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ABSTRACT

Active convergent margins shear zones are heterogeneous and highly deformed zones that exhibit structures
from both distributed and localized deformation. The presence of heterogeneous material with contrasting
competence (e.g., broken formations and mélanges) and the complex structural architectures (superposition
of different tectonic units) of shear zones are inferred to affect the frictional properties, the slip weakening
mechanisms, and variation in slip behaviours. Deciphering the stress and strain distribution across
convergent margin shear zones is critical to understanding the physical processes involved in the nucleation

of convergent margin shear zones and its behaviour.

Magnetic properties of fault rocks (i.e., mineral assemblages, concentration, granulometry and preferred
orientation of grains) are known to be sensitive to chemical and physical changes related to the faulting
processes. Magnetic mineralogy is lithology-dependent, with a variety of subpopulations of grains (different
mineralogy and grain-size) that can form and alter at distinct diagenetic and deformation stages. In particular,
magnetic fabric analysis has proven to be a reliable petrofabric tool for examining subtle changes in the
stress regime, providing insight into the relationships between petrofabric and deformation intensity

associated with faulting.

In modern subduction contexts, the internal architecture of the plate interface is difficult to observe
seismically. In contrast, studies of exhumed analogues offer an invaluable opportunity to directly investigate
the characteristics of the internal structures of convergent margins shear zones and to constrain changes in
magnetic properties with respect to their geodynamic evolution. This thesis reports a detailed investigation of
the magnetic fabric of three exhumed analogues of convergent margin shear zones involving different
lithological units (e.g., carbonate- or clay-rich sediments). Here, specific meso-structural fabrics are
associated with lithology-dependent deformation mechanisms, providing an opportunity to probe the
influence of lithological variations/heterogeneities in the recording of multiple deformation events by the

magnetic fabric.

The protocol applied for AMS analysis (combination of density diagrams and cluster analysis at site level)
shows a great potential for isolating the contribution of coexisting sedimentary and/or tectonic petrofabrics
and assess their statistical significance and relative distribution within convergent margin shear zones.
Geometrical relationships between magnetic and structural fabric have been investigated using specially
designed ternary diagrams, allowing semi-quantitative interpretations of the different subfabrics in terms of

prevailing deformation processes.

The main results provide valuable evidence of localized deformation that are difficult to observe both in
actual convergent margins and in laboratory experiments. Distinct subfabrics showed reasonably
straightforward correlations with structural data, the intensity of the tectonic shear-related reworking, and the

structural position within the shear zone (i.e., the proximity to the main thrust faults).




ABSTRACT

Close to the main thrusts, the occurrence of shear-related fabric indicates a high degree of non-coaxial strain
and strain localization along the main fault planes. As the distance increases, the degree of anisotropy and the
ellipsoids' oblateness gradually decrease. Thus, the presence of subfabrics related to less intense deformation
(e.g., S-C intersection fabric) and previous tectonic events become dominant, revealing minor to absent
evidence of shearing. Discrimination of subfabrics also allowed unveiling the presence of minor thrust plane
and a qualitative assessment of the heterogeneous registration of strain (i.e., distributed versus localized

deformation).

Since each mineral may respond independently to deformation mechanisms, separating the preferred
orientation of different magnetic subfabrics may help to discern multiple deformation events, providing
insights into faulting processes and strain partitioning. The orientation of remanence-bearing grains was
isolated performing separate anisotropy of magnetic remanence experiments, obtaining significant
information on the variable response of different subpopulations of ferromagnetic minerals to shearing. In
addition, the paramagnetic and ferromagnetic subfabrics were derived by high-field torque magnetometry to

evaluate their different contribution to the total AMS and to the recording of strain.

Different sensitivity of para- and ferro-magnetic grains to deformation is observed depending on the
lithology and the dominant deformation mechanism affecting the matrix. Carbonate-rich sediments, which
are strongly influenced by pressure-solution, reveal a slight variation in the orientation of para- and ferro-

magnetic subfabrics, which suggests similar registration of strain by different subpopulation of grains.

In contrast, in clay-rich sediments, which deformed mainly by progressive rotation and micro-folding of
phyllosilicates, ferromagnetic grains display variable behaviour. The ferromagnetic subfabrics show
orientations that can be consistent with or independent of those of the paramagnetic matrix, depending on the

intensity of deformation and the different lithification state prior to the shear related deformation.

In conclusion, results presented in this thesis allow to distinguish the superposition of deformation events,
unravelling the strain partitioning/concentration and the links between magnetic subfabrics and rheological
behaviour of the matrix, providing a better comprehension of the heterogeneous magnetic signature observed

in actual convergent margin shear zones and their geodynamic evolution.




CONTENTS

AB ST RACT ...t ettt et et et et e e teebe st e b e st e Rt e R e e te et e s et e st e st eaeebe et ebenseneeseerenreas i
CONTENTS ...ttt st bt bt se et et s ettt e st es s iv
GLOSSARY ...ttt b bRttt b ettt et Vi
LIST OF FIGURES ...........o oottt ettt sttt st e st et e e e seeseesessesteseneeneeseans X
1.  INTRODUCGTION ...ttt ettt b ettt et seseseses 1
1.1 Thesis RAtionale.................ooii s 1
1.2 TheSisS ODJECUIVES ...t 2
1.3 TheSisS OULIINEGS ... 4
2. MAGNETIC FABRIC & ROCK MAGNETISM IN SHEAR ZONES: A brief
OVEEVICW ...ttt ettt h e bbb bttt h st e b bt e b bt e b b s et e bt e st e et e b b et et b et s 6
3. METHODOLOGY ...ttt ettt be st e b et e e eseesessessenseneenes 20
3.1 SamMPliNg STrat@QgYy ...t 20
3.2 Magnetic mineralogy investigation ..., 21
3.2.1 Low- and high-temperature experiments and SEM-EDS analysis (Case study
from tRE SVU — CRAPEEE 5) ..ottt 22
3.3 AMS data and statistical treatments ..., 23
3.4 ApARM, AARM, AIRM and High-field AMS................coooi e, 26
3.5 Ternary Diagrams and comparison with mesoscale structural fabric...... 27
4. FIRST CASE STUDY: The OAS thrust ... 30
4.1 Geological SEEING ... s 30
4.2 Structural data...............oo s 33
4.2.1 Shear zones along frontal tArUSE ramPS ..........ccoveeveciieceseeeesees e 33
4.2.2 Shear zones along oblique tArUSE FAMPS ...........oeeeceeeeeeeeeeeee e 34
A.3 RESUIES ...ttt ettt ettt e ettt ea et 35
4.3.1 MagnetiC MINEIAIOGY .......coeeoueeieeeieeieeee ettt sttt se e se e esenens 35
G.3.2. AMS ..ottt 39
4.3.3 AARM, AIRM GNA HF-AMS ...ttt ettt ena e 45
4.4 Discussion & comparison with structuraldata ..., 47
4.5 CONCIUSIONS ...ttt ettt 54
5. SECOND CASE STUDY: The@ SVU. . ...ttt 56
5.1 Geological SEEEING ..........ocooi et 56
5.1.1 The GoVva TECLONIC WINAOW ...ttt 57
5.1.2 TRE VidiCIAtICO SECEON ...ttt 58
Bu2 RESUILS ...ttt 61




CONTENTS

5.2.1 MagnetiC MINEIaIOGY ...ttt sttt st ae e 61
5.2.2 AMS ...ttt ettt ekttt ettt Rt R et s e e s nenenenn 72
5.2.3 AARM, AIRM @Nd HF-AMS ..ottt 83
I A = g - | OSSR U TSRO 88
5.3 DISCUSSION ...ttt b bbb s et et be et e b e e e e 93
5.3.1 Local heterogeneities in strain recorded by AMS ...........eceveceveieieeeeeneens 93

5.3.2 Ferromagnetic fabric insight into the deformation history of a shear zone... 96

5.3.3 Magnetic signature of fluid-rock interaction ..............ieonneccieneneeeeneens 98
5.4 CONCIUSIONS ...ttt bbbttt 101
6. THIRD CASE STUDY: The ELAW............ooieteee et 102
6.1 Geological SETEING ..o 102
6.2 Meso-Structural Fabrics of Chaotic Rock Units ..., 104
6.2.1 TRE BroKen FOIMALION...........cccooiiiiiiiinieieteteneeees ettt 105
6.2.2 ThE TECLONIC MEIANGE........ooeeeeeeieeeieeeieiee ettt s s 107
6.2.3 The Sedimentary MEIANGE..............eeeeeeeeeeeeeeieee e 107
6.2.4 The PolygenNEtiC MEIANGE............ccoeeeeeeeeeeeeeeeeeeeeeee e 109
6.3 RESUIES ...ttt 110
6.3.1 MagnetiC MINEIAIOGY ...ttt sttt a e reenas 110
6.3.2 AMS ..ottt 113
6.3.3 AARM, AIRM ANd HF-AMS ...ttt se s 118
6.4 Discussion & correlation of the magnetic fabric with mélange forming
PFOCESSES..........ooiiiieiete ettt ettt et s et s bbb e e s bt s s bt e st s ettt e e bt 122
6.4.1 TRE Broken FOIMALION...........ccccomiueiiiieieiiieseeeteseet sttt 122
6.4.2 ThE TECLONIC MEIGNGE........coooeeeeieeeieiieieee ettt b s s 123
6.4.3 The Sedimentary MEIANGE...........eeeeeeeeeeeeeeiee e 125
6.4.4 The POlygeNELiC MEIANGE. .........coceeeeeeeeeeeeeeeeeeeeeeeeee e 127
6.5 ConNcluding REMAIKKS...........ccooiiieeee et 128
7. SUMMARY & CONCLUDING REMARKS.............ccoooirrrreee e 130
7.1 Summary of main findings & comparison with modern equivalent......... 130
7.2 Lithological control on magnetic fabric record of strain & outlook......... 141
APPENDIX ...ttt ettt ettt et e st ettt ettt s 146
I. Rock magnetic parameters. ... 146
I1I. Supplementary figures & tables ... 147
ACKNOWLEDGMENTS ...ttt 164
REFERENCGES ...............o oottt ettt et et s e et e e se st et e s e neeseesesseseesenseneas 165




GLOSSARY

Rock magnetism and anisotropy terminology

(see APPENDIX for parameters equations and references)

AMS or LF-AMS
ApARM
ApARM 940
ApARM.0.

AARM

ARM
HF-AMS
HF-AMS,arq
HF-AMSterro
LT-AMS
AIRM

blended or mixed AMS

fabric

non-orthorhombic fabric

Km
Y m

k], kz and k3

Afd%
Aie
A nf

low-field anisotropy of magnetic susceptibility
anisotropy of partial anhysteretic remanent magnetization:
ApARM in the coercivity window of 100 to 40 mT
ApARM in the coercivity window of 40 to 0 mT
anisotropy of anhysteretic remanent magnetization — In this work we
referred to the coercivity window of 100 to 0 mT
anisotropy of magnetic remanence or anhysteretic remanent magnetization
high-field AMS
high-field AMS paramagnetic subfabric
high-field AMS ferromagnetic subfabric
low temperature AMS
anisotropy of isothermal remanent magnetization
AMS fabric resulting from the combination
of incompatible subfabrics (e.g., normal and inverse subfabrics - Borradaile
& Jackson, 2004; 2010).
fabric showing confidence regions inclined to the planes of symmetry
(Borradaile, 2001)
mean magnetic susceptibility [SI]
mass magnetic susceptibility [m*/Kg]
minimum, intermediate and maximum magnetic susceptibility axes,
respectively
corrected anisotropy degree
mean deviatoric susceptibility — anisotropy factor [m*/Kg]
shape parameter
difference shape factor
magnetic lineation
magnetic foliation
thermomagnetic susceptibility curves — mass susceptibility versus
temperature
frequency-dependent magnetic susceptibility [%]
low-frequency magnetic susceptibility [m*/Kg]

high-frequency magnetic susceptibility [m*/Kg]

Vi



Xa

SP

SD
PSD
MD

NRM
IRM
B.r or H,
B. or H.
M
Mis
Bh
Ghyst
DP
MDF
AF
AC
DC
FC
ZFC

LT-SIRM

RT-SIRM
Tv
Twm
Ts
orc and dzrc

Orc/dzFc

G%

ARM susceptibility (ARM normalized by acquisition bias field)

superparamagnetic particles
single domain
single vortex or pseudo single domain state
multidomain
remanent magnetization [A/m or Am*/Kg]
natural remanent magnetization [A/m or Am*/Kg]
isothermal remanent magnetization [A/m or Am*/Kg]
coercivity of remanence [mT]
Coercivity [mT]
saturation magnetization [A/m or Am?*/Kg]
saturation remanent magnetization [A/m or Am*/Kg]
mean remanence coercivity [mT or logio units]
hysteresis loop shape parameter
dispersion parameter
median destructive field [mT]
alternating field
alternating current
direct current
field cooled

zero-field cooled

low temperature SIRM — In this work we referred to a SIRM imparted at 10

K
room temperature SIRM
Verwey transition
Morin transition
Besnus transition
remanence loss proxies
delta-delta ratio

goethite proxy

vii



GLOSSARY

Structural terminology

SSEs slow slip events
LFEs low-frequency earthquakes
GEQs great thrust earthquakes
EQs earthquakes
LPS layer-parallel shortening
FTR frontal thrust ramp
OTR oblique thrust ramp
C shear planes
S cleavage planes
T thrust plane
E, E’ extensional planes
R Riedel planes
OCT ocean-continental transition
MTDs mass-transport deposits
Regional/Local geological terminology
SVU Sestola-Vidiciatico Tectonic Unit
OAS Olevano-Antrodoco-Sibillini
ELAW External Ligurian accretionary wedge

viii



GLOSSARY

Samples names rationale

Olevano-Antrodoco-Sibillini (OAS) thrust — Chapter 4

Sample names includes information on Locality, Lithology and

(e.g., MSCI = Monastero - Scaglia Cinerea - )
S Sassotetto
I Infernaccio
Locality M Monastero
B Mt. Boragine
A% Vallescura
SR Scaglia Rossa Fm.
Lithology SC Scaglia Cinerea Fm.
MC Marne con Cerrogna Fm.
progressive numbers with increasing
Site number n

distance from the thrust plane

Sestola-Vidiciatico Tectonic Unit (SVU) - Chapter 5

Sample names includes Transect number, Structural position or types of tectonic units and Site number

(e.g., TIS1 = Transect 1 — Sheared sandstones- Site 1)

Transect number T1, T2 or T3 Transect 1, 2 or 3
U Underthrusting sediments
S Sheared sandstones
Structural position or types of B

plate Boundary shear zone
tectonic units

Broken Formation - Argille a
AR Palombini or varicolored shales
SM Sedimentary mélanges
progressive distance from the main
Site number n

thrust plane

External Ligurian accretionary wedge (ELAW) - Chapter 6

Sample names includes information on types of chaotic rock units and

(e.g., TMél = Tectonic mélange - )
TMé Tectonic mélanges
BrFm Broken formations
Type of chaotic rock unit
SMé Sedimentary mélanges
PMé

Polygenetic mélanges
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Chapter 1

INTRODUCTION

This chapter addresses the main research questions
explored in this thesis. The rationale behind and the
structure of the thesis is also given. This thesis
summarises my original work and include previously
published materials. The performed work and the

outcomes are reported in the following chapters.

1.1 Thesis Rationale

In active convergent margins, intraplate shear zones at shallow depth, including megathrusts, are known to
display a variety of fault slip behaviours (Peng & Gomberg, 2010; Fagereng et al., 2014; Saffer & Wallace,
2015). The continuous spectrum of slip styles spans from great thrust earthquakes (GEQs) and stable sliding
(i.e., aseismic creep), including slow slip events (SSEs), low-frequency earthquakes (LFEs), and tremors
(Dragert et al., 2001; Obara, 2002; Ide et al., 2007; Obara & Kato, 2016; Araki et al., 2017). The
seismogenic zone typically extends from 3-4 km to 15-20 km depth depending on the thermal gradient
(Hyndman, 1997; Scholz et al., 2019). Thermal modelling of modern seismogenic megathrusts suggests the
location of the seismogenic zone in a temperature range between 100-150 °C and 350-450 °C (Hyndman et

al., 1997; Oleskevich et al., 1999; Moore & Saffer, 2001; Moore et al., 2007).

Over the past decades, geodetic and seismic monitoring, and scientific ocean drilling (i.e., Ocean Drilling
Program, ODP; International Ocean Discovery Program, IODP) along modern convergent margins have
extensively investigated the conditions and physical processes influencing the slip events in the seismogenic
zone at shallow depth (Sagiya, 2004; Okada et al., 2004; Saffer & Tobin, 2011; Chester et al., 2013;
Fagereng et al., 2019).

Plate boundaries are complex and highly deformed zones showing structures from both distributed and
localized deformation (Collot et al., 2011; Sibson, 2013). Depending on the heterogeneity of the rock
assemblage (i.e., competent vs. incompetent materials and/or clay contents) within the shear zone and the
strain rates, shearing can be localized along discrete faults during seismic slip, whereas aseismic slip
produces a scaly fabric associated with distributed deformation (Fagereng & Sibson, 2010; Kirkpatrick et al.,
2015; Meneghini et al., 2020). Lithological heterogeneities have proven to strongly influence frictional
properties, degree of shear localization and slip weakening mechanisms, controlling the seismic behaviour
(Rice & Coco, 2007; Bullock et al., 2014; Kirkpatrick et al., 2015). Indeed, siliciclastic and clay-rich
sediments deform by cataclasis, whereas carbonate-rich sediments undergo pressure-solution (e.g.,

stylolitization) (Leoni et al., 2007; Leah et al., 2020). Differences in the deformation mechanism have
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significant implications for the rheological behaviour, resulting in variations of slip behaviour along shallow

convergent margin subduction shear zones (Leah et al., 2020).

However, in modern convergent margin settings, the internal architecture of shear zones is difficult to
observe. Seismic reflection surveys have a low spatial resolution, which is not sufficient to detect the
structural features (size of meters to tens of meters) within the fault zones. Moreover, scientific ocean
drilling is challenging in this context and core data are punctual, lacking the 3D control essential to constrain

the structural heterogeneities of convergent margin shear zones.

Several meso-to-map scale structural studies have successfully investigated exhumed intraplate shear zones
on-land, documenting spatial heterogeneities in the material inputs and cyclical variation of tectonic stresses
and fluid pressure (Cowan, 1985; Leoni et al., 2007; Meneghini et al., 2007, 2020; Vannucchi et al., 2008;
Festa et al., 2012, 2022; Kimura et al., 2012; Fagereng et al., 2014; Dielforder et al., 2015; Mittempergher et
al., 2018; Ogawa, 2019; Cerchiari et al., 2020). Studies of exhumed analogue have the opportunity to directly
investigate the 3D characteristics of convergent margin shear zones, providing key insights into mechanisms

of deformation of convergent margins in the P-T conditions where modern EQs occur.

The research and application of analytical methods, which can be applied to both modern and ancient fault
zones, is of primary importance for understanding the physical processes involved in the nucleation and

behaviour of megathrust faults and constraining models built from modern convergent margins.

As magnetic minerals are sensitive to stress regime and fluid-rock interactions, the investigation of the
magnetic properties of rocks can be an effective tool in studying faulting processes at intraplate shear zones
(Yang et al., 2020). Particularly, the magnetic fabric of deformed rocks has been widely used to describe
progressive deformation in different tectonic regimes, both experimentally and theoretically (e.g., Graham,
1966; Borradaile & Henry, 1997; Hrouda & Jezek, 1999; Borradaile & Hamilton, 2004; Weil & Yonkee,
2009; Ferré et al., 2014; Parés, 2015; Almqvist & Koyi, 2018; Hrouda & Chadima, 2020; Schéfish et al.,
2021). Indeed, in both modern and exhumed subduction thrust faults, rock magnetic studies have
successfully provided important information on kinematics, fluid circulation and strain distribution. So far,
relatively few studies have targeted brittle shear zones in the shallow portion of convergent margins and the

relationships between heterogeneous materials and the magnetic signature still needed an explanation.

1.2 Thesis Objectives

The main purpose of this thesis is to gain a wider understanding of how the rock magnetic signature reflects
faulting processes in convergent margin shear zones developed at shallow depth, where brittle deformation is

dominant.

To achieve this goal, I here focus on three exhumed analogues of present-day convergent margin shear zones
located in the Northern Apennine (Italy) (Figure 1.1a), where the internal structural architecture is well

known at multiscale through field data (geological map and structural and stratigraphic analyses): (i) The
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Sestola-Vidiciatico Tectonic Unit (SVU), interpreted as the basal décollement of an exhumed analogue of
actual intraplate brittle shear zones at shallow depths (Remitti et al., 2007; Vannucchi et al., 2008); (ii) The
Olevano-Antrodoco-Sibillini (OAS) thrust, which represents an exhumed out-of-sequence thrust system
(Cipollari & Cosentino, 1995; Ghisetti & Vezzani, 1997); (iii) The out-of-sequence thrust system of the
exhumed outer part of the External Ligurian accretionary wedge (ELAW) (Codegone et al., 2012; Festa et
al., 2020). The selected case studies show specific structural position within the accretionary complex
(Figure 1.1b). Different inputs materials (e.g., clay- and/or carbonate-rich sediments) are involved, allowing
the investigation of possible causal relationship between lithological variation and strain

partitioning/localization.

Key objective is to investigate the correlation between magnetic fabric and both structural heterogeneities
and strain distribution (i.e., localized vs. distributed deformation). Here, to improve the understanding of
spatial and temporal variation of the strain, I have explored the significance of magnetic fabric (low-field
anisotropy of magnetic susceptibility - AMS) by making comparisons with the mesoscale structural fabric

associated with the dominant deformation mechanisms that occur during faulting.

In this framework, I further investigate the statistical processing of AMS data which is essential to define the
statistical significance of data when deformation is heterogeneous. Statistical treatment may be useful to
enquire about the presence of subfabric related to different tectonic events. This is of particular importance
for discern the origins (i.e., sedimentary, tectonic and/or polygenetic) of highly heterogeneous materials, as
mélanges and broken formations, which commonly occur along convergent margin shear zones. Here, as a
secondary outcome, the discrimination of representative magnetic fabrics can help to refine analytical criteria
to be combined with well constrained meso-structural characterization, improving the recognition of chaotic

rock units where deformation is not clearly visible.

Another significant objective is to outline the variations in the magnetic fabric depending on the different
lithology involved in the subduction or thrusting stage. Thus, I have investigated the preferred orientation of
paramagnetic minerals and iron oxides, which can unravel multiple deformation events. This approach may
help in testing the different sensitivity of subpopulations of grains (e.g., different mineralogy and grain size)
in recording the deformation mechanisms that operate during faulting.

An important aspect is also the variations in magnetic mineralogy across shear zones in order to consider
possible spatial and temporal changes in physicochemical conditions during faulting. Variations in magnetic
mineral assemblages may provide insights into the complex evolution of megathrust faults, from the partial
preservation of the diagenetic signature to the fluid-related processes (e.g., alteration, leaching and
neoformation of minerals) during seismic cycles. The characterization of the magnetic mineralogy is also
essential to understand the source of the magnetic fabric.

Lastly, to better constraints models built from modern convergent margins, a comparison with data from
active megathrust shear zones was also investigated. This may support the modelling of the internal

architecture of modern subduction settings, and the related control on seismic behaviour and natural hazards.
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1.3 Thesis Outlines

This thesis is divided into seven chapters. After this short introduction, Chapter 2 synthesizes the relevant
pervious knowledge on magnetic properties of fault rocks. The chapter begins with early studies of magnetic
fabric in deformed rocks and then moves on to recent advances and applications to active convergent

margins, as well as numerical and analogue modelling.

Chapter 3 gives a general description of the applied methodology. Details are provided on magnetic sub-
fabric separations, statistical analysis of AMS data and magnetic mineralogy experiments performed to
characterize the magnetic signature of fault rocks. This chapter also describes the approaches used to

compare magnetic and mesoscale structural fabric.

In the next three chapters, I reported my findings from the different convergent margin shear zones. Each
case study is reported in separate chapters based on differences in sediment composition, maximum
temperature, prevailing deformation mechanism and related variations in the meso-structural fabric (Figure

1.1):

Chapter 4 reports my results from the OAS thrust. Here, I investigated the magnetic properties of carbonate-
rich sediments showing brittle to ductile deformation with solution and diffusion-dominated processes.
Particular emphasis was given to characterize the magnetic fabric in tectonites showing different facies

associated with variable degree of simple to pure shear (Figure 1.1¢).

Chapter 5 explores heterogeneities in magnetic properties and their anisotropy across an exhumed intraplate
shear zone (the SVU - Figure 1.1d). This chapter addresses the changes in the magnetic fabric of deformed
marls and clay-rich units as deformation evolves from diffuse soft-sediment deformation to discontinuous
brittle deformation. Evidence of the circulation of different fluids during the seismic cycle has been reported
from the SVU (Cerchiari et al., 2020). Hence, further characterization of the magnetic signature to

investigate fluid-rock interaction is included in this chapter.

Chapter 6 reports the results obtained from the out-of-sequence thrust system of the exhumed outer part of
ELAW, which involve different type of chaotic rock units (i.e., mélanges and broken formations - Figure
1.1e). This chapter deals with the comparison between magnetic fabric and mesoscale structural
investigations of non-metamorphic tectonic, sedimentary, and polygenetic mélanges. Here, I evaluate the use
of rock magnetic studies as a diagnostic tool suitable to analytically distinguish the contribution of different

mélange forming-processes and their mutual superposition.

Finally, Chapter 7 discusses the main findings in the broader contexts of exhumed and modern convergent
margins. Results are compared with pre-existing data from present-day equivalents (IODP data) to outline
and explain similarities and differences. Then, a summary and discussion of the results in a broader context
of brittle shear-zones is provided, with particular focus on the influence of lithological heterogeneities on the

magnetic fabric record of faulting processes. Suggestions for future research are also outlined.
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Figure 1.1. (a) Location of the case studies in Northern Apennines, Italy. (b) Structural position of the studied
convergent margin shear zones within an accretionary complex (modified from Robustelli Test et al., 2019). Sketch of
the different mesoscale structural fabrics and summary of lithological variations and deformation condition are reported
for: (¢) the OAS (see Chapter 4 for details) (modified from Calamita et al., 2012); (d) the SVU (Chapter 5) (modified
from Pini, 1999; Festa et al., 2022).; (e) the ELAW (Chapter 6) (modified from Robustelli Test et al., 2019).




Chapter 2

MAGNETIC FABRIC & ROCK MAGNETISM IN SHEAR
ZONES: A brief overview

Magnetic properties of rocks have been widely used to
provide insights into the kinematics, strain distribution,
and physicochemical processes occurring in fault zones
in compressional regimes. This chapter is aimed at
providing a summary of advances in magnetic studies of
shear zones. The focus is on magnetic fabric and
properties of deformed sedimentary materials, which are
the main input of intraplate convergent margin shear

zones and megathrusts at shallow depth.

Magnetic properties of shear zones are related to changes in regional to local strain and faulting-related
processes (e.g., fluid-rock interactions and/or frictional heating). Rock magnetic techniques allow to unravel
transformations of magnetic properties induced by faulting processes such as variations in magnetic mineral
grain-size due to grain fining and changes in mineral concentration related to neoformation or dissolution of
specific phases driven by fluid circulation (Yang et al., 2020 and references therein). Major changes are
associated to strain effects that can induce reorientation of magnetic minerals and changes in remanence or
bulk susceptibility intensities (Jackson et al., 1993). Therefore, the application of rock magnetic and, in
particular, magnetic fabric studies are documented to be a very powerful tool to unravel essential aspects of
the complex and heterogeneous evolution of convergent margin shear zones. Nowadays, in fact, the
anisotropy of magnetic susceptibility (AMS) is a routine measurement used as a petrofabric indicator to
assess subtle variations in the preferred orientation of mineral grains in rock samples and provide insights

into the origin or history of progressive deformation of rocks.

The possibility to use the AMS as a petrofabric tool was first proposed by Graham (1954). The advent of this
application emerged after Graham’s (1966) masterpiece that related changes in the orientation of the
principal magnetic susceptibility axes to increasing compressive deformation in sedimentary rocks of the
Appalachian Mountains (Figure 2.1a). Indeed, he observed that the initial flat-lying sedimentary fabric
progressively evolved toward a final deformational stage in which the minimum (kmin or k3) and maximum
(kmax or ki) axes of the magnetic anisotropy become parallel to the directions of compression and extension,
respectively (Figure 2.1a). He also observed changes in the shape of the magnetic ellipsoid, from initially
oblate to triaxial at an intermediate state, and finally oblate again at the last deformation stage. Changes were
interpreted in term of reorientation of ferromagnetic grains under plastic condition during the early stages of

layer-parallel shortening (LPS), when the sediments were still unlithified. Attempting to understand
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anomalous natural remanent magnetization (NRM) in pyrrhotite-dominated Welsh slates, Fuller (1960, 1963)

observed similar relationships between principal susceptibility axes and macroscopic cleavage (Figure 2.1b).

