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Abstract

Earthquakes are among the deadliest natural disasters causing, causalities for >50000 people for year
and tens of billions of euros of damage in the XXI century. Among the many factors controlling earthquake
mechanics, the three-dimensional architecture (i.e., geometry, topology and spatial distribution of fault
networks and fault-related damage) of fault systems and fluids contribute to the seismic vs. aseismic behavior
of faults. However, crustal faults (i.e., capable to generate >6.0 My earthquakes) are hardly well exposed at
the Earth’s surface. In turn, little is known about their architecture and spatio-temporal evolution. In this
thesis, I studied the Bolfin Fault Zone (BFZ), a crustal-scale Early Cretaceous strike-slip fault exceptionally
exposed over more than 40 km in the Atacama Desert (Northern Chile). Specifically, I focused on the (i)
structural evolution and along-strike architectural variability of the fault, and (if) the deformation and ambient
conditions (including fluid-rock interaction) during fault activity.

The BFZ is arranged into three main segments and has a sinuous crustal-scale geometry cutting
through Jurassic to Eatly Cretaceous diorite and tonalite-granodiorite plutons. Ancient (125-118 Ma) seismic
faulting, documented by pseudotachylytes, occurred at 5-7 km depth and =< 300 °C in a fluid-rich
environment as recorded by extensive propylitic alteration and epidote-chlorite(-quartz-calcite) veining. The
sinuous crustal-scale geometry of the BFZ resulted from (i) exploitation of precursory geometrical
anisotropies (i.e., magmatic foliation of plutons and dyke swarms) during fault nucleation and (ii) hard linkage
of these anisotropy-pinned fault segments, through splay faults, during fault growth. Overall, the BFZ
architecture consists of hydrothermally altered multiple fault core strands, presenting pseudotachylytes,
enveloped within a hydrothermally altered damage zone, which includes clusters of epidote-rich fault-vein
networks and dilational breccias occurring at fault intersections and linkages. By comparison with active
crustal fault zones, the pseudotachylyte-bearing fault network and extensive epidote-rich fault-vein networks
were associated with mainshock-aftershocks and swarm-like earthquake sequences, respectively. Hydrogen
isotope geochemistry indicates that pseudotachylytes formed in a rock-buffered environment, characterized
by limited and local fluid circulation. Instead, the later fluid-driven seismicity attested by the hydrothermal
fault-vein network was controlled by the ingression of surficial fluids in a more mature, hydraulically
connected, upper-crustal hydrothermal system. In conclusion, the BFZ represents an exhumed analogue of
crustal seismogenic volume, capable to have generated mainshock-aftershocks and later swarm-like
earthquake sequences. The transition in the type of seismic activity was controlled by the fault architecture

and the geochemical environment.



Riassunto

I terremoti sono tra i piu letali disastri naturali causando piu di 50000 vittime all'anno e decine di
miliardi di euro di danni nel XXI secolo. Tra i molti fattori che controllano la meccanica dei terremoti,
l'architettura tridimensionale (cio¢ la geometria, topologia e distribuzione spaziale del network di faglie e il
danneggiamento associato alle faglie) dei sistemi di faglia e i fluidi contribuiscono a controllare il
comportamento sismico vs. asismico delle faglie. Tuttavia, le faglie crostali (cio¢ in grado di generare
terremoti >06.0 My) sono difficilmente ben esposte sulla superficie terrestre. Per questo motivo, conosciamo
poco la loro architettura e la loro evoluzione spazio-temporale. In questa tesi, ho studiato la Faglia Bolfin (o
Bolfin Fault Zone, BFZ). E’ una faglia trascorrente a scala crostale del Cretaceo Inferiore eccezionalmente
esposta per oltre 40 km nel deserto di Atacama (Cile settentrionale). Nello specifico, ho studiato (i)
l'evoluzione strutturale, e (ii) la variabilita architetturale della faglia lungo strike, e (i) le condizioni
deformative e ambientali (compresa l'interazione fluido-roccia) durante l'attivita della faglia.

La BFZ ¢ composta di tre segmenti principali, ha una geometria sinuosa a scala crostale che taglia
plutoni dioritici e tonalitici-granodioritici del Giurassico-Cretaceo Inferiore. La antica sismicita (125-118 Ma),
documentata da pseudotachiliti, ¢ avvenuta a 5-7 km di profondita e < 300 °C in un ambiente ricco di fluidi
come documentato da un'estesa alterazione propillitica e vene di epidoto-clorite(-quarzo-calcite). La
geometria sinuosa a scala crostale della BFZ ¢ il risultato di (i) sfruttamento di anisotropie geometriche (cioe
foliazione magmatica di plutoni e sciami di dicchi) durante la nucleazione della faglia e (i) connessione di
questi segmenti di faglia vincolati dalle anisotrope, attraverso faglie di tipo splay, durante la crescita della
faglia. Nel complesso, l'architettura della BFZ ¢ costituita da nuclei di faglia multipli e alterati
idrotermalmente, che presentano pseudotachiliti, inclusi all'interno di una zona di danneggiamento alterata
idrotermalmente, che include network di vene-faglie mineralizzate a epidoto e brecce dilatanti che si trovano
in corrispondenza di intersezioni e connessioni di faglia. Comparando la BFZ con faglie crostali sismicamente
attive, il network di faglie a pseudotachiliti e 'esteso network di vene-faglie mineralizzate a epidoti sono
associate rispettivamente a terremoti mainshock-aftershock (1) e sciami sismici. Lla geochimica degli isotopi
dell'idrogeno indica che le pseudotachiliti si sono formate in un ambiente tamponato dalle rocce incassanti,
caratterizzato da una circolazione limitata e locale di fluido. Invece, la successiva sismicita guidata da a fluidi
attestata dal network di vene-faglie idrotermali ¢ stata controllata dall'ingresso di fluidi superficiali in un
sistema idrotermale pit maturo e collegato idraulicamente. In conclusione, la BFZ rappresenta un analogo

esumato del volume sismogenico crostale, in grado di aver generato terremoti mainshock-aftershock, e
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successivi sciami sismici. La transizione del tipo di attivita sismica era controllata dall'architettura della faglia

e dall'ambiente geochimico.
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Introduction

Fault zones are geological structures controlling the deformation of the Earth’s crust, with a strong
impact on human social and economic activities by, in most cases, producing earthquakes. Fault zones
control the redistribution of water (e.g., Keegan-Treloar et al., 2022; Perrin and Luetscher, 2008) and other
natural resources, such as hydrocarbons (e.g., Aydin, 2000; Grauls et al., 2002; Moretti, 1998) and ore-rich
fluids (orgenic gold deposits: e.g., Goldfarb et al., 2005; Robert and Poulsen, 2001; Sibson and Scott, 1998;
Iron-Oxide-Cupper-Gold deposits: e.g., Duncan et al., 2014; Williams et al., 2005; ephitermal deposits: e.g.,
Berger and Henley, 2011; Sanchez-Alfaro et al., 2016; Simmons et al., 2005; giant porhyry deposits: e.g.,
Piquer et al., 2021; Richards, 2013; Sillitoe, 2010), in the crust, which are essential for life and strategic for
technological and economic progress. Fault zones also affect landscape evolution by creating
geomorphological and topographic features favorable to human settlements and land use (e.g., valleys, bays:
Bailey et al., 2011; King and Bailey, 2006). As a consequence, human settlements and economic activities are
often located nearby seismically active fault zones. In turn, this means that human life and infrastructures are
often developed in regions exposed to seismic hazard. The risk associated with seismic hazard is particularly
high in densely populated regions with complex infrastructures. Despite progress in earthquake engineering,
and fault and earthquake mechanics in the last decades, earthquakes are still among the deadliest natural
disasters, causing causalities for >50000 people per year (statistics based on the 2000-2015 period; US
Geological Survey, 2016) and tens of billions of euros of damage (just to remain in Italy, 6 billion Euro per
year since 1980). For instance, the recent 2023 Kahramanmaras Earthquake Sequence (Turkey and Syria),
characterized by two large-in-magnitude doublet events (magnitude moment My 7.8 and My 7.6 earthquakes)
caused an official death toll of over 57300 people (data at the end of March, 2023: Wikipedia). As a result,
improving our understanding regarding faults and their underlying processes, and consequently regarding
earthquake mechanics, is a scientific challenge pivotal for a safer development of human settlements and

economic activities.

Earthquake mechanics is controlled by many factors over a wide range of scales (i.e., from nm to
tens of km), including three-dimensional (3-D) architecture of fault systems, composition and frictional
properties of wall and fault zone rocks, stiffness of the wall rocks, mechanical and chemical effects of fluids,
deformation rates and regional and local stress fields, etc. (Scholz, 2019). At the scale of seismic rupture
propagation (i.e., over tens of kilometers), the 3-D architecture (i.e., geometry, topology and spatial

distribution of fault networks and fault-related damage; Fig. 1) of fault systems plays a first-order role in
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controlling earthquake rupture nucleation, propagation and arrest, spatiotemporal evolution of seismic
sequence and ground motion (e.g., Ben-Zion and Sammis, 2003; Chu et al., 2021; Cirella et al., 2012; Dal
Zilio et al., 2020; Howarth et al., 2021; Perrin et al., 2016; Pischiutta et al., 2017; Ross et al., 2020; Sibson,
1985; Sylvester, 1988; Wesnousky, 2006, 1988; Wollherr et al., 2019). Fault systems are composed by multiple
fault segments, possibly linked each other by branching faults, horsetail and splay faults, relay ramps,
contractional and dilational jogs and a combination of these structure, resulting in complex fault
networks/arrays which evolve through space and time (e.g., Cembrano et al., 2005; Crider and Peacock,
2004; d’Alessio and Martel, 2004; Kim et al., 2004, 2003; Martel, 1990; Segall and Pollard, 1983; Shipton and
Cowie, 2001; Vermilye and Scholz, 1998). Specifically, fault segmentation contributes to the propagation and
arrest of seismic ruptures (e.g., Wesnousky, 2000) and the relation between the fault systems and the regional
stress field influences the distribution of foreshocks and aftershocks during seismic sequences and the slip
distribution accommodated across the fault network (e.g., Kaven and Pollard, 2013). For instance, the 1992
My 7.3 Landers Earthquake (South California) ruptured five overlapping distinct fault segments and the
seismic rupture migration across the main fault segments was controlled by branching linkage faults within
overstepping step-overs (e.g., Abercrombie and Mori, 1994; Wollherr et al., 2019). In particular, only the two
segments of the dextral strike-slip fault system optimally oriented with the regional stress field slipped over
their relative total length, while only parts of the other involved segments ruptured (Wollherr et al., 2019).
Furthermore, fault systems consist of multiple fault zones interacting to each other in space and time,
producing complex along-strike and down-dip fault architecture (or fault system architecture). Consequently,
the structural evolution and architecture of brittle fault zones contribute to the seismic vs. aseismic behavior

of faults.
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Fig. 1. Model of the architecture of a seismogenic fault zone. Modified from Cocco et al. (2023) (a)
Conceptual model of fault zone architecture composed of a fault core enveloped with a damage zone. (b) A
fault zone consists of a (zoned) damage zone containing a fault core(s) where strain is localized within a
principal slip zone (PSZ), where available energy is released by co-seismic slip during earthquakes. The scale
changes from the PSZ (thickness of 1-20 mm) to the damage zone (thickness of 1-1000 m).

Despite progress in imaging (i) fault zone architecture through modern geophysical and seismological
techniques (Fig. 2) (double-difference tomography, trapped waves, earthquakes relocation: e.g., Allam and
Ben-Zion, 2012; Ben-Zion, 1998; Chiaraluce et al., 2011; Hale, 2013; Lewis and Ben-Zion, 2010; Li et al.,
2004; Ross et al., 2020; Unsworth et al., 1997; Valoroso et al., 2014, 2013; Zigone et al., 2015), and (ii)
spatiotemporal evolution of seismic sequences in active fault zones thanks to earthquake relocation method
(e.g., Chiaraluce et al., 2011; Ross et al., 2020; Sanchez-Reyes et al., 2021; Shelly et al., 2022; Valoroso et al.,
2013), these techniques hardly achieve high spatial resolution (i.e., of the order of hundreds of meters) at
seismogenic depths (i.e., 5-15 km depth, depending on geological setting, geothermal gradient, lithology, etc.;
Scholz, 2019), where most of earthquakes nucleate in the continental crust, except for rare cases (Collettini
etal.,, 2022; Liu et al., 2022; Ross et al., 2022, 2019). Fault-drilling projects allow direct characterization depths
of “fresh” fault zone rocks (e.g., Chelungpu Fault, Tohoku-Oki megathrust, Wenchuan Fault, Alpine Fault,
San Andreas Fault: Boullier et al., 2009; Chester et al., 2013; Li et al., 2013; Sutherland et al., 2012; Zoback
et al., 2011), but the investigated rock volumes is too small to furnish a 3-D characterization of the fault zone
architecture and the drilling depth is limited to 3-4 km at most. Consequently, the best tools to image and to
quantify fault zone architecture remain the field-based studies of exhumed fault zones. The study of exhumed

fault zones provides also information on fault evolution, fault kinematics and fault zone assemblages at high
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resolution to constrain fault mechanical and hydraulic behavior and deformation processes active during the
seismic cycle (e.g., Bistacchi et al., 2010; Cembrano et al., 2005, 2002; Coppola et al., 2021; Cox and Munroe,
2016; Demurtas et al., 2016; Di Toro and Pennacchioni, 2005; Fondriest et al., 2020a, 2015; Gomila et al.,
2016; Grocott, 1981; Jensen et al., 2019; Kirkpatrick et al., 2008; Kirkpatrick and Shipton, 2009; Lucca et al.,
2019; Marchesini et al., 2022; Masoch et al., 2019; Melosh et al., 2014; Mitchell and Faulkner, 2009;
Mittempergher et al., 2014; Rowe et al., 2005; Rowe and Griffith, 2015; Smith et al., 2013; Snoke et al., 1998;
Tesei et al., 2013; Wibberley and Shimamoto, 2003).



Fig. 2 Seismicity map of the San Jacinto Fault Zone (Southern California); modified from Ross et al., (2019).
Black lines represent Quaternary faults. Colored dots are hypocenters (classified by depth) relocated from
the South California Seismic Network catalog (upper panel), including 180000 earthquakes, and from the
catalog implemented by using quake template matching (lower panel), including 1.81 million of earthquakes.
Note the increase in spatial resolution at seismogenic depths in imaging architecture of faults by this new
method.

Many continental crustal earthquakes nucleate in crystalline basement rocks (Scholz, 2019).
Geological and geophysical studies have highlighted that the nucleation and growth of brittle fault zones
cutting through these rocks are associated with either (i) formation of new fractures whose orientation is
controlled by the regional or local stress field based on the rock failure criteria ("Anderson theory"; e.g.,

Anderson, 1951; Mandl, 1988; Naylor et al., 1986; Pennacchioni and Mancktelow, 2013; Swanson, 20006a;
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Woodcock, 1986) and (ii) exploitation of either pre-existing (i.e., inherited from earlier deformation history;
related to stratigraphic and paleogeographic boundaries) or precursory (i.e., related to the same deformation
history and regional stress field) structures within the crystalline basements (e.g., fractures, dykes, ductile
shear zones, weak mylonitic horizons, etc.: Bistacchi et al., 2012, 2010; Butler et al., 2008; Crider, 2015; Crider
and Peacock, 2004; d’Alessio and Martel, 2005; Kirkpatrick et al., 2008; Mandl, 1988; Martel, 1990; Massironi
et al., 2011; Mittempergher et al., 2021; Pachell and Evans, 2002; Pennacchioni et al., 2006; Phillips et al.,
2019; Segall and Pollard, 1983; Smith et al., 2013; Storti et al., 2003; Swanson, 2006b, 1988; Sylvester, 1988;
Wedmore et al., 2020; Whipp et al., 2014). Nevertheless, how major crustal-scale fault zone nucleate and
evolve in crystalline basements and how their architecture varies along strike represent long-standing, but
poorly investigated, issues in structural and earthquake geology, which only a few contributions have
attempted to constrain (e.g., Bistacchi et al., 2010; Butler et al., 2008; Cembrano et al., 1996; Kirkpatrick et
al., 2013; Perrin et al., 2016; Shigematsu et al., 2017; Wedmore et al., 2020). Even more rare in the literature
are the cases of major, sezsmogenic fault zones whose structural evolution and architecture have been
quantitatively documented over segments of a few kilometers (Bistacchi et al., 2010; Cembrano et al., 1996;
Faulkner et al., 2008; Wibberley and Shimamoto, 2003) Indeed, moderate to large in magnitude (Mw >06)
earthquakes rupture faults extending for >15 km in length, but these faults are rarely well-exposed along
their whole length at the Earth’s surface due to weathering and vegetation or Quaternary cover. Moreover,
mature fault zones record a long, polyphase deformation history, which might obliterate the incipient stages
of their formation and growth. Thus, the field geologists’ challenge in studying ancient, crustal-scale
seismogenic fault systems is to find large outcrops which meet the following criteria:
e cxcellent preservation over kilometer-scale exposures of the spatial arrangement of structures (e.g.,
fractures, dykes and faults) related to multiple deformation stages;
e faults exhumed from depths (i.e., 5-15 km depending on tectonic regime, rock composition,
temperature gradient, etc.; Scholz, 2019), where moderate to large in magnitude earthquakes nucleate

in the continental crust;

e cxcellent preservation of the fault and fracture networks over extensive exposures coupled with the
presence of tectonic pseudotachylytes (i.e., solidified frictional melts), unambiguous evidence of

seismic slip in the rock record (Cowan, 1999; Rowe and Griffith, 2015; Sibson, 1975).

The sinistral strike-slip Atacama Fault System in the exhumed magmatic arc of the Coastal Cordillera
(Northern Chile) (Arabasz, 1971; Brown et al., 1993; Cembrano et al.,, 2005; Grocott and Taylor, 2002;

Scheuber and Gonzalez, 1999; Seymour et al., 2021), associated with the ancient subduction of the Aluk
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(Phoenix) plate beneath the South America plate (Jaillard et al., 1990), is well exposed along strike over more
than 1000 km. The exceptional outcrop conditions result from the hyper-arid climate since 25-22 Ma (Dunai
et al., 2005) and the slow erosion rates in the Atacama Desert. This makes the Atacama Fault System an
outstanding setting for studying the structural evolution and architectural variability of major faults hosted
in the continental crust. In this thesis, we selected the Bolfin Fault Zone (BFZ), a major fault of the crustal-
scale dilational jog of the Caleta Coloso Duplex (Cembrano et al., 2005), because of (i) widespread occurrence
of pseudotachylytes along the fault zone and (ii) exceptional preservation of magmatic-related structures, and

of fault and fracture networks over more than 40 km along strike (Fig. 3).

In the first part of the thesis (Chapters 1-2), I addressed the spatio-temporal evolution of the BFZ
(Chapter 1) and characterized and quantified the along-strike architectural variability of the BFZ (Chapter
2), by using high-resolution geological surveys, analysis of satellite and drone images, construction of digital
outcrop models and detailed microstructural and mineralogical investigations of the fault zone rocks. The
BFZ is arranged into three main segments, has a sinuous crustal-scale geometry cutting through Jurassic to
Early Cretaceous diorite and tonalite-granodiorite plutons. Ancient (125-118 Ma) seismic faulting,
documented by pseudotachylytes, occurred at 5-7 km depth and < 300 °C in a fluid-rich environment as
recorded by extensive propylitic alteration and epidote-chlorite(-quartz-calcite) veining. In Chapter 1, I show
that the sinuous crustal-scale geometry of the BFZ resulted from (i) exploitation of precursory geometrical
anisotropies (i.e., magmatic foliation of plutons and dyke swarms) during fault nucleation and (ii) hard linkage
of these anisotropy-pinned fault segments, through splay faults, during fault growth. In Chapter 2, I show
that the BFZ architecture consists of hydrothermally altered multiple fault core strands, presenting
pseudotachylytes, enveloped within a hydrothermally altered damage zone, which includes clusters of
epidote-rich fault-vein networks and dilational breccias occurring at fault intersections and linkages. After
describing the BFZ architecture, I compare it with presently active crustal fault zones and I discuss how the
geodynamic setting played a first-order role in controlling (i) the pervasive fluid-rock interaction affecting
the fault zone and (i) the fluid-driven distributed seismicity occurring within the fault damage zone. The
extensive hydrothermal fault-vein networks found in the fault damage zone motivated the following sections
of the thesis, aiming at constraining the mechanics (Chapter 3) and the geochemical environment (Chapter

4) associated with the ancient fluid-driven seismicity.
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Fig. 3. The exceptional exposure of Bolfin Fault Zone in the Atacama Desert (Northern Chile). In this image
collected with a drone (unmanned aerial vehicle imagery has been used systematically in the thesis), the fault
zone is exposed over more than 10 km along strike.

Besides earthquake nucleation, propagation and arrest, fault zone architecture and its variability
influence hydraulic behavior of faults. Indeed, fault zones can act as either barriers or conduits for migration
of fluids in the Earth’s crust, such as magma (e.g., active magmatism and volcanism along the Liquifie-Ofqui
Fault System and the Andean Transverse Faults, Southern Andean Volcanic Zone: Cembrano and Lara,
2009; Late Oligocene plutonism along the Periadriatic Fault System, Alps: Rosenberg, 2004), hydrothermal
fluids (e.g., Mittempergher et al., 2014; Richards, 2013; Smeraglia et al., 2021; Tardani et al., 2016; Williams
et al., 2005), hydrocarbons (e.g., Aydin, 2000; Grauls et al., 2002) and groundwater (e.g., Keegan-Treloar et
al., 2022; Perrin and Luetscher, 2008). Fluids control fault mechanics by affecting mechanical and chemical
processes during the seismic cycle (Scholz, 2019). Seismic ruptures propagating along faults allow transient
increase of fault permeability promoting fluid flow (e.g., Cox, 2016; Micklethwaite et al., 2010; Sibson, 1985);
on the other hand, interseismic fault sealing due to hydrothermal precipitation can promote regain of strength
of ruptured fault segments and inhibit fluid flow (e.g., Cox and Munroe, 2016; Di Toro and Pennacchioni,
2005; Masoch et al., 2019). Transient increases of pore fluid pressure can however lead to seismicity by
lowering the effective stress active on a fault and triggering earthquake nucleation (“Terzaghi effect™ e.g.,
Cocco and Rice, 2002; Cox, 2010; Miller et al., 2004; Sibson, 1992). Moreover, fluid-rock interaction can

facilitate mass transfer processes and mineral reaction, gradually modifying the composition and fabric of
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fault rocks which in turn affect their mechanical and frictional properties (e.g., Gratier et al., 2011; Wintsch
et al., 1995). As a result, the mechanical and hydraulic behavior of fault zones varies substantially through
space and time are intrinsically coupled with each other (Caine et al., 1996; Chester and Logan, 1986; Faulkner

et al., 2010).

Seismic faulting coupled with sustained fluid flow is often observed in active hydrothermal-magmatic
systems (e.g., Yellowstone caldera, Wyoming: Shelly et al., 2013a; Long Valley Caldera, California: Shelly et
al., 20106, 2015; Mount Rainer, Washington: Shelly et al., 2013b; Mineral Mountains, Utah: Mesimeri et al.,
2021; West-Bohemia/Vogtland, Central and Western Europe: Fischer et al., 2014; Vavrycuk, 2002; Hakone
caldera, Japan: Yukutake et al., 2011; Patagonian batholith, Southern Andes, Chile: Legrand et al., 2011),
where the enhanced seismicity is mostly associated with swarm-like earthquake sequences (e.g., Fischer et al.,
2014; Legrand et al., 2011; Shapiro, 2015; Shelly et al., 2022). Earthquake swarm-like sequences are
characterized by clusters of low-in-magnitude seismic events without a characteristic mainshock that do not
follow Omori’s law of aftershocks (Mogi, 1963). Earthquake swarms have been thought to be triggered by
pore fluid pressure transients in dense km-scale mesh-like dilatant fault-fracture networks (Fig. 4) (Hill, 1977;
Sibson, 1996) and the associated seismic activity lasts from few days to months (e.g., Fischer et al., 2014;
Legrand et al., 2011; Shelly et al., 2022). Similar human-induced sequences are associated with industrial fluid
injection in boreholes (Ellsworth, 2013; Healy et al., 1968; Shapiro, 2015) and geothermal activities (e.g.,
Basel geothermal field; Deichmann et al., 2014). Despite progress in (i) monitoring and imaging evolution in
space and time of swarm-like earthquake sequences (e.g., Fischer et al.,, 2014; Shelly et al., 2022) and (ii)
scaling injected fluid volumes with seismic energy release through fluid-injection experiments (e.g., Dorbath
et al., 2009; Guglielmi et al., 2015), to date, our knowledge from the geological record about the eatly
evolution of a hydraulically mature, upper-crustal hydrothermal system (i.e., fluid-buffered environment with
high fluid/rock ratio), capable to have generated earthquake swarms remains limited (Cox and Munroe,
2016; Dempsey et al,, 2014; Sibson, 1996). Moreover, the source (e.g., magmatic, meteoric) of the

hydrothermal fluids triggering seismicity in these high-flux fluid settings is still poorly constrained.



Fig. 4. Mesh-like fault-fracture model for earthquake swarms proposed by Hill (1977). The model includes
interconnected shear, extensional and hybrid fractures. Moditied from Hill (1977) and Sibson (1996).

In Chapter 3, I investigated selected samples of epidote-rich veins from the extensive epidote-rich
fault-vein networks from the BFZ damage zone with the aim of unravelling how rocks may deform in an
uppet-crustal  hydrothermal —system. Thanks to high-resolution backscattered electron and
cathodoluminescence imaging couple with electron backscattered diffraction analysis, I document that the
proximal wall rock of small-displacements (< 1.5 m) sheared veins initially experienced a high-stress pulse,
attested by deformation lamellae in magmatic quartz (e.g., Derez et al., 2015; Drury, 1993; Trepmann and
Stockhert, 2013) and instantaneous micro-fracturing healing in a rock-buffered (i.e., relatively low fluid/rock
ratio) environment. Instead, the sheared veins associated with the conspicuous epidote deposition show
mutually overprinting events of extensional veining and cataclasis in a fluid-buffered (i.e., relatively high
fluid/rock ratio) environment. I discuss the complex deformation history recorded in the microstructures of
the veins and the associated damaged wall rocks, proposing that they are possible evidences of ancient

seismicity.

In Chapter 4, I investigated the origin of the fluids which interacted with the BFZ by using hydrogen
isotope geochemistry, a tool sensitive to meteoric water (e.g., Sharp, 2007). Geological data support the
hypothesis that the pseudotachylyte-bearing fault network was associated with mainshock-aftershocks

earthquake sequences; instead, the extensive hydrothermal fault-vein networks was associated with swarm-
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like earthquake sequences. I document that pseudotachylytes production occurred in a rock-buffered
environment, characterized by limited, local fluid circulation (i.e., fluids with the same isotopic compositions
of those of the magmatic wall rocks) similar to that found in other upper-crustal pseudotachylytes (Gole
Larghe Fault Zone, Adamello batholith: Mittempergher et al., 2014; Homestake Shear Zone; Sawatch Range:
Moecher and Sharp, 2004). Instead, the later fluid-driven seismicity attested by the extensive hydrothermal
fault-vein systems was controlled by the ingression of surficial (i.e., near-surface-derived) fluids in a more
mature, hydraulically connected, upper-crustal hydrothermal system. I discuss how the evolution of both the
fault-fracture architecture and the geochemical environment (also evidenced by the fault zone rock

assemblage), controls the transition from mainshock-aftershocks to swarm-like earthquake sequences.
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Methods

1. Structural analysis

Field structural surveys along with remote sensing were performed to characterize the regional-scale
pattern of tectonic lineaments (i.e., faults and shear zones) and dykes in the study area (analyzed area: 20 km
wide, 50 km long). Remote sensing analysis was performed using satellite images (i.e., Sentinel-2, Google
Earth and Bing) as reference maps coupled with published geological and structural maps (Cembrano et al.,
2005; Domagala et al., 2016; Gonzalez and Niemeyer, 2005). Six representative localities along the Bolfin
Fault Zone and two along the Cerro Cristales Shear Zone were selected for detailed analysis. At each locality,
we used a DJI Phantom 4 Pro drone to take nadir-directed aereophotographs. The images were processed
in Agisoft Metashape Professional software to generate high-resolution georeferenced orthomosaics (spatial
resolution of ~10 cm/pixel) used as base maps for the surveys at 1:300, 1:500 or 1:1000 scale. To describe
the fault zone rocks, we make reference to the classification of Sibson (1977) and Woodcock and Mort
(2008). The orientation and kinematics of the different structural elements (magmatic foliations, dykes, joints,
faults, ductile shear zones and veins) were systematically measured. Structural maps and data were digitalized
using ArcGIS® 10.6 and MOVE® software. Structural measurements were plotted onto stereonets (equal
area, low hemisphere) using Stereonet 10 (Allmendinger et al., 2011; Cardozo and Allmendinger, 2013) and
FaultKin 7 (Allmendinger et al., 2011; Marrett and Allmendinger, 1990). Further details regarding the
definition of the different structural units forming the Bolfin Fault Zone and the quantification of veins and

fault abundance are reported in the methodology section of each chapter.

2. Microstructural and mineralogical analysis

Oriented samples were collected for microanalytical investigations. Microstructural observations
were conducted on polished thin sections oriented parallel to fault lineation and orthogonal to the fault
surface and vein boundary. Transmitted-light optical microscopy was used to determine microstructural
features at thin section scale and to identify areas suitable for microanalytical investigations.

Scanning electron microscopy (SEM) was performed with three instruments:

@) a CamScan MX3000 equipped with backscattered electron (BSE) and semiquantitative energy

dispersion spectroscopy (EDS) detectors, installed at Department of Geosciences of

Universita degli Studi di Padova (Uni. Padova);
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(i) a JOEL JSM-6500F (Field Emission Gun-SEM; FEG-SEM) equipped with high-resolution
BSE and semiquantitative EDS detectors, installed at HP-HT laboratories of Istituto
Nazionale di Geofisica e Vulcanologia INGYV) in Rome;

(i11) a Tescan Solaris (FEG-SEM) equipped with high-resolution BSE, cathodoluminescence
(CL), electron backscattered diffraction (EBSD), and quantitative EDS and wavelength-
dispersive spectroscopy (WDS) detectors, installed at Department of Geosciences (Uni.
Padova).

Operating conditions of images and data acquisition, and details on EBSD data elaboration are
reported at the methodology section of each chapter.

Optical microscopy CL. (OM-CL) was applied to obtain information on chemical variations within
hydrothermal veins and breccia. The OM-CL was employed using a Nikon microscope equipped with a
Nikon camera working at 16-18 kV and 180-240 pA in a vacuum of 0.07-0.09 Torr, installed at Department
of Geosciences (Uni. Padova).

Bulk mineralogy of rock samples was retrieved though X-ray powder diffraction (XRPD), and
semiquantitative mineralogical composition were retrieved through Reference Intensity Ratio (XRPD-RIR)
method. XRPD analyses were performed with a PANalytical X’Pert Pro diffractometer equipped with a Co
radiation source, operating at 40 mA and 40 kV in the angular range of 3° < 20 < 85°, installed at Department
of Geosciences (Uni. Padova).

The composition of main mineral phases was obtained by electron wavelength-dispersive
microprobe analysis (EMPA) and WDS-FEG analysis. EMPA investigations were performed with a JOEL-
JXA8200 microprobe equipped with EDS-WDS (five spectrometers with twelve crystals), installed at INGV-
Rome, and a Cameca SX50 microprobe, installed at Department of Geosciences (Uni. Padova). WDS-FEG
investigations were performed with the Tescan Solaris, installed at Uni. Padova. Operating conditions of data

acquisition are reported in the methodology section of each chapter.

