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Riassunto

Questa tesi € una collezioneldvorilegatidal comuneobiettivo di investigare la formaziore
f QS@2tdd A2yS RA 1 2yS RA Tl 3takraversold studia deadigial A OK S
di Monte Marire (MMF)e di campioni di roae di fagliaprovenienti dalla faglia di Fiamignano, in
Appennino Cenale.
Questa tesconsta dire capitoliprincipalie si aprecon uno studio metodologiceolto alla revisione
delle piu comuni tecniche analitiche utilizzate per la caratterizzaziaglke docce di faglia in
carbonat. In questo studippubblicab sulla rivistalJournal ofSructural Geologysi analizza il modo
in cuile procedure aalitiche influenzano il calooldella dimensione frattale in rocce di faglia in
carbonatj prendendo in esame dei campioni raccolti lungo il piano di faglia di Fiamighadéine
del capitob vengonofornite delle line guidayeneraliper la caratterizzaziondelle rocce di faglia in
carbonati
lIsecondocapilodiggzSa il GSair aAx F20FtAT T+ adZf £t QFLylfAaA
petrofisichedelle rocce dfagliaaffioranti nelbloccodi letto dela Faglia di Monte Marine (MMF)n
LINE @A Yy OA | attRrsg afalidj dil#rierio & di laboratorio. Lo scopo di questo studio & capire
f - F2NXIT A2Y SellaSzong F&gita2 i dzINA DYSEHE 2 € dalie EtarGobldedd S G | 1
strutturali e delle proprieta microstrutturali@lle rocce di faglia, mediante mappaturd srreno e
caratterizzazionen laboratorio delleproprieta granulometriche e morfometrichdi cataclasiti e
brecce. Il risultato finale di questo studio consiste mmiodello evolutivo chepiega la formazione
di ingenti volumi di rocce brecciate dzy’ Q | f (i S 1437 difgult ¢reedinge di rottura cosismica
durante il ciclo sismico.
Il terzo ed ultimo capitolo di questa tesi riporta i risultati degli esperimenti frizionali condotti con
f QI LISHINASIDV to High Velocity ApparatudlGV Romasu ungougenaturale raccolto lungo
la MME Gli esperimenti sono statbodotti a diverso slip rate (1 m/s e 0.001 m/s) e sforzo normale
efficace (1 MPa e 5 MPa) in condizidry (usandoArgon come fluido di pm) ewet (usando acqua
come fluido di poro)Lo scopo di questo lavorostato quello dicapire il wolo dei fluidi durante la
rottura cosismica e applicare queste conoscenze al saghodella MMFI risultatidi questo lavoro
mostrano che i meccanismdi indebolimento dinamicaad es. per formazione di nanoparticelle e
pressurizzaziontermicadel fluido) avvengono a velocita cosismighspecialmentan presenza di

acqua La comparazione tra microstrutture prodotte sperimentalmente e microstrutingservate



sul terreno mostracome la rottura cosismica lungo |&aglia di Monte Marinesia avvenuta

prevalentementein condizionidry.



Abstract

This thesis is a collection wbrks linked by the common purposé iavestigaingthe formation
and evolution of seismogenic fault zones in carbonate rocks through the study of the Monte Marine
Fault(MMF), aseismogenic fault located in the central Apennines (Italy)
This thesis is organized in three chapters. It starts with a metlogiimal studythat consists of a
review of themost common techniques usefibr the characterization of carbonate fault rocKas.
this study, new methodolagsfor the characterization of granulgroorly cohesivematerialsare
also presented.The aim of ths study is to compar@D multiscale image analysis on coherent
sampleswith results from 3D laser granulometry and 3D optical granulometriposematerialkto
test the influence of analytical procedure dhe calculation ofractal dimensionThefinal resuls
of this study prove that analytical procedwefluence the calculation of fractal dimension in
faulted carbonates. Guidelines forthe characterization ofarbonate materials aralso provided
The second chapter of this thesis focuses oer #mnalysis of the structural architecture and
petrophysical properties of fault rocks along the MNtpughfieldwork and laboratory analyses
The aim of this study is to understand the formation and evolution of the fault ok the Monte
Marine fadt zone by studying heterogeneities in structural architecture and microstructural
properties of fault rocks with field mappingnd grain size and shape characterization of faulted
materialsandin situshattered rocksThe final result of this studyonsists of a evolutionary model
that presents alternated phases of fault creeping and seismic rupture that occur during the seismic
cycle.
The thirdand last chaptenof this thesigeportsthe resultsof friction experiments performed with
SHIVA (Slow tbligh Velocity ApparatysNGV, Rome) on a natural fault gouge collected from the
MMF. Experiments were performed at different slip rates (1 m/s and 0.001 m/s) and effective
normal stress (1 MPa and 5 MPa) at both dry conditiaith @rgon as pore fluiddnd wet conditions
(with water as pore fluid)Theprincipalaim of this work is to understand the role of fluids during
the seismic ruptureandapply these foundingt the case of theMMF. The final results of this work
show that mechanismsfavoring weakening (e.g. nanoparticles formation and pore fluid
pressurization)mostly occur at seismic slip velocities and especially in walére comparison
between experimentally produced microstructures and naturally produced microstructures

demonstratedthat seisnic rupture along the MMF likely occurred in dry conditions.



1 Aim and introduction

1.1 Sate of the art

1.1.1 Active faulsand seismicity
Seismicitycauses significant issugsmany active regions around the world due to the presence

of seismogenic and activfaults, whose activity and related destructiveness are still unpredictable
and cause every year several human life losses and serious damage to buildings and infrastructures.
The most powerful earthquakes on Earth develop along the ChRanific belt, whee the
occurrence of particular geodynamic conditions (oceanic subduction and associated mountain belts)
generate structural instability and related earthquakes up t@OMThese earthquakes are also able

to trigger tsunami on the surrounding coasts thusregmsing the overall potential destructiveness
and dangerousness of the phenomenon itself. Seismogenic and active faults recognizable in various
geological settings (i.e. contractional and extensional regimes) develop in sedimentary, magmatic
and metamorplic rocks.Continental crust, made by prevalent quartz and feldspar, can display a
brittle behavior responsible for earthquake rupturdown to 1520 km depth only wherthe
geothermic gradientand the heat floware particularly low(< 20°C/kmand < 55 mW/n?
respectively. Seismogenic and active fautliave different length, from fewens of kilometerge.g.

faults in the Central Apennines) to several hundreds of kilometers @d\r®ireadrault) and more

or less complex shapes depending on the tectoniohysof the area.

Almost all the most important seismically active regions around the world have been recognized
and partially studied Nevertheless, earthquake rupture can not be predicted and arrested. What
we can concretely do to protect population areluce damage and human life loss is constructing
earthquakesproof buildings in seismically activsreasand inthe regions where earthquakes
occurred in the past. In facgveryfault is characterized by a peculiar recurrence interval, thus the
study ofpastseismicitycould help to predict or hypothesize other fault reactivations in the future.
Basing on these assumptions, it is fundamental to acquire a deep knowledge on the formation and
evolution of active and seismogenic faults and monitor them cwdusly in order to understand

the mechanismsnd effectsof fault reactivation angdwhere possiblethe premonitory signals of

new earthquake ruptures in the future. To gain this purpasé necessary to study seismogenic
faults using a mukdisciplinary and mukiscale approach that help to get several information on
seismic rupture mechanisms aith the effects of earthquake along seismogenic and active fault

zones.The use of different methodologies including geological, geophysical and geochemical



analyses (at different scalesdgether withexperimental studieat monitored conditionsallowsto

unravel the deformation mechanisms associated with the formation and evolution of seismogenic
fault zones For examplefield mappingcanhelp to describe the structural architecture of faults.
Kinematic analysis can help teconstruct the geological $tiory of fauls throughthe observation

of kinematic indicatorspreserved along slip surfaces. Geophysical surveysac be useful to
investigate fault structure at depth, while photogrammetry and laser scahegyto reconstruct

3D structure of faulzonesandthus elaborate geostatistical modeto studyfracture networkand
permeability properties

In the Mediterraneararea, earthquakes develop mainly in thick sedimentary sequences and thick
carbonate successions (preferentially carbanand dolomitc rocks) at shallow depttdpwnto 15

20 km of depth), where crust is characterized by brittle behaviour. Even when the mainshock is
located in the rock basement, the seismic rupture propagates into the shallower carbonate
sequences and its effects are strongly influenced by the rhgotfigthe transmitting material.
Moreover, most of the foreshocks and aftershocks develop and propagate directly into the shallow
levels corresponding to carbonate successidmmn(riest et al., 203Demurtas et al., 2016)n Italy,

the major seismogenic sources are hosted in carbonate rocks and produce earthquakes up to Mw
6-6.5 (i.e. Friuli earthquake, 1976, Mw = 6.4; Colfirit897, Mw =5.7-6; Emilia, 2012, Mw 8.0;

[ QU ljdZAt F X WwnndX ag T c Phorki ahd\Cello, R00BAHi Bt aly 2092ETen a g [
though seismicity is widespread around the whole peninsula, thesarelialy characterized by the
highest hazaradausedby the presenceof high magnitude earthquakes (up to Mw 6.5) correspond

to the SE Sicily, the Calabrian Arc, the neckbone of both southern and cépénahines, and the

NE edge of the Friuli Regidine greatest predicted horizontal acceleration (>0.275 g) characterize
the area of the Crati Basin (North Calabria).

Recently, powerfui SA a YA O SLIAa2RSa RS sandie aeiyfoorivikaesa@A G & 2
causedseveral human life loss@s the central Apennines, whesesmicityis well aligned in a NW

SE directin (Fig. 1)recognizable by mapping the distribution of the hypocenters of the recent
earthquakeqTondi and Cello, 2003)

The Central Apennines areharacterized by a very complex seismotectonic hist@yringthe
Tortonian times, compressive tectonics originated NBE trending thrusts These crustal
discontinuitieswere partially exploited by NWSE extensional faults formed starting from the

Pliocere and borderingkm-wide intermontane basinslongthe Apennine chair{Vezzani et al.,

10



2010) Extensional faults cut through Quaternary continental deposits and show spectacular
carbonate bedrock fault scarg&aladini, 1999)The stiffness ofthe carbonates and doktonesin

the Centrd Apenninefavors the brittle response of the rocke the propagation ofco-seismic
rupture. This results in a high volume of deformed rocks due to the occurrence of high fracture
density.TotheNorthg S&a i 2F GKS [ Q! |j dzA f | sérizssef¥densipRalfaultsi S NJ/
with sigmoidal shapeOne of tlese faultsis the Monte Marine faultwhichwas reactivated during

the 1703 earthquakeThe active fault segment is 8 km long antéess from the village of Arischia

(to the SE) to the village of Barete (to the NW). This fault represents a seismic gap area in the seismic
active areaof the Central Apennine ang@resens significant volumes of shattered rocks that
increase in the stejver zonenear thePizzolivillage The Monte MarineFault together with the
Fiamignandault, another NWSE orienteegxtensionabindseismogenic faulbcated near Rieti (If)
developed on partially dolomitized carbonate platform roeksl representthe study areas of this

doctoral thesis.