Subsequently, several researchers explored the possibility of using AMS measurements to estimate the finite
strain on a local and/or regional scale. Empirical studies investigated the existing relationships between AMS
and finite strain in terms of both axis orientation and magnitude on low-grade metamorphic mudstones,
slates (e.g., Kneen, 1976; Wood et al., 1976; Hrouda, 1976, 1979; Kligfield et al., 1981, 1983; Borradaile &
Tarling, 1981; Rathore & Henry, 1982; Rochette & Vialon, 1984; Parés et al., 1999), sandstones (Kligfield et
al., 1977; Clendenen et al., 1988; Hirt et al., 1988), and limestones (Kligfield et al, 1982), comparing AMS
with tectonic structures and finite strain inferred from field or microstructural elements. AMS-strain
correlations have also been studied through mathematical modelling (e.g., Hrouda, 1987, 1993; Benn, 1994;
Hrouda & Jezek, 1999; Jezek & Hrouda, 2000, 2002; Humber et al., 2014) and experimental deformation of
analogues in laboratory (e.g., Borradaile & Alford, 1987, 1988; Borradaile & Puumala, 1989; Almqvist &
Koyi, 2018; Till et al., 2012; Schofisch et al., 2021, 2022). Overall, good agreement between principal
magnetic susceptibility axes and structural elements has been observed in nature, with kmin typically
subparallel with the pole of the cleavage and kmax either parallel to mineral lineation and stretched objects
(e.g., consistent with the maximum extension direction - Figure 2.1c, e; Rathore, 1979; Kligfield et al., 1977,
1982; Rathore & Henry, 1982) or to the bedding-cleavage intersection (Figure 2.1e-g; Hrouda, 1976;
Borradaile & Tarling, 1981; Rochette & Vialon, 1984). Locally, a quantitative correlation between AMS and
strain has been established (Figure 2.1c-d; Kligfield et al., 1982; Clendenen et al., 1988; Hirt et al., 1988).
Nevertheless, quantitative relationships are complicated by magnetic mineralogy, mechanical behaviour,
non-coaxial deformation history and partial preservation of primary fabric (Borradaile, 1987; Housen et al.,
1993; Borradaile & Henry, 1997; Larrasoaia et al., 1997; Borradaile & Jackson, 2004). No universal law can
be extrapolated due to the presence of subfabric related to different stage of deformation, subpopulation of
minerals and/or grain-size that can interfere with each other generating complex and heterogeneous
composite fabrics (Rochette & Vialon, 1984; Hounslow, 1985; Liineburg et al., 1999; Borradaile & Jackson,
2004, 2010). For example, the bedding-cleavage intersection fabric (Figure 2.1 e-g), which is one of the
most frequent fabric in compressional settings, represents the superposition of two orthogonal subfabrics
such as depositional plane and stylolite cleavage for pressure dissolution (Borradaile & Tarling, 1981;
Rochette & Vialon, 1984; Borradaile, 1988). The resulting composite fabric leads to a kmax subparallel to
meso- to micro-scale folds axes (Hrouda, 1976; Borradaile & Brown, 1987; Mattei et al., 1995) which does
not represent the maximum extensional axis, but remarks the internal petrofabric (Figure 2.1 g; Rochette &
Vialon, 1984; Liineburg et al., 1999; Borradaile & Henry, 1997; Borradaile & Jackson, 2004, 2010). In
deformed mudrocks, pencil structure reveals a composite fabric that can influence the interpretation of the
AMS in terms of strain. In fact, the kmax remarks the long axis of the structural elements while the pole of the
magnetic foliation still preserves the original bedding orientation (Figure 2.2a; Parés & van der Pluijm,

2003).
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Figure 2.1. (a) Main observations and interpretation provided by Graham (1966). Changes in anisotropy of magnetic
susceptibility (AMS) axes orientation and shape from a flat-lying undeformed sedimentary fabric (on the left) to a
greater deformed fabric (on the right). Flattened and prolate ellipsoids show a V angle equal to 90° and 0°, respectively.
(b) Direction of the principal susceptibility axes of pyrrhotite-dominated Welsh slates (Fuller, 1963). The magnetic
foliation is sub-parallel to the cleavage plane. (¢) Comparison between the principal AMS directions and the structural
elements. Linear correlation between normalized principal magnetic susceptibilities M;, and logarithmic principal strain
& inferred from mesoscopic strain elements (modified from Kligfield et al.,, 1982). (d) Correlation of finite strain
derived from the microstructure with each AMS axes separately (Hirt et al., 1988). (e¢) Comparison between AMS and
structural elements for tectonic and intersection lineation fabrics (Rochette & Vialon, 1984). (f) Bedding-cleavage
intersection fabric (Borradaile & Tarling, 1981); (g) Comparison of principal direction of mica, chlorite, and magnetic
fabric with the finite strain. Correlation between finite strain and AMS ellipsoids are reported as linear regressions
between set of axes. Kmax does not show significant correlation with finite strain (Liineburg et al., 1999).
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Composite fabric showing magnetic lineation (kmax) perpendicular to the shortening direction can be
observed in normal faults reactivated in compressional regimes (Oliva-Urcia et al., 2013; Izquierdo-Llavall
et al., 2013; Garcia-Lasanta et al., 2018). The magnetic foliation can show different orientation between
bedding and cleavage depending on structural position (i.e., proximity to the basal thrust), deformation
intensity, and relative orientation of the extension and compression stages (Oliva-Urcia et al., 2013;
Izquierdo-Llavall et al., 2013). The occurrence of composite fabric and mostly the reorientation of the
magnetic lineation in deformed rocks result in a delicate balance between magnitude and orientation of the
primary or previous fabrics and the applied strain (Housen et al., 1993; Parés & van der Pluijm, 2002). When
shortening is < 20-30%, the initial fabric is still preserved and a direct correlation between AMS and strain
cannot be established (Borradaile, 1991; Borradaile & Henry, 1997). In addition, for shortening > 75%, the
maximum anisotropy related to the intrinsic properties of the minerals is reached, and again no quantitative
correlation can be made (Borradaile & Tarling, 1981; Borradaile & Henry, 1997). In the intermediate
window we can expect good correlation, but we must always consider the influence of lithology, mineralogy,
and deformation mechanisms (Borradaile & Tarling, 1981; Mattei et al., 1995). However, AMS
measurements reflect the arrangement of minerals and thus its use as a petrofabric and kinematic indicator is
powerful, but the identification of composite fabrics is essential to have reliable semi-quantitatively

structural interpretations (Housen et al., 1993).
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Figure 2.2. Representative examples of composite fabrics in (a) mudrocks showing pencil structures (Parés & van der
Pluijm, 2003) and (b) inversion tectonic of previous sedimentary or extensional fabric (Oliva-Urcia et al., 2013).

Therefore, it is essential to know the potential initial sedimentary fabric and its progressive evolution prior to
involvement in convergent margin shear zones. At the front of accretionary prisms and in foreland basins,
sediments can undergo initial LPS with progressive modification of the bedding-parallel sedimentary
magnetic fabric (Kissel et al. 1986; Averbuch et al. 1992; Sagnotti & Speranza 1993; Mattei et al. 1995;
Parés & van der Pluijm, 2004). As deformation increases, a series of composite fabrics form depending on

the relative contribution of sedimentary and tectonic petrofabric (Figure 2.3a-b, d; Parés et al. 1999; Cifelli
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et al., 2009, 2015; Weil & Yonkee, 2009, 2012). Diffuse deformation can be recorded after deposition, even
when sediments appear homogeneous and undeformed at outcrop scale (Sagnotti & Speranza, 1993; Cifelli
et al., 2005, 2009). The kmax clusters in the bedding plane parallel to the intersection between bedding and an
incipient LPS fabric (i.e., perpendicular to the shortening direction; Figure 2.3b) due to pore space closure
through progressive rotation, micro-folding, intergranular slip and intragranular kinking of phyllosilicates
(Mattei et al., 1995, 1997; Housen et al., 1993; Parés et al, 1999; Cifelli et al., 2004, 2005; Larrasoafia et al.,
2004). These processes are significantly powerful in poorly consolidated sediments due to fluid expulsion
and anisotropic volume loss during compaction (Borradaile & Jackson, 2004). The different degree of Kmax
clustering depend on possible attenuation of the compressional stress due to rock hardening and compaction
(Mattei et al., 1995; Sagnotti et al., 1999). Increasing ductile deformation disrupt the original sedimentary
fabric with the development of a second mechanical weakness and progressive rotation of kmin toward the
pole of the cleavage and/or to the local shortening direction, while the magnetic lineation remains parallel to
the bedding-cleavage intersection (Figure 2.3b; Parés et al, 1999; Hirt et al., 2004; Weil & Yonkee, 2009,
2012). At that stage, the AMS principal axes become consistent with structural elements associated with the
compressional regime (e.g., cleavage, folds axis, thrust fronts), allowing for distinction from an original
sedimentary fabric (Kissel et al., 1986; Mattei et al., 1997). Changes in AMS axes orientations are associated
with an initial decrease in anisotropy degree together with a change of the AMS ellipsoids into prolate shape
(Figure 2.3c). Then, when the sediments undergo ductile deformation with cleavage development, the
magnetic lineation locally reorients parallel to the stretching direction in the foliation plane, the anisotropy
degree steadily increases and the ellipsoid becomes oblate again (Figure 2.3c, d; Parés et al., 1999; Parés &
van der Pluijm, 2004; Weil & Yonkee, 2009; Cifelli et al., 2015; Hrouda & Chadima, 2020). The described
trend is the most frequent observed in fold-and-thrust belts throughout the world, but local variations in
disagreement with this evolution has been observed and associated with variations in lithology, and in the

mechanisms and intensity of deformation (Larrasoana et al., 2004).

Within accretionary prisms, the orientation of AMS axes commonly reflects the LPS related to regional
stress, with trench-parallel magnetic lineation and minimum axes of susceptibility consistent with the
shortening direction (Figure 2.4a; e.g., Housen & Kanamatsu, 2003; Kitamura et al., 2010; Yang et al.,
2013). The amount of fabric reorientation associated with regional non-coaxial strain depends on the
intensity of the primary fabric and its progressive deformation. According to the entity of the horizontal
shortening, the magnetic foliation increases in dip angle (Humbert et al., 2014; Kanamatsu et al., 2012). In
fact, the kmin axes show a fan-like distribution that reflects the progressive reorientation of grains occurred
during offscraping, frontal accretion and partial underplating (Chadima et al., 2006; Yamamoto, 2006;
Hrouda et al., 2009). Those variations can be associated to advanced exposure to tectonic stresses as strain
localization close to thrust and megasplay fault zones (~15-25% of shortening; Humbert et al., 2014).
Competition between LPS and thrusting-related shear fabrics typically occur in fold-thrust structure with

well-developed shear fabric localized only along the thrust plane (Figure 2.4b; Averbuch et al., 1992).
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Figure 2.3. (a) Distribution of grains and AMS fabric in undeformed sediments (Cifelli et al., 2015). Deposition related
to gravity-driven processes (on the left) and under weak currents (on the right). (b) Composite magnetic fabrics and
block diagrams showing the petrofabric developed during early stages of LPS (modified from Ciffelli et al., 2015; Weil
& Yonkee, 2012). (¢) Changes of magnetic fabric scalar parameters (T and Pj) with increasing strain in mudrocks
(Parés & van der Pluijm, 2004). (d) Magnetic fabric and petrofabric of strongly deformed sediments (Hrouda &
Chadima, 2020). (e) Sketch showing the relative proportion of sedimentary versus tectonic foliation depending on the
progressive increase of LPS (Weil & Yonkee, 2009).

In contrast, the strain state in the footwall is mostly dominated by vertical loading/compaction (e.g., Owens,
1993; Housen & Kanamatsu, 2003; Yang et al., 2013). Initial underplating can also induce changes in
magnetic fabric in the uppermost portion of the underplating sediments (tens to hundreds of meters close to
the décollement) due to diffuse or heterogeneous shearing, producing partial clustering of kmax in the
direction of the plate convergence (Figure 2.4¢; Ujiie et al., 2000; Housen & Kanamatsu, 2003). Abrupt
changes in the magnetic fabric across fault zones indicate strain decoupling between hanging wall and

footwall, mainly associated with mechanical decoupling due to fluid overpressure in the décollement zone
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(Figure 2.4a; Housen et al., 1996; Ujiie et al., 2003; Yang et al., 2013; Greve et al., 2020). In contrast, more
gradual changes in the fabric occur when the décollement zone is stronger than surrounding sediments
(Housen & Kanamatsu, 2003).

Approaching the fault planes and damage zones, the pre-faulting magnetic fabric is gradually obliterated
producing changes in AMS shape and axis orientation. The latter deviates from the regional strain field
toward directions consistent with the local strain acquired during the past earthquakes (Levi et al., 2014;
Braun et al., 2015). In this case, the AMS fabric tracks the local inhomogeneity of inelastic strain at the
meters scale around the fault plane, helping to define shape and extent of the damage zone (Figure 2.4c¢;
Levi et al., 2014). Moreover, a progressive deflection of the magnetic foliation approaching the fault planes

can provide good approximation of the sense of shear (Borradaile et al., 1989; Rathore & Becke, 1980).
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Figure 2.4. (a) Magnetic fabric from prism and underthrust sediments in the Japan Trench along with down-core
anisotropy degree (P) and magnetic foliation (F) (Yang et al., 2013; 2020). (b) Synthetic evolution of the magnetic
fabric in thrust-sheets. Representative magnetic fabric and fault measurements close to the basal décollement are also
reported (Averbuch et al., 1992). (¢) Cartoon showing changes in deformation recorded in the Costa Rica subduction
margin along with the magnetic fabric from the underthrust sequence (Housen & Kanamatsu, 2003). (d) Magnetic
fabric variations at progressively shorter distances from a fault plane (Levi et al., 2014).
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Within convergent margin shear zones, heterogeneity in the magnetic fabric is often observed. For example,
a random orientation of AMS axes is found when shearing is not transmitted inside the brecciated fragments
(Figure 2.5a; Ujiie et al.,, 2003). The magnetic fabric of less pervasively deformed portions may be
consistent with the sedimentary or transitional fabric of the underthrusting sediments (Figure 2.5b; Greve et
al., 2020). In case of low degree of deformation, the magnetic foliation can be parallel to the mesoscopic
foliation (S plane) and at a high angle to the shear plane (C plane; Figure 2.5¢; Casas-Sainz et al., 2017;
Roman-Berdiel et al.,, 2019) or at an intermediate position (Figure 2.5d; Aranguren et al., 1996). The
magnetic lineation tends to be orthogonal to the transport direction, revealing local preservation of previous
fabrics (Marcén et al., 2018). The magnetic lineation can also show an oblique orientation that can represent
either a combination of fabric (e.g., LPS and simple shear) or complex strain related to the occurrence of a

lateral slip component (Chou et al., 2020).
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Indeed, laboratory analogues reveal that pre-deformation fabrics are difficult to overprint and strongly
influence the development of a shear related fabric, giving sometimes unreliable kinematic indicator
(Borradaile, 1988; Borradaile & Alford, 1988). At least 20% of shortening is necessary to rotate the AMS
axes to be consistent with those of the non-coaxial strain (Borradaile & Alford, 1987). In well-developed
shear-fabric, the magnetic foliation tends to align with the shear plane, and kmax can be either parallel or
perpendicular to the transport direction (Figure 2.6a; Casas-Sainz et al., 2017, 2018; Roman-Berdiel et al.,
2019; Satolli et al., 2020; Ujiie et al., 2000). Different orientations of magnetic lineation were also observed
in mélanges due to changes in the stress conditions with increasing depth along the subduction plate
boundary (Figure 2.6b; Ujiie et al., 2000; Kitamura & Kimura, 2012). At shallower depths, the magnetic
lineation orthogonal to the shear direction has been associated with a dominant pure shear component
compared to the simple shear (Ujiie et al., 2000; Kitamura & Kimura, 2012; Yamamoto et al., 2012). This
stress component is almost overcome with depth, where a shear-parallel fabric dominates, suggesting a
higher degree of simple shear (Ujiie et al., 2000; Kitamura et al., 2005; Kitamura & Kimura, 2012). In fact,
at high degree of non-coaxial strain, as in regional scale shear zones and mylonites, magnetic lineation
commonly agrees with the stretching direction (Figure 2.6c; Goldstein, 1980; Rathore & Becke, 1980;
Housen et al., 1995). A similar evolution of fabrics has been observed in laboratory experiments simulating
progressive shear as occurring in the margins of accretionary prisms and thrust sheets. The experiments
reveal the progressive rotation of grains (and kmax) to aligns toward the shear direction and the parallelism

between magnetic foliation and shear plane (Figure 2.6d; Borradaile & Puumala, 1989; Till et al., 2012).
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Figure 2.6. (a) Structural and AMS data of shear-related magnetic fabric showing a double tendency of the magnetic
lineation to be parallel or orthogonal to the transport direction (Casas-Sainz et al., 2017). Conceptual sketches show the
orientation of the kinematic indicators. (b) Geometric relationships between AMS axes and structural elements in
tectonic mélanges at different depths (Kitamura et al., 2005; Yamamoto et al., 2012). (¢) Magnetic fabric of mylonite
characterized by kmax parallel to the structural lineation (Goldstein, 1980). (d) Evolution of the magnetic fabric during
an incremental simple shear deformation experiment (Borradaile & Puumala, 1989; Borradaile & Jackson, 2010).
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Variations in fabric are commonly associated with changes in anisotropy degree (Pj) and shape parameter
(T). Commonly, Pj increases within a shear zone or with increasing strain by approaching a shear plane
(Figure 2.5a-b; e.g., Borradaile et al., 1989; Levi & Weinberger, 2011; Marcén et al., 2018; Kusbach et al.,
2019). Experiments of simple shear deformation show a rapid increase in the anisotropy degree associated
with oblate magnetic fabric during the development of a shear-related fabrics (Figure 2.7a; Till et al., 2012).
In contrast, when deformation is predominantly accommodated by brittle structures, Pj can also decrease
within the damage zone due to a minor ductile reorientation of minerals (Housen & Kanamatsu, 2003;
Averbuch et al., 1992). In fact, a dominant brittle deformation is associated to high-fluid pressure coupled
with unlithified sediments which can retard the propagation of the ductile strain, producing lower Pj (Housen
et al., 1996). The shape of the AMS ellipsoid can become more oblate (Kusbach et al., 2019) or prolate

(Braun et al., 2015) depending on the deformation mechanism and lithological control.
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Figure 2.7. (a) Evolution of the magnetic fabric and relative scalar parameter in an experimental shear zone (Till et al.,
2012). (b) Distribution of the magnetic fabric along the different portion of a modelled fold-and-thrust belt resulting
from a high friction experiment (Schofisch et al., 2021). The shortening direction is N-S oriented. Variation of Pj and T
are also reported.

The heterogeneous evolution of the magnetic fabric during the development of imbricated thrust structures
has been tentatively modelled in laboratory experiments simulating different friction rates along the

décollement (Schofisch et al., 2021, 2022). Only at high-friction rate the magnetic fabric records dominant

simple shear with a kmax rotating toward the direction of shear and the magnetic foliation parallel to the thrust
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surface (Figure 2.7b). In contrast, in experiments at low-friction rate, the magnetic fabric is more
heterogeneous, showing both intersection lineation and cleavage-related fabrics in different proportions
depending on deformation intensity, strain localization and proximity to the thrust surface (Schofisch et al.,

2021, 2022).

Moreover, heterogeneous magnetic fabrics can result from the coexistence of magnetic subfabrics associated
with different modal mineral composition, grain-size, deformation intensity, and strain partitioning
(Borradaile, 1988; Evans et al., 2003; Pueyo Anchuela et al., 2010, 2012; Kusbach et al., 2019; Roman-
Berdiel et al., 2019). In fact, the mineralogical carriers of the AMS, both paramagnetic and ferromagnetic
minerals, may form at different deformation stages and respond differently to the deformation mechanisms
(e.g., Borradaile & Alford, 1988; Ferré et al., 2004; Martin-Hernandez & Ferré, 2007). Therefore, along and
across faults and shear zones, paramagnetic and ferromagnetic minerals can show similar or different
evolution. If ferromagnetic minerals are detrital in origin, they may rotate rigidly during repeated slip events,
simultaneously with the matrix, leading to the same tectonic information of the AMS and remarking the local
strain field (Figure 2.8a; Sagnotti et al., 1998; Braun et al., 2015; Casas-Sainz et al., 2017). In other cases,
the ferromagnetic minerals of detrital origin can preserve the original sedimentary fabric (Figure 2.8b; Levi
et al., 2014). By contrast, other authors observed magnetic lineation consistent with the transport direction
for ferromagnetic subfabric, while the paramagnetic subfabric shows a kmax perpendicular to the shear
direction or compressional strain placed parallel to the bedding cleavage intersection (Figure 2.8c; Aubourg

et al., 1995; Sagnotti et al., 1998; Oliva-Urcia et al., 2009; Roman-Berdiel et al., 2019).
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Figure 2.8. Comparisons between AMS and anisotropy of anhysteretic remanent magnetization (AARM) subfabrics.
(a) AMS and AARM show the same orientation (Sagnotti et al., 1998). (b) AMS reveals a deformation/tectonic fabric
while AARM preserves a sedimentary fabric (Levi et al., 2014). (¢) Para- and ferromagnetic subfabrics recording
different deformation stages (Aubourg et al., 1995).
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In fact, ferromagnetic minerals might register the last deformation event while AMS remarks sedimentary or
previous deformation processes, suggesting a more efficient reorientation of ferromagnetic minerals under
certain conditions (Jackson, 1991; Mattei et al., 1997; Hrouda et al., 2018). Variations may also be
associated with the difference response to deformation by planar and granular ferromagnetic minerals, which
can give intersection or shear-related lineation, respectively (Roman-Berdiel et al., 2019). In addition, the
grain-size of ferromagnetic minerals can affect their efficiency in responding to an external stress. For
example, larger grains (activated in lower coercivity windows) can show a higher degree of preferred
orientation, as they can rearrange their orientation upon direct contact with the matrix (Figure 2.9a; Jackson
et al., 1989). In contrast, finer particles located within the pore may remain free to move for a certain period
without being forced to align under the effect of an external stress. Remanence-bearing minerals having
different grain-size can acquire a fabric during different deformation steps (Figure 2.9b; Aubourg & Robion,
2002). Ferromagnetic minerals can also show isotropic fabric, suggesting no specific alignment within the
matrix or that their content is significantly low to affect the total AMS fabric (Figure 2.9¢; Nakamura &
Borradaile, 2001; Pueyo-Anchuela et al., 2010; Issachar et al., 2015).
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Figure 2.9. (a) Different clustering of kmax depending on the grain-size and coercivity of magnetic minerals (Jackson et
al., 1989) (b) Distinct registration of the deformation stages by paramagnetic minerals and subpopulations of
ferromagnetic grains (Aubourg & Robion, 2002) (c¢) Isotropic ferromagnetic fabric not affecting the total AMS (Pueyo-
Anchuela et al., 2010). (d) Differential development of AMS and AARM fabrics at different steps during progressive
non-coaxial deformation (Borradaile & Jackson, 2010).
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The ferromagnetic subfabric can also show interchanged principal axes than the AMS revealing the presence
of inverse fabric or abnormal/intermediate fabric (Aubourg et al., 1995, 1999; Rochette et al., 1992; Pueyo-
Anchuela et al.,, 2012; Tokiwa & Yamamoto, 2012). Discrepancy between AMS and anisotropy of
anhysteretic remanent magnetization (AARM) foliation with the cleavage plane can be used as petrofabric
shear indicators to unravel non-coaxial strain history and/or distinguish between coaxial and non-coaxial

deformation (Figure 2.9d; Borradaile & Henry, 1997; Ferré et al., 2004).

Moreover, the magnetic fabric heterogeneity also depends on lithology and/or fluid-rock interactions and
associated alteration or neoformation of ferromagnetic minerals (e.g., Casas-Sainz et al., 2017; Roman-
Berdiel et al., 2019). Indeed, in sediments and clay units, the formation of new mineral by changes in redox
conditions or fluid circulation (e.g., iron sulfides or iron oxides) may modify the magnetic fabric (Mattei et
al., 1997). Separation of ferromagnetic subfabrics can also unravel the preferred orientation of newly formed
minerals associated with seismic frictional heating (Yang et al., 2020). Therefore, characterization of
magnetic mineralogy across shear zones is essential to better constrain the deformation history and unveil

possible faulting-related processes.

Localized and intense shearing can induce grain fining and mechanical reduction of ferromagnetic particles
from multidomain to single domain (SD) or even superparamagnetic particles (SP), producing increased
susceptibility (Chou et al., 2014; Yang et al., 2020). Frictional heating during seismic slip might also
generate high susceptibility and remanence intensity due to the formation of magnetite by thermal
decomposition of siderite and clay minerals (Figure 2.10a; Yang et al., 2012; Mishima et al., 2009). Rock
magnetic analysis also enables to define the peak temperature due to the frictional heating (Yang et al., 2012;
Yang et al., 2016). The interaction between fault rock and circulating fluid during the seismic cycle with the
precipitation of Fe-bearing minerals in fault breccias, leading to relative enrichment with respect to the wall
rocks and thus increased susceptibility (Figure 2.10b; Tanikawa et al., 2008; Chou et al., 2012; Yang et al.,
2013; Yang et al., 2020). For example, interaction with coseismic fluids can induce the decomposition of
pyrite to pyrrhotite and/or siderite to magnetite (Tanikawa et al., 2008; Chou et al., 2012; Yang et al., 2018).
Subsequent cooling of hot coseismic fluids can also result in goethite enrichment (Chou et al., 2012). In
contrast, decreased susceptibility and magnetization intensity was also observed approaching fault-zones,
suggesting magnetite depletion and incorporation of the Fe*" into Fe-rich clay minerals (Figure 2.10c; Yang
et al., 2016). Lower values of rock magnetic proxies of mineral concentrations and grain-sizes might also be
induced by anaerobic methane oxidation during drainage of fluids, resulting in the reduction of greigite to
paramagnetic pyrite (Greve et al., 2021).

Finally, frictional heating and the neoformation of ferromagnetic minerals could produce a new chemical
remanent component and/or induce thermal remagnetization, making fault zones possible magnetic recorders

of seismic events (Figure 2.10d; Chou et al., 2012; Yang et al., 2020).
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Figure 2.10. (a) Hysteresis loops showing dominant low-coercivity component (e.g., magnetite) in the Black gouge in
contrast to the dominant paramagnetic behaviour of the Gray gouge, Breccia zone and wall rocks (Mishima et al.,
2009) (b) Data revealing the occurrence of goethite in the Black gouge with magnetite enrichment along the principal
slip zone (PSZ; Chou et al., 2012; Yang et al., 2020). (¢) Conceptual sketch of depletion of magnetite to paramagnetic
clay minerals due to fluid-rock interaction (Yang et al., 2016). (d) Remagnetization process in the fault gouge during
the seismic cycle (Chou et al., 2012).
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Chapter 3

METHODOLOGY

Magnetic minerals are sensitive to changes in the stress
regime and physicochemical conditions in fault zones.
Magnetic fabric studies are excellent tools to investigate
the deformation path in shear zones, even detecting
incipient deformation well before other strain indicators.
Moreover, magnetic mineralogy characterizations can
provide information on thermal and fluid circulation
history. Nevertheless, the analysis of magnetic properties
is only occasionally included in studies of fault rocks.
This Chapter provides an overview of the methodology
applied in this thesis to investigate the rock magnetic
signature of faults rocks. Details are given on the
experimental conditions/parameters, and data processing
approaches used. The content of this Chapter integrates
the methodology published in Robustelli Test & Zanella,
2021. The main findings from the selected case studies

are reported in the following chapters.

3.1 Sampling strategy

The objective of this work is to detect existing variations in the rock magnetic signature of fault rocks and to
understand their link to faulting processes. Since convergent margin shear zones are complex and
heterogeneous, high-density sampling close to the main tectonic structures is required to have a reliable
estimate of the deformation path and faulting-associated mineralogical changes. Sampling was performed at
progressively increasing distance from the main thrust planes, depending upon the structural complexity and
lithological changes. Multiple sites 50 cm—1 m thick were samples at each locality, showing no significant
variations of the deformation pattern at the mesoscale. Efforts were made to select homogeneous sites in
terms of pervasiveness of tectonic structures and deformation intensity. The sampling scheme and specimen
preparation were adapted to lithological variation and intensity of deformation, as well as outcrop conditions:
(i) in hard rocks, as lithified sandstones, we took at least 3 oriented hand-samples. Blocks were drilled to
obtain standard cylindrical specimens (® = 25 mm, h = 23 mm); (ii) In highly deformed mudstones and
carbonatic rocks, it was impossible to drill and prepare standard cylindrical specimens. We oriented small
lithons of 5-20 cm size. To obtain significant statistical analysis, at least 8—12 hand-samples were collected

at each site. Lithons were thus cut into cubes, mostly equidimensional, preserving the sample orientation.
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From each block several specimens were prepared at the laboratory. After weighing, specimens were fixed
and centered in standard 8cc plastic cubes with non-magnetic plasticine; (iii) For heterogeneous chaotic
(block-in-matrix) units, as broken formation and mélanges, we took oriented hand-samples from the matrix.
Specimens were prepared by pressing standard plastic non-magnetic cubes into the wet oriented hand-

samples.

3.2 Magnetic mineralogy investigation

Rock magnetic experiments were performed on selected specimens for assessing the ferromagnetic phases
and possible mineralogical variations across the shear zones. Thermomagnetic susceptibility (y—T) curves
were measured using a MFK2-FA system equipped with a CS4 furnace. Samples were heated up to 700 °C
in argon with a heating rate of 11 °C/min, and then cooled to room temperature. The isothermal remanent
magnetization (IRM) acquisition curves were obtained with progressively increasing field steps up to 1.5 T,
on selected specimens from each site. The back-field curves were performed to detect the coercivity of
remanence (B.). We applied the cumulative log-Gaussian function by the online software MAX UnMix
(Maxbauer et al., 2016b) to discriminate magnetic components based on their mean remanence coercivity
(Bh) and the dispersion parameter (DP) (Kruiver et al., 2001; Heslop et al., 2002). In addition, we calculated
the remanence ratios (S-ratios) which are proxies of the relative contribution of high-versus low-coercivity
minerals (Thompson & Oldfield, 1986; King & Channell, 1991; Liu et al., 2019). Variations in the ratio can
be associated with several causes, such as lithological changes, diagenetic processes (Bloemendal et al.,
1992) or changes in the magnetic properties of rocks induced by deformation, frictional heating and/or fluid-
rock interaction in slip zones (Chou et al., 2012; Yang et al., 2020). We also tested the occurrence of
different magnetic components by the thermal demagnetization of IRM experiments (Lowrie, 1990) on 25
selected specimens. The IRMs were imparted using fields of 1.5, 0.6, and 0.1 T, along z, y, and x axis,
respectively. Then, specimens were stepwise thermally demagnetized up to 600 °C or 700 °C to define the
unblocking temperatures associated with the soft, medium, and hard coercivity fractions. After each heating
step, magnetic susceptibility was measured to check thermally induced mineralogical changes. Increase in
susceptibility mainly results from magnetite or titanomagnetite formation from minerals such as clays, iron
sulfides, carbonates, or other (hydro-)iron oxides (Urrutia-Fucugauchi, 2007). These thermochemical
transformations may occur between 200 °C and 500 °C. In contrast, a decrease in susceptibility is commonly
associated with oxidation, such as hematization of magnetite at high temperature (>500 °C in sediments).
Bulk magnetic susceptibility was measured with an MFK2-FA at three operating frequencies (976, 3904 and
15616 Hz) as a function of increasing field from 2 A/m to 700, 350 and 200 A/m respectively. Field
variations of the magnetic susceptibility may provide additional information on the dominant mineralogy and
detect the presence of iron-sulfides. Para- and diamagnetic minerals, as well as pure magnetite show field-
independent susceptibility (Jackson et al., 1998; Hrouda, 2002; Hrouda et al., 2006). Very slow increases and
decreases with field have been reported from MD and SD magnetite respectively, although very weak and in

general not significant (Hrouda et al., 2006). Instead, Ti-magnetite-, pyrrhotite- and hematite-bearing rocks

21



Chapter 3: METHODOLOGY

show strong variations with increasing field (e.g., Worm et al., 1993; Jackson et al., 1998; Hrouda, 2002;
Pokorny et al., 2011). In addition, we calculated the frequency dependent magnetic susceptibility (ysae) as
Yeav = [Car — xne)/x¢]* 100 (Dearing et al., 1996), where yir and ynr are the magnetic susceptibility measured at
low (975 Hz) and high (15616 Hz) frequencies in a field intensity of 75 A/m. The frequency dependence of
magnetic susceptibility is used to identify the contribution of superparamagnetic (SP) particles over the SD
and MD grains (Thompson & Oldfield, 1986; Maher, 1988; Dearing et al., 1996; Maxbauer et al., 2016a). In
specimens dominated by SP ferrimagnetic grains, s values from about 6 to 17% have been recorded
(Dearing et al., 1996; Maxbauer et al., 2016a). Hysteresis loops were run at room temperature with a
Vibrating Sample Magnetometer (VSM, Lake Shore 7410) with a maximum applied field Bmax = 1 T, to
further investigate the rock magnetic properties and estimate the magnetic domain-state (i.e., grain-size of
magnetic minerals) (Day et al., 1977; Dunlop, 2002a, 2002b). Interpretation of hysteresis loops was
performed with HystLab software (Paterson et al., 2018). Advanced processing options (e.g., automatic loop
centering, drift and high-field slope corrections and loop fitting) were applied following the approach
described by Paterson et al. (2018) and suggestions from Jackson & Solheid (2010). The hysteresis
parameters (saturation magnetization (M), saturation remanent magnetization (M) and coercivity (Hc))
were then extracted and plotted as M;/M; versus Ho/Hc (i.e., Day plot - Day et al. 1977; Dunlop, 2002a,

2002b), allowing to estimate the domain-state.

3.2.1 Low- _and high-temperature experiments and SEM-EDS analysis (Case study
from the SVU - Chapter 5)

Additional mineralogical experiments were performed for the SVU. In this intraplate shear zone,
geochemical composition of tectonic veins suggested changes in permeability, fluid source, and circulation
pathways during the major seismic cycles (Vannucchi et al., 2008, 2010; Cerchiari et al., 2020). To
investigate how fluids may have induced changes in the magnetic properties, we performed high- and low-
temperature experiments on selected specimens collected at increasing distance from the basal décollement.
Low-temperature measurements were conducted using a Quantum Designs Magnetic Properties
Measurement System (MPMS-XL) at the Institute for Rock Magnetism (IRM) at the University of
Minnesota. Field cooled (FC) remanence experiments were performed by applying a 2.5 T field while
cooling the specimens from 300 to10 K. The evolution of the low temperature SIRM (LT-SIRM) was studied
as the specimens warms back to 300 K in zero field. Then, after cooling the specimens to 10 K in zero field,
a LT-SIRM at 2.5 T was imparted. The remanence was measured while warming up to room temperature in
zero field (i.e., zero-field cooled (ZFC)). Subsequently, a SIRM of 2.5 T was imparted at room temperature
(RT-SIRM at 300 K) and remanence behaviour was monitored during a cooling-warming cycle (300 — 10 —
300 K) in zero field. This procedure is particularly suitable for identifying the presence of diagnostic
magnetic phase transitions indicative of magnetite (Verwey transition, Tv ~ 120 K; Verwey, 1939;
Muxworthy & McClelland, 2000), hematite (Morin transition, Ty ~ 260 K; Morin, 1950; Ozdemir et al.,
2008) or monoclinic pyrrhotite (Besnus transition, Ts ~ 34 K; Dekkers et al., 1989; Rochette et al., 1990).

