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FOREWORD

The PhD research is focused on the study of fault zones exposed in the Campi Flegrei caldera and
carbonates in the southern Apennines. Initially, the project was planned to be a study on fault zones
in orogenic settings. However, during the first PhD year, owing to the COVID-19 pandemic,
fieldwork was restricted exclusively to the Campi Flegrei area due to travel restrictions imposed by
emergency regulations. Therefore, we strategically decided to convert limitation into an opportunity
by turning our research efforts to investigate gravitational faults in volcanic environments. Following
the decadence of emergency regulations and the completion of one year within the PhD program, our
research scope expanded to encompass the study of fault zones within the Triassic dolomites in the
southern Apennines. These endeavors aimed to explore fault zones across various geodynamic
settings, specifically within volcanic and orogenic settings, examining deformation structures at
outcrops and microscales. Furthermore, in my final year of the Ph.D. program, I delved into the
fascinating field of micromechanical characterization of dolomite textures. This period was dedicated
to thoroughly exploring the interplay between dolomite textural, mechanical and structural
relationships. In this research, we made efforts to depict the various constitutive attributes of fault
zones, encompassing fault geometry, fault rock fabric, distribution of fault displacement, and
processes implying fluid-rock interaction within exposed fault zones in the Campi Flegrei caldera and
the southern Apennines. The principal outcomes of this research could be helpful in the understanding
of how these faults influence fluid flow, whether enhancing or inhibiting it, within both volcanic and
orogenic geological settings. Furthermore, by exploring the intricate interplay between rock texture
and deformation mechanisms, we have illuminated the evolutionary dynamics of microfracture

patterns within dolostones.
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INTRODUCTION

In the shallow crust, faults and fractures are formed in a wide variety of geodynamic settings,
including subduction zones, accretionary prisms, fold and thrust belts, passive margins (Turcotte,
2002 and references therein) and volcanic areas (Acocella, 2010 and references therein). Numerous
geological studies focused on the description and interpretation of fault zone geometry, architecture
and evolution to understand and predict the impact of faults on fluid flow in the upper crust, including
groundwater flow (Bense et al., 2013; Gudmundsson, 2000), hydrocarbon migration, entrapment and
production (Knipe et al., 1998; Grauls et al., 2002; Sorkhabi and Tsuji, 2005; Manzocchi et al., 2010;
Wibberley et al., 2017), hydrothermal flow and mineralization (Rowland and Sibson, 2004; Person et
al., 2008; Fairley, 2009), as well as dyke and sill emplacement (Waite and Smith, 2002; Mathieu et
al., 2008; White et al., 2011; Trippanera et al., 2015, 2019). Furthermore, at shallow crustal depths,
where low-temperature and low-pressure conditions are effective, the stress-deformation processes
can trigger earthquake nucleation (Lockner and Beeler, 2002 and references therein) and transfer or
eruption of shallow magma (Acocella, 2021 and reference therein) in all tectonic regimes. For these
reasons, the characterization of fault zones developed in volcanic and orogenic regions through
structural and microstructural analyses, provides important evidence for describing deformation
processes and rocks’ dynamic behaviors related to volcanic and tectonic processes.

In recent years, the study of fault zones has made significant progress and become the main object of
a prolific scientific branch. This is because the study of faults in volcanic and mountain regions is
important respectively for geothermal and hydrocarbon industries (Bodvarsson et al., 1982; Dholakia
et al., 1998; Aydin, 2000; Agosta and Aydin, 2006; Agosta et al., 2007; Tondi, 2007; Manzocchi et
al., 2010; Wibberley et al., 2017; Liang et al., 2018; Jolie et al., 2021) as well as for mitigating risk
connected to seismic and volcanic hazards (Wesnousky, 1986; Ventura and Vilardo, 1999; Scholz
and Gupta, 2000; Tuffen and Digwell, 2005; Orsi et al., 2004; McCaplin, 2009; Marti and Felpeto,

2010; Alberico et al., 2011; Wicks et al., 2011; Scholz, 2019). Moreover, recent studies on fault zone



permeability (Antonellini and Aydin, 1994; Ghisetti and Vezzani, 2002; Agosta and Kirschner, 2003;
Micarelli et al., 2006; Agosta et al., 2007; Bense et al., 2013; Walker et al., 2013; Scibek, 2020; Curzi
et al., 2024; Rizzo et al., 2024), fluid-rock interaction processes (Evans and Chester, 1985; Sibson,
2000; Faulkner et al., 2010; Duan et al., 2016), grain shape and size evolution with slip (Storti et al.,
2007; Ferraro et al., 2018) and throw distribution (Camanni et al., 2019, 2023; Delogkos et al., 2020;
Roche et al., 2021) obtained from both laboratory simulated faults (Schopfer et al., 2006, 2016; Han
et al., 2007; Abe et al., 2011) and meso- and microstructural studies (Smeraglia et al., 2017; Shuck et
al., 2018, 2020) have improved our understanding of the mechanical and hydraulic behavior of fault

Zzones.

This PhD thesis aims to delineate the complex relationships between deformation processes occurring
within poly-deformed brittle deformation zones and their consequential impact on subsurface fluid
flow, mainly focusing on volcanic and fold and thrust belt regions. Several differences, among others,
characterize faults developed in volcanic and in fold and thrust belt areas: i) origin and mechanisms,
ii1) fault rock composition and iv) associated geological landforms. Faults origin within volcanic
regions is primarily attributed to volcanic activity, including magma intrusion, volcanic
inflation/deflation, dyke emplacement and gravitational collapses related to volcanic processes
(Acocella, 2007; Trippanera et al., 2015; Gudmundsson, 2020). Conversely, faults developed in non-
volcanic areas typically form due to plate tectonics in all tectonic settings, such as divergent
boundaries (such as mid-ocean ridges), convergent boundaries (such as subduction zones and
mountain ranges) and transform plate-boundaries (Tchalenko, 1970; Sibson, 1981). Moreover, faults
in volcanic regions may exhibit complex kinematic, including synchronous normal and reverse faults
resulting in intricate geometries such as ring faults around collapsed calderas (Acocella, 2007;
Gudmundsson, 2020). On the contrary, tectonic faults often show more uniform kinematic (i.e.,
normal, reverse and transform) and may display simpler geometry based on the type of tectonic forces

(Ramsay and Huber, 1987; Jackson and Mckenzie, 1983; Martel, 1999; Duan and Oglesby, 2005;



Childs et al., 2017).

