Magmatic processes affect the geothermal springs only to a minor ex-
tent revealed e.g. by results of the analysis of oxygen and hydrogen
isotope signatures (Held et al., 2017; Sanchez et al., 2013). The absence
of typical indications for a high-enthalpy geothermal reservoir (Held
etal., 2015; Held et al., 2016) supports the image of a medium-enthalpy
geothermal systems with limited magmatic input.

Within this study comprehensive, geochemical fluid and rock sam-
pling and analysis were conducted on 31 potential reservoir rock ana-
logues and 15 hot spring samples of the Villarrica geothermal system to
trace the lithological transition in the fluids and determine its impact on
the thermal fluids. Complementary to the previous studies the fluids are
analyzed for Sr isotopes, chlorofluorocarbon (CFC) concentrations and
8'80 values of sulfate, while the rocks are analyzed for geochemical
composition and Sr isotope signatures. The investigations are part of a
large geoscientific research project including hydrochemical, geophy-
sical and structural measurements. An estimation of reservoir tem-
peratures including a site-specific re-evaluation of solute geothermo-
metry is conducted in the second part of a joint hydrochemical
investigation of the Villarrica geothermal system (Nitschke et al.,
2018).

2. Geological setting

The lithological transition between the Cura-Mallin formation and
the North Patagonian Batholith is located in the Southern Volcanic
Zone (SVZ) of Southern Chile. Volcanism in SVZ is related to the sub-
duction of the Nazca Plate beneath the South American Plate. Structural
geology of the central and southern SVZ is dominated by the Liquifie-
Ofqui fault system (LOFS), a N-S to N10°E oriented fault system running
along the volcanic arc (Cembrano et al., 1996). The stress pattern
causes a dextral strike-slip movement on the LOFS. The fault system is
accompanied by WNW-ESE oriented Andean Transverse Fault zones
(ATF) (Pérez-Flores et al., 2016). These ATFs are disoriented with re-
spect to the prevailing stress field and undergo sinistral strike-slip
movement (Cembrano and Moreno, 1994). Between 37°-39°S, the
Biobio-Aluminé fault system (BAFS) and the Mocha-Villarrica fault zone
(MVFZ) are prominent structures in WNW-ESE direction (Fig. 1a).

The research area around the WNW-ESE aligned Villarrica-
Quetrupillan-Lanin volcanic chain (Fig. 1b) is characterized by a com-
plex tectonic pattern of intersecting fault zones. The LOFS, oriented N-S
to NNE-SSW in the Villarrica area, passes the volcanic chain between
Villarrica and Quetrupillan volcanos (Fig. 1) (Moreno and Lara, 2008).
The LOFS is offset by the MVFZ by a few kilometers (Lopez-Escobar
et al., 1995), then splits into two legs and continues on both shores of
the N-S oriented Lake Caburgua. A detailed depth study of the LOFS
along the southern shore of Lake Caburgua using a magnetotelluric
survey revealed a sub-vertical orientation in upper crustal levels (Held
et al., 2016). A fault system width of < 3km is modeled for the Ca-
burgua segment in agreement with the determined values of 2 km near
the Liquine village (Hervé, 1976). The > 300km long MVFZ runs
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transverse to the Andean volcanic arc (e.g. Bohm et al., 2002). Detailed
magnetotelluric investigations reveal a broad, northward dipping fault
zone (Held et al., 2016). Pérez-Flores et al. (2016) expect reservoirs of
magma or fluid associated with ATF as the misorientation regarding the
regional stress field impede vertical permeability (Tardani et al., 2016).

South of the Villarrica-Quetrupilldn-Lanin volcanic chain plutonic
rocks of the North Patagonian Batholith (NPB) prevails (Hervé, 1984;
Munizaga et al., 1988) (Fig. 1). The pluton was emplaced between 39°-
47°S during episodic magmatic events between Late Jurassic and
Pleistocene (Pankhurst et al., 1999). Two phases of intensive plutonism
are dated to be of Cretaceous and Miocene age. The batholith complex
consists of plutonic rocks of dioritic to tonalitic composition (Adriasola
et al., 2005). North of the volcanic chain, the plutonic basement occurs
subordinately only, being replaced by the volcano-sedimentary Cura-
Mallin formation of Eocene to Miocene age (Jordan et al., 2001)
(Fig. 1). The formation was deposited in a sequence of intra-arc basins
in south central Chile (33°-39°S), which had developed under exten-
sional tectonics between Eocene and Miocene (Charrier et al., 2007).
The formation of up to 3000m in thickness consists of two facies
(Radic, 2010). The Rio Pedregoso facies is composed of lacustrine,
deltaic and fluvial sediments, and is intercalated with the Guapitrio
facies, a volcanic facies of pyroclastic deposits and lava flows (Suarez
and Emparan, 1995). In the study area north of the volcanic chain, the
Guapitrio facies dominates (Villalon, 2015). It is assumed that the Cura-
Mallin formation hosts geothermal reservoirs in Southern Chile, e.g. the
Tolhuaca geothermal system (Sanchez-Alfaro et al., 2016).

Subduction generates more than 60 Holocene stratovolcanoes in the
SVZ, accompanied by a high number of minor eruptive complexes
(Stern, 2004). Volcanic centers are spatially related to prominent
structural weak zones (Lara et al., 2006). The active Villarrica volcano
belongs to the WNW-ESE oriented volcanic chain, following the linea-
ment of the MVFZ. Magma chambers are assumed to be located at upper
and lower crustal depths below Villarrica Volcano (Hickey-Vargas et al.,
1989). Unlike Quetrupillin and Lanin, Villarrica exhibits a strong,
frequent activity of basaltic-andesitic composition with > 20 major
eruptions per century (Petit-Breuilh and Lobato, 1994).

