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Extended abstract

In the present study, I investigate the aspects of brittle deformations such as
faulting and fracturing that are related to structural heterogeneities or dam-
age, with a particular focus on the concentration of stress produced around
voids and inclusions. In my PhD research, I made use of the powerful tool of
the Finite Element Method (FEM) to develop numerical models designed to
simulate di�erent types of rock deformation. In particular, the FEM-based
numerical models that I coded and used are designed to deal with two classes
of physical problems:

ˆ Linear elastic problems

ˆ Nonlinear viscous problems

The �rst type of numerical models, speci�cally designed forsolving elas-
tostatic problems, was applied to study the dependence of di�erential stress
on the geometry and con�guration of collinear elliptic cracks intercepting a
rock experiencing elastic deformation. The code allowed the computation of
the stress �eld in this system, evaluating the magnitude andlimits of stress
concentration produced by the presence of structural voids. The reason to
consider this type of system is that it aims to simulate the geometry of a
rough fault or fracture. The code was also applied to a secondresearch
problem, the evaluation of displacement, stress and strain�elds during the
deformation of a syn-sedimentary carbonate platform.

The second class of numerical models aims to study the apparent viscos-
ity of a two-phase system composed of power-law 
uids. I start from the
evaluation of analytical solutions for the viscosity of a bilaminate to discuss
the anisotropy arising from the interaction of materials with a high viscosity
contrast. The purpose of this part of the research is to applythese results
to study the viscous frictional behavior of subduction m�elanges. These are
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block-in-matrix systems that consist in competent clasts embedded in a �ne-
grained matrix. The slow viscous creep of the matrix can be obstructed by a
the formation of a load-bearing network of clasts, which mayfracture when a
yield stress is reached at their boundaries. The model of nonlinear viscosity
of heterogeneous systems may also be applied to the study of the deformation
of phyllosilicate-rich fault gouges.

The work of de�ning, building, and implementing numerical models func-
tional for the study of rock deformation was complemented bya structural
investigation of a large fault system in the Ligurian Alps. With the help
of the team of structural geologist with which I collaborate, I performed a
complex geological-structural study of fault and fracturesystems with the
plan of collecting data for a future implementation of the FEMcodes. This
part of the research project represents the �rst description of a large NE-
SW-striking fault network, that was performed integrating �eld and Digital
Outcrop Model (DOM) data.

Since theoretical physics is my educational background andthat I started
the PhD with little to no knowledge of geological problems, this research was
greatly useful for me to familiarize with geological processes and systems. I
spent a considerable amount of time and energy in the training process and
to obtain the tools to approach a wide class of rock deformation problems.

As regards the �rst implementation of the linear elasticity models, I wrote
a 2D Finite Element Method-based code for the solution of elastostatic prob-
lems using MATLAB, with the aim of studying the stress �eld around a sys-
tem of thin cracks in a rock subjected to elastic deformation. The code allows
for easy variation of the geometric parameters of both the entire domain and
the elliptical cracks it contains. The model investigates the dependence on
the con�guration of the crack system of a critical parameterfor the forma-
tion of shear and extension fractures, the di�erential stress. In particular,
this research focuses on the geometric parameters of aspectratio, length,
number of the cracks and the distance between the tips of neighboring cracks
to investigate their in
uence on the distribution of stressaround the struc-
tural voids. The model allows to gain insight into how the cracks interact
and perturb the stress �eld, in particular how the length andthickness of
the individual cracks in
uence the radius of the area a�ected by the stress
perturbation around the crack tips. An analysis of the magnitudes and ori-
entations of principal stresses also sheds light on the process of reactivation
of a preexisting rough fracture.

I also use the 2D FEM-based numerical analysis to show how the dif-
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ferential compaction of a basinal unit can cause the early deformation of a
prograding and/or aggrading carbonate platform. My model investigates the
modi�cation of the carbonate platform stratal architecture and stress-�eld
driven by the di�erential compaction process. I compared the results of my
model with data collected from two Triassic carbonate platforms in Italian
Dolomites: Lastoni di Formin and Nuvolau Mts. (Passo Giau, Italy). I show
that the model can explain the stratal architecture modi�cation and fault
and fracture pattern described on these platforms. In particular, I show that
(1) the slope region can expect most of the brittle deformation and the for-
mation of platform-ward dipping faults and major fractureswith dip angles
that tend to decrease moving dip-ward, and (2) the inner platform region can
be characterized by a slightly tensile regime that can form syndepositional
and/or syndiagenetic fractures and (3), in case of mostly prograding plat-
form, a general tilting and thickening of the inner platformstrata towards
the platform break.

Finally, I report the �rst description of a � 15 km-long NE-SW-striking
transtensive fault network crosscutting the metamorphic units of the Lig-
urian Alps. The main fault zone is up to 250 m thick, involves quarzite,
metarhyolite, marble and alternation of dolostone and limestone. Relatively
narrow (� 1{3 m-thick) fault cores are characterized by gouge and catacla-
sites, surrounded by brecciated damage zones as thick as tens to hundreds
of meters. Damage zones show widespread evidence for dilation in the form
of dilation breccia, large calcite crystals and aggregates, and centimeter- to
meter-thick veins. Moreover, the fault zone contains a multitude of polished
slip surfaces with multiple sets of slickensides and slicken�bers. Oblique to
strike-slip kinematics dominates over the large part of thefault mirrors and
both overprint and are overprinted by down-dip slip surfaces. The fault
network includes dominant NE-SW right-lateral faults with a minor nor-
mal component and NW{SE left-lateral steep faults with a negligible reverse
component, consistent with a km-size dextral NE-SW-strikingRiedel shear
zone, in turn representing an antithetic R' of the regional sinistral shear zone
constituted by the Ligurian Alps after the nappe stacking. This fault zone ac-
commodated km-scale displacement before the Early Miocene, as it is sealed
by the sedimentary deposits of the Finale Ligure Basin, thus predating the
Corsica-Sardinia drifting. Results of this work constraint the bending of the
Ligurian Alps as part of the Western Alpine arc as accomplishedthrough
two consecutive, late Oligocene and Early Miocene, stages driven by the
combination of Adria rotation and the rollback of the Apenninesubduction.
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Chapter 1

Introduction

1.1 Motivation

Heterogeneity, present in the spatial distribution of both mineral phases and
stress �eld, is ubiquitous in rocks at all scales. For instance, heterogeneity is
observable at the microscale (�m ), where stress concentrates at the contact
points between grains in granular rocks, as well as at the tens of meters
scale, at the interface between large clasts in a �ne-grained matrix in tectonic
m�elanges. We can also observe heterogeneity in the pervasive presence, in
all rocks, of cracks and structural defects, spanning scales from the spacing
between atoms in a crystal lattice to the hundreds of kilometers of the largest
crustal faults.

Stress heterogeneity related to the geometry of a system canalso play
a crucial role in rock dynamics, for example the concentration of stress due
to the roughness of a fracture surface or to the abrupt changeof slope in a
growing sedimentary platform. The presence of voids, grains and anisotropic
fabric are all proven factors that perturb the stress �eld inrocks undergoing
deformation. The high local concentration of stress in any heterogeneous ge-
ological system can lead to macroscopic failure of a rock body. For instance,
the slip precursors of earthquakes originate from the inhomogeneous distribu-
tion of stress over a critically stressed fault surface, sometimes related to its
roughness. Slow slip events in subduction zones are also macroscopic conse-
quence of compositional heterogeneity and the subsequent viscosity contrast.
When a su�cient number of competent blocks in a subduction m�elange are
connected and e�ectively obstruct the 
ow of the surrounding matrix, they
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can fracture, leading to frictional slip.
Compositional heterogeneity and stress concentrations can be the cause

of macroscopic failure processes. Therefore, I have chosento concentrate
my e�orts on this topic, as our current understanding of the mechanisms
underlying brittle and viscous-frictional events, such asearthquakes, is still
primarily empirical. I am convinced that an accurate study of the mechanical
e�ects of cracks, grains, clasts and anisotropic fabric is necessary to shed
light on failure processes that often pose a serious risk to human lives and
the economy.

1.2 Aims of the project

The purpose of the present PhD project is to investigate the possible conse-
quences of stress concentrations related to compositionalheterogeneity and
damage in rocks, primarily through Finite Element Method-based numerical
modeling. The main advantage of using this powerful tool is that it allows to
discretize partial di�erential equations in unstructuredcomputational meshes
of systems with complex shapes and heterogeneous distribution of rheological
parameters. Part of the research project was dedicated to coding computer
programs, utilizing the MATLAB environment. These programswere de-
signed to calculate stress, strain, and displacement �eldsfor heterogeneous,
two-dimensional systems, enabling the study of stress concentrations and
principal stress orientations.

We can divide the codes that I implemented in two major classes:

ˆ Codes to solve linear elastic problems

ˆ Codes to solve nonlinear viscous problems

The �rst class of codes was applied to two model setups. The �rst model
aims to assess the di�erential stress response to variations in the geometric
con�guration of a system with collinear elliptic cracks in abody undergoing
elastic deformation. The assumption underlying this simulation, elaborated
further in subsequent chapters, is that a collection of thinvoids in a contin-
uum medium can replicate the features observed in a system consisting of
two rough fracture pro�les in partial contact subjected to shear (e.g. Myer,
2000; Kachanov et al., 2010). In essence, the �rst linear elastic model is
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designed to reproduce stress and displacement around a rough fracture, with
a speci�c focus on stress concentration around its contact asperities.

Analyzing the dependence of di�erential stress on parameters describing
the geometry of rough fractures allows for considerations on the primary fac-
tors in
uencing brittle failure (Sibson, 1986; Paterson and Wong, 2005; Heap
et al., 2009; Brantut et al., 2013; Scholz, 2019). Furthermore, examining the
principal stresses around the tips of cracks helps to evaluate the potential ori-
entation of new fracture patterns that may emerge when the yield strength
of the deforming material is locally exceeded.

The second application of the numerical modeling of linear elasticity was
devoted to the study of displacement, stress and strain on a basin-platform
system, aiming to replicate the deformation history of a carbonate platform
in the Dolomites (Nuvolau and Lastoni di Formin Mts, Veneto, Italy). Sedi-
mentary units compact after deposition primarily due to porosity changes
and, consequently, the geometries of the sedimentary unitsvisible today
(post-deposition), can be di�erent from the original depositional geometry.
Porosity change results from the mechanical compaction occurring at shallow-
intermediate burial (Bj�rlykke and H�eg, 1997; Fisher et al., 1999) and can
be distinguished between poroelastic and viscoelastic (Mart��n-Mart��n and
Mar��n, 2020). Viscoelastic compaction occurs at greater depth than the
poroelastic compaction, and has minor contribution. Poroelastic compaction
dominates at shallower depths (Mart��n-Mart��n and Mar��n , 2020). According
to Stefaniuk and Mackowski (2000) poroelastic compaction is mostly syn-
genetic, and the post-genetic component is mostly negligible.

Carbonate platforms geometry can be substantially modi�edby the syn-
genetic compaction-driven subsidence of the underlying basinal deposits (Hunt
and Fitchen, 1999). While homogeneous compaction cannot signi�cantly
modify the overall geometry of the carbonate platform (e.g., homogeneous
lowering), di�erential compaction can alter it and in
uence the deposition
geometry of subsequent sedimentary units. The evidence andthe e�ects of
the di�erential compaction of carbonate platforms, such asearly fractures,
have already been studied by various authors (e.g., Hunt et al., 1996; Saller,
1996; Hunt and Fitchen, 1999; Rusciedelli and Di Simone, 2007;Resor and
Flodin, 2010; Berra and Carminati, 2012; Berra et al., 2016; Inama et al.,
2020; Menegoni et al., 2022a, 2022b). According to Hunt and Fitchen (1999),
di�erential compaction is generally due to (i) di�erent thicknesses of com-
pactable sediments units below the platform, and/or (ii) variation of the
compaction load. In the second case, the compaction due to the entire car-
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bonate platform load always increases toward the inner platform.
In the case of a prograding platform, di�erential compaction can cause

tilting toward the basin of the 'outermost' inner platform. Saller (1996),
through an analysis of the geopetals orientation at the Capitan reef complex
(West Texas and New Mexico, USA) demonstrated that di�erentialcom-
paction can cause a tilting of around 10°. Moreover, numerical analyses of
Resor and Flodin (2010), Berra and Carminati (2012) and Nolting et al.,
(2018) indicate that di�erential compaction can not only tilt the prograding
wedge and modify the stratal architecture but also perturb the stress-�eld
causing synsedimentary brittle deformations, mainly localized at the sur-
rounding shelf break.

In the Middle-Triassic prograding carbonate platform exposed at the Nu-
volau and Lastoni Mts. (Dolomites, Italy), di�erent Digita l Outcrop Model
(DOM)-based studies (Inama et al., 2020; Inama, 2021; Menegoni et al.,
2022a; Menegoni et al., 2022b) show that synsedimentary deformations can
substantially a�ect the entire platform, including the slope-to-basin transi-
tion. Therefore, I decided to perform a new numerical analysis based on FEM
and linear elasticity to investigate how these synsedimentary deformations
could have developed.

Regarding the second class of numerical codes, designed to solve nonlinear
viscosity problems, I present preliminary results. For thenumerical imple-
mentation of this problem I rely on the MILAMIN software (Dabrowski et
al., 2008). The purpose of this part of the research is to study mechanical
e�ects of compositional heterogeneity in two-phase nonlinear viscous systems
such as subduction m�elanges, like strain localization andfrictional slip. Sub-
duction m�elanges are block-in-matrix systems that form insubduction zones
at the base of an accretionary prism (Raymond, 1984; Raymondand Terra-
nova, 1984; Festa et al., 2010; 2013; 2016). They consist of mm- to several
meters-sized clasts embedded in a �ne grained matrix that deforms by slow
and steady viscous 
ow (e.g. Berkland et al., 1972; Raymond,1984). Slow
slip events (SSE) can nucleate in subduction m�elanges if there is a su�ciently
high concentration of competent blocks that can obstruct the 
ow of the sur-
rounding matrix, thus creating force chains that concentrates stress between
neighboring clasts (Beall et al., 2019; Ioannidi et al., 2021).

To study subduction m�elanges, I initially considered the inclusion-host
type of two-phase systems of an in�nite bilaminate, consisting of alternating
layers of two di�erent power-law viscous 
uids. I derived analytical approxi-
mate solutions for the e�ective viscosities of the bilaminate for a wide range
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of background 
ow conditions, and I studied the viscous anisotropy arising
from the heterogeneity of the system. Subduction m�elangesare slightly more
complicated systems because they do not consist of parallellayers but elon-
gated blocks in a matrix (e.g. Grigull et al., 2012). I plan touse the results
of this part of the research also for other problems involving stress and com-
positional heterogeneity, such as the deformation of phyllosilicate-rich faults,
which can exhibit a viscous-frictional behavior similar tothat observed in
m�elanges (Bos et al., 2000; Fagereng and Sibson, 2010; Den Hartog and
Spiers, 2014).

I include in this thesis also the results of the �rst description of a large
fault zone in the Ligurian Alps in front of the northern marginof the Liguro-
Proven�cal basin. These �ndings provide data that will serveas the basis for
numerical simulations of fault deformation in the near future. The study
area hosts a NE-SW striking network of faults, reaching 15 km in length
and up to 250 m in width. The fault zone was recognized during the sur-
vey conducted in the framework of the Italian geological mapping project
(CARG, Sheet 245 { Albenga) and in the following I will refer toit as Horse
Head Fault zone from a peculiar morphology emerging on one main slip sur-
face (Fig. 1.1A). The newly discovered large fault provides signi�cant new
constraints for the interpretation of the geometry and kinematics of the post-
metamorphic fault network of the Ligurian Alps. The Horse Head Fault zone
runs parallel to the northern margin of the Liguro-Proven�cal Basin (Figs. 1.1,
2), which opened since the Oligocene in response to the Alpinecollision, the
eastward Apennine migration and the Corsica-Sardinia drifting (Jolivet and
Faccenna, 2000; Rosenbaum and Lister, 2004). The Ligurian Alps, as the
southernmost termination of the Western Alpine arc, accommodated these
movements through an anticlockwise rotation up to� 120° (Collombet et
al., 2002), whereas the underlying post-collisional sediments of the Tertiary
Piedmont Basin (TPB) record only a � 50° rotation (Ma�one et al., 2008)
(Figs. 1.1A, 2). The reason of such discrepancy is debated, as it is interpreted
as due to either two stages (the �rst one involving only Alpinemetamorphic
rocks, the second also TPB rocks) or local rotation (e.g. Collombet et al.,
2002; Ma�one et al., 2008). This ambiguity compromises the understanding
of the role of Adria rotation and the rollback of the Apenninic slab in shaping
the Alpine curvature (Schmid and Kissling, 2000; Handy et al.,2010; 2021;
Vignaroli et al., 2010; K•astle et al., 2020; Ring et al., 2022).
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Figure 1.1: A) Simpli�ed structural map of the West Mediterranean area.
Yellow star indicates the study area within the Ligurian Alps(Fig. 2B).
B) Outcrop close to the Boissano village (Latitude 44.132299, Longitude
8.211948) of one of the main polished slip surfaces of the fault network with
the peculiar horse head (white arrow) morphology that givesthe name to
the fault.

Describing the geometry, the kinematic evolution and the timing of the
main structures that assisted the bending of the Ligurian belt is a key issue to
improve our understanding of the Alpine evolution. In this part of the PhD
research project, I report and describe the meso-scale deformation pattern
of a new large fault zone and interpret its timing in relationwith the syn- to
post-orogenic structures and the sedimentary record. I propose for this fault
zone a major role in controlling the Oligocene-Miocene tectonic evolution of
the Ligurian pivot.

I address the structural investigation integrating traditional �eld survey-
ing methods with Digital Outcrop Models (DOMs). Traditional surveying
allows characterizing only small and accessible outcrop portions, whereas
photogrammetry may perform high-resolution DOMs of large (and even in-
accessible) areas supporting the collection of large dataset (Bellian et al.,
2005; McCa�rey et al., 2005; Westoby et al., 2012; Menegoni et al., 2019).
The use of Unmanned Aerial Vehicles (UAVs) applied to Digital Photogram-
metry (UAV-DP) provides high-quality outcrop models from meter to kilo-
meter scale, allowing for accurate multiscale structural analysis (Cawood et
al., 2017). However, mm-scale details, such as the steps associated with slick-
olites and slicken�bers, have yet to be physically veri�ed on the rock. Human
observation on the outcrop-scale structural investigation is still essential for
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such an evaluation of complex geometries and multiple kinematics. Struc-
tural �ndings on the investigated new fault zone highlight that the fault rocks
are characterized by multiphase switches among compressive-, extensional-
and strike-slip-dominated regimes. Deciphering the deformation evolution
of such a complex fault zone is a tectonic challenge. Heterogeneities from
mechanical anisotropies and variations in lithology, depths of burial, meta-
morphism, 
uid availability, orientation of stress �eld and so on (e.g. Fossen
et al., 2019; Maino et al., 2021), concur to mix the deformation outputs,
making hard the reconstruction of the step-by-step evolution. Furthermore,
deformation may evolve progressively or through distinct deformation phases
separated by periods of tectonic quiescence. A robust deformation history re-
quires the reconstruction of the overprinting relationships correlated with the
variations of kinematics and rheological behavior throughtime. I present a
structural investigation aiming to combine the mm-scale details with a large
amount of structural data in order to merge accuracy and statistically sound
analysis.

At the end of the thesis, I present a side project. It is the full text of
a paper of which I am a co-author entitled: 'MY
ow - A simple computer
program for rheological modelling of mylonites', by Leonardo Casini, Matteo
Maino and Antonio Funedda (see Appendix B). The paper presentsa new
Matlab-derived software, MY
ow, developed to perform rheological modeling
of mylonites. I contributed to the paper in the Methodology section, in
particular in the description of the Reuss and Voight estimates of the viscosity
of composite materials and in the mathematical conceptualization of the
model.
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Chapter 2

Background

2.1 Fault and fracture strength investigation
through a study of collinear cracks in
elastic media

In this section, I review the main theoretical background ofthe research
project on the collinear cracks modeling of rough fracturesand faults. I start
in Sec. 2.1.1 with an introduction on Gri�th cracks and the derivation of
an analytical solution of the circumferential (hoop) stress, which I used to
perform a benchmark of the numerical code. Then, I review theprincipal
aspects and implications of fault and fracture roughness and I justify the
approximation of a rough pro�le as a continuum with embeddedcollinear
cracks in Sec. 2.1.2 Then, I proceed with an overview on the state of the art
of mechanical research on collinear cracks in Sec. 2.1.3. I �nally report the
main aspects of one of the most widely used methods for the calculation of
stress around elliptical cracks, the Muskhelishvili's method, in Sec. 2.1.4.

2.1.1 Gri�th cracks and the hoop stress

The concentration of stress around mechanical 
aws has beenrecognized as
crucial for crack growth since the early 1920s, when A. A. Gri�th published
two papers on this topic (Gri�th, 1920; 1924). As a matter of fact, Grif-
�th demonstrated that all real materials contain 
aws that can promote the
initiation of fractures by enhancing stress around their tips.
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Models for the theoretical estimate of the strength of solids were proposed,
using the assumption that fractures initiate due to breaking of interatomic
or intermolecular bonds (Orowan, 1949). However, the obtained results for
the theoretical strength were three orders of magnitude greater than the
experimental results (Scholz, 2019). The explanation, postulated by Grif-
�th and later experimentally demonstrated, was the pervasive presence, in
real materials, of defects, thereafter called cracks. These are surface defects
that can produce catastrophic macroscopic failure of a solid body by brittle
deformation.

Figure 2.1: Schematic illustration of the biaxial loading ofan elastic plate
with an inclined elliptical traction-free crack.

The straightforward method for the prediction and description of brittle
failure around the tips of a crack is to rely on experimental evaluations of
rock strength and to relate it, by either analytical (in the simplest cases)
or numerical solutions, to the induced stress state around acrack. The
condition where the induced stress around the crack equals the strength of
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the material is assumed to coincide with the failure of the solid body (Pollard
and Fletcher, 2005). This procedure also helps to evaluate the most favorable
crack orientation for brittle failure, which coincides, for a given orientation of
the applied far-�eld stresses, with the orientation that produces the highest
induced hoop stress at the tips of the crack (see Fig. 2.1).

This model consists in de�ning the domain as an in�nite medium and
apply stresses far from the crack in the middle of it. The applied stresses
coincide with the background principal stresses,� 1 and � 3, the highest and
lowest normal compressive stresses, acting on planes that are perpendicular
to each other. This also allows to de�ne a background level ofdi�erential
stress:

� d1 = � 1 � � 3: (2.1)

In other words, at a large distance from the center of the crack, which
coincides with the origin of the Cartesian axes:

� xx = � 1;

� yy = � 3;

� xy = 0:

(2.2)

Let us de�ne � the angle de�ning the position of a point on the boundary
of the cracks. It varies from 0 to 2� counterclockwise from the right tip
of the crack. Furthermore, we de�ne� the angle measured from the major
axis of the elliptical void to the x-axis. The Gri�th criterion postulates that
the fracture initiates on the boundary on the crack and perpendicularly to
it. Therefore, the stress component that it is useful to evaluate to describe
fracture initiation or reactivation around the crack is the circumferential
stress component, the so-calledhoop stress� H . The analytical expression for
the hoop stress, considering also the possibility that the void is �lled with a

uid exerting a pore pressureP, is the following (Jaeger and Cook, 1979):

� H = � P +
(� 1 + � 3 + 2P) 2ab

(a2 + b2) � (a2 � b2) cos 2�

�
(� 1 � � 3)[(a + b)2 cos 2(� � � ) � (a2 � b2) cos 2� ]

(a2 + b2) � (a2 � b2) cos 2�

(2.3)
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In Eq. (2.3) a and b are the lengths of the major and minor semi-axes of
the elliptic void. From this equation, we can obtain the mostfamous result
of the Gri�th theory. Setting P, � 3, � and � to 0, and subjecting the body
to a compressive stress� 1 = C, we obtain the following expression for the
hoop stress:

� H = C
�

1 +
2a
b

�
; (2.4)

which shows that the stress concentration at the tip of the crack is directly
proportional to the aspect ratio.

I will show that this result is also observed in the numericalsimulations
with the collection of collinear elliptic cracks, but it only holds when the
separation between the cracks is large enough with respect to their length, so
that they e�ectively behave as isolated objects, without any signi�cant e�ects
of mechanical interaction. I will also make use of Eq. (2.3) in Sec. 4.1.1.1 to
perform a benchmark of the numerical (FEM) code for linear elasticity.

2.1.2 Fault roughness and collinear cracks

Surface roughness is an important aspect of all natural fractures and faults,
and it has large impact on their properties and dynamics. As a matter of
fact, roughness is crucial to estimate the slip resistance of a fault, to discern
between seismic or aseismic behavior and to determine the magnitude of
stress concentration and stress heterogeneity in the faultcore (Candela et
al., 2010; 2011; 2012).

In general, fractures and faults can be interpreted as the partial contact
between two rough rock surfaces. The two walls of the fractures are displace-
ment discontinuity surfaces, thus resembling traction-free cracks if the size
of the aperture of the patches of non-contact is much less than their in-plane
dimensions (Myer, 2000; Kachanov et al., 2010). As a matter offact, the
regions where the walls of the fractures are not in contact vary in size and
shape, but they are usually characterized by small aperturecompared to
the other two dimensions, being therefore quasi-planar geometrical objects
(Myer, 2000). A possible idealization of the fracture geometry is to assume
that the non-contacting patches can be modeled as thin elliptic cracks, and
that the contact between the fracture surfaces are welded and constitute a
continuum medium. The advantage of such strategy is that forelliptical
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voids analytical solutions of displacement are available in the literature (e.g.
Stevenson, 1945; Kassir and Sih, 1966; 1968; Exner and Dabrowski, 2010).

In two dimensions, cracks can be thought as elliptic voids with high aspect
ratio (a � b). Of course, the thinner the cracks, the more easily they close
under compression. This is the reason, together with the fact that the elastic
approximation only describes well the deformation of rocksfor small values of
displacement, why in the numerical models I prescribed boundary conditions
with very small displacements. The non-contacting patchesin natural frac-
tures and faults exhibit a heterogeneous set of shapes and sizes, nonetheless
they retain their crack-like characteristics as long as their aperture is small
(Myer, 2000).

Another way to represent a fracture is to model it as a collection of
contact asperities. The real area of contact between two surfaces is the small
portion of the total surface where the asperities are in contact, and from
its measure we can evaluate the frictional strength of a fracture (Bowden
and Tabor, 1939; Stevenson, 1945; Kendall and Tabor, 1971; Gangi, 1981;
Hopkins, 1990; Cook, 1992). The majority of papers on contactasperities
model the frictional surface of a rough fracture as a collection of asperities
distributed on a plane, with a statistical distribution of heights, which de�ne
a multi-contact interface (Archard, 1957; Greenwood and Williamson, 1966;
Villaggio, 1979). The contacts are usually modeled as spherical protrusions
with variable radius and height from the mean plane. The spherical contacts
are usually referred to asHertzian contacts. More recent models rely on the
tool of digital image correlation to study realistic distributions of contacts
to produce reliable models with Hertzian contacts (e.g. Prevost et al., 2013;
Paggi et al., 2013). The shearing and permanent deformationof contact
asperities are frequently associated with precursors to frictional slip (e.g.
Rubinstein et al., 2006; 2007).

The surface of a fault has been traditionally thought as a multi-contact
interface describable with Euclidean models (e.g. Brown and Scholz, 1985;
Power et al., 1987; Power and Tullis, 1991). However, more recent studies
have shed light on the complexity of fault and fracture surface topologies.
Accurate measurements performed mainly with laser pro�lometers or Lidar,
but also with White Light Interferometyy (WLI) and scanning electron mi-
croscopy (SEM) allowed to study fault roughness on exhumed fault mirrors
at di�erent scales, revealing the fractal self-a�nity of fault pro�les (Figs. 2.2,
2.3A) (De Rubeis et al., 1996; Candela et al., 2010; 2011; 2012). These in-
vestigations highlighted the evidence that a number of natural fault pro�les
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could be described as self-a�ne fractals with Hurst exponent(H) around the
value of 0.6 in the direction parallel to slip and 0.8 in the direction perpen-
dicular to slip (Renard et al., 2006; Candela et al., 2010; 2011; 2012). The
anisotropy of the scaling parameter H has been interpreted as a consequence
of wear processes such as frictional ploughing, which produces striation that
reduces large scale roughness and therefore the Hurst exponent in the direc-
tion parallel to slip, while in the direction perpendicularto slip the topology
does not register the e�ect of shear (Power et al., 1987; 1988; Power and
Tullis, 1991; Power and Durham, 1997; Sagy et al., 2007).

Figure 2.2: (modi�ed from Candela et al., 2012): Roughness pro�les from the
Corona Heights fault (California, USA) surface in the direction parallel to
slip. A magni�ed portion of the pro�le has a statistically similar appearance
to the entire pro�le when using the scaling transformation�x ! ��x , �z !
� H �z . This is a de�ning property of a self-a�ne surface.

The fractal self-a�ne topology of natural fractures and faults has been
found to have a number of consequences in the dynamics of slipand slip
precursors (Fig. 2.3A). First of all, the topography of active fault surfaces
determines a heterogeneity in the stress distribution overthe fault plane,
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which controls earthquake nucleation (Campillo et al., 2001; Voisin, 2002;
Tal et al., 2018). The self-a�nity of the roughness pro�le of natural faults
is also re
ected in the likewise self-a�ne distribution of slip on the fault
surfaces, with identical Hurst exponent (Resor and Meer, 2009; Candela et
al., 2011) (Fig. 2.3B). Fault roughness has also the e�ect of increasing the
frictional shear resistance of the fault (e.g. Fang and Dunham, 2013) (see Fig.
2.3C). Finally, recent studies have correlated fault roughness to the aging of
contacts (Fig. 2.3D). It has been observed that rough faults exhibit a larger
increase in cross-surface links over time than smooth faults, thus contributing
to an increase of the coe�cient of friction with time (Frerot et al., 2023).

2.1.3 Multiple collinear cracks embedded in an elastic
medium

Since the presence of defects in both natural and arti�cial bodies has been
observed to be the cause of macroscopic failure, many researchers, especially
engineers, have addressed the problem of �nding analyticalapproximate so-
lutions for the stress and strain around cracks.

One early attempt to study collinear cracks can be found in the paper
by Koiter (1959). The research is based on the application ofthe Muskhel-
ishvili's method, originally developed to study stress around a single crack,
to the problem of an in�nite row of collinear cracks. Actually, the analytical
solutions that are found in this paper are limited to the caseof linear cracks,
that is line defects in an elastic plate, and not elliptical holes with �nite
aspect ratio. The most interesting result is shown in Fig. 2.4(Koiter, 1959).
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Figure 2.3: (modi�ed from Candela et al., 2011; Brodsky et al., 2016; Frerot
et al., 2021): aspects of faulting related to fault roughness. A) One dimen-
sional synthetic self-a�ne pro�le computed using a Fourier-based method.
The Hurst exponent isH = 0:6. In the inset we can see a magni�ed por-
tion of the pro�le, which is statistically similar to the ent ire pro�le under
the scaling transformation�x ! ��x , �z ! � H �z . B) Power spectrum of
the slip distribution in the statistically stationary regime of a synthetic fault
pro�le with Hurst exponent equal to 0:6, averaged over 7322 fronts taken
each after 4096 iterations. The power-law �t provides an estimate of the
Hurst exponent of the slip distribution: Hs = 0:6, the exact same exponent
observed for fault roughness. C) Schematic representationof the correlation
between fault strength and fault roughness. Dashed line is a�t to values of
roughness aspect ratio (H=L) measured from a terrestrial lidar scan of the
exposed Corona Heights fault (California, USA). The Hurst exponent is 0:63.
The horizontal lines schematically illustrate potential inelastic yielding pro-
cesses happening at di�erent scales and values of failure strain. The array of
yielding processes results in the observed roughness. D) E�ect of roughness
on the transient friction response. A comparison between the increase in the
number of cross-surface links (�N ) in the holding stage. While � N clearly
increases for the system with a rough pro�le over a 
at pro�le, it oscillates
below 2% with no clear trend in the 
at pro�le - 
at pro�le syst em.
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Figure 2.4: (modi�ed from Koiter, 1959): The ratio of the increase in strain
energy per crack of length 2c, in the case of periodic cracks with the distance
between the centers equal to 2b, to the increase in strain energy due to a
single crack of width 2c.

The plot shows the dependence of the strain energy increase �A(c=b)
due to the presence of cracks as a function of the ratio between the crack
semi-lengthc and b, the half distance between the crack centers. The �gure
shows that until the distance between the tips is higher thanthe length of
the cracks the strain energy increase is almost equal to thatproduced by the
presence of a single isolated crack. As demonstrated in Sec. 4.1.1.1 a similar
result is obtained with the numerical code used throughout the thesis, with
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two di�erences: �rst, I will study the dependence of the di�erential stress
at the tip of the most critically stressed crack instead of the strain energy
increase, and second with a �nite number of elliptical cracks instead of an
in�nite row of line-shaped cracks.

The problem of �nding an analytical solution describing displacement
and stress �elds for a 2D elastic medium embedding collinearcracks has also
been addressed with the mathematical tool of the Fourier transform (Rathod,
1979). For example, the paper Parihar and Sowdamini (1985) applies the
Fourier transform method to solve the linear elasticity equilibrium equation
in the case of a single crack in an orthotropic medium.

