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Abstract

In an active volcanic arc, magmatically sourced fluids are channeled through the brittle crust by structural features. This

interaction is observed in the Andean volcanic mountain belt, where volcanoes, geothermal springs and the locations of major

mineral deposits coincide with NNE-striking, convergent margin-parallel faults and margin-oblique, NW/SE-striking Andean

Transverse Faults (ATF). The Tinguiririca and Planchón-Peteroa volcanoes in the Andean Southern Volcanic Zone (SVZ)

demonstrate this relationship, as both volcanic complexes and their spatially associated thermal springs show strike alignment

to the outcropping NNE oriented El Fierro Thrust Fault System. This study aims to constrain the 3D architecture of this

fault system and its interaction with volcanically sourced hydrothermal fluids from a combined magnetotelluric (MT) and

seismicity survey. The 3D conductivity model and seismic hypocenter locations show correlations between strong conductivity

contrasts and seismic clusters in the top 10km of the crust. This includes a distinct WNW-striking seismogenic feature which

has characteristics of the ATF domains. As the surveyed region is characterized by high heat flow regimes, volcanic activity and

hydrothermal systems related to the volcanic arc, the conductivity contrast suggests that magmatically derived fluids meet an

impenetrable barrier, most likely the sealed core of the fault. The resulting increase in hydrostatic fluid pressure facilitates seismic

activity on this WNW oriented structure. These results provides the first observation of the mechanism behind the reactivation

and seismogenesis of ATF. The study also uncovers the role of the ATF the compartmentalization of magmatic-derived fluids

that accumulate to form hydrothermal reservoirs in the SVZ.
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Abstract25

[In an active volcanic arc, magmatically sourced fluids are channeled through the brittle26

crust by structural features. This interaction is observed in the Andean volcanic moun-27

tain belt, where volcanoes, geothermal springs and the locations of major mineral deposits28

coincide with NNE-striking, convergent margin-parallel faults and margin-oblique, NW/SE-29

striking Andean Transverse Faults (ATF). The Tinguiririca and Planchn-Peteroa volcanoes30

in the Andean Southern Volcanic Zone (SVZ) demonstrate this relationship, as both vol-31

canic complexes and their spatially associated thermal springs show strike alignment to32

the outcropping NNE oriented El Fierro Thrust Fault System. This study aims to con-33

strain the 3D architecture of this fault system and its interaction with volcanically sourced34

hydrothermal fluids from a combined magnetotelluric (MT) and seismicity survey. The35

3D conductivity model and seismic hypocenter locations show correlations between strong36

conductivity contrasts and seismic clusters in the top 10km of the crust. This includes a37

distinct WNW-striking seismogenic feature which has characteristics of the ATF domains.38

As the surveyed region is characterized by high heat flow regimes, volcanic activity and39

hydrothermal systems related to the volcanic arc, the conductivity contrast suggests that40

magmatically derived fluids meet an impenetrable barrier, most likely the sealed core of41

the fault. The resulting increase in hydrostatic fluid pressure facilitates seismic activity on42

this WNW oriented structure. These results provides the first observation of the mecha-43

nism behind the reactivation and seismogenesis of ATF. The study also uncovers the role44

of the ATF the compartmentalization of magmatic-derived fluids that accumulate to form45

hydrothermal reservoirs in the SVZ.]46

1 Introduction47

The ascent of magmatically sourced fluids through the brittle crust is facilitated by in-48

herited planes of weakness, such as lithospheric scale fault systems (Nakamura, 1977; Shaw,49

1980; Cembrano & Lara, 2009). Within these fault systems, highly permeable networks of50

inter-connected fault damage zones act as fluid conduits, whereas the low-permeability fault51

cores inhibit cross-fault fluid flow. This occurs as variations in pressure, temperature and52

composition of fluids in the fracture network can lead to fracture sealing and cementation53

due to mineral precipitation during fluid transport, which decreases the permeability of the54

fault core (e.g. Cox, 2005; Micklethwaite et al., 2010). This causes the maximum flow55

direction to orient parallel to the fault plane (Caine et al., 1996; D. Faulkner et al., 2011).56

Simultaneously, the migration and accumulation of fluids within these fault systems exert57

an essential role in the nucleation of earthquakes, as increased pore fluid pressures reduce58

the effective normal stress projected on a fault plane, consequently increasing its probability59

of failure (Sibson, 1985; Cox, 2010, 2016; Roquer et al., 2017). These interdependent pro-60

cesses result in episodic and anisotropic migration of fluids within a fault zone, along with61

the heterogeneous distribution of hydro-mechanical properties therein (Sibson, 1996, 2004;62

J. Rowland & Sibson, 2004; Cox, 2010).63

In an active volcanic arc, this complex interaction between hydrothermal fluids and64

structural systems can significantly influence tectono-magmatic processes, such as the dis-65

tribution of volcanoes (Nakamura, 1977; Tibaldi, 2005; Cembrano & Lara, 2009; Sielfeld et66

al., 2016), the emplacement of ore deposits and plutons (Hedenquist & Lowenstern, 1994;67

Piquer et al., 2016), the localized structural and geochemical development of geothermal68

springs and fumaroles (Sibson, 1996; Sánchez et al., 2013; Tardani et al., 2016) and the69

location, magnitudes, frequency and timing of crustal seismicity (Cox, 2016). Geophysical70

studies can image these active structural and hydromagmatic systems, in order to map their71

architecture as a function of depth. In particular, magnetotelluric (MT) surveys map electri-72

cal conductivity domains that are commonly related to the presence/absence of fluids with73

different degrees of salinity or partial melt at a crustal scale (Simpson & Bahr, 2005; Pom-74

mier, 2014). When combined with local seismic hypocenter locations, the spatial coherency75

of anomalous conductors and seismogenic features can reveal interacting hydrothermal fluids76
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and seismically active fault systems in a volcanic regime (Wannamaker et al., 2009; Becken77

et al., 2011; Bertrand et al., 2012).78

The overall aim of this study is to image the architecture of a structural system79

within a volcanic arc, and analyze the relation between its active deformation and fluid80

transport/storage processes throughout the upper crust. This was achieved by conducting81

spatially-overlapping MT and seismic surveys in the Andean Southern Volcanic Zone (SVZ).82

The selected field study area encompasses the Tinguiririca and Planchón-Peteroa Volcanic83

complexes (70.4 - 70.9◦W and 34.65 - 35.2◦S), where interdependent tectonic-hydrothermal84

processes are evident from the following features: the region around Tinguiririca has been85

considered for geothermal energy exploitation due to the prominent geothermal reservoir86

found at the western flank of the volcanic complex (Clavero et al., 2011; Pritchard et al.,87

2013; Aravena et al., 2016; Benavente et al., 2016), Planchón-Peteroa has been episodi-88

cally on yellow alert due to degassing and ash expulsion events since 2011 (Aguilera et al.,89

2016; Global-Volcanism-Program, 2019), and the volcanoes and proximal geothermal springs90

demonstrate NNE-strike alignment along the major El Fierro Fault System (EFFS) system91

that outcrops within the field area (Pavez et al., 2016; Giambiagi et al., 2019). Further-92

more, this region of the SVZ is of particular interest due to the presence of both convergent93

margin-parallel fold-thrust belt systems such as the EFFS, and margin-oblique WNW - ENE94

striking features, referred to as Andean Transverse Faults (ATF) (Katz, 1971; Cembrano &95

Lara, 2009). Although significant geological and geochemical evidence indicates that these96

margin-oblique structures exert control on volcanism (Lara et al., 2004; Cembrano & Lara,97

