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AGUA SUBTERRANEA EN EL FRENTE OCCIDENTAL ANDINO: PERSPECTIVAS DESDE
LA CUENCA DEL ACONCAGUA, CHILE CENTRAL

El poco conocimiento de los procesos hidrogeoldgicos, junto a una simplificacion excesiva de los
modelos conceptuales de los acuiferos dan lugar a una imprecisa gestion de los recursos hidricos. A pesar
de que Chile es un pais montafioso, los estudios hidrogeoldgicos se han centrado exclusivamente en los
depositos aluviales (aprox. 15% del area total) y las zonas de frente de montafia son consideradas
arbitrariamente como impermeables. Dado que en zonas aridas (y semiaridas) un componente importante
de la recarga de acuiferos aluviales se produce a lo largo del frente de montaiia, el objetivo general de esta
tesis es desarrollar un modelo conceptual que explique el funcionamiento hidrogeologico del Frente
Occidental Andino y su relacion con los acuiferos aluviales. Se eligio analizar la cuenca del Aconcagua,
una zona donde la presencia varios manantiales de caudal permanente evidencian la circulacion de agua
subterranea en el Frente Occidental Andino. Los manantiales mas importantes afloran a lo largo de la
Zona de Falla Pocuro (ZFP) que separa a las rocas volcanicas de la Cordillera Principal del relleno aluvial
de la Depresion Central. La metodologia empleada considera la integracion de técnicas y herramientas de:
i) hidrogeoquimica ¢ isdtopos estables del agua, ii) geologia estructural y, iii) topologia y analisis de
fracturas. El estudio se llevo a cabo en

La circulacion de agua subterranea y los procesos de recarga que ocurren en el Frente Occidental
Andino se abordaron usando hidrogeoquimica e isotopos estables del agua de 23 manantiales, 10 pozos, 5
colectores de lluvia y 5 muestras de rocas lixiviadas. En general el agua subterranea es HCO;-Ca,
resultante de interaccion con Ca-silicatos. El analisis de cluster jerarquico agrupa las muestras respecto a
su cota a lo largo del Frente Occidental Andino sugiriendo que existe una relacion entre el aumento de la
mineralizacion (31-1188 uS/cm) y el tiempo de residencia del agua subterranea. Mientras que, el analisis
factorial indica que las concentraciones de Cl, NOs, Sr y Ba parecen estar relacionadas a la actividad
agricola que ocurre en la Depresion Central. Luego de definir la linea meteorica regional a los 33°S, los
isotopos del agua muestran la participacion de la lluvia y de la nieve que cae a ~2000 m s.n.m. en la
recarga de los acuiferos de la Depresion Central. Ademas, los canales de regadio son responsables de las
composiciones isotopicas de alta cota en el acuifero aluvial.

El mapeo de fracturas a diferentes escalas (de regional a escala de afloramiento) se llevo a cabo en
la ZFP, donde se reconocieron tres rasgos tectonicos principales no coetaneos dentro de la ZFP: 1) fallas
NS normal-sinestral con fracturas selladas por laumontita, cuarzo y calcita, ii) fallas NS inversas
consistentes en bandas de cizalle (salvanda) de 30 a 60 cm, y iii) fallas NW inversas consistentes en
planos discretos abiertos. Luego, a través de la topologia se cuantifico la densidad de fracturas conectadas
dentro de la ZFP, identificando dos zonas de alta densidad de fracturas conectadas (>2.4 km/km?). Ambas
zonas coinciden con los manantiales principales de la ZFP: Termas de Jahuel (~14.0 m*/h at 22 °C) y
Termas El Corazon (~7.2 m*/h at 20 °C). A escala de afloramiento se observa que el agua subterranea de
estos manantiales circula por las fallas NW inversas, lo cual es consistente con la orientacion preferencial
de la red de fracturas dentro de la ZFP (N30-60W). Asi, mientras que las fallas NS forman barreras las
fallas NW son ejes de alta permeabilidad para la circulacion de agua.

Finalmente, se propone un modelo conceptual original que puede considerarse valido para todo
Chile Central. El agua que se origina a ~2000 m s.n.m. alimenta la circulacion de agua subterranea en la
roca fracturada, que es transmitida hasta por las quebradas ubicadas en la parte media de la montafia.
Hacia la parte baja, las fallas NW permitirian la recarga de bloque de montafa de los acuiferos aluviales
aprovechando la alta densidad de fracturas conectadas en la ZFP. También ocurren procesos de frente de
montafia que recargan los acuiferos aluviales en el piedemonte a través de la infiltracion focalizada de
escorrentias permanentes y transitorias.




GROUNDWATER RESOURCES OF THE WESTERN ANDEAN FRONT: INSIGHTS FROM
THE ACONCAGUA BASIN, CENTRAL CHILE

The misunderstanding of hydrogeological processes together with the oversimplification of aquifer
conceptual models result in numerous inaccuracies in the management of groundwater resources. Despite
that Chile is a mountainous country, hydrogeological studies have exclusively focused to alluvial deposits
in valleys (~15 % of total area of Chile) and mountain front zones are considered arbitrarily impermeable.
Given that in arid zones (and semiarid) a significant component of the alluvial aquifers recharge occurs
along the mountain front zone, this PhD thesis aims to develop a reliable conceptual mode that explains
the Western Andean Front hydrogeological functioning. The Aconcagua Basin was selected because there
several perennial springs show evidence of groundwater flows in the Western Andean Front. The major
springs outflow along the NS-oriented Pocuro Fault Zone (PFZ), which separates the volcanic rocks of the
Principal Cordillera from the alluvial deposits of the Central Depression. Thus, the study was addressed by
means of: 1) hydrogeochemistry and water stable isotope; ii) structural geology; and iii) a topological
approach and fracture analysis.

The groundwater circulation and recharge processes occurring at the Western Andean Front were
addressed using hydrogeochemical and water stable isotope analyses of 23 perennial springs,
10 boreholes, 5 rain-collectors and 5 leaching-rocks samples. Most groundwater in the Western Andean
Front is HCOs-Ca and results from the interaction with Ca-silicate. The Hierarchical Cluster Analysis
groups the samples according to its elevation along the Western Andean Front and supports a clear
correlation between the increasing groundwater mineralization (31-1188 uS/cm) and residence time.
Whereas, the Factorial Analysis point that Cl, NOs, Sr and Ba concentrations seems to be related to
agriculture practices in the Central Depression. After defining the regional meteoric water line at 33°S in
Chile, water isotopes demonstrate the role of rain and snowmelt above ~2000 m asl in the recharge of
groundwater. Also, irrigation canals contribute to the high-altitude isotopic signature in the alluvial aquifer
of Central Depression.

The multi-scale mapping of fractures (from regional to the outcrop scale) was conducted in the PFZ.
Three non-coetaneous major tectonic features were recognized within PFZ: 1) NS-oriented normal-sinistral
faults with sealed fractures presence (laumontite, quartz and calcite), ii) NS-oriented reverse faults
consisting in shear bands (gouge) of 30-60 cm thick, and iii) NW-oriented reverse faults consisting in
open fractures plane. Then, topology allows for quantification of the density of connected fractures within
the PFZ and its relationship with groundwater circulation. The study results identify two areas of high
density of connected fractures that are related to the main springs of the PFZ: Termas de Jahuel (discharge
~14.0 m*/h at 22 °C) and Termas El Corazén (discharge ~7.2 m*h at 20 °C). Outcrop-scale mapping
reveals that groundwater outflows from NW-reverse faults, which is consistent with the preferential
orientation of the fracture network (N30-60W) within the PFZ. Thus, while NS-oriented faults act as a
hydraulic barrier, the NW-oriented faults are high-permeability axes for groundwater circulation.

Finally, an original conceptual model applicable to the entire Central Chile is proposed. The water
releases from high-elevation areas infiltrate in mid-mountain gullies feeding groundwater circulation in
the fractured rocks of Western Andean Front. To the downstream, mountain-block recharge occurs
through NW-reverse faults taking advantage of the high density of connected fractures of the PFZ.
Likewise, mountain-front processes recharge the alluvial aquifers in the piedmont zones through the
focused infiltration of perennial and ephemeral streams.
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“La legislacion chilena dice que los derechos de agua son perpetuos

y lo que nosotros sabemos es que hay disminucion de las precipitaciones
y disminucion de la escorrentia.

Entonces entregan derechos de algo que estd disminuyendo...

la gente tiene derechos sobre agua que no existe”.

Roberto Rondanelli (CR?-U de Chile)

en “El negocio del agua”

ii



AGRADECIMIENTOS

Agradezco a la Agencia Nacional de Investigaciéon y Desarrollo de Chile (ANID), ya que mi
doctorado fue financiado por la Beca Doctorado Nacional n° 21160325. De igual forma, mi proyecto de
tesis fue financiado exclusivamente por fondos publicos a través de los programas de ANID:
FONDECYT n° 1170569 (Decoding springs, groundwater and fractured rocks connections at the San Felipe-
Los Andes drea - Aconcagua basin, Central Chile), FONDAP n° 15090013 (Centro de Excelencia en
Geotermia de los Andes, CEGA) y FONDEQUIP EQM120098 (Laboratorio de espectrometria de masas
con plasma acoplado por induccién de tipo cuadrupolo). Las pasantias a la Université de Montpelliery ala
Université de Rennes fueron financiadas por el programa ECOS-ANID n° 180055/C18U03 y por el
beneficio de pasantia doctoral en el extranjero, respectivamente. Ademas, gracias al beneficio de los
gastos operacionales pude realizar una estancia corta en la Universidad de Almeria. Quiero agradecer
también al programa UNESCO IGCP636 (Unifying international research forces to unlock and strengthen
geotermal exploitation of the Americas and Europe) que me permitid participar de enriquecedoras
discusiones sobre metodologias innovadoras de trabajo en terreno y técnicas de modelizacion vinculadas
a los recursos geotérmicos.

Quiero agradecer especialmente a mi profesora guia Linda Daniele quien confié en mi para
acompanarla en este hermoso proyecto de exploracién hidrogeoldgica en las rocas fracturadas de la
Cordillera de Los Andes. A lo largo de estos cuatro afios Linda ha dedicado su tiempo en formarme
éticamente como investigador, en ensenarme valores y en ser un apoyo tanto en lo académico como en
lo emocional. Como dicen por ahi, un buen profesor hace el papel de un padre, de un guia y de un
amigo... Gracias Linda por tanto. Agradezco también a mi profesora co-guia Gloria Arancibia quien
desde los primeros dias de esta travesia ha sabido guiarme activamente en mi desarrollo académico.
Durante su curso de Toépicos de Geociencias me ensefio las bases de la redaccion cientifica, y las
discusiones con Gloria me brindaban la seguridad para hacer las cosas aun mejor. Agradezco a Diego
Morata quien es el pilar principal del CEGA, un centro de investigacién de clase mundial del que me
siento orgulloso ser parte y que ha permitido formar numerosos profesionales de excelencia. Durante mi
desarrollo académico, tuve la suerte de trabajar con el profesor Benoit Viguier. A pesar de que él no
reconoce que el vino chileno es mejor que el francés, fue la persona que me ayudo a aterrizar a la realidad
todo lo tedrico. Es un excelente compaiero tanto de terreno como de redaccién y, ademas, un gran
amigo. Quiero agradecer también a los profesores Jorge Jodar y James McPhee por su tiempo dedicado y
por las excelentes sugerencias que ayudaron a mejorar esta tesis. Por otro lado, durante mis pasantias
pude conocer a grandes profesores, con quienes tuve discusiones bastante enriquecedoras y pude
observar lo genial del trabajo interdisciplinario. Asi, agradezco de la Université de Montpellier a Hervé
Jourde y Veronique Leonardi; de la Université de Rennes a Tanguy Le Borgne, Aditya Bandopadhyay,
Virginie Vergnaud, Philippe Davy y Laurent Longuevergne; y, por tltimo, de la Universidad de Almeria
a Angela Vallejos.

v



Este doctorado no hubiese sido nada sin las largas campanas de terreno y mucho menos si no
hubiese tenido los accesos a los recintos privados. Por lo mismo, agradezco infinitamente a Franz Rober
del Hotel San Esteban una muy buena persona y bastante preocupada por el bienestar de uno. Don
Franz, no solo me hospedaba, con él tenia largas conversaciones de politica, historia y de los recursos
hidricos de su regién, ademas me daba los contactos para poder tomar mis muestras y me permitié
instalar un recolector de lluvia en sus dependencias. Agradezco también por la buena voluntad y los
accesos permitidos a Diego Boris de Termas El Corazon, Carlos Bordones de Termas de Jahuel, Antén
Estévez de Fundo El Barro, Jorge Pino de la Quebrada El Carrizo, Ariel Gonzélez de la APR de Santa
Filomena, Rodrigo Fernandez de Agricola El Triunfo, Anton Sponar de Sky El Arpa y Segundo Pereira
del Estero Pocuro. También agradecer a Génesis Abarca con quien comparti bastante en San Esteban, y
al igual que don Franz, me permitid instalar un recolector de lluvia en su casa. De igual forma, las
muestras de agua no eran ttiles sin sus respectivos analisis quimicos. Por eso agradezco enormemente a
Erika Rojas y a Samuel Lepe, y en especial a Verdnica Rodriguez por su buena disposicion y apoyo
durante el trabajo en el Laboratorio de Geoquimica de Fluidos del CEGA. También a Antonio Delgado
del Instituto Andaluz de Ciencias de la Tierra (CSIC-Universidad de Granada), por el analisis de
isotopos estables de las aguas.

Doy las gracias a mis companeros de la Universidad de Chile, a Antonia Genot, Giselle Placencia,
Angello Negri, Diego Aravena, Pablo Valdenegro, Nicolas Pérez, Daniele Tardani, Francisco Ramirez,
Daniel Balzan, Sebastian Herrera, Huber Rivera, Christian Pizarro, Marcelo Cortés, Luna Pérez y
Vanessa Treskow. Agradecer también a mis compaiieros de la Pontificia Universidad Catolica, a Ronny
Figueroa, Tomas Roquer, Gert Heuser, Josefa Sepulveda y Eduardo Molina. A mis amigos Francisco
Trujillo, Jessica Saavedra, Eduardo Diaz, Antonio Simon y Carlo Divasto por los buenos momentos
junto a ellos. También agradezco a mis amigos de Iquique, a Catalina Hernandez, Ivan Ortiz, Ignacio
Dunstan, Daniel Tellez, César Huechucoy, Juan Guerrero y Felipe Cortés. Ademas, quiero mencionar a
quienes hicieron mis pasantias mas gratas y entretenidas, a los de la Université de Montpellier, en especial
a Tamara Andueza, Jessica Bouby y Julie Gontier, a los de la Université de Rennes a Justine Molron,
Leonardo Machado, Marta Cosma, Quentin Courtois, Diane Dolag, Alexandre Coche, Etienne
Philipson, Charlotte Le Traon, Maxime Bernard, Thomas Bernard, Eliot Chatton, Madelein Nicolas y
Olivier Bochet. No puedo olvidar mencionar a Eszter Dudas, AlineBaudry y Marine Noblanc, y mucho
menos a los chilenos en Rennes a Mixsy Igor, Camila Silva, Camilo Silva y Ximena Ortiz.

Para finalizar, quiero dar las gracias a mis papas por su amor constante, por los valores que hoy
definen mi vida y como si fuera poco, por haberme dado la oportunidad de estudiar sin quedar
endeudado. Quiero agradecer a mi tia Ximena y a mi tio Francisco por su apoyo incondicional y todo el
carifo que siempre me entregan, y a mis primos por las risas que hemos compartido. Y bueno, estoy
profundamente agradecido de mi compaiiera de vida, con quien he crecido y he reido, porque siempre

estd junto a mi... mi gorda.




TABLE OF CONTENTS

PART I: THE STATE OF THE ART

Chapter 1: Introduction

1.1. Theorical background
1.2. Research problem
1.3. Hypothesis and objectives
1.3.1. Research questions and hypothesis
1.3.2. Objectives
1.4. Scientific production
1.4.1. Publications and conference abstracts resulting from this thesis
1.4.1.1. Research papers
1.4.1.2. Conference abstracts
1.4.2. Publications and conference abstracts resulting from side-studies
1.4.2.1. Research papers
1.4.2.2. Conference abstracts
References

Chapter 2: Study area: The Aconcagua Basin

2.1. Geological setting
2.2. Hydro(geo)logical setting
2.2.1 Hydroclimatic variability
2.2.2. Groundwater resources
References

— O O O 0 o 0 00 NN N NN P~ o~

18
23
23
25
26

PART II: BUILDING THE CONCEPTUAL MODEL OF THE WESTERN ANDEAN FRONT

Chapter 3: Methodology

3.1. Hydrogeochemical and isotopic methods

3.1.1. Sampling and analysis

3.1.2. Tonic extraction by leaching test

3.1.3. Multivariate Statistical Analysis

3.1.4. Local meteoric water line construction
3.2. Structural and fracture network analyses

3.2.1. Multi-scale structural mapping

3.2.2. Topological approach
References

36
36
38
38
39
40
40
42
44

Vi



Chapter 4: Groundwater circulation and recharge processes in the Western Andean Front

Abstract
4.1. Hydrogeochemical patterns in the Western Andean Front
4.2. Hydrogeochemical processes in the Western Andean Front
4.2.1. Groundwater evolution along flow paths
4.2.2. Source of dissolved ions: water-rock interactions and anthropogenic
influences
4.3. Water stable isotopes and groundwater origins
4.3.1. The 33°S Chile Meteoric Water Line
4.3.2. Areas contributing to recharge groundwater
4.4. Groundwater circulation and recharge processes
References

Chapter 5: Architecture and fracture connectivity of the Pocuro Fault Zone

Abstract
5.1. Architecture of the Pocuro Fault zone
5.1.1. Tectonics features at regional scale
5.1.2. Fracture patterns and relative timing from outcrop scale mapping
5.2. Fracture analysis and connectivity of the Pocuro Fault Zone
5.3. The Oblique Basement Faults
References

Chapter 6: Conclusion

6.1. The conceptual model of the Western Andean Front
6.2. Summary and future insights
References

Bibliography

48
49
53
53

57
59
59
59
63
67

71
72
72
74
79
82
84

87
92
93

96

vii



APPENDIX
Appendix A: Water samples

A.1. Location of sampling points (Datum: UTM WGS84-19S)
A.2. Piper diagram showing the hydrogeochemical facies of water samples

Appendix B: Structural geology

B.1. Location of structural sites

B.2. Measured fractures from each structural site within the Pocuro Fault Zone
B.3. Histogram of measured fractures within the Pocuro Fault Zone
B.4. Fracture orientations plotted in pole contour diagrams

B.5. Microstructural analysis

B.6. Diffractograms of the fracture minerals filling

B.7. Fracture data inversion

B.8. Total of hydrothermal tensional fractures from each structural site
B.9. Stress field estimation from veins data

B.10. Stress and strain field estimation from fault slip data

B.11. Cartoon diagrams summarizing the crosscutting relationship

116
117

118
118
119
120
121
123
124
125
126
129
131

viii



LIST OF FIGURES

Fig. 1.1: Diagram showing the processes that may contribute to the aquifer functioning. As
example, there are several elements considered, such as the groundwater inflow (Gi),
precipitation recharge (Pr), surface recharge (Sr), borehole withdrawals (Bw),
evapotranspiration (Er) and groundwater outflow (Go).