Another approach for the solution of displacement and stressaround
collinear cracks is to use the Stroh's formulation, a mathematical formalism
for the study of stresses around cracks in the speci�c framework of anisotropic
elastic materials (Stroh, 1958). Papers that use this method to obtain general
solutions of stresses focus on the study of the crack openingdisplacements
and energy release rate, and in particular how these quantities depend on
the anisotropic elastic sti�ness tensor, which contains the anisotropic elastic
constants (Hwu, 1991; 1995).

A number of later studies focused on the evaluation of stressintensity
factors (e.g. Viola, 1983; Jiang et al., 1991; Dao, 1997). Sethuraman and
others investigated the stress intensity factor at the tipsof two identical semi-
elliptical cracks in a plate with �nite thickness under remote tensile surface
traction (Sethuraman et al., 2003). Using 2D �nite element method model-
ing, an empirical estimate of the crack interaction factors(the ratio of stress
intensity factors between a plate with two cracks and a platewith a single
crack, subjected to the same external traction) were proposed (Sethuraman et
al., 2003). In this research, the aspect ratio and distance between the cracks
are varied, but not their number and their length. It is a parametric study
that is similar to that proposed in this PhD project, and it has the advan-
tage of being based on results of a fully 3D simulation, but itspans a smaller
range of distance and aspect ratio values and does not take into account crack
length and number. Analytical solutions of stress intensityfactors around
collinear cracks have also been formulated taking into account crack closure
and frictional resistance (see, for example, the crack propagation criterion
proposed in the paper by Zhu, 2009). In the recent years, numerous studies
have been focused on the aim of formulating analytical solutions for the stress
intensity factor for planes intercepted by multiple collinear cracks (e.g., Jin
et al., 2013; Liu and Duan, 2014; Zheng et al., 2014). In thesepapers, the
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analytical results have been validated by comparing with the results of �nite
element-based numerical simulations (Huang et al., 2022; Wang et al., 2022).

2.1.4 The Muskhelishvili's method

The presence of voids and heterogeneities in a rock, especially if their shape is
complex, makes it hard or impossible to �nd analytical solutions to describe
internal rock deformation. Heterogeneity, however, is an intrinsic property
of most rocks at all scales, which makes numerical modeling aviable tool for
obtaining approximate solutions. Analytical solutions canbe found only in
simpli�ed cases, which usually embed two assumptions:

ˆ Whatever scale is considered in the model, all heterogeneities smaller
than this scale are ignored.

ˆ Inclusions and voids have regular shapes that can be described with
simple mathematical functions, such as ellipses, circles,squares etc.

A method to calculate stresses around voids and inclusion isexplained in
this section, and it is called the Muskhelishvili method (Muskhelishvili, 1953).
The Muskhelishvili method is a mathematical model originally designed to
calculate stress concentrations around holes in two-dimensional bodies. The
necessity of analytical solutions for stress came from the observation that

aws and holes in brittle materials could reduce their strength drastically
and cause them to fall apart (Savin, 1961). The method is equally applicable
to elastic and incompressible viscous materials, and it works both with holes,
voids and cracks and with inclusions with di�erent mechanical properties
than the surrounding matrix (Goodier, 1936; Jaeger and Cook,1979).

The importance of the Muskhelishvili method for the numerical modeling
work is that it allows to obtain the displacement and stress �eld in the form
of an analytical solution, which facilitates performing thorough benchmarks
of the numerical codes before using them (Schmid and Podladchikov, 2003).
The Muskhelishvili method utilizes the complex variablez to solve the 2D
problem and to describe the position vector in 2D:

z = x + iy = r cos� + ir sin� = r expf i� g: (2.5)

i is the imaginary unit, x and y Cartesian coordinates,r and � the polar
coordinates (useful since I mean to obtain solutions for circular and elliptic
inclusions).
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The basic idea of the Muskhelishvili method is that the solutions of dis-
placements and stresses in the two-dimensional linear elasticity approxima-
tion for plane strain deformation can be calculated from twocomplex func-
tions, � (z) and  (z), which have to adhere to the following conditions:

ˆ They have to be analytic functions (they have to satisfy the Cauchy-
Riemann equations)

ˆ They have to conform to the prescribed boundary conditions.

Once these two complex functions (potentials) are de�ned, we can calcu-
late stresses from the two following equations:

� xx + � yy = 4Re
�
� 0(z)

�
; (2.6)

� yy � � xx

2
+ i� xy = �z� 00(z) +  0(z): (2.7)

In these equations,� xx , � yy and � xy are the two normal components and
the shear component of the total stress tensor in 2D.Re is the real part of the
complex function in the parentheses, the prime sign denotesdi�erentiation
with respect to the complex space variablez, and �z is the complex conjugate
of z.

Moreover, starting from the constitutive equations, that may be either
those of linear elasticity or those of incompressible viscous 
ow, both the
displacement and the velocity �eld can be determined from Eqs. (2.6) and
(2.7).

For the sake of brevity, I am just going to give an example of the applica-
tion of Muskhelishvili method. In particular, we are going to see the complex
potentials in the particular case of a circular inclusion (which can be easily
generalized to represent a void) in a matrix. Both the circular clast and
the matrix are supposed to be incompressible linear viscousmaterials, with
viscosities� c and � m , respectively. The complex potentials, which conform
to the far �eld 
ow, are the following:

ˆ For the clast:
� (z)c = �

i
2

� cz _
; (2.8)

 (z)c = 2( i _
 � 2_� )
� c� m

� c + � m
z: (2.9)
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ˆ For the matrix:

� (z)c = �
i
2

� mz _
 � (i _
 � 2_� )Ar 2
cz� 1; (2.10)

 (z)m = ( i _
 � 2_� )� mz � (i _
 � 2_� )Ar 4
cz� 2: (2.11)

In these equations,r c is the clast radius, _� and _
 are the far-�eld pure and
simple shear strain rate, respectively, and the parameterA, which quanti�es
the viscosity contrast between the clast and the matrix, is de�ned as:

A =
� m (� c � � m )

� c + � m
: (2.12)

The horizontal and vertical velocities (either in the clastor the matrix)
can be derived by the following expression:

vx + ivy =
� (z)c � z� 0(z) j �  (z) j

2� j
, with j = c; m: (2.13)

Eqs. (2.8)-(2.13) can be translated to solve the problem of stress com-
putations in the case of the linear elastic deformation, by substituting the
viscous parameter� with the shear modulusG = E

2(1+ � ) and strain rate with
strain. Moreover, the results can be generalized for an elliptic inclusion or
void using the Joukowski transform, that is based on the following variable
substitution:

z !
�
� +

1
�

�
: (2.14)

In the � space the problem becomes the same circular problem for which
the solutions have already been presented, with the di�erence that this time
the clast is a ring, not a full circle, with internal radius equal to 1 and external
radius de�ned as:

� c =

p
(t � 1)(t + 1)

t � 1
: (2.15)

The parametert = a=bis the aspect ratio of the elliptical inclusion/void.
In the z-space, the clast has an elliptical shape.

I conclude this section by highlighting the advantages of the Muskhel-
ishvili method. One notable advantage is its versatility, as it can be applied
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with minimal modi�cations to address both elastic and viscous problems,
which are central to the numerical modeling aspect of this PhD project. Ad-
ditionally, the method o�ers analytical solutions for both problems involving
elliptic inclusions (such as those encountered in subduction m�elanges) and
elliptic cracks or voids, which are ubiquitous in the crust and particularly
prevalent in the damage zone of crustal faults (e.g. Goodier, 1936; Jaeger
and Cook, 1979). The signi�cance of assessing stress concentrations near
inclusions and voids lies in its ability to quantify the reduction in strength
caused by the presence of defects or clasts with high viscosity contrast. Stress
concentrations in proximity to cracks may lead to the fracturing of contact
asperities or cemented fault gouge, potentially generating seismic slip pre-
cursors. In subduction m�elanges, where the clasts possesshigher viscosity
than the surrounding �ne-grained matrix, the fracturing of clasts can act as
a trigger for slow slip events (Bos et al., 2000; Fagereng andSibson, 2010;
Beall et al., 2019; Ioannidi et al., 2021).

2.2 Compaction of sedimentary units

As previously mentioned, the aim of part of the research project is to numer-
ically investigate the synsedimentary deformations of thecarbonate platform
exposed at the Nuvolau and Lastoni Mts. (Dolomites, Italy) due to the dif-
ferential compaction of the underlying basinal facies. In the following section,
I am going to summarize the principal aspects of the geological setting.

2.2.1 Analogue outcrops: the Nuvolau and Lastoni
Mountains (Dolomites) carbonate platforms

The Nuvolau and Lastoni di Formin Mts. are located in the eastern Dolomites
(Italian Southern Alps) near Passo di Giau (46.477293° N, 12.083458° E |
WGS84). The Dolomites are bounded to the north by the Insubric line and
to the south by the south-verging Valsugana thrust (Doglioni, 1987) (Fig.
2.5).

The domain includes terrains only mildly deformed by tectonics from Per-
mian to Jurassic; the landscape is dominated by spectacular Middle Triassic
carbonate edi�ces. The relief of Lastoni di Formin and Nuvolau represents
the remnants of an exhumed carbonate platform (so-called Cassian Dolomite)
of Upper Ladinian{Lower Carnian age (Fig. 2.6).
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Figure 2.5: Simpli�ed geological map of the central Dolomites region show-
ing the major structural lineaments and the main sedimentary rocks from
Paleozoic to Cretaceous (modi�ed Menegoni et al., 2022a). The stratigra-
phy is modi�ed from Stefani et al. (2010) and Servizio Geologico d'Italia-
ISPRA (2011). The major structural lineaments were digitalized following
the structural model at a scale of 1:500,000 from Bigi et al. (1990a, 1990b)
and the geological map of Italy at a scale of 1:1,000,000 fromServizio Ge-
ologico d'Italia-ISPRA (2011) and integrating with the geological map at
a scale of 1:50,000 from Brondi et al. (1974, 1977), Costa et al. (1996),
Neri et al. (2007) and Gianolla et al. (2018). The background grey scale
represents the Digital Elevation Model (DEM) of Italy (retrievable from Geo-
portale Nazionale of Ministero dell'Ambiente e della Tutela del Territorio e
del Mare); lighter colors represent higher elevations.
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Figure 2.6: A) Stratigraphic framework of part of Middle and Upper Triassic
of the central-eastern Dolomites (modi�ed after Preto et al. 2017 and Mene-
goni et al. 2022a). B) Simpli�ed sketch of the stratigraphicrelationships in
the study area (modi�ed after Neri et al., 2007 and Inama et al.2020). DP,
Dolomia Principale; TVZ, Travenanzes Fm.; HKS, Heiligkreuz Fm.;DCS,
Cassian Dolomite (di�erentiated in DSC1 and DSC2 accordingto Neri et al.,
2007); SCS, San Cassiano Fm.; WEN, Wengen Fm.; SCI, Sciliar Fm.; IMF,
Mt. Fernazza Fm.; AQT, Acquatona Fm.; LVN: Livinallongo Fm.

The lithology of the Cassian Dolomite consists of �ne-grained greyish and
whitish dolostone with a sucrose texture. The extensive dolomitization al-
most entirely obliterates the original depositional fabric and the sedimentary
structures that are only locally visible.

The Lastoni di Formin outcrop appears as a vast isolated plateau, gently
tilted towards the north-east by approximately 15° and extending for over
2 km2. It is bordered on the western and southern sides by verticalcli�s
up to 250{300 m high. It is formed by two superimposed carbonate com-
plexes, separated by a horizontal unconformity (Inama et al., 2020; Inama,
2021; Menegoni et al., 2022a). It represents the easternmost part of a larger
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carbonate platform that includes, from west to east, the outcrops of Sass
de Stria, Col Gallina, and Nuvolau-Averau (Leonardi, 1986; Bosellini et al.,
1984; Blendinger and Blendinger, 1989).

The eastern wall of the Nuvolau represents a spectacular example of the
platform-to-basin transition: while the small topmost part of the mountain
corresponds to the platform interior, the outcrop is mainlyconstituted by the
massive northward-dipping clinoforms of the slope facies,that prograde over
the coeval basinal deposits, composed by marly limestones (San Cassiano
Formation) (Bosellini, 1984; Blendinger and Blendinger, 1989; Menegoni et
al., 2022b).

The exceptional exposure of the depositional geometries exposed at the
Lastoni and Nuvolau Mts. gives the opportunity to study in detail the pro-
cesses that control the early deformation of the Cassian Dolomite platform.

2.3 Viscous-frictional rheology

This chapter summarizes the results of the bibliographic research on the
topic of subduction m�elanges deformation and their rheological behavior. I
present an overview on the deformation processes that can beresponsible for
the development of slow slip events.

The introductory paragraph Sec. 2.3.1 concerns the description of the
block-in matrix systems called subduction m�elanges, which form at the base
of accretionary prisms within subduction zones. Then, the topic of slow slip
events (SSE) and their similarities with earthquakes are discussed in Sec.
2.3.2.

Section 2.3.3 summarizes some of the recent �eld observations of sub-
duction m�elanges. Finally, in Sec. 2.3.4 selected numerical models for the
simulation of the viscous-frictional deformation of subduction m�elanges are
reviewed.

2.3.1 Subduction m�elanges

Subduction m�elanges are mechanical systems characterized by the presence
of strong clasts inside a viscous weak matrix. These rocks are found in
exhumed subduction shear zones, and typically form at the base of an ac-
cretionary prism above a subducting oceanic plate (Raymond, 1984; 2019).
They typically consist of variable-sized blocks of oceaniccrustal material
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and detrital fragments derived from the continental plate embedded in a
�ne-grained matrix of oceanic sedimentary rocks (Raymond,1984; Raymond
and Terranova, 1984; Festa et al., 2010; 2013; 2016).

In recent studies, various authors have proposed that the e�ective rheo-
logical behavior of subduction m�elanges can be described as viscous-frictional
(Beall et al., 2019; Ioannidi et al., 2021). The structure ofsubduction
m�elanges, characterized by the presence of angular brecciated rocks inside
a weak matrix, in
uences the e�ective rheological parameters of these me-
chanical systems, which are far from those of a linear viscous material (e.g.
Fagereng and Sibson, 2010). If clasts composed of competentrocks occupy
a considerable fraction of the volume of the m�elange, they can constitute a
stress-bearing network and impede steady viscous 
ow of thesurrounding
medium (Beall et al., 2019). The load bearing network of strong blocks, the
so-calledforce chains, produce high stress heterogeneity in the system. In
particular, the presence of strong blocks can lead to stressconcentrations at
the clast-clast contacts, up to levels much higher than the background stress.
This, in turn, can cause fracturing inside the clasts at a background stress
level much lower than the theoretical yield stress of the blocks (Ioannidi et
al., 2021).

Subduction m�elange structures can be widely variable, comprising oceanic
and continental crust fragments of sizes ranging from millimeter to several
meters in diameter (e.g. Berkland et al., 1972; Raymond, 1984). Also the
minerals that can be found inside the m�elange can be of di�erent nature.
Nevertheless, typically the �ne-grained matrix is made of sheared mudstone,
while the clasts are often basaltic (e.g. Raymond, 1984; Fagereng and Sibson,
2010; Fagereng, 2011; Wakita, 2015). Some examples of exumed subduction
m�elanges are: the Chrystalls Beach complex, the Mugi m�elange and the
Schistes Lustr�es.

One famous subduction m�elange is that of the Chrystalls Beach Complex
in New Zealand. It is an accretionary m�elange within the Otago Schist,
located in the southwestern region of the South Island. The Chrystalls Beach
Complex formed under metamorphic conditions of up to 550 MPa and at
300°C, and it used to be part of the seismogenic zone during the subduction
(Fagereng and Sibson, 2010; Fagereng, 2011). In this complex the matrix is
phyllitic and its deformation structures are compatible with viscous shearing.
The blocks, which are typically quite rounded, are predominantly made of
chert and basalt and they are characterized by the presence of fractures. The
observations suggest therefore a mixed viscous-frictional behavior of this two
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phase system (Fagereng and Cooper, 2010). The matrix appears to have

owed aseismically, while the large network of contacting clasts embedded in
it have experienced seismic or aseismic slip (Fagereng and Sibson, 2010).

Another �eld example is the Mugi m�elange in Japanese ShimantoBelt. In
this case, the blocks, which are made of chert, basalt and shale, are very thin
and sharply shaped, while the embedding matrix consists of highly sheared
black shale (Kimura et al., 2012). The matrix underwent overall 
attening,
mineral re-orientation and pressure solution, while the clasts experienced
cataclastic deformation (Kitamura et al., 2005).

The last case study is the Schistes Lustr�es, which crops in the Cot-
tian Alps. The matrix consists of sheared calcareous schiststhat embed
metabasaltic and serpentinitic slivers (Lemoine et al., 1987). The maxi-
mum depth this system reached was between 30 and 80 kms (Herviou et al.,
2021). The thin clasts exhibit strong 
attening and shearing, and the matrix
is mainly made of sheared metapelites comprising fragmentsof quartz and
albite (Tricart and Schwartz, 2006).

2.3.2 Slow slip events and implication for faulting
and earthquake dynamics

The development of force chains and the subsequent fracturing of the clasts
within subduction m�elanges has been proposed as the mechanism responsible
for slow slip events (SSE) (Beall et al., 2019). Slow slip events typically
take place at the subduction interfaces, they are very common and have an
episodic nature (Rogers and Dragert, 2003; Iglesias et al.,2004; Douglas
et al., 2005). They are slower than earthquakes, with aseismic slip rates
of 0.1-1 m/ year, which are slightly faster than plate velocities (Rogers and
Dragert, 2003; Douglas et al., 2005; Graham et al., 2014). Slow slip events
happen below the seismogenic zone. The overall slip range ofa single typical
episode is between 1 and 100 cm (Schwartz and Rokosky, 2007; Graham et al.,
2014). Slow slip events can both release or enhance stress inthe neighborhood
of a fault. In the second case, they can trigger large earthquakes within
subduction shear zones (Wang et al., 2008; Brown et al., 2009; Graham et
al., 2014).

Slow slip events share some features with earthquakes. Earthquakes are
dynamic ruptures during the release of elastic energy stored in the surround-
ings of a fault (Stavrev and Reid, 2010; Scholz, 2019). The kinematic of slip
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along faults is controlled by friction, which in turn depends on slip velocity,
time, type of rock and slip distance. The evolution of friction during slip
is usually described through an empirical law by Dietrich and Ruina (Di-
etrich, 1972; Dietrich and Kilgore, 1994; Scholz, 1998), which is commonly
referred to as the rate- and state-dependent variable friction law. The fric-
tional properties of a fault can be compatible with a motion characterized by
long periods of slow and steady deformation followed by fastseismic slip, the
stick and slip motion (Scholz, 2019). Earthquakes happen quasi-periodically
on active faults releasing accumulated elastic energy in the surrounding rock
medium, through the so-called seismic cycle.
Slow slip events are similar to earthquakes, because of the episodic nature
of the mechanical energy release through slip. However, theytake place at
greater depth than the seismogenic zone, where both frictional and viscous
mechanisms operate simultaneously (Schwartz and Rokosky,2007; Beall et
al., 2019; Ioannidi et al., 2021). The duration of slow slip events is longer
than that of earthquakes, tipically from days to several weeks (e.g. Nishikawa
et al., 2023). Fig. 2.7A shows GPS displacement measurementsat the Casca-
dia subduction zone (Schwartz and Rokosky, 2007). The �rst plot shows that
the slow and steady motion of the subduction upper plate is reversed after
10 days at a noticeably higher velocity. Fig. 2.7B shows the quasi-episodic
nature of the motion reversal, with slow slip events happening once every
13-16 months.
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Figure 2.7: (modi�ed from Schwartz and Rokosky, 2007): A) Longitudinal
positions above the northern Cascadia subduction zone. Thegreen line shows
a slow slip event occurred in August 1999. showing a slow slip event (marked
by green line) that occurred in August 1999. B) Slow slip activity in northern
Cascadia subduction zone. Slow steady subduction movementis interrupted
every 13-16 months by slow slip events. The bottom graph shows the number
of hours of tremors observed over a 10 day period. This shows agreat
correlation between tremor activity and SSEs.

Faults are usually described as planar structures, whereasin nature they
often appear as three-dimensional bands of cemented granular material col-
lectively known as fault gouge. Therefore, the block-in-matrix systems can
also be a suitable framework to describe a medium consistingof strong frac-
tured grains inside a matrix like gouge (e.g. Den Hartog and Spiers, 2014).

Fracturing of clasts inside a viscous matrix is a crucial phenomenon lead-
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ing to the nucleation and propagation of slow slip transients (Beall et al.,
2019; Ioannidi et al., 2021). The cyclic accumulation of stress concentrations
at the corners of strong blocks can cause their fracturing. The sudden loss of
the cohesion of the blocks allows the system to reorganize and to 
ow along
paths that were earlier hampered by the force chain (Hayman etal., 2011).
Thus, the stress concentration and the related block fracturing episodically
increase the shear strain rate due to the slip of block fragments and the
enhanced 
ow of the matrix (Dragert et al., 2004; Brown et al., 2009).

Fig. 2.8 shows an example of numerical model for the subduction m�elange
deformation. The large-scale model shows the subduction ofan oceanic plate
under the continental crust, with the accumulation of sediments within the
accretionary prism. The inset is at the outcrop scale, and the m�elange is
simulated by the presence of blocks of di�erent shapes and sizes in a �ne-
grained matrix. The walls of the interface are subject to opposite velocities,
mimicking the relative motion of the plates during subduction. In his 2021
paper, (Ioannidi et al., 2021) investigated the e�ective viscosity of subduction
m�elanges with an aim to include it in large scale models rather than re�ning
the mesh to resolve small-scale structures (Ioannidi et al., 2021).

Figure 2.8: (from Ioannidi, 2021): Example of a large-scale geodynamic
subduction zone model, from (Ruh et al., 2015). In the inset,a heterogeneous
interfacial zone in the outcrop scale, showing a m�elange consisting of two
materials. The boundary conditions correspond to the deformation of the
interface during subduction.
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The theoretical framework used to investigate the interplay between vis-
cous deformation and the brittle failure of strong inclusions may also be
useful, with appropriate modi�cations, to gain insight into the mixed fric-
tional and viscous deformation of phyllosilicate-rich faults, where frictional
sliding along the foliation planes may be accomodated by pressure solution.
Frictional sliding in natural faults happens as the abrupt acceleration of
slip between phases of steady viscous creep as the consequence of asperity
fracturing and frictional reactivation of rough fractures. The presence of
high-pressure and low-viscosity 
uids is of great importance for the frictional
slip dynamics, since 
uid injections associated with both natural and human
activities are well known to lead to the reactivation of faults, slow-slip tran-
sients, and earthquakes, which occasionally are large enough to cause damage
(Guglielmi et al., 2015).

2.3.3 Field observations

The �eld observation of exhumed subduction m�elanges and ofthe shape and
size of the blocks embedded in them can provide the base for the structural
model of synthetic outcrops in numerical simulation of subduction m�elange
deformation. Fig. 2.9 shows an exhumed subduction m�elange with a clearly
discernible block-in matrix structure. The clasts are 30-50 cm-long roughly
elliptical blueschists in a micaschist matrix (Grigull et al., 2012).

The size of the clasts in m�elanges can be millimeter- to several meters long
in diameter. The aspect ratio of the blocks in subduction m�elanges can vary
a lot. Thin slivers such as those of the Mugi m�elange are characterized by a
very high ratio between the lengths of the major and minor axis (Kitamura
et al., 2005: Kimura et al., 2012). Nevertheless, most exhumed m�elanges
exhibit an average aspect ratio of clasts between 1.5 and 3 (Beall et al,
2019). The distribution of blocks with di�erent sizes has been established
based on the �eld observations of exhumed subduction m�elanges. Fig. 2.10
shows the volumetric fraction of blocks as a function of their diameter. The
diameter of each block is calculated as the diameter of a circle with the same
area as the cross section of the block (Grigull et al., 2012).The plot shows
that clasts with small diameter are more frequent than big ones in natural
systems. The dependence of volumetric frequency on the sizesuggests that a
self-similar distribution of block sizes may be the best, more realistic choice
for a numerical simulation (Cowan, 1985; Medley, 1999).
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Figure 2.9: (modi�ed from Grigull et al., 2012): Outcrop photo with map
of block in matrix structure that can be used for a synthetic outcrop. The
outcrop is in Ouai�eme (OUA), New Caledonia. The system encompasses
30-50 cm long, almost elliptical, blueschist blocks in micaschist matrix. The

attening of the system was simultaneous for matrix and blocks. The clasts
were incorporated in the matrix prior to the 
attening stage.
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Figure 2.10: (from Grigull et al., 2012): Log-log plot of the volumetric block
frequency of blocks with di�erent diameter from di�erent exhumed tectonic
m�elanges. The data point exhibit a power-law function withincreasing di-
ameter of the blocks. The legend shows which subduction m�elanges the
data points refer to. SCI: Santa Catalina Island, RM: Ring Mountain, PP:
Pacheco Pass, HW1: Highway 1, AI: Angel Island, RMS: Ring MountainSer-
pentinite, OUA: Ouai�eme, New Caledonia, RSJC: Rio San Juan Complex,
Dominican Republic.

The volumetric fraction of blocks in subduction melanges often ranges
between 10 and 70% (Medley, 2002; Beall et al., 2019; Ioannidi et al., 2021).
Recent studies have underlined that this parameter is crucial for the determi-
nation of the e�ective rheological parameters of viscous-frictional rheology,
with a high fraction of blocks determining a switch from slowsteady viscous
creep to frictional sliding (Beall et al., 2019; Ioannidi etal., 2021).

2.3.4 Numerical modeling of subduction m�elanges

Subduction zones, where tectonic plates converge, are known for signi�cant
geological events such as large earthquakes. In contrast tobrief seismic
events, slow slip events, lasting weeks, occur at the brittle-ductile transi-
tion zone in subduction zones, typically at depths ranging from 30 to 60
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km. At these depths, the temperature is insu�cient to cause complete rock
melting. Consequently, if the background strain rate is high enough, the
crustal rock stores mechanical energy, gradually releasing it during frictional
slip transients.

One type of subduction interface is a bi-modal aggregate of �nite thick-
ness consisting of a weak matrix with embedded \exotic" blocks of upper
and/or lower plate rocks, the subduction m�elange. These systems often
manifest mixed viscous-frictional behavior, with fractures localizing in the
load-bearing clasts. The experimental observations suggest that viscous de-
formation and brittle failure may operate simultaneously in a subduction
m�elange, with frictional deformation causing a strong deviation from a quasi-
linear stress-strain rate relation characterizing the matrix deformation and
producing large strain rates even at relatively low background stress levels.

Recent numerical studies of subduction m�elange have focused on the de-
pendence of their e�ective rheological parameters on the block concentration.
Some of these studies rely on previous works on the rheological behavior of
two-phase systems, for example the work from Handy (1990). Inthis pa-
per Handy investigates the e�ective bulk strength of a two-phase aggregate
and asserts that it lies between the strength values of the two pure phases,
reaching the end members in case of very high or very low blockconcentra-
tions. Based on a two-dimensional model, Beall demonstrated that � 50%
weak phase concentration can lead to episodic slow slip transients (Beall et
al., 2019). Ioannidi investigates the e�ect of di�erent concentrations of block
at di�erent depths (temperatures) and strain rates, and concludes that even
at moderate temperatures a block concentration of at least around 66 %
is required for di�used clast fracturing and the productionof SSEs (Ioan-
nidi et al., 2021). Both the Beall (2019) and the Ioannidi (2021) papers are
explained in greater detail in the following.

Natural observations serve as a base for the input geometry ofthe two-
dimensional model for the study of the e�ective rheology of asubduction
m�elange (Grigull et al., 2012). Fig. 2.11A shows the schematic model of a
subduction m�elange, with clasts of di�erent shape and sizescraped of the
walls of the slab and the continental plate and embedded in the matrix. Fig.
2.11B shows an exhumed m�elange at outcrop scale. In Fig. 2.11C, blocks with
diameters of several meters are shown. Fig. 2.11D is a microphotograph of
the magmatic fabric in an eclogite-facies metabasites block.
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Figure 2.11: (modi�ed from Grigull, 2012): A) Schematic depiction of a sub-
duction channel and with a m�elange with block-in-matrix structure. This sys-
tem has origin fro the mixing of channel matrix (grey) with slab and mantle
rocks (white). The matrix may consist of serpentinites and or metasediments.
The letters in the blocks are referring to the photograph in thin section mi-
crophotographs D) to F). B) Exhumed m�elange with block-in-matrix struc-
ture at Ring Mountain, Tiburon Peninsula, Franciscan Subduction Complex.
The eclogite blocks are embedded in a matrix of metashale andserpentinised
peridotites. C) Blueschist-facies metabasalt blocks in a metasedimentary
matrix at Pacheco Pass, Franciscan Subduction Complex. D) Magmatic fab-
ric in an eclogite-facies metabasites block from Ring Mountain, Franciscan
Subduction Complex; it is still possible to recognize plagioclase relics; fs:
feldspar; gl: glaucophane.

Circles and ellipses are the simplest shapes that can e�ciently mimic
the shape of natural m�elange blocks in a two-dimensional numerical model
(Ioannidi et al., 2021; see Fig. 2.12). In numerical simulations, circular or
elliptic blocks are generated and randomly distributed inside the domain until
the area fraction of the clasts matches the desired value. Typical values of the
aspect ratio for the elliptical clasts found in tectonic m�elanges lie between the
values of 1.5 and 3. Furthermore, in some experiments, the initial orientation
of the blocks major axes is taken parallel or sub-parallel tothe overall shear
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direction given by the orientation of the interface of the subduction zone.

Figure 2.12: (from Ioannidi et al., 2021): Synthetic 2D circular (left) and
elliptical (right) models. Percentages at the top right show the percentage of
blocks in each model.

These structures can be treated as scale-independent and statistically
self-similar, as suggested by Fagereng and Le Pourhiet (Fagereng, 2011; Le
Pourhiet et al., 2013). Statistical self-similarity is theproperty that makes a
system of geometrical objects to retain its statistical properties under uniform
scaling. If, as discussed in the paragraph devoted to the synthetic outcrops,
the structures and models are treated as self-similar (as the size distribution
of the blocks in the matrix), the model can be isotropically downscaled and
upscaled to consider systems with di�erent block mean diameter and model
dimensions, from the outcrop scale to the subduction shear zone scale.

A more complex initial geometry of the system can also be usedto repro-
duce the realistic shapes of blocks-in-matrix systems. Theuse of such irreg-
ular shapes leads to higher stress concentrations at the most pointy corners
of the clasts, thus lowering the background stress level required to produce
block brittle failure. Some natural rock formations and outcrops that have
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been used as a base for the shapes of the clasts in numerical simulations are,
for example, the Chrystalls Beach Complex, an accretionarym�elange within
the Otago Schist, New Zealand (Fagereng, 2011; Fagereng and Sibson, 2010),
the Mugi m�elange, part of the Shimanto Belt in southwest Japan (Kimura
et al., 2012; Kitamura et al., 2005)and the Schistes Lustr�es in the Western
Alps (Lemoine et al., 1987) (see Fig. 2.13).

Figure 2.13: (from Ioannidi et al., 2021): Synthetic models based on well-
studied exhumed m�elanges, used as \natural models" A-D) outcrops from the
Chrystalls Beach complex. The shape of blocks is the result of the digitization
of the outcrop. E) digitized outcrop from Mugi M�elange in the Shimanto Belt,
Japan (Kimura et al., 2012). F) digitized outcrop from the Schistes Lustr�es,
in the Alps. The percentage shows the fraction of volume of blocks in each
model.

The numerical models that I described allowed to observe three di�erent
deformational regimes in subduction m�elanges: frictional, semi-frictional and
viscous (Ioannidi et al., 2021). The localization of the deformation is evalu-
ated using the normalized strain rate _
 norm , which I will describe in greater
detail in Sec. 3.5.4. At shallow depths and low temperatures, and more so
at high background strain rates, the system deforms in the frictional regime.
The numerical simulations show that in this regime a shear band forms across
both the matrix and the blocks, and strain rate is high in thisarea (Ioannidi
et al., 2021). The results also show that at great depths and high tempera-
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tures, and at low values of the background strain rate, the strain is localized
in the viscous matrix, the deformation of the strong clasts being negligible.
This is the case of the viscous deformation regime. In the intermediate semi-
frictional regime, while most of the deformation is localized in the matrix,
shear bands cross the inclusions (see Fig. 15). The deformation of the clasts
thus provides additional space for the viscous 
ow of the �ne-grained matrix.
In this regime, the e�ective viscous parameters lie betweenthose of the two
phases.
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Figure 2.14: (from Ioannidi, 2021): Colormaps of strain localization at vari-
able temperature and background strain rate. The fractionsof block volume
are 55% for circular blocks,� 66% for elliptical blocks, and bottom� 69%
of blocks based on the Chrystall Beach Complex digitized outcrop. Models
are colored based on their normalized strain rates (in log).Low localization
of strain is in warm colors, while cool colors denote high strain localization.
Each column refers to a �xed temperature value, while the rows represent
models with the same background strain rate. The letters inside the col-
ormaps refer to the three di�erent deformation regimes: F frictional, SF
semi-frictional and V viscous.