3. Materials and methods

In the surroundings of the Villarrica-Quetrupilldn-Lanin volcanic
chain, more than 20 hot springs discharge with temperatures of up to
80 °C (Hauser, 1997). Outflow conditions of the springs are described in
detail by Pérez (1999). Often, at each location there are several springs
with volume flow of around 1 L/s discharge varying slightly in terms of
temperature and hydrochemical composition. The full hydrochemical
dataset of the 15 sampled springs is presented in Held et al. (2017).
Hence, we describe merely the complementary materials and methods
required for the additional investigations. If not mentioned otherwise
measurements are conducted at the Institute of Applied Geosciences at
the Karlsruhe Institute of Technology (Germany). The thermal springs
were sampled additionally to investigate chlorofluorocarbons and
oxygen isotopes of sulfate species. Samples for CFC determination were
collected in 1L glass bottles with metal lined caps. To protect the
samples from atmospheric contamination, the bottles were enclosed by
tight copper tins, also filled with sampling water. During sampling,
copper tins and enclosed bottles were set on the base of a vessel (~10
L) and were filled with a tube from inside the glass bottle. A minimum
of three bottle volumes were pumped through a tube from the bottom of
the bottle before capping bottle and copper tin underwater. Three
samples (Con, Tol and Bla, Fig. 1) were discarded, as in these cases
contamination with atmospheric CFCs could not be excluded due to the
outflow conditions (unknown equilibration state as discharging in hot
pools). CFC analysis was performed at the Spurenstofflabor Dr. Harald
Oster, Wachenheim, Germany, using purge and trap gas chromato-
graphy with an electron capture detector (GC-ECD).

In order to provide a sufficient amount of sulfate for the
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Fig. 1. a) Geological map of the volcanic arc of Southern Chile between 38.0°S — 40.4°S displaying outcrops of the NPB (reddish colors) in the south of the Villarrica-
Quetrupilldn-Lanin volcanic chain and volcano-sedimentary basin fillings (bright green color) of the Cura-Mallin formation north of it. Intra-arc LOFS (simplified in
Figure a) crosscuts the NPB and continues to the N in the volcano-sedimentary sequence, intersected by Andean Transfer faults in the form of the BAFS and MVFZ. b)
Research area showing rock (yellow circles) and fluid (blue triangles) sampling locations. Hot spring abbreviations are listed in Table 2. The location of Chi, which
was additionally analyzed to increase sample number along LOFS, is depicted in Figure a. Faults in Figure b are taken from geological maps of the study area (Lara
and Moreno, 2004; Moreno and Lara, 2008). A shaded relief map derived from CGIAR-CSI version of SRTM data. Geological map modified after 1:1°000°000 scale
map, Servicio Nacional de Geologia y Mineria, Chile by including interpretations from Cembrano and Lara (2009), Sanchez et al. (2013), Moreno and Lara (2008),
and Lara and Moreno (2004). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

determination of d'®0 isotopes, 1L fluid samples were collected without
further treatment stored in polyethylene vessels avoiding any head
space. Total sulfate was precipitated as BaSO, by adding a stoichio-
metric excess of BaCl, before measuring oxygen isotope ratios of pre-
cipitates by isotope-ratio mass spectrometry (IRMS: GV Instruments
IsoPrime combined with HTO Pyrolysis by HEKAtech measured at
1350 °C using the following standards NBS127, N3, V-SMOW, GISP,
LK2, LK3).

31 rock samples were collected in the vicinity of the volcanic chain.
Sampling locations were chosen to a) obtain a comprehensive collection
of possible reservoir rock analogues of the research area and b) estab-
lish spatial relationships between thermal springs and nearby rocks.
These circumstances result in the selection of outcrops (Fig. 1). Prior to
analysis, the rock samples were ground-up using an agate disk mill.
Main element concentrations were determined using wavelength-dis-
persive X-ray spectroscopy (Bruker AXS, S4 Explorer). Ground-up rock
samples were analyzed for Rb and Sr concentrations by energy-dis-
persive X-ray fluorescence (Panalytical, Epsilon 5). Sr isotope ratios of
rock samples were measured by the University of Tiibingen, Isotope
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Geochemistry Group using thermal ionization mass spectrometry
(TIMS: FinniganMAT 262).

4. Results and discussion

4.1. Analysis of reservoir rock analogues: potential host rocks of the
geothermal system

The geochemistry of sampled rocks is analyzed to characterize the
host rock interacting with the geothermal fluids. The analysis of re-
servoir rock analogues should identify geochemical variations between
the different, igneous rock types that might be traced within the fluid
signature. Element concentrations of the sampled reservoir rock ana-
logues are summarized in Table 1. In the research area mainly three
distinct rock types outcrop (Moreno and Lara, 2008): 1) plutonic rocks
of dioritic to granitic composition belonging to NPB, 2) fresh volcanic
rocks of rather uniform basaltic to andesitic composition 3) volcano-
sedimentary units of the Cura-Mallin formation possessing highly
variable SiO, concentrations, thus overlapping both, volcanic and
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Fig. 2. Classification of sampled rocks using the TAS diagram for a) volcanic rocks (Le Maitre, 2005) and b) plutonic rocks (Middlemost, 1994). Volcanic rock
samples are subdivided into volcanic rocks of recent activity (purple crosses) and volcano-sedimentary units (green circles). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

plutonic rock facies (Fig. 2). In the study area the volcano-sedimentary
unit is dominated by the volcanic Guapitrio facies, as the samples range
from pure andesitic lava flows to volcanoclastic conglomerates and
lahar deposits (Villalon, 2015).

