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Extended abstract

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

" Linear elastic problems

" Nonlinear viscous problems

The rst type of numerical models, speci cally designed fosolving elas-
tostatic problems, was applied to study the dependence of eliential stress
on the geometry and con guration of collinear elliptic craks intercepting a
rock experiencing elastic deformation. The code alloweddltomputation of
the stress eld in this system, evaluating the magnitude andimits of stress
concentration produced by the presence of structural voidsThe reason to
consider this type of system is that it aims to simulate the gemetry of a
rough fault or fracture. The code was also applied to a secomdsearch
problem, the evaluation of displacement, stress and straields during the
deformation of a syn-sedimentary carbonate platform.

The second class of numerical models aims to study the appareiscos-
ity of a two-phase system composed of power-law uids. | stafrom the
evaluation of analytical solutions for the viscosity of a aminate to discuss
the anisotropy arising from the interaction of materials wh a high viscosity
contrast. The purpose of this part of the research is to applthese results
to study the viscous frictional behavior of subduction mednges. These are
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block-in-matrix systems that consist in competent clastsmbedded in a ne-
grained matrix. The slow viscous creep of the matrix can be stsucted by a
the formation of a load-bearing network of clasts, which malyacture when a
yield stress is reached at their boundaries. The model of riorear viscosity
of heterogeneous systems may also be applied to the studylwé tleformation
of phyllosilicate-rich fault gouges.

The work of de ning, building, and implementing numerical nodels func-
tional for the study of rock deformation was complemented bg structural
investigation of a large fault system in the Ligurian Alps. Wih the help
of the team of structural geologist with which | collaboratg | 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 descriptio 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 atigat | started
the PhD with little to no knowledge of geological problems tis research was
greatly useful for me to familiarize with geological process and systems. |
spent a considerable amount of time and energy in the trairgnprocess and
to obtain the tools to approach a wide class of rock deformat problems.

As regards the rst implementation of the linear elasticity nodels, | wrote
a 2D Finite Element Method-based code for the solution of elastatic prob-
lems using MATLAB, with the aim of studying the stress eld araind a sys-
tem of thin cracks in a rock subjected to elastic deformationThe code allows
for easy variation of the geometric parameters of both the #re domain and
the elliptical cracks it contains. The model investigateshte dependence on
the con guration of the crack system of a critical parametefor the forma-
tion of shear and extension fractures, the di erential stres. In particular,
this research focuses on the geometric parameters of aspetio, length,
number of the cracks and the distance between the tips of nblgpring cracks
to investigate their in uence on the distribution of stressaround the struc-
tural voids. The model allows to gain insight into how the creks interact
and perturb the stress eld, in particular how the length andthickness of
the individual cracks in uence the radius of the area a ectd by the stress
perturbation around the crack tips. An analysis of the magnitdes and ori-
entations of principal stresses also sheds light on the pess of reactivation
of a preexisting rough fracture.

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

Finally, | report the rst description of a 15 km-long NE-SW-striking
transtensive fault network crosscutting the metamorphic nits of the Lig-
urian Alps. The main fault zone is up to 250 m thick, involves carzite,
metarhyolite, marble and alternation of dolostone and lims&one. Relatively
narrow ( 1{3 m-thick) fault cores are characterized by gouge and catka-
sites, surrounded by brecciated damage zones as thick asstéa hundreds
of meters. Damage zones show widespread evidence for dlatin the form
of dilation breccia, large calcite crystals and aggregateand centimeter- to
meter-thick veins. Moreover, the fault zone contains a muttide of polished
slip surfaces with multiple sets of slickensides and slickbers. Oblique to
strike-slip kinematics dominates over the large part of théault mirrors and
both overprint and are overprinted by down-dip slip surface 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 negdjible reverse
component, consistent with a km-size dextral NE-SW-strikindrRiedel shear
zone, in turn representing an antithetic R' of the regionalisistral shear zone
constituted by the Ligurian Alps after the nappe stacking. Tis fault zone ac-
commodated km-scale displacement before the Early Miocems it is sealed
by the sedimentary deposits of the Finale Ligure Basin, thusredating the
Corsica-Sardinia drifting. Results of this work constrainthe bending of the
Ligurian Alps as part of the Western Alpine arc as accomplishethrough
two consecutive, late Oligocene and Early Miocene, stagesven 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 nmeral phases and
stress eld, is ubiquitous in rocks at all scales. For instate, heterogeneity is
observable at the microscale ifh ), where stress concentrates at the contact
points between grains in granular rocks, as well as at the terof meters
scale, at the interface between large clasts in a ne-graidenatrix in tectonic
nelanges. We can also observe heterogeneity in the pervasipresence, in
all rocks, of cracks and structural defects, spanning scal&om the spacing
between atoms in a crystal lattice to the hundreds of kilomets of the largest
crustal faults.

Stress heterogeneity related to the geometry of a system calso play
a crucial role in rock dynamics, for example the concentratn of stress due
to the roughness of a fracture surface or to the abrupt changé slope in a
growing sedimentary platform. The presence of voids, grarmand anisotropic
fabric are all proven factors that perturb the stress eld inrocks undergoing
deformation. The high local concentration of stress in anygterogeneous ge-
ological system can lead to macroscopic failure of a rock odror instance,
the slip precursors of earthquakes originate from the inharmgeneous distribu-
tion of stress over a critically stressed fault surface, satimes related to its
roughness. Slow slip events in subduction zones are also macopic conse-
guence of compositional heterogeneity and the subsequergoosity contrast.
When a su cient number of competent blocks in a subduction m&ange are
connected and e ectively obstruct the ow of the surroundig matrix, they
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can fracture, leading to frictional slip.

Compositional heterogeneity and stress concentrationsrcée the cause
of macroscopic failure processes. Therefore, | have choserconcentrate
my e orts on this topic, as our current understanding of the nechanisms
underlying brittle and viscous-frictional events, such asarthquakes, is still
primarily empirical. | am convinced that an accurate study bthe mechanical
e ects of cracks, grains, clasts and anisotropic fabric isenessary to shed
light on failure processes that often pose a serious risk tarhan lives and
the economy.

1.2 Aims of the project

The purpose of the present PhD project is to investigate thegssible conse-
guences of stress concentrations related to compositioredterogeneity and
damage in rocks, primarily through Finite Element Method-baed numerical
modeling. The main advantage of using this powerful tool idat it allows to
discretize partial di erential equations in unstructuredcomputational meshes
of systems with complex shapes and heterogeneous distribuatof rheological
parameters. Part of the research project was dedicated toding computer
programs, utilizing the MATLAB environment. These programswere de-
signed to calculate stress, strain, and displacement eldsr heterogeneous,
two-dimensional systems, enabling the study of stress cemtrations and
principal stress orientations.
We can divide the codes that | implemented in two major classe

" Codes to solve linear elastic problems

" Codes to solve nonlinear viscous problems

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

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

The second application of the numerical modeling of lineafasticity was
devoted to the study of displacement, stress and strain on a$in-platform
system, aiming to replicate the deformation history of a céonate platform
in the Dolomites (Nuvolau and Lastoni di Formin Mts, Veneto, taly). Sedi-
mentary units compact after deposition primarily due to poreity changes
and, consequently, the geometries of the sedimentary unitgsible today
(post-deposition), can be di erent from the original depasional geometry.
Porosity change results from the mechanical compaction arang at shallow-
intermediate burial (Bj rlykke and H eg, 1997; Fisher et al., 1999) and can
be distinguished between poroelastic and viscoelastic (MaMartn and
Marn, 2020). Viscoelastic compaction occurs at greater g¢h than the
poroelastic compaction, and has minor contribution. Pord&stic compaction
dominates at shallower depths (Martn-Martn and Marn , 2020). According
to Stefaniuk and Mackowski (2000) poroelastic compactiors imostly syn-
genetic, and the post-genetic component is mostly negli¢gb

Carbonate platforms geometry can be substantially modi edby the syn-
genetic compaction-driven subsidence of the underlyingsiaal deposits (Hunt
and Fitchen, 1999). While homogeneous compaction cannot sigantly
modify the overall geometry of the carbonate platform (e.ghomogeneous
lowering), di erential compaction can alter it and in uence the deposition
geometry of subsequent sedimentary units. The evidence atie e ects of
the di erential compaction of carbonate platforms, such a®arly fractures,
have already been studied by various authors (e.g., Hunt et.alLl996; Saller,
1996; Hunt and Fitchen, 1999; Rusciedelli and Di Simone, 20(Resor and
Flodin, 2010; Berra and Carminati, 2012; Berra et al., 2016nama et al.,
2020; Menegoni et al., 2022a, 2022b). According to Hunt and Hien (1999),
di erential compaction is generally due to (i) di erent thicknesses of com-
pactable sediments units below the platform, and/or (ii) vaiation of the
compaction load. In the second case, the compaction due tcetlentire car-
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bonate platform load always increases toward the inner plarm.

In the case of a prograding platform, di erential compactio can cause
tilting toward the basin of the 'outermost’' inner platform. Saller (1996),
through an analysis of the geopetals orientation at the Cafain 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 Noltm et al.,
(2018) indicate that di erential compaction can not only tilt the prograding
wedge and modify the stratal architecture but also perturbhe stress- eld
causing synsedimentary brittle deformations, mainly lodaed at the sur-
rounding shelf break.

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

Regarding the second class of numerical codes, designedteesnonlinear
viscosity problems, | present preliminary results. For theumerical imple-
mentation of this problem | rely on the MILAMIN software (Dabrowski et
al., 2008). The purpose of this part of the research is to stydnechanical
e ects of compositional heterogeneity in two-phase nonkgar viscous systems
such as subduction nelanges, like strain localization anfictional slip. Sub-
duction nelanges are block-in-matrix systems that form irsubduction zones
at the base of an accretionary prism (Raymond, 1984; Raymorashd Terra-
nova, 1984; Festa et al., 2010; 2013; 2016). They consist ah#io several
meters-sized clasts embedded in a ne grained matrix that é@ms by slow
and steady viscous ow (e.g. Berkland et al., 1972; Raymond984). Slow
slip events (SSE) can nucleate in subduction nelanges iféhe is a su ciently
high concentration of competent blocks that can obstruct ta ow of the sur-
rounding matrix, thus creating force chains that concentri@s stress between
neighboring clasts (Beall et al., 2019; loannidi et al., 2Q2.

To study subduction nelanges, | initially considered the niclusion-host
type of two-phase systems of an in nite bilaminate, consistg of alternating
layers of two di erent power-law viscous uids. | derived amlytical approxi-
mate solutions for the e ective viscosities of the bilamin@ for a wide range

14



of background ow conditions, and | studied the viscous anggropy arising

from the heterogeneity of the system. Subduction nelangese slightly more

complicated systems because they do not consist of paralkfers but elon-
gated blocks in a matrix (e.g. Grigull et al., 2012). | plan tause the results
of this part of the research also for other problems involvgnstress and com-
positional heterogeneity, such as the deformation of phglilicate-rich faults,

which can exhibit a viscous-frictional behavior similar tathat observed in

nmelanges (Bos et al., 2000; Fagereng and Sibson, 2010; Denrtbig and

Spiers, 2014).

I include in this thesis also the results of the rst descrigbn of a large
fault zone in the Ligurian Alps in front of the northern marginof the Liguro-
Provercal basin. These ndings provide data that will serveas the basis for
numerical simulations of fault deformation in the near futue. The study
area hosts a NE-SW striking network of faults, reaching 15 kmmilength
and up to 250 m in width. The fault zone was recognized duringhé sur-
vey conducted in the framework of the Italian geological maging 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 malip sur-
face (Fig. 1.1A). The newly discovered large fault providesggii cant new
constraints for the interpretation of the geometry and kinmatics of the post-
metamorphic fault network of the Ligurian Alps. The Horse Head &ult zone
runs parallel to the northern margin of the Liguro-Proverc&Basin (Figs. 1.1,
2), which opened since the Oligocene in response to the Alpicalision, the
eastward Apennine migration and the Corsica-Sardinia driftg (Jolivet and
Faccenna, 2000; Rosenbaum and Lister, 2004). The LigurianpAl| as the
southernmost termination of the Western Alpine arc, accomnuated these
movements through an anticlockwise rotation up to 12C (Collombet et
al., 2002), whereas the underlying post-collisional sedemts 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, &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. Goinbet et al.,
2002; Ma one et al., 2008). This ambiguity compromises the nderstanding
of the role of Adria rotation and the rollback of the Apenninic &b in shaping
the Alpine curvature (Schmid and Kissling, 2000; Handy et al2010; 2021;
Vignaroli et al., 2010; Kastle et al., 2020; Ring et al., 2032
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e HorseHead

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 44.13229 Longitude
8.211948) of one of the main polished slip surfaces of thelfanetwork with

the peculiar horse head (white arrow) morphology that givethe name to
the fault.

Describing the geometry, the kinematic evolution and the ming of the
main structures that assisted the bending of the Ligurian beis a key issue to
improve our understanding of the Alpine evolution. In this p& of the PhD
research project, | report and describe the meso-scale defation pattern
of a new large fault zone and interpret its timing in relatiorwith the syn- to
post-orogenic structures and the sedimentary record. | gpose for this fault
zone a major role in controlling the Oligocene-Miocene temtic evolution of
the Ligurian pivot.

| address the structural investigation integrating tradiional eld survey-
ing methods with Digital Outcrop Models (DOMs). Traditional surveying
allows characterizing only small and accessible outcrop gtions, whereas
photogrammetry may perform high-resolution DOMs of largeand even in-
accessible) areas supporting the collection of large dagagBellian et al.,
2005; McCarey et al., 2005; Westoby et al., 2012; Menegont al., 2019).
The use of Unmanned Aerial Vehicles (UAVS) applied to Digital Phogram-
metry (UAV-DP) provides high-quality outcrop models from meer to kilo-
meter scale, allowing for accurate multiscale structuralrealysis (Cawood et
al., 2017). However, mm-scale details, such as the steps assed with slick-
olites and slicken bers, have yet to be physically veri ed o the rock. Human
observation on the outcrop-scale structural investigatiois still essential for
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such an evaluation of complex geometries and multiple kinexics. Struc-
tural ndings on the investigated new fault zone highlight that the fault rocks
are characterized by multiphase switches among compressivextensional-
and strike-slip-dominated regimes. Deciphering the defoation evolution
of such a complex fault zone is a tectonic challenge. Heteroggies from
mechanical anisotropies and variations in lithology, deps 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 deformatn outputs,
making hard the reconstruction of the step-by-step evoluin. Furthermore,
deformation may evolve progressively or through distincteformation phases
separated by periods of tectonic quiescence. A robust defation history re-
quires the reconstruction of the overprinting relationsigs correlated with the
variations of kinematics and rheological behavior througtime. | present a
structural investigation aiming to combine the mm-scale dails with a large
amount of structural data in order to merge accuracy and statically sound
analysis.

At the end of the thesis, | present a side project. It is the fliltext of
a paper of which | am a co-author entitled: 'MY ow - A simple conputer
program for rheological modelling of mylonites', by Leondo Casini, Matteo
Maino and Antonio Funedda (see Appendix B). The paper presents new
Matlab-derived software, MY ow, developed to perform rheagical modeling
of mylonites. | contributed to the paper in the Methodology sction, in
particular in the description of the Reuss and Voight estimas of the viscosity
of composite materials and in the mathematical conceptuaktion 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, | review the main theoretical background othe research
project on the collinear cracks modeling of rough fracturesnd faults. | start

in Sec. 2.1.1 with an introduction on Grith cracks and the deivation of

an analytical solution of the circumferential (hoop) stres, which | used to
perform a benchmark of the numerical code. Then, | review thgrincipal

aspects and implications of fault and fracture roughness dn justify the

approximation of a rough prole as a continuum with embeddedollinear
cracks in Sec. 2.1.2 Then, | proceed with an overview on theast of the art
of mechanical research on collinear cracks in Sec. 2.1.3.nhlly report the
main aspects of one of the most widely used methods for the mahtion of
stress around elliptical cracks, the Muskhelishvili's mébd, in Sec. 2.1.4.

2.1.1 Grith cracks and the hoop stress

The concentration of stress around mechanical aws has beegcognized as
crucial for crack growth since the early 1920s, when A. A. Gri t published
two papers on this topic (Grith, 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 ps.
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Models for the theoretical estimate of the strength of solgiwere proposed,
using the assumption that fractures initiate due to breakig of interatomic
or intermolecular bonds (Orowan, 1949). However, the obtad results for
the theoretical strength were three orders of magnitude gater than the
experimental results (Scholz, 2019). The explanation, posated by Grif-
th and later experimentally demonstrated, was the pervasie presence, in
real materials, of defects, thereafter called cracks. Thesre surface defects
that can produce catastrophic macroscopic failure of a stdlbody by brittle
deformation.

— —
01
—_ —
_’ 4—
— 4—
— —
— 4—

(N N N N N

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

The straightforward method for the prediction and descrigbn of brittle
failure around the tips of a crack is to rely on experimentalvaluations of
rock strength and to relate it, by either analytical (in the smplest cases)
or numerical solutions, to the induced stress state around erack. The
condition where the induced stress around the crack equalset strength of
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the material is assumed to coincide with the failure of the §d body (Pollard
and Fletcher, 2005). This procedure also helps to evaluategtimost favorable
crack orientation for brittle failure, which coincides, fo a given orientation of
the applied far- eld stresses, with the orientation that poduces 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 medim and
apply stresses far from the crack in the middle of it. The apg@d stresses
coincide with the background principal stresses,; and 3, the highest and
lowest normal compressive stresses, acting on planes that @erpendicular
to each other. This also allows to de ne a background level afi erential
stress:

i = 1 3¢ (2.1)

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

XX = 1;
vy = 3 (2.2)
xy = 0:

Let us de ne the angle de ning the position of a point on the boundary
of the cracks. It varies from O 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 perpwicularly to
it. Therefore, the stress component that it is useful to evahte to describe
fracture initiation or reactivation around the crack is the dércumferential
stress component, the so-calldabop stress . The analytical expression for
the hoop stress, considering also the possibility that theoid is lled with a
uid exerting a pore pressureP, is the following (Jaeger and Cook, 1979):

(1+ 3+2P)2ab
(a2+ ) (a2 b)cos2
(1 al(@a+b?*cos2( ) (a® b)cos2]
(a2+ ) (a2 K)cos2

H= P+

(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 mosfamous result
of the Gri th theory. Setting P, 3, and to 0, and subjecting the body
to a compressive stress; = C, we obtain the following expression for the
hoop stress:

w=C 1+%""; (2.4)

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

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

2.1.2 Fault roughness and collinear cracks

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

In general, fractures and faults can be interpreted as the gal contact
between two rough rock surfaces. The two walls of the fractes are displace-
ment discontinuity surfaces, thus resembling traction-&e cracks if the size
of the aperture of the patches of non-contact is much less thaheir in-plane
dimensions (Myer, 2000; Kachanov et al., 2010). As a matter &dct, the
regions where the walls of the fractures are not in contact main size and
shape, but they are usually characterized by small apertureompared to
the other two dimensions, being therefore quasi-planar geetrical objects
(Myer, 2000). A possible idealization of the fracture georrg is to assume
that the non-contacting patches can be modeled as thin eltip cracks, and
that the contact between the fracture surfaces are welded @rconstitute a
continuum medium. The advantage of such strategy is that foelliptical
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voids analytical solutions of displacement are availabla ithe literature (e.g.
Stevenson, 1945; Kassir and Sih, 1966; 1968; Exner and Daiski, 2010).

In two dimensions, cracks can be thought as elliptic voids thi high aspect
ratio (a  b). Of course, the thinner the cracks, the more easily they de
under compression. This is the reason, together with the fabhat the elastic
approximation only describes well the deformation of rocker small values of
displacement, why in the numerical models | prescribed bodary conditions
with very small displacements. The non-contacting patches natural frac-
tures and faults exhibit a heterogeneous set of shapes angesi, nonetheless
they retain their crack-like characteristics as long as theaperture is small
(Myer, 2000).

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

The surface of a fault has been traditionally thought as a mtilcontact
interface describable with Euclidean models (e.g. Brown drScholz, 1985;
Power et al., 1987; Power and Tullis, 1991). However, more et studies
have shed light on the complexity of fault and fracture surfee topologies.
Accurate measurements performed mainly with laser pro lonters or Lidar,
but also with White Light Interferometyy (WLI) and scanning electron mi-
croscopy (SEM) allowed to study fault roughness on exhumeduit 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; 2D1Zhese in-
vestigations highlighted the evidence that a number of natal fault pro les
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could be described as self-a ne fractals with Hurst exponentH) around the
value of 0.6 in the direction parallel to slip and 0.8 in the dection perpen-
dicular to slip (Renard et al., 2006; Candela et al., 2010; 20; 2012). The
anisotropy of the scaling parameter H has been interprete¢ @ consequence
of wear processes such as frictional ploughing, which prashs striation that
reduces large scale roughness and therefore the Hurst expine 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; 1988ower and
Tullis, 1991; Power and Durham, 1997; Sagy et al., 2007).
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Figure 2.2: (modi ed from Candela et al., 2012): Roughnessgtes from the
Corona Heights fault (California, USA) surface in the directia 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 transformationx ! 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 fauts has been
found to have a number of consequences in the dynamics of sipd slip
precursors (Fig. 2.3A). First of all, the topography of active dult surfaces
determines a heterogeneity in the stress distribution ovehe fault plane,
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which controls earthquake nucleation (Campillo et al., 2AQ 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 dip on the fault
surfaces, with identical Hurst exponent (Resor and Meer, 2900Candela et
al., 2011) (Fig. 2.3B). Fault roughness has also the e ect oh¢reasing the
frictional shear resistance of the fault (e.g. Fang and Dumm, 2013) (see Fig.
2.3C). Finally, recent studies have correlated fault rougtess to the aging of
contacts (Fig. 2.3D). It has been observed that rough faultsxaibit a larger
increase in cross-surface links over time than smooth fagilthus 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 ddies has been
observed to be the cause of macroscopic failure, many reshars, especially
engineers, have addressed the problem of nding analyticapproximate so-
lutions for the stress and strain around cracks.

One early attempt to study collinear cracks can be found in # paper
by Koiter (1959). The research is based on the application die Muskhel-
ishvili's method, originally developed to study stress atmd 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 casef linear cracks,
that is line defects in an elastic plate, and not elliptical bles with nite
aspect ratio. The most interesting result is shown in Fig. 2.@&oiter, 1959).
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Figure 2.3: (modi ed from Candela et al., 2011; Brodsky et §l2016; Frerot
et al., 2021): aspects of faulting related to fault roughnes A) One dimen-
sional synthetic self-a ne pro le computed using a Fourierbased 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 entire prole under
the scaling transformation x ! x , z ! " 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 eshate of the
Hurst exponent of the slip distribution: Hg = 0:6, the exact same exponent
observed for fault roughness. C) Schematic representatiohthe correlation
between fault strength and fault roughness. Dashed line is @ato values of
roughness aspect ratioHl=L) measured from a terrestrial lidar scan of the
exposed Corona Heights fault (California, USA). The Hurst expant is 0.63.
The horizontal lines schematically illustrate potential melastic yielding pro-
cesses happening at di erent scales and values of failureash. The array of
yielding processes results in the observed roughness. D)eEt of roughness
on the transient friction response. A comparison between ¢hincrease 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 prole - at pro le syst em.
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Figure 2.4: (modi ed from Koiter, 1959): The ratio of the incease in strain
energy per crack of length € in the case of periodic cracks with the distance
between the centers equal tol® to the increase in strain energy due to a
single crack of width 2.

The plot shows the dependence of the strain energy increasé\(c=h
due to the presence of cracks as a function of the ratio betwethe crack
semi-lengthc and b, the half distance between the crack centers. The gure
shows that until the distance between the tips is higher thamhe length of
the cracks the strain energy increase is almost equal to thptoduced by the
presence of a single isolated crack. As demonstrated in Sed.#®1 a similar
result is obtained with the numerical code used throughouthe thesis, with
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two dierences: rst, | will study the dependence of the di erential stress
at the tip of the most critically stressed crack instead of th strain energy
increase, and second with a nite number of elliptical crackinstead of an
in nite row of line-shaped cracks.

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

Another approach for the solution of displacement and stressround
collinear cracks is to use the Stroh's formulation, a matheatical formalism
for the study of stresses around cracks in the speci ¢ framevk of anisotropic
elastic materials (Stroh, 1958). Papers that use this metkido obtain general
solutions of stresses focus on the study of the crack openidigplacements
and energy release rate, and in particular how these quanés depend on
the anisotropic elastic sti ness tensor, which contains t anisotropic elastic
constants (Hwu, 1991; 1995).

A number of later studies focused on the evaluation of stregstensity
factors (e.g. Viola, 1983; Jiang et al., 1991; Dao, 1997). Setaman and
others investigated the stress intensity factor at the tipsf two identical semi-
elliptical cracks in a plate with nite thickness under remae tensile surface
traction (Sethuraman et al., 2003). Using 2D nite element mdtod model-
ing, an empirical estimate of the crack interaction factor§the ratio of stress
intensity factors between a plate with two cracks and a platavith a single
crack, subjected to the same external traction) were propes (Sethuraman et
al., 2003). In this research, the aspect ratio and distancestween the cracks
are varied, but not their number and their length. It is a paranetric 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 &pans a smaller
range of distance and aspect ratio values and does not takéoiaccount crack
length and number. Analytical solutions of stress intensitfactors around
collinear cracks have also been formulated taking into aaaat crack closure
and frictional resistance (see, for example, the crack pragation criterion
proposed in the paper by Zhu, 2009). In the recent years, nunoas studies
have been focused on the aim of formulating analytical solats for the stress
intensity factor for planes intercepted by multiple collirear cracks (e.g., Jin
et al., 2013; Liu and Duan, 2014; Zheng et al., 2014). In thepapers, the
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analytical results have been validated by comparing with # results of nite
element-based numerical simulations (Huang et al., 2022; Waet al., 2022).

2.1.4 The Muskhelishvili's method

The presence of voids and heterogeneities in a rock, espiciitheir shape is
complex, makes it hard or impossible to nd analytical solubns to describe
internal rock deformation. Heterogeneity, however, is an innsic property

of most rocks at all scales, which makes numerical modelingiable tool for

obtaining approximate solutions. Analytical solutions carbe found only in
simpli ed cases, which usually embed two assumptions:

" Whatever scale is considered in the model, all heterogenegismaller
than this scale are ignored.