2009; Sielfeld et al., 2016; Piquer et al., 2019), hydrothermal system dynamics (Lara et al.,98

2004; Sanchez-Alfaro et al., 2015) and ore-porphyry deposition (Sillitoe, 1997; Chernicoff99

et al., 2002), the subsurface interaction of these processes are poorly understood. These100

structural systems are here discussed in further detail.101

1.1 Margin parallel and oblique fault systems in the Southern Andes102

The Andes comprise of a NNE-SSW trending volcanic mountain chain along the western103

margin of South America between latitudes 18-46◦S, which have formed from the eastward104

dextral-oblique convergence and subduction of the oceanic Nazca Plate beneath the South105

American Plate since the Jurassic (ca 180Ma) (Pardo et al., 1967; Mpodozis et al., 1989;106

Charrier et al., 2007; Ramos, 2010). Since 20Ma, orogenic uplift was coupled with episodes107

of extension, intense volcanism and the formation of an eastward migrating volcanic arc at a108

relative plate convergence velocity of 6.6cm/year along a trend of N78◦E (Angermann et al.,109

1999). The Andean western margin is characterized by: (a) over 200 tertiary stratovolcanoes110

throughout its volcanic arc (60 of which have been active during the Holocene) (Stern et111

al., 2007), (b) Mega-thrust earthquakes that reach magnitudes >Mw8, such as the Mw9.6112

Valdivia and Mw 8.9 Concepcion earthquakes in 1960 and 2010 respectively (Bonali et al.,113

2013), (c) giant Cu±Au±Ag porphyry ore deposits (Sillitoe, 1997; Chernicoff et al., 2002),114

(d) and 431 ±321 MWe of potential high enthalpy geothermal resources (Sanchez-Alfaro115

et al., 2015; Aravena et al., 2016). Figure 1 shows the major NNE trending and margin-116

parallel volcanic arc and the distribution of ore deposits, geothermal springs and oblique117

lineaments along the Andes. Throughout this region volcanoes, geothermal springs and the118

locations of major mineral deposits are spatially coherent with the first-order NNE oriented119

structural systems in the High Andes (Ramos, 2010), excepting the region between 28 - 33◦S120

referred to as the Pampean Flat Slab Segment, where shallow subduction angles prevented121

the formation of a mantle wedge, resulting in a break in the volcanic arc (Mpodozis et al.,122

1989).123

Second order NW-trending transverse structural domains that cross-cut the volcanic124

orogeny have been observed throughout the Andes, and they are considered to be pre-125

Andean, inherited basement faults (Katz, 1971; Yáñez et al., 1998; Melnick & Echtler,126

2006). These seismically active Andean Transverse Faults (ATF) (Aron et al., 2015; Stanton-127

Yonge et al., 2016; Sielfeld et al., 2019) are enigmatic due to their severe misorientation to128
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Figure 1. Map of the Andean volcanic chain between latitudes 21.5◦ and 44◦S. See key in top

left corner for description of symbols. This includes active volcanoes from the Smithsonian Institute

Holocene Volcanic database, geothermal areas from (Aravena et al., 2016), faults and major mines

from Sernageomin (2003), northern lineaments (21.5-28◦S) sourced from Richards et al. (2001),

southern lineaments from Cembrano and Lara (2009)), and plate vector from Angermann et al.

(1999). The frame overlying the map between latitudes 32-38◦S indicates the location of Figure 2a.
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the current plate convergence vector, which promotes a compressive stress regime and thus129

makes them unfavourable for seismic activity (Cembrano & Lara, 2009; Stanton-Yonge130

et al., 2016). As their surface expression is limited except a few scarce outcrops (Lara131

et al., 2004; Pérez-Flores et al., 2016), ATF have been inferred based on kilometer scale132

topographic lineaments (Cembrano & Lara, 2009; Piquer et al., 2016; Giambiagi et al.,133

2019) and alignment of seismicity and volcanic strikes (Lara et al., 2004; Aron et al., 2015;134

Sielfeld et al., 2016).135

The intersection of major NNE oriented fault systems and the potentially blind, discrete136

WNW-striking ATF domains occur across all latitudes of the Andes, showing an along-137

strike spatial control of major mineral deposits (Katz, 1971; Sillitoe, 1997). Sillitoe (1997)138

& Piquer et al. (2019) suggested that hydrothermal minerals related to porphyry copper139

deposits of central Chile are precipitated at such intersections. Furthermore, ATF are140

considered to influence magmatic processes, as volcanic and intrusive body emplacement141

show alignment with the strike of ATF domains (Viramonte et al., 1984; Cembrano &142

Lara, 2009; Acocella et al., 2011). More recent investigations have determined that these143

structures store over-pressurized fluids derived from deep magmatic roots, thus impacting144

the architecture and distribution of active volcanic and hydrothermal systems (Sánchez et145

al., 2013; Wrage et al., 2017; Sielfeld et al., 2019). Furthermore, the interaction between146

NNE fault systems and ATF at the SVZ controls the conditions required to develop and147

sustain a shallow hydrothermal system, where fluids within conduits associated with ATF148

are stored and over-pressurized (Pérez-Flores et al., 2017; Roquer et al., 2017).149

The setting of this study in the Andean SVZ thus includes the convergent-margin par-150

allel fault systems, margin oblique ATF system, and fault-strike aligned volcanic complexes.151

The surface expressions, geophysical and geochemical signatures of these domains attest152

to their complex, interdependent, orogenic processes, yet their in situ interaction at depth153

remains unresolved. This study will provide a high-resolution 3D model of an area that is154

characterized by these structural and volcanic systems, in order to improve our understand-155

ing of their nature within upper crustal depths.156

2 Regional context and geology157

The Chilean Andes are segmented from north to south into the Northern, Central,158

Southern and Austral Volcanic Zones, due to the latitudinal variation of altitude, crustal159

thickness, convergence rate, plate coupling, volcanism and climate (Ramos, 2010). The160

selected field area for this study is in the Southern Volcanic Zone (SVZ) in the Principal161

Cordillera (Figure 2a). In this region, the main morpho-tectonic features of the Chilean162

Andes are the western coastal and eastern Principal Cordillera, which are divided by the163

Central Depression (Figure 2a) (Charrier et al., 2014; Ramos et al., 2014). The NNE strik-164

ing EFFS is the major structural feature in the region, which thrusts the Miocene volcanic165

sequences eastward over an exposed sequence of Mesozoic sedimentary units (Faŕıas et al.,166

2010). The surveyed study area is located at the western limit of the Chilean Principal167

Cordillera at this Meso-Cenozoic boundary (Figure 2b) (Núñez, 2018). This boundary is168

characterized by a heat flow regime of 200mW/m2, which is anomalously high compared169

to the heat flow regime of 60mW/m2 in the surrounding western and north-western An-170

des. This occurs as the eastward migrating volcanic arc is partially situated beneath the171

Principle Cordillera. Thus volcano-magmatic processes, such as the development of major172

stratovolcanoes and geothermal fluid outflow springs, are concentrated in the High Andes173

(Figure 1) (Benavente et al., 2016). The Tinguiririca geothermal outflow spring, as well as174

the Planchón-Peteroa volcanic complex are within the limits of the geophysical survey grid.175

