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Paleofluid-transporting systems can be recognized as meshes of fracture-filled veins in eroded zones of
extinct hydrothermal systems. Here we combined meso-microstructural analysis of 107 fractures and
mechanical modeling from two exhumed exposures of the faults governing regional tectonics of the
Southern Andes: the Liquifie-Ofqui Fault System (LOFS) and the Andean Transverse Faults (ATF). The ATF
specific segment shows two tectonic solutions that can be modeled as Andersonian and non-Andersonian
tectonic regimes: (1) shear (mode II/III) failure occurs at differential stresses >28 MPa and fluid pres-
sures <40-80% lithostatic in the Andersonian regime; and (2) sporadic hybrid extensional + shear (modes
[+1I/IIT) failure occurs at differential stresses <20 MPa and anomalously high fluid pressures >85-98%
lithostatic in the non-Andersonian regime. Additionally, the LOFS exposure cyclically fails in extension
(mode I) or extension + shear (modes I +1I/II) in the Andersonian regime, at differential stresses <28 MPa
and fluid pressures > 40-80% lithostatic. In areas of spatial interaction between ATF and LOFS, these con-
ditions might favor: (1) the storage of overpressured fluids in hydrothermal systems associated with the
ATF faults, and (2) continuous fluid flow through vertical conduits in the LOFS faults. These observations
suggest that such intersections are highly probable places for concentrated hydrothermal activity, which
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must be taken into consideration for further geothermal exploration.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The generation and reactivation of geological faults and frac-
ture networks creates and destroys permeability within the Earth’s
crust (e.g. Faulkner et al., 2010 and references therein). Fault zone
permeability influences the spatial distribution and behavior of
hydrothermal and geothermal systems at all scales (e.g. Krupp and
Seward, 1987; Cole, 1990; Rowland and Simmons, 2012).

From the point of view of its architecture, a brittle fault zone
is composed of a core surrounded by a damage zone. The core
(simple or multiple) is the volume of rock in which most of the
strain is accommodated, whereas the damage zone (symmetri-
cal or asymmetrical) is the volume of rock surrounding the core,
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in which hydrothermally-filled fractures may occur (e.g. Faulkner
et al., 2003; Sibson, 2003).

Fault-driven fluid discharge depends on the macroscopic mode
of brittle failure: extension (mode I), shear (mode II/III) and hybrid
extension +shear (modes [+II/II) (e.g. Sibson, 1998; Cox, 2010).
Extensional (mode I) failure occurs when open fractures are formed
orthogonal to the least principal stress a3. Shear failure (mode II/III
or faulting) takes place when a movement parallel to the fracture
boundary occurs. Hybrid extensional + shear (modes I + II/III) failure
involves the two previous kinds of failure.

The mode of brittle failure depends on three parameters
(Hubbert and Rubey, 1959; Secor, 1965): the pore fluid pressure
(Pg), the differential stress (01-03), and the tensile strength (T). The
prevailing effective stress field (01’ =01-Pg>03'=0,-Pr> 03’ =03-
Pg) is related to the vertical stress (oy) by means of the pore fluid
factor (A\), which can be defined as:

Pr
= o0

A
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Where \ represents the proportion of total fluid pressure into
lithostatic pressure. A value A ~ 0.4 (40% of lithostatic pressure) is
known as hydrostatic, and relates to a fault zone connected to the
surface by a water column. This value is obtained by dividing the
weight of the water column to the rock column. A value A ~ 1 (100%
of lithostatic pressure) is known as lithostatic, and represents a fault
zone in which the values of fluid pressure equal the overburden
pressure (e.g. Sibson, 2004).

The combined effect of pore fluid factors, differential stress and
tensile strength on the failure mode can be conveniently repre-
sented in a pore fluid factor — differential stress space (Cox, 2010).
Failure envelopes in A - o space are excellent graphical represen-
tations that can be used to illuminate the role of fluid pressure
conditions and differential stresses in failure and permeability
enhancement. In these graphs, red lines indicate extensional (mode
[) failure; green lines, extensional + shear (modes I+1I/III) failure;
and blue lines, shear (mode II/III) failure (Fig. 1).

The rock will fail in the corresponding failure mode only when
pore fluid factors and differential stresses reach the envelope.
Below the envelope, the rock is elastically loaded, but will not
fail. Pore fluid factors and differential stresses above the envelope
are not possible. Cox (2010) provided the theoretical framework
necessary to construct A — o failure diagrams in an intact rock or
cohesion-less fault using three assumptions: (1) one of the principal
stresses acts in the vertical direction (following Anderson, 1905),
i.e. stresses are said to be Andersonian; (2) the medium principal
stress o, lies on the fracture plane, and therefore does not influence
faulting (following Jaeger and Cook, 1979); and (3) oy remains con-
stant and equals the overburden pressure. However, natural fault
zones can display extreme geometrical complexity, which makes
the first and second assumptions not necessarily true (cf. Hafner,
1951; Yin, 1989; Yin and Ranalli, 1992).

With the objective of proposing a temporal-spatial concep-
tual model of a fault-controlled shallow hydrothermal system, we
studied two extinct paleofluid-transporting hydrothermal systems,
now exposed as mineral-filled networks. These examples represent
the major fault systems controlling the tectonics of the Southern
Andes: the Liquifie-Ofqui Fault System and the Andean Transverse
Faults (Fig. 2). For the purposes of this work, the active Andean
margin is an exceptional natural laboratory for studying the inter-
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Fig. 1. Generic failure mode diagram in the \ - o space, for a given depth and tensile
strength (T) (modified from Cox, 2010). The red line indicates failure in extension
(mode I); the green line, failure in extension +shear (modes I +II/IIl); the blue line,
failure in shear (mode II/IIl). The rock will only fail when the pore fluid pressures and
the differential stresses reach the envelope. Lithostatic and hydrostatic pore fluid
factors are depicted along with typical overpressures in active geothermal areas
(Rowland and Simmons, 2012). C=cohesion=2T (Sibson, 2000), 6opr = maximum
shear angle. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).

actions between fault systems, fluid flow and tectonic state of stress
mainly for 2 reasons: (1) hydrothermal systems occur in close spa-
tial relationship with active volcanism and major seismically-active
fault systems, and (2) excellent exposures can be found.

Here, fluid redistribution accompanying faulting was studied
using classical structural methods (field and analytical), and mod-
els of failure conditions. Field and analytical methods were used to
determine the dominant modes of failure (from textural analysis)
and temperature conditions (from mineral assemblages). Models
of failure conditions in A — o space were constructed in Anderso-
nian and non-Andersonian cases. For the non-Andersonian cases,
we developed a new methodology based on the work of Cox
(2010). Then, we propose the final conceptual models relating the
dominant modes of failure with specific hydromechanical A — o
conditions from mechanical calculations.

This work is a contribution to a better understanding of the still
poorly documented development of fault-controlled hydrothermal
systems in an Andean-type environment, which can lead to the
improvement of efficient strategies for geothermal exploration in
one of the largest, unexploited geothermal regions in the world.

2. Geological setting

The arc-parallel Liquifie-Ofqui Fault System and the Andean
Transverse Faults constitute the main structural features in the
Southern Volcanic Zone of the Andes (33-46°S) (Lavenu and
Cembrano, 1999; Rosenau et al., 2006; Sanchez et al., 2013). At least
from ca. 25 Ma, these structural features have been controlled by
the subduction of the Nazca and Antarctic plates beneath the South
American continental plate (Somoza and Ghidella, 2005) (Fig. 2a).

2.1. Liquifie-Ofqui Fault System (LOFS)

The LOFSis an active ca. 1200 km long Cenozoic intra-arc, strike-
slip fault system. Master faults strike NS to NNE, whereas splay
faults strike NE and ENE, forming strike-slip duplexes with dextral
and dextral-normal movement mostly developed in the last 6 Ma
(e.g. Arancibia et al., 1999; Lavenu and Cembrano, 1999; Cembrano
et al., 1996; Folguera et al., 2002). The LOFS displays a kinematics
compatible with strain partitioning due to the decomposition of the
convergence vector: (i) NS to NNE-striking master faults accommo-
date the margin-parallel component, and are favorably oriented for
dextral shear; and (ii) the NE to ENE subsidiary faults, in turn, are
favorably oriented for dextral-transtensional to purely extensional
failure (Arancibia et al., 1999; Lavenu and Cembrano, 1999; Reuther
etal., 2003; Rosenau et al., 2006; Cembrano and Lara, 2009). In par-
ticular, the northernmost tip of the LOFS has been described as an
active, east-branching “horse-tail” fan, with faults that strike NE,
progressively becoming EW towards the east (Fig. 2a). Present-day
activity of this fault system is evidenced in shallow seismic activity
(<25km) (e.g. Lange et al., 2008).