Apart from the strain rate distribution, the three regimes can be dis-
tinguished based on the relation between the average pressure P and the
average value of the second invariant of the deviatoric stress tensor� II in
the computational model. In the frictional regime, the trend is linear, as
predicted by theDrucker-Prager criterion. In the semi-frictional regime, the
data points from the simulation fall just below the strengthenvelope of the
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clast phase, while the data points are clearly below the linein the viscous
regime (see Fig. 2.15).

Figure 2.15: (from Ioannidi, 2021): Drucker-Prager yield criterion (red
straight line) for models with di�erent block shapes. All the models con-
sidered have a high volumetric fraction of blocks. The blue dots lay on the
Drucker-Prager straight line and represent frictional models. Just below the
line lie the violet squares, representing the semi-frictional regime. The green
crosses show no linear dependence between pressure and shear stress and lie
way below the linear function of the DP criterion. These represent viscous
models.

The stress exponentn is the quantity that relates strain rate and shear
stress in the form: _� / � n

II . The e�ect of simultaneous viscous and brittle
deformation of subduction m�elanges is that the fracturingof the competent
clasts allows the surrounding matrix to deform at higher rates. The simula-
tion indicates that the exponential parametern increases with the fraction of
strong phase in the model (see Fig. 2.16). The same observation also shows
that the same parameter is a decreasing function of temperature.
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Figure 2.16: (from Ioannidi, 2021): the exponential term n plotted versus
the concentration of blocks in the model at di�erent temperatures. The
term n increases with the strong phase concentration and decreasing with
the increase of temperature.

Montesi and Handy proposed a model to treat both the description of
brittle and viscous deformation in a single mathematical form. Their sug-
gestion is to consider both kinds of deformation styles as end members of a
single mechanism, with a power law function describing the dependence of
the strain rate on the stress. Brittle and viscous deformation, in this frame-
work, are only distinguished by the value of their exponential stress factor
n. In particular, the frictional end member corresponds to the limit 1

n ! 0,
while the purely Newtonian viscous end member approaches thelimit 1

n ! 1
(Handy, 1990; Mont�esi, 2004).

Also the shape of the inclusions has an e�ect on the e�ective stress pa-
rameter n. For example, in Ioannidi (2021) it is shown thatn takes higher
values when the blocks are elliptical than the ones it takes with circular in-
clusions. This happens even more evidently when the numerical model is set
to reproduce more realistic shapes of the strong clasts. Theincrease inn, in
this case, may be to ascribe to the larger stress concentration that more thin
and anisotropic inclusions can produce inside an isotropicmedium, locally
promoting frictional failure (Ioannidi et al., 2021).

Other observations regarding the e�ective stress exponentn are reported
by (Tullis et al., 1991). They observed that in every experiment the logarithm
of the e�ective parametern in two-phase mixtures was always between the
corresponding values of the pure phases. They proposed a simple expression
meant to evaluate the e�ective viscous parameters of any twophase mixture
(Tullis et al., 1991). They observed that logarithm of the e�ective stress
exponent for the aggregatea, the parameter na, may be evaluated as the
average of the logarithms of the two end member exponents, weighted by
their relative volume fraction. He then suggested that the e�ective exponent
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of the system may be simply derived by a geometric mean of those values.
This also has consequences for the other two e�ective parameters for the
aggregate,Aa and Qa. If the volume fractions of the two phases aref 1 and
f 2, then:

na = 10(f 1 log n1+ f 2 log n2 ) ; (2.16)

Qa =
Q2(na � n1) � Q1(na � n2)

n2 � n1
; (2.17)

Aa = 10[log A 2 (na � n1 )� log A 1 (na � n2 )]=[n2 � n1 ]: (2.18)

An interesting consequence of the semi-frictional regime isthat the fric-
tional behavior is not only con�ned to competent clasts but is also localized
in the matrix, in particular around the block clusters that act like force
chains, which can e�ciently concentrate stress. The frictional behavior of
the viscous matrix has the empirical consequence of increasing the e�ective
stress exponentn of the aggregate. This parameter is observed to be even
greater than the two end member values for the pure phases, thus leading to
a decrease of the rate dependent viscosity (Beall et al., 2019).

The presence of the aforementioned load bearing block networks, also
called jamming, impedes the constant and stable 
ow of the surrounding
matrix. Estimates based on the work of Beall (2019) quantifythe background
stress level su�cient to produce fracturing across the force chains, and to
produce slip transients, as the 20% of the clast yield strength (Beall et al.,
2019). This occurs in particular if no connected path for shear of the viscous
phase is found, that is if the concentration of blocks is high. The fracturing
and the subsequent reorganization of the clasts is responsible for stick and
slip in granular materials (see Fig. 2.17) (Beall et al., 2019).
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Figure 2.17: (from Beall et al., 2019): A) formation of a force chain in
a subduction m�elange. The network of stress-bearing blocks prevents the
slab from 
owing steadily and causes periods of negligible movement. SSEs
may be a consequence of this arrest of the thrust creep. B) Whenblocks
fracture the stress is redistributed into the �ne-grained and weak matrix.
The deformation becomes mainly viscous and the shear strainrate increases.

The viscous friction of the surrounding matrix, on the otherhand, damps
the frictional sliding of competent minerals providing velocity strengthening
behavior. Velocity weakening, which causes slow slip events, occurs due to
sudden fracturing of block chains as a consequence of an increase in back-
ground strain rate. An increase in strain rate can switch the deformation
style of the two-phase system from viscous to frictional or semi-frictional.
This promotes the production of fractures in the clasts and adramatic de-
crease of e�ective viscosity, with an increase in localizedstrain rate. Instead,
given the low di�erential stress� d implied by the creep of the adjacent ma-
trix, the presence of pervasive fracturing inside exhumed m�elange clasts is
ascribed to near-lithostatic pore pressure (Beall et al., 2019).

The block-in-matrix model that has been reviewed relies on the Voight-
Bingham model (Ando et al., 2012; Lavier et al., 2013), or isostrain model,
that assumes that both viscous and frictional phases experience the same
strain. In the model, until frictional deformation is triggered, the material
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does not experience deformation at all. This framework may be useful in or-
der to study slow slip events, since it assumes that little orno strain happens
between slip transients.

In this model, the background stress� b can be calculated as a sum of
contributions between the stress experienced by the clasts, � clast , and that
experienced by the matrix,� matrix . These contributions are weighted by the
volume fraction � , assuming that both matrix and clasts deform by New-
tonian viscous creep (with respective viscosities� m and � c) up to the yield
strength � y. Once this value of stress is reached, the deformation is frictional:

� b = �� y + 2(1 � � )� m _
 if � � �� y; (2.19)

� b = 2( �� c + (1 � � )� m ) _
 if � < �� y: (2.20)

The value of � controls how much lower the background stress can be in
comparison to the yield stress in order to produce frictional sliding. Also, in
this model a high viscosity contrast between clasts and matrix, of the order
of 103, is assumed.

The model proposes to describe frictional failure in the following way:
when the maximum shear stress of a clast particle, calculated as:

� =
� d

2
; (2.21)

where � d is the di�erential stress, is reached, the e�ective viscosity of
the clast is modi�ed in order to satisfy the relation � f = 1

2 � y=_
 (Fullsack,
1995; Moresi and Solomatov, 1998). In this model, frictionalyield strength
is calculated from the Mohr Coulomb criterion, with friction coe�cient � ,
cohesionC and e�ective normal stress� ef f :

� y =
�� ef f + C
p

1 + � 2
: (2.22)

Here, again, � ef f is reduced by the pore pressure and the presence of
water, besides the dependence of the con�ning pressure on the depth that
has been taken under consideration. Also in this model, the size distribution
of the elliptical clasts is assumed to be self-invariant.

Since the model assumes isostrain conditions, a convenientchoice for the
boundary conditions is to apply a constant driving stress atthe top boundary
of the observational area. A constant driving stress� b is prescribed, and the
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bulk shear strain rate is not given as input here, but it is calculated from the
average horizontal velocity computed on the top wall,Vav and the height L
of the model as:

_
 =
Vav

2L
: (2.23)

The results from Beall (2019) show that for their set of parameters clast
yielding starts to happen at background stress value of� b � 0:125� y, one
eighth of the value of the yield stress. The clast e�ective viscosity is reduced
by one order of magnitude when the frictional yield threshold is reached
(Beall et al., 2019). At � b � 0:21� y the �rst pervasive yielding of the block
force chains occurs, allowing the accommodation of shear strain of the viscous
matrix as the consequence of the pure shear of the clasts due to fracturing.

If the applied stress is low, the e�ective viscosity of the m�elange can be
much higher than the viscosity of the matrix, up to 15 times innumerical
simulations. On the other hand, high driving stresses tend to make disloca-
tion creep in the viscous matrix the dominant deformation mechanism, and
the e�ective viscosity of the m�elange approaches the valueof � m . This kind
of m�elange rheology seems to be best described by a logarithmic dependence
between shear stress and strain rate, rather than a power lawrelationship of
the type _
 / � n . The relation to �t, with �t parameters c0 and c1, is the
following:

� b = c0 ln( _
 b) + c1: (2.24)

This constitutive equation may arise because stress is not homogeneously
distributed along the force chains, and even low stress increments can pro-
duce stress ampli�cation that can lead other force chain to frictional yielding
(Beall et al., 2019). All the model bulk rheologies, regardless of � , follow
a similar transition from one approximating the strong end-member at the
lowest � b, to resembling the weak end-member (matrix-dominated) for� b ap-
proaching� y (the higher end of the range for greater� ) (see Fig. 2.18). This
rheological trend demonstrates that all m�elange models, regardless of jam-
ming, are weakened by fracturing even when� b � � y (Beall et al., 2019).
This, however, does not mean that fracturing at low� b results in a dramatic
switch to viscous deformation, since the weakening and fracturing of one
force chain does not automatically a�ect the others, where there is less stress
ampli�cation. While viscous damping over the entire rupturezone may domi-
nate the total energy budget, the stress concentration in the process zone and
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energy 
ux at the rupture front still control rupture propag ation (Freund,
1972).

Figure 2.18: (from Beall et al., 2019): A) A model for the study of a force
chain. In the inset, the yellow band is the material of blocks, the blue area
is the matrix and the orange band at the top is a high viscositymaterial.
The blue points, measured values of the bulk stress of the Voight mixture,
follow the Bingham plastic rheology (black line). B-D) E�ective m�elange
rheologies for di�erent parameters of clast size and distribution, assuming
the matrix viscosity � m = 1017Pas. Each plot has also a �xed value of
block-matrix volume fraction � . The solid curves on which the data point
lay are logarithmic �ts.

In conclusion, all of these studies suggest that SSEs may arise due to the
competition and coexistence of viscous and frictional rheologies in systems of
load-bearing clasts embedded in a viscous matrix. The competent inclusions
impede steady deformation of the surrounding matrix and allow stress to
increase until it reaches locally values near the yield strength of the brittle
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materials. At this point, failure of single clasts, or even pervasive fracturing
of block clusters take place, the viscosity drops dramatically and the shear
strain rate of the system increases. These sudden jumps in the shear strain
rate may explain the presence of episodic SSEs in subductionzones.

2.4 Geological setting of a large fault zone
in the Ligurian Alps

In this section, I provide the geological background of the area that I studied
during the �eld survey of the newly described fault zone in the Ligurian Alps
near Verzi (Italy).

2.4.1 Tectonic setting

The Ligurian region in NW Italy records a complex geological history com-
prising several rifting and orogenic phases that developedsince the Cambrian
up to now, as it still represents a tectonically active margin (e.g. Vanossi et
al., 1984; 1994; Larroque et al., 2011; Soulet et al., 2016; Maino et al., 2013;
2019; Mueller et al., 2020; Morelli et al., 2022; Fig. 2.19). During the Ceno-
zoic evolution of the central Mediterranean, the Ligurian region represented
the knot pivoting the opposite movements of the Alps and Apennines oro-
genic systems (e.g. Laubascher et al., 1992; Vanossi et al.,1994; Rosenbaum
et al., 2002; Vignaroli et al., 2008; Crispini et al., 2009; Mosca et al., 2010;
Maino et al., 2013). Such divergent motion resulted from theoblique NW-
directed Adria-Europe collision and the eastward migrationof the Apennine
arcs (Faccenna et al., 2004; Handy et al., 2010; Le Breton et al., 2021).

Since the Eocene, nappe stacking, folding and heterogeneous metamor-
phism (from eclogite to epizone) resulted from the convergence between Adria
and Europe and the subduction of the interposed Ligurian-Piedmont Ocean
(Trumphy, 1960; Dewey et al., 1989). Since the early Oligocene transition
between the subduction and collision phases, the counterclockwise rotation
of Adria shaped has a major role in determining the present daystructure
of the Alps (Dewey et al., 1989; Platt et al., 1989; Laubascher, 1992; Ford
et al., 2006; Ring and Gerdes, 2016). The Adria indentation and rotation
beneath the Europe is thought has promoted the right-lateral motion in the
Western and Central Alps (e.g. Insubric Line, Simplon-RhoneLine, Pennine
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Figure 2.19: A) Tectonic sketch of the Alps (modi�ed from Schmid, 2004). B)
Zoom of the main paleogeographic domains of the Ligurian Alps(from Bonini
et al., 2010). C) Simpli�ed structural map of the Ligurian Alps between
Finale Ligure and Ceriale (Liguria, NW Italy). HHF: Horse Head Faultzone;
ZF: Zuccarello Fault zone. The study areas are indicated withorange and
yellow marks (Respectively, Verzi and Monte dei Marmi). O�shore faults are
derived from Morelli et al. (2022). A-A' indicates the trace ofthe geological
cross-section. D) Geological cross-section through the study area.
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Basal Thrust, Brian�connais Front, Strura and Preit Lines), as well as the
tightening and arcuate shape of the Western Alps (Mancktelow, 1992; Giglia
et al., 1996; Schmid et al., 1996; 2004; Sue and Tricart, 2003; Handy et al.,
2010 ; Champagnac et al., 2006; Malus�a et al., 2009; Campaniet al., 2010;
Perrone et al., 2011; Campani et al., 2014; Cardello et al., 2016; Ring et al.,
2022).

However, a major role in modifying the post-Oligocene structure of the
Alps is also attributed to the evolution of the coeval Apennines{Maghrebides
subduction (e.g. Malinverno and Ryan, 1986; Doglioni, 1991; Jolivet and
Faccenna, 2000; Ma�one et al., 2008; Fig. 1.1A). The retreat ofthe slab
resulted in a progressive trench rotation from a NE-SW direction (i.e., par-
allel to the European passive margin) to a N-S trending (e.g. Carminati
et al., 2012). This geodynamic process drove the eastward Apennines nappe
stacking and migration. In the Northern Apennine, such rotation was accom-
modated by curvilinear thrusts and strike-slip faults (e.g. Villavernia-Varzi
Faults, Ottone-Levanto Fault; Marroni et al., 2009; 2019).

The rollback of this west Mediterranean subduction zone caused the open-
ing of several Oligo-Pliocene back-arc basins (i.e. the Alboran sea, Algerian
basin, Valencia Trough, Liguro-Proven�cal basin, Thyrrenian sea; Rollet et
al., 2002; Rosenbaum and Lister, 2004; Faccenna et al., 2004; Jolivet and
Faccenna, 2000; Carminati et al., 2012; Fig. 1.1A).

The inception of the Ligurian-Proven�cal basin is documented by the vol-
canic record at ca. 32-30 Ma, above the previously thickenedcontinental
European crust (De Voogd et al., 1991; S�eranne, 1999; R�ehault et al., 2012
and references within). The oceanic spreading associated with the Liguro-
Proven�cal opening is dated between� 22 and 15 Ma (Carminati et al., 1998;
Speranza et al., 2002; Siravo et al., 2023) coeval with the drifting of the
Corsica-Sardinia block (Rosenbaum et al., 2002; Rosenbaumand Lister, 2004;
Gattacceca et al., 2007; Ma�one et al., 2008; Maino et al., 2013; van Hinsber-
gen et al. 2014). In the Late Miocene-Quaternary, the Appenines back-arc
extension switched to the Tyrrhenian Sea spreading (Patacca et al., 1990; Jo-
livet and Faccenna 2000), while the Ligurian Alps experienced uplift (Foeken
et al., 2003; Larroque et al., 2009; Morelli et al., 2022).

2.4.2 Structure and stratigraphy of the study area

The investigated portion of the Ligurian Alps shows a stack oftectonic units
(Monte Carmo, Mallare and Arnasco-Castelbianco; Fig. 2.19C)pertaining
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to the Bria�connais and Prepiedmont domains, which, in the Mesozoic times,
were part of the European continental margin in front of the Piedmont-
Ligurian oceanic realm (Figs. 2.19B-C); e.g. Vanossi et al.,1984; Bonini et
al., 2010; Mueller et al., 2020). Brian�connais and Prepiedmont units are
ideally constituted by a Palaeozoic basement (Maino et al.,2012, 2019), a
Permian volcano-sedimentary succession (Dallagiovanna et al., 2009) and a
more or less complete Meso-Cenozoic cover (Decarlis and Lualdi, 2011; De-
carlis et al., 2013; Maino and Seno, 2016). The studied faultzone involves
orthogneiss, metarhyolite and Triassic to Jurassic quartzite, dolostone, lime-
stone and marble (Fig. 2.20).

As a consequence of the Alpine subduction and collision, the Brian�connais
and Prepiedmont units experienced heterogeneous metamorphism from epi-
zone to blueschists (Go��e and Bousquet, 2004; Seno et al., 2005; Maino et
al., 2012). All investigated units followed a common deformation history,
comprising two main Eocene ductile deformational phases (D1-2) with oppo-
site tectonic vergence (SW and NE, respectively), associated with folding and
backthrusting (Bonini et al., 2010; Maino et al., 2015a,b; 2020). A third duc-
tile deformation phases (D3) produced large amplitude, open, upright folding
characterizing the �nal exhumation of the deep-seated rocks after collision,
constrained in the earliest Rupelian (35-32 Ma; Maino et al.,2012a; 2015a,b).
While the syn-collisional structures of the study area are well-described in
literature, a few post-metamorphic faults are reported only in the 1:100'000
scale geological map (Servizio Geologico d'Italia, 1971).

In the study area, since the Oligocene, a carbonate-siliciclastic coastal
wedge sedimented in the Finale Ligure Basin, unconformably covered part
of the Alpine metamorphic units (Fig. 2.19C; Boni et al., 1968;Brandano et
al., 2015; Della Porta et al., 2022). Sedimentation startedwith a 10 to � 100
m thick, undated breccia followed by sands, conglomerates and marls with
Aquitanian to Burdigalian age (Basal Complex of Finale LigureLimestone
Fm; Boni et al., 1968; Dallagiovanna et al., 2011). Up section,a � 250 m
thick succession of Langhian to Serravallian bioclastic limestone constitutes
the Finale Ligure Limestone Fm (Boni et al., 1968; Dallagiovanna et al.,
2011; Brandano et al., 2015; Dalla Porta et al., 2022). Due tothe lack of
deformation evidence - including faulting - it is traditionally considered as
a low-strain domain (Boni et al., 1968; Dallagiovanna et al., 2011; Dalla
Porta et al., 2022). However, recently Mueller et al. (2023) discovered and
described co-seismic deformations in the shallow sediments (a mix of cm- to
m- size soft sediment deformation structures, clastic dikes and shear bands)
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Figure 2.20: Lithostratigraphic map of the main segment of the HHF zone.
The �eld data were collected in the framework of the CARG project (Sheet
245 { Albenga). Location of the fault mirror shown in Fig. 1.1B is indicated
by the horse head symbol.
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allowing to constrain multiple seismic input in the Langhian-Serravallian
times, coeval with the oceanic spreading of the Liguro-Proven�cal basin and
the Corsica-Sardinia drifting.

North of the study area, the sediments of the TPB started to cover
the metamorphic rocks of the Ligurian Alps in the early Oligocene (Fig.
2.19B; Gelati et al., 1998; Dallagiovanna et al., 2010). During the Oligocene-
Miocene, the TPB accumulated a sedimentary succession up to� 4 km thick
that recorded multistage deformation. A �rst Rupelian{early Chattian stage
of extension driven by NW-directed faults was followed by a late Chattian
drowning of the basin controlled by transtensional NE- to ENE-striking faults
(Maino et al., 2013; Federico et al., 2020). In the Early Miocene, minor ev-
idences of locally developed transpressive tectonics are documented in the
basin (Carrapa et al., 2003; Crispini et al., 2009; Federicoet al., 2014; Maino
et al., 2013).

After the Messinian salinity crisis, incision of valley along the Ligurian
paleo-coast occurred, while during the earliest Pliocene the river valleys were

ooded by the sea and transformed into a series of coastal embayment �lled
by large Gilbert-type deltas (Boni et al., 1985; Clauzon andRubino, 1995).
The heterogeneous �ne- (Ortovero mudstone Fm) and coarse-grained (Monte
Villa conglomerate Fm) facies and the depositional architecture of the in�ll-
ing sequences outline a complex interaction between eustatic sea-level varia-
tion and tectonic activity. The depositional setting is described as resulting
from the interaction of fast sea-level rise and steep-gradient shelf developed
between the uplifting Alpine hinterland and the subsiding Ligurian basin
under an extensional regime (Boni et al. 1985; Marini 2000; Foeken et al.,
2003; Breda et al., 2007; 2009). O�shore, Pliocene-Pleistocene compres-
sional reactivation of older extensional structures is well documented by the
WSW{ENE-elongated Imperia Promontory and the subparallel intra-slope
basin along the Ligurian margin (Chaumillon et al., 1994; Eva and Solarino,
1998; Calais et al., 2001; Larroque et al., 2011; Morelli et al., 2022). The
focal mechanisms of the present-day earthquakes reveal a dominant trans-
pressional regime (Eva and Solarino, 1998; Calais et al., 2001; Larroque et
al., 2011; Morelli et al., 2022).

2.4.3 Rotation of the Ligurian Alps

The Ligurian Alps record the most prominent bending of the Western Alpine
arc, which is outlined by the inversion of about 180°of the orogen around a
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vertical axis (Figs. 1.1A, 2.19A). Paleomagnetic data from theWestern Alps,
including the Ligurian segment, recognized a southward increasing counter-
clockwise rotation, from� 47° to � 117° (Thomas et al., 1999; Collombet et
al., 2002). Such rotation is constrained as occurred after the main ductile de-
formation and metamorphic phases, therefore since the lateRupelian times
(Maino et al., 2012; 2015a,b; Amadori et al., 2023). Further paleomagnetic
investigation, instead, reveals that the TPB rotated� 50° counterclockwise in
Early-Middle Miocene, whereas both Ligurian Alps and TPB have undergone
no paleomagnetic rotation since the Late Miocene times. It remains unclear
if the Ligurian Alps experienced rotation with di�erent timin g (Oligocene
plus Miocene) and geodynamics with respect to the TPB (only Miocene), or
the whole Western Alps rotated by� 50° in early Miocene and the Liguria
underwent an additional local� 70° counterclockwise rotation.

The rotation mechanism causing the tightening of the Western Alpine arc
is interpreted as driven by either i) Adria rotation causing dextral faulting
in the Central alps and left-lateral shear of the southern Western Alps or,
ii) nappe stacking of the Alpine wedge underlying the TPB thatrotated
along with Corsica-Sardinia in response to the rollback of the Apenninic slab
(Schmid and Kissling, 2000; Collombet et al., 2002; Ma�one et al., 2008;
Vignaroli et al., 2008; Pleuger et al., 2012; Ring and Gerdes,2016; K•astle
, 2020). However, the paleomagnetic data are insu�cient to discriminate
between the possible mechanisms, mainly because of the poorrecognition
and understanding of the structures leading the rotation.
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Chapter 3

Methods

In this section, the principal methods used during the PhD project are re-
viewed. The �rst subsection is devoted to a brief overview onthe topic of
linear elasticity, the formalism that has been adopted and the fundamen-
tal equation that were implemented in the numerical models.The second
subsection if focused on the Finite Element Method (FEM), withparticular
attention on the use of this numerical technique for the solution of elasto-
static problems. In the third subsection, the methods for the evaluation
of di�erential stress around a system of cracks are explained, together with
the model setup. The fourth subsection is an overview of the model for the
simulation of compaction of carbonate platforms in the Dolomites. In the
�fth subsection, the constitutive equations for the numerical modeling of the
deformation of a composite of nonlinear viscous-frictional materials are pre-
sented. The sixth and last subsection explains the methods for the study of
the anatomy of the newly discovered fault zone in the Ligurian alps. It is
an explanation of the creation of DOMs with the use of UnmannedAerial
Vehicles and it also contains the speci�cs of the drones thatwere used for
the data collection.

3.1 Linear elasticity

Elasticity is the rheological behavior characterized by the two following con-
ditions: �rst, the strain in an elastic material is a unique function of the
stress that produced it. Second, the elastic body returns toits original shape
after the applied load is removed (Timoshenko, 1951; Turcotte and Schubert,
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2002). In the following, we will focus on linear elasticity,which is charac-
terized by a linear dependence between stress and strain. Fig. 3.1, where�
and � are the stress and the strain, respectively, shows the pattern of linear
elastic behavior in 1D, together with the loading and unloading paths.

Figure 3.1: Uniaxial loading-unloading stress-strain curves for linear elastic
behavior.

The conditions for elastic behavior prevail during the deformation of the
upper crust rocks, at low temperature and low con�ning pressure. For these
cases the theory of linear elasticity o�ers a realistic model of rock deformation
(Turcotte and Schubert, 2002; Pollard and Fletcher, 2005).

In the context of continuum mechanics, the in�nitesimal strain tensor is
de�ned in the following way (Mase et al., 2009):

� ij =
1
2

�
@ui
@xj

+
@uj
@xi

�
=

1
2

(ui;j + uj;i ): (3.1)

The indexesi ,j run over the three Cartesian directions,u is the displace-
ment and x is the generic spatial coordinate identi�ed by its index. The
strain tensor is then the symmetric part of the derivative ofdisplacement.

Using the Einstein index notation, which implies a summationover re-
peated indexes, we can write the constitutive equation for linear elasticity,
known as thegeneralized Hooke's law, as follows:

� ij = Cijkm � km ; (3.2)
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or, equivalently, in compact notation:

� = C � � ; (3.3)

C is a fourth-order tensor of elastic coe�cients. Since the stress and
the strain tensors are symmetric, only 36 components out of the total 34 =
81 are distinct constants. Furthermore, the assumption of isotropy of the
material, considerations based on the de�nition of the strain energy function
and the linearity of the stress-strain dependence allow to reduce the number
of distinct and independent linear elastic coe�cient to two (Mase et al.,
2009). The most general expression forC is the following:

Cijkm = �� ij � km + � (� ik � jm + � im � jk ): (3.4)

Eq. (3.2) becomes:

� ij = �� ij � kk + 2�� ij : (3.5)

This is Hooke's law for isotropic elastic materials. The constants� and �
in Eq. (3.5) are known asLam�e constants. They are related to the constants
E and � , more commonly used in the �eld of mechanics, the Young's modulus
and Poisson's ratio, according to the following relations:

� =
�E

(1 + � )(1 � 2� )

� =
E

2(1 + � )
:

(3.6)

Eq. (3.5) can be inverted to obtain the inverse form of the isotropic con-
stitutive equation:

� ij =
1

2�

�
� ij +

�
3� + 2�

� ij � kk

�
: (3.7)

The cases of interest are two-dimensional, so in the following the indexes
i and j can only take values 1 and 2 (x1 and x2). In order to simplify the
calculations, since both the stress and strain tensor are symmetric, we can
utilize the Voigt notation (Kwon and Bang, 2018). It is a way to simplify a
tensor by representing it as a lower-order quantity. For example, the strain
tensor in 2D, in matrix representation reads:
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� =
�

� xx 
= 2

= 2 � yy

�
: (3.8)

In this equation, 
 is the shear strain. Since in the Finite Element Method
strain is calculated directly from the spatial derivative of the displacement,
we can reduce the order of the strain tensor as follows:

� =

 u1;1

u2;2

u1;2 + u2;1

!

=

 � 11

� 22

2� 12

!

: (3.9)

If we write the stress tensor in the following way:

� =

 � 11

� 22

� 12

!

; (3.10)

We can rewrite Eq. (3.5) in matrix form as follows, using the Lam�e con-
stants:

 � 11

� 22

� 12

!

=

 2� + � � 0
� 2� + � 0
0 0 �

! � 11

� 22

2� 12

!

(3.11)

or, alternatively:

� = C � � ; (3.12)

with:

C =

 2� + � � 0
� 2� + � 0
0 0 �

!

: (3.13)

3.2 The Finite Element Method (FEM)

The �nite element method for elastic problems is based on continuum me-
chanics, which studies the deformation and transmission offorces through
materials by modeling these as continuous media and ignoring the discrete
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composition of material bodies. The continuous medium may be divided in-
de�nitely into smaller and smaller portions, each of which retains all of the
physical properties of the parent body (Mase et al., 2009).

FEM makes use of this assumption to calculate the displacements of the
deforming body in a grid of points called nodes. The �rst stepin the �nite
element approach is to discretize the geometry of the systemand to produce
a mesh, that is a collection of nodal points that divide the domain into
regularly shaped parts, called elements (Tadmor and Miller, 2011; Hughes,
2012).

The second step, in any �nite element solver, is to choose a setof basis
functions that allow to calculate displacement, stress andstrain in any point
of the system. These are known asshape functions(Zienkiewicz and Taylor,
2000; Tadmor and Miller, 2011; Hughes, 2012; Kwon and Bang, 2018). Their
number is equal to the number of nodes, hereafter callednnod, multiplied by
the degreese of freedom of each node, and they have the property of being,
each of them, equal to 1 on a particular node and 0 in of all the remaining
nodes. This property reads:

N i (xk ; yk) = � ik for i = 1; :::; nnod: (3.14)

The third step is to calculate, element by element, the sti�ness matrix
(that will be de�ned in the following) and the applied forces(that are given
as an input of the problem) by integration for of each element.

Then, a global sti�ness matrix and force vector is assembledfrom the
elementary matrices and the displacements of each node can be calculated.

Finally, from the values of the displacement and by the use of shape
functions and their derivatives, also strain and stress canbe evaluated on
any point of the domain.

3.2.1 Mesh and isoparametric elements

In two dimensions, the most common element types are triangles and quadri-
laterals. The coordinates of the nodal points and the array of indexes iden-
tifying the corner nodes of each element constitute the computational mesh.
The mesh can also be equipped with the information about the material pa-
rameters of each element, such as the elastic parametersE and � and the
density � in case the deforming body is made up of di�erent materials. Fig.
3.2 shows an example of unstructured mesh of a square domain with edge of
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unit length. The term unstructured means that the nodes do not form a reg-
ular grid and their position is not the function of a spacing parameter. The
unstructured mesh consists in an irregular tessellation ofthe surface, where
the corner points of the triangles are arbitrarily and uniformly distributed
in the domain to obtain elements that are not too elongated (Tadmor and
Miller, 2011). The reason behind this is that the more compact the element
is the more any quantity can be e�ectively interpolated in the internal point
of each element by integration. In this example, the minimumangle of the
elements is set to 30°.

Figure 3.2: Example of a 3 nodes-triangular element unstructured mesh. The
domain is a square with edges of unit length. The domain is discretized in
839 nodes and 1577 triangular elements.

If, however, the shape of the elements is irregular, as in most cases, es-
pecially when dealing with very thin inclusions or structural voids, the best
strategy for the calculations and integrations inside eachelement is to adopt
isoparametric elements (Becker and Kaus, 2016). The isoparametric formu-
lation is useful when the shape of the elements is complex andwe aim to
map it into a reference regular elementary shape. In this case, the aim is to
map irregularly shaped triangles in a reference right triangle with edges of
unit length, such as depicted in Fig. 3.3.
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Figure 3.3: An example of 6 nodes isoparametric element. An element with
an irregular triangular form is mapped into a right trianglewith the cathetus
length equal to 1.

The Cartesian coordinates that identify any point inside a chosen element
in the domain, x,y, are mapped into an auxiliary space where the coordinates
that are used are called� , � and w. The �rst two are the horizontal and
vertical coordinates of the point mapped in the right triangle with edge of
unit length, and w = 1 � � � � is a third coordinate which is useful for
calculations and depends on the other two.

3.2.2 Shape functions

Once the mesh is de�ned we can choose the shape functions to calculate the
physical quantities of interest on the nodes and on any internal point of each
element. As a matter of fact, ifT is the generic physical quantity that we
want to calculate in the reference space (�; � ) and we know its values on
the nodes of a speci�c element, de�ned by a numbernnodel of nodal points,
then:

T(�; � ) =
nnodelX

i =1

Ti N i (�; � ); (3.15)

with:

N i (� k ; � k) = � ik : (3.16)
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In Eq. (3.15), Ti and N i are the values of the physical quantityT and
of the shape functions on the nodes of the element in which we want to
determineT.

For example, we can express the position of any point of an element in
the following way:

~x
� ~�

�
=

nnodelX

i =1

x i N i
� ~�

�
(3.17)

x i is the position of the i -th node of the element. From Eq. (3.17) we
can also relate the two sets of coordinates~x (the physical coordinates of the
domain points) and~� (the coordinates of points in the reference space):

dx = Jd�; (3.18)

whereJ is the Jacobian matrix of the transformationx ! � .