SISMICITA® (agg. 18 gen ore 15:00)
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Figurel: Map d seismicity in the Central Apennines with location of earthquateashockirom the 1985
to the 2017. Sourcéattp://terremoti.ingv.it/.
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1.1.2 The role of fluids along seismogenic/active fault zones

In the Central Apennines and other seismogenic fault zones, fluids play an important role to drive
the earthquake rupture. The presence of fluids in seismogenic areas depends primarily on rock
porosity and permeability. In case of carbonates, permeabsiipcreased by the occurrence of a
well-developed fracture network with high interconnectivity betwedractures (this is also
fundamental in the study of oil and gas explorations along fault zones). This situation is usually found
in damage zone, wheréné faultrelated deformation produces different sets of fractures. On the
contrary, fault core usually acts as barrier or seal for cfask fluid flow due to the occurrence of

dm- to cm+ thick fault gouges and cataclasitesgosta and Aydin, 2006; Agosta et al., 2007; Solum
and Huisman, 2016)

A
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Figure2: Porosity and permeabilityvelution fromfault coreto damage zonefrom Agosta et al., 2007.

During earthquakes, transient pathways can develop in the fault core and permeability may evolve

during the seismic cycle. Permeability usually increases immediately after earthquake due to the
12



increaseof the number of fractures. Then, it usually decreaswer time because of compaction.
CKAA-TFINSE 6 SKIE A 2dzNE 41 & Rilsan@NIODaatR) ErRliNdokek S T A
the rupture of a seal compartmentalizing highessure fluids during foreshodeformation, which
YAIKG AYFAEGONIGS GKNRAAK GKS aSAaYAO FlrdzZ G 12
the Colfiorito 1997 earthquakepeismological studidgstly proved that pore fluid increases near

active faults in carbonate rockigy the study of he ratio between Vp and V€£ven fiction
experiments performed in fluigressurized conditions on calcite gouges testithat the presence

of water can facilitate earthquake nucleation by favoring fault surface lubricgiRampe et al.,

2017) and consequentweakening.It is proved that, during the Umbda | NOKS 'y R [ Q
sequences, ovepressured fluids were present at depfMiller et al., 2004; Di Luccio et al., 2010)

and Violay et al (2013, 2014demonstrated with friction experiments on carbonate gougdéhat

slip along carbonate bearing faults is facilitated in preseof pressurized fluglin the pore space

1.2 Objectives andhesisstructure
Thegeneralaim of this thesis is tenhance the knowledgen the formation and evolution of

seisma@enic faults ircarbonate rocks by) testingthe advantages and disadvantagesddferent
analytical procedures used for the characterization of carbonate fault, @c&tudyingthe Monte
MarineFault (MMF)(Central Apennines, Italy), which represents a compésmogeniareawhere
multiple effectsof seismic ruptureand fault deformatioraffectcarbonates rocksand 3) performing
friction experiments under fluighressurized conditions the laboratory of the INGRRome Italy.
Thecomparison betweenlifferent methodologiesused in carbonate fault rocksasperformed on
carbonate samplesomingfrom the Fiamignano Fau{Central Apennines Italy), which is a No&
seismogenic fault located N the Fiamignano Lakélong this faultve were able tacollect, from
the same fault plane, a pair cépresentativesamples characterized by different cohesion but same
composition. The two samplesed for our test@venexperienced the samectonichistory.

The Monte MarineFault zoneis another fault developed in the Central Apennines with -SB/
orientation. The Monte Marin&ault constitutes an analogue to studhow fault nucleationoccurs

in carbonate rockand what kind of damage care produceby earthquakesn shallow carbonate
rocks The comprehension of fault mechanisms, in this casgailsedby the study of the effects
induced by the earthquake rupturd’heMMF constitutesa seismic gap area in the recent seismic
aSljdzSyo0Sa 2F [ Q! |j dzA f It was lastygractivgidl duringlthé NI sBismic1 M C
sequence andhe reasonsdr the recentsilent behavior still need to benderstood as well as the

formation of the huge amourstof shattered materiatecognisable along the main fauilh this study

13



we used anulti-discplinaryand multiscaleapproachincludingfieldwork investigationdaboratory
analyseson representative fault rock sampleand friction experimentgperformed with SHIVA
(INGVRome)(Di Toro et al., 201®n a natural fault gouge (mixture of dolomite 80% and calcite
20%)collectedfrom the fault. Tre methodologicalapproachused in this thesisielped to better
understand the formation of the MMF and define its complex structural architecture With
fieldwork, we mappeddifferent fault rocks (i.eultra-cataclasites, cataclasites, pretataclasites
and breccias documented fault architecture in relation to inherited thrustults, and collected
structural data along the faultWe also performegetrophysical analyse® study grain size and
shape distributiongn fault rock sampledVe usedptical microscopy, scanning electron microscopy
and EMPA to studyevidences ofco-seismicslip (e.g. truncated clasts, fluidike structures,
nanoparticles mirror-like slip surface(e.g. Fondriest et al., 2013)Finally,we performedfriction
experiments toinvestigatethe role of fluids during fauldeformation at different conditions of
normal stresandporefluid (Argon to simulate dry conditiormdwater to simulate wet conditions)
at different slip rates(slow 0.001 m/s and fast 1 m/s rupturéfhe experimentally produced
microstructuresvere compared withlthe natural samplesollected fromthe faultto constrain fault
deformation conditions.

This PhD thesis is organized in thraain chapterslinked by the common purpose to investigate
the origin andthe evolution ofa seismogenicormalfault in carbonate rocksThisaim was gained

by merging data and observations coming from different fields of study

The first chapter concern& methodologicalstudy that describes and compares different
methodologies used in the petrophysical study of fault rocks (i.e. wet and dry laser granolpmet
optical granulometry and mukscale image analysi®)llowingthe approach described I§torti and
Balsamo, 2010This workwas fundamental torecognizethe most common biases encountered
during characterizatiorof carbonatefault rocksand avoidthe wrong estimate of grain size and
shape distributionn the sample analysed. The main conclusioof this chapter is that arbonate
rocks constitute a very fragile material which is easily affectetidses induced bthe analytical
procedures. This meanshat analytical procedurs constitute one ofthe major contro$ on particle
size distribution in faulcarbonaterocks.

The second chapter of this thesssabout the study of the structural architecture and petrophysical
properties offault rocks alonghe Monte Marine FaultThis study was aimed to characterihe
structural architecture of the Monte Marine Faahd understandhe genesis and the evolution of

faultrocks througha multiscale and multdisciplinary approach including fieldwork and laboratory

14



analyses(petrophysical characterization of loose and coherent materidsiying fieldwork, we
collected structural dat@n the main structural elementand reconstructed tinmg of faultsbasing
on crosscutting relationshipsDuring laboratory analyses, wstudied the grain size and shape
distribution offault rockson the samplecollected & progressive distance from the master faWe
also described heterogeneities alofaplt by performingfield mapping andwo geologicalcross
sections traced in the Barete amithe Pizzoli arearespectivelyWith this work, we found that the
actual configuration of the Monte MarinBault, which presens increasedamounts of shattered
rocks in thecentral areas with major structural compleyitderives from different deformation
mechanisms(from rock fracturingto cataclasiy occurred duringalternated episodes ofault
creeping and seismic rupture.

The thirdchapterof this thesis presents friction experiments conducted with SHIVA dRIENe)
on a natural fault gouge of mixed dolomite (80%) and calcite (20Bérted from the Monte Marine
Fault. This studywas aimedat investigatingthe role of fluids at seismic (1 m/s) and ssdismic
(0.001 m/s) slipatesand different conditiors of effective normal stress (1 MPa and 5 ME&)ring
experiments, v used water to simulate wet conditions and Argon to simulate dry conditiens.
the first time, we were able to control pore fluid pressure during slip atsessmic slip rates. This
wasfundamental to studythe mechanismsontrolling weakening along slip surfacesg(thermal
pressurizatiof at co-seismic slip ratesn carbonate rocksWe alsocompared experimentally
produced microstructures with natural samples tonstrain the PT conditions and pore fluid
pressureat whichdeformationoccurredalong theMMF. The main conclusion of this work is that
water can induce physichemical reactions (e.g. pressurization, nanoparticles formation)
responsible fothe weakeningof faults. Neverthelesswe proved that deformation along thdMF

likely occurred in absencd water.
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2 Influence of analytical operating procedures on particle

size distributions in carbonate cataclastic rocks

S. Cortinovis F. Balsamo, F. Storti

S. CortinovisF. Balsamo, F. Storti (201Bjfluence of analytical operating procedures particle
size distributions in carbonate cataclastic rocks, Journal of Structural Geology, V,ol0328
https://doi.org/10.1016/}.jsq.2019.103884

2.1 Abstract

Fractal dimensions of fault coreocks provide a suitable tool to estimate amounts of
comminution and describe processes associated with faulting, such as hydraulic sealing, and
nucleation and propagation of coseismic ruptures. It is thus important to be aware of possible biases
produced by different analytical procedures on given materials, to prevent unsupported
interpretations of granulometric data. The aim of this paper is to minimize the meimaced
variability in the calculation of fractal dimensions. We present a comparison achifiegent 2D
and 3D analytical techniques that are commonly used to calculate grain size distributions, even
introducing and discussing new analytical techniques never used before in the study of fault core
rocks. The studied samples are loose and coherarbonate cataclastic rocks collected at the same
field site along the Fiamignano Fault in the Central Apennines (ltaly). Our results provide further
support to the evidence that analytical procedures can significantly influence particle size
distributions and related Bvalues. It follows that direct comparison between different datasets is
not straightforward if rigorous analytical protocols are not systematically used and described.

Guidelines for fractal analysis of carbonate fault rocks are provided.

2.2 Introduction
2.2.1 Overview and objectives

Faulting in platform carbonate rocks produces cataclastic rock localized in narrow fault cores,
where most shear strain is accommodated. The spatial distribution, volume, and deformation
intensity of fault core rocks gend on several factors including 1) depth of deformation, 2) host
rock properties, 3) amount of displacement, 4) fault architecture and kinematic history, 5) seismic

vs aseismic slip, 6) structural inheritan@ace et al., 2002; Morewood and Roberts, 2000; Roberts
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and Michetti, 2004Papanikolaou et al., 2005; Han et al., 2007; Soliva et al., 2008; Balsamo et al.,
2016; Demurtas et al., 2016Dhis is proved by the high variability of fractal dimensions among the
different fault zones (Table 1 reports data from tiiterature for faulted carbonates).