Additional information on magnetic particles grain-size or magnetic phases concentration might be assessed
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trough several parameters (e.g., OFC/6ZFC, Moskowitz et al., 1993; Carter-Stiglitz et al., 2004; Ryr,
Smirnov, 2009; G%, Aubourg et al., 2021; see APPENDIX I for equations). Then, y—T curves were
performed in argon with heating-cooling cycles at increasing elevated temperatures (increments of 50 °C
from 150 to 350 °C and then 700 °C) using a KLY-2 equipped with a CS2 furnace at the IRM. Under the
assumption that cycles at temperature lower than the maximum temperature experienced in nature are
reversible, this approach has been used as a rock magnetic “geothermometer” to infer frictional heating in
fault zones (Yang et al., 2016, 2020). We implemented this experiment performing hysteresis cycles at room
temperature after stepwise thermal treatment at increasing maximum temperature. The thermal treatment was
performed in vacuum with incremental steps of 100 °C from 150 up to 650 °C. Hysteresis parameters (Ms,
M., Hc) were extrapolated with HystLab to assess variation in the magnetic properties of the samples as

temperature increases.

Scanning electron microscope (SEM) observations coupled with energy dispersive spectrometry (EDS)
measurements were performed at selected sites, from both the footwall and hangingwall and at different
distance from the basal décollement. Compositional data points were collected using a SEM JEOL IT300LV,
EDS Oxford Instruments Inca Energy 200, X-act SDD detector. Operating conditions are 15keV with SnA
current and EDS process time of 1 psec, 10° counts/sec, and live time of 50 sec. The obtained elements
analysis was used to assess (semi-quantitatively) the composition of the different mineralogical phases, in
particular iron-bearing para- and ferromagnetic minerals and to evaluate the presence of iron sulfides.

The overall information might help in constraints the possible thermochemical reactions occurred along the

plate boundary, including the estimation of potential post-seismic fluid-rock interaction.

3.3 AMS data and statistical treatments

For each specimen, the AMS was measured on a KLY-3 Kappabridge (AGICO). Measurements were
accepted only with F-statistic tests of anisotropy higher than 5. In this case, a specimen is defined as
statistically anisotropic within the 95% of likelihood excluding the hypothesis of rotational symmetry (Hext,
1963). Since outliers may skew the mean tensors orientation, we computed the mean values of the AMS
scalar parameters and excluded values (5.7% of the total specimens from the SVU, 16.6% from the OAS,
and 6.9% from the ELAW) characterized by + 26 of their mean for further analyses. This criterion allows a
reduction in the scatter of the AMS parameters, which is induced by specimens with unconventional small
size. We processed the data with the software ANISOFT 4.2 (Chadima & Jelinek, 2008). The AMS
represents the preferred orientation of all para- and ferromagnetic minerals in rocks, and the mean magnetic
susceptibility (km) is controlled by the relative abundance of all rock-forming minerals. To compare the
results among different lithologies and fragments, we calculated the mass magnetic susceptibility (ym). The
corrected anisotropy degree (Pj; see APPENDIX I for equation) reflects the eccentricity and stretching of the
magnetic ellipsoid (Borradaile & Jackson, 2004, 2010). Its magnitude depends on the magnetic phases
responsible for the AMS and the intensity of their preferred orientation. The shape of the ellipsoid (T)

reflects the shape and/or crystallographic preferred orientation of the dominant magnetic grains and their
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distribution. The shape of the magnetic ellipsoid can also be described through the ratios between the
magnitude of the principal susceptibility axes such as the magnetic lineation (L) and the magnetic foliation
(F). At site level, variations in modal mineral composition and grain-sizes or the occurrence of competing
AMS subfabrics, such as superposed tectonic petrofabric related to cumulative strain, result in a non-
orthorhombic or mixed magnetic fabric (Borradaile, 2001; Borradaile & Jackson, 2004; Satolli et al., 2020).
A non-orthorhombic fabric is characterized by confidence regions inclined to the principal planes of
symmetry of the tensor due to multimodal distribution of the principal magnetic susceptibility axes

(Borradaile, 2001, 2003).

To detect the possible presence of superposed petrofabric, we applied a combination of contouring and
cluster analyses (Figure 3.1). The use of contouring and bootstrapping ensures the detection of the site's
main fabric over a complex fabric (Constable & Tauxe, 1990; Borradaile & Henry, 1997). In addition,
contour plots (e.g., density diagrams) allow one to roughly discriminate specimens with different orientation
of principal AMS axes (Borradaile & Jackson, 2004, 2010; Aubourg et al., 2010; Robustelli Test et al., 2019;
Satolli et al., 2020). To improve the evaluation of possible competing subfabrics and minimize the non-
orthorhombic symmetry of mixed fabrics (Borradaile, 2001), we performed the cluster analysis at sites level,
using the mixed Bingham distribution (Yamaji & Sato, 2011) separately for each principal susceptibility axis
with the software Orient (Vollmer, 2015). As pointed out by Borradaile (2001), treating tensors’ data as three
single individual vectors produces non-orthogonal density peaks or means values, especially when the
tensors are not very well aligned. This can be caused by the presence of uneven uncertainties such as the
occurrence of outliers that can strongly influence the shape of the contours (Borradaile, 2003). However, if
carefully treated, the use of contour plot can be useful to verify sample/site homogeneity. It is widely used in
magnetic fabric works to evaluate variations in the spatial orientation of the principal susceptibility axes at
site level and the presence of possible clusters. Aware of this controversy, we propose this method as
particularly useful for checking bimodal distribution of the three principal directions. First, we excluded any
outliers having values of the scalar parameters (Pj and T) greater than + 2¢ of their mean. Before applying
any statistical treatments, we ensured to isolate any possible clusters related to changes in magnetic
susceptibility, magnitude, and shape of the susceptibility ellipsoid. Then, to define the possibility of inter-site
heterogeneity and detect homogeneous subpopulation of data (Borradaile, 2001), we performed density
distribution using the software Stereo 32 with 10 contour intervals and cosine exponent = 40. In some cases,
we observed multimodal distribution of one or more of the principal susceptibility axes which induces
distortion in the calculation of the mean tensor, which in turn is physically meaningless (Tarling & Hrouda,
1993). The occurrence of competing subpopulation of specimens may lead to sub-orthorhombic confidence
regions, inclined to the symmetry planes (Borradaile, 2001, 2003). To better highlight the bimodal
distribution of certain principal susceptibility axes, we applied the cluster analysis separately for each axis at
sites level. As previously mentioned, treating the axes separately may yield in non-orthogonal means (Figure
3.2) for the three principal directions (Borradaile, 2001). However, we observed the occurrence of three

different behaviours:
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i) Case I — all 3 axes show a bimodal distribution. The cluster analysis reported two clusters, each of
those having the same number of specimens. The mean directions of the three principal axes show mutual
orthogonality (Figure 3.1a). In this case, the cluster analysis directly distinguishes specimens belonging to a

certain specific distribution;
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Figure 3.1. Example of the application of contour plot and cluster analysis to highlight the presence of competing
subfabrics in a mixed AMS fabric at site level. Lower hemisphere equalarea projections of the AMS axes at site level
(left). Different subfabric detected are reported with different shades. Contour plots and cluster analysis for each of the
principal magnetic susceptibility axes separately (right). (a) Case I - characterized by the mutual orthogonality of the
means of the three principal directions obtained by the cluster analysis; (b) Case II — mutual orthogonality for two of the
three means; (¢) Case III - no mutual orthogonality.

i) Case II — only two axes show bimodal distribution, and the orthogonality is respected only between

those axes (Figure 3.1b). The cluster analysis for the unimodal distributed axis shows different numbers of
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specimens per cluster. Results of the cluster analysis were carefully evaluated and accepted when consistent
with the contouring;

i) Case III — only one axis shows bimodal distribution (Figure 3.1c). The cluster analysis may lead to
false results, characterized by different number of non-orthogonal means. We then attribute major

importance to the contour plot and/or the variations in scalar parameters.

To obtain the final subfabric the mean orientation of the AMS axes was calculated using the Jelinek’s tensor
statistics with the software ANISOFT 4.2 (Chadima & Jelinek, 2008). The Jelinek’s statistics constrains the
mutual orthogonality of the axes, essential for interpret tensors data. The reliability of the possible subfabrics

must finally be verified comparing the results with the structures observed in the field.

This approach may represent a useful tool for characterize bimodal distribution of AMS data at site level.
The combination with the density distribution (e.g., contour plot) is essential to avoid misleading. However,
it is challenging to apply this method to strongly prolate fabrics with interspersed axes. We kindly

recommended to don’t use it in that cases to avoid artifacts of data treatments.
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Figure 3.2. The histogram and the density distribution of the 8 angles between the means of the three principal
directions obtained using the Cluster Analysis.

3.4 ApARM, AARM, AIRM and High-field AMS

To isolate the orientation of remanence-bearing grains, we performed four different anisotropy of magnetic
remanence (ARM) experiments on selected specimens (6 specimens for each statistical group). A
combination of ApARM and AIRM experiments helps to fully characterize the ferromagnetic grains
contribution to the magnetic fabric and define their dominant behaviour. First, specimens were AF
demagnetized and their remanent magnetization (RM) was measured with the JR-6 spinner magnetometer, to
detect the median destructive field (MDF). On the basis of this value and the coercivity distribution of the
rock constituent minerals, resulted from the magnetic mineralogy investigation, we selected the AC and DC
field to be applied during the remanence experiments, targeting subpopulations of ferrimagnetic grains. The
anisotropy of anhysteretic remanent magnetization (AARM) and partial ARM (ApARM) were measured
using different coercivity windows. ApARM experiments allow discrimination of the contribution of the
different sub-populations of ferromagnetic grains (Jackson et al., 1988, 1989; Bilardello & Jackson, 2014;
Biedermann et al., 2019; Biedermann, Jackson, Bilardello, & Feinberg, 2020), which may form during
different episodes of deformation (Martin-Hernandez & Ferré, 2007). Experiments are named as ApARMao.o,
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ApARMigo40, and AARM depending on the different coercivity windows. To study the low-coercivity
fraction (e.g., coarse magnetite grains, multidomain MD and single vortex PSD state) we applied a tumbling
demagnetization in a peak AF of 60 mT. Then, we imparted the ARM in the 40-0 mT window with a bias
direct field of 0.1 mT during static AF demagnetization and a decay rate of 0.01 mT/half-cycle. This
procedure was repeated for the six pairs of antiparallel directions necessary to reconstruct the ARM tensor
(Jelinek, 1996). For intermediate-coercivity fraction (e.g., single domain SD) we applied a tumbling
demagnetization at a peak field of 100 mT and the bias field within the window 100—40 mT (ApARM 00-40).
Last, an ARM was imparted at 100 mT to study the behaviour of the whole ferromagnetic component. Due
to the low intensities of the remanence, we also performed the AIRM. An artificial IRM was given with a
pulse magnet, with a steady field of 20 mT (for details about the procedure see Agro et al., 2015). The

intensity of the imparted magnetization is low enough to be completely demagnetized at each step.

To separate the magnetic subfabric of para/diamagnetic and ferromagnetic phases, we measured the
anisotropy of high-field magnetic susceptibility (HF-AMS) at room temperature at the Laboratory for
Natural Magnetism (LNM at the ETH of Ziirich) using a high-field torque magnetometer (Bergmiiller et al.,
1994). Torque measurements were performed by rotating the specimen with an angular increment of 30° in
six different fields between 1 and 1.5 T and then in the absence of an applied field (0 T). Measurements were
performed in three mutually perpendicular planes for each specimen. Data were then corrected for the
specimen holder. The para- and ferrimagnetic contribution to the magnetic anisotropy was separated based
on their different behaviour in high-field torque measurements, using the method of Martin- Hernandez &
Hirt (2001). The paramagnetic signal is assumed to increase proportionally to the square of the field, while
the ferrimagnetic contribution, above saturation, is independent of the field. (Hrouda & Jelinek, 1990;
Martin-Hernandez & Hirt, 2001, 2004; Martin-Hernandez & Ferré, 2007; Biedermann, 2020). The deviatoric
susceptibility tensor and relative parameters, shape of the susceptibility ellipsoid (U — difference shape

factor) and degree of anisotropy (k’ — mean deviatoric susceptibility), were obtained for each component.

3.5 Ternary Diagrams and comparison with mesoscale structural fabric

Ternary diagrams were designed to interrelate AMS and ARM directional data with the main structural
elements (i.e., pole of the cleavage, S-C intersection, and transport direction; Figure 3.3). To create the
ternary diagram, we defined 3 variables (Figure 3.3a, d-e) arranged at its vertices: In the upper vertex we
have plotted the variable y, which corresponds to the angle between the orientation of k3 and the cleavage
pole direction. We named the angle as ¢, if the bedding pole is used instead of the cleavage pole. Data plotted
near the upper vertex are characterized by the maximum discrepancy (y or € = 90°) between ks and the pole
of the structural planes (i.e., pressure solution cleavage and/or bedding orthogonal to the magnetic foliation).
On the contrary, data close to the base of the ternary diagram indicate parallelism between the magnetic
foliation and the structural foliations (y or € = 0°). The variable a has been plotted in the lower left vertex. It
represents the angle between the k; and the S-C intersection. This variable is called 6 when referring to the

angle between k, and the bedding cleavage intersection (“B-S”). Data plotted around this vertex are
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characterized by k» axis on the structural foliation and orthogonal to the S-C or B-S intersection (o or § =
90°) and thus parallel to the shear direction. In the lower right vertex, we have plotted the variable 90°-f3,
where f is the angle between k; and the transport direction projected on the cleavage plane (S plane). We call
it B” when it is projected on the bedding plane. When 90°- = 90°, k; and shear direction coincide (i.e., k;
perpendicular to the S-C intersection). The 3 variables can also be modified to relate the orientations of the
principal axes of the magnetic fabric ellipsoid to other structural elements, such as pseudo-bedding pole,
fold-axis and extensional direction in broken formation. To determine the angles between the direction of the

principal magnetic susceptibility axes and the structural elements (Figure 3.3a) we used the equation:
0 = cos™1(cos Iy, oS Dy, €os I, cos Dy, + €0S Iy, Sin Dy, cos I, sin Dy, + sin [, sin )

where Dy, Ik are declination and inclination of the principal magnetic susceptibility axis, respectively; Dy, Ix

are declination and inclination of the considered structural elements.

Ternary diagrams were created using the “ggtern” package of Hamilton & Ferry (2018) written in R (R
Development Core Team, 2014). This graphical representation means that the sum of the variables in each
point of the ternary diagram is 100% (Figure 3.3b-c; Hamilton & Ferry, 2018). A data somewhere in the
diagram indicates a specific quantity of the variables, where ay + ba + ¢(90°-f) = 100% and the three
vertices represent 100%y, 100%o0 and 100%(90°-p) respectively. This configuration constrains the mutual
orthogonality of the 3 principal susceptibility axes at the three vertices of the diagrams which represent three
end-members of magnetic fabric associated with different deformation stages and/or mechanisms (e.g.,
tectonic fabric associated to LPS and low or high degree of non-coaxial strain). The diagrams are subdivided
into different areas according to the contributions of the three end-members (Figure 3.3d-e). The upper
vertices correspond to fabric with the magnetic foliation orthogonal to the cleavage and/or bedding. In our
setting it represents a strongly deformed tectonic fabric induced by sub-horizontal LPS (Graham, 1966;
Borradaile & Henry, 1997; Hrouda & Chadima, 2020) characterized by sub-horizontal ks parallel to the
shortening direction and subvertical k; axis. For AMS data, they may also indicate the occurrence of an
inverse fabric (Potter & Stephenson, 1988). The base of the diagrams indicates the parallelism between the
magnetic and the structural foliations. The intersection lineation fabric (Graham, 1966; Hirt et al., 2004; Weil
& Yonkee, 2009) is plotted at the lower left vertex. The magnetic foliation coincides with either the bedding
or the cleavage depending on the tectonic overprint degree (Kligfield et al., 1981, 1983; Pueyo Anchuela et
al., 2012), as well as the intensity of the original pre-deformational fabric (Pares & van der Pluijm, 2002; Till
et al., 2010). This is also true for shear zones of low finite shear strain, where k; is parallel to the S-C
intersection (Pueyo Anchuela et al., 2010; Casas-Sainz et al., 2018). The lower right vertex represents high
degree of non-coaxial strain, where k; is parallel to the transport direction (Averbuch et al., 1992; Ferré et al.,

2014; Casas-Sainz et al., 2018).
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Figure 3.3. (a) Representation of the computed angles between structural and magnetic fabric elements (modified from
Robustelli Test & Zanella, 2021); (b) path of a fabric with progressive parallelization of the magnetic foliation to the
cleavage (modified from Hamilton & Ferry, 2018); (¢) plot of three individual data-points, showing how the 3
computed values can be defined from the ternary diagram; Ternary diagram relating magnetic directional data with the
main tectonic elements (d) or the main sedimentary features (e). Schematic representation of the magnetic fabric end-

members are reported close to the vertices.
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Chapter 4

FIRST CASE STUDY: The OAS thrust

This chapter reports the results of an integrated rock
magnetic and structural investigation of carbonate-rich
sediments (i.e., marly limestones and calcareous marls)
involved in the OAS thrust. The regional distribution of
maximum paleotemperature values (Tax = 100-110 °C)
suggests burial > 2 km but not exceeding 4 km
(Rusciadelli et al., 2005; Aldega et al., 2007). In this
context, we dealt with the magnetic properties of
tectonites showing SC- or S-fabric depending on the
different degree of simple to pure shear deformation and
the position within the curved shape thrust (Calamita et
al., 2012). The content of this Chapter has been partially
published in Satolli et al., 2020 and is integrated here
with subfabric separation and detailed mineralogical
investigation to constrain the progressive evolution of the
magnetic signature in upper crustal fault zones

associated with different deformation regimes.

4.1 Geological setting

The Triassic to Miocene sedimentary successions of the Northern Apennines were deposited on the Adria
paleomargin (Ciarapica & Passeri, 2002) and involved in the Neogene—Quaternary orogenesis during the
convergence between Africa and Europe (e.g., Boccaletti et al., 2005). The study area is located in the
Pliocene outer thrust of the Northern Apennines, known as the Olevano-Antrodoco-Sibillini (OAS) thrust
Figure 4.1). The outer thrust shows a curved shape defined by frontal NW-SE- trending and oblique NNE-
SSW-trending thrust ramps to the north and to the south of its apical zone, respectively. To the north, the
OAS juxtaposes the Jurassic—Cretaceous carbonate platform and pelagic sequence to the Oligocene-Miocene
hemipelagic marly succession (Scaglia Cinerea, Marne con Cerrogna and Laga Fms.) belonging to the
Umbria-Marche domain. To the south the footwall is represented, instead, by a persistent carbonate platform
domain (Lazio-Abruzzi domain). The Jurassic-Eocene sequence was deposited on the Adria paleomargin
during the opening of the Tethys ocean. Starting from the middle—late Miocene, the deformation switched
from extension to compression in a context of positive inversion tectonics, where pre-thrusting normal faults
were reactivated with different geometries (e.g., Tavarnelli et al., 2004; Butler et al., 2006; Calamita et al.,

2012). The southern NNE-SSW trending sector of the OAS reactivated the Lower Jurassic normal fault that
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separated the carbonate platform from the pelagic domains (Ancona-Anzio fault, Castellarin et al., 1982);
after its emplacement, it was antiformally folded by anticlines developed in its footwall (Alberti et al., 1996).
During the Quaternary, post-orogenic extension, characterized by hinterland-dipping NW-SE-trending
normal faults with associated intermontane basins and seismicity, affected the axial zone of the Northern

Apennines belt (Calamita et al., 2000; Di Domenica et al., 2012).

|:| Quaternary continental deposits ~>——
Thrust
Pliocene - Pleistocene —
Normal
Tortonian-Messinian fault
- Burdigalian-Tortonian Anticline
axial trace
- Carbonate platform (Triassic-Miocene)
- Slope-basin succession (Triassic-Miocene)
1.Sassotetto 2. Monastero 3. Infernaccio
4. Boragine 5.Vallescura
\ Ancona k- 13 -
50 km
[ —
N
E

43°00°'N —

Figure 4.1. Schematic geological map of the Northern Apennines (Italy) with the studied localities (yellow stars),
modified after Calamita et al. (2012). The curve-shaped Olevano-Antrodoco-Sibillini thrust is the outer front of the
Northern Apennines.
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In the Northern Apennines, brittle-ductile tectonites have been previously documented (Koopman, 1983;
Lavecchia, 1985; Calamita et al., 1987; Ghisetti, 1987; Calamita, 1991; Calamita et al., 1991, 2012; Alberti
et al., 1996; Pierantoni, 1996; Tavarnelli, 1997, 1999; Pace et al., 2015). They are usually associated with the
outer thrust, showing different characteristics along two differently oriented thrust ramps (Calamita et al.,
2012). The NNE-SSW-trending oblique thrust ramp is characterized by the presence of S tectonites, while
the NW-SE trending frontal ramp is characterized by the presence of SC tectonites. The combination of
simple and pure shear, thus the degree of non-coaxiality of these shear zones has been quantified through the
kinematic vorticity number, allowing to discriminate simple-shear- and pure-shear-dominated deformation

(Xypolias, 2010; Calamita et al., 2012).

Tectonites are mostly located in Scaglia Rossa, Scaglia Cinerea and Marne con Cerrogna Formations. The
Scaglia Rossa Fm. (Lower Turonian-middle Eocene) predominantly consists in pink and red limestones and
marly limestones with chert bands and nodules, and average 20 cm bed thickness. It can be divided in 4
members: (i) Red/ pinkish limestones with dark/red chert; (ii) Pinkish/reddish limestones without chert; (iii)
Marly limestones without chert; (iv) Red marly limestones with cherts. The Cretaceous/Paleogene boundary
is between facies (ii) and (iii) that are also grouped in the same member in some geological maps. The
non-carbonatic component is represented by quartz, mica-illite, montmorillonite, hematite, magnetite and
occasionally pyrite (Arthur & Fischer, 1977; ISPRA, 2007). After the Scaglia Rossa Fm., there is a transition
from pelagic to turbidite sedimentation with an increase of the marly component. The Scaglia Cinerea Fm.
(Upper Eocene- Lower Miocene) is represented by greyish/ greenish marly limestones and marls with thin
bedding. It can be divided in 3 facies: (i) Grey/reddish limestones; (ii) Greyish/greenish marls; (iii) Greyish
marls and clay. The Marne con Cerrogna (Burdigalian-middle Tortonian) consists of medium to thickly
bedded alternating marls, calcareous marls and clay marls, intercalated with calcareous turbidites
(Centamore & Micarelli, 1991).We sampled tectonites from different sectors of the Northern Apennines
(Figure 4.1; Figure 4.2) in order to characterize their magnetic fabric at several localities on the frontal
(Sassotetto, Monastero, Infernaccio) and oblique (Boragine, Vallescura) ramps of OAS thrust. From each
locality, 1 to 5 sites were sampled and studied. Both site size and sampling strategy were decided based on
the homogeneity and pervasivity of the tectonic structures as well as on the outcrop conditions. However, in
order to obtain significant statistical analysis, at least 10 oriented hand samples of 10-20 cm lithons were
collected at each site. Sites were named accordingly to the locality (first letter: S = Sassotetto; I =
Infernaccio; M = Monastero; B = Boragine; V = Vallescura), the lithology (second and third letters: SR =
Scaglia Rossa Fm.; SC = Scaglia Cinerea Fm.; MC = Marne con Cerrogna Fm.) and the distance from the
fault plane (progressive numbers with the distance increment) or sublocality. Along the frontal thrust ramp,
the hanging wall was sampled at Sassotetto at ca. 15-20 m from the main thrust, while the footwall was
sampled at Monastero at ca. 15 m (MSC1) and ca. 45 m (MSC2), and at Infernaccio at ca. 30 m below the
main thrust. From the oblique thrust ramp at Boragine and Vallescura, we sampled different levels at a
progressively increasing distance of 15-20 cm from the main thrust. In both localities, 2 sites in the hanging

wall into the Scaglia Rossa Fm. and 3 sites in the footwall into the Marne con Cerrogna Fm. were sampled.
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All collected blocks were oriented in situ with a compass and an inclinometer. From each block several
specimens were prepared at the laboratory, weighed and centered into plastic boxes (2 cm X 2 cm X 2 c¢cm)

where they were fixed with non-magnetic plasticine. A total of 271 oriented specimens was obtained from 14

sites.

Figure 4.2. Detail view of the shear zones along the frontal (Sassotetto and Infernaccio) and oblique (Vallescura and
Boragine) ramp of the Olevano-Antrodoco-Sibillini thrust (Northern Apennines, Italy). C = C shear planes; S =
cleavage planes; T = thrust plane; E, E” = extensional planes; R= Riedel planes; SR = Scaglia Rossa Fm.; MC = Marne
con Cerrogna Fm.; SC = Scaglia Cinerea (modified from Satolli et al., 2020).

4.2 Structural data

4.2.1 Shear zones along frontal thrust ramps

The SC tectonites show centimeter-to-decameter spaced C shear planes with calcite-bearing shear veins sub-
parallel to the main thrust and centimeter-spaced S pressure solution cleavage, identifying spaced and
elongated sigmoidal-shaped calcareous lithons (Figure 4.2). Millimeter- to centimeter-scale tension veins
filled with calcite are perpendicular to the S foliation and low-angle synthetic R planes are also present.
Sassotetto and Monastero are located at the hanging wall and footwall of the same thrust shear zone,
respectively. Sassotetto was sampled in the Scaglia Rossa Fm. and shows C planes oriented at 250°/ 24° and

S fabric oriented at 231°/57° (Figure 4.3). Monastero is located in the footwall of the same thrust zone in the
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Scaglia Cinerea Fm. and shows C planes oriented at 232°/27° and S planes oriented at 242°/54°. Infernaccio
is also located in the footwall of the thrust shear zone juxtaposing the Scaglia Rossa on the Scaglia Cinerea
Fm. Here, the kinematic analysis shows C planes oriented at 230°/20° and S planes oriented at 254°/61°
(Calamita et al., 2012) while synthetic R planes are oriented at 248°/09°. In this sector, the S-C intersection
is NW-SE with a slip vector indicating a NE displacement direction (Figure 4.3).

4.2.2 Shear zones along oblique thrust ramps

The S surfaces are sub-parallels to the main thrust plane, identifying marly—calcareous lens-shaped lithons.
The foliation is more pervasive in the marls and shales lithotypes of the Marne con Cerrogna and is
decimeter-spaced in the marly/calcareous Scaglia Rossa Fm. (Figure 4.2). Furthermore, synthetic and
antithetic extensional structures displace the main thrust surface and the associated shear zone. At Boragine
the thrust plane (T) is oriented 334°/29° and the S surfaces are oriented 303°/22°, with a NW-SE-trending
S/T intersection (Figure 4.3). Synthetic and antithetic plane E and E' are oriented 057°/37° and 274°/ 42°,
respectively (Calamita et al., 2012; Turtu et al., 2013). At Vallescura the thrust plane is oriented 302°/30°
and the S surfaces are oriented 250°/29°. Synthetic and antithetic planes E and E' are oriented 394°/44° and
243°/57°, respectively (Calamita et al., 2012). In both localities, the N60—70 transport direction (Calamita et
al., 2012) differs from the S-SSW computed slip vector (Figure 4.3).

FRONTAL THRUST RAMP

SASSOTETTO MONASTERO INFERNACCIO LEGEND:

A  S/Cor S/T intersection
E/E’ intersection
slickenside

transport direction

~¥ computed slip vector

OBLIQUE THRUST RAMP

BORAGINE VALLESCURA ||  ==mmmseeas + mean pressure solution cleavage S and pole

m mean shear plane C and pole

————— o mean synthetic Riedel plane R and pole
----- e mean antithetic Riedel planes R’ and pole
— — — X mean bedding and pole

.8 Me@nN thrust plane T and pole

mean antithetic extesional plane E’ and pole

> mean synthetic extensional plane E and pole

Figure 4.3. Summary of the structural data for each studied locality integrated with data from the literature (Calamita et
al., 2012; Turtu et al., 2013; Pace et al., 2015; Satolli et al., 2020).
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4.3 Results

4.3.1 Magnetic Mineralogy

Thermomagnetic susceptibility curves were performed on selected samples of each lithological unit (Figure
4.4a). Marly sediments (Scaglia Cinerea and Marne con Cerrogna Fms.) are dominated by paramagnetic
minerals, as magnetic susceptibility decreases with increasing temperature (Hrouda et al., 1997) up to 400-
500 °C (see, MSC2 and BMCI in Figure 4.4a). The heating curves trend shows a subsequent increase in
susceptibility followed by a progressive decrease up to ~ 580 °C, suggesting the formation of ferromagnetic
phases from the paramagnetic minerals (Hrouda, 1994; Hrouda et al., 1997). In fact, a significant increase in
susceptibility is observed in the cooling curves. In contrast, the Scaglia Rossa Fm. show no significant
changes in K, until 400 °C followed by a rapid increase up to 500 °C and a loss in susceptibility around 600

°C, suggesting a significant contribution of the ferromagnetic component, presumably magnetite.

IRM acquisition curves of the Scaglia Cinerea Fm. and most of samples of the Scaglia Rossa Fm. saturate
between 0.2 and 0.3 T, suggesting the dominance of low-coercivity components (Figure 4.4b). In contrast,
acquisition curves of the Marne con Cerrogna Fm. display a rapid increase up to 0.1 T but do not saturate at

1.5 T. This trend indicates the presence of a complex mixture of low- and high-coercivity phases.
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Figure 4.4. (a) Thermomagnetic susceptibility curves; (b) isothermal remanent magnetization acquisition and backfield
curves; and (c¢) plots of S-ratios and frequency-dependent magnetic susceptibility (%) versus distance from the basal
décollement.
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The S-ratios values (So3 < 0.80 and So; < 0.60; Figure 4.4¢) indicate a relevant contribution of high-
coercivity phases in the Marne con Cerrogna Fm., which are located in the footwall of the OAS at Vallescura
and Mt. Boragine. Instead, values ~ 0.90 are observed in the Scaglia Cinerea Fm. (footwall of the frontal
thrust ramp) suggesting the dominance of low-coercivity phases such as magnetite. Considerable differences
in the S ratios of the Scaglia Rossa Fm. are observed between Mt. Boragine and Vallescura. Changes in the
values indicate variations in the relative contribution of low- and high-coercivity fractions and the
occurrence of different members of the Scaglia Rossa Fm.. The ys is generally low, except for the Scaglia
Rossa Fm. at Mt. Boragine, where the contribution of superparamagnetic minerals should be taken into

account (Figure 4.4c¢).

The presence of variable assemblages of low-and high-coercivity components is clearly visible from the
deconvolution of the IRM acquisition curves (Figure 4.5a). All lithologies show a dominant low-to-medium
coercivity component (Bh = 24-54 mT; logio(B) =1.39-1.74; Figure 4.5a). Furthermore, the following
components are documented: (i) two high coercivity components in the Scaglia Rossa Fm., one at Bh = 261-
394 mT (logio(B) = 2.42-2.60; specimens SSR1-04D and CSR2-04B in Figure 4.5a) and a less represented
one at Bh = ca. 1100 mT (logio(B) = 3.05); (ii) a low coercivity (Bh = 13 mT; logio(B)= 1.14) and a high
coercivity (Bh = 417 mT; logio(B) = 2.62) component in the Scaglia Cinerea Fm. (specimen ISC1-09C); (iii)
a very high coercivity component in the Marne con Cerrogna Fm. (Bh = 2213 mT; logio(B) = 3.35; specimen
BMC2-02 A in Figure 4.5a).