The composition of fault rocks can be significantly different in fault zones within volcanic and non-
volcanic regions. In volcanic regions, fault rocks exhibit homogeneous composition due to their
association with volcanic materials, usually showing alteration by hot fluids and volcanic gasses
(Tibaldi and Groppelli, 2002; Branney and Acocella, 2015). Fault rocks in non-volcanic regions are
more heterogeneous because they display compositions influenced by the types of rocks they deform
(i.e., shale, sandstone, dolostone, etc..) (Ramsay and Huber, 1987; Passchier and Trouw, 2005).
Moreover, the differences in host-rock mechanical properties can profoundly influence nucleation
and propagation mechanisms of the brittle deformation structures (e.g., faults and fractures) (Ferrill
and Morris, 2008; Laubach et al., 2009).

Finally, appreciable differences between fault zones in orogenic and volcanic areas are represented
by relative landscape geomorphologies. In volcanic regions, faults can be associated with specific
volcanic landforms like diatremes, pit craters, volcanic cones and, most importantly, calderas
(Corazzato and Tibaldi, 2006; Branney and Acocella, 2015; Ferrill et al., 2016; Gomez-Vasconcelos
et al., 2020). While in other geological contexts, faults shape mountain ranges and valleys depending
on the fault kinematics (Bishop, 2007; Kirby and Whipple, 2012; Whittaker, 2012). The PhD thesis
is divided into three chapters, each one exploring different aspects of brittle deformation in volcanic
and fold and thrust belt regions and their influence on brittle strain accommodation and fluid-rock

interaction processes:

1. Investigating gravitational faults related to magma migration within the Campi Flegrei
volcano
The initial part of the thesis is dedicated to examining the interplay between gravitational fault
development and the subsurface migration of magma likely preceding the latest volcanic eruption
in the Campi Flegrei caldera (i.e., Monte nuovo eruption 1538 CE). This investigation aims to

unravel the connections between fault evolution and the dynamics of magma transfer at depth.



Study of fault zones within Triassic dolomite in the southern Apennines:

The subsequent part focuses on analyzing fault zones within the Triassic dolomite prominently

exposed in the southern Apennines. Specifically, our research focuses on poly-deformed fault

zones situated on the southwestern flank of the Matese Massif. Within this region, two distinct

outcrops have been selected to study fault zones in relation to:

1I.

Characterization of geometry and deformation mechanisms of superposed fault
zones

This section involves a detailed characterization of an inherited fault zone, aiming at
describing the role of texture and strength of inherited fault rock units on the geometry
and deformation mechanisms of the superposed faults. By understanding how the
texture and strength of inherited fault rocks influence subsequent faulting processes,
this research aims to provide predictive indicators regarding fluid flow behavior and
fault integrity within complex fault systems. Such predictive capabilities hold crucial
implications for various applications, including reservoir characterization and
assessment of subsurface fluid migration in geological settings characterized by
multiple deformations.

Investigation of fault-driven hydrothermal saddle dolomitization

This section is dedicated to the detailed study of the hydrothermal mineralizing fluids
active during deformation along Upper Triassic-Lower Jurassic normal faults. A
primary innovation of this research lies in its description of fault-driven hydrothermal
saddle dolomitization since it is the first time that hydrothermal fluid circulation along
normal fault is linked to Pangea breakup in the southern Apennines.

Notably, identifying hydrothermal minerals indicative of high-temperature circulating
fluids, coupled with isotopic ratio analysis (i.e., radiogenic and stable isotopes), offer

evidence suggesting a plausible involvement of magmatic sources in the hydrothermal



3.

crust.

system. This evidence represents a significant novelty in the tectonic reconstruction of
the southwestern Adria margin during the Late Triassic-Early Jurassic period.
Moreover, this research not only sheds light on the occurrence of hydrothermal
processes linked to fault deformation but also introduces evidence of the potential
interplay between magmatic sources and hydrothermal systems in the Mesozoic
geological evolution of the southern Apennines. Such novel insights have implications
for geological tectonic studies and the broader understanding of geological processes

associated with fault-related hydrothermal systems.

Characterization of fracture pattern evolution in dolomites with varying grain size
distribution

This segment is dedicated to comprehensively examining the uniaxial compressive strength,
failure mode, and microfracture patterns exhibited by dolostones featuring diverse grain size
distributions. The study conducted an in-depth analysis of the textural attributes of three
distinct dolostone samples collected from various locations in the southern Apennines. The
experimental procedures encompassed the detailed characterization of secondary porosity and
fracture patterns in dolomite samples after failure induced by uniaxial compression. This study
specifically investigates the relationships between micro-fracture patterns, secondary
porosity, and variation in dolomite grain size. The findings of this study can hold significant
application for predicting the strength of dolomitic rocks in geotechnical studies and for

refining the quality assessment of reservoirs within deformed dolostone.

This comprehensive exploration aims to deepen our understanding of fault-related stress-deformation
processes and their implication for fluid migration in geologically diverse settings, offering valuable

insights into the complex relationships between deformation and fluid flow within the shallow Earth’s
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CHAPTER 1

1. COLLAPSE FAULTS IN THE CAMPI FLEGREI VOLCANO

1.1 Faults in volcanic areas

Faults within volcanic regions exhibit diverse origins and forms to facilitate deformation resulting
from a variety of volcano-tectonic processes (Gudmundsson, 2020). These faults can arise to
accommodate various phenomena, such as uplift or subsidence linked to volcano-tectonic inflation
and deflation episodes (Gudmundsson, 1988, 2008). Additionally, fault development may occur due
to intrusions like dikes and sills (Trippanera et al., 2015; 2019) or pressure fluctuations within the
shallow plumbing system (Intrieri et al., 2013; Tibaldi and Groppelli, 2002; Walter et al., 2005).
Moreover, faults in volcanic areas can emerge along the flanks of volcanoes due to gravitational
instability induced by the processes above (McGuire, 2003). A unique category of faults is those that
develop to accommodate gravitational collapses triggered by various volcano-tectonic processes,
such as magma migration or withdrawal from magma chambers (Acocella, 2007; Branney, 1995;
Branney and Acocella, 2015; Walker, 1984; Burchardt and Walter, 2010; Kennedy et al., 2004).
Specifically, faults that facilitate gravitational collapses often exhibit steep inclinations and can
demonstrate simultaneous movements characterized by normal and reverse senses (Cole et al., 2005;
Geyer and Marti, 2014; Roche et al., 2000; Tepp, 2021). For instance, faults accommodating caldera
collapses frequently adopt an arcuate and concentric configuration (ring faults) encircling the
collapsed area (Cole et al., 2005; Geyer and Marti, 2014; Roche et al., 2000; Tepp, 2021).
Additionally, faults in volcanic regions can also form to facilitate the development of diatremes (Isaia
etal., 2015; Lorenz, 1975, 1986; Lorenz and Kurszlaukis, 2007) and pit craters (Holohan et al., 2011).
Therefore, it is not always straightforward to determine the origin of faults found in a volcanic area.
Nevertheless, determining their origin can be critical, for example, for seismic hazard assessment and
estimating their geothermal potential. Furthermore, faults with different origins can influence the

fluid uprise pathways, the anomalies in the heat flow, and the hydrothermal alteration of the rock
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rheologic properties (Siler et al., 2016; Heap et al., 2020; Isaia et al., 2021).