" Inclusions and voids have regular shapes that can be desedbwith
simple mathematical functions, such as ellipses, circlesjuares etc.

A method to calculate stresses around voids and inclusiondgplained in
this section, and it is called the Muskhelishvili method (Makhelishvili, 1953).
The Muskhelishvili method is a mathematical model origind} designed to
calculate stress concentrations around holes in two-dim&onal bodies. The
necessity of analytical solutions for stress came from thdservation that
aws and holes in brittle materials could reduce their stregth drastically
and cause them to fall apart (Savin, 1961). The method is ediyaapplicable
to elastic and incompressible viscous materials, and it wa both with holes,
voids and cracks and with inclusions with di erent mechanial properties
than the surrounding matrix (Goodier, 1936; Jaeger and Cook979).

The importance of the Muskhelishvili method for the numeridamodeling
work is that it allows to obtain the displacement and stresseld in the form
of an analytical solution, which facilitates performing tlorough benchmarks
of the numerical codes before using them (Schmid and Podladov, 2003).
The Muskhelishvili method utilizes the complex variable to solve the 2D
problem and to describe the position vector in 2D:

Z=X+liy=rcos +irsin =rexpfi g (2.5)

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

" They have to be analytic functions (they have to satisfy the &uchy-
Riemann equations)

" They have to conform to the prescribed boundary conditions.

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

«+ y=4Re 92) ; (2.6)

yy 5 “riy=z%)+ Y2 (2.7)

In these equations, ., yy and ,, are the two normal components and
the shear component of the total stress tensor in 2[Re is the real part of the
complex function in the parentheses, the prime sign denotéserentiation
with respect to the complex space variable, and z is the complex conjugate
of z.

Moreover, starting from the constitutive equations, that nay be either
those of linear elasticity or those of incompressible vise® ow, both the
displacement and the velocity eld can be determined from Eq (2.6) and
(2.7).

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

~ For the clast: i
(2)c = > cZs (2.8)

(2)c=2(i _ 21%1 (2.9)

C m
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" For the matrix:
(2)e = IE wz_ (i 2)Ar%z b (2.10)
Dm=(i_ 2) mz (i_ 2)Ariz 2 (2.11)

In these equationsy is the clast radius, and _are the far- eld pure and
simple shear strain rate, respectively, and the parameté, which quanti es
the viscosity contrast between the clast and the matrix, isened as:

p=mle m. (2.12)
C + m
The horizontal and vertical velocities (either in the clastor the matrix)
can be derived by the following expression:

@ 2%, @ .. . _
2 ‘ L with j = ¢;m: (2.13)

Egs. (2.8)-(2.13) can be translated to solve the problem ofress com-
putations in the case of the linear elastic deformation, byubstituting the
viscous parameter with the shear modulusG = sz) and strain rate with
strain. Moreover, the results can be generalized for an eliic inclusion or
void using the Joukowski transform that is based on the following variable

substitution:

Vg + vy =

1
z! + - (2.14)

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

P (t 1)(t+1)

t 1
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 # Muskhel-
ishvili method. One notable advantage is its versatility, & it can be applied

(2.15)

c=
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with minimal modi cations to address both elastic and viscas problems,
which are central to the numerical modeling aspect of this Rhproject. Ad-
ditionally, the method o ers analytical solutions for both problems involving
elliptic inclusions (such as those encountered in subduati nelanges) and
elliptic cracks or voids, which are ubiquitous in the crust d particularly
prevalent in the damage zone of crustal faults (e.g. Goodjet936; Jaeger
and Cook, 1979). The signi cance of assessing stress com@gions near
inclusions and voids lies in its ability to quantify the redwtion in strength
caused by the presence of defects or clasts with high vistpsbntrast. Stress
concentrations in proximity to cracks may lead to the fractung of contact
asperities or cemented fault gouge, potentially generaginseismic slip pre-
cursors. In subduction nelanges, where the clasts possésgher 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 asibson, 2010;
Beall et al., 2019; loannidi et al., 2021).

2.2 Compaction of sedimentary units

As previously mentioned, the aim of part of the research prageis to numer-
ically investigate the synsedimentary deformations of thearbonate platform
exposed at the Nuvolau and Lastoni Mts. (Dolomites, Italy) da to the dif-
ferential compaction of the underlying basinal facies. Irhe following section,
| am going to summarize the principal aspects of the geologlcsetting.

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

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

The domain includes terrains only mildly deformed by tectas from Per-
mian to Jurassic; the landscape is dominated by spectaculariddle Triassic
carbonate edi ces. The relief of Lastoni di Formin and Nuvola represents
the remnants of an exhumed carbonate platform (so-called €sian Dolomite)
of Upper Ladinian{Lower Carnian age (Fig. 2.6).
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Figure 2.5: Simpli ed geological map of the central Dolomiteregion show-
ing the major structural lineaments and the main sedimentgr rocks from

Paleozoic to Cretaceous (modi ed Menegoni et al., 2022a). h& stratigra-

phy is modi ed from Stefani et al. (2010) and Servizio Geolaogp d'ltalia-

ISPRA (2011). The major structural lineaments were digitated 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 frddervizio Ge-
ologico d'ltalia-ISPRA (2011) and integrating with the gedngical map at
a scale of 1:50,000 from Brondi et al. (1974, 1977), Costa dt §1996),

Neri et al. (2007) and Gianolla et al. (2018). The backgroundregy scale
represents the Digital Elevation Model (DEM) of Italy (retrievable from Geo-
portale Nazionale of Ministero delllAmbiente e della Tutela el Territorio e

del Mare); lighter colors represent higher elevations.
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Figure 2.6: A) Stratigraphic framework of part of Middle and Upgr Triassic
of the central-eastern Dolomites (modi ed after Preto et al2017 and Mene-
goni et al. 2022a). B) Simpli ed sketch of the stratigraphiaelationships in

the study area (modi ed after Neri et al., 2007 and Inama et al2020). DP,

Dolomia Principale; TVZ, Travenanzes Fm.; HKS, Heiligkreuz Fm.DCS,

Cassian Dolomite (di erentiated in DSC1 and DSC2 accordintp Neri et al.,

2007); SCS, San Cassiano Fm.; WEN, Wengen Fm.; SCI, Sciliar Fm.; Fivi
Mt. Fernazza Fm.; AQT, Acquatona Fm.; LVN: Livinallongo Fm.

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

The Lastoni di Formin outcrop appears as a vast isolated plaau, gently
tilted towards the north-east by approximately 18 and extending for over
2 km?. It is bordered on the western and southern sides by verticali s
up to 250{300 m high. It is formed by two superimposed carbotea com-
plexes, separated by a horizontal unconformity (Inama et al2020; Inama,
2021; Menegoni et al., 2022a). It represents the easternmpart of a larger
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carbonate platform that includes, from west to east, the owatops of Sass
de Stria, Col Gallina, and Nuvolau-Averau (Leonardi, 1986; Bsellini et al.,
1984; Blendinger and Blendinger, 1989).

The eastern wall of the Nuvolau represents a spectacular exala of the
platform-to-basin transition: while the small topmost pat of the mountain
corresponds to the platform interior, the outcrop is mainlyconstituted by the
massive northward-dipping clinoforms of the slope faciethat prograde over
the coeval basinal deposits, composed by marly limestone€8ag Cassiano
Formation) (Bosellini, 1984; Blendinger and Blendinger, 989; Menegoni et
al., 2022b).

The exceptional exposure of the depositional geometriespesed at the
Lastoni and Nuvolau Mts. gives the opportunity to study in deail the pro-
cesses that control the early deformation of the Cassian @ohite platform.

2.3 Viscous-frictional rheology

This chapter summarizes the results of the bibliographic search on the
topic of subduction nelanges deformation and their rheolgical behavior. |
present an overview on the deformation processes that candesponsible for
the development of slow slip events.

The introductory paragraph Sec. 2.3.1 concerns the desdign of the
block-in matrix systems called subduction nelanges, whicform at the base
of accretionary prisms within subduction zones. Then, theopic of slow slip
events (SSE) and their similarities with earthquakes are sicussed in Sec.
2.3.2.

Section 2.3.3 summarizes some of the recent eld observasoof sub-
duction nelanges. Finally, in Sec. 2.3.4 selected numericanodels for the
simulation of the viscous-frictional deformation of subdction nelanges are
reviewed.

2.3.1 Subduction nelanges

Subduction nelanges are mechanical systems charactedzey the presence
of strong clasts inside a viscous weak matrix. These rockseafound in
exhumed subduction shear zones, and typically form at the ba of an ac-
cretionary prism above a subducting oceanic plate (Raymond984; 2019).
They typically consist of variable-sized blocks of oceanirustal material
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and detrital fragments derived from the continental plate mbedded in a
ne-grained matrix of oceanic sedimentary rocks (Raymond,984; Raymond
and Terranova, 1984; Festa et al., 2010; 2013; 2016).

In recent studies, various authors have proposed that the ective rheo-
logical behavior of subduction nelanges can be describes\dscous-frictional
(Beall et al., 2019; loannidi et al., 2021). The structure oBubduction
nmelanges, characterized by the presence of angular breateid rocks inside
a weak matrix, in uences the e ective rheological paramets of these me-
chanical systems, which are far from those of a linear viswmaterial (e.g.
Fagereng and Sibson, 2010). If clasts composed of competertks occupy
a considerable fraction of the volume of the nelange, theyaa constitute a
stress-bearing network and impede steady viscous ow of tleurrounding
medium (Beall et al., 2019). The load bearing network of str@ blocks, the
so-calledforce chains produce high stress heterogeneity in the system. In
particular, the presence of strong blocks can lead to stressncentrations at
the clast-clast contacts, up to levels much higher than theaekground stress.
This, in turn, can cause fracturing inside the clasts at a b&ground stress
level much lower than the theoretical yield stress of the bbs (loannidi et
al., 2021).

Subduction nelange structures can be widely variable, cgonising oceanic
and continental crust fragments of sizes ranging from mifieter to several
meters in diameter (e.g. Berkland et al., 1972; Raymond, 198 Also the
minerals that can be found inside the nelange can be of di ent nature.
Nevertheless, typically the ne-grained matrix is made of skared mudstone,
while the clasts are often basaltic (e.g. Raymond, 1984; Fexgng and Sibson,
2010; Fagereng, 2011; Wakita, 2015). Some examples of exdim@duction
nmelanges are: the Chrystalls Beach complex, the Mugi neigge and the
Schistes Lustes.

One famous subduction nrelange is that of the Chrystalls Beh Complex
in New Zealand. It is an accretionary nelange within the Otag Schist,
located in the southwestern region of the South Island. Theltystalls Beach
Complex formed under metamorphic conditions of up to 550 MPand at
300°C, and it used to be part of the seismogenic zone during the sllrction
(Fagereng and Sibson, 2010; Fagereng, 2011). In this compllee matrix is
phyllitic and its deformation structures are compatible wih viscous shearing.
The blocks, which are typically quite rounded, are predomantly made of
chert and basalt and they are characterized by the presencefactures. The
observations suggest therefore a mixed viscous-frictidrimehavior of this two
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phase system (Fagereng and Cooper, 2010). The matrix appedo have
owed aseismically, while the large network of contactinglasts embedded in
it have experienced seismic or aseismic slip (Fagereng anbisgn, 2010).

Another eld example is the Mugi nelange in Japanese ShimantBelt. In
this case, the blocks, which are made of chert, basalt and $fhaare very thin
and sharply shaped, while the embedding matrix consists oighly sheared
black shale (Kimura et al., 2012). The matrix underwent ovexll attening,
mineral re-orientation and pressure solution, while the abts experienced
cataclastic deformation (Kitamura et al., 2005).

The last case study is the Schistes Lustes, which crops irme Cot-
tian Alps. The matrix consists of sheared calcareous schidtisat embed
metabasaltic and serpentinitic slivers (Lemoine et al., B¥). The maxi-
mum depth this system reached was between 30 and 80 kms (Heuwvét al.,
2021). The thin clasts exhibit strong attening and shearig, and the matrix
is mainly made of sheared metapelites comprising fragmerdas 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 fractugi of the clasts
within subduction nmelanges has been proposed as the mecisn responsible
for slow slip events (SSE) (Beall et al., 2019). Slow slip ews typically
take place at the subduction interfaces, they are very command have an
episodic nature (Rogers and Dragert, 2003; Iglesias et a2Q04; Douglas
et al., 2005). They are slower than earthquakes, with aseigrslip rates
of 0.1-1 niyear, which are slightly faster than plate velocities (Roge and
Dragert, 2003; Douglas et al., 2005; Graham et al., 2014).08 slip events
happen below the seismogenic zone. The overall slip rangadingle typical
episode is between 1 and 100 cm (Schwartz and Rokosky, 200/@gHam et al.,
2014). Slow slip events can both release or enhance stredh@neighborhood
of a fault. In the second case, they can trigger large earthgkes within
subduction shear zones (Wang et al., 2008; Brown et al., 200@raham et
al., 2014).

Slow slip events share some features with earthquakes. Hajtiakes are
dynamic ruptures during the release of elastic energy staren the surround-
ings of a fault (Stavrev and Reid, 2010; Scholz, 2019). Thenkimatic of slip
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along faults is controlled by friction, which in turn depend on slip velocity,
time, type of rock and slip distance. The evolution of frictbn during slip
is usually described through an empirical law by Dietrich ah Ruina (Di-

etrich, 1972; Dietrich and Kilgore, 1994; Scholz, 1998), wdh is commonly
referred to as the rate- and state-dependent variable fricin law. The fric-

tional properties of a fault can be compatible with a motion ltaracterized by
long periods of slow and steady deformation followed by fas¢ismic slip, the
stick and slip motion (Scholz, 2019). Earthquakes happen asi-periodically
on active faults releasing accumulated elastic energy indlsurrounding rock
medium, through the so-called seismic cycle.

Slow slip events are similar to earthquakes, because of theisedic nature
of the mechanical energy release through slip. However, thiake place at
greater depth than the seismogenic zone, where both friatial and viscous
mechanisms operate simultaneously (Schwartz and Rokosi)07; Beall et
al., 2019; loannidi et al., 2021). The duration of slow slipvents is longer
than that of earthquakes, tipically from days to several wée (e.g. Nishikawa
et al., 2023). Fig. 2.7A shows GPS displacement measuremesitshe Casca-
dia subduction zone (Schwartz and Rokosky, 2007). The rst pt shows that
the slow and steady motion of the subduction upper plate is versed after
10 days at a noticeably higher velocity. Fig. 2.7B shows the gsi-episodic
nature of the motion reversal, with slow slip events happemy once every
13-16 months.

38



Figure 2.7: (modi ed from Schwartz and Rokosky, 2007): A) Lontudinal
positions above the northern Cascadia subduction zone. Tgeeen line shows
a slow slip event occurred in August 1999. showing a slow sliyeat (marked
by green line) that occurred in August 1999. B) Slow slip actity in northern
Cascadia subduction zone. Slow steady subduction movemeninterrupted
every 13-16 months by slow slip events. The bottom graph shewhe number
of hours of tremors observed over a 10 day period. This showsgeeat
correlation between tremor activity and SSEs.

Faults are usually described as planar structures, wheresnature they
often appear as three-dimensional bands of cemented graarumaterial col-
lectively known as fault gouge. Therefore, the block-in-ntidx systems can
also be a suitable framework to describe a medium consistiafystrong frac-
tured grains inside a matrix like gouge (e.g. Den Hartog and &ps, 2014).

Fracturing of clasts inside a viscous matrix is a crucial pim®menon lead-
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ing to the nucleation and propagation of slow slip transiest (Beall et al.,
2019; loannidi et al., 2021). The cyclic accumulation of s#8s concentrations
at the corners of strong blocks can cause their fracturing. e sudden loss of
the cohesion of the blocks allows the system to reorganizedaio ow along
paths that were earlier hampered by the force chain (Hayman af., 2011).
Thus, the stress concentration and the related block fracting episodically
increase the shear strain rate due to the slip of block fragmis 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 subductioelange
deformation. The large-scale model shows the subductionasf oceanic plate
under the continental crust, with the accumulation of sedirants within the
accretionary prism. The inset is at the outcrop scale, and éhnelange is
simulated by the presence of blocks of di erent shapes andzes in a ne-
grained matrix. The walls of the interface are subject to oppsite velocities,
mimicking the relative motion of the plates during subductin. In his 2021
paper, (loannidi et al., 2021) investigated the e ective \gcosity of subduction
nmelanges with an aim to include it in large scale models ra#r than re ning
the mesh to resolve small-scale structures (loannidi et aR021).

Figure 2.8: (from loannidi, 2021): Example of a large-scaleegdynamic

subduction zone model, from (Ruh et al., 2015). In the inse& heterogeneous
interfacial zone in the outcrop scale, showing a nelange msisting of two

materials. The boundary conditions correspond to the deforation of the

interface during subduction.
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The theoretical framework used to investigate the interplabetween vis-
cous deformation and the brittle failure of strong inclusios may also be
useful, with appropriate modi cations, to gain insight into the mixed fric-
tional and viscous deformation of phyllosilicate-rich falts, where frictional
sliding along the foliation planes may be accomodated by m®ure solution.
Frictional sliding in natural faults happens as the abrupt aceleration of
slip between phases of steady viscous creep as the consecpi@r asperity
fracturing and frictional reactivation of rough fractures The presence of
high-pressure and low-viscosity uids is of great importace for the frictional
slip dynamics, since uid injections associated with both atural and human
activities are well known to lead to the reactivation of fauk, slow-slip tran-
sients, and earthquakes, which occasionally are large egbuo cause damage
(Guglielmi et al., 2015).

2.3.3 Field observations

The eld observation of exhumed subduction nelanges and ¢he shape and
size of the blocks embedded in them can provide the base foetktructural
model of synthetic outcrops in numerical simulation of subgttion nelange
deformation. Fig. 2.9 shows an exhumed subduction nelangdtiva clearly
discernible block-in matrix structure. The clasts are 30&bcm-long roughly
elliptical blueschists in a micaschist matrix (Grigull et &, 2012).

The size of the clasts in melanges can be millimeter- to sea¢meters long
in diameter. The aspect ratio of the blocks in subduction nanges can vary
a lot. Thin slivers such as those of the Mugi nelange are chacterized by a
very high ratio between the lengths of the major and minor agi(Kitamura
et al., 2005: Kimura et al., 2012). Nevertheless, most exhutheelanges
exhibit an average aspect ratio of clasts between 1.5 and 3e¢@l et al,
2019). The distribution of blocks with di erent sizes has ben established
based on the eld observations of exhumed subduction nelges. Fig. 2.10
shows the volumetric fraction of blocks as a function of thediameter. The
diameter of each block is calculated as the diameter of a deavith the same
area as the cross section of the block (Grigull et al., 201ZJhe plot shows
that clasts with small diameter are more frequent than big ags in natural
systems. The dependence of volumetric frequency on the sszggests that a
self-similar distribution of block sizes may be the best, me realistic choice
for a numerical simulation (Cowan, 1985; Medley, 1999).
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Figure 2.9: (modied from Grigull et al.,, 2012): Outcrop phob with map

of block in matrix structure that can be used for a synthetic otcrop. The

outcrop is in Ouaeme (OUA), New Caledonia. The system encompsaes
30-50 cm long, almost elliptical, blueschist blocks in misahist matrix. The

attening of the system was simultaneous for matrix and bldcs. 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 @umetric block
frequency of blocks with di erent diameter from di erent exhumed tectonic
nmelanges. The data point exhibit a power-law function withincreasing di-
ameter of the blocks. The legend shows which subduction raglges the
data points refer to. SCI: Santa Catalina Island, RM: Ring Mantain, PP:

Pacheco Pass, HW1: Highway 1, Al: Angel Island, RMS: Ring Mountaiger-
pentinite, OUA: Ouaeme, New Caledonia, RSJC: Rio San Juan ComgxX,
Dominican Republic.

The volumetric fraction of blocks in subduction melanges &h ranges
between 10 and 70% (Medley, 2002; Beall et al., 2019; loanrad al., 2021).
Recent studies have underlined that this parameter is cruifor the determi-
nation of the e ective rheological parameters of viscousiftional rheology,
with a high fraction of blocks determining a switch from slovsteady viscous
creep to frictional sliding (Beall et al., 2019; loannidi eal., 2021).

2.3.4 Numerical modeling of subduction nelanges

Subduction zones, where tectonic plates converge, are kmofer signi cant
geological events such as large earthquakes. In contrast haef seismic
events, slow slip events, lasting weeks, occur at the brigtductile transi-
tion zone in subduction zones, typically at depths ranging &m 30 to 60
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km. At these depths, the temperature is insu cient to cause omplete rock
melting. Consequently, if the background strain rate is hig enough, the
crustal rock stores mechanical energy, gradually releagiit during frictional
slip transients.

One type of subduction interface is a bi-modal aggregate ohite thick-
ness consisting of a weak matrix with embedded \exotic" bl&es of upper
and/or lower plate rocks, the subduction nelange. These syems often
manifest mixed viscous-frictional behavior, with fractues localizing in the
load-bearing clasts. The experimental observations sugge¢hat viscous de-
formation and brittle failure may operate simultaneously n a subduction
melange, with frictional deformation causing a strong demxation from a quasi-
linear stress-strain rate relation characterizing the maix deformation and
producing large strain rates even at relatively low backgumd stress levels.

Recent numerical studies of subduction nelange have fo@don the de-
pendence of their e ective rheological parameters on theditk concentration.
Some of these studies rely on previous works on the rheol@gibehavior of
two-phase systems, for example the work from Handy (1990). this pa-
per Handy investigates the e ective bulk strength of a two-phse aggregate
and asserts that it lies between the strength values of the twpure phases,
reaching the end members in case of very high or very low bloc&ncentra-
tions. Based on a two-dimensional model, Beall demonstratéhat 50%
weak phase concentration can lead to episodic slow slip tsaents (Beall et
al., 2019). loannidi investigates the e ect of di erent corentrations of block
at di erent depths (temperatures) and strain rates, and coaludes that even
at moderate temperatures a block concentration of at leastr@aund 66 %
is required for diused clast fracturing and the productionof SSEs (loan-
nidi et al., 2021). Both the Beall (2019) and the loannidi (2P1) papers are
explained in greater detail in the following.

Natural observations serve as a base for the input geometry thie two-
dimensional model for the study of the e ective rheology of aubduction
melange (Grigull et al., 2012). Fig. 2.11A shows the schematmodel of a
subduction nelange, with clasts of di erent shape and sizecraped of the
walls of the slab and the continental plate and embedded in ¢hmatrix. Fig.
2.11B shows an exhumed nelange at outcrop scale. In Fig. 2Q,blocks with
diameters of several meters are shown. Fig. 2.11D is a microptgraph of
the magmatic fabric in an eclogite-facies metabasites blac
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Figure 2.11: (modi ed from Grigull, 2012): A) Schematic deption of a sub-
duction channel and with a nelange with block-in-matrix stucture. This sys-
tem has origin fro the mixing of channel matrix (grey) with shb and mantle
rocks (white). The matrix may consist of serpentinites andranetasediments.
The letters in the blocks are referring to the photograph intin section mi-
crophotographs D) to F). B) Exhumed nelange with block-in-natrix struc-
ture at Ring Mountain, Tiburon Peninsula, Franciscan Subdation Complex.
The eclogite blocks are embedded in a matrix of metashale aserpentinised
peridotites. C) Blueschist-facies metabasalt blocks in a etasedimentary
matrix at Pacheco Pass, Franciscan Subduction Complex. D)agmatic fab-
ric in an eclogite-facies metabasites block from Ring Mouaih, Franciscan
Subduction Complex; it is still possible to recognize plagclase relics; fs:
feldspar; gl: glaucophane.

Circles and ellipses are the simplest shapes that can e city mimic
the shape of natural nelange blocks in a two-dimensional merical model
(loannidi et al., 2021; see Fig. 2.12). In numerical simulatns, circular or
elliptic blocks are generated and randomly distributed inde the domain until
the area fraction of the clasts matches the desired value. pigal values of the
aspect ratio for the elliptical clasts found in tectonic m¢anges lie between the
values of 1.5 and 3. Furthermore, in some experiments, thatial orientation
of the blocks major axes is taken parallel or sub-parallel tthe overall shear
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direction given by the orientation of the interface of the siduction zone.

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

These structures can be treated as scale-independent andtistically
self-similar, as suggested by Fagereng and Le Pourhiet (eagng, 2011; Le
Pourhiet et al., 2013). Statistical self-similarity is theproperty that makes a
system of geometrical objects to retain its statistical proerties under uniform
scaling. If, as discussed in the paragraph devoted to the s$atic outcrops,
the structures and models are treated as self-similar (asdfsize distribution
of the blocks in the matrix), the model can be isotropically dwnscaled and
upscaled to consider systems with di erent block mean diarter and model
dimensions, from the outcrop scale to the subduction sheaore scale.

A more complex initial geometry of the system can also be userepro-
duce the realistic shapes of blocks-in-matrix systems. Thise of such irreg-
ular shapes leads to higher stress concentrations at the mgginty corners
of the clasts, thus lowering the background stress level miced to produce
block brittle failure. Some natural rock formations and outops that have
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been used as a base for the shapes of the clasts in numericauations are,
for example, the Chrystalls Beach Complex, an accretionanglange within

the Otago Schist, New Zealand (Fagereng, 2011; Fagereng aiitas8n, 2010),
the Mugi nelange, part of the Shimanto Belt in southwest Japa (Kimura

et al., 2012; Kitamura et al., 2005)and the Schistes Lustein the Western
Alps (Lemoine et al., 1987) (see Fig. 2.13).

Figure 2.13: (from loannidi et al., 2021): Synthetic modelsased on well-
studied exhumed nelanges, used as \natural models" A-D) oatops from the
Chrystalls Beach complex. The shape of blocks is the resufttbe digitization
of the outcrop. E) digitized outcrop from Mugi Melange in the Shimanto Belt,
Japan (Kimura et al., 2012). F) digitized outcrop from the Sclstes Lustes,
in the Alps. The percentage shows the fraction of volume of laks in each
model.