3. Geothermobarometry

P-T conditions of high-temperature tectonites forming the Cerro Cristales Shear Zone were
estimated using amphibole-plagioclase geothermobarometry. Pairs of amphibole and plagioclase grains in
contact with each other to estimate the temperature and pressure of fabric development using the amphibole-
plagiocalse NASi-CaAl exchange thermometer by Holland and Blundy (1994) and the empirical amphibole-
plagioclase Si-Al partitioning barometer by Molina et al. (2015)
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4. Hydrogen isotope analysis

Samples representative of the different structural elements pertaining of the Bolfin Fault Zone were
selected for hydrogen isotopic analysis from the six localities along the fault. Hydrogen isotope ratios were
measured on (1) hydrogen-bearing mineral phases separated from 700-um-thick double polished thin sections
through hand picking under the binocular microscope and (i) powders of bulk chlorite-rich cataclasites, bulk
pseudotachylytes, and bulk epidote-quartz-prehnite breccias. Manually separated hydrogen-bearing mineral
phases are biotite from unaltered tonalites-granodiorites, amphibole from unaltered diorites, chloritized
biotite from alteration halos associated with veins, epidote from epidote-rich veins and breccias, epidote
from earlier vein fragments within epidote-prehnite-quartz breccias and epidote-prehnite-chlorite cement
sealing the breccias. The samples were analyzed using a Flash 2000 Organic Elemental Analyzer in line with
a Delta V Advantage Isotope Ratio Mass Spectroscopy (IRMS), installed at Dipartimento di Geochimica
(Universita degli Studi di Roma La Sapienza), following the method described by Sharp et al. (2001). Between
2 and 4 replicates of 1.0-1.5 mg of biotite and powders of cataclasites and pseudotachylytes, and 2.0-2.5 of
amphibole, epidote and powders of hydrothermal breccias were analyzed per each sample, until a

reproducibility of £5%o was obtained. The results the analyses are presented in the standard de/fa notation:
R,— R
6= (Z—) + 1000
Rsta

where R is the ratio of the abundance of the heavy to the light isotope, x denotes the sample and sz/
the reference standard VSMOW (Vienna Standard Mean Ocean Water). The standards Bonsall biotite,
LLR151 biotite and LR8 amphibole were analyzed every series of 8-10 analyses, to correct for the apparatus

drift, based on standard 8D values of -59%o, -115%o0 and -178%o, respectively.
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Chapter 1

Structural evolution of a crustal-scale seismogenic fault in a magmatic arc: The Bolfin

Fault Zone (Atacama Fault System)

This study was performed with the collaboration of Rodrigo Gomila, Michele Fondriest, Erik Jensen,
Thomas Mitchell, Giorgio Pennacchioni, José Cembrano and Giulio Di Toro. I was assisted (but not
continuously) in the field by Rodrigo Gomila, Michele Fondriest, Erik Jensen, Giorgio Pennacchioni, José
Cembrano and Giulio Di Toro. I was assisted (but not continuously) during the remote sensing analysis by
Rodrigo Gomila. I was assisted (but not continuously) during the microstructural analysis by Rodrigo
Gomila, Michele Fondriest, Giorgio Pennacchioni and Giulio Di Toro. This chapter was published as the
following paper: Masoch, S., Gomila, R., Fondriest, M., Jensen, E., Mitchell, T., Pennacchioni, G., Cembrano,
J., Di Toro, G., 2021. Structural evolution of a crustal-scale seismogenic fault in a magmatic arc: The Bolfin

Fault Zone (Atacama Fault System). Tectonics 40. https://doi.org/10.1029/2021TC006818 . All the authors

discussed the data and agreed on their interpretation. I wrote the first version of the manuscript and all the

co-authors contributed to its final version.
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Abstract

How major crustal-scale seismogenic faults nucleate and evolve in crystalline basements represents a long-
standing, but poorly understood, issue in structural geology and fault mechanics. Here, we address the spatio-
temporal evolution of the Bolfin Fault Zone (BFZ), a >40-km-long exhumed seismogenic splay fault of the
1000-km-long strike-slip Atacama Fault System. The BFZ has a sinuous fault trace across the Mesozoic
magmatic arc of the Coastal Cordillera (Northern Chile) and formed during the oblique subduction of the
Aluk plate beneath the South American plate. Seismic faulting occurred at 5-7 km depth and < 300 °C in a
fluid-rich environment as recorded by extensive propylitic alteration and epidote-chlorite veining. Ancient
(125-118 Ma) seismicity is attested by the widespread occurrence of pseudotachylytes. Field geological
surveys indicate nucleation of the BFZ on precursory geometrical anisotropies represented by magmatic
foliation of plutons (northern and central segments) and andesitic dyke swarms (southern segment) within
the heterogeneous crystalline basement. Seismic faulting exploited the segments of precursory anisotropies
that were optimally to favorably oriented with respect to the long-term far-stress field associated with the
oblique ancient subduction. The large-scale sinuous geometry of the BFZ resulted from hard linkage of these

anisotropy-pinned segments during fault growth.
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1. Introduction
Most continental crustal deformation is localized into ductile shear zones and brittle, commonly
seismogenic, faults (e.g., Snoke et al., 1998). The nucleation and evolution of brittle faults in the upper
continental crust is associated with (i) formation of new fractures whose orientation is controlled by the
regional or local stress field based on rock failure criteria (e.g., Anderson, 1951; Chemenda et al., 2016; Jaeger
et al., 2009; Mandl, 1988; Naylor et al., 1986; Pennacchioni and Mancktelow, 2013; Swanson, 2006a, 1999a,
1999b; Woodcock, 1986), or (ii) exploitation of pre-existing structures (e.g., fractures, bedding, stratigraphic
contacts, fold hinges and limbs, dykes, ductile shear zones, etc.: Crider, 2015; Crider and Peacock, 2004,
d’Alessio and Martel, 2005; Davatzes and Aydin, 2003; Fondriest et al., 2020a, 2012; Mandl, 1988; Martel,
1990; Mittempergher et al., 2021; Nasseri et al., 1997, 2003; Pachell and Evans, 2002; Peacock and Sanderson,
1995; Pennacchioni et al., 2006; Segall and Pollard, 1983; Sibson, 1990; Smith et al., 2013; Swanson, 2006b,
1988; Sylvester, 1988). Geological and geophysical studies, rock analogue experiments and numerical models
have highlighted that crustal-scale (i.e., tens of km-long) brittle faults commonly exploit exhumed mylonitic
horizons in the crystalline basement (e.g., Balazs et al., 2018; Bellahsen and Daniel, 2005; Bistacchi et al.,
2012, 2010; Butler et al., 2008; Collanega et al., 2019; Hodge et al., 2018; Holdsworth et al., 2011; Massironi
et al.,, 2011; Naliboff et al., 2020; Phillips et al., 2019; Stewart et al., 2000; Storti et al., 2003; Sylvester, 1988;
Wedmore et al., 2020; Whipp et al., 2014). Nevertheless, only a few contributions have attempted to evaluate
the influence of precursory structures over crustal-scale faults (e.g., Bistacchi et al., 2010; Hodge et al., 2018;
Wedmore et al., 2020). In particular, the influence of magmatic-related structures, such as magmatic foliation
of ellipse-shaped plutons and dyke swarms, on fault nucleation and segmentation is poorly investigated.
Moreover, the evolution in space and time of crustal-scale, seismogenic faults remains poorly known (e.g.,
Kirkpatrick et al., 2013; Perrin et al., 2016; Shigematsu et al., 2017; Williams et al., 2017). Indeed, moderate
to large in magnitude (M >0) earthquakes rupture faults extending for >15 km in length, but such large faults
are rarely well-exposed along their whole length at the surface due to weathering and vegetation or
Quaternary cover. Major mature faults typically record a long, polyphase deformation history, which might
obliterate the incipient stages of nucleation and growth (e.g., Rizza et al., 2019). Thus, the field geologists’
challenge in studying ancient, crustal-scale seismogenic fault systems is to find large areas which meet the

following criteria:
e cxcellent preservation over kilometer-scale exposures of the spatial arrangement of structures (e.g.,

joints, dykes and faults) related to multiple deformation stages;
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e faults exhumed from depths (i.e., 5-15 km depending on tectonic regime, rock composition,
temperature gradient, etc.; Scholz, 2019), where moderate to large in magnitude earthquakes nucleate
in the continental crust;

e presence of tectonic pseudotachylytes (i.e., solidified frictional melts), unambiguous evidence of

seismic slip in the rock record (Cowan, 1999; Rowe and Griffith, 2015; Sibson, 1975).

The sinistral strike-slip Atacama Fault System (AFS) in the Coastal Cordillera (Northern Chile; Fig.
1) (Arabasz, 1971; Cembrano et al., 2005; Scheuber and Gonzalez, 1999), associated with the ancient
subduction of the Aluk (Phoenix) plate beneath the South America plate, is well exposed along strike over
more than 1000 km. The exceptional outcrop conditions result from the hyper-arid climate since 25-22 Ma
(Dunai et al., 2005) and the slow erosion rates in the Atacama Desert. This makes the AFS an outstanding
setting for studying the structural evolution of major faults hosted in the continental crust. Here we consider
the Middle-Late Jurassic-Early Cretaceous sequence of magmatic, solid-state and brittle deformation that
developed along the Northern Paposo segment of the AFS. Specifically, we consider the evolution of the
>40-km-long seismogenic Bolfin Fault Zone (BFZ) and the large-scale syn- to post-magmatic Cerro Cristales
Shear Zone (CCSZ) (Figs. 1-2). The study integrates (i) geological field mapping, (i) analysis of satellite and
drone images, and (iiif) microstructural investigations of fault zone rocks and host rocks. We show that the
large-scale sinuous geometry of the seismogenic BFZ is imposed by the local pinning of fault orientation on
magmatic structures related to the precursory history of the magmatic arc. The BFZ was seismogenic, as
attested by widespread occurrence of pseudotachylytes, and active at ambient temperatures of < 300 °C and
depths of 5-7 km in a fluid-rich environment. We conclude that magmatic-related structures, such as foliated
plutons and dyke swarms, may partly control the nucleation, evolution and geometry of crustal-scale

seismogenic faults.

Fig. 1. Tectonic setting of the Atacama Fault System (AFS) in the Coastal Cordillera (Atacama Desert,
Northern Chile). (a) Crustal-scale geometry of the AFS with its three concave-shaped main segments.
Shaded-relief image modified from Cembrano et al. (2005) and Veloso et al. (2015). Red box indicates the
area shown in (b). The inset map shows the approximate plate configuration coeval with the Mesozoic
sinistral strike-slip deformation along the AFS. Redrawn from Jaillard et al. (1990). (b) Simplified geological
map of the Coastal Cordillera along the Paposo segment. Igneous lithologies are mapped with color coding
by age. Unmapped areas represent metamorphic units and sedimentary covers. Data compiled and simplified
from Cembrano et al. (2005), Domagala et al. (2016), Gonzalez and Niemeyer (2005) and SERNAGEOMIN
(2003). DTM base layer elaborated from USGS Aster GDEM database (https://earthexplorer.usgs.gov/) as
base map. Red box indicates the studied area (Figs. 2-3).
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2. Geological setting

2.1. Coastal Cordillera

The Coastal Cordillera represents the Jurassic-Early Cretaceous continental magmatic arc, formed
during oblique subduction of the Aluk (Phoenix) oceanic plate underneath the South America plate (inset in
Fig. 1a) (Parada et al., 2007 and references therein). The magmatic arc is mainly composed of gabbro to
granodiorite plutons and basaltic to andesitic volcanic rocks (La Negra Formation) (Fig. 1b). Mesozoic
plutons are large, elongated (N-S) bodies intruded at middle to upper crustal levels within a Paleozoic
metamorphic basement (Mejillones Metamorphic Complex and Chafiaral Mélange) (Hervé et al., 2007 and
references therein).

Since Middle-Late Jurassic, growth of the magmatic arc was associated with nearly arc-perpendicular
crustal extension, under a Mariana-type subduction. This promoted the emplacement of large intrusions at
shallow depth (Brown et al., 1993; Grocott et al., 1994; Grocott and Taylor, 2002; Scheuber and Gonzalez,
1999). This stage is recorded by N-S trending extensional brittle faults and ductile shear zones, and
homoclinal tilting of Jurassic La Negra Formation (Brown et al., 1993; Scheuber and Gonzalez, 1999). During
Late Jurassic-Early Cretaceous, intra-arc dextral transtension induced the emplacement of NE-striking
andesitic dykes (Scheuber and Gonzilez, 1999). Since Early Cretaceous, the Coastal Cordillera underwent
intra-arc sinistral and sinistral transtensional deformation due to the SE-directed oblique subduction
(Scheuber and Gonzalez, 1999). This deformation stage is recorded by the emplacement of NW-striking
andesitic dykes and the formation of the trench-parallel AFS (Scheuber and Andriessen, 1990; Scheuber and
Gonzalez, 1999).

2.2. Atacama Fault System (AFS)

The 1000-km-long AFS is the major crustal-scale, strike-slip fault system within the present-day
forearc of the Central Andes (Fig. 1) (Arabasz, 1971; Brown et al., 1993; Cembrano et al., 2005; Scheuber
and Gonzalez, 1999). The AFS includes three main, curved segments (from north to south): (i) Salar del
Carmen, (ii) Paposo and (iii) El Salado (Fig. 1a).

The AFS developed in Early Cretaceous accommodating intra-arc sinistral and sinistral transtensional
deformation, once the axis of arc magmatism migrated eastwards (Scheuber et al., 1995; Scheuber and
Gonzialez, 1999). Brittle faults overprinted mylonites of similar kinematics and the age of ductile and brittle
deformation varies along strike (Brown et al.,, 1993; Scheuber et al., 1995; Scheuber and Gonzalez, 1999;
Seymour et al., 2021, 2020). Along the Paposo segment, in the outer shell of the Cerro Paranal Pluton, syn-

mylonitic hornblende and biotite yield *Ar/”Ar and Rb-St ages in the range between 138 and 125 Ma
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(Scheuber et al., 1995). Similar zircon U-Pb ages, referred to the onset of ductile deformation, were reported
in the southern Paposo segment (~139 Ma; Ruthven et al., 2020). Brittle faulting was constrained between
125 and 118 Ma (Olivares et al., 2010; Scheuber and Andriessen, 1990). Extensional faulting along the AFS
was reported during Miocene to post-Miocene in response to large magnitude subduction earthquakes (e.g.,

Gonzalez et al., 2006, 2003).

2.3. Geology of the Bolfin area (23°45’S - 24°15°S)

The crystalline basement of the Bolfin area consists of (i) Early-Middle Jurassic meta-igneous Bolfin
Complex, (ii) Late Jurassic plutons and (iii) Late Jurassic to Early Cretaceous Cerro Cristales Pluton, and (iv)
volcanoclastic rocks of the LLa Negra Formation (Figs. 1b, 2, 3). The Bolfin Complex consists of diorites and
gabbros, partially to completely recrystallized at amphibolite-granulite facies, metamorphic conditions
(Gonzalez and Niemeyer, 2005; Lucassen and Franz, 1994; Lucassen and Thirlwall, 1998).

The Cerro Cristales Pluton, formed by tonalite-granodiorite and diorite-quartz-diorite units
(Domagala et al., 2016; Gonzalez, 1999; Gonzalez and Niemeyer, 2005), is a NNE-elongated body showing
an outer shell of strongly foliated rocks (Figs. 2-3). The eastern and southern contact between the pluton
and host rocks is marked by the large-scale CCSZ (Gonzalez, 1999) (Fig. 2). According to Gonzalez (1999),
the CCSZ is a sinistral strike-slip ductile shear zone active at amphibolite-facies conditions, favoring and
controlling the emplacement of the pluton. NW-striking syn-kinematic diorite and andesite dykes cut both
the plutonic and volcanic rocks. These dykes represent the last magmatic event coeval with the formation of
the AFS (Olivares et al., 2010; Scheuber and Gonzalez, 1999).

Large-scale, sinistral strike-slip faults of the AFS cut through the crystalline rocks (Figs. 1-3). Some
of the N-striking major faults and NW- to NNW-striking splay faults are hierarchically organized into strike-
slip duplexes over a wide range of scales (Cembrano et al., 2005; Jensen et al., 2011; Veloso et al., 2015).
Most of the splay faults accommodated displacements up to a few kilometers (Cembrano et al., 2005; Gomila
et al., 2016; Mitchell and Faulkner, 2009). Brittle faulting occurred at 5-7 km depth at greenschist- to sub-
greenschist-facies conditions (280-350 °C: Arancibia et al., 2014; Cembrano et al., 2005). Faulting developed
chlorite-rich cataclasites, associated with pervasive syn-kinematic hydrothermal activity attested by the
widespread occurrence of epidote- and chlorite-rich faults and veins (Arancibia et al., 2014; Cembrano et al.,
2005; Herrera et al., 2005; Olivares et al., 2010). In our study, we focus on the chlorite-rich cataclastic rocks.

The BFZ is a third-order fault of the AFS bounding the kilometer-scale Caleta Coloso Duplex (Figs.
1b, 2, 3) (Cembrano et al., 2005; Herrera et al., 2005; Olivares et al., 2010). The Early Cretaceous strike-slip
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structure of the BFZ was overprinted by Late Cenozoic extensional faulting. During this later stage, Miocene-

to-Pliocene continental deposits were juxtaposed with chlorite-rich cataclasites of the BFZ fault core.

Fig. 2. Geological map of the Bolfin area and structural data from the two localities along the Cerro Cristales
Shear Zone (CCSZ). Stereoplots (lower hemisphere, equal area) display (1) poles-to-planes (bold circles) of
high-temperature foliation, magmatic foliation and aplite/pegmatite dykes and (i) mineral stretching
lineations (open circles) within high-temperature and magmatic foliations. In the stereoplots, the dashed line
indicates the mean attitude of the CCSZ at each locality. The structural data of deformation stage 2,
associated with the ductile reworking of dykes, are presented in Fig. 5c. Dashed black boxes indicate the
locations of geological maps in Figs. 6-7.
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Fig. 3. Geological map of the Bolfin area and structural data from the six localities along the Bolfin Fault
Zone (BFZ) divided by deformation stages (see Fig. 2 for the map legend). In the stereoplots (lower
hemisphere, equal area), the dashed red line indicates the mean attitude of the fault core of the BFZ.
Structural data of deformation stage 2, associated with the ductile reworking of dykes, are presented in Fig.
5c¢. Dashed black boxes indicate the locations of geological maps in Figs. 6-7.
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3. Methods

Original field structural surveys along with remote sensing analysis were performed to characterize
the regional-scale pattern of tectonic lineaments (i.e., faults and shear zones) and dykes in the study area (20
km wide, 50 km long). Remote sensing analysis was performed using satellite images (i.e., Sentinel-2, Google
Earth and Bing) as reference maps coupled with published geological and structural maps (Cembrano et al.,
2005; Domagala et al., 2016; Gonzalez and Niemeyer, 2005). Six representative localities along the BFZ and
two along the CCSZ were selected for a detailed analysis (Figs. 2-3). At each locality, we used a DJI Phantom
4 Pro drone to take nadir-directed aereophotographs. The images were processed in Agisoft Metashape
Professional software to generate high-resolution georeferenced orthomosaics (spatial resolution of ~10
cm/pixel) used as base maps for the surveys at 1:300, 1:500 or 1:1000 scale. The orientation and kinematics
of the different structural elements (magmatic foliations, dykes, joints, faults and ductile shear zones) were
systematically measured and digitalized using ArcGIS 10.6 software. Structural measurements (n=2716) were
plotted onto stereonets (equal area, low hemisphere) using Stereonet 10 (Allmendinger et al., 2011; Cardozo
and Allmendinger, 2013).

Oriented rock samples (n=178) were collected for microanalytical investigations. Microstructural
observations were conducted on polished thin sections (n=60) oriented parallel to the X kinematic direction
(stretching lineation and slickenline in shear zones and faults, respectively) and orthogonal to the X-Y plane
(shear zone boundary and fault plane). Transmitted-light optical microscopy (OM) was used to determine
microstructural features at thin section scale and to identify areas suitable for microanalytical investigations.
Scanning electron microscopy (SEM) was used to acquire high-resolution backscattered electron (BSE)
images coupled with semiquantitative energy dispersion spectroscopy (EDS) elemental analysis. SEM and
Field-emission SEM investigations were performed with a CamScan MX3000 operating at 25 kV at
Department of Geosciences at Universita degli Studi di Padova and a JOEL JSM-6500F operating at 15 kV
at HP-HT laboratories of Istituto Nazionale di Geofisica e Vulcanologia INGV) in Rome, respectively. Bulk
mineralogy of rock samples was retrieved through X-ray powder diffraction (XRPD), and semiquantitative
mineralogical composition were retrieved through Reference Intensity Ratio (XRPD-RIR) method. XRPD
analyses were performed with a PANalytical X’Pert Pro diffractometer equipped with a Co radiation source,
operating at 40 mA and 40 kV in the angular range 3° < 20 < 85°, installed at Department of Geosciences
(Padova). Mineral composition of main mineral phases was obtained by electron wavelength-dispersive
microprobe analysis (EMPA). EMPA investigations were performed with a Joel-JXA8200 microprobe
equipped with EDS-WDS (five spectrometers with twelve crystals), installed at INGV-Rome, and a Cameca

SX50 microprobe, installed at Department of Geosciences (Padova). Data were collected using 15 kV as
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accelerating voltage and 7.5 nA as beam current. A slightly defocused electron beam with a size of 5 pm was
used, with a counting time of 5 s on background and 10 s on peak. Albite (Si, Al and Na), forsterite (Mg),
pyrite (Fe), rutile (T1i), orthoclase (K) and apatite (Ca and P) were used as standards. Sodium and potassium
were analyzed first to prevent alkali migration effects. The precision of the microprobes was measured
through the analysis of well-characterized synthetic oxide and mineral secondary standards. Based on
counting statistics, analytical uncertainties relative to their reported concentrations indicate that precision

was better than 5% for all cations.

4. Field observations

We describe the spatial distribution and attitude data for magmatic, solid-state and brittle
deformation structures for eight localities. Two localities are along the CCSZ, at the contact between the
Cerro Cristales Pluton and either the meta-diorite of the Bolfin Complex (Quebrada Museo) or the Late
Jurassic gabbro of the Cerro Mulato (CCSZ-North) (see locations in Fig. 2). Six localities are along the BFZ
and are referred to as Playa Escondida, Sand Quarry, Fault Bend, Quebrada Corta (within the Bolfin
Complex), Ni Miedo and Quebrada Larga (within the Cerro Cristales tonalite-granodiorite) (see locations in

Fig. 3).

4.1. Dyke generations
Four generations of dykes were recognized based on their composition and crosscutting relationships
(Fig. 4). From the oldest to the youngest they include:

(1) Amphibolitic dykes are composed of amphibole and minor plagioclase with grain size of up to 5 mm.

The dykes, up to 50-cm-thick, have wavy boundaries or magma-mingling structures with the host rocks (Fig.
4a) and are commonly foliated. They strike preferentially NE-SW to NW-SE with moderate to sub-vertical
dip angles (>45°) (Fig. 5a) and intrude both the plutonic rocks of the Bolfin Complex and of the Cerro
Cristales Pluton, and the fault rocks of the CCSZ.

(iz) Lencocratic dykes are composed of plagioclase with minor amphibole with grain size up to 15 mm.
The dykes, up to 50-cm-thick, exhibit sharp boundaries with the host rocks and commonly localized ductile
(solid-state) shearing along their boundaries (Fig. 4b). The dykes are steeply dipping (>80°) and strike
preferentially E-W; instead, a minor set strikes N-S (Fig. 5b).

(121) Pegmatite and aplite dykes are widespread along both the CCSZ and the BFZ. These dykes are zoned

(with K-feldspar margins and quartz-plagioclase-muscovite cores), have sharp boundaries with the host

rocks, and do not show an internal ductile fabric (Fig. 4c-d). Pegmatites, up to ~50-cm-thick (Fig. 4c), are
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arranged into two sets striking to NE and NW (the latter set is more pervasive) (Fig. 5d). Steeply dipping
(>70°) pegmatites cut the CCSZ (Figs. 4c, 7). Aplites, up to 5-cm-thick (Fig. 4d), are arranged into three
main sets, moderately to shallowly dipping towards NE, SW and SE (Figs. 4d, 5d). Pegmatites and aplites
cut each other and cut the amphibolitic and leucocratic dykes (Figs. 4a, 4c-d).

(iv) Andesitic and tonalitic dykes have sharp contacts with the host rocks and do not show ductile internal

deformation. The dyke contacts are locally exploited by brittle faults. The andesitic dykes, the most common
dykes in the Bolfin area, have lengths up to several kilometers and widths up to ~3 meters (Figs. 6-8). The
few tonalitic dykes have lengths up to hundreds of meters and widths up to 4 meters (Figs. 6-7). The andesitic
dykes cut the CCSZ and are cut by the BFZ (Figs. 6-7). There are several sets of andesitic and tonalitic dykes
(Fig. 5¢). The steeply (>70°) and gently (< 60°) dipping NW-striking andesitic dykes cut: (i) the CCSZ, (ii)
the pegmatite and aplite dykes, (iii) the NE-striking andesitic to tonalitic dykes, and (iv) the gently dipping
(< 60°) NW-striking tonalitic dykes (at CCSZ-North, Fig. 7). Along the BFZ (in the Ni Miedo area, Fig. 3),
the NW-striking tonalitic dykes cut the NE-striking andesitic to tonalitic dykes. In conclusion, the andesitic

and tonalitic dyke cut each other and cut all the other generations of dykes.

Fig. 4. Dykes and syn-magmatic to post-magmatic high—temperature structures related to the tectono-
magmatic evolution of the studied area (deformation stages 1-3 or pre-Bolfin Fault Zone s.s.). (a)
Dismembered amphibolitic dyke (deformation stage 1) within the foliated meta-diorites of the Bolfin
Complex. The black amphibolitic dyke is cut by leucocratic (dashed black lines; deformation stage 2) and
pegmatite dykes (solid lines; deformation stage 3). Lens cover for scale; cover width: 5.2 cm. WGS84 GPS
location: 24.000489°S, 70.442743°W. (b) Paired ductile shear zone at the boundary of a leucocratic dyke
within the meta-diorites of the Bolfin Complex (deformation stage 2). Dextral sense of shear. WGS84 GPS
location: 23.999886°S, 70.444403°W. (c) Pink pegmatite dykes cutting the Cerro Cristales Shear Zone at
CCSZ-North locality (deformation stage 3). WGS84 GPS location: 24.063805°S, 70.457332°W. (d) Shallow
dipping aplite dykes (pink; deformation stage 3) cutting a dark grey amphibolitic dyke (deformation stage
1). Hammer for scale; height 33 cm. WGS84 GPS location: 24.000409°S, 70.443231°W. (e) Foliated meta-
diorite of the Bolfin Complex close to the contact with the CCSZ at Quebrada Museo locality (deformation
stage 1). Mafic enclaves define the magmatic foliation. Lens cover for scale. WGS84 GPS location:
23.9983694°S, 70.4409305°W. (f) Mafic tectonite of the CCSZ (deformation stage 1, Quebrada Musco
locality). Sigmoidal amphiboles and sigma-type plagioclase porphyroclasts (white lines) indicate dextral sense
of shear. XZ section. 1-euro coin for scale. WGS84 GPS location: 23.9967600°S, 70.4396600°W. (g) Foliated
tonalite of the Cerro Cristales Pluton (deformation stage 1, CCSZ-North locality). The magmatic foliation
is defined by asymmetric mafic microgranular enclaves (white lines) indicating dextral kinematics. Hammer
for scale; head width: 18 cm. WGS84 GPS location: 24.062278°S, 70.456497°W. (h) Mafic tectonite along
the CCSZ at CCSZ-North (deformation stage 1). Sigmoidal amphibole lenses and shear band boudins
indicate dextral sense of shear. Neatly XZ section. 100-pesos coin for scale. WGS84 GPS location:
24.062922°S, 70.460754°W.
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Fig. 5. Lower hemisphere, equal area stereonets of poles to (a) amphibolitc dykes, (b) leucocratic dykes, (c)
small-scale high-temperature ductile shear zones (associated with the deformation stage 2) exploiting the
amphibolitic dykes (squares) and nucleating at the external boundaries of the leucocratic dykes (circles), (d)
pegmatite and aplite dykes (cumulative stereographic plot) and (e) andesitic to tonalitic dykes (cumulative
stereographic plot). The structural data are from all the eight studied localities along the Cerro Cristales Shear
Zone (Fig. 2) and the Bolfin Fault zone (Fig. 3). Solid symbols indicate planes and shear planes, whereas
open ones indicate mineral stretching lineations.

4.2. Magmatic and solid-state deformation

4.2.1. Cerro Cristales Shear Zone (CCSZ)

The CCSZ is a 30-km-long and up to ~600-m-thick shear zone bounding the eastern and southern
sides of the ellipse-shaped Cerro Cristales Pluton (Fig. 2). The CCSZ mainly strikes NNE-SSW, bending
towards E-W in its southern end (Fig. 2). At Quebrada Museo locality (Figs. 2, 6), the meta-diorite shows a
steep (>75°) NNE-striking magmatic foliation defined by alignment of feldspar and amphibole crystals. The
contact between the CCSZ and the Bolfin Complex is transitional and highlighted by a swarm of elongate
mafic microgranular enclaves sub-parallel to the magmatic foliation (Fig. 4¢). The CCSZ consists of strongly
foliated and lineated high-grade rocks (hereafter referred to as mafic tectonites). The foliation of the mafic
tectonites is steeply dipping (>80°) and parallel to the magmatic foliation with a prominent stretching
lineation, marked by amphibole, plunging shallowly (< 30°) to NNE (Fig. 2). Kinematic indicators indicate
dextral sense of shear (Fig. 4f).

At CCSZ-North locality (Figs. 2, 7), the Cerro Cristales tonalite is strongly foliated (Fig. 4g). The sub-
vertical magmatic foliation, marked by alignment of euhedral plagioclase and amphibole crystals, strikes sub-
vertically (>80°) NNE-SSW and is associated with a mineral lineation, marked by quartz aggregates, plunging
shallowly toward NNE (Fig. 2). Close to the contact with the CCSZ, the presence of asymmetric mafic
microgranular enclaves within the Cerro Cristales tonalite indicate a dextral sense of shear (Fig. 4g). The
contact between the Cerro Cristales tonalite and the mafic tectonites of the CCSZ is sharp (Fig. 7). The mafic

tectonites show the same structural features as observed at Quebrada Museo locality (Figs. 2, 4h).

4.2.2.  Magmatic foliation along the Bolfin Fault Zone (BFZ)

The rocks of the Bolfin Complex and Cerro Cristales Pluton are foliated along most of the BFZ. The
magmatic foliation is defined by the preferred alignment of plagioclase and amphibole crystals (Fig. 8), and
by elongated mafic enclaves. From north to south (localities, geological maps and structural data in Fig. 3),

the magmatic foliation:

e strikes N-S and dips steeply to the E (Bolfin Complex, Playa Escondida and Sand Quarry localities);
30



e strikes N-S and is sub-vertical (Bolfin Complex, Fault Bend locality);

e strikes N-S, is sub-vertical and ~4-km-long and ~300-m-wide (Bolfin Complex, Quebrada Corta
area. Figs. 0, 8);

e strikes NW-SE to NNW-SSE and is sub-vertical (Cerro Cristales Pluton, Ni Miedo locality);

e is weak and scattered (the plutonic rocks are mainly isotropic), and strikes ENE-WSW with

moderate to shallow dip angles (< 40°) towards S or NNW (Cerro Cristales Pluton, Quebrada

Larga locality).
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Fig. 6. Detailed geological map of Quebrada Corta and Quebrada Museo localities along the Bolfin Fault
Zone and the Cerro Cristales Shear Zone, respectively, and geological cross-section across the Bolfin Fault
Zone. The cross section is oriented N64°E (i.e., perpendicular to the fault core strike). The ~75-m-wide
cataclastic fault core (i.e., low- and high-strain domains) of the BFZ overprints the well-developed sub-
vertical magmatic foliation of the Jurassic meta-diorites belonging to the Bolfin Complex. The axes are in
scale X:Y = 1:2 (Le., vertical exaggeration of 2X). Google Earth imagery is used as base reference map.
Coordinate reference system and projection are WGS84 UTM Zone 19S and Transverse Mercator,
respectively. Unmapped areas represent Miocene to Quaternary continental deposits.
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Fig. 7. Detailed geological map of CCSZ-North locality along the Cerro Cristales Shear Zone. Google Earth
imagery as base reference map. Coordinate reference system and projection are WGS84 UTM Zone 19S and
Transverse Mercator, respectively. Unmapped areas represent Miocene to Quaternary continental deposits.

4.2.3. Small-scale ductile shear zones

Small-scale (cm-dm thick) ductile shear zones are common in the studied area. Paired shear zones
(sensu Pennacchioni and Mancktelow, 2018) flank sub-vertical leucocratic dykes in the Bolfin Complex (Fig.
4b). These strike-slip shear zones accommodated either dextral (E-striking set) or sinistral (N- to NW-striking
set) displacement (Fig. 5¢) of as much as 1 m. Some of the N- to NW-striking amphibolitic dykes localized
sinistral, strike-slip ductile shearing (Fig. 5¢) with development of internal S-C foliation and sigmoidal

amphiboles.
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Fig. 8. The exceptional exposure of the Bolfin Fault Zone in the Atacama Desert. The BFZ fault core
overprints the well-developed magmatic foliation of the meta-diorites of the Bolfin Complex along the
central fault segment (see detail in the bottom right, for location see the black arrow) (drone photo taken to
the north of Quebrada Corta locality, see Fig. 6).

4.3. Brittle deformation

4.3.1. Brittle overprint of the Cerro Cristales Shear Zone

At CCZS-North locality (Figs. 2, 7), brittle faults occur in two sets striking NNE and W-to-NW,
respectively. The NNE-striking faults overprint the foliation of both the Cerro Cristales Pluton and the mafic
tectonites of the CCSZ, and crosscut the NW-striking dykes (Fig. 7). The fault rocks consist of dark green,
massive cataclasites bounding light green fault gouges, up to tens of centimeters thick. The few measured
chlorite-bearing slickenlines in cataclasites are shallowly plunging to NNE. The presence of dykes offset by
cataclasites indicate dextral strike-slip kinematics.

The W-to-NW-striking fault set dips gently (>45°) towards N to NE. This set consists of (i) dark
green cataclasites and (ii) lineated fault surfaces. The cataclasites are commonly associated with brownish-
colored pseudotachylytes, similar to those found along the BFZ s.s. (section 4.3.2). Riedel-type structures
indicate dextral strike-slip kinematics. In contrast, the lineated fault surfaces show well-developed epidote-
bearing slickenfibers indicating mainly normal dip-slip kinematics, with measured displacement of as much

as 1 m. Locally, red-colored fault gouges exploit the W- to NW-striking faults. The fault gouges consist of
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palygorskite, calcite, gypsum and hematite in variable modal proportions (XRPD-RIR analysis, section 5.3)

and are associated with the LLate Cenozoic extensional reactivation (section 4.3.3).

4.3.2. Bolfin Fault Zone sensu-strictu (BFZ s.s.)
The BFZ includes multiple fault core strands, up to 5-m-thick each, over a zone as wide as 75 m
(Figs. 6, 8). The fault core strands (high-strain cataclastic domains) consist of dark green to black cataclasites
and ultracataclasites (Figs. 6, 9a-c), transitionally or sharply bounding low-strain cataclastic domains of dark
green protobreccias to protocataclasites, where the original magmatic fabric of the host rocks is still
recognizable. Thin anastomosing bands of cataclasites are commonly observed within the low-strain
domains. The cataclastic rocks are cemented by chlorite and minor epidote (section 5.2). The cataclasites and
ultracataclasites are either massive or foliated with an S-C fabric indicating sinistral strike-slip kinematics (Fig.
9a-c). Exposed slickenlines are rare and plunge shallowly towards NNW to N. From north to south
(localities, geological map and structural data in Fig. 3), the sinuous fault core of the BFZ:
e strikes ~NW-SE and dips towards SW sub-parallel to the magmatic foliation (Bolfin Complex, Playa
Escondida locality);
e strikes N-S and dips towards W sub-parallel to the magmatic foliation (Bolfin Complex, Sand Quarry
locality);
e bends from NNW-SSE to N-§, is sub-vertical (>80°) and partially overprints the magmatic foliation
(Bolfin Complex, Fault Bend locality);
e strikes N-§, is sub-vertical and exploits the ~4-km-long magmatic foliation (Bolfin Complex, Quebrada
Corta locality, Figs. 6, 8);
e strikes N-§, is sub-vertical and exploits the magmatic foliation (Cerro Cristales Pluton, Ni Miedo
locality);
e is pootly exposed towards the fault linkage with the Caleta Coloso Fault (Cerro Cristales Pluton,

Quebrada Larga locality).

Brittle deformation within the damage zone is accommodated by dark green cataclasites and sharp
chlorite-bearing lineated slip surfaces. These structures are either oriented sub-parallel to the fault core or
strike NW-SE. The latter correspond to Riedel-type and splay faults of the BFZ related to the large-scale
Caleta Coloso Duplex (Cembrano et al., 2005). Steeply-dipping brittle-ductile shear zones with a composite

S-C and S-C' foliation, indicating sinistral strike-slip kinematics, are discontinuously present within the BFZ
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fault core (Fig. 9¢). These foliated fault rocks are up to 1 m thick and make transition to both the green
cataclasites of the fault core strands and the foliated damaged host rocks.

