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ABSTRACT

The Aysen region, located in Southern Patagonia, Chile (43°38’S to 49°16’S) has optimum conditions for the
formation of geothermal systems: Magmatic processes, abundant rainfall and active faults systems. In fact,
several thermal springs emerge in coastal and inland areas of the Aysen region. Thermal springs in the coastal
areas are spatially related to the Liquifie-Ofqui Fault System (LOFS), a major strike-slip fault system that runs
along the southern segment of the Southern Volcanic Zone, and could be controlling groundwater circulation.
Despite the existence of literature regarding the composition of thermal springs, they do not elucidate the origin
of thermal waters, the source of their chemical components nor have their hydrogeochemical processes been
investigated. This knowledge will provide a useful tool for exploration of geothermal resources in the Aysen
region.

Sixteen thermal waters, three fjord waters, and three meteoric water samples were collected and analysed for
major-minor ions, some trace elements (B, Li) and stable isotopes of 82H and 8'®0. Classic geochemical tools
(i.e.: ratio of elements, ion vs chloride content), Hierarchical Cluster Analysis (HCA) and Factorial Analysis (FA)
suggest there are three water groups (G1, G2 and G3). G1 and G3 are Na—Cl type coastal thermal springs with
electrical conductivity (EC) above 1000 puS/cm and mostly neutral pH (6.4 to 8.4). G1 has the highest average
concentrations of Cl~, SO42~, Na*, Ca®?* while G3 has the highest values T°, SiO,, HCO3~, Li, B. The G2
samples are from Aysen inland areas, have EC below 1000 uS/cm, slightly alkaline pH (7.9 to 9.6) and are Na-Cl-
HCO; type with higher average values of T°, SiO,, HCO3~ and Li than G1.

Factorial analysis indicates that two factors explain 82.1% of the total dataset variance. Factor 1 is formed by
Cl~,S04%27,Na*, Ca®™, Li and B, which we associated with fjord water mixing processes. The factor 2 formed
by T°, SiO,, HCO3 ™, Li and B might be interpreted as: i) silicate weathering from the North Patagonian Batholith
and ii) volatile elements transported through high temperature vapours from a volcanic degassing source. These
two components which could interact and overlap are address as “magmatic-hydrothermal” in this work. The
factorial scores distribution is consistent with the HCA suggesting that fjord water mixing is the dominant
geochemical process for G1 samples while G2 samples are influenced by magmatic-hydrothermal fluids. The G3
thermal waters show both processes with a greater influence of magmatic-hydrothermal fluids. The calculated
saline factor (3.4% to 42.3%) supports fjord water mixing processes as one of the dominant processes affecting
the coastal thermal spring's composition.

The stable isotopic data (5%H and 8'®0) fall in the local meteoric water line (LMWL), suggesting current
recharge and limited oxygen isotopic exchange during rock-dissolution processes. This could indicate short
residence times and/or abundant contribution of actual meteoric water at shallow depths.

1. Introduction

influencing its hydrogeochemical features, such as the nature of the
initial recharge waters, the residence times, the water-rock interactions

During the last decades, several studies have been undertaken to and water mixing processes (e.g. Dotsika, 2015; Dotsika et al., 2010;
analyze the chemical and isotopic composition of geothermal fluids. Ellis and Mahon, 1964, 1977; Giggenbach, 1988, 1995; Millot et al.,
That studies have allowed a better understanding of factors that are 2012; Vengosh et al., 2002). Research on coastal geothermal systems
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have been performed worldwide, examples include Iceland (e.g.
Arnorsson et al., 1983a, 1983b), New Zealand (e.g. Millot et al., 2012;
Reyes et al., 2010), Greece (e.g. Dotsika, 2015; Dotsika et al., 2010;
Duriez et al., 2008), and Turkey (e.g. Vengosh et al., 2002). Thermal
fluids along coastline are mainly Na—Cl type and generally brackish to
saline because seawater masks the original ionic composition of the
fluids (Dotsika, 2015).

In Chile, several authors have inventoried thermal springs (Hauser,
1997; Pérez, 1999), studied the chemical and isotopic composition of
thermal fluids (Benavente et al., 2013, 2016; Capaccioni et al., 2011;
Cortecci et al., 2005; Pérez, 1999; Ray et al., 2009; Risacher et al.,
2011; Sepilveda et al., 2004, 2007; Tassi et al., 2005, 2010) and
characterized the interplay between volcanism and structural control
on geochemistry of thermal waters (Alam et al., 2010; Pérez-Flores
et al., 2016; Sanchez-Alfaro et al., 2016; Sanchez et al., 2013; Tardani
et al., 2016). Previous studies have: i) Reported seawater influence in
thermal waters of the south of Chile (37°—45°S), including only two
samples from the Aysen region (Risacher et al., 2011); ii) carried out a
description and hydrogeochemical classification of some thermal
springs (Hauser, 1989, 1997; Risacher et al., 2011); and iii) have dis-
cussed the general hydrogeological conditions (transmissivity and sto-
rage) through well data and structural features of geological units
(Sernageomin, 2011).