Nevertheless, Lowrie (1990) experiments reveal the dominance of soft fractions as carrier of the remanent
magnetization. All lithologies show a dominant low-coercivity component that is demagnetized around 600
°C, and less represented medium and high coercivity components (Figure 4.5b). In the Scaglia Rossa and
Scaglia Cinerea Fms., a slight drop of magnetization around 300 °C is shown on the X and Y axis
(Specimens SSR1-09A and ISC1-11B in Figure 4.5b) and the high coercivity component can show an
increase of magnetization at temperatures higher than 500 °C (specimens VSR1-07A and ISC1-11B in
Figure 4.5b).

According to these results we interpret the dominant component as magnetite, save for some specimens of
Scaglia Rossa Fm. where the hematite is predominant (e.g., specimen CSR2-04B). Furthermore, the drop at
300 °C might reflect the presence of iron sulfides, while the increase of the high-coercivity component
magnetization at 500 °C might reflect the presence of siderite and its alteration with heating (Pan et al.,
2000). Whereas the highest coercivity component in the Marne con Cerrogna Fm. may indicate goethite, that

however is not clearly documented in the Lowrie’s diagrams.
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Figure 4.5. (a) Coercivity distribution and unmixing of isothermal remanent magnetization (IRM) acquisition curves
(Maxbauer et al., 2016b); and (b) thermal demagnetization of three-component IRMs and normalized magnetic
susceptibility (k/ko) versus temperature.

For all the lithologies, no significant variation of magnetic susceptibility with field was observed (Figure

4.6a), suggesting the substantial contribution of paramagnetic minerals or magnetite to the bulk magnetic
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susceptibility (Hrouda, 2002). At the very low fields we observed high noise level, which is commonly
associated to samples having high content in paramagnetic minerals. Therefore, variation of susceptibility
with field was evaluate calculating the variation index V, (see, APPENDIX I; Hrouda et al., 2006). Overall,
the V, values display a mean of about -0.37 + 8.09, which agrees with paramagnetic or magnetite (MD or

SD) bearing rocks (Hrouda et al., 2006).

The hysteresis loop of the Marne con Cerrogna Fm. is characterized by a diamagnetic high-field slope with a
ferromagnetic signal clearly visible after the high-field slope correction (Figure 4.6b). In contrast, the
Scaglia Cinerea Fm. reveal a dominant paramagnetic contribution at high field with a discernible
ferromagnetic signal. The Scaglia Rossa Fm. reveals a narrow hysteresis loop with a minor influence of the
non-remanence bearing matrix (i.e., para- and diamagnetic component). After high-field slope correction the
ferromagnetic signal reach saturation between 0.3 to 0.5 T and show B values < 50 mT, confirming the
dominance of low-coercivity components (Figure 4.6b). The shape of the corrected hysteresis loops varies
from considerably narrow to wasp-waisted. Based on hysteresis parameters, most of samples are distributed

along the mixing curves between SD and MD magnetite grains (Figure 4.6¢).
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Figure 4.6. (a) Field and frequency variations of the mass magnetic susceptibility for representative lithologies; (b)
Hysteresis loop for representative samples after correction and fitting. Insets show both raw and corrected data; (¢) Day
et al. (1977) plot of the hysteresis ratios M,s/M; and B./B. with mixing curves after Dunlop (2002a, 2002b).
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4.3.2. AMS

All the sampled lithologies show consistent Pj and
T parameters (Table 4.S 1; Figure 4.7b, c). Their
magnetic ellipsoids are mainly neutral to slightly
oblate with mean T = 0.136 + 0.307. Overall, Pj is
moderate with mean values of Pj = 1.058 + 0.053.
Mass-susceptibility is generally low (mean value ym
= 11.8 = 1227 [x 107 m’kg']) but varies
depending on the lithology (Figure 4.7a): ym =
28.80 + 15.11 [x 10 m’kg'] in the Scaglia
Cinerea Fm.; ym = 8.22 + 5.61 [x 10~ m’kg '] in
the Marne con Cerrogna Fm., and ym = 5.77 £ 5.16
[x 10° m’kg'] in the Scaglia Rossa Fm..
Significative low values of magnetic susceptibility
in the Scaglia Rossa Fm. were also reported in
previous studies (Mattei et al., 1995). These values
indicate that the magnetic fabric is dominated by
the contribution of paramagnetic minerals such as
clay minerals (Tarling & Hrouda, 1993; Borradaile
& Henry, 1997; Evans et al., 2003), but less
represented ferromagnetic (sensu latu) minerals are
also documented. Instead, in the Scaglia Rossa Fm.
diamagnetic minerals are the main carrier of the
magnetic fabric, probably also due to the high
pervasivity of calcite veins, and the occasional
occurrence of siderite which can cause inverse
fabric (Rochette, 1988; 2003;
Almgvist et al., 2009).

Evans et al.,

4.3.2.1. AMS from the frontal thrust
ramps

All sites show a well-defined magnetic fabric with
clustered ks and slightly dispersed k; and k, axes.

The shape of the ellipsoid is mainly oblate with T
values up to 0.902. The degree of anisotropy is
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Figure 4.7. Box-and-whisker plots of the (a) mass
magnetic susceptibility (Ym), (b) corrected anisotropy
degree (Pj) and (¢) shape parameter (T) for the studied
localities. Central boxes include values between the lower
and upper quartiles (modified from Satolli et al., 2020).

moderate, ranging from 1.015 to 1.147. Variations of Pj occur in relation to the different sampled lithologies

(Figure 4.8) and distances from the main thrust (Figure 4.7b).
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Figure 4.8. Corrected anisotropy degree (Pj) vs. mass susceptibility (Ym) and shape parameter (T) vs. corrected
anisotropy degree (Pj) plots for the various localities. Different symbols correspond to different lithologies: circles and
stars for Scaglia Rossa Fm., squares for Scaglia Cinerea Fm. and lozenges and triangles for Marne con Cerrogna Fm.
(modified from Satolli et al., 2020).

The magnetic foliation is mostly WSW-dipping at medium to high angle, save for site MSC2 (see Figure
4.9), which shows a S-dipping sub-horizontal magnetic foliation.

The SC tectonites at Sassotetto (Figure 4.9) show an oblate magnetic fabric T = 0.785 £ 0.340. The

magnetic foliation is SW-dipping and steeply inclined. Two different subfabrics have been detected:
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i. subfabric 1 is characterized by a lower anisotropy degree and higher yn (Table 4.S 1; Figure 4.8). The
magnetic fabric is slightly oblate with a N-S trending magnetic lineation; ii. subfabric 2, characterized by

higher Pj and lower ym, shows an oblate fabric with a sub-horizontal NW-SE trending k; axis.
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Figure 4.9. Magnetic fabric from the frontal thrust ramp at Sassotetto, Monastero (sites MSC1 and MSC2) and
Infernaccio (modified from Satolli et al., 2020). Equal area projections in geographic coordinates of the principal
magnetic susceptibility axes at site level (left) and relative subfabrics (middle and right). The Pj values are reported for
comparison.
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Both sites from Monastero (Figure 4.9) show two overlapping magnetic fabrics. Site MSC1 is characterized
by a steep WSW-dipping magnetic foliation and k; axis N-S trending. The plot of ym versus Pj reveals two
clusters corresponding to two subfabrics with consistent magnetic foliation and lineation (Figure 4.8, Figure
4.9): i. subfabric 1 (MSC1-Sf1) is characterized by lower Pj and ym values, and a higher dispersion of k; and

k, axes on the magnetic foliation plane; ii. instead, subfabric 2 (MSC1- Sf2) shows well grouped axes.

Site MSC2 displays a sub-horizontal S-dipping magnetic foliation. Here, the two subfabrics (see MSC2-Sf1
and MSC2-Sf2 in Figure 4.9) show consistent ks but different mean k; and k, axes orientations. The
different axes orientation is associated with variations in shape parameter (T). Subfabric 1 is characterized by
a slightly oblate ellipsoid (T = 0.158 £+ 0.230) and a sub-horizontal E-W trending magnetic lineation, while

subfabric 2, showing a N-S trending magnetic lineation, is neutral with T = 0.052 + 0.240.

Infernaccio shows the superposition of two subfabrics (see ISC1-Sf1 and ISC1-Sf2 in Figure 4.9 and Figure
4.8) that differ in terms of AMS scalar parameters and k; axes orientations: i. subfabric 1 displays a neutral
fabric with dispersed ki and k, axes and a sub-horizontal magnetic lineation mainly N-S trending, lower Pj
values and high variability of shape parameter ranging from —0.481 to 0.678; ii. subfabric 2 is characterized

by well grouped axes with E-W trending ki, and strongly oblate fabric and high anisotropy degree.

4.3.2.2. AMS from the oblique thrust ramp

The magnetic fabric is represented by a mixed AMS fabric, with mainly neutral to slightly oblate magnetic
ellipsoid (T = 0.077 + 0.269) (Table 4.S 1; Figure 4.7). The ks axes are mostly grouped, while k; and k; are
dispersed on the magnetic foliation. The anisotropy degree is moderate with mean value of Pj = 1.066 +
0.064. ym values significantly vary between localities. This in turn determines the differences in magnetic

fabric configuration.

Boragine is characterized by significant changes of ym values between lithologies. Specimens from the
Scaglia Rossa Fm. (sites BSR1 and BSR2 in Figure 4.10 and Figure 4.8) are mainly diamagnetic, with ym =
—1.73 £ 2.60 [x 10 m’kg']. The three sites from Marne con Cerrogna Fm. show higher values, with a
maximum value of 24.35 [x 10~° m’kg ']. This significantly affects the configuration of the AMS fabric at

this location.

Sites BSR1 and BSR2, located above the main thrust, display an EW-trending subvertical magnetic foliation
with dispersed ki and k; axes (Figure 4.10). Despite higher and positive ym values (ranging from 0.74 to 5.73
[x 10° m’kg '] see Figure 4.8), site BMC1 from Marne con Cerrogna Fm. shows a similar mixed fabric with
a sub-vertical E-W trending magnetic foliation. Here, specimens display k; axes E-W to SW-NE trending at

medium angles.

The other two sites from Marne con Cerrogna Fm., BMC2 and BMC3, are characterized by a fabric with a
sub-horizontal magnetic foliation. The ellipsoid shapes are slightly oblate and prolate, respectively. The site

BMC2 might be characterized by the presence of two neutral subfabrics with the same orientation of the
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Figure 4.10. Magnetic fabric from the oblique thrust ramp at Boragine (modified from Satolli et al., 2020). Equal area
projections in geographic coordinates of the principal magnetic susceptibility axes at site level (left) and relative
subfabrics when detected (middle and right). The Pj values are reported for comparison. Legend as in Figure 4.9.
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Figure 4.11. Magnetic fabric from the oblique thrust ramp at Vallescura (modified from Satolli et al., 2020). Equal
area projections in geographic coordinates of the principal magnetic susceptibility axes at site level (left) and relative
subfabrics when detected (middle and right), The Pj values are reported for comparison. Legend as in Figure 4.9.
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magnetic foliation. The k; axes form an angle of about 122° between subfabrics. Instead, at site BMC3
specimens with negative yn values (BMC3-Sfl in Figure 4.10) define a prolate subfabric characterized by
higher P;j.

All sites from Vallescura have a consistent magnetic fabric (Figure 4.11). Overall, the AMS fabric shows a
magnetic foliation SW-dipping at low angle with slightly dispersed k; and k; axes. The Pj values are
moderate (Pj = 1.040 + 0.017) and the shape parameter is slightly oblate with mean values T = 0.283 + 0.264
(Figure 4.8).

Two different subfabrics are detected at sites level: i. subfabric 1, characterized by a magnetic foliation SW-
dipping and sub-horizontal SW-NE to WSW-ENE trending magnetic lineation; ii. subfabric 2 shows a sub-

horizontal magnetic foliation and NW-SE to N-S trending k; axes.

Subfabric 1 dominates the main fabric. It strongly affects the orientation of both magnetic foliation and
lineation. Furthermore, k; and ks axes show counterclockwise (CCW) and clockwise (CW) rotations when
the distance from the main thrust increases, in the hanging wall and footwall respectively. Instead, subfabric
2 shows consistent configuration close to the main thrust with a NW-SE-trending magnetic lineation. In the
footwall, k; rotates by 116° CCW passing from site VMC1 to VMC2, when increasing the distance from the
thrust.

4.3.3 AARM, AIRM and HF-AMS

Anisotropy of magnetic remanence (ARM) experiments were conducted on selected samples showing
representative patterns/subfabrics. The selection was based on the orientation of the principal magnetic
susceptibility axes, their relationship to meso-scale structural elements (see, 4.4 Discussion), and structural

position.

The results reveal well-defined magnetic fabrics for all detected patterns and different ApARM experiments
(Figure 4.12). Overall, the Pj values of ARM experiments increase significantly compared with the AMS
values (Figure 4.S 1; Table 4.S 2). The different ApARM and AIRM experiments do not show large
variations in Pj at the site/subfabric level. Only the AIRM for subfabric MSC2-SF1 (Stage A in Figure 4.S
1) and the ApARM o040 for VSR1 (Stage E// in Figure 4.S 1) show higher values than the other ARM
experiments, probably due to local variations. No general trend was also observed in T variations (Figure
4.S 2; Table 4.S 2). In the frontal thrust ramp, significant changes in the shape parameter were observed for
subfabrics MSC2-SF1 (Stage A in Figure 4.S 2) and SSR1-SF1 (Stage Ermr in Figure 4.S 2), where T
changes from prolate/neutral for AMS to predominantly oblate for all ApARM and AIRM experiments. In
the oblique thrust ramp, the mean T values reveal neutral fabric for both AMS and all ARM experiments. In

contrast, oblate fabric was observed for ApARM go-40.

The F-test reveals lower values for samples with remanent magnetization intensity < le-05 Am? Kg™', with

no direct correlation with the different coercivity window of the ARM experiments (Figure 4.12¢). AIRM
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shows the highest F-test values, generally above 3.48 (lower threshold of statistically anisotropic samples
within the 95% probability range). Overall, the F-test values are quite low and suggests a low content in
ferromagnetic minerals. No relationship with the ARM coercivity window or lithology is observed for the
Scaglia Rossa and Scaglia Cinerea Fms. (Figure 4.12d). In contrast, most of the samples from the Marne con
Cerrogna Fm. reveal significantly low F-test values for ApARMao.0, which might contribute to the greater

dispersion of A; and A; axes for this subfabric.

After removing the few outliers with the lowest F-test and Pj > +20, anisotropy of magnetic remanence
experiments from the frontal thrust ramp show well-clustered axes at the subfabric level (Figure 4.12a). The
subfabric MSC2-SF1 shows sub-vertical A; axes that coincide with the direction of k3, while A, axes are
interspersed in the sub-horizontal plane (e.g., bedding plane). In contrast, AIRM fabric displays agreement

between the orientation of axes I; and ki, but I3 slightly differs from k.
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Figure 4.12. Principal directions and confidence ellipsoids of the anisotropy of magnetic remanence (ARM)
experiments in: (a) Frontal Thrust ramp; (b) Oblique thrust ramp. Variations of the F-test versus remanent
magnetization (¢). Box-and-whisker plot with data and normal distribution curves of the F-test among lithologies and
ARM experiments (d).
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The orientations of the principal axes for MSC1-SF2 and SSR1-SF1 are well-concentrated and statistically
indistinguishable from those of the AMS, suggesting the same orientation among ferromagnetic minerals

activated by the different ARM and AIRM experiments.

In the oblique thrust ramp, fabric variations among AMS and ARM experiments are more visible (Figure
4.12b). For VMC3-SF2, ARM experiments show a steeper magnetic foliation than AMS. Only ApARMao.o
shows Aj axes coincident with ks. A; is congruent among ARM experiments but rotated about 50°-60° with
respect to ki (Figure 4.12b; Table 4.S 2). The AMS and AARM experiments for subfabric VSR1-SF1 show

common magnetic foliations, but again the magnetic lineation is differently oriented from the k; strike.

To investigate the response of paramagnetic minerals and iron oxides to different deformation regimes, few
samples from the representative patterns were subjected to high-field torque magnetometer measurements.
The selected samples were taken from the Scaglia Cinerea and Scaglia Rossa Fms.. The high-field AMS
indicates that the anisotropy is controlled by 70 + 11% paramagnetic minerals and a minor ferromagnetic

fraction of 30 + 11%.

The high-field paramagnetic (HF-AMS;4ra) and ferromagnetic (HF-AMSgrro) subfabrics for MSC2-SF1 show
subvertical ks coaxial with those of the low-field AMS (LF-AMS) and the Aj; axes (Figure 4.13a). The k;
and Aj axes agree with the pole of the bedding (Figure 4.13b, ¢), while k; and k, for both HF-AMS,.r. and
HF-AMSter, are interspersed within the bedding plane. The absence of a preferred direction for the k; and A;
axes in the bedding plane is well illustrated by the scattering of data along the lower side of the ternary

diagram (Figure 4.13b).

For the Subfabric MSC1-SF2 (Figure 4.13a) the principal axes of the HF-AMS;ara and HF-AMStrro agree
with the direction of the LF-AMS and ARM experiments. Thus, all tensors show a common magnetic
foliation consistent with the S planes (compare Figure 4.13a and Figure 4.13b) with the maximum axes
sub-parallel to the S-C intersection. In fact, data are clustered at the lower left vertex of the ternary diagrams

(Figure 4.13c).

For the Scaglia Rossa Fms., HF-AMS, is generally coaxial with the LF-AMS, regardless of the different
AMS pattern. In contrast sample SSR1_4B where display k; and k» axes of HF-AMS;4ra and HF-AMStro at a
high angle or exchanged with LF-AMS. In addition, the HF-AMStr, for VSRI reveals the same axes
orientation as ARM experiments, having particular agreement with the ApARM 40 (Figure 4.13a).

4.4 Discussion & comparison with structural data

Magnetic fabric analysis revealed straightforward correlations with structural data (Figure 4.14; Figure
4.15). It was possible to infer 6 different AMS fabrics, named from A to F according to the intensity of
deformation; symbols * and // indicate inverse fabric and parallelism with transport direction, respectively.

In the following, we report the comparison between AMS and structural data at site level.
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Figure 4.13. (a) Stereoplots of the principal directions of the low-field anisotropy of magnetic susceptibility (AMS),
anisotropy of magnetic remanence (ARM) experiments and the paramagnetic and ferromagnetic components of the
high-field AMS for representative samples, classified after stages. Open symbols represent data with F-test lower than
5; (b) Summary of the structural data (see Figure 4.3 for details); (¢) Ternary diagrams (see Figure 3.3 for parameters
details) relating structural and anisotropy of magnetic susceptibility and remanence data.

At Sassotetto, subfabric 1 is represented by a magnetic foliation parallel to the pressure solution cleavage,

where ki is close to the direction of the slip vector. This subfabric may represent an advanced stage of
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deformation with k; parallel to the transport direction (Stage E, Figure 4.14). In the same locality, subfabric
2 shows ki and ks consistent with S/C intersection and S pole, respectively. It represents the early stage of

shearing with k; at the S/C intersection (Stage C, Figure 4.14).

At Monastero, a different magnetic fabric is documented in sites MSC1 and MSC2, sampled at 15 m and 45
m from the main thrust, respectively. In site MSC1, k; is at the S/C intersection and the magnetic foliation is
parallel to the S plane. In particular, subfabric 1 reveals the coincidence between ks and S pole, but k; axes
are dispersed in the foliation plane parallel to S. Subfabric 2, instead, reveals a better clustering of k;, aligned
with the S/C intersection. Here, the two subfabrics may represent the same process of earlier deformation

stages (Stage C) with a better definition of the tectonic fabric in subfabric 2 due to higher yn, values.

In site MSC2, subfabric 1 shows a horizontal magnetic foliation consistent with the bedding and moderate
dispersion of k; and k; axis, representing the preserved sedimentary fabric of the Scaglia Cinerea Fm. (Stage
A, Figure 4.14). In subfabric 2, k, and k3 are dispersed on a girdle and k; is at the S/C intersection. This
configuration might represent the early stage of deformation (Stage B), where the sedimentary fabric is
partially preserved and k; corresponds to the intersection lineation between bedding and cleavage. In fact, in
incipient deformation stages the magnetic foliation remains parallel to the bedding while the magnetic
lineation becomes perpendicular to the bedding-parallel shortening. When the deformation increases, the
magnetic foliation poles create a girdle parallel to the shortening (Hrouda & Chadima, 2020). Furthermore,
principal axes of maximum susceptibility are particularly sensitive to tectonic shortening, as they develop a

magnetic lineation that mimics the intersection of bedding and tectonic flattening plane (Parés, 2015).

At Infernaccio, subfabric 1 shows the parallelism between magnetic foliation and S plane, and k; is moving
toward the slip vector direction (Stage D, Figure 4.14). On the contrary, subfabric 2 reveals k; axes at high
angle in respect to the S/C intersection and sub-parallel to the slip vector (Stage E, Figure 4.14).

Where the magnetic lineation is mainly defined by paramagnetic carriers, it evolves from parallelism to the
S/C intersection during earlier deformational stages to parallelism to the slip vector in advanced stages (Parés

et al., 1999; Pueyo Anchuela et al., 2010).

The configuration of subfabric 1 is consistent between Sassotetto and Infernaccio, differing only by 24° in
the magnetic foliation orientation. Instead, subfabric 2 shows an increment in k; axis inclination. On the
contrary, at Monastero a change in magnetic foliation dipping angle is visible in both subfabrics.
Particularly, subfabric 1 shows a 61° CW rotation of the magnetic lineation associated with the
verticalization of the magnetic foliation from site MSC1 to site MSC2. In both sites, subfabric 2 shows a
consistent sub-horizontal N-S trending magnetic lineation. Only an increment in the magnetic foliation

dipping is here visible.

Overall, the simple-shear-dominated deformation regime (Calamita et al., 2012) from the frontal thrust ramp
shows a magnetic foliation parallel to the S or in between S and C planes and k; parallel to the S/C

intersection or to the slip vector, depending on the degree of deformation (from Stage C to E). Sedimentary
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features and early stage of cleavage development (Stages A and B) are also visible at site MSC2 (45 m from

the thrust).
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In particular, the interrelation between the AMS directional data and the main structural elements (i.e., pole
of the cleavage, S-C intersection, and transport direction) of the different AMS fabrics (Stages A to E) are
clearly visible in the ternary diagrams (Figure 4.15a, b; see details for plotting the diagrams in 3.5 Ternary
Diagrams). Specimens from the advanced tectonic stages (Stages C to E; Figure 4.15a) are distributed along

the lower side of the ternary diagram, confirming good parallelism between magnetic foliation and cleavage.

Data clustered around o and 90°-f vertices reflect the progressive rotation of k; from parallel to the S-C
intersection (Stage C) to aligned with the transport direction (Stage E), respectively. In addition, the presence
of specimens clustered in the lower central portion of the ternary diagram showed the occurrence of samples
with a magnetic lineation at an intermediate orientation between S/C intersection and the slip vector (Stage
B; Figure 4.15a). Stage A and B reveal slightly high values of the € angle (i.e., angle between the magnetic
foliation and the bedding), suggesting a magnetic foliation partially offset the bedding plane (Figure 4.15b).
The distribution of Stage D data near the left side of the diagram indicates a progressive concentration of the

k; axis at the intersection lineation (between bedding and cleavage).
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Figure 4.15. Ternary diagrams (see Figure 3.3 for parameters details) relating structural and anisotropy of magnetic
susceptibility (AMS) data from the Frontal thrust ramp (a-b), classified after stages; data from the oblique thrust ramp
at Vallescura (c¢) and Boragine (d).
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At Vallescura and Boragine, the sampling was done across the thrust plane, both in the hanging-wall and
footwall block. In the hanging-wall block of Vallescura, site VSR1 and subfabric 1 of VSR2 show the
magnetic foliation consistent with the S plane and k; parallel to the transport direction (Stage E//, Figure

4.14). Subfabric 2 of site VSR2 reveals a k; axis coincident with the E-E' intersection (Stage F, Figure 4.14).

In the footwall block, also VMC1 magnetic fabric shows a parallelism between magnetic foliation and S
plane. Subfabric 1 is characterized by a fan dispersion of k; and k; and k; parallel to the transport direction
(Stage E//), while subfabric 2 reveals k; axis parallel to the E-E' intersection (Stage F). In both VMC2 e
VMC3 the subfabric 1 is characterized by the parallelisms between magnetic foliation and S planes, and k; is
grouped in an intermediate orientation between the S/ T intersection and the transport direction (Stage D//).
On the contrary, in both sites, subfabric 2 shows a parallelism between magnetic foliation planes and S

planes. The k; axes are N-S trending and may indicate a parallelism with the inferred slip vector (Stage E//).

At Boragine most sites show low bulk magnetic susceptibility values (km), close to the instrumental limit.
This might have caused problems related to mean tensors and their confidence ellipses calculation. For that
reason, only site BMC2, characterized by high yx values, is considered reliable for further interpretations.
However, for the sake of completeness, we reported the comparison between AMS and structural data for all

sites.

In the hanging wall, sites BSR1 and BSR2 show highly scattered axes, with k; mostly subvertical and
dispersed on an E-W girdle. In both sites ks is partially grouped at the E-E' intersection (Stage F*). At site
BMCI, k> and ks axes are highly dispersed along a N-S girdle, while k; axes are grouped in the transport
direction (Stage E//).

At site BMC2, subfabric 1 shows a magnetic foliation intermediate between S and T planes and k; has a
double tendency to parallelize with the direction of the slip vector and the transport direction (Stage E or E//
in Figure 4.14). Subfabric 2 is characterized by a magnetic foliation parallel to S planes and k; intermediate

between S/T intersection and the slip vector (Stage D//, Figure 4.14).

Finally, in BMC3, subfabric 1 shows a subhorizontal magnetic foliation with interspersed k. and ks axes,
while k; are mostly grouped with double tendency in the slip vector and the transport directions. Subfabric 2
shows high dispersed k; and k, axes, while k3 is grouped at high angle from N to E. The fabric is inverse and
ks might be considered to assume an orientation intermediate between the directions of the slip vector and

the inferred slip vector.

In this pure-shear-dominated deformation regime (Calamita et al., 2012) the magnetic foliation is mostly
parallel to S as most of samples are distributed in the lower side of the ternary diagram (Figure 4.15¢). In
addition, the presence of specimens scattered toward the upper vertex might be assigned to the local high

content in diamagnetic minerals at some sites from Boragine (Figure 4.15d).

Overall, k; (or k3 in case of possible inverse fabric) reveal different specific orientations: i. parallel to the slip

vector (Stage E or E*); ii. parallel to the transport direction (Stage E//); iii. in between the S/T intersection
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and the slip vector (Stage D// or D*); iv. parallel to the E-E' intersection close to the main thrust (Stage F or

F*).

The different orientation of k; with respect to the structural elements is emphasized by the distribution of the
data in the ternary diagrams (Figure 4.15¢, d). In fact, at Vallescura, Stage E or E// data are clustered near
the lower right side, where the partial discrepancy between the orientation of k; and the transport
corresponds to the distance from the 90°-f vertex (Figure 4.15¢). In contrast, at Boragine, the presence of
data close to the y vertex for Stage E// might indicate the presence of inverse or mixed fabric (Figure 4.15d).
All samples associated to Stages D are distributed in the center of the diagram, indicating incomplete
parallelization of both magnetic foliation and lineation to the cleavage and transport direction, respectively.
Finally, Stage F fabric shows magnetic foliation at a high angle to the cleavage. The data distributed close to
the left side of the diagram suggest that the k; axis is subparallel with a direction slightly different to the S-C

intersection. In fact, the E-E' intersection is rotated only 20° with respect to the S-C intersection.

In addition, the relationships between the para- and ferromagnetic (s.l.) subfabrics and the petrofabric of
tectonites reveal variation of the individual subpopulation of grains in recording changes in deformation

regimes associated with frontal and oblique thrust ramps.

Along the frontal thrust ramp, the ferromagnetic and paramagnetic subfabrics generally agree with the AMS
axes orientations and show similar geometric relationships with the structural fabric (Figure 4.16). The
sedimentary origin of Stage A fabric is emphasized by the configuration of the ferromagnetic subfabrics. All
subpopulations of ferromagnetic grains show magnetic foliation consistent with the bedding and minimum
and maximum axes randomly oriented within this plane (see the scattering of Stage A data in the ternary
diagram, Figure 4.16b). The weak or absent preferential alignment of minerals might be ascribed to
sedimentary process as deposition and/or compaction and a neglectable tectonic overprint (Mattei et al.,
2004; Cifelli et al., 2005; 2009). In addition, the mean A; axis of the AARM,p.o and the k; of the HF-
AMS;ara agreed with the bedding-cleavage (B-S intersection; Figure 4.16b, Figure 4.13c and Figure 4.12a),
showing a similar pattern as the Stage B (early stage of incipient deformation). This configuration might
reveal that paramagnetic minerals and a certain subpopulation of ferromagnetic grains were more sensitive to

tectonic overprint (Sun et al., 1995; Hrouda et al., 2018).

The magnetic fabrics consistent with advanced deformation stages (Stage C and E) reveal coaxial para- and
ferromagnetic subfabrics (see, Figure 4.13a and Figure 4.12a) with strong parallelism with the structural
elements (Figure 4.16a). These features indicate that different minerals recorded the same deformation
(Biedermann et al., 2016). In particular, those fabric have a common magnetic foliation parallel to the S
planes and magnetic lineation parallel or orthogonal to the shear direction for Stage C and E, respectively
(clusters close to the 6 and 90-f vertex in Figure 4.16a). The complete alignment of the different magnetic
minerals (s.1.) at stage level might indicate that each mineral followed the same evolution trend with changes

in orientation depending only on incremental deformation approaching the main thrust planes.
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In the oblique thrust ramp, the AMS configuration mostly depends on the orientation of the paramagnetic
minerals, while the subpopulations of ferromagnetic grains show variable contribution to the total fabric but
reveal different deformation stages (Figure 4.16a, Figure 4.13¢ and Figure 4.12b). In fact, AMS and HF-
AMSpaa show magnetic foliation between S and C planes and the maximum axis consistent with the
transport direction or slip vector for Stage E and E//, respectively (see, Figure 4.12b and Figure 4.13). In
contrast, subpopulations of ferromagnetic grains are generally coaxial with each other but with different
configurations (Figure 4.16a and Figure 4.12b). Ferromagnetic grains of Stage E show a steeper magnetic
foliation consistent with the extensional plane and a magnetic lineation sub-parallel to the E-E’ intersection
(compare Figure 4.12b and Figure 4.3), revealing the same pattern of Stage F recorded by a few AMS
subfabric at both Vallescura and Mt. Boragine (see, Figure 4.14). Stage E// samples show magnetic foliation
in common with the AMS and sub-parallel to the S planes (Figure 4.16a and Figure 4.13a-b), but
differently from the AMS the maximum axes agree with the calculated slip vector rather than the transport
direction. These configurations reveal variable sensitivity of ferromagnetic minerals in recording the

deformation in a pure-shear-dominated regime.
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Figure 4.16. Ternary diagrams (see Figure 3.3 for parameters details) relating structural and mean anisotropy of
magnetic remanence (ARM) data.

4.5 Conclusions

We investigated the magnetic fabric in shear zones from 2 sectors of the Northern Apennines fold-and-thrust
belt, characterized by different combinations of simple and pure shear involving calcareous and marly rocks

(Calamita et al., 2012; Pace et al., 2015): the OAS frontal thrust ramp and the OAS oblique ramp.