2.2. Andean Tranverse Faults (ATF)

The ATF refer to crustal faults and morphotectonic lineaments
striking oblique to the Andean orogen. These include a group of
NW to WNW-striking faults identified throughout the Andes, either
in the fore-arc, intra-arc and/or back-arc regions (Salfity, 1985;
Cembrano and Lara, 2009; Rivera and Yanez, 2009; amongst oth-
ers). The ATF are apparently older than the LOFS, and are at least
present between 25°30'-41°00'S (e.g. Taylor et al., 1998; Rivera and
Cembrano, 2000; Moreno et al.,2011; Aron et al., 2010). This group
of faults is probably related to the tectonic segmentation of the
Andes, emplacement of NW-striking intrusive bodies, Paleozoic-
Mesozoic volcanic and volcano-tectonic processes, and genesis of
one or several NW to WNW-trending basins oblique to the actual
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Fig. 2. a) Liquifie-Ofqui Fault System (LOFS, black line) and Andean Transverse Faults (ATF, red line). The arrow represents the convergence vector (66 mm/a). b) Geological
context of the outcrops of study, indicated in white squares as outcrops 1 (local LOFS splay fault) and 2 (ATF segment). Modified from Pérez-Flores et al. (2016). Apatite
Fission Track age from Glodny et al. (2008). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Andes, at least from the Mesozoic to the recent (e.g. Rivera and
Cembrano 2000; Radic, 2010).

The seismic cycle of subduction has been proposed to play a
fundamental role in the activation of the ATF (e.g. Gonzalez et al.,
2003; Farias et al., 2011; Aron et al., 2010; Pérez-Flores et al., 2016;
Stanton-Yonge et al., 2016): (1) the interseismic period (Andean
interseismic), in which the continental plate is under bulk com-
pression, produces a sinistral-reverse kinematic regime; and (2)
co- and postseismic period (Andean co- and postseismic), in which
a quasi-instantaneous relaxation of upper plate is induced, tran-
siently switches kinematics to normal-dextral.

2.3. Local geology

In the study area (ca. 38°S), the LOFS spatially and temporarily
interacts with the ATF (e.g. Pérez-Flores et al., 2016). This area offers
an exceptional field to study the relative role of fault systems in

the formation of shallow hydrothermal systems, and consequently
their control on potential geothermal reservoirs.

The studied outcrops, one of each fault system, correspond to
two ca. 100-m-long sections located at about 15 km SW of the local-
ity of Lonquimay (ca. 38°43’S) (Fig. 2b). Here, the LOFS and the ATF
cut Miocene andesitic rocks, with K-Ar ages that vary between 20
and 11 Ma (Suérez and Emparan, 1988, 1995) (Fig. 2b). The andesite
(Fig. 3a) has porphyritic texture with subhedral to euhedral par-
tially albitised plagioclase phenocrysts and quartz, in a groundmass
composed by tinny plagioclase microliths, quartz, magnetite, scarce
pyroxene and altered volcanic glass. Secondary hydrothermal min-
erals fill open spaces (amygdalae and veins with chlorite) (Fig. 3b).
Locally, veins bearing colorless platy crystals of zeolite cut the
previously mentioned amygdalae. The oldest rocks in the study
area are Jurassic monzogranites, diorites and tonalites (K-Ar ages
between 148 £8 and 23 4+ 2 Ma), and pyroclastic-andesitic Creta-
ceous rocks (K-Ar ages between 73.5 4+ 5.0 and 13.0 + 3.2 Ma). These
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Fig. 3. Photomicrographies of: a) the andesitic host rock in the LOFS and ATF exposure; and b) hydrothermal alteration. Qz = quartz, Pl = plagioclase, Zeo = zeolite, Chl = chlorite.

See text for description.

rocks are intruded by Miocene monzogranites and granodiorites (K-
Ar ages between 15.2 +3.0 and 7.2 & 1.9), with apatite fission track
ages of 5.0+ 0.9 Ma (Glodny et al., 2008). Above the described units
there are quaternary deposits of unconsolidated, undifferentiated
sediments interlayered with pyroclastic horizons (all descriptions
and ages from Suarez and Emparan, 1997).

3. Methods
3.1. Field and analytical methods

Two representative outcrops in the northernmost tip of the
LOFS were selected, where this system spatially and temporarily
interacts with the ATF. In each outcrop, a 22-m-long transect was
mapped: one of them is orthogonal to a local splay fault of the
LOFS (outcrop 1 in Fig. 2b), and the other is orthogonal to a specific
segment of the ATF (outcrop 2 in Fig. 2b).

Structural mapping consisted of meso- (1:50) and microscopic
scale descriptions of the textures and cross-cutting relationships
of discontinuities within the fault zones. Such discontinuities are
here referred to as fractures, whose classification was based on
their mesoscopic internal texture (Ramsay, 1980; Jébrak, 1997;
Bons et al., 2012). These fractures include faults, veins and fault-
related breccias (Peacock et al., 2016). Microstructural analysis was
carried out in 3 oriented thin-polished sections of the fractures
in the damage zone (oriented perpendicular to the foliation and
parallel to the lineation, i.e. XZ section of the strain ellipsoid of
Simpson and Schmid, 1983), and 3 samples of the isotropic host
rock. Scanning electron microscopy with Energy-Dispersive X-ray
spectroscopy (SEM-EDX) (Quanta 250, SEM laboratory of the CEGA-
Department of Geology, Universidad de Chile) was used to obtain
Backscattered Electron (BSE) images, and semi quantitative chem-
ical analyses. Microstructural analysis of the fractures involved
making 3 microstructural maps (1 fault-vein+1 vein of the LOFS
exposure, and 1 hydrothermal breccia of the ATF exposure). The
construction of the microstructural maps involved the creation of a
photomosaic of approximately 150 pictures per map, taken under
the petrographic microscope (XPL — 2.5x). The microstructural clas-
sification of the veins within oriented samples was based on the
morphology and growth direction of the crystals, being only distin-
guished syntaxial veins, characterized by having crystals growing
out from the country rock towards a median zone, or from one
boundary towards the other (e.g. Bons et al., 2012). The occur-
rence of a syntaxial vein was related to at least one crack-seal
episode (Ramsay, 1980; Wilson, 1994). All mineral abbreviations
were obtained from Whitney and Evans (2010).

X-ray diffraction (XRD) analyses were conducted in the core and
the damage zone. A total of 60 samples were collected (25 of the
LOFS exposure, and 35 of the ATF exposure). The hydrothermal
mineral infill was separated and ground to a particle size < 10 pum
to minimize possible micro-absorption effects, and to increase the
accuracy of the obtained intensities. XRD analyses were performed
in the Crystallography Laboratory from the Physical Department,
Universidad de Chile, using a Bruker D8 Advance X-Ray Diffrac-
tometer (radiation Cu Ka=1.5406A), equipped with a Cu X-Ray
tube (operating at 40kV/30mA), Ni filter, sample spinner and a
solid state detector (Lineal LynxEye). The Bragg-Brentano geome-
try was used. The samples were mounted in a 2cm X 2 cm square
sample holder. The resulting diffractograms were interpreted with
the software package Match! by Crystal Impact, and compared with
Panalytical-ICSD (Inorganic Crystal Structure Database) database.

The linear fracture density of macroscopic fractures (8x) was
determined by calculating the ratio (e.g. Gillespie et al., 1993):

n
dx = L
where n=number of fractures intersecting along a vertical plane
perpendicular to the corresponding fault core; and Ly =length of
the damage zone in the hanging or footwall block.