2.1 Tinguiririca and Planchón-Peteroa Stratovolcanic Complexes176

The Tinguiririca volcanic complex is a Holocene cluster of 10 scoria cones that overly a177

lower to middle Pleistocene plateau of andesitic lavas (Stern et al., 2007). Current evidence178
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Figure 2. A) Regional scale geology of the southern volcanic zone of the Andean volcanic

mountain belt. See legend for a description of all symbols. The geological units and the El Teniente

mine location are after Sernageomin (2003), focal mechanisms of the Maule and Teno earthquakes

are after Ekstrm, 2012. Frame labelled B in A indicate the location of Figure 2B. B) Local geological

map of the field study area is from Núñez (2018) and distribution of magnetotelluric and seismic

stations within the geophysical survey grid. Digital Elevation Model (DEM) from PALSAR (2011).
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of thermal activity near Tinguiririca include high elevation fumaroles and lowland chloric179

springs, discharges of sulfuric rich mud pools and steam heated waters (Benavente et al.,180

2016; Pavez et al., 2016). The geochemical signatures of these springs and fumaroles suggest181

that they are sourced from a hydrothermal reservoir at 2-6 km depth and at temperatures of182

230-250◦C, that is recharged by shallow meteoric aquifers but that also bears trace elements183

of a deeper magmatic system (Aravena et al., 2016; Benavente et al., 2016; Pavez et al.,184

2016). A major signature of this system is the Termas de Flaco geothermal outflow spring185

(Figure 2B), which is commercially exploited. To the south, the Planchón-Peteroa volcanic186

complex is a series of Pleistocene - Holocene stratovolcanoes with five volcanic centers. Their187

activity progressed from earliest stage basaltic lavas to bimodal basaltic-andesitic and dacitic188

magmas extruded in subplinian explosions (Stern et al., 2007). Similar to Tinguiririca,189

fumarolic discharge occurs proximal to the Planchón edifice, with chemical signatures of a190

hydrothermal system recharged by meteoric waters, that also bear traces of He derived from191

a deep hydro-magmatic fluid source (Benavente et al., 2016). An episode of stratovolcanic192

eruption accompanied by ash discharge occurred between February - June 2011, placing193

Planchón-Peteroa on yellow alert eruption warning. It has since experienced sporadic events194

of degassing, water-vapor expulsion and shallow seismic tremors, the most notable events195

of which are an Mw 4 seismic event that occurred 4 - 7km beneath the summit on July 8th,196

2017, and an explosive ash emission in September 2018 (Nover, 2005; Global-Volcanism-197

Program, 2019).198

2.2 Faulting, kinematics and hydrothermal alteration199

The largest structural feature in the study area is a segment of the 200km long El200

Fierro Fault System (EFFS), a sub-vertical, reverse drag thrust fault that formed during201

the late-Eocene to Oligocene. Thrust faulting deformation initiated when thickening of the202

lower crust was assisted by magmatic softening, and arc rocks were subsequently displaced203

eastward and uplifted along this fault (Charrier et al., 2002; Gow & Walshe, 2005). This204

was followed by inversion and thrusting of the Oligocene-Miocene volcanic sediments over205

the Mesozoic formations during the mid-Miocene to Pliocene (Charrier et al., 2002; Gow &206

Walshe, 2005). Kinematic analysis of this fault system suggests that, while the dominant207

structure formed from reverse faulting, the current deformation mechanism is dextral strike208

slip under regional transpression (Giambiagi et al., 2019). Outcropping fault strands of the209

EFFS show distinct alignment with volcanic and geothermic features in the area (Figure210

3a). Additionally, significant hydrothermal alteration is seen in the Oligocene to Miocene211

volcanic and sedimentary rocks, spatially related to the hanging wall of the EFFS (Figure212

3c). The alteration in this zone is of philic-argillic type with pervasive pyrite veinlets.213

The alteration appears to be strongly controlled by lithology, where the more fractured and214

permeable units exhibit stronger alteration. Additionally, we observe a supergene alteration,215

that produces oxidation and leaching of sulphides (i.e. pyrite), forming limonites (Jarosite216

> Goethite> hematite). This alteration is restricted to within the strands of the El Fierro217

fault, and the foot wall (Figure 3a & c).218

Previous seismic tomography studies have inferred that the permeable damage zones219

of the EFFS act as channels for meteoric and magmatic derived fluids into the geothermal220

fields and outflow springs (Pavez et al., 2016). This has recently been debated by Giambiagi221

et al. (2019), who state that a blind NNE oriented strike-slip fault at 2.5km depth controls222

the migration of fluids, due to strong directional permeability that occurs at the fault inter-223

section with the strands of the EFFS. This blind fault acts to localize hydrothermal fluid224

circulation, which in turn increases the fault’s probability of failure due to increased pore225

fluid pressures along the fault plane. This became apparent when a seismic swarm in 2010226

took place highlighting the geometry of this blind fault plane, whereas the EFFS remained227

relatively aseismic (Lira, 2011). The 2010 seismic swarm is considered to be related to lo-228

cal stress redistribution from the 6.5Mw sinistral strike-slip earthquake (Figure 2b). From229

this event, along with local paleostress analysis in the Tinguiririca valley, an ESE oriented230

sinistral strike slip regime was found to dominate this region (Giambiagi et al., 2019).231
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Figure 3. A) Satellite image of the field area looking SSE, displaying the primary features of

interest, the trace of El Fierro thrust fault system is taken from Pavez et al. (2016), and inferred

sinistral strike-slip faults (potential ATF) from Giambiagi et al. (2019). The larger and smaller

black frames in a indicate the locations of B and C respectively. B) Photo showing the high angled

El Fierro fault plane creating the unconformity between the Jurassic sediments and Quaternary

volcaniclastics. C) Photo showing hydrothermally altered, Oligocene-Miocene volcanic host rock.
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3 Geophysical Data Acquisition and Processing232

Magnetotellurics (MT) is a geophysical method that uses naturally occurring electro-233

magnetic fields to estimate the electrical conductivity structure of the subsurface (Simpson234

& Bahr, 2005; Chave & Jones, 2012). Coupled with MT, precise hypocentre locations in235

seismically-active areas can detect the presence, geometry and distribution of faults that236

may interact with crustal fluids (Ingham et al., 2009; Wannamaker et al., 2009; Legrand237

et al., 2011; Held et al., 2016). For these reasons, this study combines seismic hypocenters238

manually picked form the seismic array with a 3D model derived from magnetotelluric data.239

3.1 Magnetotelluric Survey, Data Processing and Inversion240

In magnetotellurics, naturally occurring electromagnetic fields incident on the Earth’s241

surface are passively and independently measured as a continuous time series of two hori-242

zontal electric components, Ex, Ey, and two horizontal magnetic components, Hx and Hy.243

When converted into the frequency domain, the response of the electric current to a varying244

magnetic field is quantified as the complex impedance tensor as a function of frequency, Zω.245

These impedance responses are then used to model conductivity variations of the Earth’s246

subsurface through the relation E = ZH (Simpson & Bahr, 2005).247

The field campaign involved the collection of 26 broadband induction coil MT sites248

with approximately 5km spacing in a 40km2 field area (Figure 2B). At all MT stations,249

the North-South (x) and East-West components (y) of the electric and magnetic fields were250

independently measured, as well as a vertical component of the magnetic field. MT data were251

collected using Metronix ADU-07e systems equipped with MFS-06e or MFS-07e coils. The252

experiment sampled at 1024Hz for an initial 30 minutes, after which data was collected at a253

128Hz sampling rate for 48 hours. As the features of interest in this study are concentrated254

in the eastern limits of the surveyed area, namely the EFFS and the along-strike Tinguiririca255

and Planchón-Peteroa volcanic complexes, the MT grid has a dense NS oriented transect256

in this sector, while the three EW transects act as regional controls. The data processing257

method used was the Bounded Influence Remote Referencing (BIRRP) program (Chave258