In this part, we thoroughly analyzed a fault array exposed in cross-section within the active Campi
Flegrei caldera (CFc) of southern Italy. The exceptional outcrop conditions and the thinly-bedded
nature of the faulted volcanic succession provided a unique opportunity to meticulously characterize
the structural aspects and displacement distribution within the fault array. Through comprehensive
geometric and displacement analyses of this array and considering the geological context of the CFc,
we propose a model. According to this model, the formation of the studied fault array was likely
driven by the need to accommodate a gravitational collapse triggered by subterranean lateral magma

migration, predating the historical Monte Nuovo eruption in 1538 CE.

1.2 Campi Flegrei volcano

The study area is located within the central sector of the Campi Flegrei caldera, an active volcano
emplaced along the Tyrrhenian side of the southern Apennines (southern Italy) (Vitale and Ciarcia,
2013 and references therein, Fig. 1.1a). The CFc is located in the westernmost sector of the southern
Apennines, within the Plio-Pleistocene Campania Plain (Cinque et al., 1993), where starting from
250 ka, the crustal extension related to the back-arc opening of the Tyrrhenian Sea (Vitale and
Ciarcia, 2013) induced intense volcanic activity. Since 200 ka ago, volcanic activity focused in the
Campi Flegrei, Ischia and Procida volcanos that form the Phlegrean Volcanic District.

Recent observations in the CFc have identified extensive ESE-WNW trending faults that intersect
both the youngest volcanic successions and pre-existing deformation structures (Vitale and Isaia,
2014; Natale et al., 2020; 2021; Vitale et al., 2019; Isaia et al., 2021). Specifically, the CFc represents
a nested depression (Fig. 1.1a) formed subsequent to the Plinian eruptions of the Campanian
Ignimbrite around 39.8 thousand years ago (Giaccio et al., 2008), followed by the younger Neapolitan
Yellow Tuff eruption approximately 14.9 thousand years ago (Deino et al., 2004). Following these

major eruptions, the CFc witnessed several eruptions of varying intensities (Isaia et al., 2004, 2015;

12



Vitale et al., 2019). These eruptions included the formation of the Agnano-Monte Spina nested
caldera (AMS, 4.55 thousand years ago), the Solfatara maar-diatreme (SOL, 4.28 thousand years
ago), and the Astroni crater (AST, 4.2 thousand years ago). The most recent historically documented
eruption occurred in 1538 CE, resulting in the formation of the Monte Nuovo volcano (Fig. 1.1a).
This eruption was preceded by several meters of ground deformations originating in Pozzuoli and
subsequently shifting westward after a magma transfer (Di Vito et al., 2016). Notably, this eruption
was accompanied by intense faulting and fracturing (Bevilacqua et al., 2020). Since 2005, the CFc
has experienced ground uplift, with the current peak ground deformation reaching 90 cm,
predominantly localized within the Rione Terra of Pozzuoli town. This uplift has coincided with an

escalation in hydrothermal activity and seismic events (e.g., Isaia et al., 2021).
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Figure 1.1. (a) Geological map of the Campi Flegrei (modified after Isaia et al., 2021). (b) Geological
map of southern sector of the Solfatara volcano-Agnano Plain area (modified after Isaia et al., 2021).
(c) Stratigraphic log of the study area. 1: Agnano-Monte Spina (AMS); 2: Santa Maria delle Grazie
(SMG); 2a: dike; 3: Olibano Dome; 4: Olibano tephra (OLI); 5: Accademia Dome; 6: Solfatara
(SOL); 7: Astroni (AST); 8: paleosol; 9: Recent deposits.
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The analyzed fault array is situated on the western side of the Agnano Plain (Fig. 1.1b), known for
its intricate fault pattern, which is composed primarily of two fault systems: S1 and S2. System S1
involves NW-SE and NE-SW high-angle normal faults associated with the AMS caldera, intersecting
all volcanic successions up to the AMS tephra (Isaia et al., 2021). Within the Agnano Plain, the
younger volcanic sequences of Santa Maria delle Grazie (SGM), Olibano (OLI), Solfatara, and
Astroni tephra overlay the S1 system, constituting the host for the subsequent fault system, S2. The

S2 system comprises predominantly ESE-WNW and secondary NNE-SSW high-angle normal faults,

which Vitale et al. (2019) linked to unrest activities preceding the Monte Nuovo eruption.

i ¥ — g P )

Figure 1.2. (a-d) Field photos of the WNW-ESE fault system exposed in the analyzed area with
stereographic projections (equiareal net, lower hemisphere) of the measured fault planes. With circles

indicate faults tip points. The sites (a-d) are shown in the map of Figure 1.1b.
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Figure 1.2 exhibits multiple outcrops vividly displaying ca. E-W normal faults belonging to the S2
fault system, crossing the younger succession with diverse displacements from a few centimetres to
several meters. This fault array, part of the S2 system, appears within an inactive potassium alum
quarry, a site currently witnessing volcanic degassing and shallow seismic activity (Fig. 1.3; Troiano
et al., 2019; Isaia et al., 2021). Vertically displayed on a roughly 4-meter high, N-S oriented cliff, the
studied fault array presents a well-layered pyroclastic succession of the Astroni unit (Isaia et al., 2004;
2015; Fig. 1.3). The Astroni tephra at this outcrop showcases varying hydrothermal alterations,
comprising alternating layers of cm- to dm-thick pumice lapilli and ash. Local features include
bedforms like dunes (Fig. 1.3), resulting from pyroclastic density current deposition and

emplacement.

Figure 1.3. Orthomosaic of the analyzed outcrop (the site is shown in Figure 1.1).

1.3 Virtual outcrop modelling

The fault array under investigation was subjected to structural analyses, employing a comprehensive
approach encompassing fieldwork and the utilization of an orthophotograph obtained from a virtual

outcrop model (Figs. 1.3 and 1.4). The creation of this model involved employing structure from
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motion-multi-view stereophotogrammetric techniques (Westoby et al., 2012; James et al., 2012)
through the Agisoft Metashape software (version 1.5.1) using digital photos captured by a drone. A
total of 46 images were collected utilizing a DJI Mavic Air 2 UAS equipped with a 1/2" CMOS 12
MP sensor and a 4.5mm (24 mm equivalent) focal length lens. These images were acquired
perpendicularly to the outcrop from a distance of 2 meters, ensuring a front and side overlap of at
least 90%. Leveraging an optimal exposition to the satellite constellation, we relied on the UAS
positioning system to accurately determine camera locations, resulting in less than 1 cm error on the
Z,X, and Y axes. Consequently, the orthophotograph used for structural analyses boasts a resolution
of 0.5 mm per pixel, ensuring a detailed and precise examination of the fault array's structural

characteristics.