Fig. 1.2: Diagram showing the recharge processes in mountain front zones: Mountain-front
recharge (MFR) and Mountain-block recharge (MBR). Illustration based on Wilson and
Guan (2004).

Fig. 1.3: Diagram showing the fault-contact between the mountain-block and the adjacent alluvial
aquifer. The fault zone illustration is based on Choi et al. (2016).

Fig. 1.4: a) Chilean population by region (data from INE); b) and c) annual mean air temperature
and annual mean precipitation distribution, respectively (spatially interpolated gridded
climate data from Fick and Hijmans, 2017); d) and c) morphotectonic features (based on
Cembrano et al. 2007) and crustal fault (based on Arancibia, 2004; Cembrano et al. 2005;
Farias et al. 2005; Melnick and Echter, 2006; Charrier et al. 2007; Allmendinger and
Gonzalez, 2010; Poblete ef al. 2014; Betka et al. 2016; Martinez et al. 2016; Pérez-Flores et
al. 2017; Piquer et al. 2019; Santibanez et al. 2019; Veloso et al. 2019; Yaiez and Rivera,
2019) of the Chilean Andes, respectively.

Fig. 1.5: a) Current and simplistic conceptual model for the Chilean alluvial aquifers and, b)
hypothetical conceptual model considering the hydraulic connection between the alluvial
aquifers and the mountain front.

Fig. 2.1: Chronostratigraphic chart of the Central Chile (at 32.8°S) showing the main stratigraphic
units and the dominant tectonic event (based on Godoy et al. 1999; Jordan et al. 2001;
Yafiez et al. 2001; Charrier et al. 2002; Fuentes et al. 2002; Nystrom et al. 2003; Arancibia,
2004; Munoz et al. 2006; Charrier et al. 2007; Jara and Charrier, 2014; Piquer et al. 2017;
Horton, 2018; Riesner et al. 2019; Boyce et al. 2020).

Fig. 2.2: Morphotectonic features of the Central Chile Andes (based on Cembrano et al. 2007). It
illustrates the major lineaments (based on Yanez and Rivera, 2019) and the contour of the
Nazca plate shape beneath the South American plate (Cahill and Isacks, 1992). Relative
convergence vector of the Nazca plate from Angermann et al. (1999). WVTF: West vergent
thrust faults.

Fig. 2.3: Geological map of the study area (1:200.000), datum WGS84-19S. The lithological
information is based on Rivano ef al. 1993, Fuentes (2004), Jara and Charrier (2014) and
Boyce et al. (2020).

19

20

21

X
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area (Cal, calcite; Gth, goethite; Hem, Hematite; Lmt, laumontite; Qz, quartz).

Fig. 5.6: Morphostructural lineaments map of the PFZ. The major springs of the study area are
highlighted: Termas de Jahuel (Jh) and Termas El Corazon (TEC).

Fig. 5.7: Topological analysis of the fracture network in the Pocuro Fault Zone. a) Orientations of
the fracture network. Rose diagram shows the orientation of mapped lineaments with bin
size 10°. b) Topological characterization of the fracture network. ¢) Contour map shows the
density of connected branches (C-I and C-C branch). Rose diagrams (bin size 10°) show the
orientation of fractures mapped from representative areas at Termas El Corazon (TEC) and
to the east of Termas de Jahuel (Jh). d) Contour map shows the density of connected nodes
(Nc = Y-node + X-node).
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Fig. 5.8: Western Andean Front hydrogeological cartoon highlighting the role of the Oblique
Basement Faults on groundwater circulation and the recharge of adjacent alluvial aquifers.
The size of the springs reflects its flow rate (large springs have a high flow while the little
ones have a lower flow).

Fig. 6.1: a) Location of groundwater samples at the study area (colours of the samples are related
to the HCA clusters). b) electrical conductivity vs. elevation (m asl) of groundwater
samples, and c¢) Schoeller-Berkaloff diagram from selected samples.

Fig. 6.2: Recharge processes along the Western Andean Front. The average of groundwater
composition according to the location is represented by the Stiff diagrams (colours are
related to the HCA clusters).

Fig. 6.3: a) Summary of the main faults identified within the PFZ. b) and c) geoelectrical profiles
transversal to the mountain front and to a perched valley in the mountain block,
respectively (from Figueroa, 2020).

Fig. 6.4: Hydrogeological conceptual model of the Western Andean Front at Central Chile
(surficial flow comprises both perennial and ephemeral streams).
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CHAPTER

1

Introduction

1.1. THEORICAL BACKGROUND

In arid and semiarid regions groundwater resources play a crucial role for water supply due to the
scarcity or absence of surface water (Simmers, 2003). However, the increasing anthropogenic and
climatic pressures critically impact the availability of traditional groundwater resources in shallow
alluvial aquifers. The implementation of sustainable aquifer management policies fundamentally
depends on a good understanding of the aquifer functioning and the related recharge processes (Fig. 1.1)
(Simmers, 1997; de Vries and Simmers, 2002; Scanlon et al. 2006; Healy, 2010). Indeed, the
hydrogeological inaccuracies or the oversimplification of the hydrogeological conceptual models lead to
unsuitable management policies, strengthening the risk to overexploit the groundwater resources

(Huggenberger and Aigner, 1999; Scanlon et al. 2006; Kresic and Mikszewski, 2012).

Water budget:
Gi+ Pr+ Sr-Go - Er- Buw = AV/At

Symbology

|:| Basement @ Fractured basement E d"g'p”o"siﬁ',;
=L, Recharge =%y Discharge @ Spring
\\ Surficial flow \ Groundwater flow

Fig. 1.1: Diagram showing the processes that may contribute to the aquifer functioning. As example, there are several elements
considered, such as the groundwater inflow (Gi), precipitation recharge (Pr), surface recharge (Sr), borehole withdrawals (Bw),
evapotranspiration (Er) and groundwater outflow (Go).




Recharge is defined as the downward flow of water that reaches the water table, adding to
groundwater storage (Healy, 2010). The recharge occurs through two mechanisms: diffuse and focused.
Diffuse recharge is the direct infiltration into soil surface of precipitation distributed over large areas and
percolating through the vadose zone to the water table. Focused recharge is the movement of water
concentrated from surface-water bodies (e.g. streams, canals) to an underlying aquifer. Generally, diffuse
recharge dominates in humid regions and focused recharge in arid regions (Simmers, 1997).

In semiarid mountainous zones, a significant fraction of adjacent alluvial aquifer recharge
originates on high parts because they (Wilson and Guan, 2004): i) receive more precipitation (both rain
and snow) than the alluvial basins; ii) snowpack and glaciers support the streamflow and shallow
groundwater circulation during the driest periods; and iii) the fast infiltration that occurs along host-rock
fractures allows reducing the potential evapotranspiration losses. To the downstream, two fundamentals
hydrogeological processes may recharge the adjacent alluvial aquifers (Fig. 1.2) (Wilson and Guan, 2004;
Aishlin and McNamara, 2011; Bresciani et al. 2018; Markovich et al. 2019): the mountain-front recharge
(MFR) and the mountain-block recharge (MBR). The MFR consists in the runoff infiltration along the
piedmont zone from perennial and ephemeral streams originated on high areas, due the coarsest
sediments occur at the margin of the mountain block (e.g. alluvial fans). The MBR is the groundwater
flow derived from the mountain block to the basin (sometimes is referred as interaquifer flow), which is
normally transmitted by diffuse flows along the mountain front as well as by focused flows through

oblique faults crossing the mountain front.

Recharge processes:

=%, MFR = MBR
Recharge mechanism:

=%, Focused =2 Diffuse

Mountain-front
omain

Alluvial
aquifer

Symbology
[ IBasement [/5J Fractured basement Alluvial

]
“\, Surficial flow “, Groundwater flow ] deposits

‘6 Spring

Fig.1.2: Diagram showing the recharge processes in mountain front zones: Mountain-front recharge (MFR) and
Mountain-block recharge (MBR). Illustration based on Wilson and Guan (2004).
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Typically, mountain front zones are shaped by fault zones which separate the mountain domain
from the alluvial basins (Fig. 1.3) (e.g. Campagna and Aydin, 1994; Armijo et al. 2010; Saylor et al. 2010;
Salcher et al. 2012; Chapman et al. 2019; Laborde et al. 2019). As Bense et al. (2013) pointed out, a fault
zone is the volume of rock where permeability has been altered by fault-related deformation. Fault zones
commonly include a fault core surrounded by a damage zone (Caine et al. 1996; Kim et al. 2004;
Faulkner et al. 2010; Choi et al. 2016). The fault core is the zone of the most intense strain and
accommodates most of the displacement within the fault zone. Generally, it is found in the centre of the
fault zone and develops as shear bands (gouge, fault breccia, cataclasite) or slip-surfaces. The damage
zone is characterized by a relatively low strain compared to the fault core, and generally exhibit
secondary structures such as minor faults, joints, and veins.
Since a hydrogeological point of view, the fault core shows generally a lower permeability than the
damage zone, thus damage zone can be significantly more permeable than the fault core (Fig. 1.3) (e.g.
Ogilvie and Glover, 2001; Balsamo et al. 2010; Agosta et al. 2012; Mitchell and Faulkner, 2012). In
addition, fault zones can result from the interaction with other faults (Peacock et al. 2017), triggering a
complex fracture network that impacts the groundwater circulation pathways, and hence the MBR
processes. However, the circulation of groundwater in the mountain block (i.e. fractured media) requires
more than only fractures. In this sense, a critical factor that determines the preferential flowpaths within
a fracture media is the connectivity, because if the fractures are not connected the groundwater will not

flow (Berkowitz, 2002; Manzocchi, 2002; Makel, 2007; Maillot et al. 2016; Viswanathan et al. 2018).

Fault zone

—— A A
Damage  Fault Damage
zone core zone

Permeability

Fault domain

Alluvial
aquifer

Symbology
[ ] Basement Fractured basement [~ ] cﬁellaugslia;:‘s
3 Spring \ Surficial flow \\’ Groundwater flow

Fig. 1.3: Diagram showing the fault-contact between the mountain-block and the adjacent alluvial aquifer. The fault zone
illustration is based on Choi et al. (2016).




1.2. RESEARCH PROBLEM

Chile is a long and narrow country extending 4300 km long and averages 180 km wide. The total
population reported is 17,574,003 (data from Instituto Nacional de Estadisticas de Chile, INE), and
despite being such a long country, ~70 % of the inhabitants lives in Central Chile (Fig. 1.4a), where the
main socio-economic activities are also concentrated (i.e. agriculture, mining, forestry and hydropower
plants). Consistent with its vast length, Chile provides an extraordinary variety of climatic conditions
(Sarricolea et al. 2016), as demonstrated by the spatial variations of the air temperature and
precipitations (Fig. 1.4b, c¢). The Chilean landscape is characterized by a narrow central valley filled with
alluvial deposits (Central Depression) bordered by two cordilleras (Fig. 1.4d): the Coastal Cordillera, to
the west, and the Principal Cordillera, to the east (Cembrano et al. 2007). This landscape is the result of a
complex geological history recorded in cortical faults throughout Chile (Fig.1.4e; See Sect.2.1)
(Mpodozis and Ramos, 1989).

Even though Chile is a mountainous country, the hydrogeological studies have been focused on
alluvial deposits (Fig. 1.5a) filling valley bottoms and basin floors in the Central Depression (Muiioz et al.
2003; Rojas and Dassargues, 2007; Oyarzun et al. 2014; Jordan et al. 2015; Ribeiro et al. 2015; Mufoz et
al. 2016; Oyarzun et al. 2016; Salas et al. 2016; Fernandez et al. 2017; Urrutia et al. 2018; Viguier et al.
2018, 2019; Valois et al. 2020). Whilst such lithologies solely cover ~15% of the total area of Chile (Fig.
1.4d) (SERNAGEOMIN, 2003), the hydrogeological relations between alluvial deposits and surrounding
cordilleras have remained unstudied. As a result, the recharge from fractured rocks of the mountain front
has not been considered in hydrogeological conceptual models leading to an oversimplification of the
aquifers functioning and boundary conditions (Fig. 1.52). Indeed, according to Water Management
Authority (Direccion General de Aguas, DGA), the renewal of Central Depression alluvial aquifers results
from the focused recharge of river infiltration and from diffuse recharge of precipitation (Fig. 1.5a).
However, such hydrogeological view omits potential groundwater resources in adjacent fractured rocks
as well as the existence of mountain block recharge processes originating from the Principal Cordillera.

In Central (32.0°-36.0°S), the western flank of the Principal Cordillera (i.e. Western Andean
Front) is in contact with the Central Depression aquifers by NS-oriented crustal faults (Armijo et al.
2010). In the Western Andean Front the precipitation rate is around two times higher than in the Central
Depression (data provided by DGA) and, moreover, there are several perennial springs (Hauser, 1997;
Benavente et al. 2016) that evidence the groundwater circulation within the mountain block (Fig. 1.5b).
Thus, such context invites to explore the hydrogeological system in the Western Andean Front, where
groundwater circulation may play an important role in the recharge of the adjacent Central Depression

alluvial aquifers through the fractured rocks (Fig. 1.5b).
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In addition, Central Chile has undergone an uninterrupted sequence of dry years since 2010,
known as “Megadrought” (Garreaud et al. 2017, 2019), with rainfall deficits between 20 % and 40 %. The
combined effects of continuous dry years and increasing withdrawals (essentially for agriculture
activities; Valdés-Pineda et al. 2014) have led to overexploit shallow alluvial aquifers and drying the
rivers fed by the groundwater. Nowadays, social tensions are emerging between water resource
stakeholders, especially since water management is based on the principle of private water rights that
limit the equity of water resource repartition (Galaz, 2007; Valdés-Pineda et al. 2014; Costumero et al.
2016; Rivera et al. 2016; Tamayo and Carmona, 2019). Considering the alarming state of water resources
in Central Chile, regional hydrogeological conceptual models must be improved to reach better

management policies.

Alluvial
aquifer

Alluvial
aquifer

[ ] Basement [/ Fractured basement [ ] d‘ﬁlpu:slﬁls

; Spring \ Surficial flow \’ Groundwater flow
=L, Focused recharge =¥, Diffuse recharge

Fig. 1.5: a) Current and simplistic conceptual model for the Chilean alluvial aquifers and, b) hypothetical conceptual model
considering the hydraulic connection between the alluvial aquifers and the mountain front.




1.3. HYPOTHESIS AND OBJECTIVES

1.3.1. Research questions and hypothesis

From the above background, the following research questions arise:
- What is the origin of the springs? Where does the recharge of those springs occur?
- Is there a hydrogeological connection between the Western Andean Front and the Central

Depression alluvial aquifers?

- Ifa hydrogeological connection exists there, how is this connection possible? Do the crustal faults
have any role in this connection? Which recharge process(es) occur(s)?

The hypothesis is that the springs result from a groundwater flow originated in high parts of the
Principal Cordillera. The presence of the cortical faults along the Western Andean Front provide flow
paths leading the mountain-block recharge processes. Thus, groundwater circulating in fractured rocks
of the Western Andean Front is contributing to recharge the alluvial aquifers in the Central Depression,

and consequently a hydrogeologic connection exists between both domains (Fig. 1.5b).

1.3.2. Objectives

This PhD thesis aims to develop a reliable conceptual model of groundwater circulation and
related recharge processes taking place in the Western Andean Front as well as to unravel the role of the
cortical faults in the recharge of Central Depression aquifers. The study was carried out in the
Aconcagua Basin since there several perennial springs evidence groundwater flows in the Western
Andean Front. The major springs outflow along the NS-oriented Pocuro Fault Zone (PFZ), which
separates the volcanic rocks of the Principal Cordillera from the alluvial deposits of the Central
Depression. Furthermore, the Aconcagua Basin is an emblematic area which gathers all water resources
concerns of Central Chile. To answer the previous questions, the study was conducted through:

- A hydrogeochemical and isotopic analysis to assess the groundwater circulation and related
recharge processes. It is expected to determine if there is a hydrogeological connection between
the Western Andean Front and the Central Depression.

- A detailed structural geology exploration to unravel the fault zone architecture and how is the
connection between the Western Andean Front and the Central Depression. It is expected to
stablish the role of the cortical faults in the groundwater circulation.

- A topological approach to quantify the connectivity degree of the fractured rocks along the
Western Andean Front. It is expected to identify where the connection between the Western

Andean Front and the Central Depression occurs.
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Taucare M., Viguier B., Daniele L., Heuser G., Arancibia G. & Leonardi V. 2020. Connectivity of
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Chile). In: 46™ IAH Congress. Mélaga, Espafa. Oral presentation.

