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Key Points:

e 15 thermal springs were surveyed along Liquifie-Ofqui Fault System and Andean
Transverse Faults in South Volcanic Zone (Chile).

e Thermal springs have a meteoric origin and its composition is driven by albite dissolution
enhanced by deep volcanic gases (H,S and CO5).

e Regional (>50 km) and local (<50 km) assessment of fault control on water chemistry
show differences with previous literature results.
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Abstract

Geothermal activity in the Chilean Southern Volcanic Zone is strongly controlled by the regional
Liquifie-Ofqui Fault System (LOFS) and the Andean Transverse Faults (ATF). We analyzed
fifteen thermal springs in the Liquifie area to assess the origin and the main physicochemical
processes related to the LOFS and ATF.

Major, minor and trace elements identify two defined clusters spatially related to the regional
fault systems. In both clusters, ionic relationships suggest that the principal hydrogeochemical
processes are mainly dominated by water-rock interactions. Factorial analysis provided two
factors: i) F1 (65.1%), saturated by CI', HCOs", Na*, SiO,, Li, B and Cs, represents water-rock
interaction processes driven by temperature in presence of COy; ii) F2 (28.5%) represented by
S04 and Mo, represents a minor water-rock interaction enhanced by the presence of H,S.
Samples associated to the LOFS have high scores of both factors, while those from the ATF have
only high factor 1 scores. lonic ratios compared with literature data, clearly identify the samples
spatially associated to the LOFS from the ones associated to the ATF with a fuzzy pattern.

Water stable isotopes values suggest a meteoric origin with small deviations from local meteoric
isotopic line. CO, exchange with slightly high and low temperature water rocks interaction is
present in most of the samples.

Our results indicate that groundwater circulation along faults is a complex process where
different constraints influence the final hydeogeochemistry and reaction intensity. Finally, the
established processes at Liquifie area are not upscalable at the whole Southern Volcanic Zone.

Plain Language Summary

Geothermal springs are systems link the lithosphere, hydrogeological and atmospheric
cycles. Generally, three key factors control the generation of thermal springs: heat sources,
groundwater and reservoir lithology and structure. The geological setting of Chile suggests that it
is very promising for geothermal development, indeed Chile, like others countries of Pacific
Rim, presents several thermal manifestations mainly related to tectonic factors.

In the Chilean environments thermal waters, circulate and react throughout fractures
networks. The geochemistry of thermal springs can allow to track the movement of these fluids
in depth and can be used to inference the origin of spring waters, the relative water’s ages and on
the recharge and mixing processes. Further, it represents also a good way to better understand the
functioning of the faults and its influence on geochemical organization of geothermal systems.

Our paper analyze fifteen thermal springs of the Liquifie area (Southern Chile), to explore
the influence of regional faults on the main physicochemical processes established for these
samples. In addition, we compare our results with previous data and found that local scale
processes associated to both fault system are not directly scalable to a more regional conclusion
on LOFS and ATF thermal spring behavior.

1 Introduction

On the Earth’s crust, fractures, including both joints and faults, are common features
impacting a suite of geological processes serving both as barriers or high-permeability conduits
for fluids, heat, and solute transport (Newell et al., 2008; Di Napoli et al., 2011; Bense et al.,
2013; Townend et al., 2017; Patterson et al., 2018; Taillefer et al., 2018). Fractures can represent
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an important control on fluids circulation and heat distribution, enhancing and focusing heat
transfer and fluid flow (Townend et al., 2017; Patterson et al., 2018).

In the Andean Chilean Cordillera, the fluid circulation related to fractured rocks
represents a potential for the exploration of groundwater and future exploitation of geothermal
systems due to the specific geological and tectonic settings. In particular, within the Southern
Volcanic Zone (SVZ, 33°-46°S), the vast geological and tectonic features grants the possibility to
analyze the interactions between faults and fluids circulation (Pérez-Flores et al., 2016).
Different studies suggest that most of the several thermal springs in the SVZ are spatially related
to the 1200 km long, NNE-striking Liquifie-Ofqui Fault System (LOFS) and to the NW-striking
Andean Transverse Faults (ATF) (Rosenau et al., 2006; Held et al., 2018; Pérez-Flores et al.,
2016; Roquer et al., 2017; Tardani et al., 2016; Wrage et al., 2017). Held et al., (2018), Tardani
et al., (2016) and Wrage et al., (2017) outline different isotopic signatures which reflect a strong
component of meteoric water, with estimated reservoir temperature ranging between 80 to 150
°C (Nitschke et al., 2018, Sanchez et al., 2013). Held et al., (2016, 2018) indicate residence times
using CFC and Sr isotopic composition together with geophysical patterns (i.e. connection of the
mid-crustal conductor to the ESE-WNW-striking fault zones), obtaining older ages up to 450-
550 years. Sanchez et al., (2013) estimated reservoir maximum depth of ~2-3 km. Finally, Pérez-
Flores et al., (2016) conclude that the LOFS would promote the constant circulation of
hydrothermal fluids while the ATF would promote the storage of hydrothermal fluids.

