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ABSTRACT 

Fault zones and fracture networks control the spatial distribution and development of fluid flow in the upper crust, by acting by 

conduit or barriers for crustal fluid flow (e.g. magma and groundwater flow). The nature of long and short-term geological 

conditions for fluid flow in fault zones, is critical to know the tectono-hydraulic behavior on natural fractured systems. We propose 

the Southern Volcanic Zone (Southern Andes, Chile) as a case study to evaluate the role of the structural permeability in primarily 

low porosity crystalline rocks of the North Patagonian Batholith. Recently published work propose a relatively well-constrained 

first-order role of two active fault systems in fluid flow at crustal scales: the arc-parallel (NNE-striking) Liquiñe Ofqui Fault 

System (LOFS) and the arc-oblique (NW to WNW-striking) Andean Transverse Faults (ATF). Such role depends on the elastic 

response of the intra-arc in the different phases of the Andean Seismic Cycle. The LOFS is composed of active NNE-striking 

dextral and dextral-reverse master faults, favorably oriented for vertical fluid flow during long-term stress conditions (Andean 

interseismic). The ATF include a group of NW to WNW-striking morphotectonic lineaments, and sinistral and sinistral-reverse 

faults associated with long-lived discontinuities of the Andean basement. The ATF is unfavorably oriented for vertical fluid flow in 

the long-term stress conditions and would therefore favors the storage of hydrothermal fluids. However, vertical fluid flow would 

be enhanced at short-term stress conditions for this fault system (Andean co- and postseismic). Preliminary results indicate the 

occurrence of low-to-medium enthalpy geothermal system, where natural hot springs upwelling from fractured granite or from 

fluvial deposits overlying granitoids, spatially related to regional mapped faults and morphotectonic lineaments of the faults 

governing regional tectonics (LOFS and ATF). We now propose to examine the Liquiñe (~39°S) area as a site of interaction 

between these fault systems, in order to evaluate the naturally fractured geothermal system. We collected and inverted fault-slip 

data in 2 selected structural sites, Los Añiques (n=70) and Cachim, (n=44), to propose long-term strain tectonic solutions. Each of 

the studied sites shows 2 tectonic solutions of strain that essentially interchange the orientations of the shortening (P) and extension 

axes (T) keeping the intermediate axis vertical, compatible with strike-slip regime. In Los Añiques, Solution I has P=240/04 and 

T=330/25, whereas Solution II has P=300/17 and T=210/02. In Cachim Solution I has P=260/01 and T=170/14, whereas Solution II 

has P=175/21 and T=265/05. Solution I is kinematically coupled with long-term stress conditions, whereas solution II seems to be 

decoupled and it is therefore likely related to local and/or sporadic stress perturbations (e.g. Andean Seismic Cycle). Our results 

confirm that tectono-hydraulic behavior of the geothermal system of Liquiñe is controlled by varying kinematic conditions, rather 

than by homogeneous strain. 

1.INTRODUCTION 

Fault zones can control the location, emplacement, and evolution of economic mineral deposits and geothermal systems related to 

fluid circulation in the crust (e.g. Cox et al., 2001; Sibson, 2001; Caine et al., 2010; Micklethwaite et al., 2010). From the point of 

view of the architecture and hydromechanical properties in the upper crust, a fault zone consists of a fault core (single or multiple) 

where deformation is concentrated and a damage zone consisting of widely fractured whole rock (Fig. 1a). Structural permeability 

is given by secondary fracture networking that can improve significantly the fluid flow in the fault core and damage zone, 

enhancing the hydraulic conductivity of the fault zone respect to the intrinsic (or primary) permeability of country rocks (Fig. 1b) 

(e.g. Faulkner et al., 2010; Seebeck et al., 2014). 