The documented magnetic fabric shows similar evolution in all the deformation regimes, depending upon the
increasing of deformation (lower vorticity number) and proximity to the main thrust (Figure 4.14). Six

different fabrics were identified:
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A. sedimentary fabric characterized by magnetic foliation-bedding parallelism (Hrouda & Chadima, 2020,

and references therein);

B. an early stage of deformation with k; at the intersection between bedding and S plane (so called

intersection lineation; Hrouda & Chadima, 2020);

C. magnetic foliation parallel to S and k; parallel to the S/C intersection, progressively evolving with the

deformation increments (Parés et al., 1999; Pueyo Anchuela et al., 2010) in stage D;

D. magnetic foliation parallel to S and k; (or ks in case of possible inverse fabrics documented in the
Boragine sector) intermediate between S/C intersection and the slip vector. In case of pure-shear-dominated

regime, k; is intermediate between S/T intersection and the transport direction;

E. the magnetic foliation shows a double tendency to parallelize either the S or the C planes, and k; is

parallel to the slip vector or the transport direction (in case of pure shear component);

F. documented in pure-shear-dominated deformation regime only, shows the parallelism between k; (or k3 in

case of possible inverse fabrics) axis and extensional planes intersection.

These results show that the magnetic fabric is more sensitive to the simple shear deformation, as the
magnetic lineation tends to parallelize mostly with the computed slip vector. Under this case, para- and

ferromagnetic minerals are coaxial and record the same deformation stages.

In pure-shear dominated regimes, the magnetic lineation becomes parallel to the transport direction when the
deformation is really intense (sites at less than 15-30 cm from the thrust plane). This behaviour is also
recorded by paramagnetic minerals, while the ferromagnetic subfractions exhibit different deformation

stages.

These results suggest that it is fundamental to use a combination of density diagrams and cluster analysis on
AMS data in order to discriminate subfabrics linked to different events. Moreover, separate the contribution
of paramagnetic and ferromagnetic subpopulation of grains is suggested to constrain the progressive

evolution of the magnetic fabric in different deformation regimes.

In this way, the potential of magnetic fabric as a tool to unravel different sedimentary or tectonic features and

better understand the faulting processes is enhanced.
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SECOND CASE STUDY: The SVU

The SVU is a well-studied exhumed analogue of shallow
subduction megathrust (4-5 km of burial and Tmax =
120-150 °C) involving tectonic slices of mainly marly
and clay-rich units (Reuter et al., 1991; Remitti et al.,
2007; Vannucchi et al., 2008; Carlini et al., 2013). This
shear zone provided an opportunity to study the
heterogeneities in the rock magnetic signature across an
intraplate shear zone and their relationships to strain
partitioning and/or localization (results have been
published in Robustelli Test & Zanella, 2021 and
supported here by an additional case study from the
SVU). Moreover, geochemical data on shear veins
recorded the circulation of different fluids during the
seismic cycle and its variable influence on deformation.
Then, a detail characterization of the magnetic
mineralogy to reveal evidence of fluid-rock interaction

along intraplate shear zones is also reported.

5.1 Geological setting

The Sestola-Vidiciatico Tectonic Unit (SVU), in the Northern Apennines (Figure 5.1a, b), represents a plate
boundary shear zone, accommodating the displacement between the overriding European plate and the
underlying Adria microplate from the early to middle Miocene (Vannucchi et al., 2008; Remitti et al., 2013).
The SVU is interpreted as an exhumed analogue of the shallower portion of a subduction megathrust (up to 5
km of vertical burial and maximum temperature about 120-150 °C) related to the evolution of an erosive
margin (Mittempergher et al., 2018, and references therein). It consists of a complex subduction zone
mélange that is about 200-500 m thick (Cerchiari et al., 2020), currently separating the overthrusting late
Cretaceous-early Eocene accretionary prism (Ligurian and Subligurian Units) from the underthrusting
Tuscan/Umbrian Units of the Adriatic microplate (Figure 5.1¢) (Vannucchi et al., 2008). The map-scale
mélange consists of reworked blocks and slices, up to several hundreds of meters in size, of: (a) External
Ligurian/Subligurian Units derived from the pre-existing accretionary complex (e.g., Argille a Palombini and
Varicolored shales); (b) Late Eocene-middle Miocene shaly and marly deposits of the prism slope (e.g.,
Civago marls, Fiumalbo shales, and Marmoreto marls); and (c) debris flows deposit of the frontal

sedimentary prism. The tectonic slices are bounded by wavy anastomosing shear surfaces, sub-parallel to the
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roof and basal décollement. At local scale, each block can be mapped as single tectonic slice that exhibits a
different degree of internal deformation depending on its deformation history and lithification state prior to
involvement in the intraplate shear zone. In fact, partially unconsolidated material, such as slope sediments,
are the most affected by the stress regime within the megathrust shear zone (Remitti et al., 2007; Vannucchi
et al., 2008, 2012). The pile of tectonic slices is displaced by normal faults that allowed the exhumation of
portions of the chain preserving their original structural relationship (Remitti et al., 2012).

HOOOO Y | | quaternary deposits SW NE

l:] Late Miocene-Pleistocene EPILIGURIAN SUCCESSION
marine deposits

onen I:] Epiligurian Succession LIGURIAN UNITS
- Ligurian Units
- Subligurian Units
i Sestola-Vidiciatico
tectonic unit (SVU)
- Coscogno tectonic window TUSCAN/UMBRIAN UNITS

Tuscan Units
(e.g., Gova Sandstones)

:I Umbria-Romagna Units Marmeielo Marts
- Metamorphic Tuscan Units Fiumalbo Shales

Normal faults " strike-slip faults - Debris flow deposits
Normal faults (subsurface) " Faults of unknown displacement o )
- Block of Ligurian Units

7
/ Thrust faults and overthrusts / Lithological boudaries
M -CIV Civago Marls

rthenian

SVU

Thrust faults and overthrusts

(subsurface) C] Study areas - Gova (Fig. 5.2) and
Vidiciatico (Fig. 5.3)

Figure 5.1. (a) Structural sketch map of the Northern Apennines (modified from Remitti et al., 2013) and its location in
northern Italy (b); (¢) simplified stratigraphic and tectonic relationships in the Apennine intraplate shear zone.

To detect existing variations in strain across intraplate shear zone by rock magnetic signatures, we sampled
29 sites across two sectors exposing the basal thrust of the SVU. Overall, the main target consists of blocks
of slope sediments, as their structural fabric closely reflects the tectonic regime of the intraplate shear zone

(Vannucchi et al., 2012).

5.1.1 The Gova Tectonic Window

The Gova tectonic window (see location in Figure 5.1a) exposes the contact between the Tuscan/Umbrian
Units below the Ligurian Units. One of the best-exposed sections of the basal décollement of the SVU is
located at the Cadignano Bridge (44°20'12.08"N—10°31'37.99"E). Here, the hanging wall is composed of
superposed tectonic slices of slope deposits, whose contacts are marked by calcite shear veins (Figure 5.2a,
b; Remitti et al., 2012). The kinematic indicators on the basal thrust reveal a mean top to NE transport
direction (Figure 5.2¢). The bedding of marly units is completely disrupted by the pervasiveness of shear
surfaces into rhombohedral to lens shape lithons, resulting in a well-developed SW-dipping pressure-solution
cleavage. The latter is cut at high angle by extensional veins related to high fluid pressure and hydraulic

fracturing (Vannucchi et al., 2010; Remitti et al., 2012; Cerchiari et al., 2020). The footwall corresponds to
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early Miocene foredeep deposits of the Adria sedimentary cover (Gova sandstones; Plesi, 2002; Cornamusini
et al., 2018) composed by undeformed turbiditic layers intercalated with debris flow and slumps with blocks
of Ligurian units. Conjugate sets of strike-slip faults were observed in the first 10 m below the basal contact
(Figure 5.2e). Just below the contact there is an intruded layer of sheared sandstones, sandwiched between
the footwall and the hanging wall, providing evidence for incomplete lithification of the foredeep turbidites

when the thrust activated (Remitti et al., 2012).

Sites were located both in the footwall and hanging wall and were named according to the tectonic position
(U = Underthrusting sediments; S = Sheared sandstones; and B = Plate boundary shear zone) and numbered
by progressive distance from the main thrust (i.e., Ul, U2, and U3 at increasing distance from the basal
thrust; Figure 5.2d). The sampling scheme and site extensions were adapted to lithological variation and
intensity of deformation. Based on the high homogeneity of the Gova sandstones, we sampled three sites (1—
2 m thick) in the underthrusting sediments, at increasing distance from the basal thrust. In the shear
sandstones, we sampled three different blocks along the deformed body to detect any possible fabric
variations. In the first tectonic slice of the SVU, we sampled three parallel transects, perpendicular to the
basal thrust up to the tectonic contact with the overthrusting slice of Fiumalbo shales (Figure 5.2a). The
name of the sites is preceded by the number of the transect (i.e., T1-B1; Figure 5.2d). Each transect is
composed by multiple sites (50 cm—1 m thick), without significant variations at the mesoscale (Figure 5.2b).
We assume each site as homogeneous in terms of pervasiveness of tectonic structures and deformation
intensity since the shear surfaces show the same features at all the scales. We took at least 8—12 oriented

hand-samples of 5-20 c¢m size to ensure a significant statistical analysis.

Sandstone blocks were drilled out to give standard cylindrical specimens (® = 25 mm, h = 23 mm), for a
total of 123 from the footwall and 29 from the sheared sandstones. For the Civago marls, it was impossible to
prepare cylindrical specimens due to the pervasivity of the structures. The marly lithons were thus cut into
cubes, mostly equidimensional, preserving the sample orientation. Then, specimens were fixed and centered

in standard 8cc plastic cubes with non-magnetic plasticine, obtaining a total of 323 specimens.

5.1.2 The Vidiciatico sector

The deepest portion of the SVU is exposed at Vidiciatico (Vannucchi et al., 2008; 44°10'16.13"N—
10°51'42.42"E, see location in Figure 5.1a). The main thrust is WNW-dipping at a low angle (~ 30 °) and
sub-parallel to the bedding of the foredeep turbidites of the footwall (Figure 5.3b). The present-day attitude
of the SVU basal thrust is related to the subsequent tilting associated with the exhumation (Remitti et al.,
2007). The turbidites of the footwall are poorly deformed with the local presence of shear veins
(Mittempergher et al., 2018). The hanging wall includes lenticular-shaped tectonic slices composed by marly
rich sediments of the prism slope (e.g., Marmoreto Marls and/or Civago Marls), sedimentary
breccias/mélanges (debris flow deposits), and components from the accretionary prism (e.g., Argille a

Palombini or Varicolored shales) (Plesi et al., 2002; Vannucchi et al., 2010).
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Figure 5.2. (a) close-up of the tectonic contact between the Civago marls and the overthrusting Fiumalbo Shale; (b)
detail of the basal décollement of the Sestola-Vidiciatico Tectonic Unit; (¢) equal-area projection (lower hemisphere) of
the mesoscale structural data (integrated from Remitti et al., 2012); (d) sketch of the sites position where, U =
underthrusting sediments, S = sheared sandstones, and B = plate boundary shear zone; and (e) foredeep turbidites of the
footwall cut by strike-slip faults.

The accretionary prism components show a block-in-matrix fabric typical of broken formation (Figure 5.3f).
This fabric is due to the superposition of two generations of folds that produced a penetrative scaly fabric
(Vannucchi and Bettelli, 2002; Vannucchi et al., 2010). The debris flow deposits occur as a polymictic
sedimentary breccia characterized by blocks of limestones, sandstones and shales immersed in a pelitic
matrix (Figure 5.3g). The presence of anastomosed surfaces within the matrix has been associated with
dewatering and compaction (Vannucchi et al., 2010). The marly domains show a penetrative fabric,
consisting of rhombohedral shape lithons (Figure 5.3a, e), related to diffuse shearing that occurred during
the early stage of deformation (Mittempergher et al., 2018; Cerchiari et al., 2020). This fabric is cut by
localized shear zones sub-parallel to the main faults, suggesting the partitioning of the deformation along
main and secondary faults (Cerchiari et al., 2020). Slickenlines on the main faults indicate a dominant top to
NE transport direction (Figure 5.3¢). In addition, two sets of extensional veins are detected and reveal
crosscutting relationships with shear veins, suggesting cyclical activation and stress-switching during the
evolution of the SVU (Cerchiari et al., 2020). The set of fault-parallel extensional veins reveal high fluid
pressure and failure at low differential stress (Mittempergher et al., 2018). Instead, the fault-perpendicular

veins, which are folded and shortened, indicate fault-parallel flattening.
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The geochemical signature (REE composition; see details in Cerchiari et al., 2020) and stable isotope
analysis (*C and 'O composition; see Vannucchi et al., 2020) of the shear veins suggest changes in
permeability and drainage of deeper hot exotic fluids in disequilibrium with the fault zone during major
seismic events. Instead, the onset of extensional regime during post-seismic and reloading phases produces

extensional veins cemented by local fluids in equilibrium with the wall-rocks.

foliation Shear veins
basal thrust — with slip vector

T2-U1
l:l Marmoreto Marls I:I Broken Formations I:I Sedimentary Mélanges I:I Sandstones

NNE| [SWE— @i =

Figure 5.3. Details of the basal décollement of the Sestola-Vidiciatico Tectonic Unit (a; e); (b) Equal-area projection
of the (lower hemisphere) of the mesoscale structural data (¢) and shear veins with relative slip vectors (integrated from
Mittempergher et al., 2018; Cerchiari et al., 2020); (d) sketch of the sites position where, U = underthrusting sediments,
B = plate boundary shear zone, AR = broken formation, and SM = sedimentary mélange; Close-up of the meso-scale
fabric of the broken formation (f) and sedimentary mélange (g).

Oriented hand-samples were taken from both footwall and hangingwall of the SVU through three transects
perpendicular to the basal thrust (see sampling scheme in Figure 5.3d). Two sites were sampled in the
foredeep turbidites of the footwall. Oriented blocks were drilled out to obtain standard paleomagnetic

cylinders (® = 25 mm, h = 23 mm), for a total of 37 specimens. Within the SVU, each transect is composed

by multiple sites, located at a progressively greater distance from the basal thrust (Figure 5.3d). Tectonic
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slices of Marmoreto Marls were sampled along transect 1 and 2. Transect 3 also comprises broken
formations and sedimentary mélanges. Site names include the transect number, an acronym referring to the
structural position or origin of the tectonic slice (U = Underthrusting sediments; B = Plate boundary shear
zone; AR = Argille a Palombini or Varicoloured shales - i.e., Broken Formation; SM = Sedimentary
Me¢lange). The sites are then numbered according to their progressive distance from the main fault plane
(e.g., T1-B1, T1-B2 and T1-B3). Twelve oriented hand-samples were taken for each site, by sampling the
rhombohedral lithons in marly domains or the matrix in case of broken formation and sedimentary mélanges.
We also collected few samples from the boudins immersed in the matrix of the Broken formation. Samples
were then cut into cubes, obtaining a total of 268 specimens of marls, 37 from the broken formation and 31

from the sedimentary mélange.
5.2 Results

5.2.1 Magnetic Mineralogy

Thermomagnetic curves show a decrease in susceptibility up to 400 °C (Figure 5.4a), suggesting the
dominance of paramagnetic behaviour. Then, the susceptibility increases until 500 °C and smoothly
decreases to zero around 580 °C, indicating the presence of magnetite. Cooling curves are shifted toward

higher susceptibility, consistently with the neoformation of magnetite.

80e-06

60e-06
30e-06 '\
@ 40e-06 @
oF e \fF 20e-06
20e-06 10e-06
[ —
0.0e+00 0.0e+00
0 600 700 0 100 200 300 400 500 600 700
T (°C)
u 100 s, , ratio s, ratio ARM/y,,
0.80 0.85 0.90 0.951.00 0.40 0.60 0.80 1.00 O 40 80 120
g 16 .
s ¥ 12 . | ]
z E - # ]
° = gdo 4 J
N F 2
= LIS S B N B L L B B L SR B N E 1.2 7 / n
g- J@.0100 300 500 700 900 1100 1300 1500 o 41 © . / e
5 B (mT) s 1 R 1
2 £ 0 = = )
! = <
. = %) - 4
®  Civago Marls (SVU) 8 -44s5 . \ 8
@ Sheared Sandstones E a % & >‘ g
- c — -
-100 © Gova Sandstones (Footwall) g -8 3 e

Figure 5.4. (a) Thermomagnetic susceptibility curves; (b) isothermal remanent magnetization acquisition and backfield
curves; and (¢) plots of S-ratios and anhysteretic remanent magnetization (ARM)/ym versus distance from the basal
décollement.
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IRM experiments suggest different coercivity phases assemblage in the lithologies (Figure 5.4b and Figure
5.5a). The Civago marls saturate around 0.2 T, indicating the dominance of low-coercivity phases (Figure
5.4b). The Gova sandstones show a mixture of low- and high-coercivity minerals. In fact, after an initial
increase up to 0.2 T the IRM do not saturate at the peak-field of 1.5 T. A similar trend is observed for
foredeep turbidites and some marly samples at Vidiciatico (Figure 5.5a). The Marmoreto Marls typically
saturate below 0.2 T (Figure 5.5a). The sedimentary mélange and broken formation show IRM curves that

saturate at 0.3-0.4 T, suggesting the dominance of low-coercivity minerals such as magnetite.

The S-ratios values (Figure 5.4¢ and Figure 5.5b; Figure 5.S 1 and Figure 5.S 2) agree with the dominance
of low- to medium-coercivity phases such as magnetite, within the shear zone. In the sandstones, the S-ratios
decrease and are consistent with an increase in the abundance of high-coercivity minerals (Figure 5.4c and
Figure 5.5b). The lowest S-ratios (< 0.80) occur at Vidiciatico in the tectonic slices located farther from the
basal thrust (Figure 5.5b), indicating significant amount of high-coercivity minerals, particularly at site T1-
B3. The ARM/ym ratio (Figure 5.4c and Figure 5.5b) suggests the occurrence of coarse-grained magnetite,
in agreement with the MDF values (Figure 5.S 1 and Figure 5.S 2).
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Figure 5.5. (a) Isothermal remanent magnetization acquisition and backfield curves; (b) plots of S-ratios and
anhysteretic remanent magnetization (ARM)/ym versus distance from the basal décollement.

The deconvolution of the IRM acquisition curves show best-fit models characterized by the occurrence of
three components (Figure 5.6a and Figure 5.7a; Figure 5.S 1 and Figure 5.S 2): (a) a low-coercivity
component consistent with detrital magnetite; (b) an intermediate-coercivity phase, suggesting the presence
of a mixture of magnetite grains with different origin and grain-size; and (c) a high-coercivity component,
such as hematite or goethite (Dunlop & Ozdemir, 1997). The relative contribution and the occurrence of the

components varies among lithologies and with structural position (Figure 5.S 1 and Figure 5.S 2).

The sandstones in the footwall locally show a significant contribution (up to 35%) of high-coercivity phases.
On the contrary, in both sheared sandstones and marly domains, component three decreases (<15%) in
favour of intermediate-coercivity phases (Component 2 > 70%), while the abundance of the detrital
magnetite remained stable around 5%—-15% in the sandstones and turns out to be higher in the marly

sediments (~20%; see samples T1-B4 in Figure 5.6a and T3-B1 in Figure 5.7a). The Marmoreto marls can
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also show a significant contribution of high-coercivity components (40%-45%; T1-B3 in Figure 5.7a;
Figure 5.S 2). Broken formation and sedimentary mélanges show similar components, with low and
intermediate coercivity phases retaining at least the 80% of the IRM and a variable contribution of

Component 3 less than 15%.
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Figure 5.6. (a) Coercivity distribution and unmixing of isothermal remanent magnetization (IRM) acquisition curves
(Maxbauer et al., 2016) of representative samples from the SVU cropping out at the Gova Tectonic window; and (b)
thermal demagnetization of three-component IRMs and normalized magnetic susceptibility (k/ko) versus temperature.

The Lowrie (1990) experiments (Figure 5.6b and Figure 5.7b) always show the predominance of the soft
fraction (< 0.1 T), with the remanent magnetization almost completely removed at 560—580 °C. The drop
around 300-350 °C in some specimens suggests the occurrence of iron sulfides (Weaver et al., 2002) and is
locally detected in both sandstones and the SVU sediments (Figure 5.S 1 and Figure 5.S 2). An additional
drop is visible at 400-500 °C which may be associated with the presence of minor titanomagnetite. The
relevance of hard and intermediate fractions varies among lithologies. A significant contribution of the hard
fraction was observed in the Gova sandstones (Ul-1f and U3-1i Figure 5.6b) and in a few samples of

Marmoreto marls (T1-B3-4a in Figure 5.7b). In contrast, the hard fraction is almost negligible in the other
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lithologies. At Gova, a relative increment can be recognized in the Civago marls with the proximity to the
basal thrust (T2-B1; Figure 5.6b). In addition, a significant contribution of the intermediate fraction can be
observed in the broken formation (T1-AR-10b in Figure 5.7b), with the remanence of this component almost
completely erased at 350 °C, suggesting the presence of remanence-bearing iron-sulfides or Ti-magnetite.
The sharply increase of ky, above 300400 °C may be associated with a continuous oxidation effect. For the
sandstones, this increment is compatible with the alteration of iron sulfides (i.e., pyrite and/or greigite) into
magnetite (Mullender et al., 1993; Weaver et al., 2002). Instead, the breakdown of iron-bearing clay minerals
may be a reasonable thermochemical reaction accountable for the formation of new magnetite for the marly
domains (van Velzen & Zijderveld, 1992; Hirt et al., 1993). The formation of new hematite, induced by

thermal treatments, is visible between 580 °C and 700 °C.
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Figure 5.7. (a) Coercivity distribution and unmixing of isothermal remanent magnetization (IRM) acquisition curves
(Maxbauer et al., 2016) of representative samples from Vidiciatico; and (b) thermal demagnetization of three-
component IRMs and normalized magnetic susceptibility (k/ko) versus temperature.

No significant variation of ym was observed as the field increased (Figure 5.8a, b; V, ~ £+ 0.50, Figure 5.S 1

and Figure 5.S 2), indicating the dominance of paramagnetic minerals or magnetite (Hrouda, 2002; Hrouda
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et al., 2006). Few samples show variation in magnetic susceptibility with frequency, but the yse, is typically

less than 6% (Figure 5.S 1 and Figure 5.S 2) allowing dominance of SP particles to be excluded (Maxbauer

et al., 2016).

Hysteresis loop at room temperature show a prevailing paramagnetic behaviour (Figure 5.8¢), which causes

a high noise level. In fact, in some samples the ferromagnetic component was neglectable or not sufficient to

confidently define the hysteresis parameters. Overall, the hysteresis curves saturated between 0.3-0.6 T and

show a narrow shape indicating the presence of low coercivity phases such as magnetite.
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Figure 5.8. (a) Field and frequency variations of the mass magnetic susceptibility for representative lithologies; (b)
Hysteresis loop for representative samples after correction and fitting. Insets show both raw and corrected data; (¢) Day
et al. (1977) plot of the hysteresis ratios My/M; and B./B. with mixing curves after Dunlop (2002a, 2002b).
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Few samples from the Marmoreto marls (VID-B3 in Figure 5.8c) show a wider loop with a wasp-waisted
shape, suggesting the presence of a mixture of low- and high-coercivity phases (Roberts et al., 1995). Based
on hysteresis loop parameters, the marly domains revealed a mixture of SD and MD magnetite grains
(Figure 5.8d) with no significant variation between Vidiciatico and Gova sector. The foredeep turbidites

from the footwall also show some samples with the possible presence of SP particles.

5.2.1.1. Low- and high-temperature experiments and SEM-EDS analysis

Field-cooled (FC) and zero field-cooled (ZFC) remanence curves display a continuous decay of remanence
during warming (Figure 5.9 and Figure 5.10). Overall, the FC curves reveal higher magnetization than ZFC
and converge at 250-300 K, suggesting the occurrence of goethite (Liu et al., 2006). In addition, most of
samples show a subtle drop at ~ 124 K, consistent with the Verwey transition (Ty) of magnetite (Verwey,
1939; Muxworthy & McClelland, 2000). Ty values at around 120 K are likely related to the presence of
inorganic detrital magnetite (Chang et al., 2016; Jackson and Moskowitz, 2021). The absence of a clearly
visible Ty in some samples (Figure 5.9a, ¢ and Figure 5.10a-c) may be associated with the occurrence of Ti-
magnetite or more oxidized magnetite into maghemite (Chang et al., 2013). In addition, Ty becomes more
visible when the FC and ZFC curves are less spaced. The remanence loss through the Verwey transition (J;
see APPENDIX [; Moskowitz et al., 1993) is < 0.4 or < 0.8 for dzrc and Jrc, respectively. At Gova, the
remanence loss is less pronounced at a greater distance from the basal décollement (Figure 5.9a; drc = 0.36;
dzrc = 0.28) and is higher in the shear sandstones (Figure 5.9b; drc = 0.44; dzrc = 0.39) . Similar behaviour
was observed along transect 2 at Vidiciatico with maximum values of the o ratio (8rc = 0.73; dzrc = 0.25)
detected near the basal décollement (Figure 5.10¢). In contrast, along transect 1, the Verwey transition is
weak and maximum values were observed in the underthrusting sediments and at site T1-B2 (Figure 5.10a-
b). The delta-delta ratio (6rc/0zrc) ranges from 1.12 to 2.96, suggesting the presence of PSD to SD magnetite
grains (Housen & Moskowitz, 2006). The drc/dzrc increases close to the basal décollement at Gova and at
transect 2 at Vidiciatico. In contrast, transect 1 at Vidiciatico shows a reverse trend with maximum values of
about 2.16 at a greater distance from the basal thrust plane, at Site T1-B3.

The ratio of the SIRM at 20 K between FC and ZFC (Rit; see APPENDIX [; Smirnov, 2009) varies among
lithologies. Sandstones reveal values of about 2.56 £ 0.57, which becomes 1.74 in the shear sandstones. In
the marly sediments, Rt strongly varies between 1.18 and 4.37, confirming the presence of SD to PSD
magnetite grains (Smirnov, 2009). Ryt displays higher values close to the basal décollement at Gova and

transect 2 at Vidiciatico. In contrast, along transect 1, Ryt increases with distance from the main thrust plane.

The RT-SIRM cooling curves show an initial gradual increase in magnetization, followed by a faint to well-
developed loss in magnetization at ~ 120 K and then increases continuously down to 10 K (Figure 5.9 and
Figure 5.10). The shear sandstones at Gova show two drops in the cooling curves at 126 and 247 K,
consistent with the Verwey and Morin transition, respectively (Figure 5.9b). A similar trend is seen in the
footwall at Vidiciatico (Figure 5.10b). Overall, upon warming, the remanence is not recovered passing

through the Verwey transition and monotonically decrease from 120 to 300 K.
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Figure 5.9. Representatives FC-ZFC with first derivative and RT-SIRM remanence curves from the Gova Sector: (a)
Civago marls; (b) sheared sandstones; (¢) sandstones from the Footwall. (d) Relative position of samples in respect to
the thrust surface for both Gova and Vidiciatico sectors.

The remanence magnetization on the cooling curves increases by more than 7%, indicating that goethite
constitutes an appreciable part of the SIRM (Dekkers, 1989). Marly sediments reveal increases in
magnetization of about 14 + 1%, while sandstones can also show a significant loss of SIRM during cooling
to 10 K (Figure 5.9b and Figure 5.10b). At Gova (Figure 5.9), few samples shows a monotonic increase in
magnetization and a faint inflection close to the T, with magnetization increases > 30% in the footwall and at
site T2-B3 (Figure 5.9a, ¢). At Vidiciatico, the increases in magnetization are generally less intense, with
higher values (~ 11%) close to the basal décollement (Figure 5.10a, ¢). The goethite proxy (G%; see
APPENDIX I; Aubourg et al., 2021) is significantly higher at Gova, where it ranges from 7% to 20%. In
contrast, at Vidiciatico G% is typically < 11%. At both Gova and Vidiciatico, G% decreases with proximity

to the basal décollement and increases with distance.
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Figure 5.10. Representatives FC-ZFC with first derivative and RT-SIRM remanence curves from the Vidiciatico
Sector: Marmoreto marls from Transect 1 (a) and 2 (c¢); (b) sandstones from the Footwall. Relative position of the
samples are reported in Figure 5.9d.

The stepwise thermomagnetic susceptibility cycles are almost reversible up to a maximum temperature of
350 °C (Figure 5.11 and Figure 5.12), suggesting no new generation of ferromagnetic grains. In fact, at the

lowest temperature steps, most samples reveal low or neglectable values (< 9%) of the alteration indices (Aso
and Oycurve%; see APPENDIX I; Hrouda, 2003; Yang et al., 2016). Only a few samples of marly sediments
start to alter at about 350 °C (T2-Bl in Figure 5.11a and T2-B3 in Figure 5.12a), showing Aso = 20-22%
and Oycurve% = 19-31%. Overall, the heating-cooling cycle at the 700 °C step show irreversible curves. The

heating curves at the 700 °C step exhibit a paramagnetic hyperbolic behaviour from room temperature up to
350-400 °C (Figure 5.11 and Figure 5.12), following the Curie-Weiss Law (Hrouda et al., 1997). The y

starts to increase above ~ 350 °C and reaches maximum values between 500 and 550 °C, suggesting the
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thermal decomposition of iron-bearing paramagnetic minerals, such as pyrite and/or clay minerals (Tanikawa
et al., 2008; Yang et al., 2016). The magnitude of the increase in y varies significantly depending on the
lithology (Figure 5.11 and Figure 5.12). The sheared sandstones reveal a slight increase in y with values at
550 °C lower than the initial susceptibility (Figure 5.11b). In contrast, the sandstones of the footwall show a
sharp increase in y at about 400 °C (Figure 5.11c and Figure 5.12b).
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Figure 5.11. Representatives stepwise thermomagnetic susceptibility curves from the Gova Sector: (a) Civago marls;
(b) sheared sandstones; (¢) sandstones from the Footwall. Details on the heating curves and the heating-cooling cycles
at Tmax < 350 °C are reported. (d) Relative position of samples in respect to the thrust surface for both Gova and
Vidiciatico sectors.
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In the marly sediments at Gova and along transect 2 at Vidiciatico, y increases at 350 °C, but the magnitude
of this increase diminishes with distance from the thrust (Figure 5.11a and Figure 5.12¢). In contrast,
transect 1 shows an opposite trend, with faint to neglectable increase in x upon heating in proximity to the
basal thrust plane (Figure 5.12a). In most samples, y becomes nearly zero at about 600 °C, indicating the
presence and/or new formation of magnetite. Some specimens show a significant loss of y at 580-600 °C but
reaches zero at 700 °C, suggesting the local presence of hematite (e.g., Samples T2-B2 and Ul in Figure
5.11a, ¢c and T1-U1 in Figure 5.12b).
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Figure 5.12. Representatives stepwise thermomagnetic susceptibility curves from the Vidiciatico Sector: Marmoreto
marls from Transect 1 (a) and 2 (¢); (b) sandstones from the Footwall. Samples position are reported in Figure 5.11d.

70



Chapter 5: SECOND CASE STUDY: The SVU

Upon cooling, y increases abruptly, suggesting significant neoformation of magnetite during the thermal
treatment. Different behaviours were observed in the cooling curves. At Gova, we observed variations
depending on the lithology. In sandstones, y increases sharply at 580-600 °C to an order of magnitude higher
and then slightly increases showing maximum values at 350-400 °C (Figure 5.11b-¢). Marly sediments
show an initial rapid increase in susceptibility between 580 and 550 °C, followed by a monotonic increase
with decreasing temperature, reaching a peak in y between 300 and 350 °C (Figure 5.11). The sandstones at
Vidiciatico exhibit intermediate behaviour with a minor increase in susceptibility between 600 and 550 °C
(Figure 5.12b). Along transect 1 (Figure 5.12a), the increase in y at 580 °C becomes sharper with distance
from the basal décollement. In particular, T1-B3 reaches maximum y at 500 °C. In contrast, along transect 2,

the maximum y shifts to a lower temperature (~ 300 °C) at greater distance from the thrust (Figure 5.12c).