Grain size distributions and related fractal dimensiong@ajnmis & Biegel, 1988lenkinsop, 1991

are commonly used to quantify fauielated deformation intensity in fault core rocks and to make
inferences on comminution mechanisms, namely bulk fragmentation vs particles grinding and
abrasion(Turcotte, 1986 Storti et al,, 200B; Storti et al,, 2007). In fact, the link between D values
and patrticle fragmentation mechanisms has a straightforward impact on fault friction and seismic
behaviour(Keulen et al., 2007; Stunitz et al., 2010; De Paola et al., 28h8)on the physical
characterization of pulvezed rocks in fault damage zones (égndriest et al., 2015)

Early models of cataclaqilliégreet al, 1982;Turcotte, 1986 Sammiset al., 1987)assumed that
fragmentation results in fractal dimensions that provide a measure of the fragility of the fragmented
materials (Turcotte, 1986) By using both natural data and mechanical modelling, Sammis et al.
(1987) questioned the notion that particlezsi distributions in fault gouges have Jogrmal
probability functions (Epstein, 1947)and proposed sel§imilar distributions produced by
fragmentation models where the nearest neighbours of the same sizenast likely to fracture.

This results in particle size distributions evolving towards minimum numbers of-segedl particles

at any scale. In natural phenomena, ssthilar processes occur only within a precise range defined
by a lower and an upper fetal limit, known as fractal range (e.Blenkinsop, 1991)Euclidian
geometry imposes that the maximum value of sgthilar processes corresponds tqZhong Yan
Zhao et al., 19905ammis and King, 200Hloweve, the evidence that fractal dimensions higher
than 3 may occur in natural carbonate fault core roc&(ti et al., 2008questions the possibility

that selfsimilar cataclasis comprehensively governs rock comminution in fault core rocks, and
favours evolutionary pathways involving the transition through time from dominant particle
fracturing to dominant particle chipping and abrasion (&uprti et al., 2003Billi and Storti, 200).

The importance of D in fault core mechanics requires a deep understanding of the factors that can
influence this value, such as fault kinematics and displacement, fault zone architecture, host rock
properties, tectonic environment, and analytical theds (Tab. 1)The importance of the latter,
despite initially neglectedzhong Yan Zhao et al., 199 now widely recognized as the primary
source of variability of D valuesom cataclastic rocks developed in poorly layered platform
carbonateqStorti and Balsamo, 2010a,l§)verall, sah variations in fractal dimension may indicate

the complexity and heterogeneity of cataclasis in carbonate rocks, which is described as a process
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that varies in time and space producing immature to mature cataclafgalsamo & Storti, 2011;
Ferraro et al., 2018)nder aseismic, subeismicand ceseismic slip.

To further contribute to reduce uncertainties associated with data acquisition and sample cohesion,
we present results from the study of poorly cohesive and loose carbonate cataclastic rocks sampled
in the core of the Fiamignano Fairtthe Central Apennines (Italy), which were analysed by different
methods and analytical procedures, following the approach described in Storti and Balsamo (2010a,
b). In particular, for adjacent samples characterised by different cohesion, we compa@tsre
obtained by 3D laser granulometry and optical granulometry in loose material, with results from 2D
image analysis in poorly cohesive rock. This allowed us to (i) identify advantages and disadvantages
of the various analytical techniques, (ii) estimathe influence of fault rock cohesion and,
eventually, (iii) contribute to reduce the methadduced variability in the study of fault core rocks
developed in poorly layered platform carbonates. The comparison with data from the literature
testifies thatour fractal dimensions fall in the range of the published data for carbonate fault core
rocks (Table 1 and Figb), particularly for laser wet granulometry. Results of this study provide

general guidelines to analyse fault core rocks that can be apmiadl tithologies.
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Most relevant geological factors reported for the main fault zones developed in carbonate rocks, with

Tablel

D values calculated for each fault, power low extent (lower boundary) and related data acquésitinigties

(values from the literature). In the last raw, values and parameters calculated within this study.
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2.2.2 Review of common techniques for grain size characterization

Grain size can be calculated using many different techniques like classical sieving,
sedimentation, electrozone sensing microscopyraX attenuation, laser diffraction, and image
analysis(Kimura et al., 2018 and references thereil®ieving, laser granulometry and optical
granulometry are typically used for loose granular materials while image analysis is one of the most
common techniques used to obtain fractal dimension from cohesive rock samples (Heilbronner and
Barrett 2014). Classical sieving and sedimentation werditsiemethods used by sedimentologists
to separate particles of different size, often applied by structural geologists. Nowadays, laser
granulometry has become a fundamental tool to fast calculate particle size distribution from an
elevate number of parties. It works with the principle of laser diffraction for which the instrument
measures the diffraction angle of a laser beam that hit particles flowing in a fluid (usually water or
air) and then converts this signal in values of equivalent diameter medsassuming perfectly
spherical particles. Optical granulometry is another innovative instrument consisting of an optical
microscope connected to a computer that automatically measures 3D grain size and shape
distribution of particles dispersed over a sampd. In this case, the results are given as CE diameter
(Circle Equivalent diameter), corresponding to the diameter of a circle with the same area as the 2D
image of the particle. Even if the shape of particle can influence the CE diameter, thisgtea si
number that gets larger or smaller. Electrozone sensing microscopy-emdattenuation are more
familiar to chemists and physicists than geologists. The first exploits the capacity of a particle in a
conductive fluid to change a constant voltage between two electrolytes. It is based on the
assumption that changes in current are proportional to the volume of the particles analysed. The
second, Xay attenuation (or absorption), is based on the principle that the average transmitted
intensity of raliation in a heterogeneous absorber depends, among the others factors, on patrticle
size (Burek, 1976) The intensity of transmitted -Kays increasesogether with grain size. A
widespread technique for measuring 2D particle size is image analysis. A common approach used in
image analysis is that of converting the areal values of particles, automatically calculated by a
software of image analysis (ethe open access ImageJ software), in equivalent particle diameter

(Deq) using the Eg. (1).
0oQn¢z -1

The equivalent diameter is in fact the diameter of a circular particle with the same area of the

particle analysed. A similar approach is destibyKeulen et al. (2007hat used image analysis
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to compare grain size distributions of experimentally produced cataclasites from intact samples of
the Verzasca Gneiss and natural granitoids rocks from the Nojima Fault Zone. Thod owaikists
of acquiring the values of area and perimeter of particles and convert them in equivalent radii (req)
with the Eq. (2).

iQn o6 0 7.(2)
where P is the area of the pixels composing the particles boundary.

2.3 Study area and sampling strategy

The Fiamignano Fault (Central Apennines, Italy) is a ~ 12 km lon§BENW&nding extensional
fault zone cutting through Jurassic to Cretaceous carbonate platform rocks overlain by Miocene
carbonate ramp deposits in the footwall and Lower Messinian tutibidiliciclastic deposits in the
hangingwall (Fig3a). Estimates of the maximum displacement for the Fiamignano Fault are still
affected by significant uncertainty, spanning from 500 to 200(Bmeraglia et al., 2016b)r 500
to 1000 m(Bigi and Pisani, 2005The main fault a@ of the Fiamignano Fault crops out in an
abandoned quarry along the central sector of the fault zone @aigand consists of a ~5 m-thick
cataclastic rocks, mainly composed of dolostone fragments, juxtaposed to an extremely polished
surface (Fig3b). A pair of adjacent representative samples (Flla and Fllb, respectively) were
collected at the same site (Figp) after having removed ~ 10 cm of loose material to avoid biases
due to surface weathering. The fact that the two samples were collected.@tcm of distance from
each other ensures that the two materials likely underwent the same deformation mechanism and
intensity, and reasonably developed the same grain size distribution. This assumption, together with
the lack of cement in the cohesigample, gives the possibility to compare the loose sample with
the cohesive one by assuming to have exactly the same starting faulted material. The different
cohesion of the two samples was enhanced by the sampling strategy: sample Flla was removed
from the fault plane, manually disaggregated and put in a small plastic bag without taking care to
preserve its cohesion. On the contrary, sample FIlb was carefully removed from the fault plane
using sharp tools, packed and subsequently impregnated. The vayiabilisample cohesion
provided the possibility to test the influence of 2D (image analysis) and 3D (wet and dry laser
granulometry, optical granulometry) analytical techniques and to compare the related fractal

dimensions in the best natural conditions.
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Figure3: Structural map of the Fiamignano area (modified after &igi Costa Pisani, 2005) with the location

of the collected samples and the main structural lineaments. (b) Main fault with sampled cataclasite
associated to the polished fault surface in the same fault block. Average fault attitude (dip direction]&jp ang
is plotted in the stereonet on the right; the black point in the plot represents the average orientation of the
slickenlines measured on the main slip surface.

2.4 Methods

2.4.1 Sample preparation
Sample Flla consists &00 g of loose cataclastic material iwitnm-size clasts. It was dried at

40°C for 24 hours, sieved at 2 mm, and then divided in small portions, using first a Quantachrome
sieving riffler and then a Quantachrome rotary miciifler, thus obtaining representative sub
samples suitable for analysevith laser and optical granulometry. We prepared several aliquots

from the same starting material because samples can not be recovered after the analyses. For our
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purpose, we used (1) a laser diffraction particle size analyser (Malvern Mastersizer &DO0)
associated dry and wet dispersion units (Aero S and Hydro EV, respectively), and (2) an optical
particle size analyser (Malvern Morphologi3).

Sample FI1b consists of a poorly cohesive cataclasite that was carefully impregnated with epoxy
resin and sectioned perpendicular to the fault plane and parallel to slickenlines to obtain a 40 pm
thick petrographic thin section suitable for optical and retiag electron microscopy. The thin

section was coated with carbon before SEM analysis.

2.4.2 Instruments and analytical procedures
2.4.2.1 Laser granulometry
The Malvern Mastersizer 3000 works on suspensions, emulsions and dry powders on the size

range between.0.01 ard -3500 pm. In our case, light scattering data collected by the instrument
using a blue and red light duadavelength, singldens detection system, were automatically
inverted by the Mie theoryBoer et al., 1987)which is suitable for nespherical particles, and
grouped in 100 size classes automatically generated by the instrument. The refractive index was set
at 1.572, which corresponds to the value of calcite, while titieer parameters were chosen
separately first for dry analyses and then for wet analyses.

Before starting with the dry analyses, we performed preliminary tests with different settings of
measurement time (Fig. S1 in the Supplementary material) air pressuwlefeed rate in the
dispersion unit (Fig. S2 in the Supplementary material), to define the most appropriate (i.e. less
invasive) Standard Operative Procedure (SOP) for the analysis of our sample. Each test was
performed on an identical sulliquot (3.5 g) of the original sample Flla, previously obtained by
splitting. Once having defined the proper SOP, we performed the analysis fixing air pressure at 1 bar
and feed rate at 60%. This analysis was performed on anothealgymot (3.5 g) obtained from

the same sample Flla. To add the right amount of sample in the dispersant and control the quantity
of material recirculating into the system during the analysis, we monitored the obscuration value,
which is a parameter that measures the amount of laser ligst due to the introduction of the
sample into the analyser beam.

For wet analyses we followed a similar procedure and performed some preliminary tests to verify
the influence of pump speed velocity, measurement time, and ultrasonication intensity $B3i§3.

in the Supplementary material) on the sample during analysis. Even in this case, each analysis was
performed on identical sualiquots (32 g) obtained from splitting the sample Flla with macro and

micro rotary riffler. Each test consisted of 25 rupsrformed under fixed conditions for two
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variables and systematically varying the third di&orti and Balsamo, 2010KfFigs S&7 in the
Supplementary material). After having defined the best SOP, we analysed anothalicgidi of

the same material setting pump speed at 1700 rpm, measurement time at 20 s and no
ultrasonication energy. Even in this case, we monitdhedobscuration value.