(2)

3.2. Failure conditions in A — o space

Based on the work of Cox (2010) to construct a A — o space in
Andersonian regimes, we developed a new method that expands
the analysis to the case where o5 does not lie on the fault plane, nor
oy is equaled to any principal stress. This is the case of preexistent
faults within a randomly oriented stress field. The method uses
as inputs: (1) the orientation of the stress tensor and the stress
tensor shape ratio ¢; (2) mechanical properties of the host rock
(tensile strength T and coefficient of internal friction pw); (3) depth
level of exposure of the studied fractures; and (4) a representative
orientation of such fractures. The output of the model is the pore
fluid factor () and differential stress (o) for different modes of
failure, at the time of fracture formation.

The mechanical fundament of this analysis is that the princi-
pal stress field can be projected on the plane of interest, which
produces both a tangential and normal stress on the pre-existing
surface. Governing equations of the stress projection and failure
envelope construction are described in the following subsections.

3.2.1. Stress tensor algebra
Orientation of the stress tensor principal axes and the stress
tensor shape ratio ¢ are used as inputs in our model, and were
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Table 1

Tectonic solutions considered to model the modes of failure. o = greatest principal
stress, 03 = least principal stress, ¢ = stress tensor shape ratio. Obtained from Pérez-
Flores et al. (2016).

Tectonic solution o1 T3 &

LOFS Andersonian NO014°W/03°N NO78°E/32°E 0.2
ATF Andersonian N110°E/19°SE NO11°E/11°N 0.6
ATF non-Andersonian N133°W/45°SW N004°W/32°N 0.9

obtained from the work of Pérez-Flores et al. (2016) (Table 1). These
parameters were calculated using field observations from striations
on fault surfaces (e.g. Yamaji, 2000).

The stress tensor is expressed in the vector basis built by the
principal stress axes orientations (here after referred to as eigen-
vector basis):

(03] 0 0
6=10 o, 0 (3)
0 0 03

The stress tensor shape ratio ¢ is the relative proportion
between the magnitudes of principal stresses:
03 — 03
=2

1—03

(4)

However, the stress tensor should be expressed in convenient
basis vectors, such as the basis built by NS-EW-vertical axes (here
after referred to as geographic basis). To transform the stress tensor
from eigenvector to geographic basis, we use the tensorial trans-
formation law:

o = R6RT (5)

Where o is the stress tensor expressed in the geographic basis,
G is expressed in the eigenvector basis, and R is an orthonor-
mal rotation matrix, whose columns represent the i-th eigenvector
expressed in the geographic basis. Moreover, this rotationis defined
by the direction cosines between both sets of basis vectors, which
can be expressed in terms of the azimuth (o) and plunge ([3) of the
stress principal axes:

sin(aq)cos (B;) sin(az)cos (B;) sin(asz)cos (Bs)
R= | cos(aj)cos (By) cos(az)cos(B,) cos(az)cos(B;) |(6)
—sin ([31) —sin (Bz) —sin (83)

In this way, for a given plane with normal vector n defined in
the geographic basis, we now define stress components. First, the
traction vector tp is the projection of the stress tensor o on the
plane:

th=o0n (7)

Following, the normal stress (oy) is the magnitude of the pro-
jection between t, and the direction of interest (n):

On=n-th=n-on (8)

Maximum shear stress () in this plane is the magnitude of the
difference between those vectors:

T=|th —opn| = \/|on? — o2 (9)

We note that oy, and t are defined in terms of m and o, o, 3; for
i=1,2,3. However, we recall that «;, 3; and n are known from the
structural data, with o; as the remaining unknowns. Moreover, o5
can be removed of Egs. (8) and (9) re-casting Eq. (4):

0y =@ (01 —03)+03 (10)

Hence, 0 components are functions that use only o7 and o3 as
arguments. Given that the stress tensor is expressed in the geo-

graphic basis, oy is found within the &3 direction of the basis,
therefore represented by the (3,3) component of o

Oy =033 =83-083 = pgz (11)

Where p is the rock density, g the gravity constant and z the
depth of analysis. Using equation (5) and some algebra in equa-
tion (11), we express the vertical pressure in terms of the principal
stresses:

€3 -R6RTé3 = pgz (12)

o1 sin2,81 + ozsinzﬂz + Jgsin2ﬂ3 = pgz (13)
Finally, we remove o5 using equation (10):

o1(sin® 1 + ¢sin® ) + o3 (sin® B3 + (1 - ¢)sin’By) = gz~ (14)

On the other hand, we recall that the differential stress o is given
by the equation:

o=01—03 (15)

Substituting Eq. (15) in Eq. (14) we obtain the principal stresses
in function of o and z:

_pgzto [sin® B3 + (1 — ¢)sin® B,

o (16)
! sin?B1 + sin®B, + sin B3
., _PEo (¢ — 1)sin’ By + ¢sin’ Bs] a7
2 sin?B + sin®B, + sin’p;
.2 .2
Z — 0 |sin” By + ¢sin
oy P& [sin? By + psin’ B | (18)

sin2ﬂ1 + sinz,Bz + sin2ﬂ3

Consequently, for a given o and z, the values of o, and t are
obtained using Eqs. (8) and (9), which allows us to produce failure
envelopes in terms of o and A.

3.2.2. Failure criteria in A — o space

Three failure criteria are commonly used in rock mechanics for
brittle failure, which depend on the mode of fracture. The first is
extensional (mode I), which implies oy, is lower than —T, the ten-
sile strength of the rock. Moreover, for fracture development, the
plane orientation is orthogonal to o3, thus o, = 03 < —T. How-
ever, when o7 and o, do not lie on the fault plane (or generally
when less than any two principal stress directions), shear stress will
always be present. This can be illustrated by the 3D Mohr’s circle
(Fig. 4a). The following two criteria are hybrid extensional + shear
(modes [ +II/IIl) failure and pure shear (mode II/III) failure, which
are well constrained by the Griffith and the Mohr-Coulomb failure
envelopes, respectively.

Therefore, extension (mode I) criteria can be only applicable to
the cases when the rock is subjected to an isotropic tensile state
of stress, to fracture development or to preexistent faults in opti-
mal orientation (parallel to both o1 and o3 ). In this analysis, which
is extended for cases different from the above mentioned, we use
the Murrel’s expansion of Griffith criterion (generalized Griffith cri-
terion) to constrain the case of hybrid extension+shear (modes
[+1I/1II):

72 = 4To,, + 4T? (19)

Where o), is the effective normal stress (o,= oy—Pf). This
parabolic criterion retrieves both shapes of extension (mode I) and
extension +shear (modes I +1I/III) envelopes when subjected to an
Andersonian regime with o, lying on the fault plane. Finally, shear
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(mode II/IIT) failure is described by using the Mohr-Coulomb crite-
rion (both criterions are illustrated in Fig. 4b):

T= /LO',; +c (20)

Which involves the fault friction coefficient n and cohesion c. To
construct failure criterion in the A — o space, we substitute normal
effective stress in terms of total stress and pore fluid pressure:

o, =0n— P (21)

Then, replacing equation (21) into equations (19) and (20), and
dividing by oy, we obtain failure envelopes in terms of the pore
fluid factor A:

Py on+T 12

r=oy iToy

o = oy (22)

ol _on ot (23)
oy Oy MOy

We recall that oy, oy and 7 are defined in terms of ¢ and o3
(as indicated in Egs. (8), (9) and (13)), which are calculated using
a given differential stress o and depth z. Thus, we can obtain the
required A for failure using the Griffith criterion (Eq. (19)) or Mohr-
Coulomb (Eq. (20)) in the A — o space. These failure criteria are
delimited when o, is positive (Mohr-Coulomb) or negative (gen-
eralized Griffith criterion).