The numerical models that | described allowed to observe e di erent
deformational regimes in subduction nelanges: frictiodasemi-frictional and
viscous (loannidi et al., 2021). The localization of the defmation is evalu-
ated using the normalized strain rate ,om , Which | will describe in greater
detail in Sec. 3.5.4. At shallow depths and low temperatureand more so
at high background strain rates, the system deforms in theiétional regime.
The numerical simulations show that in this regime a shear ba forms across
both the matrix and the blocks, and strain rate is high in thisarea (loannidi
et al., 2021). The results also show that at great depths anddh tempera-
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tures, and at low values of the background strain rate, the sin is localized
in the viscous matrix, the deformation of the strong clasts éing negligible.
This is the case of the viscous deformation regime. In the gnmediate semi-
frictional regime, while most of the deformation is localed in the matrix,

shear bands cross the inclusions (see Fig. 15). The deforroatof the clasts
thus provides additional space for the viscous ow of the ngrained matrix.

In this regime, the e ective viscous parameters lie betweahose of the two
phases.
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Figure 2.14: (from loannidi, 2021): Colormaps of strain lo@iaation at vari-

able temperature and background strain rate. The fractionsf block volume
are 55% for circular blocks, 66% for elliptical blocks, and bottom 69%
of blocks based on the Chrystall Beach Complex digitized atrbp. Models
are colored based on their normalized strain rates (in log).ow localization
of strain is in warm colors, while cool colors denote high stin localization.
Each column refers to a xed temperature value, while the rosvrepresent
models with the same background strain rate. The letters iide the col-
ormaps refer to the three di erent deformation regimes: F fctional, SF

semi-frictional and V viscous.

Apart from the strain rate distribution, the three regimes ca be dis-
tinguished based on the relation between the average press® and the
average value of the second invariant of the deviatoric sge tensor |, in
the computational model. In the frictional regime, the trewl is linear, as
predicted by the Drucker-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 lin@ the viscous
regime (see Fig. 2.15).

Figure 2.15: (from loannidi, 2021): Drucker-Prager yield derion (red

straight line) for models with di erent block shapes. All the models con-
sidered have a high volumetric fraction of blocks. The blueotls lay on the
Drucker-Prager straight line and represent frictional moels. Just below the
line lie the violet squares, representing the semi-frictnal regime. The green
crosses show no linear dependence between pressure andr stiesss and lie
way below the linear function of the DP criterion. These remsent viscous
models.

The stress exponenh is the quantity that relates strain rate and shear
stress in the form: _/ |. The e ect of simultaneous viscous and brittle
deformation of subduction nelanges is that the fracturingof the competent
clasts allows the surrounding matrix to deform at higher ras. The simula-
tion indicates that the exponential parametem increases with the fraction of
strong phase in the model (see Fig. 2.16). The same observataiso shows
that the same parameter is a decreasing function of tempetae.
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Figure 2.16: (from loannidi, 2021): the exponential term n pkted versus
the concentration of blocks in the model at di erent tempertures. The
term n increases with the strong phase concentration and deasing with
the increase of temperature.

Montesi and Handy proposed a model to treat both the descrimh of
brittle and viscous deformation in a single mathematical fon. Their sug-
gestion is to consider both kinds of deformation styles as @&members of a
single mechanism, with a power law function describing thee@endence of
the strain rate on the stress. Brittle and viscous deformatm in this frame-
work, are only distinguished by the value of their exponerdl stress factor
n. In particular, the frictional end member corresponds to th limit % I 0,
while the purely Newtonian viscous end member approaches tiait % 1
(Handy, 1990; Mongesi, 2004).

Also the shape of the inclusions has an e ect on the e ective r&ss pa-
rameter n. For example, in loannidi (2021) it is shown thatn takes higher
values when the blocks are elliptical than the ones it takesitiv circular in-
clusions. This happens even more evidently when the numeaienodel is set
to reproduce more realistic shapes of the strong clasts. Therease inn, in
this case, may be to ascribe to the larger stress concent@tithat more thin
and anisotropic inclusions can produce inside an isotropmedium, locally
promoting frictional failure (loannidi et al., 2021).

Other observations regarding the e ective stress exponentare reported
by (Tullis et al., 1991). They observed that in every experimnt the logarithm
of the e ective parametern in two-phase mixtures was always between the
corresponding values of the pure phases. They proposed apderexpression
meant to evaluate the e ective viscous parameters of any twohase mixture
(Tullis et al., 1991). They observed that logarithm of the eective stress
exponent for the aggregatea, the parametern,, may be evaluated as the
average of the logarithms of the two end member exponents, igleted by
their relative volume fraction. He then suggested that the esctive exponent
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of the system may be simply derived by a geometric mean of tleosalues.
This also has consequences for the other two e ective pararaes for the
aggregate, A, and Q,. If the volume fractions of the two phases aré; and
f,, then:

Ng = 10(f1|09 ni+f,log nZ); (216)

Q. = Q2(na  n1)  Qa(ng nz); (2.17)

N2 Np

Aa:10[|09A2(na ni) logAi(na n2)]=nz ni]. (2.18)

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

The presence of the aforementioned load bearing block netk®, also
called jamming, impedes the constant and stable ow of the surrounding
matrix. Estimates based on the work of Beall (2019) quantifthe background
stress level su cient to produce fracturing across the fore chains, and to
produce slip transients, as the 20% of the clast yield stretig(Beall et al.,
2019). This occurs in particular if no connected path for sle of the viscous
phase is found, that is if the concentration of blocks is highThe fracturing
and the subsequent reorganization of the clasts is respdsisifor 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 forcehain in
a subduction nelange. The network of stress-bearing bloskprevents the
slab from owing steadily and causes periods of negligibleavement. SSEs
may be a consequence of this arrest of the thrust creep. B) Whéitocks
fracture the stress is redistributed into the ne-grained ad weak matrix.
The deformation becomes mainly viscous and the shear straate increases.

The viscous friction of the surrounding matrix, on the othehand, damps
the frictional sliding of competent minerals providing vedcity strengthening
behavior. Velocity weakening, which causes slow slip evenbccurs due to
sudden fracturing of block chains as a consequence of an @ase in back-
ground strain rate. An increase in strain rate can switch the eformation
style of the two-phase system from viscous to frictional oremi-frictional.
This promotes the production of fractures in the clasts and dramatic de-
crease of e ective viscosity, with an increase in localizedrain rate. Instead,
given the low di erential stress 4 implied by the creep of the adjacent ma-
trix, the presence of pervasive fracturing inside exhumedetange clasts is
ascribed to near-lithostatic pore pressure (Beall et al.,029).

The block-in-matrix model that has been reviewed relies orhé¢ Voight-
Bingham model (Ando et al., 2012; Lavier et al., 2013), or istwain model,
that assumes that both viscous and frictional phases expenice 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 mayebuseful in or-
der to study slow slip events, since it assumes that little aro strain happens
between slip transients.

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

b= 4201 ) m_ if v (2.19)

b=2( +(@ ) m)_ if < (2.20)

The value of controls how much lower the background stress can be in
comparison to the yield stress in order to produce frictionaliding. Also, in
this model a high viscosity contrast between clasts and matr of the order
of 1¢, is assumed.

The model proposes to describe frictional failure in the folwing way:
when the maximum shear stress of a clast particle, calculat@s:

d.
> (2.21)
where 4 is the dierential stress, is reached, the e ective viscosi of
the clast is modi ed in order to satisfy the relation ¢ = % y=_ (Fullsack,
1995; Moresi and Solomatov, 1998). In this model, frictiongield strength
is calculated from the Mohr Coulomb criterion, with friction coe cient
cohesionC and e ective normal stress s :

= petC. (2.22)
1+ 2

Here, again, ¢+ is reduced by the pore pressure and the presence of
water, besides the dependence of the con ning pressure orettlepth that
has been taken under consideration. Also in this model, thezsidistribution
of the elliptical clasts is assumed to be self-invariant.

Since the model assumes isostrain conditions, a conveniehbice for the
boundary conditions is to apply a constant driving stress ahe top boundary
of the observational area. A constant driving stress, is prescribed, and the
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bulk shear strain rate is not given as input here, but it is caulated from the
average horizontal velocity computed on the top wally,, and the heightL
of the model as:
Vav
= (2.23)

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

If the applied stress is low, the e ective viscosity of the mlange can be
much higher than the viscosity of the matrix, up to 15 times innumerical
simulations. On the other hand, high driving stresses tendtmake disloca-
tion creep in the viscous matrix the dominant deformation meghanism, and
the e ective viscosity of the nelange approaches the valuef . This kind
of melange rheology seems to be best described by a loganiic dependence
between shear stress and strain rate, rather than a power laeiationship of
the type _/ ". The relation to t, with t parameters ¢, and ¢, is the
following:

b= Coln(p) + G (2.24)

This constitutive equation may arise because stress is nabvitmogeneously
distributed along the force chains, and even low stress imtnents can pro-
duce stress ampli cation that can lead other force chain taittional yielding
(Beall et al., 2019). All the model bulk rheologies, regardie of , follow
a similar transition from one approximating the strong endnember at the
lowest y, to resembling the weak end-member (matrix-dominated) fox, ap-
proaching y (the higher end of the range for greater) (see Fig. 2.18). This
rheological trend demonstrates that all nelange modelsepardless of jam-
ming, are weakened by fracturing even when, y (Beall et al., 2019).
This, however, does not mean that fracturing at lowy, results in a dramatic
switch to viscous deformation, since the weakening and fracing of one
force chain does not automatically a ect the others, wherehere is less stress
ampli cation. While viscous damping over the entire rupturezone may domi-
nate the total energy budget, the stress concentration in thprocess 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 foa force
chain. In the inset, the yellow band is the material of blockshe blue area
is the matrix and the orange band at the top is a high viscositynaterial.
The blue points, measured values of the bulk stress of the Vatgmixture,
follow the Bingham plastic rheology (black line). B-D) E edive nelange
rheologies for di erent parameters of clast size and disbution, assuming
the matrix viscosity ,, = 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 maysaridue to the
competition and coexistence of viscous and frictional rhiegies in systems of
load-bearing clasts embedded in a viscous matrix. The contpet inclusions
impede steady deformation of the surrounding matrix and allv stress to
increase until it reaches locally values near the yield stigth of the brittle
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materials. At this point, failure of single clasts, or even @rvasive fracturing
of block clusters take place, the viscosity drops dramatitta and the shear
strain rate of the system increases. These sudden jumps iretBhear strain
rate may explain the presence of episodic SSEs in subductmmmes.

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

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

2.4.1 Tectonic setting

The Ligurian region in NW lItaly records a complex geologicalistory com-
prising several rifting and orogenic phases that developsihce the Cambrian
up to now, as it still represents a tectonically active margi (e.g. Vanossi et
al., 1984; 1994, Larroque et al., 2011; Soulet et al., 2016;iNaet al., 2013;
2019; Mueller et al., 2020; Morelli et al., 2022; Fig. 2.19). Uding the Ceno-
zoic evolution of the central Mediterranean, the Ligurian egion represented
the knot pivoting the opposite movements of the Alps and Apennes oro-
genic systems (e.g. Laubascher et al., 1992; Vanossi et 8894; Rosenbaum
et al., 2002; Vignaroli et al., 2008; Crispini et al., 2009; Mea et al., 2010;
Maino et al., 2013). Such divergent motion resulted from theblique NW-
directed Adria-Europe collision and the eastward migratioof the Apennine
arcs (Faccenna et al., 2004; Handy et al., 2010; Le Breton et,&021).
Since the Eocene, nappe stacking, folding and heterogeneenetamor-
phism (from eclogite to epizone) resulted from the convengee between Adria
and Europe and the subduction of the interposed Ligurian-Bdmont Ocean
(Trumphy, 1960; Dewey et al., 1989). Since the early Oligowe transition
between the subduction and collision phases, the counteyckwise rotation
of Adria shaped has a major role in determining the present dastructure
of the Alps (Dewey et al., 1989; Platt et al., 1989; Laubaschet992; Ford
et al., 2006; Ring and Gerdes, 2016). The Adria indentation dnrotation
beneath the Europe is thought has promoted the right-latetanotion in the
Western and Central Alps (e.g. Insubric Line, Simplon-Rhonkine, Pennine
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Figure 2.19: A) Tectonic sketch of the Alps (modi ed from Schmid2004). B)
Zoom of the main paleogeographic domains of the Ligurian Alggom Bonini

et al., 2010). C) Simpli ed structural map of the Ligurian Alps between
Finale Ligure and Ceriale (Liguria, NW lItaly). HHF: Horse Head Faultzone;
ZF: Zuccarello Fault zone. The study areas are indicated witbrange and
yellow marks (Respectively, Verzi and Monte dei Marmi). O &ore faults are
derived from Morelli et al. (2022). A-A' indicates the trace othe geological
cross-section. D) Geological cross-section through theaudy area.
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Basal Thrust, Briarconnais Front, Strura and Preit Lines) as well as the
tightening and arcuate shape of the Western Alps (Mancktelgwl992; Giglia
et al., 1996; Schmid et al., 1996; 2004; Sue and Tricart, 20@%ndy et al.,
2010 ; Champagnac et al., 2006; Malusa et al., 2009; Campaetial., 2010;
Perrone et al., 2011; Campani et al., 2014; Cardello et al.0D6; Ring et al.,
2022).

However, a major role in modifying the post-Oligocene strugte of the
Alps is also attributed to the evolution of the coeval ApenningMaghrebides
subduction (e.g. Malinverno and Ryan, 1986; Doglioni, 1991olivet and
Faccenna, 2000; Ma one et al., 2008; Fig. 1.1A). The retreat othe slab
resulted in a progressive trench rotation from a NE-SW direwn (i.e., par-
allel to the European passive margin) to a N-S trending (e.g. &minati
et al., 2012). This geodynamic process drove the eastward Apées nappe
stacking and migration. In the Northern Apennine, such rotabn 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 caad the open-
ing of several Oligo-Pliocene back-arc basins (i.e. the Allam sea, Algerian
basin, Valencia Trough, Liguro-Provercal basin, Thyrreran sea; Rollet et
al., 2002; Rosenbaum and Lister, 2004; Faccenna et al., 2004dlivet and
Faccenna, 2000; Carminati et al., 2012; Fig. 1.1A).

The inception of the Ligurian-Provercal basin is documemd by the vol-
canic record at ca. 32-30 Ma, above the previously thickenewntinental
European crust (De Voogd et al., 1991; Seranne, 1999; Rehla et al., 2012
and references within). The oceanic spreading associatedhwthe Liguro-
Provercal opening is dated between 22 and 15 Ma (Carminati et al., 1998;
Speranza et al., 2002; Siravo et al., 2023) coeval with theifting of the
Corsica-Sardinia block (Rosenbaum et al., 2002; Rosenbaand Lister, 2004;
Gattacceca et al., 2007; Ma one et al., 2008; Maino et al., 2B; van Hinsber-
gen et al. 2014). In the Late Miocene-Quaternary, the Appenas back-arc
extension switched to the Tyrrhenian Sea spreading (Patazet al., 1990; Jo-
livet and Faccenna 2000), while the Ligurian Alps experiendeuplift (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 dectonic units
(Monte Carmo, Mallare and Arnasco-Castelbianco; Fig. 2.19Q)ertaining
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to the Briaconnais and Prepiedmont domains, which, in the Msozoic times,
were part of the European continental margin in front of the Rdmont-

Ligurian oceanic realm (Figs. 2.19B-C); e.g. Vanossi et all984; Bonini et
al., 2010; Mueller et al.,, 2020). Brianconnais and Prepi@dont units are

ideally constituted by a Palaeozoic basement (Maino et al2012, 2019), a
Permian volcano-sedimentary succession (Dallagiovanngat., 2009) and a
more or less complete Meso-Cenozoic cover (Decarlis and Idya2011; De-
carlis et al., 2013; Maino and Seno, 2016). The studied fawbne involves
orthogneiss, metarhyolite and Triassic to Jurassic quarta, dolostone, lime-
stone and marble (Fig. 2.20).

As a consequence of the Alpine subduction and collision, thei8mconnais
and Prepiedmont units experienced heterogeneous metamioigm from epi-
zone to blueschists (Goe and Bousquet, 2004; Seno et al.0@5; Maino et
al., 2012). All investigated units followed a common deforntian history,
comprising two main Eocene ductile deformational phases {E2) with oppo-
site tectonic vergence (SW and NE, respectively), associdt&ith folding and
backthrusting (Bonini et al., 2010; Maino et al., 2015a,b;@0). A third duc-
tile deformation phases (D3) produced large amplitude, opeupright folding
characterizing the nal exhumation of the deep-seated roskafter collision,
constrained in the earliest Rupelian (35-32 Ma; Maino et al2012a; 2015a,b).
While the syn-collisional structures of the study area are Wedescribed in
literature, a few post-metamorphic faults are reported oglin the 1:100'000
scale geological map (Servizio Geologico d'ltalia, 1971).

In the study area, since the Oligocene, a carbonate-silil@stic coastal
wedge sedimented in the Finale Ligure Basin, unconformablywered part
of the Alpine metamorphic units (Fig. 2.19C; Boni et al., 1968Brandano et
al., 2015; Della Porta et al., 2022). Sedimentation startegith a 10 to 100
m thick, undated breccia followed by sands, conglomeratesdamarls with
Aquitanian to Burdigalian age (Basal Complex of Finale Ligurd.imestone
Fm; Boni et al., 1968; Dallagiovanna et al., 2011). Up sectiom 250 m
thick succession of Langhian to Serravallian bioclastioniestone constitutes
the Finale Ligure Limestone Fm (Boni et al., 1968; Dallagiovara et al.,
2011; Brandano et al., 2015; Dalla Porta et al., 2022). Due the lack of
deformation evidence - including faulting - it is traditiorally considered as
a low-strain domain (Boni et al., 1968; Dallagiovanna et gl.2011; Dalla
Porta et al., 2022). However, recently Mueller et al. (2023)iscovered and
described co-seismic deformations in the shallow sedim&iia mix of cm- to
m- size soft sediment deformation structures, clastic dikeand shear bands)
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Figure 2.20: Lithostratigraphic map of the main segment of # HHF zone.
The eld data were collected in the framework of the CARG projet (Sheet
245 { Albenga). Location of the fault mirror shown in Fig. 1.1B $ indicated
by the horse head symbol.

61



allowing to constrain multiple seismic input in the Langhia-Serravallian
times, coeval with the oceanic spreading of the Liguro-Prewcal basin and
the Corsica-Sardinia drifting.

North of the study area, the sediments of the TPB started to caer
the metamorphic rocks of the Ligurian Alps in the early Oligoene (Fig.
2.19B; Gelati et al., 1998; Dallagiovanna et al., 2010). Dung the Oligocene-
Miocene, the TPB accumulated a sedimentary succession up t@ km thick
that recorded multistage deformation. A rst Rupelian{ealy Chattian stage
of extension driven by NW-directed faults was followed by a lat Chattian
drowning of the basin controlled by transtensional NE- to ENEstriking faults
(Maino et al., 2013; Federico et al., 2020). In the Early Migme, minor ev-
idences of locally developed transpressive tectonics arecdmented in the
basin (Carrapa et al., 2003; Crispini et al., 2009; Federia al., 2014; Maino
et al., 2013).

After the Messinian salinity crisis, incision of valley alog the Ligurian
paleo-coast occurred, while during the earliest Pliocenkd river valleys were
ooded by the sea and transformed into a series of coastal eayment lled
by large Gilbert-type deltas (Boni et al., 1985; Clauzon an®&Rubino, 1995).
The heterogeneous ne- (Ortovero mudstone Fm) and coarseagmned (Monte
Villa conglomerate Fm) facies and the depositional architegte of the in Il
ing sequences outline a complex interaction between eustasea-level varia-
tion and tectonic activity. The depositional setting is desribed as resulting
from the interaction of fast sea-level rise and steep-grauiit shelf developed
between the uplifting Alpine hinterland and the subsiding Lgurian basin
under an extensional regime (Boni et al. 1985; Marini 2000p€ken et al.,
2003; Breda et al., 2007; 2009). O shore, Pliocene-Pleisene compres-
sional reactivation of older extensional structures is wellocumented by the
WSW{ENE-elongated Imperia Promontory and the subparallel inta-slope
basin along the Ligurian margin (Chaumillon et al., 1994; Eavand Solarino,
1998; Calais et al., 2001; Larroque et al., 2011; Morelli et,a2022). The
focal mechanisms of the present-day earthquakes reveal amilmant trans-
pressional regime (Eva and Solarino, 1998; Calais et al.,0d0 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 Weern Alpine
arc, which is outlined by the inversion of about 180f the orogen around a
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vertical axis (Figs. 1.1A, 2.19A). Paleomagnetic data from the/estern Alps,

including the Ligurian segment, recognized a southward ireasing counter-
clockwise rotation, from 47°to 117 (Thomas et al., 1999; Collombet et
al., 2002). Such rotation is constrained as occurred aftdne¢ main ductile de-
formation and metamorphic phases, therefore since the laRupelian times

(Maino et al., 2012; 2015a,b; Amadori et al., 2023). Furthergleomagnetic
investigation, instead, reveals that the TPB rotated 50° counterclockwise in
Early-Middle Miocene, whereas both Ligurian Alps and TPB ha undergone
no paleomagnetic rotation since the Late Miocene times. Iemains unclear
if the Ligurian Alps experienced rotation with di erent timin g (Oligocene
plus Miocene) and geodynamics with respect to the TPB (only Mcene), 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 WestarAlpine arc
is interpreted as driven by either i) Adria rotation causing @xtral faulting
in the Central alps and left-lateral shear of the southern Waern Alps or,
i) nappe stacking of the Alpine wedge underlying the TPB thatrotated
along with Corsica-Sardinia in response to the rollback ohé Apenninic slab
(Schmid and Kissling, 2000; Collombet et al., 2002; Ma one teal., 2008;
Vignaroli et al., 2008; Pleuger et al.,, 2012; Ring and Gerde2016; Kastle
, 2020). However, the paleomagnetic data are insu cient to dicriminate
between the possible mechanisms, mainly because of the poszognition
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 mject are re-
viewed. The rst subsection is devoted to a brief overview othe topic of

linear elasticity, the formalism that has been adopted andhe fundamen-
tal equation that were implemented in the numerical modelsThe second
subsection if focused on the Finite Element Method (FEM), withparticular

attention on the use of this numerical technique for the sotion of elasto-
static problems. In the third subsection, the methods for th evaluation
of di erential stress around a system of cracks are explaidetogether with

the model setup. The fourth subsection is an overview of theadel for the
simulation of compaction of carbonate platforms in the Dolwoites. In the

fth subsection, the constitutive equations for the numertal modeling of the
deformation of a composite of nonlinear viscous-frictiohanaterials are pre-
sented. The sixth and last subsection explains the methodasrfthe study of
the anatomy of the newly discovered fault zone in the Ligurraalps. It is

an explanation of the creation of DOMs with the use of Unmanne@erial

Vehicles and it also contains the speci cs of the drones thatere used for
the data collection.

3.1 Linear elasticity

Elasticity is the rheological behavior characterized by t 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 its original shape
after the applied load is removed (Timoshenko, 1951; Turdetand Schubert,
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2002). In the following, we will focus on linear elasticitywhich is charac-
terized by a linear dependence between stress and strain. F&l, where
and are the stress and the strain, respectively, shows the patteof linear
elastic behavior in 1D, together with the loading and unloadg paths.

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

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

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

p= 5 D008 Cy u): @)
2 @x @x 2
The indexesi,j run over the three Cartesian directionsuy is the displace-
ment and x is the generic spatial coordinate identi ed by its index. Tle
strain tensor is then the symmetric part of the derivative oflisplacement.
Using the Einstein index notation, which implies a summatiorover re-
peated indexes, we can write the constitutive equation foimlear elasticity,

known as thegeneralized Hooke's layas follows:
i = Cijkm «km; (3.2)
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or, equivalently, in compact notation:

= ; (3.3)

llilg

C is a fourth-order tensor of elastic coe cients. Since the séss and
the strain tensors are symmetric, only 36 components out ofi¢ total 3* =
81 are distinct constants. Furthermore, the assumption of aropy of the
material, considerations based on the de nition of the stia energy function
and the linearity of the stress-strain dependence allow t@duce the number
of distinct and independent linear elastic coe cient to two (Mase et al.,
2009). The most general expression f@ is the following:

Cikm = i km* (i jm* im jk): (3.4)
Eq. (3.2) becomes:

i = kT2 e (3.9)

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

E

@a+ yr 2)
E .
21+ )’

(3.6)

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

ij - 2_ ij 3 +2 ij
The cases of interest are two-dimensional, so in the followg the indexes
i andj can only take values 1 and 2X; and X,). In order to simplify the
calculations, since both the stress and strain tensor arersynetric, we can
utilize the Voigt notation (Kwon and Bang, 2018). It is a way b simplify a
tensor by representing it as a lower-order quantity. For exaple, the strain
tensor in 2D, in matrix representation reads:

kk - (3.7)
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w =2
= : (3.8)
- =2 yy
In this equation, is the shear strain. Since in the Finite Element Method
strain is calculated directly from the spatial derivative é the displacement,

we can reduce the order of the strain tensor as follows:

Upa 11
_= Uz:2 = 22 (3.9)
Uyo + U1 2 12

If we write the stress tensor in the following way:

|
11’
= 2 (3.10)

12

We can rewrite EqQ. (3.5) in matrix form as follows, using the &ne con-
stants:

11 2 + 0 11
2 = 2 + 0 22 (3.11)
12 O 0 212
or, alternatively:
_=C (3.12)
with:
2 + 0’
Cc-= 2 + 0 : (3.13)
0 0

3.2 The Finite Element Method (FEM)

The nite element method for elastic problems is based on ctimuum me-
chanics, which studies the deformation and transmission &drces through
materials by modeling these as continuous media and ignogirthe discrete
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composition of material bodies. The continuous medium mayebdivided in-
de nitely into smaller and smaller portions, each of which etains all of the
physical properties of the parent body (Mase et al., 2009).

FEM makes use of this assumption to calculate the displacensrof the
deforming body in a grid of points called nodes. The rst stepn the nite
element approach is to discretize the geometry of the systeand to produce
a mesh, that is a collection of nodal points that divide the dmain into
regularly shaped parts, called elements (Tadmor and Mille2011; Hughes,
2012).