Nevertheless, many mechanisms and processes could modify fluid composition even at
local scale in such a complex hydrogeological context. All previous works, developed in the
SVZ, analyze these thermal springs at the regional scale (>50 km). Although distinctive
geochemical signatures between the thermal springs associated with the LOFS and the ATF have
been found at the regional scale, the hypothesis that such distinctive chemical behavior may be
also present at the local scale (<50 km) has still not been tested. Therefore, we propose the
Liquifie area (Fig. 1) as a case-study to downscale and analyze the hydrogeochemical processes,
water origin and possible structural controls on thermal fluid geochemistry. At Liquifie several
small-spaced thermal springs outflow with different temperature (40-80°C) and chemical
composition. Moreover, in this zone both LOFS and ATF outcrops allow assessing how these
fractures can influence the fluid circulation and the geochemical composition at local scale.
During investigations carried out to evaluate the low enthalpy exploitation of the Liquifie thermal
springs, we perform a detailed hydrogeochemical and isotopic survey with the aim to assess the
main physicochemical processes and role played by LOFS and ATF on groundwater circulation
and thermal water geochemistry at the local scale. The general objective of this work is to
analyze the scalability of the regional constraints on the geochemistry of thermal fluids to
provide new understanding concerning the principal processes controlling flow circulation in the
SVZ.
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Figure 1. (a) Geological map of the Southern Andes Volcanic Zone (Modified from Pérez-Flores
et al., 2016). Mainly structural features are shown: the Liquifie-Ofqui Fault System and the
Andean Transverse Faults. The arrow represents the convergence vector (66 mm/yr)
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(Angermann et al., 1999). (b) Regional geological map showing the spatial relationships of the
eruptive centers and thermal springs with respect major fault-systems. (c) Geological map of the
study area (modified from Lara and Moreno, 2004). The location of sampled thermal springs are
shown (LA = La Armada, T = Trafipan, RC = Rayen-Co, F = Fucha, HM = Hipolito Mufioz).

2 Geological and Tectonic Setting

The SVZ corresponds to the central segment of the Andean volcanic arc in Chile (Fig.
1a). The tectonic setting of the SVZ is driven mainly by oblique subduction between the Nazca
and South American plates (e.g. Cembrano and Lara, 2009). Deformation is partitioned into
margin-parallel and margin-orthogonal components, accommodated within the fore and back-arc
regions and the arc region respectively (Cembrano et al. 1996; Pérez-Flores et al. 2016; Rosenau
et al. 2006). Within the volcanic arc in the SVZ, crustal deformation is controlled by the Liquifie-
Ofqui Fault System (LOFS) and the Andean Transverse Faults (ATF). The LOFS is a regional-
scale active fault system with a trace length of 1200 km. It has main alignments NS to NNE-
striking dextral and dextral-reverse faults parallel to the arc, and subsidiary NE to ENE-striking
dextral and dextral-normal duplexes with brittle movement mainly developed in the last 6 Ma
(Fig. 1b) (Arancibia et al., 1999; Rosenau et al., 2006; Cembrano and Lara, 2009). The ATF
include a group of NW to WNW-striking sinistral and sinistral-reverse faults (Fig. 1b) (Melnick
et al., 2006; Rosenau et al., 2006). Both groups of faults and fractures have strongly deformed
the rocks of the North Patagonian Batholith (NPB) outcropping in the studied area (e.g.
Cembrano and Lara, 2009), around the Liquifie village. Quaternary volcanic rocks from SVZ are
mainly emplaced over Jurassic to Miocene tonalitic to granodioritic-tonalitic intrusive bodies
from the NPB (e.g. Munizaga et al., 1988), which intrude Paleozoic intrusive and metamorphic
rocks (Lara and Moreno, 2004).

In the study zone, at least fifteen thermal springs (Fig. 1c) outflow mainly related to: (1)
fractures affecting granodiorites rocks along the damage zone of the LOFS (Trafipan (n°1), La
Armada (n°2-5), Rayen-Co (n°6)); (2) fractures associated to mylonitic bands in the core of
LOFS (Fucha (n°7-12)) and (3) semi-consolidated fluvial sediments overlying Cretaceous
granodiorites, which occur in a N70W-trending valley (Hipolito Mufioz (n°13-15)), presumably
associated with the ATF. From a hydrogeological point of view, the main circulation occurs
within fractured and faulted lithologies as well as within sediments along rivers. Due to the
thickness of these sediments, potential aquifers should be scarce.