Pseudotachylyte veins (brownish to black in color and up to 2 cm in thickness) occur along the BFZ
(Fig. 9b-d), especially in the fault core. The pseudotachylytes are polyphase and dismembered (Fig. 9d). In
the Quebrada Larga locality, pseudotachylytes are common in subsidiary faults across the damage zone and
decorate the contact between green cataclasites and NE- to E-dipping andesitic dykes (Fig. 9d). Here,

pseudotachylyte reactivation is rare.

4.3.3. Cenozoic shallow extensional faulting

Fault gouges, discrete faults and calcite-bearing veins either exploit or cut the cataclasites both in the
fault core and in the damage zone of the BFZ (Figs. 3, 9a, 9f) (see also Olivares et al., 2010). The fault gouges
consist of palygorskite, calcite, halite, gypsum and hematite in variable modal proportions (Table 1), and
show S-C composite foliations consistent with an extensional kinematics (Fig. 9f). The discrete faults have
calcite- and hematite-bearing slickenlines and slickenfibers on the fault surface and occur in two sets: (i) a
NW- to NNE-striking extensional to dextral-transtensional set, and (ii) an E- to ESE-striking, extensional to

sinistral-transtensional set (Fig. 3).

Fig. 9. Brittle structures along the Bolfin Fault Zone (deformation stages 4 and 5). (a) Fault core section
nearly orthogonal to fault strike. The fault core (~17-meter-wide) includes green chlorite-rich
protocataclasites to ultracataclasites (deformation stage 4). To the left, the reddish, foliated fault gouge
(deformation stage 5) overprints the chlorite-rich cataclasites (Sand Quarry locality) and puts in contact the
Miocene continental deposits with the crystalline rocks. WGS84 GPS location: 23.8831611°S,
70.4880389°W. (b) Pseudotachylyte fault vein (fv) with cm in size injection vein (iv) intruding protobreccias
and cataclasites of the fault core (deformation stage 4, Playa Escondida locality). 100-pesos coin for scale.
WGS84 GPS location: 23.8498611°S, 70.5032555°W. (c) Massive green cataclasites at the fault core of the
BFZ. Multiple generations of brown to black, dismembered and altered pseudotachylytes are found in the
fault core (deformation stage 4, Ni Miedo locality). Hammer for scale; head width: 12 cm. WGS84 GPS
location: 24.0796167°S, 70.4270750°W. (d) Brownish pseudotachylyte fault vein at the contact between an
andesitic dyke and green cataclasite, and sketch (deformation stage 4, sample 19-98 from the damage zone
at Quebrada Larga locality). WGS84 GPS location: 24.1732900°S, 70.3903500°W. (e) S-C and S-C' brittle-
ductile shear zones spatially and kinematically (same sinistral strike-slip shear sense) associated with the BFZ
fault core (deformation stage 4, Fault Bend locality). WGS84 GPS location: 23.9430930°S, 70.462819°W.
(f) Red foliated fault gouge associated with the late Cenozoic extension exploiting and overprinting the
chlorite-rich cataclasites within the BFZ core (deformation stage 5, Ni Miedo locality). 100-pesos coin for
scale. W(GS84 GPS location: 24.0744450°S, 70.4306630°W.
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5. Microstructural observations

We describe the microstructures of the ductile and brittle features pertaining to the CCSZ and BFZ
s.s.. The XRPD-RIR and EMPA analyses of the fault zone rocks and the mineral phases are reported in
Tables 1 and 2, respectively.

5.1. Magmatic and solid-state deformation (T >700 °C)

Mafic tectonites forming the CCSZ consist of equigranular, polygonal aggregates of plagioclase and
amphibole of ~150-250 um grain size (Fig. 10a). Plagioclase ranges in composition between AbseAnsoOry
and, more commonly, Abs;AnscOr; (Table 2). Ilmenite is commonly present in the plagioclase aggregates at
triple grain junctions and along grain boundaries (Fig. 10a). Plagioclase is locally replaced by oligoclase +
calcite + sericite. Amphibole, mostly hornblende and minor edenite (Table 2), is locally replaced by chlorite.
Plagioclase-amphibole geothermometry (Holland and Blundy, 1994b; Molina et al., 2015) yields T = 788£50
°C and P = 185%£150 MPa for recrystallization.

Localized ductile shear zomes bounding leucocratic dykes (Fig. 4b) have a homogeneous recrystallized

polygonal matrix (~50 um grain size) of plagioclase (AbsAnsOri), amphibole and magnetite wrapping
around mm-sized amphibole and plagioclase (Abs;AnyOry) porphyroclasts (Fig. 10b and Table 2).

5.2. Brittle seismogenic deformation (T < 300 °C)

Damaged host rocks contain pervasive microfractures and veins whose spatial density increases towards

to the fault core (seeGomila et al., 20106; Jensen et al., 2011; Mitchell and Faulkner, 2009 for description of
nearby faults). Magmatic minerals present intense fluid-induced alteration. Plagioclase is either altered to
fine-grained sericite + calcite * epidote or replaced by albite (Table 2). Amphibole is replaced by either (Fe-
)actinolite or chlorite and opaques. Biotite is replaced by chlorite and opaques. Quartz shows undulose
extinction and K-feldspar is fractured and micro-faulted. Micro-stylolite seams are common in the damaged

host rocks and are sub-parallel to the cataclasites.

Brittle-ductile shear zomes consist of (i) microlithons of plagioclase (altered to fine-grained white mica +
calcite or replaced by albite), (ii) high-strain horizons of quartz porphyroclasts immersed in a fine-grained
(<20 pm grain size) recrystallized calcite matrix and (iif) calcite antitaxial extensional veins (Fig. 10c-d).
Altered plagioclase microlithons are defined by micro-stylolite seams delineating a composite S-C and S-C'
foliation (Fig. 10c). Quartz porphyroclasts (i) show undulose extinction, (ii) are locally recrystallized into fine-
grained aggregates along grain boundaries and microfractures, and (iii) are surrounded by pressure shadows

of fibrous calcite (i.e., strain fringe) (Fig. 10d). Antitaxial veins consist of fibrous calcite, which cut the
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plagioclase microlithons and the high-strain horizons. The veins are orthogonal to the micro-stylolite seams
and their spatial arrangement is consistent with sinistral strike-slip kinematics (Fig. 10c).

Cataclasites consist of fine-grained matrix of chlorite + epidote + quartz + albite + K-feldspar
including angular clasts of altered plagioclase, quartz, and earlier cataclasites (Fig. 10e). Cataclasites are locally
foliated and, in the thickest hotizons, layered for variable matrix/clasts ratios.

Psendotachylytes show typical features of quenched melts: chilled margins, flow structures, and presence
of microlites and spherulites (e.g., Di Toro et al., 2009; Swanson, 1992). Alteration variably affected the
pseudotachylytes. The most pristine pseudotachylytes have a homogeneous cryptocrystalline matrix with a
“K-feldspar-rich” composition which contains (i) albite microlites, intergrown with amphibole and titanite
(Fig. 101), locally arranged into spherulitic aggregates and (ii) quartz and plagioclase clasts (Fig. 10f). Altered
pseudotachylytes consist of fine-grained (~20-30 um grain size) albite + chlorite + epidote + K-feldspar

association (Fig. 10g).

5.3. Brittle shallow extensional deformation (T < 150 °C)

In the reddish foliated fault gouges (Fig. 9f), the S-C fabric is marked by fine-grained palygorskite,
clays and hematite, which wraps halite and gypsum mantled clasts (Fig. 10h). Halite mantled clasts are up to
1 mm in size and commonly fractured along cleavage planes. Gypsum clasts are up to ~200 um in size and
show undulose extension (Fig. 10h). Veins consist of either (i) blocky-shaped calcite grains or (ii) angular
clasts of calcite sealed by microcrystalline calcite and minor opaque minerals. Calcite grains and clasts show
thin (< 1 um) and, locally, tabular thick (i.e., up to 10 um) twin lamellae, classified as type I and type II twins,

respectively, following the scheme of Ferrill et al. (2004).
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Fig. 10. Microstructures of the fault zone rocks from the Bolfin area. Mineral abbreviations: P1 = plagioclase,
aPl= altered plagioclase, Hbl = hornblende, Cal = calcite, Qz = quartz, rcx Qz = recrystallized quartz, Chl
= chlorite, Ep = epidote, Ilm = ilmenite. (a) Polygonal aggregates of recrystallized hornblende and
plagioclase forming the mafic tectonites of the CCSZ (deformation stage 1). Sigmoidal amphibole indicates
dextral (top-to-SSW) sense of shear. Parallel-polarized light microphotograph, sample 19-25. WGS84 GPS
location: 23.9966700°S, 70.4394900°W. (b) Localized ductile shear zone (deformation stage 2). Centimeter
in size plagioclase porphyroclast (Pl;) with undulose extinction shows mantle recrystallized into finer grained
grains (PL). The porphyroclast is hosted in fine-grained matrix including equigranular plagioclase and
amphibole. Opaque mineral is magnetite present at triple grain junctions. Cross-polarized light
microphotograph, sample B09-19. WGS84 GPS location: 23.99998°S, 70.444594°W. (c). Brittle-ductile shear
zone with sinistral sense of shear (deformation stage 4). Microlithons consist of millimeter in size altered
plagioclase (medium grey) delineated by micro-stylolite seams (dashed black lines). The latter define an S-C
foliation indicating sinistral kinematics consistently with the orientation of the crack-seal calcite veins (Cal
veins). High-strain horizons (light grey) consist of quartz porphyroclasts hosted in fine-grained matrix of
calcite. Cross-polarized light thin section scan, sample FB20-676. WGS84 GPS location: 23.942990°S,
70.462819°W. (d). Strain fringes of fibrous calcite around a quartz porphyroclast. The fringe structure
indicates sinistral strike-slip kinematics. The quartz porphyroclasts show undulose extension and are
recrystallized into fine-grained aggregates along grain boundaries and micro-fractures. Cross-polarized light
microphotograph, sample FB20-676. (e) Cataclasite from the BFZ (deformation stage 4). Clasts consist
mainly of quartz and altered plagioclase. The light-gray matrix includes chlorite, epidote and K-feldspar.
BSE-SEM image, sample 19-86. WGS84 GPS location: 24.1753100°S, 70.3901400°W. (f) Microlites of
plagioclase (medium grey) and K-feldspar (dark grey), and interstitial acicular biotite and titanite (bright color)
in a poorly altered pseudotachylyte fault vein (deformation stage 4). The microlites wrap a plagioclase clast
with spinifex microstructure. BSE-SEM image, sample SQ09-18. WGS84 GPS location: 23.8830972°S,
70.4880111°W. (g). Altered pseudotachylyte (deformation stage 4). The pseudotachylyte fault vein is altered
into a fine-grained chlorite, epidote, albite and K-feldspar. BSE image, sample 19-91A. WGS84 GPS location:
24.1747900°S, 70.3899600°W. (h) Fault gouge from the late Cenozoic faults (deformation stage 5). The
gouge shows an S-C foliation, defined by palygorskite + clay + hematite, wrapping around halite clasts.
Parallel-polarized light microphotograph, sample SQ13-18. WGS84 GPS location: 23.8830194°S,
70.4881222°W.

Locality Rock type Qz Pl Kfs Amp  Act Bt/Ms Chl Ep Cal Spl Gp Plg Hl Hem/Ant  Others
PE Altered meta-diorite 15 36 4 28 3 13
PE Cataclasite 27 38 16 <1 7 3 3 5
PE Cataclasite 39 35 2 <1 12 3 4 30
PE Cataclasite 40 36 5 5 7 3 20
PE Foliated cataclasite 19 27 7 7 15 25
PE Fault gouge 7 <1 <1 11 39 14 20 6
SQ Altered meta-diorite 37 20 7 8 10 16 21
SQ Fault gouge 16 26 5 <1 7 11 6 12 15 <1
SQ Fault gouge 2 <1 33 5 42 17
SQ Foliated fault gouge 5 <1 75 19
SQ Fault gouge 10 49 12 4 6 19 =1
QC Meta-diorite 67 4 9 7 7 5 =1 =1@
QC Altered meta-diorite 8 52 19 11 9 <1@
QC Sheared amphibolitic dyke 26 55 14 2 40)
QC Fault gouge 74 5 =1 <1 18
QC Fault gouge 46 2 49 3
QC Foliated fault gouge 36 16 8 16 3 3 184
QL Altered granodiorite 27 42 11 3 6 11
QL Foliated cataclasite 39 26 4 <1 19 9 4
QL Foliated cataclasite 31 38 13 3 13 2
QM Mafic tectonites <1 43 44 8 3
QM Sheared amphibolitic dyke =1 35 52 9 3

Table 1. Caption on next page.
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Table 1. Modal composition of host rocks and fault zone rocks from XRPD-RIR semi-quantitative analysis.
PE: Playa Escondida; SQ: Sand Quarry; QC: Quebrada Corta; QL: Quebrada Larga; QM: Quebrada Museo.
Mineral abbreviations after (Whitney and Evans (2010). ©: Tnt; @: Crd; @: Cpx; @ Ilt.

Locality Quebrada Museo
localized ductile shear
Rock type mafic tectonites zones
Mineral phase Pl Amp Ilm Pl Pl Amp Mag
N° of point
analysis 9 s.d. 9 s.d. 2 s.d. 3 s.d. 7 s.d. 13 s.d. 2 s.d.

component (wt%)

Na.O 5.27 0.31 1.14 0.24 0.08 0.03 5.93 0.13 7.42 0.17 0.84 0.47 0.03 0.00
MgO 0.09 0.04  13.09 0.49 0.23 0.01 0.06 0.03 0.16 0.21 11.71 1.87 0.20 0.01

Al,Os 29.05 0.56  9.03 0.83 0.14 0.05 27.66 0.18 25.44 0.53 5.71 243 0.08 0.00
$i02 54.23 0.66 4551 1.12 0.06 0.00 56.01 0.29 59.39 0.34 48.12 3.34 0.08 0.03
K0 0.13 0.05  0.67 0.11 0.04 0.00 0.23 0.03 0.15 0.04 0.45 0.26 0.02 0.02
CaO 10.70 0.33 11.87 0.28 0.11 0.00 9.50 0.21 6.61 0.26 11.44 0.42 0.23 0.01

TiO2 0.02 0.03 1.53 0.26 50.48 0.57 0.04 0.04 0.03 0.03 0.79 0.51 0.00 0.00
Cr203 0.02 0.03  0.03 0.03 0.08 0.00 0.01 0.02 0.02 0.02 0.03 0.03 0.08 0.01

MnO 0.02 0.02 029 0.08 4.00 0.12 0.01 0.01 0.04 0.04 0.53 0.08 0.07 0.04
FeO 0.24 0.07 13.96 0.54 44.53 0.50 0.16 0.07 0.26 0.24 18.02 1.96 92.28 1.21

Total 99.77 0.21 97.11 0.40 99.74 0.13 99.63 0.10 99.52 0.19 97.64 0.42 93.08 0.13
Locality Playa Escondida

Rock type cataclasites Pst with vesicles

Mineral phase Chl Ep Act Ab matrix Kfs matrix fllasts Amp microlites
N° of point

analysis 16 s.d. 3 s.d. 2 s.d. 3 s.d. 16 s.d. 3 s.d. 5 s.d.

component (wt%)

Na;O 0.02 0.03  0.00 0.01 0.18 0.03 7.56 0.38 1.52 0.96 8.32 0.54 1.85 0.39
MgO 15.03 0.53  0.02 0.01 17.37 0.07 0.09 0.10 0.41 0.29 0.08 0.02 8.62 273
AL,O3 19.56 0.78  21.65 0.23 2.68 1.61 24.39 0.39 17.90 1.01 23.67 0.51 13.55 1.83
SiO2 26.55 0.79  37.33 0.26 53.16 2.48 60.14 0.31 64.86 1.94 63.10 0.86 4723 4.86
K0 0.05 0.07  0.00 0.00 0.05 0.01 0.55 0.27 12.53 2.50 0.30 0.17 2.95 2.01
CaO 0.09 0.08 2312 0.23 11.59 1.28 6.01 0.31 1.08 1.04 5.31 0.62 6.48 1.39
TiO2 0.05 0.02  0.09 0.05 0.05 0.04 0.06 0.03 0.19 0.19 0.05 0.02 1.97 1.01
Cr20;3 0.02 0.02  0.02 0.02 0.02 0.00 0.00 0.00 0.01 0.02 0.00 0.00 0.00 0.00
MnO 0.48 005 013 0.05 0.32 0.04 0.02 0.01 0.03 0.03 0.03 0.03 0.34 0.10
FeO 26.17 0.58 14.27 0.18 12.22 1.23 0.64 0.43 1.34 0.74 0.37 0.07 14.34 3.38
Total 88.02 0.30  96.64 0.10 97.65 0.68 99.45 0.40 99.85 1.01 101.23  0.83 97.33 1.51
Locality Sand Quarry Fault Bend

Rock type vein cut by Pst altered Pst host rock Pst

Mineral phase Chl Chl Ab microlites Kfs matrix Tnt Chl Ep

N° of point

analysis 7 s.d. 12 s.d. 49 s.d. 16 s.d. 5 s.d. 19 s.d. 6 s.d.

component (wt%)

Na,O 0.05 0.03 0.05 0.04 7.82 2.01 0.77 0.77 3.81 4.07 0.16 0.23 0.03 0.02

MgO 17.20 0.42 17.48 0.33 0.65 1.20 0.11 0.04 0.26 0.31 17.45 2.49 0.11 0.03

41



Al0O3 19.85 0.63 20.66 0.33 17.42 2.95 17.63 0.94 15.20 3.70 17.97 1.59 22.84 0.52

$i02 27.18 0.82  26.65 0.50 65.35 6.32 66.14 1.99 56.24 6.71 29.94 2.20 37.42 0.12

K0 0.02 0.01 0.03 0.02 2.24 1.92 14.97 1.60 6.86 5.04 0.50 0.66 0.02 0.01

CaO 0.15 0.08  0.10 0.04 2.03 1.61 0.18 0.31 7.11 5.70 0.73 1.15 22.92 0.18

TiO2 0.05 0.03  0.06 0.04 0.62 1.62 0.02 0.03 8.09 7.52 0.88 1.02 0.09 0.07

Cr203 0.03 0.03  0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.02 0.04 0.05

MnO 0.57 0.07  0.58 0.04 0.04 0.05 0.02 0.03 0.04 0.02 0.46 0.09 0.24 0.06

FeO 23.58 1.08  23.05 0.38 3.50 2.19 0.25 0.19 2.00 2.30 21.13 2.82 13.65 0.55

Total 88.68 0.76_ 88.68 0.58 99.68 1.99 100.10  1.39 99.62 3.54 89.24 1.17 97.34 0.25
Quebrada

Locality Fault Bend Corta Quebrada Larga

Rock type Pst host rock cataclasites vein cut by Pst host rock

Mineral phase Chl Pl Chl Chl Amp Bt Chl

N° of point

analysis 12 s.d. 2 s.d. 3 s.d. 8 s.d. 3 s.d. 20 s.d. 28 s.d.

component (wt%)

Na0 0.04 0.02 8.65 0.14 0.04 0.03 0.09 0.12 0.47 0.03 0.09 0.05 0.07 0.05
MgO 17.75 1.20 0.13 0.06 18.46 0.15 19.00 1.25 13.08 0.41 11.09 2.21 15.38 2.27
AlLO3 20.99 0.68 23.64 0.42 18.59 0.08 17.43 0.92 4.24 0.47 15.63 3.21 17.53 3.10
SiO2 26.39 0.88 62.89 1.06 28.98 0.29 30.00 1.33 50.13 0.45 35.95 2.25 30.63 3.45
K0 0.05 0.04 020 0.07 0.06 0.01 0.05 0.03 0.29 0.08 8.18 1.86 2.23 243
CaO 0.15 0.05  4.02 0.40 0.38 0.18 0.58 0.48 11.64 0.32 0.24 0.43 0.48 1.06
TiO: 0.07 0.04  0.01 0.01 0.40 0.24 0.13 0.09 0.27 0.13 3.04 0.90 1.39 1.63
Cr203 0.02 0.02 0.06 0.03 0.07 0.02 0.03 0.03 0.02 0.01 0.04 0.04 0.03 0.03
MnO 0.46 0.07 0.00 0.00 0.47 0.01 0.50 0.09 0.64 0.01 0.42 0.09 0.50 0.13
FeO 22.42 1.61 0.30 0.07 20.92 0.52 20.67 1.24 15.79 0.31 20.02 3.58 21.17 1.84
Total 88.34 0.86 99.89 0.22 88.37 0.08 88.48 0.63 96.58 0.35 94.70 1.91 89.42 1.56
Locality Quebrada Larga

Rock type cataclasites altered Pst

Mineral phase Act Chl Kfs matrix Chl

N° of point

analysis 3 s.d. 13 s.d. 13 s.d. 8 s.d.

component (wt%)

Na,O 0.31 0.13 0.07 0.05 0.61 0.39 0.04 0.03
MgO 13.15 0.97 16.15 1.87 0.11 0.07 15.65 0.85
AlLO3 3.16 0.64 17.55 2.63 19.06 0.26 2231 0.80
SiO2 51.61 1.49 30.05 2.82 63.99 0.31 26.76 1.15
K.0 0.18 0.07 1.29 1.42 16.22 0.71 0.43 0.65
CaO 12.02 0.49 0.72 1.45 0.06 0.10 0.13 0.03
TiO2 0.09 0.05 1.08 1.63 0.06 0.03 0.14 0.06
Cr203 0.03 0.04 0.03 0.03 0.04 0.04 0.04 0.03
MnO 0.72 0.11 0.47 0.11 0.02 0.03 0.63 0.07
FeO 16.00 0.86 20.88 2.03 0.32 0.13 22.54 1.05
Total 97.27 1.47 88.29 0.63 100.47  0.21 88.68 1.02

Table 2. Mineral phase compositions of host rocks and fault zone rocks as obtained from EMPA analysis.
Pst: pseudotachylytes. Mineral abbreviation after Whitney and Evans (2010).
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6. Discussion

Firstly (section 6.1), we discuss the field and microstructural observations (sections 4-5) that allow us
to constrain the P-T deformation conditions and to recognize a sequence of five main deformation stages.
This information is required to interpret the formation of the seismogenic Bolfin Fault Zone sensu strictu
(125-118 Ma). Then (section 6.2), we discuss the role of precursory structures on the evolution of the BFZ

s.s. and we propose a more general model of fault growth within a heterogeneous magmatic arc.

6.1. P-T deformation conditions and structural evolution of the Bolfin Fault Zone

The BFZ experienced a polyphase evolution that includes magmatic and solid-state deformation
episodes (stages 1-2), followed by the emplacement of multiple generations of dykes (stage 3). This predated
the Early Cretaceous brittle seismogenic strike-slip faulting (stage 4) and the late Cenozoic extensional

faulting (stage 5). The whole evolution is summarized in the block diagrams of Fig. 11.

Fig. 11. Block diagrams showing the structural evolution of the Bolfin Fault Zone (left column) and features
related to each deformation stage (right column). The stress field orientation was inferred from (i) the
orientation of dykes and (ii) the kinematics of ductile shear zones and faults. (a) Deformation stage 1:
emplacement of the Cerro Cristales Pluton at shallow crustal levels (< 10 km depth); formation of the large-
scale syn- to post-magmatic Cerro Cristales Shear Zone; emplacement of amphibolitic dykes during late-
magmatic stage. (b) Deformation stage 2: emplacement of leucocratic dykes and development of high-
temperature (>700 °C) localized solid-state ductile shear zones at early stage of pluton cooling. The ductile
shear zones are arranged into a conjugate set (E-W dextral strike-slip, and N-S to NW-SE sinistral strike-
slip). (c) Deformation stage 3: emplacement of steeply-dipping NE- and NW-striking pegmatite and
andesite/tonalite dykes. The emplacement of these dykes suggests a mutual switch of the orientation of the
maximum (o1) and minimum (o3) shortening directions. See main text for discussion. (d) Deformation stage
4: Bolfin Fault Zone s.s.. The ancient (125-118 Ma) seismic activity of the BFZ is documented by widespread
pseudotachylytes. Seismic faulting occurred at < 300 °C and 5-7 km depth in a fluid-rich environment. ()
Deformation stage 5: Since the Miocene, the BFZ underwent extensional faulting at shallow crustal levels
(< 2-3 km depth).
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6.1.1. Stages 1 to 3: Pre-Bolfin Fault Zone s.s. (T > 300 °C)
6.1.1.1. Stages 1 to 2: Syn-magmatic to solid-state deformation (T > 700 °C)

Stage 1 (Syn- to late-magmatic deformation). Along the CCSZ, the orientation of the magmatic and solid-

state foliations and of the stretching lineations are similar (Fig. 2). These structural features are characteristic
of syn-magmatic thermal aureoles related to pluton emplacement (Clemens, 1998; Miller and Paterson, 1999;
Paterson and Vernon, 1995 and references therein). At CCSZ-North locality, dextral strike-slip shearing in
the mafic tectonites is spatially associated with melt segregation structures (Fig. 4h) (e.g., Sawyer, 2000;
Weinberg, 2000). This indicates that shearing accommodated by the CCSZ initiated during crystallization of
the Cerro Cristales Pluton (T > 700 °C) as also supported by the high-temperature conditions (788£50 °C)
estimated for the recrystallized matrix of the mafic tectonites.

Based on our observations, we interpret the CCSZ as large-scale syn- to post-magmatic shear zone
related to the emplacement of the Cerro Cristales Pluton and the pervasive magmatic foliation of the outer
shell of the pluton related to magma inflation/ballooning. Additionally, the dextral slip of the CCSZ may
result from the local stress perturbation induced by the pluton emplacement, which possibly perturbed, at
least locally, the regional far-stress field associated with the ancient SE-directed oblique subduction (Scheuber
and Gonzilez, 1999). Gonzalez (1999) estimated an emplacement depth of ~13 km (400 MPa) for the Cerro
Cristales Pluton, based on hornblende geobarometry and assuming a geothermal gradient of 30 °C/km.
Instead, assuming a geothermal gradient of ~50 °C/km, typical of an active magmatic arc (e.g., the Southern
Andes Volcanic Zone: Pearce et al., 2020; Sielfeld et al., 2019) and considering the estimated pressure
(185150 MPa) for recrystallized matrix of the mafic tectonites, the emplacement depth of the pluton results
at < 10 km depth, as for plutons of similar age (140-155 Ma) emplaced along the El Salado segment of the
AFS (Espinoza et al., 2014; Grocott and Taylor, 2002; Seymour et al., 2020). Moreover, the emplacement of
several plutons in a short time span thermally weakens the crust facilitating pluton emplacement at shallow
depths (Cao et al,, 2016). We conclude that the CCSZ started forming at >700 °C and < 10 km depth during
the emplacement of the Cerro Cristales Pluton (Fig. 11a). The Bolfin Complex and the Cerro Cristales Pluton
are intruded by the amphibolitic dykes, which cut also the CCSZ. These dykes show mingling structures and
evidence of remelting, indicating that they intruded in a still partly molten material during a late-magmatic
deformation stage (Figs. 4a, 11a).

Stage 2 (Solid-state deformation). Solid-state deformation is recorded by the meso-scale paired ductile

shear zones (sensu Pennacchioni and Mancktelow, 2018) flanking leucocratic dykes (Fig. 4b). Discrete ductile
shear zones nucleated on compositional and structural precursors are widely reported in several granitoid

plutons and meta-granitoids in metamorphic units elsewhere (e.g., Christiansen and Pollard, 1997,

45



Pennacchioni, 2005; Pennacchioni and Zucchi, 2013; Segall and Simpson, 1986). These localized shear zones
have similar microstructural features of the mafic tectonites forming the CCSZ (Fig. 10b) and are inferred
to have developed during the earliest cooling stages of the plutons.

The dextral, E-striking ductile shear zones and the sinistral, N-to-NE-striking sheared amphibolitic
dykes are arranged to form a conjugate set (Fig. 5c) associated with a sub-horizontal NW-SE compressional
direction (i.e., o1) (Fig. 11b). This o is consistent with the SE-directed oblique subduction recorded in the
Coastal Cordillera (Scheuber and Gonzalez, 1999; Veloso et al., 2015).

Scheuber and Gonzalez (1999) reported localized ductile shear zones formed at greenschist-facies
metamorphic conditions, which is not consistent with the high-temperature conditions determined for the
localized shear zones described here. The absence (or very scarce occurrence) of greenschist-facies localized
ductile shear zones can be explained by the fast eastward migration of the magmatic arc, rapid regional-scale
exhumation and the shallow emplacement depth of plutons (< 10 km depth). This likely promoted a sharp

transition from high-temperature, ductile deformation to low-temperature, brittle faulting.

6.1.1.2. Stage 3: multiple generation of dykes (300 °C <T < 700 °C)

Several generations of dykes intruded the Coastal Cordillera after most of the plutons crystallization
(< 147 Ma, U-Pb zircon age from the Cerro Cristales granodiorite; Domagala et al., 2016). Based on
orientation and crosscutting relationships of pegmatite and andesitic dykes (Figs. 4-5), o1 and o3 directions
should have cyclically switched their orientation, from NW-SE to NE-SW (stage 3 in Fig. 11c). The oi-o3
cyclic switching might be related to either (i) several intra-arc sinistral (i.e., NW-SE directed o1) and dextral
(i.e., NE-SW directed o1) deformation stages, as much as the different dyke sets crosscut each other, as
proposed by Scheuber and Gonzalez (1999) or (ii) intermittent transient stress rotations (i.e., switch of
principal stress axes) in the upper plate induced by megathrust earthquakes (Acocella et al., 2018; Becker et
al., 2018; Hardebeck and Okada, 2018; Lara et al., 2004; Lupi et al., 2020; Lupi and Miller, 2014; Mancktelow
and Pennacchioni, 2020; Pérez-Flores et al., 2016). The latter interpretation is also supported by the NNE-
striking strike-slip faults exploiting the foliation of the CCSZ and the Cerro Cristales tonalite (Fig. 7). Indeed,
these foliations are well-oriented for reactivation as dextral strike-slip faults during the transient tectonic
regime with NE-directed 1. However, the hypothesis of megathrust earthquakes-related transient stress
rotations requires further work to be tested. Lastly, the moderately to shallowly dipping aplite dykes are

interpreted as related to exhumation occurring during Late Jurassic and Early Cretaceous.
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6.1.2. Stage 4: Bolfin Fault Zone s.s. (T = 300 °C)

The BFZ fault core is spatially associated and kinematically (sinistral sense of shear) consistent with
the brittle-ductile shear zones (Figs. 8, 9e, 10c-d). The latter structures accommodated deformation by
combined pressure-solution mechanism, incipient low-temperature crystal plasticity and fragmentation of
quartz (Fig. 10c-d), suggesting a deformation temperature = 300 °C (Stipp et al., 2002), consistently with
their mineral assemblage. The mutual crosscutting relationship between the calcite crack-seal extensional
veins and the composite S-C and S-C' fabric indicates cyclic, transient syn-kinematic extensional fracturing,
triggered by cyclic increases of pore fluid pressure, during viscous deformation. This combined diffusive to
crystal-plastic and cataclastic deformation is typical of the viscous-plastic to elasto-frictional transition in
presence of fluids (e.g., Snoke et al., 1998). The spatial association of the brittle-ductile shear zones with the
fault core is interpreted as the result of the transition from viscous-plastic to elasto-frictional rheology of the
BFZ, as for other fault segments of the AFS (e.g., Grocott and Taylor, 2002; Scheuber et al., 1995; Scheuber
and Gonzalez, 1999; Seymour et al., 2020). The transition may have resulted from (i) different P-T
deformation conditions, also during passive exhumation, (i) variations of strain rate experienced by the BFZ,
or (iif) a combination of (i) and (ii). However, the brittle-ductile shear zones are found discontinuously along
the BFZ. This could either reflect (i) a change of P-T deformation conditions or strain rate along the fault
ot (ii) their local obliteration due to pervasive fluid-rock interaction and cataclasis.

Indeed, hydrothermal alteration was pervasive during brittle faulting as recorded by chloritization of
amphibole and biotite, and albitization/saussuritization of plagioclase. This greenschist- to sub-greenschist-
facies alteration indicates temperatures of 250-350 °C (Gomila et al., 2021) as well as the stable mineral
assemblage of the green cataclasites, including chlorite + epidote + albite + quartz (Fig. 10e and Tables 1-
2), consistent with the observations from the Caleta Coloso Fault Zone (Arancibia et al., 2014).

The widespread occurrence of pseudotachylytes documents the ancient seismicity of the BFZ as well
as of the strike-slip NW-striking faults cutting the CCSZ (Figs. 3, 7, 9b-d, 10f-g). Pseudotachylytes are either
pristine or strongly altered and spatially associated with epidote-chlorite-bearing veins (Figs. 9e-h). This
indicates that seismic faulting occurred in presence of fluids (Gomila et al., 2021). Brittle faulting along the
AFS developed once the magmatism waned (Scheuber and Andriessen, 1990; Scheuber and Gonzalez, 1999).
However, the geothermal gradient remained elevated (~50 °C/km) within the abandoned magmatic arc till
~100 Ma as documented by the cooling evolution of plutons along the El Salado segment (Seymour et al.,
2020). Thus, such elevated geothermal gradient rose the brittle-ductile transition at 5-7 km depth (Arancibia
et al., 2014; Cembrano et al., 2005; Seymour et al., 2020). As a result, we infer that the ambient conditions

for seismogenic faulting were < 300 °C and 5-7 km depth in a fluid-rich environment (Fig. 11d).
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6.1.3. Stage 5: Post-Bolfin Fault Zone s.s. (T < 150 °C)

The red-to-purple-colored fault gouges, and the calcite- and hematite-bearing lineated fault surfaces
overprint the BFZ s.s. (Figs. 9a, 9f). These late Cenozoic faults accommodated normal dip-slip to oblique
strike-slip displacement associated with reactivation of the AFS (Fig. 11e). Fault reactivation was associated
with a change of the plate convergence from the SE-directed oblique subduction during Jurassic and
Cretaceous to the first NE-directed and the latter ENE-directed oblique subduction during Cenozoic (Pardo-
Casas and Molnar, 1987; Scheuber and Gonzalez, 1999). Moreover, the Coastal Cordillera became part of
the forearc of the Central Andes since Cenozoic. Brittle faulting has been related to co- to post-seismic
quasi-elastic rebound in the upper plate due to megathrust earthquakes along the Chile-Peru trench (e.g.,
Gonzalez et al., 2006, 2003), associated with the ENE-trending subduction of the Nazca oceanic plate
(Veloso et al., 2015 and references therein). The fault mineral assemblage, including calcite + palygorskite +
halite + gypsum + hematite, indicates temperatures < 150 °C (e.g., Bradbury et al., 2015; Morton et al., 2012).
The local occurrence of type II twins in calcite grains and clasts within veins suggests however that the
deformation temperatures were locally = 200 °C (Ferrill et al., 2004). Cenozoic faulting occurred at shallow
crustal levels (< 2-3 km depth), consistently with the stratigraphic constraints, as indicated by (i) well-
developed S-C foliation within fault gouges associated with plastic deformation of gypsum (Fig. 10h) (i) and

low-temperature twinning of calcite within the veins (Ferrill et al., 2004).
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Fig. 12. Conceptual model of the evolution of the Bolfin Fault Zone. (a) Pre-faulting structural framework.
(b) Nucleation of the early BFZ segments along structures favorably oriented with respect to the inferred
far-stress field associated with the ancient oblique subduction. The precursory geometrical anisotropies
exploited by the brittle faults include the magmatic foliation of plutons (northern and central segments) and
andesitic dyke swarm (southern segment). This produces overstepping, N-to-NNW-striking, sinistral strike-
slip fault segments. (c) Fault growth: NW-striking splay faults developed at the tip of the anisotropy-pinned
fault segments. The progressive linkage of the fault segments resulted in the sinuous geometry of the BFZ.