Treskow V., Daniele L., Taucare M. & Viguier B. 2019. Hydrogeochemistry of low-pH springs at El Arpa
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CHAPTER

2

Study area:
The Aconcagua Basin

2.1. GEOLOGICAL SETTING

The Andes extends along the western margin of South America. This orogen resulted from the
continental crust shortening and magmatic activity in response to ongoing subduction since the Jurassic
(Coira et al. 1982; Mpodozis and Ramos, 1989; DeCelles et al. 2009; Schellart, 2017). Subsequently, the
Andean orogeny began since the Late Cretaceous through several compressive phases alternated with
extensional ones in combination with the eastward migration of the magmatic arc (Fig. 2.1) (Parada et
al. 1988; Arancibia, 2004; Kay et al. 2005; Charrier et al. 2007). These tectonics phases have been
developed through several NS oriented crustal faults, which were controlled by inherited pre-Andean
oblique-to-the-orogen faults (Giambiagi et al. 2003; Cembrano and Lara, 2009; Piquer et al. 2017;
Riesner et al. 2018; Veloso et al. 2019; Yanez and Rivera, 2019).

As a consequence, the Andean region of Central Chile (32.0°-36.0°S) is segmented into three
major NS-oriented morphotectonic domains (Jordan et al. 1983), identified from west to east
as(Fig. 2.2): i) the Coastal Cordillera (up to 2000 m above sea level (asl)), ii) the Central Depression
(~570 m asl) and iii) the Principal Cordillera (up to 5000-6000 m asl). At 32.5°S the subduction of the
Juan Fernandez ridge beneath the South American plate triggered changes in the subduction angle
(Yanez et al. 2001, 2002; Yanez and Cembrano, 2004; Tassara ef al. 2006; Martinod et al. 2010), observed
in the remarkable variations of the morphotectonic setting (Fig. 2.2): between 28.0°S and 32.5°S there is
an absence of Central Depression as well as volcanism, while between 32.5°S and 42.0°S the Central
Depression and the volcanism are present.

The western flank of the Principal Cordillera (referred hereafter as “Western Andean Front”) is a
first-order morphological feature associated with a topographical difference of more than 2000 m relative
to the Central Depression (Fig. 2.2) (Rauld, 2011). Along Central Chile, the Western Andean Front is

shaped by west vergent thrust faults (Armijo et al. 2010; Farias et al. 2010; Vargas et al. 2014).
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Fig. 2.1: Chronostratigraphic chart of the Central Chile (at 32.8°S) showing the main stratigraphic units and the dominant
tectonic event (based on Godoy et al. 1999; Jordan et al. 2001; Yafiez et al. 2001; Charrier et al. 2002; Fuentes et al. 2002;
Nystrom et al. 2003; Arancibia, 2004; Mufioz et al. 2006; Charrier et al. 2007; Jara and Charrier, 2014; Piquer et al. 2017;
Horton, 2018; Riesner et al. 2019; Boyce et al. 2020).

(7~ Volcanic breccia

Such structures acted as normal faults during the extension of the Abanico Basin (late Eocene-
Oligocene; Fig. 2.1), and then were reactivated as reverse faults during the inversion of the Abanico
Basin (late Miocene-early Pliocene; Fig. 2.1) (Godoy et al. 1999; Jordan et al. 2001; Charrier et al. 2002).
The beginning of the inversion event coincides with a major shortening episode within the entire Andes
with cumulative shortening of 1.7 mm/year and convergence rate of ~150 mm/year at ~20 Ma in Central
Chile (Cembrano et al. 2007; Riesner et al. 2017). Then the cumulative shortening and convergence rate
progressively decreases until currently values of 0.1 mm/year and 66 mm/year, respectively. The
Western Andean Front reached the maximum uplift during the inversion event, after that the

deformation migrated towards the eastern part of the Principal Cordillera (Farias et al. 2008).
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Fig. 2.2: Morphotectonic features of the Central Chile Andes (based on Cembrano et al. 2007). It illustrates the major
lineaments (based on Yafiez and Rivera, 2019) and the contour of the Nazca plate shape beneath the South American plate
(Cahill and Isacks, 1992). Relative convergence vector of the Nazca plate from Angermann et al. (1999). WVTF: West vergent

thrust faults.

In the Aconcagua Basin (32.8°; Fig. 2.3), the Western Andean Front is shaped by the Pocuro Fault
Zone (PFZ). The PFZ is a NS oriented brittle deformation zone spanning over 150 km long and 4 km
wide, which record the previous described tectonic events (Fig. 2.1). Accordingly, the PFZ has been
described as a normal fault inverted and reactivated as reverse fault during the Andean Cenozoic
orogeny (Carter and Aguirre, 1965; Rivano et al. 1993; Jara and Charrier, 2014). The PFZ exhibits a
hydrothermal alteration zone characterized by veins filled with minerals resulting from fluids at 100-
310°C (Fuentes et al. 2004). The PFZ channelled such fluids from depths in an active geothermal system

developed during the Miocene (Padilla and Vergara, 1985; Fuentes et al. 2004).
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The exposed rocks in the study area (Fig. 2.3) consist of a stratified sequence deposited in
continental environment during the Cretaceous and the middle Miocene (Fig. 2.1):

- Las Chilcas Formation (late Cretaceous) located in the Coastal Cordillera, comprises ~6000 m of
basalts, andesites and pyroclastic rocks intercalated by sedimentary layers, and limestones as
subordinated layers (Thomas, 1958; Wall et al. 1999; Boyce et al. 2020). This formation is dated
between 105.713.3 Ma and 82.7+5.7 Ma by U-Pb on detrital-zircon (Boyce, 2015).

- Lo Valle Formation (late Cretaceous) outcrops as inselberg into the Central Depression and it is
constituted by 700-1800 m of dacitic tuff with intercalations of porphyritic andesites (Thomas,
1958; Gana and Wall, 1997; Boyce et al. 2020). This formation is dated between 73.3+0.5 Ma and
65.0£2.0 Ma by “Ar/*Ar on plagioclase (Gana and Wall, 1997) and U-Pb on detrital-zircon
(Boyce, 2015). Lo Valle Fm. overlies in angular unconformity on Las Chilcas Fm. (Rivano et al.
1993; Boyce et al. 2020).

- Abanico Formation (late Eocene to early Miocene) located in the Principal Cordillera is made up
by ~3000m of andesites, basalts and pyroclastic rocks intercalated with conglomerates,
sandstones and mudrocks (Fuentes et al. 2002; Nystrom et al. 2003; Munoz et al. 2006; Jara and
Charrier, 2014; Piquer et al. 2017). This formation is dated between 37.0£0.0 Ma and 20.9+£0.3 Ma
by *Ar/*Ar and K/Ar on whole rock, plagioclase, biotite and hornblende (Gana and Wall, 1997;
Fuentes et al. 2002; Muioz et al. 2006), U-Pb on detrital-zircon (Jara and Charrier, 2014; Piquer et
al. 2017) and U-Th/He in zircon and apatite (Piquer et al. 2017). The Abanico Fm. is in fault-
contact with Las Chilcas Fm. by the PFZ (Jara and Charrier, 2014)

- Farellones Formation (early to middle Miocene) outcrops in the highest part of the Principal
Cordillera and it is a 1000-2500 m thick sequence of dacitic-rhyolitic tuff, andesites and rhyolites
(Rivano et al. 1990; Fuentes et al. 2002; Nystrom et al. 2003; Jara and Charrier, 2014; Piquer et al.
2017). This formation is dated between 21.4£0.4 Ma and 16.7+0.2 Ma by K/Ar on whole rock,
plagioclase and biotite (Vergara et al. 1988), *Ar/*Ar on whole rock, biotite and hornblende
(Fuentes et al. 2002), U-Pb on detrital-zircon (Deckart et al. 2005; Jara and Charrier, 2014; Piquer
et al. 2017) and U-Th/He in zircon and apatite (Piquer et al. 2017). The Farellones Fm. overlies in
progressive unconformity on the Abanico Fm (Fuentes ef al. 2002; Jara an Charrier, 2014).
Subsequent erosional processes (post Pliocene) in the Principal Cordillera, originated detrital

materials which were transported along EW-oriented fluvio-glacial valleys (e.g. Aconcagua River). Then,
the transport of detrital materials allowed the filling of the Central Depression basin floor, with an

average thickness of ~300 m (Yanez et al. 2015).

22



2.2. HYDRO(GEO)LOGICAL SETTING
2.2.1. Hydroclimatic variability

Central Chile is characterized by a semi-arid climate where moisture fluxes originate from the
Pacific Ocean and cold fronts associated with low pressure systems (Barret et al. 2009). The Principal
Cordillera acts as an orographic barrier isolating the western flank of the Chilean Andes from the
Atlantic influence (Barret ef al. 2009). During the historic time-period (1980-2010), annual precipitation
averaged 520 mm/year in the Coastal Cordillera, 280 mm/year in the Central Depression and
620 mm/year in the Principal Cordillera according to the database of Direccion General de Aguas (DGA)
(DGA, 2019). Typically, most of precipitation (~65 %) occurs during the austral winter. The interannual
variability is typically related to El Nifio Southern Oscillation (ENSO) (Montecinos and Aceituno, 2003)
showing wet and dry years during El Nifio and la Nifia phases, respectively (Fig. 2.4a). In the interface
between the Central Depression and the Principal Cordillera, the Western Andean Front is a
hydroclimate transition area where the 0 °C isotherm line oscillates around 2000 m asl In the mountain
front zone, air temperature averages 15 °C at 1100 m asl and ranges from -5 °C during the austral winter
to 38 °C during the austral summer (Fig. 2.4b) (DGA, 2019).

On mountain flanks, several temporary streams occur after anomalous rainy events (Garreaud,
2013; Viale and Garreaud, 2014) unlike major exoreic perennial streams originating from the Principal
Cordillera (e.g. Aconcagua River). Perennial streams are fed by precipitation during wet time periods
whereas groundwater and snowmelt on highs areas support the river base-flow during dry time periods
(Waylen and Caviedes, 1990; Cortés et al. 2011, Ohlanders et al. 2013). However, since 2010 the
“Megadrought”, characterized by an uninterrupted sequence of dry years uncorrelated from the ENSO
variations (Fig. 2.4a, c), has led to an alarming rainfall deficit from 25 to 45 % in Central Chile relative to
the historic period (1980-2010) (Boisier et al. 2016; Garreaud et al. 2017). Although snow and glacier
melt on highs support the river discharges (Ohlanders et al. 2013; Rodriguez et al. 2016; Janke et al.
2017; Schaffer et al. 2019), surface water resources have rapidly declined up to 90 % (Garreaud et al.

2017) leading the drought of many rivers (Fig. 2.4d).
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2.2.2. Groundwater resources

Along the Western Andean Front at least 23 perennial springs outflow at different elevations
from fractured rocks (Fig. 2.5). In this zone, Darwin (1839) described the two major springs of the study
area (Fig. 2.5): Termas de Jahuel (22 °C; Jh) and Termas El Corazén (20 °C; TEC). The mean spring
discharges are ~14.0 m’/h and ~7.2 m?’/h, respectively. Due to the stability in physico-chemical
parameters and geochemical composition over time (Darapsky, 1890; Hauser, 1997; Bustamante et al.
2012; Benavente et al. 2016), those springs have been used for thermal-bath activities and mineral water
bottling over decades (Daniele et al. 2019).

To the west, in the Central Depression, the San Felipe Aquifer is contained into the Quaternary
alluvial sediments (200-360 m thick) filling the Aconcagua Basin (Fig. 2.5) (DGA, 2015, 2016). According
to DGA (2016), the San Felipe aquifer is limited by the PFZ and the volcano-sedimentary sequences that
are considered as no-flow boundary conditions. Groundwater recharge is exclusively related to diffuse
recharge from precipitation as well as to focused recharge from Aconcagua River. Historically, surface-
water coming from Principal Cordillera and distributed by canals has permitted the development of
small farming activities in the Central Depression. But since the late 1980s, groundwater is mainly
extracted by deep boreholes (200-300 m depth) for supplying intensive agriculture practices, especially
avocado and grapevine cultivation, which has led to a water footprint increment (e.g. Novoa et al. 2019).
Consequently, the authorized groundwater extraction from the San Felipe alluvial aquifer has
significantly increased leading to a progressive water table decline (Fig. 2.4e, f). In fact, withdrawals
from the San Felipe aquifer have increased further during the “Megadrought” (Fig. 2.4e). It results in an
alarming and sharp water table drop up to 40 m (provided by Direccion General de Aguas, DGA, 2019).

Nowadays, groundwater resources in the Central Depression are overexploited.

Symbology
@ Spring || SanFelipe Aquifer
& Borehole ¥ Main trace of PFZ

Fig. 2.5: Springs located in the Western Andean Front and boreholes in the San Felipe Aquifer. Major springs are highlighted:
Termas de Jahuel (Jh) and Termas El Corazén (TEC).
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CHAPTER

3

MethodologL

3.1. HYDROGEOCHEMICAL AND ISOTOPIC METHODS
3.1.1. Sampling and analysis

Between February 2017 and September 2018, a total of 33 groundwater points was sampled for
geochemical and isotopic analyses: 23 springs and 10 boreholes (Fig. 3.1). Additionally, 5 rain collectors
were installed between 830 and 2715 m asl. A paraffin oil layer was inserted into each collector to avoid
any evaporation and isotope fractioning process (IAEA/GNIP, 2014). Electrical conductivity,
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 (Suprapur® Nitric acid) for
cations and trace elements analysis. Unfiltered samples were collected for stable isotope analysis. All
samples were stored in pre-cleaned polyethylene bottles at 4 °C.

Major, minor and trace elements were analysed at Centro de Excelencia en Geotermia de los Andes
(CEGA) of the Departamento de Geologia (Universidad de Chile). Cl, SO, and NO; contents were
determined by Ion Chromatography (IC, 861 Compact IC Metrohm) with a detection limit of 0.030,
0.070 and 0.100 ppm, respectively. SiO,, Na, K, Ca and Mg were measured by Atomic Absorption
Spectrophotometry (F-AAS, Perkin-Elmer PinAAcle 900F) with detection limits of 0.1, 0.094, 0.044,
0.014 and 0.010 ppm, respectively. Li, B, As, Sr and Ba contents were determined by Inductively
Coupled Plasma Mass Spectrometry (ICP-MS, Thermo iCAP Q) with detection limits of 0.020, 0.070,
0.020, 0.001 and 0.010 ppb, respectively. Alkalinity (as HCO;) was determined by titration at the
sampling time to prevent precipitation of carbonates, by using HCI (0.1 N) as limiting reagent. 6'*0 and
dD (water stable isotopes) were analyzed by Finnigan Delta Plus XL mass spectrometer at Estacion
Experimental de Zaidin (CSIC, Spain) with an analytical uncertainty of 0.1 %o and +1.1 %0 VSMOW,

respectively.
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Fig. 3.1: Location of the sampling points and isotopic information. a) Central Chile and the Andean morphotectonic domains:
in green the Coastal Cordillera (CC), in pale-yeallow the Central Depression (CD) and in orange the Principal Cordillera (PC).
The Western Andean Front (WAF) is remarked in the red hatched area and the Aconcagua Basin are shown by the delineated
red area. b) The Aconcagua Basin. ¢) Geological map of the study area (from Taucare et al. 2020).
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3.1.2. Ionic extraction by leaching test

One way to get information about the source of dissolved solids in groundwater is comparing
them with the composition of rocks where groundwater circulation occurs (Kaasalainen and Stefansson,
2012). Five fresh rock samples were collected from representative outcrops of Las Chilcas and Abanico
Formation in the Western Andean Front. All rocks were pulverized using a tungsten mortar and sieved
to obtain a fine particle size (<39 pm). Cl, SO, and NO; were extracted using 2 g of rock sample in 100 ml
of Milli-Q Water by ultrasound-assisted leaching with a 50 Hz frequency (e.g. Giingor and Elik, 2007). At
end of leaching, the separation of the final solution from the solid residue was accomplished by
centrifugation at 3000 rpm during 10 min. Samples obtained were collected and filtered through a
0.45 pm Millipore filters and analysed. Na, K, Ca, Mg, Li, B, As, Sr and Ba were extracted by acid
digestion bomb method (Matusiewicz, 2003; Wang et al. 2019) using 0.1 g of sample that was dissolved
in a mixture of 1.2 ml of HNO; and 1.0 ml of HF at 135 °C during 24 hours on a hot plate. After cooling at
25°C, 2 ml of the solution were dissolved with a mixture of 1 ml HC] and 3 ml HNO; and heated again at
135 °C for 24 hours. In both cases, the resulting solutions have been analysed at the CEGA laboratories.
Note that HCO; concentrations have not been obtained from the leaching test because the anion

extraction was carried out using Mili-Q Water in laboratory without the presence of CO..

3.1.3. Multivariate Statistical Analysis

The data handling was performed using a Multivariate Statistical Analysis to classify the water
samples by hydrogeochemical similarities and to study the correlations between the geochemical
variables. In this study, two multivariate methods were applied using the IBM SPSS Statistics Software
V26: the hierarchical cluster analysis (HCA) and the factorial analysis (FA). Both methods are useful for
hydrogeological studies (Moya et al. 2015; Moeck et al. 2016; Negri et al. 2018). The preprocessing stage
consists to discard (Cloutier ef al. 2008): i) additive characteristics (such as electrical conductivity that is
directly related to ion contents), ii) variables with an elevated number of samples below the detection
limit, iii) variables that were not analyzed in all samples (e.g. §"*O and 8D), and iv) the variables with
insignificant regional variations (e.g. temperature, pH and K). Concentration values that are lower than
the detection limits were replaced by half of the detection limit value. Then, to minimize or eliminate
the presence of outliers and the high biased, typical for compositional data (Filzmoser et al. 2009), log-
transformation was applied on raw data prior to multivariate analysis. Finally, all statistical analyses were
performed using the Cl, SO4, HCO;, NO;, Na, Ca, Mg, SiO,, Li, B, As, Sr and Ba as geochemical

variables.
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HCA was performed to determine the relationships between the samples using the Euclidian
distance as linkage rule (Moeck ef al. 2016). The use of HCA allows highlighting the most distinctive
geochemical clusters (Giiler ef al. 2002). The similarity between clusters is expressed by the Euclidean
linkage distance in a dendrogram. FA allows identifying the relationships between the geochemical
variables by a small number of uncorrelated factors (Giménez-Forcada et al. 2017; Negri et al. 2018). The
KMO test was used to determine the factors that explain the variance of the geochemical variables
(Kayser, 1960). To an accurate analysis, these factors must have eigenvalues higher than one. The factors
were rotated using varimax method to maximize the variance of the squared loading for each factor.