J =

 
@x
@�

@x
@�

@y
@�

@y
@�

!

: (3.19)

Each of the partial derivatives in Eq. (3.19) can be easily obtained by
di�erentiation from Eq. (3.17). For example:

@x
@�

=
nnodelX

i =1

x i
@Ni
@�

(3.20)

Thus, we can rewrite Eq. (3.19) in the following way:

J =
d~x

d~�
=

d ~N

d~�
� ~x: (3.21)

We can integrate any function in the reference space de�ned by the coor-
dinates � and � . We can do it through the following equation:

Z

x(
)
f (x; y)dxdy =

Z



f [x(�; � ); y(�; � )]jdet(J )jd�d�: (3.22)

For the purposes of the simulations, we need to calculate thepartial
derivatives @�

@x etc. So we can just invert Eq. (3.21):
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d~�
d~x

= inv (J ) = J � 1: (3.23)

We also need to choose the integration points in each element. These
are the points where the quantities of interest are calculated. The integral
of any quantity inside the reference triangle is then obtained by a weighted
summation of this quantity calculated in the integration points. If the total
number of integration points isnip , the approximation is the following:

Z



f (�; � )d�d� �

n ipX

ip=1

wip f (� ip ; � ip ); (3.24)

wherewip are the weights of the integration.
A possible choice is to use three integration points. That isthe integration

technique used in the simulation performed in this researchproject. In the
auxiliary right triangle with edge of unit length those points are the middle
points of each element edges:

~P1 = ~P1(� 1; � 1) = (0 :5; 0:5);
~P2 = ~P2(� 2; � 2) = (0 :5; 0);
~P3 = ~P3(� 3; � 3) = (0 ; 0:5):

(3.25)

The weights of the integration are equal in the case of the 3-point inte-
gration.

wip =
1
2

�
1
3

=
1
6

8ip: (3.26)

The factor 1=3 is for the fact that the three weight are equal to each other
and their summation is supposed to be 1. The integration of the quantity over
this triangle is then simply obtained as the arithmetic meanof the values of
the function on the integration points multiplied by the area of the reference
element, that is 1=2.

The Jacobian determinant:

Jac = jdet(J )j (3.27)

contains the information about the actual dimension of the elements in
the real domain.
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The type of elements that I used in the simulations are triangles. In the
case of the study of the di�erential compaction of the carbonatic platforms
on the Dolomites I used 3-node triangles, where the nodes arethe corner
points of each elements. In the study of the stress concentration around
the cracks, instead, I preferred to use 6-node triangular elements, which
have nodes on the corners and on the mid points of the edges. Having
more nodes on each element increases the precision of the calculations. It
allows to better interpolate the physical quantities on theinternal points
of each element. Furthermore, having nodal points to the triangles edges
increases the 
exibility of the elements. Triangular elements with nodes
only on the corner have higher probability of causing shear locking problems,
especially when dealing with nearly incompressible materials (Wriggers, 2006;
Yastrebov, 2013). In the case of the di�erential compactionof the carbonate
platforms, I chose 3-node triangles to expand the domain moreeasily with
additional meshes. Fig. 3.4 shows the reference triangles for both the 3-node
and the 6-node triangular elements.

Figure 3.4: The reference right triangles in the auxiliary space. The nodes
are numbered and their (�; � ) coordinates are shown in the parentheses. A)
3-nodes triangle. The reference nodes are the corner pointsof the triangle
with edge of unitary length. B) 6-nodes triangle. The nodes are both on the
corners and on the middle points of the edges. This type of element allows
more precise calculations.

The 3-node and 6-node shape functions for the reference right triangle
with edge of unitary length, as a function of the spatial coordinate in the
auxiliary system (�; � ) are the following. The 3-node shape functions:
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N1 = w

N2 = �

N3 = �:

(3.28)

The 6-node shape functions:

N1 = w(2w � 1)

N2 = � (2� � 1)

N3 = � (2� � 1)

N4 = 4��

N5 = 4�w

N6 = 4�w:

(3.29)

3.2.3 Linear elasticity with FEM

In the context of static linear elasticity under plane strain conditions, where
acceleration is neglected, the equilibrium equation is thefollowing:

� ij;j + bi = 0: (3.30)

The plane strain condition is one of the two possible approximations to
calculate stress and strain in two dimensions. It is based onthe assumption
that all the out of plane components of the strain are equal to0, that is (for
the symmetry of the strain tensor):

� 13 = � 23 = � 33 = 0: (3.31)

The plane strain approximation is particularly realistic if we consider the
deforming body as an in�nite object in the out of plane direction, and that
the quantities we can calculate in the plane represent the strain of a slice of
this ideal, in�nitely thick body (Mase et al., 2009).

The boundary � of the domain 
 can be expressed as the union of two
disjoint sets:

� = � D [ � N ; (3.32)
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� D \ � N = ; : (3.33)

The two portions of the domain boundary are distinguished bythe type
of boundary conditions prescribed in the two sets of points.Dirichlet bound-
ary conditions are prescribed on �D and Neumann boundary conditionsare
prescribed on �N (Fig. 3.5).

Figure 3.5: The boundary of the domain 
 is the union of the two subsets �D

and � N , where Dirichlet and Neumann boundary conditions are prescribed,
respectively. Dirichlet boundary conditions consist in imposing the value of
the displacement, Neumann boundary conditions consist in prescribing the
tractions on the edges (Tadmor and Miller, 2011).

The di�erence between the two types of boundary conditions is the fol-
lowing:

ˆ The Dirichlet boundary conditions consist in prescribing the displace-
ments on the nodal points.

ˆ ˆ The Neumann boundary conditions consist in prescribing tractions
on the edges of the elements, where tractions are de�ned as:

t i = � ij nj ; (3.34)
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where nj is the j -th component of the unit vectorn perpendicular to
the boundary � N .

In order to solve the elasticity problem with FEM, we need to recollect
the four equations that we are going to use:

ˆ The equilibrium equation

ˆ The de�nition of strain tensor as a function of displacement

ˆ The rotational equilibrium condition (the symmetry of the stress ten-
sor)

ˆ The constitutive equation of linear elasticity.

The equations are the following:
8
>>>>><

>>>>>:

� ij;j + bi = 0

� ij =
1
2

(ui;j + uj;i )

� ij = � ji

� ij = �� ij � kk + 2�� ij

(3.35)

In addiction, we need to prescribe the Dirichlet and Neumann boundary
conditions:

(
ui = �ui on � D

t i = �t i on � N
(3.36)

The barred quantities are the prescribed values of displacement and trac-
tions on � D and � N , respectively. The �rst thing to do to solve the con-
stitutive equation of linear elasticity with FEM is to write i t in strong form
(Hrenniko�, 1941). This means that we need to integrate it on the domain 
.
In order to get the results that we need to solve Eqs. (3.35), we can use the
method known as theprinciple of virtual work (Courant, 1943; Kwon and
Bang, 2018). We multiply the integral of the equilibrium equation on 
 by
the quantity �u , calledvirtual displacement, which is an arbitrary increment
of the displacement. I will use the compact notation introduced in Eqs. (3.9)
and (3.10):
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Z



(@�+ b) � �u d
 = 0 8�u (3.37)

If we use the divergence theorem and the de�nition of the strain tensor
in Voigt notation (Eqs. (3.9) and (3.37)):

Z



� � �� d
 =

Z



b� �u d
 +

Z

@
 N

t � �u d� N 8�u (3.38)

But since for any couple

A � B = B T � A ; (3.39)

it follows that:

Z



�� T � C � � d
 =

Z



�u T � b d
 +

Z

@
 N

�u T � t d� N 8�u (3.40)

We can now adopt the �nite element discretization and approximate the
displacement as the values calculated on the nodal points and interpolated
on any point of the system with the shape functions. We can approximate
the displacementu in the following way:

u � N � û (3.41)

û =
�
û1 v̂1 û2 v̂2 : : : ûnnod v̂nnod

� T
(3.42)

N (x1; x2) =
�

N1(x1; x2) 0 N2 0 : : : Nnnod 0
0 N1 0 N2 : : : 0 Nnnod

�
: (3.43)

û is the vector whose 2nnod component are, alternately, the components
of displacement of each node in thex1 and x2 directions. In an analogous
way we write:

B (x1; x2) =

0

B
@

@N1 (x1 ;x2 )
@x1

0 @N2
@x1

0 : : : @Nnnod
@x1

0
0 @N1

@x2
0 @N2

@x2
: : : 0 @Nnnod

@x2
@N1
@x2

@N1
@x1

@N2
@x2

@N2
@x1

: : : @Nnnod
@x2

@Nnnod
@x1

1

C
A : (3.44)
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The following equations hold:

�u = N � � û; (3.45)

�� = B � � û: (3.46)

It follows that:

� ûT

� Z



B T �C�B d


�
û = � ûT

� Z



N T �b d
+

Z

@
 N

N T �t d� N

�
8� ûT : (3.47)

Since Eq. (3.47) holds for any value of� ûT , we can conclude that:

K � � û = F; (3.48)

where the quantity:

K =
Z



B T � C � B d
 (3.49)

is known as theglobal sti�ness matrix.

F =
Z



N T � b d
 +

Z

@
 N

N T � t d� N (3.50)

represents the applied forces.
For the additive property of the integrals we can calculate the integral

in Eq. (3.49) by dividing the domain 
 in a set of disjoint subdomains, the
elements (nel in number), that verify the following equation:


 =
nel[

iel =1


 iel : (3.51)

The integral calculated in each element 
iel returns the elementary sti�-
ness matrixK el de�ned as:

K el(iel ) =
Z


 iel

B T � C � B d
 iel (3.52)

Then, the elementary matrices are assembled in the global sti�ness ma-
trix. Finally, the displacements on the nodes can be calculated simply by
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multiplying both sides of Eq. (3.48) to the left by the inverse of the global
sti�ness matrix:

û = K � 1F: (3.53)

Both strains and stresses can be calculated on any nodal point, and by
the use of the matricesN and B they can be interpolated on any internal
point of each element.

3.3 Code for the calculation of di�erential
stress around cracks

I wrote and implemented the code in the MATLAB language with the speci�c
aim to control the geometry of a system of cracks. It is a �niteelement solver
for plane strain elastostatic problems. In all the simulations I only considered
isotropic elastic materials, that is only media whose elastic coe�cients are not
dependent on the direction and that therefore do not change under reference
axes translation or rotation. Once I �xed the dimensions of the domain,
the bulk parameters and the boundary conditions, I varied the geometric
properties of the collection of cracks.

3.3.1 Inputs and model geometry

The inputs that can be varied are:

ˆ The horizontal and vertical dimensions of the domain

ˆ The number, length, aspect ratio of the cracks

ˆ The distance between adjacent cracks

ˆ The bulk properties of the deforming rock

ˆ The maximum area of the elements

ˆ The minimum angle of the triangular elements

ˆ Prescribed tractions and displacements at the boundaries

ˆ The orientation of the cracks
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Aspect ratio Distance Length Number of cracks
a=b d(m) l (m) n

10 10� 5 10� 5 4
32:5 4:2 � 10� 5 4:2 � 10� 5 5
55 1:8 � 10� 4 1:8 � 10� 4 6
77:5 7:5 � 10� 4 7:5 � 10� 4 7
100 3:2 � 10� 3 3:2 � 10� 3 8

1:3 � 10� 2 1:3 � 10� 2 9
5:6 � 10� 2 5:6 � 10� 2 10
2:4 � 10� 1 2:4 � 10� 1 11
1 1 12

Table 3.1: Geometric parameters varied in the simulations.

ˆ The body forces

The simulations of the shear deformation of a rock volume intercepted by
the line of collinear cracks all share the overall geometry of the domain, which
is a rectangle 60 meters wide and 40 meters high. The geometric properties
of the system of cracks varies from simulation to simulation. For the sake of
the investigation of the concentration of di�erential stress, I decided to vary
the distance between adjacent cracks, their length and number over 9 values
each, and 5 values of aspect ratio, for a total number of 3645 con�gurations
(see Tab. 3.1). The number and aspect ratio of the cracks havevalues that
are equally spaced, while the values of length and distance are logarithmically
spaced.

As regards the bulk properties of the rock, I adopt a Young's Modulus of
6 GPa and Poisson's ratio of 0:25.

The meshes were produced using the Triangle mesh generator developed
by Shewchuk (1996; retrievable athttps://www.cs.cmu.edu/ ~quake/tri
angle.html ). For the solution of this problem, I chose 6-nodes triangular
elements with maximum area of 1m2 and a minimum angle of 30°. For the
calculations of the elementary sti�ness matrices, I adopted the isoparametric
formulation and I used the shape functions de�ned in Eq. (3.29). In Fig. 3.6,
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the shape of the cracks and some of the meshes utilized in the simulations
are shown.

Figure 3.6: A) The shape of cracks with increasing aspect ratio. Since the
cracks are too thin to appreciate, the aspect ratio is actually reduced by a
factor 5 in this �gure. B) A zoom around a collection of cracks. In this
example, there are 5 cracks, 1m long, with aspect ratio equalto 10 and
distant 10� 5 m from one another. The triangles in the mesh are the elements.
The nodal points are both the corner nodes of each element andthe middle
points of the edges of the triangles. C) Schematic illustration of the geometric
parameters varied in the simulations: the separation between the cracksd,
their length l, the major and minor semiaxes of the ellipsesa and b.

All the cracks are oriented with the major axis of the ellipseslying on
the central line of the domain. The geometry is designed to always have the
system of cracks centered on that line, in order to minimize boundary e�ects.

3.3.2 Boundary conditions and body forces

For the simulation of shear deformation, I followed the approach of Tal et
al. (2018). I prescribed a small horizontal displacement tothe top and bot-
tom edge of the rectangular domain in opposite directions. The horizontal
displacement on these boundaries is 10� 9 m, with a zero displacement in
the vertical direction. Neumann boundary conditions aimingto simulate
lithostatic con�ning pressures are prescribed on the lateral edges of the do-
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main. On these sides of the system, a horizontal traction of 100 MPa was
prescribed.

Finally, since the size of the system is modest, I decided to neglect gravity,
so no body force act on the system. Fig. 3.7 shows the model setup and the
boundary conditions.

Figure 3.7: The problem setup: a 60m by 40 m section of an elastic medium
intercepted by a system of 5 cracks with length of 1m, aspect ratio equal to
10 and with a reciprocal distance of 0:5 m. At the top and bottom boundary,
a horizontal displacement of 10� 9 m in opposite directions is prescribed. To
the left and right boundary, a horizontal traction of 100MPa is prescribed.

3.4 Methodology for the study of stress and
strains on the Nuvolau Cassian Platform

The two-dimensional linear elastic analysis is performed on the same �nite
element solver used for the problem of the collinear cracks.The domain
is divided into three-nodes triangular elements with maximum area of 3
square meters. The 2D meshes representing the analyzed carbonate plat-
form to basin geometries were developed using the Triangle mesh generator
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(Shewchuk, 1996). I �xed the dimensions and geometry of the basin and of
the �rst platform, and then I varied both the number of additional compact-
ing platforms and the aggradation and progradation parameters, for a total
of 13 con�gurations.

3.4.1 Assumption of the FEM-based linear elastic
modeling of the deformation related to the
di�erential compaction process

Conventionally, de/compaction models are performed usingthe porosity-
depth change method (e.g. Sclater and Christie 1980). It considers only
1 dimension, depth (z), and two material parameters, porosity and matrix
density. This method could be very e�ective when used to calculate the
original thickness (decompaction) or the compacted thickness (compaction)
of the sedimentary units, but due to its 1D nature it cannot consider the
lateral transmission of the stress and strain related to thecompaction mech-
anisms (Resor and Flodin, 2010). This issue can be resolved simulating the
compaction with a linear elastic model.

Di�erent studies show as the linear elastic analysis can be very useful to
model the stress and strain state developed during several geological process
(e.g., Martel, 2000; Pauselli and Federico, 2003; Resor andFlodin, 2010), be-
cause gives adequate results de�ning only three material properties: Young's
modulus (E), Poisson's ratio (� ) and density (� ).

A recent detailed comparison of the conventional and unconventional
methods for the de/compaction of sedimentary units, presented by Mart��n-
Mart��n and Mar��n (2020), show as a linear elastic method can give satis-
factory de/compaction results when considering soft sedimentary unit, as
basinal ones, whereas it gives underestimate de/compaction results when
considering hard rock, as the carbonate platform ones. According to Hunt
and Fitchen (1999), the di�erential compaction is generallydue to thinning
of compactible sediments units toward the platform (thickening of the basi-
nal facies toward the basin), and/or due to variation of the compaction load
(e.g. slope/clinoforms). In both cases, most of compactionis accommodated
by the basinal facies.

For this reason, it has been decided to perform a compaction model based
on the linear elastic analysis, considering the basinal facies as easily com-
pactable and the carbonate platform facies as incompressible, in order to
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investigate the stress and strain state of the carbonate body caused by the
di�erential compaction of the basinal facies.

3.4.2 Models geometries

Three di�erent modeling sessions were planned in order to simulate in static
linear elasticity and plane strain conditions the di�erential compaction pro-
cess of the basinal facies and the related deformation of theoverlying car-
bonate platform, due to a growing carbonate platform with three di�erent
Progradation to Aggradation ratios (PA).

All the simulations share the initial geometry, that can be described as a
50 meter-thickness carbonate platform with a slope angle ofca. 30° that lies
onto a horizontal basinal unit of 300 meters thickness and 2000 meters-long
(Fig. 3.8).

This geometry is then deformed in the simulation and then used as base
for the other geometries representing the growing platforms according the
three di�erent values of PA, de�ned as the ratio between the progradation
and aggradation of the upper-right corner of the carbonate platform in each
step of the simulation (Fig. 3.8).

The PA ratios of the carbonate platform were set as follows:PA = 0
meaning progradation of 0m and aggradation of 50m; PA = 1 meaning
progradation of 50m and aggradation of 50m; PA = 25 meaning progra-
dation of 50 m and aggradation of 2m. The progradation and aggradation
are considered as thex� and y� distance between the platform breaks of the
previous and further platform.

I performed a total of 13 simulations, one representing the di�erential
compaction process due to the initial stage of the carbonateplatform and
twelve representing the further four stages of growth of thecarbonate plat-
form for each of one of the three di�erentPA ratios. As for the initial
carbonate platform geometry, the slope angle of the furthergrowth phases of
the carbonate platform is de�ned as 30°. These simulations were performed
to analyze the e�ect of the shape and geometry of the carbonate platform
to slope transition onto the di�erential compaction-driven syndepositional
deformations (Hunt and Fitchen, 1999; Resor and Flodin, 2010;Berra and
Carminati, 2012).
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Figure 3.8: A) Conceptual sketch of the initial model setting. A) C) E)
Conceptual sketch of the overall model geometries and B) C) D) and zoom
onto their Progradation/Aggradation (P/A) region for P/A ra tio equal to
25, 1 and 0, respectively.
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3.4.3 Material properties

The material properties were chosen according the aims of this study: to
reproduce the compaction process using a linear elastic model and investi-
gate the related deformation and stress �eld. The accurate comparison and
analysis of conventional and unconventional methods for the compaction cal-
culation presented by Mart��n-Mart��n and Mar��n (2020) sh ows that the linear
elastic method can well represent the compaction of not lithi�ed and not
fully unconsolidated sedimentary unit. Therefore, I decided to use similar
elastic properties as those presented in Mart��n-Mart��n and Mar��n (2020).
Three di�erent materials with highly di�erent elastic prop erties were chosen
(Tab. 3.2): two almost incompressible materials representing the carbonate
platform facies, early lithi�ed and not; a more easily compressible material
representing the basinal facies.

Facies Material Young's modulus Poisson's ratio Density
E � �

Carbonate platform Uncompactable 1GPa 0:3 2710Kg=m3

(not early lithi�ed)
Carbonate platform Uncompactable 10GPa 0:3 2710Kg=m3

(early lithi�ed)
Basin Compactable 0:1 GPa 0:15 2200Kg=m3

Table 3.2: Material properties used during the FEM-based modeling.

The Young's Modulus (E), Poisson's ratio (� ) and material density (� ),
reported in Tab. 3.2, were de�ned not only considering the values reported
by Mart��n-Mart��n and Mar��n (2020), but also by Resor and Fl oding (2010)
and Nolting et al. (2018, 2020). Since in this study the aim is to understand
how stress principal components (� 1 and � 2) can be oriented in the carbon-
ate platform after the di�erential compaction of the basinal unit, and not
to accurately reproduce the stress �eld magnitudes and values, the elastic
properties (Tab. 3.2) were de�ned to represent the di�erence between the
order of magnitude of the elastic properties of the di�erentfacies.
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3.4.4 Boundary conditions and body forces

I de�ned Dirichlet's Boundary Conditions (BCs) on the left and bottom
margin of the model: for the nodes of the left margin I de�ned aroller BC
on the y-axis (no movement inx-direction), whereas for those of bottom
margin I de�ned a roller BC on the x-axis (no movement iny-direction).
This means the node in the bottom left corner of the model cannot move in
x- and y-direction.

In order to simulate the e�ect of the di�erential compaction of the plat-
forms, the body force acting on the nodes is gravity. The density of the basin
and the platforms is di�erent, and so are the rheological parameters describ-
ing linear elasticity. In each step of the simulation that follows the initial
deformation stage with only one platform, the compaction ofthe sediment is
re
ected on the increase in Young's modulus (from 1 to 10GPa), as well as
on the deformed shape of the platforms. The additional platforms have the
same shape as the �rst one, with the top side horizontal and a slope of 30°.
The same BCs are imposed on the additional platforms: a roller BC on the
y-axis for the nodes on the left margin.

3.5 Nonlinear viscosity

In this section, I present an overview of the mathematical tools that will be
the base of the numerical modeling of subduction m�elanges.In Sec. 3.5.1 I
present the equations of mechanical equilibrium. Sec. 3.5.2 is dedicated to
the constitutive equation. In Sec. 3.5.3 the problem of modeling composite
materials is addressed. Finally, in Sec. 3.5.4 I discuss boundary conditions
for the nonlinear viscosity models.

3.5.1 Mechanical equilibrium

I can now de�ne the basic mathematical equation to use in the modeling
of viscous-frictional deformation. First of all, the principle of conservation
of mass is assured by imposing the incompressibility constraint for both the
matrix and the blocks:

r � v = 0; (3.54)
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where vis the velocity �eld and r� the divergence operator. Moreover,
since the model dimensions are relatively small, gravity can be neglected:

r � � = 0; (3.55)

where� is the stress tensor de�ned as follows:

� = � � IP; (3.56)

where� is the deviatoric stress tensor andP the dynamic pressure.
In index notation:

� ij = � ij �
1
3

� kk � ij : (3.57)

P and v are the unknown variables that the simulation can calculate, once
the system of equations is closed by considering a constitutive equation.

The modest size of the model also allows to consider temperature as a
constant throughout the domain. Shear heating is neglected in this model,
so temperature is also constant in time. In each simulation,a di�erent value
of absolute temperature can be used, so that also the dependence of the
rheological parameters on temperature can be investigated. Temperature is
assigned according to a linear geothermal gradient to mimicdi�erent depths.

3.5.2 Constitutive equations

The resistance to deformation of viscous materials dependson the velocity
of the deformation. In continuum mechanics, a quantity that describes the
velocity of the deformation is the rate of deformation tensor D de�ned as
follows:

D ij =
1
2

(vi;j + vj; i ): (3.58)

The subscriptsi and j are Cartesian directions in a given reference system,
and the comma indicates spatial derivative with respect to the Cartesian
direction represented by the following index. The rate of deformation tensor
is, by de�nition, symmetric. This tensor is the symmetric part of the velocity
gradient.

An apparent viscosity� app relates the deviatoric stress and the strain rate
as follows:
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� d = 2� app _� (3.59)

Following the procedure followed in the 2021 paper by Ioannidi et al.,
the apparent viscosity can be chosen as the smaller of two expressions, the
�rst one describing the rate-dependent, power-law viscouscreep and the sec-
ond one describing plastic failure, which are respectivelyde�ned as follows
(Ioannidi et al., 2021):

� v
app =

1
2

�
_�

1
n � 1
II A

1
n exp

�
Q

RT

��
; (3.60)

� p
app =

� y

_� II
: (3.61)

where _� II is the second invariant of the strain rate tensor,R the gas con-
stant, T the absolute temperature inK , and A, n, and Q are the typical
dislocation creep parameters obtained by deformation experiments (namely
the pre-exponential material constant, stress sensitivity, and activation en-
ergy, respectively) and� y is the pressure-dependent yield strength. As a
reminder, the second invariant of any tensorA ij is de�ned as follows:

A II =
1
2

(A ij A ij � A ii A jj ): (3.62)

The coe�cient � v
ef f describes dislocation creep. The parametersA, n and

Q can be estimated from the results of a numerical simulation by rearranging
the terms in the following way:

_� II = A� n
II exp

�
�

Q
RT

�
; (3.63)

and taking the natural logarithm of both sides of Eq. (3.62).

ln _� II = ln A + n ln � II �
Q

RT
: (3.64)

Plotting the numerically computed values of the logarithm of the second
invariant of the strain rate tensor versus that of the secondinvariant of the
deviatoric stress tensor� II , the slope provides the value ofn, while plotting
the same quantity versus 1=RT the activation energyQ can be evaluated in
the same manner. Substituting the estimated values ofn and Q into Eq.
(3.62), the pre-exponential parameterA can �nally be evaluated.
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The second viscosity coe�cient � p
app ensures that the shear stress does

not exceed the frictional yield strength, whose dependenceon pressure can
be expressed by the Drucker-Prager criterion (Ioannidi et al., 2021):

� y = P sin� � C cos�; (3.65)

where� is the angle of internal friction andC the cohesion. This model
is usually applied to evaluate whether a material has failedor undergone
plastic yielding.

The frictional yield strength � y is bounded from above by a Von Mises
stress� M for pressure-insensitive plastic failure. The Von Mises stress � M

is the critical value of stress over which plastic yielding occurs in ductile
materials. Therefore, the frictional yield stress cannot exceed a Von Mises
stress limiter � M , so that:

if � y > � M ! � y = � M : (3.66)

We can also express the constitutive equation in terms of deviatoric stress
tensor and rate of deformation tensor as follows (Nye, 1985; Calladine and
Drucker, 1962):

D ij = BJ
n � 1

2
2 � ij ;

J2 =
1
2

� kl � kl :
(3.67)

B is a material parameter that is expressed in (MPa)� ns� 1, J2 is the
second isotropic invariant of the deviatoric stress.

Newtonian 
uids are the special case of power-law 
uids wheren = 1,
when the rate of deformation tensor is linearly dependent onthe deviatoric
stress tensor, so they also share the directions of the eigenvectors.

The apparent viscosity of a power-law 
uid is de�ned the sameway as it is
de�ned for Newtonian 
uids, that is as the proportionality factor between the
deviatoric stress and the rate of deformation, as in the following equations:

D ij =
1

2� app
� ij ; (3.68)

� app =
h
BJ

n � 1
2

2

i � 1
: (3.69)
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The quantity de�ned in Eq. (3.69) is known asapparent viscositybecause
its value is not constant and homogeneous in the medium, but in depends
on the position through the local value of the stress. As a matter of fact, the
apparent viscosity depends on the second invariant of the deviatoric stress
J2. In the special case of biaxial state of stress, where� 2 = � 3 < � 1, this
quantity takes the following form:

J2 =
1
3

(� 1 � � 3)2 =
1
3

� 2
dif f ; (3.70)

where� dif f is the di�erential stress.
The constitutive equation for power-law 
uids is provided by experiments

of axial loading of cylindrical systems with uniform stresson the surface of
the cylinder. The phenomenological equation correlating the axial strain rate
_� 1 and the di�erential stress is the following:

_� 1 =
d�1

dt
= A0 exp

�
�

Q
RT

�
(� 1 � � 3)n : (3.71)

In this equation, A0 is the pre-exponential factor,Q the activation en-
ergy (in the following we will assume it pressure-independent since isochoric
conditions hold),R and T the gas constant and the absolute temperature, re-
spectively. From Eqs. (3.58), (3.67), (3.70) and (3.71) thefollowing relations
follows:

D1 = B
�

1
3

(� 1 � � 3)2

� n � 1
2 2

3
(� 1 � � 3) = A0 exp

�
�

Q
RT

�
(� 1 � � 3)n ;

B = [(3) (n� 1)=2(3=2)]A0 expf� Q=RTg:

(3.72)

The quantity B depends on temperature and is expressed in terms of
constants that are given in the literature. Its value has been calculated for a
number of di�erent minerals at di�erent temperatures.

Eq. (3.67) is often inverted in order to express the dependence of the
deviatoric stress on the rate of deformation. The relationstake the following
form:

� ij = B � 1=nI 2 � � (n � 1)=2nD i j;

I 2 =
1
2

D ij D ij = B 2J (n� 1)
2

1
2

� ij � ij = B 2J n
2 ;

J2 = ( I 2=B2)1=n:

(3.73)
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In this equation, I 2 is the second invariant of the rate of deformation
tensor.

3.5.3 Viscous deformation of composite materials

Heterogeneity is ubiquitous in rocks at all scales. Rocks aremade of grains
and crystals and �lled with cracks and voids. Heterogeneity can be found
also at higher scales, for example in layered sedimentary rocks or strongly
deformed metamorphic rocks. If we need to model the deformation of a
rock as a continuum medium, we also need to �nd a way to determine the
bulk properties of a composite of di�erent materials from the properties of
the pure phases, from their fractional volume in the mixtureand from their
geometric con�guration.

One possible way to investigate the bulk properties of a composite comes
from direct experiments. Nonetheless, these are often expensive and di�cult
to perform, and only rarely allow for a good control on the experimental pa-
rameters a precise knowledge of the internal structure of the samples. This is
why the problem of the investigation of the rheological properties of a com-
posite of power-law materials is usually approached by the combined tools
of the analytical solutions, though sometimes based on strong assumptions,
and the numerical simulations.

In the following, we will consider a composite material madeup of two
di�erent 
uids. Two di�erent estimates of the bulk properti es of this medium
are provided by the Reuss and Voight models.

While in some speci�c cases natural composite materials appear as sys-
tems of isolated bodies inside a matrix, they are often geometrically complex
structures of interdigitated isolated bodies to rather complex interdigitated
bodies consisting of amalgamations of grains composed of one or the other
component. Once the individual constitutive equations forthe pure phases
are given (see Eqs. (3.67) and (3.73) for the power-law 
uids), boundary
conditions have to be imposed so that the velocity, displacement �eld and
tractions at the interfaces between them are continuous. However, since the
geometry can be complex, prescribing a bulk rate of deformation or stress
does not provide an easy way to determine the stress and velocity distribu-
tion in the composite. The Reuss and Voight approaches allowa far easier
determination of stresses and velocities, starting from di�erent assumptions.
These estimates are usually applied to the study of a mixtureof homoge-
neous, isotropic and linearly viscous 
uids. The two modelsdo not suppose
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that their basic assumptions are actually veri�ed in natural examples, but
provide a simple framework that can be later compared to natural events
to understand at what extent those presuppositions are correct. The Reuss
and Voight estimates represent the minimum and the maximum limits to the
viscosity of the composite (Pollard and Fletcher, 2005).

The Reuss model relies on the assumption that stresses are homogeneous
in the system and equal to the applied stress. Let us assume that the vis-
cosities of the two linear viscous phases are� I and � II and that the volume
fractions of the two components aref I and f II = 1 � f I . Then, in the assump-
tion of homogeneous stress, the components of the rate tensorfor phasesI
and II are, respectively:

D I
xx =

� xx

2� I
;

D II
xx =

� xx

2� II
:

(3.74)

Then, the bulk value of this component of the rate of deformation tensor,
given the volume fractions of the phases, is:

Dxx = f I D I
xx + f II D II

xx =
f I � xx

2� I
+

f II � xx

2� II
=

� xx

2� R
: (3.75)

From Eq. (3.75), it follows that the Reuss estimate for the e�ective vis-
cosity of a two-phase composite of linearly viscous homogeneous 
uids with
volumetric fractions f I and f II is:

� R =
�

f I

� I
+

f II

� II

� � 1

: (3.76)

The Reuss estimate does not involve at all the geometric con�guration
of the composite material. It is the lowest possible estimate of the e�ective
viscosity of such a two-phase medium (Paul, 1959) (see Fig. 3.9).

The Voight model is based on a di�erent assumption, that is that the rate
of deformation is homogeneous in the material. In this framework the velocity
�eld is continuous. In this way, stress is considered to be homogeneous in all
the internal portions of the composite material made up of the pure phases,
while it can be discontinuous across the interfaces betweenthe elements.
Keeping the same notation as before, we can calculate the deviatoric stress
components for the pure phases in the following way:
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� I
xx = 2� I Dxx ;

� II
xx = 2� II Dxx :

(3.77)

At this point, the equation expressing the macroscopic value of the stress
is the following:

� xx = f I � I
xx + f II � II

xx = f I 2� I Dxx + f II 2� II Dxx = 2� V Dxx : (3.78)

The Voight estimate of the e�ective viscosity of the composite material
is:

� V = f I � I + f II � II : (3.79)

The Voight estimate of the e�ective viscosity is the maximumpossible
viscosity that can be calculated for the two-phase medium made up of linear
viscous elements (Fig. 3.9).