& Thomson, 2003; Chave, 2004). This well-established MT data processing algorithm uses259

statistically robust techniques such and remote referencing to yield the impedance responses260

at selected frequencies. Of the completed 26 sites, data from 3 stations have been discarded261

due to irreparably poor data quality attributed to cultural and natural noise contamination,262

such as electric dipole interference or current channeling respectively. Some datasets also263

feature Galvanic Distortion, which is caused by near-surface conductivity heterogeneities264

at the measurement site (Bibby et al., 2005). The period bands affected by high levels of265

artificial noise were masked by assigning high error values to the data points in order to266

reduce the impact of noisy data on the inversion results. The 3D inversion of the 23 station267

MT grid was performed with a quasi-Newton optimization method that minimizes the data268

misfit and Tikhonov-type regularization parameter (D. B. Avdeev, 2005; D. Avdeev &269

Avdeeva, 2009). The algorithm uses joint inversion methods to correct for galvanic distortion270

inherent in the data. The distortion correction multiplies the frequency-independent, real271

valued distortion matrix, C, to the complex, frequency-dependent impedance tensor in the272

form Zobs = CZ (Avdeeva et al., 2015).273

The initial mesh comprised 80x80x30 cells, with cell dimensions of 1000m x 1000m274

x 100m that was increased by a factor 1.1 times the vertical cell length per layer. The275

inversion was conducted with an error floor of 5% for the impedance datasets, and a large276

regularization parameter that was reduced by one order of magnitude per inversion run.277

Homogeneous meshes with initial conductivities 100, 500 and 1000Ωm were used as starting278

models to conduct full inversions, and to produce a layered models based on the 1D inversion279

of the average of the dataset. The layered models all resulted in a mesh of an overall 500Ωm280

resistivity with a 50 - 100Ωm layer between 8 - 14km. This layered model was the starting281

mesh for the final model that was selected for further analysis. The final preferred model,282
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Figure 4. Magnetotelluric apparent resistivity and phase results for all impedance tensor com-

ponents (Zxx, Zxy , Zyx and Zyy ) as a function of Period (s) for stations 2 and 13. Within each

graph, black inverted triangles and blue diamonds show the data and black and blue lines (FM)

are the responses of our preferred model.
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which was obtained after 800 iterations, reduced the RMS from a value of 9 to 1.55. The283

conductivity structure that emerged in this model was also observed in models with other284

initial conductivities, which supports the robustness of the result. While the RMS is a285

good overall measure of the fit between the synthetic model and the real data, we also286

examine the closeness between the sounding curves of both datasets for individual stations287

(Miensopust et al., 2013). An example of the real data and model fit for stations 2 and288

13 is provided in Figure 4, which include all impedance components (Zxx, Zxy, Zyx and289

Zyy ). The results for station 2 show that the model and real datasets fit well, apparent290

as the synthetic model data and real data (labelled FM and RD on Figure 4 respectively)291

closely match across all period bands. The Zyx component Station 2 (Figure 4A) shows292

some scatter around the 3 - 12s period band, but this does not affect the synthetic data due293

to the high errors assigned to these data points. The off-diagonal components of station294

13 exhibit some Galvanic Distortion, apparent as Zyx is shifted to an apparent resistivity295

above Zxy by approximately one decade across all period bands. As discussed, this type of296

Galvanic distortion is accounted for in the joint inversion by the distortion tensor, and the297

synthetic model (FM, Figure 4B) data and real data (RD, Figure 4B) are fit well despite298

the distortion, as was the case for all Galvanically distorted datasets (see Supplementary299

Material for the real and model data fits for each station). Furthermore, sensitivity tests300

were carried out to verify the robustness of each conductive structure within the model (see301

Supplementary Information on these techniques).302

3.2 Seismic Survey and Hypocenter Location Processing303

A network of 12 broadband seismometers (6 Güralp CMG-6TDs and 6 Güralp CMG-304

3ESPCDs) were deployed from April 2017 until December 2018 (Hammond et al., 2017).305

Average inter-stations spacing was approximately 15 km, mimicking the MT stations dis-306

tribution (Figure 2B). Hypocenters were automatically detected using the QuakeMigrate307

software. QMigrate scans the seismic trace at each station by determining a STA/LTA308

onset function with high values representing phase arrivals (Drew et al., 2013). The onset309

functions are then backpropagated in a travel-time grid determining a 4D function repre-310

senting the combined onsets spatially and through time, termed coalescence. The maximum311

coalescence for each time interval is then extracted, and when this value exceeds a user de-312

fined threshold value, an event is triggered. A marginal window, representing the expected313

model error, is taken about each event with the 4D coalescence stacked in the temporal do-314

main to give a probability map of the earthquake location. Events are then filtered using the315

local- and global-gaussian error ellipses, with events with a large global-gaussian to local-316

gaussian rejected as they represent false triggers. This procedure outputs an automated317

catalogue of earthquake locations, expected location uncertainties and phase arrivals. The318

resulting QuakeMigrate catalogue was visually inspected afterwards, to manually update P-319

and S-wave arrivals. These revised travel-time picks were then used to estimate hypocenters320

using HYPOINVERSE-2000 (Klein, 2002).321

Earthquake locations are sensitive to the velocity model used. We initially located a322

portion of our earthquakes catalogue using the velocity model calculated for the Southern323

Andes Volcanic Zone by Sielfeld et al. (2019). From this we obtained 205 hypocenters, with324

horizontal error < 2km and vertical error < 5km, azimuthal gap 87 - 336◦ and residuals325

(RMS) of 0.01s - 0.29s. We then updated the model by iteratively inverting for the resulting326

locations and the initial 1-D velocity model using VELEST (Kissling et al., 1994). VELEST327

allowed us to iteratively improve the RMS-misfit between calculated and observed travel328

times of each solution through updating the velocity model and relocating the earthquakes.329

5 different a-priori models were tested including constant velocity models and CRUST1.0.330

All models showed similar trends, requiring a low velocity shallow crust, but the modified331

1D velocity model of Sielfeld et al. (2019) proved to be the best model with the lowest332

RMS-misfit. The final model used in this study is shown in Figure 5. The homogeneous333

velocity layers in our best solution model were converted into gradient velocity layers, to334

reduce the depth-clustering effect that sharp velocity discontinuities have on hypocenters335
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Figure 5. P- and S-waves velocity models. The black solid lines represent the model of Sielfeld

et al. (2019), the red solid lines show the velocity model updated for this study, and the black

dashed lines represent the gradient velocity laters that reduce the sharp discontinuity that occurs

at 10km depth
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location due to seismic rays being modelled as refracted from discontinuities instead of336

realistic down-going rays with spread emergence angles (Klein, 2002). The final seismic-337

ity catalogue consists of 624 earthquakes with mean errors of 0.69km with 0.24 standard338

deviation horizontally and 1.21km and 0.74 standard deviation vertically.339

4 Correlating conductivity anomalies with seismic features340

The resolution of conductivity anomalies to be discussed have been validated with a341

series of robustness tests.The supplementary material presents details on these techniques,342

and specific tests will be referred to where required. All anomalies are shown to be required343

to fit the model to the collected dataset, however on notable region if low resolution is below344

the anomaly Con. 1 (Figure 6 & 7, sensitivity tests 3 & 4). The mean errors in the final345

hypocenters catalogue are 0.69km with 0.24 standard deviation horizontally and 1.21km346

and 0.74 standard deviation vertically.347

Two distinctive resistivity domains can be distinguished in the study area: an eastern348

domain of low resistivity (<50 Ωm, sensitivity test 16) and high concentration of hypocenters349

following the trace of the El Fierro fault system, and a western domain of high resistivity350