The Aysen region has optimum conditions for the formation of
geothermal systems: the existence of magmatic processes (D'Orazio
et al., 2003; Gutiérrez et al., 2005; Hervei et al., 1995; Lahsen et al.,
1994), abundant rainfall (~1200 mm/year) and active faults systems
(Arancibia et al., 1999; Cembrano et al., 2002) that allow the deep
circulation and rising of fluids. The region has 16 identified thermal
springs distributed along 310 km; from Puerto Raul Marin Balmaceda
(43°50’S) to Lago General Carrera (46°36’S), in both coastal and inland
areas (Fig. 1). Thermal fluids generally outflow from fractures along the
North Patagonian Batholith (NPB), an intrusive host rock, indicating
that structural features are controlling the thermal springs and aquifer
storage capacity must be controlled by fluids circulation through frac-
tured zones. This is supported by strong interaction between recent
tectonic activity and fluid flow in the LOFS (Legrand et al., 2011).

In this study, new data from thermal, meteoric and fjord waters in
the Aysen region are analysed to elucidate the nature and origin of the
geothermal fluids. We also identify and quantify the main hydro-
geological processes driving their chemical behavior. This paper pro-
vides new information of thermal waters related to geothermal systems
in Southern Patagonia, moreover, the Aysen region has a promising
geothermal potential (Aravena et al., 2016) and these data can be used
to take further steps towards the exploration and exploitation of An-
dean geothermal reservoirs.

2. Geological and hydrogeological setting

The Aysen region (43°38’S to 49°16’S), in the Southern-most Zone of
Chile, is located in an active plate margin associated with northeast-
directed subduction of the oceanic plates under the South American
continental plate. At around 46°S, the active Chile Ridge intersect the
continental margin, separating the Nazca oceanic plate from Antarctic
oceanic plate, determining the existence of the Taitao triple-junction.
Nowadays, one segment of the active oceanic spreading ridge (Chile
Ridge) is being subducted under the General Carrera Lake, generating a
very hot young oceanic lithosphere beneath the South American plate
as a result of active opening of the slab (Lagabrielle et al., 2004).

Late subduction is evidenced by a series of Quaternary strato-
volcanoes and monogenetic cones located along fractures related to the
LOFS, considered as a major intra-arc dextral strike-slip fault system,
which runs from the 39°S to 46°S latitude (Cembrano et al., 1996, 2002;
Cembrano and Hervé, 1993; Cembrano and Lara, 2009; Niemeyer et al.,
1984). The main lineaments are represented by two NNE trending
straight segments and four NE en-échelon-trending segments in the
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Aysen region (Cembrano and Hervé, 1993) (Fig. 1). Structures in the
study area coincide with an extensive fjord network formed by narrow
channels and several islands, which separate the mainland from the
adjacent Pacific Ocean (Bertrand et al., 2012). The geology along the
LOFS is dominated by NPB, a plutonic rock belt of 1000 km long and
200 km wide, emplaced during discrete episodes of magmatism from
Late Jurassic to Late Cenozoic times (Pankhurst et al., 1999; Suarez and
De la Cruz, 2001) (Fig. 1). The igneous lithology of the batholith is
mainly composed of hornblende-biotite granodiorite and tonalite,
where the igneous suite is typically metaluminous and calc-alkaline
(Pankhurst et al., 1999).

Two metamorphic complexes crop out west and east of the NPB
(Fig. 1). The western unit is the Chonos Metamorphic Complex (CMC),
which has been interpreted as an accretionary complex (Hervé et al.,
1988) deposited during Late Triassic times (Fang et al., 1998; Herve
and Fanning, 2001). It is mainly composed by metaturbidites, with less
presence of metabasites, metachert, and green schist (Herve et al.,
1981; Willner et al., 2000). The eastern unit is the Eastern Andean
Metamorphic Complex (EAMC), which is composed of metasandstones,
metapelite-schists, metaconglomerates, metacherts, and marble (Hervé
et al., 2008; Ramirez-Sanchez et al., 2005) from an upper Devonian-
early Carboniferous depositional age (Herve et al., 2003). The EAMC
underlies in disconformity and angular unconformity with the Meso-
zoic-Cenozoic volcanic-sedimentary sequence located mainly in the
back-arc domain (De la Cruz and Suarez, 2006; Niemeyer et al., 1984).