A similar approach to obtain fluid pressures has been used by
Hashimoto and Eida (2015), where pore pressure factors are cal-
culated for vein development in an accretionary complex. Using
the multiple inverse method for stress inversion (and therefore
non-Andersonian regimes), they calculated t and o, for all planes
corresponding to the vein elements identified, using a normal-
ized Mohr’s circle (differential stress oy = 1 and o3 = 0). Following,
effective friction coefficient is obtained from the slope between
critically loaded vein planes in the normalized Mohr’s circle (both
veins with the minimum and maximum slip tendency, Ts = G—Tn ) (fol-
lowing Morris et al., 1996), by using a non-cohesive Mohr-Coulomb
failure criteria. Finally, pore pressure factors are calculated from
the analytical theory of Coulomb wedges (Dahlen, 1984), depend-
ing inversely of the effective friction coefficient. However, we argue
that the method presented here is more representative of fracture-
vein systems development. In this work, the structural data used
for stress inversion is entirely different of the vein system upon
which the pore pressure analysis was undertaken. Therefore, any
recursive inference is avoided. On the other hand, cohesion must be
considered in failure analysis, especially given the significance of
healing processes in hydrothermal systems (Tenthorey et al., 2003).
Moreover, as presented in this work, textural analysis evidences not

only the existence of shear (mode II/III) failure, but extension (mode
I)and hybrid (modes I +II/III) failure also, implying that other failure
criteria rather than Mohr-Coulomb must be used to capture these
failure mechanisms (such as generalized Griffith). Finally, consider-
ing an average orientation of a fracture-vein system, as done here,
may lead to a better approximation of pore fluid factors, in oppo-
site to defining two end-members of the data set, which is rather
sensitive to the choice of the critically loaded fractures.

4. Results

4.1. Fault zone architecture and fractures within the damage
zones

A total of 107 fractures occurring in the studied damage zones
were analyzed. Fractures in the damage zones consist of secondary
structures having or not a hydrothermal filling. Five families of
fractures were identified in the studied fault zones (Figs. 5-6): (1)
hydrothermal breccia; (2) fault-localized hydrothermal breccia; (3)
vein; (4) fault-vein; and (5) fault. All of these fractures have tabular
shape, width/length ratio <0.001 and most are associated with zeo-
lite precipitation (Fig. 6a—e). The different fractures are texturally
described as following:

Hydrothermal breccia: These fractures are composed of suban-
gular clasts of the host rock and/or hydrothermal clasts, in a fine
matrix of hydrothermal minerals (Fig. 6a).

Fault-localized hydrothermal breccia: These fractures are com-
posed of two different bands: (1) one or more hydrothermal
breccias that are contained in (2) a tectonic comminution breccia
(Fig. 6b). The hydrothermal breccia band is composed of two popu-
lations of subangular clast, interpreted to be from the host rock and
previously precipitated hydrothermal minerals, and a fine-grained
zeolitic matrix. The fault breccia band (cut by the hydrothermal
breccia band), has foliated cataclastic fabric with S-C internal struc-
ture, consistent with reverse movement.

Vein: These fractures have hydrothermal infill, with no evidence
of internal shear (mode II/III) (Fig. 6¢). Veins are filled with equant
milimetric crystals, without any preferred orientation on observa-
tion under naked eye.

Fault-vein: These fractures show evidence of shear (mode II/III)
and growth of hydrothermal minerals (Fig. 6d).

Fault: These fractures show evidence for shear (mode II/III) (i.e.
striae), but no hydrothermal infill (Fig. 6e).

4.1.1. LOFS splay fault
From an architectural point of view, the LOFS outcrop has a sim-
ple core and an asymmetric damage zone, with a higher fracture
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Fig. 5. a)Photography of the studied splay fault of the LOFS (cross section, picture looking to the WSW). b) Cartoon of the LOFS exposure, showing the fault core (microdioritic
dyke with fault gouge in its borders), the damage zone (dominated by NNE-ENE/subvertical fractures) and the protolith. c) Photography of the LOFS splay fault core (picture
looking to the WSW). d) Cartoon of the core of LOFS exposure. e) Photography of the studied segment of the ATF (cross section, picture looking to the SE). f) Cartoon of the
ATF exposure, showing the fault core (foliated gouge consistent with normal movement) and the damage zone (dominated by NW/subvertical fractures). g) Photography of
the core of the studied ATF exposure (cross section, picture looking to the SE). h) Cartoon of the core of ATF exposure. i) Example of NW/gently dipping faults cutting and
separating NW/subvertical fractures (cross section, picture looking to the SE). j) Cartoon of NW/gently dipping fault.

density in the hanging wall (4.80 fractures/m), than in the footwall
(1.51 fractures/m) (Fig. 5a, b). The N83°W/65°SW core has a width
of 0.4m, and is composed of a microdioritic dyke with local fault
gouge and banded vein in its borders (zone I in Fig. 5a-d). Damage
zone in the hanging wall extends 5m away from the core to the
SSE, whereas in the footwall extends for 15 m to the NNW.

The detailed description of occurring fractures is the following:

a) Hydrothermal breccia (n=16)

Hydrothermal breccias are present in both the footwall and the
hanging wall, and have widths on the cm-scale, with along dip con-

tinuity > 5m. The hydrothermal breccia bodies strike between NNE
and ENE, and dip steeply to the S. Some of these elements exhibit
kinematic indicators of dextral and dextral-normal displacement,
with rakes < 30° from the NE.

b) Vein (n=11)

Veins occur in the hanging wall and the footwall blocks, and
locally occur as banded aggregates. Vein widths vary from mm-
to-cm scale, with along dip continuity > 5m. Most of the veins are
N50-60°E/subvertical structures.



T. Roquer et al. / Geothermics 66 (2017) 156-173 163

[a] Hydrothermal breccia

NE £

R |5 oBRTRI0 ATF

Stereoplot Stereoplot
Structural element (LOFS exposure) | (ALFS exposure)
N

[b] Fault-localized hydrothermal breccia
b il 7o =
g/ , sw

Hydrothermal
breccia

not present

Fig. 6. Left, examples of the fractures occurring in the LOFS and the ATF exposures. Right, geometry of the fractures. a) Hydrothermal breccias are here defined as any fracture
that has clasts cemented by a hydrothermal matrix (pictures are cross sections, looking to the SE). b) Fault-localized hydrothermal breccia is distinguished from hydrothermal
breccia since the latter is contained in a cm-to-mm width fracture with cataclastic fabric, as shown in the cartoon to the right of the picture (picture is a cross sections,
looking to the SE). c) Veins are filled of equant milimetric crystals without any preferred orientation (picture to the left is a plan view, picture to the right is a cross section,
looking to the SE). d) Fault-veins are here defined as fractures with evidence internal shear and mineral precipitation (mainly quartz and calcite) (pictures are cross sections,
picture to the left, looking to the SW; picture to the right looking to the SE). e) Faults are slip surfaces with no mineral precipitation (picture is a cross section, looking to the
E). Arrows on the stereoplots indicate the sense of movement of the hanging wall block. All stereograms are lower-hemisphere equal-area projections.

c) Fault-vein (n=6)

Fault-veins are exclusively found in the hanging wall. The fault-
veins in this outcrop have widths on the mm-scale, and persist >
0.5 m along dip. The kinematics of opening is recorded by the pres-
ence of quartz or calcite mineral fibers. Two families of vein-faults
were distinguished: dextral-reverse N65—90°E/80°S, and dextral-
normal N40—45°/80°N, both families with rakes 15—20° from the

E. Cross-cutting relationships between them could not be deter-
mined.

d) Fault (n=5)

Faults occur in both the footwall and the hanging wall blocks.
These slip surfaces are exposed in patches of several tens of square
centimeters, and have a preferred NE-striking/subvertical attitude.
The rakes are < 35° from the NE, indicating dextral-reverse move-
ment principally recorded in steps.
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4.1.2. ATF specific segment

The ATF outcrop (Fig. 5e, f) exhibits a simple core and an asym-
metric damage zone. Fracture density within the hanging wall
block (3.53 fractures/m) is greater than in the footwall (2.18 frac-
tures/m). The N45°W/[60°SW core has a width of 0.5 m, and consists
of foliated gouge with S-C internal structure consistent with nor-
mal movement (zone Il in Fig. 5e-h). Damage zone in the hanging
wall extends 15 m away from the core to the SW, whereas in the
footwall extends 5 m to the NE.