Additionally, in tectonically active regions, the geometry and internal structure of fault/fractures and vein networks are controlled 

by fault-valve and pumping behavior (e.g. Sibson, 2001; Cox, 2010). Such abrupt fluctuations in fluid pressure are linked to the 

earthquake cycle during interseismic period and they are particularly likely in faults that being unfavorably oriented for frictional 

reactivation in prevailing stress fields. Therefore, the conduit/barrier behavior of fault zones has widely been documented in the 

literature as “structural control on crustal fluid flow” (e.g., Cox et al., 2001; Rowland and Sibson, 2004; Micklethwaite et al., 2010; 

Gudmundsson, 2011). 
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Figure 1: Simplified model of a fault zone and its relationship with fluid flow around the fault. Top charts represent 

conceptual architecture of the fault zone, consisting of a a) simple or b) multiple core zone, both surrounded by 

damage zone and protolith (country rocks). Blue dots represent high hydraulic conductivity zones. Graphs down 

show fracture density, permeability and flow rate variations according to the fault zone architecture (Modified from 

Faulkner et al., 2010 and Seebeck et al., 2014). 

 

However, a usually open question that requires rather attention is what the exact control of fault zones on past and present fluid 

flow is. Several processes accompanying the failure of rock mass, such as cyclic ruptures on the same fault zone, mineral 

precipitation from fluids in veins, and dissolution of minerals in the vicinity of a fracture, promote a time-depending and 

enhancing/reducing fault controlled permeability. Numerous natural examples show successive paleo-fluid circulations in the same 

deformation zone, evidenced by overprinted hydrothermal mineralization and re-opening texture of veins related to its seismic 

period (e.g. Le Garzic et al. 2011; Bons et al., 2012). Moreover, considering the high sensitivity of the fault system regarding the 

rupture under prevailing stress and/or fluid overpressure conditions, estimation of permeability architecture of fault zone is widely 

studied but poorly constrained (e.g. Faulkner et al., 2010; Caine et al., 2010). This topic is becoming critical in the case of fluid 

flow into intrinsic low porosity/permeability crystalline rocks, where fault-related (or structural) permeability provides the main 

hydraulic conductivity. This condition could originate “fractured reservoirs” and examples include oil, gas, groundwater, and 

geothermal reservoirs (e.g. Nelson, 2001; Cox et al., 2001). In particular, numerous examples in the world have described and 

modelled the fault-controlled geothermal systems (e.g. Giordano et al., 2012; Vignaroli et al., 2013; Brehme et al., 2016; Wilson 

and Rowland, 2016). 

To better understanding of present fluid flow, evidences of past fluid flow give a good information about long-term processes. In 

this work, we studied a tectonically active zone in Southern Chile and present preliminary results about its tectonic and structural 

nature, by strain analysis of inverted fault-slip data. 

 

2. CASE OF STUDY 

The Southern Andes volcanic zone (SVZ) provides one of the best natural laboratories to address the control of fault–fracture 

networks on geothermal systems. Previous work has been done about the occurrence of numerous geothermal areas (25% of 

Chilean thermal springs areas), active regional fault systems, and highly active volcanism resulted from the current tectonic setting 

(e.g. Stern, 2004; Haberland et al., 2006; Lange et al., 2008; Cembrano and Lara, 2009; Moreno et al. 2010; Legrand et al., 2011; 
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Sánchez et al., 2013; Aravena et al., 2016). Tectonic activity is represented by two active long-lived regional scale fault systems 

(Fig. 2a): the arc-parallel Liquiñe–Ofqui fault system (LOFS) and NW-striking Andean Transverse Faults (ATF), which have 

different tectonic domains (e.g. Cembrano et al., 1996; Rosenau et al., 2006; Melnick et al., 2006; Cembrano and Lara 2009; 

Sánchez et al., 2013; Sánchez et al., 2016; Pérez-Flores et al., 2016). (1) The LOFS domain, with NNE-striking master faults 

favorably orientated for dextral shear with respect to the prevailing stress field (e.g. σ1∼N60E; Lavenu and Cembrano 1999; 

Rosenau et al., 2006) and NE-striking tension fractures likely to form under relatively low differential stress (e.g. Pérez-Flores et 

al., 2016). Volcanic activity comprises NE-trending volcanic alignments containing mainly basaltic to basaltic– andesitic 

lithologies in either stratovolcanoes or minor eruptive centres. Osorno–Puntiagudo–Cordon Cenizos volcanic alignment (located at 