The fluvial and glaciofluvial unconsolidated deposits of Holocene-
Pleistocene ages are the most important hydrogeological units generally
located next to coastal villages, mainly in valleys or terraces
(Sernageomin, 2011). In addition, the geological units with high per-
meability in eastern locations are restricted to fluvial deposits of low
thickness in the edges of the active streambeds (Sernageomin, 2011).
On the other hand, the hydrogeological information of igneous, meta-
morphic, and volcanic-sedimentary units cropping out in the most part
of the region is still scarce due to lack of studies and exploration wells
water resource, in spite of this, Sernageomin (2011) considered them
low permeability units.

3. Methods
3.1. Sampling and analytical procedures

During the 2015 summer-winter period we sampled a set of 16
thermal springs, along with 3 samples of fjord water and 3 samples of
rain water. Temperature, electrical conductivity (EC), redox potential
(Eh) and pH were measured in situ (Table 1). Water samples were fil-
tered using 0.45 um Millipore filters, unacidified samples were col-
lected for anion analysis, and acidified samples (with Suprapur® Nitric
acid) for cations and trace elements analysis. Additionally, unfiltered
samples were collected for isotopic analysis. All samples were stored in
pre-cleaned polyethylene bottles at 4 °C.

Major, minor and trace elements were analysed in the laboratories
Andean Geothermal Centre of Excellence (CEGA). C1~, SO4%~,F~,Br~,
and NO3~ contents were determined by Ion Chromatography (IC,
Dionex ICS 2100) with a detection limit of 0.03 mg/l. Na*, K*, Ca® ¥,
and Mg®* were measured by Atomic Absorption Spectrophotometry
(AAS, Perkin-Elmer Pinaacle 900F) with detection limits of 0.05, 0.12,
0.15 and 0.003 mg/1, respectively. B and Li contents were determined
by Inductively Coupled Plasma Mass Spectrometry (ICP-MS, Thermo
iCAP Q) with detection limits of 0.20 and 0.02 ppb, respectively. The
SiO, contents were analysed by Portable Photometer (Hanna HI96705)
with a precision of = 3%, and HCO3; ™~ concentration were determined
by Volumetric Titration using Giggenbach and Goguel (1989) method.
Isotopes analysis was carried out in the Estacién Experimental de Zaidin
(CSIC, Spain). The 8'80 and 8*H were analysed by Finnigan Delta Plus
XL mass spectrometer. Oxygen isotopes were measured using the CO,-
H,0O equilibration method (Epstein and Mayeda, 1953). Hydrogen
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isotopic ratio were determined from H, after the reaction of 10 ml of 3.2. Geostatistical methods
water with metallic zinc at 500 °C (Coleman et al., 1982). The experi-

mental error was + 0.1% and = 1.1% for 8'80 and 8%H values, re-

spectively.
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80° W 60° W 40°W Fig. 1. Geological map of the Aysen region, southern Chile.
The location of the thermal springs, superficial manifesta-
tions of volcanic activity, main traces of LOFZ and sec-
ondary lineaments are shown.

Modified of Sernageomin (2010).

Multivariate statistical methods have been widely used in several
studies to identify geochemical clusters and to establish the main
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physico-chemical processes controlling the composition of water sam-
ples (Cloutier et al., 2008; Daniele et al., 2008; Giiler et al., 2002;
Tanaskovi¢ et al., 2012). The statistical methods used in this study are
hierarchical cluster analysis (HCA) and factorial analysis (FA).

HCA is a multivariate statistical technique that identifies relatively
homogeneous clusters based on similarities of selected parameters.
Samples with larger similarity are first grouped using a distance mea-
sure, subsequent samples are joined with a linkage rule until all samples
have been classified. In this study, we used Euclidean distance and
Ward's method, respectively. According to Giiler et al. (2002), this
combination produces the most distinctive geochemical clusters. Fi-
nally, HCA is visualized as a dendrogram, where the similarity between
clusters is represented by the linkage distance at which the branches are
connected.

FA is used to identify similarities and differences between variables
and samples, helping on the data interpretation. This statistical method
generated a small number of uncorrelated factors from a set of corre-
lated variables that explain most of the variance without a substantial
loss of information (Daniele et al., 2008). A subsequent geochemical
interpretation for each factor will provide us an idea of the dominant
hydrogeochemical processes that control the distribution of compo-
nents in thermal waters. The number of extracted factors was de-
termined using Kaiser's criterion, meaning that only factors with ei-
genvalues higher than one are retained. In addition, we applied the
Bartlett and KMO (Kausir, Mayer and Olkin) test to assess the sig-
nificance of the factorial model. A Varimax normalized rotation was
used to maximize the variance and to facilitate the interpretation of the
factors.