The detailed description of occurring fractures is the following:

a) Hydrothermal breccia (n=4)

Hydrothermal breccias are concentrated in the hanging wall,
display width on the centimetric scale and along dip continuity >
5m. These elements show a preferred WNW-striking, high angle
dipping to the S attitude.

b) Fault-localized hydrothermal breccia (n=56)

Fault-localized hydrothermal breccias only occur in the ATF
exposure, and are concentrated in the hanging wall block. These
fractures exhibit widths on the cm-scale, with along dip continu-
ity >5 m. The boundaries of the breccia bodies strike preferentially
N40-50°W, with high angle dips to the SW. Some of these struc-
tures exhibit evidence of reverse shear, as inferred from obliquity
of the foliation with respect to the boundaries. Fault-localized
hydrothermal breccias in this outcrop locally cut and are cut by NW-
striking, gently dipping faults with reverse centimetric separation
(zone Il in Fig. 5e-fi-j).

c) Vein (n=3)

Veins only occur in the footwall, and presented cm-to-mm
widths with continuity along dip between 0.5-5.0 m. NW to NNW
strikes with high angle dips are dominant.

d) Fault-vein (n=4)

Fault-veins are present in both the footwall and hanging wall.
The vein-faults in this outcrop have mm-scale widths, and per-
sist for about 0.5m along dip. They are preferentially sinistral
N5-45°W/subvertical surfaces with rakes < 10° from the S and the
E.

e) Fault (n=2)

Faults occur in the hanging wall block, and have widths ca.
1-2cm and along-dip continuity > 1.5m. Faults in this outcrop
have preferred N40-50°W/25-30°S attitude, and cut and are cut by
fault-localized hydrothermal breccias, which exhibit reverse sepa-
ration on the cm-scale (zone Il in Fig. 5e-f, i-j). Rakes could not be
determined with the mesostructural analysis.

4.2. Mineral identification using X-ray powder diffraction

The previously described fractures are dominated by zeolitic
assemblages in both exposures, from which stability temperature
intervals may be obtained (e.g. Kristmannsdottir and Témasson,
1978; Liouetal., 1987).The prevalent zeolite is laumontite, whereas
other zeolites such as yugawaralite, heulandite, natrolite, scole-
cite, stilbite, chabacite and wairakite also are present. Common
hydrothermal minerals, such as quartz and calcite also occur.

4.2.1. LOFS splay fault

The LOFS exposure has laumontite, quartz, stilbite and calcite
as the prominent minerals, distributed in the core and the damage
zone (Fig. 7). In this exposure, the assemblage laumontite + stilbite
is dominant along the fault zone (e.g. Fig. 8a). Minor quartz, calcite
and chabacite were also locally found.

4.2.2. ATF specific segment

In the ATF segment laumontite is the dominant hydrothermal
mineral, and is uniformly distributed within the core and the dam-
age zone (Fig. 7). Natrolite and quartz were detected in the core as
well as in both sides of the damage zone, close to the core. Scolecite,
stilbite, chabacite and heulandite were only found in the hanging
wall. Calcite was only detected in one sample. Pyroxene, feldspar
and mica, coming from the andesitic host rock, are restricted to
the hanging wall. In the ATF outcrop no dominant mineral assem-
blages were detected, but in the damage zone two associations are
locally present: laumontite +scolecite (e.g. Fig. 8b) and laumon-
tite + wairakite (e.g. Fig. 8c).

4.3. Microstructural analysis

The detailed description of the microstructural maps is shown
in the following subsections.

4.3.1. Fault-vein of the LOFS splay fault

The chosen representative NNE-striking sample of a fault-vein
in the LOFS outcrop, found in the hanging wall block, has a width
varying from 0.5cm to 1.0cm, with a diffuse and curved con-
tact with the andesitic host rock (Fig. 9a, b). The hydrothermal
filling in this sample is composed of three microstructural fam-
ilies, distinguished by their orientation (identified in green in
Fig. 9b): (1) a NE-striking en-échelon array of lenticular veins filled
with platy-elongate and relatively large crystals of subhedral-
euhedral laumontite (0.15-0.50 mm) (zone II in Fig. 9b, ¢); (2) a
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Fig. 7. Spatial distribution of the syntectonic hydrothermal mineralogy present in
the LOFS (black dots) and the ATF (red dots) exposures. The cores are shaded, and
the position of the damage zones is also indicated. See text for description. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article).
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Fig. 8. Examples of interpreted diffractograms: a) Association laumontite + stilbite
(sample LR8.4-LOFS exposure); b) Association laumontite +scolecite (sam-
ple LAZI12.83-ATF exposure); c) Association laumontite +wairakite (sample
LR15.52-ATF exposure). Colored dots indicate the strongest peaks of corre-
sponding mineral phases: red=laumontite; green=stilbite; brown=scolecite;
yellow = wairakite. (For interpretation of the references to colour in this figure leg-
end, the reader is referred to the web version of this article).

cataclastic fine-grained mixture of subangular clasts of laumon-
tite (0.05-0.25 mm) embedded in a matrix of iron oxide (zone I in
Fig. 9b, c), that occurs between the NE-striking lenticular fractures
or as NNE-striking bands, and (3) a ENE-striking family of fractures,
filled with a mosaic of subhedral-platy laumontite (0.05-0.10 mm).

The NE-striking en-échelon lenticular veins occur in two NNE-
striking bands (bands A and B in Fig. 9b), distinguished by dominant
size of single veins in the corresponding band (characteristic sizes:
10mm x 5mm in band A and 2.5 mm x 1.5 mm in band B). Individ-
ual lenticular veins have small equant crystals of laumontite: (1)
concentrated in the two boundaries, with increasing length/width
ratio towards a median zone (zone II in Fig. 9b, c¢); or (2) concen-
trated in one boundary increasing the length/width ratio towards
the opposite boundary. In both cases, the long axis of the crystals
is oriented perpendicular to the boundaries, which is consistent
with syntaxial growth and at least one crack-seal episode (Ramsay,
1980; Wilson, 1994; Bons et al., 2012).

On the other hand, the fine-grained cataclastic unit, which
occurs between the NE-striking lenticular fractures or as NNE-
striking bands, is composed of angular clasts (40%) with iron oxides
as matrix (60%) (zone I in Fig. 9b, c). According to the classifica-
tion of Woodcock and Mort (2008), such rock can be classified as a
cataclasite.

Two key observations can be made: (i) the median zone in
the NE-striking lenticular veins locally exhibits cataclastic texture

(zone IIl in Fig. 9c¢), and (ii) the cataclastic bands have laumontite
clasts (zone Iin Fig. 9c). Both textures suggest that the NNE-striking
en-échelon array of NE-lenticular veins served as a zone of weak-
ness that localized extension and dextral shear, as inferred from
the obliquity of lenticular veins with respect to the contact with
the host rock. This inference is consistent with proposed models
on the formation of en-échelon veins (e.g. Olson and Pollard, 1991).

4.3.2. Vein of the LOFS splay fault

The sample of the vein, within the footwall, and in contact
with the fault core in the LOFS outcrop, is composed by three
parallel EW-striking bands (bands A, B and C in Fig. 10a, b), all
filled with an aggregate of laumontite +stilbite and calcite. These
bands are distinguished by the size of the crystals of the laumon-
tite + stilbite aggregate: bands A and C are relatively coarse-grained
(0.05-1.20mm) (zone I in Fig. 10c), whereas band B is relatively
fine-grained (<0.05 mm) (zone Il in Fig. 10c). Additionally, they are
characterized by habit and size of the calcite crystals: band A has
anhedral elongate crystals of calcite ranging from 0.5-6.0 mm in
the direction of the long axis and 0.2-0.5mm in the direction of
the short axis; band B has hexagonal subhedral crystals of calcite
ranging from 0.3-1.5 mm; and band C has platy-subhedral crystals
of calcite with sizes between 1 and 10 mm. Independently of the
textures, the three bands record similar composition: bands A and
B are composed of a 70% of the aggregate laumontite + stilbite and
a 30% of calcite. Band C, in contact with the host rock, is filled with
a 30% of prismatic subhedral-platy calcite, a 65% of an aggregate of
subhedral laumontite + stilbite and a 5% of orthopyroxene, likely to
come from the host rock. Contact zones between bands A-B and B-C
are sharp and nearly straight, and have syntaxial growth of crys-
tals: band B has subhedral platy crystals of laumontite (0.1-2.0 mm)
growing perpendicular to the boundary in contact with band A;
band C, on the other hand, has crystals of calcite and laumontite
growing perpendicular to its boundaries towards the center (e.g.
zone I in Fig. 10c). Additionally, bands A and C have intergrowth of
calcite and laumontite (e.g. zone Il in Fig. 10c), which indicates co-
precipitation. Syntaxial growth and intergrowth textures indicate
that each one of the three individual bands have formed in three
crack-seal episodes (Ramsay, 1980).