Finally, the variable weights in each factor is relevant if it is greater than 0.50.

3.1.4. Local meteoric water line construction

The analyzed stable water isotopes were compared to those contained in precipitation to
characterize the hydrological processes in the study area and identify the areas contributing to the
groundwater recharge. Sanchez-Murillo et al. (2018) have recently proposed a Chilean meteoric water
line (8D = 7.478"0 + 3.42) considering hydrological stations along Chile as a whole. But this latter is not
completely representative for the study area. Indeed, due to the origin and temporal variations of the
moisture fluxes, the meteoric §'*O and 8D are mainly enriched to the North and depleted to the South
(Aravena et al., 1999; Garreaud, 2009; Garreaud et al., 2013). Moreover, in Central Chile, the
orographic-continental effect is the dominant factor that controls the meteoric §'*O and 8D variations
across EW-transect (Jorquera et al. 2015).

Hence, for an accurate characterization of the hydrological processes in the study area, it was
necessary to define a reliable local meteoric water line at 33°S in Chile, hereafter “33°S Chile MWL”. The
available data of §"*O and 8D annual weight means in precipitation were employed (Hoke et al. 2013;
IAEA/WMO, 2019) from the Coastal Cordillera, the Central Depression and the Principal Cordillera
(Fig. 3.1a, b and Table 3.1). Available "0 and 8D averages in snowpack, collected between 2200-2600
and 2600-3000 m asl in the Principal Cordillera by Ohlanders et al. (2013) were also used to attempt
characterizing the role of snow in the recharge of groundwater. Analyzed 60O and 8D in collected

rainwater (no. 35, 36, 37) during this study were also compared to those from regional literature.
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Precipitation

Station Reference Spanning  Number of Lat. Long. Altitude ~ Morphostructural
Period w-mean (°South) (“West) (m asl) domain
Valparaiso TAEA/WMO (2019) 1988-1991 4 33.06 71.60 74 Coastal Cordillera
1972-1975
Santiago IAEA/WMO (2019) 1989-1999 20 33.45 70.70 520 Central Depression
2011-2015
P“flfct: el Hoke et al. (2013)  2008-2009 2 32.82 69.92 2750  Principal Cordillera
Las Cuevas Hoke et al. (2013) 2008-2009 2 32.81 70.05 3200 Principal Cordillera
Snow
. Spanning  Number of Lat. Long. Altitude  Morphostructural
Station Reference Period averages (°South) (“West) (m asl) domain
R 1 2200-2600
Junc.al Ohlanders ef al. August 32.86 70.14 Principal Cordillera
Portillo (2013) 2011 1 2600-3000

Table 3.1: Dataset of annual weight-mean in precipitation and average in snowpack.

3.2. STRUCTURAL AND FRACTURE NETWORK ANALYSES
3.2.1. Multi-scale structural mapping

The field work was conducted describing the major tectonic and geomorphological features
through multi-scale mapping, from regional scale (1:50,000) to local scale (1:250). Then, in order to
describe the fracture patterns, a detailed outcrop-scale mapping (1:10) was performed in four
representative areas into PFZ (referred hereafter as structural sites; Fig. 3.2): Potrerillos, Termas El
Corazon, Bypass and Estero Pocuro. The structural sites were selected based on their well-preserved
outcrops in both cross section and in plan-view. For the fracture description the following parameters
have been considered: geometry, failure mode, filling mineral, fracture arrangements, kinematic and
cross-cutting relationships. The field work was complemented with X-Ray Diffraction for mineral
recognition of the veins infill, the matrix of hydrothermal breccias and the slickensides at the Laboratorio
de Cristalografia of the Universidad de Chile.

The term fracture is used to refer any planar/tabular mechanical break or discontinuity that
separates a rock body into two or more parts, disrupting the original physical properties of a rock
regardless of the failure mode (Gudmundsson, 2011; Peacock ef al. 2016). In addition, as Veloso et al.
(2017) pointed out, a fracture may contain an infill material such as hydrothermal crystallized,

magmatic, cataclastic, brecciated (sheared and broken) or comminuted deformed materials.
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Fig. 3.2: a) Map of the study area showing each structural site: b) Potrerillos (PT), c) Termas El Corazon (TEC), d) Bypass (BP),
and e) Estero Pocuro (EP).
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3.2.2. Topological approach

The topological approach uses components, such as “nodes” and “branches” (Jing and
Stephansson, 1997; Sanderson and Nixon, 2015, 2018): A “node” is a point where a line ends or
intersects another line (Fig. 3.3). A “node” can be classified as isolated (I-node), abutting (Y-node), or as
crossing nodes (X-node). A “branch” is a line bounded by an isolated node (I-) or a connecting node (Y-
or X-) (Fig. 3.3), and it can be classified as an isolated (I-I), partially connected (C-I), fully connected (C-

C) branch, but also as an unknown branch (Unk) when this latter intersects the limits of the study area.

Node
*—¢ N\
O
o © 5
O o
Topology components
Nodes: Branches:
© Isolated (1) Isolated (I-1)

A Abutting (Y) === Partially connected (C-)
B Crossing (X) === Fylly connected (C-C)

Fig. 3.3: Topological nomenclature for fracture network characterization (Sanderson and Nixon, 2015). a) Fracture network

map, and b) its topological characterization.

At the scale of the study area (~650 km?; Fig. 3.4), the topological approach was conducted by the
digitalization of morphostructural lineaments from high-resolution photomosaic extracted from a
Google Earth (pixel size=2.5 m) and supported by the structural field mapping. The spatial distribution
of the fracture network topological parameters was processed by a geographic information system (GIS),
using the NetworkGT tool developed by Nyberg et al. (2018). Because groundwater circulates in
connected fractures (Makel, 2007), only connected branches (C-I and C-C) and connecting nodes (Y-
and X-) were further considered. Using a Kernel density tool (e.g. Dimmen et al. 2017), the spatial
distribution is shown for the following parameters in the PFZ are shown: i) the density of fractures,
which involves the total branch length per surface unit (km/km?), and ii) the density of connected
nodes, which illustrates the number of connected nodes (Nc = Y-node + X-node) per surface unit
(Nc/km?). In addition, fracture analyses were carried out at the outcrop scale in two areas within the
PFZ (Fig. 3.2b, c¢), at Termas El Corazon (TEC) in the Abanico Fm and at 5 km to the east of Termas de
Jahuel (Jh; Potrerillos structural site) in the Las Chilcas Fm. Both areas (~200 m?) have well-preserved
outcrops and contain galleries (7-30 m long) that enable a three-dimensional view (cross section and

plan-view) of the fracture network.
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Fig. 3.4: High-resolution photomosaic utilized for the topological approach. The major springs of the study area are
highlighted: Termas de Jahuel (Jh) and Termas El Corazén (TEC).
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CHAPTER

4

Groundwater circulation and recharge
processes in the Western Andean Front

Abstract

In Central Chile, the increment of withdrawals together with drought conditions has exposed the poor
understanding of the regional hydrogeological system. In this study, the Western Andean Front hydrogeology
is addressed by hydrogeochemical and water stable isotope analyses of 23 springs, 10 boreholes, 5 rain-
collectors and 5 leaching-rocks samples at Aconcagua Basin. From the upstream to the downstream parts of
the Western Andean Front, most groundwater is HCO;-Ca and results from the dissolution of anorthite,
labradorite and other silicate minerals. The Hierarchical Cluster Analysis groups the samples according to its
position along the Western Andean Front and supports a clear correlation between the increasing
groundwater mineralization (31-1188 pS/cm) and residence time. Through Factorial Analysis, was found that
Cl, NO;, Sr and Ba concentrations are related to agriculture practices in the Central Depression. After
defining the regional meteoric water line at 33°S in Chile, water isotopes demonstrate the role of rain and
snowmelt above ~2000 m asl in the recharge of groundwater. Finally, an original conceptual model applicable
to the entire Central Chile is propose. During dry periods, water releases from high-elevation areas infiltrate
in mid-mountain gullies feeding groundwater circulation in the fractured rocks of Western Andean Front. To
the downstream, mountain-block and -front processes recharge the alluvial aquifers. Irrigation canals,
conducting water from Principal Cordillera, play a significant role in the recharge of Central Depression
aquifers. While groundwater in the Western Andean Front has a high-quality according to different water
uses, intensive agriculture practices in the Central Depression cause an increment of hazardous elements for

human-health in groundwater.

Keywords Groundwater o Fractured aquifer « Mountain front zone « Hydrogeochemistry « Water

stable isotopes ¢ Aconcagua Basin
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4.1. HYDROGEOCHEMICAL PATTERNS IN THE WESTERN ANDEAN FRONT

In the study area (Fig. 4.1a), the groundwater electrical conductivity (EC) ranges from 31 to
1188 uS/cm and increases as elevation decreases (Table4.1 and Fig. 4.1b). High-elevation springs
(>2000 m asl) have EC values between 31 and 168 pS/cm (Fig. 4.1b). Springs and boreholes at lower
elevation into the Western Andean Front (<2000 m asl) have EC values between 143 and 647 uS/cm
(Fig. 4.1b). Finally, in the alluvial San Felipe aquifer, the boreholes display EC values between 519 and
1188 pS/cm (Fig. 4.1b). Groundwater temperature in spring mainly agrees with the local mean annual
air temperature (15°C; Fig. 4.1c). But daily fluctuations can be observed in the outflowing water,
especially in high-elevation areas. This is visible in the spring no. 1 (located at 2465 m asl), where the
measured temperature is 27 °C during the afternoon, while during the morning may reach 5 °C. Some
springs in the PFZ (e.g. no. 12, 19, 28) have a permanent low-thermal component (21 to 24 °C) with
respect to the local mean annual air temperature (Fig. 4.1c), which highlights the presence of deeper
groundwater circulation in the Western Andean Front. Boreholes groundwater temperature ranges from
18.6° (no. 30) to 23.2°C (no.7, 22) (Fig. 4.1c). The pH values, ranging between 6.9 (no.29) and 8.5

(no. 15), do not show a significant spatial variation.
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Fig. 4.1: a) Location of groundwater samples at the study area. b) Electrical conductivity and c¢) temperature vs. elevation (m
asl) of groundwater samples.
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The hydrogeochemical facies of groundwater along the Western Andean Front is mainly HCOs-
Ca (Fig. 4.2). That facies results from the dissolution of Ca-silicate minerals containing into the volcano-
sedimentary rocks of the study area (see Sect. 4.2.2). In addition, two sample points (no. 12, 29) located
at the downstream of PFZ are SO4-Ca, which may suggest a higher residence time of groundwater. The
spring no.3 is HCO;-Na likely due to the dissolution of Na-silicate minerals into dykes (field
observation). The relation between EC and elevation is also visible in the variation of elements
concentrations in groundwater (Fig. 4.3), where the concentrations are lowest in high-elevation areas
and progressively increase down to the San Felipe aquifer. Note that samples located in the basin have a
significant increase in the concentrations of Cl, NO;, Sr and Ba instead of the samples located into the

fractured rock (Fig. 4.3a, g, h, i).
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Fig. 4.2: Stiff diagrams of groundwater samples at the study area.
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W Source Altitude re EC Major Elements (ppm) Trace Elements (ppb) Tonic Ratios (meq/L)
(m asl) (uS/em) gj0, €l SO, HCO; NO; Na K Ca Mg Li B As  Sr  Ba rNa/rCa rMg/rCa rLi/rCl rB/rCl
1 Spring 2465 27.7 8.17 31 11.0  0.08 0.9 15.1 021 042 bdl 3.08 0.40 bdl 3.30 0.40 17.50 2.19 0.364 0.346 0.0017  0.183
2 Spring 1933 13.5 7.38 84 209 0.44 2.9 44.1 245 466 0.13 1045 0.83 bdl 8.38 0.86 18.02 0.62 0.173 0.276 0.0011  0.024
3 Spring 1562 20.4 8.40 190 158 1.07 187 89.8 0.34 31.88 0.51 7.09 023 1.36 20.11 1.40 554  0.62 0.311 0.500 0.0053  0.184
4  Spring 1515 149 7.82 278 222 092 4.2 1746 043 11.88 bdl 42.68 430 0.83 49.98 272 77.13 419 0.283 0.311 0.0028  0.207
5  Spring 1246 17.2 8.47 277 23.1 1.63 243 1314 564 1728 0.37 36.78 4.11 2.89 78.69 8.35 176.64 5.49 0.295 0.327 0.0033  0.199
6 Borehole 938 224 7.16 519 326 791 78,5 2258 12.87 28.08 147 6722 1411 2.56 147.19  3.71 309.07 23.76  0.453 0.411 0.0039  0.141
7 Borehole 895 232 7.48 703 339 2334 41.5 338.6 3497 2092 1.67 10536 17.63 5.08 56.64 0.97 439.92 48.00 0.410 0.360 0.0008  0.059
8 Spring 2380 21.0 7.09 168 18.0 0.50 2.4 73.2 0.34 5.00 bdl 1638 1.57 bdl 6.28 0.62 54.08 1.39 0.399 0.189 0.0050  0.034
9 Spring 2301 12.5 7.95 96 26.0 0.96 2.5 37.6 229 6.88 0.49 9.16 1.05 bdl 6.54 1.17 2487 1.73 0.287 0.310 0.0024  0.018
10  Spring 2085 13.3 7.90 144 18.0 024 11.5 85.4 270  9.10 bdl 2016 139 0.25 13.12 1.51  49.79 1.86 0.272 0.278 0.0026  0.026
11 Spring 1784 219 7.13 186 20.1 275 39.6 70.2 0.11 1710 0.40 1832 1.86 2.33 186.69 329 11891 0.84 0.410 0.184 0.0091  0.475
12 Spring 1128 21.5 7.43 647 29.5 592 185.6 1647 990 26.68 235 7488 22.70 6.18 110.45 12.27 287.32 15.80  0.145 0.210 0.0041  1.506
13 Spring 2179 234 697 204 20.1 1.68 44.8 82.4 1.01 6.13 138 2980 291 1.43 176.80 12.51 58.28 0.69 0.246 0.257 0.0022  0.405
14  Spring 1783 18.9 7.41 330 21.7 121 527 161.7 243 9.1 054 5476 698 098 18546 1.59 104.05 1.92 0.239 0.254 0.0029  0.339
15  Spring 1490 21.0 8.52 272 25.0 210 349 1403 289 17.55 1.04 3830 412 1.27 130.16 7.80 81.64 1.24 0.387 0.216 0.0041  0.217
16 Borehole 1283 222 7.36 412 249 289 734 1800 567 1719 0.63 60.86 9.50 1.26 11895 9.28 142.56 6.33 0.251 0.292 0.0034  0.247
17  Spring 1239 22.8 7.14 461 262 341 747 2258 542 19.55 0.38 71.22 1095 191 11723 1.69 6790 4.31 0.279 0.349 0.0052  0.240
18  Spring 1157 25.7 8.19 484 27.0 4.03 560 241.0 517 29.10 0.04 6559 860 3.27 88.69 299 253.80 5.33 0.435 0.273 0.0006  0.020
19  Spring 1088 21.0 7.10 575 28.1 489 977 2654 9.47 2480 027 86.22 1529 3.25 12295 2.84 12517 0.58 0.443 0.316 0.0069  0.086
20  Spring 1077 22.3 7.22 557 299 4.55 736 2868 11.78 2496 0.69 78.14 16.55 4.65 111.04 1274 33271 1.92 0.384 0.343 0.0048  0.071
21 Borehole 980 21.0 7.54 686 320 586 93.6 3051 948 28.80 0.65 88.80 16.77 3.22 123.07 5.06 381.86 61.06 0.430 0.350 0.0072  0.108
22 Borehole 973 232 7.55 644 37.0 6.01 77.5 2441 1643 29.10 0.63 8588 17.01 3.85 121.06 573 399.18 67.20  3.921 0.053 0.0065  0.185
23 Borehole 939 214 7.77 581 340 7.18 564 2441 37.50 3270 0.53 6296 1569 5.48 102.67 6.78 379.10 8.63 0.243 0.166 0.0046  0.536
24 Borehole 1146 20.8 7.43 570 31.0 1221 223 1923 1190 24.15 0.51 4843 8.01 1.46 25.15 2.69 290.66 2.51 0.394 0.113 0.0053  0.545
25  Spring 1088 23.7 7.45 275 31.6 248 10.1 170.8 9.02 17.54 0.64 3450 6.62 3.34 21.71 324 136.20 2.21 0.814 0.167 0.0043  0.669
Detection limits: 0.1  0.03  0.07 0.0 0.10 0.09 0.04 0.014 0.001 0.02 0.07 0.02 0.001 0.01

Table 4.1: Chemical analysis of spring, borehole, and meteoric water samples (bdl: below detection limit).
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. Source Altitude re EC Major Elements (ppm) Trace Elements (ppb) Tonic Ratios (meq/L)
(m asl) (uS/em) gj0, €I SO, HCO; NO; Na K Ca Mg Li B As  Sr  Ba rNa/rCa rMg/rCa rLi/rCl rB/rCl
26  Spring 993 19.8 7.37 402 26.8 8.67 334 2014 727 21.12 391 4792 9.98 8.23 62.69 9.13 34136 3.11 0.179 0.161 0.0043  1.037
27  Spring 981 20.6 7.66 390 26.0 6.19 363 1953 692 2320 0.73 47.00 9.97 8.73 68.05 8.87 34597 3.27 0.400 0.177 0.0031  0.610
28  Spring 975 24.1 795 579 24.8 1426 554 302.0 439 33.82 647 71.88 15.69 2.30 85.81 5.06 421.58 14.84  0.292 0.155 0.0029  0.493
29 Borehole 919 18.9 6.99 1188 25.8 60.17 166.4 197.1 10.29 4820 0.90 105.35 12.10 58.66 209.41 22.05 927.64 11.48 0.119 0.214 0.0012  0.396
30 Borehole 918 18.6 7.59 710 27.0 30.01 1409 2563 9.66 3090 093 9395 17.66 14.30 53.77 398 71544 14.52  0.389 0.131 0.0002  0.189
31 Borehole 889 - 7.68 1026 25.8 28.04 141.6 2563 935 32.00 1.42 102.65 17.30 14.12 73.70 3.00 753.15 24.57  0.266 0.158 0.0002  0.123
32 Spring 1701 11.5 7.96 83 17.6  0.50 10.2 42.7 0.83 1.03 0.24 12.13 1.32 bdl 16.07 140 1997 1.04 0.655 0.190 0.0001  0.067
33 Spring 1456 18.0 7.72 341 229 1.697 62.6 1342 bdl 1546 bdl 4620 4.34 0.97 84.95 2.84 125.17 0.58 0.074 0.179 0.0002  0.319
34 Meteoric 2715 15.7 5.87 14 bdl  1.01 0.7 1.0 1.59 030 0.73 1.79 0.00 bdl bdl 0.21 3.66 4.05 0.146 0.001 0.0001  0.001
35 Meteoric 1965 15.6 6.17 45 0.3 0.53 2.1 16.9 bdl 045 116 6.89 022 0.54 24.30 1.73 1136  2.32 0.057 0.053 0.0052  0.452
36 Meteoric 1132 142 5.70 28 bdl 119 1.9 7.6 bdl 048 292 224 0.29 bdl 4.15 1.30 1213 4.08 0.186 0.215 0.0001  0.034
37 Meteoric 970 14.5 6.70 50 bdl 195 2.5 15.7 bdl 122 874 3.01 0.66 bdl 13.08 094 824 484 0.353 0.361 0.0001  0.066
38 Meteoric 830 15.0 6.68 56 1.5 0.56 3.4 22.0 bdl 019 0.57 1177 0.22 bdl 6.75 1.03 19.27 10.14 0.014 0.031 0.0002  0.119
Detection limits: 0.1 ~ 0.03  0.07 0.0 0.10 0.09 0.04 0.014 0.001 0.02 0.07 0.02 0.001 0.01

(Continuation of Table 4.1)
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Fig. 4.3: Dissolved elements concentration vs. elevation (m asl) of springs (sky-blue) and boreholes (black/white) samples.