6.2. Role of precursory structures on nucleation of large-scale seismogenic faults

The BFZ has a sinuous fault trace and, although being mostly sub-vertical, the BFZ dip changes
from SW to W (northern segment: Playa Escondida and Sand Quarry localities) and NE (southern segment:
Quebrada Larga locality) (Fig. 3). This change in dip depends on the control on the BFZ orientation by
precursory anisotropies as observed for several meso-scale faults hosted in crystalline basement rocks
elsewhere (e.g., d’Alessio and Martel, 2005; Di Toro and Pennacchioni, 2005; Griffith et al., 2008). Indeed,
the BFZ exploited the magmatic foliation of the Bolfin Complex and the Cerro Cristales Pluton along its
northern (Playa Escondida and Sand Quarry localities) and central segments (Quebrada Corta and Ni Miedo

localities) (Fig. 3, 6, 8). The NW-striking subsidiary cataclasites and associated pseudotachylytes within the
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damage zone nucleated on NE-dipping andesitic dykes within the isotropic tonalites and granodiorites of
the Cerro Cristales Pluton along the southernmost segment (Quebrada Larga locality) (Figs. 3, 9d).

The reactivation of a precursory structure is controlled by its orientation with respect to the local
stress field. In the Bolfin area, the brittle faults of the AFS are organized in strike-slip duplexes, which
partitioned deformation into hierarchically-arranged faults, and the BFZ is a third-order fault splaying out
from the second-order Caleta Coloso Fault Zone (Cembrano et al., 2005). Thus, in the framework of sinistral
intra-arc deformation imposed by the ancient subduction of the Aluk (Phoenix) plate, i.e., NW-SE sub-
horizontal o1 (Fig. 11d) (Brown et al., 1993; Cembrano et al., 2005; Scheuber and Gonzalez, 1999; Veloso et
al., 2015), the optimal direction for third-order splay faults to accommodate sinistral strike-slip shearing
should be ~NNW-SSE. As a result, the magmatic foliation of the foliated meta-diorites, tonalites and
granodiorites was optimally oriented to be reactivated as a sinistral strike-slip fault in the Early Cretaceous
tectonic framework (Fig. 12a). Instead, the NE-dipping andesitic dykes were favorably oriented for NNW-
striking sinistral strike-slip fault reactivation related to a NW-SE sub-horizontal . Several studies however
pointed out that faults interaction perturb the regional stress field at fault tip and linkage causing a local stress
reorientation (e.g., d’Alessio and Martel, 2004; Kim et al., 2004, 2003; Pachell and Evans, 2002; Segall and
Pollard, 1983). Thus, the exploitation of the andesitic dykes may also be partly related to local stress
reorientation induced by the interaction between the southernmost proto-segment of the BFZ and the
central proto-segment of the Caleta Coloso Fault Zone (Fig. 12b). On the contrary, where misoriented, the
precursory structures are cut by the BFZ, which, for instance, displace the CCSZ of 1 km (between Quebrada
Museo and CCSZ-North localities).

We propose that the nucleation of the BFZ occurred through the exploitation of favorably oriented
precursory geometrical anisotropies (i.e., magmatic foliations and dykes). Thus, the BFZ formed as a series
of overstepping anisotropy-pinned fault segments (Fig. 12b). During fault growth, NW-striking splay and
horsetail linkage faults developed at the tip of these fault segments (e.g., Fault Bend locality) (Fig. 12¢). The
progressive growth of the BFZ occurred through hard linkages of anisotropy-pinned fault segments related
to the precursory evolution of the magmatic arc and explains the complex and sinuous geometry of the BFZ
(Fig. 12).

Based on this model, we propose that magmatic-related structures, such as foliated plutons whose
magmatic foliation can extend for several kilometers and dyke swarms, play a pivotal role in controlling the
geometry of crustal-scale faults within magmatic arcs, as do cooling joints at the scale of meso-scale faults
within a single pluton (e.g., Di Toro and Pennacchioni, 2005; Pennacchioni et al., 2006; Segall and Pollard,
1983; Smith et al., 2013). Indeed, the exploitation of km-long foliated plutons and dyke swarms (fault
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nucleation stage) and consequent linkage of anisotropy-controlled segments (fault growth stage) could lead
to the formation of non-planar faults with either sinuous trace, as the case of the BFZ, and concave-shaped
trace, such as the first-order faults of the AFS. The latter was partially documented along the El Salado
segment (Fig. 1a), where the main fault branch exploited the mylonitic foliation of syn-magmatic thermal
aureoles bounding several Late Jurassic to Early Cretaceous plutons (Brown et al., 1993; Espinoza et al.,
2014; Grocott and Taylor, 2002; Seymour et al., 2020). Fault localization along these anisotropies might be
promoted by the syn-kinematic emplacement of both the Late Jurassic-Early Cretaceous plutons, which are
~N-S-elongated, and dyke swarms, controlled by the same far-stress field associated with brittle faulting
along the AFS.

7. Conclusions
We described the spatial and temporal distribution of dykes, magmatic and solid-state foliations and
brittle faults along the seismogenic Bolfin Fault Zone and the syn- to post-magmatic Cerro Cristales Shear
Zone in the Coastal Cordillera in northern Chile (Figs. 1-3). By combining field geological surveys, analysis
of satellite and drone images, and microstructural and microanalytical observations, we reconstructed the
spatio-temporal evolution of the BFZ, a >40-km-long seismogenic splay fault of the 1000-km-long strike-
slip Atacama Fault System. The structural evolution of the Bolfin Fault Zone includes five main deformation
stages (Fig. 11):
e  Stage 1: diachronous magmatic intrusions of the Bolfin Complex and of the Cerro Cristales Pluton,
and formation of magmatic foliations and of large-scale syn- to post-magmatic shear zones. The
Cerro Cristales Shear Zone formed at T > 700 °C and at < 10 km depth during pluton emplacement
(Fig. 11a);
o  Stage 2: early post-magmatic emplacement of leucocratic dykes. Leucocratic and amphibolitic dykes
were exploited as strike-slip ductile shear zones active at >700 °C (Fig. 11b);
o Stage 3: emplacement of multiple generations of dykes arranged into two sub-vertical sets striking
NW and NE, which mutually cut each other (Fig. 11c);
o Stage 4: formation of the Bolfin Fault Zone s.s.. The ancient seismogenic behavior is attested by
occurrence of pseudotachylytes. Seismic faulting occurred at < 300 °C and 5-7 km depth in a fluid-
rich environment (Fig. 11d);

o  Stage 5: extensional post-Oligocene fault reactivation of the Bolfin Fault Zone occurred at < 150 °C

and shallow crustal levels (< 2-3 km depth) (Fig. 11e).
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The crustal-scale Bolfin Fault Zone has a sinuous geometry, which is controlled by precursory
geometrical anisotropies represented by magmatic foliation of plutons (northern and central segments) and
dyke swarms (southern segments) (Fig. 3). These precursory structures were favorably oriented to be
reactivated with respect to the inferred long-term stress field associated with the ancient oblique subduction.
We propose a conceptual model of fault growth including (i) the exploitation of these favorably oriented
precursory anisotropies during fault nucleation and (i) hard linkage of these anisotropy-pinned fault
segments during fault growth, leading to the formation of the sinuous geometry of the Bolfin Fault Zone
(Fig. 12). The fault evolution proposed for the Bolfin Fault Zone may be possibly extended to the formation
of the Atacama Fault System and applied to other crustal-scale faults in the crystalline basement associated

with widespread magmatism.
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Chapter 2

Along-strike architectural variability of an exhumed crustal-scale seismogenic fault

(Bolfin Fault Zone, Atacama Fault System, Chile)

This study was performed with the collaboration of Michele Fondriest, Rodrigo Gomila, Erik Jensen,
Thomas Mitchell, José Cembrano, Giorgio Pennacchioni and Giulio Di Toro. I was assisted (but not
continuously) in the field by Michele Fondriest, Rodrigo Gomila, Erik Jensen, Giorgio Pennacchioni and
Giulio Di Toro. I was assisted (but not continuously) during the 3-D modeling reconstruction by Michele
Fondriest. I was assisted (but not continuously) during the microstructural analysis by Michele Fondriest,
Rodrigo Gomila, Giorgio Pennacchioni and Giulio Di Toro. This chapter was published as the following
paper: Masoch, S., Fondriest, M., Gomila, R., Jensen, E., Mitchell, T., Cembrano, J., Pennacchioni, G., Di
Toro, G., 2022. Along-strike architectural variability of an exhumed crustal-scale seismogenic fault (Bolfin
, 104745.
https://doi.org/10.1016/4.js¢.2022.104745. All the authors discussed the data and agreed on their

Fault Zone, Atacama Fault System, Chile). Journal of Structural Geology 165

interpretation. I wrote the first version of the manuscript and all the co-authors contributed to its final

version.
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Abstract

Fault zone architecture and its internal structural variability play a pivotal role in earthquake mechanics, by
controlling, for instance, the nucleation, propagation and arrest of individual seismic ruptures and the
evolution in space and time of foreshock and aftershock seismic sequences. Nevertheless, the along-strike
architectural variability of crustal-scale seismogenic sources over regional distances is still poorly investigated.
Here, we describe the architectural variability of the >40-km-long exhumed, seismogenic Bolfin Fault Zone
(BFZ) of the intra-arc Atacama Fault System (Northern Chile). The BFZ cuts through plutonic rocks of the
Mesozoic Coastal Cordillera and was seismically active at 5-7 km depth and < 300 °C in a fluid-rich
environment. The BFZ includes multiple altered fault core strands, consisting of chlorite-rich cataclasites-
ultracataclasites and pseudotachylytes, surrounded by chlorite-rich protobreccias to protocataclasites over a
zone up to 60-m-thick. These fault rocks are embedded within a low-strain damage zone, up to 150-m-thick,
which includes strongly altered volumes of dilatational hydrothermal breccias and clusters of epidote-rich
fault-vein networks at the linkage of the BFZ with subsidiary faults. The strong hydrothermal alteration of
rocks along both the fault core and the damage zone attests an extensive percolation of fluids across all the
elements of the structural network during the activity of the entire fault zone. In particular, we interpret the
epidote-rich fault-vein networks and associated breccias as an exhumed example of upper-crustal fluid-driven
earthquake swarms, similar to the presently active intra-arc Liquifie-Ofqui Fault System (Southern Andean

Volcanic Zone, Chile).
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1. Introduction

The three-dimensional architecture of fault zones is described by the spatial distribution of fault
rocks, faults, fractures and veins, typically defined by two main structural units, i.e. the fault core and the
damage zone (Caine et al., 1996; Faulkner et al., 2003; Mitchell and Faulkner, 2009). The fault core represents
the high-strain domain accommodating most of displacement, and commonly includes strongly deformed,
low-permeability fault rocks (e.g., fault gouges, cataclasites, fault breccia) (Caine et al., 1996; Chester et al.,
1993; Faulkner et al., 2003). The damage zone is a relatively low-strain heterogeneous domain including a
network of faults and fractures leading to a relative bulk permeability increase (Billi et al., 2003; Caine et al.,
1996; Faulkner et al., 2010; Fondriest et al., 2020a; Gomila et al., 2016; Rempe et al., 2018; Wibberley et al.,
2008). A fault zone can contain a single or multiple fault cores (Faulkner et al., 2010) within the enveloping
damage zone. This latter can show a structural zoning between the inner and outer portions based on fracture
and fault density and intensity (Choi et al., 2016; and references therein). The detailed spatial arrangement of
the structural elements within the fault core(s) and damage zone has a strong influence on the fault zone
mechanics and fluid-flow paths (Bedford et al., 2022; Caine et al., 1996; Chester et al., 1993; Faulkner et al.,
2010, 2008; Wibberley et al., 2008). The fault architecture also strongly affects the mechanical behavior of
the fault zone and rupture dynamics (Scholz, 2019), controlling earthquake rupture nucleation, propagation
and arrest, spatiotemporal evolution of seismic sequences and ground motion (e.g., Ben-Zion and Sammis,
2003; Boatwright and Cocco, 1996; Chu et al., 2021; Collettini et al., 2022; Dal Zilio et al., 2019; Di Stefano
et al.,, 2011; Howarth et al., 2021; Lockner and Byerlee, 1993; Perrin et al., 2016; Pischiutta et al., 2017; Ross
et al., 2020; Sibson, 1986, 1985; Wesnousky, 2006, 1988; Wollherr et al., 2019).

Despite progress in imaging fault zone architecture through geophysical and seismological techniques
(double-difference tomography, trapped waves, earthquakes relocation: e.g., Allam and Ben-Zion, 2012; Ben-
Zion, 1998; Chiaraluce et al., 2011; Hale, 2013; Lewis and Ben-Zion, 2010; Li et al., 2004; Ross et al., 2020;
Unsworth et al., 1997; Valoroso et al., 2014, 2013; Zigone et al., 2015), and in direct local characterization of
fault zone rocks at depth from fault-drilling projects over a wide range of geological settings (e.g., Thoku-
Oki megathrust, San Andreas Fault, Wenchuan Fault; Chester et al., 2013; Zoback et al., 2011; Li et al., 2013),
most information about fault zone architecture comes from field-based studies of exhumed fault zones. The
study of exhumed fault zones provides information on the geometry of fault networks, fault kinematics, and
fault rock assemblages at high spatial resolution to constrain their mechanical and fluid flow behavior though
time (e.g., Bistacchi et al., 2010; Coppola et al., 2021; Demurtas et al., 2016; Di Toro and Pennacchioni, 2005;
Fondriest et al., 2020a; Gomila et al., 2016; Grocott, 1981; Jensen et al., 2019; Lucca et al., 2019; Marchesini

55



et al., 2022; Masoch et al., 2019; Mittempergher et al., 2014; Smith et al., 2013; Snoke et al., 1998; Tesei et al.,
2013)

Although field-based studies have significantly contributed to our understanding of fault architecture,
only a few contributions have quantitatively recorded the structural architecture of exhumed crustal-scale faults
in detail over segments of a few kilometers along fault strike (Bistacchi et al., 2010; Delogkos et al., 2020;
Faulkner et al., 2008, 2003; Fondriest et al., 2020a; Wedmore et al., 2020). Even more rare in the literature,
the cases of fault zones characterized by an excellent preservation of the fault and fracture network over
extensive exposures, coupled with the presence of tectonic pseudotachylytes that can attest the ancient fault
seismicity (Cowan, 1999; Di Toro and Pennacchioni, 2004; Rowe and Griftith, 2015; Sibson, 1975; Smith et
al., 2013; Swanson, 1988).

In this work, we describe the architectural variability of the exhumed Bolfin Fault Zone (BFZ)
exposed at the surface over more than 40-km along the fault strike. This fault represents a seismogenic
(pseudotachylyte-bearing) splay structure pertaining to the large-scale strike-slip intra-arc Atacama Fault
System (AFS), which cuts through the magmatic arc of the Coastal Cordillera (Northern Chile; Fig. 1)
(Arabasz, 1971; Cembrano et al., 2005; Masoch et al., 2021; Scheuber and Gonzalez, 1999). This work
integrates and builds on the data presented by Masoch et al. (2021), which addressed the structural evolution
of the BFZ. Field surveys were performed in the western and eastern blocks at six localities along the BFZ
strike. The BFZ consists of hydrothermally altered inner damage zone (up to 150-m-thick) and fault core.
The latter includes multiple strands of foliated cataclasites and pseudotachylytes up to a cumulative thickness
of ~60 m. The thickness of the hydrothermal altered damage zone is controlled by splay faults within the
damage zone. We propose that the pervasive fluid-rock interaction affecting both the strongly altered fault
core and the damage zone is controlled by the large availability of the hydrothermal fluids circulating within
the fault zone, which in turn are related to the late cooling stages of the magmatic arc. Moreover, the damage
zone is cut by clusters of epidote-rich fault-vein networks localized along linkage faults and fault
intersections, and characterized by small-displacement (< 1.5 m) faults decorated by both slickenfibers and
polished fault surfaces, and veins showing repeated events of extensional fracturing and sealing. We interpret
these fault-vein networks as exhumed sources of upper-crustal fluid-driven swarm sequences, by comparison

with the seismicity along the presently active intra-arc Liquifie-Ofqui Fault System (Southern Andes, Chile).
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Fig. 1. Geological setting of the Bolfin Fault Zone. (a) Crustal-scale geometry of the AFS comprised of its
three concave-shaped segments. Shaded-relief image modified from Cembrano et al. (2005), Masoch et al.
(2021) and Veloso et al. (2015). Red box indicates the area shown in (b). The inset map shows the
approximate plate configuration coeval with the Mesozoic sinistral strike-slip deformation along the AFS
(redrawn from Jaillard et al., 1990). (b) Simplified geological map of the Coastal Cordillera along the Paposo
segment. Igneous lithologies are mapped with color coding by age. Unmapped areas represent metamorphic
units and sedimentary covers. Data compiled and simplified from Cembrano et al. (2005), Domagala et al.
(20106), Gonzalez and Niemeyer (2005) and SERNAGEOMIN (2003). Red box indicates the area shown in
(c). Legend on the bottom. (c) Geological map of the area surrounding the Bolfin Fault Zone. Note that,
though based on remote-sensing analysis the lower density of the fault network in the southern area of the
BFZ compared to the northern area, this difference could be biased by the limited field work performed in
the southern area. Unmapped areas represent post-Miocene sedimentary covers. Modified from Masoch et
al. (2021). White circles indicate the locations of the structural maps illustrated in Figs. 6-11. (d) The three
fault segments forming the Bolfin Fault Zone. White circles mark the locations of the localities mapped along
the BFZ. In the stereonets, the red great circle indicates the mean attitude of the BFZ at each locality.

2. Geological setting

2.1. Atacama Fault System (AFS)

The 1000-km-long AFS is the major crustal-scale, strike-slip fault system of the present-day forearc
of the Central Andes (Fig. 1) (Arabasz, 1971; Brown et al., 1993; Cembrano et al., 2005; Scheuber and
Gonzalez, 1999). The crustal-scale geometry of the AFS is highly segmented including several parallel and
subsidiary branch faults, and is comprised of three main, curved segments (from north to south): (i) Salar del
Carmen, (ii) Paposo and (iii) El Salado (Fig. 1a).

The AFS developed within the Jurassic-Early Cretaceous magmatic arc of Coastal Cordillera,
composed of gabbro to granodiorite plutons and basaltic to andesitic volcanic rocks (Parada et al., 2007 and
references therein). The AFS accommodated intra-arc sinistral deformation induced by the oblique
subduction of the Aluk (Phoenix) oceanic plate beneath the South America plate (inset of Fig. 1a), once the
arc magmatism waned and migrated eastwards (Scheuber et al., 1995; Scheuber and Gonzalez, 1999).
Deformation along the AFES is spatially and temporally associated with plutons crystallization and cooling,
and brittle faults overprinted mylonites of similar kinematics (Brown et al., 1993; Scheuber et al., 1995;
Scheuber and Gonzilez, 1999; Seymour et al., 2021, 2020). Deformation ages vary along strike and brittle
strike-slip faulting is constrained between 130 and 110 Ma (Brown et al., 1993; Espinoza et al., 2014; Olivares
et al., 2010; Ruthven et al., 2020; Scheuber et al., 1995; Scheuber and Andriessen, 1990; Scheuber and
Gonzalez, 1999; Seymour et al., 2021, 2020). In detail, brittle strike-slip faulting along the Paposo segment
was constrained between 125 and 118 Ma (Olivares et al., 2010; Ruthven et al., 2020; Scheuber and

Andriessen, 1990). Since the Miocene, the strike-slip AFS has undergone extensional fault reactivation
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interpreted as result from stress redistribution in the upper plate due to large-in-magnitude earthquakes
rupturing the subduction zone interface (e.g., Gonzalez et al., 2006, 2003; Hervé, 1987). The post-Miocene

extensional fault reactivation overprinted the Early Cretaceous architecture of the AFS.

2.2. Bolfin Fault Zone (BFZ)

The BFZ is a >40-km-long, exhumed sinistral strike-slip fault zone splaying out from the Caleta
Coloso Fault along the Paposo segment (Fig. 1b-c) (Cembrano et al., 2005; Masoch et al., 2021; Scheuber
and Gonzalez, 1999). The BFZ is a third-order fault of the AFS and bounds the western side of the crustal-
scale Caleta Coloso Duplex (Fig. 1b) (Cembrano et al., 2005; Jensen et al., 2011; Veloso et al., 2015). The
BFZ has a crustal-scale sinuous geometry cutting through meta-diorites of the Jurassic Bolfin Complex and
tonalites to granodiorites of the Late Jurassic-Early Cretaceous Cerro Cristales Pluton (Fig. 1b-c). Its sinuous
geometry resulted from (i) exploitation of precursory anisotropies favorably oriented with respect to the
inferred far-stress field during fault nucleation and (ii) subsequent hard linkage of these anisotropy-pinned
fault segments through NW-striking splay and horsetail faults during fault growth (Masoch et al., 2021). The
BFZ consists of three fault segments (namely north, central and south segment; Fig. 1d) distinguished on
the basis of the exploited precursory anisotropies and changes in fault attitude (Masoch et al., 2021). In detail,
the BFZ:

e strikes from NW-SE to N-S and dips towards SW and W, respectively, overprinting the
magmatic foliation of meta-diorites (Bolfin Complex) in the northern segment;

o strikes ~N-S, is sub-vertical (>80°) and exploits the magmatic foliation of meta-diorites
(Bolfin Complex) and tonalites-granodiorites (Cerro Cristales Pluton) in the central segment;

e cxploits NE-dipping andesitic dykes within weakly foliated tonalites (Cerro Cristales Pluton)

in the southern segment.

The ancient BFZ seismicity is attested by widespread occurrence of pseudotachylytes (Gomila et al.,
2021; Masoch et al.,, 2021). Seismic faulting occurred at 5-7 km depth and < 300 °C in a fluid-rich
environment as documented by extensive propylitic alteration and chlorite-epidote veining (Gomila et al.,
2021; Masoch et al., 2021). The Early Cretaceous architecture of the BFZ was overprinted by post-Miocene
extensional faulting. This late fault system consists of palygorskite + calcite + halite £ gypsum + hematite-
bearing fault gouges, and hematite- and calcite-bearing fault surfaces associated with calcite-bearing veins
(Masoch et al., 2021; Olivares et al., 2010) and active at < 2-3 km depth and < 150 °C (Masoch et al., 2021).

The lack of reliable structural markers makes the cumulative displacement accommodated by the BFZ poorly
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constrained as well as the polyphase fault activity makes difficult to discriminate from which one is related
to. A left-lateral cumulative separation of ~1 km in the central segment is estimated from the offset of the

thermal aureole of the Cerro Cristales Pluton (Fig. 1c; Masoch et al., 2021).

3. Methods

Field structural surveys along with remote sensing were performed to characterize the regional-scale
fault pattern of the BFZ (analyzed area: 20 km wide, 50 km long). Remote sensing analysis was performed
using satellite images (i.e., Sentinel-2, Google Earth® and Bing®) used as reference images coupled with
published maps (Cembrano et al., 2005; Domagala et al., 2016; Gonzalez and Niemeyer, 2005; Masoch et al.,
2021; SERNAGEOMIN, 2003). The western and eastern blocks of the BFZ were mapped along and across
fault strike in six selected localities (namely from north to south: Playa Escondida, Sand Quarry, Fault Bend,
Quebrada Corta, Ni Miedo and Quebrada Larga; Fig. 1). At each locality, we used a DJI® Phantom 4 Pro
drone to take nadir-directed aereophotographs. The images were processed in Agisoft Metashape
Professional software to produce high-resolution georeferenced orthomosaics (spatial resolution of ~10
cm/pixel) used as base maps for the field structural surveys at 1:300 and 1:500. In this work, we focus on
the deformation structures (e.g., structural elements, fault rocks distribution, fault-vein networks
distributions) related to the Early Cretaceous seismic faulting (i.e., deformation stage 4; Masoch et al., 2021).

Fault zone structural units were defined on the base of field and microstructural observations, such

as:
e preservation of original magmatic features of the host rocks;
e alteration degree of the host rocks;
e spacing of fractures, veins and faults;
e relatively abundance of veins and faults;
e mineral assemblage sealing and decorating veins and faults;

e clast/matrix proportion in the fault rocks.

In particular, six structural units were identified within the BFZ (from the lowest to the highest
deformed unit; Figs. 2-5): (i) weakly-fractured unit, (ii) epidote-quartz-prehnite breccia, (iii) epidote-rich veins
and faults unit, (iv) chloritized and fractured unit, (v) Cataclastic Unit 1 (CU1), and (vi) Cataclastic Unit 2
(CU2). The CU1 and CU2 represent the fault core, and the other units represent the damage zone. To
describe the fault rocks, we make reference to the classification of Sibson (1977) and Woodcock and Mort
(2008). Vein and fault abundance was quantified (Pio fracture density; Mauldon and Dershowitz, 2000) for
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the above defined units (i)-(iv) along scanlines (9-17 m long) traced perpendicular to the main trace of the
BFZ. However, to quantify the Py values, we considered only veins and faults sealed and decorated by
hydrothermal minerals (chlorite, epidote, quartz, prehnite) associated with Early Cretaceous fault activity
(Cembrano et al., 2005; Gomila et al., 2021; Herrera et al., 2005; Masoch et al., 2021; Olivares et al., 2010).
In this way, we did not overestimate the fracture density by including structural elements (e.g., fractures,
veins, faults) possibly associated with the post-Miocene extensional fault reactivation (see Masoch et al., 2021
for details) and passive exhumation. Thus, our Py estimates are minimum values and were used to quantify
and to compare the damaging among the structural units (i)-(iv). The orientation and kinematics of the
different structural elements (e.g., magmatic foliations, dykes, faults, fault-veins, veins, fractures) were
systematically measured at sites evenly distributed across the outcrops. Structural maps and data were
digitalized using ArcGIS® 10.6 and MOVE® software (Figs. 6-11). Five geological cross sections were
reconstructed (Fig. 12). Structural measurements (n=4898) were plotted and analyzed using equal area, lower
hemisphere projections created in Stereonet 10 (Allmendinger et al., 2011; Cardozo and Allmendinger, 2013)
and FaultKin 7 (Allmendinger et al., 2011; Marrett and Allmendinger, 1990).

Oriented samples (n=102) were collected for microanalytical investigations. Microstructural
observations were conducted on polished thin sections (n=51) oriented parallel to fault lineation and
orthogonal to the fault surface and vein boundary. Transmitted-light optical microscopy (OM) was used to
determine microstructural features at thin section scale and to identify areas suitable for microanalytical
investigations. Scanning electron microscopy (SEM) was used to acquire high-resolution backscattered
electron (BSE) images coupled with semiquantitative energy dispersion spectroscopy (EDS) elemental
analysis. SEM investigations were performed with a CamScan MX3000 operating at 25 kV at Department of
Geosciences at Universita degli Studi di Padova (UniPD). Field-emission SEM investigations were performed
with a Tescan Solaris operating at 7-10 kV at the Department of Geosciences (UniPD) and a JOEL JSM-
6500F operating at 15 kV at HP-HT laboratories of Istituto Nazionale di Geofisica e Vulcanologia (INGV)
in Rome, respectively. Optical microscopy cathodoluminescence (OM-CL) was applied to obtain
information on chemical variations within hydrothermal veins and breccia. The OM-CL was employed using
a Nikon microscope equipped with a Nikon camera working at 16-18 kV and 180-240 pA in a vacuum of
0.07-0.09 Torr, installed at Department of Geosciences (UniPD). Bulk mineralogy of rock samples was
retrieved though X-ray powder diffraction (XRPD), and semiquantitative mineralogical composition were
retrieved through Reference Intensity Ratio (XRPD-RIR) method. XRPD analyses were performed with a
PANalytical X’Pert Pro diffractometer equipped with a Co radiation source, operating at 40 mA and 40 kV

in the angular range of 3° < 20 < 85°, installed at Department of Geosciences (UniPD). Mineral composition
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of main mineral phases was obtained by electron wavelength-dispersive microprobe analysis (EMPA).
EMPA investigations were performed with a JOEL-JXA8200 microprobe equipped with EDS-WDS (five
spectrometers with twelve crystals), installed at INGV-Rome, and a Cameca SX50 microprobe, installed at
Department of Geosciences (UniPD). Data were collected using 15 kV as accelerating voltage and 7.5 nA as
beam current. A slightly defocused electron beam with a size of 5 pm was used, with a counting time of 5 s
on background and 10 s on peak. Albite (Si, Al and Na), forsterite (Mg), pyrite (Fe), rutile (T1), orthoclase
(K) and apatite (Ca and P) were used as standards. Sodium and potassium were analyzed first to prevent
alkali migration affects. The precision of the microprobe was measured through the analysis of well-
characterized synthetic oxide and mineral secondary standards. Based on counting statistics, analytical
uncertainties relative to their reported concentrations indicate that precision was better than 5% for all

cations.

4. Structural units and their variability along fault strike

Firstly, we describe macroscopically each structural unit (subsections 4.1 to 4.5). Then, we describe
the architectural variability along fault strike (subsection 4.6).

4.1. Weakly-fractured unit

The weakly-fractured unit consists of poorly deformed rock volumes preserving nearly unaltered
magmatic protolith (Fig. 2a), crosscut by spaced (1-10 m apart), NW-striking discrete faults and associated
veins (stereonet 7 in Fig. 7; stereonet 10 in Fig. 8; stereonet 5 in Fig. 9). Fault surfaces are delineated by
chlorite-rich protocataclasites to cataclasites, and locally ornamented by epidote-bearing slickenlines and
slickenfibers. The abundant veins are filled with chlorite, epidote, quartz and calcite. Vein abundance (P1) is

~3-5 m™ and the vein thickness ranges between a few mm and 1 cm.

Fig. 2. Weakly-fractured unit, and chloritized and fractured unit. (a) Weakly-fractured unit at Quebrada Corta
locality. The nearly fresh protolith shows low vein abundance (P1p = 3-5 m™). Hammer for scale. WGS GPS
location: 23.994842°S, 70.448733°W. (b-c) Panoramic view of the chloritized and fractured units at Sand
Quarry (b; WGS GPS location: 23.884014°S, 70.486306°W) and Fault Bend (c; WGS GPS location:
23.935952°S, 70.468968°W) localities. Dashed white lines outline the unit. (d) Detail of the chloritized and
fractured unit (Sand Quarry locality). Chlorite-rich veins show a black alteration halo and the protolith,
altered due to pervasive propylitic alteration, is black to orange in color. 100-pesos coin for scale (diameter:
23.5 mm). WGS GPS location: 23.883298°S, 70.487778°W. (e) Microstructure of the weakly-fractured unit.
The neatly fresh tonalite is cut by a chlorite-rich vein. Thin section scan under cross-polarized light. Sample
NM20-237-HR. WGS GPS location: 24.073309°S, 70.433348 °W. (f) Microstructure of the chloritized and
fractured unit. The altered meta-diorite shows replacement of (i) magmatic amphibole and biotite by chlorite
and opaques; and (ii) magmatic plagioclase by sericite + epidote. Thin section scan under plane-polarized
light. Sample PA11-19. WGS GPS location: 23.995681°S, 70.449875°W.
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4.2. Epidote-quartz-prebnite breccia

The epidote-quartz-prehnite breccia consist of green, cohesive mosaic to chaotic breccias (Fig. 3),
following the classification proposed by Woodcock and Mort (2008), and crush breccias according to Sibson
(1977). The breccias include angular fragments of the host rock and of early breccias and veins (Fig. 3),
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cemented by zoned epidote + prehnite + quartz * chlorite (section 5.2 and Tables 1-2). Pods of the
chloritized and fractured unit are present within the breccia unit (Fig. 8). The breccia unit marks bands up to
1-m-wide and mostly shallowly (<40°) dipping towards ENE and the breccia volume increases at the
intersection with SW-dipping faults (Fault Bend locality; Fig. 8). The breccia unit is found within a decameter-
sized dilational jog, defined by NW-striking splay and NNW-striking faults, in the BFZ damage zone. The
transition of the breccia unit to the adjacent structural units is either sharp and fault-bounded (case for the
weakly-fractured and the chloritized and fractured units) or transitional, characterized by a progressive
intensity decrease of epidote-rich veins mowing towards the breccia unit (case for the epidote-rich veins and
faults unit) (Fig. 8). Normal dip-slip to oblique-slip fault surfaces and shear veins inside the breccia unit dip
shallowly (<40°) towards SE, SW, NW and NE (stereonets 5-6 in Fig. 8). Some discrete polished fault

surfaces show aligned, truncated clasts (Fig. 3g).