The second step, in any nite element solver, is to choose a st basis
functions that allow to calculate displacement, stress anstrain in any point
of the system. These are known aghape functions(Zienkiewicz and Taylor,
2000; Tadmor and Miller, 2011; Hughes, 2012; Kwon and Ban@18). Their
number is equal to the number of nodes, hereafter calletdod, multiplied by
the degreese of freedom of each node, and they have the prgpef being,
each of them, equal to 1 on a particular node and 0 in of all theemaining
nodes. This property reads:

Ni(Xk;¥x) = « for i=1;::;nnod: (3.14)

The third step is to calculate, element by element, the sti ess 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 assemblefilom the
elementary matrices and the displacements of each node candalculated.

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

3.2.1 Mesh and isoparametric elements

In two dimensions, the most common element types are triarggd and quadri-
laterals. The coordinates of the nodal points and the arrayfandexes iden-
tifying the corner nodes of each element constitute the comafational mesh.
The mesh can also be equipped with the information about the aterial pa-
rameters of each element, such as the elastic parameté&sand and the
density in case the deforming body is made up of di erent materials. Bi
3.2 shows an example of unstructured mesh of a square domaithvedge 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 prameter. The
unstructured mesh consists in an irregular tessellation diie surface, where
the corner points of the triangles are arbitrarily and unifomly distributed
in the domain to obtain elements that are not too elongated @dmor and
Miller, 2011). The reason behind this is that the more comp#athe element
is the more any quantity can be e ectively interpolated in tke internal point
of each element by integration. In this example, the minimunangle of the
elements is set to 30

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

If, however, the shape of the elements is irregular, as in niamses, es-
pecially when dealing with very thin inclusions or structual voids, the best
strategy for the calculations and integrations inside eacklement is to adopt
isoparametric elements (Becker and Kaus, 2016). The isoparetric formu-
lation is useful when the shape of the elements is complex ang aim to
map it into a reference regular elementary shape. In this aasthe aim is to
map irregularly shaped triangles in a reference right triagle 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 elem 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 altosen element
in the domain, x,y, are mapped into an auxiliary space where the coordinates
that are used are called, andw. The rst two are the horizontal and
vertical coordinates of the point mapped in the right triande 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 ttcgkate the

physical quantities of interest on the nodes and on any inteal 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 ¢ element, de ned by a numbemodel of nodal points,

then:

ny@del
T(; )= TiNi(; ); (3.15)

i=1
with:
Ni( k; k)= ik: (3.16)
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In Eg. (3.15), T; and N; are the values of the physical quantityT and
of the shape functions on the nodes of the element in which weant to
determineT.

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

niodel
x T = XiN; ~ (317)
i=1
Xi is the position of thei-th node of the element. From Eq. (3.17) we
can also relate the two sets of coordinates (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 !
!

x

[
I
oee®
<
°lee®
<

x

(3.19)

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

@X_ ny@del @N
a- “a (3.20)

i=1

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

J=—=— % (3.21)

We can integrate any function in the reference space de ned Ithe coor-
dinates and . We can do it through the following equation:
Z Z
, fOGy)dxdy = f[x(; );y(; )lidet(J)jdd: (3.22)
X

For the purposes of the simulations, we need to calculate theartial
derivatives & etc. So we can just invert Eq. (3.21):
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d~ . L
= inv(d)=J % (3.23)

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

Z Rip
f(; )dd Wipf (s ip); (3.24)
ip=1

wherew;, are the weights of the integration.

A possible choice is to use three integration points. That the integration
technique used in the simulation performed in this researgbroject. In the
auxiliary right triangle with edge of unit length those poirts are the middle
points of each element edges:

P1= Pi( 1; 1) =(0:5;0:5);
P> = Pa( 2; 2) =(0:5,0); (3.25)
P3= P3( 3 3)=(0;05):

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

11
2 3~

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 é&hquantity over
this triangle is then simply obtained as the arithmetic mearof the values of
the function on the integration points multiplied by the area of the reference
element, that is 2.

The Jacobian determinant:

Wip = % 8ip: (3.26)

Jac = jdet(J)j (3.27)

contains the information about the actual dimension of thelements in
the real domain.

73



The type of elements that | used in the simulations are triargs. In the
case of the study of the di erential compaction of the carbaatic platforms
on the Dolomites | used 3-node triangles, where the nodes ahe corner
points of each elements. In the study of the stress concerticm around
the cracks, instead, | preferred to use 6-node triangularezhents, which
have nodes on the corners and on the mid points of the edges. Hav
more nodes on each element increases the precision of thewdations. It
allows to better interpolate the physical quantities on theinternal points
of each element. Furthermore, having nodal points to the tangles edges
increases the exibility of the elements. Triangular elen@s with nodes
only on the corner have higher probability of causing sheawsdking problems,
especially when dealing with nearly incompressible matats (Wriggers, 2006;
Yastrebov, 2013). In the case of the di erential compactioof the carbonate
platforms, | chose 3-node triangles to expand the domain moeasily with
additional meshes. Fig. 3.4 shows the reference triangles foth the 3-node
and the 6-node triangular elements.

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

The 3-node and 6-node shape functions for the reference tighangle
with edge of unitary length, as a function of the spatial codlinate in the
auxiliary system (; ) are the following. The 3-node shape functions:
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N, = (3.28)
N3 =
The 6-node shape functions:

N;=wl2w 1)

No= (2 1)

N;:= (2 1

3= ) (3.29)

N4 =4

Ns =4 w

Ne =4 w:

3.2.3 Linear elasticity with FEM

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

iji t h =0: (3.30)

The plane strain condition is one of the two possible appraxiations to
calculate stress and strain in two dimensions. It is based dhe assumption
that all the out of plane components of the strain are equal t0, that is (for
the symmetry of the strain tensor):

13= 23= 33=0: (3.31)

The plane strain approximation is particularly realistic f we consider the
deforming body as an in nite object in the out of plane directhn, and that
the quantities we can calculate in the plane represent therain 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 ofwo
disjoint sets:

= o[ n; (3.32)
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D \ N = (333)

The two portions of the domain boundary are distinguished byhe type
of boundary conditions prescribed in the two sets of pointdirichlet bound-
ary conditions are prescribed on p and Neumann boundary conditionsare
prescribed on  (Fig. 3.5).

Figure 3.5: The boundary of the domain is the union of the two sbsets p

and \, where Dirichlet and Neumann boundary conditions are presbed,

respectively. Dirichlet boundary conditions consist in irposing the value of
the displacement, Neumann boundary conditions consist in @scribing the
tractions on the edges (Tadmor and Miller, 2011).

The di erence between the two types of boundary conditionssithe fol-
lowing:

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

~ 7 The Neumann boundary conditions consist in prescribing tréions
on the edges of the elements, where tractions are de ned as:

ti= inj; (3.34)
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wheren; is the j -th component of the unit vectorn perpendicular to
the boundary .

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

" The equilibrium equation
" The de nition of strain tensor as a function of displacement

" The rotational equilibrium condition (the symmetry of the gress ten-
sor)

" The constitutive equation of linear elasticity.

The equations are the following:
ij *h=0
1
i - E(Ui;j + ujii) (335)

WOV AR 00

i =i
i =0 ok t2

In addiction, we need to prescribe the Dirichlet and Neumanndundary
conditions:
(
U =U on D

3.36
ti=t on N ( )

The barred quantities are the prescribed values of displaoent and trac-
tions on p and \, respectively. The rst thing to do to solve the con-
stitutive equation of linear elasticity with FEM is to write it in strong form
(Hrenniko , 1941). This means that we need to integrate it onle domain .
In order to get the results that we need to solve Egs. (3.35),eacan use the
method known as theprinciple of virtual work (Courant, 1943; Kwon and
Bang, 2018). We multiply the integral of the equilibrium eqgation on by
the quantity u, calledvirtual displacement which is an arbitrary increment
of the displacement. | will use the compact notation introdoed in Egs. (3.9)
and (3.10):
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Z
(@+b ud=0 8u (3.37)

If we use the divergence theorem and the de nition of the stia tensor
in Voigt notation (Egs. (3.9) and (3.37)):
z z z
d= b ud+ t udpy 8u (3.38)

But since for any couple

A B=B" A; (3.39)
it follows that:

@ N

TC _d= u' bd + u' tdy 8u (3.40)

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

u N 0 (3.41)
0= 0 W 0 % 7 Onnod Yonod T (3.42)
cov_ Ni(x1;%2) 0 Nz O : : @ Nppodg 0
N (x1;x2) = 0 N; O Np : : : 0 Npog (3.43)

0 is the vector whose @nod component are, alternately, the components
of displacement of each node in thg;,; and x, directions. In an analogous
way we write:

0 1
@N (X1;X2) QN @Ninod
@x 0 @x 0 @x 0
Bux)=@ 0 @ o @ 0 @l (344)
o @ & @ & @N\nod @Nmod
@x @1 @x @x @x @x
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The following equations hold:

u=N 0 (3.45)
_=B _ (3.46)
It follows that:
Z Z Z
0" B'CBd 0=_0" N'bd+ N'tdy 840" (3.47)
2 x5 LA o=

Since Eq. (3.47) holds for any value oft", we can conclude that:

=

0= F; (3.48)

where the quantity:
z
= BT

[~
i@}

B d (3.49)

is known as theglobal sti ness matrix
Z Z
F= N" bd+ N tdy (3.50)
@ n
represents the applied forces.
For the additive property of the integrals we can calculatehe integral
in Eq. (3.49) by dividing the domain in a set of disjoint subdomains, the
elements (el in number), that verify the following equation:

[1e|
= iel - (3.51)

iel=1
The integral calculated in each element i returns the elementary sti -
ness matrixK ¢ de ned as:
Z
Kel(iel) = ET g E d iel (3-52)
iel
Then, the elementary matrices are assembled in the global sess ma-
trix. Finally, the displacements on the nodes can be calculked simply by
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multiplying both sides of Eq. (3.48) to the left by the inverg of the global
sti ness matrix:

0=K 'F: (3.53)

Both strains and stresses can be calculated on any nodal poiand 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

| wrote and implemented the code in the MATLAB language with tle speci c

aim to control the geometry of a system of cracks. Itis a niteelement solver
for plane strain elastostatic problems. In all the simulatins | only considered
isotropic elastic materials, that is only media whose eldstcoe cients are not

dependent on the direction and that therefore do not changender reference
axes translation or rotation. Once | xed the dimensions of He domain,
the bulk parameters and the boundary conditions, | varied t& geometric
properties of the collection of cracks.

3.3.1 Inputs and model geometry

The inputs that can be varied are:

A

The horizontal and vertical dimensions of the domain

The number, length, aspect ratio of the cracks

The distance between adjacent cracks

The bulk properties of the deforming rock

The maximum area of the elements

The minimum angle of the triangular elements

Prescribed tractions and displacements at the boundaries

The orientation of the cracks
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Aspect ratio Distance Length  Number of cracks

a=b d(m) I (m) n
10 10° 10 ° 4
325 42 10°> 42 10° 5
55 18 104 18 10* 6
775 75 104 75 104 7
100 32 10% 32 10°% 8

1:3 102 1.3 102 9

56 102 56 102 10
24 10! 24 10! 11
1 1 12

Table 3.1: Geometric parameters varied in the simulations.

" The body forces

The simulations of the shear deformation of a rock volume ietcepted by
the line of collinear cracks all share the overall geometry the domain, which
is a rectangle 60 meters wide and 40 meters high. The geomeproperties
of the system of cracks varies from simulation to simulationFor the sake of
the investigation of the concentration of di erential stress, | decided to vary
the distance between adjacent cracks, their length and nurabover 9 values
each, and 5 values of aspect ratio, for a total number of 3648rcgurations
(see Tab. 3.1). The number and aspect ratio of the cracks havalues that
are equally spaced, while the values of length and distanae dogarithmically
spaced.

As regards the bulk properties of the rock, | adopt a Young's Miulus of
6 GPa and Poisson's ratio of 5.

The meshes were produced using the Triangle mesh generatewveloped
by Shewchuk (1996; retrievable ahttps://www.cs.cmu.edu/ ~quake/tri
angle.html ). For the solution of this problem, | chose 6-nodes triangat
elements with maximum area of Im? and a minimum angle of 3@ For the
calculations of the elementary sti ness matrices, | adoptkthe isoparametric
formulation and | used the shape functions de ned in Eq. (39. In Fig. 3.6,
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the shape of the cracks and some of the meshes utilized in thengliations
are shown.

Figure 3.6: A) The shape of cracks with increasing aspect ratigGince the
cracks are too thin to appreciate, the aspect ratio is actugl 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 equed 10 and
distant 10 > m from one another. The triangles in the mesh are the elements.
The nodal points are both the corner nodes of each element atiek middle
points of the edges of the triangles. C) Schematic illustrain of the geometric
parameters varied in the simulations: the separation betwa the cracksd,
their length |, the major and minor semiaxes of the ellipsessand b.

All the cracks are oriented with the major axis of the ellipses/ing on
the central line of the domain. The geometry is designed tovedys have the
system of cracks centered on that line, in order to minimizedondary e ects.

3.3.2 Boundary conditions and body forces

For the simulation of shear deformation, | followed the apmach of Tal et
al. (2018). | prescribed a small horizontal displacement tihe top and bot-
tom edge of the rectangular domain in opposite directions. He horizontal
displacement on these boundaries is 10 m, with a zero displacement in
the vertical direction. Neumann boundary conditions aimingo simulate
lithostatic con ning pressures are prescribed on the latat edges of the do-
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main. On these sides of the system, a horizontal traction oD@ MP a was
prescribed.

Finally, since the size of the system is modest, | decided toglect gravity,
so no body force act on the system. Fig. 3.7 shows the model geand the
boundary conditions.

Figure 3.7: The problem setup: a 6én by 40 m section of an elastic medium
intercepted by a system of 5 cracks with length of fin, aspect ratio equal to
10 and with a reciprocal distance of @ m. At the top and bottom boundary,

a horizontal displacement of 10° m in opposite directions is prescribed. To
the left and right boundary, a horizontal traction of 100MP a is prescribed.

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

The two-dimensional linear elastic analysis is performechadhe same nite
element solver used for the problem of the collinear cracksThe domain
is divided into three-nodes triangular elements with maxiomm area of 3
square meters. The 2D meshes representing the analyzed cexdte plat-
form to basin geometries were developed using the Triangleegh generator
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(Shewchuk, 1996). | xed the dimensions and geometry of theabin and of
the rst platform, and then | varied both the number of additional compact-
ing platforms and the aggradation and progradation paramets, 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 usinthe porosity-
depth change method (e.g. Sclater and Christie 1980). It ceiders only
1 dimension, depth g), and two material parameters, porosity and matrix
density. This method could be very e ective when used to caltate the
original thickness (decompaction) or the compacted thiclass (compaction)
of the sedimentary units, but due to its 1D nature it cannot casider the
lateral transmission of the stress and strain related to theompaction mech-
anisms (Resor and Flodin, 2010). This issue can be resolveshdating the
compaction with a linear elastic model.

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

A recent detailed comparison of the conventional and uncoestional
methods for the de/compaction of sedimentary units, presed by Martn-
Martn and Marn (2020), show as a linear elastic method ca give satis-
factory de/compaction results when considering soft sedentary unit, as
basinal ones, whereas it gives underestimate de/compactioesults when
considering hard rock, as the carbonate platform ones. Acdimg to Hunt
and Fitchen (1999), the di erential compaction is generallydue to thinning
of compactible sediments units toward the platform (thickeing of the basi-
nal facies toward the basin), and/or due to variation of the ompaction load
(e.g. slope/clinoforms). In both cases, most of compactios accommodated
by the basinal facies.

For this reason, it has been decided to perform a compactioroetel based
on the linear elastic analysis, considering the basinal fas as easily com-
pactable and the carbonate platform facies as incompresgipin order to
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investigate the stress and strain state of the carbonate bgdaused by the
di erential compaction of the basinal facies.

3.4.2 Models geometries

Three di erent modeling sessions were planned in order tonsulate in static
linear elasticity and plane strain conditions the di erental compaction pro-
cess of the basinal facies and the related deformation of tbeerlying car-
bonate platform, due to a growing carbonate platform with tihee di erent
Progradation to Aggradation ratios (P A).

All the simulations share the initial geometry, that can be dscribed as a
50 meter-thickness carbonate platform with a slope angle ca. 30 that lies
onto a horizontal basinal unit of 300 meters thickness and @0 meters-long
(Fig. 3.8).

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

The PA ratios of the carbonate platform were set as followsPA = 0
meaning progradation of Om and aggradation of 50m; PA = 1 meaning
progradation of 50m and aggradation of 50m; PA = 25 meaning progra-
dation of 50m and aggradation of 2m. The progradation and aggradation
are considered as th& andy distance between the platform breaks of the
previous and further platform.

| performed a total of 13 simulations, one representing thei drential

compaction process due to the initial stage of the carbonafdatform and
twelve representing the further four stages of growth of thearbonate plat-
form for each of one of the three dierentP A ratios. As for the initial
carbonate platform geometry, the slope angle of the furthgrowth 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 carborafplatform
to slope transition onto the di erential compaction-driven syndepositional
deformations (Hunt and Fitchen, 1999; Resor and Flodin, 201®erra 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))[&nd 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 ofighstudy: to
reproduce the compaction process using a linear elastic nebénd investi-
gate the related deformation and stress eld. The accurateomparison and
analysis of conventional and unconventional methods foréhcompaction cal-
culation presented by Martn-Martn and Marn (2020) sh ows that the linear
elastic method can well represent the compaction of not litked and not
fully unconsolidated sedimentary unit. Therefore, | decied to use similar
elastic properties as those presented in Martn-Martn ad Marn (2020).
Three di erent materials with highly di erent elastic prop erties were chosen
(Tab. 3.2): two almost incompressible materials represeng the carbonate
platform facies, early lithi ed and not; a more easily compessible 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 1@GPa 0:3 2710Kg=m?3
(early lithi ed)
Basin Compactable 0 GPa 0:15 2200Kg=m3

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

The Young's Modulus ), Poisson's ratio () and material density ( ),
reported in Tab. 3.2, were de ned not only considering the Vaes reported
by Martn-Martn and Marn (2020), but also by Resor and Fl oding (2010)
and Nolting et al. (2018, 2020). Since in this study the aim istunderstand
how stress principal components ( and ;) can be oriented in the carbon-
ate platform after the di erential compaction of the basina unit, and not
to accurately reproduce the stress eld magnitudes and vads, the elastic
properties (Tab. 3.2) were de ned to represent the di erene between the
order of magnitude of the elastic properties of the di erenfacies.
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3.4.4 Boundary conditions and body forces

| de ned Dirichlet's Boundary Conditions (BCs) on the left and bottom
margin of the model: for the nodes of the left margin | de ned aoller BC
on the y-axis (no movement inx-direction), whereas for those of bottom
margin | 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 canhmove 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 dehsof the basin
and the platforms is di erent, and so are the rheological pameters describ-
ing linear elasticity. In each step of the simulation that fdows the initial
deformation stage with only one platform, the compaction ahe sediment is
re ected on the increase in Young's modulus (from 1 to 1GP a), as well as
on the deformed shape of the platforms. The additional plaifms have the
same shape as the rst one, with the top side horizontal and dope of 30.
The same BCs are imposed on the additional platforms: a rall8C on the
y-axis for the nodes on the left margin.

3.5 Nonlinear viscosity

In this section, | present an overview of the mathematical ws that will be
the base of the numerical modeling of subduction nelange$n Sec. 3.5.1 |
present the equations of mechanical equilibrium. Sec. 285s dedicated to
the constitutive equation. In Sec. 3.5.3 the problem of molleg composite
materials is addressed. Finally, in Sec. 3.5.4 | discuss balany conditions
for the nonlinear viscosity models.

3.5.1 Mechanical equilibrium

| can now de ne the basic mathematical equation to use in the adeling
of viscous-frictional deformation. First of all, the princple of conservation
of mass is assured by imposing the incompressibility coraimnt for both the
matrix and the blocks:

r v=0; (3.54)



where vis the velocity eld and r the divergence operator. Moreover,
since the model dimensions are relatively small, gravity nebe neglected:

r =0; (3.55)

where is the stress tensor de ned as follows:

= IP; (3.56)

where is the deviatoric stress tensor and® the dynamic pressure.
In index notation:

i = j % Kk ij - (3.57)
P andv are the unknown variables that the simulation can calculateonce
the system of equations is closed by considering a constiug equation.
The modest size of the model also allows to consider tempeana as a
constant throughout the domain. Shear heating is neglected this model,
so temperature is also constant in time. In each simulatiom, di erent value
of absolute temperature can be used, so that also the depende of the
rheological parameters on temperature can be investigatediemperature is
assigned according to a linear geothermal gradient to mimit erent depths.

3.5.2 Constitutive equations

The resistance to deformation of viscous materials depends the velocity
of the deformation. In continuum mechanics, a quantity that éscribes the
velocity of the deformation is the rate of deformation tensoD de ned as
follows:

Dij = %(Vi;j + Vj,l) (358)

The subscriptsi andj are Cartesian directions in a given reference system,
and the comma indicates spatial derivative with respect tohte Cartesian
direction represented by the following index. The rate of dermation tensor
is, by de nition, symmetric. This tensor is the symmetric pat of the velocity
gradient.

An apparent viscosity .y, relates the deviatoric stress and the strain rate
as follows:
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9=2 o (3.59)

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

1 11 1 Q
;pp = E —ITI An exp ﬁ ; (360)
Bop = — (3.61)
A

where |, is the second invariant of the strain rate tensorR the gas con-
stant, T the absolute temperature inK, and A, n, and Q are the typical
dislocation creep parameters obtained by deformation exp@ents (namely
the pre-exponential material constant, stress sensitiyit and activation en-
ergy, respectively) and , is the pressure-dependent yield strength. As a
reminder, the second invariant of any tensof;; is de ned as follows:

1
Ay = E(Aij A AiAj): (3.62)

The coe cient Y; describes dislocation creep. The parametefs n and
Q can be estimated from the results of a numerical simulatiorylrearranging
the terms in the following way:

Q .
1 =A | exp BT (3.63)

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

In Bl =In A+ nlin I (364)

RT"

Plotting the numerically computed values of the logarithm bthe second
invariant of the strain rate tensor versus that of the seconthvariant of the
deviatoric stress tensor, , the slope provides the value ofi, while plotting
the same quantity versus £RT the activation energyQ can be evaluated in
the same manner. Substituting the estimated values of and Q into Eq.
(3.62), the pre-exponential parameteA can nally be evaluated.
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The second viscosity coe cient £, ensures that the shear stress does
not exceed the frictional yield strength, whose dependenoa pressure can
be expressed by the Drucker-Prager criterion (loannidi et.a2021):

y = Psin Ccos; (3.65)

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

The frictional yield strength  is bounded from above by a Von Mises
stress \y for pressure-insensitive plastic failure. The Von Misesrstss y
is the critical value of stress over which plastic yielding axurs in ductile
materials. Therefore, the frictional yield stress cannotxeeed a Von Mises
stress limiter y, so that:

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

n 1

Dj = BJ,?* j;

Lo (3.67)
2% 5K K

B is a material parameter that is expressed inMPa) "s 1, J, is the
second isotropic invariant of the deviatoric stress.

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

The apparent viscosity of a power-law uid is de ned the samevay 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 fallving equations:

1
Dij =

= ¥ 3.68
2 app ! ( )

h i
wp= BJ,Z (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 idepends
on the position through the local value of the stress. As a madt of fact, the
apparent viscosity depends on the second invariant of the wdatoric stress
J,. In the special case of biaxial state of stress, wherg = 3 < 4, this
quantity takes the following form:

J2= %( 1 8)’ = % Gite (3.70)
where 4 is the di erential stress.

The constitutive equation for power-law uids is provided ly experiments
of axial loading of cylindrical systems with uniform stres®n the surface of
the cylinder. The phenomenological equation correlatindgne axial strain rate
_1 and the di erential stress is the following:

_dl_ Q n.
A7 g Agexp RT (1 3) (3.71)

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

n 1

1 2 2
D:=B §( 1 3)? §( 1 3)= Agexp

B =[(3) " V2(3=2)]JAexpf Q=RTg:

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

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

Q n.
Rt (1 9% (3.72)

j =B My (n 1)=2nDyj;

1 1
lo = EDij Dj = B2J{" 1)5 i i = B2J; (3.73)

Jz = (1,=B%)™™":
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In this equation, I, 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 aneade of grains
and crystals and lled with cracks and voids. Heterogeneityan be found
also at higher scales, for example in layered sedimentarycks or strongly
deformed metamorphic rocks. If we need to model the defornat of a
rock as a continuum medium, we also need to nd a way to determe the
bulk properties of a composite of di erent materials from te 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 corapite comes
from direct experiments. Nonetheless, these are often exga@ and di cult
to perform, and only rarely allow for a good control on the exgrimental pa-
rameters a precise knowledge of the internal structure ofélsamples. This is
why the problem of the investigation of the rheological progrties of a com-
posite of power-law materials is usually approached by thembined tools
of the analytical solutions, though sometimes based on strg assumptions,
and the numerical simulations.

In the following, we will consider a composite material madap 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 ¢ cases natural composite materials agpeas sys-
tems of isolated bodies inside a matrix, they are often geotrieally complex
structures of interdigitated isolated bodies to rather comlex interdigitated
bodies consisting of amalgamations of grains composed ot @r the other
component. Once the individual constitutive equations fothe pure phases
are given (see Egs. (3.67) and (3.73) for the power-law uigsboundary
conditions have to be imposed so that the velocity, displaceent eld and
tractions at the interfaces between them are continuous. Hewer, since the
geometry can be complex, prescribing a bulk rate of deformam or stress
does not provide an easy way to determine the stress and vetpdistribu-
tion in the composite. The Reuss and Voight approaches alloavfar easier
determination of stresses and velocities, starting from érent assumptions.
These estimates are usually applied to the study of a mixturef homoge-
neous, isotropic and linearly viscous uids. The two modeldo not suppose
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that their basic assumptions are actually veri ed in naturd examples, but
provide a simple framework that can be later compared to natal events
to understand at what extent those presuppositions are cact. The Reuss
and Voight estimates represent the minimum and the maximumrhits to the

viscosity of the composite (Pollard and Fletcher, 2005).

The Reuss model relies on the assumption that stresses arenogeneous
in the system and equal to the applied stress. Let us assumeatththe vis-
cosities of the two linear viscous phases are and |, and that the volume
fractions of the two components argé, andf;, =1 f,. Then, in the assump-
tion of homogeneous stress, the components of the rate tensar phasesl
and Il are, respectively:

P ” %; 3.74
D!l = X . ( . )
XX 2.