Hysteresis loops after stepwise thermal treatments reveal low saturation magnetization (M;) up to 350 °C
with values < 1.84 (x 10° Am?kg). At low temperature steps, before high-field correction, the signal is
dominated by paramagnetic behaviour and shows slight changes in M with increasing Tmax (Figure 5.S 3).
M; strongly increases after the 450 °C step, revealing the formation of ferromagnetic phases, which leads to a
common final product for all lithology at the 650 °C step. Overall, the M; values after the 650 °C step are
two orders of magnitude higher than the initial values (Figure 5.13a). At the 650 °C thermal step, the
hysteresis loops are pot-bellied, showing a shape parameter dnyst < 0. The occurrence of B. < 30 mT suggests

the neoformation of low coercivity minerals (e.g., magnetite) as the final product.
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Figure 5.13. (a) Hysterisis loops after stepwise thermal treatment at a progressively higher maximum temperature.
Loop are corrected for the high-field slope. Raw data are reported in Figure 5.S 3. Hysteresis paramenters vs. distance
from the basal décollement: (b) B, and (¢) M;/M;. See Figure 5.11d for samples position.
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Different trends were observed in the evolution of the hysteresis loops between lithologies and with distance

from the main thrust plane (Figure 5.13).

In the footwall, the hysteresis loop becomes wider at 450 °C and the coercivity (B¢) increases (Figure
5.13a). B, changes from < 10 mT to 35 mT and 62 mT at site U3 and Ul, respectively (Figure 5.13b).
Thereafter, the loop thins and B. progressively decreases during the 550 and 650 °C temperature steps,
showing values of about 20 mT. In contrast, M; increases significantly after the 550 °C step to maximum
values of 8.28 (x 10? Am%kg). The variation of M,/M; with temperature remarks the progressive
mineralogical transformations and exhibits maximum values at the 450 °C step (Figure 5.13c). In addition,
site Ul shows a greater increase in B. and M/M;s than site U3. The sheared level of sandstones shows
increase in B, from the 450 °C step with a maximum value of 87 mT at the 550 °C step (Figure 5.13b). The
shape of the hysteresis loop changes from wasp-waisted with nys values close to 1 to pot-bellied with Onyst

about 0.1 at the 550 °C step (Figure 5.13a). M, increases strongly only during the last thermal step.

In the marls, we observed a different behaviour depending on the distance from the basal thrust. At a greater
distance (Site T2-B3 in Figure 5.13a), B, reaches a maximum value of 29 mT at the 450 °C step. The
magnetization after the increase at 450 °C remains almost stable (~ 7 x 10° Am?/kg) and then increases
significantly at the last thermal step. The shape of the hysteresis loop is slightly wasp-waisted (dnyst < 0.5)
and becomes pot-bellied at the 650 °C thermal step (Figure 5.13a). In contrast, close to the basal thrust, at
the 450 °C step, Bcis 243 mT (Figure 5.13b), suggesting the neoformation of high-coercivity minerals such
as hematite probably SD (Ozdemir & Dunlop, 2014). At this step, the M,s/M; ratio shows the highest value of
0.63 (Figure 5.13c¢), consistent with that of hematite (Ozdemir & Dunlop, 2014). After the 550 °C step, the

coercivity turn back to lower values (~ 15 mT).

The petrographic observations performed using SEM-EDS analysis revealed the presence of iron-sulfides
microcrysts (Figure 5.14). In fact, EDS analysis confirm the occurrence of pyrite (FeS2; Figure 5.14e).

In the marly domains from the hanging wall of the SVU, pyrite occurs either as isolated framboids (1 to 10
pm in diameter) or as large aggregated of framboids (~ 150 pum; Figure 5.14a, b). At the tips of the
aggregates, smaller grain framboids are distributed along the dissolution seams, which might be associated to

porphyroblastic or porphyroclastic structures (Passchier & Trouw, 2005).

Instead, within the sandstones, pyrite framboids are usually isolated and dispersed between clay minerals or

within the carbonate matrix, with no preferred orientation or specific spatial distribution (Figure 5.14¢, d).

5.2.2 AMS

The mass magnetic susceptibility varies among lithologies (Table 5.S 1 and Table 5.S 3; Figure 5.15a and
Figure 5.16a), ranging from 30.9 to 220.8 (x 10° m’kg'). These values agree with a high content of
paramagnetic minerals, such as clay minerals or phyllosilicates. A predominance of the paramagnetic

minerals of the matrix on the total AMS has to be considered (Rochette, 1987; Evans et al., 2003).

72



Chapter 5: SECOND CASE STUDY: The SVU

20000

cts

10000

o -

00 25 50 75 10.0
KeV

Figure 5.14. Backscattered SEM image of: (a-b) large aggregates of framboidal Pyrite within the SVU marly domains;

isolated framboids in the foredeep turbidites (c-d). (e) Representative EDS spectrum of pyrite framboids.

The turbiditic sandstones from the footwall of the SVU show low values with a mean of y, = 56.1 £ 15.7 (X
10° m’kg "). The Gova Sandstones shows two clusters of y values (Figure 5.15d), unrelated to the distance
from the thrust and variations in the AMS scalar parameters (Pj and T, Figure 5.15b, ¢). The sheared
sandstones layer displays variations between areas, with a significant lower mean at Site T2-S. In the
footwall at Vidiciatico, the yn differs considerably between the two sites, with higher values at Site T2-Ul
(xm = 88.9 £ 16.4 [x 10 m’kg']; Figure 5.16a and Table 5.S 3). In contrast, the marly domains of the
hanging wall reveal a wider range of values, from 45.0 to 144.8 (x 10 m’kg'). The Civago marls show an
increase in y, with distance from the thrust plane (Figure 5.15d). In the Marmoreto Marls, slight variations
are observed among sites with no clear correlation with structural position (Figure 5.16d). The sedimentary
mélange displays uniform and on average higher values of yn = 105.8 £ 7.4 (x 10” m’kg ™). Instead, the
Broken formation reveals significant variability and the highest values, with ym spanning from 58.9 to 220.8

(x 10° m’kg ") (Figure 5.16d).

At Gova, the footwall is characterized by neutral to oblate AMS ellipsoids and low to moderate anisotropy
degree (Pj = 1.064 £ 0.009; T = 0.318 + 0.168; Figure 5.15b, ¢). The sheared level displays the lowest Pj
(~1.039 £+ 0.013). The magnetic fabric is oblate at the tips of the sheared body, while in the central portion T
shows a transition from oblate to prolate (Transect 2 Figure 5.15e). At Vidiciatico, the foredeep turbiditic
sandstones reveal a neutral to oblate magnetic fabric with moderate to high Pj (Figure 5.16b, ¢). Remarkable
differences in Pj are observed between sites, with the highest values (~ 1.152) found at Site T2-U1 (Figure
5.16e).
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In the hanging wall, slight variation in AMS scalar parameters are observed as a function of the different
origin of the tectonic slices (Figure 5.15 and Figure 5.16). In the Civago marls slices, Pj varies from low to
high (between 1.015 and 1.245; Figure 5.15b), with the lowest values detected in the central portion of the
tectonic slice, between 3 and 9 m from the basal thrust. No notable dependence of Pj on the rock composition
can be inferred. T is oblate in most specimens being neutral and prolate only in a minor number of

specimens, mostly located along Transect 2 and 3 (Figure 5.15¢).
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Figure 5.15. Variations of the anisotropy of magnetic susceptibility scalar parameters among transects from the Gova
Tectonic window: Box-and-whisker plots of the (a) mass magnetic susceptibility (ym), (b) corrected anisotropy degree
(Pj) and (¢) shape parameter (T); (d) Pj versus ym; and (e) T versus Pj.

Marmoreto marls show AMS scalar parameters comparable to those of the other marly domains. The highest
Pj values was detected close to the main thrust plane at Transect 2 (Figure 5.16d), where the magnetic fabric

is strongly oblate. In the other transects, the shape of the magnetic ellipsoid changes from neutral to oblate
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according to the distance from the main thrust faults (Figure 5.16e). The sedimentary mélange shows a
neutral shape of the magnetic ellipsoid with moderate degree of anisotropy (T = 0.290 + 0.306; Pj = 1.052 +
0.017). In contrast, the Broken formation reveals a strongly oblate fabric with the highest Pj values (~ 1.225).

We did not observe variations in AMS parameters related to unconventional dimension and shape
imperfections of the specimens (Candn-Tapia & Pinkerton, 2000; Almgqvist et al., 2020). We thus assume
that variations in AMS data are related to changes in mineralogy and/or deformation intensity. In the
following paragraphs, AMS axis orientations and variations of the scalar parameters will be discussed by

sector, describing separately each transect.
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Figure 5.16. Variations of the anisotropy of magnetic susceptibility scalar parameters among transects from
Vidiciatico: Box-and-whisker plots of the (a) mass magnetic susceptibility (ym), (b) corrected anisotropy degree (Pj)
and (¢) shape parameter (T); (d) Pj versus ym; and (e) T versus Pj.

75



Chapter 5: SECOND CASE STUDY: The SVU

5.2.2.1 The Gova Tectonic Window
5.2.2.1.1 Footwall

xm and T vary slightly among sites, while Pj remains constant (Figure 5.17). The magnetic fabric changes
from neutral to oblate in the first 3 m below the basal thrust. At all sites, the magnetic fabric is well-defined
with a sub-horizontal magnetic foliation and an E-W trending magnetic lineation. In addition, at site Ul,
some specimens display a deviation of k; axis toward NW, resulting in the deflection of k; and k, from the

mean magnetic foliation (U1 light-toned axes Figure 5.17).
5.2.2.1.2 Transect 1

The sheared sandstones are characterized by a low Pj and a strongly oblate ellipsoid (Figure 5.17). Into the
SVU, both ym and T display a relatively small decrease in the first 3 m above the basal thrust, followed by a
higher susceptibility and a higher degree of oblateness in the upper part of the tectonic slice; Pj does not vary
greatly. Throughout transect 1, the magnetic fabric is oblate, showing well-grouped axes with a SW- to
SSW-dipping magnetic foliation and mainly SW-plunging k; (Figure 5.17). Furthermore, Site T1-B4 reveals
a mixed fabric characterized by a high dispersion of k; and k, axes and two main clusters of ks;. By
contouring and cluster analysis, most of specimens can be associated to two subfabrics showing a well-
defined SSW-dipping magnetic foliation and k; axis trending E-W and NE-SW (heavy-toned colors Figure
5.17; Sf1 and Sf2 Table 5.S 1). In addition, the ks cluster at WNW suggests a third subfabric (light-toned
axes Figure 5.17), characterized by a steeply dipping magnetic foliation and a sub-horizontal N-S trending

k; axis.
5.2.2.1.3 Transect 2

The sheared sandstones show a neutral magnetic fabric with low Pj (Figure 5.18). On the contrary, into the
SVU most of sites reveals an oblate fabric with relatively high Pj. A significant drop is observed in all AMS
parameters at site T2-B2. The magnetic fabric of the sheared level is well-defined and characterized by a
steeply dipping magnetic foliation and a horizontal E-W trending magnetic lineation. The SVU is
characterized by the occurrence of complex magnetic fabrics. Site T2-B1 shows a mixed magnetic fabric
with highly dispersed k; and k; axes. Three different subfabrics were detected: (a) a dominant neutral
subfabric showing a S-dipping magnetic foliation and sub-horizontal E-W trending magnetic lineation
(heavy-toned colors Figure 5.18; Sf1 Site T2-B1 Table 5.S 1); (b) an oblate magnetic fabric with a magnetic
foliation that strikes NW-SE and a SW-plunging k; axis (Sf2 Site T2B1 Table 5.S 1); and (c) an oblate
magnetic fabric showing a S- to SE-dipping magnetic foliation associated to a magnetic lineation from N-S
to NW-SE trending. At 3 m to the fault zone there is a drop in the AMS parameters (T2-B2), in which the
magnetic fabric is prolate and characterized by a NE-SW trending magnetic lineation. The presence of non-
orthorhombic confidence regions is due to the superposition of subfabrics. In the upper part of the tectonic
slice the magnetic fabric is again oblate and Pj increases. Both sites T2-B3 and T2-B4 display a slight

dispersion of AMS axes. These configurations suggest variations in the relative contribution of two
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competing fabric between sites. In fact, the magnetic lineation preserves a dominant attitude along an E-W to
NE-SW direction, while the magnetic foliation shifts from SW-dipping at site T2-B3 to mostly S-dipping

close to the contact with the Fiumalbo shale.
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5.2.2.1.4 Transect 3

The magnetic fabric of site T3-S is oblate with a low Pj (Figure 5.18). The maximum principal susceptibility
axes are well-clustered with sub-horizontal E-W trending magnetic lineation. The magnetic foliation is S-

dipping at an intermediate angle. At the base of the Civago marls, the magnetic fabric is well-defined and
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oblate with a high Pj. The magnetic foliation is SSW-dipping and the magnetic lineation trends NE-SW. In
the central portion of the tectonic slice, the magnetic fabric changes into prolate and Pj decreases. At site T3-

B2, k; axes are well-group toward SW, while k, and k3 are dispersed on a NW-SE trending girdle.
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Site T3-B3 reveals a slightly prolate mixed magnetic fabric with a dominant WSW-trending magnetic
lineation. Here, the scattering of ks and k> axes is related to the superposition of two different patterns. Most
data follow the dominant oblate fabric with SSE-dipping magnetic foliation, while few specimens show a

sub-horizontal magnetic foliation and a prolate shape.

In general, the footwall reveals high data consistency with a prevailing sub-horizontal magnetic fabric with
an E-W trending ki (Umain Figure 5.19). The small deflections result from a secondary pattern (Ustike stip)
contributing for the 32% at site U1. In the sheared sandstones, the main trend reveals a dominant ENE-WSW
striking magnetic lineation. Variations in the magnetic foliation among portions produce the scatter in the
total AMS. The magnetic fabric of sites T2-S and T3-S shows a consistent S-dipping magnetic foliation at
high-angle. Instead, at site T1-S the magnetic foliation is SW-dipping, in agreement with the main pattern
observed into the SVU. In the megathrust shear zone, the magnetic fabric shows significant heterogeneities.
By contouring and cluster analysis we discriminate 5 main patterns (Figure 5.19). Pattern 1, characterized by
an oblate fabric with an E-W magnetic lineation, is mostly localized in the middle/upper portion of the
tectonic slice. This pattern is also preserved in most specimens from Site T2-B1. Pattern 2 is the dominant
magnetic fabric into the SVU. It shows an oblate ellipsoid with a SW-dipping magnetic foliation and a SW-
plunging magnetic lineation. Pattern 3, in the first meter of the Transect 2 (Sf3 Site T2-B1 Table 5.S 1),
shows N-S trending k; and SSE-dipping magnetic foliation. Pattern 4 is observed in the central portion of the
tectonic slice along Transect 2 and 3; it includes specimens with prolate to slightly triaxial AMS ellipsoid
with a well-defined NE-SW trending magnetic lineation and interspersed k, and ks axes. A specific
subfabric, named Pattern 5, was observed at site T1-B4 (Sf3 Site T1-B4 Table 5.S 1) and may be considered

as local disturbance/variation.
5.2.2.2 The Vidiciatico sector
5.2.2.2.1 Transect 1

The sandstones of the footwall show an oblate magnetic fabric, characterized by low Pj and sub-horizontal
magnetic foliation (Transect 1 in Figure 5.20). The ym shows a bimodal distribution coupled with a different
orientation of the principal magnetic susceptibility axes. Specimens with lower ym values display a magnetic
fabric with well-clustered AMS axes and sub-horizontal magnetic lineation with NW-SE trend. In contrast,
the magnetic fabric of samples with higher ¥, shows a significant scattering of k; and k, on the magnetic

foliation plane.

Within the SVU, the magnetic fabric is strongly oblate in the first 2 meters above the basal thrust, followed
by an increase in ym. At a greater distance from the thrust (~ 10 m) the yn decreases and the magnetic fabric
becomes prolate. Pj shows a slight increase near the main fault plane. Variations in the AMS scalar
parameters are associated with changes in the magnetic fabric configuration. Sites T1-B1 and T1-B2 show a
well-defined oblate magnetic fabric, characterized by a sub-horizontal W- to WNW-dipping magnetic

foliation and a dominant NW-SE oriented magnetic lineation. In contrast, few samples from site T1-Bl
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(light-toned axes Figure 5.20) reveal sub-horizontal k; axes clustered at WSW, suggesting the presence of a

second subfabric. In addition, the magnetic foliation becomes flatter with the proximity to the thrust plane.
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Unit transects from the Gova Tectonic window. Percentage histograms of pattern occurrence for levels at different
distance from the main thrust. Lower hemisphere equal-area projections of the principal magnetic susceptibility axes
with relative contour diagrams.

At ~ 10 m from the basal thrust (Site T1-B3), we observed a mixed magnetic fabric with a well-defined sub-
horizontal magnetic lineation trending NW-SE and a magnetic foliation dipping toward NE at a high angle.

The total fabric reflects the AMS configuration carried by most of the specimens (Subfabric 2 in Table 5.S

3). A minor subfabric is also registered, showing sub-vertical ks axes (light-toned axes Figure 5.20).
5.2.2.2.2 Transect 2

ym and T agree among sites, revealing a dominant oblate magnetic fabric along Transect 2 (Figure 5.20).
Instead, Pj decreases significantly with distance from the basal thrust (Table 5.S 3). In both footwall and

hanging wall, there is a prevailing magnetic fabric showing a NW-dipping magnetic foliation and a common
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orientation of the k; axes at WNW to N. Site T1-B2 reveals the presence of an additional subfabric
characterized by a higher Pj and magnetic foliation dipping toward W at a low angle (light-toned axes in

Figure 5.20). Subfabric 2 shows a sub-horizontal magnetic lineation clustered at WSW.
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Figure 5.20. Magnetic fabric from the Sestola-Vidiciatico Tectonic Unit Transect 1 and 2, Vidiciatico sector. Plots of
AMS parameters versus distance from the décollement (left). Lower hemisphere equal-area projections of the AMS
axes at site level (right). Legends as in Figure 5.17.

5.2.2.2.3 Transect 3

Along Transect 2, the variation in magnetic fabric pattern and relative parameters is closely related to the
origin of the tectonic slice. Here, the distance to the thrust fault is relevant only for marly domains. In fact,
tectonic slices of marls show comparable values of both y, and Pj, while T is the only parameter that shows

significant variation, shifting from oblate to prolate with increasing distance from the basal thrust (Site T3-
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B3 in Figure 5.21). The orientation of the principal magnetic susceptibility axes also changes at greater

distance from the thrust.

Sites T3-B1 and T3-B2 show a common mixed magnetic fabric with a WNW- dipping magnetic foliation.
The k; axes reveal a bimodal distribution: (a) well-clustered toward NNW (heavy-toned axes in T3-B1 and
T3-B2 stereoplots in Figure 5.21) or (b) slightly scattered around the SW direction (light-toned axes in
Figure 5.21). At the Site T3-B2, we observed an additional subfabric (Subfabric 3 in Table 5.S 3; opened
symbols in Figure 5.21) displaying the same axis orientation as at the Site T3-B3. The latter shows a prolate

magnetic fabric characterized by a subvertical magnetic foliation and k; axes grouped in the NNE direction.

The varicolored shales of the Broken formation display a total mixed magnetic fabric consistent with that of
the marly deposits. Two main subfabric were observed to share the same magnetic foliation dipping toward
WNW at a low angle (Site T1-AR Figure 5.21), while the k; axes show a bimodal orientation trending NW
or SW for subfabric 1 and 2, respectively (Table 5.S 3). In contrast, the boudins display a different fabric
configuration, characterized by subvertical magnetic foliation. The only common feature with the total fabric

is the orientation of the magnetic lineation toward NW.
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The sedimentary mélange shows a neutral to slightly oblate magnetic fabric with a low Pj (Figure 5.21). The
ks axes are SE-plunging at different angles, defining a slightly inclined NW-dipping magnetic foliation. The
magnetic lineation is well-grouped and trends to NNE, while the k, axes partially deviate from the magnetic

foliation plane.

Overall, the footwall shows the occurrence of two different subfabrics characterized by a common NW-
dipping magnetic foliation and differing for the distribution of the principal susceptibility axes (Figure 5.22):
(a) a dominant (81% of the specimens) neutral to slightly oblate subfabric showing well clustered k; axes
NW-SE oriented and k- and k3 slightly dispersed on a girdle; (b) the remaining 19% of the specimens exhibit
an oblate fabric with magnetic lineation rotated in the WNW direction. The latter case is slightly represented
in the footwall but appears to be dominant at site T2-BI, just above the basal décollement (compare

stereoplots T2-B1 and Sf2 T1-Ul1, light-toned axes, Figure 5.20; Table 5.S 3)

Within the SVU, the magnetic fabric can be grouped in 4 main patterns depending on the orientation of the
principal magnetic susceptibility axes (Figure 5.22). Pattern 1 is the main recurrent fabric, occurring all over
the shear zone up to the farthest site from the basal thrust. It consists of an oblate fabric with a WNW-
dipping magnetic foliation and a slightly inclined NW-plunging magnetic lineation, oblique to the foliation
strike. An exception is the tectonic slice of the sedimentary mélange, which reveals a specific magnetic
fabric different from all other patterns detected. This fabric is characterized by a NW-dipping magnetic
foliation at an intermediate angle and a sub-horizontal NNE-trending magnetic lineation (T3-SM Figure
5.20 and Figure 5.22). Pattern 2 is localized along the main and the secondary fault planes. It has a common
magnetic foliation with Pattern 1, but the magnetic lineation is partially clustered in the SW-NE direction. In
addition, Pattern 1 reveals a slight scattering of the k; axes within the foliation plane. Pattern 1 and Pattern 2
are also occurring in the broken formation matrix, contributing about 43% and 22%, respectively, to the total
AMS of this tectonic slice (Figure 5.22; Table 5.S 3). Pattern 3, characterized by a steep NE-dipping
magnetic foliation and SE-NW directed magnetic lineation, dominates (65%) the magnetic fabric at site T1-
B3, about 10 meters from the basal thrust (Figure 5.22). This pattern is also preserved in the boudins of the
broken formation (T3-AR, Sf3 Boudins; Table 5.S 3). Finally, Pattern 4 is characterized by a prolate
magnetic fabric showing sub-horizontal k; axes clustered to NW and a magnetic lineation NE-trending.
Pattern 4 is typical of site T2-B3 about 20 m from the thrust plane. This fabric is also recorded (~ 23%) at
site T2-B2 at the contact with the overlaying marly tectonic slice where T2-B3 is located (see sampling

scheme in Figure 5.3d).

5.2.3 AARM, AIRM and HF-AMS

The ARM fabrics are mostly well-defined for all patterns, showing slight but significant differences (Figure
5.23 and Figure 5.24). The local occurrence of high within-site scatter may be related to the low RM
intensity (typically <« 40 x 10°® Am? Kg '), suggesting low concentration of ferrimagnetic minerals. About
36% of specimens reveal low F-test values (< 2.61, the limit of statistically anisotropic specimens within the

90% of likelihood), which are independent to RM intensity, ARM window, and lithologies (Figure 5.23d, e
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and Figure 5.24d, e). In particular, around the 63% of samples from the sandstones at Vidiciatico and the
shear sandstones at Gova reveal isotropic fabrics. However, after removing few outliers (Pj > +20), the ARM
fabric has well-defined mean axes clustered at pattern level (Figure 5.23a-c). Pj and T values strongly vary
at site and pattern levels (Table 5.S 2 and Table 5.S 4). Overall, Pj tends to be equal to or slightly higher
than AMS (Figure 5.S 4 and Figure 5.S 6). Only at site T2-B1 at Vidiciatico Pj decreases significantly.
Occasionally, AIRM show the highest Pj values. T decreases for almost all patterns, showing a neutral to
prolate fabric for all the remanence-bearing grains (Figure 5.S 5 and Figure 5.S 7). The exceptions are the
patterns P4 (at both Gova and Vidiciatico) where the magnetic fabric changes from prolate for AMS to

neutral or oblate for ARM experiments.
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5.2.3.1 The Gova Tectonic Window

For Pattern 1, the ApARMs and AARM display maximum (A ;) and minimum (As3) axes inverted to the AMS
ones (Figure 5.23a), suggesting the presence of SD magnetite (Rochette, 1988; Rochette et al., 1999) or MD
grains rotated in respect to the other ferro- and paramagnetic grains (Biedermann et al., 2020). The
orientations of the principal axes at Pattern 2 are statistically indistinguishable from the AMS. The only
exception is the ApARMgo-40, Where Aj is sub-horizontal and A; moves toward the ks. Pattern 3 reveals
overlapping A; axes, however A, and Az are switched with respect to those of the AMS. ARM fabrics for
Pattern 4 are all consistent and similar to those of Pattern 3. In this case, the A, axes are N-plunging at high-
angle, whereas A3 show the same direction of k;. AARM and ApARMSs fabrics of Pattern 5 strongly differ to
the AMS, revealing a sub-horizontal NE-SW trending A; and vertical A; axes. The AIRM yields the same
fabric of AMS in most of patterns, even if the principal axes scatter increase (Figure 5.23a). The two
exceptions are Pattern 3 and 4, where I, is NW-SE trending and parallel or orthogonal with the related AMS
configuration. The I3 and I, axes are girdled in the NE-SW direction.

In the footwall and sheared sandstones, the ARM experiments show the same fabric at pattern level (Figure
5.23b-c). For site T1-S (Transect 1 Figure 5.23b), the maximum axes (A; and ;) for the various coercivity
components are interspersed within the magnetic foliation plane, which is the same as the AMS. In addition,
for the pattern U1-Sf2(sike siipy (Figure 5.23c¢), the maximum and intermediate axes are rotated about 20°

counterclockwise with respect to the AMS ones.

5.2.3.2 The Vidiciatico sector

The AARM and ApARMs show well-defined magnetic fabrics with a mostly similar axis configuration
among experiments at the site level (Figure 5.24a-b). Within the SVU, the orientation of the principal axes
of the ferromagnetic fabric appears to be related to their location along a specific transect, as well as the
structural position, rather than the AMS fabric/pattern (Figure 5.24a). In fact, ARM fabric for AMS Pattern
1 and Pattern 2 are different if compered among the three transects. Along transect 1, the ARM experiments
share the same SW-oriented magnetic lineation, which is orthogonal or parallel to k; of Pattern 1 and Pattern
2, respectively. Moreover, Pattern 1 shows a NE-plunging pole of the magnetic foliation (Asz) consistent with
that of the AMS (ks). In contrast, the A; axes of Pattern 2 are sub-horizontal, discordant with the sub-vertical
ks of the AMS. The AIRM provides the same fabric as the AMS. At transect 2, AARM and ApARMs reveal
a sub-vertical magnetic lineation (A;) and sub-horizontal Az axes, showing independent orientation from the
AMS fabrics. Same ARM fabrics were observed for Pattern 3. AIRM experiments are less defined and show
a broad dispersed magnetic lineation N-S to NNE-SSW-trending (Figure 5.24a). The magnetic foliation
varies from slightly dipping to sub-vertical, unlike that of AMS. Along transect 3, the anisotropy of
remanence displays the same magnetic foliation as the AMS. In particular, Pattern 1 shows variations in
magnetic lineation orientation depending on the coercivity window. A; is sub-horizontal or sub-vertical for

ApARMyo.0 and ApARM 0.40, respectively, which in turn is parallel or orthogonal to k. In contrast, Pattern 2
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has coaxial ellipsoids between AMS, AIRM and ARM experiments. Finally, for Pattern 4 all principal axes
are statistically indistinguishable from the AMS (Figure 5.24a).
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Figure 5.23. Principal directions and confidence ellipsoids of the anisotropy of magnetic remanence experiments in:
(a) Civago marls tectonic slice; (b) sheared sandstones; and (c) sandstones of the footwall. Variations of the F-test
versus remanent magnetization (d). Box-and-whisker plot with data and normal distribution curves of the F-test among
lithologies and ARM experiments (e).

In the footwall, different orientation of the AMS and ARM fabrics were observed at the site level. At sites

T2-U1 and T2-B1, the AMS and anisotropy of remanence experiments yield the same fabric (Figure 5.24b).
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At site T1-U1, Subfabric 1 displays A; sub-parallel to k; with the exception of the ApARM 040 where A; is
orthogonal. The magnetic foliation can be consistent or significantly different from AMS depending on the

coercivity window. In contrast, ARM experiments for subfabric 2 show A, axes orthogonal to the magnetic

lineation of the AMS, while Az and I5 strongly vary in orientation (Figure 5.24b).
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Figure 5.24. Principal directions and confidence ellipsoids of the ARM experiments in: (a) Marmoreto marls tectonic
slices; (b) sandstones of the footwall. Variations of the F-test versus remanent magnetization (c¢). Box-and-whisker plot
with data and normal distribution curves of the F-test among lithologies and ARM experiments (d).
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To discern the main carriers of the AMS, we separated the para- and ferromagnetic components of the HF-
AMS (Figure 5.25). The results indicate that the anisotropy of both sandstones and tectonized marls are
dominated by the paramagnetic fraction (97 + 34%). The ferromagnetic component appears to be neglectable
(3 £ 19%). In fact, the high-field paramagnetic subfabrics (HF-AMS;ar) are mostly coaxial with the low-
field AMS for all the different patterns, confirming that paramagnetic minerals carry the AMS (Figure
5.25a).

In the footwall, the ARM experiments of the selected samples are mostly isotropic (open symbols in Figure
5.25a, ¢) and show a steeper magnetic foliation. The A; and A, axes are switched in respect to ki and k, of
both LF-AMS and HF-AMS,.... In contrast, the HF-AMSr.r, fabric is rotated about 70 © from the LF-AMS
(Figure 5.25a).

Within the SVU, the HF-AMS;. fraction coincides with the LF-AMS, while the HF-AMS¢.r, and ARM
experiments reveal complex relationships with no general trend. Overall, the resulted ferromagnetic
subfabrics (both remanence-bearing and HF-AMSy.,) show at least one of the three principal axes sub-
parallel with the LF-AMS (Figure 5.25a). The interchanges among the axes and variations in their
orientation appear to be related to the microscopic structural fabric at specimen level. The HF-AMS¢ero

subfabric can be coaxial or strongly deviate from the ARM and ApARMs experiments.

In particular, the two representative samples of Pattern 1 show similar orientation of magnetic foliation for
ApARMs and Hf-o, despite the different dip angles. However, maximum (A, [; and k) and intermediate
(A2, I and ko) axes are interchanged between the specimens, which resulted in A; and ki (HF-AMStero)
being parallel or orthogonal to those of the LF-AMS (Figure 5.25a, ¢). The samples from Pattern 2 share one
of the principal axes (minimum or maximum) with the LF-AMS. The k; and A, axes are coaxial or
orthogonal to each other. Instead, the minimum axes can be consistent with those of the LF-AMS or

interspersed with the intermediate axes (Figure 5.25a).

For pattern 3, the magnetic lineation of ARM subfabrics is generally sub-vertical and NE-oriented, which in
turn is orthogonal to the k; of HF-AMS;.. and LF-AMS (Figure 5.25a, ¢). The magnetic foliation is also
sub-vertical and can agree with or differ from that of LF-AMS. In contrast, the HF-AMSse, subfabrics have
independent orientations, with sub-horizontal magnetic foliation and lineation. The k; have a double

tendency to be parallel or orthogonal to the long axis direction of the AMS (Figure 5.25a).