4.3. Epidote-rich veins and faults unit

This unit consists of strongly fractured and brecciated rock volumes associated with epidote-rich
interlaced fault-vein networks (Fig. 4). The latter are characterized by (i) small-displacement (cumulative <1-
1.5 m) normal dip-slip to strike-slip faults decorated by epidote-rich slickenfibers (Fig. 4) and polished fault
surfaces (Fig. 4; stereonets 3-6 in Fig. 7), and (ii) veins and breccias sealed by epidote  quartz = K-feldspar
(section 5.3). Faults and veins are arranged into two sets, striking NW, and N to NE (stereonets 3-6 in Fig.
7). Veins and breccias show multiple episodes of fracturing and sealing as they include angular fragments of
early veins and breccias (Fig. 4b, 4e-g). Thicker veins are banded and filled by epidote and minor quartz (Fig.
4g). The epidote-rich fault-vein networks are surrounded by extensive alteration haloes in the damaged host
rocks, which are reddish in color in the meta-diorites (Fig. 4a-b, 4f; similar to those described by Faulkner et
al., 2011) and whitish in the granodiorites and tonalites (Fig. 4¢). The contact with the other structural units

is transitional.

Fig. 3. Epidote-quartz-prehnite breccia at Fault Bend locality (Fig. 8). (a) Polished sample of chaotic breccia.
The cm-in-size angular fragments consist of eatly epidote veins (green) and are sealed by a pale green-colored
cement of epidote + quartz + prehnite. Sample M2. WGS GPS location: 23.934563°S, 70.465428°W. (b)
Chaotic breccia made of angular fragments of altered host rock. Coin for scale. WGS GPS location:
23.934738°S, 70.465626°W. (c) Epidote-bearing veins. Coin for scale. WGS GPS location: 23.934676°S,
70.465544°VW. (d) Epidote-quartz-prehnite (pale green) vein including fragment of an eatly epidote vein
(green) cutting the breccia body. Coin for scale. WGS GPS location: 23.934547°S, 70.465406°W. (e) Low-
angle extensional shear vein (i.e., extensional + shear fracture) within the breccia unit. Coin for scale. (f)
Honeycomb mesh structure at the external border of the breccia body. Cover lens for scale. WGS GPS
location: 23.934255°S, 70.465309°W. (g) Polished fault surface with aligned truncated clasts of epidote
indicating strike-slip kinematics. WGS GPS location: 23.934419°S, 70.465331°W.
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Fig. 3. Caption on previous page.
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Fig. 4. Epidote-rich veins and faults unit. (a) Epidote-bearing veins are surrounded by a red alteration halo
in the damaged host rock (Sand Quarry locality). WGS GPS location: 23.883764°S, 70.487067°W. (b)
Polished sample of an epidote vein reworked by a mm-thick cataclasite. The later epidote cataclasite (pale
green) includes fragments of early veins (dark green). Sample 19-48 (Sand Quarry locality). WGS GPS
location: 23.88442°S, 70.48567°W. (c) Discrete extensional fault surface decorated by epidote-bearing
slickenfibers (Sand Quarry locality). Coin for scale. WGS GPS location: 23.883944°S, 70.486689°W. (d)
Polished and stepped fault surface decorated by epidote (Sand Quarry locality). Coin for scale. WGS GPS
location: 23.883983°S, 70.486614°W. (e) Epidote-rich vein network associated with a whitish alteration halo
in the damaged granodiorites (Quebrada Larga locality). Coin for scale. WGS GPS location: 24.17779°S,
70.39066°W. (f) Polyphase epidote-bearing vein includes angular fragments of earlier veins (dark green) and
is associated with a pervasive fluid-rock interaction in the surrounding damaged host rock (Sand Quarry
locality). The vein is reactivated by a calcite-palygorskite vein during post-Miocene fault reactivation (see
Masoch et al., 2021 for details). Coin for scale. WGS GPS location: 23.99803°S, 70.44051°W. (g) Polished
sample of a cm-thick polyphase epidote-rich vein. Angular fragments of early epidote-rich veins are sealed
by epidote cement. mm-thick quartz vein cut the epidote vein. Sample 19-70 (Quebrada Larga locality). WGS
GPS location: 24.17783°S, 70.39077°W.

4.4. Chloritized and fractured unit

The chloritized and fractured unit consists of strongly altered and fractured rock volumes still
preserving the pristine fabric, but strongly affected by propylitic alteration (Fig. 2b-d; see section 5.4). The
unit bounds the CU 1 and CU2 (see next section, Fig. 12) and, at the outcrop scale, is dark green to black
(Fig. 2d). Brittle deformation is accommodated by shear and extensional veins filled with chlorite £ epidote
(Fig. 2d). Veins, up to 2-cm-thick, are spaced < 3-4 cm apart (P1y ~25-33 m™) and their spatial density

increases towards the fault core.

4.5. Cataclastic Units

At the outcrop scale, two cataclastic units can distinguished as a function on the degree of cataclasis:
the low-strain Cataclastic Unit 1 (CU1) and the high-strain Cataclastic Unit 2 (CU2) (Fig. 5). In both units,
the cataclastic rocks are cemented by chlorite and minor epidote (section 5.4) and contain pseudotachylyte
veins, up to 2-cm-thick (Fig. 5b). The pseudotachylytes are commonly polyphase and dismembered (Fig. 5d,
5e).

4.5.1. Cataclastic Unit 1 (CUT)

CU1 comprises dark green protobreccias to protocataclasites, which locally include lithons of the
chloritized and fractured structural unit (Fig. 5a-b). Thin anastomosing bands of cataclasites are commonly
observed within the CU1 striking either NW or N. The CU1 also includes a spatially dense (veins spacing <

1 cm) network of chlorite-epidote veins.
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4.5.2. Cataclastic Unit 2 (CU2)

CU2 consists of dark green to black cataclasites and ultracataclasites, transitionally or sharply
bounding the CU1 (Fig. 5a). The CU2 form anastomosing strands, up to 6-m-thick, and strike subparallel to
the CU1 bands. The cataclasites and ultracataclasites are either isotropic or foliated with the S-C-C' foliation
consistent with sinistral strike-slip kinematics (Fig. 5c). The few observed slickenlines plunge shallowly

towards NNW to N.

4.6. Architectural variability of the BEZ along fault strike

The spatial distribution of the different structural units within the fault zone varies along fault strike.
In general, the architecture of the BFZ consists of (i) a fault core formed by CU1 and CU2, and (ii) an inner
damage zone including the chloritized and fractured unit. We cannot define the extension of the outer
damage zone given the heterogeneous damaging related to the several faults forming the Caleta Coloso
Duplex (Cembrano et al., 2005; Mitchell and Faulkner, 2009). The geological maps of the BFZ with the
spatial distribution of the different structural units and the orientation of structures at the six studied localities

are reported in Figs. 6-11 and cross sections orthogonal to the BFZ strike are shown in Fig. 12.

Fig. 5. Cataclastic units, CU1 and CU2, and pseudotachylytes. (a) Fault core section nearly perpendicular to
fault strike (Sand Quarry locality). The fault core (~17-meter-wide) includes multiple strands of the high-
strain CU2 and lower-strain CU1. The dashed yellow lines indicate the CU2 strands; while, the black dashed
lines mark rock volumes of the chloritized and fractured unit. WGS84 GPS location: 23.8831611°S,
70.4880389°W (b) Pseudotachylyte fault vein (fv) with injection vein (iv) intruding protobreccias and
cataclasites of the fault core (CU1; Playa Escondida locality, taken from Gomila et al., 2021). Coin for scale.
WGS84 GPS location: 23.8498611°S, 70.5032555°W. (c) Foliated cataclasite forming the high-strain CU2.
S-C' foliation indicates sinistral strike-slip kinematics (Playa Escondida locality). WGS84 GPS location:
23.849894°S, 70.503236°W. (d) Low-angle altered pseudotachylytes within the fault core units (Sand Quarry
locality). Cover lens for scale. (d) (e) Massive green cataclasites of the CU2 at the fault core of the BFZ.
Multiple generations of brown to black, dismembered and altered pseudotachylytes are found in the fault
core units (Ni Miedo locality). Hammer for scale. WGS84 GPS location: 24.0796167°S, 70.4270750°W.
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Fig. 6. Structural map of the distribution of the fault zone structural units and structural data at Playa
Escondida locality (northern segment, modified from Gomila et al., 2021). The fault core consists of two
fault core strands, dipping towards SW, and exploited the magmatic foliation of the meta-diorites (Bolfin
Complex). The outcrop covers only the fault core and limited parts of the strongly altered damage zone.
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Fig. 7. Structural map of the distribution of the fault zone structural units and structural data at Sand Quarry
locality (northern segment). The fault core dips towards W and exploited the magmatic foliation of the meta-
diorites (Bolfin Complex). The fault core units are surrounded by the chloritized and fractured unit over a
~50-m-wide zone. In the damage zone, clusters of epidote-rich faults and veins are associated with NW-
striking, splay faults of the BFZ (fourth-order faults) and fault intersections with NE-striking faults. Numbers
in stereoplots denote the location of structural sites in the map.
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Fig. 8. Structural map of the distribution of the fault zone structural units and structural data at Fault Bend

locality (linkage area). The SW- dipping fault core is surrounded by the chloritized and fractured unit over a

zone as wide as 75 m. The damage zone is cut by multiple NW

size dilational jog, which include the epidote
the location of structural sites in the map.
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Fig. 9. Structural map of the distribution of the fault zone structural units and structural data at Quebrada

Corta locality (central segment). The ~75-m-wide fault core overprints the well

developed sub-vertical

magmatic foliation of meta-diorites (Bolfin Complex) and is spatially associated with chloritized and

fractured structural units both in the eastern and western blocks. Numbers in stereoplots denote the location

of structural sites in the map.
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Fig. 10. Structural map of the distribution of the fault zone structural units and structural data at Ni Miedo

locality (central segment). The multiple fault core strands overprint the magmatic foliation of the tonalites-
granodiorites (Cerro Cristales Pluton) and are associated with the chloritized and fractured structural unit

over a zone as wide as 45 m. In the eastern block, clusters of the epidote-rich fault-veins and veins are

associated with a NW-striking splay fault. Numbers in stereoplots denote the location of structural sites in
the map.
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Fig. 11. Structural map of the distribution of the fault zone structural units and structural data at Quebrada

Larga locality (southern segment). In the damage zone, pseudotachylyte-bearing faults exploited NE-dipping

andesitic dykes and are associated with chloritized and fractured structural unit. Numbers in stereoplots
denote the location of structural sites in the map.
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In particular, the units CU1 + CU2, forming the fault core, increase in width from a minimum width
of 25 m in the north, in the Sand Quarry locality, to maximum of 63 m in the central BFZ segment at the
Quebrada Corta locality (Figs. 12-13). In this latter locality, the BFZ exploited the well-developed magmatic
foliation of the plutons (Bolfin Complex). In the southern segment (Ni Miedo and Quebrada Larga localities;
Cerro Cristales Pluton), the width of cataclastic units becomes thinner (Fig. 13b-c) and multiple CU1 strands
are distributed among a zone wide up to hundreds of meters (Figs. 12-13).

The chloritized and fractured unit, spatially associated with the fault core units and subsidiary faults
in the damage zone (Figs. 6-12), ranges in width between 37 and 58 m in the northern and central segments.
The thickness is locally even larger, of as much as 150-200 m (at Fault Bend and Quebrada Larga localities),
in association with splay faults in the damage zone. In the southern segment, the larger width is due to large
number of pseudotachylyte-bearing faults exploiting andesitic dyke swarms (Figs. 11-12).

The distribution of the epidote-rich veins and faults unit varies strongly along the BFZ. This unit
occurs as clusters, up to hundreds of meters wide, of sub-parallel faults associated with (1) NW-striking splay
faults (i.e., linkage, forth-order faults of the Caleta Coloso Duplex; see Cembrano et al., 2005) (Figs. 7-8) and,
(2) the intersection between NW- and NE-striking epidote-bearing faults (Figs. 7-8). The intersection
between these two fault sets and fault/vein abundance strongly controls the across- and along-strike
distribution of the clustering distribution of this structural unit. Indeed, where the occurrence of NE-striking

epidote-bearing faults decreases, the degree of faulting and veining decreases as well.
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(= CU1 + CU2Y; O: cumulative thickness of the multiple fault core strands) and the inner damage zone (=
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(Figs. 7-11).
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SQ:
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Table 1. Modal composition of protolith and fault zone rocks from XRPD-RIR sem

PE
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5. Microstructures and mineralogy of fault rocks
We describe the microstructures of the structural units forming the BFZ. The XRPD-RIR and
EMPA analysis of the protolith and fault zone rocks and the mineral phases are reported in Tables 1 and
2, respectively.
5.1. Weakly-fractured unit
The weakly-fractured unit consists of meta-diorites (northern and central segments; protolith: Bolfin
Complex) and tonalites-granodiorites (central segment; protolith: Cerro Cristales Pluton) with magmatic
foliation, and isotropic tonalites-granodiorites (southern segment; protolith: Cerro Cristales Pluton). The
meta-diorites consist of plagioclase (AbsAnzOr; to AbgsAnssOr), quartz, biotite, and minor amphibole, K-
feldspar, apatite and opaques (Table 1). The cm-sized idiomorphic plagioclase crystals define the magmatic
foliation and the interstitial quartz shows weak undulose extinction. Instead, the magmatic texture is totally
annealed at Quedrada Corta locality. The tonalites-granodiorites consist of plagioclase (AbsAns;Ory to
AbeAnsOr), quartz, K-feldspar, amphibole, biotite, apatite and minor opaques (Fig. 2e; Table 1). The
magmatic foliation is marked by cm-sized idiomorphic plagioclase crystals (see also Gonzalez, 1999).

Interstitial quartz crystals show weak undulose extinction (Fig. 2e).

5.2. Epidote-quartz-prebnite breccia

Epidote-quartz-prehnite breccia contain angular fragments of (i) protolith and (ii) earlier veins and
breccias (Fig 14a). The latter are the most abundant (>95% in the studied samples) and show multiple
generation of veining (Fig. 14a-b). The older vein generation consists of idiomorphic, zoned (i.e., core: Al-
rich Ep; outer: Fe-rich Ep) epidote and minor quartz (Fig. 14b); the younger generation consists of quartz +
zoned epidote + zoned prehnite + chlorite (Fig. 14b). The host-rock fragments show pervasive chloritization
of amphibole and biotite and albitization of plagioclase and are usually wrapped by concentric rims (up to
200-um-thick) of prismatic, zoned (i.e., core: Fe-rich; outer: Al-rich) prehnite forming cockade textures (Fig.
14a). The late sealing cement consists of idiomorphic zoned epidote + quartz + zoned prehnite + chlorite

(Fig. 14c-d). Pores are common within the sealing cement and are < 150 um in size (Fig. 14d).
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Fig. 14. Microstructures of the epidote-quartz-prehnite breccia (a-d) and of the epidote-rich veins and faults
unit (e-h). Mineral abbreviations: Ep = epidote, Prn = prehnite, Qz = quartz, Chl = chlorite. (a) The breccia
includes fragments of early veins, which show different textures, and of altered host rock. Fragments are
often wrapped by prismatic prehnite-built concentric rims forming cockade textures. The yellow box
indicates the zoom of the inset on the top right corner. The inset shows a cockade. Plane-polarized light
micrograph, sample 19-177. WGS GPS location: 23.93438°S, 70.46536°W. (b) Different vein textures: (1)
cm-sized zoned epidote, (2) epidote + prehnite £ chlorite, (3) sealing cement of epidote, quartz, prehnite
and chlorite. BSE image, sample M2. WGS GPS location: 23.934563°S, 70.465428°W. (c) Detail of the
sealing cement. BSE image, sample 19-177. (d) Idiomorphic quartz and epidote forming the sealing cement.
BSE image, 19-177. (e) Polyphase epidote-bearing vein and cataclasite with the associated alteration halo in
the damaged host rock. Plane-polarized light thin section scan, sample 19-48. WGS GPS location:
23.88442°S, 70.48567°W. The top left inset shows the different fabric of the epidote vein (1) and the
cataclasite (2). The epidote vein (1) has a grain size of ~20-30 um (green epidote in hand specimen shown in
Fig. 4b); instead, the epidote cataclasite (2) has a finer grain size (<10 um) and more porous framework (pale
green epidote in hand specimen shown in Fig. 4b). The dashed white line marks the boundary between the
vein and the cataclasite. BSE image. (f) Microstructure of an epidote-rich shear vein showing multiple events
of veining and shearing. The ultracataclasite defining the slip zone of a discrete polished surface includes
fragments of zoned epidote (light grey) and prehnite (dark grey). The inset shows that ultracataclasite includes
epidote nanoparticles. (g) Epidote-bearing breccia. The angular fragments consist of earlier epidote veins
(dark green), sealed by fine-grained epidote cement (lighter green). Cross-polarized light thin section scan,
sample 19-70. WGS GPS location: 24.17783°S, 70.39077°W. (h) Highly porous fragments of earlier epidote
veins (v.f.) are sealed by epidote cement with similar composition. The breccia is cut by quartz-epidote veins.
BSE image, sample 19-70.

5.3. Epidote-rich veins and fanlts unit

Epidote-rich extensional veins show multiple episodes of veining and include fragments of the host
rock and of earlier veins (Fig. 14e, 14g-h). The latter are the most abundant. The epidote veins (dark green
epidote in hand specimen) consist of zoned epidote (Al-rich core and Fe-rich rim), with a grain size of ~20-
30 wm, and minor interstitial K-feldspar (Fig. 14f). Younger cataclasites (pale green in the hand specimen)
reworking the epidote veins have fine-grained (<10 um) epidote grains and a highly porous framework (pores
size up to ~5 um) (Fig. 14f). Shear veins defining discrete polished fault surfaces (Fig. 4d) show cyclic events
of veining and localized shearing (Fig. 14f). Veins consist of zoned epidote and prehnite (Fig. 14f). The slip
zones of the polished fault surfaces consist of very fine-grained (<1 wm) ultracataclasites (Fig. 14f). Breccias
include fragments of earlier epidote veins, which consist of fine (<5 um) epidote grains and have a highly
porous framework (Fig. 14g-h). The sealing cement consists of fine (<20 um) epidote grains (Fig. 14h). Fault
veins and breccia are locally cut by mm-thick veins filled with quartz and minor epidote (Fig. 14g-h). Epidote-
bearing veins, breccias and faults are associated with pervasive fluid-induced alteration in the surrounding
damaged host rock. Within the alteration halo, plagioclase is replaced by albite, and biotite and amphibole

by chlorite * opaques (Table 2). Microfractures are filled with epidote + K-feldspar.
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5.4. Chloritized and fractured unit

Chloritized and fractured unit contains a pervasive network of microfractures and veins whose spatial
density increases towards to the fault core. Veins are filled by chlorite, epidote and chlorite + epidote *
quartz association. Magmatic minerals show intense alteration (Fig. 2f). Plagioclase is either altered to fine-
grained sericite + calcite = epidote or replaced by albite (Table 2). Amphibole is replaced by either (Fe-
)actinolite or chlorite and opaques. Biotite is replaced by chlorite and opaques. Quartz shows locally undulose
extinction and healed microfractures marked by fluid inclusion trails. K-feldspar is fractured and micro-
faulted. Micro-stylolite seams are common in the chloritized and fractured structural unit and are sub-parallel

to cataclasites.

5.5. Cataclastic Unit (CUT and CU2)

Protocataclasites to ultracataclasites consist of fine-grained (<20 pum) chlorite + epidote + quartz +
albite + K-feldspar, including angular clasts of albitized plagioclase, quartz, eatlier cataclasites (Fig. 15a-b).
Quartz clasts show undulose extinction and is locally recrystallized into fine-grained aggregates along grain
boundaries and microfractures (see Fig. 10e in Masoch et al., 2021). The thickest cataclasites are layered (Fig.
15a). Cataclasites and ultracataclasites are foliated in the high-strain horizons with the composite S-C-C’
foliation defined by either chlorite (Fig. 15a) or epidote + K-feldspar aggregates, enveloping sheared lithons
of albitized plagioclase and quartz (Fig. 15¢). Lenses of calcite are present in the protocataclasites and

cataclasites (Fig. 15a).

5.6. Pseundotachylytes

Pseudotachylytes show flow structures, chilled margins, microlites (Fig. 15d) and spherulites (e.g.,
Magloughlin and Spray, 1992; Swanson, 1992) and are variously affected by alteration. Less altered
pseudotachylytes include (i) albite microlites, intergrown with amphibole and titanite (Fig. 15d; Table 2), (ii)
quartz and plagioclase clasts immersed in a homogeneous cryptocrystalline matrix with a “K-feldspar-rich”
composition (Table 2). More altered pseudotachylytes consist of a fine-grained (~20-30 pm grain size) matrix
of albite + chlorite + epidote (Fig. 15¢). Pseudotachylytes cut chlorite + epidote * calcite-bearing veins and
are cut by chlorite-, K-feldspar- and calcite-bearing veins. Some pseudotachylytes include amygdalae or

vesicles filled by quartz + calcite + epidote + chlorite (Fig. 15f; see Gomila et al., 2021 for further details).
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Fig. 15. Microstructures of the cataclastic units, CU1 and CU2, and associated pseudotachylytes. Mineral
abbreviation: Qz = quartz, Kfs = K-feldspar, Ab = albite, aP] = altered plagioclase, Act = actinolite, Chl =
chlorite, Ep = epidote. (a) Layered cataclasite to ultracataclasite from the CUZ2. Plane-polarized light
microphotograph, sample SQ05-A. WGS GPS location: 23.883067°S, 70.488031°W. (b) Detail of the
cataclasite in (a). Clasts consist mainly of quartz and altered plagioclase. Cuspate-lobate quartz clasts have
the concavity decorated by chlorite. The light-gray matrix includes chlorite, epidote and K-feldspar. BSE
image, sample SQO05-A. (c) Foliated cataclasite from the CU2. Domino structure indicated sinistral sense of
shear. Sheared lithons of albitized plagioclase and quartz are immersed in a matrix of chlorite, epidote, K-
feldspar and actinolite. The foliation is defined by epidote and K-feldspar. BSE image, sample PE02-18.
WGS84 GPS location: 23.849894°S, 70.503236°W. (d) Microlites of plagioclase (medium grey) and K-
feldspar (dark grey), and interstitial acicular biotite and titanite (bright color) in a poorly altered
pseudotachylyte fault vein. The microlites wrap a plagioclase clast with spinifex microstructure. BSE image,
sample SQO09-18. WGS84 GPS location: 23.8830972°S, 70.4880111°W. (e) Altered pseudotachylyte. The
pseudotachylyte fault vein is altered into a fine-grained chlorite, epidote, albite and K-feldspar. BSE image,
sample 19-91A. WGS84 GPS location: 24.1747900°S, 70.3899600°W. (f) Vesiculated pseudotachylyte.
Elliptical amygdalae filled with quartz, calcite, epidote and chlorite. BSE image, sample AT07-2017. WGS84
GPS location: 23.8498611°S, 70.5032555°W.
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Locality Playa Escondida

Structural unit CU1
Rock type cataclasites pseudotachylytes with vesicles
Mineral phase Chl Ep Act Ab matrix Kfs matrix Sllasts Amp microlites
N° of point
analysis 16 s.d. 3 s.d. 2 s.d. 3 s.d. 16 s.d. 3 s.d. 5 s.d.
component (wt%)
NaO 0.02 0.03  0.00 0.01 0.18 0.03 7.56 0.38 1.52 0.96 8.32 0.54 1.85 0.39
MgO 15.03 053 0.02 0.01 17.37 0.07 0.09 0.10 0.41 0.29 0.08 0.02 8.62 273
AlLOs 19.56 0.78  21.65 0.23 2.68 1.61 24.39 0.39 17.90 1.01 23.67 0.51 13.55 1.83
SiO2 26.55 0.79  37.33 0.26 53.16 2.48 60.14 0.31 64.86 1.94 63.10 0.86 47.23 4.86
K.0 0.05 0.07  0.00 0.00 0.05 0.01 0.55 0.27 12,53 2.50 0.30 0.17 295 2.01
CaO 0.09 0.08  23.12 0.23 11.59 1.28 6.01 0.31 1.08 1.04 5.31 0.62 6.48 1.39
TiO: 0.05 0.02  0.09 0.05 0.05 0.04 0.06 0.03 0.19 0.19 0.05 0.02 1.97 1.01
Cr203 0.02 0.02  0.02 0.02 0.02 0.00 0.00 0.00 0.01 0.02 0.00 0.00 0.00 0.00
MnO 0.48 0.05 0.3 0.05 0.32 0.04 0.02 0.01 0.03 0.03 0.03 0.03 0.34 0.10
FeO 26.17 0.58  14.27 0.18 12.22 1.23 0.64 0.43 1.34 0.74 0.37 0.07 14.34 3.38
P05 - - - - - - - - - - - - - -
Total 88.02 0.30  96.64 0.10 97.65 0.68 99.45 0.40 99.85 1.01 101.23  0.83 97.33 1.51
Locality Playa Escondida
Structural unit Cuz2
Rock type foliated cataclasites
Mineral phase Amp fragments Act - alteration Chl matrix Ep matrix Ab HR lithons Kfs HR lithons Wm HR lithons
N° of point
analysis 7 s.d. 1 4 s.d. 3 s.d. 5 s.d. 3 s.d. 3 s.d.
component (wt%)
Na;O 0.80 0.10 013 0.13 0.06 0.07 0.01 9.44 0.50 0.82 0.10 0.84 0.59
MgO 12.88 036 16.43 18.46 0.35 0.20 0.09 0.11 0.04 0.15 0.12 0.61 0.38
AL,O3 7.00 097  1.04 19.36 0.41 24.52 0.29 22.25 0.78 20.84 1.44 33.97 2.03
SiO2 48.08 1.37 5524 28.74 0.69 37.85 0.27 64.65 0.83 62.66 1.59 50.09 1.06
K0 0.43 022 0.01 0.11 0.05 0.04 0.03 0.32 0.20 14.48 0.12 9.62 1.10
CaO 11.65 044 1285 0.20 0.17 22.80 0.32 2.69 0.68 0.17 0.05 0.28 0.28
TiO: 0.64 048 022 0.02 0.02 0.30 0.26 0.04 0.03 0.04 0.04 0.06 0.05
Cr203 0.06 0.03  0.08 0.06 0.04 0.04 0.04 0.04 0.03 0.05 0.02 0.03 0.02
MnO 0.26 0.05 017 0.29 0.03 0.26 0.04 0.02 0.01 0.04 0.03 0.06 0.05
FeO 15.88 051 12.86 21.90 0.37 11.76 0.96 0.27 0.09 0.39 0.22 1.56 0.74
P05 0.04 0.02  0.03 0.03 0.01 0.11 0.10 0.03 0.02 0.04 - 0.06 -
Total 97.68 041 99.06 89.29 0.86 97.87 0.23 99.84 0.35 99.64 0.04 97.11 0.32
Locality Playa Escondida Sand Quarry

Ep
Structural unit Ccu2 Weakly-fract. unit
rock type foliated cataclasites protolith alteration halo of Ep slickenfiber
Mineral phase Ab fragments Kfs matrix Pl Kfs Ab Amp Chl - Amp alter
N° of point
analysis 3 s.d. 6 s.d. 12 s.d. 8 s.d. 17 s.d. 5 s.d. 11 s.d.
component (wt%)
NaO 8.85 048 034 0.21 7.10 0.25 0.19 0.04 11.21 0.30 1.37 0.11 0.04 0.02
MgO 0.07 0.02  0.06 0.02 0.13 0.22 0.08 0.03 0.06 0.02 10.94 0.89 15.27 0.40
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Al,O3 23.42 113 1885 0.12 25.40 0.51 18.98 0.25 20.00 0.35 7.89 1.21 18.40 0.69
SiO2 63.40 1.31  64.50 0.47 58.38 0.52 64.43 0.17 67.76 0.98 45.32 1.80 27.68 0.36
K0 0.14 0.02  16.10 0.33 0.20 0.13 16.44 0.27 0.07 0.02 0.95 0.27 0.05 0.05
CaO 4.01 .11 0.00 - 7.66 0.32 0.01 - 0.26 0.09 11.43 0.11 0.09 0.05
TiO2 0.08 0.07  0.06 0.03 0.01 0.01 0.07 0.03 0.05 0.03 1.36 0.25 0.15 0.17
Cr203 0.03 0.03  0.04 0.03 0.01 0.01 0.03 0.01 0.04 0.03 0.06 0.01 0.09 0.03
MnO 0.02 0.01  0.04 0.01 0.01 0.01 0.04 0.03 0.02 0.01 0.36 0.04 0.28 0.04
FeO 0.22 0.02 033 0.09 0.13 0.06 0.14 0.12 0.09 0.06 18.77 1.17 28.26 0.44
P20s 0.02 0.01  0.02 0.01 - - 0.04 0.01 0.02 0.02 0.05 0.04 0.03 0.02
Total 100.24 0.52  100.30  0.54 99.04 0.53 100.34  0.57 99.50 1.24 98.47 0.47 90.29 0.59
Locality Sand Quarry
Structural unit Ep unit
rock type Ep slickefiber alteration halo of Ep polypahse vein
Mineral phase Ep subeuhdral Ep slip zone Kfs fragments Kfs Ab Ep Ep - Plalter
N° of point
analysis 8 s.d. 5 s.d 4 s.d. 7 s.d. 10 s.d. 3 s.d. 2 s.d.
component (wt%)
Na0 0.05 0.02  0.03 0.02 0.18 0.04 0.23 0.16 11.34 0.26 0.04 - 0.02 0.01
MgO 0.19 0.10  0.10 0.04 0.05 0.02 0.08 0.01 0.07 0.02 0.26 0.21 0.12 0.01
AlLO3 2521 0.82 2498 0.69 19.30 0.15 18.74 0.15 20.14 0.21 25.27 0.49 27.25 0.08
SiO2 37.61 0.26 3796 0.26 64.81 0.25 64.44 0.26 68.03 0.55 38.14 0.11 37.43 0.16
K0 0.01 0.00  0.02 0.02 16.54 0.27 16.53 0.38 0.06 0.02 0.04 0.02 - -
CaO 23.23 0.26 2297 0.21 - - 0.01 - 0.20 0.07 23.30 0.29 23.46 0.16
TiO: 0.26 036 0.11 0.05 0.06 0.03 0.07 0.05 0.03 0.03 0.22 0.17 0.06 0.04
Cr203 0.04 0.03  0.03 0.03 0.04 0.03 0.04 0.03 0.03 0.04 0.03 - 0.03 -
MnO 0.10 0.05  0.11 0.02 0.01 - 0.03 0.03 0.03 0.01 0.06 0.04 0.23 0.02
FeO 11.29 0.94  11.35 0.72 0.13 0.06 0.08 0.04 0.05 0.03 11.02 0.09 9.13 0.77
P05 0.03 0.02  0.02 - 0.03 0.01 0.02 0.02 0.04 0.02 0.02 0.01 0.04 0.05
Total 97.96 042 97.63 0.46 101.08  0.59 100.19  0.60 99.95 0.62 98.34 0.47 97.74 1.08
Locality Sand Quarry
Structural unit Ep unit CU1

Ep polyphase
rock type vein Altered pseudotachylyte
Mineral phase Ep veini Chl veing Ep vein; - core Ep vein; - rim Chl Ab microlites Kfs matrix
N° of point
analysis 9 s.d. 3 s.d. 8 s.d 6 s.d. 12 s.d. 49 s.d. 16 s.d.
component (wt%)
NaO 0.03 0.02  0.02 0.02 0.03 0.02 0.03 0.02 0.05 0.04 7.82 2.01 0.77 0.77
MgO 0.24 041 17.95 0.43 0.11 0.04 0.11 0.04 17.48 0.33 0.65 1.20 0.11 0.04
Al,O3 24.70 101 1859 0.28 24.84 1.03 27.45 0.84 20.66 0.33 17.42 2.95 17.63 0.94
SiO2 37.57 0.44  27.38 0.44 37.65 0.11 38.21 0.42 26.65 0.50 65.35 6.32 66.14 1.99
K0 0.03 0.02  0.04 0.01 0.04 0.02 0.03 0.00 0.03 0.02 2.24 1.92 14.97 1.60
CaO 23.35 0.63  0.09 0.02 22.72 0.57 23.32 0.51 0.10 0.04 2.03 1.61 0.18 0.31
TiO2 0.07 0.05 012 0.05 0.05 0.03 0.09 0.04 0.06 0.04 0.62 1.62 0.02 0.03
Cr203 0.05 0.03  0.03 0.02 0.04 0.02 0.05 0.01 0.02 0.02 0.00 0.00 0.00 0.00
MnO 0.07 0.06 025 0.02 0.32 0.25 0.16 0.12 0.58 0.04 0.04 0.05 0.02 0.03
FeO 11.99 130 24.02 0.65 11.90 1.16 8.39 1.12 23.05 0.38 3.50 2.19 0.25 0.19
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P20s 0.02 0.01  0.03 0.02 0.08 0.03 0.05 0.02 - - - - - -
Total 98.06 0.52  88.51 0.32 97.71 0.68 97.82 0.57 88.68 0.58 99.68 1.99 100.10  1.39
Locality Sand Quarry Fault Bend

EQP
Structural unit cu2 br.
rock type ultracataclasites breccia

Ep Ep Ep
Mineral phase Ab fragments Chl Ep fragments Tnt veing veiny veins
N° of point
analysis 8 s.d. 7 s.d. 8 s.d. 1 s.d. 6 s.d. 4 s.d. 4 s.d.
component (wt%)
Na20 11.12 0.58  0.02 0.02 0.02 0.02 - - 0.05 0.03 0.04 0.02 0.03 0.01
MgO 0.06 0.03  17.40 0.39 0.11 0.03 0.09 - 0.10 0.02 0.19 0.12 0.68 0.59
Al2Os 20.33 048  20.69 0.50 25.31 0.74 1.14 - 26.14 1.01 24.75 0.88 25.22 1.07
SiO2 67.13 1.03  26.35 0.18 37.82 0.23 30.29 - 38.00 0.34 37.94 0.48 38.18 0.83
K0 0.09 0.03  0.02 0.02 0.02 0.01 0.05 - 0.01 0.01 0.02 - 0.03 0.00
CaO 0.64 0.58  0.07 0.04 22.99 0.50 27.71 - 22.87 0.62 22.95 0.52 22.56 0.73
TiO2 0.04 0.02  0.04 0.03 0.06 0.05 37.40 - 0.06 0.05 0.09 0.07 0.06 0.02
Cr203 0.04 0.02  0.05 0.03 0.04 0.03 0.10 - 0.03 0.03 0.06 0.03 0.03 0.02
MnO 0.02 001 041 0.02 0.24 0.20 0.06 - 0.46 0.32 0.17 0.14 0.13 0.06
FeO 0.21 0.14  23.81 0.50 11.17 0.55 0.80 - 10.29 1.12 11.94 1.54 10.75 0.46
P05 0.03 0.02  0.03 0.04 0.07 0.05 0.08 - 0.07 0.05 0.04 0.02 0.05 0.01
Total 99.66 0.89  88.86 0.67 97.80 0.80 97.72 - 98.05 0.22 98.14 0.67 97.65 0.79
Locality Fault Bend Ni Miedo
Structural unit EQP br. Weakly-fractured unit
rock type breccia cockade breccia protolith
Mineral phase Prn - cement Prn - cockade Prn - cement Ep - cement Chl - cement Pl Amp
N° of point
analysis 3 s.d. 4 s.d. 14 s.d. 3 s.d. 7 s.d. 11 s.d. 4 s.d.
component (wt%)
Na;O 0.02 0.02  0.03 0.03 0.03 0.03 0.03 0.01 0.05 0.02 6.41 0.49 1.12 0.08
MgO 0.09 0.04  0.10 0.03 0.09 0.03 0.68 0.59 17.36 0.88 0.00 0.01 13.23 0.77
AL,O3 23.82 126 2471 0.27 23.42 0.41 2522 1.07 19.85 0.40 26.71 0.76 7.90 0.31
SiO2 43.07 0.16  43.54 0.21 43.26 0.34 38.18 0.83 27.99 0.80 56.88 1.15 46.38 0.60
K0 0.02 0.01  0.03 0.04 0.02 0.01 0.03 0.00 0.03 0.02 0.09 0.03 0.34 0.06
CaO 26.73 041 26.45 0.32 26.63 0.30 22.56 0.73 0.12 0.06 8.89 0.91 11.23 0.30
TiO2 0.03 0.02  0.05 0.03 0.13 0.08 0.06 0.02 0.10 0.04 0.00 0.01 1.42 0.28
Cr203 0.09 0.01  0.05 0.02 0.03 0.03 0.03 0.02 0.02 0.02 0.01 0.01 0.02 0.02
MnO 0.06 0.01  0.10 0.03 0.03 0.03 0.13 0.06 0.35 0.06 0.02 0.02 0.83 0.11
FeO 2.09 1.76  0.71 0.08 2.09 0.51 10.75 0.46 23.87 1.01 0.09 0.02 13.95 1.09
P05 0.08 - 0.03 0.01 0.02 0.01 0.05 0.01 0.03 0.02 - - - -
Total 96.00 0.20  95.74 0.51 95.71 0.46 97.65 0.79 89.70 0.62 99.11 0.37 96.39 0.21
Locality Quebrada Larga
Structural unit Ep unit

Ep

rock type alteration halo vein Ep breccia
Mineral phase Pl Kfs Ep Ep - cement Kfs Ep - cement Ep - Qz vein
N° of point
analysis 9 s.d. 10 s.d. 2 s.d. 8 s.d. 4 s.d. 10 s.d. 4 s.d.

component (wt%)
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Na20 10.96 0.16 031 0.05 - - 0.03 0.03 0.30 0.02 0.08 0.03 0.04 0.00

MgO 0.06 0.02  0.08 0.02 0.13 0.07 0.15 0.05 0.08 0.01 0.10 0.02 0.10 0.02
Al0O3 21.09 033 19.11 0.18 24.60 0.46 25.75 0.66 19.13 0.08 25.25 0.65 25.54 0.74
SiO2 66.91 0.37  64.22 0.38 37.78 0.21 37.92 0.24 64.63 0.15 37.94 0.23 37.75 0.34
K0 0.11 0.09  16.36 0.22 0.03 0.01 0.04 0.02 16.41 0.15 0.02 0.01 0.02 0.00
CaO 1.00 0.18  0.01 0.01 23.64 0.29 23.28 0.32 0.03 0.03 23.16 0.27 23.29 0.37
TiO: 0.03 0.02  0.05 0.03 0.21 0.24 0.12 0.09 0.05 0.01 0.10 0.08 0.13 0.09
Cr203 0.03 0.02  0.05 0.02 0.01 0.01 0.04 0.01 0.03 0.02 0.04 0.01 0.03 0.03
MnO 0.02 0.02  0.04 0.03 0.10 0.00 0.16 0.12 0.04 0.02 0.17 0.11 0.22 0.10
FeO 0.04 0.02  0.05 0.05 11.56 0.04 10.83 0.65 0.16 0.12 11.19 0.97 10.81 0.76
P20s 0.02 0.01  0.03 0.01 - - 0.09 0.05 0.01 0.00 0.07 0.02 0.08 0.04
Total 100.23 0.56  100.23  0.44 98.05 0.12 98.36 0.32 100.82 0.25 98.02 0.36 97.95 0.74

Table 2. Mineral phase compositions of host rocks and fault zone rocks as obtained from EMPA analysis.
EQP br: Epidote-Quartz-Prehnite breccia; alter: alteration. Mineral abbreviation after Whitney and Evans
(2010).