3 Sampling and Methods

During September 2018, we sampled a set of 15 thermal springs, 2 surficial and 1
meteoric water samples. Electrical conductivity (EC), temperature and pH were measured in situ.
Water samples were filtered using 0.45 um Millipore filters, unacidified samples were collected
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 of the Andean
Geothermal Centre of Excellence (CEGA, Chile). CI', SO, and F contents were determined by
lon Chromatography (IC, 861 Compact IC Metrohm) with a detection limit of 0.01, 0.025 and
0.002 ppm, respectively. SiO,, Na*, K*, Ca®*, and Mg?* were measured by Atomic Absorption
Spectrophotometry (F-AAS, Perkin-Elmer PinAAcle 900F), with detection limits of 0.8, 0.03,
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0.12, 0.02 and 0.004 ppm, respectively. Li, B, As, Rb, Mo and Cs contents were determined by
Inductively Coupled Plasma Mass Spectrometry (ICP-MS, Thermo iCAP Q) with detection
limits of 0.02, 0.07, 0.02, 0.001, 0.002 and 0.0003 ppb, respectively. The HCO3" concentration
(ppm) were determined by Volumetric Titration using the method proposed by Giggenbach and
Goguel (1989). Isotopes analysis was carried out at the Estacién Experimental de Zaidin (CSIC,
Spain). The 8*%0 and §°H were analysed by Finnigan Delta Plus XL mass spectrometer. The
experimental error was +0.1% and £1.1% for "0 and 5°H values, respectively.

In order to assess the hydrogeochemical processes controlling thermal water composition
and its relationship to the fault setting, we used major, minor and trace elements plots, ionic
ratios and ionic relationships. Surficial and rain water samples are plotted as a reference. To
evaluate water sampled origin and processes, a reliable local meteoric water line based on
available dataset close to Liquifie zone has been used (IAEA/WMO, 2019) to calculate the
annual weight means of 80 and °H and define the local meteoric water line, hereafter
“regional meteoric water line”.

Multivariate statistical analyses within the hydrogeochemical data were used to identify
spatial patterns among the water samples and the parameters controlling their composition (e.g.
Moya et al., 2015; Negri et al., 2018). The methods used in this study are Hierarchical Cluster
Analysis (HCA) and Factorial Analysis (FA). HCA was performed to estimate groups of samples
with similarities using a linkage rule. To obtain distance measures with linkage rules we
employed the Euclidian distance combined with Ward’s method (e.g. Moeck et al., 2016). The
implementation of these linkage rules yields the most distinctive geochemical clusters (Giler et
al., 2002). Graphically, the results have been depicted as a dendrogram, where the similarity
between clusters is expressed by the link distance at which the branches are connected. FA
generated a small number of uncorrelated factors that help identify the relationships between the
geochemical variables. This statistical method explains most of the variance without a substantial
loss of information (Daniele et al., 2008; Negri et al., 2018). Kaiser’s criterion was used to
determine the factors using eigenvalues higher than 1. Bartlett and KMO tests were calculated to
quantify the significance of FA. The components were rotated using the varimax method, to
maximize the variance of the squared loading for each factor. Finally, the weight of the variables
of each factor is called “loading”, and each factor is associated with at least one variable.
Loading values >0.5 define the representative variables for the factors. All statistical analyses
were performed using CI", SO4, HCOs', Na*, SiO», Li, B, Mo and Cs data using the IBM SPSS
Statistics Software V22.0. To minimize or eliminate the presence of outliers and the high biased
typical for compositional data (e.g. Filzmoser et al., 2009), log-transformation was applied on
raw data prior to multivariate analysis.
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Sample Location Fault. TC pH EC Eh Major Elements (ppm) Trace Elements (ppb)
Id Name Domain (usfem) (mv) S0, ¢ $0,2 HCO;y F  Na' K ca? mg? L B As Rb Mo Gs
1 T LOFS 369 87 349 1510 46.1 20.78 58.04 549 0.69 51.66 158 890 0.723 19.68 271.51 34.53 7.27 8.84 4.98
2 LA LOFS 683 9.1 417 -4095 963 17.74 66.86 91.5 1.19 6850 234 3.81 bhd/ 5558 12872 9.91 2163 10.22 18.95
3 LA LOFS 60.0 9.2 376 -329.2 870 16.07 60.22 854 1.04 6111 212 459 bd/ 5201 119.08 10.20 19.25 1137 16.61
4 LA LOFS 323 79 116 -1188 334 427 17.11 488 027 1410 081 622 0.892 11.99 3255 246 439 275 3.24
5 LA LOFS 529 89 345  -63.4 800 14.44 5876 61.0 096 5418 202 455 0118 4676 110.07 9.54 17.90 10.71 15.23
6 RC LOFS 617 9.2 420  -438 959 16.29 68.96 73.2 120 69.75 2.82 3.40 bd/ 59.87 13471 10.68 21.26 11.75 20.04
7 F LOFS 191 7.3 114 305 250 4.61 1659 549 0.23 1295 246 991 0989 438 2976 181 209 337 069
8 F LOFS 435 9.7 364 -365.2 582 19.39 6835 79.3 107 63.25 248 4.69 bdl 2037 13805 10.09 679 13.82 298
9 F LOFS 249 95 268 1913 444 1516 47.19 67.1 0.76 43.68 233 7.0 0330 1550 9810 693 5.15 1098 225
10 F LOFS 389 9.7 354 -350.8 57.7 19.45 68.32 79.3 1.11 63.25 053 430 bd/ 2039 13955 10.23 6.76 13.90 2.96
11 F LOFS 31.8 9.1 240 -265.0 44.3 1464 47.06 549 075 42.00 106 6.89 0.448 14.61 9674 690 4.85 10.06 2.10
12 F LOFS 241 98 317 -3041 53.8 1751 62,55 549 098 5523 1.18 565 0.119 18.05 12440 9.02 573 1265 236
13 HM ATF 608 89 48  -417.5 90.4 3271 57.93 1281 263 9250 104 239 bd/ 119.05 311.62 1.25 24.80 3.13 3547
14 HM ATF 794 89 452  -457.5 863 2974 5048 1281 239 10000 082 237 bd/ 111.82 284.82 1.40 21,08 510 27.73
15 HM ATF 751 88 480 -414.1 83.9 30.18 48.64 1281 245 8200 092 277 0.100 119.09 308.17 1.69 21.86 3.42 29.00
16  Surficial - 93 76 39 3601 140 1.04 098 305 005 205 060 530 0673 101 bdl 013 114 073 015
17 Sufficial - 123 71 23 - 100 101 066 177 bdl 153 067 253 0460 006 237 009 115 024 0.08
18 Meteoric - 125 65 14 - bdl 135 0.88 17.7 bdl 082 269 037 0001 006 252 010 244 142 008