41°S) is an example of this type (e.g. Cembrano and Lara, 2009). (2) The ATF domain with WNW-striking faults severely 

misorientated with respect to the prevailing stress field (e.g. Pérez-Flores et al., 2016). The volcanic activity comprises WNW-

striking alignments of stratovolcanoes and displays a more evolved magma series (basaltic to rhyolitic), providing the suitable 

conditions for the development of magma reservoirs and magma differentiation (e.g. Cembrano and Lara, 2009). One example is 

Tolhuaca volcano (38°18’S) and its Tolhuaca high-enthalpy geothermal system (explored but not yet exploited) which is 

characterized by several surficial thermal manifestations including areas with fumaroles, boiling pool and hot springs (e.g. Sanchez 

et al., 2016; Aravena et al., 2016).  

At the northern part of LOFS (38°-39°S, Fig. 2a), recent studies (e.g. Sánchez et al., 2013; Sánchez et al., 2016; Pérez-Flores et al., 

2016; Tardani et al., 2016) suggest that in the damage zone of strike-slip LOFS domain the vertical permeability is enhanced and 

deep convection occurs favored by the well-oriented fault–fracture networking. In contrast, ATZ have been interpreted as crustal 

weakness associated with pre-Andean faults reactivated as sinistral-reserve strike slip faults during arc development (e.g. Melnick 

et al., 2009). In this context, ATZ provides suitable conditions for the development of a hydrothermal reservoir controlling heat 

transfer mechanisms, where structural permeability is only enhanced under fluid overpressure conditions (Sanchez et al., 2016; 

Roquer et al., 2017). Immediately to South (39°S), a major NW-trending alignment is given by Villarrica-Quetrupillan-Lanin 

volcanoes spatially related to the presumably pre-Andean Mocha-Villarrica fault zone (MVFZ) (Fig. 2), striking from Chilean 

costal cordillera until Argentinian basins crossing the Andean cordillera (e.g. Rapela and Pankhurst, 1992; Zaffarana et al., 2010). 

This feature is the most relevant ATZ category structure of the zone, including major changes in the country rocks that they cut. In 

the northernmost part of the Villarrica volcano, they are mainly Miocene volcano-sedimentary crop out (e.g. Curamallín 

Formation), whereas southward, country rocks predominantly are granodiorites and tonalites of Cretaceous to Miocene age, part of 

the North Patagonian Batholith (NPB) (Fig. 2b) (e.g. Hervé, 1994).  

For this work, we have chosen Liquiñe area (39°S) as case study, where both categories of volcano–tectonic domains previously 

described (LOFS and ATZ) are present, and where there is a high density spatially associated hot springs manifestations (Fig. 2b) 

(e.g. Sánchez et al. 2013; Tardani et al., 2016; Wrage et al., 2017). In this area, some hot springs upwelling of rocks such as glacial 

or fluvial deposits overlying granitoides or volcanic units and others directly from fractured granitic rocks (Sánchez et al., 2013; 

Tardani et al., 2016; Held et al., 2018). Recent geochemical data reveal the small-scale circulation of low-temperature fluids in a 

potential reservoir, resulting presumably from the presence of interconnected fault and fracture zones. A preliminary estimation of 

reservoir temperatures varies from 120-160°C suggesting a low- to medium-enthalpy geothermal system (Sánchez et al., 2013; 

Tardani et al., 2016; Held et al., 2017; Wrage et al., 2017). Magnetotelluric study in the area suggests that LOFS can be described 

as a deep sub-vertical narrow conductor, despite the non-occurrence of high temperature geothermal manifestations (Held et al., 

2018). Structural, geochemical, and geophysical data are consistent with fault-controlled occurrence of hot springs into a fractured 

system, with a local small-scale circulation pattern along the main fault. 

3. METHODS 

With the objective of determining the strain patterns in the study area, we selected a representative fault exposure corresponding to 

the LOFS and the ATF (hereafter referred to as Los Añiques and Cachim structural sites, respectively). The strain analysis involved 

the description of the geometry, kinematics, textures and cross-cutting relationships of different faults, classified in terms of their 

internal texture. We registered the dimensions and orientations of the fault plane, the rake of the striation, and the sense of 

movement, as inferred from brittle kinematic indicators defined by Petit (1987). In this study, 70 faults were measured in Los 

Añiques and 44 faults were measured in Cachim. 