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

f f
S T T
From Eq. (3.75), it follows that the Reuss estimate for the ective vis-
cosity of a two-phase composite of linearly viscous homogeus uids with
volumetric fractionsf, and f,, is:

1
R = f + fu : (3.76)
| I

The Reuss estimate does not involve at all the geometric cayuration
of the composite material. It is the lowest possible estimatof the e ective
viscosity of such a two-phase medium (Paul, 1959) (see Fig9B.

The Voight model is based on a di erent assumption, that is tht the rate
of deformation is homogeneous in the material. In this framerk the velocity
eld is continuous. In this way, stress is considered to be hwogeneous in all
the internal portions of the composite material made up of t pure phases,
while it can be discontinuous across the interfaces betwedme elements.
Keeping the same notation as before, we can calculate the @goric stress
components for the pure phases in the following way:
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)I(X =2 | Dx;
)IJ( =2 1 Dx:
At this point, the equation expressing the macroscopic vaduof the stress
is the following:

(3.77)

w = fi >|<x+f|| =112 Dax + 112 1 Dyx =2 vDyx: (3.78)

XX

The Voight estimate of the e ective viscosity of the compos material
is:

v="F 1 +fy (3.79)

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

Figure 3.9: Ratio between the bulk viscosity of a composite rraial and the
viscosity of the weaker component for di erent values of theolumetric ratio
fi. The Reuss and Voight estimates are shown. Any experimentalirge
lies between these two theoretical curves. The Reuss estimas the lowest
possible and the Voight estimest the highest, for any valud o, .
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The Reuss and Voight estimates of the e ective viscosity of ds. (3.76)
and (3.79) are useful and simple approximations, but theireld of validity
should be tested. Moreover, the expressions in those formsilare valid for
linear viscous uids. In the case of power-law uids, the e etive viscosities
depend on the stress or, alternatively, on the rate of defoation.

3.5.4 Boundary conditions

In a numerical simulation of a subduction shear zone, the kématic boundary
conditions are usually set to simple shear. For simple shearthe horizontal
direction, opposite tangential velocities are prescribeat the top and bottom
boundaries of the domain, while the normal components arets® zero.
During the simulation of the evolution of the system, the precribed velocities
are kept constant in time. The prescribed velocitys is chosen according to
the height of the computational domainL and the expected background
strain rate

_ Vs
b= (3.80)

and to evaluate the degree of localization of deformation,,,, by com-
parison with the strain rate values ¢,mp, computed in the numerical model:

_porm = P (3.81)
b
Con ning pressure can be taken into account by prescribingoastant
normal tractions at the left and right sides of the domain. Gterwise, periodic
boundary conditions at the lateral walls are often more comwient (Radjai,
2018). The con ning pressureP. is given by the lithostatic pressureP),
reduced by the hydrostatic pore uid pressure:

Pe=Pin (1 )

P (3.82)
Piith

wherePs is the pore uid pressure. On the other hand:
Pith = mean9Z; (3.83)
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where nean 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 problemtadi erent
depths, and hence at di erent temperatures, which a ects b the rate-
dependent viscosity and the yield strength of the materialThe increasing
depth, leading to increasing temperature and con ning prease, results in
the decrease of the rate-dependent viscosityy,,.

The e ect of temperature manifests in the dependence of thate-dependent
viscosity 3., on the Arrhenius termexpQ=RT. Increasing temperature leads
to a pronounced decrease of the rate-dependent viscosit,. This also fa-
vors higher computed strain rates for the same backgroundrain rate con-
ditions, and therefore higher localization of deformatiom the matrix. Since
the dependence of},, on temperature is exponential, while the dependence
of f,, on depth is linear, the main e ect of temperature is to ascrie to the
rapid decrease of viscosity with increasing(K ). On the other hand, viscos-
ity may also increase with depth due to the increase in pressu Therefore,
the observed viscosity variation with depth is the result ok competition
of two opposing e ects, the viscosity decrease by temperawiand the vis-
cosity increase by pressure. An alternative approach is to eishe so-called
Frank-Kamenetskii approximation. This consists in the liearization of the
Arrhenius term in its dependence on temperature. The procerhiis to apply
the Taylor expansion in temperature to the exponent of the Atrienius term.
This approximation if useful since it provides results thatre comparable to
those obtained with the Arrhenius term but is more computatioally e cient
since it produces weaker viscosity increase towards the foe and smaller
global viscosity contrasts (Noack and Breuer, 2013).

The frictional yield strength  increases linearly with the con ning pres-
sure P., 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 ecéwiscosity 5, thus
making frictional yielding harder to produce at great deptb.
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3.6 Methods for the study of the Horse
Head Fault zone in Verzi

In this part of the research, | present a structural analysishat 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 Italiageological 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 lithabgies and tectonic
structures, including folds, thrusts and faults. Faults reognized in the eld
have been characterized in terms of geometry, distributioof damage, type
and composition of fault rocks and kinematics (Woodcock andort, 2008).

| carried out UAV-based Digital Outcrop Model on the largest otcrop of
faulted rocks (lat. 44.157870N, long. 8.238764), i.e. an alg®ned quarry
where a complex faults network is well exposed, because itshea scarce and
dangerous accessibility and with the aim to collect statigtally signi cant
data.

3.6.1 Structural eld analysis

The structural eld survey was conducted by compass-clinoater measuring
the orientation of faults and fractures. In this study, | reér to fracture as fault
when the morphology or kinematic indicators are clearly vigle. For what
concerns the faults, the availability of various types of chonate slicken bers
allowed us to measure the rake and sense of the fault slip vact The acquired
fault slip dataset was then analyzed using the software Failin 8 (Marrett
and Allmendiger, 1990; Allmendiger et al., 2011). The datasef the fracture
orientation was analyzed using the software Stereonet 11 (Alendiger et al.,
2011).

3.6.2 UAV photogrammetric survey and Digital
Outcrop Model development and analysis

The UAV photogrammetric survey was conducted in November 2028 the
abandoned quarry close to Verzi village (Fig. 2.19) using a DRhantom 4
RTK (P4RTK) quadcopter, equipped by a 20 Megapixel camera aha Real
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Time Kinematic-Global Navigation Satellite System (RTK-GNS5), follow-
ing the procedure described in Menegoni et al., (2022a). Inal. 3.3 the
quadcopter speci cation are described.

Type

Weight (payload included)
Camera sensor type
Camera sensor size
Camera sensor resolution
Camera focal length

Camera shutter
Gimbal type

Inertial Measurements
Unit (IMU) accuracy
GNSS type

GNSS accuracy

DJI Phantom 4 RTK
1391 grams

CMOS

1 inch

20 megapixel

8.8 mm (35 mm format
equivalent: 24 mm)
Mechanical

Mechanical 3-axis

< 2°
Real Time Kinematic (RTK)
< 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 | performed the UAV ights and photo capturing manualy using a
variable camera pitch, ranging from 8%5(near horizontal camera view) to 65
(gently inclined camera view, around 37, and a mixture of strips and inde-
pendent/convergent acquisition models (Birch 2006; Meneagi et al., 2018).
Three di erent acquisition missions were performed in orddo acquire three
photogrammetric datasets of di erent image resolution (Fig3.10): DOM1,
7.07 mm/pixel; DOM2, 2.79 mm/pixel; DOMS3, 1.22 mm/pixel. The speci -
cation of the UAV-photogrammetric missions are reported in Ta 3.4.

The possibility to combine the PARTK with the DJI D-RTK 2 GNSS an
tenna allowed us to use the RTK-positioning setting. Using jtthe PARTK
works as RTK-GNSS rover antenna and the DJI D-RTK 2 as RTK-GNSS
base station and, therefore, it is possible to measure thensara capture po-
sitions with high accuracy (< 1.5 cm according manufactujein this study,
| did not use Ground Control Points (GCPs) because for the stly aims
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Figure 3.10: Horizontal and orthographic view (view directio is 30°N) of
DOML1 (abandoned quarry close to Verzi, lat. 44.157870N, lon@.238764)
where the areas covered by the DOMs with higher resolution @M2 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 84-9(r 11.10m 2.79 mm/pixel 379
DOM3 Manual 1 81-9Cr 4.79m 1.22 mm/pixel 225

Table 3.4: Speci cation of the di erent aerial-photogramnetric surveys.
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a high relative accuracy (DOM orientation and scale) is need, whereas a
high absolute accuracy (DOM positioning) was unnecessaryenegoni et
al. (2019) and (2020) show that a correct UAV photogrammetricurvey
executed without GCPs can achieve a high relative accuracyitiv errors in
orientation and scale lower than 1and 0.05%, respectively. Moreover, sev-
eral studies (Peppa et al., 2019; Taddia et al., 2019; Stott al., 2020; Stroner
et al., 2020; Taddia et al., 2020) show that using the quadctgy P4RTK,
together with the D-RTK2 GNSS base station, it is possible to ldtain ab-
solute accuracies lower than 7 cm that is considered largedgceptable for
the aims of this study. The UAV imagery dataset was then used tpro-
cess with the Metashape software (Agisoft, 2019) to obtaité DOMs (Fig.
3.10). The processing was performed following the procedardescribed in
Inama et al. (2020) and using the image full resolution. The OMs were
then analysed following the procedure described in Panara &. (2022a)
and Menegoni et al. (2022b). It consists in the use of the opsource soft-
ware CloudCompare (CloudCompare, 2019) and its tools andygjins for the
spatial measurements. In particular, to perform the fault nentation and
slip vector digital analysis | used the Plane tool and Line&n tool of the
Compass plugin (Thiele et al., 2022). The Digital Fault (DF) éta were then
analyzed as the Field Fault (FF) data through the use the softwar 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 oentation of the
local stress eld from the study of the kinematics of an arrapf faults (e.g.
Angelier 1989, 1990; Delvaux and Sperner, 2003; Vanik et &018). The
rst assumption of this method is that all the fault surfacesin the analyzed
system formed under the same stress eld. Other authors (e.iylarrett and
Allmendinger, 1990; Twiss and Unruh, 1998; Marrett and Peack,c1999)
claim that the result from the inversion are the axes of the cremental strain
tensor and not the principal axes of stress. Actually, straiis related to stress
by a constitutive relation that depends on the rheological &avior of the
medium. The principal stress and strain axes are parallel hnif the medium
is isotropic, that is only if the two quantities are linearlydependent. In the
following, this assumptions holds, and | will refer in the tet to the directions
of the principal strain axes.

The software that | used to perform fault-slip data inversia is Faultkin
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8. It determines graphically the directions of the principhstrain axes that
correspond to the input fault-slip data (Marrett and Allmendinger, 1990;
Allmendinger et al., 2011). The software uses the dynamic 'Fhd T Dihedra
Method' and the kinematic 'P' (shortening) and 'T' (extension) axes. The
directions of the principal strain axes are calculated thiagh the Bingham
linked statistical distribution (Angelier and Mechler, 197; Angelier 1990).
Faultkin 8 allows to visualize the data on the directions of pncipal strains
using the Bingham linked statistic to nd the fault plane soltion and plotting

it on a stereonet. On the stereonets, the compressional domas white-
colored, while the extensional domain is in grey. Also the dictions of the
strain axes are visualized on the plot with small squared detof di erent

colors. In the following, blue is the color of the dots represting the rst

strain axis, yellow is for the dots representing the interntkate axis and
red for the dots of the minor strain axis, which are numbered,2 and 3,
respectively.
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Chapter 4

Results

In this chapter the results of the PhD project are presentedThe two main
classes of results are:

1. The results of the numerical simulations

2. The results of the structural investigation

In Sec. 4.1 | present the results of the numerical modeling qpaof the
research. In particular I will show the results obtained though the code for
linear elasticity in Sec. 4.1.1 and the results about the néinear viscosity in
Sec. 4.1.2.

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

4.1 Results of the numerical simulations

| used the Finite Element Method to approach two distinct clases of geological-
physical processes:

~ Elastic deformation

" 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 ira body that
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deforms elastically. The code was then applied to two probies: the study

of stress concentration around a collection of cracks, to ter understand

fracture or fault frictional reactivation, and the problemof the compaction of
a sedimentary platform. The second approach was more complat has the

dual purpose to understand the nucleation of slow slip events subduction

nmelanges, which is a process that encompasses both slow atehdy viscous
deformation and brittle-frictional deformation, and postly to shed light

upon the rock- uid interaction during the frictional sliding in faults and

on the nonlinear viscous behavior of phyllosilicate-richatilts. The results

consist in the derivation of analytical solutions of e ecte viscosities in the
simpli ed framework of pure and simple shear of a bilaminateThese results
highlight the necessity of further investigation in the el of the deformation

of heterogeneous power law-viscous materials, and will s a benchmark
for the numerical modeling of more geometrically complex stems.

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 cedwritten
for the solution of linear elasticity problems and designetb simulate the
deformation of a rock intercepted by a rough fracture or a ragh fault.
Before using the code for the analysis of the di erential séiss and prin-
cipal stress orientations, | tested the code comparing theumerical results
with the analytical solutions of the hoop stress explainediSec. 2.1.1.
Then, | used the code to simulate a large number of di erent &cture
geometries and collected data of the stress eld for all theon gurations.

Benchmark  Before running the simulations, a benchmark of the code was
performed for the linear elasticity problems. The model sep for the test
consisted of a large square domain containing a single igethelliptical crack
with major axis length two order of magnitude smaller than te domain
dimensions. | focused on the comparison of the analytical @mumerical
solutions of the hoop stress (Eq. (2.3)), that is the normaltiess component
acting tangential to the hole boundary. The system is a squardomain. To
the top and bottom sides of the domain, uniformly distribut@ tractions with
opposite orientations in the vertical direction are appli¢ while on the left
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and right boundaries uniform horizontal tractions with opmsite directions
are prescribed.

| tested the code varying the geometrical parameters of thdliptic hole
and the applied Background stress eld. As an example, | repothe results
of the benchmark for a speci c model setup. The geometric anaaterial
parameters and the far eld stresses are the following (seegFi3.7):

8
=0
a=8m
b=2m
A =800m
B =800m @.1)
E=1GPa
=0:3
P=0MPa
1 =50 MPa
3=10 MPa

is the angle (in radians) de ning the position of a point in tre ellipse
boundary, measured counterclockwise from the tipa and b are the lengths
of the major and minor axes of the elliptical void, respectaly, 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 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 salts are
in good agreement with the analytical solutions. Even with aelatively small
number of nodal points the maximum relative error is %$%.

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 charateristics to an
external applied load.

The rst set of results obtained through the FEM-based numegal sim-
ulations consist in 3645 measurements of di erential stres Each of these
measurements represents the maximum value of di erentiatress resolved
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Figure 4.1: A comparison between the hoop stress on the tip dfe ellipse
calculated from the analytical solution of Eq. (2.3) (the ble curve) and the
data produced by the numerical model (the red dots). The ploshows the
dependence of the hoop stress (MP a) on the angle (expressed in radians)
that the major axis of the elliptical hole forms with the horzontal axis.
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on the domain under the same boundary conditions. The poinf anaximum
di erential stress, in all the simulations, was located at he tip of the most
internal crack in the collection. In the following, | show tte relation between
the di erential stress on the geometric parameters that | vaed, that is: sepa-
ration d, length | 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 thellipses. In
Tab. 3.1 the range of variation of each parameter is shown. hase 9 di erent
values of distance, length and number of cracks, and 5 valugfsaspect ratio.

Fig. 4.2 shows the dependence of the maximum resolved di etiahstress
on the distance between adjacent cracks. In order to make thesults more
readable, | decided to plot the base-10 logarithm of both thdistance (ex-
pressed inm) and the di erential stress (expressed irPa). The reason for
this is that, when | selected the range of values that the crespacing should
span, | decided to investigate the interaction among cracKsr di erent or-
ders of magnitude of crack length and reciprocal distance. &aplot in Fig.
4.2 shows the relation between the di erential stress and &éspacing among
cracks for nine di erent values of crack length, which can beistinguished by
the di erent colors shown in the legend. Each column shows ¢hresults for
the ve values of the aspect ratio, while the rows distinguls con gurations
with a di erent number of cracks.

In all forty- ve con gurations shown in Fig. 4.2, the dierential stress
decreases for growing values of the separatidrbetween the tips of adjacent
cracks. We can also observe that the clear positive corralat between the
di erential stress and the length of the cracks. The same gsdor increasing
values of the aspect ratio and number of cracks. From the insgtion 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 constanttaf this level.
This also happens for higher values of aspect ratio, but onfgr low values
of crack lengths and after a higher threshold of crack distamg. Given the
prescribed boundary conditions, the maximum di erential gess has a range
between 100MP a and 10GP a for low values of aspect ratio and between 1
and 100GP a for a high aspect ratio.

Fig. 4.3 shows the dependence of the dierential stress on tHength
of the cracks in the collection. Both the stress and the lenigtare plotted
as the base-10 logarithms of their respective values (in tsiof Pa and m,
respectively). Like before, the plots are organized in a relgr grid in which
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Figure 4.2: Plots showing the dependence of the maximum resd di er-
ential stress in the domain on the separation between the spof adjacent
cracks. In each plot, di erent colors discriminate betweeitthe highest seven
values of crack length. In each column, the results refer tove di erent
values of aspect ratio, while in each row the number of crackshich varies
among nine values, is kept constant.

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

From the data we can see that the di erential stress is a monohous
increasing function of the length of the cracks. For low vaks of the crack
length the di erential stress remains fairly constant at a elue around 03 GP a
for the lowest value of the aspect ratio and around GP a when a=b= 100.
As a threshold value of crack length, that decreases with growg values of
aspect ratio, is exceeded, the growth of the di erential s&ss with the length
of the cracks is linear. The linearity is evident for low vales of the aspect
ratio. For high values of aspect ratio (last column from thedft in Fig. 4.3)
the growth curve can also be tted with a power-law or an expaoential 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 l@es ofa=h 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 stie$n each
column, and it varies by more than an order of magnitude. As aady seen in
better detail in Fig. 4.3, the di erential stress greatly inaeases for decreasing
values of the distance between the cracks. For example, thieid line, which
represents the data for the lowest possible value of crackstlincing, is the
one that covers the highest values of di erential stress.

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

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

We can see from the plots that if the crack length is very lowidm 10 ° to
about 5 10 # m) no clear dependence of the di erential stress on the number
of cracks can be appreciated. Nonetheless, even for these \aue of crack
length a positive trend between di erential stress and numér of cracks can
be observed if the aspect ratio is increased. Moreover, vhthe curves that
refer to di erent values of distance between adjacent craskcollapse into one
constant function, increasing the aspect ratio allows to early discriminate
between them. For growing values of both length and aspecttia of the
cracks, the function that describes the dependence of theatiential stress
on the number of cracks is monotonically increasing. Howeyehe increase
is slow, especially for a higher number of cracks. We can aksee that, in
each row, the lowest curve has the absolute minimum value thancreases
with the aspect ratio.

Finally, | obtained the results regarding the dependence ofi¢ normalized
di erential stress on the ratio between the separation beteen adjacent cracks
and the crack length. For the normalization, | divided the vlues of the
measured di erential stress by the background di erentialstress (g1 =
100MPa). The main results are shown in Fig. 4.5. In Fig. 4.5A | show the
results relative to a collection of 4 cracks with aspect ratia=b= 10. In Fig.
4.5B | show the results relative to a collection of 12 cracksitv aspect ratio
a=b= 100. We can observe that in both plots, consistently with tle results
that show the dependence of the di erential stress on the lgth of the cracks
and the distance between the tips of adjacent cracks taken aslependent
variables, the normalized stress decreases for increasuatpes ofd=Il until a
threshold value of this ratio is exceeded. Over this value oatio between
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Figure 4.4: Plots showing the dependence of the maximum ressd di eren-

tial stress in the domain on the number of cracks. In each pladi erent colors

discriminate between the nine values of distance betweenjacent cracks. In
each column, the results refer to ve di erent values of aspe ratio, while

in each row the length of the cracks, which varies among ninalues, is kept
constant. In the plots where the curve colors cannot be distjuished is
because they collapse into the same constant function.

distance and length of the cracks, the ratio between the mamum value of
the di erential stress, calculated at the tip of the innermat crack in the
collection, and the background di erential stress is indegndent ond=I.

Figure 4.5: The dependence of the normalized di erential s#ss on the ratio
between crack separation and crack length. A) In this con guation, 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, | collected the magnitude and orientation of the pncipal stresses ;
and  in the vicinity of the crack collection. These quantities a& estimated
with the aim of understanding the reactivation of a fault or facture through
the breaking of contact asperities.

Fig. 4.6 shows a colormap of the principal stresses and theniemtations
(the direction is shown as white straight lines) for the corguration that
produces the highest di erential stress, and therefore theost critical con-
guration. The 9 cracks are 1 m-long, their aspect ratio is 100 and their
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spacing is 10m . We can see from Fig. 4.6A that the principal stress;
is oriented horizontally far from the area between the tipsfawo adjacent
cracks, but it curves near the tips in order to arrange radigt around the
point of maximum stress. On the point between the tips, wherthe di er-
ential stress is maximum, the rst principal stress magnitde is an order of
magnitude higher than the magnitude of the second principatress. From
Fig. 4.6B we see that in the area of maximum stress perturbatip near the
crack tips, the second principal axes have concentric ortation around the
center. Moreover, it can be observed that on the points whetbe rst prin-
cipal stress is maximum also the second principal stress hiaigh positive
(compressive values), whereas around the boundaries of v cracks it
takes high negative values.

Fig. 4.7 shows the colormap of the rst principal stress for ttee di er-
ent geometric con gurations with the same crack length, nuber 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 adjeent cracks. The
spacing decreases over the three plots, taking the valueslom, 24 cm and
56 mm. In Fig. 4.7A we can see that, even if the di erential stress ifigh
(more than 900MP a), the stress is concentrated at the tips of the individual
cracks and the perturbation does not a ect the area betweendg@cent tips
signi cantly. Instead, we can observe in Fig. 4.7B that the sbrter distance
between the tips allows the stress eld produced by the preses of the two
adjacent cracks to creates a relatively large interfereneene. In this con g-
uration the maximum di erential stress in this area of the sgtem is around
1:2 GPa. The rst principal stress has a maximum value of 5 GPa on
nodes that are symmetric with respect to the center betweeime crack tips.
Also in Fig. 4.7C we can observe interference, and in this casetstress 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 ittentify the
main zone of the di erential compaction-driven deformatia and to inves-
tigate stress eld and the orientation of the principal str&s component ;
(compressive) and , (tensile). Whereas the identi cation of the di eren-
tial compaction-driven deformation zones could be usefub tunderstand the
geometries of carbonate platform to basin transition, thestimation and anal-
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Figure 4.6: Principal stresses colormaps with principal stss 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; axes is horizontal
far from the cracks, it curves to vertical near the tips and b@mes radially
oriented around the center between the tips, where the di ential stress is
maximum. B) Colormap of the second principal stress,, with principal
stress axes orientations shown as white straight lines, has a mean vertical
direction far from the cracks, and it curves to a concentric gitern 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 princi@l stress, 1,
for three di erent value of the distance between the tips of djacent cracks
(1 m, 24 cm and 56 mm, respectively.
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ysis of the orientation of the principal stress componentoald be extremely
useful to understand how syndepositional fractures couldebformed due to
the di erential compaction.

Identi cation of the dierential compaction-driven deformations

The 2D FEM-based linear elastic analysis of the di erential@mpaction pro-
cess due to the rst growth stage of carbonate platform (Fig..8) shows that
highest displacements are localized in the carbonate platm region (Fig.
4.8).

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

The di erential compaction process is clearly depicted byhe strain cal-
culated during the linear elastic analysis (Fig. 4.8): movphorizontally from
the toe of the slope towards the inner platform the strain tesor components
« Of the basinal facies varies from ca. 0% ta3% (expansion) and y, from
ca. 0% to 1:5% (contraction), respectively, indicating an overall valme
reduction.

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

The inner platform beds, which initially were horizontal, hcrease their
dip toward the inner platform forming an elevated platform Ipeak, which
can potentially favor the creation of a reef. The slope clifiorms, which
initially were at and dipping towards the basin with a constant angle of 30,
decrease their dip progressively from the downlap surface the platform
break forming a slightly imperceptible concave curvaturecbncavity upward).
A modi cation of the stratal architecture of the basinal fages is also detected
close to the toe of the slope (from x 58& to 800), where the compaction
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Figure 4.8: Displacement results of the 2D-FEM based linearastic analysis
of the di erential compaction process based onto the initiageometry repre-
sented in Fig. 3.8B. A)The horizontal displacement (x-displeement) has a
maximum value of 1.5 meters and is mainly localized in the biasl facies
(compactable material) in the region below the carbonate atform slope.
B) The highest vertical displacement corresponds to4.3 m (downward dis-
placement) and is mainly localized in the carbonate platfon in the most
internal region. C) Horizontal, D) vertical and E) shear compnents of the
strain tensor of the 2D-FEM based linear elastic analysis oh¢ di erential

compaction process based onto the initial geometry represed in (Fig. 3.8).

Most of the deformation a ects the compactable basinal faes.
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Figure 4.9: Modi cation of the stratal architecture (geomety) of the car-
bonate platform geometry due to di erential compaction of lasinal 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 carate 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 wasnsidered
and the successively stage of growth of carbonate platformrasvmodelled ac-
cording the three di erent Progradation/Aggradation (PA) ratios, equal to
25, 1 and 0 (Fig. 3.8).

In particular, the platform break of the successive stage pfatform with
a PA ratio of 25 progrades about 50 meters and aggrades aboutrigters,
that with PA ratio equals to 1 progrades and aggrades about Sfeters and
the that with a PA ratio equals to 0 does not prograde (prograation equals
to 0) and aggrades about 50 meters. The overall results of tHaee 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 equato 1
and 0, the di erential compaction of the basinal facies dueotthe each single
stage-growth of the carbonate body (Figs. A.3 and A.4 in AppendiR) are
similar to that of the rst stage-growth of the carbonate plaform (Fig. A.1 in
Appendix A): the highest components of the displacement andrsin tensor
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are the vertical ones and are mainly localized in the area df¢ carbonate
body (maximum vertical displacement of ca. 4n) 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 regardg the rst stage
body. Notwithstanding, looking carefully the model with PA gual to 1 it
is possible to notice that the surfaces of the further growtlstages of the
carbonate platform tends to increase its subsidence towatide margin.