4.3.3. Hydrothermal breccia of the ATF specific segment

The representative sample of a hydrothermal breccia in the
ATF exposure is composed of two NW-subvertical bands distin-
guished by mesoscopic color and internal textures (bands A and
B in Fig. 11a-c). Band A is white, has a width of 4mm, and
consists of a fine-grained mosaic of subhedral-platy laumontite
(<0.15mm). Band B is composed of a 40% of white sub-rounded
equant clasts (1-3 mm) and a 60% of fine-grained grey matrix of
subhedral-platy laumontite (<0.15 mm). Clasts in band B are com-
posed of smaller clasts of laumontite and quartz (zones Il and Il in
Fig. 11c, d), imbedded in a matrix of fine-grained grey laumontite
(<0.15mm). Clasts in band B very likely to correspond to frag-
ments of band A, as it becomes evident due to their similarity in
mesoscopic color and mineralogy (Fig. 11a). Additionally, bands A
and B are cut by: (1) mm-width NW/subvertical veins with curved
and diffuse boundaries, composed of relatively large crystals of
subhedral-platy syntaxial laumontite (0.5 x 0.2 mm) (Fig. 11c), and
(2) N45°W/[25°SW tectonic comminution breccias (zone I Fig. 11c,
d) (Jébrak, 1997), composed of an 80% of a mixture of angular clasts
of laumontite and quartz (characteristic sizes 0.1 mm), imbedded
in a 20% of a fine-grained matrix of angular clasts of laumontite
(<0.01 mm).
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Fig. 9. a) Photomosaic of the horizontal thin section LR7.75 (XPL). This sample corresponds to a fault-vein of the LOFS exposure. b) Microstructural map of the sample. In
red, areas observed using SEM; in green, the different structural families defined. Schematic crystals are drawn, along with black arrows, indicating growth direction of the
crystals. ¢) Photomicrographies of selected areas in b (SEM-BSE). Zone I shows the texture of the cataclastic unit. Zone Il shows syntaxial growth of laumontite crystals. Zone
Il shows the median zone between syntaxial laumontite crystals, exhibiting cataclastic fabric. Lmt = Laumontite. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article).

5. Discussion
5.1. Brecciated textures, rupture cycle and tectonic regimes

The LOFS and ATF display simple cores and asymmetric damage
zones, with damage concentrated within the hanging wall blocks.
Occurrence of more damage has been found on the side of the fault
with faster seismic velocities (e.g. Berg and Skar, 2005). This is con-
sistent with determined displacements within the hanging wall
blocks during coseismic slip across active normal faults (e.g. Stein
et al, 1988).

The dominant fractures within the damage zone of the LOFS
exposure are hydrothermal breccias (Fig. 6a), whereas in the ATF
outcrop are fault-localized hydrothermal breccias (Fig. 6b).

There are different genetic classifications of fault breccias, of
which probably the mostinfluential are Sibson’s (1986) and Jébrak’s
(1997) schemes. Here we used the classification of Jébrak (1997),

based on the morphology of the fragments and the particle size
distribution as a function of the energy input. Two main types of
breccias were distinguished: fluid-assisted breccias and tectonic
cominution breccias. Jébrak (1997) states that fluid-assisted brec-
cias are formed by fluctuations in pore fluid pressures, and have
high dilation ratio o (defined as the proportion of abundance of
matrix with respect to the clasts). On the other hand, tectonic com-
minution breccias are formed by the progressive shear along slip
surfaces, and therefore have low a. For this reason, the classification
of the breccias was mainly based on two criteria: the nature of the
matrix and dilation of the structure (exotic hydrothermal matrix
and high « indicating fluid-assisted brecciation, and autogenous
matrix with low « indicating tectonic comminution brecciation).
Classification of breccias of the studied faults and its implications
in fault zone rupture are discussed in the next sections.
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Fig. 10. a) Photomosaic of the horizontal thin section TLR1507 (XPL). This sample corresponds to a banded vein, in contact with the fault core of the LOFS exposure. b)
Microstructural map of the sample. In squares, areas observed using SEM. Schematic crystals are drawn, along with black arrows, indicating growth direction of the crystals
(black, laumontite crystals; yellow, calcite crystals). c) Photomicrographies of selected areas in b (SEM-BSE). Zone I shows syntaxial growth in the contact between bands B and
C. Zone I shows characteristic texture of the fine-grained band B. Zone Il intergrowth of calcite and laumontite, indicating co-precipitation. Lmt = Laumontite, Stb = Stilbite,
Cal = Calcite. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

5.1.1. LOFS splay fault

Hydrothermal breccias in the LOFS outcrop can be classified
as fluid-assisted breccias, formed with an important component
of extensional (mode I) failure (oo =50-60%). Additionally, at least
three extensional (mode I) or hybrid extensional (mode I+II/III)
crack-seal episodes can be inferred, as evidenced in the banded
vein at the boundary of the core (bands A, B and C in Fig. 10). A
conceptual model of the proposed rupture cycle for the LOFS splay
fault is shown in Fig. 12a.

The consistency of the suggested rupture cycle can be compared
with stress fields obtained in the same studied outcrops in the
work done by Pérez-Flores et al. (2016). In the case of the LOFS
exposure they obtained a unique Andersonian, strike-slip stress
tensor (Table 1). The mode of failure in most of the fractures in
the fault zone is in agreement with this stress field: the dominant
extensional (mode I) or hybrid extensional (mode [+II/IIl) frac-
tures (hydrothermal breccias, veins, and vein-faults) mostly occur
at 0-30° from the maximum principal stress ;. In addition, the
least abundant shear (mode II/II) fractures occur at angles that vary
between 20—80° from o1, and also are compatible with these stress
conditions.

5.1.2. ATF specific segment
Fault-localized hydrothermal breccias in the ATF exposure are
composed of: (1) a tectonic comminution breccia (o =5%) (fault in

Fig.6b), and (2) a fluid-assisted breccia (o = 50-60%) (hydrothermal
breccia in Fig. 6b), cutting the tectonic comminution breccia. Addi-
tionally, another two important observations can be made: field
and microstructural evidence demonstrate that the two proposed
modes of failure are superimposed (e.g. Figs. 5i, jand 11); and clasts
in the fault-localized hydrothermal breccias have, in turn, brec-
ciated texture (zonesIland Il in Fig. 11). These observations suggest
that textures are the result of cyclical rupturing with alternat-
ing modes of failure. A conceptual model of the proposed rupture
cycle is for the ATF specific segment is shown in Fig. 12b Shear
(mode II/IIT) failure localizes deformation in weakness zones, where
a cataclastic fabric is generated (Fig. 12b-i). Extensional (mode I)
or hybrid extensional +shear (modes [+]II/IIl) failure produces a
transient dilation at such inherited structural sites, conducing to
a brecciation of the host rock, circulation of fluids and hydrother-
mal cementation (Fig. 12b-ii). Subsequent shear (mode II/III) failure
may activate the previous fractures and/or produce second-order
structures (Fig. 12b-iii).

This rupture cycle is consistent with the work of Pérez-Flores
et al. (2016), who obtained two stress tensors: (1) an Andersonian,
strike-slip solution; and (2) a non-Andersonian, transtensional
solution (Table 1).

The first solution is in good agreement with the mode of
failure in most of the fractures. Subvertical shear (mode II/III) frac-
tures (represented in the cataclastic bands within fault-localized
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Fig. 11. a) Photography of the vertical sample LAZI7.5E (hydrothermal breccia within the ATF exposure). b) Photomosaic of the vertical thin section LAZI7.5E (XPL). c)
Microstructural map of the sample. In squares, areas observed using SEM. Schematic laumontite crystals are drawn, along with black arrows, indicating growth direction of
the crystals c¢) Photomicrographies of selected areas in b (SEM-BSE). Zone I shows a subhorizontal breccia. Zones Il and IIl show characteristic texture of the clasts within

band B. Lmt = Laumontite, Px = Pyroxene.

hydrothermal breccias, e.g. Fig. 6b) mostly occur at 30—40° from
the maximum principal stress o;. Some of the extensional (mode I)
or hybrid extensional + shear (modes I+II/IIl) failure (represented
in hydrothermal breccias and veins) respond to the first stress field.
In particular, hydrothermal breccias are concentrated at 0—5° from
o1 and their occurrence is compatible with the presented stress
field. However, extensional (mode I) or hybrid extensional + shear
(modes I+II/IIl) fractures (fault-localized hydrothermal breccias,
veins and vein-faults) occur at 50—70° from o1, which is not com-
patible with the Andersonian strike-slip regime.