4.2. HYDROGEOCHEMICAL PROCESSES IN THE WESTERN ANDEAN FRONT

4.2.1. Groundwater evolution along flow paths

The hierarchical cluster analysis (HCA) reveals three main clusters (C1, C2 and C3; Fig. 4.4a),
whose average properties are summarized in the Table 4.2 and Fig. 4.4b. C1 includes all boreholes of the
San Felipe aquifer (no. 6, 7, 21, 22, 23, 29, 30, 31) and springs with the highest electrical conductivity
values (no. 12, 28). C2 includes the springs and boreholes located in the lowest and middle part of the
Western Andean Front. C2 can be subdivided in two sub-groups (C2.1 and C2.2) composed of (i)
springs outflowing from fractured rocks within the PFZ (no. 5, 14, 17, 18, 19, 20, 25, 26, 27) and
boreholes into Quaternary colluvium deposits in PFZ (no. 16, 24); and (ii) springs outflowing in the
middle part of the Western Andean Front from fractured rocks (no. 3, 4, 10, 11, 13, 15, 33). C3 includes
the springs in highest elevations of the Western Andean Front (C3.1: no. 1, 2, 8, 9, 32) and meteoric

waters (C3.2: no. 34, 35, 36, 37, 38).
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The Euclidian distance between C1 and C2 is lower than between C1-C2 and C3 (Fig. 4.4a). This reveals

that C1 and C2 are geochemically more similar respect with C3. In addition, average properties inferred

from HCA (Table 4.2) highlight that element concentrations (electrical conductivity) increase with

decreasing elevation (Fig. 4.4b). However, the proportion of major elements is preserved from the

upstream parts of the Western Andean Front up to the basin at the downstream. Those results seem to

indicate that the variation of mineralization is due to an increase of the residence time rather than

changes of geochemical reactions.
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Fig. 4.4: Hierarchical cluster analysis. a) Dendogram shows the three main clusters. b) Stiff diagrams represent the average

concentration of major ions in meq/1.
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To test the previous assumption, concentrations were compared in both groundwater and
meteoric water with data of leaching-rocks sampled in the study area (Table 4.3). Considering the
regional mineral proportions (Fuentes et al. 2004), dominated by Ca-plagioclase (anorthite) and in lower
proportions by Na-plagioclase (albite) and CaMg-Pyroxenes, the ionic ratios Na/Ca and Mg/Ca against
the Cl were examined (Fig.4.5a, b). These plots reveal a well-defined gradual evolution of the
groundwater concentrations from C3 up to C1 samples and tend to reach the composition of the host-
rocks. Li and B are useful to characterise common sources of dissolved ions in waters (Nicholson, 1993).
Li/Cl (Fig. 4.5c) and B/CI (Fig. 4.5d) reveal that the source of dissolved ions in high-elevation springs
(C3) is due to meteoric water input, while most of groundwater in the Western Andean Front (C1 and
C2) originates from the dissolution of the host-rocks. Hence, the increase of groundwater mineralization

is due to the residence time of groundwater that circulates in the Western Andean Front.
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Fig. 4.5: Logarithmic ionic ratios calculated for water and rock samples vs. Cl (r = meq/L).
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HCA Altitude  Water EC . Major Elements (ppm) Trace Elements (ppb)
Samples
Clusters (masl)  Type  (pS/cm) Si0, ClI SO, HCO; NO; Na Ca Mg Li B As Sr Ba
Cl1 6. ’;’8122’922’02?123’ 953 HCOs-Ca 728 22 302 189 103.7 2534 155 31.1 859 16.7 11.6 1084 6.9 501.4 29.0
5 14,16, 17, 18, 19, 1189 HCOs-Ca 430 21 269 47 504 2047 73 207 574 9.7 3.6 91.0 58 2106 3.4
Cc2 20, 24, 25, 26, 27
3,4,10, 11,13, 15,33 1724 HCOs-Ca 231 19 206 1.5 309 111.0 1.1 156 289 27 12 945 46 738 14
1,2,8,9,32 2156 HCOs-Ca 92 17 187 0.5 38 425 12 36 102 10 00 81 09 269 14
C3
34, 35, 36, 37, 38 - HCOs-Ca 39 15 04 1.0 21 126 04 05 51 03 01 97 1.0 109 5.1
Table 4.2: Average values of chemical composition for each water cluster identified by the HCA.
Geological Major Elements (ppm) Trace Elements (ppb) Tonic Ratios (meq/L)
Id Lithology R
Formation () SO: NO; Na K Ca Mg Li B As Sr Ba rNa/rCa rMg/rCa rLi/rCl rB/rCl
R1 Lithic-rich andesitic lapilli-tuff Las Chilcas 43.88 12.68 8.36 4087 7486 90807 11638 19 46 68 402 220 0.039 0.211 0.0022  0.010
R2 Arkose Las Chilcas  39.79 226.08 5.30 34793 14393 39053 14911 19 19 74 883 1854  0.777 0.630 0.0025  0.005
R3 Lithic-rich andesitic lapilli-tuff Abanico 42,61 9.36 894 22171 11399 33147 8450 23 59 37 648 448 0.583 0.420 0.0028 0.014
R4 Hydorthermally altered crystal-rich andesitic tuff ~ Abanico  39.95 17.19 821 40924 14122 29661 16754 24 9 8 555 474 1.203 0.931 0.0030  0.002
RS Lithic-rich andesitic agglomerate Abanico 24.59 83.09 4.53 28262 10500 32748 9519 16 19 18 431 282 0.753 0.479 0.0034  0.008

Table 4.3: Chemical composition of the leaching-rock samples.
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4.2.2. Source of dissolved ions: water-rock interactions and anthropogenic influences

Regarding previous findings, in this section the geochemical reactions and processes that occur
along the Western Andean Front flow paths were defined.

In the study area, the volcano-sedimentary rocks are compositionally andesitic (Table 4.3) and the
principal minerals are plagioclases. In the Andes of Central Chile there is the whole family of
plagioclases, ranging from Na-plagioclase (albite) to Ca-plagioclase (anorthite), with labrodarite as an
intermediate plagioclase (Fuentes et al. 2004). The dissolution of plagioclase occurs in presence of
carbonic acid, derived from soil CO, dissolution (Eq. 1). Albite, labradorite and anorthite release a ratio
of 1:1 of Na/HCO; (Eq. 2), 1:3 of Na and Ca/HCO; (Eq. 3), and 1:2 of Ca/HCO; (Eq. 4), respectively
(Fig. 4.6) (Elango and Kannan, 2007; Frengstad et al. 2007; Lerman and Wu, 2008).

H,0 + CO, < H,CO, (1)

NaAlSi;04 + CO, + 2H,0 & Na* + 3Si0, + Al(OH); + HCO3~ ()
NaCaAl;Si504 + 8CO, + 9H,0 < 2Na* + 2Ca** + 4Si0, + 3A1,Si,05(0H), + 6HCO3~ (3)
CaAl,Si, 04 + 2C0, + 4H,0 < Ca** + 25i0, + Al(OH); + 2HCO5~ 4)

There is a positive correlation of Na and Ca with respect to HCO; (Fig. 4.6). Na vs. HCO;
(Fig. 4.6a) shows that most samples fit to the 1:3-trend showing a main dissolution of labradorite. In
turn, Ca vs. HCO; (Fig. 4.6b) shows that most samples plot between 1:3 and 1:2 stoichiometric lines but
tend to the 1:2-trend. These observations indicate the main role of anorthite dissolution in groundwater
composition, even though labradorite dissolution occurs in a minor proportion. The results agree with
the proportion of plagioclase minerals in the study area, where anorthite is dominant (Fuentes et al.

2004). Thus, the plagioclase dissolution explained the amounts of Na, Ca and HCOs.
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Fig. 4.6: Molar relationships of a) Na vs. HCOs and b) Ca vs. HCO3 showing the plagioclase dissolution (stoichiometry ratios):
albite (1:1), anorthite (1:2) and labradorite (1:3).
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The factorial analysis (FA) results in two factors (F1 and F2), which explain 82.6 % of the total
variance. The KMO value of 0.84 ensures the quality of the FA. The two factors suggest different sources
of the analysed variables (Fig. 4.7a). F1 (58.25 %) shows the association of SO4, HCO;, Na, Ca, Mg, SiO.,
Li, B, As and Sr. Given that the source of Na, Ca and HCOs is the dissolution of plagioclases, F1 reflects
the water-rock interaction. F2 (24.37 %) shows the association of Cl, NO;, Sr and Ba. In the study area,
the agriculture practices release in soils: (i) fertilizers containing NO; and Sr (e.g. Fernandez et al. 2017;
Biddau et al. 2019); (ii) rodenticides with compounds of Ba (field observation); and iii) organochlorine
pesticides (Cl) (e.g. Pozo et al. 2017; Climent et al. 2019). Thus, F2 is related to anthropogenic influence.
However, the weight of Cl and NO; (Fig. 4.7a) suggests that water-rock interaction may also contribute
to the Cl and NO; concentrations in groundwater as supported by rock composition (Table 4.2).

The distribution of each sample relative to the F1 and F2 (Fig. 4.7b) shows that C3 has negative
scores in both factors. C3.2 (meteoric water) reveals that neither water-rock interaction (F1) nor
anthropogenic activities (F2) influence its composition. Despite that C3.1 shows negatives scores in F1,
it reveals a minor influence of water-rock interactions in the groundwater of high-elevation springs. C2
shows positive values of F1 (up to ~1), which evidences the main role of water-rock interaction in the
groundwater composition of samples located at mid- and low-elevation in the Western Andean Front
(C2.1 and C2.2). Finally, C1 has positive values in both factors, reflecting the gradual influence of the
anthropogenic activities into groundwater composition (F1 reaches ~0.8, while F2 reaches ~2.0). For
samples with F2 values higher than F1 values, the anthropogenic activity is assumed predominant rather

than the water-rock interaction, such as visible in the boreholes no. 6, 7, 21, 22, 29, 30 and 31.
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Fig. 4.7: Factorial analysis. a) Weight of variables for Factor 1 and 2. b) Projection of samples factorial scores.
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4.3. WATER STABLE ISOTOPES AND GROUNDWATER ORIGINS
4.3.1. The 33°S Chile Meteoric Water Line

Inferred from regional annual precipitation weight means, the “33°S Chile MWL’ is
8D = 8.078"0 + 11.42 (R*>=0.97) (Fig. 4.8a), and shows a similarity with the global meteoric water line
GMWL (8D = 858"0 + 10; Craig, 1961). The regional influence of the orographic-continental effect is
expressed by a gradient with elevation (V,5'®0p) of -0.30 %o per 100 m asl (Fig. 4.8b) like one estimated
by Sanchez-Murillo et al. (2018) for entire Chile (-0.347 %o per 100 m). For collected meteoric samples
(no. 35, 36, 37), "0 and 8D analyses agree with “33°S Chile MWL’ strengthening the representativeness
for studying local hydrological processes. In addition, snowpack isotope compositions in the Principal
Cordillera (Ohlanders et al. 2013) perfectly match with “33°S Chile MWL” (Fig. 4.8a) although a
deviation is observed with the regional elevation gradient (Fig. 4.8b). This deviation results from the role
played by the abrupt topographic variations along the sub-catchments of the Principal Cordillera
(narrow valleys with abrupt flanks) in the snow depositional effects. Consequently, snowpack isotope
compositions correspond to elevations above 3000 m asl (Fig. 4.8b). Therefore, the provided “33°S Chile
MWL is robust for characterizing both the origin of groundwater and the related recharge processes in

the study area, but also in other catchments of Central Chile.

4.3.2. Areas contributing to recharge groundwater

The contents of §'*0 and 8D of springs range from -13.15 %o to -6.31 %o and from -92.56 %o to -
69.52 %o, respectively; and §'*0 and 6D at boreholes range from -15.38 %o to -9.41 %o and -107.92 %o to -
78.30 %o, respectively (Table 4.4). The comparison between groundwater and “33°S Chile MWL” shows
that the groundwater originates from precipitation which took place under hydroclimatic conditions
similar to the current ones (Fig. 4.8a). Most samples show an enrichment trend (8D = 3.545'°0 - 45.42;
R?=0.80) indicating a partial evaporation of the meteoritic water. The slope of this enrichment trend
(3.54) is typical of evaporation processes under dry conditions (Clark, 2015), which agrees with the
semiarid conditions of the Aconcagua Basin. By the position of samples on this evaporation trend, an
absence of negative relationship between partial evaporation rate (Fig.4.5a) and the elevation of
sampling points is observed (Fig. 4.5b). This indicates that fractioning due to evaporation processes
occurs locally during the water infiltration rather than along the flow paths in the Western Andean
Front. Such a statement is also supported by the isotopic composition of borehole samples (no. 6 and 7)
that lie on the evaporation trend (Fig. 4.8a), even though the groundwater level is ~75 m below ground

surface where evapotranspiration has no further impact (e.g. Shah et al. 2007).
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Altitude Stable Isotopes

Id Source
(masl)  §p (vsSMOW) %0 (VSMOW)

1 Spring 2465 -69.52 -6.31
2 Spring 1933 -86.24 -11.31
3 Spring 1562 -88.17 -11.02
4 Spring 1515 -86.262 -10.840
5 Spring 1246 -92.56 -11.18
6 Borehole 938 -78.94 -9.41
7  Borehole 895 -85.54 -10.76
8  Spring 2380 -83.67 -11.43
9 Spring 2301 -92.34 -12.77
10  Spring 2085 -92.33 -13.15
11 Spring 1784 -84.60 -10.07
12 Spring 1128 -72.33 -7.49
13 Spring 2179 -81.92 -11.59
14  Spring 1783 -85.76 -11.36
15  Spring 1490 - -
16 Borehole 1283 -78.30 -9.79
17 Spring 1239 -74.10 -7.61
18  Spring 1157 - -
19  Spring 1088 -75.50 -10.05
20  Spring 1077 -72.63 -8.97
21 Borehole 980 -83.48 -11.40
22 Borehole 973 -83.42 -11.31
23 Borehole 939 -85.33 -12.01
24 Borehole 1146 - -
25  Spring 1088 -73.15 -8.73
26  Spring 993 -75.68 -9.62
27  Spring 981 -73.59 -8.17
28 Spring 975 -76.60 -7.89
29 Borehole 919 - -
30 Borehole 918 -107.92 -15.38
31 Borehole 889 - -
32 Spring 1701 -87.18 -11.71
33 Spring 1456 -83.35 -11.59
34  Meteoric 2715 - -
35 Meteoric 1965 -101.80 -12.99
36 Meteoric 1132 -70.34 -10.29
37 Meteoric 970 -66.43 -9.53
38 Meteoric 830 - -

Table 4.4: Isotopic analysis of spring, borehole, and meteoric water samples.
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At the interception between evaporation line and “33°S Chile MWL’ (Fig. 4.8a), the value of §'*O
is -12.55 %o. Regarding that, the precipitation contributing to recharge groundwater takes place at
around 2200 m asl (Fig.4.8b). Involved recharge processes can be diffuse (direct process) in
precipitation areas, but also focused (indirect process) into geomorphological structures (e.g. gullies)
where runoff infiltrates. Nevertheless, some springs (no. 1, 8, 9), related to precipitation at 2200 m asl
(see above), are located between 2300 and 2500 m asl (Table 4.4). This altitude deviation is due to the
wide range of meteoric isotope composition in high elevation sub-catchments and to the fractioning
processes resulting of the evaporation and elution of snowpack (Ohlanders e al. 2013). Some samples
(no. 21, 22, 23, 32, 33) could be also considered as not impacted by the evaporation (Fig.4.8a).
Regarding this uncertainty, precipitation at lower elevations (1800 and 2000 m asl; Fig. 4.8b) can also
contribute to recharge the groundwater. Given that the isotopic composition in rain and snow are
similar, is difficult to distinguish if groundwater originates from residual rain (after evaporation) or
snowmelt. Both origins are highly likely.