(values between 500 - 10,000 Ωm, sensitivity tests 8 & 9) and low seismicity (Figures 6 &351

7). These two domains are best shown in cross-sections WNW-1 and WNW-2 (Figure 7),352

both of which are perpendicular to the general trend of the resistivity contrast and trace of353

the El Fierro fault system.354

The eastern domain of low resistivity is segmented in the north-south orientation, pop-355

ulated by four distinct conductors (Con. 1, Con. 2, Con. 3 and Con. 4, sensitivity tests356

1, 6, 7, 8, 12 & 13) and 2 main seismic clusters (Cls. 1 and Cls. 2) (Figure 6 & 7). The357

conductor Con. 1 occurs NE of the Planchón-Peteroa volcanoes at a depth of 4 - 8km and358

correlates with the seismic cluster Cls. 1. At 6km (Figure 6D) Con. 1 is at its maximum359

lateral extent. The seismic cluster (Cls. 1) follows a WNW oriented trend that aligns with360

an abrupt boundary between Con. 1 and a WNW oriented resistive corridor (conductivity361

ranges 500 - 1,000Ωm), Res. 1 (sensitivity tests 10 & 11).362

The seismic cluster Cls. 2 also occurs at a boundary between a conductive anomaly363

(Con. 4) and more resistive region. The most southeastern cross-sections, NE-5 & NE-6364

(Figure 6) show the progressive disappearance of these features, as conductors Con.1 and 2365

begin to diminish in strength towards the SW, and seismic clusters dissipate in NE-5, until366

there is little distinguishable conductive or seismogenic structure in NE-6. This is also a367

likely result of the model region extending outside the seismic and MT array.368

It is apparent that there is a south to northward increase in high conductivity anomalies369

between 8 - 12km depth (Figure 6 E& F, sensitivity tests 12 & 13), and an apparent370

connection between Con. 2 and Con. 3 at 12km (Figure 6E & F). A smaller conductor,371

Con. 2 (conductivity ranges 5 - 50Ωm) is present at 4km depths (sensitivity test 15), and372

connects to a deeper conductor, Con. 3, at 10km depth along an approximate north-eastern373

dip. As MT is has difficulty to resolve the exact dip of the conductive anomalies, unless374

a very dense, localized survey is conducted, this dip angle can only be estimated. The375

conductor Con. 3 also seems to be connected through minor conductive branches with the376

shallow conductor correlated with the Termas del Flaco geothermal spring (NE-1, NE-2,377

NW-1 and NW-2, Figure 6), a known outflow of the Tinguiririca geothermal fields (Aravena378

et al., 2016; Benavente et al., 2016; Pavez et al., 2016).379

The seismic cluster Cls. 2 is predominantly focussed at 6 - 8km depths in a region of380

low to intermediate resistivity (10 - 50 Ωm, Con. 4 in Figure 6D-E, sensitivity test 18).381

The shape of this cluster is very similar to that of the contour of the conductive anomaly,382

suggesting a connection between the two (Figure 6D). Furthermore, all seismic hypocenters383

occur within a 0-8km depth range (see Figures 6 & 7) with some anomalously deeper seismic384
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Figure 6. A) hypocenters located from the local seismic survey, projected onto a the 12m

resolution DEM of the field study area along with important geological features (see Figure 2 for

feature refernces). B-F: 3D MT models plotted with seismic hypocentres at depths 2, 4, 6, 8, and

12km respectively, with seismicity projected within ±200m at each depth. The EFFS, volcanoes,

and geothermal springs are projected onto each map to indicate their surface localities. A-F: White

dashed lines indicate the location of the cross-sections provided in Figure 7.
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Figure 7. A set of fourteen cross-sections of the MT inversion model between 0 - 16km’s, with

seismic hypocenters projected within +/-200m lateral distance from the transect location. Also

projected are MT and seismic station localitions (blue and red triangles respectively) that occur

along the transects. See Figure 6 for profile locations. Conductive and seismic features described

in the paper (Con. 1, Con. 2, Con. 3, Res.1, Cls.1 & Cls.2) are labelled.
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events that occur at 15km depths beneath the Planchón-Peteroa volcanic complex (NW-6,385

Figure 7).386

In summary, seismic and conductive anomalies appear correlated in Figures 6 and387

7. Both high conductivity anomalies and seismogenic zones occur along the NNE oriented388

trend of the volcanic complexes and EFFS. There is also a prominent WNW oriented seismic389

cluster, Cls. 1, that occurs along an abrupt conductivity boundary (Con. 1 and Res. 1) of390

the same orientation, that emerges at 4km depths and is strongest at 6km depths. Below391

8km, the region is aseismic, and a deeply rooted conductor (Con. 3) emerges beneath the392

Tinguiririca complex at 12km depth connected to a smaller conductive limb that shallows393

towards the south (Con. 2). Finally, a small seismic cluster (Cls. 2) shows coherent geometry394

and locality with a moderate conductor (Con. 4) at 6-8 km depths, slightly northwest of395

the Planchón-Peteroa edifices.396

5 Discussion397

The following discussion points address the observations presented in the previous sec-398

tion. It is noted that, while there is confidence in the spatial distribution of the conductors399

in the final MT model, there is some ambiguity as to the absolute conductivities of each400

feature. When a precise range of resistivity values for MT anomalies is defined, lithological401

properties of subsurface melt and crystalline mush in the Andean volcanic-arc setting can402

be resolved (Pommier, 2014), such as melt-fluid fractions (e.g. Dı́az et al., 2015; Cordell403

et al., 2018) or melt viscosity and silica content (e.g. Comeau et al., 2016). However, this404

analysis is best conducted if specific resistivity values as well as local rheological properties405

(e.g. melt composition) are well constrained, and isothermal profiles or the depth extent406

of hydrothermal fluid circulation domains are known. Properties of fault zones can also be407

determined due to the electrically conductive properties of graphite that can form within408

the fault core (e.g. Held et al., 2016), however significant assumptions are required if the409

fault zone parameters, such as cementation factor, porosity, and clay content, are undefined.410

Due to the lack of these constraints local to the studied field area, resolving the lithological411

properties of conductive phases is beyond the scope of this study. This analysis will be412

performed when further constraints are provided by seismic dataset, using methods such413

as seismic tomography, evaluating shear-wave ratios, or comparing velocity models to re-414

sistivity profiles using the techniques described by Comeau et al. (2016). Interpretation of415

the integrated seismic hypocenter and MT model are thus focussed on discerning between416

melt or hydrothermal fluids, and their relationship to the seismic features that have been417

detected.418

5.1 Role of the El Fierro Fault System419

It is apparent that the conductive zones are located along the axis of the active volcanic420

chain (Figure 6B). This suggests that the conductors are likely reserves of fluid and/or hy-421

drous melt related to the active volcanic arc. As mentioned in section 3, the Andean volcanic422

arc has an anomalously high geothermal gradient and high concentrations of magmatically423

sourced fluids (Benavente et al., 2016; Giambiagi et al., 2019), both characteristics of which424

are associated with high conductivity (Ramos, 2010; Turienzo et al., 2012). This correlation425

of conductive anomalies located along the axis of the volcanic are has been observed in426

multiple comparable MT studies conducted in the Southern and Central Andes (e.g. Dı́az427

et al., 2015; Kapinos et al., 2015; Held et al., 2016).428

This east-west divide is particularly apparent in cross- sections WNW-1 and WNW-2429