Sixteen thermal water samples, one fjord water and one meteoric
water sample were used in the HCA and FA analysis. We choose the
most saline fjord water sample and the most diluted meteoric water
sample because they represent end-members of the geothermal fluid's
recharge. The parameters used are T°, SiO,, Cl~, $042~, HCO; ™, Na*¥,
Ca2™, B, and Li. Concentration values lower than the detection limit
were replaced by half of the detection limit value if they do not exceed
20% of the total data.

Most parameters show a high positive skewness and non-normal
distribution. For this reason, they were log-transformed to approach a
normal distribution, except for T° and SiO, whose distributions are
close to normal. Afterward, the nine variables were normalized.
Therefore, each variable has equal weight in the statistical analysis.
Both data transformations are often used in multivariate statistical
analysis (Cloutier et al., 2008; Giiler et al., 2002).

3.3. Fjord water contribution

The chemical and isotopic composition of a binary mixing varies
systematically depending on the relative abundance of their end
member (Faure, 1998). Therefore, the fjord water contribution (f;) was
calculated as a theoretical percentage of a conservative mixing between
meteoric water and fjord water considering: (1) Cl~ is a conservative
element and (2) all C1™ content has a fjord water origin (Daniele et al.,
2013; Pulido-Leboeuf, 2004).

The fjord water contribution calculation considers Cl~ content in
the geothermal water (Ccjsample), Cl~ concentration of the most diluted
meteoric water (Cgjsy), and C1™ content of the most saline fjord water
sample (Ccysw) as follows:

C - C *
f; — ( Cl,sample Cl,fw) 100

(Cetsw — Cerfiv)
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4. Results and discussion
4.1. Hydrogeochemical features and geochemical processes

The analytical measurements of the water samples are presented in
Table 1. Thermal waters have a wide range of EC which varies from
217 puS/cm to 11,660 uS/cm. The samples with EC values above and
below 1000 pS/cm correspond to thermal springs located in coastal (n°
1,3,4,5,7,8,11, 12, 13 and n° 15) and continental (n° 2, 6, 9, 10, 14
and n° 16) zones, respectively. Temperature ranges between 33.2 °C
and 85.7 °C, the maximum temperature was measured in a shallow
borehole (~40 m), located on the eastern shore of the Puyuhuapi fjord,
5 km south of the Puyuhuapi town (sample n° 5, Ventisquero, Table 1).
The thermal waters pH ranges from 6.4 to 9.6, with higher values
measured mostly in inland areas.

The Piper diagram shows different water types based on the ionic
concentrations. Piper diagram (Fig. 2) indicates that Na* is the major
cation, whereas C1~ and HCO3~ are the dominant anions in thermal
springs. Thermal waters are mainly Na—Cl type and there are only two
Na-HCO3 water types. However, a curved hydrogeochemical evolution
path is also distinguished from Ca-HCO3 meteoric waters via Na-HCO3
to Na—Cl thermal waters, suggesting that mixing and water-rock in-
teraction processes can be driving the chemistry of the thermal springs
samples (Appelo and Postma, 2004; Daniele et al, 2013;
Srinivasamoorthy et al., 2011).

The concentrations of measured elements in thermal springs were
plotted as a function of the measured temperatures show different
trends (Fig. 3). These trends suggest that different hydrogeochemical
processes are acting in these waters. Samples n° 1, 5, 12, 13 and n° 15
show greater concentrations of HCO;~, K*, SiO,, B and Li respect to
others coastal thermal samples (Table 1 and Fig. 3) and will be differ-
entiated with other colour to better display final results.

Ionic ratios versus chloride (Fig. 4) were plotted to evaluate the
origin of dissolved components in the thermal waters if Cl~ is a con-
servative element. In the Br/Cl vs Cl~ scatter diagram (Fig. 4a) thermal
springs fall close to fjord water values (1.5 x 10~ %) except for thermal
spring n° 15 (7.3 x 10~ %), suggesting a fjord water contribution ac-
cording to their geochemistry. This possibility is valid for thermal
springs located in coastal zones, but it is surprising for inland thermal
springs. Nevertheless, the Cl/Br ratios of Aysen inland samples
(493 — 646) are in the range of values (300 — 650) reported by Alcala
and Custodio (2008) for inland areas with marine spray effects.

Another good tracer to identify the origin of soluble ions is the Na/
Cl ratio. In fact, Na/Cl values greater or < 1.0 are related to non-
marine or marine sources, respectively (Vengosh, 2003; Vengosh et al.,
2002). In the Na/Cl vs Cl~ diagram (Fig. 4b) an increase in Na/Cl
values is displayed for less saline waters. Na/Cl values greater than 1.5,
related with non-marine (fjord, in this case) source, is the general trend
of the inland thermal waters. Nevertheless, the sample n° 15, located in
coastal zone, has a similar Na/Cl value (2.49) indicating a non-fjord
source too, which is consistent with previously mentioned by Br/Cl
ratio. Additionally, the samples n° 5, 11 and n° 12, located in coastal
areas too, have Na/Cl values between 1.0 and 1.5, which could be in-
terpreted that there is not a fjord water contribution. But, these in-
creases in Na/Cl values can be explained by flushing of the mixing zone
(Vengosh, 2003) or silicate weathering processes that contribute Na™*
ions to the hydrothermal system.