The similarity of the vertical gradient (per 100 ma.s.l) of isotopic content in precipitation
(V.8"0p =-0.30 %0) and in springs groundwater (V,0"*Ogw-spring = -0.29 %0) (Fig. 4.8b) indicates that
groundwater of springs originates from local recharge processes rather than from a diffuse process along
the slope of the mountain (Custodio and Jédar, 2016). In this latter case, the expected variation of the
isotopic content in groundwater of springs with the elevation would be not linear as well, but with a
higher vertical gradient, given that groundwater samples would be a mixture of water originating from
the upstream recharge areas and local infiltration (i.e. “slope effect”; Custodio and Jédar, 2016).
Therefore, groundwater recharge occurs locally by focused indirect recharge processes through
geomorphological structures such as fractures and gullies. The isotopic content of groundwater of
springs can also be used to characterize the local precipitation altitudinal line for Central Chile.

To the downstream of PFZ in Quaternary alluvial deposits, groundwater at the borehole no. 30
shows an isotopic inconsistency with respect to previous observation. The contents of §'*0 and 8D are
depleted and equivalent to the precipitation at ~3000 m asl (Fig. 4.8a, b) whereas the borehole no. 30 is
located at 918 m asl. In addition, it does not show an enrichment process caused by the evaporation
(Fig. 4.8a). To explain that, two assumptions must be cited: (i) A rapid and deep infiltration of rainy
events at 3000 m asl through fractures without influence of evaporation. However, to the east of this
borehole (no. 30), the maximum elevation in the Western Andean Front is 2651 m asl (Co. Mocoen; Fig.
4.1a). This latter would imply a deep groundwater circulation originating from highs at about ten
kilometres further east. But borehole no. 30 groundwater does not show a significant thermal property

(18.8°C). (ii) A rapid transfer of surface water, from high-elevation areas in the Principal Cordillera
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(~3000 m asl) up to permeable alluvial deposits at downstream where surface water infiltrates. Indeed, a
major irrigation canal is located at less than ~50 m of the borehole no. 30. This canal is devoid of
impervious layer (field observation) and conducts water from the high parts of the Principal Cordillera
up to the Central Depression.

Regarding previous information, canal-losses permit to recharge the groundwater of borehole no. 30
rather than supposed deep groundwater circulation coming from distant high-elevation areas. The §'*0
and 8D analyses allow demonstrating the role of anthropogenic activities (irrigation canals) in the

recharge of San Felipe aquifer.

4.4. GROUNDWATER CIRCULATION AND RECHARGE PROCESSES

In the high-elevation sub-catchments (>2200 m asl), the rapid infiltration of snowmelt and
rainstorms in fractures is relevant regarding the storage of groundwater in high-elevation areas (Fig. 4.9a,
b). There, groundwater composition is poorly influenced by water-rock interactions. During dry years,
the release of groundwater stored in high-elevation areas supports the shallow groundwater circulation
(Staudinger et al. 2017; Foks et al. 2018; Jodar et al. 2017; Glas et al. 2019). It is a primary source of the
groundwater recharge for Western Andean Front hydrogeological systems. The occurrence of such
process is relevant considering the current and future hydroclimatic conditions of Central Chile (i.e.
“Megadrought”; Garreaud et al. 2017, 2019). Nevertheless, climate predictions show a decrease in
precipitation together with a decline of the snow cover area (Garreaud et al. 2017; Stehr and Aguayo,
2017). As a result, the contribution of high-elevation areas to the Western Andean Front groundwater
recharge is expected to decline.

At lower elevations, below 2200 m asl (Fig. 4.9a), runoff and sub-surface circulation coming from higher-
elevation areas are concentrated in mid-mountain gullies and infiltrate at depth in fractures and colluvial
deposits (Fig. 4.9b). Focused recharge feeds springs located in the Western Andean Front. Local
observers report a rapid and short increment of the spring discharge, located at the downstream in the
PFZ (Fig. 4.9¢), after rainy events and fast melting periods of the snow cover. Although this study does
not address hydrodynamic changes, this information must be considered. It indicates that groundwater
circulation in fractured rocks is governed by piston flows. In the Western Andean Front the contents of
HCO;, Na, Ca, Mg and SiO, result from the dissolution of labradorite, anorthite and CaMg-pyroxenes.
Other dissolved ions, such as SO, Li, B, As and Sr, originate from water-rock interactions despite that
involved mineral reactions were not identified. The absence of different sources of dissolved ions as well
as evapoconcentration processes along the flow paths lead to assume that the increment of the

mineralization toward the downstream is due to an increase of the residence time.
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Fig. 4.9: Hydrogeological conceptual model of the Western Andean Front. Colours of the springs and boreholes are related to
the HCA clusters.

The analyses of NO; and As in groundwater (Fig. 4.10), hazardous elements for human health,
reveal that the Western Andean Front groundwater is relatively good quality, without anthropogenic
pollution. All samples show NO; concentrations below the Chilean (NCh409/1) and international
(WHO) drinking water limits (Fig. 4.10a). Regarding As concentrations (Fig.4.10b), some samples
(no. 12, 13, 20) exceed the established limits for drinking water. However, those points are not used for
drinking water purposes, although they can be used for mineral bottling water (Daniele et al. 2019).

Indeed, these samples are below the Chilean Decree 106 (Fig. 4.10b).
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In the downstream part of the Western Andean Front (Fig. 4.9a, e), the occurrence of low-thermal
groundwater circulation (up to 9 °C above the local mean annual air temperature) indicates that deep
flows contribute to recharge the San Felipe Aquifer. The mountain-block recharge process (Wilson and
Guan, 2004) is related to groundwater flows coming from recharge areas in the Western Andean Front
and circulating by interconnected fractures (PFZ) up to the downstream adjacent alluvial basin (focused
recharge). Oblique basements faults crossing the mountain front zone are typically considered as high-
permeability axes allowing a focused recharge of adjacent alluvial aquifers (Wilson and Guan, 2004;
Kebede et al. 2008; Taillefer et al. 2018; Walter et al. 2019). Despite an absence of direct evidence, a
spatial relation has been observed between oblique basement faults and major groundwater circulation
in Central Chile (Oyarztn et al. 2017; Piquer et al. 2019). Such a process would permit a permanent
recharge of the San Felipe Aquifer, between 5 and 50 % of the total alluvial aquifer recharge according to
recent estimations in other mountain-front zones (Markovich et al. 2019). At the downstream of the
mountain front zone shaped by PFZ (Fig. 4.9¢), the focused and rapid infiltration of streams in coarse
alluvial deposits also contributes to recharge the San Felipe Aquifer (Fig. 4.9a). This process originates
from the perennial infiltration of secondary rivers fed by high-elevation springs as well as the infiltration
of ephemeral streams (triggered by rainstorms on dry soils of the Western Andean Front).

In addition to previous natural processes, there is another process related to agriculture activities
(Fig. 4.9a, d). Water originating from high elevation areas is rapidly transferred down to irrigation canals
localized in the Central Depression (Fig.3.1c). The absence of impervious layer at canal bottoms
(Fig 4.9d) promotes a permanent focused infiltration (Barbera et al. 2018; Martos-Rosillo ef al. 2019) and
therefore an artificial groundwater recharge, historically used in the Andes (Ochoa-Tocachi et al. 2019).
Subsequently, the groundwater in the alluvial aquifer has an isotopic composition similar to high-
elevation precipitation (Fig. 4.8).

In Central Depression, the infiltration from agriculture practices (fertilizers) impacted the groundwater
quality by an increase of NO; concentration. Moreover, the increase of Cl, Sr, and Ba concentrations in
groundwater is statically related to the agriculture (organochlorine pesticides, fertilizers, and
rodenticides inputs). Given that groundwater coming from the Western Andean Front has a good
quality, a change of agriculture practices will help for diminishing the presence of human-origin
hazardous components in the San Felipe Aquifer. About a quantitative aspect, current dry years have
promoted the implementation of impermeable infrastructures for diminishing “water losses” from canal-
infiltration. The findings reveal that the implementation of an impervious layer at canal bottoms will

dramatically impact the renewal of the San Felipe Aquifer.
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Fig. 4.10: Drinking water quality limits according with national (NCh409/1) and international (WHO) drinking
water limits, and mineral bottling water (Decree no. 106) for a) NO; and b) As.
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CHAPTER

S

Architecture and fracture connectivity
of the Pocuro Fault Zone

Abstract

The misunderstanding of hydrogeological processes together with the oversimplification of aquifer
conceptual models result in numerous inaccuracies in the management of groundwater resources. In Central
Chile, the hydrogeological studies were exclusively focused to alluvial aquifers on valleys (~15% of total area)
and mountain front zones remain considered as no-flow boundary conditions. However, the
hydrogeochemistry and isotopic analyses reveal that groundwater circulation in the mountain block recharge
the Central Depression aquifers. Thus, the aim is to identify how the Western Andean Front recharges those
aquifers. Given that the Pocuro Fault Zone (PFZ) is the contact among both domains, through a multi-scale
structural mapping and a topological approach, the architecture of the PFZ and its connectivity degree is
addressed. Regional-scale mapping show that N30-60W is the preferential orientation within the PFZ and
three non-coetaneous major tectonic features were recognized: i) NS-oriented normal-sinistral faults
surrounded by a damage zone constituted by veins filled with hydrothermal minerals, ii) NS-oriented reverse
faults constituted by shear bands, and iii) NW-oriented reverse faults consisting in discrete fault planes. The
latter fault system cuts and displaces the previous ones. Outcrop-scale mapping reveals that groundwater
outflows from NW-oriented fractures. Topology allows us to quantify the connectivity degree of fractures
within the PFZ and its relationship with groundwater circulation. Two areas of high density of connected
fractures and nodes were identified (>2.4 km/km? and 2.5 Nc/km?). Both areas are spatially related to the
main springs of PFZ: Termas de Jahuel and Termas El Corazén. The results indicate that within PFZ, the
NS-oriented faults act as hydraulic barriers for groundwater by the presence of sealed fractures and shear
bands. Whereas the NW-oriented faults act as high-permeability axes allowing the conduction of

groundwater taking advantage the high density of PFZ connected fractures.

Keywords Cross-cutting relationship ¢ Topology e Groundwater exploration « Oblique Basement

Faults ¢ Pocuro Fault Zone « Western Andean Front
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5.1. ARCHITECTURE OF THE POCURO FAULT ZONE

5.1.1. Tectonics features at regional scale

At the regional scale (1:50,000) three major tectonic features within PFZ were recognized in the
study area (Fig. 5.1a):

- Two major ca. NS-oriented and subvertical normal-sinistral faults marked by a series of aligned
hills and valleys extending about 10 km each one (Fig. 5.1). These faults do not expose a well-
defined core zone, though are characterized by a ~4 km wide damage zone where the typical
outcrops consist of low-dip normal faults (Fig. 5.2a) and a dense network of veins filled by
hydrothermal minerals with no preferential orientations (Fig. 5.2b). The density of veins
increases approaching to the fault trace (field observation). In addition, a major extensional
duplex is observed in the northern part of the study area, defined by minor N50-70W-oriented
sinistral faults that are spatially to the ca. NS-oriented major faults (Fig. 5.1).

- A semi-continuous NS-oriented abrupt escarp expresses the surface trace of NS-oriented west
vergent reverse fault (Fig. 5.1) extending at least 25 km. This reverse fault exposes a well-defined
core zone consisting mainly in clay-rich shear bands (i.e. gouge) of ~30 cm thick surrounded by
disseminated iron oxides halo (Fig. 5.2¢). In addition, spatially associated with this reverse fault
appear minor NS-N25W-oriented double vergent reverse faults, which display pop-up
arrangements (Fig. 5.1).

- Several N45-60W-oriented morphostructural lineaments expressed by semi-continuous
rectilinear and sub-parallel valleys oblique to the mountain front (Fig. 5.1). The bottom of these
rectilinear valleys exhibits sub-parallel reverse faults without hydrothermal infill (Fig. 5.2d).

In addition, at the intersection of the NS-oriented faults (both normal-sinistral and reverse faults)
with the NW-oriented reverse faults there are some minor cooper deposits and several springs outflow

from the fractured rocks (Fig. 5.1a).
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Fig. 5.2: Field photos showing the outcrops at metric-scale within the PFZ: a) N40-60E/30E normal faults cross-cutting a
microdiorite dyke with an offset up to 80 cm; b) veins filled by hydrothermal minerals with no preferential orientations; c)
NO09S/60E reverse fault cross-cutting the Abanico Formation with an offset up to 3 m; and d) N70-80W/60E reverse faults
(black triangles remark the fault trace).

5.1.2. Fracture patterns and relative timing from outcrop scale mapping

To establish the fracture patterns of the major faults, a total of 415 fractures and its interactions
were described at the four structural sites (Fig. 5.3). In the study area the fractures are dominated by
tensional ones (n=283) and a smaller number of hybrid (n=46) and shear fractures (n=86). The
preferential orientation of tensional fractures (including veins and dykes) is N30-60E distributed
especially in Termas El Corazon and Bypass structural sites (central sites), although in Potrerillos and
Estero Pocuro structural sites (ending sites) the preferential orientation is N20-50W (Fig. 5.3). The
tensional fractures mainly comprise veins filled with clay-size hydrothermal minerals: laumontite-quartz
assemblage (n=211), calcite (n=40) and composite veins (n=9). The latter veins are made of laumontite-
quartz edge and calcite centre. The laumontite-quartz veins show a bimodal preferential orientation,
N20-50W at the ending sites and N30-60E at the central sites (Fig. 5.4a). The calcite veins only appear at

the central sites, and as the laumontite-quartz vein, they also show a bimodal preferential orientation
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N30-60E and N60-80W (Fig. 5.4b). Finally, the composite veins do not show a preferential orientation
(Fig. 5.4c). Overall, mostly veins have a dip angle between 60° and 90° and modal thickness of 2 mm
(ranging from 1mm up to 35 mm). In turn, hybrid and shear fractures are more frequent in the outcrops
of the central sites than in the ending ones, and do not show a preferential orientation (Fig. 5.3). The
hybrid fractures are filled by laumontite-quartz assemblage or calcite, while the shear fractures typically
show fault-plane and shear bands (fault breccia, cataclasite and gouge), in some cases surrounded by

goethite-hematite.

Tensional fractures Hybrid fractures Shear fractures Fraction of fracture
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Fig. 5.3: Rose diagrams showing the orientation of fractures grouped according with the failure mode for each structural site.
Size of the bars in the rose diagrams is the percentage of the fracture orientation in the structural site. The histograms show the
proportion of each fracture type.
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Fig. 5.4: Rose diagrams showing the orientation of the hydrothermal veins for each structural site: a) laumontite-quartz, b)
calcite, and c¢) composite veins (laumontite-quartz edge and calcite centre). Size of the bars in the rose diagrams is the sum of
the vein orientation in the structural site (N/P: No present).

Examining the fracture arrangements, kinematic and cross-cutting relationship, the fracture
network within the PFZ reveals that is the result of a polyphase deformation. Indeed, the variety of
fracture interactions exposed in the study area allows us to infer at least four brittle deformational stages
(Table 5.1; Fig. 5.5), likely produced under different strain/stress fields:

(i) Stage I is related to the laumontite-quartz veins, usually displaying duplex arrangements (Fig.
5.5a and 5.5b). On the one hand, at the ending sites (Potrerillos and Estero Pocuro) N20-50W imbricates
veins are geometrically associated with NNE- and NNW-oriented sinistral faults (or hybrid veins),
resulting in sinistral duplexes. On the other hand, at the central sites (Termas El Corazén and Bypass) are
common duplexes constituted by N30-60E- and N70-80W-oriented veins bounded by N10-30E dextral
and EW sinistral faults, respectively. Such arrangements are also associated with N40-60E and N30-60W
normal faults with an offset up to 80 cm in microdioritic dykes (Fig. 5.2a).

(ii) Stage II is related to the calcite veins that cross-cut the laumontite-quartz veins. The calcite
veins rarely show geometric arrangements, but normally are spatially associated with N40-60E sinistral
hybrid veins filled by calcite. These latter cut and displace the laumontite-quartz veins up to 6 cm (Fig.
5.5c). The cross-cutting relationship between laumontite-quartz and calcite veins, point that the
composite veins (laumontite-quartz edge and calcite centre; Fig. 5.5d) result from the re-opening of
previous formed laumontite-quartz veins, allowing the circulation of new fluids and the subsequent

precipitation of calcite.
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(iii) Stage III is related to NS-reverse faults with goethite-hematite slip-surface (Fig. 5.5¢). Those
faults cross-cut both laumontite-quartz and calcite fractures. Such faults are spatially associated with
N45E-oriented sinistral-reverse and N70E-oriented dextral-reverse faults with disseminated goethite-
hematite halo (Fig. 5.5f). Some of those faults display pop-up arrangements and unlike the laumontite-
quartz and calcite fractures, these fractures do not show evidence of associated tensional fractures.

(iv) The Stage IV is related to N60-70W-oriented reverse faults. These faults are discrete fault
planes without hydrothermal infill or shear bands, and cross-cut the previously described fractures.
Topographic offset up to 60 cm in the surface is due to these faults (Fig. 5.5g). Normally appear at the
bottom of valleys and based on field observation, a narrow relationship between these faults and
groundwater. Specially in Termas El Corazon four springs occur aligned on the trace of a N70W-oriented
reverse fault (Fig. 5.1c). In fact, the existence of excavated galleries exposes that groundwater is
circulating today through these faults (See Sect. 5.2; Fig. 5.5h).

Then, the fractures that record different deformation stages were grouped into the major tectonic
features. The laumontite-quartz and calcite fractures are typically found in the outcrops of the NS-
oriented normal-sinistral faults. Therefore, these faults are characterized by tensional and sealed
fractures developed during at least two deformational stages. The NS reverse faults with goethite-
hematite slip-surface correspond to the outcrops of NS-oriented reverse faults, and the N60-70W and
N70-80E reverse faults correspond to NW-reverse faults outcrops.

Since the hydrogeological point of view, the presence of sealed fractures in the NS-oriented
normal-sinistral faults (Fig. 5.2b) and shear bands along the NS-oriented reverse faults (Fig. 5.2c)
indicate that NS-oriented faults in the PFZ are very low-permeability structures (regardless the relative
deformation time). Conversely, the NW-oriented reverse faults are discrete fault planes, without the
presence of any hydrothermal mineral or clay-rich shear bands, and consequently, these faults are likely

high-permeability structures.