With both dry and wet laser granulometry, we acquired a value of equivalent diameter tbr ea
particle, which corresponds to the diameter of a particle assumed to be perfectly spherical, and the
value of volume % (V%) for each size class (100 classes in total) created automatically by the
instrument. The values of equivalent diameter were cote@first in the correspondent volume of

each patrticle (Vp) using the Eq. (3)

z z

wn -(3)
and then in cumulative number of particles for each class (Np) using the Eq. (4).

6 ——. (4)

The calculated number of particles for each cl@¢g) was plotted versus size classes in adgg
diagram to obtain a curve with a slope corresponding to the value of fractal dimension (D3).
Following the procedure described by Keulen et al. (2007) pedectly linear data distributions

were alsabest fitted by two power laws.

2.4.2.2 Optical granulometry

The Morphologi 4D is an optical microscope connected with a dispersion unit and a camera
that acquires greyscale pictures that are automatically processed to obtain particles size and shape
data in the 0.51300 um size range (the range can be extended for some applications).
Unfortunately, the automatic dispersion unit works with a very small volume of sample to avoid the
formation of particles aggregates. The MorphologD4can illuminate sample, with white light
LED, from below or above, controlling light levels. The optical system (Nikon CF| 6di&ldght
darkfield system) allows to choose the more appropriate magnification (from 2.5x to 50x) to
capture clear images and merge them together teate a representative 3D grain size distribution
of the sample analysed. The instrument also allows to capture images of the same sample dispersion
with more than one magnification (e.g. 2.5x and 10x). Data extrapolated from such images are
automaticallymerged together by the instrument in a single output file. The Morphologi 4_ID works
GAUK 020KY MO GKS |dzi2zYlF GSR W{ Kebnidlkedshesh@dng.4 S3IY
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Before the analysis, we performed a calibration test (Fig. S9 in thelesnpptary material) to
choose the most appropriate magnifications. Then, we tested the measurement reproducibility (Fig.
S10 in the Supplementary material) by repeating the same analysis for three times on identical size
areas of the same sample disperside used 15 mrof the starting loose sample Flla that were
dispersed automatically over the sample lid using the automatic dispersion chamber (Fig. S8 in the
Supplementary material). During the analyses, we adoperated two different magnifications (2.5x
and 10x) to guarantee particle detection over a wide size ran9eé{5 umg¢ -666 pm). The
instrument automatically provides the CE diameter of particles (i.e. the diameter of a circular
particle with the same area of the particle analysed). Data of CEetkesnwere used to build the
frequency distribution by dividing the acquired data in the same 100 size classes previously adopted
for laser granulometry. This allowed us to make a direct comparison between results from the
different techniques. For the aallation of fractal dimension, we plotted in a i@y diagram the
cumulative number of particles obtained from the frequency distribution versus grain size.
Following this procedure, we obtained a distribution fitted by a power law in a linear fracigéyan

and then the corresponding value of fractal dimension. Even in this case, not perfectly linear data

distributions were also best fitted by two power laws.

2.4.2.3 Multiscale Image analysis
Image analysis on sample FI1b was performed using images acquirédrandimagnifications.

We started with optical scanning of the whole thin section by a Nikon Super Coolscan 5000, and
then moved to the Zeiss Axioplan 2 optical microscope. We finally adoperated the JEOL JSM 6400
scanning electron microscope (operatingtsegs 240uA and 20kV) to acquire micrographs at higher
magnification of representative sedreas. In particular, we processed a scan image with area of 460
mm?, two images from the optical microscope of respectively 4.1 moquired at magnification

25x (2.5x plus the ocular magnification 10x) and 1.15 hamquired at 50x (5x plus the ocular
magnification 10x), and one image from the SEM with area of 0.069anquired at 1050x (Fig).

We manually traced grains boundaries (we classify a nfrexdured particle formed by a number

of subgrains still preserving their cohesion as one single particle) and automatically converted the
original photographs in black and white bitmap images using the software Imaged (Bgjng the
2LIGA2Yy &S E Otb defetd cladty trudcietl tdhé edges of the images). From the software,
we obtained the areal values of particles that we converted in equivalent diameters using the
equation (1). We analysed 983 patrticles on the thin section, 286 particles at 25a2itRs at 50x

and 902 particles at 1050x. Then, basing on the 100 size classes used also in the other techniques,
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we calculated the number of particles for each size class (frequency distribution). This allowed us to
plot in a loglog diagram, the equailent number of particles versus size classes and thus
extrapolating the value of fractal dimension (D2) which represents, in this case, a 2D grain size
distribution. The curves obtained for each magnification were multiplied for their corresponding
scalefactors (see Figure S10 in the Supplementary material). This operation allowed us to make data
acquired at different magnifications comparable, and thus create a complete grain size distribution
over three orders of magnitude in the 243390 pm size rangéinear data distributions were best

fitted by one power law, while non perfectly linear data distributions were best fitted by two power

laws.

2.5 Results
2.5.1 Laser granulometry with dry module

Reproducibility test in dry laser granulometry, consisting of comparing the results of five
different analyses with the same parameters, shows very similar values of fractal dimension ranging
from 2.27to 2.35, that proved the effectiveness of the selected operating procedure (Figure S2c in
the Supplementary material). We chose one of these tests (i.e. the reproducibility test 4 which has
the lowest number of fractal dimension) to present and discuss #wilts obtained with this
methodology (Fig4). The frequency distribution obtained by plotting volume percentage versus
log. particle size (Figa) shows a unimodal and asymmetric grain size distribution with modal peak
at-1630 um. The corresponding cufative number of equivalent spherical particles plotted versus
the corresponding grain size classes, in theldopdiagram (Figib), has a roughly linear distribution
within the 1.45- 2100 um size range. The resulting fractal dimension calculatedtioigesize range
is D3 = 2.27, with a correlation coefficient of R2=0.99 #Big.Since the data distribution in Figure
2b displays a light curved trend, we tried to fit the data with different power laws, thus obtaining
two corresponding values of fradtdimension in two quasiectilinear segments of the cumulative
distribution. We calculated a value of D3 = 2.93 (R2=0.99) in the lower size rang&4h45n),
corresponding to a curve segment with a high slope, and a lower value of D3 = 2.02 (R2+09)
upper size range (145100 um), corresponding to a curve segment with a lower slope. Overall, the
value of fractal dimension obtained by averaging the entire curve is lower than the value obtained

for the lower size classes and higher than thataobéd for the higher size classes (Big).

26



® "
©
3 8 — oe
e ) ® e
= 6 — 1 bar Air Pressure o
& 60% Feed Rate o
° [
£ 4 — @) o
=z o
> 5> | n.data=100
n. classes = 100 ©
0 —14
@ 1 10 100 1000 10000
1.0E+10 —

1.0E+05 —

Log cumulative particles number

1.0E+00

1
10 100 1000 10000
1.45 14.5 2100

Log Particle Size (um)

Figured: (a) Granulometric distribution of data obtained with dry laser granulometry at 1 bar of Air Pressure
and 60% of Feed Rate. (b) Cumulative of equivalent particle numberdplaiteus particle size in a- bi
logarithmic graph with related fractal dimension calculated over the-24® um size range. The values of
fractal dimension, and related correlation coefficients, calculated over thel.&bum size range and the
14.52100 um size range are also provided.

2.5.2 Laser granulometry with wet module

For wet laser granulometry, after having proved the measurement reproducibility (Fig. S6 of the
Supplementary material), we coulselect from one of the five tests, the first ruwith 0%
ultrasonication energy because it is the less biased analysis that preserved coarsest particles and
thus the best natural condition&ig. S7b in the Supplementary material). The frequency distribution
obtained with this analysis, consisting of fhlog volume percentage versus loparticle sizeis
represented by a slightly polymodal distribution over the 014680 um size range. Despite the
irregularity of the curve, it is possible to recognize a predominant ped0&tum and a lower peak
at -25um (Fig5a). In the logog diagram obtained by plotting the cumulative number of particles
versus particle size (Figh), the value of fractal dimension calculated over the 61480 um size
range is D3=2.76 (R2=0.9®venin this case, due to the viable trend of the cumulative

distribution, we tried to fit the curve by using two different power laws over the 24 pm and
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the 21.21430 um size ranges respectively. The value of fractal dimension obtained for the fine
classes (D3=2.7 with R2=0.89¥lightly lower than that obtained for the coarse ones (D3=3.0 with

R2=0.99) and that averaged over the whole size range of the cumulative distribution.
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Figureb: a) Granulometric distribution of data obtained with wet laseargriometry with 0% ultrasonication
energy. (b) Cumulative of equivalent particle number plotted versus patrticle size-iogariihmic graph
with related fractal dimension calculated over the GKE0 um size range. The values of fractal dimension,
andrelated correlation coefficients, calculated over the @24& um size range and the 241230 um size
range are also provided.

2.5.3 Optical granulometry

Results from optical granulometry of sample Flla are provided in6Figihile details on
reproducibility test can be found in the Supplementary material (Fig.. 8kprtunately, data of
LI NOHAOES SAGK SljdzA @I £ Sy i RA I asidl@raidowd theny iefore Y | NJ
entering the material into the instrument, which is not able to work with such big particles. For this
reason, a comparison between this curve and the results from laser granulometry and image
analysis has some limitations. Toearve corresponds to a unimodal and peaked curve with modal

value at about 3 um (Figa). In Figure 4b, the cumulative number of particles plotted versus particle
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size in a logog diagram is fitted by a power law over the 3586 um size range and givevalue

of fractal dimension of D3=2.28 (R2=0.99). We further tried to fit the curve with two different power
laws on two rectilinear segments. The resulting fractal dimensions vary from D3=2.26 (R2=0.99) for
the fine size classes (385.3 um size rangeto D3=2.63 (R2=0.98) for the coarse size classes (35.3

586 um size range).
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Figure 6: a) Granulometric distribution of data obtained with optical granulometry. (b) Cumulative of
equivalent particle number plotted versus pasdisize in a Hogarithmic graph with related fractal dimension
calculated over the 3.5586 pum size range. The values of fractal dimension, and related correlation
coefficients, calculated over the 3-:85.3 um size range and the 3%86 pm size range aralso provided.

2.5.4 Microstructures and multiscale image analysis

The microstructures of the sampled cataclastic material were studied on the thin section
obtained from sample Fl1b (Fig@). The fault rock appears as a nfmtiated, coarsegrained
cataclasite made by heterogeneous clasts, mostly dolomite in compositier,acterized by
different size and, on average, sabgular shape (Fig). Significant grain size reduction (from 5

mm to few pm in size) occurs from the inner part of the thin section to the proximity of the slip
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surface (Figra, e). Next to the slipwgface, grain size decreases down to few micromgtexcept

for some yum to mm- size survivor grainkcalizedalong the master slip surface (Fiig). The
roundness of clasts does not seem to depend on their mineralogical composition, even because
many dasts are constituted by a mosaic of small fragments of different origin and mineralogical
composition. Some coarse clasts present thin calcite veins thus testifying that these clasts come
from a cohesive rock affected by fluids circulation. SEM images gtat a very finegrained matrix
occurs, whereas no cement was found between clasts (#lp. Matrix is partially made by
comminuted clasts of dolomite and calcite with brownish colour under optical microscope. Some
dolomite clasts contain microfracturdébat are not extended up to the clast borders and thus not
affecting the integrity of clasts.