5.2.4 Ternary

We use ternary diagrams to interrelate AMS and ARM directional data with the main structural elements
(i.e., cleavage, S-C intersection, and transport direction; Figure 5.26c-d). The diagrams are subdivided into
different areas according to the contributions of three end-members representative for AMS deformation
stages (see details for plotting the diagrams in 3.5 Ternary Diagrams). The upper vertices correspond to
fabric with the magnetic foliation orthogonal to the cleavage and/or bedding. In our setting it represents a

strongly deformed tectonic fabric induced by sub-horizontal LPS (Graham, 1966; Borradaile & Henry, 1997;
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Hrouda & Chadima, 2020) characterized by sub-horizontal ks parallel to the shortening direction and
subvertical k; axis. For AMS data, they may also indicate the occurrence of an inverse fabric (Potter &

Stephenson, 1988).
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Figure 5.25. (a) Stereoplots (Lower hemisphere equal-area projections) of the principal directions of the LF-AMS,
ARM experiments and the paramagnetic and ferromagnetic components of the high-field AMS for representative
samples, classified after patterns. Open symbols represent data with F-test lower than 5; (b) Summary of the structural
data (see Figure 5.3 for details); (¢) Ternary diagrams relating structural and anisotropy of magnetic susceptibility and
remanence data.
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The base of the diagrams indicates the parallelism between the magnetic and the structural foliations. The
intersection lineation fabric (Graham, 1966; Hirt et al., 2004; Weil & Yonkee, 2009) is plotted at the lower
left vertex (Figure 5.26a, b). The magnetic foliation coincides with either the bedding or the cleavage
depending on the tectonic overprint degree (Kligfield et al., 1981, 1983; Pueyo Anchuela et al., 2012), as
well as the intensity of the original pre-deformational fabric (Parés & van der Pluijm, 2002; Till et al., 2010).
This is also true for shear zones of low finite shear strain, where k; is parallel to the S-C intersection (Pueyo
Anchuela et al., 2010; Casas-Sainz et al., 2018). The lower right vertex represents high degree of non-coaxial
strain, where kK is parallel to the transport direction (Averbuch et al., 1992; Ferré et al., 2014; Casas-Sainz et

al., 2018).

5.2.4.1 The Gova Tectonic Window

Specimens from the SVU are distributed along the lower sides of the diagram (Figure 5.26a), showing a
high consistency between the magnetic foliation and the cleavage. P1 and P2 are characterized by the
progressive correspondence of k; with the S-C intersection and the transport direction, respectively. This is
also true for the two patterns observed in the sheared sandstones (S-T1 and S-T2&3; Figure 5.26a). The
broad data dispersion reveals the simultaneous occurrence of two end-members representative of LPS and
shearing, with variable relative contribution. For Pattern 4, k; axes are consistent with the transport direction
and magnetic foliations has a fan-like orientation. Thus, data are well-aligned and distributed toward the 90°-
B vertex, suggesting competition of end-members with a progressive alignment with the shear-related fabric.
Data from ARM experiments (Figure 5.26e) are mainly distributed in the central and upper portion of the
diagram. In fact, most of the ARM fabrics reveals a magnetic foliation at high angle with respect to cleavage.
Different behaviours are associated to the P1 pattern and the shear sandstones, where the deviation of A,
axes from the shear direction is clearly visible in the ternary diagram. In the footwall, specimens mostly
show a one-to-one relationship between the magnetic foliation and the bedding plane. The broad
correspondence between the magnetic lineation and the B-S intersection results in data clustered toward the 6

vertex. Similar consideration can be done for the ARM experiments in the footwall (Figure 5.26f).

5.2.4.2 The Vidiciatico sector

Good agreement between magnetic foliation and cleavage can be observed for P1 and P2, as the data are
distributed close to the lower side of the ternary diagram (Figure 5.27a). The magnetic lineation of the
patterns P1 and P2 tends to be parallel to the S-C intersection or the shear direction, respectively. In fact, the
data of these two patterns are clustered at opposite vertices (Figure 5.27a). This behaviour is also visible for
the two patterns observed in the matrix of the broken formation (P1-AR and P2-AR in Figure 5.27a). The
presence of steep magnetic foliation for Pattern 3 and 4 is emphasized by the distribution of the data at
progressively greater distance from the bottom side of the diagram (Figure 5.27a). In addition, P3 is
clustered near the left side, suggesting agreement between k; and the S-C intersection. In contrast, the
sedimentary mélange reveals a magnetic foliation slightly consistent with the footwall bedding, but the

higher dispersion of the dataset reveals little correlation with the structural elements (Figure 5.27b).
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Figure 5.26. Ternary diagrams relating structural and magnetic directional data. Anisotropy of magnetic susceptibility
(a) and mean anisotropy of magnetic remanence (e) data from the Civago marls and sheared sandstones, classified after
pattern; data from the footwall and sheared sandstones: AMS (b) and ARM (f); schematic representation of the
magnetic fabric end-members are reported close to the vertices. (¢) Stereoplot of the mean values of mesoscale
structural data (modified from Remitti et al., 2012); and (d) representation of the computed angles between structural

and magnetic fabric elements.

The datasets of ARM experiments reveal complex relationships with respect to the structural data. Overall,

the ARM subfabrics show a magnetic foliation at higher angle with respect to the cleavage than AMS, as
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data are dispersed toward the central upper portion of the diagram. This is particularly visible for patterns P1
and P2 in transect 2 (T2-P1 and T2-P2 in Figure 5.27¢) and for pattern P3. An exception is the pattern P2
along transect 3, where ARM fabrics show better consistency between the magnetic foliation and the
cleavage than AMS. In addition, the maximum axis (A and I;) for P1 and P2 display a double tendency to be
parallel or orthogonal to the transport direction as the data are scattered between the left and right sides of the
ternary diagram (Figure 5.27¢). The good correlation among AMS and ApARMs of P4 is reflected by the

cluster of data.

The sandstones of the footwall reveal good parallelism between the magnetic foliation and lineation with
bedding and B-S intersection, respectively (Figure 5.27b). A similar distribution of data is observed for the
ARM subfabrics detected along transect 2. In contrast, subfabric Ul-Sfl and U1-Sf2 show significantly
different configuration for AMS and ARMs, where the latter exhibit magnetic foliation at a high angle to the
bedding plane (Figure 5.27d).
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Figure 5.27. Ternary diagrams (see Figure 3.3 for parameters details) relating structural and magnetic directional data.
AMS (a) and mean ARM (¢) data from the Marmoreto marls, classified after pattern; data from the footwall: AMS (b)
and ARM (d).
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5.3 Discussion

5.3.1 Local heterogeneities in strain recorded by AMS

Magnetic fabric is sensitive to the local variability of the strain field during faulting (Braun et al., 2015; Levi
et al., 2014; Yang et al., 2020). It allows the tracking of heterogeneities in the spatial distribution of inelastic
strain and strain partitioning across intraplate shear zones and thrust faults (Casas-Sainz et al., 2017, 2018;
Roman-Berdiel et al., 2019; Greve et al., 2020). The progressive evolution of the magnetic fabric due to an
increase in deformation intensity (i.e., shearing and/or LPS) follows trends that have been demonstrated in a
number of studies (e.g., Parés & van der Pluijm, 2002; Pueyo Anchuela et al., 2010; Satolli et al., 2020). The
parallelism between the magnetic foliation and bedding or cleavage qualitatively reveals the degree of
reworking of the original sedimentary fabric. The consistency between the magnetic lineation and the S-C

intersection or the transport direction may reveal the intensity of shearing/faulting.

In the case of the SVU we observe a heterogeneous distribution of the principal axes of the AMS ellipsoids,
despite the homogeneity in structural data. Conducting AMS analysis by combined contour plot and cluster
analysis at the site level allows discernment of distinct subfabrics with straightforward correlations with
structural data. In most patterns, the consistency between the magnetic foliation and the pressure-solution
cleavage (Figure 5.26 and Figure 5.27) clearly indicates a tectonic origin, with only minor influence from
the original sedimentary fabric. The coherence with structural elements, coupled with the absence of
correlations between ym and scalar parameters, allows the interpretation of AMS data in terms of local

variation of strain features.

Combining the observed geometric relationships between magnetic and structural fabrics, the following can

be inferred:

1. P1, with the parallelism between the magnetic lineation and the S-C intersection (Figure 5.26a and
Figure 5.27a), may be associated to a lower degree of shear strain away from the main thrust faults, with

dominant LPS or local contraction within the intraplate shear zone;

2. P2, which shows a k; parallel to the top to NE transport direction (Figure 5.26a and Figure 5.27a),
indicates a high degree of non-coaxial strain with complete reworking of the initial fabric (Parés & van der
Pluijm, 2002; Casas-Sainz et al., 2018). Its occurrence and distribution differ in the two localities (Figure
5.19 and Figure 5.22). At Gova, P2 is recurrent throughout the shear zone, whereas at Vidiciatico its
distribution is limited only close to the principal fault planes, suggesting variation in strain registration in
different portions of the intraplate shear zone. Local variations were observed at Gova, with the P3 pattern
showing a magnetic lineation N-S to NNW-SSE trending consistent with some of the slickenfibers detected
on the main thrust faults (Remitti et al., 2012). Considering their position in the first meter from the basal
thrust (T2-B1 in Figure 5.18 and Figure 5.19), they may represent local variations in the accommodation of

the shear along the fault plane;
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3. Locally, the magnetic fabric might reflect early stage of deformation and/or previous tectonic
events. In fact, P4 at Gova, characterized by a prolate fabric with a loose cluster of k; around the shear
direction, may consist of a transitional magnetic fabric with only partial reworking of an original
sedimentary or a previous pre-faulting deformation fabric. We suggest that the axes interspersion in a plane
perpendicular to the cleavage (Pattern 4 in Figure 5.19) reveals the preservation of the lozenge-shape
petrofabric formed by crosscutting normal shear faults/fractures during the initial brittle stage of
deformation, when the marly sediments were not completely lithified (Remitti et al., 2007; Vannucchi et al.,
2010). Similar consideration can be applied to P3 at Vidiciatico, which reveals a prolate magnetic fabric
characterized by a NE-dipping magnetic foliation and a sub-horizontal NW-SE trending magnetic lineation
(Figure 5.22). The occurrence of a magnetic lineation consistent with the S-C intersection (Figure 5.27a)
might reveal a considerable contribution of the LPS with an incomplete reorientation of the primary
magnetic fabric. Alternatively, P3 can be associated to the folding stage that occurred at the frontal part of

the accretionary prism (Vannucchi & Bettelli, 2002; Bettelli & Vannucchi, 2003; Remitti et al., 2012);

4. At greater distance from the basal thrust, independent magnetic fabric can also be observed. For
example, at Gova, P5 represents a local variation observed close to the contact with the Fiumalbo shale (T1-
B4) and without any relationship with the structural data. Possible explanations are: (a) higher contribution
of ferromagnetic minerals and the presence of a mixed/intermediate magnetic fabric (Ferré, 2002; Pueyo
Anchuela et al., 2010), considering that this pattern shows the highest yn values; (b) percolation of
ferruginous fluids (Ejembi et al., 2020); and (c) preservation of a strong original fabric. At Vidiciatico as
well, we noted a magnetic fabric showing independent orientation of the AMS axes with respect to the
structural elements. This fabric, called P4, appears at about ~ 20 m from the basal décollement and shows a
prolate magnetic fabric with subvertical magnetic foliation (T3-B3 in Figure 5.21 and P4 in Figure 5.22). Its
occurrence can be related to a variety of processes, such as (a) superposition of a previous deformation fabric
with the thrusting stage, (b) tilting of the magnetic fabric acquired during the soft sediment deformation
while the tectonic slice was incorporated within the intraplate shear zone, (c) advanced stage of LPS, or (d)

local accommodation of the deformation between tectonic slices;

5. The tectonic slice of the broken formation reveals a mixed magnetic fabric characterized by the
superposition of two patterns having the same axes orientation of P1 and P2 (Figure 5.21 and Figure 5.27a).
This configuration suggests a good record of the strain during thrust faulting with partial to total reworking
of the previous deformation fabric that produced the block-in-matrix fabric. The latter is still preserved in the
boudins, which show the same fabric of the P3 at Vidiciatico. This fabric can be related to the preservation of
the brittle boudinage associated with the folding stage that occurred at the front of the accretionary prism

(Remitti et al., 2012);

6. The tectonic slice of sedimentary mélange reveals evidence of the original sedimentary/gravitational
origin. Some specimens still show a sub-vertical k; and well-clustered k; axes (Figure 5.21 and Figure

5.22), typical of imbricated fabric related to emplacement under current and subsequent compaction
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(Sagnotti et al., 1994). In addition, the presence of k3 axes plunging at high angle and k, axes deviating from
the mean magnetic foliation plane, might reflect the local reworking of the initial sedimentary fabric. In fact,
the magnetic foliation and lineation of these specimens partially agree with the cleavage and the shear

direction, respectively.

The distribution of different patterns is related to the distance from the main thrust plane, but also varies

between the two localities.

At Gova, Site T2-B1 is affected by strong heterogeneities which lead to a high dispersion of k; along the
cleavage plane. This configuration may result from: (a) a dominant fraction of pure shear compared to simple
shear (Kitamura & Kimura, 2012); and (b) variation in the intensity of deformation preserved by the different
lithons. We prefer the latter, given the variations observed with distance. P2 and P3 patterns are detected in
the first 30 cm from the basal thrust while P1 becomes dominant at greater distance. These observations also
support the hypothesis of shear localization along discrete planes and the occurrence of an intersection
lineation fabric when the shear is diffuse and less intense. The high fabric variability at this site can also be
ascribed to the presence of a brecciated level which could be related to friction while faulting or to local high
fluid pressure (Remitti et al., 2007). The variations in AMS patterns are also associated to changes in Pj and
T depending on the distance from the main thrust faults (Figure 5.17 and Figure 5.18). Close to the basal
thrust the magnetic fabric is dominantly oblate (P2 and P3) and Pj slightly increases. In the central portion of
the tectonic slice, Pj gradually diminishes, and the ellipsoids become less oblate or prolate. Thus, the
presence of the patterns related to previous tectonic or sedimentary fabric (P4-P5) or less intense
deformation (P1) becomes dominant. Heterogeneities were also observed between transects. Along Transect
1, where P2 is dominant, Pj and T remain almost constant. Instead, transects 2 and 3 show major changes in
Pj and T, associated with a minor pervasivity of P2. We ascribe these observations to an increase in Pj and

oblateness due to shear strain localization along the boundary faults.

At Vidiciatico, P1 is the dominant magnetic fabric whereas P2 is confined along the basal thrust and
secondary fault planes, coupled with an increase in Pj and T (Figure 5.22). Again, fabric related to the early
stages of deformation (P3-P4) or to the different origin of the tectonic slice (T3-SM) becomes dominant at a
greater distance from the basal décollement, where Pj tends to decrease and the ellipsoid changes into
prolate. Heterogeneities among transect are related to the presence of tectonic slices of different origins. For
example, the occurrence of high Pj and T values in the broken formation must be associated with the original
block-in-matrix fabric, as well as with a different relative concentration of ferromagnetic grains, since ym
shows the highest values (Figure 5.16). In contrast, the distribution of the magnetic fabric is equivalent

among transect in the first 4 m from the basal thrust, where marly sediments are the dominant components.

Overall, changes in the distribution of magnetic fabrics between the two localities might be ascribe to a
different repartition of diffuse vs. localized deformation. The possible presence of previous sedimentary or

tectonic fabric with unfavourable orientation should also be considered.
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Between hanging wall and footwall portions of the underlying units can be dragged and intruded below the
basal décollement, such as the level of shear sandstones occurring at Gova (Remitti et al., 2012). Here, the
AMS shows a magnetic foliation at medium to high angles with respect to the bedding (Figure 5.26a).
Along transect 1 the magnetic fabric shows higher Pj values with respect to the other 2 transects and is
consistent with the shear-related pattern (P2). On the contrary, in transect 2 and 3 the magnetic lineation is
consistent with the S-C intersection. Thus, they may have mainly registered the LPS. This configuration can

also be associated to a stronger original magnetic fabric and a different degree of reworking.

Most samples from the footwall shows a magnetic foliation parallel to the bedding and a well-clustered
magnetic lineation consistent with the B-S intersection. This reveals a main sedimentary fabric with
dominant uniaxial overburden during underthrusting (Yang et al., 2013). The k; axes cluster may be
associated with incipient deformation registered during the early stages of LPS (Graham, 1966; Caricchi et
al., 2016). This is evident in the footwall at Vidiciatico, where the subfabric Usp, (Figure 5.22) shows slight
but significant change in AMS configuration, with the k; and k, axes forming a girdle in the direction of
LPS. In addition, a second pattern (U1-Sf2 ke slip)) in agreement with the presence of strike-slip faults can be
detected in the first 3 meters below the basal décollement at Gova. Variations of magnetic fabric in the
footwall suggest changes in deformation regime between the plate boundary shear zone and the
underthrusting sediments. In addition, the low Pj as well as a reduction of ellipsoid oblateness can be
associated to a reduced degree of compaction, probably due to elevated fluid pressure (Yang et al., 2013).
This agrees with a weak décollement and strain decoupling across the basal thrust (Housen et al., 1996; Yang

et al., 2013; Greve et al., 2020).

5.3.2 Ferromagnetic fabric insight into the deformation history of a shear zone

ARM and LF-AMS data from the footwall are generally similar (Figure 5.23c and Figure 5.24b), indicating
that para- and ferromagnetic minerals have undergone the same deformation, uniaxial vertical strain with
minor contribution of local LPS due to the proximity to the décollement. In the studied lithologies, both
ferrimagnetic and paramagnetic minerals are predominantly primary, of detrital origin, and are thought to
have been deformed simultaneously. At Gova, the dominant fabric (Uman; Figure 5.23c) shows slight
deviation of ApARMig-40 directional data may originate from intense rearrangement of SD magnetite grains
by LPS. The strong similarity between ApARM4oo and AARM confirms a major contribution of lower-
coercivity fractions, as coarse-grain magnetite, given that two ApARM experiments should be additive
(Biedermann et al., 2020; Yu et al., 2002). At Gova and transect 2 at Vidiciatico (U1-Sf2uike siip) Figure
5.23¢ and Transect2 in Figure 5.24b), the presence of patterns showing rotation of A; and A, axes with
respect to the LF-AMS, may be associated with a more rapid rotation of ferromagnetic minerals compared to
the clay matrix (Hrouda et al., 2018; Till et al., 2010). This process is most pronounced along Transect 1 at
Vidiciatico, where the A; axes show a double tendency to be parallel or orthogonal to the magnetic lineation
of the LF-AMS (Figure 5.24b), revealing different overprint of the tectonic stage on the original
sedimentary fabric. HF-AMSpar. yields the same fabric of the LF-AMS, whereas ferromagnetic subfabrics
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show a magnetic lineation consistent with the S-C intersection or the shear direction (Figure 5.25a). These
observations might lead to infer a different repartition of the deformation between para- and ferromagnetic

minerals.

The consistent LF-AMS and AARM data in the sheared sandstones reveal a complete reorientation of both
ferro- and paramagnetic minerals when the sandstone layer was dragged or intruded below the basal contact.
This agrees with the non-complete lithification of the sediments when the thrusting started (Remitti et al.,
2012). In fact, the original fabric of unlithified sediments can be easily disrupted by the stress application
(Housen et al., 1996). Pattern S-T1 reveals an interspersion of A; and A, axes along the foliation plane
(Figure 5.23b). We deduce a different response to the shearing by minerals having different grain-size and
shape, since AARM and ApARM .40 show the parallelism between A; axes and the shear direction while
ApARMa4o0 and AIRM display an intersection lineation fabric (Figure 5.26e and Figure 5.26f).

Within the brittle shear zone, ARM fabrics are more homogeneous than the LF-AMS ones, with similarities
among the different patterns. Variations are related to the distance from the main thrust or the amount of
tectonic reworking in the different tectonic slices. Close to the basal décollement (P2), the consistency of LF-
AMS and AARM maximum axes with the transport direction indicates a major contribution of shearing and
similar alignment of the para- and ferromagnetic minerals (Figure 5.23a and Figure 5.24a), suggesting shear
localization. Moreover, at Gova and Transect 3 at Vidiciatico, the subpopulation of minerals in the coercivity
window of the ApARMag.0, which also dominates the AARM, shows a magnetic lineation dispersed from E-
W to NE-SW. This might suggest a less efficient reorientation of coarse grains (Hirt, 2007), with a non-
complete reworking from an intersection lineation to a shear-dominating fabric (Figure 5.26e and Figure
5.27¢). In addition, the HF-AMSar is coaxial with the LF-AMS, confirming that the clay matrix is recording
the thrusting stage, while the ferromagnetic subfabric can be parallel or orthogonal to the shear direction,
suggesting local variations in the reorientation of the ferromagnetic minerals. The poor overlap of AARM
and LF-AMS confidence ellipsoids possibly suggests that magnetite subpopulations and clay minerals have
registered different stages of the non-coaxial deformation (Borradaile, 2001). This interpretation is also
supported by the geometric relationships between the LF-AMS and HF-AMS;.. with the ferromagnetic
subfabrics for P1 along transect 1 and 3 at Vidiciatico. Here, the clay matrix shows an intersection lineation
fabric while the AARMSs and HF-AM St subfabrics reveal a progressive reorientation of the ferromagnetic
grains toward the shear direction. On the contrary, the AIRM experiments are predominantly consistent with
the LF-AMS and HF-AMS, ..., suggesting that coarse magnetite grains registered the local variation of strain
as the clay minerals. Further local variation was observed at Gova, where, despite the proximity to the basal
thrust P3 remanence data show a steeply dipping magnetic foliation toward NE and a sub-horizontal
magnetic lineation (Figure 5.23 and Figure 5.26e). Consistent magnetic foliation is observed at P4, where
the magnetic lineation is moving toward the dip direction in all the ARM experiments. This agree with
synthetic Riedel developed in a shear zone, where the variation in magnetic lineation orientation can be
attributed to different rearrangement degree. Moreover, the small changes among coercivity windows may

indicate variable degree of reworking among magnetite subpopulation with different grain-size and shape
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(Biedermann et al., 2020). Overall, at greater distance (P1 and P5 in Figure 5.23a and P3 in Figure 5.24a),
the ARM directional data show a subvertical magnetic foliation, suggesting that different ferromagnetic
subpopulations are recording the same process, which seems to be independent to that registered by the clay
minerals. Same ferromagnetic subfabrics were detected along transect 2 at Vidiciatico (Figure 5.24a). From
axes configuration we can associate the AARM fabrics to the formation of the subvertical extensional veins

pervading the marly sediments, which in turn are related to high pressure of fluids (Remitti et al., 2012).

5.3.3 Magnetic signature of fluid-rock interaction

Fluid circulation and its interaction with the wall-rocks along convergent margin shear zones strongly
influence deformation mechanisms during the seismic cycle (Sibson, 2013). At Vidiciatico, active fluid
circulation was associated with changes in stress-regime during different phases of the seismic cycle
(Cerchiari et al., 2020). Deeper hot exotic fluids migrated along the fault zone during the co-seismic phase
associated with failure, re-shear on the main faults and switch from compressional to extensional regime. In
contrast, the increased pore pressure during the post-seismic phase induced an extensional regime with
drainage of local fluids in equilibrium with the wall-rocks, followed by a reloading phase with reduced fluid
pressure and recover of the compressional regime (Cerchiari et al., 2020). Therefore, changes in
physicochemical conditions (e.g., temperature and pH) and in the nature of circulating fluids can induce
alteration and/or dissolution-precipitation processes of Fe-bearing minerals (ferromagnetic and
paramagnetic) resulting in a partial or total transformation of the magnetic properties of fault rocks (Yang et
al., 2020).

The results of detailed magnetic mineralogy characterization of the wall-rocks of the SVU reveal a
heterogeneous distribution of primary and secondary magnetic phases that may provide insights into changes
in physicochemical conditions during the complex evolution of the intraplate shear zone.

The bulk magnetic signature of the wall-rock sediments is dominated by paramagnetic minerals with a
mixture of SD and MD magnetite as the predominant ferromagnetic phases (Figure 5.4, Figure 5.5, Figure
5.6, Figure 5.7 and Figure 5.8). The presence of a T, around ~ 124 K supports the dominance of inorganic
detrital magnetite (Chang et al., 2016; Jackson and Moskowitz, 2021), where the partially suppressed
transition may be related to the occurrence of oxidized magnetite (e.g., maghemite; Moskowitz et al., 1993;
Housen & Moskowitz, 2006; Chang et al., 2013). Subtle variations in grain-size and content of high-
coercivity minerals (e.g., hematite and goethite) show specific relationships with structural position and

distance from the main thrust planes.

Overall, low-temperature measurements testified to the local occurrence of significant goethite content
(Figure 5.9 and Figure 5.10), which origin may be related to fluid-rock interaction as co-seismic aqueous
fluids cool during the post-seismic phase (Chou et al., 2012). In addition, the presence of goethite can be
related to the breakdown of pyrite due to interaction with relatively low-temperature and high pH fluids
(Yang et al., 2020). Relative enrichment in goethite varies significantly among localities and transects. At

Gova and Vidiciatico transect 2, goethite content appears to increase with proximity to basal décollement
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(see the variable spacing between FC-ZFC curves in Figure 5.9 and Figure 5.10). In contrast, at Vidiciatico
transect 1, the influence of the goethite signal on the LT-SIRM curves shows inverse trend, with potential
enrichment close to the major fault separating two tectonic slices of marly sediments. The occurrence of
different trends in the gothite enrichment may be associated with a complex evolution of fluid circulation
along different preferential pathways depending on the fluid pressure and permeability/lithification rate of

the wall-rock.

In addition, changes in ferromagnetic mineral content can be inferred from changes in SIRM and ym. The
Civago marls (Gova tectonic window) shows a decrease in SIRM and ym values in the central part of the
tectonic slice, with increased values approaching the boundary faults (Figure 5.17), suggesting slightly
higher concentration of magnetite close to the main thrust planes. In the Marmoreto Marls (Vidiciatico
sector), ym slightly increase in the first few meters from the thrust and decrease significantly at a higher
distance (Site T1-B3 Figure 5.20), revealing possible primary differences in the magnetic mineralogy of the
different tectonic slices of the marly units. Higher susceptibility close to the basal décollement is also
associated with increased Rit, Orc and Orc/dzrc ratios, suggesting enrichment in SD magnetite grains. Despite
the occurrence of goethite and/or maghemite that may complicate interpretation, the occurrence of ZF>ZFC
curves and higher drc/dzrc ratios indicate a significant content in SD magnetite (Housen & Moskowitz,
2006). Moreover, at Vidiciatico transect 1, we continue to observe an inverse trend, with higher Ryt and 6rc

values close to the secondary thrust separating the tectonic units.

Different parameters change accordingly, tracing the same or an associated variation in mineralogy within
the shear zone. Enrichment in goethite or magnetite content and grain-size variation with proximity to the
fault planes could be related to original variations in sediments, preservation of diagenetic processes or fluid-
related dissolution-precipitation. High concentration of ferrimagnetic minerals may result from the
neoformation of ferromagnetic phases due to interaction with seismic fluids (e.g., Tanikawa et al., 2008).
Moreover, the relatively higher magnetite content and grain-size variation may be related to thermal
decomposition and grain fining caused by frictional heating (Chou et al., 2014). However, SP magnetite
grains are unlikely present (yo < 6%), suggesting that no grain fining has occurred. Thus, interaction with
fluids may be the main cause of the variation in susceptibility according to structural position. Moreover, the
lack of enrichments in pyrrhotite or hematite within the shear zone supports the absence of frictional heating,
as a high content in these minerals can be produced by the decomposition of pyrite due to circulation of hot

fluids during the co-seismic phase (Tanikawa et al., 2008; Chou et al., 2012; Yang et al., 2018, 2020).

In contrast, a higher content of high-coercivity components is common in the footwall, where it could
represent a primary feature related to the deposition and subsequent diagenetic history of the sandstones.
However, the significant enrichment in the shear level of sandstones (Figure 5.9b) and at the top of the
footwall (close to the basal décollement), could reveal a correlation with the circulation of relatively hot
fluids and their percolation within the more porous sandstones, when not yet lithified at the time of initial

involvement within the SVU.

99



Chapter 5: SECOND CASE STUDY: The SVU

Transformations during high-temperature experiments starts at ~350°C (Figure 5.11, Figure 5.12, and
Figure 5.13), indicating that para- and ferromagnetic-minerals sediments have potentially never experienced
such a temperature (at least since the last seismic events). Alternatively, it could represent the specific
temperature at which some of the occurring minerals can transform into other phases (e.g., paramagnetic clay
minerals into magnetite). The thermal treatments bring to the formation of both magnetite and/or high-
coercivity minerals depending on structural position, leading to some possible constraints in the presence of
mineral phase enrichments due to fault-related processes. Moreover, the magnitude of the increase in y in the
heating curves (Figure 5.11 and Figure 5.12) varies accordingly to the goethite content observed in the LT-
SIRM, supporting correlations between different magnetic mineral assemblages and structural position. The
final product of the entire heating-cooling cycle is the neoformation of magnetite, which resulted in the
suppression of variations in susceptibility between sites. Thus, variations in the behaviour of the heating
curves may reveal a primary and or fluid-related magnetic signature of the sediments as different

concentration of certain phases, either para- or ferro-magnetic minerals.

The correlations with fluid circulation and relative structural position are strengthened by hysteresis loop
data, in which depending on the distance from the main thrust plane, different intermediate products were
created during step-wise thermal treatment. In fact, with proximity to the thrust, an increase in B, and M,s/M;
was observed during heating in both sandstones and mudstones, suggesting the initial formation of high-
coercivity minerals such as hematite (Figure 5.13b). In contrast, at a greater distance from the main thrust,
only magnetite was formed during the heating experiments (Figure 5.13). Hematite can derive from the
alteration of goethite, which occurs between 240-400 °C (Dekkers, 1990; Yang et al., 2019), or from the
decomposition of pyrite when altering at high temperature (Yang et al., 2019, 2020). Changes in alteration
products appear to be strictly related with proximity to major thrust faults and thus associated with a fault-

related processes.

Further correlations of mineralogical changes related to the faulting processes come from the SEM-EDS
observations (Figure 5.14), which show the occurrence of different generations of pyrite with specific
structural relationships within the marly units. The large aggregates of framboidal pyrite appear to be
primary, associated with diagenetic processes. However, the presence of shadow-like tails (Figure 5.14a, b)
suggests significant structural control in the neoformation of fine-grained pyrite along dissolution seams. The
neoformation of pyrite may be associated with anaerobic methane oxidation due to fluid drainage (Greve et
al., 2021) or even with enhanced bacterial activities in unconsolidated sediments, coeval with the
development of deformation bands (Famin et al., 2021). The latter hypothesis is preferred as it does not
require the contribution of frictional heating, which does not show a significant contribution in the evolution
of SVU. In fact, no pseudotachylytes formation or dark gouge levels were detected, nor were magnetic

mineral formations due to high-temperature alteration such as pyrrhotite.

Defining the source and progressive evolution of fluids and their interaction with the wall-rocks during

seismic phases remains a challenge. However, a detailed characterization of the magnetic mineralogy could
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indicate subtle but significant variations in concentration of different magnetic minerals that could reveal
possible insights into the preservation of the diagenetic signature prior to involvement in the shear zone

and/or interaction with fluids circulating during seismic cycle.

5.4 Conclusions

Magnetic properties of fault rocks are directly connected with the physicochemical processes occurring at
intraplate shear zones (Yang et al., 2020). Strong heterogeneities were observed in brittle shear zones and
still needed an explanation. Our study shows that a full characterization of the anisotropy of magnetic
properties combining the unmixing of non-orthorhombic fabrics with ApARM and HF-AMS experiments is
vital to obtain a robust interpretation of the heterogeneities in the magnetic signature. Our observations have
also demonstrated that exhumed analogues give the opportunity to have a direct correlation with the
structural elements, for example, using ternary diagrams, leading to a quantitative interrelation with the
prevailing deformation processes. In the case of the SVU, this approach helps to reveal distinct subfabrics
with reasonably straightforward correlations with the intensity of the tectonic reworking and the structural
position within the shear zone (i.e., the proximity to the main thrust faults), and in evaluating the
heterogeneous registration of strain (i.e., distributed vs. localized deformation). The unmixing of the
complex AMS results helps to discern the different response of the paramagnetic minerals to the
deformation. The dominance of a shear-related fabric, consistent with the top to NE transport direction, close
to the basal décollement and the secondary thrust planes, suggests a shear strain localization along the main
faults. In contrast distributed deformation can be inferred with distance from the thrust, where the presence
of subfabrics related to less intense deformation and/or previous pre-faulting deformation fabric become
significant. The anisotropy of magnetic remanence (AARM, ApARM, and AIRM) highlights the behaviour
of the ferrimagnetic components, revealing different registration of the non-coaxial strain compared to the
clay matrix (HF-AMSpaa) close to the main thrust planes. It also suggests the registration of different

deformation stages away from the basal thrust.