The second solution documents a rotation between o; and
0,, 01 becoming more vertical, which can be associated with
the non-Andersonian regime, under particular fluid overpressure
conditions discussed later (Section 5.3). Rotation of the stress
tensor appears to be the simplest solution related to the reac-
tivation of the studied fractures of the ATF exposure. In fact,
mechanical models indicate kinematic switches in the ATF between
Andean interseismic (NW-striking faults display sinistral-reverse
slip) and Andean co- and postseismic (NW-striking faults are
normal-dextral) (Stanton-Yonge et al., 2016), which is associated
with changes between gently and steeply-plunging o;at the over-
riding plate (Hardebeck, 2012).

The proposed rupture model for the ATF is comparable with geo-
logical observations in other tectonic contexts (e.g. Dempsey et al.,

2014). Extensional/hybrid (mode I, modes I +II/III) reactivation of
shear (mode II/III) fractures has been observed to require elevated
fluid pressures in zeolite-bearing normal faults, involving an initial
stage of fluid ingress, then trapped and overpressured, which leads
to fluid-assisted brecciation.

In sum, the previous observations suggest that: (1) the studied
local splay fault of the LOFS cyclically fails in transtension under
an Andersonian strike-slip regime (i.e. o, ~oy) and (2) the ana-
lyzed segment of the ATF records switches in the outcrop-scale
stress regimes, changing between failure in transpression under
an Andersonian strike-slip regime (0 ~ oy) and failure in transten-
sion under a non-Andersonian transtensional regime (i.e. ox # oy,
forx=1,2,3).

5.2. Zeolite geothermometry, paleodepth conditions and
paleogeothermal gradient

Zeolite P-T experimental stability conditions are in the range
of 50-400°C and 5-25MPa (Liou et al., 1991). In general, in situ
temperatures are in fairly good agreement with experimental
results (Kristmannsdéttir and Témasson, 1978; Liou et al., 1987).
Therefore, experimental temperature stability intervals have been
specially used to study active geothermal systems (e.g. Browne,
1978 and references therein). However, experimental pore fluid
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Fig. 12. Proposed rupture cycle for the LOFS and the ATF exposures (cross-section view), based on the inferred modes of failure of the dominant fractures within the damage

zones. See text for discussion.

pressures do not account for dynamic pressure effects, not neces-
sarily neglectable in the case of shallow hydrothermal systems (e.g.
as indicated in Kristmannsdoéttir and Tomasson, 1978). Thus, in this
work pore fluid pressures were approximated using the proposed
hydromechanical model (cf. Section 5.3).

The dominant minerals detected in the study areas are Ca and
Ca(-Na) zeolites (Fig. 7), usually found in hydrothermal systems
as a result of the interaction of chloride fluids of near-neutral
pH and volcanic rocks (Browne, 1993). Detected mineralogy indi-
cates the dominance of laumontite, the best index mineral for
zeolite facies metamorphism (Liou et al., 1991), locally found in
the following assemblages: (1) laumontite +stilbite, which indi-
cates crystallization close to 110°C (in the LOFS exposure); (2)
laumontite + scolecite at 120°C (in the ATF exposure); and (3) lau-
montite + wairakite, at 210°C (in the ATF exposure). Moreover,
an invariant point at ca. 600 bar and 150°C has been proposed
for the stable coexistence of stilbite, heulandite and laumontite
(Cho et al.,, 1987). In the case of the ATF specific segment, the

fact that zeolitic associations indicate temperatures of 120°C and
210°C suggests that reaction kinetics is slow enough to allow
two metastable associations to coexist. However, following exper-
imental P-T determinations of Liou et al. (1991) and empirical
observations of Kristmannsdottir and Témasson (1978), the pres-
ence of wairakite could suggest that, at least punctually, a high
geothermal gradient and Pyy0/ProtaL ratio was reached.

Depth level of exposure at the time of vein formation can be
inferred from regional chronostratigraphic observations. Namely,
the stratigraphic column of the Curamallin Formation, in which
the andesitic host rocks of the LOFS and ATF exposures occur, has
been deposited in a segmented intra-arc continental rift basin that
reached a total thickness of ~2.5km (Sudrez and Emparan, 1995,
1997; Melnick et al., 2006; Radic, 2010). The Curamallin Formation
underlies a Late Miocene hiatus, during which shortening results
in inversion of the former basins, uplift and exhumation (Melnick
et al., 2006), and therefore deposition may be limited. Directly
above, Pliocene-Holocene volcanic rocks occur, with a thickness
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< 0.5km (e.g. Cola de Zorro Formation in Gonzalez and Vergara,
1962). Therefore, the Curamallin Formation was likely never buried
at depths > 3km. Consistently, fission track studies in Miocene
granitoids intruding some of our vein’s host rocks (ca. 38°45'S)
(Fig. 2), indicate paleodepths ca. 4 km (Glodny et al., 2008).

Assuming that suggested temperature stability intervals from
zeolite geothermometry are a good estimation (110°C-210°C),
indicated paleodepths for host rocks (< 3 km) imply minimum pale-
ogeothermal gradients in the range of 30-70 °C/km. Such values are
in agreement with gradients found in geothermal areas, typically
>25-50°C (e.g. Aldrich et al., 1981).

5.3. Failure envelope and conditions for brittle failure

Here we take a quantitative approach, combining geological
observations and mechanical models. We use the dominant modes
of failure recorded in the studied sites and compare them to specific
hydromechanical conditions in A — o space.

We modeled the Andersonian strike-slip regimes using Cox’s
(2010) scheme. To depict these graphs we used: (1) the maximum
depth inferred from chronostratigraphic observations (<3 km in
0.5 kmintervals); (2) arepresentative coefficient of internal friction
1 =0.75 (considering that rocks at elevated temperature gradients
often seal and regain cohesive strength on timescales of rupture
recurrence, following Cox, 2005); (3) a representative value of in-
situ tensile strength T = 5 MPa (following Gudmundsson, 2011); and
(4) a density of p=2450kg/m? (expected for an andesite, following
Rowland and Sibson, 2004).

To model failure conditions in the non-Andersonian transten-
sional regime, we extended the analysis to a general case,
considering the reactivation of previously existing fractures, in
which o, is not necessarily contained on the plane of the inherited
structure. For this reason, the method allows to study extremely
complex structural settings, incorporating the effect of any rota-
tion of the principal stresses with respect to an inherited anisotropy
(cf.section 3.2). Generalized non-Andersonian A — o diagrams were
obtained projecting the principal stresses in Table 1 on a repre-
sentative fault-localized hydrothermal breccia (N45°W/80°SW) (cf.
sections 5.1.1 and 5.1.2). Depths and mechanical properties are the
same as those of the Andersonian case.

Results of the Andersonian and non-Andersonian models are
shown in Fig. 13a, b. Cold hydrostatic and lithostatic pore fluid
factors are shown for reference. Typical overpressures in active
geothermal areas (40-48% lithostatic pressure) (Rowland and
Simmons, 2012), which can be taken as a representative minimum
fluid pressure, are also depicted for reference.

The graphs illuminate about some important points in the
hydromechanical conditions of the studied outcrops (Fig. 13a, b):

1) Differential stresses acting on seismogenic planes subject to
fluid overpressure have been inferred to satisfy the relationship
01-03 =4T (Gudmundsson, 1999). Using T =5 MPa, differential
stresses might roughly be 20 MPa. This value compares well to
differential stresses associated with points of transition between
shear (mode II/III) and hybrid extension + shear (modes I +II/III)
(28-20 MPa).