The spatial distribution of collected rocks marks the gradual tran-
sition from pure occurrence of batholithic rocks south of the volcanic
chain to volcano-sedimentary units of the Cura-Mallin formation al-
ternating with plutonic outcrops north of the chain (Fig. 1). The oc-
currence of plutonic rocks does not cease north of the volcanic chain
but is limited in size and incidence. North of the volcanic chain thermal
springs often discharge at boundaries between plutonic and volcano-
sedimentary rocks (Fig. 1). The fresh volcanic rocks cover plutonic or
volcano-sedimentary rocks in the vicinity of volcanic edifices.

The elemental composition and its statistical variance of different
rock classes is shown in Fig. 3 revealing the geochemical similarity
between rocks of plutonic and volcano-sedimentary origin. Boxplots for
SiO,, Al,O3, Na,O, MgO and CaO overlap extensively, significant dif-
ferences occur only in terms of K>O content. Yet it can be noted that
recent volcanic rocks differ from plutonic or and volcano-sedimentary
rocks, particularly MgO, CaO and Al,O3 concentrations. Despite this,
allocation between geothermal fluid composition and related host rock
geochemistry is masked, especially in this case of similar geochemical
composition, by secondary processes (different solubilities of primary
minerals, precipitation of alteration products, temperature-dependent
cation exchange e.g. in feldspars) and thus deceptive.

As a consequence Rb and Sr are used for comparison between fluid
and rock signature (see the following chapter). Rb and Sr can substitute
for K and Ca in the rock matrix due to their similar atomic radius and

charge (Faure, 1986). Rb and Sr concentrations of the reservoir rock
analogues as well as 8Sr/%°Sr ratios, which are be used in a combined
approach, are listed in Table 1. Rb concentrations of the rock samples
vary between 14.7 and 156 ppm with a positive correlation of Rb and K
concentrations (Fig. 4b). Sr rock concentrations range between 152 and
664 ppm, with an apparent but less clear correlation of Sr and Ca
(Fig. 4a). Plutonic rocks and K-rich volcano-sedimentary rocks (S12,
S17, 16, 17) possess high Rb concentrations, while fresh volcanic rocks
and the majority of the volcano-sedimentary rocks have low Rb con-
centrations. The opposite is observed for Sr and Ca concentrations:
plutonic rocks and volcano-sedimentary rocks with low Ca-concentra-
tions have comparably low Sr concentrations while volcanic and Ca-
rich volcano-sedimentary rocks possess higher Sr concentrations.

4.2. Deduction of reservoir rock type using Rb/Sr and 8”Sr/3°Sr isotope
ratios

Allocation between host rock and geothermal fluids can be derived
from Sr isotope ratios in combination with Rb/Sr ratios (Cortecci et al.,
2005; Graham, 1992), as the fluid adapts the Rb and Sr concentrations
as well as 8”Sr/®6Sr ratios from the host rock. 8”Sr/%Sr, based on the
radioactive B-decay of Rb to 8”Sr, depends on decay time, hence rock
ages, and initial Rb concentration. Rb concentration correlates often
with K concentration as Rb substitutes K in a rock matrix due to similar
atomic ratios and charge. Sr/®Sr isotope ratios are not affected by
fractionation within the liquid phase (Stettler, 1977) thus preserving
the rock signature. In geothermal fluids Rb behaves nearly con-
servatively (Graham, 1992), as shown by the near constant Rb/Cl ratios

D = SiO, 2l ALO, 12 Na,0 MgO K,0 CaO
% 80 | 8 10

o

B 70 | ﬁ 8

E

S 60 | Q 16 6

=

o

© 50 | = 14 4 %$%

S

C

o 40 - 2

5 1 -
w 30 0

Fig. 3. Main elemental composition of re-
servoir rock analogues in boxplot display.
Volcano-sedimentary and plutonic rocks have
similar element distribution considering the
variance in concentrations. (For interpretation
of the references to colour in this figure legend,
the reader is referred to the web version of this
article.)
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Fig. 4. a) Sr vs. Ca and b) Rb vs. K binary diagrams presenting the correlation between those elements in the rock samples (color code according to Fig. 3). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

(Table 2), affected only within early stages of water-rock interaction by
the uptake in illite before reaching full equilibrium (Giggenbach, 1991).
Sr concentrations in geothermal fluids can, after equilibration and
adaption of rock signature, be decreased by Sr incorporation in Ca-rich
precipitates (e.g. calcite).

To differentiate between plutonic and basaltic host rocks, 87Sr/26Sr
is often sufficient due to clearly separated isotope ratios. Presumably
due to short decay times the Cenozoic rocks of NPB can possess low
87Sr/86Sr isotope ratios (generally not as low as volcanic rocks of ba-
saltic origin but similar). The sampled Cenozoic plutonic rocks (S3, S7,
S13, S20, S22) have low ®Sr/®°Sr values between 0.7040-0.7045
(Table 1) overlapping in its minimum values volcanic signatures. To
assure the distinction between plutonic and volcanic rocks Rb/Sr ratios
are incorporated resulting in the Rb/Sr vs. 8”Sr/%6Sr diagram (Fig. 5).