The same pattern is identified for the B/Cl, Li/Cl, SO4/Cl and HCO3/
Cl ratios (Fig. 4c, d, e, f): An exponential decrease in the “ion/Cl” values
at high chloride contents reaching values close to the fjord water
samples. The high “ion/Cl” values, relative to fjord water ratio suggest
that water-rock interaction processes and deep thermal solutions
mixing could affect the geochemistry of Aysen thermal springs. Indeed,
the high HCO3/Cl and SO4/Cl values respect to fjord water ratio in
some thermal spring could suggest absorption of CO, and H,S by vol-
canic degassing. Nevertheless, it cannot be discarded a contribution of
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Fig. 2. Piper diagram of fjord, meteoric and thermal water
samples.

HCO; from silicate weathering and dissolution of soil CO,, and in case
of SO4 by sulphide oxidation. In addition, thermal springs with higher
B/Cl and Li/Cl ratios than fjord water could indicate that rock dis-
solution processes are taken place. Both elements have significant
concentration in igneous rock, being consistent with the host rock of the
thermal springs (NPB). On the other hand, the ‘ion/Cl’ values close to
fjord waters are usually observed in coastal thermal springs (except the
sample n° 15) where fjord water mixing is probably the dominant
process in the geochemistry of these thermal waters.

In the Fig. 5 is shown the variation of the B/Cl and Br/Cl ratios,
proposed by Vengosh (2003) to differentiates between multiple salinity
sources. The thermal springs fall in two domains linked to hydro-
thermal and marine sources, which coincide with previously proposed
sources. In fact, the dominant process for thermal springs n° 7 and n° 8
(Isla Magdalena area) is seawater intrusion (Fig. 5), being consistent
with depletion in the Na/Cl values and excesses in the SO,/Cl and Ca/Cl
values respect to fjord waters (Fig. 4) interpreted as actual fjord water
intrusion in the system (Daniele et al., 2013).

4.2. Saline factor

As there is not a relationship between temperature and chloride
content (Fig. 3), 8°H and 8'®0 don't show a significant influence of
volcanic fluids (Fig. 9) and no other chloride sources different to fjord
were distinguished in coastal thermal fluids except for thermal spring n°
15 (Fig. 4a), so it can be assumed that all chlorine in these samples has a
fjord origin. Therefore, the saline factor can be calculated as fjord water
percentage.

The fjord water percentages calculated is shown in Table 1. The
highest fjord water percentage is 42.3% for thermal spring n° 1. This
springs outflow at fjord water table elevation and it is visible only with
low tide. High fjord water percentages were also calculated for the
samples n° 3, 4, 7 and n° 8, indicating that fjord water mixing is an
important process in the chemistry of these thermal waters. The dif-
ferences observed in SiO,, HCO;~, Ca? ™, F~, Li and B could be related
to the not conservative chemical behavior of these elements. Samples

without a calculated saline factor are inland thermal springs with no
influence of fjord water.

4.3. Water-rock interaction processes

Different chemical reactions such as dissolution/precipitation, oxi-
dation/reduction and ion exchange processes can influence in the
chemistry of waters during water-rock interaction processes where
carbonate-silicate weathering, halite-gypsum dissolution and pre-
cipitation are common in groundwater systems (Elango and Kannan,
2007). In addition, almost all ions except for bromide suggest that
water-rock interaction processes exert an influence on the thermal
waters (Fig. 4), mainly in inland areas, where it is probably a dominant
process that controls the chemistry of these samples.

In the (Ca + Mg) vs. (HCO3 + SO,) diagram (Fig. 6a) most thermal
waters plot below the 1:1 ratio line, suggesting that silicate weathering
is taking place, which is consistent with the mineralogy of the host rock
(NPB). In addition, higher SiO, concentration relative to fjord and
meteoric water samples, Na/Cl ratios > 1.0 and (Na + K) excess over
Cl~, support the hypothesis of a chemical component contribution via
silicate weathering (Srinivasamoorthy et al., 2011; Stallard and
Edmond, 1983). On the other hand, Fig. 6a shows an increase in (Ca
+ Mg) contents without variations in (HCO3; + SO,) in the samples n°
1, 3, 4, 7, and n°8. These thermal springs have the highest fjord water
contribution (Table 1), and therefore, the increase in (Ca + Mg) con-
tents may be due to XNa™-1/2XCa* 2 cation exchange in the saltwater
wedge, an important and common process in the chemistry of coastal
aquifers (Appelo and Postma, 2004). Moreover, most of the thermal
waters plot along the line with a slope of — 1 in the (Ca + Mg-HCOs3-
SO,4) vs. (Na + K-Cl) scatter diagram (Fig. 6b), suggesting that cation
exchange is a significant process in thermal springs (Fisher and
Mullican, 1997; Kim et al., 2004). However, the samples n° 1, 3, 4, 7
and n° 8 are not in line with this relationship, probably indicating that
fjord water mixing is the dominant process in these thermal springs. In
addition, inland thermal springs also plot along the line with a slope of
— 1, probably because Ca®™ is being controlled by cation exchange
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Fig. 3. Dissolved ions [mg/1] vs. surface temperatures [°C] of thermal water samples. Different colours in coastal thermal springs are to better display final results. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