Major tectonic  Deformation Fracture tvpe Preferential  Dip Mineral Internal Fracture
features stage P orientation angle association structure  arrangements

Veins, normal
faults, dextraland  N20-50W,

NS normal-sinistral ! sinistral hybrid N30-60E 60-90  Laumontite-quartz Massive Duplex
faults veins
.. Veins, sinistral N60-80W, . .
ii hybrid veins N30-60E 60-90 Calcite Banded vein
NS reverse fault iii Reverse fault NS 60-90  Goethite-hematite ~ Shear band Pop-up
NW reverse faults iv Reverse fault N60-70W  20-60 - -

Table 5.1: Summary of the major tectonic features and its intern fracture patterns. Mineral recognition from the X-ray

diffraction.
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Fig. 5.5: Photographs of the outcrops and relative timing of the different fractures in the study area (Cal, calcite; Gth, goethite;
Hem, Hematite; Lmt, laumontite; Qz, quartz).
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5.2. FRACTURE ANALYSIS AND CONNECTIVITY OF THE POCURO FAULT ZONE

Once established the internal architecture of the Pocuro Fault Zone, is necessary to evaluate the
connectivity degree of this fracture network and the relation with the groundwater resources along the
Western Andean Front. In order to address the connectivity degree, a total of 216 morphostructural
lineaments were digitized at the scale of the study area (Fig. 5.6). In addition, at the outcrop scale a total
of 152 and 45 fractures were mapped at Termas El Corazén and to the east of Termas de Jahuel,
respectively.

At the scale of the study area, the analysis of the fracture network shows that the damage zone of
PFZ is governed by a N30-60W preferential orientation (Fig. 5.7a). At the outcrop scale, a well-defined
N30-50W preferential orientation characterizes the fracture network near Termas de Jahuel, while no
one preferential orientation pattern is observed in Termas El Corazon (Fig.5.7c). This missing
preferential orientation pattern may result from the PFZ complexity related to the different tectonic
events (Fig. 5.5). But, into both galleries, excavated for increasing the groundwater discharge, it was
observed that groundwater outflows from N40-60W fractures (e.g. Fig. 5.5h). At Termas El Corazon, the
NW-oriented fractures are associated to an NW-oriented reverse fault that controls the landscape in the
gully orientation, where several springs outflow (Fig. 5.1c). At about Termas de Jahuel, the spring is
related to buried NW-oriented reverse fault (local landslide), which outcrop to the east as visible in the
structural map (Fig. 5.1a).

A total of 472 nodes and 511 branches were extracted from the fracture network (Fig. 5.7b): 228 I-
nodes, 194 Y-nodes and 50 X-nodes as well as 25 I-I branches, 169 C-I branches, 305 C-C branches and
12 Unk branches. The topological analysis highlights two areas of high density of connected fractures
(Fig. 5.7¢) and connected nodes (Fig. 5.7d), both related to the main springs of the PFZ. The first one,
related to the area in the east of Termas de Jahuel (<5 km), shows a density of fractures and connected
nodes reaching 2.4 km/km? and 2.5 Nc/km?, respectively; while the second one, related to Termas El
Corazon, shows a density of fractures and connected nodes reaching 3.3 km/km* and 5.5 Nc/km?,

respectively.
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Fig. 5.6: Morphostructural lineaments map of the PFZ. The major springs of the study area are highlighted: Termas de Jahuel
(Jh) and Termas El Corazon (TEC).
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Fig. 5.7: Topological analysis of the fracture network in the Pocuro Fault Zone (PFZ). a) Orientations of the fracture network.
Rose diagram shows the orientation of mapped lineaments with bin size 10°. b) Topological characterization of the fracture
network. ¢) Contour map showing the density of connected branches (C-I and C-C branch). Rose diagrams (bin size 10°) show
the orientation of fractures mapped from representative areas at Termas El Corazon (TEC) and to the east of Termas de Jahuel
(Jh). d) Contour map showing the density of connected nodes (Nc = Y-node + X-node).
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5.3. THE OBLIQUE BASEMENT FAULTS

The observed topological relation between the density of fractures, connected nodes and springs,
together with the observed congruence between the orientation of fractures in both galleries and areas
into the PFZ damage zone indicates that the NW orientation is a main groundwater-drainage axis. NW-
fractures, oblique to the main NS-oriented fault trace of PFZ, would drain most groundwater into the
PFZ damage zone, taking advantage of a higher density of connected fractures than into the Principal
Cordillera (Fig. 5.7c and 5.7d). Oyarzun et al. (2017) and Piquer et al. (2019) showed that in Central
Chile, the NW- and NE-oriented basement faults are spatially related to the main springs and shallow
groundwater circulation in hard rocks, but also to some productive wells (some of them discharging
greater than 36 m’/h; Oyarzuan et al. 2017). Yafiez et al. (2015) demonstrated by geophysical exploration
(gravity surveys supported by magnetic and geoelectrical surveys) that NW- and NE-oriented fractures,
structurally related to basement faults and oblique to the Western Andean Front, are continued into the
Central Depression below the Quaternary cover. At a regional scale, it has been determined the first-
order control of both geothermal surface manifestations and active volcanism are by NW-oriented long-
lived crustal faults, regionally known as Andean Transverse Faults (Cembrano and Lara, 2009; Sanchez-
Alfaro et al. 2013; Tardani et al. 2016; Veloso et al. 2019). The preferential circulation of fluids (including
hydrothermal fluids) along the oblique-to-the-arc faults is due to a NS preferential extension direction
leading to the opening of interconnected fractures along these faults, with respect to the main EW
compression of the Nazca plate subduction (Veloso et al. 2019). Therefore, the NW-faults are discrete
high-permeability axes crossing the PFZ and contributing likely to recharge of the San Felipe aquifer in
the Central Depression (Fig. 5.8).

This hydrogeological consideration agrees with mountain front conceptual models (Wilson and
Guan, 2004; Markovich et al. 2019). These conceptual models highlight the role of oblique basement
faults (crossing the mountain front zone) into the focused recharge of adjacent alluvial aquifers by
conducting groundwater circulation flowing from the fractured mountain block (Fig. 5.8). Such a
recharge process, also known as lateral groundwater transfer, was likewise observed in others mountain
front zones, such as in the Basin and Range Province of USA (Wilson and Guan, 2004), East African Rift
Valley (Kebede et al. 2008; Walter et al. 2019) and in the eastern part of the Pyrenean range in Europe
(Taillefer et al. 2018). Considering the worldwide conceptual models of mountain hydrogeology, in this
work the NW-oriented faults are named as Oblique Basement Faults (OBF; Fig. 5.8).

Consequently, the hydrogeological insights defined for the PFZ in the Aconcagua Basin
(strengthened by results acquired at different scales) allow to extrapolate this groundwater recharge

process to the whole Western Andean Front in Central Chile. Deep flows originating from the Principal
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Cordillera and circulating through basement faults have probably long residence times (regional
groundwater circulation) and may constitute non-renewable groundwater resources. Thus, the recharge
of adjacent alluvial aquifers caused by deep flows through Oblique Basement Faults is expected to be
little impacted by the current megadrought (Garreaud et al. 2017, 2019). However, most springs are fed
by shallower flows that originate from the focused infiltration of precipitation and snowmelt taking place
above 2000 ma.s.] in the Western Andean Front (Taucare et al. 2020). Those springs are more
vulnerable to short-term hydroclimatic changes. Therefore, the decrease over the last decade in both
precipitation rates (Garreaud et al. 2017, 2019) and snowpack in high elevation Andes (Ohlanders et al.
2013; Ruiz Pereira et al. 2019) is expected to have a dramatic impact on the availability of groundwater
resources along the Western Andean Front. Consequently, the local communities dependent on this

resource for drinking water supply and agricultural activities will be affected.

Not at scale OBF Oblique Basement Fault
I:] Basement Alluvial deposits \ Reverse fault 3 Spring -’_, Focused flow in OBF
@ Fractured basement Fault plane Perennial stream ~— Groundwater flow in fractured rocks

Fig. 5.8: Western Andean Front hydrogeological diagram highlighting the role of the Oblique Basement Faults with respect to
groundwater circulation and the recharge of adjacent alluvial aquifers. The size of each spring symbol reflects its flow rate (large
spring symbol represents a high flow while the small ones have a lower flow).
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CHAPTER

6

Conclusion

6.1. THE CONCEPTUAL MODEL OF THE WESTERN ANDEAN FRONT

The Western Andean Front is a morphotectonic transition zone between the Principal Cordillera
and the Central Depression, and it is shaped by NS-oriented faults (Armijo et al. 2010; Farias et al. 2010;
Vargas et al. 2014). Through this thesis, the capacity of the Western Andean Front that allows it to be
able to transfer groundwater from the Principal Cordillera up to the Central Depression aquifers at the
downstream was explored.

The first step required the assessment of the groundwater circulation and the recharge processes
occurring in the Western Andean Front (Fig. 6.1a). From the upstream to the downstream, the samples
show a clear negative correlation between the groundwater mineralization and its position along the
Western Andean Font (Fig. 6.1b): the groundwater mineralization increases progressively from the low-
mineralized springs on high to the groundwater of the San Felipe aquifer in lowlands. Groundwater
composition at high elevation is poorly influenced by water-rock interaction, but along the Western
Andean Front the groundwater composition results predominantly from this process. Considering the
anorthite dissolution as the principal hydrogeochemical process, with a dissolution rate of 5.08x10°
"“'mol/m’ at 25°C/1 atm (Brantley et al. 2008), the current concentration of Ca and HCO; in
groundwater is estimated within 50 years on high and about 1500 years in the basin. Nevertheless, more
accurate estimations require reactive transport models, which translate the conceptual models into the
mathematics world allowing the quantification of subsurface environmental processes including coupled
processes (Steefel et al. 2005, 2017; Li et al. 2017; Maher and Mayer, 2019). As the proportion of major
elements is preserved along the flow path (Fig. 6.1c), the variation of mineralization in the Western
Andean Front is due to an increase of the residence time.

The flow path in the Western Andean Front begins in high-elevation areas (>2200 m asl) by the storage
of snowmelt and rainstorms in shallow alluvial deposits (e.g. talus deposits; Fig. 6.2) (Pourrier et al.

2014; Janke et al. 2017; Burger et al. 2018). The release of such groundwater stored is a primary source of
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the groundwater recharge for Western Andean Front hydrogeological systems and ensures the shallow
groundwater circulation even during dry years (Ohlanders et al. 2013; Rodriguez et al. 2016; Stehr and
Aguayo, 2017; Schaffer et al. 2019). At lower elevations (<2200 m asl), runoff and sub-surface circulation
coming from higher-elevation areas leads the focused recharge along the fractured bottom of the mid-
mountain gullies (Fig. 6.2). To the downstream, the mountain-block recharge (Wilson and Guan, 2004)
is due to groundwater flows coming from the Western Andean Front and circulating by well-connected
fractures area (PFZ) up to the downstream adjacent alluvial basin (Fig. 6.2). In the piedmont, the
focused infiltration in coarse alluvial deposits of both perennial and ephemeral streams allow the
mountain front recharge (Fig. 6.2).

Once determined the hydrogeological connection between the Western Andean Front and the
Central Depression, the second step is required to stablish the role of the cortical faults in the
groundwater circulation. In the Aconcagua Basin, the Pocuro Fault Zone (PFZ) separates the volcanic
rocks of the Principal Cordillera (mountain-block domain) from the alluvial deposits of the Central
Depression (alluvial domain). Thereby, unravelling the PFZ architecture will reveal how is the
hydrogeological connection between both domains. Through the multi-scale structural mapping and the
topological approach was determined that the PFZ is a high-connected fracture network resulting from

different tectonic events (Fig. 6.3a).
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Fig. 6.1: a) Location of groundwater samples at the study area (colours of the samples are related to the HCA clusters). b)
electrical conductivity vs. elevation (m asl) of groundwater samples, and c¢) Schoeller-Berkaloff diagram from selected samples.
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Fig. 6.2: Recharge processes along the Western Andean Front. The average of groundwater composition according to the
location is represented by the Stiff diagrams (colours are related to the HCA clusters).

On one hand, the findings reveal NS-oriented faults are characterized by a clay-rich core zone:
sealed fractures (clay-size hydrothermal minerals) and gouge (clay-rich shear band). A recent
hydrogeophysical study in the PFZ (Figueroa, 2020), described the NS-oriented clay-rich faults on
geoelectrical profiles as low resistivity subvertical bands contrasting with the surrounding domain
(<60 Q-m; Fig. 6.3b, c). The low resistivity values are typical of clay in saturated conditions (e.g.
Descloitres et al. 2013). Also, these faults extend for at least 200 m below ground surface (Fig. 6.3b, c).
Although diffuse mountain-block recharge may occur (Wilson and Guan, 2004; Markovich et al. 2019),
the NS-oriented faults in the PFZ are very low-permeability structures and hence they act as hydraulic
barriers that limit the groundwater circulation originating from the mountain block (Fig. 6.4).

On the other hand, the Oblique Basement Faults (OBF) are discrete fault planes driving groundwater,
without the presence of any hydrothermal mineral or shear bands. Unlike the NS-oriented faults the
resolution of geoelectrical survey does not permit to detect those discrete structures (Figueroa, 2020).
The cross-cutting relationship allows stablishing that the OBF represent the last deformation stage in the
study area and they continue into the Central Depression basement below the alluvial deposits (Yanez et
al. 2015). Therefore, the OBF are high-permeability structures that contribute to recharge the Central
Depression alluvial aquifers through focused flows (Fig. 6.4). Moreover, the hydrogeological connection
between both domains is enhanced by the high degree of connected fractures within the PFZ

(detectable up to ~80 m below the ground surface in the mountain block; Fig. 6.3b).
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Fig. 6.3: 2) Summary of the main faults identified within the PFZ. b) and c) geoelectrical profiles transversal to the mountain
front and to a perched valley in the mountain block, respectively (from Figueroa, 2020).




In addition to the recharge processes related to the fractured media, both focused infiltration from
ephemeral streams in perched valleys located as well as from irrigation canal excavated in the ground
also contribute to recharge the Central Depression alluvial aquifer (Fig. 6.3a, b). The focused infiltration
of ephemeral streams originated on high allow recharge the coarse alluvial deposits in perched valleys.
These latter constitute high-permeability (1.4¢10° m?/s) alluvial corridors that enable the hydraulic
continuity from the perched valley up to the Central Depression aquifers (Figueroa, 2020). In turn,
perennial streams derived from high elevation areas are rapidly transferred down to irrigation canals

localized in the Central Depression. Both cases support the renewal of the Central Depression aquifers

during dry years (Fig. 6.4).
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Fig. 6.4: Hydrogeological conceptual model of the Western Andean Front at Central Chile (surficial flow comprises both

perennial and ephemeral streams).
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6.2. SUMMARY AND FUTURE INSIGHTS

This research addresses the groundwater resources and related recharge processes in the Western
Andean Front (Central Chile; Fig. 6.4) at the Aconcagua Basin by means of hydrogeochemical and water
isotopes analyses, structural geology, and a topological approach. Unlike former considerations, the
existence of groundwater circulation in fractured rocks originating from rain and snowmelt above
~2000 m asl was demonstrated. Groundwater recharge in the Western Andean Front occurs in gullies at
mid-elevation as well as in perched valleys. The Oblique Basement Faults, crossing the main NS-
oriented fault trace of PFZ, allow draining groundwater from the Principal Cordillera taking advantage
of the high-density of connected fractures in the PFZ. Consequently, mountain-block recharge processes
contribute to recharge the Central Depression alluvial aquifers. Both perennial and ephemeral streams
originated on high areas allow the mountain-front recharge. In addition, it is demonstrating that dug
irrigation canals (that conduct water from high-elevation areas) play a significant role in the recharge of
Central Depression aquifers. The previous findings are in line with observations and results obtained in
other mountainous zones around the world. Therefore, the current and simplistic hydrogeological view
of the Western Andean Front (i.e. an impervious limit) is not completely right and required additional
detailed studies.

Groundwater in the Western Andean Front has a high-quality according to the national
(NCh409/1 and Decree 106) and international (WHO) limits of element concentrations for different
water-uses (drinking water, mineral bottle water, thermal baths and irrigation). However, intensive
agriculture practices in the Central Depression lead to a decline of the groundwater quality in alluvial
aquifers by an increase of potentially hazardous elements for human-health.

Considering the increasing climatic and anthropogenic pressures in Central Chile, a thorough
revision of the hydrogeological conceptual models is suggested. This study highlights the Western
Andean Front as an interesting target for the exploration of groundwater resources and given the similar
morphotectonic and hydroclimatic setting, this model is suitable for Central Chile. Thus, these new
insights into hydrogeological models will help to assess the water resource management policies in Chile
in a better way. However, further researches are still required to improve the groundwater recharge

quantifying and to characterize its vulnerability to near future hydroclimatic changes.
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APPENDIX

Water Samples

A.1. Location of sampling points (Datum: UTM WGS84-19S).