*bdl: Below detection limit  Detection limits (ppm): 0.8 001 0.025 0.1 0.002 0.03 012 0.02 0004 002 007 0.02 0.001 0.002 0.0004

Table 1. Chemical analysis of thermal, surficial and meteoric water samples. (T: Trafipan, LA:
La Armada, RC: Rayen-Co, F: Fucha, HM: Hipolito Mufioz, LOFS: Liquifie-Ofqui Fault
System, ATF: Andean Transverse Faults).

4 Results

4.1 Major elements

The analytical results obtained are summarized in Table 1. Electrical Conductivity (EC)
of thermal waters range between 114 uS/cm to 486 pS/cm. Measured temperatures lie between
19.1°C (n°7) and 79.4°C (n°14) and pH varies between 7.3 (n°7) and 9.8 (n°12). Surficial water
(22.7-39.3 uS/cm) and rain water (13.7 uS/cm) are less mineralized with pH values of 7.1-7.6
(n°16-17) and 6.4 (n°18). Measured Eh values in thermal water are mostly negative, except for
Trafipan (151 mV), and two Fucha samples (30.3 mV and 191.3 mV). These results suggest that
in general, there is an anoxic groundwater flow, which circulates back to the thermal springs.

Thermal waters are mostly HCO3-Na* and SO42-Na* water types. Surficial waters are
HCO5-Ca*? and rain water fall in HCO3-Na* area. Major ions have concentrations up to 150
ppm (HCO3") and samples n°13-14 and 15 (Hipolito Mufioz thermal springs) are those with the
highest ionic content.

To show the presence of different trends in the concentrations of measured elements,
major elements and F were plotted versus temperature data (Fig. 2). The positive correlation of
most of the analyzed ions indicates that salinity is temperature related. Nevertheless, sulphate
does not show a clear positive correlation with temperature, indeed samples n°2, 6, 8 and 10 with
very different temperatures, has similar SO, content (>66 ppm).

Chloride ion allows to identify different clusters in the sampled thermal waters. As
showed in figure 3 most of major ions samples have a strong positive correlation with CI’
content. Most of the samples (n°1-6 and n°8-12) with 10-20 ppm of CI" are grouped in the central
part of the plots. Low temperature thermal waters (n°4 and n°7) seem more geochemically related
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to surficial/meteoric waters as shown in the SiO, concentration plot. Samples from Hipolito
Mufioz (n° 13-15) thermal springs have the highest CI" contents, with a maximum of 32.71 ppm
(n°13). Comparing all plots in figure 3, Hipolito Mufioz samples show maximum concentration
of all plotted ions except for SO, and Ca*? contents. Indeed, SO47 does not show a clear

correlation, while Ca*? shows negative correlation related to CI".
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Figure 2. Major ions concentrations [mg/l] vs. surface temperatures [°C] of water samples.
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Figure 3. Major ions [mg/l] vs. CI" [mg/l] concentrations of water samples.

4.2 Trace elements

Trace elements analysed for this study include Li (4.38-119.09 ppb), B (29.76-311.62
ppb), As (1.25-34.53 ppb), Rb (2.01-24.70 ppb), Cs (0.69-35.47 ppb) and Mo (2.75-13.90 ppb)
as shown in Table 1. Most of the trace elements show a positive correlation with CI°, with the
exception of As and Mo (Fig. 4). Li, Rb, and Cs display a clear positive correlation that indicates
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two different trends. Cold samples from Fucha (n°7) and La Armada (n°4) are very close to
surficial and meteoric samples. Trafipan (n°1) and hot Fucha samples (n°7-12) define a trend
where the trace elements increase is less dependent to salinity. On the other hand, La Armada
(n°2,3,5) and Rayen-Co (n°6) samples point to a clear Li, Rb and Cs increase up to the Hipolito
Mufoz samples, which have the highest concentrations. As, B and Mo show one general trend
with Cl-, where it is not possible to separate the Fucha and La Armada samples. Most of the
samples have a clear increase of As, B and Mo contents with CI", but Hipolito Mufioz samples,
with the highest Li, B, Rb and Cs concentrations have, lower As and Mo contents. Trace
elements plotted in figure 4 corroborate the clusters identified with major ions.
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Figure 4. Trace elements vs. surface temperatures and CI" [mg/l] concentrations of water
samples.