Statistical evaluation of Rb/Sr and 87Sr/®Sr values for plutonic and
volcanic rocks is conducted using relevant datasets for NPB (N = 212)
(Mc-Millan et al., 1989; Munizaga et al., 1988; Pankhurst et al., 1992;
Pankhurst et al., 1999) and volcanic rocks of major stratovolcanoes
between 38.6°S and 40°S (N = 79) (Hickey-Vargas et al., 1989; Jacques
et al., 2014; Mc-Millan et al., 1989). 2-D Boxplots are constructed re-
flecting areas of higher probability concerning Rb/Sr and 37Sr/%6Sr
ratios for each rock type. A significant differentiation between volcanic
and plutonic rocks becomes obvious, as volcanic rocks have low Rb/Sr
ratios (< 0.075) and narrow %7Sr/®6Sr range while plutonic rocks
generally have higher Rb/Sr ratios (> 0.21) and %Sr/%°sr > 0.7045
showing also a greater scattering. Nevertheless, overlaps of both
probability fields exist documented by the whiskers. Literature data for
the Cura-Mallin formation is not available.

The reservoir rock analogues of our survey at Villarrica-
Quetrupillan-Lanin volcanic chain coincide with regional datasets
(Fig. 5): volcanic rocks plot within a narrow volcanic box, while plu-
tonic rocks have a higher scattering still coinciding with the plutonic
probability field. The majority of the Cura-Mallin samples have low Rb/
Sr ratios comparable to volcanic rocks with similar or slightly elevated
87Gr/868r ratios (0.7040-0.7045). Volcano-sedimentary rocks of ele-
vated K and Rb concentrations (Fig. 4) have Rb/Sr ratios similar to
plutonic rocks yet maintaining a low Sr isotope signature (I6, 17,
S17 = 0.7040 — 0.7041).

Rb concentrations of spring discharges range from 5.5 to 51.9 mg/L,
whereas Sr concentrations differ between 27.2 and 1100 mg/L. Sr iso-
tope ratios of thermal spring waters exhibit variations between 0.7040
(SL) and 0.7112 (Car), whereas the local rain water has a ratio of
0.7063. The springs can be subdivided: 1) springs located within the
plutonic field or exceeding it (Liq, Car) clearly related to water-rock
interaction with plutonic rocks; 2) fluids of low Rb/Sr and 8”Sr/%Sr
ratios matching the signatures of volcanic or volcano-sedimentary rocks
(Tol, Pan, Bla, Liu, Poz, Tra, SL); 3) hot spring fluids of elevated Rb/Sr
ratios (0.2-0.6) but lowered 8”Sr/%Sr ratios (Men, Rin, RinCo, Con,
Pal). Whether the first two assignments are clear, the origin of the
springs of lowered %7Sr/%®Sr and elevated Rb/Sr ratios have to be

discussed further. Possible origins are: a) interaction with plutonic rock
of a low %Sr/®%Sr ratio; b) interaction with rocks of the Cura-Mallin
formation possessing high Rb/Sr ratios; c) interaction with volcanic
rocks in the state towards approaching full equilibrium and hence not
depleted in terms of Rb; d) a mixture of fluids interacting with volcanic
and plutonic rocks.

Although the origin of these springs could not be finally assigned,
the lithology transition at the volcanic chain can be clearly traced.
Springs south of the volcanic chain (Liq, Car) have Rb/Sr and 7Sr/%Sr
signatures of fluids interacting with plutonic rocks, while the springs
north of the chain (Tol, Pan, Liu, Poz, SL, Tra, Bla) have volcanic or
volcano-sedimentary signatures. Considering the distribution of geolo-
gical formations and the discharge location of the hot springs (Fig. 1),
an interaction between those fluids and the volcano-sedimentary Cura-
Mallin formation is indicated. The documented intermediate signatures
of springs in the volcanic chain might indicate an interaction with both
plutonic and volcanic or volcano-sedimentary rocks (option d) coin-
ciding with the lithology transition.

4.3. Temperature dependent oxygen isotope fractionation of the SO4H;0
system

The oxygen isotope fractionation between H,O and SOy, due to its
temperature dependence, is used as a tool to determine reservoir tem-
perature (Hoering and Kennedy, 1957). The results of the method will
be compared to the reservoir temperatures calculated after re-evalua-
tion of geothermometric techniques carried out by Nitschke et al.
(2018).

Fractionation of *®0 in the SO4-water system as a geothermometric
tool was chosen, as it is lithology independent in igneous systems.
Hydrothermal alteration processes in such systems, usually in form of
well-documented clay mineral precipitation or cation exchange reac-
tions of the feldspars, do not affect the oxygen fractionation. SO, as-
similation through leaching of evaporitic rocks or SO4-rich ground-
water would adversely affect temperature estimation (e.g. Cortecci,
1974), which can be neglected considering the absence of evaporitic
rocks (Moreno and Lara, 2008). Modification of the oxygen isotope
composition of SO4 by dilution with shallow SOy4-rich groundwater is
also negligible due to a low SO,4 concentration (< 5 % of thermal wa-
ters) of the local groundwater (Held et al., 2017). Reservoir processes
affecting the oxygen isotope signatures, especially phase separation
through boiling during decompression results in incorrect temperature
estimations. Yet 8'80(H,0) evaluation (see §'0/8°D diagram in Held
et al. (2017)) indicates the absence of boiling in the Villarrica geo-
thermal fluids, neglecting temperature estimation distortion. Impacts
on oxygen isotope composition of H,O by dilution with shallow
groundwater cannot be excluded. Even with the quantification of di-
lution (see next chapter) its correction is not feasible due to the un-
known oxygen isotope composition of the infiltrating fluid, which is
difficult to determine in areas of pronounced relief. Equilibration
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kinetics of oxygen fractionation is rather fast under conditions of a
medium- and high-temperature geothermal reservoir (Hoering and
Kennedy, 1957) decreasing strongly at low ambient temperatures
(Lloyd, 1968; Zhonghe, 2001). For geothermal applications the kinetics
implicate that temperature estimation of low-enthalpy reservoirs will
fail but for medium- and high-temperature reservoirs the temperature
estimation will not be masked by re-equilibration in shallow reservoirs,
being known e.g. from the K/Mg geothermometer (Giggenbach, 1991).