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

The di erences between the aggrading carbonate platform#$4 ratio 0
and 1) and mostly prograding ones (PA ratio 25) are also emps$iaed by
the modi cations of the platform geometry (see example of th 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 de to di eren-
tial compaction of basinal facies and carbonate body for thiaree di erent
models with PA ratio equals to A) 25, B) 1 and C) 0. To enhance theisi-
bility of the geometry modi cations the vertical axes are eaggerated about
5 times and the modi ed geometry is magni ed about 4 times (tb e ect of
displacement is multiplied by 4 times). The real values of #hdisplacements
are represented by colorbars.
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In general, as for the model of the di erential compaction del to the rst
stage of carbonate platform but with a higher magnitude, inlathe models of
the second stage of the carbonate platform deformed slopewsis a concave-
up shape due to the decrease of the di erential compactioriden 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 ss eld of the car-
bonate platform and basinal facies.

The model of the rst stage of carbonate platform (Fig. 4.12) lsows that
in general the compressive stress is nearly vertical, andethensile stress is
nearly horizontal.

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

The super cial margin/platform-break region of the carborate platform is
characterized by compressional regime, since bothand , are compressive.
In this area, the maximum compressive stress is nearly pdedlto the surfaces
in the most super cial portions and it becomes more verticainoving to the
deeper portions.

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

Generally, the inner platform is characterized by horizomtl tension. The
size of this tensile region seems to positively correlate tiee PA ratio: higher
PA ratios correspond to wider tensile regions of the superia inner platform.

For all the PA ratios the maximum tensile stress is recordedt @ahe 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 (ptform-basin
discontinuity) records tensile stresses.

For all the three dierent PA ratios the maximum compressivestress
shows its maximum values in the slope region and, as in the trenodel, is
almost parallel to the surface super cially and becomes mewertical moving
deeper (Fig. 4.14).

After that other three stages of growth of the carbonate platirm were
applied for the di erent PA ratio scenarios. The numerical nodeling of the
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Figure 4.12: A) 1 and B) , results of the rst model, concerning the initial
stage of the carbonate platform model. Zoom of the C); and D) , results
onto the slope to basin transition in which the orientation bthe two principal
stress is represented by the white lines.
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Figure 4.13: Zoom onto the , 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 ; 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 resultsimilar to those
of the second stage of growth. The analysis of the second pipal stress
(Fig. 4.15) suggests that:

" The size of this super cial tensile region shows a relationith PA
ratio, with higher PA ratios corresponding to wider tensile egions of
the super cial inner platform.

For all PA ratios the maximum tensile stress is recorded at #hslope toe
of the previous growth phases of the platform and is near haantal.

only for the models with PA ratio equals to 1 and 0 the platfornmbase

(platform-basin discontinuity) of the rst growth stage records tensile
stresses.

Figure 4.15: Zoom onto the , 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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1 shows its maximum values in the slope region, close to the toe.

1 is near parallel to the surface super cially and becomes n®vertical
moving deeper.

Figure 4.16: Zoom onto the ; 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 fourtlyrowth stages
are shown in Appendix A.

4.1.2 Viscous frictional models

In this section, | report the preliminary results of the modks designed to
simulate viscous-frictional deformation. They mainly cosist in the deter-
mination of analytical solutions for the e ective viscosiy of a bilaminate
encompassing power law-viscous materials. | also report gelminary study
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of these solutions for di erent boundary conditions of stres and rate of de-
formation, from which | deduced the rst evaluation of the arsotropy factor
for a two-phases power law-viscous medium.

4.1.2.1 Analytical results

The constitutive equations for the single phases of the bit@nate, with vol-
umetric fractions and viscosity parameters,, B,, n, and f, , B;,, n;, re-
spectively, read:

" For phasel :
[ Bl
DIJ = B|J2 2 Ij’ (4.2)
1 np 1
L =8, "1 o) 43)
" For phasell :
n_ M
Dj = BuJ; i (4.4)
_|_| - 1=ny ||| %DH . (4 5)
ij ] 2 ij '

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

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

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

|
=

D), = (4.6)

Dy, = D: (4.7)



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

D), =D} =0: (4.8)

As regards

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

Xy

For the pure shear deformation, the setup is shown in Fig. 4.A7In the
case of pure shear, th®,, component of the rate of deformation tensor is
prescribed, and it is homogeneous across the system, andssihé component
D,y, which is set to 0:

D>I<x = D>I<Ix = Dxx; (4.9)

D)y = Djy = Dy =0: (4.10)

The . component of the stress, instead, is discontinuous acrodset
surface of separation of the two materials that constitutelte bilaminate, due
to their viscosity contrast.

From Egs. (4.3), (4.6) and (4.9), we deduce that the,, stress component
for the phasel is:

1 n; 1
I = B| " DXX " DXX: (411)

XX
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Repeating the same procedure for phasé:

1 n 1

” = IIWDXX n” DXX: (4.12)

XX

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

1 n 1 1 np 1
n

o = b+ f L= B, "D " +f;B," Dxx "' Dx: (4.13)

XX

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

1 n 1 np 1
=

1:IB| ! Dxx "o+ fII B|| ! Dxx "
XX
= = : 4.14
N 2D 2 (4.14)
For the simple shear deformation, the setup is shown in Fig. 4B. In
the case of simple shear, the shear component of the stregsis homoge-
neous and, thus, conveniently prescribed in the bilaminateand the normal
components which are set to O:

1
i

wE oy = oy (4.15)

I — - 1 — 11 — — _O.
XX T OXX Ty Ty TOX T yy T Y-

(4.16)

The shear component of the rate of deformation tensor, instd is di er-
ent in the domains of the two pure phases, due to the di erentheological
parameters. The shear components of the rate of deformatioensor of the
single phases are:

Dy =B ' P (4.17)

Dy = By §" Yy (4.18)
We can now evaluate the shear component of the bulk rate of defation

tensor as follows:
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ny = f| D:(y + f|| Dl(ly = f| B| )E)r,]' 1 + f|| B|| )E;]“ D Xy: (419)

We can now write the e ective apparent viscosity of the bilanmate un-
dergoing simple shear deformation in the following way:
1
fiB, g/]' Y4 fu By g/]” Y

= 2= : 4.20
S= Dy > (4.20)

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

mn #
L ) A L ,
fiB, " Di + D>I(y "+, B," Di + D>I<Iy !
N — 2 ;
(4.21)
, (02 , (g1 1
f| B, )I(X + x2y + fII B )I& + x2y
o= - L (4.22)

| used the results of Egs. (4.21) and (4.22) to investigate ¢hanisotropy
factor of the bilaminate:

= N, (4.23)
S
The anisotropy factor was evaluated numerically by varyinghe compo-
nents of the background rate of deformation tensor. In paxular, | consid-
ered logarithmically spaced values fob,x and Dy, from 10 2 to 10* s %,
and all the possible combinations. The viscous coe cientsa the volumetric
fractions of the pure phases are showing in the following set equations:
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n =1
By =1 MPa "'s?
n, =10
fi, =05
f, =05
Fig. 4.18 shows the anisotropy factor for all the values of ratof defor-
mation that | considered.

8
% B;=4 MPa "s*
g (4.24)

Figure 4.18: Colormap of the anisotropy factor for 10000 conmations of
Dy and D,y. The values of the rate of deformation tensor are shown in
their base-10 logarithmic value. The blue band representfié 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 s of the rate
of deformation tensor where the anisotropy factor reachebé values 2, 10,
100. The area between the black lines labeled1l is the regime of isotropy,
where the bilaminate behaves approximately as an isotropicedium.
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We can observe from Fig. 4.18 that the bilaminate can be consied
isotropically viscous only for a narrow range ob,, and D,, values. In all
other cases, the two-phase body has a di erent e ective viesity depending
if the deformation is parallel or normal to the layer interfae. The maximum
value of the anisotropy factor, in the range of rate of deforation values that
| 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, wittehgths 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-@sola, Mallare,
Case Tuberto and Arnasco-Castelbianco (Fig. 2.19C) represieig also a ma-
jor tectonic boundary among the units. The nappe pile changats architec-
ture across the two sides of the main fault, but the absence ofear strati-
graphic or structural correlations prevents the determini@on of the real fault
displacement. Along the major lineament, the SE terminatioof the Monte
Carmo unit shrinks toward east showing horsetail geometryrF{gs. 2.19C,
2.20). Horsetail terminations are also common along minorut zones. The
multiple folding and thrusting experienced by the rocks mads the determi-
nation of accurate fault displacement even along the minoadlt segments
di cult. However, cartographic reconstruction allows infaring vertical and
horizontal displacement in the order of 10-300 m along secany fault seg-
ments (Figs. 2.19C, 2.20). Collectively, azimuthal Gaussiadistribution sta-
tistical analysis of the fault zones indicates one main pealt 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 beenferred (Vanossi,
1991). Eastward, the deposits of the Finale Ligure Basin unefmrmably
overlain the faulted rock in the footwall. (Fig. 2.19C).

The main fault zone reaches up to 250m in thickness and tendsdecrease
towards the NE where it disappears below the Finale Ligure Bastdeposits.
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The other km-long faults show thickness up to 50 m, whereas moir 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 enmpasses
several lithologies, including dolostone, limestone, mdd) quartzite and

metarhyolite ( 2.20). Here, | describe two well-exposed outips where the
fault zone couples dolostone-metarhyolite and quartzitéelostone-marble, re-
spectively (Figs. 2.20 and 4.19).

Figure 4.19: Detailed geological maps and related crossigats 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 Veraziillage (Figs.
2.19C, 2.20, 4.19A). Here the fault is structured as a 3 m-thigouge in the
core surrounded by a large, 150 to 250 m thick, damage zone &ig.19A,
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4.20A). Damage zone mostly developed within mainly carboretocks (al-
ternation of dolostone, limestone and thin pelite layers)vhereas dense shear
planes and anastomosed fractures run a few meters (2-5) viitlthe metarhy-
olite at the contact with the carbonate. Triassic dolostonand limestone far
from the fault zones are characterized by low to moderate frauring asso-
ciated with the NW-SE-striking Alpine folding. The fault zone s instead
characterized by a core made of a gouge of pulverized carbiimanaterial
(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) catactatic walls
of ne-grained rocks fairly homogeneous in size. In the samunding damage
zone the ne-grained material envelops randomly distribid clasts hetero-
geneous in size (from mm- to m-width). These breccia bodieaily consist
of highly angular fragments often shaping \jigsaw" texturgFigs. 4.20C, G).

In the breccia domains, the larger clasts are angular, brakend contain
several fractures with radial orientation (Fig. 4.20E). Thdracture meshes in
and outside the clasts are dilational and lled with whitishyellowish calcite
cement variably mixed with a comminute reddish matrix (Figs4.20B-E, G).
The amount of cement may volumetrically exceed that of the &#gments,
particularly close to the main slip surfaces, locally accumhating in dilational
patches (Figs. 4.20C, G). Arrays of mm- to cm-thick veins are & common.
Brecciated rocks are frequently reopened by cm- to m-thickrays of fractures
lled by large aggregates of euhedral calcite crystals (FiglL.20B).

All the damage zone is pervaded by a multitude of polished slgurfaces
with exposed areas from a fevem? up to > 100m? (Fig. 4.21). Polished
slip surfaces show multiple sets of striations and slickeémés (Fig. 4.21). The
bers and slickensides formed by the accretion of brous ovgrowth. Slicken-
bers indicating downdip, oblique or nearly pure strike-slb motions. Oblique
to strike-slip kinematic dominates over the large part of th polished slip sur-
faces and commonly overprint the down-dip striation (Fig. £1). Locally, a
progressive curvature of the slickensides from downdip tdlaque slip is ob-
servable (Figs. 4.20C-D). Nevertheless, in some cases, pelissurfaces with
oblique slicken bers are overprinted by new calcite cememvergrowths, 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 loedtnear
Boissano village, close to the summit of Monte dei Marmi (Fi2.19C). Here
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Figure 4.20: Main features of the Horse Head Fault zone exposadhe Verzi
abandoned quarry. A) Damage zone is constituted by alternatn of brec-
ciated dolostone, limestone and thin sheared pelite layeiacluding multiple
polished slip surfaces (white arrow highlights one surfacd 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 catiasite decrease
toward the fault core at the main slip surface (from left to rght). D) Cat-
aclasite supported by a pinkish very ne-grained matrix. E)Fault breccia
with large and broken angular clasts containing fracturesith radial orienta-
tion, pointed at by red arrows. F) Heterogranular crush brecai of dolostone
in the outer part of the damage zone. G) Breccia bodies of highangular
fragments with \jigsaw" texture.

the fault zone couples Triassic quartzite with Triassic doktone and limestone
and Jurassic marble (Figs. 2.19C, 2.20, 4.19B). Quartzite amilostone 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). Coaes clasts are
often organized in layers enveloped by ner matrix. Outsidehis relatively
thin deformation zone, marble displays only m-spaced fraates and arrays
of veins. Di erently, the quartzite fault zone is characteized by a number of
thin cores hosted by the larger damage zone (Fig. 4.22B). Faabres consist
of cm- to dm-thick phyllosilicate-rich shear planes, rargl associated with
polished slip surfaces (Figs. 4.22B-C).

Shear planes are mostly constituted by comminuted gouge,cloding a
fraction of angular clasts heterogeneous (mm- to dm) in si{€igs. 4.22C-
E). Brecciated texture characterizes instead the quartztapparently lacking
phyllosilicate content. Cohesive, chaotic quartzite bre&ta constitutes the
wide damage zone branching small lenses of less deformed sogkere the
polyphase metamorphic schistosities are preserved (Fig24D). Alternation
of dolostone and limestone crosscut by the fault zone showetlsame char-
acteristics of the Verzi outcrop, as they are characterizeay well-developed
cohesive chaotic breccia crosscut by a number of polisheip Surfaces. Also
the kinematics of the Verzi outcrop is con rmed: dominant obque-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 polietl slip surfaces
of the Horse Head Fault zone. All pictures are taken from doloste and
limestone outcrops. A) Oblique slickenlines are exposed owa conjugate
fault walls. B) Dominant oblique slickenlines are overlapgd by the down-dip
slickenlines, as highlighted in the inset E). C) Polished igl surface showing
progressive curvature of the slickenside from down-dip tdlque right-lateral
motion. D) Down-dip normal slickenside on cataclasite (1A)ra 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 faultpsitectors have
been collected on exposed slip surfaces in the abandonedrgua&lose to
Verzi village (Fig. 4.19A). The stereonet summarizing the sike and dip of
the fault planes and the trend and plunge of the slickenlings shown in Fig.
4.23. The faults measured the eld survey in Verzi are labeltl FFV (Field
Faults Verzi). In the following, the strike of all the faultsis always measured
as a clockwise angle from the north.

In most cases, the slickenlines suggest that the faults exmsmced dom-
inant strike-slip motion, although normal slip also occured more seldom.
Field measurements allow to distinguish two main fault group with oppo-
site kinematics, left- and right-lateral, respectively. Tie 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 49 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 measureme of faults
(FFV2) with similar attitude of planes and slickenlines. The m& value of
the strike of these faults is 239 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. 4.23although
less steep. The orientation of the striation suggests thahé 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 is85°. The
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Figure 4.22: Main features of the Horse Head Fault zone exposeddvionte

dei Marmi (Fig.2). A) Cataclastic fault core in Jurassic marble The domain
enveloping the large angular clasts is constituted by nergined cataclasite.
B) Fault zone at the contact between dolostone-limestone riathe left) and

quartzite (on the right). Carbonate rocks form mostly catalasite of various
grain size with slickensides whereas in quarzite fault goeigare dominant.
C) Detail of the contact in B) showing the comminuted gouge irthe fault

core. D) Quartz-dominated domain appears as cohesive briacof angular
clasts (black arrow) and cataclasite, whereas the phylldsiate-rich layers
form shear zones, with relicts (E-F) preserving the ductile Aine D1-2 schis-
tosities. G) Another detail of quartzite gouge contacting lege angular clasts.

dip of these faults is 78 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 itsfamily of faults is
transpressional with a dominant sinistral strike-slip corponent 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 14and 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 norhfaults, with a
comparable component of right-lateral strike-slip.

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

The bedding in the area of Verzi has been determined througkn mea-
surements, with a mean dip direction value of 170and 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. 4.9B, 4.24)
consist of seventy- ve measurements of dip and dip directioof fractures (I
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Figure 4.23: Stereonets (equal-angle, lower-hemispher®jection) showing
the faults mapped during the eld survey in Verzi (FFV). The arrows indi-
cate the trend and plunge of the slickenlines. A-D) Stereorseshowing the
strike, dip, striae trend and plunge of the four main sets of sasurements
(FFV1, FFV2, FFV3, FFV4) and the standard deviations. The sense of
slip can be normal (N), reverse (R), right-lateral (RL) or let-lateral (LL).
Most sets represent NE-SW right-lateral faults and NW-SE leftateral faults.
E) Stereonet showing P- and T- axes of all the measured fault¥$he white
and grey areas represent the shortening and the extensiodalmains, respec-
tively. The blue square represent the direction of the rst pincipal strain
axis (1, maximum shortening), the red square the third prinipal strain axis
(3) and the yellow square the direction of the intermediatetsin axis (2).
F) Stereonet showing the bedding in Verzi, with the mean valuef its dip
direction and dip.

called these measurements FFM as in \Field Fractures Monte dei &mi").
Through the use of the software Stereonet 11, it has been pibés 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 ibhas 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 ee both
colored with similar hues of green in Figs. 4.24A-C.

The third set of fractures (FFM3, consisting in thirteen meastements),
has a main strike of 293and a dip of 69 (Fig. 4.24D). The fourth set (FFM4,
four measurements), has a main value of the strike of 4dnd dip of 53 (Fig.
4.24E). The last recognizable pattern of fractures measutren Monte dei
Marmi (FFM5, thirteen measurements) has main strike of 132and dip of
73 (Fig. 4.24F).

From the inspection of Figs. 4.23 and 4.24, it is possible to cha good
agreement between the eld measurements collected in Veamd those col-
lected in the area of Monte dei Marmi. In fact, the sets FFM1 and FFi2
from the eld survey in Monte dei Marmi have almost the same aeentation of
sets FFV1 and FFV2 collected in Verzi. Moreover, the set FFM3 has almios
the same orientation as the set FFV3.
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Figure 4.24: A) Stereonet (equal-angle, lower-hemisphereopgction) show-
ing the poles of all the fracture planes mapped in the area of dvite dei
Marmi, on the Ligurian Alps, through the eld survey (FFM). The contour-
ing enlightens the concentration of plane poles. The maintseof fracture
planes are also shown. B-F) Main isolated fracture sets (FFM1, FF2/]
FFM3, FFM4, FFM5), with plane direction and pole. The strike and dip
with the standard deviation are detailed. Stereonet data @& lower hemi-
sphere, equal angle projections.

The average dip direction and dip of the bedding in the area dflonte
dei Marmi, calculated from twelve measurements collectedudng the eld
survey, are 150 and 50C.

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 measuresnoes from the
analysis of the 3D digital outcrop model (DOM) of the Verzi qarry (Fig.
3.10) outcrop made through the plane and lineation tools ohe Compass
function on the Cloud Compare software. The preferential skes of the
fault planes are WNW-ESE and WSW-ENE. In most cases, the striae oneh
fault planes suggest that they are strike-slip faults. Theabel of these faults
is DF (DOM Faults).

The Digital Outcrop Model allowed the measurement of the aentation of
fault slip surfaces that were not accessible during the eldurvey. 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 mesurements
are similar and the main fault planes can be detected.

The most populated group consists of twenty faults with sinhar orienta-
tion, labelled DF1, and shown in Fig. 4.25A. The main strike of tese faults
is 307, and the dip is 80. The main trend of the slickenlines is 126and
the plunge is 28. The dominant component of the slip for this set of fault
surfaces is strike-slip, with a negligible reverse compane The kinematic
indicators suggest that the slip was left-lateral.

The second main set of faults with similar plane and striatioorientations,
DF2, is shown in Fig. 4.25B. This data set consists of fourteenaasures.
The strike of these faults has a main value of 100while the dip is 82.
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Figure 4.25: Stereonets (equal-angle, lower-hemispher®jection) 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 faults (DF1,
DF2, DF3, DF4, DF5), with strike, dip, striae trend and plunge ancthe stan-
dard deviations. Slip can be normal (N), reverse (R), rightateral (RL) or
left-lateral (LL). Most sets represent F left-lateral fauts, one set represents
NE-SW right-lateral faults and one consists in E-W normal falis. F) Stere-
onet showing the P- and T- axes of all the measured faults. Grand white
areas represent the extensional and the compressional damsarespectively.
The blue square represents the direction of the rst princigl strain axis (1,
maximum shortening), the red square the third principal stin axis (3) and
the yellow square the direction of the intermediate strainxas (2).

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

A third set of fault and slip directions is shown in Fig. 4.25Cwith a total
of six measurements with similar values (DF3). The main valuef the strike
of this set is 2458, and the dip is 78. The main striation trend is 62, with a
plunge of 14. The slip that these faults experienced is mainly strike4gl, but
a modest normal component of slip can be observed. The anadyef these
surfaces on the digital model suggests that the sense of sgpight-lateral.

Another set of ve plane direction measurements with the origation of
the slickenlines is shown in Fig. 4.25D, and is labelled as DF4.he main
strike of the faults is 292. 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 strikegsland reverse slip
components, with left-lateral sense of slip. If we comparée orientation of
the planes and the sense of slip of these faults with those 0§F4.25A, we can
notice that the two sets share the same surface direction. iBset of reverse-
left-lateral faults are less vertical than the previous orse The eld analysis of
these fault planes suggest that the two sets represent two elient phases of
deformation that happened consequently, with a rst phasefoeverse faulting
followed by a rotation of the fault plane and a switch to the dminant strike-
slip mechanism.

The last recognizable set of faults, DF5, consisting only imb measure-
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ments, is shown in Fig. 4.25E. These faults have a main striké 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 cponent. The sense
of the slip is right-lateral.

In Fig. 4.25F, all the fty- ve DOM measurements are plotted inthe same
stereonet (equal-angle, lower-hemisphere projection). r&i, all the orienta-
tions of the plane and the slickenlines are reported. Furtheore, the white
and grey areas represent the fault plane solution of this sef measurements
(in white, the compressional domain, in grey the extensiohdomain), and
the colored squares the orientations of the principal stmaiaxes. The rst
principal strain axis is directed NNW-SSE, while the third oned oriented
WSW-ENE. The intermediate strain axis is almost vertically diping. The
plot suggests that the system is in the transtensional regien

4.2.5 Fault slip data Verzi, eld and DOM

We can now unify the data collected during the eld survey (Fig4.23) and
those derived from the UAV photogrammetry (Fig. 4.25). The toal number
of the measurements is ninety-two (Fig. 4.26), thirty-sevewf 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 §E-WNW
left-lateral set and a SSW-NNE right lateral set.

Fig. 4.26A shows the orientations of all fault planes measutan Verzi,
with arrows that indicate the slickenlines orientation andthe sense of slip.
Through the use of the Faultkin 8 software, the directions othe major,
intermediate and minor strain axes (1,2,3) have been caletéd (Fig. 4.26B).
The linked Bingham statistics also allowed to determine thehortening and
extensional domains. By a comparison of Fig. 4.26B, Fig. 4.23#hd Fig.
4.25F, the direction of the principal strain axes calculatedrom 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 transtensibregime
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 tle T-axis is
oriented NNW-SSE.
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Figure 4.26: A) Stereonet (equal-angle, lower-hemisphereopection) of all
ninety-two measurements collected in Verzi, both throughhte 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 fds. The rst
principal strain axis (1, labelled in blue color) trends WSW-KE, the third
(3, labelled in red color) trends NNW-SSE. Blue arrows indicatihe direction
of compression, red arrows the direction of extension.
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Chapter 5

Discussions

| shall now discuss the results produced during the presentP research. |
divide the discussions into two main classes:

~ First, the discussions of the numerical results

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

5.1 Discussion on the results of numerical
models

The FEM-based numerical models that | worked on are designed $olve two
distinct mathematical-physical problems, the linear elagt and the nonlinear-
viscous constitutive equations. | will discuss the resultsf the two applica-
tions of the elastostatic model to the evaluation of stressearound cracks in
an elastic medium and the compaction of a carbonate platforin the rst

subsection. In the second, | will discuss the implicationd the preliminary
results produced in the framework of the viscous-frictiohapproximation.

5.1.1 Elastostatic models

In this subsection, | will discuss the two application of ekstostatic models:

" The study of stress concentration around a collection of dwlear cracks
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" The investigation of the di erential compaction of a basin&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 whse results |
am going to discuss allows to investigate the stress pertutiens that a
collection of cracks produces in a rock subjected to elastieformation. The
aim of the work is to simulate rough fractures or faults with derent surface
topologies to evaluate the stress concentrations aroundntact asperities. |
prescribed the same loading conditions to a 120 meters by 8@ters section
of a rock body and varied the geometry of a line of collinearligitic cracks,
producing a total of 3645 combinations of aspect ratio, totacrack length,
number of cracks and separation between adjacent tips. Thamerical model
that | designed allowed us to calculate the displacement,rsss and strain
components in the computational nodes and to interpolate thvalues in any
point of the system with the use of shape functions. In the isparagraph,
I will discuss the results pertaining the relation betweenhe geometrical
con guration of the system of cracks and the maximum di eretial stress
that | could resolve on the domain, at the tips of the innermdscrack of
the line. In all simlation, the maximum stress was located ahe tips of the
central, or more internal, crack in the collection. In the ssond paragraph,
I will discuss the results that concern the principal stressnalysis 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 dérential stress on
the geometry of the system of cracks are shown in Figs. 4.2, 48d 4.4.
Observation of the plots shows that the di erential stress @ncentrates with
variable intensity depending on the geometric propertiesfdhe system of
cracks. The rst general remark that | can make from the datad that the
cracks interact and the stress concentration that each onequluces interferes
with that of the other cracks. In other words, considering aallection of
cracks is intrinsically more complex than studying an isolad crack, since
the perturbation induced in the stress eld changes both in mignitude and
in the extension of the area of in uence if the geometry of theracks is varied
(e.g. Theocaris, 1972). In the following, | will investiga the dependence
of the di erential stress on the distance between adjacentrack tips, their
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length, their number and aspect ratio.