4.3 Multivariate statistical analysis

The results of the HCA are displayed as a dendogram with phenon line defined at a
linkage distance of 7.5. HCA group the samples in three principal clusters (Fig. 5) strengthen the
binary plot results. Thermal waters are mainly grouped in the first cluster that consists of SO47%-
Na* thermal waters with up to 20.78 ppm of CI, less of 91.5 ppm of HCO5 and the highest Mo
and As contents. The second cluster includes Hipolito Mufioz samples, which are HCOz-Na*
thermal waters with highest EC and temperature values. The third cluster group the coldest
thermal samples (n°4 and n°7) with surficial and meteoric water that show the lowest EC and
temperature values. The high linkage distance between proposed clusters indicates a statistically
significant difference, which suggests physicochemical processes of different nature and/or
intensity.

The FA results performed using significant chemical elements. Bartlett (0.0) and KMO
(0.77) values ensure the significance of FA. Two factors with eigenvalues above one explain
93.6% of the total variance. Factor 1 (65.1%) represents the strong association between CI’,
HCO3, Na'*, SiO,, Li, B and Cs. Factor 2 (28.5%) is saturated with a positive correlation
between SO, and Mo. The two factors suggest a different source for the variables of each
factor. The factor scores for each sample are shown in Table 2.
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Components

Parameters —Factor 1 Factor2
cl 0.90 0.33
$0,% 0.52 0.85
HCO3 0.95 0.19
Na® 0.88 0.46
S5i0; 0.79 0.51
Li 0.98 -0.04
B 0.91 0.17
Mo 0.01 0.99
Cs 0.83 0.46
Variance (%) 65,10 2851

Cumulative variance (%) 65.10 93.61

Table 2. Factorial analysis with Varimax rotation. These two factors describe 92.6% of the data
set variance. Loading values >0.5 are marked in bold.

4.4 Isotope composition

Results of %0 and °H of thermal waters range from -10.43%o to -2.34%o and from -
64.86%o to -45.35%o respectively (Table 3). Values of 520 and §°H for surficial water range
between -6.58%o and -46.26%o, and for rainwater, the contents lie within -1.10%o and -15.41%e.
The relationship between 5°H and 8'%0 of collected samples is shown in figure 6 where data
were plotted with Regional Meteoric Water Line (RMWL) drawn using regional data (IAEA,
2015), and with Global Meteoric Water Line (GMWL) (Craig, 1961). Samples fall on both side
of the LMWL and GMWL, indicating depletion and enrichment relative to those lines. Only the
samples from Fucha springs, associated to LOFS, are sideways on the CO, exchange trend line.
Hipolito Mufioz samples (n°13-15) deviate towards degassing and mineral exchange line, with
more variable 5'%0 values, ranging between -8.60 and -2.34 and 8°H values are within -64.2 and
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-45.35. The rest of the samples are slightly to the right of the LMWL and GMWL. Surficial and
meteoric water (50 = -6.58 and -1.17; 8°H = -46.26 and -15.41) lie close to the LMWL.

Sample  Location Fault lonic Ratios (mea/L) Stable Isotopes

Id Name  Domain (50,/rCl rHCOs/rCl rNa/rSO, rNa/rHCO; rLi/rCl rB/rCl 8D (VSMOW) 50 (VSMOW)
1 T LOFS 2.06 1.54 1.86 250  0.0048 0.129  -60.09 -8.42
2 LA LOFS 2.78 3.00 2,14 1.99  0.0160 0.071  -63.48 -8.23
3 LA LOFS 2.76 3.09 212 190  0.0165 0.073  -60.38 -7.34
4 LA LOFS 2.95 6.63 172 0.77  0.0143 0.075  -55.98 -7.49
5 LA LOFS 3.00 2.46 1.93 236  0.0165 0.075  -61.57 9.17
6 RC LOFS 312 2.61 2.11 253 00188 0.081  -64.81 -9.83
7 F LOFS 2,65 6.91 163 063 00048 0063  -59.20 -8.73
8 F LOFS 2.60 2.38 193 212 0.0054 0.070  -64.22 -10.28
9 F LOFS 2.30 2.57 1.93 173 0.0052 0.064  -63.15 -9.57
10 F LOFS 2,59 2.37 1.94 212 0.0054 0.071  -64.86 -10.43
11 F LOFS 2.37 2.18 1.87 203  0.0051 0.065  -63.87 -9.95
12 F LOFS 2.64 1.82 1.85 267  0.0053 0.070  -64.60 -9.92
13 HM ATF 1.31 2.28 3.34 192 0.0186 0.094  -45.35 -2.34
14 HM ATF 1.25 2.50 4.14 207 00192 0.094  -56.72 -7.43
15 HM ATF 1.19 2.47 3.52 170 0.0202 0,01  -64.20 -8.60
16 Surficial - 069  17.03 4.38 0.8  0.0050 0.001