1.4 Fault zone structure and throw analysis

The structural analyses commenced by characterizing the fault array, initially focusing on identifying
its constituent faults, determining their movement senses, and directly measuring their orientation in
the field. The exceptional exposure of stratified deposits facilitated the identification of 9 dislocated
thinly-bedded stratigraphic horizons throughout the studied fault array distributed across the area
(Fig. 1.4). These stratigraphic layers served as crucial markers for precisely defining the throw
distribution along faults. Detailed throw profiles were meticulously constructed to assess the
variability of throw values along individual fault segments (e.g., Nicol et al., 2016; Camanni et al.,
2019, 2021; Delogkos et al., 2020). These profiles depicted the throw value for each layer against the
distance, measured parallel to the individual fault traces, extending from an origin point to the mid-
point between the footwall and hanging wall cut-offs of that specific layer. This method provided a

comprehensive understanding of the fault displacement distribution across the studied area.
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Figure 1.4. Line drawing of the analyzed fault array with Stereographic projection (equiareal net,

lower hemisphere) of the measured fault planes.

1.4.1 Description of the fault array

The examined outcrop exhibits a diverse array of faults encompassing both normal and reverse
movements, collectively causing downthrows of the pyroclastic beds towards the south (Fig. 1.4).
These faults primarily strike in an approximate E-W direction and possess steep dips, observed both
to the south and north, as indicated in the stereographic projection depicted in Fig. 1.4.

Faults B and C exhibit a southward dip toward the lower section of the outcrop and demonstrate a
normal sense of movement. However, fault B undergoes an upward curvature in the upper section

and branches into two north-dipping segments, each displaying a reverse sense of movement.
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Similarly, fault A, positioned as an isolated segment southward of fault B, presents a convex
northward curvature. This fault showcases both reverse and normal senses of movement in its upper
and lower portions, respectively.

The uppermost part of the outcrop features three faults: two north-dipping faults (F1 and F2)
demonstrating a reverse sense of movement and one south-dipping normal fault (E). Lastly, fault C
adjoins the north-dipping normal fault D in its upper region. This intricate fault arrangement

contributes to the overall structural complexity observed within the outcrop.

1.4.2 Throw analysis

The throw profiles outlined in Figure 1.5 demonstrate that faults B and C exhibit the most substantial
throws within the array, although both showcase notable variations in throw along their dips. Fault B
reveals an overall decline in throw from approximately 40 cm at the lower end of data extent across

€:9
1

the horizon “i” to 0 cm at its uppermost point(s). This reduction is not consistent but instead reveals
a lower gradient in the outcrop bottom part, transitioning to a steeper gradient in its upper section,
notably marked near the horizon “d”.

Conversely, fault C displays higher throw values in its upper segment, with the maximum throw
reaching approximately 60 cm across the horizon “c”, gradually decreasing to around 40 cm at the
lower end of data across the horizon “I”.

Faults A, F1, F2, and E exhibit full-extent cropping from their upper to lower tip points. Their
maximum throw values range between approximately 5 cm and 10 cm. Maximum values are centrally
positioned along faults A and E and closer to the lower tip points of faults F1 and F2. This variation
results in bell-shaped and asymmetric throw profiles for faults A and E and F1 and F2, respectively.
Lastly, fault D showcases a maximum throw of roughly 8 cm. The data suggests that the throw on

fault D decreases to 0 cm in correspondence with the juncture point with fault C. However, due to

data resolution limitations, precise estimation of the throw at this location remains challenging.
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Figure 1.5. Throw diagram for the different faults constituting the array. Circles in the diagram are
coloured as the same as the dislocated layer to which they referred (see Figure 1.4).

1.5. Kinematic coherence of the fault array

Faults rarely exist in isolation but instead form arrays of fault segments, each contributing to
accommodating a portion of displacement (Childs et al., 1996, 2009, 2017; Delogkos et al., 2020;
Kristensen et al., 2008; Marchal et al., 2003; Peacock, 2002; Walsh and Watterson, 1989; Walsh et
al., 2003). Notably, it has been widely observed, particularly within normal fault systems, that throws

accommodated by individual fault segments often amalgamate into a relatively smooth total throw
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profile resembling that of an individual fault (e.g., Childs et al., 2017; Jackson and Rotevatn, 2013;
Nicol et al., 2010, 2016; Walsh et al., 2003; Camanni et al., 2021). These observations have led to
the concept of "kinematic coherence" (e.g., Childs et al., 2017; Walsh and Watterson, 1991),
suggesting the essentiality of each individual fault segment for the fault system kinematics.

In subsequent discussions, faults A-B-F1-F2-E are delineated as hanging wall faults, while fault C is
identified as the footwall fault, based on their respective locations within the hanging wall and
footwall of a relatively undeformed rock volume (Fig. 1.4). The collective throw of all hanging wall
faults showcases an upward decreasing trend (Fig. 1.6), akin to the individual fault B profile (Fig.
1.5), albeit appearing smoother overall. This indicates the kinematic coherence of faults A-F1-F2-E
with fault B. These faults exhibit both normal and reverse movements, suggesting their joint action
in down throwing the succession southward. Intriguingly, normal and reverse faults coexist within
an area where overall throw on the hanging wall faults decreases, resembling the horse-tail
geometries described at the terminations of strike-slip faults (e.g., Kim et al., 2004).