6. Discussion

6.1. Architecture of exchumed seismogenic fanlts in the crystalline basement

Pseudotachylytes are the most reliable indicator of seismic slip in the geological record (Cowan, 1999;
Rowe and Griffith, 2015; Sibson, 1975) and occur along the whole length of the BFZ (Masoch et al., 2021;
and this work). Pseudotachylytes were likely more widespread in the BFZ than reported, since they can be
casily erased by alteration and become difficult to distinguish from chlorite-epidote-K-feldspar-bearing
cataclasites (Fondriest et al., 2020b). Ambient conditions of seismic faulting along the BFZ has been
constrained at 5-7 km depth, < 300 °C and in presence of fluids (Masoch et al., 2021). These conditions ate
typical of earthquakes nucleation and propagation in the uppermost continental crust (Scholz, 2019). Given
the fault length (>40 km) and the widespread occurrence of pseudotachylytes, the BFZ can be considered
an exhumed crustal-scale seismogenic source capable to have generated moderate- to large-in-magnitude (up
to My, 6.5-7.0) earthquakes.

The architecture of the BFZ shares features with other crustal-scale seismogenic fault zones cutting
crystalline rocks and exhumed from 5-15 km depth. These fault analogues of the BFZ include the Caleta
Coloso Fault Zone of the Atacama Fault System (hosted in foliated granodiorites and tonalites: Arancibia et
al., 2014; Cembrano et al., 2005; Faulkner et al., 2008; note that we recently found that also this fault zone
has pseudotachylytes: unpublished data) and the Alpine Fault in New Zealand (hosted in granites, gneiss and
quartz-feldspathic schist: Sutherland et al., 2012; Toy et al., 2015; Williams et al., 2018, 2017, 2016). These
crustal-scale seismogenic faults show hydrothermally altered, multiple, high-strain fault cores (similar to CU2

in this work) and lower-strained cataclastic strands (i.e., CU1 in BFZ). The fault core as wide as tens to
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hundreds of meters is surrounded by altered and damaged rock volumes in the inner damage zone (the
chloritized and fractured unit in the BFZ) referred to as alteration zone along the Alpine Fault (Sutherland
et al., 2012). In the case of the BFZ, pseudotachylytes are distributed across the fault core units as well as
across the associated strongly altered and weakly-fractured damage zones (Figs. 5-11). This suggests that
deformation and seismicity were spatially distributed among complex, linked strands over a >100-m-wide
damaged zone. Comparable with the BFZ, other exhumed seismogenic faults, hosted in crystalline rocks,
present a wide damage zone associated with distributed deformation and ancient seismicity (i.e., widespread
occurrence of pseudotachylytes across the fault zone) (e.g., the Gole Larghe Fault Zone and Gole Strette
Fault Zone in the Adamello batholith: Di Toro and Pennacchioni, 2005; Mittempergher et al., 2021;
Pennacchioni et al., 2006; Smith et al., 2013; the Glacier Lakes Fault in the Sierra Nevada batholith: Griffith
et al., 2008; Kirkpatrick et al., 2008; the Fort Foster Brittle Zone in Maine: Swanson, 2006b, 1988).
Specifically, the Gole Larghe Fault Zone has multiple 2-m-thick cataclastic fault core strands, shows
pseudotachylyte-bearing faults over a zone as wide as 600 m (Smith et al., 2013) and accommodated a
cumulative displacement of 1-2 km (Di Toro and Pennacchioni, 2005; Mittempergher et al., 2021; Smith et
al., 2013). Instead, the Caleta Coloso Fault Zone presents a ~200-300-m-wide fault core with multiple high-
strain cataclastic strands and accommodated >5 km of displacement (Arancibia et al., 2014; Faulkner et al.,
2008), similar to the BFZ, although the displacement accommodated by the BFZ is not well constrained and
could be lower. As a consequence, the Gole Larghe Fault Zone may represent a less evolved continental
fault zone than the BFZ and Caleta Coloso Fault Zone of the Atacama Fault System.

In the aforementioned cases, except for the Caleta Coloso Fault Zone, cataclasites and associated
pseudotachylytes nucleated along precursory anisotropies (i.e., joints, magmatic foliations of plutons, dykes
and metamorphic and mylonitic foliations) at eatly stages of fault evolution. In turn, seismic ruptures nucleate
on precursory anisotropies, especially at the early stages of fault evolution, and then localized cataclastic
bands coalescence into well-developed cataclastic fault core strands with progressive slip accumulation.
Nevertheless, such exhumed seismogenic faults present (i) a wide damaged zone (fault core + inner damage
zone) associated with distributed pseudotachylytes-bearing faults, and (i) a strongly hydrothermal altered
damage zone, whose thickness and distribution varies as a function of the fault length and other parameters
discussed below. This fault architecture results from several cycles of (i) co-seismic frictional melting and
pervasive damaging of the surrounding host rocks, and (ii) inter- to post-seismic fault healing and sealing
due to hydrothermal precipitation of mechanically strong (K-feldspar, epidote), or weak (chlorite) minerals
inducing fault strengthening/weakening and fault core widening/localization. The thicknesses of the fault

core units and the associated inner damage zone present the following trend: CU2 < CU1 < chloritized and
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fractured unit, with the exception of Ni Miedo locality (Fig. 13b). This trend might suggest strain localization
within the CU2 strands and fault weakening, induced by progressive chloritization of the protolith (Fig. 2a-
d, 2e) and diffusive precipitation of chlorite, especially in the cataclastic rocks (Figs. 5, 15). Nevertheless, the
XRPD-RIR analysis does not show any marked increase in mass fraction of chlorite in the CU2 compared
to the chloritized and fractured unit and CU1 (Table 1). Indeed, most of the samples share the same mass
fraction of chlorite (ranging from 9% to 15%). On the contrary, some CU2 foliated cataclasites show a
predominant increase in K-feldspar (up to 13%) and, especially, epidote (up to 25%) (Table 1), which also
define the foliation (Fig. 15¢). Thus, fault weakening and fault core localization were accompanied by fault
strengthening and fault core widening at different stages of fault evolution. In turn, differential hydrothermal
precipitation controlled the spatio-temporal evolution of the BFZ architecture, promoting weakening or re-
strengthening of each CU2 strand.

This mechanism of fault core widening by fault re-strengthening has been proposed for the Gole
Larghe Fault Zone (Di Toro and Pennacchioni, 2005, 2004; Smith et al., 2013) and the Caleta Coloso Fault
Zone (Arancibia et al.,, 2014; Cembrano et al., 2005). In seismogenic faults, solidification of quenched
frictional melts (pseudotachylyte) may also result in welding of original slip surfaces and promote migration
of new incremental slips and earthquake ruptures to available adjacent un-healed surfaces (Di Toro and
Pennacchioni, 2005; Mitchell et al., 2016). However, most pseudotachylyte-bearing faults within the BFZ
fault core show fault reactivation. This suggests that the strongly altered fault core and the associated
chloritized damage zone (i.e., chloritized and fractured unit) was not so strong as the ones of the Gole Larghe
Fault Zone. This might be due to different composition and volume of the hydrothermal fluids circulating
within the fault zone (i.e., fluid-rock interaction) during pre-, syn- and post-seismic stages.

The difference between the Gole Larghe Fault Zone and the faults of the Atacama Fault System
reflects also the different geodynamic setting. Indeed, the Atacama Fault System developed within the
Mesozoic magmatic arc of the Coastal Cordillera, where the elevated geothermal gradient (~50 °C/km) and
the devolatilization of magmatic products could have led to an enhanced fluid flow across the fault zones,
as attested by the extensive precipitation of chlorite-epidote veins over zones as wide as hundreds of meters
and the pervasive fluid-rock interaction within the faults (Fig. 16). Instead, the lower geothermal gradient
and the limited amount of fluids during the cooling of the Adamello batholith (Mittempergher et al., 2014,
2009) could have limited the fluid flux through the Gole Larghe Fault Zone during its seismogenic activity.

The architectural variability of the BFZ fault core is controlled by the presence and spatial
distribution of precursory anisotropies (i.e., magmatic foliations and dykes). Indeed, where the BFZ exploited

foliated meta-diorites (Bolfin Complex; northern and central segments), the fault core strands are thicker (up
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to a thickness of 6 m) and fewer in number (between 2 and 5 core strands; Figs. 12-13). Instead, where the
BFZ cuts through tonalites-granodiorites (Cerro Cristales Pluton; central and southern segments), the fault
core strands are thinner (maximum thickness of 3 m), more numerous (7 to 11 fault core strands) and
distributed within a zone up to 700-m-thick (Figs. 12-13). In this latter case, the BFZ exploited favorably-
oriented dykes during the early stage of fault evolution (see also Masoch et al., 2021). In summary, the
geodynamic setting of the magmatic arc played a pivotal role in controlling the architecture of the BFZ with
reference to (i) the spatial arrangement of precursory magmatic anisotropies (magmatic foliations of plutons
and dyke swarm) exploited as loci fault nucleation at early stage of fault evolution (Masoch et al., 2021) and

(ii) the large availability of fluids and heat during the late cooling stages of the batholiths (Fig. 16).
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Fig. 16. Cartoon representing the geodynamic setting of the Atacama Fault System during the Early
Cretaceous (upper diagram), and the Bolfin Fault Zone which bounds the western side of the Caleta Coloso
Duplex (lower diagram). The dashed purple box in the upper diagram indicates the crustal level represented
in the lower diagram. The faults of the Caleta Coloso Duplex developed within the Mesozoic magmatic arc
of the Coastal Cordillera at 3-7 km depth. The geodynamic setting of the magmatic setting had a primary
control on the fault architecture in terms of (i) spatial arrangement of precursory anisotropies exploited as
loci of fault nucleation (magmatic foliations of plutons and dyke swarms) and (ii) large availability of
hydrothermal fluids and heat. The fault core is associated with a wide hydrothermally altered damage zone.
This is due to the circulation of large volume of hydrothermal fluids within the fault zone. In the BFZ damage
zone, due to migration of upper-crustal pressurized fluids channelized along linkage faults and fault
intersections, low-magnitude distributed seismicity occurs as attested by clusters of fault-vein networks and
high-dilatant hydrothermal breccias, which are more widespread in the Caleta Coloso Duplex. The fault-vein
networks and high-dilatant hydrothermal breccias are interpreted as fossil analogue of fluid-driven
earthquake swarms (see Fig. 17 and text for details).
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6.2. Comparison with active seismogenic sources

The architecture of the BFZ and of other exhumed seismogenic faults indicate that their ancient
seismicity was distributed across a 100s-meter-wide zone. This is compatible with seismological observations
of earthquake sequences distributed between 5 and 15 km depth in the continental crust (e.g., Allam and
Ben-Zion, 2012; Viegas et al., 2010; Ye et al., 2012). Indeed, main- and after-shock sequences show that
earthquakes occur within broad fault zones as wide as hundreds of meters to few kilometers, most likely
containing several sub-parallel fault strands (e.g., Allam and Ben-Zion, 2012; Hauksson, 2010; Ross et al.,
2017; Share et al., 2021; Shelly, 2020). In the case of the BFZ, main- and after-shock sequences might be
associated with tectonic activity related to the sinistral intra-arc deformation during the Mesozoic.

A relevant characteristic of the BFZ is the occurrence of clusters of epidote-rich fault-vein networks
and high-dilation hydrothermal breccias within the fault damage zone. These clusters are spatially associated
with NW-striking, linkage splay faults and occur at the intersections with NE-striking faults (Figs. 7-8, 10).
The epidote-bearing discrete fault surfaces in the damage zone accommodated small displacement
(cumulative <1.5 m) and show variable kinematics (i.e., from normal dip-slip to strike-slip) across the damage
zone (see stereonets 2-6 in Fig. 7, stereonet 2 in Fig. 10 and the ancient focal mechanisms retrieved from
beach ball stereoplots of the epidote-rich fault-vein networks in Fig. 17a). The same scattering in fault
kinematics is also shown by the epidote-quartz-prehnite shear veins within the dilational jog at Fault Bend
locality (see stereonets 5-6 in Fig. 8 and the ancient focal mechanisms retrieved from beach ball stereoplots
of the epidote-quartz-prehnite shear veins in Fig. 17a). Microstructural observations of epidote-rich shear
veins indicate that incremental slip was accommodated and coupled with variable fault slip behavior (Fig.
14f). Indeed, fault slip was accommodated by cyclic events of incremental extensional/hybrid veining and
localized cataclasis (Figs. 4b, 14f). The epidote-rich veins and high-dilatant hydrothermal breccias show cyclic
events of incremental extensional fracturing and sealing (Figs. 3a-e, 4e-f, 14), typical of hydraulic implosion
brecciation (Sibson, 1986). Hydraulic implosion brecciation occurs by sudden wall-rock implosion in cavity
space and rapid hydrothermal fluid flow and mineral deposition, especially at dilational fault sites. This
brecciation process accommodates incremental dilation, which tends also to develop an extensive extensional
vein mesh/stockwork (Sibson, 19806), as observed in the BFZ damage zone (Figs. 3f, 4a). Hydraulic
implosion brecciation therefore is the result of rapid transient conditions from high to low fluid pressure
(e.g., Berger and Herwegh, 2019; Cox and Munroe, 2016; Dempsey et al., 2014; Masoch et al., 2019; Sibson,
1986; Woodcock et al., 2007). Consistently with this interpretation, the epidote-rich fault-vein networks and
high-dilatant hydrothermal breccias, possibly resulting from the ingression of hot and pressurized fluids,

show a pervasive fluid-rock interaction with the adjacent damaged host rocks (Figs. 3-4, 14e).
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Magmatic-hydrothermal systems are accompanied by sustained earthquake activity with low in
magnitude earthquakes, referred as earthquake swarms (Hill, 1977; Mogi, 1963). Earthquake swarms are
thought to be primarily driven by transient fluid pressure increases (e.g., Cappa et al., 2009; Shelly et al.,
2013a, 2013b) and the associated seismic activity lasts from days to months (e.g., Fischer et al., 2014). Similar
sequences are also associated with industrial wastewater injection in boreholes (Ellsworth, 2013; Healy et al.,
1968). Natural earthquake swarms have been documented from Yellowstone caldera, Wyoming (Shelly et al.,
2013a), Long Valley Caldera, California (Shelly et al., 2016, 2015), Mount Rainer, Washington (Shelly et al.,
2013b); Mineral Mountains, Utah (Mesimeri et al., 2021), West-Bohemia/Vogtland, Central and Western
Europe (Fischer et al., 2014; Vavrycuk, 2002), Hakone caldera, Japan (Yukutake et al., 2011), and Patagonian
batholith, Southern Andes, Chile (Legrand et al., 2011).

Specifically, the latter example from the Southern Andes occurred in a geodynamic setting
comparable to that one where the BFZ was active during the Mesozoic. Indeed, the 2007 Aysén Fjord swarm
sequence occurred within the Liquifie-Ofqui Fault System (Southern Andes, Chile), a presently active major,
trench-parallel, dextral strike-slip intra-arc fault system of the Patagonian fjord land, associated with the
oblique subduction of the oceanic Nazca plate underneath the South America plate (e.g., Cembrano et al.,
2002, 1996), similar to the AFS during the Mesozoic (Fig. 17). In detail, the Aysén Fjord swarm was
distributed along a second-order (i.e., splay) fault of the main segment of the Liquifie-Ofqui Fault System,
cutting through the Patagonian batholith, and was driven by the ingression of magmatic or hydrothermal
fluids (Legrand et al., 2011). Most of the seismic events occurred between 3 and 8 km depth (Fig. 17b)
(Legrand et al., 2011), which is the range of inferred formation depth of the epidote-rich fault-vein networks
from the Caleta Coloso Duplex (Cembrano et al., 2005; Herrera et al., 2005). Moreover, this swam sequence
was associated with a considerable non-double-couple (i.e., isotropic) component for three of the six greatest
events. High values of the non-double-couple component were also recently detected in the 2019 Mw 7.1
Ridgecrest sequence (5 to 15% of the total moments for 50 earthquakes; Cheng et al., 2021) and in the 2010
Yellowstone caldera sequence (30% of the total moment for the My, 3.9 earthquake; Shelly et al., 2013a) A
mechanism producing isotropic seismic signal is tensile fracturing, hybrid faulting in a local extensional stress
regime possibly augmented by the involvement of pressurized fluids (Sibson, 1994; Stierle et al., 2014;
Vavrycuk, 2002),. In turn, the extensive epidote-rich fault-vein networks and high-dilation hydrothermal
breccias show features resembling those typical of earthquake swarms, as discussed in the paragraph above.
In particular, the fault-vein networks and high-dilatant breccias show evidences of having accommodated
dilation vs. slip large enough to have produced seismic events with a considerable non-double-couple

component. This hypothesis is supported by the extension (up to 100s of meters) of the interlaced epidote-
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rich fault-vein networks (Figs. 7, 10) and the volume of the high-dilatant epidote-quartz-prehnite breccia
defining a decameter-sized dilational jog (Fig. 8) and showing cockade texture (Fig. 14a), fault rock typical of
high-dilatant faults (e.g., Cox and Munroe, 2016; Frenzel and Woodcock, 2014; Masoch et al., 2019). At
larger scale, the Caleta Coloso Duplex formed in a local transtensional regime (Cembrano et al., 2005; Herrera
et al., 2005; Veloso et al., 2015), promoting migration of upper-crustal pressurized fluids during brittle
deformation (Sibson, 1987, 1981). The epidote-bearing fault-vein networks and high-dilation hydrothermal
breccias observed in the damage zone of the BFZ are more widespread within the duplex (see Cembrano et
al., 2005; Herrera et al., 2005). For these reasons, we can compare and upscale our findings with the 2007
Aysén Fjord swarm and, in conclusion, we interpret the clusters of epidote-rich fault-vein networks and
epidote-quartz-prehnite breccias as exhumed seismic sources of fluid-driven earthquake swarms.

Our interpretation is also supported by the seismological monitoring of earthquakes associated with
active hydrothermal systems thanks to the exploitation of dense seismic networks ad of high-resolution
double-differences relocation methods (see Ellsworth, 2013). Indeed, complex fault networks are activated
during an earthquake swarm sequence: fluids inject along fault zone and diffuse primarily through channels,
driving seismicity (Ross et al., 2020, 2017; Shelly et al., 2016, 2015, 2013a). Moreover, the focal mechanisms
have remarkable variable kinematics across the active seismogenic volume and geometrical complexities,
such as fault linkages and bends, are the location of persistent low-magnitude seismicity (Ross et al., 2020,
2017). These source and spatial features observed in earthquake swarm sequences are compatible with the
scattered kinematics (Figs. 7-8, 10 and summery in Fig. 17) and the geometrical characteristics (see points
discussed above) of the epidote-rich units of the BFZ. In summary, the epidote-rich fault-vein networks and
the epidote-quartz-prehnite breccia observed in the damage zone of the BFZ and, more in general, in the
faults of the Caleta Coloso Duplex are interpreted as a fossil example of upper-crustal fluid-driven
widespread seismicity associated with a high-fluid flux setting, where little variation of pore fluid pressure
can determine small-scale seismic faulting and dilatation at geometrical complexities (Cox, 2020, 2016;

Sibson, 19906).
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Fig. 17. Comparison between the exhumed clusters of epidote-rich fault-vein networks and high-dilational
hydrothermal breccias associated with splay faults in the damage zone of the Bolfin Fault Zone (the blue box
indicates the BFZ location along the Atacama Fault System) (a) and the 2007 swarm-type sequence of Aysén
Fjord (Southern Chile) within the presently active Liquifie-Ofqui Fault System (b; modified from Legrand et
al., 2011). See the text for details.
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7. Conclusions

We described the architecture of the Bolfin Fault Zone, a >40-km exhumed, seismogenic strike-slip
fault of the intra-arc Atacama Fault System (Northern Chile). The BFZ is an example of crustal-scale
seismogenic source hosted in the continental crust, which could have generated moderate- to large-in-
magnitude (up to M, 6.5-7.0) earthquakes. Ancient seismicity is attested by widespread occurrence of
pseudotachylytes within the fault core and the damage zone. The BFZ consists of a hydrothermally altered
fault core (thickness ranging from 7 m to ~60 m), including multiple high-strain and lower-strain cataclastic
fault strands, and a strongly altered inner damage zone (up to 58-m-thick). The latter is characterized by
extensive albitization of plagioclase and chloritization of biotite and amphibole and pervasive chlorite-
epidote veining. The intense fluid-rock interaction affecting all the structural elements of the BFZ attests to
an extensive circulation of hydrothermal fluids during the ancient activity of the BFZ. In particular, the
damage zone of the BFZ presents clusters of epidote-rich fault-vein networks and hydrothermal breccias
associated with linkage faults and fault intersections. By comparing the seismicity along the presently active
intra-arc Liquifie-Ofqui Fault System (Southern Andes, Chile), we interpreted these clusters of the epidote-

rich fault-vein networks as a fossil record of fluid-driven earthquake swarm sequences.
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Chapter 3

Fluid-driven earthquake swarms frozen in an exhumed hydrothermal system (Bolfin

Fault Zone, Chile)

This study was conducted with the collaboration of Giorgio Pennacchioni, Michele Fondriest, Rodrigo
Gomila, José Cembrano and Giulio Di Toro. I was assisted during the microstructural analysis (but not
continuously) by Giorgio Pennacchioni. The material presented here was discussed with Giorgio

Pennacchioni, Michele Fondriest, Rodrigo Gomila, José Cembrano and Giulio Di Toro.
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Abstract

Fluid-driven earthquake swarms commonly occur in upper-crustal hydrothermal-magmatic systems and
activate mesh-like fault-fracture networks. To date, there are few constraints from the geological record on
how seismically-active fault-vein networks develop through time in this geodynamic environment. Here, we
describe networks of small displacement (< 1.5 m) epidote-rich fault-vein across granitoids, occurring at the
intersections of subsidiary faults with the exhumed crustal-scale Bolfin Fault Zone (Atacama Fault System,
Chile). High-resolution microstructural analysis conducted on magmatic quartz of the host granitoids located
close (= 1 cm) to the sheared fault-veins shows the presence of (i) thin (<10 um) interlaced deformation
lamellae and, (i) a network of quartz veinlets crosscutting the lamellae (healed microfractures). Instead, the
epidote-rich sheared veins (i) include clasts of the deformed magmatic quartz, and (ii) record cyclic events of
extensional-to-hybrid veining and shearing. We interpret the microstructures preserved in the magmatic
quartz as record of transient high stresses associated with dynamic propagation of small seismic ruptures
Instead, the overprinting dilation and shearing within the epidote-rich fault-veins attest the development of
a mature and hydraulically-connected fault-fracture system cyclically rupturing during swarm-like earthquake

sequences, controlled by fluctuations of pore fluid pressure.
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1. Introduction

The properties of fault zones and their host rocks affect a wide range of crustal processes, such as
earthquake nucleation, propagation and arrest (e.g., Faulkner et al., 2006; Sibson, 1985; Wesnousky, 2000,
1988), crustal rheology (e.g., Behr and Platt, 2014; Handy et al., 2007) and migration of fluids (e.g.,
hydrothermal, magmatic, oil, gas) in the Earth’s crust (e.g., Cembrano and Lara, 2009; Richards, 2013;
Tardani et al., 2016). Mechanical and hydraulic proprieties of fault zones vary largely though space and time
during the seismic cycle and are intrinsically coupled with each other (Faulkner et al., 2010; Wibberley et al.,
2008). Specifically, at seismogenic depths (i.e., 5-15 km depending on the tectonic setting, rock composition,
temperature gradient, etc.; Scholz, 2019), permeability in active seismogenic fault zones is expected to change
during the seismic cycle, promoting co- to post-seismic episodic fluid flow (i.e., fault-valve behavior; Sibson,
1992a, 1992b, 1989). Indeed, fault rupture events can lead to large, transitory increases of fault permeability
(Cox, 2016; Sibson, 1989). Where ruptures breach overpressured fluid reservoirs, high-permeability fault
segments provide conduits facilitating fluid redistribution in the Earth’s crust. On the other hand, post- to
inter-seismic fault healing and sealing due to compaction processes and precipitation of hydrothermal
minerals in pores and fractures can reduce the fault permeability, eventually inhibiting fluid flow (Cox, 2016;
Sibson, 1992b, 1992a, 1989).

The expression of the coupling among fault activity, fault permeability, fluid flow, fluid pressure and
loading conditions in the geological record is documented by hydrothermal (e.g., epidote, quartz, calcite,
zeolite) fault-vein networks in exhumed fault zones over several geological settings (e.g., Cox and Munroe,
2016; Dempsey et al., 2014; Lucca et al., 2019; Masoch et al., 2022; Micklethwaite et al., 2010). Mineralized
fault-fracture networks present extensive hydrothermal alteration, mutually overprinting extension-to-hybrid
vein arrays, and dilational breccias. Hydrothermal fault-vein networks record significant stages of fluid flow
and mineralization during fault evolution, possibly associated with ancient seismic activity (e.g., Cox and
Munroe, 2016; Dempsey et al., 2014; Masoch et al., 2022). In recently or currently active hydrothermal-
magmatic settings, fluid flow is abundant and is commonly accompanied by earthquake swarms (e.g., Fischer
et al., 2014; Legrand et al., 2011; Mesimeri et al., 2021; Shelly et al., 2013), i.e., clusters of low-in-magnitude
seismic events without a characteristic mainshock (Mogi, 1963). Earthquake swarms have been frequently
attributed to pore fluid pressure transients in km-scale mesh-like fault-fracture networks (e.g., Hill, 1977;
Shelly et al., 2022; Sibson, 1996) and the associated seismic activity lasts from few days to months (e.g.,
Fischer et al., 2014). Besides deviating from common mainshock-aftershock sequences, earthquake swarms
generate also considerable non-double-couple (i.e., isotropic) seismic signal, as a result of tensile fracturing

and hybrid faulting driven by the ingression of pressurized hydrothermal-magmatic fluids in the fault
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zone/system (Legrand et al., 2011; Phillips, 1972; Sibson, 1996; Stietle et al., 2014; Vavrycuk, 2002). Similar
human-induced seismic sequences may be associated with industrial fluid injection in boreholes (Ellsworth,
2013; Healy et al., 1968).

There has been a great deal of progress in the last years regarding (i) the spatio-temporal imaging of
the fault-fracture networks illuminated by earthquake swarms, (i) the determination of focal mechanisms of
very small earthquakes through seismological and geophysical techniques (e.g., Mesimeri et al., 2021; Shelly
et al.,, 2022), and (iii) the relation of injected fluid volumes and rates with seismic energy release through
fluid-injection experiments (e.g., Dorbath et al., 2009; Guglielmi et al., 2015). However, to date, little is known
from the geological record about how a fault-vein network, large enough to be comparable to currently active
cases, develops though time and space in hydrothermal systems. Moreover, evidences of ancient seismic
faulting related to fluid-driven seismicity, are rarely documented.

In this work, we examine an extensive epidote-rich fault-vein network resulting from fault linkage
and damage zone formation of the Bolfin Fault Zone (BFZ). The fault networks are exceptionally well
exposed over tens of square kilometers in the Atacama Desert (Northern Chile). The BFZ is an exhumed,
crustal-scale, seismogenic (pseudotachylyte-bearing) fault of the transtensional Caleta Coloso Duplex
(Atacama Fault System, Chile, Fig. 1) (Cembrano et al., 2005; Masoch et al., 2022, 2021; Scheuber and
Gonzialez, 1999). Based on the interpretation of field data and high-resolution (FEG-SEM) microstructural
analysis of fault zone rocks, we reconstruct different stages during the development of an upper-crustal
seismically-active hydrothermal system, from the dynamic nucleation of small seismic ruptures to the
formation of mature and hydraulically connected fault-fracture network. We document that the proximal
wall-rocks of small-displacement (< 1.5 m) sheared veins initially experienced a high-stress pulse, attested by
deformation lamellae developed in the magmatic quartz, and the same deformation features are included in
wall-rock fragments within the sheared veins. The latter are associated with epidote mineralization and record
overprinting events of both extensional veining and cataclasis. We interpret the combination of these
microstructures as evidence of ancient swarm-like seismic activity, from the first stages of dynamic
propagation to fluid-driven extensional veining and cataclasis within a mature and hydraulically connected
fault-fracture system. This represents a unique record of the evolution in space and time of un upper-crustal

swarm-like seismic source, from the early nucleation stages to the later mature architecture.
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Fig. 1. Geological setting of the Bolfin Fault Zone. (a) Simplified geological map of the Caleta Coloso
Duplex. The BFZ bounds the western side of the crustal-scale transtensional duplex. The green layer
indicates the distribution of the epidote-rich fault-vein networks and dilatant breccias within the Caleta
Coloso Duplex. Modified from Masoch et al. (2021). (b) Structural map of the BFZ architecture at Sand
Quarry locality. Clusters of epidote-rich fault-vein networks and breccias are associated with NW-striking,
splay faults of the BFZ and NE-striking faults. The faults splaying out from the BFZ represent transtensional
faults within the duplex (thick red lines). Modified from Masoch et al. (2022). (c) Structural data of the fault
core strands and epidote-rich fault-vein networks. Numbers in stereonets denote the location of structural
sites in the map in (b).

2. The epidote-rich fault-vein networks of the Bolfin Fault Zone

The BFZ is a >40-km-long fault pertaining to the 1000-km-long, Early Cretaceous, strike-slip intra-
arc Atacama Fault System (Northern Chile; Fig. 1) (Arabasz, 1971; Cembrano et al., 2005; Masoch et al.,
2021; Scheuber and Gonzalez, 1999; Seymour et al., 2021). The BFZ is a sinistral strike-slip fault and bounds
the western side of the crustal-scale transtensional Caleta Coloso Duplex (Cembrano et al., 2005; Masoch et
al., 2022, 2021) (Fig. 1a). The BFZ has a sinuous crustal-scale geometry cutting through Jurassic-Early
Cretaceous diorite-gabbro and tonalite-granodiorite plutons (Fig. 1a). The ancient BFZ seismicity is attested
by presence of pseudotachylytes, formed at 5-7 km depth and < 300 °C ambient temperature (Gomila et al.,
2021; Masoch et al., 2022, 2021). Seismic faulting occurred in a fluid-rich environment as documented by
syn-kinematic chlorite-epidote (-quartz-calcite) veining and extensive propylitic alteration (Gomila et al.
2021).