17 Sufficial - 048 1018 4.85 0.23  0.0003 0.023

18 Meteoric - 0.48 7.62 195 0.2  0.0002 0.018

Table 3. lonic ratios and isotopic analysis of thermal, surficial and meteoric water samples. (T:
Trafipan, LA: La Armada, RC: Rayen-Co, F: Fucha, HM: Hipolito Mufioz, LOFS: Liquifie-
Ofqui Fault System, ATF: Andean Transverse Faults).
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Figure 6. Relationship between §°H vs. 520 for water samples.

5 Discussion

Faults may play an important control in water upflow/outflow (e.g. Townend et al., 2017)
as proved by the emergence of hot springs along LOFS and ATF traces. However, the nature and
intensity of hydrogeochemical processes resulting from hydrogeological LOFS and ATF control
at local scale are still unclear. At such local scale, a well-developed fault-fracture network
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favours the development of hydrothermal cells, and promotes the advection of fluids and heat
(Roulleau et al. 2018). In addition, the study of hot fluid flow through fault zones can provide
strong constraints on geothermal exploration (e.g. Taillefer et al., 2017, 2018). In the next
subsections, the nature and intensity of hydrogeochemical processes and their relationship with
LOFS and ATF are discussed.

5.1 Hydrogeochemical processes and thermal water origin

Several chemical reactions may influence water hydrogeochemistry and major ions can
help to trace water-rock interaction processes (e.g. Daniele et al., 2013; Vallejos et al., 2015;
Negri et al., 2018) and/or the presence of dissolved gases (Reyes et al. 2010).

According to the geochemical composition, chloride and other analysed ions allow us to
separate the samples into different clusters. Two samples, n°4 and n°7 have a close
hydrogeochemical association with meteoric and surficial water samples indicating that
significant mixing with meteoric and shallow water takes place. Salinity of samples (i.e. CI') is
strongly related to temperature as indicated in figure 3. The positive correlations between the
different ions, temperature and salinity suggest that the chemical composition of thermal waters
is mainly controlled by water-rock interactions, enhanced by temperature. The identified water
types HCO3-Na" and SO42-Na* evidences the primary role of those ions and consequently will
be used to identify the water-rock interaction processes. All samples have an excess of Na* when
compared to the CI” concentration (Fig. 7a) indicating that different hydrogeochemical processes
release Na* in the sampled waters.

The albite (Na-plagioclase) weathering may be at the origin of the Na* found in the
waters, enhanced by temperature and the presence of H,S and CO, geothermal gases (Arndrsson,
1986). Thus, albite weathering under these conditions (equation 1 and 2) releases an as 2:1 and
1:1 proportion amount of Na* with respect to SO, and HCO5™ (Fig. 7b), respectively.

2NaAlSiz0g + H,S + 20, & 2Na* + 6Si0, + 2A10(0H) + S0, ™2 1)

NaAlSiz0g + CO, + 2H,0 & Na* + 3Si0, + Al(OH)s + HCO5~ @)

All thermal water, with the exception samples n°4 and n°7, fall between the 1:1 and 1:2
molar lines (Fig. 7b), indicating that albite dissolution from the considered reactions is the source
of these ions. As both reactions release Na®, the contribution of each one is assessed by
subtracting the corresponding anion to the total Na* content (Fig. 7c and 7d). In the [Na*-HCO57]
versus [SO,] diagram (Figure 7c) most of thermal waters plot along and close to the 2:1
stoichiometry line, suggesting the presence of H,S. In opposition, the meteoric and surface
samples, with the coldest thermal water sampled at Fucha (n°7) and La Armada (n°4), show
negative values which confirm the meteoric and surface influence in those samples. The Hipolito
Mufioz thermal waters also show in this plot a Na* excess. In turn, the [Na*-2S047] versus
[HCO3] diagram (Fig. 8d) depict a 1:1 trend of most of the thermal water, which suggests that
the albite dissolution in presence of CO is taking place within the fracture networks. The
amounts of [Na'-HCO37 in water explained by albite weathering and enhanced by H,S (Fig. 7c)
seem to be subordinate to the weathering in presence of CO, (Fig. 7d). In fact, most of the
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samples fit better the 1:1 line in figure 7c, where the Hipolito Mufioz samples show a larger
excess in sample n°15, which has the highest temperature.