2) Independently of the depth and failure mode, for a given dif-
ferential stress, fluid pressures from non-Andersonian models
are higher than in Andersonian models. Moreover, tran-
sitions between failure in shear (mode II/Ill) and hybrid
extension +shear (modes I+II/Ill) in Andersonian and non-
Andersonian models occur at comparable differential stresses.
Additionally, these transitions occur at higher fluid pressures in
the non-Andersonian cases. Nevertheless, at shallow structural
levels, increase in the fluid pressures is greater than in deeper
levels. For example, for 1.5km depth fluid pressures changes

from 60% to 95% lithostatic, whereas for 3 km fluid pressures
changes from 85% to 98% lithostatic, at both depths with modest
change in differential stress (28-20 MPa).

3) Consequently, in the studied ATF segment, fluid pressures need
to increase to fail in the non-Andersonian regime.

4) On the other hand, in the Andersonian models, failure in the
LOFS splay fault is consistent with extensional (mode I) or exten-
sional + shear (modes I +II/IIl) failure at < 28 MPa and > 40-80%
lithostatic.

5.4. Fault-controlled development of shallow hydrothermal
systems

Multi-scale structural analyses suggest that the fundamental
mechanical principles governing fault zone behavior remain scale-
invariant, at least between the mm and the km scale (e.g. Kim
and Sanderson, 2004; Jensen et al., 2011). Assuming the observed
meso- and microstructural features can extrapolate to a regional
behavior, a proposed mechanism for the development of shallow
hydrothermal systems in northern end of the LOFS is summarized
in Fig. 14.

The N83°W/65°S local splay fault of the LOFS seems to accom-
modate the Andersonian tensor apparently coupled with long-term
stress conditions of Andean interseismic (Pérez-Flores et al., 2016;
Stanton-Yonge et al., 2016), representing subsidiary EW-striking
faults of the LOFS. Continuous fluid flow through EW to NE-striking
fractures seems to develop under these conditions (Fig. 14). Such
fractures are favorably oriented for failure in extension (mode I)
or hybrid extension+shear (modes I+II/Ill) at fluid pressures >
40-80% lithostatic. The idea of cyclical failure is supported by tex-
tural features summarized in Section 5.1.

The N45°W/60°SW segment of the ATF is severely misori-
ented for extensional (mode I) or hydrid extensional + shear (modes
[+1I/III) failure in the Andersonian tensor. However, shear (mode
[I/II) failure in NW-striking structures may be induced at fluid
pressures < 40-80% lithostatic. Such a scenario could promote
the generation of fault-controlled compartments (e.g. below the
gently-dipping tectonic comminution breccia in Fig. 11), which
may facilitate the storage hydrothermal fluids. This might ulti-
mately build-up fluid pressures for reactivation of NW-striking
fractures in hybrid extension + shear (mode I +II/III) at anomalously
high fluid pressures (>85-98% lithostatic) in the non-Andersonian
regime (Fig. 14). The existence of fault-controlled compartments
associated with the ATF has also been inferred by other authors
(Cembrano and Lara, 2009; Sanchez et al., 2013; Pérez-Flores et al.,
2016; Sanchez-Alfaro et al., 2016; Tardani et al., 2016), who sug-
gest that NW to WNW-striking faults of the ATF could promote
long-term residence of magma and hydrothermal fluids. Non-
Andersonian regimes might be associated with Andean co- and
postseimic, in which a quasi-instantaneous relaxation of the con-
tinental plate occurs after a subduction megathrust earthquake, as
already inferred in crustal intra-arc and fore-arc faults within the
Andean margin (e.g. Gonzalez et al., 2003; Farias et al., 2011; Aron
et al,, 2010; Stanton-Yonge et al., 2016).

Finally, we conclude that long-term stress conditions favor: (1)
the storage of hydrothermal fluids in reservoirs associated with the
NWo-striking faults of the ATF and (2) continuous fluid flow through
vertical high-flux conduits in the EW-striking faults of the LOFS. The
interplay between the studied faults allows one of the basic require-
ments for the development of shallow hydrothermal systems: an
architecture that permits the transportation of previously stored
hydrothermal fluids. These results suggest that areas of spatial
interaction between the ATF and LOFS are structurally ideal places
for concentrated hydrothermal activity. However, the occurrence
hydrothermal systems might not be exclusively spatially-related
to fault intersections, as evidenced by locally present fumaroles
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Fig. 13. a) Andersonian strike-slip A — o diagram. Such regime was inferred to act in both the LOFS and ATF exposures b) Non-Andersonian transtentional A — o diagram, only
present in the ATF exposure. Failure curves are color-coded: red = extension (mode I), green = extension +shear (modes I+II/III), blue = shear (mode II/IIl). Cold hydrostatic
and lithostatic pore fluid factors are depicted, along with typical overpressures in active geothermal areas (Taupo Volcanic Zone, 40-48% lithostatic pressure) (Rowland and
Simmons, 2012). See text for discussion. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Fig. 14. Conceptual model of the formation of shallow hydrothermal systems in the Southern Andes. The LOFS exposure registers continuous fluid flow through NE to EW-
striking extensional (mode I) or hybrid extensional + shear (modes I +II/III) fractures under long-term stress conditions (Andean interseismic). The behavior during Andean
co/postseismic is not registered in the studied exposure. On the other hand, the ATF segment records a switch in the tectonic regime. Failure in shear (mode II/IIl) probably
occurs during long-term stress conditions of Andean interseismic. Such a scenario could promote the storage of increasingly overpressured fluids under capping structures,
facilitating expulsions in large volumes during switches to failure in hybrid extension +shear (modes I +II/Ill), during Andean co/postseismic phases. See text for further
discussion. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).



172 T. Roquer et al. / Geothermics 66 (2017) 156-173

and hot springs (e.g. Tardani et al., 2016). Therefore, this work is a
first approach for understanding the complex dynamics of Andean
hydrothermal systems and its relationship with potential geother-
mal reservoirs.

6. Conclusions

The Liquifie-Ofqui Fault System (LOFS) and the Andean Trans-
verse Faults (ATF) were studied from the outcrop to the microscopic
scale, based on its textural, mineralogical and structural character-
istics. The main conclusions of this work are:

1) Architectural features in the studied exposures suggest that the
analyzed local splay fault of the LOFS cyclically fails in transten-
sion under an Andersonian strike-slip regime (i.e. o, ~oy). On
the other hand, the studied segment of the ATF records switches
in the outcrop-scale stress regimes, changing between failure in
transpression under an Andersonian strike-slip regime (o3 ~ oy)
and failure in transtension under a non-Andersonian transten-
sional regime (i.e. ox # oy, forx=1, 2, 3).

2) The dominant minerals detected through XRD in the study areas
are Ca and Ca(-Na) rich zeolites, found in geothermal systems
as a result of the interaction of chloride hydrothermal fluids of
near-neutral pH and volcanic rocks. Syntectonic zeolites in the
damage zones of the LOFS and the ATF exposures indicate min-
imum paleogeothermal gradients in the range of 30-70°C/km.

3) Modeled failure envelopes in N — o space indicate that for
0.5-3.0km, the ATF segment fails in shear (mode II/IIl) at
differential stresses > 28 MPa and fluid pressures < 40-80% litho-
static, in the Andersonian regime. Although failure in hybrid
extension +shear (modes I+II/IIl) at the ATF segment occurs at
comparable differential stresses (<20 MPa), fluid pressures need
to increase up to>85-98% lithostatic in the non-Andersonian
stress regime. In the LOFS exposure, failure occurs in extension
(mode I) or hybrid extension +shear (modes I+1I/III), at differ-
ential stresses < 28 MPa and fluid pressures >40-80%, in the
Andersonian stress regime.

4) Long-term stress conditions are related to the Andersonian
stress regime, which favors continuous fluid flow in the
EW-striking splay faults of the LOFS. On the other hand, quasi-
instantaneous relaxation of the continental plate is related to the
non-Andersonian stress regime, which allows sporadic failure
associated with anomalously overpressured fluids in the ATF.
This suggests that fault-controlled compartments related to the
ATF need to accumulate and build up fluid pressures during
long-term Andersonian stress conditions. Since hydrothermal
systems require an architecture that both accumulates and
transports hydrothermal fluids, this could be specially favored
in areas of spatial interaction between the NW-striking and EW-
striking faults of the ATF and LOFS, respectively. This first-order
structural control must be taken into consideration for further
development and prospecting of geothermal reservoirs in the
Southern Andes.
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