Oxygen isotope ratios of fluids range between —8.1 and —11.1
%0V-SMOW and for SO, vary between 3.78 and 1.99 %o0V-SMOW
(Table 2). The fractionation factor a can be calculated as:

_ 10%%0(S0;")

~ 103680 (IL,0) @

Geothermometer equations and, hence, equilibrium conditions have
to be selected according to the sulfate species (S042~, HSO, ~, H,S0.)
and physicochemical parameters prevailing in the reservoir (Boschetti,
2013). For the expected medium-enthalpy system < 200 °C (Held et al.,
2015; Sanchez et al., 2013) and pH > 5, SO4>~ is the dominant species,
resulting in the selection of equations according to Zeebe (2010) and
Halas and Pluta (2000).

Oxygen fractionation of the $O42~-H,O system is evaluated using
the method firstly described by Boschetti (2013) and applied by e.g. in
Awaleh et al. (2015, 2017), with the fractionation coefficient being
plotted versus discharge temperature (Fig. 6). The distribution of our
data suggests two clusters. Samples Liq, Car and Chi plot close to the
equilibrium line, indicating similarity between reservoir and discharge
temperatures. Temperature estimations from oxygen isotope fractio-
nation are in accordance with re-evaluated temperature estimations
from SiO, and Na/K geothermometers in the range of 83-94°C
(Table 3) (Nitschke et al., 2018). These springs are located south of the
volcanic chain along the LOFS in the plutonic sequence. It seems that
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Fig. 6. Evaluation of oxygen isotope fractionation by depicting the fractiona-
tion factor a over discharge temperature. Reservoir temperature can be esti-
mated by horizontal projection to geothermometer equations after Halas and
Pluta (2000) or Zeebe (2010). As a consequence, the depicted dashed, hor-
izontal arrow represents conductive cooling. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

the fluids are not affected by cooling during ascent.

The majority of springs display a shift from equilibrium pointing to
a significantly higher equilibration temperature compared to the dis-
charge temperature. These springs are located in the volcanic chain or
north of it. The reservoir temperatures, calculated by oxygen isotope
fractionation are significantly higher (100-140 °C) than for springs in
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Table 3

Reservoir temperature estimations calculated using the geothermometer based
on oxygen isotope fractionation of the SO4-water system. Calculations of frac-
tionation factor a and temperatures after the formulas of Zeebe (2010) and
Halas and Pluta (2000). Comparison to cation geothermometers is carried out in
detail in Nitschke et al. (2018).

Sample a Zeebe (2010) Halas and Pluta (2000)
T ['C] T [*C]

Carranco 1.0132 88 84
Chihuio 1.0125 94 91
Conaripe 1.0088 134 134
Liquine 1.0133 87 83
Liucura 1.0117 101 99
Loz Pozones 1.0097 123 123
Menetue 1.0107 112 110
Palguin 1.0107 112 110
Panqui 1.0085 138 139
Rincon 1.0102 117 116
Rinconanda 1.0118 101 98
Rio Blanco 1.0111 108 106
San Luis 1.0094 126 126
Toldeo 1.0085 137 138
Trancura 1.0095 125 125

the plutonic sequence. Conformity between temperature estimates from
oxygen isotope fractionation and re-evaluated solute geothermometer is
obtained, the few outliers are discussed in Nitschke et al. (2018).

4.4. Estimating surficial dilution using chlorofluorocarbons (CFCs)

Anthropogenic tracers with evolving atmospheric concentrations
can be used to estimate subsurface residence times and the mixing of
different fluid bodies. Usually tritium is the method of choice, but as
tritium input into the southern hemisphere is low due to the limited
number of nuclear tests there and, hence, produces ambiguous results,
we selected chlorofluorocarbons as anthropogenic tracers. Emission of
CFCs began in the 1940s with the usage as refrigerants or propellants
resulting in an increase of atmospheric and subsequently groundwater
concentration. After the Montreal protocol, CFCs were replaced re-
sulting in a decrease of atmospheric concentrations (Fig. 7).

CFC concentrations in the geothermal spring discharges are

600 r ' r : 1 : :
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5001 _ creqn - cFod2 | P s S
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Fig. 7. Evolution of atmospheric concentrations of CFCs (CFC-11, CFC12, CFC-
113) in the southern hemisphere. Data averaged from Plummer and Busenberg
(2006) and NOAA (2015). Results for selected springs (Liq, Liu, Pan, Poz, Rin,
SL) are converted into atmospheric concentrations [pptv] (see text). (For in-
terpretation of the references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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reported in Table 2. All samples of thermal springs and meteoric waters
contain CFCs. As expected, high concentrations are observed in me-
teoric samples (Lake Pucén: e.g. CFC11 = 3.5pmol/L) due to a con-
tinuous exchange with the atmosphere. Geothermal springs have lower
values (e.g. CFC11 = 0.22 — 2.2 pmol/L). Particularly low values of
CFC11 < 0.5pmol/L are observed for springs south of the volcanic
chain (Liq, Car, Chi). For comparison to atmospheric concentrations
aqueous concentrations [pmol/L] of fluids determined are converted
into atmospheric concentrations [pptv] using Eq. (2) (Plummer and
Busenberg, 2006).