(Figure 7), on which the dip of the El Fierro fault plane has been projected using structural430

data from previous studies of this fault system (Godoy et al., 1999; Giambiagi et al., 2019).431

It is apparent that the seismicity cluster Cls. 1 and conductive anomaly Con. 1 are contained432

within the footwall of the EFFS. It is here considered that the fault plane acts as a barrier433

to cross-fault fluid migration, hence all magmatic-derived hydrothermal fluid circulation434
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and associated seismogenic processes occur east of the fault trace. This is supported by435

the exhumed alteration zone that occurs on the footwall of exposed fault surface expression436

(Figures 3B and 4) and that all geothermal springs and fumaroles are found along eastern437

strands of the fault system (Pavez et al., 2016).438

5.2 Brittle-Ductile Transition439

There is a distinct seismic boundary at a depth of 9 - 10km, below which no seismicity is440

apparent in any cross-section with some exceptions beneath the Planchón-Peteroa complex441

(Figure 7). Such a seismic boundary was observed in the regional scale seismic survey442

conducted by Sielfeld et al. (2019) between latitudes 38 - 40◦S. Their results show an upper-443

crustal concave seismic boundary that traverses the Andes. It is considered concave as the444

seismic depth limit is 40km at the plate margin, 20km at the fore-arc in Argentina, and445

10-12km depth in the Principle Cordillera that is located between the margin and forearc446

(Lange et al., 2008; Legrand et al., 2011). It was established by Sielfeld et al. (2019)447

that this seismic boundary marks an approximate isotherm of 340◦C, based on preceding448

global/borehole studies of quasi-plastic deformation in the crust (Suzuki et al., 2014), and449

delineates the brittle-ductile transition zone within the SVZ. The same interpretation of the450

seismic boundary used by Sielfeld et al. (2019) and other comparable MT studies conducted451

in the southern Andes (e.g. Held et al., 2016) will be applied to the hypocenter results we452

have observed. Therefore, the local seismic boundary at 9-10km depth in our area to be the453

brittle-ductile transition zone, which marks an approximate 340◦C isotherm.454

5.3 Hydrothermal fluids beneath the Planchón-Peteroa Volcano455

The seismic cluster Cls. 2 occurs at 4 - 8km depths beneath Planchón-Peteroa (Figure456

7, NE-4, NE-5 & NW-4), and is concurrent with a moderate conductivity anomaly of 10457

- 50Ωm, that appears to have some spatial coherence to Con. 1. Furthermore, as there is458

low resolution in the MT model beneath Con. 1, and as this conductor occurs at the edge459

of the MT array, it is possible that a more conductive medium occurs below or south of460

Con. 1 & 4 that is not resolved by the model. With this ambiguity in mind, the following461

rationale provides supportive evidence that Con. 1 & 4 is likely hydrothermal fluids with462

some magmatic source. The precise location of this magmatic source of these fluids remains463

unknown due to the non-robust regions of the model below and south of Con. 1 and & 4.464

The source of Con. 1 and Con. 4 conductivity anomalies is favoured to be the migration465

of fluids rather than magma or crystalline mush, based on previous studies of the Planchón-466

Peteroa volcanic activity that has occurred since 2011. It was determined by Aguilera et al.467

(2016) that the main phreatic eruption episode was driven by the release of deep magmatic468

gases and volatiles from a shallow hydrothermal-magmatic reservoir. Tephra fall and vapour469

emissions contained no juveline magmatic constituents and was mainly of hydrothermal470

origin. These volcanics products did, however, bear traces of deep oxidized magmatic fluids471

from a highly degassed (old) magmatic body, likely of dacitic or basaltic composition (Tassi472

et al., 2016). These results are supported by Benavente et al. (2016), who detected minor473

He signatures of a deep magmatic body within a dominantly hydrothermal regime below474

the volcano. It is therefore likely that the conductivity of Con. 1 is largely sourced from475

the hydrothermal system attested to by these studies. Furthermore, as the geothermal476

regime at depths between 0 - 8km is colder than 340◦C (see previous subsection), and as477

the hydrothermal systems local to this region are established to be at approximately 250◦C478

(Benavente et al., 2016), Con. 1 and Con. 4 are within the correct depth and temperature479

range to source the expression of these fluids.480

Finally, an InSAR study conducted by Pritchard et al. (2013) regarded the subsidence481

of the Southern Andean volcanoes after the 2010 Mw 8.10 Maule earthquake. Results482

showed that the majority of ground deformation, which signify the release of fluids from the483

subvolcanic hydrothermal systems, do not occur directly beneath the volcano edifice, but484
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extend outwards from the main caldera. This study provides supportive evidence that the485

main fluid reservoirs local to individual volcanoes show some lateral displacement from the486

volcano, as is the case for the proximity of Con. 1 and the Planchón-Peteroa complex.487

Having attributed the conductor Con. 1 to a resource of hydrothermal fluids, it is a488

likely explanation that the seismic cluster, Cls. 2, is induced by fluid migration or degassifi-489

cation of the volcano rather than the migration of magmatic material. This is supported by490

the recent effusive eruptions that have characterized the volcano, which are largely of ash491

and vapour emissions (section 2.1), its spatial association to the fluidized (conductive) zones492

proximal to the volcano (Con. 1 and Con. 4), and the evidence provided by Benavente et493

al. (2016) & Tassi et al. (2016) that the pluton within Planchón-Peteroa is cool and mature.494

Distinguishing whether the cluster is sourced from a redistribution of tectonic stress requires495

further spatial, temporal and kinematic analysis with the seismic study. However, as the496

presence of fluids commonly contribute to seismogenic processes due to the reduction of497

effective stress local to the faulted feature (Cox, 2005, 2016), it is reasonable to expect that498

fluids are present within this cluster. Therefore, this seismic cluster is considered a fluid499

injection point, where episodic seismic release enhances fluid migration occurring within the500

volcano.501

5.4 Deeply rooted Conductor beneath Tinguiririca502

Care must be taken interpreting the deeper feature, Con. 3, beneath Tinguiririca as this503

deeper structure is beyond the lateral boundaries of the MT station deployment. However,504

as magnetotelluric measurements are capable of increased lateral coverage with increasing505

depth, and as this feature and its connectivity to the conductive feature Con. 2 is shown to506

be robust within the inversion model (sensitivity tests 12, 13 & 15), interpretation is briefly507

explored.508

Con. 3 is located in the vicinity of the Tinguiririca volcanic complex and is spatially509

associated with geothermal outflow springs at Termas del Flaco (refer to section 2.1) (Clavero510

et al., 2011; Pritchard et al., 2013; Aravena et al., 2016; Pavez et al., 2016). Its connectivity511

to the conductive limb, Con. 2, suggests that the shallower conductor is also a component512

of the active hydrothermal system that has been detected in this area. As trace elements513

of magmatic sources have been measured in the fumaroles and outflow springs associated514

with the Tinguiririca geothermal fields (Benavente et al., 2016), it is possible that these515

conductors comprise of both magmatic material and hydrothermal fluids. This is difficult516

to distinguish with the MT results alone, however some rationale can be applied to discern517

the composition of these conductive anomalies.518

Considering the dimensions and shallowness of Con. 2, (it extends from 0-8km depths519

and has a volume of approximately 5km3), it is unlikely that this is magma or crystalline520

mush as some volcanic orogenesis would be situated above the conductive feature (Figure521