with Na* in silicate minerals such as clays and zeolites, instead of
dissolution of carbonate (Fournier and Truesdell, 1973).

4.4. Multivariate statistical analysis

HCA is shown as a dendrogram (Fig. 7). A segmented horizontal line
was drawn across the dendrogram “phenon line” at a linkage distance of
five (Fig. 7). Thus, water samples below the phenon line were grouped
into the same cluster. We identify three main clusters (G1, G2 and G3)
and one isolated water sample of meteoric water. The cluster G1 in-
cludes thermal waters located on the coastline (coastal thermal waters
symbolized with blue colour) and the fjord water sample. These sam-
ples are Na—Cl type water with the highest average concentrations of
Cl™-80,%2 "-Na*-Ca®™* (Table 2). The cluster G2 only includes thermal
springs located inland, and they are mainly Na-Cl-HCO; water type,
showing a geochemical trend from Na-HCO; to Na—Cl water type
(Fig.2). These samples have higher average values of T°, SiO,, HCO3 ™~
and Li than G1 (Table 2). Finally, the cluster G3 includes thermal
springs located on the coastline (coastal thermal waters symbolized
with orange colour) with the highest average values of T°-Si0O,-HCO3; ™ -
Li-B (Table 2). These samples are mainly Na—Cl water type and show a
geochemical trend from Na-HCO3 to Na—Cl water type (Fig.2).

On the other hand, Fig. 7 shows dissimilarities among clusters. G1
and G2 relate to the lowest linkage distance (around 6), indicating a
higher affinity. Then, both clusters join with G3 at a higher linkage

distance (8), suggesting a lower chemical affinity with the mixture of
G1 and G2. On the other hand, the meteoric water sample is linked at a
high linkage distance (nearly 12), indicating that it is not enough by
itself to generate the chemical composition of the other clusters.

Factorial analysis of the hydrogeochemical dataset is shown in
Table 3. Two loading factors were identified with eigenvalues greater
than one, accounting for 82.1% of the total dataset variance. The
weight of the variables in each factor are called “loading” and each
factor is associated with at least one variable. Loading values > 0.5 are
marked in bold, which represent the importance of that variable for the
factor (Table 3).

Factor 1 accounts for most of the dataset variance (66.4%), and is
correlated with Cl~, SO42~, Na*, Ca®", Li and B (Table 3). These
variables are found in large concentration in fjord water samples and
therefore we interpreted them as indicator of fjord water mixing pro-
cesses. Factor 2 (15.7%) is determined by positive loading in T°, SiO,,
HCO3 ™, Li and B (Table 3). This is consistent with silicate weathering at
high temperature incorporating SiO,, Li and B to the fluid (Ellis and
Mahon, 1964, 1967, 1977). Nevertheless, at high temperatures, B and
HCOj; can be transported as H3BO3; and CO, (Giggenbach, 1991), so a
volcanic degassing contribution cannot be discarded. These two pro-
cesses will be grouped and named as “magmatic-hydrothermal” input of
fluids. In addition, boron and lithium have significant loading values in
both factors (Table 3), which we interpret as two different sources.
Nevertheless, lithium has a higher loading value in factor 2, suggesting
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Fig. 4. rBr/rCl, rNa/rCl, rB/rCl, rLi/rCl, rSO,4/rCl, rHCO5/rCl ratios vs. Cl~[meq/l] in thermal and fjord water sample (r means that concentration is in meq/L).

a higher contribution from silicate weathering at high temperature.
These interpretations are coherent with fjord water and hydrothermal
sources identified in Fig. 5.