Ci= KH,i*Xi(P - szo) 2)

where C; is the aqueous concentration of each CFC, Ky; is the CFC
specific Henry’s law constant dependent upon TDS and temperature, c;
the dry air mole fraction of each CFC, P the elevation-depended total
atmospheric pressure and py20o the temperature-dependent water vapor
pressure. Results of the conversion are shown in Table 4. The results of
selected springs are presented in comparison to atmospheric con-
centration evolution in the southern hemisphere in Fig. 7. Direct age
determination (simple matching of fluid and atmospheric concentra-
tions as presented by Plummer and Busenberg (2006)) yields non-
modern infiltration. Consistently CFC-11 and CFC-12 values for thermal
springs yield similar age estimations (e.g. Pan: age(CFC-11) = 1967.5;
age(CFC-12) = 1969), with younger infiltration ages being obtained
from CFC-113 (Pan: age(CFC-11) = 1975). This discrepancy is, ac-
cording to Plummer and Busenberg (2006), an indication of subsurface
mixing processes. Thus, in the following section subsurface flow is in-
vestigated with respect to mixing processes comparing observed CFC
concentrations of hot springs with theoretical groundwater concentra-
tions of different subsurface mixing models.

Anthropogenic tracers determined in thermal springs reflect a flux-
averaged mixture of differently aged fluids (Gardner et al., 2011). The
mixing of groundwater depends on the mixing processes (Turnadge and
Smerdon, 2014). We compare no-mixing, piston flow to binary mixing
and exponential mixing.

Binary mixing (Eq. (3)) is an end-member mixture of two differen-
tially weighted (y) water bodies of different infiltrations ages and,
hence, different input concentrations (C;, C,) resulting in the observed
concentration Cgps.

Cobs = C1x + GQ1 _X) 3

In the geothermal context, binary mixing reflects the mixing of old
and hence CFC-free reservoir fluid with CFC bearing meteoric
groundwater. This approach represents the mixing of the thermal fluid
crossing shallow groundwater during ascent. Exponential mixing (Eq.
(4)) describes complete mixing of multiple water bodies with different
infiltration ages and hence CFC content. In the geothermal context, it
displays a flow system of variable flow paths and/or the progressive
addition of meteoric water to the geothermal reservoir. The observed
CFC concentration C(tops) represents the average concentrations with a
mean subsurface transient time © (Maloszewski and Zuber, 1982).

C (tops) = ‘/(;“"’ Catmos (fobs — [/)e_m,%e%d[/ 4
where C,umos is the date-specific infiltrated CFC concentration, tp, the
time of observation, t’ is the integration variable representing the in-
filtration age of each water portion and the exponential term accounts
for first-order decay with half-life A (included when appropriate e.g. in
terms of intense bacterial reduction).

In the first step, it is tested whether subsurface mixing can be de-
scribed by the binary mixing approach (Fig. 8), while in a second step
exponential mixing is evaluated (Fig. 9). In Fig. 8 analyzed CFC con-
centrations of hot spring waters are compared with theoretical fluid
concentrations of (1) no-mixing fluid flow (piston-Flow) or (2) binary
mixing. The binary mixing line (Eq. (2)) is constructed by the connec-
tion of CFC-free fluid (c(CFC) = 0) with the CFC signature of recently
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Results of subsurface mixing analysis. Binary mixing determines proportions of old, CFC-free fluid, while exponential mixing displays the mixing by mean transit time
averaging residence times of different fluid bodies. Not shown are analyses of Cofiaripe, Rio Blanco and Toledo hot springs as contamination with atmospheric CFCs

could not be excluded.

CFC-11 CFC-12 CFC-113 Binary mixing Exponential mixing
Hot spring Label [pptv] [pptv] [pptv] [% old CFC-free] Mean transit time [a]
Carranco Car 21.7 +25 66.5 +9.8 8.1 +8.1 90 + 0.5% 300-400
Chihuio Chi 11.1 +25 27.4 +9.8 4.9 +8.1 96 + 0.5% > 500
Lake Pucon Lake 179.4 + 20.5 415.9 + 39.6 52.9 +8.3
Liquine Liq 16.4 +26 39.6 *9.9 6.6 +8.3 93 + 0.5% 450-550
Liucura Liu 112.7 +15.4 257.4 +19.8 331 +8.3 51 = 4% 50-60
Los Pozones Poz 30.2 +5.0 72.3 +9.8 9.7 +8.1 86.5 = 1.5% 200-300
Menetue Men 25.6 +5.1 71.3 *9.9 8.3 +8.3 88 + 1.5% 300-400
Palguin Pal 40.3 +5.0 101.6 +9.8 11.3 +8.1 82 + 2% 170-190
Panqui Pan 35.3 +5.0 95.9 +9.8 9.7 +8.1 83 * 0.5% 180-210
Rincon Rin 80.6 +10.1 172.1 *9.8 21.0 + 8.1 67 + 2% 80-100
Rinconada RinCo 84.4 +9.9 193.8 +19.4 23.8 +79 63 + 4% 80-90
San Luis SL 61.5 +10.2 142.5 +9.9 16.5 + 8.3 73 £ 2.5% 110-120
Trancura Tra 56.2 +10.2 144.2 +9.9 14.8 +8.2 72.5 = 3% 120-140