6C-E), as is observed in comparable studies based in the Andes (e.g. Comeau et al., 2016;522

Cordell et al., 2018). Similar to Planchón-Peteroa, the temperature of the hydrothermal523

system is estimated to be 250◦C between 2 - 6km depths (Benavente et al., 2016), which524

suggests a mid-temperature, hydrothermal system is dominant at this depth range. This is525

supported by the correlating locality of the alteration zone that outcrops at the footwall of526

the El Fierro fault (Figure 6A), which occurs directly above the conductor Con. 2 (Figure527

6B). This suggests that fluidized zones have historically migrated towards the surface at528

this locality. It is possible that the Con. 2 anomaly is not generated by hydrothermal fluids529

but by the conductive lithological phases of hydrothermally altered material. This does530

not conflict with the interpretation that Con. 2 is an ascending limb of the hydrothermal531

system, but it implies that this circulation is extinct.532

The deeper conductor Con. 3 is a valid contender as a magmatic reservoir, considering533

its depth extent (8-16km) and location directly beneath the Tinguiririca volcanic complex534

(Figure 6E-F). It was established by Pavez et al. (2016) that a magmatic body exists 8 -535
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12km beneath the Tinguirirca volcanic edifice, which was determined to be a major source536

for fluid upflow zones that manifest between 2 - 6km beneath the surface. The modelled537

MT results support this scenario, therefore it is interpreted that Con. 2 is the signature of538

zones of hydrothermal fluids migrating to the surface through brittle lithologies, and that539

Con. 3 is generated by crystalline mush or a magmatic body that is a major source of these540

fluids, as well as the geochemical traces of magma that have been detected in the vicinity of541

this volcano (Benavente et al., 2016; Pavez et al., 2016). This model has also been proposed542

in other districts of the Andes, where a deep (10 - 14km) conductor beneath a volcanic543

edifice is considered a magma reservoir (Dı́az et al., 2015; Comeau et al., 2016), and is the544

source for hydrothermal reservoirs that circulate in the shallow crust and generate shallower545

conductive anomalies (Dı́az et al., 2015).546

6 Novel insights into ATF and Hydrothermal System interaction547

Conductor Con. 1 and seismic cluster Cls. 1 are focused between 4 - 8 km depths548

and both reach a peak strength at 6km depth (Figure 6D). The seismic cluster Cls. 1 has549

a distinct WNW orientation of approximately 10km length. This is interpreted to be an550

example of an active Andean Transverse Fault (ATF), as it is similar to others observed in551

different localities across the Andes (Chernicoff et al., 2002; Lara et al., 2004; Cembrano552

& Lara, 2009; Sielfeld et al., 2016, 2019; Stanton-Yonge et al., 2016; Roquer et al., 2017;553

Wrage et al., 2017). This cluster has a WNW oriented strike (Figure 8A), consistent with554

the interpretation of this boundary as an ATF. As discussed in section 1.1, these structures555

are considered reactivated pre-Andean fault planes, which exert a fundamental control in the556

location and development of volcanic complexes. They are enigmatic as they demonstrate557

seismic activity despite their unfavourable orientation with respect to the regional stress558

field (Cembrano & Moreno, 1994; Yáñez et al., 1998; Chernicoff et al., 2002; Sielfeld et al.,559

2019; Piquer et al., 2019). The seismicity of Cls. 1 does not extend to the surface, nor is560

there any surface expression of the structure, which supports the hypothesis that the ATF561

domain is contained within the basement lithology and that they are of Pre-Andean origin562

(Cembrano & Lara, 2009).563

Recent insights from isotope geochemistry show that the geochemical signatures of564

water emerged from ATF have high degrees of crustal contamination (Tardani et al., 2016),565

signatures of magmatic vapourization of cold water recharge (Sánchez et al., 2013), and that566

the waters have a longer crustal residence time in the ATF domain relative to other major567

NNE trending fault systems (Wrage et al., 2017). Structural and mineralogical analyses of568

the faults have shown that fluid over-pressures between >85 - 98% of lithostatic stress can569

be required to nucleate seismic failure. It is therefore likely that fluid migration through570

these systems is required for their seismic activity, due to their oblique orientation to the571

prevailing stress field. Thus, these fault systems likely host hydrothermal reservoirs due to572

the entrapment of fluids during interseismic periods (Roquer et al., 2017). Finally, the ATF573

are characterized by multiple fault cores, and dense vein networks within a wide damage574

zone and therefore prevent cross-fault fluid flow due to their low permeability (Lara et al.,575

2004; Pérez-Flores et al., 2016).576

The occurrence of seismogenic features at abrupt conductive boundaries has been ob-577

served in comparable MT and seismic studies conducted along the San Andreas Fault, Taupo578

Volcanic Zone and an intraplate setting in central Botswana (e.g. Becken et al., 2011; Ing-579

ham et al., 2009; Moorkamp et al., 2019). These studies suggest that earthquakes tend to580

occur adjacent to zones of high conductivity, either at the boundaries or within the regions581

of the neighbouring resistive rock. This is due to the migration of fluids into a permeable,582

mechanically weak zone (characterized by low resistivity) adjacent to a less permeable, me-583

chanically strong zone (characterized by high resistivity). This causes the accumulation of584

high fluid pressures and subsequent brittle rock failure (Cox, 2005; Becken et al., 2011).585

This process can occur in fault zones, where impermeable fault cores prevent cross-fault586

fluid flow thus increase local fluid pressures, while the dense fracture mesh parallel to the587
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Figure 8. All manually picked seismic hypocenters from the local seismic survey, projected

onto a the 12.5m resolution DEM of the field study area. The Teno earthquake moment tensor,

geothermal springs, Holocene volcano locations and associated units, station locations and El Fierro

fault zone are also shown. B) NE-oriented cross-section of the MT model with seismic hypocenters

projected within a 200m lateral range of the cross section location; C) Schematic interpretation of

the cross-section in panel B. D) a theoretical Mohr circle diagram illustrating the failure criterion

envelopes for different stress regimes for fault re-shear, and the effect of pore fluid pressures on

equivalent stress scenarios, each circle is marked as MC1 - 2. Greyed area represents range of

quaternary stress orientations from Giambiagi et al. (2019).

–20–



manuscript submitted to Tectonics

fault core are highly permeable and enhance fault-parallel fluid flow (e.g. Sibson, 1967;588

J. Rowland & Sibson, 2004; Hoffmann-Rothe et al., 2004; D. R. Faulkner et al., 2010).589

Furthermore, the predominance of seismicity at abrupt conductivity contrasts suggests590

that fluid accumulation can locally trigger reactivation of pre-existing ATF structures. It591

is interpreted that the smaller seismic cluster that resides beneath the Planchón-Peteroa592

system (Cls. 2) is a channel for volcanically sourced fluids that accumulate in a hydrothermal593

reservoir north of the complex. This reservoir is the source of the anomaly Con. 1, which594

increases in conductivity northwards until it reaches a maximum at the conductive boundary595

and seismic cloud, Cls. 1, apparent as the transition from the 75Ωm (yellow) to 5Ωm (red)596

region of the anomaly (Figure 8B-C).597

We illustrate the state of stress using a Mohr-Coulomb failure diagram (Figure 8D),598

which is drawn on the assumption that the ATF are inherent pre-existing WNW pre-Andean599

structures with a strike of approximately 110◦ (estimated from the 2006 Mw 6.5 Teno600

earthquake focal mechanism (Ekström, 2012)) with no cohesive strength (Sibson, 1985).601