To perform the strain analysis, we used the software Faultkin 8.0.7 (Marrett and Allmendinger, 1990; Allmendinger et al., 2012). 

The method is based upon two fundamental ideas: 1) the shear stress resolved from the traction acting during failure is parallel to 

the striation mark; 2) the maximum and minimum principal strain axes, i.e. the shortening-axis (P) and the extension-axis (T), lie 

within the plane defined by the striation mark and the pole to the fault plane (movement plane). In this manner, it is assumed that 

within the movement plane both the P- and T-axes lie at 45º from the pole-to-fault, in an arrangement kinematically consistent with 

the registered sense of slip.  
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Figure 2: a) Tectonic framework of the Southern Volcanic Zone of the Andes (SVZ) (33°S-46ºS). Tectonics of the SVZ is 

controlled by the Liquiñe-Ofqui Fault System (black lines) and the Andean Transverse Faults (green lines). b) Local 

geological context of the study area. The studied exposures are located on the white rectangle. Modified from Lara 

and Moreno (2004), Rosenau et al. (2006) and Sánchez et al. (2013). 

The orientations of the P- and T-axes for each data plane were obtained, and different tectonic solutions were discriminated by 

distinguishing clusters of principal strain axes. Then, we obtained the best-fit Bingham distribution defining the identified clusters, 

and used -constructed contour intervals to assess the validity of the solution (e.g. Marrett and Allmendinger, 1990). Additionally, 

the strain tensor shape ratio R was calculated, using expression [1]:  

                                                                                                          [1] 

Where E1, E2 and E3 are the eigenvalues of the Bingham moment tensor the T, B (intermediate axis) and P-axes respectively 

(Allmendinger et al., 2012). Finally, R-values were interpreted in terms of the strain regime they define, indicating a constrictional 

regime for R= 0.00-0.35, a plane strain regime for R=0.35-0.65 and a flattening regime for R=0.65-1.00. 



Arancibia et al 

 5 

4. RESULTS 

4.1 Faults within the structural sites 

Structural mapping was carried out in two structural sites: Los Añiques and Cachim (Fig. 2b). Los Añiques site is spatially related 

to LOFS regional faults, whereas Cachim site is spatially associated with ATF system (Fig. 2b). For these cases, the most 

predominant kinematic indicators are steps and R surfaces. 

In Los Añiques faults are exposed in patches of tens of square centimeters (Figs. 3a and b). Host rock is a Miocene granodiorite 

(Lara and Moreno, 2004). Faults are separated in three main groups according with their kinematics and orientations in: a) dextral 

normal and dextral reverse striking between N20ºE to N30ºE, dipping between 65º to 85º E and the rake is 10º to 50º preferentially 

to the S; b) sinistral reverse and sinistral normal, striking N20ºW to N70ºW, dipping to 50º to 80º to S and the rake is 05º to 10º and 

20º to 50º to the S; c) sinistral reverse and sinistral normal striking between N70ºW and N70ºE, dipping between 50º to 85º to S, 

rake is 10º to 50º to E and W. 

On the other hand, in Cachim structural site, faults are exposed in different patches of several tens of square centimeters, cutting 

both Miocene granodioritic host rock and andesitic dykes (Figs. 3c and d). In terms of their kinematics and orientations, faults in 

this outcrop are separated in three main groups:  a) sinistral-reverse and dextral normal faults that strike N15-60ºW, dip 40º to 85º 

mostly to the NE, and have rakes <35º preferentially from the E; b) dextral-normal faults striking N10ºE to N30ºE, dipping between 

60º to 80º to the NW, and rake is <20º mostly to N; c) sinistral-reverse faults striking N45ºE to N75ºW, dip 50º to 85º to the S, the 

rake is <20º mostly to the SW.   

4.2 Strain solutions from fault-slip data 

Distribution of P and T-axes in Los Añiques structural site, evidence a heterogeneous deformation, defining two strain solution. 