Thus, albite weathering in presence of H,S and CO; explains the principal concentration
of the samples. The systematic position of meteoric, surficial and cold thermal springs (n°4 and
n°7) in all diagrams point to the strong temperature control on the intensity of water-rock
interaction and helps to assess the possible origin of these cold thermal springs. The fact that
cold thermal springs are spatially located very close to the hot ones evidences the complex
groundwater circulation along faults and fracture networks, which attests the first order control
of structures on groundwater processes, as the percolation and mixing with surficial waters.
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Figure 7. Molar relationships between Na* [mmol/I] vs. major anions [mmol/I]. Dashed lines
show the stoichiometry ratios.

Major ions do not display significant differences between Fucha and La Armada samples,
which systematically plot close in the diagrams shown in figures 2 and 3. Nevertheless, trace
elements such as Li, Rb and Cs separate visibly the samples of both springs (Fig. 4a, d and e).
The relative position of Fucha, Trafipan and La Armada in the plots of figures 2 (d, f) and 3 (a, d,
e) suggests that water-rock processes may act with different intensity, probably due to different
temperature range between thermal springs. In fact, Fucha temperature samples range between
19.1-43.5°C, while La Armada is between 32.3-68.3°C and Rayen-Co is 61.7°C. The observed
differences may be due to the fault zone springs outflow as the La Armada and Rayen-Co
samples (n°2-6) outflow along the damage zone, while Fucha samples (n°7-12) outflow along
the LOFS fault core. As pointed out by different authors (e.g. Caine et al., 1996; Faulkner et al.,
2010; Gudmundsson et al., 2010; Choi et al., 2016), rocks are more permeable in the damage
zone than in the fault core, suggesting that groundwater and heat circulation is more favourable
in damage zones. However, the temperature range and chemical composition of the samples
indicates a complex set of paths along faults and fractures networks.
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The multivariate statistical approach confirms the same differences obtained from binary
plot evaluation. The dendrogram groups the samples separating three distinct clusters. Fucha and
Trafipan thermal waters form a cluster that is related to La Armada and Rayen Co (n°8-12 and
n°1) samples. The Hipolito Mufioz thermal springs are related to these with a larger linkage
distance, which implies a significant difference in the physicochemical processes that occur in
both thermal waters. Cold thermal springs from Fucha and La Armada (n°4 and n°7) are linked to
meteoric and surficial water, confirming the more surficial origin of those waters.

The FA identified two factors interpreted as the process of albite dissolution in presence
of CO, and H,S. In detail, the factor 1, with high values for most of the analysed variables, is
associated with dissolution in presence of CO; and factor 2 is associated with H,S albite
dissolution. SiO2 and Na have similar values in both factors because they are product of both
dissolution processes (equations 1 and 2). The highest variance of F1 (65.1%) compared with F2
(28.5%) suggests that albite dissolution in presence of CO; is the main process. In figure 8, the
factor scores calculated for each sample are shown. The scores allow to differentiate the samples
and the processes that characterize each one. Thus, the meteoric and surficial water plus the cold
samples from Fucha and La Armada have negative scores for both factors. That means that the
albite dissolution is not the principal process in those samples, given the surficial origin of
samples n°4 and n°7. The composition of Hipolito Mufioz samples according to our interpretation
is driven by albite dissolution in presence of CO, (positive F1) with no H,S involvement
(negative F2). On the other hand, Fucha and one sample collected at La Armada (n°5) seem to
be related to an albite dissolution with H,S as indicated by the positive scores of F2, as well as
the absence of CO2 presence (negatives F1 scores). Trafipan, Rayen-Co and La Armada (n°2 and
n°3) have a composition related to both albite dissolution processes. Still, the F2 positive values,
higher than F1 ones, suggest that albite dissolution in presence of H,S is the principal water-rock
interaction process. Based on fundamental natural processes controlling kinetic and
equilibrium of water stable isotopes (e.g. Karolyté et al., 2017), our data slightly deviated both
sides of GMWL and LMWL lines. It indicates that a CO, exchange, mineral reaction at high and
low temperature and degassing occur in the analysed water.
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Figure 8. Plot of factorial scores on each sample.

5.2 Regional hydrogeochemical assessment

Along and across the SVZ, crustal fluid flow and reservoir presence are mainly controlled
by structurally-driven permeability, as already indicated by different authors (Lara et al., 2008;
Sanchez et al., 2013; Pérez-Flores et al., 2016; Wrage et al., 2017; Held et al., 2018). At 38°S,
the basement changes from volcano sedimentary rocks to crystalline plutonic rocks of the
Patagonian batholith. Patagonian batholith have been related to a more vertical fluid circulation
(Sanchez et al., 2013) due to the formation of fault-fracture networks under strike-slip
deformation (Held et al., 2016). Different authors use physicochemical composition, ionic
relationships and ratios, to discriminate the thermal waters controlled by LOFS and ATF faults
(S&nchez et al., 2013; Wrage et al., 2017). Sanchez et al. (2013) indicate that pH and B/ClI ratio
help to separate ATF (pH<8; high B/CI) from LOFS (pH>8; low B/CI) thermal waters. Wrage et
al. (2017) discriminate the LOFS and ATF thermal waters using CI/B ratio concluding that ATF
(low CI/B) and LOFS (high CI/B) exert a significant influence on the Cl and B concentration in
thermal water.