These faults activate as sinistral-strike slip and reverse under the current stress regime602

(Stanton-Yonge et al., 2016), which is evident from the 2004 Mw 6.5 focal mechanism603

(Figure 9A) and observations from similar ATF structures south of the studied area (Sielfeld604

et al., 2019). A simple Andersonian relationship is assumed (Anderson, 1951), where σ2605

is along the vertical axis and σ1 and σ3 are in a horizontal plane, and that σ1 ranges606

between N65◦E to N88◦E, considering the possible scenarios of partially partitioned or non-607

partitioned regimes (Teyssier et al., 1995; Pérez-Flores et al., 2016). The angle between σ1608

and the fault plane is approximately between 58◦ to 35◦, showing that it is not optimally609

oriented for reactivation. Therefore, ncreasing fluid pressure could induce reactivation of the610

fault by decreasing the effective normal stress. In the absence of local measurements of stress611

orientations, there is uncertainty as to whether the stress field includes strain partitioning612

across the transpressional plate margin (e.g. Tikoff & Teyssier, 1994; Teyssier et al., 1995)613

and/or mechanical interaction between faults across the volcanic arc (e.g. Stanton-Yonge et614

al., 2016). Future studies will be conducted using our seismic catalogue to determine fault615

plane solutions and conduct a kinematic analysis of fault-slip data, and thus constrain local616

stress orientations.617

7 Final model of fault system control on hydrothermal reservoirs devel-618

opment619

Figure 9A shows a 3D representation of the final model. It is interpreted that the620

resistive, seismogenic structure considered to be an ATF interacts with the deeply rooted621

conductor beneath Tinguiririca. We interpret the conductor Con. 2, to be the limb of a622

hydrothermal system sourced from a magmatic origin identified with the deeper conductor,623

Con. 3, as discussed in section 5.4. This limb appears to channel fluids towards the surface624

along the fault plane of the ATF, which dips towards the NE. Unlike the hydrothermal625

reservoir on the southern region (Con. 1), which results in overpressure and drives fault626

reactivation (section 6), the region surrounding this conductor Con. 2 shows no dense627

seismic clusters. We suggest that this conductor is a zone of permeable, saturated rock628

within which the pore fluid pressure is in excess of hydrostatic pressure. This can be629

inferred from the presence of significant geothermal outflow of deep-sourced fluids such as630

those found at Termas del Flaco, and contained in the geothermal fields associated with631

the Tinguiririca volcanic complex (Pritchard et al., 2013; Aravena et al., 2016; Benavente632

et al., 2016; Pavez et al., 2016; Giambiagi et al., 2019). Conversely, the Planchón-Peteroa633

reservoir has a resistive cap (Figure 7, NE-4, sensitivity test 3), suggesting that this reservoir634

is compartmentalized by the ATF and the resistive cap which leads to fluid overpressure.635

The presence of capping structures in the ATF domain have been previously hypothesized636

as a control on their rupture cycle (Roquer et al., 2017).637
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Figure 9. A) 3D presentation of the conductivity model at 4km depths along the horizontal

plane, and cross-sections NE-4 and NW-2 (Figure 7) from 4-16km depths placed at accurate transect

locations. Seismic hypocenters are shown along these planes to illustrate their distribution in 3D,

with all seismicity projected onto the 4km horizontal plane to highlight the NW orientation of Cls.

1. Annotations highlight the interpretations discussed in sections 5 - 7, and the EFFS and volcanic

complexes are projected at 0km depth to contextualize their locality at the surface; B) A schematic

interpretation of the model results illustrates the hydro-volcanic system that is proposed for this

upper crust of the surveyed area (Section 7)
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While the placement of the Planchón-Peteroa hydrothermal reservoir appears con-638

strained to the north by the discrete, blind ATF structure, it is also bound to the west639

by the El Fierro fault system (Figure 6A-D). It has been observed in different regions of640

the Andes that the intersection of major NNE thrust faults and ATF are hosts to giant ore-641

porphyry deposits (Figure 1) (e.g. Curewitz & Karson, 1997; Sillitoe, 1997; Chernicoff et642

al., 2002; Cox, 2005; J. V. Rowland & Simmons, 2012; Piquer et al., 2019). These points of643

intersection have also been deduced to impact geothermal reservoir development, (Sánchez644

et al., 2013; Pérez-Flores et al., 2017). Therefore, this study provides a site specific exam-645

ple of how the intersection of these major, margin-parallel thrust fault systems and Andean646

transverse faults are hosts to magmatically sourced geothermal reservoirs at 4 - 8km depths.647

8 Conclusions648

Results from this combined magnetotelluric and seismic study can be summarized with649

five distinct observations:650

1. An eastern conductive and western resistive domain is correlated with a seismic651

boundary that occurs across all depths, and follows the trend of the volcanic arc652

and NNE striking El Fierro Fault system. This is interpreted to be the signature653

of magmatic sources beneath the volcanic arc. These are characterized by higher654

conductivity than the surrounding regions due to high temperatures and concentra-655

tions of volcanic derived fluids. It is also concluded that these conductive and seismic656

signatures are bound by the footwall of the El Fierro fault system, due to the low657

permeability fault cores that prevent cross-fault fluid migration.658

659

2. A WNW striking seismogenic feature occurs on an abrupt electrical conductivity con-660

trast between depths of 4 - 8km depths. We interpret this seismogenic feature to be a661

reactivated Andean Transverse Fault (ATF), and the electrically conductive domain662

to be a hydrothermal reservoir. We conclude that the impermeable fault core of the663

ATF prevents cross-fault fluid flow; therefore, the accumulation of fluids increases664

pore fluid pressures and induces fault reactivation despite its unfavourable orienta-665

tion relative to the regional stress field.666

667

3. A deep conductor beneath the Tinguiririca volcanic complex emerges at 8km depth668

and increases in volume and conductivity with increasing depth. It shows some con-669

nection to the surface with minor conductive branches that show spatial coherence670

with the major geothermal outflow spring Termas de Flaco. This high conductivity671

anomaly is considered a deep volcanic root that sources the geothermal springs and672

fumaroles observed at the base and edifice of the Tinguiririca volcanic complex, as673

well as the geothermal fields that have been thoroughly prospected in this area.674

675

4. There is a minor seismic cluster and conductor beneath the Planchón-Peteroa vol-676

canic complex that is highly concentrated at 8km depths. These volcanoes have been677

intermittently on yellow- alert for ash emission and degassing events since 2011 sug-678

gesting this seismicity is related to the release of volcanic derived fluids and volatiles679

into the shallower crust, recharging the hydrothermal reservoir above.680

681

5. There is a distinct aseismic boundary at 8-10km depths, below which there is no seis-682

micity. This is considered the brittle-ductile transition zone, and a definitive 340◦C683

isotherm that is observed across the Andean volcanic margin.684

685

This combined seismic and magnetotelluric study is the first in the vicinity of an ATF686

structure, showing how they interact with local volcanic and hydrothermal systems. Due687

to the spatial coherency of very distinct conductive anomalies, attributed to hydrothermal688
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fluids, it is proposed that these faults fail despite their misorientation to the regional stress689

field due to the influence of pore fluid pressures acting on the fault plane. The results also690

reveal how the architectural relationship of the ATF and NNE-striking, margin parallel fault691

systems exert significant control on the spatial development of hydrothermal reservoirs in692

the Andean Southern Volcanic Zone.693
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