Solution I includes a 67% of collected data (47 of the 70 fault-slip data) and solution II includes the remaining data corresponding 

to 33% of the data (23 of the 70 fault slip-data) (Fig. 4a). The strain solution I shows a cluster of P and T-axes, yielding a kinematic 

tensor with subhorizontal NE-trending shortening axis, and subhorizontal stretching axis with NW-trending. The strain tensor shape 

ratio is R=0.69. Faults conforming solution I are mainly NE dextral-normal and dextral-reverse faults, NW to WNW sinistral-

reverse faults. Solution II shows a cluster of P and T-axes, yielding a kinematic tensor with subhorizontal NW-trending shortening 

axis, and subhorizontal NE-trending stretching axis. The strain tensor shape ratio is R=0.40 and compatible faults with this solution 

are mainly NE dextral-reverse, ENE dextral-normal faults and NW sinistral-normal and sinistral dextral. 

Deformation patterns derived from distribution of P and T-axes in the Cachim structural site, reveal heterogeneous deformation 

expressed as two strain solutions. Solution I is defined by 43% of the data (19 of the 44 fault-slip data), and solution II including 

the remaining 57% of the data (25 of the 44 fault-slip data) (Fig. 4b). Solution I shows well clustered distribution of the P and T- 

axes, defining a kinematic tensor with ENE-trending, subhorizontal shortening and NNW-trending, subhorizontal stretching axes. 

The strain tensor shape ratio of the solution is R=0.50. Faults defining solution I are NW sinistral-reverse faults and NE dextral-

normal faults. Strain solution II also shows a well-defined distribution of the T and P-axes, presenting a kinematic tensor with and 

NS-trending, subhorizontal shortening axis, and the stretching axis is subhorizontal EW-trending. The strain tensor shape ratio is 

RI=0.51 and faults defining solution II are NW dextral-normal and dextral-reverse and sinistral reverse that strike NE to ENE. 

 

5. DISCUSSION AND CONCLUSION 

For the cases of Los Añiques (LOFS exposure) and Cachim (ATF exposure) structural sites, strain analysis of fault-slip data shows 

bimodal distribution of the orientations of the P- and T-axes, in two tectonic solutions (solutions I and II). The proposed solutions 

and associated kinematic models are depicted in Fig. 5. 

In Los Añiques structural site (LOFS exposure), solution I defines an ENE-trending, subhorizontal P-axis and a NNW-trending, 

subhorizontal T-axis (Fig. 5a). Eigenvalues of the fitted Bingham distribution indicate a strain tensor shape ratio R=0.69. From this 

follows that the value of the intermediate strain axis B ranges from a value of approximately equidistant magnitude to the P- and T-

axes, to similar in magnitude to the P-axis. Therefore, in this tectonic regime, deformation ranges from plane strain to flattening 

strain ellipsoid (Marret and Allmendinger, 1990). Faults in this regime are mainly NNE-to-ENE striking sinistral-reverse faults, and 

NNE striking dextral-reverse and dextral-normal faults. On the other hand, solution II shows a NW trending, subhorizontal P-axis 

and a NNE-trending, subhorizontal T-axis (Fig. 5a). Eigenvalues of the best-fitted Bingham distribution indicate a strain tensor 

shape ratio R=0.40. From this follows that the value of B-axis has a value equidistant in magnitude to the P- and T-axes. In this 

manner, tectonic solution II defines a plane strain ellipsoid (Marret and Allmendinger, 1990). Faults in this solution are mostly NE-

to-ENE striking sinistral-reverse and sinistral-normal faults, and NW striking dextral-reverse and dextral-normal faults (Fig. 5a). 
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Figure 3: Structural sites chosen for this study. a) Los Añiques structural site is related to LOFS exposure (strike of 

regional fault N30ºE). b) Example of fault in Los Añiques structural site; c) Cachim structural site is related to ATF 

exposure (strike of regional fault N70ºW). d) Example of fault in Cachim structural site. 