Fig. 4.2 shows the dependence of the base-10 logarithm of thential
stress on the base-10 logarithm of the distance between theaaks. As |
pointed out, for all the combinations of length, number and spect ratio
of the cracks, the dierential stress decreases if we inciesa the distance
between the cracks, until a threshold value of distance isaehed. If | further
increase the spacing, the di erential stress does not dease and the curve
becomes a constant function. The analysis of the thresholdlues of the
distance between the cracks that discriminate between thegime where the
di erential stress is decreasing and the regime of constastress show that
these critical distances depend on the aspect ratio of thdipses and on their
length. In particular, the results show that the base-10 lagithm of the
critical distance depends linearly on both the aspect ratiand the base-10
logarithm of the length of the cracks. We can express the demence of
the threshold distancedy, on the length and the aspect ratio I( and a=h
respectively) as follows (Fig. 4.2):

logy, chn = Alogyo | + 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 indepenten the ratio
d=Ifor d=I 0:1 if a=b= 10 and for d=I 1 if a=b= 100. This shows that
the data are well tted by the valuesA =1, B =10 2 and C =0, so that:

logyo - 10 22; (5.2)
I b

The fact that, when a critical distance between the cracks isxceeded,
the di erential stress remains constant can be explained e suppose that,
depending on the shape of the cracks, the stress perturbaticaused by a
single crack is limited to a nite area around the void. In otler words, if
the length and aspect ratio of the cracks is xed, the perturétion of the
stress eld propagates only over a nite distance. If the vals are more far
apart than this value, they behave as isolated cracks and n@si cant con-
structive interference is produced. If they are closer, twor more cracks can
interact and produce higher di erential stress then they wald individually.
Therefore,dy, 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 thatte constant
value that the di erential stress takes whendy, is exceeded, that we can call
ic (isolated crack stress) grows with the aspect ratio (Fig. 51

i/—:
‘b

This is the di erential stress that a single isolated crack vth length |
and aspect ratio ¢ would produce, and the fact that this value is linearly
increasing with { is in agreement with results reported in the literature (e.g
Gri th, 1920; 1924; Koiter, 1959). We can also observe thatdr low values
of & the di erential stress decreases linearly with the distaree For higher
values of?, the curve is better tted by a polynomial, for example a par&olic
function. Finally, if we observe the plots in each column, tharepresents sets
with di erent number n of cracks, we can see that the absolutealue of the
slope of the curve representing the dependence oflpgy on log,, d increases
with n. Nevertheless, the values afy, do not change withn, that for this
reason has no in uence on the radius of the area perturbed bid presence
of the cracks.

(5.3)

Figure 5.1: The dependence of the di erential stress on thesiance between

adjacent cracks in the collection for di erent values of legth and aspect ratio.

In A) the aspect ratio is 10, in B) it is 100. We can appreciate th decrease in

di erential stress with increasing distance up to the threlsold distance value

di , over which all the curves collapse to the constant di ereiml 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 thential
stress on the base-10 logarithm of the length of the cracksf we compare
this gure with Fig. 4.2, we can see that the curves describintihpe di erential
stress dependence on the distance and the length are symnuoatt The
di erential stress produced by a system of voids increasestiwthe length |
if a threshold value of crack length is exceeded. The basedbgarithm of
the threshold value ofl depends linearly on the aspect ratio and the base-10
logarithm of the distance between the cracks. If we cdl}, this critical value,
the following equation holds:

logyo I = D logy,d + E%+ F; (5.4)

whereD, E and F are constants. For the same observations that | made
about Fig. 45,D =1, E= 102 andF =0:

ogy 0 = 1022 (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 ly,, the di erential stress is constant. Forl > | ,, the
stress increases with. As | pointed out before, we can interpret these two
regimes in the following way: if the cracks are short and theaspect ratio
is modest, the area over which the stress concentration prackd by their
presence is small. Therefore, even for low valuesdhthey behave as isolated
cracks, and there is no interference between the stress pehations. On the
other hand, if they are long and thin enough, the perturbed aa is larger
and two or more cracks can interact and produce higher values .

In the regime of isolated cracks, the di erential stress d@enot depend
on | 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 valuesfaaspect ratio, have
increasing values of ¢, 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 log 4 is linear with the increase of log, |. For
higher values ofa=h 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 sacolumn,
over which n is the only parameter that varies, that the change in 4 is
modest, particularly for low values of aspect ratio. Nevergiess, the slope
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of curve representing the increase of the di erential strgswith the length
increases with the number of cracks.

We can now study the dependence of the di erential stress oh¢ number
of cracks observing Fig. 4.4. The rst thing that | can point ou is the
fact that the di erential stress is a non-decreasing monotac function of
the number of cracks. The increase in lgg ¢ with n is weaker than what
we observed when we studied the dependence drand |. 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 congurations
with cracks of length equal to 10° m) and the rst few plots in the rst
column (a=b= 10) show that all the curves representing di erent values b
d collapse in a single horizontal curve. This means that forwovalues ofl
and a=bthe di erential stress is equal to the value of isolated cr&cstress

ic regardless of the spacing between the cracks. Also in this ease can
observe that ;. increases linearly witha=h 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 log, 4 can be observed, at least for low
values ofd.

Finally, we can see from the plots representing sets of crackéth high
length and aspect ratio that the increase of the di erentialstress with the
number of elliptical voids is steeper for the rst values oh and less pro-
nounced in the high range. | may argue that the reason for thigariable
increase is due to the niteness of the area of stress pertation around the
single cracks. If the length and the aspect ratio of the voidare not high
enough to produce a wide perturbation of the stress over lordjstances,
cracks that are far apart cannot interact. For this reason,\&n if we increase
the number of cracks, the concentrations of stress producbky the most far
apart ones will not interfere constructively. This explais 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 irapibns of the
concentration of stress around the tips of the cracks.

Fig. 4.7 gave and example, for the con guration with 9 cracks fneter-
long and with aspect ratio equal to 100, of how multiple crackcan produce
stress concentrations up to a nite distance from their crdctips. First of
all, Fig. 4.7A highlights the spatial anisotropy of the stresgperturbation.
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As a matter of fact, the same values of; 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 pertubation in the
direction of alignment of the collinear cracks propagatedaut 3.6 times the
distance than in the perpendicular direction. However, a coparison with
Fig. 4.7C shows that when the cracks are closer together, natlp does the
di erential stress reach higher values, but also it incre&s at higher out of
plane distances (i.e. in the vertical direction).

Observing Fig. 4.6A, where the con guration with the highest derential
stress is considered, we can appreciate that the orientatiof the rst princi-
pal stress axis is arranged radially around the point of maxium di erential
stress and the second principal stress axis rotates conaedlly around the
same point. Since both principal stresses are positive indtpoint of maxi-
mum di erential stress, fractures can develop around it, ashthe fact that the
direction of ; rotates around the critical point has the consequence of all-
ing the formation of new planes of fracture in every directiofrom that point
(e.g. Fossen, 2016). Therefore, the interference betwede stress elds pro-
duced by presence of cracks can concentrate stress to thenpthat explosive,
radial and pervasive fracturing can take place in the vicity of the tips. It
follows that, in the approximation of the shape of a rough freture or fault as
a sequence of structural voids, the asperity contacts reent critical points
where the far eld stress is highly concentrated and that canontribute little
to the shear strength of the system. The principal stress alyais of con gu-
rations with lower aspect ratio and lower crack length, hower, shows that
great part of the contact points between the walls of the fraare of fault
are not a ected by high stress concentration nor by the radleorientation of
principal stress axis. The size, distance and geometric wisution of contact
asperities, which in this model is strongly connected to theon guration of
the crack system, may be important for our understanding oflip 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 activain of micro-cracks
through the phenomenon known abrittle creep. Brittle creep is a failure pro-
cess that, unlike what is usually observed during fracture ppagation, leads
to the failure of a solid slowly and at a constant applied streas/Amitrano and
Helmstetter, 2006; Brantut et al., 2013). Recent models haygoposed that
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brittle creep may be the phenomenon at the base of the formah of faults
and shear bands. According to some of these theories, britibeeep is the
result of the progressive growth and interaction between ng cracks at the
tips of pre-existing micro-cracks or micro-shear bands, wdh can coalesce
into longer structures in a potentially inde nite cycle (Desrues and And,
2015). The assumption that macroscopic faults and shear bds1may form
from the coalescence of smaller fractures and these, in tufrom the interac-
tion and linkage of smaller cracks relies on the recognitidhat self-similarity
Is one of the characteristics of brittle systems (Bernakeral Pec, 2022). For
instance, the grain size distributions in fault rocks (e.gKeulen et al., 2007)
and the roughness of frictional interfaces (e.g., Candelaa., 2012) suggest
that cracking is a self-similar process. These models aresbd 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 cck reads
(Kachanov, 1982; Brantut et al., 2013):

i p__ p
k= 115 ) @o+ 3 =2 (5.6)

where aq is the initial length of the crack, | is the length of the wing crack
and:

1
eff = 5 d N (5-7)

2

is the e ective shear stress, that is the shear stress parliya 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 propationality to the
e ective shear stress (see Eq. (5.7)). The stress intensifgictor is also pro-
portional to the square root of the crack length (Eq. (5.7)).

| showed in Sec. 4.1.1.1 the dependence of the di erentiakests on the
length of the collinear cracks (Fig. 4.3). We have seen that eva threshold
length that depends on the distance between the cracks andceihaspect ratio
(Eq. (5.4)) the di erential stress increases with length. e functional form
of this dependence may be summarized as follows:

al (5.8)

S
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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 05 (5.9

From Egs. (5.6), (5.7) and (5.9) we can evaluate the dependmnof the
mode (I) stress intensity factor on the crack lengtlay as follows:

NI

kil a ° ao (5.10)

My data suggest a linear relation between the stress intehsifactor for
the opening of a wing crack and the crack length. This is in leawith the ex-
perimental observation, frequently reported in the literture, that the largest
cracks are the rst to develop wing cracks.

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

However, | showed in Fig. 4.6B that my model demonstrates thatlso

> can be positive in some portions of the area between crackgjpat least
in the geometric con gurations that concentrate the di erential stress most
e ectively. This suggests that mode (lI) fractures can alsdorm at the tips
of cracks, and then re-orientate to align with ; in the area where , is
negative, as is observed in fault damage zones with high diynof cracks
(e.g. Vermilye and Scholz, 1998).

Moreover, the recent study by Bernale and Pec (2022) propes a model
for the description of brittle creep that allows the length 6a crack to increase
as a response of the growth of a wing crack at its tips, in comist with
traditional models (e.g. Ashby and Hallam, 1986; Ashby and Sams) 1990).
The model de nes the constant , which represents a normaled distance
over which a aw must propagate to interact with other aws, as follows:

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

lo = 2a9(1:19 qj= 3)*: (5.12)

Egs. (5.11) and (5.12) show that depends on the state of stes at the
crack tips through its dependence ong, but also on the geometric con gura-
tion of the pre-existing crack system through the distancediween the cracks

(d in my model) and the crack length 2y (I in my model). In particular,
we observe that the distance is inversely proportional to 2, (to |). This
means that the longer the pre-existing crack is, the shortéhe distance over
which a wing crack must propagate to coalesce with other ciecwill be. Iy,
by its de nition, can be interpreted as the maximum distancdrom 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 quantitydy, as the radius
of the area a ected by stress concentration around the tip ad single crack.
Since the stress intensity factor for wing crack opening iggportional to ¢4
(see Egs. (5.6) and (5.7)), | argue that:

lo/ din: (5.13)
From Egs. (5.12) and (5.13) we conclude that:

dn | 280 = I; (5.14)

which is exactly what we observe from the analysis of the dathown in
Fig. 4.2. The agreement between the results obtained with myew FEM
code for linear elastic problems and the model by Bernate drPec (2022)
suggests that | may extend the use of my program to the study bfittle creep
and the comparison with analytical results. As a matter of fa¢the results
of the Bernale and Pec model are consistent with estimated stress strain
dependence obtained from experimental data and return cksal trimodal
creep curves for constant stress boundary conditions (Brian et al., 2013;
Bernale and Pec 2022).

Comparison with rock samples and study cases | can now discuss the
possibility of a comparison of my model of rock deformationiti laboratory
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samples. What | aimed to accomplish, with the detailed invesjation of
the di erential stress concentration in relation to change in the geometry of
the distribution of cracks, was to provide a systematic studthat would be
impossible to perform through laboratory tests.

My numerical approach has the limit of based on strong assurtigns,
that is, rst of all, that the rock deforms elastically. Furthermore, my model
does not take into account crack closure and subsequent fiamal sliding, so
| had to carefully prescribe boundary conditions accordirhg

However, the approximations that | adopted in the model alloed us
to o er simple mathematical solutions for the description bthe di erential
stress for a very wide range of crack length, aspect ratio aséparation.

| am con dent that the empirical results that | obtained in the numerical
simulations may serve as a base for a comparison with real kasamples.

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

Fault rocks are often characterized by an anisotropic fal@riproduced the
pervasive presence of micro-shear planes (e.g. Misra et 2015; Bernale
and Pec, 2022) (Fig. 5.2A). This is observed, in particular, irfiaults rich
in phyllosilicates like micas that can weaken the fault draatically due to
their poor resistance to frictional sliding (Moore and Ryme 2007; Collettini
et al.,, 2009) (Fig. 5.2D). The presence of such lamellar miras leads to
the formation of planar fabric that makes the rock weaker tha granular
rocks (Fig. 5.2A,D), whose higher frictional strength is moreonsistent with
cataclasis than frictional sliding (Collettini et al., 20®). Faults exhibiting an
anastomosing network of lamellae can experience slip on altitude of plane
orientation even at low shear stress levels (Haines et al.,18) (Fig. 5.3A-C).
Other typical features of phyllosilicate-rich shear zoneare the presence of
S-C fabric and sigmoidal clasts (Insua-Aevalo et al., 202X Fig. 5.2D,E).

All of the mentioned fabric anisotropies have a great impactrothe me-
chanical response of materials (Misra et al., 2015). Numealanodeling such
as the one | adopted for the study of cracks are also employedthe inves-
tigation of micro-shear planes (Fig. 5.2B), characteristiof fault rocks with
anisotropic fabrics (e.g. Misra et al., 2015) and of the rolef 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 d&y). B) (modi ed
from Insua-Aevalo et al., 2021): Photomicrograph of typial anastomosing
microstructure of the gouge with very thin shear planes (whé arrows). Al-
hama de Murcia Fault, Spain. C) (modied from Giorgetti et al, 2019):
Experimental test of reactivation of a gouge-bearin faultD) (modi ed from
Collettini et al., 2009): Calcite sigmoids interdispersewithin a ne-grained
foliation made of phyllosilicates. The slipping processescur 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 consising 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 incr@ses permeability and
subsequent uid in ux. B) Fluids cause dissolution of the strmg granular
phases and precipitation of phyllosilicates. C) Anastomodephyllosilicate-
rich network that accomodates deformation by frictional stling along the
phyllosilicate lamellae. D) Schematic cross-section witktrong (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}(g. 5.3). As
a matter of fact, they have elongated shape that resemble yethin ellipses
(see Figs. 5.2C, D, E; 5.3) (Collettini et al., 2019).

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

Anyway, a better understanding of the role of compositionalral stress
heterogeneity in the propagation and strength of faults anétactures needs
the integration in the model of viscous-frictional deform@on that | am trying
to model (e.g. Beall et al., 2019; loannidi et al., 2021). Isia challenging
task, but there are already available computer programs thamay 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 worklalv to detect
the early deformations driven by the di erential compactionof the basinal
facies due to the growth of a carbonate platform. The modelsna to sim-
ulate the e ect of the dierential load, related to platform geometry and
growth style, and, subsequently, the compaction of the bawsl unit. To per-
form this, a at 300m thick basinal facies was loaded initidy with a rst
stage of growth of carbonate platform and then with other faustages 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 atgents of the model
and, therefore, calculate the stress eld on both the basihdacies 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 copaction of the
basinal facies. However, this subsidence is not constant:dicreases moving
from inner platform to basin. This variation is a consequergcof the di er-
ential load of platform, leading to the di erential compacion of the basinal
facies. Consequently, the platform-break expects a reledi rise and the dip
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angle of the slope decreases progressively. Both the innéatfmrm and the
slope modify their geometry assuming a concave-upward sieap

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

The further models, which take into account the load due to th other
growth stages of the carbonate platform, show that where thgrogradation
prevails (PA ratio equals 25) the subsidence of inner platim and slope in-
creases moving toward the basin (Fig. 4.10) modifying the sapcial 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 compadion load (directly
proportional to platform thickness) that is higher in the sbpe region. This
agrees with the previous ndings for the Lastoni and Nuvolau k&. (Inama
et al., 2020; Inama et al., 2021; Menegoni et al., 2022b), whishow that the
inner platform strata tend to increase their dip angle and titkness moving
toward the progradation direction and toward the basin, rgsectively (Figs.
5.4 and 5.5).

Due to the slope shape, whose thickness increases from platf break to
the center and then decreases from the center to the slope tolee straight
geometry of an initial constant dipping slope is modi ed in a&oncave-upward
shape with a progressive decrease of the slope angle (moviogard the
basin). This is due to the compaction load that whereas in thelatform
break region it increases basinward, at the toe slope regitire load decreases
toward the basin. This phenomenon is coherent with the dip @he values
of the slope reported by Menegoni et al. (2022b) for the clifrms 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 slo@esib transition
(Fig. 5.5C).

Stress state outcomes  The platform base (platform-basin boundary) ex-
periences a horizontal maximum tensile stress4{) with maximum magnitude
localized in the slope region (Figs. 4.13 and 4.15). Geneyallhe maximum
compressive and tensile stress { and ;) 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 experiece a slight
extension in the inner platform region and compression in ¢éhslope 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 diection was mea-
sured (modi ed from Inama et al., 2020 and Menegoni et al., 2Qa). B)
Stereoplot (lower hemisphere equal angle projection) regsenting the ori-
entation of the synsedimentary fractures after the horizdal restoration of
the platform (modi ed from Inama et al., 2020). E) F) G) H) Examples of
synsedimentary structures caused by the di erential compdion 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 posile

to see: B) an increase of the thickness of the inner platforntrata moving

towards the platform break; C) the variation of the slope dipangle mov-
ing from the platform margin (higher elevations) to sloped-basin transition
(lower elevations); D) the stereoplots (lower hemispherajeal angle projec-
tion) representing the orientation of the faults and fractues 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., 222b).
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margin regions. In the slope region, the orientation of maxium compressive
stress (1) tends to be from parallel to the surface to near-vertical mang
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 valuablesights into the
geometry observed in the exposed carbonate platforms of thastoni and Nu-
volau Mts and documented in previous studies (Inama et al.,020; Inama,
2021; Menegoni et al., 2022b) (Figs. 5.4 and 5.5). The proge® decrease of
the platform subsidence expected in the slope region (Fig.19) aligns well
with the frequently observed sigmoidal shape of carbonatdapforms (e.g.
Fig. 5.5). This concave-upward con guration cannot solely & attributed to
the sediment angle of repose, as suggested by earlier reseée.g., Bosellini,
1984; Kenter, 1990), but also re ects the in uence of the dierential com-
paction processes.

Furthermore, my models indicate an increase in subsiden@# prograding
platforms toward the basin, corroborating ndings from preious outcrop
studies (e.g., Inama et al., 2020; Inama, 2021; Menegoni &t 2022b), where
the inner platform stratal thickness and dip angle increasmoving basinward
and in the downward direction, respectively (Figs. 5.4C,D ah5.5B,C). A last
interesting result, is that for the mostly aggrading platfems the calculated
platforms subsidence decreases basinward, creating a tig&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 @ity of
highest compressive and/or tensile stresses tends to camicate in the slope
region, indicating that this area is prone to signi cant britle deformation. In
particular, looking at the magnitude and orientation of themaximum tensile
stress seems possible to explain the curve shapes of the fpla-dipping
normal faults as those detected at the prograding platformfahe Lastoni
and Nuvolau Mts. (Figs. 4.13, 4.15, 5.4 and 5.5). The nearly hpontal
maximum tensile stress of the slope region can cause the fatian of vertical
fractures. These fractures might subsequently be tilted @uto the di erential
compaction process. In the subsequent stages of carbonal&form growth,
along with the associated di erential compaction processhese fractures
can propagate upward with a vertical orientation. This altenation of vertical
fracture formation and tilting can cause their curve/listiic shapes (Fig. 5.5A).
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Finally, the observed general and slightly extensional bewar predicted
for the inner platform aligns well with the study of Inama et & (2020),
where syndepositional and syndiagenetic extensional ftaes 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 @vsations
reinforces the reliability of two notions on which carbona platform mod-
eling is based: the rst is that, as shown by Martin and Martin (2020),
the linear elastic method is able to reproduce deformatiorassociated with
de/compaction results when considering soft sedimentarynits. The second
point is that, in agreement with previous studies (e.g. Hunt md Fitchen,
1999; Rusciadelli and Di Simone, 2007; Resor and Flodin, 20B&rra and
Carminati, 2012; Berra et al., 2016; Nolting et al,. 2018; 202 Inama et
al., 2020; Menegoni et al., 2022a; 2022b) the majority of thdi erential
compaction process induce widespread early deformationdarbonate plat-
forms. Moreover, the new study allows deriving some noveltyith respect
the previous investigations. In particular, while the syrdepositional brittle
deformation is thought to be mainly localized in the inner @tform and close
the shelf break (Resor and Flodin, 2001; Nolting et al., 201820), my re-
sults show that high magnitude of tensile stress can favor éhformation of
early fracture also close to the slope-to-basin transitionThese structures
have major implication for the carbonate platform evolutio, since they may
be reactivated as listric normal fault governed by platfornoverburden and
basinal di erential compaction (Menegoni et al., 2022b) asor act as pref-
erential ow path for diagenetic uids or hydrocarbons.

Although the good consistency of the new model with the obsetions de-
rived from both previous numerical studies (e.g., formatioof syn-depositional
tensile fracture in the inner platform, modi cation of stratal architecture of
carbonate platform) and eld-based investigations, theiintrinsic limitations
must be highlighted. Among these, the most important are (i) he model
geometry: the platform break and slope-to-basin transitioare characterized
by a sharp geometry that can cause numerical artifacts dumnthe FEM-
based modeling; (ii) the facies oversimpli cation: inner latform, margin, and
slope facies are not discriminated possibly in uencing theesults of model.
Therefore, further modeling, taking into account the realsmooth' shapes of
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these areas and the di erent carbonate platform facies wifossibly improve
the numerical simulations of the early deformations of cadmnate 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 rheologial parameters of
subduction nelanges was the study of a simpli ed system, ailaminate, a
system constituted by two layered power-law viscous mateis with di erent
viscosities. The preliminary results were the determinain of the analytical
solutions of the e ective viscosity of the composite and thanalysis of the
anisotropy factor. We saw that in conditions of general sheathe e ective
viscosities of the composite, depending on the individualscous parameters
of the pure phases and their volumetric fractions, are shown Egs. (4.21)
and (4.22).

Observing these two equations, we see that, despite the fdloat the pure
phases can be described as power-law uids, the bilaminate 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 bidsgtion zones.
In most models of subduction nelanges the e ective rheolagpl parameters
used for the description of the deformation of the block-in atrix systems
characterized by a viscosity contrast are taken as the aveya of the param-
eters of the single phases (Fagereng and Den Hartog, 2017; Wabet al.,
2018; Beall et al., 2019a,b). The approximation is only valiunder spe-
ci ¢ conditions of viscosity contrasts and volumetric fratons of the single
phases. This suggests that modeling a two-phase power laiseous material
as a power-law uid with rheological constants averaged beten those of the
pure phases may not be a reliable procedure.

Moreover, assuming that the rheological structure of the lsminate may
be represented by normal and shear viscosities, | used thesamropy factor
de ned in Eqg. (4.23) to express the degree of anisotropy in theedium
(Honda, 1986). The present research is the rst attempt of elaation of
this parameter in the case of power law uids. The physical naaing of this
quantity is that it measures the departure between the oridgation of the
principal stress axes and the principal strain rate axes (Wermars, 1992).
These are parallel only in the case of isotropic materials,hile, for high
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values of , the deformation of the bilaminate is simple shear ow par#l to
the direction of the anisotropy for any orientation of stres.

| argue that similar results may be achieved by numerical meting during
an investigation of subduction nelanges, which are compesd of a mixture
of materials with a high viscosity contrast as well, despitthe more complex
geometry. Understanding the rheological behavior of such teeogeneous
systems with power law viscous materials as their pure phaseot only would
help us to gain insight on the phenomenon of slow slip eventsyt it may also
help us shed light into the simultaneous deformation of uidbr 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., 201%ama et
al., 2020; Panara et al., 2022b), the main advantage of the DDtechnique
respect to the eld-base survey is the possibility to digithy measure at any
time and in any place fault and fracture geometry (orientabn, size and
position) from all the accessible or inaccessible outcropeas with a safer,
quicker and more accurate technique. In addition, this studshows as DOM
can be very useful for the fault kinematic analysis: compargy the eld and
DOM measures of the Verzi quarry, it is clear that DOM allowsd measure
around 50% faults orientation and kinematics (Figs. 4.23 and.25) and to
detect fault sets that can be crucial for the development of atructural
model. Nevertheless, DOMs have also limitations, such as thensoring of
all the information that are below the DOM resolution and theimpossibility
to obtain direct-contact information as fault rock compogion and texture
(Figs. 4.20-4.22). Even if recent improvements, as the hymgrectral DOMs
(Thiele et al., 2022), can help to overcome the rock compasi limit, |
think that in geological studies DOMs can improve the struatral 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 &ated
with displacements in the order of several hundred of metet® kilome-
ters (Faulkner et al. 2011; Savage and Brodsky, 2011). Thetiea fault
zone therefore accommodated a signi cant total displacemieof several (at
least 5-10) kilometers. The di erent lithologies involvedn the faulting pro-
cesses display a variety of deformation textures. Limesterand dolostone
characterized by the presence of angular fragments with ggw texture and
calcite- lled dilational patches and vein arrays (Figs. 4.8B and G) support
the interpretation that the brecciated rock consist of dilion chaotic brec-
cia (Woodcock et al., 2007; Woodcock and Mort, 2008), assateid with a
net volume increase during formation (Tarasewicz et al., 26). The main
slip domains show a single, large (up to 3 m) gouge locally somnded by
the huge cataclasites and brecciated damage zone. Di ergntthe quartzite
involved in the fault zone alternate m-sized brecciated baebk (chaotic brec-
cia; Woodcock and Mort, 2008) with phyllosilicate-rich goges. A further
di erent texture, characterized by cohesive ne grained daclasite and ab-
sence of gouge, is preserved by the marble at the contact witie quartzite,
consisting of thin proto-cataclasite. Such di erentiatedoehaviors support a
fallo of damage as a function of distance from the fault as geendent on
the local lithology, aside the displacement. In particulgrphyllosilicate-rich
assemblages favor shear plane localization (Collettini ek a82019), as well as
heterogeneous composition (alternation of dolostone, lastone and pelite)
correlates with wider damage zones with respect to more hogemeous 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. nlthe following, |
attempt to link the orientations of the most recognizable 48 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.
Bertle et al., 1979; Deng and Zhang, 1984; Davis, 2000; Taylet 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 sligP?