The results of this local scale thermal water survey, discussed considering the LOFS and
ATF systems, point out to some differences with published literature using the pH and B/CI
ratios. Most of thermal waters analyzed in this manuscript have pH values above 8.0 with a slight
difference in pH values of LOFS samples (pH=8.64-9.79) and those related to samples collected
at ATF (pH=8.80-8.93) sites. Samples n°4 and n°7 (pH=7.29-7.90) are an exception, because
their origin is linked to surficial water.

lonic ratios versus Cl” are plotted in figure 9, along with available published data from
different authors (Sanchez et al. 2013; Wrage et al. 2017; Held et al. 2018). The B/CI diagram
(Fig. 9f) does not separate clearly our samples. In fact, the B/Cl values for LOFS and ATF
samples do not exceed 0.129. So, unlike Sanchez et al. (2013) and Wrage et al. (2017), results
suggest that B/CI ratio is not a useful hydrogeochemical signature to differentiate the structural
control at the local scale. The SO4/CI (Fig. 9a), Na/SO, (Fig. 9c) and Li/CI (Fig. 9e) ratios are
especially interesting, since they clearly separate the ATF (n° 13-15) from LOFS samples.
Namely, the ATF samples have SO4/Cl, Na/SO,4 and Li/Cl maximum values of 1.5, 4.14 and 0.02
respectively. These samples appear separated systematically from LOFS samples in all graphs
displayed in figure 9. Considering also literature data, the ATF samples exhibit a fuzzier pattern
with respect to the LOFS samples. Moreover, few samples associated to the ATF by other
authors show similar ionic ratios with those related to the LOFS shown in this study (Fig. 9). The
Li content seem to be the key element to separate samples even along LOFS, in fact Trafipan and
Fucha have a lower Li/Cl ratio. The observed difference seem to be related to samples
temperature variation. Hence, the ionic ratios helped to identify the clusters defined in this study
by means of major, minor and trace elements, as well as the use of multivariate statistical
analysis techniques.
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Figure 9. rSO4/rCl, rHCO3/rCl, rNa/rSO4, rNa/rHCO3, rLi/rCl and rB/rCl ratios vs. Cl- [meq/l]
in thermal, surficial and meteoric water samples (r means that concentrations are in meg/l).

Finally, a schematic conceptual model of the processes detected in the study area was
constructed using the geochemical data, hydrogeological and structural setting (Fig. 10). The
analyzed samples are meteoric water flowing through fractures and sediments. Water—rock
interaction takes place in both fault settings in presence of deep hydrothermal gases that are
responsible also for heat contribution. Processes intensity and heat contribution appear related to
fault zone architecture as shown by samples outflowing along core and damaged zone of LOFS.
In fact, samples along LOFS damage zone (La Armada and Rayen-Co) have the highest
temperatures and SiO,, Li, Rb and Cs concentrations compared with samples from mylonitic
bands in the core of LOFS (Fucha). The Hipolito Mufioz samples, associated to ATF, have the
maximum temperatures measured in this study as well as the highest major and trace elements
concentrations, except for SO4, As and Mo contents, probably due major CO2 gas contribution.
Therefore, it is suggested that a hydraulic connection between the surface and deep flow occurs
in this area. Moreover, the average residence times of 450-550 years (Held et al., 2018) may
facilitate the identified hydrogeochemical processes.
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Figure 10. Simplified conceptual model illustrating the processes occurring in the sampled
thermal water of Liquifie area. Arrows represent groundwater flow directions.

6 Conclusions

The thermal water composition sampled in the Liquifie area indicates that the origin of
the dissolved solutes is produced by water-rock interaction, in the presence of geothermal gases
such as H,S and CO,. The principal hydrogeochemical process identified is the albite
dissolution, a widely common mineral in granitic rocks, which are present in the study area. The
salinity of the samples divides the samples in two clusters, which are spatially associated with
the two main groups of faults. The stable isotopic composition respect to LMWL and GMWL
suggest that thermal waters have a meteoric origin, while the slight isotopic shift suggests that
changes are related to gases and mineral exchanges.

At the local scale, faults have a key role in the processes identified, as well as the
intensity with which they occur in the analyzed samples. Along the LOFS, the water-rock
interaction is enhanced by H,S and CO,, while along the ATF the same process is boosted by
CO,. Comparing the local scale results (<10 km) with literature data at regional scale (>50 km),
we found that the thermal waters related to ATF exhibit a fuzzier pattern with respect to the
LOFS samples. In contrast, the samples related to LOFS in this study show similarity with
complied ATF data.

In the Liquifie zone, it has been possible to identify in detail the processes and a
compositional variation within a small domain of outflowing thermal springs along the two fault
systems. The results indicate the complexity of groundwater circulation along fault zones, even
at a local scale. Thus, processes at the local scale are not necessarily replicable at the regional
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scale. Finally, the study area is promising for geothermal energy direct use projects. The authors
are actively engaged to develop local enterprises that will contribute to the socioeconomic
development of the region.
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