In Cachim structural site (ATF exposure), solution I defines an EW-trending, subhorizontal P-axis and a NS-trending, subhorizontal 

T-axis (Fig. 5b). Eigenvalues of the obtained Bingham distribution show a strain tensor shape ratio R=0.50. From this follows that 

the value of the intermediate strain axis B ranges from is of approximately equidistant magnitude to the P- and T-axes. Therefore, 

in this tectonic solution, plane strain-type deformation can be inferred (Marret and Allmendinger, 1990). Faults in this regime are 

mainly NE-to-ENE striking sinistral-reverse faults. On the other hand, solution II shows a NS trending, subhorizontal P-axis and an 

EW-trending, subhorizontal T-axis (Fig. 5a). Eigenvalues of the best-fitted Bingham distribution indicate a strain tensor shape ratio 

R=0.51. From this follows that the value of B-axis has a value equidistant in magnitude to the P- and T-axes. In this manner, 

tectonic solution II defines a plane strain ellipsoid (Marret and Allmendinger, 1990). Faults in this solution are mostly NNW-to-

NW striking dextral-normal faults, and WNW striking sinistral-reverse faults (Fig. 5b).  
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Figure 4: Fault-slip data and strain solutions of a) Los Añiques and b) Cachim structural sites. Stereograms show lower 

hemisphere, equal area projections of (from left to right): fault-slip data (direction of the hanging wall block is 

indicated in the triangles); obtained tectonic strain solution, and individual maximum (P, blue) and minimum (T, 

red) principal strain axes.  

Solution I, in both Los Añiques (LOFS exposure) and Cachim (ATF exposure) structural sites, show orientations of the principal 

strain axes that are in good agreement with tectonic solutions arising from partially partitioned strain due to oblique plate 

convergence, which shape intra-arc long-term stress conditions of the Southern Volcanic Zone of the Andes (e.g. Teyssier et al., 

1995; Rosenau et al., 2006; Pérez-Flores et al., 2016; Stanton-Yonge et al., 2016; Sielfeld et al., 2019). This follows because bulk 

strike-slip transpressional deformation partitions into NS-to-ENE striking faults of the LOFS, which accommodate a NE-to-ENE 

trending P-axis, and into NW-to-WNW striking faults of the ATF, which would accommodate a WNW-to-EW trending P-axis (e.g. 

Pérez-Flores et al., 2016). Moreover, kinematics of the regional faults, which would be defined by the geometry of regional 

lineaments and orientation and shape of the strain ellipsoid, is consistent with long-term kinematic behavior of the LOFS and ATF. 

Los Añiques structural site (LOFS exposure) would represent a N30ºE-striking dextral regional fault, whereas Cachim structural 

site (ATF exposure) would represent a N70ºW-striking, sinistral regional fault. 

On the other hand, solution II in both Los Añiques (LOFS exposure) and Cachim (ATF exposure) structural sites seem to be 

decoupled from long-term stress conditions of the study area. Decoupled tectonic solutions of the LOFS and the ATF might be 

related to (e.g. Hardebeck, 2012; Rosenau et al., 2006; Stanton-Yonge et al., 2016): 1) sporadic changes in crustal regional stress as 

a result of continental plate relaxation during the co-postseismic phases of the Andean subduction cycle 2) decoupling from crustal 

regional strain due to variations in local strain conditions. In the first case, these tectonic solutions could be associated to a regional 

state of stress, in which decoupled solutions would yield a kinematic variation of regional faults. This means that Los Añiques 

structural site (LOFS exposure) would represent a N30ºE-striking compressional fault, whereas Cachim structural site (ATF 

exposure) would represent a N70ºW-striking, dextral fault. 
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Figure 5: Proposed kinematic model for a) Los Añiques (LOFS) and b) Cachim (ATF) structural sites. Above, schematic 

representation of proposed strain solutions (plan view): maximum principal strain axe (P) = blue; minimum 

principal strain axe (T) = red. Main regional N30°E-trending and N70°W-trending lineaments, were identified in Los 

Añiques and Cachim sites, respectively. Center: rose diagrams for the faults compatible with each strain tectonic 

solution. Below: schematic representation of the main behavior for the compatible faults. 

In conclusion, from the data presented here, we hypothesize that fault-driven structural permeability may occur within fault-vein 

meshes associated with regional faults, at specific orientations as given strain tectonic solutions (e.g. Sibson, 1994). This means that 

hydrostructural conditions in the Liquiñe area are governed by varying kinematic conditions, rather than by homogeneous strain.  
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