Figure 3.9: Ratio between the bulk viscosity of a composite material and the
viscosity of the weaker component for di�erent values of thevolumetric ratio
f I . The Reuss and Voight estimates are shown. Any experimental curve
lies between these two theoretical curves. The Reuss estimate is the lowest
possible and the Voight estimest the highest, for any value of f I .
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The Reuss and Voight estimates of the e�ective viscosity of Eqs. (3.76)
and (3.79) are useful and simple approximations, but their �eld of validity
should be tested. Moreover, the expressions in those formulas are valid for
linear viscous 
uids. In the case of power-law 
uids, the e�ective viscosities
depend on the stress or, alternatively, on the rate of deformation.

3.5.4 Boundary conditions

In a numerical simulation of a subduction shear zone, the kinematic boundary
conditions are usually set to simple shear. For simple shearin the horizontal
direction, opposite tangential velocities are prescribedat the top and bottom
boundaries of the domain, while the normal components are set to zero.
During the simulation of the evolution of the system, the prescribed velocities
are kept constant in time. The prescribed velocityvs is chosen according to
the height of the computational domainL and the expected background
strain rate _
 b:

_
 b =
vs

L
(3.80)

and to evaluate the degree of localization of deformation _
 norm by com-
parison with the strain rate values _
 comp computed in the numerical model:

_
 norm =
_
 comp

_
 b
: (3.81)

Con�ning pressure can be taken into account by prescribing constant
normal tractions at the left and right sides of the domain. Otherwise, periodic
boundary conditions at the lateral walls are often more convenient (Radjai,
2018). The con�ning pressurePc is given by the lithostatic pressurePlith

reduced by the hydrostatic pore 
uid pressure:

Pc = Plith (1 � � )

� =
Pf

Plith
;

(3.82)

wherePf is the pore 
uid pressure. On the other hand:

Plith = � mean gz; (3.83)
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where � mean is the average density of the rocks from the surface until
depth z and g is the acceleration of gravity.

This set of boundary conditions allows to study the problem at di�erent
depths, and hence at di�erent temperatures, which a�ects both the rate-
dependent viscosity and the yield strength of the material.The increasing
depth, leading to increasing temperature and con�ning pressure, results in
the decrease of the rate-dependent viscosity� v

app.

The e�ect of temperature manifests in the dependence of the rate-dependent
viscosity � v

app on the Arrhenius termexpQ=RT. Increasing temperature leads
to a pronounced decrease of the rate-dependent viscosity� v

app. This also fa-
vors higher computed strain rates for the same background strain rate con-
ditions, and therefore higher localization of deformationin the matrix. Since
the dependence of� v

app on temperature is exponential, while the dependence
of � p

app on depth is linear, the main e�ect of temperature is to ascribe to the
rapid decrease of viscosity with increasingT(K ). On the other hand, viscos-
ity may also increase with depth due to the increase in pressure. Therefore,
the observed viscosity variation with depth is the result ofa competition
of two opposing e�ects, the viscosity decrease by temperature and the vis-
cosity increase by pressure. An alternative approach is to use the so-called
Frank-Kamenetskii approximation. This consists in the linearization of the
Arrhenius term in its dependence on temperature. The procedure is to apply
the Taylor expansion in temperature to the exponent of the Arrhenius term.
This approximation if useful since it provides results thatare comparable to
those obtained with the Arrhenius term but is more computationally e�cient
since it produces weaker viscosity increase towards the surface and smaller
global viscosity contrasts (Noack and Breuer, 2013).

The frictional yield strength � y increases linearly with the con�ning pres-
sure Pc, which in turn grows linearly with the value z of depth as long as
the pore pressure is considered a constant (� = const). The increase in yield
stress produces ultimately a linear increase in the e�ective viscosity� p

app, thus
making frictional yielding harder to produce at great depths.
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3.6 Methods for the study of the Horse
Head Fault zone in Verzi

In this part of the research, I present a structural analysisthat integrates
the structural �eld survey with the Unmanned Aerial Vehicle (UAV)-based
Digital Outcrop Model. The �eld dataset was compiled duringextensive
mapping at the 1:5'000 scale, in the framework of the Italiangeological map-
ping CARG project (CARG \Foglio 245-Albenga"; https://www.isprambi
ente.gov.it/Media/carg/ ). Fieldwork was performed at the outcrop scale,
aimed at investigating individual contacts between lithologies and tectonic
structures, including folds, thrusts and faults. Faults recognized in the �eld
have been characterized in terms of geometry, distributionof damage, type
and composition of fault rocks and kinematics (Woodcock andMort, 2008).
I carried out UAV-based Digital Outcrop Model on the largest outcrop of
faulted rocks (lat. 44.157870N, long. 8.238764), i.e. an abandoned quarry
where a complex faults network is well exposed, because it has a scarce and
dangerous accessibility and with the aim to collect statistically signi�cant
data.

3.6.1 Structural �eld analysis

The structural �eld survey was conducted by compass-clinometer measuring
the orientation of faults and fractures. In this study, I refer to fracture as fault
when the morphology or kinematic indicators are clearly visible. For what
concerns the faults, the availability of various types of carbonate slicken�bers
allowed us to measure the rake and sense of the fault slip vector. The acquired
fault slip dataset was then analyzed using the software FaultKin 8 (Marrett
and Allmendiger, 1990; Allmendiger et al., 2011). The datasetof the fracture
orientation was analyzed using the software Stereonet 11 (Allmendiger et al.,
2011).

3.6.2 UAV photogrammetric survey and Digital
Outcrop Model development and analysis

The UAV photogrammetric survey was conducted in November 2022in the
abandoned quarry close to Verzi village (Fig. 2.19) using a DJIPhantom 4
RTK (P4RTK) quadcopter, equipped by a 20 Megapixel camera and a Real
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Time Kinematic-Global Navigation Satellite System (RTK-GNSS), follow-
ing the procedure described in Menegoni et al., (2022a). In Tab. 3.3 the
quadcopter speci�cation are described.

Type DJI Phantom 4 RTK
Weight (payload included) 1391 grams
Camera sensor type CMOS
Camera sensor size 1 inch
Camera sensor resolution 20 megapixel
Camera focal length 8.8 mm (35 mm format

equivalent: 24 mm)
Camera shutter Mechanical
Gimbal type Mechanical 3-axis
Inertial Measurements
Unit (IMU) accuracy < 2°
GNSS type Real Time Kinematic (RTK)
GNSS accuracy < 1:5cm

Table 3.3: Speci�cation of the UAV used to perform the DigitalPhotogram-
metric survey.

Due to the near vertical attitude and complex geometry of thestudy
outcrop I performed the UAV 
ights and photo capturing manually using a
variable camera pitch, ranging from 85° (near horizontal camera view) to 65°
(gently inclined camera view, around 30°), and a mixture of strips and inde-
pendent/convergent acquisition models (Birch 2006; Menegoni et al., 2018).
Three di�erent acquisition missions were performed in order to acquire three
photogrammetric datasets of di�erent image resolution (Fig. 3.10): DOM1,
7.07 mm/pixel; DOM2, 2.79 mm/pixel; DOM3, 1.22 mm/pixel. The speci�-
cation of the UAV-photogrammetric missions are reported in Tab. 3.4.

The possibility to combine the P4RTK with the DJI D-RTK 2 GNSS an-
tenna allowed us to use the RTK-positioning setting. Using it, the P4RTK
works as RTK-GNSS rover antenna and the DJI D-RTK 2 as RTK-GNSS
base station and, therefore, it is possible to measure the camera capture po-
sitions with high accuracy (< 1.5 cm according manufacturer). In this study,
I did not use Ground Control Points (GCPs) because for the study aims
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Figure 3.10: Horizontal and orthographic view (view direction is 30°N) of
DOM1 (abandoned quarry close to Verzi, lat. 44.157870N, long.8.238764)
where the areas covered by the DOMs with higher resolution (DOM2 and
DOM3) are marked.

UAV Flight No. of Camera Mean camera Mean No. of
Type mode 
ights pitch - terrain distance resolution photos

DOM1 Manual 2 65°-85° 30.20m 7.07 mm/pixel 664
DOM2 Manual 1 84°-90° 11.10m 2.79 mm/pixel 379
DOM3 Manual 1 81°-90° 4.79m 1.22 mm/pixel 225

Table 3.4: Speci�cation of the di�erent aerial-photogrammetric surveys.
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a high relative accuracy (DOM orientation and scale) is needed, whereas a
high absolute accuracy (DOM positioning) was unnecessary.Menegoni et
al. (2019) and (2020) show that a correct UAV photogrammetricsurvey
executed without GCPs can achieve a high relative accuracy with errors in
orientation and scale lower than 1° and 0.05%, respectively. Moreover, sev-
eral studies (Peppa et al., 2019; Taddia et al., 2019; Stott et al., 2020;�Stroner
et al., 2020; Taddia et al., 2020) show that using the quadcopter P4RTK,
together with the D-RTK2 GNSS base station, it is possible to obtain ab-
solute accuracies lower than 7 cm that is considered largelyacceptable for
the aims of this study. The UAV imagery dataset was then used topro-
cess with the Metashape software (Agisoft, 2019) to obtain the DOMs (Fig.
3.10). The processing was performed following the procedures described in
Inama et al. (2020) and using the image full resolution. The DOMs were
then analysed following the procedure described in Panara et al. (2022a)
and Menegoni et al. (2022b). It consists in the use of the open-source soft-
ware CloudCompare (CloudCompare, 2019) and its tools and plugins for the
spatial measurements. In particular, to perform the fault orientation and
slip vector digital analysis I used the Plane tool and Lineation tool of the
Compass plugin (Thiele et al., 2022). The Digital Fault (DF) data were then
analyzed as the Field Fault (FF) data through the use the software FaultKin
8 (Marrett and Allmendiger, 1990; Allmendiger et al., 2011).

3.6.3 Fault-slip data inversion

Inversion of fault-slip data is meant to reconstruct the orientation of the
local stress �eld from the study of the kinematics of an arrayof faults (e.g.
Angelier 1989, 1990; Delvaux and Sperner, 2003; Vanik et al.,2018). The
�rst assumption of this method is that all the fault surfacesin the analyzed
system formed under the same stress �eld. Other authors (e.g. Marrett and
Allmendinger, 1990; Twiss and Unruh, 1998; Marrett and Peacock, 1999)
claim that the result from the inversion are the axes of the incremental strain
tensor and not the principal axes of stress. Actually, strainis related to stress
by a constitutive relation that depends on the rheological behavior of the
medium. The principal stress and strain axes are parallel only if the medium
is isotropic, that is only if the two quantities are linearlydependent. In the
following, this assumptions holds, and I will refer in the text to the directions
of the principal strain axes.

The software that I used to perform fault-slip data inversion is Faultkin
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8. It determines graphically the directions of the principal strain axes that
correspond to the input fault-slip data (Marrett and Allmendinger, 1990;
Allmendinger et al., 2011). The software uses the dynamic 'P and T Dihedra
Method' and the kinematic 'P' (shortening) and 'T' (extension) axes. The
directions of the principal strain axes are calculated through the Bingham
linked statistical distribution (Angelier and Mechler, 1977; Angelier 1990).
Faultkin 8 allows to visualize the data on the directions of principal strains
using the Bingham linked statistic to �nd the fault plane solution and plotting
it on a stereonet. On the stereonets, the compressional domain is white-
colored, while the extensional domain is in grey. Also the directions of the
strain axes are visualized on the plot with small squared dots of di�erent
colors. In the following, blue is the color of the dots representing the �rst
strain axis, yellow is for the dots representing the intermediate axis and
red for the dots of the minor strain axis, which are numbered 1,2 and 3,
respectively.
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Chapter 4

Results

In this chapter the results of the PhD project are presented.The two main
classes of results are:

1. The results of the numerical simulations

2. The results of the structural investigation

In Sec. 4.1 I present the results of the numerical modeling part of the
research. In particular I will show the results obtained through the code for
linear elasticity in Sec. 4.1.1 and the results about the nonlinear viscosity in
Sec. 4.1.2.

Sec. 4.2 is dedicated to the results of the structural investigation of the
Horse Head Fault zone in the Ligurian Alps.

4.1 Results of the numerical simulations

I used the Finite Element Method to approach two distinct classes of geological-
physical processes:

ˆ Elastic deformation

ˆ Nonlinear viscous (viscous-frictional) deformation

The �rst approach led to the building and implementation of acode for
the computation of stress, strain and displacement �elds ina body that
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deforms elastically. The code was then applied to two problems: the study
of stress concentration around a collection of cracks, to better understand
fracture or fault frictional reactivation, and the problemof the compaction of
a sedimentary platform. The second approach was more complex: it has the
dual purpose to understand the nucleation of slow slip eventsin subduction
m�elanges, which is a process that encompasses both slow andsteady viscous
deformation and brittle-frictional deformation, and possibly to shed light
upon the rock-
uid interaction during the frictional slidi ng in faults and
on the nonlinear viscous behavior of phyllosilicate-rich faults. The results
consist in the derivation of analytical solutions of e�ective viscosities in the
simpli�ed framework of pure and simple shear of a bilaminate. These results
highlight the necessity of further investigation in the �eld of the deformation
of heterogeneous power law-viscous materials, and will serve as a benchmark
for the numerical modeling of more geometrically complex systems.

4.1.1 Elastostatic models

4.1.1.1 Results of the FEM-based stress analysis on the system
of collinear cracks

The �rst set of results was produced through the use of the code written
for the solution of linear elasticity problems and designedto simulate the
deformation of a rock intercepted by a rough fracture or a rough fault.

Before using the code for the analysis of the di�erential stress and prin-
cipal stress orientations, I tested the code comparing the numerical results
with the analytical solutions of the hoop stress explained in Sec. 2.1.1.

Then, I used the code to simulate a large number of di�erent fracture
geometries and collected data of the stress �eld for all the con�gurations.

Benchmark Before running the simulations, a benchmark of the code was
performed for the linear elasticity problems. The model setup for the test
consisted of a large square domain containing a single isolated elliptical crack
with major axis length two order of magnitude smaller than the domain
dimensions. I focused on the comparison of the analytical and numerical
solutions of the hoop stress (Eq. (2.3)), that is the normal stress component
acting tangential to the hole boundary. The system is a square domain. To
the top and bottom sides of the domain, uniformly distributed tractions with
opposite orientations in the vertical direction are applied while on the left
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and right boundaries uniform horizontal tractions with opposite directions
are prescribed.

I tested the code varying the geometrical parameters of the elliptic hole
and the applied Background stress �eld. As an example, I report the results
of the benchmark for a speci�c model setup. The geometric andmaterial
parameters and the far �eld stresses are the following (see Fig. 3.7):

8
>>>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>>>:

� = 0

a = 8 m

b= 2 m

A = 800 m

B = 800 m

E = 1 GPa

� = 0:3

P = 0 MPa

� 1 = 50 MPa

� 3 = 10 MPa

(4.1)

� is the angle (in radians) de�ning the position of a point in the ellipse
boundary, measured counterclockwise from the tip.a and b are the lengths
of the major and minor axes of the elliptical void, respectively, A and B the
width and height of the domain,E is the Young's modulus,� the Poisson's
ratio, P the pore pressure inside the void, which is set to zero, and� 1 and
� 3 are the horizontal and vertical tractions applied to the boundaries of the
system. Fig. 4.1 shows the results of the benchmark.

We can observe from Fig. 4.1 that the numerically simulated results are
in good agreement with the analytical solutions. Even with arelatively small
number of nodal points the maximum relative error is 0:5%.

Di�erential stress dependence on the geometry of the system of
collinear cracks The simulations were designed to investigate the response
of a system of collinear elliptic cracks with di�erent characteristics to an
external applied load.

The �rst set of results obtained through the FEM-based numerical sim-
ulations consist in 3645 measurements of di�erential stress. Each of these
measurements represents the maximum value of di�erential stress resolved
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Figure 4.1: A comparison between the hoop stress on the tip of the ellipse
calculated from the analytical solution of Eq. (2.3) (the blue curve) and the
data produced by the numerical model (the red dots). The plotshows the
dependence of the hoop stress (inMPa) on the angle� (expressed in radians)
that the major axis of the elliptical hole forms with the horizontal axis.
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on the domain under the same boundary conditions. The point of maximum
di�erential stress, in all the simulations, was located at the tip of the most
internal crack in the collection. In the following, I show the relation between
the di�erential stress on the geometric parameters that I varied, that is: sepa-
ration d, length l and numbern of cracks (see Sec. 3.3.1). Another parameter
that is varied in the simulation is the aspect ratioa=bof the cracks, that is
the ratio between the length of the major and minor axes of theellipses. In
Tab. 3.1 the range of variation of each parameter is shown. I chose 9 di�erent
values of distance, length and number of cracks, and 5 valuesof aspect ratio.

Fig. 4.2 shows the dependence of the maximum resolved di�erential stress
on the distance between adjacent cracks. In order to make theresults more
readable, I decided to plot the base-10 logarithm of both thedistance (ex-
pressed inm) and the di�erential stress (expressed inPa). The reason for
this is that, when I selected the range of values that the crack spacing should
span, I decided to investigate the interaction among cracksfor di�erent or-
ders of magnitude of crack length and reciprocal distance. Each plot in Fig.
4.2 shows the relation between the di�erential stress and the spacing among
cracks for nine di�erent values of crack length, which can bedistinguished by
the di�erent colors shown in the legend. Each column shows the results for
the �ve values of the aspect ratio, while the rows distinguish con�gurations
with a di�erent number of cracks.

In all forty-�ve con�gurations shown in Fig. 4.2, the di�eren tial stress
decreases for growing values of the separationd between the tips of adjacent
cracks. We can also observe that the clear positive correlation between the
di�erential stress and the length of the cracks. The same goes for increasing
values of the aspect ratio and number of cracks. From the inspection of
the plots in the �rst column, relative to the minimum value of the aspect
ratio (a=b = 10), we can see that all of the decreasing curves 
atten over
a certain value of crack spacing, and stay almost constant after this level.
This also happens for higher values of aspect ratio, but onlyfor low values
of crack lengths and after a higher threshold of crack distancing. Given the
prescribed boundary conditions, the maximum di�erential stress has a range
between 100MPa and 10GPa for low values of aspect ratio and between 1
and 100GPa for a high aspect ratio.

Fig. 4.3 shows the dependence of the di�erential stress on thelength
of the cracks in the collection. Both the stress and the length are plotted
as the base-10 logarithms of their respective values (in units of Pa and m,
respectively). Like before, the plots are organized in a regular grid in which
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Figure 4.2: Plots showing the dependence of the maximum resolved di�er-
ential stress in the domain on the separation between the tips of adjacent
cracks. In each plot, di�erent colors discriminate betweenthe highest seven
values of crack length. In each column, the results refer to �ve di�erent
values of aspect ratio, while in each row the number of cracks, which varies
among nine values, is kept constant.

every column represents a con�guration having cracks with the same aspect
ratio and every row represents a collection with the same number of cracks.
Di�erent colors in each plot represent systems with di�erent value of the
distance between adjacent cracks.

From the data we can see that the di�erential stress is a monotonous
increasing function of the length of the cracks. For low values of the crack
length the di�erential stress remains fairly constant at a value around 0:3 GPa
for the lowest value of the aspect ratio and around 1GPa when a=b= 100.
As a threshold value of crack length, that decreases with growing values of
aspect ratio, is exceeded, the growth of the di�erential stress with the length
of the cracks is linear. The linearity is evident for low values of the aspect
ratio. For high values of aspect ratio (last column from the left in Fig. 4.3)
the growth curve can also be �tted with a power-law or an exponential func-
tion. The di�erence between con�gurations with di�erent number of cracks
is negligible if the aspect ratio is low and modest for high values ofa=b, and
will be investigated in the following. The growth of the di�erential stress
with the aspect ratio can be seen by the maximum value of stress in each
column, and it varies by more than an order of magnitude. As already seen in
better detail in Fig. 4.3, the di�erential stress greatly increases for decreasing
values of the distance between the cracks. For example, the blue line, which
represents the data for the lowest possible value of crack distancing, is the
one that covers the highest values of di�erential stress.

In Fig. 4.4, I illustrate the relation between the maximum di�erential
stress and the number of cracks. The di�erential stress is plotted, as in the
previous �gures, as the base-10 logarithm of its value. Since the number
of cracks does not vary over several orders of magnitude as the previously
plotted quantities and the spacing between its values is linear, it is plotted
without taking its logarithmic value. In this case, the rowsof plots represent
con�gurations with increasing value of crack length from top to bottom,
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Figure 4.3: Plots showing the dependence of the maximum resolved di�er-
ential stress in the domain on the length of the elliptic cracks. In each plot,
di�erent colors discriminate between the lowest seven values of distance be-
tween adjacent cracks. In each column, the results refer to �ve di�erent
values of aspect ratio, while in each row the number of cracks, which varies
among nine values, is kept constant.

while the column, as in Figs. 4.2 and 4.3, represent the stressbehavior for
increasing values of the aspect ratio from left to right. Foreach �xed value
of crack length and aspect ratio, the colors distinguish data for the di�erent
values of the distance between adjacent cracks.

We can see from the plots that if the crack length is very low (from 10� 5 to
about 5�10� 4 m) no clear dependence of the di�erential stress on the number
of cracks can be appreciated. Nonetheless, even for these lowvalue of crack
length a positive trend between di�erential stress and number of cracks can
be observed if the aspect ratio is increased. Moreover, while the curves that
refer to di�erent values of distance between adjacent cracks collapse into one
constant function, increasing the aspect ratio allows to clearly discriminate
between them. For growing values of both length and aspect ratio of the
cracks, the function that describes the dependence of the di�erential stress
on the number of cracks is monotonically increasing. However, the increase
is slow, especially for a higher number of cracks. We can alsosee that, in
each row, the lowest curve has the absolute minimum value that increases
with the aspect ratio.

Finally, I obtained the results regarding the dependence of the normalized
di�erential stress on the ratio between the separation between adjacent cracks
and the crack length. For the normalization, I divided the values of the
measured di�erential stress by the background di�erentialstress (� d1 =
100MPa). The main results are shown in Fig. 4.5. In Fig. 4.5A I show the
results relative to a collection of 4 cracks with aspect ratio a=b= 10. In Fig.
4.5B I show the results relative to a collection of 12 cracks with aspect ratio
a=b= 100. We can observe that in both plots, consistently with the results
that show the dependence of the di�erential stress on the length of the cracks
and the distance between the tips of adjacent cracks taken asindependent
variables, the normalized stress decreases for increasingvalues ofd=l until a
threshold value of this ratio is exceeded. Over this value ofratio between
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Figure 4.4: Plots showing the dependence of the maximum resolved di�eren-
tial stress in the domain on the number of cracks. In each plot, di�erent colors
discriminate between the nine values of distance between adjacent cracks. In
each column, the results refer to �ve di�erent values of aspect ratio, while
in each row the length of the cracks, which varies among nine values, is kept
constant. In the plots where the curve colors cannot be distinguished is
because they collapse into the same constant function.

distance and length of the cracks, the ratio between the maximum value of
the di�erential stress, calculated at the tip of the innermost crack in the
collection, and the background di�erential stress is independent ond=l.

Figure 4.5: The dependence of the normalized di�erential stress on the ratio
between crack separation and crack length. A) In this con�guration, n = 4
and a=b=10. B) In this con�guration, n = 12 and a=b= 100.

Principal stress analysis For all 3645 geometric con�gurations of the
system, I collected the magnitude and orientation of the principal stresses� 1

and � 2 in the vicinity of the crack collection. These quantities are estimated
with the aim of understanding the reactivation of a fault or fracture through
the breaking of contact asperities.

Fig. 4.6 shows a colormap of the principal stresses and their orientations
(the direction is shown as white straight lines) for the con�guration that
produces the highest di�erential stress, and therefore themost critical con-
�guration. The 9 cracks are 1m-long, their aspect ratio is 100 and their
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spacing is 10�m . We can see from Fig. 4.6A that the principal stress� 1

is oriented horizontally far from the area between the tips of two adjacent
cracks, but it curves near the tips in order to arrange radially around the
point of maximum stress. On the point between the tips, wherethe di�er-
ential stress is maximum, the �rst principal stress magnitude is an order of
magnitude higher than the magnitude of the second principalstress. From
Fig. 4.6B we see that in the area of maximum stress perturbation, near the
crack tips, the second principal axes have concentric orientation around the
center. Moreover, it can be observed that on the points wherethe �rst prin-
cipal stress is maximum also the second principal stress hashigh positive
(compressive values), whereas around the boundaries of thetwo cracks it
takes high negative values.

Fig. 4.7 shows the colormap of the �rst principal stress for three di�er-
ent geometric con�gurations with the same crack length, number and aspect
ratio. The 9 cracks are 1m-long and their aspect ratio is 100. The three
geometric con�gurations di�er in the distance between adjacent cracks. The
spacing decreases over the three plots, taking the values of1 m, 24 cm and
56 mm. In Fig. 4.7A we can see that, even if the di�erential stress ishigh
(more than 900MPa), the stress is concentrated at the tips of the individual
cracks and the perturbation does not a�ect the area between adjacent tips
signi�cantly. Instead, we can observe in Fig. 4.7B that the shorter distance
between the tips allows the stress �eld produced by the presence of the two
adjacent cracks to creates a relatively large interferencezone. In this con�g-
uration the maximum di�erential stress in this area of the system is around
1:2 GPa. The �rst principal stress has a maximum value of 1:5 GPa on
nodes that are symmetric with respect to the center between the crack tips.
Also in Fig. 4.7C we can observe interference, and in this case the stress �elds
interact over a thinner zone between the crack tips.

4.1.1.2 Results of the FEM-based linear elastic analysis for the
di�erential compaction of carbonate platforms

The results of the FEM-based linear elastic model were used toidentify the
main zone of the di�erential compaction-driven deformation and to inves-
tigate stress �eld and the orientation of the principal stress component� 1

(compressive) and� 2 (tensile). Whereas the identi�cation of the di�eren-
tial compaction-driven deformation zones could be useful to understand the
geometries of carbonate platform to basin transition, the estimation and anal-
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Figure 4.6: Principal stresses colormaps with principal stress axes orienta-
tions. A) Colormap of the �rst principal stress � 1, the orientation is shown as
the white segments. Although the mean direction of the� 1 axes is horizontal
far from the cracks, it curves to vertical near the tips and becomes radially
oriented around the center between the tips, where the di�erential stress is
maximum. B) Colormap of the second principal stress� 2, with principal
stress axes orientations shown as white straight lines.� 2 has a mean vertical
direction far from the cracks, and it curves to a concentric pattern around
the area of stress interference between the crack tips.
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Figure 4.7: A-C) Colormaps of the magnitude of the �rst principal stress,� 1,
for three di�erent value of the distance between the tips of adjacent cracks
(1 m, 24 cm and 56 mm, respectively.
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ysis of the orientation of the principal stress components could be extremely
useful to understand how syndepositional fractures could be formed due to
the di�erential compaction.

Identi�cation of the di�erential compaction-driven deformations
The 2D FEM-based linear elastic analysis of the di�erential compaction pro-
cess due to the �rst growth stage of carbonate platform (Fig. 3.8) shows that
highest displacements are localized in the carbonate platform region (Fig.
4.8).

The displacement of the carbonate body and the basinal facies below
it (region within x-range 0{600 m), is mostly represented by its vertical
component because, in this region, the weight of the carbonate body causes
the compaction of the basinal facies. Conversely, the displacement of the
basinal facies that is not overlaid by the carbonate platform (region within
x-range 600{2000m) is mainly represented by its horizontal component. In
general, the average vertical displacement of the carbonate platform due to
the compaction of the basinal unit is around units of meters (ca. -4 meters,
indicating subsidence).

The di�erential compaction process is clearly depicted by the strain cal-
culated during the linear elastic analysis (Fig. 4.8): moving horizontally from
the toe of the slope towards the inner platform the strain tensor components
� xx of the basinal facies varies from ca. 0% to 0:3% (expansion) and� yy from
ca. 0% to � 1:5% (contraction), respectively, indicating an overall volume
reduction.

This volume reduction represents the compaction of the basinal unit.
Notwithstanding, how the y-displacement (Fig. 4.8B) and� yy (Fig. 4.8D)
suggest, the compaction is not uniform, it decreases movingtoward the basin.
The di�erential compaction of the basinal facies causes themodi�cation of
the carbonate platform stratal architecture (Fig. 4.9).

The inner platform beds, which initially were horizontal, increase their
dip toward the inner platform forming an elevated platform break, which
can potentially favor the creation of a reef. The slope clinoforms, which
initially were 
at and dipping towards the basin with a constant angle of 30°,
decrease their dip progressively from the downlap surface to the platform
break forming a slightly imperceptible concave curvature (concavity upward).
A modi�cation of the stratal architecture of the basinal facies is also detected
close to the toe of the slope (from x 585m to 800), where the compaction
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Figure 4.8: Displacement results of the 2D-FEM based linear elastic analysis
of the di�erential compaction process based onto the initial geometry repre-
sented in Fig. 3.8B. A)The horizontal displacement (x-displacement) has a
maximum value of 1.5 meters and is mainly localized in the basinal facies
(compactable material) in the region below the carbonate platform slope.
B) The highest vertical displacement corresponds to� 4.3 m (downward dis-
placement) and is mainly localized in the carbonate platform in the most
internal region. C) Horizontal, D) vertical and E) shear components of the
strain tensor of the 2D-FEM based linear elastic analysis of the di�erential
compaction process based onto the initial geometry represented in (Fig. 3.8).
Most of the deformation a�ects the compactable basinal facies.
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Figure 4.9: Modi�cation of the stratal architecture (geometry) of the car-
bonate platform geometry due to di�erential compaction of basinal facies.

gives it a convex shape (convexity upward).
After the analysis of the stratal architecture modi�cation due to the di�er-

ential compaction caused by a single growth stage of the carbonate platform,
the e�ects of the second, third, fourth and �fth growth stages were analyzed.
To model it, the deformed geometry of the previous models wasconsidered
and the successively stage of growth of carbonate platform was modelled ac-
cording the three di�erent Progradation/Aggradation (PA) ra tios, equal to
25, 1 and 0 (Fig. 3.8).

In particular, the platform break of the successive stage ofplatform with
a PA ratio of 25 progrades about 50 meters and aggrades about 2meters,
that with PA ratio equals to 1 progrades and aggrades about 50meters and
the that with a PA ratio equals to 0 does not prograde (progradation equals
to 0) and aggrades about 50 meters. The overall results of thethree di�erent
models are shown in Figs. A.1-A.6 in Appendix A.

The 2D FEM results show that, for the models with PA ratio equalto 1
and 0, the di�erential compaction of the basinal facies due to the each single
stage-growth of the carbonate body (Figs. A.3 and A.4 in AppendixA) are
similar to that of the �rst stage-growth of the carbonate platform (Fig. A.1 in
Appendix A): the highest components of the displacement and strain tensor
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are the vertical ones and are mainly localized in the area of the carbonate
body (maximum vertical displacement of ca. 4m) and basin below it (Fig.
4.10).

Figure 4.10: Modi�cations of carbonate platform geometry.

This suggest that the di�erential compaction due to the further growth
stages of carbonate body are highly similar with that regarding the �rst stage
body. Notwithstanding, looking carefully the model with PA equal to 1 it
is possible to notice that the surfaces of the further growthstages of the
carbonate platform tends to increase its subsidence towardthe margin.

A similar behavior is that of the model with PA equals to 25. Inthis case,
despite the highest components of the displacement and strain tensor are the
vertical ones, the vertical displacement and strain are mainly localized only
in the region of the slope to basin transition. In this case, the initial 
at
inner platform tends to increase its dip toward the basin.

The di�erences between the aggrading carbonate platforms (PA ratio 0
and 1) and mostly prograding ones (PA ratio 25) are also emphasized by
the modi�cations of the platform geometry (see example of the di�erential
compaction due to the second stage of growth (Fig. 4.11).
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Figure 4.11: Modi�cations of carbonate platform geometry due to di�eren-
tial compaction of basinal facies and carbonate body for thethree di�erent
models with PA ratio equals to A) 25, B) 1 and C) 0. To enhance thevisi-
bility of the geometry modi�cations the vertical axes are exaggerated about
5 times and the modi�ed geometry is magni�ed about 4 times (the e�ect of
displacement is multiplied by 4 times). The real values of the displacements
are represented by colorbars.
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In general, as for the model of the di�erential compaction due to the �rst
stage of carbonate platform but with a higher magnitude, in all the models of
the second stage of the carbonate platform deformed slope shows a concave-
up shape due to the decrease of the di�erential compaction-driven subsidence
towards the basin of the basinal unit.

Investigation of the stress �eld and orientation of the principal
stress components The 2D FEM-based linear elastic analysis of the dif-
ferential compaction process allows to investigate the stress �eld of the car-
bonate platform and basinal facies.

The model of the �rst stage of carbonate platform (Fig. 4.12) shows that
in general the compressive stress is nearly vertical, and the tensile stress is
nearly horizontal.

The highest tensile stress is localized in the inner platform and, also, at
the base of the carbonate platform, with a maximum magnitudelocalized
around the tip of slope toe.

The super�cial margin/platform-break region of the carbonate platform is
characterized by compressional regime, since both� 1 and � 2 are compressive.
In this area, the maximum compressive stress is nearly parallel to the surfaces
in the most super�cial portions and it becomes more verticalmoving to the
deeper portions.