The factorial scores obtained from the FA (Fig. 8) show the same
clusters (G1 — G3) as indicated by the HCA (Fig. 7). However, the most
relevant hydrogeochemical processes controlling the chemistry of
thermal springs are also identified for each cluster. G1 is mainly in-
fluenced by fjord water mixing. G2 is related to an input of magmatic-
hydrothermal fluids, yet springs n° 9 and n° 10 show a negative factor 2,
suggesting they are probably influenced only by dissolution and pre-
cipitation processes, without a magmatic-hydrothermal component. G3
shows a very positive factor 2, suggesting a dominance of magmatic-
hydrothermal components with little influence of fjord water mixing,
except for thermal spring n° 1, which has a strong fjord component
(42.3% of saline factor; Table 1). In addition, G3 shows a stronger

influence of factor 2 than G2, which correlates to higher temperatures
measured in some thermal springs (n° 1, 5 and n° 13), probably causing
higher rates of rock dissolution and/or input of magmatic fluids.

4.5. Isotope composition

The stable isotopic composition of §?H and 8'®0 in thermal springs
plots along the local meteoric water line (LMWL) and global meteoric
water line (GMWL), showing a clear relationship with actual meteoric
waters, as shown in Fig. 9. However, 8°H and 8'80 data could not show
a clear isotopic shift respect to LMWL even when up to 10% of fluids
composition have a different source (Nicholson, 1993). That means that
a magmatic contribution diluted with meteoric water cannot be dis-
carded. In fact, the Aysen thermal springs show small §°H and/or §'0
deviations, in both directions, from the LMWL (Fig. 9). Left shifts have

Fig. 5. rB/rCl vs. rBr/rCl binary diagram (Vengosh, 2003) in

thermal and fjord water samples (r means that concentration is
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Fig. 6. Ca + Mg-HCO3-SO4 vs. Na + K-Cl and Ca + Mg vs.
HCO3 + SO, binary diagrams showing different water-rock
interaction processes.
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Fig. 7. Dendogram from the HCA for water samples. Segmented line defines “phenon
line” at a linkage distance of five.

been usually associated with H,S and CO, exchange, hydration of sili-
cates and low temperature minerals reaction. Instead, right shifts have
been interpreted as CO, exchange, high temperature exchange minerals
(above 250 °C), evaporation from surface and mixing with marine
waters (Karolyte et al., 2017). Even if we cannot differentiate which of
the above processes are acting in each sample, we suggest, according
with our data interpretation that fjord water mixing, mineral reaction
and CO, exchange could induce these small deviations.

Regardless two groups with clear differences in §°H and §'°0 are
distinguished in the Fig. 9. This variation is probably related to a
continental effect (Giggenbach, 1991), causing depletion in heavier
isotopes for the recharge water of the thermal springs located in the
eastern side of the Andean mountain range (n° 9, 10 and n° 14) (Fig. 1).
Those isotopic signatures are consistent with the meteoric water sam-
pled in surrounding areas (n° 31). This suggests different recharge
sources for the thermal springs, which are derived from isotopically
different meteoric water.

Table 2

T T

-10 0 10 20
Na+K-Cl [meq/L]

Table 3

Factorial analysis with Varimax rotation. Bold value corresponds to significant variables

in each factor.

Factor Loading with Varimax normalized rotation

Parameters Factor 1 Factor 2
T 0.22 0.58
Si02 0.13 0.93
HCO3 0.22 0.83
Cl 0.96 0.25
SO4 0.93 0.28
Na 0.91 0.36
Ca 0.88 0.19
Li 0.51 0.79
B 0.64 0.62
Eigenvalor 5.98 1.41
Explained variance (%) 66.4 15.7
Cumulative % of variance 66.4 82.1

4.6. Geothermometers

Geothermometers are empirical equations commonly used to esti-
mate the subsurface temperature of thermal fluids. They are based on
the temperature dependence equilibrium between specific mineral or
mineral assemblage and solution during water-rock interaction pro-
cesses taking place in a geothermal reservoir. For this reason, any
change in the chemical constituents of fluids equilibrium conditions
(i.e., dilution, boiling, mixing, mineral precipitation and re-equilibra-
tion among others) during their ascent to the surface could result in
biased temperatures (Fournier, 1977; Nicholson, 1993).

The estimated subsurface temperature of thermal springs is highly
variable and depends on the used geothermometers (Table 4). Silica
geothermometers (Fournier, 1977; Fournier and Potter, 1982) predict a
temperature ranging from 102 to 158 °C (Table 4). Lower temperatures
were generally obtained in inland thermal springs, although coastal

Average values and standard deviation for G1, G2 and G3 water groups distinguished in the HCA.