Opverall, the BFZ architecture consists of cataclastic, multiple fault strands, up 6-m-thick, within a
150-m-wide damage zone (see Masoch et al., 2022 for the description of the fault architecture; Fig. 1b). The
damage zone consists of variably fractured and brecciated rock volumes characterized by extensive epidote-
rich fault-vein networks associated with NW-to-WNW-striking faults splaying from the BFZ (Figs. 1b-c; 2)
(Masoch et al., 2022). These subsidiary faults accommodated transtensional slip (Fig. 1¢) within the Caleta
Coloso Duplex (Cembrano et al., 2005), with an apparent cumulative strike-slip displacement up to 1 km
(Cembrano et al., 2005; Jensen et al., 2011; Stanton-Yonge et al., 2020). The epidote-rich fault-vein networks
consist of (i) small-displacement (< 1.5 m) sheared veins with lineated slickensides (Fig. 2a-b, 2d-¢), and (ii)
extensional veins and dilatant breccias sealed by epidote + prehnite * chlorite = quartz £ K-feldspar (Fig.
2b-c, 2f; see section 4.2). Sheared and extensional veins are arranged into four sets, dipping towards SW, NE,
W and S (Fig. 1¢c). Epidote lineated slickensides are decorated by either stepped polished surfaces or mirror-
like slip surfaces (Fig. 2a, 2d), and present variable kinematics (i.e., normal dip-slip to strike-slip; Fig. 1c).
Veins and breccias record multiple episodes of extensional fracturing and sealing, as they include angular

fragments of earlier veins and breccias (Fig. 2b-c). The epidote-rich fault-vein networks are surrounded by
104



extensive reddish alteration haloes in the damaged wall-rock (Fig. 2b-c, 2e-f). The epidote-rich fault-vein
networks observed in the BFZ damage zone are spatially distributed within all the duplex (see Cembrano et

al., 2005; Herrera et al., 2005) (Fig. 1a).

Fig. 2. The epidote-rich fault-vein network of BFZ. Coin for scale. Mineral abbreviations: .45 = albite, Ch/
= chlorite. (a) Discrete extensional fault surface decorated by epidote slickenfibers. W(GS84 GPS location:
23.883944°S, 70.486689°W. (b) Epidote-rich hybrid extensional-shear vein including angular fragments of
earlier veins (dark green). The vein is reactivated by a whitish calcite-palygorskite vein (boundary on the right
side) referable to post-Miocene deformation (see Masoch et al., 2021 for details). Sample 19-33. WGS GPS
location: 23.99803°S, 70.44051°W. (c) Polished sample of an epidote sheared vein surrounded by a reddish
alteration halo on both sides. The pale green-colored cataclasite includes dark green fragments of early veins.
Sample 19-48. WGS84 GPS location: 23.88442°S, 70.48567°W. (d) Sheared vein with lineated and highly
reflective (i.e., mirror-like) slickenside. The black line indicates the orientation of the thin section scan shown
in (e). Sample 19-38. WGS84 GPS location 23.8842400°S, 70.4864200°W. (e) Plane-polarized light scan of
thin section of a lineated sheared vein, showing the spatial distribution of the microstructures observed in
the micro-damage zone and in the sheared vein (red lines). (f) Plane-polarized light scan of thin section of a
sheared vein with both wall-rock blocks preserved. Sample 19-48.
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3. Methods

Microstructural analysis was conducted on syton-polished 100-um-thick thin sections (n=10) cut
patallel to the fault lineation and orthogonal to the fault/vein wall. We used a Tescan Solaris (Field Emission
Gun — Scanning Electron Microscope; FEG-SEM) installed at the Department of Geosciences of University
of Padova (Italy). The instrument is equipped with backscattered electron (BSE), cathodoluminescence (CL),
electron backscattered diffraction (EBSD) and quantitative wavelength-dispersive spectroscopy (WDS)
detectors. BSE and CL images were acquired at 7-10 kV and 0.3-3 nA, and 10 kV and 1-3 nA as accelerating
voltage and beam current, respectively. The EBSD maps were acquired using the FEG-SEM equipped with
a COMOS-Symmetry EBSD detector (AZtec acquisition software, Oxford Instruments), operating at 20 kV
as accelerating voltage, 5-10 nA as beam current, 0.15-0.30 um as step size, 70° sample tilt and high vacuum.

EBSD data were elaborated with the MTEX toolbox (https://mtex-toolbox.github.io/).

The composition of main mineral phases was obtained by WDS-FEG analysis. Conditions of data
acquisition were: 15 kV (accelerating voltage); 6 nA (beam current); 1 um (electron beam size); 5 s (counting
time for background), 15 s (for Si, Al, Ca, Fe), and 10 s (for Na, K, Mg, Mn, Ti, Cr) on peak. Albite (Si, Al
and Na), diopside (Ca), olivine San Carlos (Mg), orthoclase (K), hematite (Fe), and Cr, Ti and Mn oxides

were used as standards. Na and K were analyzed first to prevent alkali migration affects.

4. Results
4.1. Weakly-deformed granodiorite and micro-damage gone of the sheared veins

The weakly-deformed granodiorite consists of plagioclase (labradorite to andesine), quartz, K-
feldspar with myrmekite, biotite and minor amphibole and opaques (ilmenite and magnetite) (Figs. 2c, a).
The magmatic quartz shows weak undulose extinction and has a dominant light grey CL shade locally cut by
CL-dark micro-fractures (>10 um in thickness) sealed by hydrothermal quartz = K-feldspar (Fig. 3a-b).

The damaged granodiorites associated with the sheared veins is marked by up to 4-cm-thick reddish
alteration haloes (Figs. 2b-f) where: (i) magmatic plagioclase is replaced by albite + epidote; and (ii) magmatic
biotite and amphibole are replaced by chlorite £ opaques (Fig. 2e-f). A pervasive network of interconnected
micro-fractures, sealed by epidote * chlorite = prehnite, is present in the alteration halo and becomes
spatially denser toward the veins (Fig. 2c, 2e-f). Under CL, magmatic quartz shows heterogeneous, bright to
medium grey shade domains, which are cut by interlaced darker-shaded deformation bands up to 10-um-
thick (Fig. 3c-f). K-feldspar is bright in CL. whereas albitized plagioclase does not show any CL signal (Fig.
3d, 3f). CL also reveals a network of micro-fractures healed by quartz £ K-feldspar * albite (hereafter

referred as “quartz-filled” veinlets), across quartz and feldspar grains (Fig. 3c-f). These veinlets show a
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homogeneous dark CL shade and are oriented at high angle with respect to the vein boundary (Fig. 3d, 3f).
These microstructures (i.e., deformation bands and healed microfractures) fade away (= 1 cm far; Fig. 3b)
from the veins — hereafter we refer to this high-strain damage zone as “micro-damage zone”. Deformation
bands do not show any texture gradient moving closer to the veins; instead, the density of the quartz-filled
veinlets increases moving closer to the veins (Fig. 3d, 3f, 3h). Close to the sharp vein boundary (< 100 pm
far from the vein boundary) in the footwall block, the magmatic quartz is strongly brecciated and healed by
dark grey-shaded quartz (also surrounded by epitaxial rim of CL-dark quartz; Fig. 3g-h). EBSD maps of the
magmatic quartz show that the deformation bands visible in CL are oriented nearly orthogonal to the <c>
axis (Fig. 4a-b) and correspond to a minor crystallographic misorientation (< 2-3°; see profiles in Fig. 4c¢)
with respect to the host grain. These features are typical of deformation lamellae (Fairbairn, 1941; Trepmann
and Stockhert, 2003) either referred as short-wavelength undulatory extension (Trepmann and Stéckhert,
2013) or fine extinction bands (Derez et al., 2015). Consequently, hereafter we refer as deformation lamellae
to these deformation features. The EBSD maps also show that the quartz-filled veinlets are in epitaxial

continuity with the host magmatic quartz (Fig. 4a).

Fig. 3. Quartz microstructures in the weakly-undeformed granodiorite (a-b) and in the micro-damage zone
of the veins (c-h). BSE images (left column) and their correspondent CL images (right column) with their
distance to the vein boundary. Samples 19-37 and 19-38. Mineral abbreviations: .44 = albite, Kfs = K-feldspar,
P/ = plagioclase, Oz = quartz. (a) Quartz grains outside the micro-damage zone. (b) Undeformed quartz
grains show homogeneous, bright CL signal. (c, e, g) Quartz grains appear almost undeformed in BSE images.
(d, £, h) Deformed magmatic quartz shows bright to medium, CL grey-shaded domains, which are pervasively
cut by interlaced darker deformation lamellae (DL). These deformation features are cut by CL-dark quartz-
filled veinlets. (g-h) Quartz grain close to the vein boundary in the footwall side. In the CL image in (h), the
quartz grain appears strongly brecciated (almost pulverized) and is healed by CL-dark quartz.
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Fig. 4. EBSD analysis of a deformed magmatic quartz in the micro-damage zone. (a) Inverse Pole Figure
(IPF) map, color coded according to IPF legend. The analyzed large magmatic quartz grain is the same shown
in Fig. 3c-d. The IPF map is overlaid to the orientation contrast image. White lines mark the profiles plotted
in (c). (b) Contoured pole figures. (c) Misorientation profiles.

4.2. Epidote-rich sheared veins

The epidote-rich sheared veins have heterogeneous microstructures (Figs. 2e-f, 5-6). In the sample
19-48 where both sides of the wall-rock surrounding the vein are preserved, the sheared veins include both
portions of undeformed vein fillings and vein cataclasites (Figs. 2c, 2f, 6a). Undeformed vein portions consist
of idiomorphic and zoned epidote (Al-rich; light: Fe-rich; Table 1) * prehnite (dark: Al-rich; light: Fe-rich;
Table 1), with minor interstitial chlorite + quartz * K-feldspar, and wall-rock fragments (Fig. 5a). The
undeformed vein portions are generally present at the outer part of the vein while the cataclastic vein portion
at the core (Figs. 2c, 6a). The core of the vein consists of a porous fine-grained (< 20 um in size) matrix of
epidote including fragments of earlier vein fillings and of the wall-rock.

In the samples 19-37 and 19-38, that include a portion of the vein and of the footwall wall-rock, the
sheared veins consist of layered (proto)cataclasites to ultracataclasites with a sharp, knife-like contact with
the topping vein (Figs. 2e, 6b). Close to the wall-rock, the (proto)cataclasites consist of a fine-grained (< 20
um in size) matrix of zoned epidote and minor prehnite with intra-pore chlorite, and includes fragments (up
to cm in size) of earlier prehnite-epidote veins and wall-rock (Fig. 5b-c). The ultracataclasites consist of a
highly porous, fine-grained (= 500 nm in size) matrix of epidote and prehnite, with intra-pore chlorite, and
fragments (up to 100 um in size) of idiomorphic epidote and prehnite grains and wall-rock (Fig. 5d, 5f).

Above the lineated slickensides, multiple vein generations are present (Fig. 5d-¢). Some veins consist of
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zoned prehnite grains elongated orthogonal to the vein boundaries (Fig. 5¢). Other veins consist of zoned
epidote grains, which present localized (ultra)cataclasite layers at the vein boundaries, marking further
lineated slickensides.

Fragments of magmatic quartz within the veins appear brecciated under CL (Fig. 5g). Micro-fractures
are sealed by CL-dark quartz, which rims the brecciated magmatic quartz fragment (Fig. 5g). This darker rim
shows a faint oscillatory zoning in the external part (Fig. 5g). Magmatic quartz included in large (mm in size)
wall-rock fragments shows the same deformation features (i.e., deformation lamellae cut by epitaxial quartz-

filled veinlets, Fig. 5h-i) as observed in the micro-damage zone (Fig. 3c-h)

Fig. 5. Microstructures of the epidote-rich sheared veins (samples 19-38 and 19-48). Mineral abbreviations:
Ab = albite, Ch/ = chlorite, Ep = epidote, Kfs = K-feldspar, Prnz = prehnite, Oz = quartz. (a) Vein filling
consisting of idiomorphic zoned epidote. (b) Angular fragment of an early prehnite-epidote vein (dashed
white line) included in epidote-rich vein protocataclasite. (c) Detail of the epidote matrix in a protocataclasite.
(d) Ultracataclasite, defining the slip zone of a discrete polished surface, includes angular fragments of zoned
epidote (light grey) and prehnite (dark grey). The sheared vein is reactivated by multiple events of extensional
veining. (e) Detail of extensional-to-hybrid veins. Vein sealed by elongated prehnite crystals and reactivating
a hybrid extensional-shear one. Note the fibrous prehnite crystals above the white dashed line. (f) Matrix of
ultracataclasite consisting of epidote nanoparticles (= 500 pm in size). Fragmented idiomorphic crystals of
epidote and prehnite are included in the matrix. The ultrafine epidote grains have triple junctions and pores
(<< 1 um in size), locally filled with chlorite. (g) Quartz fragments within an epidote cataclasite. The quartz
fragments are brecciated and rimmed by CL-darker quartz. (h-i) Quartz grains in wall-rock fragments (the
larger is marked by the dashed white line) show the same deformation features observed in the micro-damage
zone of the veins, shown in Fig. 3.

111



150 pm

Fig. 5. Caption on previous page.

112



% S %—7 g

. }( L i P j » micro-damage

hanging wall

wall rock ﬁ

zZone
L-HL'.""
sheared vein
U .
SRS T war rock vm"’“;g;:age
\A\“ oo\ ‘?\>\ footwall
slickenside ~1 cm
— I I
mm50f %9 4
Sheared vein )
clast size
Y

micro-damage
wall rock g

footwall e
5h-i 3a-b 3c-f 4a 5c 5b 3g-h
wall-rock microstructures vein microstructures
idiomorphic cataclastic
K oz
:\% o _Pl’ D“OGQQGaQ
2 S TR
N \O b& 2p QQU
deformation Bt Cl-darker - epidote - prehnite

lamellae veinlets
Fig. 6. Schematic illustration summarizing the different microstructures observed in the epidote-rich sheared
veins and associated wall-rock. (a) Sheared veins with both footwall and hanging wall blocks preserved. (b)
Sheared veins with only the footwall block preserved.

113



Mineral phase Epdark Epdark Epdark Epdark Epdark Epdark Epdark Epdark Epdark Eplight Eplight Eplight Eplight Eplight Eplight Eplight Eplight Eplight Eplight Prnlight

Na,0 0.02 0.03

Mgo 0.20 0.16 0.09 0.16

ALO; 2624 2618 2512 2521 2456 2494 2503 2553 2504 2288 2442 2494 2504 2384 2368 2442 2440 2336 2315 2121
Sio, 3857 3856 3849 3718 3694 3752 3819 3735 3778 3751 3749 3665 37.03 3827 3798 3821 37.90 3723 3831 4297
K0 0.04 0.02 0.02 0.03 0.02 0.03 0.02
ca0 2309 2361 2312 2308 2305 2390 2393 2350 2378 2205 2351 2307 2304 2289 2335 2345 2303 2307 2366  26.66
Tio 0.11 0.15 0.07 0.04 0.02 0.21 0.09 0.07 0.06 0.10 0.04 0.10 017
Cry0, 0.01 0.05 0.03 0.15

MnO 047 0.16 0.20 0.06 0.09 0.08 0.12 0.16 0.11 0.29 0.37

FeO 9.98 924 1099 1031 1047 1063 980 1012 1047 1393 1141 1122 1155 1072 1191 1296 1199 1303  11.99 3.76
Total 97.99 9777 9798 9594 9527 9699 9695 9650 9677 9666 9686 9626  97.02 9610 9702 98.81 9747 9743 9757 9479

Mineral phase Prnlight Prnlight Prnlight Prnlight Prnlight Prnlight Prnlight Prnlight Prnlight Prnlight Prnlight Prnlight Prnlight Prnlight Prndark Prndark Prndark Prndark Prndark
Na,0

Mgo 0.06 0.10 0.37

AlL,O; 2226 2179 21.87 22.08 22.20 2292 2271 2227 2167 2233 2277 23.41 21.30 21.86 23.12 23.54 23.78 23.77 24.01
SiO, 43.84 4277 43.04 43.26 4262 43.03 43.93 44.70 43.99 43.94 43.34 4322 4244 43.31 42.77 43.55 43.13 43.62 43.98
K0 0.02 0.03 0.03 0.01 0.04

Ca0 26.63 26.76 26.35 26.71 26.62 26.61 27.18 27.04 27.04 2712 2712 26.94 26.52 27.03 26.53 2742 27.51 26.88 27.48
TiO 0.21 0.11 0.05 0.07 0.13 0.21 0.09 0.06 0.04 0.15

Cr03 0.00 0.18

MnO 0.12 0.11 0.17 0.16 0.13
FeO 331 342 4.20 3.12 254 263 295 3.24 3.85 3.40 257 224 347 3.70 1.86 1.1 0.88 1.78 1.17
Total 96.27 94.97 95.60 95.24 94.11 95.63 96.87 97.36 96.61 96.83 95.80 95.82 93.74 95.90 9457 95.62 95.46 96.57 96.76

Table 1. Compositions of epidote and prehnite from WDS-FEG. Dark and light refer to different grey color
in BSE images.

5. Discussion

The SEM images document a complex and polyphase deformation history associated with vein
formation which includes at least (i) an initial stage (well-preserved in the rocks surrounding the epidote-rich
veins) of high stress with limited and rock-buffered (i.e., low external fluid vs. rock ratio) fluid infiltration
along the micro-cracks; and (ii) following pulses of fluid infiltration, with precipitation of epidote  prehnite,
alternating with vein-parallel cataclastic shearing. Below we discuss the microstructural observations and
propose a conceptual model for the nucleation (section 5.1) and cyclic development (section 5.2) of a highly

connected fault-fracture network in a seismically-active hydrothermal system (Fig. 7).

5.1. Wall-rock damage and fluid redistribution during dynamic crack propagation

Deformation lamellae and quartz-filled veinlets in the magmatic quartz of the wall-rock close (= 1
cm far; Figs. 2e, 3, 5h-i) to the epidote-rich sheared veins are interpreted as the precursor stages of the
epidote-rich hydrothermal fault-vein system (Fig. 7a).The early-stage evolution of wall-rock quartz
deformation is supported by the observation that quartz with identical features (deformation lamellae, and
epitaxial quartz-filled veinlets and rims) is included as clasts in the epidote-rich veins (Fig. 5g-i).

Quartz deformation lamellae have been reported in shock-impact rocks (e.g., Carter, 1965) and in
exhumed middle-crustal shear zones from the Sesia-Lanzo Zone (Western Alps), associated with other high-
stress deformation microstructures (e.g., twinning of jadeite, shattering of garnet), as evidence of upper-
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crustal seismic ruptures that propagated in the middle-to-lower crust (Trepmann and Stéckhert, 2003).
Deformation lamellae were also produced experimentally in natural quartz deformed at stress under strain
rates of 10* s™) and relatively low temperatures (i.e., 400 °C) (Trepmann and Stéckhert, 2013). Similarly,
these intra-crystalline deformation features are produced in metals deformed at high-strain rates and low
temperatures (Drury, 1993).

The epidote-rich fault-vein networks of the BFZ formed at temperatures < 300 °C (Herrera et al.,
2005; Masoch et al., 2022). At these temperatures, the dominant deformation mechanisms active in quartz
in many geological contexts are fracturing, cataclastic flow and pressure solution (Snoke et al., 1998; Stipp et
al., 2002). In the seismogenic crust, high-stress concentrations are produced at the crack tip during crack
propagation (Reches and Dewers, 2005). Thus, we propose that the observed deformation lamellae in the
wall-rock magmatic quartz bounding the epidote-rich veins record the dynamic high-stress field associated
with rupture propagation at seismic speeds (e.g., 0.7-0.9 Rayleigh shear wave velocity, Scholz, 2019) in the
process zone of the crack tip (Faulkner et al., 2011; Vermilye and Scholz, 1998) (Fig. 7a). Blenkinsop and
Drury (1988) proposed a similar interpretation for formation of this low-temperature intra-crystalline
deformation microstructures found in the damage zone of the Bayas Fault hosted in quartzites (Cantabrian
Zone, Variscan Orogen, Spain).

Near an earthquake crack tip propagating at speed close to the Rayleigh shear wave velocity, extreme
deformation conditions (tensile stresses approaching 5 GPa and volumetric strain rates exceeding 10° s™:
Reches and Dewers, 2005) are achieved. At these extreme deformation conditions, rocks fail and pulverize
(Okubo et al., 2019; Reches and Dewers, 2005). Alternatively, micro-cracks may propagate at extremely low
rupture velocities (sub-seismic: 10 +10* m/s) compared to typical seismic velocities (14X 10° m/s), by
sub-critical crack growth driven by stress corrosion (Atkinson and Meredith, 1987). This sub-critical crack
propagation mechanism is particularly efficient in silicate-built rocks in the presence of pressurized water,
which keeps cracks open, and at high fluid temperatures (T = 200°C). These ambient conditions are achieved
in the vein network described in this study. However, the extremely low rupture velocities would not allow
the achievement of high stress perturbations at the crack tip typical of fractures propagating at km/s (Freund,
1990; Reches and Dewers, 2005) and required for the formation of the deformation lamellae (Trepmann and
Stockhert, 2013) (Figs. 3c-h, 4).

The CL images reveal pervasive quartz-filled veinlets in the microscale damage zone of the epidote-
rich veins, sharply cutting the deformation lamellae (Fig. 3d, 3f, 3h). We interpret the epitaxial quartz-filled
veinlets as rapid (i.e., co-to-post-seismic) micro-fracture healing at the crack tip during seismic rupture

propagation (Fig. 7a), as documented in several exhumed pseudotachylyte-bearing crustal faults hosted in
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quartzo-feldspathic rocks (e.g., Bestmann et al., 2012, 2016; Mancktelow et al., 2022). Moreover, at the vein
boundary in the footwall blocks, the deformed magmatic quartz appears strongly brecciated (Fig. 3g-h),
resembling 7n-situ shattered or pulverized fault rocks found in exhumed upper to mid-lower crustal seismic
fault zones (e.g., Doan and Gary, 2009; Fondriest et al., 2017, 2015; Johnson et al., 2021; Mancktelow et al.,
2022; Mitchell et al., 2011). This indicates asymmetric fracturing in the damage zone during seismic rupture
propagation (Di Toro et al., 2005).

The quartz-filled veinlets show a marked difference in CL signal compared to the deformed magmatic
quartz (Fig. 3) consistent with low-temperature deformation of faulting and micro-fracture healing
(Bestmann et al., 2016). The veinlet filling is controlled in composition by the crosscut wall-rock-forming
minerals (quartz £ K-feldspar T albite; Figs. 3-4). Thus, rapid (co-to-post-seismic) micro-fracture formation
and healing at the earthquake tip occurred in a rock-buffered system, where the percolation of external
hydrothermal fluids or fluid redistribution was still of a minor extent before the formation of a fully
interconnected network of permeable cracks. In conclusion, we interpret the microstructures (i.e.,
deformation lamellae and epitaxial quartz-filled veinlets) preserved in the deformed magmatic quartz in the
proximity of the epidote-rich sheared veins as evidence of dynamic propagation of small seismic ruptures
and co- to post-seismic healing of a newly-produced micro-fracture network. Both low-temperature crystal-
plasticity (deformation lamellae in quartz) and fracturing accommodated the high-stress conditions around a

propagating seismic rupture (Fig. 7a).

Fig. 7. Conceptual model summarizing the development of the seismically-active hydrothermal system
recorded in the studied epidote-rich fault-vein networks. (a) Initial stages of dynamic propagation of small
seismic ruptures. The fault-fracture network is poorly interconnected and, in turn, fluid circulation is
relatively low and at cm-scale (rock-buffered systens). The blue box marks the zoom at the crack tip and shows
the sequences of deformation processes which recorded the initial stages, well preserved in the wall-rocks,
of seismic rupture propagation. (b) Late stage of distributed swarm-like seismicity (fuid-buffered systems). Highly-
interconnected fault-fracture networks allow the ingression of overpressured fluids leading to swarm-like
earthquake sequences, well recorded in the sheared veins. The cyclic deformation sequence is driven by fluid
pressure variation as illustrated in Fig. 8.
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Fig. 8. 1 — Ao diagram (left) and cartoon (right) illustrating the deformation cycle governing seismicity during
the swarm stage. The schematic 1 — Ao diagram illustrates the fluid pressure vs. tectonic stress paths recorded
by the sheared veins, which show cyclic fluid-driven extensional-to-hybrid veining and shearing. Evolution
of fluid pressure and stress states controls the temporal evolution and deformation path of swarm sequence
till fluid depletion.

5.2. Pore pressure oscillations in a highly connected hydrothermal (fluid-buffered) fault-fracture network

The epidote-rich veining and shearing postdate the initial short-term co-seismic deformation
recorded in the deformed magmatic quartz, as discussed in the previous section. This initial fracturing and
associated wall-rock damage is precursory to development of a more robust fluid ingression within the
initially low-permeability crystalline rocks (Fig. 7). This fluid ingression is accompanied by switch from the
initially fluid-poor rock-buffered system to a fluid-buffered one (Fig. 7b). In hydrothermal systems, rock
failure is governed by fault-valve behavior (Sibson, 1992a, 1992b, 1989), associated with transient fluctuations
in pore fluid pressure.

The epidote-rich fault-vein networks show cyclic and mutually overprinting events of extensional
veining and shearing (Figs. 2, 5a-f). Cataclasites include fragments of earlier veins (Figs. 2b-c, 2e, 5b-d, 5f),
indicating that extensional veining preceded either hybrid extensional-shear fracturing (Figs. 2b, 5f) or
shearing (Fig. 2a). This overprinting of structures can be explained considering the A — Ao failure mode
diagram (Cox, 2010), where 4 is the pore fluid factor (1 = p/a,; where p and oy is the pore fluid pressure and
the vertical stress, respectively) and Aois the differential stress (Lo = g; — 05; where 61 and o3 are the maximum
and minimum principal compressive stresses, respectively). At low differential stresses (Ao < 47T; where T'is
the tensile strength of the material) and high pore fluid pressure, hydraulic fracturing (and extensional

veining) occurs before shear failure (Murrel-Griffith failure criteria, Price and Cosgrove, 1990) (step A in Fig.
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8). Then, the increase in tectonic-related differential stress leads to hybrid extensional-shear failure (step B
in Fig. 8) to shear failure (step C in Fig. 8), stress drop and fault depressurization (step D in Fig. 8). The
build-up of fluid pressure may repeat this cycle of hydraulic fracturing followed by hybrid extensional-shear
fracturing till shearing (Cox, 2016; Phillips, 1972).

5.3. Comparison with natural fluid-driven earthguake swarms

Fluid-driven earthquake swarms are caused by transient pore fluid pressure oscillations, triggering
distributed small-in-magnitude earthquakes in km-scale mesh-like dilatant fault-fracture networks (e.g., Hill,
1977; Mesimeri et al., 2021; Shelly et al., 2022; Sibson, 1996). High-precision hypocentral localization and the
focal mechanisms of earthquakes pertaining to swarm-like sequences show that these earthquakes are
associated with both co-seismic dilation and shearing, producing large non-double-couple (i.e., isotropic) and
double-couple seismic signals in the same period of time, respectively (e.g., Legrand et al., 2011; Shelly et al.,
2013). The microstructures found in the epidote-rich veins and associated micro-damage zones (Figs. 3-5)
document that the initial stages of propagation of small seismic ruptures within a low-permeability rock
volume produced the pathways for the ingression of external (probably from the Earth’s surface; Chapter 4)
pressurized fluids within the fault system, leading to swarm-like seismicity (Fig. 7). Swarm-like seismic activity
is attested by cyclic extensional veining and cataclasis (i.e., shearing), driven by pore pressure fluctuations
(Fig. 8), which resemble non-double-couple (crack opening) and double-couple (shear fracture) seismic
signals, currently detected in earthquake swarms (e.g., Legrand et al., 2011; Shelly et al., 2013). At large scale,
the epidote-rich fault-vein networks are spatially associated with major transtensional faults of the Caleta
Coloso Duplex (i.e., subsidiary faults of the BFZ; Fig. 1a) and occur at structural complexities, i.e., fault
intersections and linkage (Masoch et al., 2022) (Fig. 1b). This structural organization is the final expression
of the mature architecture of a fault system in a high-fluid flux setting and, thus, the duplex represents a
crustal seismic source capable to have generated fluid-driven earthquake swarms in an upper-crustal

hydrothermal system.

6. Conclusions
e The extensive epidote-rich fault-vein networks of the damage zone of Bolfin Fault Zone and of
the Caleta Coloso Duplex, at larger scale, are exceptionally well-exposed over tens of square
kilometers in the Atacama Desert (Northern Chile). The fault-vein networks are spatially
distributed around major transtensional faults of the duplex, and consist of sheared veins with

lineated slickenside, extensional veins and dilatant breccias with scattered orientations.
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e Based on high-resolution microstructural analysis, we document that the wall-rocks in proximity
to small-displacement (< 1.5 m) sheared veins initially experienced dynamic high stresses related
to the propagation of small seismic ruptures in a pootrly connected fault-fracture system with
limited fluid infiltration. Instead, the veins recorded cyclic extensional veining and cataclasis
driven by fluid pressure fluctuations in a mature and highly interconnected fault-fracture system,
resembling fluid-driven swarm-like earthquake sequences.

e The extensive epidote-rich fault-vein networks are a fossil analogue of swarm-like earthquake
sequences and represent a unique record of the evolution in space and time of an upper-crustal

swarm-like seismic source, from its early nucleation stages to the later mature architecture.
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Chapter 4

Transition from mainshock-aftershock to swarm-like seismicity driven by surficial

fluid infiltration (Bolfin Fault Zone, Chile)

This study was conducted with the collaboration of Luigi Dallai, Davide Novella, Rodrigo Gomila, Michele
Fondriest, Giorgio Pennacchioni, José Cembrano and Giulio Di Toro. I was assisted during the sample
preparation (but not continuously) by Davide Novella. I was assisted during the isotope analysis (but not
continuously) by Luigi Dallai. The material presented here was discussed with Luigi Dallai, Davide Novella,

Rodrigo Gomila, Michele Fondriest, Giorgio Pennacchioni, José Cembrano and Giulio Di Toro.
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Abstract

Active hydrothermal systems are characterized by sustained fluid flow and seismic to aseismic activity,
including mainshock-aftershock and swarm-like seismicity, slow slip events, etc. However, the origin of fluids
controlling the seismicity in these tectonic settings is pootly constrained. By using hydrogen stable
geochemistry, we investigate the origin of fluids impregnating the exhumed >40-km-long Bolfin Fault Zone
(BFZ). The BFZ is part of the Early Cretaceous Atacama Fault System (Chile), cuts tonalites, granodiorites
and diorites, and its ancient seismicity is as attested by the occurrence of pseudotachylytes-cataclasites
produced at 5-7 km depth and < 300 °C. The pseudotachylytes ate found at the core and in minor faults
departing from the BFZ, and are possibly associated with mainshock-aftershock seismic sequences. This
fault network is postdated by an extensive hydrothermal fault-vein network, consisting of epidote-rich
hydrothermal fault-veins and dilational breccias formed at 3-7 km depth and 200-250 °C. The epidote-rich
fault-vein network is located at fault linkages and intersections and is possibly associated with swarm-like
seismicity. Pseudotachylytes have hydrogen compositions (-71%0 = 8D = -48%o), similar to those of the
associated cataclasites (-72%o0 < 8D = -48%o) and of the wall rocks (-78%0 < 86D <  -56%o). Instead, the
epidote-rich veins and breccias have less negative hydrogen compositions (-31%o = 8D = -9%.). We conclude
that seismic faulting recorded by pseudotachylytes associated with mainshock-aftershock sequences occurred
in a rock-buffered environment, where the source of hydrous fluids dissolved in the frictional melt were the
hydrogen-bearing minerals forming the cataclasites and the wall rocks. Instead, the distributed fluid-driven
swarm-like seismicity associated with the hydrothermal fault-vein systems and breccias was controlled by the

ingression of surficial (i.e., near-surface-derived) fluids percolating within a more evolved hydraulic system.
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1. Introduction

In the Earth’s upper crust, seismicity spans from mainshock-aftershock to swarm-like sequences, as
described by the Gutenberg-Richter and by the Omori laws (Gutenberg and Richter, 1944; Omori, 1894). In
typical mainshock-aftershock sequences, the largest aftershock is about 1.2 in magnitude smaller than the
mainshock (Scholz, 2019). In some cases, mainshock-aftershock sequences include “doublets”, or one or
two aftershocks with magnitude slightly smaller than the one of the mainshock (e.g., Friuli (Italy), 6.5 My, &
6.0 My, 1976; Emilia (Italy), 6.0 My & 5.9 My, 2012; Amatrice-Norcia (Italy), 6.0 My & 6.5 My, 2016; Turkey-
Syria 7.8 My, & 7.5 My, 2023). Instead, swarm-like sequences are characterized by diffuse seismicity, with
several seismic events of similar magnitude driven by fluid migration within fault systems (Cox, 2016;
Dempsey et al., 2014; Fischer et al., 2014; Legrand et al., 2011; Masoch et al., 2022; Mesimeri et al., 2021;
Mogi, 1963; Shapiro, 2015; Shelly et al., 2022; Sibson, 1996; Sykes, 1978). The mainshock-aftershock
sequences can be transitional to swarm-like sequences (e.g., Colfiorito 6.0 My, sequence, Italy, 1997).

Currently active hydrothermal systems are associated with sustained fluid flow and swarm-like
distributed seismicity (e.g., Yellowstone caldera, Wyoming: Shelly et al, 2013a; Long Valley Caldera,
California: Shelly et al., 2016, 2015; West-Bohemia/Vogtland, Central and Western Europe: Fischer et al.,
2014; Hakone caldera, Japan: Yukutake et al., 2011; Southern Andean Volcanic Zone, Chile: Legrand et al.,
2011). Nevertheless, despite progress in imaging the evolution in space and time of seismic sequences
through geophysical and seismological techniques (e.g., Legrand et al., 2011; Shelly et al., 2022), the source
(e.g., magmatic, meteoric) of the fluids triggering seismicity in these high-fluid flux settings is pootly
constrained.