The results of the modeling of the di�erential compaction caused by the
second stage of growth of the carbonate platform show similar results for
what concerns the tensile stresses (Fig. 4.13).

Generally, the inner platform is characterized by horizontal tension. The
size of this tensile region seems to positively correlate tothe PA ratio: higher
PA ratios correspond to wider tensile regions of the super�cial inner platform.

For all the PA ratios the maximum tensile stress is recorded at the slope
toe of the �rst platform and has a horizontal orientation, whereas only for
the models with PA ratio equals to 1 and 0 the platform base (platform-basin
discontinuity) records tensile stresses.

For all the three di�erent PA ratios the maximum compressivestress
shows its maximum values in the slope region and, as in the �rst model, is
almost parallel to the surface super�cially and becomes more vertical moving
deeper (Fig. 4.14).

After that other three stages of growth of the carbonate platform were
applied for the di�erent PA ratio scenarios. The numerical modeling of the
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Figure 4.12: A) � 1 and B) � 2 results of the �rst model, concerning the initial
stage of the carbonate platform model. Zoom of the C)� 1 and D) � 2 results
onto the slope to basin transition in which the orientation of the two principal
stress is represented by the white lines.
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Figure 4.13: Zoom onto the� 2 results of modeling based onto the second
stage carbonate platform with PA ratio equals to 0, 1 and 25.
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Figure 4.14: Zoom onto the� 1 results of modeling based onto the second
stage carbonate platform with PA ratio equals to 0, 1 and 25.
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�fth stage of growth of the carbonate platform shows resultssimilar to those
of the second stage of growth. The analysis of the second principal stress
(Fig. 4.15) suggests that:

ˆ The size of this super�cial tensile region shows a relation with PA
ratio, with higher PA ratios corresponding to wider tensile regions of
the super�cial inner platform.

ˆ For all PA ratios the maximum tensile stress is recorded at the slope toe
of the previous growth phases of the platform and is near horizontal.

ˆ only for the models with PA ratio equals to 1 and 0 the platformbase
(platform-basin discontinuity) of the �rst growth stage records tensile
stresses.

Figure 4.15: Zoom onto the� 2 results of modeling based onto the �fth stage
carbonate platform with PA ratio equals to 0, 1 and 25.

The analysis of the �rst principal stress,� 1, (Fig. 4.16) suggests that:
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ˆ � 1 shows its maximum values in the slope region, close to the toe.

ˆ � 1 is near parallel to the surface super�cially and becomes more vertical
moving deeper.

Figure 4.16: Zoom onto the� 1 results of modeling based onto the �fth stage
carbonate platform with PA ratio equals to 0, 1 and 25.

The results of the numerical analysis of the third and fourthgrowth stages
are shown in Appendix A.

4.1.2 Viscous frictional models

In this section, I report the preliminary results of the models designed to
simulate viscous-frictional deformation. They mainly consist in the deter-
mination of analytical solutions for the e�ective viscosity of a bilaminate
encompassing power law-viscous materials. I also report a preliminary study
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of these solutions for di�erent boundary conditions of stress and rate of de-
formation, from which I deduced the �rst evaluation of the anisotropy factor
for a two-phases power law-viscous medium.

4.1.2.1 Analytical results

The constitutive equations for the single phases of the bilaminate, with vol-
umetric fractions and viscosity parametersf I , B I , nI and f II , B II , nII , re-
spectively, read:

ˆ For phaseI :

D I
ij = B I J I

2

n I � 1
2 � I

ij ; (4.2)

� I
ij = B

� 1
n I

I I I
2

� n I � 1
2n I D I

ij ; (4.3)

ˆ For phaseII :

D II
ij = B II J II

2

n II � 1
2 � II

ij ; (4.4)

� II
ij = B � 1=nII

II I II
2

� n II � 1
2n II D II

ij ; (4.5)

All the quantities in these equations were de�ned in the Methods section
(Sec. 3.5.2 ).

These are the expressions for the pure phases. When calculating the bulk
rate of deformation and stress, the individual components ofstress and rate
of deformation tensors relative to the pure phases in the composite material
have to be weighted by their volumetric fractions.

Let us consider the two end-member plane strain background 
ow �elds:
pure and simple shear. First of all, the incompressibility condition of Eq.
(3.54) holds, so for both phases:

D I
xx = � D I

yy ; (4.6)

D II
xx = � D II

yy : (4.7)
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The conditions of Eq. (4.6) and (4.7) hold for any type of deformation,
just as the condition of plane strain:

D I
zz = D II

zz = 0: (4.8)

As regards

Figure 4.17: Sketches of the model setup and boundary conditions. A) Pure
shear boundary conditions, the�Dxx component of the rate of deformation
tensor is prescribed and homogeneous. B) Simple shear boundary conditions.
The shear stress is homogeneous in the domain and its prescribed value is
�� xy .

For the pure shear deformation, the setup is shown in Fig. 4.17A. In the
case of pure shear, theDxx component of the rate of deformation tensor is
prescribed, and it is homogeneous across the system, and so is the component
Dxy , which is set to 0:

D I
xx = D II

xx = �Dxx ; (4.9)

D I
xy = D II

xy = �Dxy = 0: (4.10)

The � xx component of the stress, instead, is discontinuous across the
surface of separation of the two materials that constitute the bilaminate, due
to their viscosity contrast.

From Eqs. (4.3), (4.6) and (4.9), we deduce that the� xx stress component
for the phaseI is:

� I
xx = B

� 1
n I

I
�D

� n I � 1
n I

xx �Dxx : (4.11)
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Repeating the same procedure for phaseII :

� II
xx = B

� 1
n II

II
�D

� n II � 1
n II

xx �Dxx : (4.12)

Since we need to evaluate the e�ective apparent viscosity ofthe bilami-
nate under pure shear, we have to average the stress component through a
weighted mean of the values calculated for the pure phases:

� xx = f I � I
xx + f II � II

xx =
�
f I B

� 1
n I

I
�D

� n I � 1
n I

xx + f II B
� 1

n II
II

�D
� n II � 1

n II
xx

�
�Dxx : (4.13)

Then, the e�ective apparent viscosity of the bilaminate under pure shear
deformation is:

� N =
� xx

2 �Dxx
=

�
f I B

� 1
n I

I
�D

� n I � 1
n I

xx + f II B
� 1

n II
II

�D
� n II � 1

n II
xx

�

2
: (4.14)

For the simple shear deformation, the setup is shown in Fig. 4.17B. In
the case of simple shear, the shear component of the stress� xy is homoge-
neous and, thus, conveniently prescribed in the bilaminate, and the normal
components which are set to 0:

� I
xy = � II

xy = �� xy ; (4.15)

� I
xx = � II

xx = � I
yy = � II

yy = �� xx = �� yy = 0: (4.16)

The shear component of the rate of deformation tensor, instead is di�er-
ent in the domains of the two pure phases, due to the di�erent rheological
parameters. The shear components of the rate of deformationtensor of the
single phases are:

D I
xy = B I �� (n I � 1)

xy �� xy ; (4.17)

D II
xy = B II �� (n II � 1)

xy �� xy : (4.18)

We can now evaluate the shear component of the bulk rate of deformation
tensor as follows:

130



Dxy = f I D I
xy + f II D II

xy =
�
f I B I �� (n I � 1)

xy + f II B II �� (n II � 1)
xy

�
�� xy : (4.19)

We can now write the e�ective apparent viscosity of the bilaminate un-
dergoing simple shear deformation in the following way:

� S =
�� xy

2Dxy
=

h
f I B I �� (n I � 1)

xy + f II B II �� (n II � 1)
xy

i � 1

2
: (4.20)

We can also consider the general shear case, for which we can write the
normal (meaning that it is the proportionality factor between the component
of stress and rate of deformation that are perpendicular to the interface
between the two phases) and shear (the same for the components parallel to
the interface) bulk apparent viscosities in the following way:

� N =

"

f I B
� 1

n I
I

�
�D 2

xx + D I
xy

2
� � n I � 1

2n I + f II B
� 1

n II
II

�
�D 2

xx + D II
xy

2
� � n II � 1

2n II

#

2
;

(4.21)

� S =

"

f I B I

�
� I

xx
2 + �� 2

xy

� ( n I � 1)
2

+ f II B II

�
� II

xx
2 + �� 2

xy

� ( n II � 1)
2

#� 1

2
: (4.22)

I used the results of Eqs. (4.21) and (4.22) to investigate the anisotropy
factor of the bilaminate:

� =
� N

� S
: (4.23)

The anisotropy factor was evaluated numerically by varyingthe compo-
nents of the background rate of deformation tensor. In particular, I consid-
ered logarithmically spaced values forDxx and Dxy , from 10� 2 to 104 s� 1,
and all the possible combinations. The viscous coe�cients and the volumetric
fractions of the pure phases are showing in the following setof equations:
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8
>>>>>>>><

>>>>>>>>:

B1 = 4 MPa� n I s� 1

nI = 1

B II = 1 MPa� n II s� 1

nII = 10

f I = 0:5

f II = 0:5

(4.24)

Fig. 4.18 shows the anisotropy factor for all the values of rate of defor-
mation that I considered.

Figure 4.18: Colormap of the anisotropy factor for 10000 combinations of
Dxx and Dxy . The values of the rate of deformation tensor are shown in
their base-10 logarithmic value. The blue band represents the conditions
where isotropy holds, that is when� is near the unity. The cuto� of the
colormap for the value of� is 2, but the anisotropy factor reaches much
higher values. The black contour lines show the threshold values of the rate
of deformation tensor where the anisotropy factor reaches the values 2, 10,
100. The area between the black lines labeled� =1 is the regime of isotropy,
where the bilaminate behaves approximately as an isotropicmedium.
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We can observe from Fig. 4.18 that the bilaminate can be considered
isotropically viscous only for a narrow range ofDxx and Dxy values. In all
other cases, the two-phase body has a di�erent e�ective viscosity depending
if the deformation is parallel or normal to the layer interface. The maximum
value of the anisotropy factor, in the range of rate of deformation values that
I considered, is around 500.

4.2 Results of the structural study of the
Horse Head Fault zone

4.2.1 Fault architecture

The Horse Head Fault zone is a NE-SW� 15-km-long fault network encom-
passing a number of variably oriented fault segments, with lengths varying
from a few tens of meters up to� 5 km (Fig. 2.19C). Fault zones developed
across the tectonic units of Monte Carmo, Castelvecchio-Cerisola, Mallare,
Case Tuberto and Arnasco-Castelbianco (Fig. 2.19C) representing also a ma-
jor tectonic boundary among the units. The nappe pile changes its architec-
ture across the two sides of the main fault, but the absence ofclear strati-
graphic or structural correlations prevents the determination of the real fault
displacement. Along the major lineament, the SE terminationof the Monte
Carmo unit shrinks toward east showing horsetail geometry (Figs. 2.19C,
2.20). Horsetail terminations are also common along minor fault zones. The
multiple folding and thrusting experienced by the rocks makes the determi-
nation of accurate fault displacement even along the minor fault segments
di�cult. However, cartographic reconstruction allows inferring vertical and
horizontal displacement in the order of 10-300 m along secondary fault seg-
ments (Figs. 2.19C, 2.20). Collectively, azimuthal Gaussian distribution sta-
tistical analysis of the fault zones indicates one main peakat 50°E.

The studied fault network stops westward against a� 15-km-long, roughly
E-W striking fault (\Zuccarello Fault"; Fig. 2.19C), for whi ch a right-lateral
transpressive kinematic postdating normal slip has been inferred (Vanossi,
1991). Eastward, the deposits of the Finale Ligure Basin unconformably
overlain the faulted rock in the footwall. (Fig. 2.19C).

The main fault zone reaches up to 250m in thickness and tends to decrease
towards the NE where it disappears below the Finale Ligure Basin deposits.
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The other km-long faults show thickness up to 50 m, whereas minor fault
segments (< 1 km) are characterized by cm- to a few meter-wide fault zone.

4.2.2 Fault zone structure

The principal fault zone of the Horse Head Fault zone network encompasses
several lithologies, including dolostone, limestone, marble, quartzite and
metarhyolite ( 2.20). Here, I describe two well-exposed outcrops where the
fault zone couples dolostone-metarhyolite and quartzite-dolostone-marble, re-
spectively (Figs. 2.20 and 4.19).

Figure 4.19: Detailed geological maps and related cross-sections crossing the
HHF zone at Outcrop 1-Verzi (A) and Outcrop 2-Monte dei Marmi (B). Refer
to Fig. 2.20 for the location of the outcrops and the lithologycolors.

4.2.2.1 Outcrop 1 (Verzi quarry)

The �rst outcrop occurs in an abandoned quarry close to Verzivillage (Figs.
2.19C, 2.20, 4.19A). Here the fault is structured as a 3 m-thickgouge in the
core surrounded by a large, 150 to 250 m thick, damage zone (Figs. 4.19A,
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4.20A). Damage zone mostly developed within mainly carbonate rocks (al-
ternation of dolostone, limestone and thin pelite layers),whereas dense shear
planes and anastomosed fractures run a few meters (2-5) within the metarhy-
olite at the contact with the carbonate. Triassic dolostoneand limestone far
from the fault zones are characterized by low to moderate fracturing asso-
ciated with the NW-SE-striking Alpine folding. The fault zone is instead
characterized by a core made of a gouge of pulverized carbonatic material
(including < 30% of 2-50 mm dolostone and limestone clasts). The gouge
of the core zone is bounded by thin (up to 30 cm-width) cataclasitic walls
of �ne-grained rocks fairly homogeneous in size. In the surrounding damage
zone the �ne-grained material envelops randomly distributed clasts hetero-
geneous in size (from mm- to m-width). These breccia bodies mostly consist
of highly angular fragments often shaping \jigsaw" texture(Figs. 4.20C, G).

In the breccia domains, the larger clasts are angular, broken and contain
several fractures with radial orientation (Fig. 4.20E). Thefracture meshes in
and outside the clasts are dilational and �lled with whitish/yellowish calcite
cement variably mixed with a comminute reddish matrix (Figs.4.20B-E, G).
The amount of cement may volumetrically exceed that of the fragments,
particularly close to the main slip surfaces, locally accumulating in dilational
patches (Figs. 4.20C, G). Arrays of mm- to cm-thick veins are also common.
Brecciated rocks are frequently reopened by cm- to m-thick arrays of fractures
�lled by large aggregates of euhedral calcite crystals (Fig.4.20B).

All the damage zone is pervaded by a multitude of polished slipsurfaces
with exposed areas from a fewcm2 up to > 100m2 (Fig. 4.21). Polished
slip surfaces show multiple sets of striations and slickenlines (Fig. 4.21). The
�bers and slickensides formed by the accretion of �brous overgrowth. Slicken-
�bers indicating downdip, oblique or nearly pure strike-slip motions. Oblique
to strike-slip kinematic dominates over the large part of the polished slip sur-
faces and commonly overprint the down-dip striation (Fig. 4.21). Locally, a
progressive curvature of the slickensides from downdip to oblique slip is ob-
servable (Figs. 4.20C-D). Nevertheless, in some cases, polished surfaces with
oblique slicken�bers are overprinted by new calcite cementovergrowths, in
turn sheared by downdip slip surfaces (Figs. 4.20C-D).

4.2.2.2 Outcrop 2 (Monte dei Marmi)

The second studied outcrop of the Horse Head Fault zone is located near
Boissano village, close to the summit of Monte dei Marmi (Fig.2.19C). Here
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Figure 4.20:
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Figure 4.20: Main features of the Horse Head Fault zone exposed in the Verzi
abandoned quarry. A) Damage zone is constituted by alternation of brec-
ciated dolostone, limestone and thin sheared pelite layers, including multiple
polished slip surfaces (white arrow highlights one surfaceof tens of square
meters). B) Brecciated domain with dilational jogs �lled by euhedral cal-
cite crystals. C) The grain size of the crush breccia and cataclasite decrease
toward the fault core at the main slip surface (from left to right). D) Cat-
aclasite supported by a pinkish very �ne-grained matrix. E)Fault breccia
with large and broken angular clasts containing fractures with radial orienta-
tion, pointed at by red arrows. F) Heterogranular crush breccia of dolostone
in the outer part of the damage zone. G) Breccia bodies of highly angular
fragments with \jigsaw" texture.

the fault zone couples Triassic quartzite with Triassic dolostone and limestone
and Jurassic marble (Figs. 2.19C, 2.20, 4.19B). Quartzite anddolostone bod-
ies involved within the fault zone are up to� 80 m-tick, whereas the deformed
domain of Jurassic marble is only� 5 m-tick. This latter is constituted by
a cataclasite with clasts of mm- to cm- size (Fig. 4.22A). Coarser clasts are
often organized in layers enveloped by �ner matrix. Outsidethis relatively
thin deformation zone, marble displays only m-spaced fractures and arrays
of veins. Di�erently, the quartzite fault zone is characterized by a number of
thin cores hosted by the larger damage zone (Fig. 4.22B). Fault cores consist
of cm- to dm-thick phyllosilicate-rich shear planes, rarely associated with
polished slip surfaces (Figs. 4.22B-C).

Shear planes are mostly constituted by comminuted gouge, including a
fraction of angular clasts heterogeneous (mm- to dm) in size(Figs. 4.22C-
E). Brecciated texture characterizes instead the quartzite apparently lacking
phyllosilicate content. Cohesive, chaotic quartzite breccia constitutes the
wide damage zone branching small lenses of less deformed rocks where the
polyphase metamorphic schistosities are preserved (Fig. 4.22D). Alternation
of dolostone and limestone crosscut by the fault zone show the same char-
acteristics of the Verzi outcrop, as they are characterizedby well-developed
cohesive chaotic breccia crosscut by a number of polished slip surfaces. Also
the kinematics of the Verzi outcrop is con�rmed: dominant oblique-to strike-
slip slicken�bers generally overprint downdip striation,but are locally over-
printed by relatively younger downdip slickenlines.
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Figure 4.21: Representative kinematic features from polished slip surfaces
of the Horse Head Fault zone. All pictures are taken from dolostone and
limestone outcrops. A) Oblique slickenlines are exposed on two conjugate
fault walls. B) Dominant oblique slickenlines are overlapped by the down-dip
slickenlines, as highlighted in the inset E). C) Polished slip surface showing
progressive curvature of the slickenside from down-dip to oblique right-lateral
motion. D) Down-dip normal slickenside on cataclasite (1A) are overlapped
by oblique right-lateral striations (1B). F) Gentle curvature of the slickenline
showing right-lateral motion.

4.2.3 Fault slip data from the �eld survey

4.2.3.1 Outcrop 1 (Verzi quarry)

Thirty-seven measurements of rake and sense of the fault slip vectors have
been collected on exposed slip surfaces in the abandoned quarry close to
Verzi village (Fig. 4.19A). The stereonet summarizing the strike and dip of
the fault planes and the trend and plunge of the slickenlinesis shown in Fig.
4.23. The faults measured the �eld survey in Verzi are labelled FFV (Field
Faults Verzi). In the following, the strike of all the faults is always measured
as a clockwise angle from the north.

In most cases, the slickenlines suggest that the faults experienced dom-
inant strike-slip motion, although normal slip also occurred more seldom.
Field measurements allow to distinguish two main fault groups with oppo-
site kinematics, left- and right-lateral, respectively. The �rst group of faults
(FFV1) has a main strike of 220°, and dip of 84° (Fig. 4.23A). The slickenlines
trend has a main value of 40°, with plunge of 13°. These nearly vertical fault
planes have thus strike-slip right-lateral movement, witha negligible normal
component. In Fig. 4.23B is shown a set of other four measurements of faults
(FFV2) with similar attitude of planes and slickenlines. The main value of
the strike of these faults is 230°, with a dip of 47.5°. The main trend of the
slickenlines is 37° and the plunge is 13°. Both the orientation of the planes
and the striation are very close to the ones shown in Fig. 4.23A,although
less steep. The orientation of the striation suggests that the slip has a similar
normal and right-lateral components.

A third set of faults with similar dip direction and striatio n trend (FFV3)
is shown in Fig. 4.23C. The main strike of this set of faults is 285°. The
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Figure 4.22: Main features of the Horse Head Fault zone exposed at Monte
dei Marmi (Fig.2). A) Cataclastic fault core in Jurassic marble. The domain
enveloping the large angular clasts is constituted by �ne-grained cataclasite.
B) Fault zone at the contact between dolostone-limestone (on the left) and
quartzite (on the right). Carbonate rocks form mostly cataclasite of various
grain size with slickensides whereas in quarzite fault gouge are dominant.
C) Detail of the contact in B) showing the comminuted gouge inthe fault
core. D) Quartz-dominated domain appears as cohesive breccia of angular
clasts (black arrow) and cataclasite, whereas the phyllosilicate-rich layers
form shear zones, with relicts (E-F) preserving the ductile Alpine D1-2 schis-
tosities. G) Another detail of quartzite gouge contacting large angular clasts.

dip of these faults is 75°. The main trend of the slickenlines observed on
the fault mirrors is 98°, with a plunge of 25°. The �eld study on these
surfaces suggest that the motion was left-lateral. This �rst family of faults is
transpressional with a dominant sinistral strike-slip component and a minor
reverse component.

Another recognizable pattern of four fault orientations (FFV4)is shown
in Fig. 4.23D. Fault surfaces have a main strike of 147° and a dip of 40°. The
main slickenlines trend is 302°, while the plunge of the lineations is 23°. The
analysis of these fault surfaces suggest that they are normal faults, with a
comparable component of right-lateral strike-slip.

Fig. 4.23E shows the orientation of all the thirty-seven FFV measure-
ments in one stereonet. The orientations of all measured fault planes and
slickenlines are reported. In white and grey, the compressional and exten-
sional domains, respectively. The directions of the strainaxes are consistent
with the hypothesis that the shear zone is in the strike-slipregime. The �rst
principal strain axis is directed NNW-SSE, while the third one is oriented
WSW-ENE. The intermediate strain axis is almost vertical.

The bedding in the area of Verzi has been determined through ten mea-
surements, with a mean dip direction value of 170° and dip of 12° (Fig.
4.23F).

4.2.3.2 Outcrop 2 (Monte dei Marmi)

The �eld data collected in the area of Monte dei Marmi (Figs. 4.19B, 4.24)
consist of seventy-�ve measurements of dip and dip direction of fractures (I
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Figure 4.23: Stereonets (equal-angle, lower-hemisphere projection) showing
the faults mapped during the �eld survey in Verzi (FFV). The arrows indi-
cate the trend and plunge of the slickenlines. A-D) Stereonets showing the
strike, dip, striae trend and plunge of the four main sets of measurements
(FFV1, FFV2, FFV3, FFV4) and the standard deviations. The sense of
slip can be normal (N), reverse (R), right-lateral (RL) or left-lateral (LL).
Most sets represent NE-SW right-lateral faults and NW-SE left-lateral faults.
E) Stereonet showing P- and T- axes of all the measured faults. The white
and grey areas represent the shortening and the extensionaldomains, respec-
tively. The blue square represent the direction of the �rst principal strain
axis (1, maximum shortening), the red square the third principal strain axis
(3) and the yellow square the direction of the intermediate strain axis (2).
F) Stereonet showing the bedding in Verzi, with the mean valueof its dip
direction and dip.

called these measurements FFM as in \Field Fractures Monte dei Marmi").
Through the use of the software Stereonet 11, it has been possible to indi-
viduate �ve sets of fracture planes that had similar attitude.

The �rst set, consisting in sixteen fracture planes (FFM1), ischaracter-
ized by a main strike of 212° and a dip of 58° (Fig. 4.24B). The set FFM2
(thirteen measurements) is strictly related to FFM1, since ithas a main value
of the strike of 218°, but the fractures dip on average at a higher angle, with
a dip of 78° (Fig. 4.24C). Since their orientation is very similar, they are both
colored with similar hues of green in Figs. 4.24A-C.

The third set of fractures (FFM3, consisting in thirteen measurements),
has a main strike of 293° and a dip of 69° (Fig. 4.24D). The fourth set (FFM4,
four measurements), has a main value of the strike of 44° and dip of 53° (Fig.
4.24E). The last recognizable pattern of fractures measured in Monte dei
Marmi (FFM5, thirteen measurements) has main strike of 132° and dip of
73° (Fig. 4.24F).

From the inspection of Figs. 4.23 and 4.24, it is possible to �nd a good
agreement between the �eld measurements collected in Verziand those col-
lected in the area of Monte dei Marmi. In fact, the sets FFM1 and FFM2
from the �eld survey in Monte dei Marmi have almost the same orientation of
sets FFV1 and FFV2 collected in Verzi. Moreover, the set FFM3 has almost
the same orientation as the set FFV3.
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Figure 4.24: A) Stereonet (equal-angle, lower-hemisphere projection) show-
ing the poles of all the fracture planes mapped in the area of Monte dei
Marmi, on the Ligurian Alps, through the �eld survey (FFM). The contour-
ing enlightens the concentration of plane poles. The main sets of fracture
planes are also shown. B-F) Main isolated fracture sets (FFM1, FFM2,
FFM3, FFM4, FFM5), with plane direction and pole. The strike and dip
with the standard deviation are detailed. Stereonet data are lower hemi-
sphere, equal angle projections.

The average dip direction and dip of the bedding in the area ofMonte
dei Marmi, calculated from twelve measurements collected during the �eld
survey, are 150° and 50°.

4.2.4 Fault slip data DOM (Verzi quarry)

The �fty-�ve measurements of fault plane orientation with slickenlines and
slip directions are shown in Fig. 4.25. This set of measures comes from the
analysis of the 3D digital outcrop model (DOM) of the Verzi quarry (Fig.
3.10) outcrop made through the plane and lineation tools of the Compass
function on the Cloud Compare software. The preferential strikes of the
fault planes are WNW-ESE and WSW-ENE. In most cases, the striae on the
fault planes suggest that they are strike-slip faults. The label of these faults
is DF (DOM Faults).

The Digital Outcrop Model allowed the measurement of the orientation of
fault slip surfaces that were not accessible during the �eldsurvey. Therefore,
the results from the digital analysis bring to light di�erent strikes of fault
and slip orientations. In other cases, the DOM and the �eld measurements
are similar and the main fault planes can be detected.

The most populated group consists of twenty faults with similar orienta-
tion, labelled DF1, and shown in Fig. 4.25A. The main strike of these faults
is 307°, and the dip is 80°. The main trend of the slickenlines is 126° and
the plunge is 25°. The dominant component of the slip for this set of fault
surfaces is strike-slip, with a negligible reverse component. The kinematic
indicators suggest that the slip was left-lateral.

The second main set of faults with similar plane and striation orientations,
DF2, is shown in Fig. 4.25B. This data set consists of fourteen measures.
The strike of these faults has a main value of 100°, while the dip is 82°.
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Figure 4.25: Stereonets (equal-angle, lower-hemisphere projection) showing
the DOM fault slip data (DF) from Verzi. Arrows indicate the trend and
plunge of the striae. A-E) Stereonets showing the main sets offaults (DF1,
DF2, DF3, DF4, DF5), with strike, dip, striae trend and plunge andthe stan-
dard deviations. Slip can be normal (N), reverse (R), right-lateral (RL) or
left-lateral (LL). Most sets represent F left-lateral faults, one set represents
NE-SW right-lateral faults and one consists in E-W normal faults. F) Stere-
onet showing the P- and T- axes of all the measured faults. Grey and white
areas represent the extensional and the compressional domains, respectively.
The blue square represents the direction of the �rst principal strain axis (1,
maximum shortening), the red square the third principal strain axis (3) and
the yellow square the direction of the intermediate strain axis (2).

The slickenlines have a main trend of 103°, and the value of the plunge is
23°. These are almost vertical strike-slip faults, with a negligible reverse
component. The sense of slip is left-lateral.

A third set of fault and slip directions is shown in Fig. 4.25C,with a total
of six measurements with similar values (DF3). The main valueof the strike
of this set is 245°, and the dip is 78°. The main striation trend is 62°, with a
plunge of 14°. The slip that these faults experienced is mainly strike-slip, but
a modest normal component of slip can be observed. The analysis of these
surfaces on the digital model suggests that the sense of slipis right-lateral.

Another set of �ve plane direction measurements with the orientation of
the slickenlines is shown in Fig. 4.25D, and is labelled as DF4.The main
strike of the faults is 291°. The dip is 61°. The main trend of the lineation
is 103°, while the plunge is 11°. In this case, the faults were characterized
by a transpressional regime, having comparable strike-slip and reverse slip
components, with left-lateral sense of slip. If we compare the orientation of
the planes and the sense of slip of these faults with those of Fig. 4.25A, we can
notice that the two sets share the same surface direction. This set of reverse-
left-lateral faults are less vertical than the previous ones. The �eld analysis of
these fault planes suggest that the two sets represent two di�erent phases of
deformation that happened consequently, with a �rst phase of reverse faulting
followed by a rotation of the fault plane and a switch to the dominant strike-
slip mechanism.

The last recognizable set of faults, DF5, consisting only in two measure-
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ments, is shown in Fig. 4.25E. These faults have a main strike of 263°, with
a dip of 42°. The main trend of the lineation is 304°, and the plunge is 11°.
These reverse faults have only a negligible strike-slip component. The sense
of the slip is right-lateral.

In Fig. 4.25F, all the �fty-�ve DOM measurements are plotted in the same
stereonet (equal-angle, lower-hemisphere projection). First, all the orienta-
tions of the plane and the slickenlines are reported. Furthermore, the white
and grey areas represent the fault plane solution of this setof measurements
(in white, the compressional domain, in grey the extensional domain), and
the colored squares the orientations of the principal strain axes. The �rst
principal strain axis is directed NNW-SSE, while the third one is oriented
WSW-ENE. The intermediate strain axis is almost vertically dipping. The
plot suggests that the system is in the transtensional regime.

4.2.5 Fault slip data Verzi, �eld and DOM

We can now unify the data collected during the �eld survey (Fig. 4.23) and
those derived from the UAV photogrammetry (Fig. 4.25). The total number
of the measurements is ninety-two (Fig. 4.26), thirty-sevenof which from
the �eld survey (FFV measurements) and �fty-�ve from the Digit al Outcrop
Model (DF). The resulting stereonet plot (Fig. 4.26A) shows an ESE-WNW
left-lateral set and a SSW-NNE right lateral set.

Fig. 4.26A shows the orientations of all fault planes measured in Verzi,
with arrows that indicate the slickenlines orientation andthe sense of slip.
Through the use of the Faultkin 8 software, the directions ofthe major,
intermediate and minor strain axes (1,2,3) have been calculated (Fig. 4.26B).
The linked Bingham statistics also allowed to determine theshortening and
extensional domains. By a comparison of Fig. 4.26B, Fig. 4.23Eand Fig.
4.25F, the direction of the principal strain axes calculatedfrom the �eld
data is very similar to that determined from the DOM.

As we can see in Fig. 4.26B, the shear zone is in the transtensional regime
with right-lateral kinematic. The major kinematic component is strike-slip,
with a minor normal component. The �rst principal strain axis, or equiva-
lently the P-axis, is oriented approximately ENE-WSW, while the T-axis is
oriented NNW-SSE.
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Figure 4.26: A) Stereonet (equal-angle, lower-hemisphere projection) of all
ninety-two measurements collected in Verzi, both through the �eld survey
and through the DOM (FFV and DF, respectively). B) Kinematic axes,
fault plane solution and P- and T- axes of all the measured faults. The �rst
principal strain axis (1, labelled in blue color) trends WSW-ENE, the third
(3, labelled in red color) trends NNW-SSE. Blue arrows indicatethe direction
of compression, red arrows the direction of extension.
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Chapter 5

Discussions

I shall now discuss the results produced during the present PhD research. I
divide the discussions into two main classes:

ˆ First, the discussions of the numerical results

ˆ Second, the discussion of the structural investigation of the fault system
in the Ligurian Alps.

5.1 Discussion on the results of numerical
models

The FEM-based numerical models that I worked on are designed to solve two
distinct mathematical-physical problems, the linear elastic and the nonlinear-
viscous constitutive equations. I will discuss the resultsof the two applica-
tions of the elastostatic model to the evaluation of stresses around cracks in
an elastic medium and the compaction of a carbonate platformin the �rst
subsection. In the second, I will discuss the implications of the preliminary
results produced in the framework of the viscous-frictional approximation.

5.1.1 Elastostatic models

In this subsection, I will discuss the two application of elastostatic models:

ˆ The study of stress concentration around a collection of collinear cracks
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ˆ The investigation of the di�erential compaction of a basinal unit due
to the growth of a carbonate platform.

5.1.1.1 Collinear cracks stress analysis

The �rst �nite element method-based linear elastic model whose results I
am going to discuss allows to investigate the stress perturbations that a
collection of cracks produces in a rock subjected to elasticdeformation. The
aim of the work is to simulate rough fractures or faults with di�erent surface
topologies to evaluate the stress concentrations around contact asperities. I
prescribed the same loading conditions to a 120 meters by 80 meters section
of a rock body and varied the geometry of a line of collinear elliptic cracks,
producing a total of 3645 combinations of aspect ratio, total crack length,
number of cracks and separation between adjacent tips. The numerical model
that I designed allowed us to calculate the displacement, stress and strain
components in the computational nodes and to interpolate the values in any
point of the system with the use of shape functions. In the �rst paragraph,
I will discuss the results pertaining the relation between the geometrical
con�guration of the system of cracks and the maximum di�erential stress
that I could resolve on the domain, at the tips of the innermost crack of
the line. In all simlation, the maximum stress was located atthe tips of the
central, or more internal, crack in the collection. In the second paragraph,
I will discuss the results that concern the principal stressanalysis in the
vicinity of the tips of adjacent cracks.