Results from multiscale image analysis are derived from four different analyses performed, on
the thin section in Figure 5a, at different magnifications: scan image, 25x, 50x and 1050x. The results
are presented as cumulative particle number versus parscte in logog diagrams with different
colours corresponding to results obtained at different magnifications @yigPlotting data from
different images with different colours facilitates realizing that all distributions have concave
upward shapes, dracterized by inclined sectors in the coarser sizes, followed by overlapping flat
lying sectors in the remaining size classes, outside the lower fractal limit8gfiy. Preserving only
RFGF Ay GKS AyaSNBIFt & GKI,ie. wilN@f@ckaR&getliitg, provide 6 S &
an overall curve with welhligned data points (Figb). We obtained four different values of fractal
dimension acquired with the four different magnifications: D2=1.87 at 1050x with the SEM, D2=1.75
at 50x withthe optical microscope, D2=2.30 at 25x with the optical microscope and D2=2.66 with
the scan image. By merging the results from the different magnifications, we obtained a cumulative
fractal distribution over three orders of magnitudes in the 2230 pmsize range (Fidgc). The
fractal dimension obtained on this wider interval is D2=1.98 (R2=0.99). Since the curve displays a
slightly curved trend, we also tried to fit data with two power laws. This results in two different
values of fractal dimensionslculated respectively in the 2.488.1 um (small particles) size range
and 98.12390 um size range (coarse particles) (8@). The value referred to the first interval is
D2=1.76 (R2=0.99), whereas the value referred to the second interval is D2=2=069. In this
case, the fractal dimension calculated for the small size classes is lower than that calculated for
coarse size classes. The fractal dimension averaged on the whole size range analysed is intermediate
with respect to the other two valuea. 2 NB 2 @S NE cbrke&ion{td-pas¥fiod £D to 3D fractal

values provided fractal dimension calculated in the coarse classes D3=3.46.
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Figure7: Multiscale image analysis at the optical microscope and scamh@atron microscope. (a) Scanned

thin section of 3282 x 1311 p»0.089 px/um with inverted colours and corresponding segmented image. The
images contain the indication of the sabeas analysed at higher magnifications (b, c, d). (b) Image of 2592

x 1944px ¢ 1.1 px/um acquired with optical microscope at 2.5x with the corresponding segmented image (on
the right), (c) image of 2592 x 1944 pxX2.09 px/um acquired with optical microscope at 5x with the
corresponding segmented image (on the right), (d) imafjg024 x 1025 px 41 px/um acquired with
scanning electron microscope at 1050x with the corresponding segmented image (on the right), (e) grain size
reduction toward the master slip surface at the optical microscope. The slip surface is indicatee weth th
arrow while big survivor clasts embedded into the brown matrix are indicated with the white arrow.
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Figure8: Results of multiscale image analysis on thin sections at magnifications of 25x, 50x (values obtained
multiplying the magnification of the objective2.5x and 5xand the magnification of the oculgrl0x) at the

optical microscope and 1050x at the scanning electron microscope. Values are represented as cumulative
equivalent particle number plotted versus size Hofarithmic graphs. (a) Total data acquired at different
magnifications plotted separately for different granulometric curves. (b) Data acquired at each magnification
truncated to create a single granulometric distribution within th®75 um size range. YdResulting
granulometric distribution with the calculated fractal dimension of 1.97, and related correlation coefficient,
over the 2.12390 um size range and fractal dimensions calculated over the98.13um and 982390 pm

size ranges, and relatedeelation coefficients.
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2.6 Discussion

2.6.1 Comparison of fractal dimensions obtained with different methods
With wet and dry laser granulometry, we analysed two aliquots of the same loose material

(sample Flla) that show significant differences in terms of fraitaénsion (Fig9a). We obtained

an average value of D3=2.27 with the dry procedure and a value of D3=2.76 with the wet procedure
after the first run of the 0% ultrasonication test. The increase in fractal dimension from the first to
the last run (D3=2.87) in wet laser gtdometry, which is indicated in Figa with a vertical arrow,

is due to the disaggregation process occurring during wet laser granulometry, that was already
addressed by Storti and Balsamo (2010a, b). For both wet and dry procedures, we performed five
identical analyses to verify measurement reproducibility (Figs. S2 and S6 in the Supplementary
material). The mean fractal values obtained for both dry and wet reproducibility analyses are plotted
and compared with literature data in Figh, where the calclated standard deviations show much
more variability in wet tests than in dry tests. This variability in wet tests is caused by the
heterogeneous disaggregation during sample analyses in water. In 0% ultrasonication tests (Fig. S7
in the Supplementary matel), the initial disaggregation of particles is also followed by particle
fragmentation thus resulting in higher values of fractal dimension due to the increase of fine
particles with respect to the original sample. The value of fractal dimension change®=2.76 to
D=3.04 from the first to the last run (Fig.S7 in the Supplementary material). This is even more
evident in 10% ultrasonication test, in which the value of fractal dimension, averaged on all the runs,
is D=3.54 (Figure S7 in the Supplementaraterial), likely due to the reopening of intraclast
microfractures; for this reason, the results obtained from the 10% ultrasonication tests are
considered strongly biased and not further discussed and displayed 8bKaj.Storti and Balsamo,
2010a and references therein).

On the contrary, the constant D values obtained from the fiwe analyses (D3 between 2.27 and
2.35, Fig9b) suggest that dry procedure is perfectly stable and reproducible. Despite this, we
noticed that that the curve of dry laser granulometry has an anomalous shape for particles size > 10
pm. This is likely dueta limit of the dry procedure in disaggregating very coarse particle aggregates
(>100 pum), resulting in an increase of particles coarser than 100 um and consequent lack of smaller
particles in the 16100 um size range (Figs. 2 and 8). This is evidend.ihd-where we compare,
among the others, the curve of dry laser granulometry with that from wet laser granulometry.
Despite this limit in dry lasegranulomety, laser granulometry in general allows to analyse a very

high number of particles with respeto the other techniques (i.e. optical granulometry and image
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analysis). For this reason, in Fl§, the curves obtained from laser granulometry contain larger
number of particles than that from optical granulometry and image analysis. Moreover, ihOFig.

the distribution built for image analysis has a lower slope with respect to the others because it
represents 2D values of particle diameters instead of 3D distribution as the othersQ¥-ig.
Remarkably, the value of fractal dimension from dry laganglometry almost coincides with that

from optical granulometry: D3=2.27 versus D3=2.28, respectivelyddigThis similarity is quite
surprising since the two curves were calculated over different fractal ranges218% um in dry

laser granulometrnand 3.55586 um in optical granulometry. Therefore, these two procedures are
the less invasive for fractal dimension determination. The narrowness of the fractal range
investigated with the optical granulometry varies among the different areas of the sample
dispersion (Figure S10 in the Supplementary material) and reflects the small volume of sample
introduced in the dispersion chamber. In fact, the automatic dispersion unit works with a very small
volume of sample to avoid the formation, on the samplolder, of particles aggregates made by
single small particles difficult to recognize.

With the multiscale image analysis, we calculated an average 3D value of D3=2 %8 (Blgfained

08 O2Yy@PSNIAY3I 5HT ™Dy Samhisiekal.,d1$8B)ulfistak Wnage nalBa Yy @S
is a valuable method to calculate GSD in cohesive sample and aféétong control on the material
analysed. In particular, it gives the possibility to classify a nffexdured particle formed by a
number of subgrains still preserving their cohesion as one single particle (which is the method that
we adopted in ouranalyses) thus helping to overcome the problem of the ephemeral cataclastic
fabric of carbonate fault core rocks (Storti and Balsamo, 2010p On the other hand, image
analysis, especially when the digitalization of the clasts is made manually, can analyse a limited
number of particles due to timeonsuming procedure. The real number of particles analysed is in
fact smaller than laser and optical granulometry, and final number of particles obtained by
multiscale image analysis are affected by the multiplication aichesubimage, for the areal scale
factors (Fig. S11 in the Supplementary material). Moreover, results from image analysis may be
approximated due to the truncation of the clasts during the preparation of the thin section. The 2D
images acquired with thecan, the optical and the scanning electron microscopes represent 2D
images of truncated particles with diameters different from the effective ones. The use of the
{FYYAEAQ fI 6 NBRdAzOSAa (GKAA O0Ala o0& | dadzyisfad | d
obtain a 3D value of fractal dimension from 2D images of partf€8asmis et al., 1987Therdore,

we believe that the comparison between 3D fractal values calculated from the volume of an
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equivalent spherical particle (i.e. wet and dry laser granulometry) with 3D fractal values obtained
from the area of an equivalent circular particle, (i.e. magale image analysis), corrected by the
{FYYAEAQ g2 Aa y20 Ftglrea AGNIAIKIGF2NBI NRD ¢ |
image analysis in this study, which probably is biased by the lack of truncated coarser clasts that
could have redoed the slope of the best fit line. For this reason, we suggest caution in comparing

results from 3D and 2D analytical techniques.
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Figure9: (a) Comparison among the values of fractal dimension calculated during this studgnfi@rison
between our data and data from the literature for carbonate fault core rocks. In (a): Dry Laser Granulometry
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(Italy).
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2.6.2 Significance of double slope in GSD cumulatdiagrams among different
methodologies

By the observations of the granulometric distributions obtained with the different techniques,
we found that more than one value of fractal dimension can be extrapolated from the same curve.
In particular, we tried to calculate two-ialues for each analgial technique by considering
different slopes on the same cumulative distribution: a¥&ue (D<) for small grain sizes and-a D
value (D>) for large grain sizes. In fact, in the curves analyzed we could recognize a break that
separates segments of varighl af 21LJS GKIFG OFy ©6S FAGGUSR o0& (g2
(in agreement with Fondriest et al., 201iRe value of grain size corsponding to this break. We
found that d varies in an interval ranging from 11.20 um to 35.3 um among the data obtained with
the four analytical techniques. In our case, d cannot be considered the grinding limit, defined as the
threshold grain size value lmsv which clasts or particles cease to develop fractures and deform by
abrasion during rollingKkeulen et al., 2007pecause it usually corresponds, in calcite, at values of
particle diameters 4 um(An and Sammis, 1994he lower limits bour fractal distributions do not
allow to identify and discuss the grinding limit, since not all the curves extend below this threshold
value (i.e. distributions from optical granulometry and image analysis). However, in agreement with
Keden et al., 2007we found that D< is smaller than D> in three of the four adoperated techniques.