Exhumed mature crustal-scale fault zones record polyphase deformation history which include
multiple episodes of faulting (possibly seismic) and fluid infiltration, from the formation of the fault at the
base of the seismogenic crust to its exhumation at the surface (Handy et al., 2007). Consequently,
microstructural and geochemical investigations of fault zone rocks may constrain the deformation conditions
and the geochemical environments where seismic or aseismic fault activity occurred. In particular, stable
isotope geochemistry has been extensively used for assessing the source (e.g., magmatic, metamorphic,
mantle, meteoric) of fluids which interacted with fault rocks through fault lifetimes (e.g., Hartman et al.,
2018; Lucca et al.,, 2019; Mittempergher et al., 2014; Moecher and Sharp, 2004; O’Hara and Sharp, 2001;
Peverelli et al., 2022; Smeraglia et al., 2021; Tardani et al., 2016).

In this study, we investigate the origin of fluids which interacted with fault zone rocks of the >40-
km-long well-exposed Bolfin Fault Zone (BFZ), an exhumed, seismogenic crustal-scale fault of the Early

Cretaceous intra-arc Atacama Fault System (Atacama Desert; Northern Chile; Fig. 1a). The exceptional
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outcrop conditions result from the hyper-arid climate since 25-22 Ma (Dunai et al., 2005) and the slow
erosion of the Atacama Desert. The BFZ is a master fault of the crustal-scale transtensional Caleta Coloso
Duplex (Fig. 1b) (Masoch et al.,, 2021). The BFZ was seismically active as attested by occurrence of
pseudotachylytes associated with chlorite-rich cataclasites and found in the main fault core strands and in
minor faults departing from the BFZ (Masoch et al., 2022). The pseudotachylytes formed at 5-7 km depth
and < 300 °C in a fluid-rich environment documented by syn-kinematic chlorite-epidote veining and
extensive propylitic alteration (Gomila et al., 2021; Masoch et al., 2022, 2021). This fault architecture, possibly
recording mainshock-aftershock sequences, is overprinted by extensive hydrothermal fault-vein networks
and dilatant breccias associated with subsidiary faults located at the BFZ linkages and intersections (Masoch
et al., 2022). These fault-vein networks formed at 3-7 km depth and < 250 °C and are interpreted as fossil
examples of upper-crustal earthquake swarm activity (Masoch et al., 2022; Chapter 3). By using hydrogen
isotope geochemistry, a tool sensitive to meteoric waters (e.g., Sharp, 2007), we document that
pseudotachylytes production occurred in a rock-buffered system, characterized by limited, local fluid
circulation (i.e., fluids with the same hydrogen isotope compositions of those of the magmatic wall rocks) in
the fault zone, similar to that found in other upper-crustal pseudotachylytes (Mittempergher et al., 2014;
Moecher and Sharp, 2004). Instead, later fluid-driven seismicity attested by the extensive hydrothermal fault-
vein networks was controlled by the ingression of surficial (i.e., near-surface-derived) fluids in a more mature,
hydraulically-connected, upper-crustal hydrothermal system. We conclude that the transition in type of
seismicity, from mainshock-aftershock to the swarm-like sequences, was driven by both fault architectural

evolution and ingression of newly-sourced fluids in the fault system.

Fig. 1. Geological setting of the Bolfin Fault Zone. (a) Crustal-scale geometry of the Atacama Fault System
comprised of its three concave-shaped segments. Shaded relief image modified from Cembrano et al. (2005),
Masoch et al. (2021) and Veloso et al. (2015). Red box indicates the area shown in (b). (b) Geological map
of the area surrounding the Bolfin Fault Zone. The green area represents the distribution of the epidote-rich
fault-vein networks within the Caleta Coloso Duplex. Modified from Masoch et al. (2021). White circles
mark the localities from which the analyzed samples come from.
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2. Bolfin Fault Zone

The BFZ is a >40-km-long, exhumed, pseudotachylyte-bearing fault zone of the 1000-km-long, Early
Cretaceous, strike-slip intra-arc Atacama Fault System, which cuts through the Jurassic-Early Cretaceous
magmatic arc of Coastal Cordillera (Northern Chile; Fig. 1) (Arabasz, 1971; Cembrano et al., 2005; Masoch
et al., 2021; Scheuber and Gonzalez, 1999). The BFZ is a sinistral strike-slip fault cutting through Jurassic
diorite-gabbro to tonalite-granodiorite (Bolfin Complex) and Late Jurassic-Early Cretaceous tonalite-
granodiorite (Cerro Cristales pluton) plutons (Fig. 1b). The BFZ is a master fault of the crustal-scale
transtensional Caleta Coloso Duplex and accommodated an apparent strike-slip displacement of ~1 km
(Cembrano et al., 2005; Masoch et al., 2022, 2021). The BFZ has a sinuous (N-to-NNW-striking) crustal-
scale geometry (Fig. 1b), resulted from the exploitation of magmatic foliation of plutons and dyke swarms
during fault nucleation and subsequent linkage through NW-striking fault segments during fault growth
(Masoch et al., 2021).

Overall, the BFZ architecture consists of multiple cataclastic fault strands enveloped within a 150-
m-wide damage zone (see Masoch et al., 2022 for a detailed description of the BFZ architecture). Chlorite-
rich cataclasites to ultracataclasites host pristine to altered pseudotachylytes (Fig. 2a-b), both in the BFZ core
strands and in subsidiary faults in the damage zone (Masoch et al., 2022). The damage zone consists of
variably damaged and altered rock volumes (Masoch et al., 2022). The most damaged domains present
extensive epidote-rich fault-vein networks associated with NW-to-WNW-striking faults splaying out from
the BFZ (i.e., second-order faults of the duplex; Cembrano et al., 2005; Masoch et al., 2022). The extensive
epidote-rich networks consist of small-displacement (< 1.5 m) sheared veins with lineated slickensides and
extensional veins and dilatant breccias sealed by epidote + prehnite  chlorite = quartz = K-feldspar £
calcite (Fig. 2c-d) (Masoch et al., 2022). The extensive epidote-rich fault-vein networks observed in the BFZ
damage zone is more extended in the Caleta Coloso Duplex (see Cembrano et al., 2005; Herrera et al., 2005).
At Fault Bend locality, an epidote-quartz-prehnite breccia body is found within a decameter-sized dilational
jog in the damage zone (Fig. 2e-f and see Fig. 8 in Masoch et al., 2022).

The extensive epidote-rich fault-vein networks and the epidote-quartz-prehnite breccias crosscut the
chlorite-rich cataclasites and associated pseudotachylytes (Gomila et al., 2021; Masoch et al., 2022).
Pseudotachylyte-bearing faults formed at 5-7 km depth and < 300 °C (Gomila et al., 2021; Masoch et al.,
2022, 2021) in a fluid-rich environment as attested by syn-kinematic chlorite-epidote(-quartz-calcite) veining
and extensive propylitic alteration. Instead, epidote-rich veining and faulting occurred at 3-7 km depth and
< 250 °C (Herrera et al., 2005; Masoch et al., 2022) and are interpreted as ancient upper-crustal fluid-driven

earthquake swarms (Masoch et al., 2022).

126



Fig. 2. Examples of the different fault zone rocks of the Bolfin Fault Zone. The different domains and
minerals separated for the isotopic analysis are indicated according the color code used in the Fig. 3. (a) Fresh
pseudotachylyte vein and its associated cataclasite form the fault core. Plane-polarized scan of thin section
of sample SQO09-18 (Sand Quarry locality) (b) Microstructure of pseudotachylyte with microlites of
plagioclase (medium grey) and K-feldspar (dark grey), and interstitial acicular biotite and titanite (bright
color). The microlites wrap an altered plagioclase (aPl) clast with spinifex microstructure. BSE image. WGS84
GPS location: 23.8830972°S, 70.4880111°W. (c) Polished sample of epidote veins surrounded by a reddish
alteration halo in the damaged granodiorite. The thickest vein is reworked by by a mm-thick cataclasite (pale
green). The dark green epidote vein filling was selected form hydrogen isotope analysis. Sample 19-48 (Sand
Quarry locality). WGS GPS location: 23.88442°S, 70.48567°W. (d) Microstructure of the epidote vein filling
with idiomorphic zone epidote crystals. BSE image, sample 19-48. (e) Polished sample of a chaotic epidote-
quartz-prehnite breccia, including cm-in-size angular fragments of earlier epidote veins (green dots in Fig. 3).
The latter are sealed by a pale green cement of epidote + quartz + prehnite (light blue dots in Fig. 3). Sample
M2 (Fault Bend locality). WGS GPS location: 23.934563°S, 70.465428°W. (f) Microstructure of the breccia.
Vein fragments consist of zoned epidote and are immersed in cement of epidote + quartz + prehnite +
chlorite. BSE image, sample M2.
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3. Methods

Microstructural observations were conducted on polished thin sections oriented parallel to fault
lineation and orthogonal to fault/vein boundary. Transmitted-light optical microscopy was used to determine
microstructural observations at thin section scale and to identify areas suitable for microanalytical
investigations. Scanning electron microscopy (SEM) was used to acquire high-resolution backscattered
electron (BSE) images coupled with semiquantitative energy dispersion spectroscopy (EDS) elemental
analysis. SEM investigations were performed with a CamSCAN MX3000 operating at 25 kV at Department
of Geosciences at Universita degli Studi di Padova (Uni. Padova). Field-emission SEM investigations were
performed with a Tescan Solaris operating at 7-10 kV at the Department of Geosciences (Uni. Padova) and
a JOEL JSM-6500F operating at 15 kV at HP-HT laboratories of Istituto di Geofisica e Vulcanologia in
Rome, respectively.

Bulk mineralogy of rock samples was retrieved through X-ray powder diffraction (XRPD) and
semiquantitative mineralogical composition were retrieved through Reference Intensity Ratio (XRPD-RIR)
method. XRPD analyses were performed with a PANalytical X’Pert Pro diffractometer equipped with a Co
radiation source, operating at 40 mA and 40 kV in the angular range of 3° < 20 < 85°, installed at Department
of Geosciences (Uni. Padova).

Samples representative of the different structural elements pertaining of the BFZ were selected for
isotopic analysis from six localities along fault strike (namely from north to south: Playa Escondida, Sand
Quarry, Fault Bend, Quebrada Corta, Ni Miedo and Quebrada Larga; Fig. 1). Hydrogen isotope ratios were
measured on (1) hydrogen-bearing mineral phases separated from 700-um-thick double polished thin sections
through hand picking under the binocular microscope and (ii) powders of bulk chlorite-rich cataclasites
(Cata), bulk pseudotachylytes (Pst), and bulk epidote-quartz-prehnite breccias (Brc). Manually separated
hydrogen-bearing mineral phases are biotite from unaltered tonalites-granodiorites (Bt), amphibole from
unaltered diorites (Amp), chloritized biotite from alteration halos associated with veins (cBt), epidote from
epidote-rich veins and breccias (Ep), epidote from eatlier vein fragments within epidote-prehnite-quartz
breccias (Ep) and epidote-prehnite-chlorite cement sealing the breccias (FC). The mineralogy of bulk
cataclasites, pseudotachylytes and epidote-quartz-prehnite breccias are reported in Table 1. The samples were
analyzed using a Flash 2000 Organic Elemental Analyzer in line with a Delta V Advantage IRMS
(Dipartimento di Geochimica, Universita degli Studi di Roma La Sapienza), following the method described
by Sharp et al. (2001). Between 2 and 4 replicates of 1.0-1.5 mg of biotite and powders of cataclasites and

pseudotachylytes, and 2.0-2.5 of amphibole, epidote and powders of hydrothermal breccias were analyzed
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per each sample, until a reproducibility of +5%o was obtained. The results the analyses are presented in the

standard de/ta notation:
R,— R
§= (—f———;fi) + 1000
Rstd
where R is the ratio of the abundance of the heavy to the light isotope, x denotes the sample and s7/
the reference standard VSMOW (Vienna Standard Mean Ocean Water). The standards Bonsall biotite,

LLR151 biotite and ILR8 amphibole were analyzed every series of 8-10 analyses, to correct for the apparatus

drift, based on standard 6D values of -59%o, -115%o0 and -178%o, respectively.

Sample Outcrop rock Qtz Pl Kfs Amp Act Bt Chli Ep Cal Prn Spl 1t Tnt
PE02-2018 Playa Escondida Cata 19 27 7 7 15 25 0
AT07-2017-HR Playa Escondida Cata 27 38 16 1 7 3 3 5
B15-19-HR Playa Escondida Cata 39 35 1 12 3 4 3
B17-19-HR Playa Escondida Cata 40 36 5 7 3 2
AT07-2017-PSTV Playa Escondida Pst 29 34 17 2 7 5 4 2
B15-19-PST Playa Escondida Pst 32 20 20 1 7 5 12 2
B17-19-PSTV Playa Escondida Pst 30 31 20 1 1 4 4 8 1
SQ09-18-HR Sand Quarry Cata 21 41 7 4 1 15 6 2 1 3
SQ09-18-PST Sand Quarry Pst 18 25 34 1 1 15 2 3 4
FBO2-HR Fault Bend Cata 15 43 6 19 1 10 3 1 2
RGRB02-HR Fault Bend Cata 11 47 7 3 3 22 1 2 1 3
FBO2-PST Fault Bend Pst 18 41 12 3 1 17 3 3
RGRB02-PST Fault Bend Pst 12 44 9 3 3 24 1 3 4
M2 Fault Bend Brc 11 2 13 57 1 15 1
19-177 Fault Bend Brc 32 18 21 1 26 2
FB21-875-BR Fault Bend Brc 17 3 4 12 39 1 24

19-103-HR Q.da Corta Cata 11 47 7 3 1 22 1 2 1 3
19-103-PST Q.da Corta Pst 12 44 9 3 1 24 1 3 5
NM20-225-HR Ni Miedo Cata 19 45 5 1 14 2 2 3
NM20-225-PST Ni Miedo Pst 13 13 27 1 18 24 2 3
19-98-C-HR Q.da Larga Cata 27 42 11 3 6 11 0

19-98-C-CATA Q.da Larga Cata 31 38 13 3 13 2

19-98-C-PST Q.da Larga Pst 32 31 20 1 8 6 1 2

Table 1. Mineralogy of the bulk samples from XRPD-RIR. Mineral abbreviations from Whitney and Evans

(2010).

130



4. Petrography

4.1. Undeformed wall rocks (diorites, tonalites-granodiorites)

The undeformed wall rocks (i.e., weakly-deformed unit in Masoch et al., 2022) consist of foliated
diorites and either foliated or isotropic tonalites-granodiorites. The diorites consist of plagioclase
(AbsAnszOr; to AbgsAnssOrg), amphibole (hornblende), quartz, biotite and minor K-feldspar, apatite and
opaques (Masoch et al., 2022). The cm-sized idiomorphic plagiocalse crystals define the magmatic foliation
and interstitial quartz shows undulose extension. The tonalites-granodiorites consist of plagioclase
(Abs7Ans;010 to AbeAnssOrg), quartz, K-feldspar, biotite, amphibole (hornblende), apatite and opaques in
variable modal proportions (Masoch et al., 2022). The magmatic foliation is marked by cm-sized idiomorphic
plagiocalse crystals and interstitial quartz shows undulose extension. Within the inner damage zone (i.e.,
chloritized and fractured unit; Masoch et al., 2022), the wall rocks are altered with replacement of magmatic
minerals by: biotite by chlorite + opaques, amphibole by (Fe-)actinolite or chlorite + opaques, and plagioclase

by albite + epidote.

4.2. Chlorite-rich cataclasites

Chlorite-rich cataclasites contain angular clasts of altered wall rocks and reworked cataclasites in
variable proportion, immersed in a fine-grained (< 20 um) matrix of chlorite + epidote + quartz + albite +
K-feldspar + (Fe-)actinolite. The thickest cataclasites are layered. Cataclasites and ultracataclasites are foliated
in the high-strain horizons with the composite S-C-C’ foliation defined by either chlorite or epidote + K-

feldspar aggregates, enveloping sheared lithons of albitized plagioclase and quartz.

4.3. Psendotachylytes

Pseudotachylytes are associated with chlorite-rich cataclasites (Fig. 2a). Pseudotachylytes show flow
structures, chilled margins, microlites and spherulites (e.g., Magloughlin and Spray, 1992) and are variously
affected by alteration (Fig. 2a-b). Less altered pseudotachylytes include (i) albite microlites, intergrown with
amphibole and titanite (Fig. 2b), (i) quartz and plagioclase clasts immersed in a homogeneous
cryptocrystalline matrix with a “K-feldspar-rich” composition (Gomila et al., 2021; Masoch et al., 2022).
More altered pseudotachylytes consist of a fine-grained (~20-30 pm grain size) matrix of albite + chlorite +
epidote. Pseudotachylytes cut chlorite-epidote(-calcite) veins and are cut by chlorite-, K-feldspar- and calcite-
veins. Some pseudotachylytes include amygdalae or vesicles filled with quartz + calcite + epidote + chlorite

(see Gomila et al., 2021 for further details).
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4.4. Epidote-rich veins and breccias

Epidote-rich veins show multiple episodes of veining and include fragments of wall rocks and of
earlier veins (Fig. 2c-d). The epidote veins (dark green epidote in hand specimen) consist of zoned epidote
(Al-rich core and Fe-rich rim), with a grain size of ~20-30 um, and minor interstitial prehnite + K-feldspar
T calcite (Fig. 2¢-d). Cataclasites (pale green in the hand specimen) reworking the epidote veins have fine-
grained (<10 um) epidote grains and a highly porous framework (pores size up to ~5 um). Dilatant breccias
include fragments of earlier epidote veins, which consist of fine (<5 um) epidote grains and have a highly
porous framework. The sealing cement consists of fine (<20 um) epidote grains. Veins and breccias are
associated with pervasive fluid-induced alteration in the surrounding damaged wall rocks (Fig. 2¢). Within
the alteration halo, plagioclase is replaced by albite, and biotite and amphibole by chlorite * opaques (Fig.

2c¢; Masoch et al., 2022). Microfractures are filled with epidote + K-feldspar.

4.5. Epidote-quartz-prebnite breccias

The epidote-quartz-prehnite breccias consist of green, cohesive mosaic to chaotic breccias, including
angular fragments of wall rock and earlier breccias and veins (Fig. 2e), cemented by idiomorphic zoned
epidote + prehnite + quartz + chlorite (Fig. 2e-f). The vein fragments consist of (i) idiomorphic, zoned (i.e.,
core: Al-rich Ep; outer: Fe-rich Ep) epidote (sampled for isotopic analysis) and minor quartz, and (ii) quartz

+ zoned epidote + zoned prehnite & chlorite vein filling (Fig. 2f).

5. Hydrogen isotope compositions

The hydrogen isotope compositions are reported in Fig. 3. Magmatic biotite and amphibole from the
undeformed wall rocks (i.e., diorites, granodiorites and tonalites) have 8D between -78%o and -56%o, and -
76%0 and -62%o, respectively. Instead, biotite close (4-5 cm far from the veins) to epidote-rich veins has D
of -39%o, similar to the values of chloritized biotite within the alteration halo of epidote-rich veins (-43%0 =
3D = -38%o). The 8D values of bulk chlorite-rich cataclasites vary between -72%o0 and -58%o, with one sample
of foliated cataclasite (rich in epidote; Table 1) from Playa Escondida and one of ultracataclasite from Sand
Quarry yielding the highest values (-49%o and -48%eo, respectively). Bulk pseudotachylytes have 8D ranging
between -71%o0 and -53%o0 and mostly overlapping with those of the hosting cataclasites. Both cataclasites
and pseudotachylytes from Playa Escondida have the lowest 8D of the dataset and vesiculated
pseudotachylytes have 8D of -69%o0 and -67%o. Most samples of epidote from veins have -31%o0 < 8D = -
9%o, as for the epidote vein fragments in the epidote-quartz-prehnite breccias from Fault Bend locality,

expect for the epidote-calcite vein from Quebrada Corta locality (-47%o) and one sample of vein fragment

132



from Fault Bend locality (-41%o). The final cement (hydrogen-bearing phases: epidote-prehnite-chlorite)
sealing the epidote-quartz-prehnite breccias have 8D between -44%o and -31%o. Instead, the 6D of bulk

epidote-quartz-prehnite breccias are more scattered with values ranging between -57%o and -34%o.
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Fig. 3. Hydrogen isotope compositions (as 61D%o) of the analyzed samples, grouped by rock type, from the
six localities along the Bolfin Fault Zone as shown in Fig. 1b.
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6. Discussion

Ancient seismic faulting along the BFZ, as documented by pseudotachylytes, occurred at 5-7 km
depth and < 300 °C (Gomila et al., 2021; Masoch et al., 2021). Pseudotachylytes atre associated with chlorite-
rich cataclasites (Fig. 2a). The hydrogen isotope compositions of bulk pseudotachylytes overlap with those
one of the associated cataclasites (Fig. 3), except for the one from the Sand Quarry which however has a
similar 8D of magmatic biotite from the granodiorites (Fig. 3), which have typical values calc-alkaline series
along convergent plate boundaries (Giggenbach, 1992). Our results indicate that the source of hydrous fluids
dissolved in the frictional melt were the hydrogen-bearing minerals forming the pseudotachylyte-hosting
cataclasites, consistently with that observed in pseudotachylyte-bearing faults from the Gole Larghe Fault
Zone (Adamello batholith, Southern Alps; Mittempergher et al., 2014) and the Homestake Shear Zone
(Sawatch Range, Colorado; Moecher and Sharp, 2004). However, some cataclasites have 8D values slightly
higher than the hydrous-bearing minerals from the undeformed and unaltered wall rocks (Fig. 3). The
cataclasites show variations in mineral composition compared to undeformed and unaltered wall rocks: (i)
breakdown of biotite to chlorite + opaques, amphibole to (Fe-)actinolite or chlorite + opaques, and
plagioclase to albite + epidote, (ii) precipitation of K-feldspar, chlorite and epidote in the matrix (Masoch et
al., 2021). The same break-down reactions are observed in the altered wall-rock units in the inner damage
zone enveloping the cataclastic fault strands (Masoch et al., 2022). This indicates that fluids were circulating
within the fault zone during faulting. However, the circulation of external hydrothermal fluids was relatively
limited and seismic faulting associated with production of pseudotachylytes occurred in a rock-buffered
environment (i.e., relatively high rock/fluid ratio) at seismogenic depths, characterized by limited, local fluid
circulation (i.e., fluids with the same isotopic compositions of those of the magmatic wall rocks

The extensive epidote-rich fault-vein networks and the associated dilatant breccias postponed the
cataclasite-pseudotachylyte association. These vein-fault networks are related to subsidiary faults in the BFZ
damage zone and are more widespread within the fault system forming the duplex (Cembrano et al., 2005;
Herrera et al., 2005; Masoch et al., 2022). The epidote-rich veins and breccias have also distinct isotope
compositions compared to the undeformed and unaltered wall rocks and the pseudotachylyte-cataclasite
association (Fig. 3). Epidote-rich veins have mostly 8D = -31%o, with rare and scattered lower values (Fig.
3). Although the epidote-quartz-prehnite breccias from Fault Bend locality show scattered 8D compositions
for the bulk samples, both the final epidote-prehnite-chlorite cement and the eatlier epidote vein fragments
have 8D values higher than the bulk ones and similar to those of other epidote veins of our dataset. The
epidote-rich veining and faulting occurred at < 250 °C (Herrera et al., 2005; Masoch et al., 2022) and

considering the coexistence of epidote and prehnite is possible to constrain the minimum precipitation
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temperature as 200 °C (Spear, 1993). By using a epidote-water (Chacko et al., 1999) fractionation factor, a
fluid in equilibrium with epidote veins and breccias at ~200 °C would have had 8D values ranging between
-23%0 and -1%o. These 8D values indicate that possible sources for this waters (i) are different from the
magmatic fluids, (if) are not meteoric waters sensu-stricto, (iii) are surficial (i.e., near-sruface-derived) waters
and (iv) might be marine or evaporated waters (e.g., Gat, 1996; Sheppard, 1986), indicating that the fault
network was hydraulically connected with the Earth’s surface.

Both structural observations (Masoch et al., 2022) and isotopic data (this work) indicate a clear change
in the deformation (rock-buffered to fluid-buffered) environment controlling the spatial evolution of the
fault network and associated seismicity (Fig. 4). In all studied localities, the rock-buffered pseudotachylyte-
cataclasite fault rock assemblage is found in the core of the BFZ, and in minor faults departing from the
main strands of the fault (Fig. 1; Masoch et al, 2022). The pseudotachylytes-bearing slip zones in the fault
core cut and are cut by chlorite-epidote-quartz-calcite-rich veins (Gomila et al., 2021). We conclude that
seismic faulting occurred in the presence of limited (i.e., the fluid to rock volume ratio was small) amount of
fluids (Fig. 2a; Fig. 3) and that this fault rock assemblage and fault network was related to mainshock-
aftershock sequences (Allen, 2005; Di Toro et al., 2005; Smith et al., 2013) (Fig. 4).

Instead, the fluid-buffered epidote-rich fault-vein networks present evidences of large fluid
infiltration (i.e., the fluid to rock volume ratio was high) associated with ancient seismic faulting driven by
fluctuations in pore fluid pressures which triggered distributed seismicity (interpreted as seismic swarms)
(this thesis, Chapter 3; Masoch et al., 2022). The fluid driven ancient seismicity was located along up to few
km long faults located at BFZ complexities (fault linkage and intersections, Fig. 1; Masoch et al., 2022) in a
more mature hydraulic system, open to the infiltration of surficial fluids (Fig. 4). Percolation of these fluids
was promoted by the local transtensional regime (i.e., relative low vertical and mean stresses) affecting the
strike-slip duplex (Cembrano et al., 2005; Veloso et al., 2015). Multiple seismic events rupturing the BFZ
main strands and minor faults in the duplex (as attested by pseudotachylytes) led to transient increase of fault
permeability, controlling the fault-controlled pathways for the episodic migration of hydrostatic-pressured
surficial fluids at depths. Post-to-inter-seismic compaction and sealing of damaged products leads to fluid
reservoir pressurization. Estimates of time-integrated fluxes related to seismic ruptures are up to tens of km’
on timescales of 10*-10° years (Cox, 2005). As a result, the extensive hydrothermal fault-vein networks
represent a fossil analogue of an upper-crustal hydrothermal system where ancient seismicity was controlled
by surficial fluids rather than (possibly deep-derived) hydrothermal ones. The BFZ network records the

transition from mainshock-aftershock to swarm-like seismicity driven by the fault architectural evolution and
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the ingression of surficial fluid infiltration (Fig. 4). These results highlight the relevance of surficial fluids,

rather than deep-derived ones, in controlling upper-crustal seismicity in hydrothermal settings.

7. Conclusions

We investigated the origin of fluids associated with the pseudotachylytes and epidote-rich
hydrothermal veins and breccias from the Bolfin Fault Zone, an exhumed crustal seismogenic fault (Atacama
Fault System, Northern Chile). The pseudotachylytes, found along the main strands of the BFZ and minor
faults departing from the BFZ, were produced at 5-7 km depth and =< 300 °C in a rock-buffered system. The
hydrous fluids dissolved in the frictional melts derived from the melting of the hydrogen-bearing minerals
of the wall rocks, as previously documented by other works (Mittempergher et al., 2014; Moecher and Sharp,
2004), and of the epidote-chlorite-quartz-calcite-rich veins (Gomila et al., 2021). Instead, the later epidote-
rich fault-vein networks, localized at linkages and intersections of the BFZ, occurred at 3-7 km depth and
200-250 °C. The associated upper-crustal distributed swarm-like seismicity was driven by the ingression of
large volumes of surficial fluids, rather than deeper and minor in volume hydrothermal ones, within a more
mature, interconnected (also to the Earth’s surface) hydraulic system. The transition in type of seismicity,
from mainshock-aftershock to swarm-like earthquake sequences, is related to both the structural evolution

of the BFZ and the new source of fluids in a seismically-active hydrothermal setting.
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Fig. 4. Cartoon representing the geodynamic setting of the Atacama Fault System during the Early
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upper diagram indicates the crustal level represented in the lower diagram. The dark blue symbols represent
features associated with mainshock-aftershock sequences; instead the orange symbols represent features
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Conclusions and future developments

1. Summary of the thesis

In this thesis, I investigated some factors (i.e., fault architecture and evolution, fluid-rock interactions)
which affect seismic and aseismic behavior of faults, with the aim of improving our knowledge regarding the
spatio-temporal architectural evolution of crustal-scale seismogenic faults hosted in crystalline basement
rocks. Specifically, my thesis aimed at (i) characterizing and quantifying the architecture of a crustal-scale
seismogenic fault over segments of tens of kilometers (Chapter 2), and (ii) addressing its spatio-temporal
evolution, which in turn may affect its architecture (at least during the first stages of fault formation) (Chapter
1). As major crustal faults are usually not well exposed at the Earth’s surface, we selected the Bolfin Fault
Zone (BFZ) of the Atacama Fault System, which is exceptionally well exposed in the Atacama Desert
(Northern Chile). The BFZ was also chosen as case study because of widespread occurrence of
pseudotachylytes, attesting the ancient fault seismicity. Further investigations of BFZ architecture motivated
the process-oriented research presented in the second section of the thesis (Chapter 3 and 4), aimed at
exploring the deformation and geochemical conditions affecting fluid-rock interactions during fault activity
at seismogenic depths.

To address the aims of the thesis, I combined high-resolution geological surveys, analysis of satellite
and drone images, and construction of digital outcrop models with detailed microstructural, mineralogical

and geochemical investigations of wall and fault zone rocks. The main conclusions are summarized below:

1. The sinuous crustal-scale geometry of the BFZ resulted from the (i) exploitation of segments of
precursory anisotropies (i.e., magmatic foliation of plutons and dyke swarms) optimally to
favorably oriented with respect to the long-term regional stress field, during fault nucleation, and
(i) hard linkage of these anisotropy-pinned fault segments through splay faults during fault
growth (Chapter 1). As a result, the spatial arrangement of magmatic-related precursory
anisotropies (i.e., magmatic foliation of plutons and dyke swarms) plays a pivotal role in
controlling the crustal-scale geometry of crustal-scale faults within a heterogeneous crystalline
basement as they can be exploited as loci of fault nucleation and consequently affect fault
segmentation.

2. The structural evolution of BFZ highlights a sharp transition from magmatic-related
deformation structures and high-temperature, ductile shear zones (T° >700 °C) to low-

temperature, seismic faulting (T < 300 °C) (Chapter 1). Such a sharp transition might be explained
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by either fast migration of the magmatic arc, rapid regional-scale exhumation and shallow depth
emplacement of the plutons. This can have implications on the interplay between magmatism
and faulting, and on the temporal window and environmental conditions of the onset of brittle
faulting.

Seismic faulting attested by pseudotachylytes occurred at < 300 °C and 5-7 km depth in a fluid-
rich environment, as documented by extensive propylitic alteration and syn-kinematic epidote-
chlorite(-quartz-calcite) veining (Gomila et al., 2021; Chapters 1 and 2). This funding published
in Gomila et al. (2021), which I co-authored, documents that frictional melting can occur also in
hydrothermal environment, contrary to what commonly thought (Sibson and Toy, 20006).
Moreover, we recognized for the first time the occurrence of pseudotachylytes in the Atacama
Fault System (and, to our knowledge, in South America).

The BFZ architecture consists of multiple fault core strands associated with pseudotachylytes,
found also in subsidiary faults in the BFZ damage zone (Chapter 2). The later consists of variable
altered and fractured rock volumes, including clusters of epidote-rich fault-vein networks and
dilational breccias located at fault intersections and linkages, overprinting the pseudotachylyte-
bearing fault networks (Chapter 2). By comparison with other exhumed seismogenic fault zones
and active crustal faults zones, we argue that the BFZ represents an exhumed analogue of crustal
seismogenic source, which produced both mainshock-aftershock type earthquake sequences
(attested by the pseudotachylyte-bearing fault networks) and swarm-type earthquake sequences
(attested by extensive hydrothermal fault-vein networks) (Chapters 2 and 3).

Selected samples of small-displacement (<1.5 m) epidote-rich sheared veins show
microstructures in the veins and the associated wall rock attesting ancient seismic faulting. The
microstructures possibly record the development of a seismically-active hydrothermal system,
from propagation of small seismic ruptures in a rock-buffered system to cyclic veining and
cataclasis in a fluid-buffered environment (Chapter 3).

Hydrogen isotope geochemistry (Chapter 4) indicates that pseudotachylytes formed in a rock-
buffered environment, characterized by limited and local fluid circulation. Instead, the later fluid-
driven seismicity attested by the hydrothermal fault-vein network was controlled by the ingression
of surficial fluids in a more mature, hydraulically connected, upper-crustal hydrothermal system.
In conclusion, the transition in seismic activity from mainshock-aftershock to swarm-like seismic

sequences was controlled by the fault architecture evolution and the geochemical environment

(Chapters 2 to 4).
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2. Future developments

The Atacama Fault System has a complex, concave-shaped fault pattern. Although the BFZ
represents only a small segment of the 1000-km-long Atacama Fault System, this thesis highlighted how the
spatial arrangement of magmatic-related precursory anisotropies influence fault geometry and segmentation.
It will be of interest to test whether the conceptual model of fault growth proposed in Chapter 1 could be
extended to the entire or part of fault system or not. Observations from the main segments of the El Salado
segment, located 150-200 km to the south of the BFZ, might suggest that magmatic structures had a key a
role in forming the segmented pattern of the Atacama Fault System. This future work will also take into
account the investigation of the temporal relation between the emplacement of plutons and dyke swarms
and faulting activity, which might be affected by active magmatism within the arc, and the variability along
strike. Besides the implication at regional scale and how fault structures evolve in space and time, this would
help to determine the fault roughness at crustal scale. This study could contribute to better understanding of
seismic hazard.

The studies presented in the thesis show that all the structural elements of the fault zones were
affected by fluid-rock interaction in different geochemical environments and associated deformation
conditions. Ad-hoc experiments and investigations might be performed to constrain the physico-chemical
processes (e.g., pressurization, isotopic fraction) occurring during fluid-rock interactions in an hydrothermal
system. Moreover, the evolution of the mechanical properties of many hydrothermal minerals at “true”
hydrothermal conditions in presence of hot and pressurized fluids (T > 200 °C; pore fluid pressure > 30
MPa) are poorly known. Experimental work could be conducted to explore the mechanical response of these
minerals at hydrothermal conditions. These studies could find application also to the safe exploitation of

geothermal reservoirs and systems.
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