infiltrated groundwater (assumed infiltration age = 2013) (Fig. 8). For
the CFC-11/CFC-12 system (Fig. 8a) CFC concentrations of thermal
discharges match the Piston-Flow and partially also the binary mixing
approach. However, when considering the remaining concentration
plots, a discrepancy becomes obvious (Fig. 8b and c). Here the binary
mixing and the measured CFC concentrations show a significant coin-
cidence, whereas the Piston-Flow fluid movement is not the process
generating hot spring waters of the Villarrica system. All thermal
springs (also those not presented) match the constructed binary mixing
curve within the range of the errors. Mixing ratios of old, CFC-free and
meteoric fluids in exchange with recent atmospheric CFC concentra-
tions can be derived from the positions along the binary mixing curve.
Proportions from 50 to 96% of old fluid are determined for the analyzed
samples (Table 4). Higher degrees (> 90%) of an old, CFC-free fraction
are determined for springs along the LOFS in the plutonic sequence
(Chi, Liq, Car).

Exponential mixing curves, additionally displaying exemplary mean
transient times, are plotted in Fig. 9. Fluids, resulting from a mixing
process based on an exponential mixing model, can be characterized by
the mean transient time t, averaging the ages of mixed water bodies.
The CFC concentrations of thermal spring waters match the exponential
mixing curve within the range of errors. Mean transient times of
50-500 a are determined (Table 4). As expected and in coincidence
with results from binary mixing high mean transit times are calculated
for springs along the LOFS (Liq, Car, Chi).

4.5. Comprehensive discussion and conceptual model

The results of analysis of CFC concentrations reveals that subsurface
mixing strongly affects the circulation system. It becomes obvious that
the mixing process (binary end-member mixing or continuous ex-
ponential mixing) cannot be resolved as the two theoretical mixing
lines have only minor deviations and, hence, CFC signatures of the hot
springs match both mixing lines.

Considering the measured local heat flow density of
Qo = 132-168 mW m~2 (Hamza and Mufoz, 1996) and assuming a
thermal conductivity range of A =20-3.0W m 'K~ ! (eg.
Eppelbaum et al., 2014) and a radioactive heat production range of
A = 0.5-3mW m ™3 (e.g. Jaupart et al., 2016; Rybach, 1976) for crustal
rocks, the reservoir depth can be constrainted to z = 1600-3100 m
considering the estimated maximum reservoir temperatures of 140 °C.
For geothermal fluids of comparable reservoirs, infiltration ages typi-
cally > 1000 a are determined, often even exceeding 10000 a (e.g.
Morikawa, 2005; Pearson, 1991; Waber et al., 2017; Yokochi et al.,
2013). Mean transient time of 50-500 a, as required to fulfil the CFC
signatures of the fluids in terms of exponential mixing, conflicts with
observations for geothermal circulation systems worldwide. As a con-
sequence we believe that binary mixing between a deep CFC-free geo-
thermal fluid and shallow groundwater with a modern CFC signature is
most likely to reflect the subsurface mixing process. This mixing takes
place during ascent of the geothermal fluid to the surface.

The lithology transition affects the geothermal circulation systems.
In the plutonic sequence south of the volcanic chain, hot springs (Chi,
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Fig. 8. Tracer plots comparing a) CFC-11 vs. CFC-12, b) CFC-12 vs. CFC-113, and c¢) CFC-11 vs. CFC-113 for southern hemisphere atmospheric input concentrations.
Black lines represent the Piston-Flow approach with selected infiltration ages (+). The blue lines depict binary mixing of modern water, infiltrated 2013 with pre-
modern, CFC-free water. Blue circles representing different mixing ratios. Red dots show analyzed CFC concentrations of selected thermal fluids. For legibility, only
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Liq, Car) occur along the distinct run of the LOFS master fault. The
highest percentages of the old fluid fraction are observed from results of
CFC analysis. In combination with the (quasi) equality between re-
servoir and discharge temperature we conclude a highly channeled
fluid ascent, presumably taking place on distinct, permeable fault
zones. At the volcanic chain and to the north of it, the hot springs,
discharging from volcanic or volcano-sedimentary formations, have
higher and more variable proportions of mixing with meteoric waters.
The hot springs have a more disperse spatial distribution often asso-
ciated with secondary faults, fractures or lithology boundaries. In
combination with the discrepancy between reservoir and discharge
temperatures a branched, less focused fluid circuit is indicated. The
differences in fluid pathways may be related to the different responses
of the lithologies to the regional stress field. For instance, a similar
behavior is inferred for the differences between gneisses and granites in
the Black Forest by Stober and Bucher (1999), where the development
of deep conduits is limited to granitic bodies.

Reservoir temperature estimations from oxygen fractionation of the
H,0-SO, system are in good agreement with refined solute (Nitschke
et al., 2018) and multi-component geothermometric methods (Nitschke
et al., 2017). In these studies, on selected springs in the volcanic chain
(RinCo, Rin) higher temperatures (up to 180°C) are estimated in
agreement with maximum temperature estimations for the Geometricas
hot spring (Sanchez et al. (2013). From all methods used, the following
reservoir temperatures can be derived: a) 80-100 °C for springs along
the LOFS in plutonic rocks, b) 100-140 °C for springs north of the
volcanic chain and c) elevated temperatures (up to 180 °C) for some
springs in the volcanic chain. The low discharge temperatures in group
b) cannot be explained by higher dilution rates with shallow, cold
groundwater alone, since linear temperature extrapolation towards
100% CFC-free fluid does not yield the determined reservoir tempera-
tures (Fig. 10). Hence, a combination of conductive cooling and cooling
by mixing with meteoric groundwater causes the decrease in the out-
flow temperature.