Upon detailed examination of throw distribution on the hanging wall faults and fault C, a symmetrical
relationship emerges: while the hanging wall faults display an increasing throw downward, fault C
exhibits an increasing throw upward (Fig. 1.6). These cumulative throws approximate a relatively
constant aggregate of about 80 cm, marginally decreasing upward to approximately 65 cm (Fig. 1.6).
This implies displacement transfer processes between hanging wall faults and fault C, defining the
latter as the bounding faults of a relay zone (e.g., Delogkos et al., 2020; Camanni et al., 2019; Childs
et al., 1996; Huggins et al., 1995; Nicol et al., 2020; Peacock and Sanderson, 1991, 1994; Roche et
al., 2020, 2021). Finally, the increasing throw upward in fault C and the decreasing throw downward
in the hanging wall faults suggest the relay zone's geometric characterization as a dip, contractional

relay zone (following the concepts by Camanni et al., 2019; Roche et al., 2021).
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Figure 1.6. Aggregate throw diagram showing strain distribution of hanging wall faults and the
footwall fault "C". The opposite throw pattern of these two fault systems sums in a rather constant
aggregate distribution. This is characteristic of relay zones where displacement distribution through
the relay zone bounding fault is enhanced. Circles in the diagram are coloured as the same as the

dislocated layer to which they referred (see Figure 1.4).
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1.6. The origin of the studied fault array

The findings from this study affirm the "kinematic coherence" observed within the examined fault
array, which comprises steeply dipping normal and reverse faults acting collectively to downthrow
the bedding southward. This juxtaposition of steeply-dipping normal and reverse faults, seen in
volcanic areas during gravitational collapses (Acocella, 2007; Branney, 1995; Branney and Acocella,
2015; Walker, 1984; Burchardt and Walter, 2010; Kennedy et al., 2004), resembles fault arrays in
other non-volcanic settings, such as those formed due to ground subsidence (e.g., sinkholes, Poppe et
al., 2015), mining subsidence, or permafrost-type collapses resulting from ice melting (Branney,
1995). Consequently, a plausible explanation for the genesis of the studied fault array is its formation
to accommodate a gravitational collapse. The faults within the study area are believed to have
facilitated various collapses, including those linked to the AMS caldera (De Vita et al., 1999) and the
Solfatara maar-diatreme evolution (Isaia et al., 2015). The ESE-WNW-oriented S2 fault system,
housing the analyzed fault array, constitutes the youngest structures within the CFc's central sector
and spans the entire area (e.g., Vitale and Isaia, 2014; Isaia et al., 2015; Vitale et al., 2019). These
faults cut across older structures associated with the AMS caldera collapse (De Vita et al., 1999),
including the S1 fault system depicted in Figure 1.1a. The S2 fault system is linked to ground
deformation preceding the 1538 CE Monte Nuovo eruption (Vitale et al., 2019; Bevilacqua et al.,
2020). In this context, the ESE-WNW faults, responsible for lowering the southern sector of the
caldera, are envisioned as part of the subsidence subsequent to the draining of a magma chamber at
depth (about 3 km b.s.l.; Macedonio et al., 2014; D’Auria et al., 2015) and the subsequent magma
transfer from the CFc central sector to the caldera western side (Fig. 1.7), as proposed by Di Vito et
al. (2016). The presence of steeply dipping normal and reverse faults within the fault array aligns
with this model, reinforcing their gravitational origin. Lastly, there a possibility that the orientation
of these gravitational faults was affected by a slight reactivation of previously formed inherited

structures from the AMS caldera collapse within the CFc (Natale et al., 2020).
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1.7 A gravitational origin for the analyzed volcano-tectonic faults

This study presents a structural analysis of a fault array located within the volcanic succession of the
Campi Flegrei caldera in southern Italy. The volcanic succession consists of distinct thin layers of
ash and pumice, allowing for a meticulous investigation of the throw along the array's various faults.
The fault array under scrutiny is situated in an area of the Campi Flegrei impacted by two intersecting
normal fault systems. The older fault system (S1), characterized by NW-SE and NE-SW orientations,
is associated with the formation of the minor Agnano-Monte Spina caldera. In contrast, the younger
fault system (S2) comprises a prevailing E-W direction, cutting across all pre-existing structures. The
studied fault array is part of the latter system, featuring steeply dipping faults showing local normal
and reverse kinematics. Analysis of throw patterns indicates simultaneous actions of these faults with
opposing kinematics, revealing kinematic coherence. These findings align with results obtained from
analog and numerical experiments on faults generated by gravitational collapses in volcanic regions.
Consequently, it is suggested that the studied fault array results from the subsidence of the central
area of the Campi Flegrei caldera, triggered by the historical Monte Nuovo eruption of 1538 CE. The
collapse, attributed to the emptying of a magma chamber at the caldera's center and subsequent
magma migration to its western side, led to the development of shallow, steeply dipping faults like
the ones examined in this study.

This field-based research contributes significantly to understanding the detailed structural attributes
of faults involved in gravitational movements across various contexts, not limited to volcanic settings.
Elucidating their structure holds substantial implications for evaluating magma and hydrothermal

fluid movements, identifying heat flow anomalies, and understanding rock alteration processes.
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CHAPTER I1

2. POLY-DEFORMED FAULT ZONE DEVELOPED WHITIN NORIAN DOLOMITES IN
THE SOUTHERN APENNINES

2.1 Poly-deformed fault zone

Understanding how heterogeneous rock volumes deform is a crucial aspect of structural geology
(Peacock and Mann, 2005; Laubach et al., 2009; Ferrill et al., 2017; Cawood and Bond, 2018). Many
studies have explored the relationships between stratigraphic and mechanical anisotropies and strain
accommodation mechanisms (Pfiffner, 1993; Erickson, 1996; Shackleton et al., 2005; Ferrill and
Morris, 2008; Agosta et al., 2015; Carlini et al., 2019; Oliveira et al., 2022) at the scale of thin section
(e.g., Hooker et al., 2013; Tesei et al., 2013; Bullock et al., 2014; Cilona et al., 2014; Wu et al., 2023),
outcrop (e.g. Roche et al., 2012; Cawood and Bond, 2018; Ferrill et al., 2021) and whole regions
(Pfiffner, 1993; Ferrill and Morris, 2008; Watkins et al., 2015), primarily in extensional (Morris and
Ferrill, 2009; Ferrill et al., 2007, 2016; Camanni et al., 2019; Roche et al., 2020, 2021) and
compressional tectonic settings (Pfiffner, 1993; Hardy and Finch, 2007; Ferrill et al., 2016; Frehner
and Schmid, 2016). Importantly for this work, the mechanical stratigraphy of a layered rock sequence,
defined by its mechanical and frictional properties and layer thickness (e.g., Ferrill et al., 2017), has
been shown to impact fault nucleation and growth (Childs et al., 1996; Schopfer et al., 2006; Ferrill
and Morris, 2008; Roche et al., 2012; Roche et al., 2021), the 2D and 3D geometry and segmentation
of faults (Peacock and Sanderson, 1992; Peacock and Zhang 1993; McGrath and Davison, 1995;
Childs et al., 1996, 2009; Rykkelid and Fossen, 2002; Ferrill and Morris, 2003; Schopfer et al. 2006,
2007; Putz-Perrier and Sanderson, 2008; Morris et al., 2009; Ferrill et al., 2014, 2017; Carlini et al.,
2019; Camanni et al., 2019, 2023a, b; Roche et al., 2020, 2021), and strain localization and
deformation mechanisms (Willis, 1894; Laubach et al., 2009; Schopfer et al., 2006; Druguet et al.,
2009; Agosta et al., 2015; Jackson and Lewis, 2016; Coleman et al., 2017; Ferrill et al., 2017;