172



fractures are almost symmetrical taR fractures with respect to the direction
of the main fault and they also have the same strike-slip sems Two sets
of antithetic fractures are R® and X fractures. R fractures, in particular,
have the opposite sense of slip than that of the main fault antiey typically
form at an angle of about 78with Y. X fractures have the same properties
than R° but they dip almost symmetrically to R° fractures with respect to
the direction of the main fault, only with a slightly smallerangle with Y.

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

Figure 5.6: Interpretation of the measured fault slip data irthe frame of a
Riedel model (e.g., Bertre et al., 1979). See text for exptation. A) FFVs
are the main sets of faults measured in the Field from Verzi. B)Fs 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 45N striking fault walls with dextral
kinematics. The sets FFV1 and FFV2 measured during the eld surveyfo
outcrop 1 (Verzi quarry) have a main strike between 220 and @3(Fig. 5.6A)
and right-lateral direction of slip. Considering set FFV1 andts 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, theverlapping
con dence intervals make impossible to distinguish if corder FFV1 as either
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parallel to the main fault or as P fractures. The set FFV2 has a maistrike

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 defortian of

FFV1. In fact, the analysis of orientation, dip, and slip direcion of the

sets FFV1 and FFV2 suggest that these sets may likely be products atd

subsequent stages of deformation on the same fault plane. €exposed fault
wall shows an orientation that lays between those of these dwsets and two
sets of lineation can be detected on it. One set of slickergimindicates clearly
down-dip shearing, while the second is an indicator of righ&teral strike-slip

motion (Figs. 4.21D-E).

The set of faults FFV3, with a main value of the strike around 285and
a standard deviation of 158, consists of left-lateral faults (Fig. 5.6A). In this
case, the angle between the set and the main fault is betweesf 4nd 75.
Since the sense of the slip is opposite to that of the main fauyFig. 5.6A)
and given the large angle measured between the main fault atieese sets of
secondary faults (around 6%), these faults can be interpreted as antithetic R’
fractures in the framework of the Riedel model. Moreover, the orientation
of set FFV1 was interpreted as the local orientation of the mairatilt in Verzi
area, the angle between this set and FFV3 may lay around the valwé 70°
or higher, which is more consistent with the angle of the R' gar fractures.

An additional reason to consider the set FFV1 as representativd 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 wasader to the
core of the main fault than those obtained through the digitamodel (Figs.
2.19B, 2.20). This may be the reason why the orientation of éhmain 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 sub-parallel
to the average strike of the main fault.

Considering the measurements collected by DOM, the set DF1 hft
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 8€), and the opposite
sense of slip suggest that these faults may also be intergrdtas antithetic R’
fractures in the Riedel shear model. The set DF1 appears to bedated to the
set DF4, also consisting in left-lateral faults with a thrustcomponent. The
set DF4, in fact, has a similar main strike (299. 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 thes@ slip surface
witnesses the presence of both downdip and strike-slip &kalines indicates
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that faulting accomplished in two distinct stages. A fault hat was initially
reverse may have experienced a rotation that led to strikéqs movement.

The set DF2, striking at 100, forms an angle of around 55with 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 vith the main
fault is lower than that typical of R' Riedel fractures, evenconsidering the
standard deviation, of about 8. The set DF2 is very close, both in orienta-
tion and sense of slip, to the eld set FFV3 (Fig. 5.6A), which, as atady
discussed, may be interpreted as a R' fracture in case the &dlirection 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 §xloser to
the typical angle between the mean fault and the antithetic Rfractures.

Finally, the set of right lateral faults DF3, with a main strike of 245 forms
an angle of about 15with 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 ecesponds 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 efdirvey in the
area of Monte dei Marmi, near the small town of Boissano, thaterpretation
of the fracture orientations is presented in Fig. 5.6C. Sets FFMand 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 1Dwith 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 @asurements
is quite high (17 for set FFM1, 1T for set FFM2), and given the small
di erence with the main strike of the main fault, it is also pcsible that these
sets of measurements represent the local orientation of th&ain fault.

The set FFM3, striking at 293, may represent a set of antithetic R’
fractures, with an angle of 68to 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 285and 100, respectively)
(Figs. 5.6A, B). It is worth noting that the set DF2 has a strike whch 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 a large angle, so
that no signi cant di erence in orientation exists betweenalmost 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 fretures FFM4
measured in Monte dei Marmi formed under the same stress cdaiehs and
in the same direction of the Horse Head fault (4%

Finally, the set FFM5 strikes at 132, very close to the strike of the DOM
sets DF1 and DF4 (mean strike around 309 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 20this suggests that also
FFMS5 fractures may be interpreted as R' Riedel fractures.

From the inspection of Fig. 5.6, it is clear that the eld meastements
collected in Monte dei Marmi have a surprisingly good agreemt with both
the eld and DOM measurements collected in the area of Verzit is likely
that the sets of fractures in Monte dei Marmi formed under thsame state of
stress than that responsible for the formation of the faultystem discovered
in Verzi.

5.2.4 Kinematics of the Horse Head fault zone

Overall, the fault slip data and analysis indicate that the &ult network en-
compassed by the Horse Head Fault Zone is compatible with a5 km-wide
Riedel shear zone formed under a dominant dextral strikeyslregime. The
horsetail geometry envisaged by the map-view of the fault tveork thus con-
rms the presence of a large transtensional structure, runing roughly paral-
lel to the present coastline (Fig. 2.19C). However, the dominaright-lateral
kinematic was pre- and post-dated by fairly normal faultingas evidenced by
the superimposition of di erent generations of slickenlies (Fig. 4.21). In par-
ticular, both FFV1, FFV2 and FFV3 sets locally show progressive curvate
of the slickenlines from downdip to the dominant oblique main. On the
other hand, slickenlines associated with the strike-slip ovement are locally
superimposed by new calcite bers shared by downdip strians (Fig. 4.21).
Therefore, it results that the Horse Head Fault Zone kinematiexperienced
either multiple changes in the local orientation of the stres elds, a rotation
of the structure or a combination of the two. In fact, due to tke lacking
of absolute ages, it is impossible to discriminate if the derent kinematic
was associated local ips of stress axes during the same ev@ng. Cardello
and Mancktelow, 2015) or, di erently, as a marker of discret deformation
phases.
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5.2.5 Timing

The development of the Horse Head Fault Zone clearly postdatédse schis-
tosities (Figs. 4.22E-F) associated with the ductile phasegcgognized in the
Ligurian Alps (D1-3; Vanossi et al., 1984; Seno et al., 200508ini et al.,

2010). On the other hand, | cannot exclude that the presentay structure
may be the result of the partial reactivation of the inheritel compressional
architecture (e.g. Tavarnelli et al., 2004; Butler et al., Q06). In fact, the
strike of the Horse Head Fault is parallel to the main directiorof tectonic
transport (from NE to SW) and coincides with the boundary betwen the
di erent tectonic units. It may be thus speculated that the precursors of the
Horse Head Fault Zone were tear faults accommodating the movents of
the thrust sheets occurring at di erent rates of propagatia due to dier-

ential shortening of the nappe stack (Bonini et al., 2010). Ngpe stacking
and related folding are dated in the Ligurian Alps in the late Bcene { 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 depsitional

ages of the post-collisional sediments (TPB and Finale LigerBasin; Boni
et al., 1968; Gelati et al., 1998; Dallagiovanna et al., 20LWith the ther-

mochronological dataset (Carrapa et al., 2003; Maino et aR012; Amadori
et al., 2023) con rms that the Ligurian orogen accomplishedhe exhuma-
tion path from depth to the shallow crustal level in the Rupaan ( 35-32
Ma) although unusual high geothermal gradient (40-50C/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 transtensiohfaulting at few km

of depth (Maino et al., 2013; Federico et al., 2014; 2020).n8e the Miocene,
evidence of deformation are limited to local transtensivé/anspressive fault-
ing and folding of the stratigraphic record (Piana et al., 206; Federico et
al., 2014). The absence of signi cant strike-slip displaoeent of the Miocene
deposits of the Finale Ligure Basin (Fig. 2.19C) indicates thahe main ac-

tivity of the Horse Head Fault Zone predates the Miocene. On thether

hand, syn-depositional normal faulting is recorded by the I®cene deposits
both onshore and o shore (e.g. Foeken et al., 2003; Larroqe¢ al., 2009;
Morelli et al., 2022).

Overall, the integration of geological and thermochronogpcal constraints,
suggests that the main strike-slip activity of the Horse Head dult Zone
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occurred in the Late Oligocene, coeval with the transtensial faulting in

the TPB. Without absolute dating, the evidence of extensiorlakinematic,

both preceding and following the strike slip activity, canot be con den-
tially linked to a speci c tectonic stage. However, normal falting predat-

ing the HHF strike-slip activity is largely recorded in the lae Rupelian -
early Chattian TPB deposits, soon after the end of the main Alipe ductile
tectono-metamorphic phases (Maino et al., 2012; 2013; 2@i1%madori et
al., 2023).0n the other hand, post-Oligocene deformation the study area
are documented in the Early-Middle Miocene shallow deposibf the Finale
Ligure basin (Mueller et al., 2023), as produced by multipleeismic inputs
coevally with the oceanic spreading of the Liguro-Proveat basin and the
Corsica-Sardinia drifting. However, the seismically-refad soft-sediment de-
formation structures are not diagnostics of the related deefault kinematics.

Later in the Pliocene, extensional faulting is instead doenented as driving
the sedimentation in the Messinian paleo valleys (Boni et .al1985; Marini
2000; Foeken et al., 2003; Breda et al., 2007; 2009). Furthavestigations
on the relationships between deep faults and shallow shearials within the

Miocene-Pliocene deposits, as well as the o shore recorde ameeded to fully
describe the possible switch between dip-slip and striképsfaulting 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 majoadlts with di erent
strike and kinematics (Figs. 5.6 and 5.7). Toward north, the igurian Alps
are bounded by the WNW-striking Stura and Preit lines (SL in Fig. 5/D)
that are described as sinistral strike-slip faults, accuntating about 40{50
km of displacement since the Oligocene (Fig. 5.7; Ricou et,al986; Giglia
et al., 1996). The internal Western Alps experienced Oligoge to Early
Miocene extensional mostly parallel to the axial belt ass@ated with domi-
nant right-lateral displacement along the major faults, sch as the Chamonix
Line, Pennine Basal Thrust, Brianconnais Front, the Insuldic Line and the
Simplon-Rhone Fault (Fig. 5.7; e.g. Sue and Tricart, 2003; @mpagnac et
al., 2006; Malusa et al., 2009; Campani et al., 2010; Perreret al., 2011).
To the east, the Ligurian Alps were bounded by the Sestri-Vadiggio Fault
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Figure 5.7: A-C) Evolutionary sketches of the curvature of th&Vestern Alps;

green, red and grey colored lines represent the Alpine froras30 Ma, 23 Ma
and present day, respectively. Dotted lines indicate the ¢ation of the shear
zone of the Ligurian Alps at 23 (red) and present day (grey). DRRegional tec-
tonic sketch locating the Horse Head fault zone within the megshear zone
(Riedel scheme) represented by the entire Ligurian Alps. Ehother ma-
jor fault zones are shown, including BSM: Breil-Sospel-Mano fault; MFS:

Marcel Fault System; NLFS: North Ligurian Fault System; NPDZ: Nathern

Principal Deformation Zone SL: Stura line, comprising the t8ra and Preit

faults; SPDZ: Southern Principal Deformation Zone; ST: Sage-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 zonerestoring the
rotation throughout the Chattian and Early Miocene stages.
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Zone, which acted as a transpressive mylonitic shear zoneridg the meta-
morphic Alpine phases (D1{D3), and then evolved toward an Qjo-Miocene
dextral strike-slip brittle fault system (Capponi et al., 209; Federico et al.,
2009; 2014). East to the Sestri-Voltaggio Fault, the Villalernia-Varzi Fault
and the Ottone-Levanto Fault acted as a sinistral transpressonal shear zones
during the Late Eocene-Early Oligocene (Fig. 5.7; Marroni @ahTreves, 1998;
Marroni et al., 2019). The Villalvernia-Varzi evolved as a mgr left-lateral
transpressive fault in the late Oligocene/Early Miocene (g. Elter and Per-
tusati, 1973; Laubscher et al.,, 1992; Miletto and Polino, B2). In this
framework, the Sestri-Voltaggio and Ottone-Levanto fault represent minor
Riedel faults kinematically related to the Villalvernia-Vazi Fault (Fig. 5.7;
Spagnolo et al., 2007; Crispini et al., 2009).

Other important structures in the western Ligurian Alps are wo ma-
jor sub-vertical conjugate strike-slip fault systems: theNE-SW sinistral
Breil{Sospel{Monaco (BSM) line and the dextral NW-SW Saorge dggia
(ST) (Geze and Lanteaume, 1963; Bulard et al., 1975, Dec#let al., 2014).
O shore, the arcuate (from E-W to N-S trending) compressiverbnts of the
Marcel Fault System (MFS) and North Ligurian Fault System (NLFS) cross-
cut the roughly E-W left-lateral Northern and Southern Prindpal Deforma-
tion Zone (NLFS), a ecting the Ligurian-Provercal 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 repeats aR°
antithetic fault. Therefore, | argue that the Ligurian segnent of the Western
Alps accumulated km-scale of main left-lateral displacemeduring the Late
Oligocene times, in agreement with the TPB record (Maino etla 2013;
Federico et al., 2014).

On the basis of this geometry and the estimated rotation of #Ligurian
Alpsand TPB ( 117 and 5, respectively; Collombet et al., 2002; Ma one
et al., 2008), the following evolutionary model composed &0 consecutive
rotational processes is proposed for Ligurian Alps. Soon aftthe Adria-
Europe collision at 35 Ma (Schmid et al., 1996; Ford et al., 2006; Handy et
al., 2010; Kastle, 2020; Le Breton et al., 2021), NW dippingusbduction zone
in west Mediterranean started to roll back while Adria rotatel counterclock-
wise with respect to Europe causing NW- and North- directed shiening
at its northern margin. The rst manifestation of Liguro-Provercal Basin-
related magmatism are dated at 32-30 Ma, coeval with extensi in the Lig-
urian Alps, TPB and Corsica-Sardinia (De Voogd et al., 1991;e$rane, 1999;
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Brunet et al., 2000; Rossetti et al., 2001; Rehault et al., @.2; Maino et al.,
2013). The down-dip striations crosscut by the strike-slipnes on the HHF
fault mirrors may represent relics of this early Oligocenextensional regime
developed in a such broad area. Since the late Rupelian30 Ma), strike-slip
tectonic in the Ligurian Alps, as well as in the rest of the Westrn Alps ac-
commodates the relative rotation between the Adriatic and Ewpean plates.
During this period, the progressing east migration of the Apmine subduc-
tion trench caused the opening of the back-arc basins and thedria and
Western Alps counterclockwise rotation (e.g. Carminati etlg 2012). Ro-
tations increased toward the Ligurian Alps that acted as a megleft-lateral
shear zone bounding the southern tip of the Western Alps. Theochinant
strike-slip kinematic recorded by the HHF testify this tectomc phase were
displacements of several tens of kilometers were acconipdid. | argue that a
large part ( 60-70) of the 117 counterclockwise rotation recorded by the
Ligurian Alps after the metamorphic deformation was accomighed in this
time span (from 30 to 23 Ma; Fig. 5.7).

Since the Aquitanian, left-lateral shearing went out, and ta  50° of ro-
tation recorded by the TPB sediments was mainly acquired tlmugh 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 shalv sediments of
the Finale Ligure Basin (Mueller et al., 2023), testi es the ativity of the
deep faults controlling the rotation. The local evidence oflown-dip stria-
tions crosscutting the dominant strike-slip ones, could dmment a kinematic
switch from transtension to extension. However, the impogslity to con-
strain the age of the younger slicken bers, does not allow toorrelate this
structures with tectonic stages.

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

Conclusions

The work presented in this thesis aims to investigate the relof heterogeneity
and damage in brittle deformation. | approached the problenm two ways:
with numerical methods and combined eld- and Digital Outcop Model-
based structural investigation.

The numerical modeling part of the PhD research project, inurn, was
performed considering two sets of problems: linear elasaad nonlinear vis-
cous analysis. The rst class of models, the linear elastiaes, was applied
to two research problems. The rst was the determination andinalysis of
stress around a collection of collinear cracks, with the airo evaluate the
dependence of dierential stress in a section of rock defoimg elastically
on the geometrical con guration of the embedded cracks. Theurpose of
the analysis was to reproduce the stress distribution on theontacts of a
rough fault or fracture. The second was the study the e ect afhe di eren-
tial compaction of a basinal unit during the sedimentation ad growth of a
system of carbonate platform, and, by the analysis of the &ss, strain and
displacement eld, to justify eld observations of fault paterns and shape
of the sedimentary platforms. The second class of modelssdmed to solve
power law viscosity problems, aimed to the better understang of the rhe-
ological behavior of heterogeneous systems such as subigucirelanges and
phyllosilicate-rich fault gouges. This part of the resealcproduced so far only
preliminary results, but these open interesting question® be addressed in
future research.

In the next sections | will summarize the conclusions of eadf 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 thahe presence of a
system of collinear cracks produces in a medium that deforrekastically. The
purpose was to study the strength and the possible reactivah mechanisms
of a rough fracture of fault, whose roughness pro le was apptimated as a
nite set of collinear elliptic structural voids.

| used a new two-dimensional Finite Element- based code wett in MAT-
LAB to simulate a wide number of geometric con gurations of aystem in-
tercepted by multiple cracks. | varied the number, length, spect ratio and
distance between the elliptic voids. The most interestingesults are related
to the interaction between the cracks, and to the way the gla stress pertur-
bation is the result of the interference of the individual stess elds produced
by the single voids. | conclude that the maximum di erentialstress in the
domain increases with the length, number and aspect ratio tfe cracks and
decreases with the distance between them. In particular, érelation between
the di erential stress and the distance of the cracks is a lear decrease up to
a critical value of the spacing, which depends on the lengtmd the aspect
ratio. Over this distance, the di erential stress takes a aostant value, which
linearly increases with the aspect ratio, and that can be intpreted as the
stress produced by an isolated crack. The critical distance turn, measures
the mean radius of the area around the single cracks where theess per-
turbation caused by the isolated voids is signi cant. The legth dependence
of the di erential stress is substantially symmetric to therelation between
stress and distance: a constant value of stress up to a crélccrack length
that depends on the aspect ratio and the distance between adgnt cracks
and a linear increase when the length threshold is exceedddcreasing the
number of cracks increases the di erential stress only if éhvoids are long
and thin enough to produce a stress perturbation that propades over a
su cient distance to interfere with that of other cracks. Sq for low values
of length and aspect ratio, the di erential stress is a conant function of
the number of cracks. The di erential stress increases witthe number of
cracks for high values of length and aspect ratio, but the cue describing
this increase attens for high number of cracks, since the mbdistant voids
in the collection are too far apart to interact e ciently. |1 also conclude that
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the aspect ratio of the cracks is the crucial parameter for ghconcentration of
stress in a medium that deforms elastically. It in uences rtoonly the stress
that a single elliptical void produces at his tips, but alsohie spatial extent of
the perturbation, and therefore the possibility of multipe cracks to produce
a constructive interference in the stress concentration. #b, the analysis
of principal stresses around the crack tips showed that, uadthe geometric
conditions that lead to the maximum di erential stress, in the most critically

stressed points of the systems shear fractures form in allgsible orientations
due to a peculiar radial arrangement of the principal stressxes.

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

This analysis allows to detect the main modi cations of the arbonate
platform architecture and to relate them with the visible gemetries of some
outcropping carbonate platform, as those of the Lastoni didfmin and Nu-
volau Mts. Among these, the FEM analysis allows to understande process
that cause the sigmoidal shape of clinoforms and the progses basinward
and downward increases of thickness and dip angles of the @nrplatform
strata. The linear elastic analysis allows to calculate thstress eld related
to the di erential compaction-driven deformations. The irvestigation of the
principal stress components allows to understand and expiathe faults and
fracture pattern observed by other authors for the progradig platforms. In
particular, it seems possible that most of the brittle defanation takes place
in the slope region, where the maximum magnitude of tensiled compressive
stresses expected by the carbonate platform were detectelth this region,
platform-dipping normal faults can form, and their dip angé can decrease
moving downward as those detected at Nuvolau. Instead, for whconcerns
the inner platform region, it seems to be possible that the ightly tensile
regime can form syndepositional or syndiagenetic extensarfractures as
those detected at Lastoni di Formin. Concluding, the condisncy between
the results of my FEM-based linear elastic models and the outp observa-
tions emphasizes the reliability of my models, corroboratg the hypothesis
that most the di erential compaction process can cause a pesive early
deformation of the carbonate platforms. Despite that, my maels su er of
some limitations, for example the fact that the platform brak and the slope-
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to-basin transition are characterized by a sharp geometrnhat can cause nu-
merical artifacts during the FEM-based modeling. Further mdeling, taking

into account the smooth shapes of these areas will possibiggrove the nu-
merical simulations of the early deformations of carbonatglatform driven

by di erential compaction.

6.2 Conclusions of the nonlinear viscous
models

The modeling of nonlinear viscosity aimed to investigate the ective rheo-
logical properties of subduction nelanges, which possipbiay shed light also
on the rheological behavior of phyllosilicate-rich fault guges. Both those sys-
tems are characterized by compositional heterogeneity, géhrst due to the
presence of competent blocks inside a ne grained matrix, ¢hsecond due
to the presence of weak anisotropic phyllosilicates with agh viscosity con-
trast compared to common fault rocks. In order to achieve thigoal, | started
considering a simpli ed system with analogous heterogeteand rheological
behavior, a bilaminate consisting in layers of power law uis with di erent
viscosities.

The results were the determination of the analytical solutins for the shear
and normal component of the e ective viscosity of the bilanmate, and the
calculation and analysis of the anisotropy factor. This qudity, de ned as
the ratio between the normal and shear component of the vise®coe cient,
measures the anisotropy of the system, and the mis t betweehe principal
stress and strain rate axes.

| came to the conclusion that approximation of the rheologat behavior
of a two-phase power law-viscous material as a power law uitself, with
average rheological parameters between those of the pureapés, which is
frequently used in large scale modeling of subduction zopas an unreli-
able simpli cation. As a matter of fact, the results showed tht the system
as a whole only behaves as a power-law uid under a narrow set andi-
tions. This suggests the important of further investigatio on the processes
that arise due to the compositional heterogeneity of thesegstems 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 diswered in the
Ligurian Alps, thanks to the integration/combination of traditional eld-

survey and DOM data it has been possible to overcome the maimits of
these two technique, and recognize and describe a previgushreported large
fault zone.

In this part of the PhD research | presented the discovery anthe de-
scription of a new large fault zone - named Horse Head Fault zo(teHF)-
in the western Ligurian Alps, which provides evidence for a rgastrike-slip
shear zone involving the southernmost tip of the Western Alpe 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, marke and alternation of
dolostone-limestone and minor pelite. It is characterizeloy a complex struc-
ture where gouge, cataclasites and brecciated alternatetiwn the damage
zone. The fault zone contains a multitude of polished slip Haces preserv-
ing multiple sets of striations and slicken bers. The domiant kinematic
is strike-slip, although evidences of both preceding andlifmving down-dip
slip surfaces occur. The HHF is consistent with a km-size deatrNE-SW-
striking Riedel shear zone, in turn representing an antithie R°of the regional
sinistral shear zone shaped by the whole Ligurian Alps. Suchesr zone
accommodated tens of km-scale displacements related to thdria counter-
clockwise rotation after the Adria-Europe collision and thestart of the roll-
back of the Apennine subduction. In the Early Miocene, this njar fault-
system ceased its activity, showing minor extensional (psibly Pliocene)
re-activation. Such tectonic framework combined with the»asting pale-
omagnetic data allow to suggest that the large rotation expienced 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 5Q°passive rotation driven by the Corsica-Sardinia
drifting.
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6.4 Final remarks

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

All the geological systems that | analysed in the numerical naeling part
of this research are the complex result of a multitude of presses, that for the
most part cannot be observed directly and that are very hardrampossible
to reproduce in laboratory tests. For example, the problemfdhe collinear
elliptic cracks could only be treated with the use of numerad methods. The
3645 di erent geometric con gurations of the system and theli erential
stress measures could not be reproduced in analogic expenmts, and the
study of a speci c geometry of rough fracture would have pratted data
that could not be used as a general rule to apply to other cases$ inter-
est. Of course, a lot of simpli cations were made and many psible e ects
were neglected, nevertheless the simplicity of the modelaled to observe
clear functional dependences of an important parameter féie description
and expectation of brittle deformation, the di erential stress, on geometric
parameters that | could easily control and orderly change.

The numerical models that | de ned will be applied in the neafuture to
various cases of interest. For example, | may try to apply thEEM elasticity
models to the fault and fracture patterns that | observed in e 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 elasticnalysis of
the geometry 1.
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Figure A.2: Main results of the 2D and FEM-based linear elasticnalysis 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 elasticnalysis of
the 2nd stage with PA equals to 1.
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Figure A.4: Main results of the 2D and FEM-based linear elasticnalysis of
the 2nd stage with PA equals to O.
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Figure A.5: Magnitude and orientation of ; during the platform growth
steps with a P/A ratio equals to 1.
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Figure A.6: Magnitude and orientation of , during the platform growth
steps with a P/A ratio equals to 1.

223



224



Appendix B

MyFlow - A simple computer
program for rheological
modelling of mylonites
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