The origin of the different reservoir temperatures in plutonic and
volcano-sedimentary formations might be related to: A) different basal
heat flow qo; B) variations in circulation depth of the geothermal fluids
or C) different heat conductivities A of the two lithologies. Whether the
two first options are possible, option C is doubtful, as higher reservoir
temperatures in the volcano-sedimentary formations would require
higher heat conductivities of these rocks keeping the remaining para-
meters (A, qo, z) constant. Yet in general plutonic rocks have heat
conductivities exceeding that of volcanic rocks (e.g. Eppelbaum et al.,
2014). The elevated temperatures in the volcanic chain might result
from a limited, local intrusion of volcanic volatiles generated by mag-
matic degassing (Held et al., 2017) or a locally enhanced geothermal
gradient both possibly related to the volcanic activity of the Villarrica
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volcano.

In the following a conceptual model summarizing all studies of the
Villarrica geothermal system (Held et al., 2015; Held et al., 2016; Held
et al., 2017; Nitschke et al., 2017, 2018; Sanchez et al., 2013) is pre-
sented (Fig. 11). The geothermal system is located at the intersection of
LOFS with WNW-ESE oriented Andean Transfer faults (MVFZ and sec-
ondary faults). For the Caburgua segment a sub-vertical LOFS, < 3km
in width, is revealed by magnetotellurics presumably forming a flower
structure. For the MVFZ a north dipping structure below the volcanic
chain is detected by MT measurements. The medium enthalpy geo-
thermal system is recharged by meteoric water. Fluid composition is
controlled by water-rock interaction with igneous rock. Indications for
a major magmatic contribution are lacking. Elevated B/Cl ratios ob-
served for springs at the volcanic chain indicate a minor contribution of
magmatic vapor addition. This observation is in accordance with the
findings of Wrage et al. (2017), which are able to relate higher B/Cl
ratios in SVZ to ATF faults misoriented to the regional stress field. The
gradual transition from plutonic rocks of NPB to volcano-sedimentary
rocks of the Cura-Mallin formation can be located in the volcanic chain
by Sr isotopes and Rb/Sr ratios in the geothermal fluids. The geo-
thermal circulation pattern appears to be lithology-controlled and
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Fig. 11. Conceptual model illustrating the li-
thology-controlled fluid circulation proposed
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therefore showing formation-specific differences. In the plutonic se-
quence along the LOFS a channeled fluid flow on discrete, permeable
conduits is suggested. In the Cura-Mallin formation, ramified fluid
movement appears to be distributed over a wide spread fracture and
fault network. Similar fluid movement conditions are suggested by
Sanchez-Alfaro et al. (2016) for the Tolhuaca geothermal reservoir, also
present inside the Cura-Mallin formation. The findings support the
concept of Wrage et al. (2017) proposing subhorizontal flow in volcano-
sedimentary units of the Cura-Mallin formation and vertical flow pre-
vailing in plutonic units. Reservoir temperatures of 100-140 °C in the
volcano-sedimentary units exceed the maximum temperatures of
80-100 °C determined for hot springs discharging from plutonic rocks.
Maximum in-situ temperatures of up to 180 °C are estimated for in-
dividual hot springs on the flanks of the Villarrica volcano.

5. Conclusion

The principal goal of geothermal exploration methods is the iden-
tification of hydraulic and thermal reservoir properties. Very often, in
early stages of geothermal exploration hot spring fluids are the only, yet
indirect access to the subsurface allowing forecasts on geothermal re-
servoir conditions. The specific situation at the Villarrica-Quetrupillan-
Lanin volcanic chain with numerous hot springs discharging could be
used to test different geochemical methodologies. The combination of
different geochemical methods (CFC, Sr isotopes, geothermometry,
etc.) enables a detailed investigation on subsurface conditions re-
garding subsurface mixing, identification of reservoir rocks and re-
servoir temperatures.

Since only minor geochemical variations of rock composition are
exposed, Sr isotope signatures in combination with Rb and Sr con-
centrations turned out to be a most sensitive lithology tracer. The li-
thology transition can be traced in the fluid signature and situated in
the volcanic chain. Therewith the methodology can be used to exhibit
the contrast between the plutonic formations south of the volcanic
chain towards the volcano-sedimentary units in the north. CFC species
in combination with the fractionation of oxygen isotopes quantify the

fluid systems in terms of subsurface mixing processes and reservoir
temperatures. The results provide key information for a geochemically-
based conceptual model hinting at a disperse, rather slow circulation
along a branched fault and fracture network at higher subsurface
temperatures in the volcano-sedimentary sequence. In the plutonic
formations, a channeled, faster flow along distinct fault zones of the
LOFS at lower subsurface temperatures is derived. Thus, lithological
control of the circulation pattern is indicated. Additional hydro-
geological or geophysical information would be required to support the
identification of optimum geothermal reservoir conditions linked to the
Cura-Mallin formation.

The application of CFC analysis offers important perspectives for
future geothermal resource analysis. Since effects from dilution can be
quantified and eliminated, it allows for a reconstruction of the true
reservoir fluid composition. Only then, trustful estimations of reservoir
temperatures can be conducted minimizing the large spread of tem-
perature estimations from classical geothermometer approaches. For
the Villarrica system the re-evaluation of different solute geotherm-
ometers, conducted in the second part of the combined study (Nitschke
et al., 2018), generates concordant and plausible subsurface tempera-
tures disclosing midium-enthalpy conditions. Besides enhancement of
geothermometry the true reservoir fluid composition also enables a
reliable prediction of scaling and corrosion.
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