Group Number of water samples T Si02 Cl- S04-2 HCO3 — Na + Ca+ 2 Li B
[rcl [mg/1] [ppb]
Gl 6 49.5 54.5 2174.2 397.6 27.9 1098.7 209.8 71.6 508.5
(3,4,7,8,11, 21) (% 22.8) (% 24.2) (£ 3035.7) (= 313.8) (£ 18.3) (+ 1652.7) (£ 125.2) (* 46.3) (£ 587.7)
G2 6 50.3 65.7 63.9 48.1 52.6 84.6 5.7 102.3 360.7
(2, 6,9, 10, 14, 16) (* 14.8) (*13.3) (*53.2) (*37.3) (*39.4) (* 46.2) (*41) (* 149.3) (= 310.1)
G3 5 62.5 128.6 1067.7 181.3 408.5 651.2 154.1 1010.2 1730.5
1,5,12, 13, 15) (= 21.7) (% 13.5) (£ 1370.7) (£ 54.9) (= 532.2) (= 552.0) (= 165.1) (= 453.4) (= 1415.6)
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Table 4

Estimated reservoir temperature by silica and cations geothermometers.

Sample ID  Geothermometers

Quartz®  Quartz® Quartz® Na/K° Na/K Na/K° Na/K'
(steam loss)
1 142 137 142 196 178 141 170
2 129 126 129 176 157 116 143
3 111 111 112 165 145 102 127
4 108 108 108 156 136 91 116
5 158 150 158 218 201 168 201
6 113 112 113 144 123 77 100
7 120 118 120 167 148 104 130
8 122 120 122 164 145 101 126
9 123 121 123 162 142 98 123
10 102 103 102 139 118 72 94
11 106 106 106 175 156 114 141
12 149 142 149 226 211 180 214
13 156 149 156 206 189 154 185
14 110 109 110 142 122 75 98
15 153 146 153 217 201 168 201
16 110 109 110 143 123 77 99

2 Fournier (1977).

b Fournier and Potter (1982).

¢ Giggenbach (1988).

4 Fournier (1979).

¢ Truesdell and Fournier (1975).
f Tonani (1980).

10

thermal springs are mixed with fjord water decreasing the silica con-
tents, and therefore the estimated reservoir temperatures. Furthermore,
we calculated the saturation index for quartz in all thermal springs
giving results greater than zero. This led to a decrease of the silica
content in thermal fluids by precipitation of quartz during their ascent,
estimating lower reservoir temperatures.

The Na/1000-K/100-Mg®® ternary plot proposed by Giggenbach
(1988) shows that the thermal springs fall in immature and partial
equilibrium/mixing fields (Fig. 10). This suggests that the equilibrium
conditions of the thermal springs have not been reached, probably due
to limited water-rock interaction and/or mixing processes. In fact, the
fjord water contribution is one of the factors that alter the calculated
temperatures of cationic geothermometers (Dotsika, 2015; Dotsika
et al., 2010). Thus, the estimated temperatures can only be considered
tentative, especially in coastal thermal springs.

Na—K geothermometers (Fournier, 1979; Giggenbach, 1988;
Tonani, 1980; Truesdell and Fournier, 1975) indicate reservoir tem-
peratures from 72 to 226 °C for Aysen thermal springs (Table 4). Lower
temperatures were also estimated in inland thermal springs with tem-
peratures ranged between 72 and 176 °C. Nonetheless, temperatures
lower than 180 °C using Na—K geothermometers might give wrong
results (Arndrsson et al., 1983b), and therefore should be treated with
caution.

5. Conclusions

The physico-chemical data of Aysen thermal springs was analysed
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Fig. 10. Ternary diagram of Aysen thermal springs based
on Na/1000-K/100-Mg®® (Giggenbach, 1988).
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using classic geochemical tools and multivariate statistical analysis
(HCA and FA). The results indicate three groups of thermal springs and
two dominant hydrogeochemical processes. G1 located along the
coastline is mainly controlled by fjord water mixing. G2 located in in-
land areas shows an input of magmatic-hydrothermal fluids, except for
the thermal springs n° 9 and n° 10, which are probably influenced only
by dissolution/precipitation processes. G3 includes samples located in
coastal areas which seem to be dominated by input of magmatic-hy-
drothermal fluids with a lower influence of fjord water mixing, except
for thermal spring n° 1, which has a strong fjord component (42.3% of
saline factor). In addition, this group presents the highest estimated
reservoir temperatures, which increase the rate of rock dissolution. On
the other hand, the saline factor of all coastal samples ranges from 3.4%
to 42.3%, supporting the hypothesis that fjord water mixing is a
dominant process. In addition, silicate weathering and XNa*-1/
2XCa®* ion exchange are significant water-rock interaction processes,
also controlling the chemical composition of thermal fluids.

The stable isotopic composition of 8§*H and §'20 in thermal spring
plots along the LMWL, showing a clear source from meteoric waters,
without an important contribution from magmatic sources, suggesting a
short residence time of recharge waters, and a limited isotopic ex-
change during water-rock interaction processes. Small deviations in
880 values have been interpreted as fjord water mixing, dissolution/
precipitation and CO, exchange processes.
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