Camanni et al., 2021; Cawood and Bond, 2018; Lyu et al., 2022; Oliveira et al., 2022).
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Significantly, mechanical anisotropies can also develop in response to strain accommodation
processes along faults within the upper crust, and these anisotropies can overprint the primary
stratigraphic layering. For instance, it is well known that fault nucleation and progressive growth may
lead to the juxtaposition of variably deformed fault-related rocks, such as cataclasite, breccia, and
gouge (Sibson, 1977; Eichhubl et al., 2009; Faulkner et al., 2010; Tartaglia et al., 2020; Cardello et
al., 2024). Frequently, these fault rocks are defined by laterally juxtaposed, tabular rock panels sub-
parallel to the fault (Childs et al., 2009; Agosta et al., 2015; Ferraro et al., 2018; Torabi et al., 2020)
and are characterized by different petrophysical properties including, among others, the uniaxial
compressive strength (UCS), particle size distribution (PSD), porosity, pores geometry and type, and
permeability (Sibson, 1977; Mooney and Ginzburg, 1986; Morrow and Lockner, 2001; Rawling et
al., 2001; Sperrevik et al., 2002; Billi and Storti, 2004; Agosta et al., 2006; Agosta et al., 2007;
Fredman et al., 2007; Collettini et al., 2009; Balsamo and Storti, 2010; Jeanne et a., 2012; Torabi et
al., 2013, 2018; Michie and Haines, 2016; Ferraro et al., 2020; Tomassi et al., 2023). Therefore, these
fault rock units define a mechanical layering that can variously affect the development of successive
faults that may cut across it, in a similar fashion to the primary mechanical stratigraphy. However,
while the impact of stratigraphic layering on deformation patterns and mechanisms is well explored
in the literature, how inherited tectonic anisotropies associated with fault rock development affect the

deformation of a successive faulting event is less described.

This study addresses this and aims to describe how an inherited, layered brittle fault zone in
dolostones in the Matese massif (southern Apennines, Italy) influenced the geometry and the
deformation mechanisms of a subsequent, superposed fault zone. In detail, following previous studies
on mechanical stratigraphy (Shackleton et al., 2005; Cooke et al., 2006; Laubach et al., 2009; Agosta
et al., 2015; Guerriero et al., 2013, 2015; Giorgioni et al., 2016; Ferrill et al., 2017), this work aims
at characterizing the spatial distribution and the physical and mechanical properties of the inherited

layered rocks, such as the fabric, PSD, porosity and the uniaxial compressive strength (UCS), and to
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investigate how these affect the deformation mechanisms and the geometry of the superposed fault
array. An enhanced understanding of this can impact not only knowledge of how faults develop in
mechanically layered rocks but, most importantly, also industrial applications dealing with fluid flow

in reservoirs faulted in successive deformation events.

2.2 Tectonic evolution of the southern Apennines

The study area is located in the western sector of the Matese Massif in the southern Apennines, Italy
(Fig. 2.1). This orogenic region is characterized by the stacking of various tectonic units. At its
summit lie the Ligurian units, oceanic successions (Vitale et al., 2019). Beneath these units, there
exists a thrust-sheet wedge, comprising deposits ranging from shallow-water to pelagic basin types.
These deposits once formed the continental shelf margin of the Adria Plate and are partially detached
from their Paleozoic basement (e.g., Noguera and Rea, 2000; Carminati and Doglioni, 2012; Vitale
and Ciarcia, 2013). The Apulian carbonates, which have undergone flexure and burial below the Plio-

Quaternary Bradanic foredeep basin, represent the downgoing plate.

2.3 Stratigraphic and structural setting of the Matese Massif

The Matese Massif exhibits a Mesozoic-Cenozoic carbonate succession that predates the orogenic
activity. This succession is comprised of shallow-water carbonates which transition laterally into
margin-slope-basin successions, extending both northward and southward (Iannace et al., 2005a;
Vitale and Ciarcia, 2022). Overlying these deposits are Miocene synorogenic rocks, which consist of

ramp carbonates, pelagic marlstone, and siliciclastic deposits (Sabbatino et al., 2021).
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Figure 2.1. (a) Geological map of the southern Apennines (from Vitale and Ciarcia, 2013). (b) South-
western Matese Massif geological map (modified after Servizio Geologico d’Italia, 1971), cross-

section, and location of the study outcrops.
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The pre-orogenic succession of the Adria domain underwent significant changes during the Late
Triassic-Early Jurassic rifting phase (e.g., Santantonio and Carminati, 2011). This event involved
crustal breakup and ocean spreading, reshaping the predominant shallow water sedimentation
patterns. It resulted in the development of a complex paleogeography marked by the presence of
carbonate platforms, namely the Apennine and Apulian platforms (Mostardini and Merlini, 1986),
alongside oceanic domains (Ligurian Ocean) and pelagic areas (Lagonegro-Molise Basin; Scandone,
1967). The Upper Triassic-Lower Jurassic carbonates bear evidence of this rifting phase, showcasing
extensive extensional processes. These processes led to the formation of structural depressions, some
of which were sites for deep-basin sedimentation (Iannace et al., 2005a, c). Additionally, this period
witnessed occurrences of dolomitization events within the carbonates (Bechstidt et al., 1991; Sandulli
and Raspini, 2004; lannace et al., 2011; Ronchi et al., 2012; Barale et al., 2013; Mozafari et al., 2019;

Berra et al., 2020; Barale et al., 2021).
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3. SUCCESSIVE FAULTING EVENTS AND FAULT KINEMATICS

— N-S fault array
—— Strike-slip conjugate fault array

mf1 - Mining face

Figure 3.1. 3D model of the analyzed quarry and interpretative line drawing of the major fault zones.