Di�erential stress and the geometry of the system The results of the
numerical simulations pertaining the dependence of the di�erential stress on
the geometry of the system of cracks are shown in Figs. 4.2, 4.3and 4.4.
Observation of the plots shows that the di�erential stress concentrates with
variable intensity depending on the geometric properties of the system of
cracks. The �rst general remark that I can make from the data is that the
cracks interact and the stress concentration that each one produces interferes
with that of the other cracks. In other words, considering a collection of
cracks is intrinsically more complex than studying an isolated crack, since
the perturbation induced in the stress �eld changes both in magnitude and
in the extension of the area of in
uence if the geometry of thecracks is varied
(e.g. Theocaris, 1972). In the following, I will investigate the dependence
of the di�erential stress on the distance between adjacent crack tips, their
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length, their number and aspect ratio.
Fig. 4.2 shows the dependence of the base-10 logarithm of the di�erential

stress on the base-10 logarithm of the distance between the cracks. As I
pointed out, for all the combinations of length, number and aspect ratio
of the cracks, the di�erential stress decreases if we increase the distance
between the cracks, until a threshold value of distance is reached. If I further
increase the spacing, the di�erential stress does not decrease and the curve
becomes a constant function. The analysis of the threshold values of the
distance between the cracks that discriminate between the regime where the
di�erential stress is decreasing and the regime of constantstress show that
these critical distances depend on the aspect ratio of the ellipses and on their
length. In particular, the results show that the base-10 logarithm of the
critical distance depends linearly on both the aspect ratioand the base-10
logarithm of the length of the cracks. We can express the dependence of
the threshold distancedth on the length and the aspect ratio (l and a=b,
respectively) as follows (Fig. 4.2):

log10 dth = A log10 l + B
a
b

+ C; (5.1)

whereA, B and C are numerical constants. As a matter of fact, in Fig.
4.5 we can see that the di�erential stress becomes independent on the ratio
d=l for d=l � 0:1 if a=b= 10 and for d=l � 1 if a=b= 100. This shows that
the data are well �tted by the values A = 1, B = 10� 2 and C = 0, so that:

log10

�
dth

l

�
= 10� 2 a

b
: (5.2)

The fact that, when a critical distance between the cracks isexceeded,
the di�erential stress remains constant can be explained ifwe suppose that,
depending on the shape of the cracks, the stress perturbation caused by a
single crack is limited to a �nite area around the void. In other words, if
the length and aspect ratio of the cracks is �xed, the perturbation of the
stress �eld propagates only over a �nite distance. If the voids are more far
apart than this value, they behave as isolated cracks and no signi�cant con-
structive interference is produced. If they are closer, twoor more cracks can
interact and produce higher di�erential stress then they would individually.
Therefore,dth may be interpreted as the distance from the cracks over which
the stress perturbation is signi�cant.
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Looking the di�erent plots in each row, we also observe that the constant
value that the di�erential stress takes whendth is exceeded, that we can call
� ic (isolated crack stress) grows with the aspect ratio (Fig. 5.1):

� ic /
a
b

: (5.3)

This is the di�erential stress that a single isolated crack with length l
and aspect ratio a

b would produce, and the fact that this value is linearly
increasing with a

b is in agreement with results reported in the literature (e.g.
Gri�th, 1920; 1924; Koiter, 1959). We can also observe that for low values
of a

b the di�erential stress decreases linearly with the distance. For higher
values ofa

b, the curve is better �tted by a polynomial, for example a parabolic
function. Finally, if we observe the plots in each column, that represents sets
with di�erent number n of cracks, we can see that the absolute value of the
slope of the curve representing the dependence of log10 � d on log10 d increases
with n. Nevertheless, the values ofdth do not change withn, that for this
reason has no in
uence on the radius of the area perturbed by the presence
of the cracks.

Figure 5.1: The dependence of the di�erential stress on the distance between
adjacent cracks in the collection for di�erent values of length and aspect ratio.
In A) the aspect ratio is 10, in B) it is 100. We can appreciate the decrease in
di�erential stress with increasing distance up to the threshold distance value
dth , over which all the curves collapse to the constant di�erential stress value
� ic . This, in turn, linearly increases with the aspect ratio.
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Fig. 4.3 shows the dependence of the base-10 logarithm of the di�erential
stress on the base-10 logarithm of the length of the cracks. If we compare
this �gure with Fig. 4.2, we can see that the curves describingthe di�erential
stress dependence on the distance and the length are symmetrical. The
di�erential stress produced by a system of voids increases with the length l
if a threshold value of crack length is exceeded. The base-10logarithm of
the threshold value ofl depends linearly on the aspect ratio and the base-10
logarithm of the distance between the cracks. If we calll th this critical value,
the following equation holds:

log10 l th = D log10 d + E
a
b

+ F; (5.4)

whereD, E and F are constants. For the same observations that I made
about Fig. 4.5,D = 1, E = � 10� 2 and F = 0:

log10

�
l th
d

�
= � 10� 2 a

b
; (5.5)

which is simply the inverse of Eq. (5.2).
The threshold values ofl allows to distinguish between two regimes: for

values ofl lower than l th , the di�erential stress is constant. Forl > l th , the
stress increases withl. As I pointed out before, we can interpret these two
regimes in the following way: if the cracks are short and their aspect ratio
is modest, the area over which the stress concentration produced by their
presence is small. Therefore, even for low values ofd, they behave as isolated
cracks, and there is no interference between the stress perturbations. On the
other hand, if they are long and thin enough, the perturbed area is larger
and two or more cracks can interact and produce higher valuesof � d.

In the regime of isolated cracks, the di�erential stress does not depend
on l but only on a=b. As a matter of fact, we see that the plots in the same
row, that represent con�gurations with increasing values of aspect ratio, have
increasing values of� ic , the di�erential stress in the constant regime, and that
this value increases linearly witha=b(see Eq. (5.3)). Furthermore, for low
aspect ratios the increase in log10 � d is linear with the increase of log10 l . For
higher values ofa=b, this dependence is better described with a order-2 or
higher polynomial function.

Finally, we can see from the observation of the plots in the same column,
over which n is the only parameter that varies, that the change in� d is
modest, particularly for low values of aspect ratio. Nevertheless, the slope
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of curve representing the increase of the di�erential stress with the length
increases with the number of cracks.

We can now study the dependence of the di�erential stress on the number
of cracks observing Fig. 4.4. The �rst thing that I can point out is the
fact that the di�erential stress is a non-decreasing monotonic function of
the number of cracks. The increase in log10 � d with n is weaker than what
we observed when we studied the dependence ond and l. We can also
notice that for low values ofl and a=bthe di�erential stress is independent
of n. Furthermore, the plots in the �rst row (which represent con�gurations
with cracks of length equal to 10� 5 m) and the �rst few plots in the �rst
column (a=b= 10) show that all the curves representing di�erent values of
d collapse in a single horizontal curve. This means that for low values ofl
and a=bthe di�erential stress is equal to the value of isolated crack stress
� ic regardless of the spacing between the cracks. Also in this case we can
observe that � ic increases linearly witha=b. If we increasel or a=bwe see
that the con�gurations with di�erent values of d can be distinguished, and
a weak but signi�cant increase in log10 � d can be observed, at least for low
values ofd.

Finally, we can see from the plots representing sets of crackswith high
length and aspect ratio that the increase of the di�erentialstress with the
number of elliptical voids is steeper for the �rst values ofn and less pro-
nounced in the high range. I may argue that the reason for thisvariable
increase is due to the �niteness of the area of stress perturbation around the
single cracks. If the length and the aspect ratio of the voidsare not high
enough to produce a wide perturbation of the stress over longdistances,
cracks that are far apart cannot interact. For this reason, even if we increase
the number of cracks, the concentrations of stress producedby the most far
apart ones will not interfere constructively. This explains why for high values
of n the di�erential stress tends to an asymptotic value.

Principal stresses and fracture reactivation The analysis of principal
stress presented in Sec. 4.1.1.1 allows to discuss some implications of the
concentration of stress around the tips of the cracks.

Fig. 4.7 gave and example, for the con�guration with 9 cracks 1meter-
long and with aspect ratio equal to 100, of how multiple cracks can produce
stress concentrations up to a �nite distance from their crack tips. First of
all, Fig. 4.7A highlights the spatial anisotropy of the stressperturbation.
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As a matter of fact, the same values of� 1 can be detected at a distance of
about 8 cm from the tip in the vertical direction and at a distance of about
29 cm in the horizontal direction. This shows that the perturbation in the
direction of alignment of the collinear cracks propagates about 3.6 times the
distance than in the perpendicular direction. However, a comparison with
Fig. 4.7C shows that when the cracks are closer together, not only does the
di�erential stress reach higher values, but also it increases at higher out of
plane distances (i.e. in the vertical direction).

Observing Fig. 4.6A, where the con�guration with the highest di�erential
stress is considered, we can appreciate that the orientation of the �rst princi-
pal stress axis is arranged radially around the point of maximum di�erential
stress and the second principal stress axis rotates concentrically around the
same point. Since both principal stresses are positive in the point of maxi-
mum di�erential stress, fractures can develop around it, and the fact that the
direction of � 1 rotates around the critical point has the consequence of allow-
ing the formation of new planes of fracture in every direction from that point
(e.g. Fossen, 2016). Therefore, the interference between the stress �elds pro-
duced by presence of cracks can concentrate stress to the point that explosive,
radial and pervasive fracturing can take place in the vicinity of the tips. It
follows that, in the approximation of the shape of a rough fracture or fault as
a sequence of structural voids, the asperity contacts represent critical points
where the far �eld stress is highly concentrated and that cancontribute little
to the shear strength of the system. The principal stress analysis of con�gu-
rations with lower aspect ratio and lower crack length, however, shows that
great part of the contact points between the walls of the fracture of fault
are not a�ected by high stress concentration nor by the radial orientation of
principal stress axis. The size, distance and geometric distribution of contact
asperities, which in this model is strongly connected to thecon�guration of
the crack system, may be important for our understanding of slip precursors
during the reactivation of faults and fractures.

Crack coalescence and brittle creep The collinear cracks model may
have implications also on the understanding of the activation of micro-cracks
through the phenomenon known asbrittle creep. Brittle creep is a failure pro-
cess that, unlike what is usually observed during fracture propagation, leads
to the failure of a solid slowly and at a constant applied stress (Amitrano and
Helmstetter, 2006; Brantut et al., 2013). Recent models haveproposed that
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brittle creep may be the phenomenon at the base of the formation of faults
and shear bands. According to some of these theories, brittlecreep is the
result of the progressive growth and interaction between wing cracks at the
tips of pre-existing micro-cracks or micro-shear bands, which can coalesce
into longer structures in a potentially inde�nite cycle (Desrues and And�o,
2015). The assumption that macroscopic faults and shear bands may form
from the coalescence of smaller fractures and these, in turn, from the interac-
tion and linkage of smaller cracks relies on the recognitionthat self-similarity
is one of the characteristics of brittle systems (Bernab�e and Pec, 2022). For
instance, the grain size distributions in fault rocks (e.g., Keulen et al., 2007)
and the roughness of frictional interfaces (e.g., Candela et al., 2012) suggest
that cracking is a self-similar process. These models are based on theLinear
Elastic Fracture Mechanics(LEFM), which evaluates the critical stress for
brittle failure from the de�nition of a stress intensity factor.

The stress intensity factor for mode (I) opening of a wing crack reads
(Kachanov, 1982; Brantut et al., 2013):

kI = � 1:15j� ef f j
p

�a 0 + � 3

p
�l= 2; (5.6)

where a0 is the initial length of the crack, l is the length of the wing crack
and:

� ef f =
1
2

� d � �� N (5.7)

is the e�ective shear stress, that is the shear stress partially balanced by
friction.

The �rst term on the right side of Eq. (5.6), known as thedriving term
is proportional to the di�erential stress through its proportionality to the
e�ective shear stress (see Eq. (5.7)). The stress intensityfactor is also pro-
portional to the square root of the crack length (Eq. (5.7)).

I showed in Sec. 4.1.1.1 the dependence of the di�erential stress on the
length of the collinear cracks (Fig. 4.3). We have seen that over a threshold
length that depends on the distance between the cracks and their aspect ratio
(Eq. (5.4)) the di�erential stress increases with length. The functional form
of this dependence may be summarized as follows:

� d / an
0 ; (5.8)
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The exponentn in Eq. (5.8) is < 1, and the analysis of the curves in Fig.
4.6 shows that:

n � 0:5: (5.9)

From Eqs. (5.6), (5.7) and (5.9) we can evaluate the dependence of the
mode (I) stress intensity factor on the crack lengtha0 as follows:

kI / a
n+ 1

2
0 � a0: (5.10)

My data suggest a linear relation between the stress intensity factor for
the opening of a wing crack and the crack length. This is in line with the ex-
perimental observation, frequently reported in the literature, that the largest
cracks are the �rst to develop wing cracks.

We can also see that the �rst principal stress axis orientation, horizontal
far from the cracks, changes orientation in the area of stress interference
between two adjacent cracks and aligns with they-direction (Fig. 4.6). The
same thing happens at the endpoints of the collection of cracks. If the stress
intensity factor of Eq. 5.10 reaches the critical valuekIc , a wing crack can
open at the tips of the cracks. Since the direction of mode (I)fractures is
parallel to � 1 (Scholz, 1968; Hallbauer et al., 1973), my model suggests that
the most favorable orientation for the propagation of a wingcrack would be
perpendicular to the direction of alignment of the cracks.

However, I showed in Fig. 4.6B that my model demonstrates that also
� 2 can be positive in some portions of the area between crack tips, at least
in the geometric con�gurations that concentrate the di�erential stress most
e�ectively. This suggests that mode (II) fractures can alsoform at the tips
of cracks, and then re-orientate to align with� 1 in the area where� 2 is
negative, as is observed in fault damage zones with high density of cracks
(e.g. Vermilye and Scholz, 1998).

Moreover, the recent study by Bernab�e and Pec (2022) proposes a model
for the description of brittle creep that allows the length of a crack to increase
as a response of the growth of a wing crack at its tips, in contrast with
traditional models (e.g. Ashby and Hallam, 1986; Ashby and Sammis, 1990).
The model de�nes the constant �, which represents a normalized distance
over which a 
aw must propagate to interact with other 
aws, as follows:

� =
�
l0

: (5.11)
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The quantity � can be understood as the separation between the cracks,
therefore it coincides withd in my model. l0 is the the maximum possible
length of the wing cracks generated under the current state of stress at the
tips of a crack of length 2a0:

l0 = 2a0(1:15j� dj=� 3)2: (5.12)

Eqs. (5.11) and (5.12) show that � depends on the state of stress at the
crack tips through its dependence on� d, but also on the geometric con�gura-
tion of the pre-existing crack system through the distance between the cracks
� (d in my model) and the crack length 2a0 (l in my model). In particular,
we observe that the distance � is inversely proportional to 2a0 (to l). This
means that the longer the pre-existing crack is, the shorterthe distance over
which a wing crack must propagate to coalesce with other cracks will be. l0,
by its de�nition, can be interpreted as the maximum distancefrom the tip of
the crack that is a�ected by a su�cient stress concentrationfor the opening
of a wing crack. In my model I interpreted the quantitydth as the radius
of the area a�ected by stress concentration around the tip ofa single crack.
Since the stress intensity factor for wing crack opening is proportional to � d

(see Eqs. (5.6) and (5.7)), I argue that:

l0 / dth : (5.13)

From Eqs. (5.12) and (5.13) we conclude that:

dth / 2a0 = l; (5.14)

which is exactly what we observe from the analysis of the datashown in
Fig. 4.2. The agreement between the results obtained with my new FEM
code for linear elastic problems and the model by Bernab�e and Pec (2022)
suggests that I may extend the use of my program to the study ofbrittle creep
and the comparison with analytical results. As a matter of fact, the results
of the Bernab�e and Pec model are consistent with estimates of stress strain
dependence obtained from experimental data and return classical trimodal
creep curves for constant stress boundary conditions (Brantut et al., 2013;
Bernab�e and Pec 2022).

Comparison with rock samples and study cases I can now discuss the
possibility of a comparison of my model of rock deformation with laboratory
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samples. What I aimed to accomplish, with the detailed investigation of
the di�erential stress concentration in relation to changes in the geometry of
the distribution of cracks, was to provide a systematic study that would be
impossible to perform through laboratory tests.

My numerical approach has the limit of based on strong assumptions,
that is, �rst of all, that the rock deforms elastically. Furth ermore, my model
does not take into account crack closure and subsequent frictional sliding, so
I had to carefully prescribe boundary conditions accordingly.

However, the approximations that I adopted in the model allowed us
to o�er simple mathematical solutions for the description of the di�erential
stress for a very wide range of crack length, aspect ratio andseparation.

I am con�dent that the empirical results that I obtained in the numerical
simulations may serve as a base for a comparison with real rock samples.

It is possible, through laser-base methods, to map exposed fault surfaces
and to shed light on their geometry. It has been observed in several studies
that the fault mirrors are characterized by the presence of quasi-elliptical
bumps and depressions at all scales (Renard et al., 2006; Sagy et al., 2007;
Brodsky et al., 2011). Laser-based techniques can be the keymethods to
provide a direct comparison of the numerical model with natural rock samples
(Collettini et al., 2019).

Fault rocks are often characterized by an anisotropic fabric produced the
pervasive presence of micro-shear planes (e.g. Misra et al., 2015; Bernab�e
and Pec, 2022) (Fig. 5.2A). This is observed, in particular, infaults rich
in phyllosilicates like micas that can weaken the fault dramatically due to
their poor resistance to frictional sliding (Moore and Rymer, 2007; Collettini
et al., 2009) (Fig. 5.2D). The presence of such lamellar minerals leads to
the formation of planar fabric that makes the rock weaker than granular
rocks (Fig. 5.2A,D), whose higher frictional strength is moreconsistent with
cataclasis than frictional sliding (Collettini et al., 2009). Faults exhibiting an
anastomosing network of lamellae can experience slip on a multitude of plane
orientation even at low shear stress levels (Haines et al., 2013) (Fig. 5.3A-C).
Other typical features of phyllosilicate-rich shear zonesare the presence of
S-C fabric and sigmoidal clasts (Insua-Ar�evalo et al., 2021) (Fig. 5.2D,E).

All of the mentioned fabric anisotropies have a great impact on the me-
chanical response of materials (Misra et al., 2015). Numerical modeling such
as the one I adopted for the study of cracks are also employed in the inves-
tigation of micro-shear planes (Fig. 5.2B), characteristicof fault rocks with
anisotropic fabrics (e.g. Misra et al., 2015) and of the roleof porosity on
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Figure 5.2: A)(modi�ed from Collettini et al., 2009): foliation detail of a
large exposed fault (Zuccale Fault, Isle of Elba, Central Italy). B) (modi�ed
from Insua-Ar�evalo et al., 2021): Photomicrograph of typical anastomosing
microstructure of the gouge with very thin shear planes (white arrows). Al-
hama de Murcia Fault, Spain. C) (modi�ed from Giorgetti et al., 2019):
Experimental test of reactivation of a gouge-bearin fault.D) (modi�ed from
Collettini et al., 2009): Calcite sigmoids interdispersedwithin a �ne-grained
foliation made of phyllosilicates. The slipping processesoccur along planes
localized within the foliation. E) (modi�ed from Collettin i et al., 2019): S-C
fabric with left-lateral kinematics in a fault rock consisting of a clay-bearing
gouge. Carboneras fault, SE Spain.
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Figure 5.3: (modi�ed from Collettini et al., 2009): Reactionsoftening with
increasing strain. A) Cataclasis-related fracturing increases permeability and
subsequent 
uid in
ux. B) Fluids cause dissolution of the strong granular
phases and precipitation of phyllosilicates. C) Anastomosed phyllosilicate-
rich network that accomodates deformation by frictional sliding along the
phyllosilicate lamellae. D) Schematic cross-section withstrong (gray) and
weak (green) fault portions. The coe�cient of friction of the weak phyllosili-
cate network (green) is� � 0:2, that of the strong portion of the fault (grey)
is � � 0:6.
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the brittle strength of porous rocks (e.g. Heap et al., 2014) (Fig. 5.3). As
a matter of fact, they have elongated shape that resemble very thin ellipses
(see Figs. 5.2C, D, E; 5.3) (Collettini et al., 2019).

In conclusion, both pre-existing micro-cracks and micro-shear planes typ-
ical of rocks with anisotropic fabrics reduce the resistance of fault rocks to
brittle deformation (Fig. 5.3). My model explains how the anisotropic ori-
entation and interaction of defects can trigger the reactivation of a fault by
the breaking of contact asperities, and how a fault can propagate through
the coalescence of favorably oriented microcracks in the vicinity of its tips.

Anyway, a better understanding of the role of compositional and stress
heterogeneity in the propagation and strength of faults andfractures needs
the integration in the model of viscous-frictional deformation that I am trying
to model (e.g. Beall et al., 2019; Ioannidi et al., 2021). It is a challenging
task, but there are already available computer programs that may be suited
to address it, for example the MILAMIN software (Dabrowski etal., 2008).

5.1.1.2 Displacement, stress and strain during the compaction of
a carbonate platform

The FEM-based linear elastic models presented in this work allow to detect
the early deformations driven by the di�erential compactionof the basinal
facies due to the growth of a carbonate platform. The models aim to sim-
ulate the e�ect of the di�erential load, related to platform geometry and
growth style, and, subsequently, the compaction of the basinal unit. To per-
form this, a 
at 300m thick basinal facies was loaded initially with a �rst
stage of growth of carbonate platform and then with other four stages of
growth of carbonate platform, with a de�ned Progradation toAggradation
(PA) ratio. The simulation of the di�erential compaction of t he basinal unit
allows to calculate the displacements of the triangular elements of the model
and, therefore, calculate the stress �eld on both the basinal facies and the
carbonate platform.

Displacement outcomes The �rst model (Fig. 4.8) shows a general sub-
sidence (units of meters) of the entire platform due to the compaction of the
basinal facies. However, this subsidence is not constant: itdecreases moving
from inner platform to basin. This variation is a consequence of the di�er-
ential load of platform, leading to the di�erential compaction of the basinal
facies. Consequently, the platform-break expects a relative rise and the dip
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angle of the slope decreases progressively. Both the inner platform and the
slope modify their geometry assuming a concave-upward shape.

Because of the lateral elastic interaction, also the portion of the basinal
facies that is not loaded su�ers of subsidence. This subsidence increases
moving toward the platform and asymptotically decreases moving in the
opposite direction.

The further models, which take into account the load due to the other
growth stages of the carbonate platform, show that where theprogradation
prevails (PA ratio equals 25) the subsidence of inner platform and slope in-
creases moving toward the basin (Fig. 4.10) modifying the super�cial geom-
etry of inner platforms from 
at to convex-up (Fig. 4.11). This modi�cation
of the stratal architecture is due to the di�erential compaction load (directly
proportional to platform thickness) that is higher in the slope region. This
agrees with the previous �ndings for the Lastoni and Nuvolau Mts. (Inama
et al., 2020; Inama et al., 2021; Menegoni et al., 2022b), which show that the
inner platform strata tend to increase their dip angle and thickness moving
toward the progradation direction and toward the basin, respectively (Figs.
5.4 and 5.5).

Due to the slope shape, whose thickness increases from platform break to
the center and then decreases from the center to the slope toe, the straight
geometry of an initial constant dipping slope is modi�ed in aconcave-upward
shape with a progressive decrease of the slope angle (movingtoward the
basin). This is due to the compaction load that whereas in theplatform
break region it increases basinward, at the toe slope regionthe load decreases
toward the basin. This phenomenon is coherent with the dip angle values
of the slope reported by Menegoni et al. (2022b) for the clinoforms at the
Nuvolau Mt, which tend to increase from the platform margin tothe upper
slope and decrease at the toe of the slope towards the slope-basin transition
(Fig. 5.5C).

Stress state outcomes The platform base (platform-basin boundary) ex-
periences a horizontal maximum tensile stress (� 2) with maximum magnitude
localized in the slope region (Figs. 4.13 and 4.15). Generally, the maximum
compressive and tensile stress (� 1 and � 2) have a vertical and horizontal
orientation, respectively (Figs. 4.13, 4.14, 4.15 and 4.16).

The super�cial portions of the carbonate platform experience a slight
extension in the inner platform region and compression in the slope and
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Figure 5.4: A) DOM of the Lastoni di Formin Mt. where the sectionwhere
the C)D) the thickness variation along the progradation direction was mea-
sured (modi�ed from Inama et al., 2020 and Menegoni et al., 2022a). B)
Stereoplot (lower hemisphere equal angle projection) representing the ori-
entation of the synsedimentary fractures after the horizontal restoration of
the platform (modi�ed from Inama et al., 2020). E) F) G) H) Examples of
synsedimentary structures caused by the di�erential compaction of the basi-
nal unit (modi�ed from Inama et al., 2020).
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Figure 5.5: A) Interpreted DOM of the Nuvolau Mt. where it is possible
to see: B) an increase of the thickness of the inner platform strata moving
towards the platform break; C) the variation of the slope dipangle mov-
ing from the platform margin (higher elevations) to slope-to-basin transition
(lower elevations); D) the stereoplots (lower hemisphere equal angle projec-
tion) representing the orientation of the faults and fractures after the hori-
zontal restoration of the platform; E) and F) the localization of faulting at
the slope-to-basin transition (modi�ed Menegoni et al., 2022b).
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margin regions. In the slope region, the orientation of maximum compressive
stress (� 1) tends to be from parallel to the surface to near-vertical moving
from the super�cial to the deeper parts of the platform.

E�ects of di�erential compaction on stratal geometries and frac-
tures patterns of the carbonate platform The displacements derived
from the FEM-based linear elastic models provide valuable insights into the
geometry observed in the exposed carbonate platforms of theLastoni and Nu-
volau Mts and documented in previous studies (Inama et al., 2020; Inama,
2021; Menegoni et al., 2022b) (Figs. 5.4 and 5.5). The progressive decrease of
the platform subsidence expected in the slope region (Fig. 4.10) aligns well
with the frequently observed sigmoidal shape of carbonate platforms (e.g.
Fig. 5.5). This concave-upward con�guration cannot solely be attributed to
the sediment angle of repose, as suggested by earlier research (e.g., Bosellini,
1984; Kenter, 1990), but also re
ects the in
uence of the di�erential com-
paction processes.

Furthermore, my models indicate an increase in subsidence for prograding
platforms toward the basin, corroborating �ndings from previous outcrop
studies (e.g., Inama et al., 2020; Inama, 2021; Menegoni et al., 2022b), where
the inner platform stratal thickness and dip angle increasemoving basinward
and in the downward direction, respectively (Figs. 5.4C,D and 5.5B,C). A last
interesting result, is that for the mostly aggrading platforms the calculated
platforms subsidence decreases basinward, creating a relative relief at the
platform break. This relief may potentially facilitate the formation of a reef.

The analysis of the computed stress �elds reveals that the majority of
highest compressive and/or tensile stresses tends to concentrate in the slope
region, indicating that this area is prone to signi�cant brittle deformation. In
particular, looking at the magnitude and orientation of themaximum tensile
stress seems possible to explain the curve shapes of the platform-dipping
normal faults as those detected at the prograding platform of the Lastoni
and Nuvolau Mts. (Figs. 4.13, 4.15, 5.4 and 5.5). The nearly horizontal
maximum tensile stress of the slope region can cause the formation of vertical
fractures. These fractures might subsequently be tilted due to the di�erential
compaction process. In the subsequent stages of carbonate platform growth,
along with the associated di�erential compaction process,these fractures
can propagate upward with a vertical orientation. This alternation of vertical
fracture formation and tilting can cause their curve/listric shapes (Fig. 5.5A).
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Finally, the observed general and slightly extensional behavior predicted
for the inner platform aligns well with the study of Inama et al. (2020),
where syndepositional and syndiagenetic extensional fractures were docu-
mented (e.g. Figs. 5.4B,E,G,H).

Advantages and limitations of the FEM-based model and compar-
ison with previous studies The congruence observed between the out-
comes of the linear elastic models based on FEM and the �eld observations
reinforces the reliability of two notions on which carbonate platform mod-
eling is based: the �rst is that, as shown by Martin and Martin (2020),
the linear elastic method is able to reproduce deformationsassociated with
de/compaction results when considering soft sedimentary units. The second
point is that, in agreement with previous studies (e.g. Hunt and Fitchen,
1999; Rusciadelli and Di Simone, 2007; Resor and Flodin, 2010; Berra and
Carminati, 2012; Berra et al., 2016; Nolting et al,. 2018; 2020; Inama et
al., 2020; Menegoni et al., 2022a; 2022b) the majority of thedi�erential
compaction process induce widespread early deformation incarbonate plat-
forms. Moreover, the new study allows deriving some noveltywith respect
the previous investigations. In particular, while the syn-depositional brittle
deformation is thought to be mainly localized in the inner platform and close
the shelf break (Resor and Flodin, 2001; Nolting et al., 2018,2020), my re-
sults show that high magnitude of tensile stress can favor the formation of
early fracture also close to the slope-to-basin transition. These structures
have major implication for the carbonate platform evolution, since they may
be reactivated as listric normal fault governed by platformoverburden and
basinal di�erential compaction (Menegoni et al., 2022b) and/or act as pref-
erential 
ow path for diagenetic 
uids or hydrocarbons.

Although the good consistency of the new model with the observations de-
rived from both previous numerical studies (e.g., formation of syn-depositional
tensile fracture in the inner platform, modi�cation of stratal architecture of
carbonate platform) and �eld-based investigations, theirintrinsic limitations
must be highlighted. Among these, the most important are (i) the model
geometry: the platform break and slope-to-basin transition are characterized
by a sharp geometry that can cause numerical artifacts during the FEM-
based modeling; (ii) the facies oversimpli�cation: inner platform, margin, and
slope facies are not discriminated possibly in
uencing theresults of model.
Therefore, further modeling, taking into account the reals̀mooth' shapes of
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these areas and the di�erent carbonate platform facies willpossibly improve
the numerical simulations of the early deformations of carbonate platform
driven-by di�erential compaction.

5.1.2 Nonlinear viscosity model

5.1.2.1 Discussing the preliminary results

The �rst step in the investigation of the e�ective rheological parameters of
subduction m�elanges was the study of a simpli�ed system, a bilaminate, a
system constituted by two layered power-law viscous materials with di�erent
viscosities. The preliminary results were the determination of the analytical
solutions of the e�ective viscosity of the composite and theanalysis of the
anisotropy factor. We saw that in conditions of general shear, the e�ective
viscosities of the composite, depending on the individual viscous parameters
of the pure phases and their volumetric fractions, are shownin Eqs. (4.21)
and (4.22).

Observing these two equations, we see that, despite the factthat the pure
phases can be described as power-law 
uids, the bilaminate as a whole has
di�erent rheological behavior, and is not a power-law 
uid. This fact has
consequences, for example, on the large scale modeling of subduction zones.
In most models of subduction m�elanges the e�ective rheological parameters
used for the description of the deformation of the block-in matrix systems
characterized by a viscosity contrast are taken as the average of the param-
eters of the single phases (Fagereng and Den Hartog, 2017; Webber et al.,
2018; Beall et al., 2019a,b). The approximation is only valid under spe-
ci�c conditions of viscosity contrasts and volumetric fractions of the single
phases. This suggests that modeling a two-phase power law-viscous material
as a power-law 
uid with rheological constants averaged between those of the
pure phases may not be a reliable procedure.

Moreover, assuming that the rheological structure of the bilaminate may
be represented by normal and shear viscosities, I used the anisotropy factor
de�ned in Eq. (4.23) to express the degree of anisotropy in themedium
(Honda, 1986). The present research is the �rst attempt of evaluation of
this parameter in the case of power law 
uids. The physical meaning of this
quantity is that it measures the departure between the orientation of the
principal stress axes and the principal strain rate axes (Weijermars, 1992).
These are parallel only in the case of isotropic materials, while, for high
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values of� , the deformation of the bilaminate is simple shear 
ow parallel to
the direction of the anisotropy for any orientation of stress.

I argue that similar results may be achieved by numerical modeling during
an investigation of subduction m�elanges, which are composed of a mixture
of materials with a high viscosity contrast as well, despitethe more complex
geometry. Understanding the rheological behavior of such heterogeneous
systems with power law viscous materials as their pure phases not only would
help us to gain insight on the phenomenon of slow slip events,but it may also
help us shed light into the simultaneous deformation of 
uidor phyllosilicate
rich faults and their interaction during frictional sliding.