In image analysis, this is also in agreement with the values of fractal dimension calculated for grain
sizes < 100 pm (50x and 1050x), which are signtficlower than that obtained for grain sizes >

100 pum (25x and scan image). In particular, in image analysis we found that D< corresponds to 1.76
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while D> corresponds to 2.48 (R8g). The corresponding 3D values are very high, especially that of

D>, whit is considered suprfractal since it exceeds the value of 3. Results from the dry laser
granulometry indicate an opposite situation, where the value of D> is smaller than that of D< (Fig.
4b). This opposite trend is explainable by the underestimatigmasficles in the interval 1000 pm

that significantly changes the normal slope of the curve (Figs. 2, 8). If analytical procedure would
not have strongly affected the measured patrticles, the obtained value of d would have been the
same among all the four y I f @aSad ¢Kdzaxz ¢S 02y Of dzRS GKIF G

indicates the mechanical influence of the analytical technique on the sample analyzed.

2.6.3 Role of sample cohesion

The variability in fractal dimension obtained in this study is firstiyl@ned by the adoperated
analytical procedure. Nevertheless, since we analysed three poorly coherent samples and one
cohesive cataclasite, we must also discuss the possible influence of sample cohesion on the obtained
results. In nature, when cohesionnst produced by poskinematic cement, it can be produced by
abundant fine particles (sttand claysize components). Such potential different grain size
distribution can provide an additional source of uncertainty in the interpretation and comparison of
fractal dimensions obtained from loose and coherent samples. In our case, cement is lacking within
the cataclasite (Figl) thus we investigated the present of fine particles in sample FI1.b to give a
possible explanation to the different rock cohesiorieen Flla and Fl1b. The high value of fractal
dimension obtained from image analysis demonstrates that the sample has, on average, more small
particles than coarse particles. However, with image analysis we analysed particles coarser than
2.13um (Fig.8). On the contrary, volumetric analyses performed on the loose samples detected
particles < 2um, thus indicating that the poorly cohesive material contains particles smaller than
the cohesive sample or, at least, as small as that of the cohesive samfbetudately, the lower
resolution limit of image analysis (about 2 um) depends on the resolution of the image acquired
with the SEM and does not allow to verify the presence of very small particles comparable with that
observed with optical and laser gnalometry. For now, we use our data that support the evidence
that the poorly cohesive samples and the loose sample are exactly the same material because they
experienced the same deformation in the same place at the same time. Consequently, we suggest
that the bias induced by different cohesion, if present in our analyses, is negligible and we attribute
the high value of fractal dimension obtained for the cohesive sample with image analysis to the

methodology and not to real differences in GSD between Hme@es Flla and Fllb.
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2.7 Conclusions
In this work, we analysed the influence of different analytical techniques on the calculation of

fractal dimension. The different analytical procedures have advantages and disadvantages

depending on method of data acquisih and sample type. Results can be summarized as follow:

(1) in agreement with previous works (Storti and Balsamo, 2010a, b) wet granulometric analyses on
loose cataclastic samples, even at low ultrasound energy, can cause the partial fragmentation of
particles with consequent overestimation of fractal dimension. This happens when a precise

standard operative procedure is not scrupulously defined and adopted. During wet analyses,

disaggregation of coarse particles can also occur when weak carbonatedf@ulocks are analysed.

With this procedure, particles aggregates or particles constituted by rgsaibs can be destroyed.

(2) Dy analyses with the new standard operative procedure developed for the Mastersizer 3000
granulometer avoid particles fragmeatton in the sample but presents some limitations in breaking
particles aggregates and recognizing gmains in micreractured particles.n our samples, the
system had some problems to count particles over thel@0 um size range. Meanwhile, it over

edimated particles (or aggregates of particles) coarser than 100 um in diameter.

(3) The optical granulometry Morphologi-i is a good innovative methodology that works with a
very small amount of loose material, thus operating a selection in the origerabple. It also
presents some important limitations dealing with the sample dispersion system and the analysis of
coarse particles. It is not always able to detect the existence of particles aggregates characterizing
the samples of weak carbonate fault eorocks. Moreover, the automatic sample dispersion unit
sometimes creates new aggregates during the dispersion of the fine particles over the sample lid,
especially when too much material is introduced all together in the dispersion unit. Overall, the
Morphologi 41D works well on very homogeneous loose materials but has significant limitations to

analyse heterogeneous samples, even with multipleymications.

(4) Multiscale image analysis is time consuming but allows to analyse poorly cohesive materials
thin section, and to distinguish single particles from aggregates of particles (e.g. when a single
particle is micrefractured and constituted by several swlasts, it allows to distinguish the n
constituents of the particle). It suffers from a systdmabias, introduced by the truncation of
coarser particles during thin section preparation, that may significantly change the real diameter of
the particles analysed when heterogeneous materials are analysed. Furthermore, the number of

particles analysed limited compared with the other methods used for loose cataclastic materials.
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5) The comparison between 2D and 3D values obtained by different methods is not always
AONI AIKOGF2NB I NRE S@OSY 6KSY W5 @l fdzSa hedddd O2y O
to minimize the bias introduced by the truncation of particles in 2D analyses and allow an effective

comparison between 2D and 3D techniques.

6) Geological factors such as fault displacement and strain localization in shear bands certainly play
animportant role in determining the fractal dimension of carbonate fault core rocks. Nevertheless,
the lack of clear scaling relationships indicate that analytical technique constitutes the major control

on the variability of fractal dimension.

Therefore, wesuggest the following guidelines for carbonate fault rock amglgend other similar
YFGSNRALFf a0 RSLISYRAY3I 2y NRO1Qa O2KSaAazysx 3INIA
For coherent materials, both homogeneous and heterogeneous, the use of 2scaldtimage
analysis is strongly recommended. The possibility to have a strong microtextural control on the
fabric of the sample is fundamental in the study of fault core rocks, especially in carbonates, where
aggregates of particles are frequent. In addB@ y > (G KS &l YLX SaQ FIF oNAKO
important information on the amount of comminution and the processes involved in fault

deformation.

For loose material, the use of 3D optical granulometer, which gives a very precise grain size
distribution within a narrower size range, is recommended for homogeneous samples but may
provide bias in strongly heterogeneous cataclastic samples. The use of laser granulometer is
suggested when a fast calculation of grain size distribution over a wide rangabge is needed,
particularly, for more resistance quarttominated fault core rocks. For carbonate fault core rocks
and other weak samples, we recommend the use of wet laser granulometry at 0% ultrasound

energy. This simultaneously helps to minimizetiokes fragmentation.
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3 Structural architecture and-situ shattering along the

active Monte Marine Fault, Central Apennines (Italy)
S. Cortinovis F. BalsamoM. Fondriest, F. La Valle, G. Di Toro

3.1 Abstract

The NWSEtrending seismogenic Monte Marine Fa(WlMF) consists of two major hailthked
segments and is characterized by a master fault surface with normal kinematics and minor
subsidiary faults in the exposed footwall within Mesozoic carbonates. The structural architecture of
the fault varies signifigatly along strike. The linkage between the northwestern and the
southeastern fault strands occurs in correspondence of a-eteg zone characterized by\&
trending faults with oblique slip, where anomalous amountdooise materials resemblinig-situ
shattered rocksoriginate characteristic badand morphologies. To the Northwest, where the
structural architecture of the fault is simpler and characterized by pure extension, most of the fault
related deformation is localized alotige majorslipsurface Comprehensivelyhe off-fault damage
is about 4650 m thickin the Barete areaConversely,lie thickness of thloose material increases
significantly up to 500 m in the stepover zone,and particularly at the intersection between
inherited thrust failts and Quaternary normal faultsear the village of Pizzolin this study, we
present a multidisciplinary datasethat includesfield mapping and laboratory data to study the
role ofthe structural architecture and inherited structures on the origirdaspatial distribution of
fault rocks (ultracataclasites, cataclasites, pretataclasitesbrecciasand shattered rocks Wealso
discussthe possible mechanisms of deformation responsible for the actual configuration of the
MMF, where we hypothesize medchanisms varyingfrom in the situ-shattering to the strain

localization.

3.2 Introduction

Fault zones are commonly defined as heterogeneous and structurally anisotropic discontinuities
in the upper crust that control subeismic fluid flow and seismicitye.g. Caine etl., 1996)
Earthquake faulting in seismogenic fault zones occurs with the instantaneous release of elastic
energy stored during the interseismic periods (Kanamori, 1994). In natural fault zones, master faults
are generally decorated with cataclasticifiecore rocks of variable thickness, extending for few tens

of meters(Micarelli et al., 2006; Solum and Huisman, 20E3ult core rocks in carbonates result
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from a set of mechanism@illi and Storti, 2004; Storti et al., 20QFpt contributes to enhance
particles comminution and reduce rock porosity apdrmeability. Faultrelated deformation
produces cataclasites and ultraataclasitesby égrindingé Which consists of breaking particles in
smaller piecesgabrasiorg that is the process of scraping or wearing particles awag,¢slidinge
Iy Iollirigé that consist of combined rotation and translation of particl&ese mechanismeere
recognizedat the micrescalenot only in carbonateault rocksbut also in gougesf different
composition (Billi and Storti, 2004; Balsamo and Storti, 2010, 2011; Billi, 2800)partly
reproduced in the laboratorgAnthony and Marone, 2005Pn thecontrary brecciasanother type

of fault core rock, ar@roduced by rock fracturing without sliding and rolling of particlesontrast
with fault core rocksmost of carbonate fault damage zones, which are usually much wider than
fault cores, are compesl of well-organized fracture systems that may enhance fldictulation
(Micarelli et al., 2003; Kostakioti et al., 2004; Agosta and Aydin, 2006; Frost et al., 2009; Hausegger
et al., 2010; Savage and Brodsky, 2@Hgoi et al., 2018priginal bedding is usually preserved in the
rocks of thedamage zone.

Next to the classical definition of fault rocks, the last decade several authors described
anomalous thickness of deformed roakscurringalong seismogenic faults in carbonate ro¢isg.,
Fondriest et al., 20157 hey calledin-situ shattering the mechanism responsible ftresevolumes

of fragmented rockgFondriest et al., 2015; Schréckenfuchs et al., 20d&mbling the pulverized
rocks originated by the earthquake rupture in the basememit¢hell et al., 2011; Rempe et al.,
2013) Shattered rocksusually result in badlands morphologies made ofcohesive, in situ
fragmented materialextendingfor several meters to hundreds of meters from the master fault
(Fondriest et al., 201;55chrdckenfuchs et al., 201%)espite ipsitu shattered rocks were described
in active tectonic settings, still the mechanisms of their formation tnedfactors controlling their
distribution along active faults in carbonate rocks are pooryestigagd. Recent studiesuggest
that the formation of shattered rockis associated taomplex array of faultthat overallcontribute

to enhance rock fracturinop seismogenic and active faulihis is particularly evident in tleentral
Apennineghat presen various examples dghrust faults inherited from théApennine compression
associated to hundreds of meter wide loose carboisdta Valle, 2019master thesis

In this study, we describe different types faiult rocks and document their thickness variations
along the seismically active Monte Marine Fault (MMF) incdrd@ral Apennines (Italy) by combining
detailed field mapping with structural and microstructurahalyses on hand samples and thin

sections The MMF is a seismogenetic NS¥ trending extensional fault bordering the Eastern flank
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of the Upper Aterno Valley, N\Wtife[ Q! [jdzAf I G2y ® ¢KS aaC gl a LI |
1703 earthquakéMoro et al., 2002, 2016; Galli et al., 2011; Fatcatal., 2015and is characterized
by the occurrence of cataclasitdsreccia andshattered rocks developed in Mesozoic carbonates
exposed in the footwall blocK.he latter are hardly distinguishable from breccias inftakl, but it
seemsthat they extend for several kilometeralong the fault,from NW to SEand increase in
thicknessto the central and southern part of the fault zonehere severalbadlands shgpe the
appearance of the fautiear the villages of Pizzoli and Arischia.