(a) Westward view of the studied outcrop. (b) Frontal view of the northern quarry slope.
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3.1 Ailano fault zone

In the dolomite quarry under analysis (Fig. 3.1), various fault systems are present, including conjugate
sets of normal (designated as system F1) and strike-slip faults (system F2). Observations of cross-
cutting relationships reveal that the F1 system is deformed and displaced by the F2 system (Fig. 3.2a).
The F1 fault system comprises two conjugate sets with an approximate NNW-SSE direction (Fig.
3.2a, b). The better-preserved set exhibits a WSW dip, displaying striations, fibers, and steps.
Analyzing the PBT plot (Fig. 3.2b) reveals an almost vertical P-axis and an extension in the WSW-
ENE direction (T-axis), indicating an overall extensional movement of these faults. Throughout the
paleostress analyses, the theta angle was maintained at a fixed 30°. Conversely, the F2 fault system
comprises two conjugate sets of nearly vertical faults (Fig. 3.2a, ¢). The striking set oriented WNW-
ESE (F2a) exhibits dextral, strike-slip kinematics, whereas the SW-NE striking set (F2b) indicates
sinistral, strike-slip movements. According to the PBT plot (Fig. 3.2¢), there is a sub-horizontal
NNW-SSE shortening (P-axis) and an extension along the WSW-ENE direction (T-axis).
Furthermore, some of the F1 faults display signs of reactivation, characterized by prevalent dextral

kinematics (Fig. 3.2d). The PBT plot indicates NNW-SSE compression (P-axis) in these cases.
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(d) reactivated F1 faults (c) F2 strike-slip faults

Figure 3.2. (a) Panoramic view of a sector of the quarry showing the superposition between F1 and
F2 fault systems. Stereographic projections of faults and PBT plots; (b) F1 normal faults; (c) F2

conjugate strike-slip faults; (d) reactivated F1 faults with strike-slip kinematics.
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6. INTERPLAY OF DOLOMITE TEXTURES AND FAULTING: INSIGHTS FROM
MESOZOIC WESTERN ADRIA TECTONIC EVOLUTION

The analysis of fault zones within the Triassic dolomite in the southern Apennines presents an
opportunity to shed light on the complex tectonic evolution of the Adria plate, spanning from the
Triassic to Quaternary time. This research aimed to discern the intricate interplay between rock fabric
changes and the polyphase tectonic evolution of the Norian dolomite. Specifically, this study focused
on characterizing Mesozoic normal fault zones and their pivotal role in the evolution of dolomite
textures, as well as their influence on subsequent fault zone superposition. The principal outcomes of
this research highlight the profound influence of fluid-rock interaction processes and strain

accommodation mechanisms in shaping the dynamic evolution of dolomite textures.
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CHAPTER III

7. FRACTURE PATTERN IN DOLOMITES WITH VARYING GRAIN SIZE
DISTRIBUTION

7.1 Textural control on carbonate rock strength and fractures patterns

Understanding how rock microstructure influences its strength and deformation features is
fundamental in rock mechanics and several other geological disciplines such as structural geology
and geotechnics (Robertson, 1955; Smorodinov et al., 1970; Dunn et al., 1973; Hoshino, 1974; Rippa
and Vinale, 1983; Kelsall, 1986; Rammamurthy, 1993; Kwasniewski, 1993; Eberhardt et al., 1999;
Prikryl, 2001; Sabatakakis et al., 2008; Laubach et al., 2009; Lamarche et al., 2012; Ogata et al.,
2017). Many studies have explored this complex interplay between rock textures and brittle
deformation through field studies (Pfiffner, 1993; Erickson, 1996; Shackleton et al., 2005; Ferrill and
Morris, 2008; Agosta et al., 2015; Carlini et al., 2019; Zhao et al., 2021; Oliveira et al., 2022), rock
deformation in the laboratory (Bieniawski, 1968; Hugman and Friedman, 1979; Horii and Nasser,
1985; Menendez et al., 1996; Gupta and Rao, 2000; Zavattieri and Espinosa, 2001; Patersopn and
Wong, 2005; Bruning et al., 2018; Li et al., 2020) and numerical modelling (Donzé and Magnier,
1995; Tang et al., 2000; Kaus et al., 2010; Lan et al., 2010; Gao et al., 2016; Yu et al., 2018; Hu et
al., 2020; Li et al., 2021; Peng et al., 2022).These studies highlight that the processes of damage
initiation, accumulation, and interaction are primarily tensile, with shear mechanisms becoming
important only after sufficient tensile damage accumulation and interaction have occurred (Lan et al.,

2010 and references therein).

Importantly, for this work, the fracture initiation and propagation mechanisms are influenced by the
presence of flaws (Griffith, 1924; Brace, 1961; Olson, 1974; Hugman and Friedman, 1979; Fredrich
et al., 1990; Hatzor and Palchik, 1997; Eberhardt et al., 1999) at the scale of rock mass (e.g., bedding,
joint and fault) (Hoek and Brown, 1997; Zhao et al., 1999; Larsen et al., 2010; Pollard and Aydin,

1988; Ju and Xing, 2022) and microstructures (e.g., microcracks, void, cleavages and grain
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boundaries) (Robertson, 1955; Paterson, 1958; Dreyer, 1973; Fahy and Guccione, 1979; Nasseri et

al., 2005, 2010; Dai and Xia, 2010; Kataoka et al., 2015; Ju et al., 2022).

Among these different features, grain size is tough to be a fundamental parameter controlling rock
mechanical behavior as they represent preexisting defects in the rock microstructure (Nemat-Nasser
and Horii, 1982; Ashby and Hallam, 1986; Fredrich et al., 1990; Wong et al., 1996; Hatzor and
Palchik, 1997). Grain size has a profound impact on fracture initiation, propagation, and the resulting
geometry, ultimately causing material strength degradation and eventual failure (Ju et al., 2022 and
references therein). Therefore, the peak strength of rock is observed to decrease inversely with the
square root of the grain size (Brace, 1961; Olsson, 1974; Hugman and Friedman, 1979; Fredrich et
al., 1990; Wong et al., 1996; Hatzor and Palchik, 1997; Paterson and Wong, 2005).

Experiments on dolostones (Brace, 1964; Hugman and Friedman, 1979; Fredrich et al., 1990; Wong
et al., 1996; Hatzor and Palchik, 1998), reported a decrease of the uniaxial compressive strength with
increasing grain size, following the prediction of Griffith crack theory (Griffith, 1921). However, the

influence of grain size distribution on micro-fractures in dolostone is poorly investigated.

In this section, we present the outcomes of uniaxial compressive strength tests conducted on dolomite
samples exhibiting diverse mean grain sizes. These tests were complemented by comprehensive
microstructural analyses of failed samples aiming to assess the impact of grain size variations on
micro-fracture propagation and the resulting finite fracture patterns. The outcome of this research
can be of broad significance for the exploitation and utilization of underground resources and energy,

as fracture patterns may impact the fluid flow within dolostones.

7.2 Sampling sites

Dolomite is a common mineral constituent within the carbonate successions forming the backbone of
the southern Apennine fold and thrust belt (Fig. 7.1) (Iannace et al., 2011 and references therein).

Following a thorough examination of geological maps, it was established that three distinct dolomites
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were suitable for sampling: i) well-bedded and graded Norian dolomites at Praia a Mare (Fig. 7.1a);
i1) syn-tectonic coarse crystalline white sparry void-filling dolomite breccia sourced from the Calcari
con Selce Formation (Lagonegro-Molise Basin unit) collected at Tito-Satriano (Fig. 7.1b); and iii)
dolomitized limestone originating from the Calcare Massiccio Formation gathered at the Circeo

Promontory (Fig. 7.1b).