Sample o @ e Coordinate  Altitude Sampling date

Id mE mN (masl) jun-16 feb-17 feb-18 jun-18 sept-18
1 Spring 354541 6392408 2465 X

2 Spring 351612 6391045 1933 X X
3 Spring 350964 6389610 1562 X X
4 Spring 350785 6389613 1515 X X
5 Spring 350612 6386855 1246 X X X
6 Borehole 348818 6382377 910 X X
7 Borehole 348441 6381600 902 X X X
8 Spring 355331 6387711 2380 x
9 Spring 353303 6389921 2301 x
10 Spring 353784 6388029 2085 X
11 Spring 357115 6383154 1784 X X

12 Spring 350555 6382668 1128 X X X
13 Spring 359178 6382221 2179 X

14 Spring 358070 6381330 1783 X

15 Spring 357475 6379896 1490 X

16 Borehole 356021 6378910 1283 X X

17 Spring 355488 6378429 1239 X X
18 Spring 355577 6377517 1157 X

19 Spring 355027 6376911 1088 X X
20 Spring 355104 6376532 1077 X X
21 Borehole 354627 6375657 980 X X
22 Borehole 354420 6375537 973 X X
23 Borehole 354461 6374474 939 X X
24 Borehole 357593 6367031 1146
25 Spring 357343 6369566 1088 X X X
26 Spring 355574 6369980 993 X X
27 Spring 355670 6370061 981 X X
28 Spring 355519 6369994 976 X X
29 Borehole 356032 6366676 919

30 Borehole 354833 6370128 918 X X
31 Borehole 354289 6370182 889

3 Spring 361720 6378636 1701 x

33 Spring 363164 6375307 1456 x

34 Meteoric 361599 6386149 2715

35 Meteoric 357982 6382180 1965

36 Meteoric 357433 6369324 1132

37 Meteoric 349350 6381770 970

38 Meteoric 350993 6368689 830 X
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A.2. Piper diagram showing the hydrogeochemical facies of water samples.
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APPENDIX

B

Structural Geology

B.1. Location of the structural sites.

Coordinate
Structural site
mE mN
Potrerillos 355000 6380250

Termas El Corazén 355500 6370000
Bypass 355500 6361000
Estero Pocuro 356500 6353000

B.2. Measured fractures from each structural site within the Pocuro Fault Zone.

Failure Structural site
Fracture type Total
mode Potrerillos Termas El Corazén Bypass Estero Pocuro
Dyke 3 3 17 0 23
Extension Vein 16 54 35 24 129
Dilational breccia 16 29 53 33 131
Hybrid vein 4 22 1 6 33
Hybrid . .
Hybrid breccia 2 11 0 0 13
Fault surface 0 27 9 0 36
Gouge 1 5 11 0 17
Shear
Fault breccia 1 0 12 6 19
Cataclasite 2 1 11 0 14
Total 45 152 149 69 415
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B.3. Histogram of measured fractures (D, dyke; V, vein; DB, dilational breccia; HV, hybrid vein; HB,
hybrid breccia; FS, fault surface; G, gouge; FB, fault breccia; C, cataclasite) within the Pocuro Fault

Zone at each structural site: BP, Bypass; EP, Estero Pocuro; P'T, Potrerillos; TEC, Termas El Corazon.
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B.4. Fractures orientations plotted in pole contour diagrams (Stereonet 10; Allmendinger et al. 2012%)

with Kamb Contour Interval as contouring procedures (Kamb, 1959°). N/P: No present.

Fracture Potrerillos Termas El Corazén Bypass Estero Pocuro
n=3 n=3
Dyke N/P
n=16 n=24
Vein
n=16 n=33
Dilational
breccia
n=4 n=6
Hybrid vein
n=2 n=11
Hybrid breccia N/P N/P

n=27

Fault surface N/P N/P

n=11

Gouge N/P

n=6

Fault breccia N/P

n=2

N/P

Cataclasite

®eo%

Kamb contour interval in standard deviations

[T TT [ .

0 1 2 3 4 5 6 7 8 9 10

a. Allmendinger R.W., Cardozo N.C. & Fisher D. 2012. Structural geology algorithms: Vectors & Tensors. Cambridge
University Press, 302 pp. https://doi.org/10.1017/CB09780511920202

b. Kamb W.B. 1959. Ice petrofabric observations from Blue Glacier, Washington, in relation to theory and experiment. Journal
of Gephysical research 64 (11), 1891-1909. https://doi.org/10.1029/J7064i011p01891
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B.5. Microstructural analysis

The fieldwork was complemented with microstructural analyses on 2 representative oriented thin
sections (Fig. B.5) to refine the structural analysis and to constrain the tectonic processes involved
during the paleo-fluid circulation.

In the Bypass structural site, a N70W-oriented quartz hybrid vein located within a sinistral duplex
arrangement was sampled. The thin section shows a quartz crystalline aggregate with a sigmoid shape
between two parallel N70W sinistral faults (Fig. B.5a). The vein is composed of a quartz granular mosaic
with an average size of ~1.5 mm, surrounded by a subgrain wall of fine subangular quartz (<0.3 mm).
EW-oriented cataclastic bands separate some quartz lens elongated in ~EW direction from the sigmoid
vein. This arrangement is known as “isolated lenses” (Kim et al. 2004) and commonly occurs in the
transfer zones between two faults in strike-slip duplexes (Woodcock and Fischer, 1986; Peacock and
Sanderson, 1995). According to previous observations at regional and outcrop scale, the strike-slip
duplex arrangement occurs at different scales in the NS-oriented normal-sinistral faults. In addition,
several N65E-oriented parallel minor tensional veins filled by quartz are arranged at 45° from the faults
(Fig. B.5b), consistent with the kinematic in terms of the “petit criteria” (Petit, 1987). Hence the narrow
spatial relation between veins and faults highlights a strong genetic link between the paleo-fluid
circulation and the duplex development.

In the Estero Pocuro structural site, two N15-22W-oriented composite veins were sampled
(Fig. B.5c). The veins are composed of an aggregate of euhedral crystals of laumontite with calcite in the
central part of the vein. A monomictic breccia occurs in the central part of the vein (Fig. B.5d). It is
constituted by highly angular laumontite clasts surrounded by calcite cement. The clasts are rectangular
in shape and the size is less than 0.5 mm. Also, a jigsaw puzzle pattern of the fragmentation with gently
clasts rotation is observed (Fig. B.5d), a typical texture of mosaic breccias which generate by in-situ
fragmentation during a fluid-assisted brecciation (Sibson, 1986; Jebrak, 1997; Woodcock and Mort,
2008; Melosh et al. 2014). Therefore, this texture confirms that at least two crack-seal episodes occurred
(Ramsay, 1980) and further highlights that fluid which allow calcite precipitation utilized the previous

fractures (laumontite-quartz fracture) for its circulation.
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Fig. B.5: Oriented thin sections photo-mosaics in plan-view: a) N70W quartz-vein between two parallel sinistral faults and b)
zoom showing quartz tensional veins. ¢) N15W and N22W composites veins and d) zoom showing a monomictic mosaic breccia
in the middle of the vein. (Cal, calcite; Lmt, laumontite; Qz, quartz).
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B.6. Interpreted difractograms of the fractures minerals filling from x-ray diffraction: a) Lmt

(laumontite), Qz (quartz); b) Cal (calcite); and, c) Gth (goethite), Hem (hematite).
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B.7. Fracture data inversion

To establish the tectonic regime during the circulation of fluids, the open source software
GArcmB (Yamaji, 2016) was used to estimates the orientations of the principal stress axes (i.e. 01, 0> and
03). GArcmb is the software to calculate the stress field from randomly oriented tensional fractures data.
Through a mixed Bingham distribution, the method calculates the most suitable axes for the minimum,
intermediate and maximum concentrations of the fractures poles, which are parallel to o, 0, and o3,
respectively. Each axis is plotted with a 95% confidence ellipse. GArcmB can separate the stress fields
resulting from a polyphasic deformation using the Bayesian Information Criterion (BIC). Usually, the
optimum number of stress field solution is given by the minimum BIC value. In this research, the
maximum number of possible solutions is tested (5 clusters); in this case, the appropriate dataset must
contain at least 30 tensional fractures. Because the relationship between deformation and fluid
circulation is studied, it solely employs veins data for the estimation of stress fields (without dykes data).
Furthermore, GArcmB allows estimating the driving pressure index (DPI) as the representative non-
dimensional fluid pressure (Ps) value for the fluids (Faye et al. 2018). Thus, fractures exhibiting DPI=0
were formed from very weakly overpressured fluids, meaning that P: is similar to o;. Strongly
overpressured fluids give rise to tensional fractures exhibiting DPI=1, where P is similar to o,. According
to Jolly and Sanderson (1997), as Princreases from o3 to oy, the fractures will able to open as follow:

- P¢= 03 (DPI = 0), fractures will open only perpendicular to os.

- P¢= 0, (0 < DPI < 1), fractures will open in a wide range but perpendicular to o;.

- P¢= 01 (DPI > 1), all orientations of fractures are able to open.

GArcmB calculates the o3-axis accurately, but at a high value of stress ratio (¢p=(0.—03)/(01—-03)) it
does not calculate accurately the position of 0,- and 0;-axes allowing the rotation of those axes at around
0. Therefore, the Multiple Inverse Method (MIM; Yamaji, 2000) is also used to fit the position of 0;- and
0,-axes. MIM is a numerical technique to separate stress fields from heterogeneous fault slip data
resulted from polyphase deformation (Yamaji, 2000). The method estimates the best fit stress field
associated with a group of several faults. Then, the orientations of the calculated stress axes are plotted in
two separate stereograms, one for o; and another for o3 axes solutions. Each plotted axis is depicted by a
“tadpole” symbol with head and tail, indicating the orientation of one of the principal axes with the head
and pointing towards the orientation of the complementary axis with the tail (i.e. tail on o, points
towards the orientation of 0; and vice versa). For each tadpole, MIM calculates the stress ratio and paints
them according to ¢-values. Thus, clusters of tadpoles with similar colours and similar tail orientations
represent the stress field solution for a group of faults. Also, a histogram of the ¢-values is used to

determine the representative range of ¢-value for the faults. If the histogram shows a bimodal
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distribution, one stress field solution for each range of representative ¢-values is calculated. Finally, the
stress field solution is calibrated by choosing the solution with a bigger number of faults related with
misfit angles less than 30°.

After calculating the stress orientation, the kinematic analysis is performed to test the consistency
with the strain axes. Thus, using a set of fault-slip data the maximum (shortening, P) and minimum
(stretching, T) strain axes is calculated by means of the software Faultkin 8.1 (Marret and Allmendinger,
1990; Allmendinger et al. 2012). The main P- and T-axes are determined by clustering each fault axes
according to a statistical Bingham distribution, assuming that all the faults result from one uniform strain

field.
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B.8. Total of hydrothermal tensional fractures from each structural site within the Pocuro Fault Zone.

Structural site Laumontite + Quartz  Calcite Composite vein Total

Potrerillos 32 0 0 32
Termas El Corazdn 62 17 4 83
Bypass 63 23 2 88
Estero Pocuro 54 0 3 57
Total 211 40 9 260
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B.9. Stress field estimation from veins data

Regarding the previous findings there are two types of veins in the study area: laumontite-quartz
veins and calcite veins. In this section, the composite veins (laumontite-quartz edge and calcite centre)
are considered as two different veins, i.e. one laumontite-quartz vein and one calcite vein.

As is evidenced by the crosscutting relationship these veins result from different deformation
stages, then the data is grouped according to the mineral filling allowing the stress field estimation for
each deformation stage. The stress field is estimated for the entire study area (regional scale) and each
structural site (local scale) (Fig. B.9). Note that the regional scale data includes all the veins measured in
the different structural sites. The condition of at least 30 veins to test all the possible solutions is satisfied
for both events at a regional scale, while for each structural site such condition is solely satisfied by
laumontite-quartz veins. Then, the minimum Bayesian Information Criterion (BIC) was reached for an
optimal cluster value (K) equal to 1 in each inversion (Fig. B.9), meaning that a single stress condition
explains all the veins orientations.

For the laumontite-quartz veins (Stage I) at the entire study area, a total of 220 veins were
inverted (Fig. B.9a). The optimal stress field is an extensional regime with stress axes orientations o,
(308/87), 0, (197/01) and o5 (107/03), which is compatible with the NS-oriented normal-sinistral faults
(Fig. B9a). The stress ratio (¢) is 0.50, indicating a triaxial regime. The driving pressure index (DPI) is
1.89; therefore, the laumontite-quartz veins were formed under strong overpressure fluids conditions. It
is consistent with the random vein orientations observed in NS-oriented normal-sinistral faults, since at
high DPI values the fractures open in any direction (Jolly and Sanderson, 1997).

The data from veins is also analysed by the structural site to distinguish a local scale stress field
from the regional scale solution. The stress fields estimated from each structural site for the Stage I were
conducted using 32 veins for Potrerillos, 66 veins for Termas El Corazon, 65 veins for Bypass and 57 for
Estero Pocuro. Despite that different solutions are obtained for each structural site, in every site the os-
axis is horizontal. In Potrerillos (Fig. B.9c) the stress field corresponds to an extensional regime with
stress axes orientations o; (233/87), 0, (137/00) and 03(046/03). The stress ratio is 0.63 indicating that o,
is slightly similar to oy, it means that o,- and o;-axes may potentially interchange around the o;-axis as is
observed in the stress solution confidence ellipse. The DPI is 0.75 allowing that fractures open in a wide
range of orientations around the o;-axis, which is consistent with the vein orientation in Potrerillos (N20-
50W; Fig. B.9c). In Termas El Corazon (Fig. B.9d) the stress field is an obliquely oriented stress regime
with stress axes orientations o, (026/41), 0, (198/48) and 05 (293/04). The stress ratio is 0.39 indicating
that o, is slightly similar to o3, it means that 0,- and o03-axes may potentially interchange around the o;-

axis as, although the confidence ellipse of the stress solution shows well-defined stress axes. The DPI is
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1.19, allowing that fractures open in any orientation, which is consistent with the vein orientation in
Termas El Corazon (Fig. B.9d). In Bypass (Fig. B.9e) the stress field corresponds to a strike-slip regime
with stress axes orientations o, (230/23), 0, (047/67) and 05 (140/01). The stress ratio is 0.63 indicating
that o, is slightly similar to oy, it means that 0,- and o0i-axes may potentially interchange around the o3-
axis as it is observed in the stress solution confidence ellipse. Also, this value represents a transtensional
tectonic regime (e.g. Siame et al. 2005) that is compatible with sinistral arrangements observed in Bypass
(Fig. B.9¢). The DPI is 0.95 allowing fractures open in almost any orientations around the o0;-axis, which
is consistent with the vein orientation in Bypass (N30-60E; Fig. B.9¢). Finally, in Estero Pocuro (Fig.
B.9f) the stress field corresponds to an extensional regime with stress axes orientations o, (197/71), o,
(347/17) and 05 (080/09). The stress ratio is 0.79 indicating that o, is quite similar to o, it means that is
relatively easy for o0,- and oi-axes to be rotated around the o;-axis, as it is observed in the larges
confidence ellipse. Despite that the preferential orientation of the veins in Estero Pocuro is N10-30W
(Fig. B.9f), the DPI value is 1.19 allowing that fractures open in any orientation.

For the calcite veins (Stage II) at the entire study area a total of 49 veins were inverted (Fig. B.9b).
The optimal stress field is an obliquely oriented stress regime with stress axes orientations o, (249/50), o,
(018/28) and 03 (123/26). The stress ratio is 0.63 indicating that o3 is slightly similar to oy, it means that
0,- and o;-axes may potentially interchange around the o3-axis as it is observed in the stress solution
confidence ellipse. The DPI is 1.50, therefore the calcite veins were formed under strong overpressure
fluids conditions. Likely, the obliquity of the stress axes is due to that Stage II was developed in
previously fractured rocks deformed by Stage I (a highly anisotropic rock). Thus, the rock did not fail
under the classic and ideal failure model, where one of the principal stress axes is vertical, affecting the

orientation of the stress field (Platt and Vissers, 1980; Peacock and Sanderson, 1992; Bons et al. 2012).
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Fig. B.9: Results from the inversion of tensional fractures filled by hydrothermal mineral within PFZ using GArcmB (Yamaji,

2016): a)-b) for regional scale; c)-f) for each structural site. The pole contour diagrams were performed using the software

Stereonet 10 (Allmendinger et al. 2012) with Kamb Contour Interval as contouring procedures (Kamb, 1959).
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B.10. Stress and strain field estimation from fault slip data

The fault-slip data inversion was carried out using a total of 25 faults with complete datum
collected along the study area (Fig. B.10). The Multiple Inverse Method (MIM) reveals a bimodal ¢-
value distribution with modes at 0.3 and at 0.7 with three main solutions explaining 18 faults (Fig. B.10a).

Solution 1 (Fig. B.10b), associated with a ¢-value equal to 0.3, corresponds to a compressional
regime with stress axes orientations o; (165/00), 0, (256/00) and o3 (006/78), which is consistent with
the principal strain axes solution that indicates a NE-oriented shortening. Solution 2 (Fig. B.10c),
associated with a ¢-value equal to 0.7, corresponds to a sinistral transtensional regime with stress axes
orientations o; (236/12), 0, (344/56) and o3 (139/31), which is consistent with the principal strain axes
solution that indicates a NW-oriented shortening. Solution 3 (Fig. B.10d), associated with a ¢-value
equal to 0.7, corresponds to dextral transtensional regime with stress axes orientations o, (115/15), 0,
(246/67) and 03 (020/16), which is consistent with the principal strain axes solution that indicates a NE-
oriented shortening. The solution 1 groups reverse faults related to both NS-oriented reverse faults and
to the Oblique Basement Faults. Thus, both fault systems have resulted from a compressional stress field
by two different tectonic events as demonstrated by the cross-cutting relationship (see Sect. 5.1.2).

Regarding solutions 2 and 3, both solutions group normal-sinistral and normal-dextral faults,
which are spatially associated with the duplexes veins arrangements of NS-oriented normal-sinistral
faults. When comparing both solutions with those resulting from the vein data inversion, the orientation
of os-axis for solution 2 is almost the same that the calculated for Termas El Corazon and Bypass (Fig.
B.9d and B.9¢), while for solution 3 is almost the same as Potrerillos and Estero Pocuro (Fig. B.9c and
B.9f). Considering high value of stress ratio calculated by GArcmB (Fig. B.9), the position of 0:- and 0»-
axes is fixed by MIM inversion method. Thus, NS-oriented normal-sinistral faults result from an
extensional regime with a local transtensional tectonic regime that promotes the development of

normal-sinistral and normal-dextral faults.
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Fig. B.10: Results from the inversion of fault-slip data. Stress and strain solutions were performed with MIM (Yamaji, 2000) and
Faultkin (Allmendinger et al. 2012), respectively.
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B.11. Cartoon diagrams summarizing the crosscutting relationship with the detailed structural map
performed at each structural site. Each map is compared with the tectonic stress solution and the strain

axes (red arrows: shortening; blue arrows: stretching).
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