The aims of this work are (1) ¢malitativelyreconstruct the structural architecture of the MMF, (2)
to quantitatively describe fault core rockgultra-cataclasites, cataclasiteqroto-cataclasites
brecciasand shattered rocRsexposed in the footwall bloc&nd describe thie thicknessvariations
along the fault strikeand @) to investigate the role of inherited structurées the development of
the fault zoneand in the formation of high deformed rocks along the fatithe multidisciplinary
and multiscale approach used in this study allowed us to propossgpothesizedevolutionary

modelto describe the formation and evolution of the MMF rocks during therse cycle

3.3 Geological setting
3.3.1 The Upper Aterno Valley
The Central Apennines of Italy belong to the Late Oligocene to Preserarfdiihrust belt

related to the Wsubduction of the Adria plate under the European pl@eglioni, 1991; Carminati

et al., 2004, 2012)The Central Apennines display a set of NE verging thrusts, inherited from the
compressional tectonics, and superimposed W-SE oriented active normal faults. This complex
seismotectonic structure was responsible for the recent destructive seismic sequences (e.g.,
[ QI ljdzZAt+ ag cd®mMZI HAndPT ! YFEONROS ag cdnI HAmMcC
North) to the Avezzambasin (to the South). In this context, a curious seismic gap area is represented
by the Middle Aterno valley (Figl) which is a part of the Central Apennines Fault System (CAFS)
(Tondi and Cello, 20033lso known as Central Apennines Downfaulted Area (C&RMgetti and
Vezzani, 1999; Agosta and Aydin, 2008)is region was affected by the continuous deepening of

the hydrographic networkGalli et al., 2011 )accounted for the first basin excavation, and was later
dissected by several seismogenic, extensional faults during Quaternary(tdmestti and Vezzani,

1999; Agosta and Aydin, 2006)he seismotectonic history significantly contributed to form the
actual configuration of the Upper Aterno Valley, that presents attributes resembling other
Quaternary basins of the Central Apennineg) (the Colfiorito Basinthe Fucino Basirthe[ Q! |j dzA t |

Basin)Cello et al., 1997)'he Aterno valley consists of a NS# trending quaternary basin bordered
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with seismogenic extensional faults. These faults, aligned and characterized -bghelon
geometries, correspond, from the South to the North, to the Monte Pet#aalt, the Mt. Marine
Fault, the San Giovankault and the CapitignanBault. These seismogenic fault segments shaped
the Eastern flank of the Aterno vallggaladini and Messina, 2004and are still potentially
dangerous for the development mew seismic episodes in the Central Apennines.
3.3.2 The Monte Marine Fault

The seismogenetic MMF (Figl)1lis located in the Central Apennines (ltaly) and develop in
partially dolomitized carbonate rocks of the La&bruzzi platform. In particular, the faututs
through the Calcare Massiccio Formation (Early Jurassic) to the South and the Corniola Formation
(Early Jurassic) to the North (Fid).IThe MMF belongs to the N\BE Monte PettineMonte Marine
Fault system, which was originated started from tle#d_Miocene, when contractional deformation
in the Apennine foleand-thrust belt was overprinted by extensional tectonics in its axial portion
(Ghisetti and Vezzani, 1999)he fault zone overall consists ofld@ km long seismogenic fayballi
et al., 2011)and was partially reactivated during the February, 2 1703 (Mw=6.7) seismic sequence
OKFG OFdzaSR KdzyRNBRa 2F FlLaltAGASa Ff2y3 GKS
seismically active segment of the fault is 8 km long and extends fronB#nete village to the
Arischia villagéBlumetti, 1995; Moro et al., 2002; Galli et al., 201Ngar Arischia, huge amounts
(100-300 m thick) of loose material significantly shaped the footwall of the MMF creatindginald
morphologes easily recognizable at several km of distance from the master fauli2gigb). The
old and complex seismotectonic history of this fault zone is well documeiedo et al., 2002,
2016; Galli et al., 2011; Falcucci et al., 20B%)least fiveevents of surface rupture after the 6th
5th millennium B.C. (maximum recurrent interval of 7000 years) were registered along the active
fault segmeniCalamita and Pizzi, 1992; Cello et al., 1997; Galadini and Galli, 2000; Galli et al., 2011,
Falcucci et al., 2015; Moro et al., 2016)
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3.4 Methods
3.4.1 Field mapping and structural analysis
We mapped two areas of interest (Barete and Pizzoli sites) located in the footwall of the main

fault (Fig.12a) at the 1:500 scale. Field mapping, based on orthorectified aerial photographs
availble on the website of the Regione Abruzidtg://geoportale.regione.abruzzo.it/Cartant

was aimed to map the main structural elements (i.e. the main fault and the subsidiary faults
strands).We also constructed two geological cressctions based on 1:500 and 1:5000 mapping.

The first cross sectionr30 m long, was traced near the Barete village, while the second cross section,

-3 km long, was traced near the Pizzoli village (E&g). A totd of 62 loose and coherent
representative samples of cataclasites and fractured rocks, together with 862 structural data, were
collected. Fault kinematics analysis was based on slickenlines preserved on principal and secondary

slip surfaces. Fault pitch @triated surfaces was measured moving clockwise, and ranges from 0°
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to 180°. Mesescale field observations, combined with microstructural analysis, provide the basis

for the classification of outcropping fauielated rocks irthe different structural donains.
'

NE

Figue 12: a) 3D view of the Monte Marine Fault (MMF) with indication of the main fault surface (red line in
Fig. 2a),bad YR | NBlFa o&eStt2¢ INBlFra Ay CAId Hl0uX ONRAaa
Panoramic view of the MMF

3.4.2 Microstructuralanalysis
A total of 58 thin sections were analyzed under a petrographic microscope. Samples were

impregnated with epoxy resin and sectioned perpendicular to the fault plane and parallel to
slickenlines to obtain standard petrographic polished thin sectidieey were analysed with the
Zeiss Axioplan 2 Optical Microscope. Moreover, the most interesting samples were observed at the
JEOL JSM 6400 Scanning Electron Microscope, at different magnifications, to examine
microstructures in mrrhick slip zones. ThelXS probe was adoperated to identify minor elements
and distinguish dolomite crystals from calcite crystals.
3.4.3 Grain size and shape analysis

Four representative samples were analyzed using multiscale image analysis to calculate grain

size and shape distribiain in carbonate fault rocks, following the procedure describe@bginovis
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et al., 2019 Three samples are representative of the ultataclasite, cataclasite and preto
cataclasite domains. We acquired a total of 53 images with the Zeiss Axioplan 2 optical microscope
using different magnifications (1.25X, 2.5X, 5X|, &0X). We analysed more than one area for each
sample at the same magnification to get a consistent number of particles for each sample. This
operation was particularly useful in the coarse sample (i.e. poataclasiteand brecciy, where
images may cdain a minor number of particles. We used the magnification 10x to analyse particles
with diameter smaller than 25 um, 5x for particles with diameter between 25 pum and 36 pm, 2.5x
for particles with diameter between 36 um and 94 um and 1.25x for partwigsdiameter bigger

than 94 um. Before using these values, we made several tests to choose thresholds that allow
acquiring precise values of aspect ratio and circularity (Pizzati et al., submitted). For each particle,
we acquired the value of the equivalediameter Deq, that corresponds to the diameter of a circular
particle with the same area of the particle analysed. The fourth sarpétysedcorresponds to
breccia (30x20x15 cm). Because of sample dimensions, this rock was cut with a diamond wire to
obtain a fresh surface available for image analysis. In this case, we manually traced all the
recognizable clasts on the fresh cut (each clast is delimited by operodg fractures) on a
transparent paper that was scanned to obtain a digitalized image ebtlccia texture. All grain

size and shape data from the studied samples were obtained with the ImageJ softhedleonner

and Keulen, 2006)

For grain size analysis, we manually traced the boundaries of particles to get their areal values. After

that, we converted theobtained areas in values of equivalent diameter using the Eq. (1):

oQngz -(1)
For each sample, we sorted particles in a different number of size classes (classes thresholds were
fixed to maximize the number of particles in each class) to build gratia where the number of
particles is plotted versus log. particle size. We also plotted, in-bofpgliagram, the cumulative
number of particles versus log. particle size, thus obtaining the fractal dimension which corresponds
to the slope of the powelaw bestfit line of the curve in the lodpg distribution(Turcotte, 1986)

For grain shape analysis, we used the values of Aspect Ratio (AR) and Circularity (C). Aspect Ratio

describes the elongation of particles and is obtained with the Eq. 2:

-(2)

Circularity indicates the roughness of the perimeter of particles and is described by the Eqg. 3:

0'Y

§ —— (3)
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Both values of Aspect Ratio and Circularity were automatically calcuiatiedhe software ImageJ.
These values are plotted in diagrams where the average values of AR and C for each size class is
plotted in the 30- 11500 pum size range. Data from uklrataclasites, cataclasites and preto

cataclasites were grouped in 12 size classes, while data froroibreere grouped in 6 classes.