5.2 Discussions on the structural study of
the Horse Head fault zone

5.2.1 The advantages and limitations of DOM in
fault analysis

As already mentioned in previous work (Menegoni et al., 2019;Inama et
al., 2020; Panara et al., 2022b), the main advantage of the DOM technique
respect to the �eld-base survey is the possibility to digitally measure at any
time and in any place fault and fracture geometry (orientation, size and
position) from all the accessible or inaccessible outcrop areas with a safer,
quicker and more accurate technique. In addition, this study shows as DOM
can be very useful for the fault kinematic analysis: comparing the �eld and
DOM measures of the Verzi quarry, it is clear that DOM allows to measure
around 50% faults orientation and kinematics (Figs. 4.23 and4.25) and to
detect fault sets that can be crucial for the development of astructural
model. Nevertheless, DOMs have also limitations, such as thecensoring of
all the information that are below the DOM resolution and theimpossibility
to obtain direct-contact information as fault rock composition and texture
(Figs. 4.20-4.22). Even if recent improvements, as the hyperspectral DOMs
(Thiele et al., 2022), can help to overcome the rock composition limit, I
think that in geological studies DOMs can improve the structural analysis
but cannot replace the traditional �eld survey.
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5.2.2 Lithology-dependent internal structure of the
Horse Head fault zone

Thicknesses up to 250 m of the major fault segments can be correlated
with displacements in the order of several hundred of metersto kilome-
ters (Faulkner et al. 2011; Savage and Brodsky, 2011). The entire fault
zone therefore accommodated a signi�cant total displacement of several (at
least 5-10) kilometers. The di�erent lithologies involvedin the faulting pro-
cesses display a variety of deformation textures. Limestone and dolostone
characterized by the presence of angular fragments with jigsaw texture and
calcite-�lled dilational patches and vein arrays (Figs. 4.20B and G) support
the interpretation that the brecciated rock consist of dilation chaotic brec-
cia (Woodcock et al., 2007; Woodcock and Mort, 2008), associated with a
net volume increase during formation (Tarasewicz et al., 2005). The main
slip domains show a single, large (up to 3 m) gouge locally surrounded by
the huge cataclasites and brecciated damage zone. Di�erently, the quartzite
involved in the fault zone alternate m-sized brecciated bodies (chaotic brec-
cia; Woodcock and Mort, 2008) with phyllosilicate-rich gouges. A further
di�erent texture, characterized by cohesive �ne grained cataclasite and ab-
sence of gouge, is preserved by the marble at the contact withthe quartzite,
consisting of thin proto-cataclasite. Such di�erentiatedbehaviors support a
fallo� of damage as a function of distance from the fault as dependent on
the local lithology, aside the displacement. In particular, phyllosilicate-rich
assemblages favor shear plane localization (Collettini et al., 2019), as well as
heterogeneous composition (alternation of dolostone, limestone and pelite)
correlates with wider damage zones with respect to more homogeneous rocks
(i.e. marble).

5.2.3 A Riedel model for the Horse Head fault zone

Map trace of the NE-SW-striking Horse Head Fault Zonedisplays horsetail
geometry resembling dextral transtensional structures. In the following, I
attempt to link the orientations of the most recognizable sets of faults to
the model of the Riedel shears. The Riedel model predicts the formation
of subsidiary fractures with di�erent orientations arounda main fault (e.g.
Berth�e et al., 1979; Deng and Zhang, 1984; Davis, 2000; Taylor et al., 2003;
Katz et al., 2004; Li et al., 2016). R fractures form a small angle with
the main fault Y , typically 15°, and they have the same sense of slip.P
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fractures are almost symmetrical toR fractures with respect to the direction
of the main fault and they also have the same strike-slip sense. Two sets
of antithetic fractures are R0 and X fractures. R0 fractures, in particular,
have the opposite sense of slip than that of the main fault andthey typically
form at an angle of about 75° with Y. X fractures have the same properties
than R0 but they dip almost symmetrically to R0 fractures with respect to
the direction of the main fault, only with a slightly smaller angle with Y.

Fig. 5.6 summarizes the orientations of the main planes measured through
both traditional �eld survey and UAV digital photogrammetry .

Figure 5.6: Interpretation of the measured fault slip data inthe frame of a
Riedel model (e.g., Berth�e et al., 1979). See text for explanation. A) FFVs
are the main sets of faults measured in the Field from Verzi. B)DFs are the
main trends of faults from the Digital Outcrop Model of Verzi. C) FFMs are
the main sets of fractures measured in Monte dei Marmi.

The fault zone is bounded by� 45°N striking fault walls with dextral
kinematics. The sets FFV1 and FFV2 measured during the �eld survey of
outcrop 1 (Verzi quarry) have a main strike between 220 and 230° (Fig. 5.6A)
and right-lateral direction of slip. Considering set FFV1 and its standard
deviation (about 10°), the orientation of the set forms an angle between
0° and 15° with the average orientation of the main fault. In this range,
P fractures predicted by the Riedel model form. However, the overlapping
con�dence intervals make impossible to distinguish if consider FFV1 as either
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parallel to the main fault or as P fractures. The set FFV2 has a main strike
very similar to that of the main fault. It may be interpreted as a part of
the main fault or as the product of a precedent phase of deformation of
FFV1. In fact, the analysis of orientation, dip, and slip direction of the
sets FFV1 and FFV2 suggest that these sets may likely be products of two
subsequent stages of deformation on the same fault plane. One exposed fault
wall shows an orientation that lays between those of these two sets and two
sets of lineation can be detected on it. One set of slickenlines indicates clearly
down-dip shearing, while the second is an indicator of right-lateral strike-slip
motion (Figs. 4.21D-E).

The set of faults FFV3, with a main value of the strike around 285° and
a standard deviation of 15°, consists of left-lateral faults (Fig. 5.6A). In this
case, the angle between the set and the main fault is between 45° and 75°.
Since the sense of the slip is opposite to that of the main fault (Fig. 5.6A)
and given the large angle measured between the main fault andthese sets of
secondary faults (around 60°), these faults can be interpreted as antithetic R'
fractures in the framework of the Riedel model. Moreover, ifthe orientation
of set FFV1 was interpreted as the local orientation of the main fault in Verzi
area, the angle between this set and FFV3 may lay around the valueof 70°
or higher, which is more consistent with the angle of the R' shear fractures.

An additional reason to consider the set FFV1 as representative of the
local orientation of the main fault is that the data obtainedthrough the �eld
survey were taken in an area in Verzi (Fig. 2.19B), which was closer to the
core of the main fault than those obtained through the digital model (Figs.
2.19B, 2.20). This may be the reason why the orientation of the main trends
of faults di�er between the two datasets. It may also explainwhy some of
the measurements form the �eld survey appear to be parallel or sub-parallel
to the average strike of the main fault.

Considering the measurements collected by DOM, the set DF1 ofleft
lateral faults has a main strike of 307° (Fig. 5.6B). Also in this case, the
large angle with the strike of the main fault (around 80°), and the opposite
sense of slip suggest that these faults may also be interpreted as antithetic R'
fractures in the Riedel shear model. The set DF1 appears to be related to the
set DF4, also consisting in left-lateral faults with a thrustcomponent. The
set DF4, in fact, has a similar main strike (291°). As in the case of the sets of
faults FFV1 and FFV2, the sets DF1 and DF4 may represent two di�erent
phases of slip along the same fault plane. The fact that the same slip surface
witnesses the presence of both downdip and strike-slip slickenlines indicates
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that faulting accomplished in two distinct stages. A fault that was initially
reverse may have experienced a rotation that led to strike-slip movement.

The set DF2, striking at 100°, forms an angle of around 55° with the orien-
tation of the main fault (Fig. 5.6B). It has a sinistral kinematic that suggests
that it may correspond to a R' fracture, although the angle with the main
fault is lower than that typical of R' Riedel fractures, evenconsidering the
standard deviation, of about 6°. The set DF2 is very close, both in orienta-
tion and sense of slip, to the �eld set FFV3 (Fig. 5.6A), which, as already
discussed, may be interpreted as a R' fracture in case the local direction of
the main fault is 220° as the sets FFV1 and FFV2. In this case, the angle
between DF2 and the main fault could reach a value of about 65°, closer to
the typical angle between the mean fault and the antithetic R' fractures.

Finally, the set of right lateral faults DF3, with a main strike of 245° forms
an angle of about 15° with the main fault (Fig. 5.6B). In the hypothesis that
the angle of internal friction � of this rock is around the typical value of 30°,
the angle between the main fault and the secondary faults corresponds to
half the value of � . This suggests that this set of faults are very likely the
synthetic R fractures of the Riedel framework.

Considering now the measurements collected during the �eldsurvey in the
area of Monte dei Marmi, near the small town of Boissano, the interpretation
of the fracture orientations is presented in Fig. 5.6C. Sets FFM1 and FFM2,
with main strike of 212° and 218° respectively, have both a very similar
trend to that of the �eld set of faults FFV1 (main strike of 220°) (Figs. 5.6A
and C). They form an angle of about 10° with the average direction of the
main dextral strike slip faults, which is consistent with the direction of P
fractures. Since the standard deviation on this two sets of measurements
is quite high (17° for set FFM1, 11° for set FFM2), and given the small
di�erence with the main strike of the main fault, it is also possible that these
sets of measurements represent the local orientation of themain fault.

The set FFM3, striking at 293°, may represent a set of antithetic R'
fractures, with an angle of 68° to the direction of the main fault (Fig. 5.6C).
This set has a very similar orientation to that of the �eld setFFV3 and the
DOM set DF2, collected in Verzi (mean strike of 285° and 100°, respectively)
(Figs. 5.6A, B). It is worth noting that the set DF2 has a strike which di�ers
from those of FFM3 and FFV3 of more than 180°. This is due to the fact
that all three these sets of planes of discontinuities dip ata large angle, so
that no signi�cant di�erence in orientation exists between almost vertical
planes striking at angles that di�er of 180°.
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The set FFM4, striking at 44°, has almost the same average orientation
of the main fault (Fig. 5.6C). This suggests that the set of fractures FFM4
measured in Monte dei Marmi formed under the same stress conditions and
in the same direction of the Horse Head fault (45°).

Finally, the set FFM5 strikes at 132°, very close to the strike of the DOM
sets DF1 and DF4 (mean strike around 300°), forms an angle of� 87° with
the orientation of the main fault strike (Figs. 5.6B, C). Given a standard
deviation on this set of measurements of about 20°, this suggests that also
FFM5 fractures may be interpreted as R' Riedel fractures.

From the inspection of Fig. 5.6, it is clear that the �eld measurements
collected in Monte dei Marmi have a surprisingly good agreement with both
the �eld and DOM measurements collected in the area of Verzi.It is likely
that the sets of fractures in Monte dei Marmi formed under thesame state of
stress than that responsible for the formation of the fault system discovered
in Verzi.

5.2.4 Kinematics of the Horse Head fault zone

Overall, the fault slip data and analysis indicate that the fault network en-
compassed by the Horse Head Fault Zone is compatible with a� 15 km-wide
Riedel shear zone formed under a dominant dextral strike-slip regime. The
horsetail geometry envisaged by the map-view of the fault network thus con-
�rms the presence of a large transtensional structure, running roughly paral-
lel to the present coastline (Fig. 2.19C). However, the dominant right-lateral
kinematic was pre- and post-dated by fairly normal faultingas evidenced by
the superimposition of di�erent generations of slickenlines (Fig. 4.21). In par-
ticular, both FFV1, FFV2 and FFV3 sets locally show progressive curvature
of the slickenlines from downdip to the dominant oblique motion. On the
other hand, slickenlines associated with the strike-slip movement are locally
superimposed by new calcite �bers shared by downdip striations (Fig. 4.21).
Therefore, it results that the Horse Head Fault Zone kinematicexperienced
either multiple changes in the local orientation of the stress �elds, a rotation
of the structure or a combination of the two. In fact, due to the lacking
of absolute ages, it is impossible to discriminate if the di�erent kinematic
was associated local 
ips of stress axes during the same event (e.g. Cardello
and Mancktelow, 2015) or, di�erently, as a marker of discrete deformation
phases.
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5.2.5 Timing

The development of the Horse Head Fault Zone clearly postdatesthe schis-
tosities (Figs. 4.22E-F) associated with the ductile phases recognized in the
Ligurian Alps (D1-3; Vanossi et al., 1984; Seno et al., 2005; Bonini et al.,
2010). On the other hand, I cannot exclude that the present-day structure
may be the result of the partial reactivation of the inherited compressional
architecture (e.g. Tavarnelli et al., 2004; Butler et al., 2006). In fact, the
strike of the Horse Head Fault is parallel to the main directionof tectonic
transport (from NE to SW) and coincides with the boundary between the
di�erent tectonic units. It may be thus speculated that the precursors of the
Horse Head Fault Zone were tear faults accommodating the movements of
the thrust sheets occurring at di�erent rates of propagation due to di�er-
ential shortening of the nappe stack (Bonini et al., 2010). Nappe stacking
and related folding are dated in the Ligurian Alps in the late Eocene { early
Oligocene times. In particular, zircon (U-Th)/He dating of the Penninic
Front constrains at � 28-32 Ma the thrust propagation in the external Lig-
urian Alps (Maino et al., 2015a, b). The integration of the depositional
ages of the post-collisional sediments (TPB and Finale Ligure Basin; Boni
et al., 1968; Gelati et al., 1998; Dallagiovanna et al., 2010) with the ther-
mochronological dataset (Carrapa et al., 2003; Maino et al., 2012; Amadori
et al., 2023) con�rms that the Ligurian orogen accomplishedthe exhuma-
tion path from depth to the shallow crustal level in the Rupelian (� 35-32
Ma) although unusual high geothermal gradient (40-50°C/km), associated
with mantle upwelling, a�ected both the TPB and Ligurian orogen up to the
Chattian ( � 28 Ma; Amadori et al., 2023). During the Chattian time, TPB
deposits record a switch from extensional to transtensional faulting at few km
of depth (Maino et al., 2013; Federico et al., 2014; 2020). Since the Miocene,
evidence of deformation are limited to local transtensive/transpressive fault-
ing and folding of the stratigraphic record (Piana et al., 2006; Federico et
al., 2014). The absence of signi�cant strike-slip displacement of the Miocene
deposits of the Finale Ligure Basin (Fig. 2.19C) indicates that the main ac-
tivity of the Horse Head Fault Zone predates the Miocene. On theother
hand, syn-depositional normal faulting is recorded by the Pliocene deposits
both onshore and o�shore (e.g. Foeken et al., 2003; Larroqueet al., 2009;
Morelli et al., 2022).

Overall, the integration of geological and thermochronological constraints,
suggests that the main strike-slip activity of the Horse Head Fault Zone
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occurred in the Late Oligocene, coeval with the transtensional faulting in
the TPB. Without absolute dating, the evidence of extensional kinematic,
both preceding and following the strike slip activity, cannot be con�den-
tially linked to a speci�c tectonic stage. However, normal faulting predat-
ing the HHF strike-slip activity is largely recorded in the late Rupelian -
early Chattian TPB deposits, soon after the end of the main Alpine ductile
tectono-metamorphic phases (Maino et al., 2012; 2013; 2015a; Amadori et
al., 2023).On the other hand, post-Oligocene deformation in the study area
are documented in the Early-Middle Miocene shallow deposits of the Finale
Ligure basin (Mueller et al., 2023), as produced by multipleseismic inputs
coevally with the oceanic spreading of the Liguro-Proven�cal basin and the
Corsica-Sardinia drifting. However, the seismically-related soft-sediment de-
formation structures are not diagnostics of the related deep fault kinematics.
Later in the Pliocene, extensional faulting is instead documented as driving
the sedimentation in the Messinian paleo valleys (Boni et al. 1985; Marini
2000; Foeken et al., 2003; Breda et al., 2007; 2009). Furtherinvestigations
on the relationships between deep faults and shallow shear bands within the
Miocene-Pliocene deposits, as well as the o�shore record, are needed to fully
describe the possible switch between dip-slip and strike-slip faulting in the
Ligurian margin since the Miocene.

5.2.6 Tectonic model in the frame of the alpine
dynamic

The Horse Head Fault Zone is a� 15 km size right-lateral Riedel shear zone
inserted in a regional framework displaying several major faults with di�erent
strike and kinematics (Figs. 5.6 and 5.7). Toward north, the Ligurian Alps
are bounded by the WNW-striking Stura and Preit lines (SL in Fig. 5.7D)
that are described as sinistral strike-slip faults, accumulating about 40{50
km of displacement since the Oligocene (Fig. 5.7; Ricou et al., 1986; Giglia
et al., 1996). The internal Western Alps experienced Oligocene to Early
Miocene extensional mostly parallel to the axial belt associated with domi-
nant right-lateral displacement along the major faults, such as the Chamonix
Line, Pennine Basal Thrust, Brian�connais Front, the Insubric Line and the
Simplon-Rhone Fault (Fig. 5.7; e.g. Sue and Tricart, 2003; Champagnac et
al., 2006; Malus�a et al., 2009; Campani et al., 2010; Perrone et al., 2011).

To the east, the Ligurian Alps were bounded by the Sestri-Voltaggio Fault
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Figure 5.7: A-C) Evolutionary sketches of the curvature of theWestern Alps;
green, red and grey colored lines represent the Alpine frontsat 30 Ma, 23 Ma
and present day, respectively. Dotted lines indicate the location of the shear
zone of the Ligurian Alps at 23 (red) and present day (grey). D)Regional tec-
tonic sketch locating the Horse Head fault zone within the megashear zone
(Riedel scheme) represented by the entire Ligurian Alps. The other ma-
jor fault zones are shown, including BSM: Breil-Sospel-Monaco fault; MFS:
Marcel Fault System; NLFS: North Ligurian Fault System; NPDZ: Northern
Principal Deformation Zone SL: Stura line, comprising the Stura and Preit
faults; SPDZ: Southern Principal Deformation Zone; ST: Saorge-Taggia fault;
TPB; Tertiary Piedmont Basin; ZF: Zuccarello fault. Modi�ed from Maino
et al. (2013), Federico et al. (2014), Morelli et al. (2022).E) Reconstruc-
tion of the paleo-orientation of the Ligurian Alps shear zone, restoring the
rotation throughout the Chattian and Early Miocene stages.

179



Zone, which acted as a transpressive mylonitic shear zone during the meta-
morphic Alpine phases (D1{D3), and then evolved toward an Oligo-Miocene
dextral strike-slip brittle fault system (Capponi et al., 2009; Federico et al.,
2009; 2014). East to the Sestri-Voltaggio Fault, the Villalvernia-Varzi Fault
and the Ottone-Levanto Fault acted as a sinistral transpressional shear zones
during the Late Eocene-Early Oligocene (Fig. 5.7; Marroni and Treves, 1998;
Marroni et al., 2019). The Villalvernia-Varzi evolved as a major left-lateral
transpressive fault in the late Oligocene/Early Miocene (e.g. Elter and Per-
tusati, 1973; Laubscher et al., 1992; Miletto and Polino, 1992). In this
framework, the Sestri-Voltaggio and Ottone-Levanto faults represent minor
Riedel faults kinematically related to the Villalvernia-Varzi Fault (Fig. 5.7;
Spagnolo et al., 2007; Crispini et al., 2009).

Other important structures in the western Ligurian Alps are two ma-
jor sub-vertical conjugate strike-slip fault systems: theNE-SW sinistral
Breil{Sospel{Monaco (BSM) line and the dextral NW-SW Saorge Taggia
(ST) (G�eze and Lanteaume, 1963; Bulard et al., 1975, Decarlis et al., 2014).
O�shore, the arcuate (from E-W to N-S trending) compressive fronts of the
Marcel Fault System (MFS) and North Ligurian Fault System (NLFS), cross-
cut the roughly E-W left-lateral Northern and Southern Principal Deforma-
tion Zone (NLFS), a�ecting the Ligurian-Proven�cal basin (Larroque et al.,
2009; Morelli et al., 2022).

The present-day con�guration of this fault networks �ts with a mega
left-lateral shear zone, where the Horse Head Fault Zone represents aR0

antithetic fault. Therefore, I argue that the Ligurian segment of the Western
Alps accumulated km-scale of main left-lateral displacement during the Late
Oligocene times, in agreement with the TPB record (Maino et al., 2013;
Federico et al., 2014).

On the basis of this geometry and the estimated rotation of the Ligurian
Alps and TPB (� 117 and� 50°, respectively; Collombet et al., 2002; Ma�one
et al., 2008), the following evolutionary model composed oftwo consecutive
rotational processes is proposed for Ligurian Alps. Soon after the Adria-
Europe collision at� 35 Ma (Schmid et al., 1996; Ford et al., 2006; Handy et
al., 2010; K•astle, 2020; Le Breton et al., 2021), NW dipping subduction zone
in west Mediterranean started to roll back while Adria rotated counterclock-
wise with respect to Europe causing NW- and North- directed shortening
at its northern margin. The �rst manifestation of Liguro-Proven�cal Basin-
related magmatism are dated at 32-30 Ma, coeval with extension in the Lig-
urian Alps, TPB and Corsica-Sardinia (De Voogd et al., 1991; Serrane, 1999;
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Brunet et al., 2000; Rossetti et al., 2001; R�ehault et al., 2012; Maino et al.,
2013). The down-dip striations crosscut by the strike-slipones on the HHF
fault mirrors may represent relics of this early Oligocene extensional regime
developed in a such broad area. Since the late Rupelian (� 30 Ma), strike-slip
tectonic in the Ligurian Alps, as well as in the rest of the Western Alps ac-
commodates the relative rotation between the Adriatic and European plates.
During this period, the progressing east migration of the Apennine subduc-
tion trench caused the opening of the back-arc basins and theAdria and
Western Alps counterclockwise rotation (e.g. Carminati et al., 2012). Ro-
tations increased toward the Ligurian Alps that acted as a mega left-lateral
shear zone bounding the southern tip of the Western Alps. The dominant
strike-slip kinematic recorded by the HHF testify this tectonic phase were
displacements of several tens of kilometers were accomplished. I argue that a
large part (� 60-70°) of the � 117° counterclockwise rotation recorded by the
Ligurian Alps after the metamorphic deformation was accomplished in this
time span (from 30 to 23 Ma; Fig. 5.7).

Since the Aquitanian, left-lateral shearing went out, and the � 50° of ro-
tation recorded by the TPB sediments was mainly acquired through passive
rotation driven by the Corsica-Sardinia drifting following the West Mediter-
ranean roll back (Faccenna et al., 2004; Ma�one et al., 2008). In this period,
the seismic deformation recorded in the Early Miocene shallow sediments of
the Finale Ligure Basin (Mueller et al., 2023), testi�es the activity of the
deep faults controlling the rotation. The local evidence ofdown-dip stria-
tions crosscutting the dominant strike-slip ones, could document a kinematic
switch from transtension to extension. However, the impossibility to con-
strain the age of the younger slicken�bers, does not allow tocorrelate this
structures with tectonic stages.

Finally, as revealed by paleomagnetic data, the Ligurian Alps, and thus
the Adriatic plate did not experienced signi�cant rotation since the Late
Miocene times and the Pliocene-present day tectonics was controlled by ex-
tension followed by recent compressive inversion (e.g. Larroque et al., 2009;
Morelli et al., 2022).
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Chapter 6

Conclusions

The work presented in this thesis aims to investigate the role of heterogeneity
and damage in brittle deformation. I approached the problemin two ways:
with numerical methods and combined �eld- and Digital Outcrop Model-
based structural investigation.

The numerical modeling part of the PhD research project, in turn, was
performed considering two sets of problems: linear elasticand nonlinear vis-
cous analysis. The �rst class of models, the linear elastic ones, was applied
to two research problems. The �rst was the determination andanalysis of
stress around a collection of collinear cracks, with the aimto evaluate the
dependence of di�erential stress in a section of rock deforming elastically
on the geometrical con�guration of the embedded cracks. Thepurpose of
the analysis was to reproduce the stress distribution on thecontacts of a
rough fault or fracture. The second was the study the e�ect ofthe di�eren-
tial compaction of a basinal unit during the sedimentation and growth of a
system of carbonate platform, and, by the analysis of the stress, strain and
displacement �eld, to justify �eld observations of fault patterns and shape
of the sedimentary platforms. The second class of models, designed to solve
power law viscosity problems, aimed to the better understanding of the rhe-
ological behavior of heterogeneous systems such as subduction m�elanges and
phyllosilicate-rich fault gouges. This part of the research produced so far only
preliminary results, but these open interesting questionsto be addressed in
future research.

In the next sections I will summarize the conclusions of eachof these
numerical and structural investigations.
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6.1 Conclusions of the linear elastic FEM
models

Collinear crack model The �rst application of linear elastic numerical
modeling aimed to investigate the stress perturbations that the presence of a
system of collinear cracks produces in a medium that deformselastically. The
purpose was to study the strength and the possible reactivation mechanisms
of a rough fracture of fault, whose roughness pro�le was approximated as a
�nite set of collinear elliptic structural voids.

I used a new two-dimensional Finite Element- based code written in MAT-
LAB to simulate a wide number of geometric con�gurations of a system in-
tercepted by multiple cracks. I varied the number, length, aspect ratio and
distance between the elliptic voids. The most interesting results are related
to the interaction between the cracks, and to the way the global stress pertur-
bation is the result of the interference of the individual stress �elds produced
by the single voids. I conclude that the maximum di�erentialstress in the
domain increases with the length, number and aspect ratio ofthe cracks and
decreases with the distance between them. In particular, the relation between
the di�erential stress and the distance of the cracks is a linear decrease up to
a critical value of the spacing, which depends on the length and the aspect
ratio. Over this distance, the di�erential stress takes a constant value, which
linearly increases with the aspect ratio, and that can be interpreted as the
stress produced by an isolated crack. The critical distance, in turn, measures
the mean radius of the area around the single cracks where thestress per-
turbation caused by the isolated voids is signi�cant. The length dependence
of the di�erential stress is substantially symmetric to therelation between
stress and distance: a constant value of stress up to a critical crack length
that depends on the aspect ratio and the distance between adjacent cracks
and a linear increase when the length threshold is exceeded.Increasing the
number of cracks increases the di�erential stress only if the voids are long
and thin enough to produce a stress perturbation that propagates over a
su�cient distance to interfere with that of other cracks. So, for low values
of length and aspect ratio, the di�erential stress is a constant function of
the number of cracks. The di�erential stress increases withthe number of
cracks for high values of length and aspect ratio, but the curve describing
this increase 
attens for high number of cracks, since the most distant voids
in the collection are too far apart to interact e�ciently. I a lso conclude that
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the aspect ratio of the cracks is the crucial parameter for the concentration of
stress in a medium that deforms elastically. It in
uences not only the stress
that a single elliptical void produces at his tips, but also the spatial extent of
the perturbation, and therefore the possibility of multiple cracks to produce
a constructive interference in the stress concentration. Also, the analysis
of principal stresses around the crack tips showed that, under the geometric
conditions that lead to the maximum di�erential stress, in the most critically
stressed points of the systems shear fractures form in all possible orientations
due to a peculiar radial arrangement of the principal stressaxes.

Carbonate platform model For what concerns the second application of
the FEM linear elastic analysis, it is aimed to the investigation of the di�er-
ential compaction of the basinal facies and consequent elastic deformation of
the overlaying carbonate platforms.

This analysis allows to detect the main modi�cations of the carbonate
platform architecture and to relate them with the visible geometries of some
outcropping carbonate platform, as those of the Lastoni di Formin and Nu-
volau Mts. Among these, the FEM analysis allows to understand the process
that cause the sigmoidal shape of clinoforms and the progressive basinward
and downward increases of thickness and dip angles of the inner platform
strata. The linear elastic analysis allows to calculate thestress �eld related
to the di�erential compaction-driven deformations. The investigation of the
principal stress components allows to understand and explain the faults and
fracture pattern observed by other authors for the prograding platforms. In
particular, it seems possible that most of the brittle deformation takes place
in the slope region, where the maximum magnitude of tensile and compressive
stresses expected by the carbonate platform were detected.In this region,
platform-dipping normal faults can form, and their dip angle can decrease
moving downward as those detected at Nuvolau. Instead, for what concerns
the inner platform region, it seems to be possible that the slightly tensile
regime can form syndepositional or syndiagenetic extensional fractures as
those detected at Lastoni di Formin. Concluding, the consistency between
the results of my FEM-based linear elastic models and the outcrop observa-
tions emphasizes the reliability of my models, corroborating the hypothesis
that most the di�erential compaction process can cause a pervasive early
deformation of the carbonate platforms. Despite that, my models su�er of
some limitations, for example the fact that the platform break and the slope-
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to-basin transition are characterized by a sharp geometry that can cause nu-
merical artifacts during the FEM-based modeling. Further modeling, taking
into account the smooth shapes of these areas will possibly improve the nu-
merical simulations of the early deformations of carbonateplatform driven
by di�erential compaction.

6.2 Conclusions of the nonlinear viscous
models

The modeling of nonlinear viscosity aimed to investigate the e�ective rheo-
logical properties of subduction m�elanges, which possibly may shed light also
on the rheological behavior of phyllosilicate-rich fault gouges. Both those sys-
tems are characterized by compositional heterogeneity, the �rst due to the
presence of competent blocks inside a �ne grained matrix, the second due
to the presence of weak anisotropic phyllosilicates with a high viscosity con-
trast compared to common fault rocks. In order to achieve this goal, I started
considering a simpli�ed system with analogous heterogeneity and rheological
behavior, a bilaminate consisting in layers of power law 
uids with di�erent
viscosities.

The results were the determination of the analytical solutions for the shear
and normal component of the e�ective viscosity of the bilaminate, and the
calculation and analysis of the anisotropy factor. This quantity, de�ned as
the ratio between the normal and shear component of the viscous coe�cient,
measures the anisotropy of the system, and the mis�t betweenthe principal
stress and strain rate axes.

I came to the conclusion that approximation of the rheological behavior
of a two-phase power law-viscous material as a power law 
uiditself, with
average rheological parameters between those of the pure phases, which is
frequently used in large scale modeling of subduction zones, is an unreli-
able simpli�cation. As a matter of fact, the results showed that the system
as a whole only behaves as a power-law 
uid under a narrow set of condi-
tions. This suggests the important of further investigation on the processes
that arise due to the compositional heterogeneity of these systems and the
viscosity contrast between their individual components.
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6.3 Conclusion from the structural study of
the fault zone in the Ligurian Alps

As regards the structural study of the large fault system discovered in the
Ligurian Alps, thanks to the integration/combination of traditional �eld-
survey and DOM data it has been possible to overcome the main limits of
these two technique, and recognize and describe a previously unreported large
fault zone.

In this part of the PhD research I presented the discovery andthe de-
scription of a new large fault zone - named Horse Head Fault zone(HHF)-
in the western Ligurian Alps, which provides evidence for a megastrike-slip
shear zone involving the southernmost tip of the Western Alpine arc during
the late Oligocene.

The HHF is � 15 km long and up to 250 m thick and involves sev-
eral lithologies, including quarzite, metarhyolite, marble and alternation of
dolostone-limestone and minor pelite. It is characterizedby a complex struc-
ture where gouge, cataclasites and brecciated alternate within the damage
zone. The fault zone contains a multitude of polished slip surfaces preserv-
ing multiple sets of striations and slicken�bers. The dominant kinematic
is strike-slip, although evidences of both preceding and following down-dip
slip surfaces occur. The HHF is consistent with a km-size dextral NE-SW-
striking Riedel shear zone, in turn representing an antithetic R0of the regional
sinistral shear zone shaped by the whole Ligurian Alps. Such shear zone
accommodated tens of km-scale displacements related to theAdria counter-
clockwise rotation after the Adria-Europe collision and thestart of the roll-
back of the Apennine subduction. In the Early Miocene, this major fault-
system ceased its activity, showing minor extensional (possibly Pliocene)
re-activation. Such tectonic framework combined with the existing pale-
omagnetic data allow to suggest that the large rotation experienced by the
Ligurian Alps (117°) developed throughout two consecutive steps. A �rst late
Rupelian-Chattian rotation (� 60-70°) controlled by left-lateral shear and a
second Early Miocene� 50°passive rotation driven by the Corsica-Sardinia
drifting.
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6.4 Final remarks

As a conclusion, I want to emphasize the importance of the numerical mod-
eling investigation of geological processes.

All the geological systems that I analysed in the numerical modeling part
of this research are the complex result of a multitude of processes, that for the
most part cannot be observed directly and that are very hard or impossible
to reproduce in laboratory tests. For example, the problem of the collinear
elliptic cracks could only be treated with the use of numerical methods. The
3645 di�erent geometric con�gurations of the system and thedi�erential
stress measures could not be reproduced in analogic experiments, and the
study of a speci�c geometry of rough fracture would have produced data
that could not be used as a general rule to apply to other casesof inter-
est. Of course, a lot of simpli�cations were made and many possible e�ects
were neglected, nevertheless the simplicity of the model allowed to observe
clear functional dependences of an important parameter forthe description
and expectation of brittle deformation, the di�erential stress, on geometric
parameters that I could easily control and orderly change.

The numerical models that I de�ned will be applied in the nearfuture to
various cases of interest. For example, I may try to apply theFEM elasticity
models to the fault and fracture patterns that I observed in the Horse Head
Fault zone.
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Appendix A

Supplementary �gures of the
numerical modeling of
carbonate platforms
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Figure A.1: Main results of the 2D and FEM-based linear elastic analysis of
the geometry 1.
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Figure A.2: Main results of the 2D and FEM-based linear elastic analysis of
the 2nd stage with PA equals to 25.
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Figure A.3: Main results of the 2D and FEM-based linear elastic analysis of
the 2nd stage with PA equals to 1.

220



Figure A.4: Main results of the 2D and FEM-based linear elastic analysis of
the 2nd stage with PA equals to 0.
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Figure A.5: Magnitude and orientation of � 1 during the platform growth
steps with a P/A ratio equals to 1.
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Figure A.6: Magnitude and orientation of � 2 during the platform growth
steps with a P/A ratio equals to 1.
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Appendix B

MyFlow - A simple computer
program for rheological
modelling of mylonites
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