[ E————
:l Plio-Pleistocene deposits
B ey

[ iocene deposits (wedge-top basin)

Figure 7.1. Geological map of southern Apennines with sampling site locations. (a) Bell bedded-
black dololutite found at Praia a Mare. (b) Sy-tectonic dolomite breccias sampled at Tito-Satriano.

(c) Dolomitized calcarenites were gathered at Circeo.
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7.3 Sampling and experimental procedures

One sample for each sampling site was cored from blocks with no apparent signs of weathering and
no evidence of macroscopic heterogeneity, such as veins and joints. The lithology and identification

of the dolomite samples utilized in the subsequent paragraphs are listed in Table 5.

TABLE 5. DOLOMITE SAMPLES

Sample location Texture Mineralogy Core size (mm) ID
Praia a Mare Dololutite Dolomite 40.4 x 58.5 Dolomite 1
Dolomite;
Circeo Dolomitized limestone 36.4x49.1 Dolomite 2

subordinate calcite

. . Matrix supported . .
Tito-Satriano . Dolomite 36.3x43.4 Dolomite 3
breccia

Collected samples were tested under uniaxial compression, and the failure mode was classified
directly on failed rock samples. Furthermore, to examine fracture patterns at the micro-scale,
microstructural and porosity analysis was performed on both the intact samples and the samples after

the uniaxial compressive strength (UCS) test.

7.3.1 Petrographic analysis

Six thin sections were obtained from the three groups of dolomites prior and after the UCS test for
detailed petrographic analysis. A detailed petrographic analysis was conducted using a Leica DMEP
petrographic microscope equipped with a camera. Additionally, SEM-EDS analyses were performed
on carbon-coated polished thin sections using a ZEISS Merlin VP Compact. The undeformed
dolomite mosaic texture was characterized through the classification proposed by Sibley and Gregg
(1984). Optical analysis of the failed rock samples involved examining polished thin sections cut
parallel to the core base and orthogonally to the principal fractures. Microfractures were classified in

intergranular and intragranular microfractures following the classification scheme in Ju et al., (2022)
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7.3.2 Mechanical and porosity analysis

The Uniaxial Compressive Strength (UCS) test was conducted on dolomite cylindrical cores, which

had their faces previously rectified following the ISRM guidelines (1979) (Fig. 7.2).

Figure 7.3. Rectified cylindrical cores of sampled dolomites: (1) Thinly bedded black dololutites
from Praia a Mare. (2) Coarsely grained dolomitized limestones gathered at Circeo promontory.

Hydraulic dolomite breccia collected at Tito-Satriano.

These tests were carried out by utilizing the Servo Plus evolution equipment and applying a maximum
load of 3000 kN at a constant rate of 0.5 MPa/s until reaching 15% strain post-failure. Laboratory
measurements of specific gravity and connected porosity were conducted using a He-pycnometer
(Micromeritics Multivolume Pycnometer 1305), providing accuracy between +£0.1 to 0.2%. These
measurements were performed for each sample prior to and after failure. By measuring apparent and
specific volumes, the porosity of the samples was calculated. Each sample underwent three

repetitions of pycnometer measurements to ensure representative values.
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7.3.3 Failure mode characterization

Failure mode was classified following the scheme proposed by Basu et al., (2013) (Fig. 7.3), which
reports six varieties of failure mode (i.e., axial splitting, shearing along a single plane, double shear,

multiple fracturing, along foliation and Y-shaped) basing on the damage structure pattern.

Y

Axial Spliting Sgi‘:‘zrlig%gr?gg Double Shear  Multiple Fracturing  Along Foliation  Y-Shaped Failure

Figure 7.3. Conceptual representation of different failure modes under uniaxial compression (from

Besu et al., 2013).
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8. FINAL CONCLUSIONS

In my PhD thesis, I conducted an in-depth examination of fault zone structures in both volcanic and

fold-and-thrust belt regions emphasizing their influence on subsurface fluid flow circulation within

Chapters I and II. Following, within sections 3 and 4 of Chapter II and in Chapter III, I delved into

the exploration of the mutual interconnections between dolomite rock textures and how these textures

accommodated deformation processes. These processes are crucial in determining the pathways for

fluid flow circulation.

The principal outcomes of these studies reveal that:

41

The field-based research, including analysis of throw patterns, contributes significantly to
understanding the detailed structural attributes of faults involved in gravitational movements
across various contexts, not limited to volcanic settings. Elucidating their structure holds
substantial implications for evaluating magma and hydrothermal fluid movements,
identifying heat flow anomalies, and understanding rock alteration processes.

In the Matese massif, the breakup of Pangea continent resulted in fault-controlled
hydrothermal dolomitization within fault zones hosted in the Norian dolomite. The
extensional tectonics related to the Late Triassic — Early Jurassic rifting induced crustal
thinning and cycles of heating pulses due to shallow crustal magmatic intrusions at the borders
of the Adria Plate.

These Mesozoic dolostones were subsequently deformed during the Cenozoic tectonic
evolution and formed poly-deformed fault zones. Thus, the role of inherited fault rocks on
superposed fault systems was described in terms of meso- and micro-structures, geometries,
and deformation mechanisms. Collectively, I found that rock textures (i.e., PSD and porosity)
and strength of the inherited fault rock units are the main controls on, respectively,
deformation mechanisms (i.e., cataclasis vs. compaction) and geometry (i.e., localized vs.

anastomosing) of the superposed fault array.



- Additionally, further investigations were carried out to assess the impact of dolomite textures
on compressive strength, failure mode, and microfracture patterns. In general,
micromechanical studies highlighted a negative correlation between grain size and
unconfined compressive strength (UCS) in dolostones. Furthermore, the tortuosity and
density of microfractures appeared to be directly correlated with the mean grain size of the

dolomitic texture.

Ultimately, the results obtained from the diverse studies conducted throughout my Ph.D. project can
be applied across various geological, engineering, and scientific contexts. Specifically, the
emphasized significance of fault zone structures in influencing subsurface fluid circulation, leading
to the localization of hydrothermal activity, or accommodating deformation before volcanic
eruptions, holds potential applications in refining volcanic hazard assessments and evaluating the
hydrothermal fluid movements for the geothermal and exploration industries. At the same time, the
envisioned mutual relationships between dolomite rock texture and brittle deformation mechanisms
should be considered when characterizing the mechanical and structural behavior of dolostones. This
is particularly crucial at both the microstructural scale and fault zone scale, especially in the

investigation of poly-deformed fault zones.
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