3.5 Field data

In map view, the structural architecture of the MMF significantly varies along the fault strike
(Fig.12a). Overall, the fault zone is NBE oriented, similarly to the other active extensional faults
in the Central Apennines and consists of two hinéed NWSEtrending segments. The ofault
damage, testified by theresence of thébad-land morphologiesincreases from the Northwest to
the Southeast, and extends in the footwall up 800 m (Figl2a, b). In the northern sector, near
the Barete village, the fault segment is planar, whereas betwikerPizzoli andhe Arischia village
the two fault segrents are hardinked by BW faults (Figl2b). In cross section, the MMF structure
consists of a wellleveloped cataclastic fault coref variable volumesurrounded bya classical
damage zoneThe volume othe deformed material vaessignificanty alongthe faultand locally
includes high amount of loose materiatharacterized byigh fracture densityand resemblingthe
shattered rocks found along other faults of the central Appenieeg.Yado di Corndault). At the
outcrop scaleshatteredrocks arehardlydistinguishable from breccias
3.5.1 The Barete site

In the Barete site, the main fault cuts through the Corniola Fm. (as described in the geological
map of Vezzani and Ghisetti, 1998, inset inlAjgand measure204/65 (dip dir./dip convention)
(Figs.13a and15a), with dlickenlines indicahg dip-slip extensional kinematics (stereographic
projection in Figl3a).
In the footwall block, the master fault surface is bordered witi2 m thick layer of ultracatachstic,
whitish and cohesive material (UC) (Fifb, 15b). Next to ultracataclasites in the footwall, whitish
and poorly cohesive cataclasites (C) outcrop ir3aup to 810 m wide corridor (Fig&3b, 15b). The
thickness measured for these fault rocksgygest acumulativekm-throw extensional fault zone in
accordance wittlthe displacementsestimated for other fault zongof the central Apenninesthat
presenta similarseismotectonicevolution starting from Triassic/Jurassic tim@®ndi and Cello,
2003; Bigi and Pisani, 200Byeccias (B) and protoataclasites (collectively in brown colour in Fig.
13a, b; Fig. 15c) are organized 20 m wide corridorparallel to the main faultThe transition from

the fault coreto the damage zone is marked by secondary synthetic and antithetic extensional faults
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(Fig.15b) while damage zone consists of fractured beds of dolomitized CorRiotenation In this

area wedid not recognized evidences of shattered ro(kg. badlands morphologies).

| Quaternary deposits [Jilll Breccia/Proto-cataclasite

| uitra-cataclasite [ | Damage zone

[] cataclasite

Master Fault

Barete 5
Villaiev \/I\/' R

Figue 13: a) Geological map with stereographic projection of main faults and secondary faults and b)
geological cross section of the Barete area with indication of different structural domains and major structural
lineaments.

10m

3.5.2 The Pizzoli site
In the Pizzoli site hie fault zone is structurally more complex than in the Barete site. Northeast

of the Pizzoli village, the main fault surface stsike/V and cuts through the dolomitized Calcare
alaaA00A2 C2NXIGA2Yy D | SNBX | yR LI NbchntdigdlaNt &
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significant increase in fault zone thickness dinéel presence obadland morphologies up to 600
700 mwide (Fig.14a)filled of breccias mixed with shattered rocKka this area, we recognized the
same fault rock types of the Baresite (i.e. ultracataclasite, cataclasites, pratataclasites and
breccias) (Figl4a), and also a Pleistocene slope breccia locally displaced by secondary faults (cf.,
Galadini et al., 2000; Moro et al., 201&xtensional faults in this sector are scattered and mostly
organized in NWSE to BNV sets (Fig4b). Fault slickenlines indicate oblique transtensional
kinematics with pitch values between 58nd 130° (Figl4a, c). Lowangle thrust faults were also
measured in this sector and are organized in conjugate systdth mean attitude of 206/26 and
042/24, respectively (Fi@4a, d). Fault slickenlines on thrust faults indicate both ISRV transport
direction and oblique slip on lateral ramp (Figle). In this sector, cross cutting relationships
indicate that thrust faults are overprinted by the extensional faults (Etgl). Locally, NVWSE
extensional faults sole out in the leangle thrust faults (Bt 15e). Finally, minor rigHtateral strike

slip faults, NNESSWoriented, were mapped (Fid.4a).

A longer crossection neatthe Pizzoli village allowed us to document the overall structure of the
MMF in the overstep sector, and measure the thicknee$ the fault rock domains (ultra
cataclasites, cataclasites, pretataclasites and brecciaection B. Q A 12). Baged dn cross
section in Figure 6a, the ulteataclasites and cataclasites in the fault core af® 8 thick, while
realthickness of protecataclasites and brecciasug to 500 m (Figl6a). The loose breccias locally
host 23 mwide coherent, brecciated lithons with positive relief (Figc, d). Lithons generally
preserve the original bedding (Fighd)andare localy delimited by secondary faults with associated
thin layers ofcataclasites (Fid.6b). In other cases, the boundary between loose breccias and the
lithons consists of prot@atacalasites. The damage zone consists of fractured rocks and several
minor synhetic and antithetic, N\AGE to BV extensional faults (Fig6a, e). Further, a set of NE
SW extensional faults was measured. Overall, the kinematics of extensional faultsfrangeure

to oblique transtension (Fid6e). Finally, we have also measuted-angle thrust faults with NW

SE orientation, and NMSE and NBSW strike slip faults. Thrust faults are craoss$ by extensional

faults.
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Figue 14: a) Geological map of the S. Antonio area with mapped structural lineament and fault rocks. The

main fault surface was partially inferred by Moro et al.,

2)dower hemisphere, equal area projections of

the measured normal faultglotted as polesc) slickenlines related to normal faultd) reverse faults with

mean attitudes (black lines in Fig. 4d) and slickenlines related to reverse faults.
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Figue 15: (a) Outcrop images showing the main fault surface in the Barete arpa; ¢lpsssection of the
main fault and fault core; (c) an antithetic fault developed inside breccia near Barete; (d, e) reverse faults
crosscut by extensional high angle faults near Pizzoli inside-mbddreas.
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Figue 16: (a) Geological cross section of the Pizzoli area with indication of the different fault rocks, major
structural lineaments, and bedding; (b) schematic diagram of the brecciated domain observed along the
Pizzoli cross section) (mage from the field showing lithons bordered and dissected by normal faults and (d)
lithons affected by different sets of joints (e) lower hemisphere, equal area projections of the measured
extensional faults with related slickenlines and reverse f@blésk dots indicate slickenlines).

3.6 Fault rocks characterization
According to field observations, we fouadd studiedseveral types of fault rocks developed in

the fault core andin the damage zone, which include ulicataclasites, cataclasites, preto
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cataclasites, and breccias. Further, we have characterized thguwledhed mirrotlike slip surfaces
developed along extensional faults.
3.6.1 Ultra-cataclasites

Ultra-cataclasites (UC) consist of white colour, fgrained partially loose and stiff fault rocks
composed of mmto pum- size dolomite grains (Fi§7a). At the microscale, UC is characterised by
few subrounded big survivor grains (up teés4mm in diaméer) made of dolomite and minor calcite,
bioclasts and chert (Fid8a, b, e), and a brownish matrix. The matrix is constituted by very
comminute calcite and partially dolomite fragments that are not discernible at the optical
microscope. Near Barete, theontent of bioclasts and chert grains with respect to dolomite and
calcite grains in the UC increases significantly. Near Pizzolicattnalasites have a very different
appearance made by prevalent dolomite clasts. This difference can be explaingbolbggical
variations recognizable between the area of Pizzoli, where the master fault cuts through the Calcare
Massiccio Formation, and the area of Barete, where the fault develops inside the Corniola Formation
(Vezzani and Ghisetti 1998).
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Figue 17: Images of different fault rocks recognized in the field: (a) ultracataclasites with slickenlines near
Arischia; (b) coarse cataclasites formed by big dolomite clasts embedded by a white matrix of calcite near
Barete (c), and brec@awith coarser clasts of dolomite near Pizzoli.

3.6.2 Cataclasites
Cataclasites (C) consist of light grey, fimained, partially loose or cohesive fault rocks

composed of umto mm- size sukrounded dolomite grains (Fi@7b). At the microscale, dolomite
grains are embedded in a brown fine matrix made of more commindtdmite and calcite grains
visible with difficulties at the optical microscope (Hi§c, d, f). Locally, cataclasites are affected by
stylolites with accumulation of insoluble dark material (Fi§c), probably derived from calcite
dissolution. Even soenFeoxides are scattered over the thin section analyzed (Eg). Overall,
cataclasites form up te2 m thick bands along the master fault and thinner layers along secondary

slip surfaces in the fault damage zone.
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Figue 18: (a) Image of ultracataclasite and (b) detail from the same image at the optical microgcdpe
Image of cataclasites and (d) detail from the same image at the optical microscopelnfagés from
scanning electron microscope showing a detail on the matrix composition in the two samples analyzed.

3.6.3 Breccia and protaataclasites
Breccias (B) are formed langular, crrsize dolomite grains characterized by high degrees of

cohesion with respect to protgataclasites, cataclasites and uhrataclasites (Figsléd, 17c).
Cohesion is locally given by rock cementatiotih microveingfrom 1 to several mm thickdcalized
within the fracture arrayand filled by calcite and dolomi{@&ig.19a)The rock slab in Fig. 19a shows

a cemented fragmented carbonate (dolostone) where the individual fragments are neither rotated
nor translated(Fig.19a, b, c) The sample presents small pockets of prfatolt breccia in the upper

left portion.

Proto-cataclasites (PC) are composed of ntoncmesize sukangular to angular grains of prevalent

dolomite and minor calcite and chert.
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Figue 19: (a) Hand sample image showing midractures and veins filled by calcite with related segmented

image; (b) standard petrographic thin section representing breccia and (c) detail of dolomite clasts in breccia

sample.

3.6.4 Slipsurfaces

Samples collected in the field show evidences of extreme comminution, strain localization and,

locally, ceseismic deformation. In very comminuted cataclasites, we recognized a significant grain

size reduction toward the slip surface and locallpioximity of big clasts of dolomite that are partly

fragmented and reduced to sedingular and angular small fragments of the same compositioa (Fig

20a, b, ¢, g and Fig&1b, f). We also observed very angular clasts of dolomite produced by rock

fracturing at the incipit of cataclasis in samples with more angular grains like-patézlasites (Fig.

21a). On very localized slip surfaces, we found a brownish, amorphous material at the optical

microscope (Fig0a, b, ¢) and scanning electron microscop®$21b, d, €). SENBSD analyses

(Fig.21e) proved that this amorphous material is prevalently composed of fragmented calcite.

Calcite and dolomite crystals locally growth with very elongated shapes along sharp and rectilinear

slip surfaces (Fi@0d) with the major axis perpendicular to the slip plane. We observed that slip
surfaces locally cut pmo mm-a A 1 S a dzNBA @2 NJ INI Aya 2F R2f 2YAQd

Ot Lataé¢s Ofl a

a A FelsBi®kdefortnatich @tis&istnit Glif Sielod@iBndriét et al.,
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2013)(Figs. 20c, d and kg.21d, g). At the optical microscope, we recognized fldike structures,

(Figp. 20e, f) consisting of dark and very comminuted material forming convelhspe structures

that resemble fluids. The composition of this material, obtained with the ED® qaalysis, is partly
dolomitic and partly calcitic. We documented the presence of calcite cement sealing porosity and
micro-porosity developed among the big clasts of dolomite. (#g.and Fig 21a, c, h).
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Figue 10: (a,b) Images from optical microscope representing slip surfaces with amorphous material, crystal
growth and (c,d) truncated clasts of dolomite. (e,f) flame like structures formed by very comminuted material
are represented byatk convolute shapes; (g,h) grain size reduction is visible along the main slip surfaces and
near major dolomite clasts that experienced fracturing.
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Figue 11: (a) Image from scanning electron microscope representing catactasitdreccia samples and
related microstructures: angular clasts broken by principal fractu¢(bjgzomminution along the slip surface
(c,f) calciterich cement crystallized inside pores and fractuf@®) truncated clasts of dolomite along mirror
like slip surfaces(g) crystal growth along the slip surface and (h) general framework produced by fracturing
and cataclasis.
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