Spatial and temporal changes of the physiochemical conditions during the evolution of the intraplate shear
zone were identified by detailed rock magnetic characterization of mineral assemblages. In particular,
evidence of complex evolution from the partial preservation of the diagenetic signature to the fluid related

processes (alteration, leaching and neoformation of minerals) during seismic cycles was observed.

Additional studies of different localities are necessary to support the emerging sub-discipline of “fault
magnetism” (e.g., Yang et al., 2020) and provide a better understanding of the linkage between variations in
magnetic properties and the geodynamic evolution of intraplate shear zones, since magnetic properties

analysis targeting mainly brittle fault rocks are up to now scarce.
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Chapter 6

THIRD CASE STUDY: The ELAW

In this chapter, I present the results obtained from non-
metamorphic chaotic rock units occurring at different
tectono-stratigraphic positions within the out-of sequence
thrust system of the outer part of an accretionary wedge
(Codegone et al., 2012; Festa et al., 2020). Those units
correspond to heterogenous assemblages of clasts
(Mélanges and broken formations) of variable nature
(marls, sandstones and limestones) immersed in shaly
and marly matrix that have undergone low-temperature
(100-110 °C) illitization (Dellisanti et al., 2008, Festa et
al., 2015). This context offered a valuable chance to
investigate how the rock magnetic signal can reflect the
different mélange forming processes and define a
criterion useful to distinguish their genesis. The contents
of this Chapter were published in Robustelli Test et al.,
2019 and here supplemented and further constrained by
the addition of new sites and the execution of further

experiments.

6.1 Geological setting

The Northern Apennines (Figure 6.1) imbricate thrust stack represents a good ancient analogue of modern
subduction-accretion complex, resulting from the Late Cretaceous—Early Cenozoic convergence between the
European continental margin and the Adria microplate following the Piedmont—Ligurian ocean closure (e.g.,
Boccaletti et al., 1980; Dewey et al., 1989; Marroni et al., 1998; Elter et al., 2003; Lucente et al., 2008; Festa
et al., 2010; 2020; Barbero et al., 2020).

The Late Cretaceous—Early Eocene accretionary stage has been recorded in the evolution of the Ligurian
Accretionary Complex, which consists of different units (i.e., Internal, External, and Subligurian units;
Figure 6.1) containing tectono-sedimentary assemblages originally deposited in an ocean basin (i.e., Jurassic
ophiolites and sedimentary cover), ocean-continental transition (OCT) zone, and thinned continental crust of
the Adria margin, respectively. During this stage, related to the east-dipping Alpine subduction, a consistent
part of the External Ligurian units (i.e., the Basal complex Auct.) was strongly deformed, leading to the

formation of different types of chaotic units (i.e., broken formations and tectonic mélanges) (e.g., Pini, 1999;
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Marroni et al., 2010; Bettelli et al., 2003; CerrinaFeroni et al., 2004; Festa et al., 2010, 2013; Remitti et al.,
2011; Codegone et al., 2012; Festa & Codegone, 2013; Barbero et al., 2017, 2020).

Since the middle-late Eocene, the wedge-top basin succession of the Epiligurian units unconformably
covered the Ligurian accretionary complex and the N- to NE-verging thrust-related structures, which formed
during the west-dipping Apennine subduction of the thinned continental margin of Adria (e.g., Castellarin,
1994; Marroni et al.,, 2010). Different types of mass-transport deposit (MTDs), including sedimentary
mélanges (i.e., olistostromes), occur at different stratigraphic levels within the wedge-top basins succession,
marking different stages of slope instability (e.g., Bettelli et al., 1989a,b; Mutti et al., 1995; Panini et al.,
2002; 2013; CerrinaFeroni et al., 2004; Pini et al., 2004; Marroni et al., 2010; Remitti et al., 2011; Ogata et
al., 2012; 2014; Festa et al., 2013; 2015a,b; Festa & Codegone, 2013; Barbero et al., 2017, 2020).
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6.2 Meso-Structural Fabrics of Chaotic Rock Units

Four different types of chaotic rock units, part of which were described in previous published papers
focusing on mélange-forming processes (see Codegone et al., 2012; Festa et al., 2015), occur in different
tectono-stratigraphic positions within the exhumed Ligurian accretionary complex and overlying wedge-top
basins of the Epiligurian successions in the Voghera sector of the Northern Apennines (Figure 6.2a).
Previously published structural data (Codegone et al., 2012) are integrated by new ones, allowing for the
discrimination of the process of formation of four types of chaotic rock units on the basis of their different

meso-to-mapscale and micro-scale diagnostic block-in-matrix fabrics (Festa et al., 2019).
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6.2.1 The Broken Formation

The broken formation (sensu Hsii et al., 1968) corresponds to the Upper Cretaceous Argille varicolori of the
External Ligurian units (Figure 6.2), which results from the fragmentation and disruption of an originally
coherent well-bedded stratigraphic succession made of varicolored clay, shale, and marl, alternating with
limestone, sandstone, and manganiferous siltstone in decimeter-thick beds. Its block-in-matrix fabric was
mainly acquired through layer-parallel extension/contraction occurring at the wedge front of the Ligurian
accretionary complex during the Late Cretaceous—middle Eocene oceanic subduction stage (e.g., Bettelli &
Panini, 1987; Pini, 1999; Bettelli & Vannucchi, 2003; Codegone et al., 2012; Festa et al., 2013; Festa &
Codegone, 2013; Barbero et al., 2017).

At the mesoscale, the broken formation is characterized by pinch-and-swell structures, necking of the less
competent, shaly, clayey, and marly layers, and a brittle and/or ductile bedding-parallel boudinage of
centimeter- to meter-long elongated and mainly tabular bed fragments, which represent “native” (i.e., intra-
formational) blocks (Figure 6.3a). Elongated blocks display a high aspect ratio (block long axis/short axis)
with a mean value ranging from 3.7 to 4.2 (Figure 6.4a, b). Pinch-and-swell and boudinage structures are
mainly asymmetric, defining a planar alignment that is consistent with extensional shearing in an ESE—
WNW direction, as documented by the block long-axis lineation to the same direction (Figure 6.4c).
Boudins are aligned parallel to the shaly and marly layers (i.e., the matrix) in defining a typical pseudo-

bedding fashion (Figure 6.3a).

Meter-scale disharmonic-to isoclinal and rootless to transposed intra-layer sheath-like folds deform the
broken formation (Figure 6.3b). They show sub-horizontal axial surfaces (Figure 6.4c), NW and/or SE-
dipping, irregularly thickened and stretched hinge zones, and thinned and boudinaged limbs parallel to the
SE (or NW)-dipping pseudo-bedding.

The block-in-matrix fabric of the broken formation indicates that deformation started just after the deposition
of sediments under unconsolidated to poorly-consolidated conditions, and continued throughout progressive
lithification (Codegone et al., 2012; Festa et al., 2013). Vertical compaction due to burial resulted in the
formation of layer-parallel deformation, which is consistent with large-magnitude lateral spreading that
resulted in flattening (mean aspect ratio from 3.7 to 4.2; see Festa et al., 2013). The coeval development of
flattened structures and intra-layer sheath-like folds was commonly interpreted as the product of
heterogeneous deformation at the toe of the accretionary wedge, where different deformational domains can

exist (e.g., Kusky & Bradley, 1999; Festa et al., 2013).
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Figure 6.3. Close up view of the different hand-sample-to-meso-scale block-in-matrix fabrics of mélanges and broken
formations studied. Broken formation (i.e., the Argille varicolori of the External Ligurian units): (a) asymmetrical
brittle boudinage and pinch-and-swell structures of alternating varicolored shaly, clayey, and marly layers; (b)
disharmonic-to-isoclinal and transposed folds with sub-horizontal axial surfaces aligned parallel to the tectonic
layering and/or pseudo-bedding, which results in the development of pinch-and-swell structures and boudinage of
shaly layers due to layer-parallel extension along the fold limbs. Tectonic mélange: (¢) polished cut of the high-strain
shear zone that shows millimeter-sized elongated asymmetric “exotic” clasts in a fine grained matrix. In the central
part of the photograph, elongated clasts show a P-C fabric; (d) shear transposition and overprinting of the previously
formed isoclinal folds of the broken formation that forms isolated fold hinges with axial surfaces aligned to planar
northeast-verging shear zones and mesoscale thrust faults, resulting in the production of the tectonic mélange.
Sedimentary mélange: (e) polished surface of hand sample showing the isotropic texture of the brecciated shaly matrix
with irregular shaped blocks randomly distributed within the matrix; (f) polished surface of hand sample of the basal
shear zone of the sedimentary mélange, showing the reorientation of elongated hard clasts to S-C fabric. Polygenetic
mélange: (g—h) sub-angular to angular, and tabular clasts and blocks, centimeter- to decimeter in size, embedded in a
brecciated shaly matrix, and gently reoriented by a scaly fabric related to tectonic deformation.
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6.2.2 The Tectonic Mélange

Close to the main regional thrust surface (Figure 6.2), the NE-verging thrusting-related tectonic shearing
formed a tens of meters thick shear zone. It is characterized by a block-in-matrix fabric consisting in the
tectonic mixing of the broken formation (i.e., the Argille varicolori), and “exotic” elongated blocks, tens to
hundreds of meters long, which represent wrenched fragments of both the hanging wall and footwall units
succession (see Panini et al., 2002; Codegone et al., 2012). Thus, the final block-in-matrix fabric of the

tectonic mélange represents the product of the superposition of two different tectonic events.

“Exotic” blocks, lenticular to elongated in shape, have their NE-striking long axes aligned parallel to the
verging of the regional thrusting event and of mesoscale shear zones (Figure 6.2 and Figure 6.3c). The
mean values of their aspect ratio range from 2.3 to 2.7 (Figure 6.4a, b). The long-axes of the blocks
embedded in the matrix are reoriented by P and R, S-C and P-C shear zones and display a strong alignment
to tectonic features at all scales (Figure 6.4c), from millimeter-size clasts to decimeter-sized blocks. The
shaly matrix is strongly affected by SW dipping R and P shears, whose mutual interlacing define millimeter-
to centimeter-scale, spaced lenticular lenses (L shear lenses, sensu Naylor et al., 1986), which are wrapped
by NE-verging shear surfaces. The lenses are commonly included within pervasive decimeter- to meter-wide
S-C reverse shear zones, with NW strikes and W-SW dip directions that are also responsible for their
reorientation. The shear transposition of the previously-formed mesoscale isoclinal folds of the broken
formation (NW- to SE-oriented) produced isolated and sheared fold hinges, with axial surfaces aligned to
NE-verging shear planes of the tectonic mélange (Figure 6.3d). The isolated folds of the broken formation
thus show NE-verging and mainly NW- and locally SE-plunging fold axes (Figure 6.3c; see also Codegone
et al.,, 2012). Away from the thrust faults (Figure 6.2), the intensity of thrust-related deformation gradually
decreases, allowing a transition to the tectonic pseudo-bedding of the broken formation and/or to the original
(partially preserved) bedding. The final block-in-matrix of the tectonic mélange has been interpreted as being
related to the NE-verging out-of-sequence thrusting in the inner wedge of the Ligurian accretionary complex,
during the late Oligocene—early Miocene collisional stage (e.g., Bettelli et al., 1989; Pini et al., 2004;
Camerlenghi & Pini, 2009; Remitti et al., 2011). Exotic blocks offscraped from the footwall unit were
accreted within the thrust shear zone and mixed with native blocks derived from the earlier broken

formation.

6.2.3 The Sedimentary Mélange

The sedimentary mélange (Figure 6.2), corresponding to the upper Oligocene—lower Miocene Val Tiepido
Canossa Argillaceous Breccias (see Panini et al., 2013), consists of an irregularly shaped chaotic mass-
transport deposit, up to 180—-200 m thick, which is internally characterized by a block-in-matrix fabric. The
latter results from submarine cohesive debris flows that involve heterogeneous material sourced from the
wedge of the Late Cretaceous Ligurian accretionary complex and disrupted portions of middle Eocene—
Oligocene Epiligurian succession in response to out-of-sequence thrusting and the dynamic re-equilibrium of

the wedge front during the collisional stage (e.g., Fagereng et al., 2011; Festa et al., 2015). The mass-
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transport deposit consists of the stacking of different single debris flow, ranging from meters to tens of
meters in thickness (Festa et al., 2015). Each single debris flow shows the inverse grading of the largest
blocks, which range in size from decimeters to about 1 m and are bounded at the base by decimeter-thick

shear zones.

4 Broken formation ~ m Tectonic mélange © Sedimentary mélange o Polygenetic mélange

9 45
8 41
7 3,5
o)
e ® A 2 3
- ©
3 5 g 4 © 25
o A -
2 2
< ] % 2
<
1,54 >
14
0,5
; , . . — A
° 3 g g
Long axis (cm) Distance (m) from main thurst fault contact -
Block long-axis
Scaly fabric . - Folds
y lineation
Broken Formation
N=34 =54

Tectonic mélange

oFold axes

(Apennine thrusting)
\< oFold axes = ™
Slickenlines (Alpine tectonics)

of main thrusts o Axial surfaces

Polygenetic
mélange

bl c|

Figure 6.4. Diagrams showing block characteristics and rock fabric in different types of mélanges: (a) aspect ratio
(block long axis/short axis) vs block long axis; (b) aspect ratio vs. location of chaotic units (i.e., distance from the
thrust faults). Data are plotted as means with 95% error bars indicated; (¢) mesoscale data (Schmidt net, lower
hemisphere) of scaly fabric, lineation of the long axis of the blocks, and folds of broken formation, tectonic mélange,

and polygenetic mélange.
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At the mesoscale, the block-in-matrix fabric of the sedimentary mélange shows an isotropic fabric defined by
the highly-disordered distribution and orientation of a polymictic assemblage of irregularly-shaped (angular
to rounded) hard to partially-soft clasts/blocks, dispersed in a brecciated shaly matrix (Figure 6.3e). The
clasts/blocks, which range in size from centimetres to decimetres and show different ages and origins,

display a low aspect ratio, with a mean value ranging from 1.4 to 1.7 (Figure 6.4a, b).

The base of the sedimentary mélange and of each single debris flow is characterized by a thin horizon (5 cm
to 50 cm in thickness) of sheared argillaceous breccias (Figure 6.2b and Figure 6.3f; see Festa et al., 2015,
2016). This sheared horizon, which is interpreted to be formed as the result of the mass-transport
emplacement (see Pini et al., 2012; Ogata et al., 2014; Festa et al., 2012, 2015, 2016), shows a planar
anisotropy defined by the alignment of elongated blocks parallel to the extensionally sheared layers and is
crosscut at low angles by disjunctive extensional shear surfaces (Figure 6.3f). Poorly consolidated clasts
commonly display extreme elongation in the direction of emplacement, with asymmetries related to simple

shear (Festa et al., 2015).

The random and highly-disordered distribution of the blocks in the shaly brecciated matrix (Figure 6.3e, f)
suggest mechanisms of translation and emplacement related to the rheological behaviour of a viscous matrix
(Lowe et al., 1982; Middleton & Hampton, 1982; Mulder & Alexander, 2001). The basal and internal shear
zones, which are characterized by enhanced reorientation of clasts and microclasts, matrix banding, and
crude foliation, suggest a constriction plus flattening-type (i.e., prolate plus oblate) strain ellipsoid, with a
prevailing component of stretching along the direction of flow and a minor component of planar flattening
(see Pini et al., 2012). This agrees with a mechanism of emplacement likely related to “viscous” shear zones

in a shale-dominated matrix, which is consistent with relatively slow-moving bodies (Festa et al., 2015).

6.2.4 The Polygenetic Mélange

The polygenetic mélange, which corresponds to the late Lutetian—early Priabonian Baiso argillaceous
breccias (Figure 6.2) at the base of the Epiligurian succession (see Panini et al., 2013), differs from the
Sedimentary mélange because its primary gravitationally-related block-in-matrix fabric is gently overprinted
by tectonic deformation related to the late Oligocene—early Miocene northeast verging thrusting stage (see
Codegone et al., 2012 for details). The primary block-in-matrix fabric of the mass transport deposits is well
comparable with that of the sedimentary mélange, consisting in sub-angular to angular, and tabular clasts and
blocks, centimeter- to decimeter in size, embedded in a brecciated shaly matrix (Figure 6.3g). However,
partially elongated blocks also occur. Differently from those of the sedimentary mélange, blocks display a
low to medium aspect ratio with a mean value ranging from 1.7 to 2.0 (Figure 6.4a, b). The matrix consists
of polymictic and isotropic mud breccias with mainly rounded-to-angular and rarely elongated, millimeter-
to-centimeter-sized clasts (Figure 6.3g, h). Independently on the scale of observation, the block-in-matrix
fabric is gentle reoriented and close to minor thrust faults and shear zones, tabular blocks/clasts are aligned
to pervasive S-C shears and scaly fabric, and SW-dipping and NE-verging, that overprint the originally
formed mass-transport deposit (Figure 6.3h and Figure 6.4c).
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6.3 Results

6.3.1 Magnetic Mineralogy

Thermomagnetic susceptibility experiments were performed on selected samples of broken formation and
tectonic mélanges (Figure 6.5a). The heating curves reveal a hyperbolic trend up to 300-400 °C, which
indicates a substantial contribution of paramagnetic minerals on room-temperature susceptibility (Hrouda et
al., 1997; 2019). Thereafter, the magnetic susceptibility increases up to 400-500 °C and gradually decreases
until 600 °C, likely related to the formation of new magnetite during the heating process. In fact, the cooling
curves show a remarkably high susceptibility with two humps which suggest the formation of magnetite and

a second ferromagnetic phase.

IRM acquisition experiments were performed for all the different chaotic rock units (Figure 6.5b). These
curves show smooth and concave downward curvatures, indicating that a single magnetic phase dominates
the remanence. Sedimentary mélanges (SM¢€) and the grey portion of the varicolored shales saturate between
0.2 and 0.5 T, revealing the presence of low-coercivity minerals. Samples from the broken formation show
higher saturation point and thus a greater contribution of high-coercivity phases. In contrast, the red portion
of the varicolored shales (TMég.q)) does not saturate at 1.5 T, implying the dominance of high-coercivity
minerals such as hematite or goethite. Variations in the content of high-coercivity phases are reflected by the

S-ratios (Figure 6.5¢), where the lowest values (So.3< 0.3; So.1 <-0.2) are found in the TM¢req).
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Figure 6.5. (a) Thermomagnetic susceptibility curves; (b) isothermal remanent magnetization acquisition and backfield
curves; and (¢) Box-and-whisker plots of the of S-ratios.
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Deconvolution of the IRM acquisition curves shows a dominant low-coercivity component in both broken
formation (BrFm) and tectonic mélanges (TM¢) with a variable minor contribution (between 4% and 18%)
of high-coercivity phases (Figure 6.6a). In contrast, some red portions of the varicoloured shales (Sample
TMé4-5B) are characterized by a predominant (~ 68%) high-coercivity component with Bh = 313-546 mT
(logio(B) = 2.50-2.75). Here, the low-coercivity component pertains to only ~ 30%.

The Lowrie (1990) experiments agree with the predominance of soft fractions, such as magnetite, for both
broken formation and tectonic mélanges (e.g., Samples BrFm2-1 and TM¢é3-2 in Figure 6.6b). Indeed, the
remanent magnetization is almost completely lost at 580 °C. A drop is also observed at ~ 350 °C, suggesting
the possible presence of iron-sulfides (Weaver et al., 2002). The contribution of hard fractions is negligible
for the TMggrey) (Sample TMe3-2). In contrast, its contribution is significative for the broken formation,
although minor. The red portion of the varicolored shales (e.g., Sample TM¢é4-5B in Figure 6.6b) shows the

dominance of the intermediate fraction and a significant contribution of both soft and hard fractions.
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Figure 6.6. (a) Coercivity distribution and unmixing of isothermal remanent magnetization (IRM) acquisition curves
(Maxbauer et al., 2016b); and (b) thermal demagnetization of three-component IRMs and normalized magnetic
susceptibility (k/ko) versus temperature.
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In all chaotic rock units, the normalized magnetic susceptibility (k/ko) increases sharply with increasing
temperature at ~ 300-350 °C (Figure 6.6b). This increase might indicate the formation of new magnetite
from paramagnetic iron-bearing minerals such as pyrite or clay minerals (Hirt et al., 1993; van Velzen &
Zijderveld, 1992). Between 500 °C and 660 °C k/ko progressively decreases, probably due to the formation

of new hematite during the heating process.

Magnetitic susceptibility (ym) does not change as the field varies (Figure 6.7a). In addition, V, index (see
APPENDIX I) shows slight variations, with values between -2.8 and 1.49, consistent with the dominance of

paramagnetic minerals or pure magnetite (Hrouda, 2002; Hrouda et al., 2006).

Chaotic rock units display hysteresis loop dominated by a paramagnetic behaviour (Figure 6.7b). Due to the
high content in paramagnetic minerals, the data are often noisy, and resolving the ferromagnetic signal of the
hysteresis loop is not always possible. After high-field slope correction, the ferromagnetic signal is generally
visible. The corrected hysteresis loop for tectonic mélanges shows a very narrow shape and approaches
saturation at ~ 0.4-0.5 T, which suggests the presence of low-coercivity phases (Figure 6.7b). In contrast, the
BrFm results reveal wasp-waisted shape (onys: > 0; Fabian, 2003) and do not saturate, indicating the presence
of higher coercivity components. The M;/M; and B./B. values reveal a grain-size distribution spanning

across the SD to MD threshold, as the data mostly fall in the PSD domain range (Figure 6.7c).
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6.3.2 AMS

A total of 172 specimens for AMS measurements were
obtained from eight selected sites where oriented hand sample
of ~ 6 dm® were taken from the shaly, clayey, and marly
matrix of the different types of chaotic rock units (see, 6.2
Meso-Structural Fabrics for description and Figure 6.2 for
location). Specimens were derived by pressing non-magnetic
plastic cubes (8 cm® volume) into the wet matrix of oriented
hand-samples, obtaining homogeneous specimens from

heterogeneously chaotic (block-in-matrix) units.

AMS results revealed low magnetic susceptibility (Km) for all
chaotic rock units, with values ranging from 26 to 236 uSI
(Table 6.S 1; Figure 6.8a), suggesting a dominant control of
paramagnetic minerals on the magnetic fabric (Rochette,
1987; Sagnotti, 2011). Sedimentary mélanges show the
highest K., values (Figure 6.8a), which range from 109 to
236 uSI. The other rock chaotic units display lower magnetic
susceptibility, where the lowest values are found in the
tectonic mélanges (Figure 6.8a). Overall, the standard
deviation of the mean susceptibility is relatively low (5-25%),

which is considered as evidence for specimen homogeneity.

Pj values are relatively low, ranging from 1.005 to 1.088, with
low standard deviation values (0.001-0.018) (Table 6.S 1;
Figure 6.8b). The largest variability of Pj is detected for both
tectonic and sedimentary mélanges. In addition, the SM¢é
revealed the highest anisotropy degree (Pj from 1.036 to
1.088; Figure 6.8b).

The shape parameter (T) appears to vary with the type of
chaotic rock unit (Figure 6.8c). Broken formations and
tectonic mélanges reveal a prevailing oblate magnetic
ellipsoid. Sedimentary mélanges are characterized by an

oblate to neutral magnetic ellipsoids (T = 0.059 = 0.233;
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Figure 6.8. Box-and-whisker plots of the (a)
mean magnetic susceptibility (Ku), (b)
corrected anisotropy degree (Pj) and (c¢) shape
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Table 6.S 1; Figure 6.8c). In contrast, polygenetic mélanges show the greatest variability in T values

spanning from -0.584 to 0.577, with a total magnetic ellipsoid of neutral shape (Figure 6.8c).
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Detailed analysis of the magnetic fabric divided by type of chaotic rock unit is given in the following

subchapters.

6.3.2.1 The Broken Formation

The broken formation was sampled at two sites (see, Figure 6.2) located at different structural position and

distances from the main thrust planes.

Site BrFm1 (Figure 6.10a-c), which is the farthest from the main thrust, showed a prolate ellipsoid (ki>>k, =
ks; =1 <T <0; L > F) (orange squares in Figure 6.10f-i; Table 6.S 1) with a well-defined magnetic lineation
ESE-striking. The ko and k3 axes are inter-dispersed, showing a SSW- to NNE-striking distribution. The
magnetic foliation is SSW-dipping and steeply inclined. Despite the limited data, two different subfabrics
may be tentatively detected (Figure 6.10b-c):

. A neutral subfabric (L = F) showing a sub-horizontal magnetic foliation ESE-dipping and a cluster of

k; axes ESE-striking (subfabricl in Figure 6.10c);

. A prolate subfabric with a sub-vertical magnetic foliation and a cluster of k; axes ESE-WNW-

oriented (subfabric2 in Figure 6.10c).

Site BrFm2 (Figure 6.10d), located in the footwall of a main thrust splay (Figure 6.2), exhibits a mixed
magnetic fabric with an oblate ellipsoid (ki = ko >> k3; 0 > T > 1; F > L) (blue squares in Figure 6.10f-i;

Table 6.S 1) that results from the combination of two different subfabric:
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Figure 6.10. Magnetic fabric of broken formation and tectonic mélange specimens (modified from Robustelli Test et
al., 2019): (a) stercoplots (lower-hemisphere projections) showing the shapes and attitudes of the magnetic
susceptibility ellipsoids from the broken formation (site BrFml); (b) density diagrams of k; and k; axes (contour
interval = 10) and (c) relative subfabrics; broken formation site BrFm2 (d), and tectonic mélanges site TMé4 (e), AMS
data. Whole diagrams for the measured magnetic fabric in which orange, blue, and white squares are respectively
BrFml, BrFm2, and TMé4 data: (f) anisotropy degree vs mean susceptibility; (g) magnetic lineation vs. magnetic
foliation; (h) shape parameter vs. corrected anisotropy degree; (i) m/4 segment polar plot (see Borradaile & Jackson,
2004), in which Pj represents the radius and T the arc length.
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. Subfabric 1 (BrFm2-Sfl in Figure 6.10c¢) is characterized by sub-horizontal magnetic foliation
slightly dipping to ESE and a magnetic lineation ESE-striking;

. Subfabric 2 (BrFm2-Sf2 in Figure 6.10c) reveals a sub-vertical magnetic foliation and horizontal k;

axes ESE-WNW aligned.

6.3.2.2 The Tectonic Mélange

The Tectonic mélange was sampled at four sites, located at different distances from the regional NW-striking
thrust shear zone (TM¢é1 to TMé4; see location in Figure 6.2). All sites showed mainly oblate magnetic

fabric with a strong magnetic foliation (white squares in Figure 6.10e-i and Figure 6.11; Table 6.S 1).

Site TM¢é1, which is located within the main shear zone (Figure 6.2), is characterized by a well-defined
steeply-dipping magnetic lineation WSW-striking (Figure 6.11a), and sub-horizontal k, axes, NW-striking.
The k; and k; axes distributions roughly defined the magnetic foliation plane which is WSW-dipping. Here,
two coherent subfabrics show weakly different k; and k, orientations, distributed from E-W to NE-SW and
from NNW-SSE to NW-SE, respectively.

SiteTMé2, which is located about 7 m away from the main shear zone (Figure 6.2), showed a complex
blended fabric (see Borradaile & Jackson, 2004), with a well-defined sub-vertical magnetic foliation around
NNE-striking. This fabric consists of the combination of three different subfabrics, characterized by neutral

to oblate ellipsoids (Figure 6.11c¢ and blue squares in Figure 6.11d-g):

. Subfabric 1 (TM¢é2-Sf1) showed a sub-vertical magnetic foliation and a sub-horizontal k; axis, ESE

and NNE-striking, respectively, while the magnetic lineation is ESE-striking;

. Subfabric 2 (TMé2-Sf2) displayed a NNE-striking sub-vertical magnetic foliation, sub-horizontal k;
and k; axes NNE- and WNW-striking, respectively, and a sub-vertical k, axis, which weakly deviated from

the magnetic foliation;

. Subfabric 3 (TMé2-Sf3) showed a sub-vertical magnetic foliation, NNE-striking, and a k; axis
plunging at a high angle towards the S.

Site TMé3 and TMé4 are located within the shear zone of a main thrust splay (Figure 6.2), but different

fabrics were observed at site level.

In particular, Site TM¢é3 (Figure 6.11b) reveal a WSW-dipping magnetic foliation with high dispersion of k3
axes. Samples collected at increasing distance from the thrust plane revealed significantly different magnetic

fabric:

. Subfabric 1 (TMé3-Sfly.1m) is representative of samples taken in the first meter from the thrust plane.
The magnetic fabric is characterized by a well-defined SW-dipping magnetic foliation and a SW-striking

magnetic lineation at low to intermediate angles;
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Figure 6.11. Tectonic fabric of tectonic mélange specimens (modified from Robustelli Test et al., 2019): stereoplots
(lower-hemisphere projections) of the AMS data, density diagrams of k; and k; axes (contour interval = 10) and relative
subfabrics for (a) Site TMé1, (b) Site TMé3, and (c) Site TM¢é2. Whole diagrams for the measured magnetic fabric in
which orange, blue, and white squares are respectively TMé3, TMe2, and TMé1 data: (d) anisotropy degree vs mean
susceptibility; (e) magnetic lineation vs. magnetic foliation; (f) shape parameter vs. corrected anisotropy degree; (g) n/4
segment polar plot (see Borradaile & Jackson, 2004), in which Pj represents the radius and T the arc length.
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. Subfabric 2 (TMé3-Sf2,.3m), typical of samples collected within 2-3 m from the thrust plane, displays
ks and k, axes distributed along an E-W girdle. This fabric reveals a N-S-striking sub-vertical magnetic

foliation and sub-horizontal k; axes clustered around the N-S direction.

Site TM¢4 (Figure 6.10e) showed a sub-horizontal magnetic fabric. The k3 axes had a bimodal distribution

allowing two different subfabrics to be identified:

. Subfabric 1 (TM¢4-Sfl) displayed sub-vertical k; axes associated with a sub-horizontal magnetic

foliation and a ESE-oriented magnetic lineation;

. Subfabric 2 (TMé4-Sf2) is characterized by ks axes plunging toward ENE, a well-defined SW-

dipping magnetic foliation and a sub-horizontal magnetic lineation SE-striking.

6.3.2.3 The Sedimentary Mélange

The magnetic fabric of the sedimentary mélange (SMé1, Figure 6.12a-c; see location in Figure 6.2) is
characterized by a blended AMS fabric (see Borradaile & Jackson, 2004), with a weakly dipping magnetic
foliation and an oblate to neutral magnetic ellipsoid (white squares in Figure 6.12e-h; Table 6.S 1). This
fabric resulted from the combination of different samples collected within both the basal shear zone and the
isotropic portion (i.e., some meters above the basal shear zone) of the sedimentary mélange, respectively

(Figure 6.12b-c):

. The basal shear zone (Subfabric2 — SMé1-Sf2 n Figure 6.12¢) showed a neutral to oblate subfabric
with the k; axis SW-striking, the k; axis NW-plunging at a low angle, and the k, axis laying on the sub-

vertical magnetic foliation, which is NE-striking;

. The isotropic portion (Subfabricl — SMe¢l-Sfl in Figure 6.12¢) showed an oblate ellipsoid
characterized by a well-defined magnetic foliation, SW-dipping, containing statistically-distinct k; and k;

axes, SE- and SW-striking, respectively.

6.3.2.4 The Polygenetic Mélange

The PM¢é1 (Figure 6.12d, see location in Figure 6.2) showed a cumulative magnetic fabric with a neutral
ellipsoid (orange squares in Figure 6.12e-h; Table 6.S 1) and no detectable subfabric combinations. The k3
axis is around ENE-striking, defining a magnetic foliation WSW-dipping with different angles. The slightly
gathered k, axes are SW-plunging at variable angles, partially deviating from the magnetic foliation plane.

The clustered k; axes define a sub-horizontal magnetic lineation, NW-striking.

6.3.3 AARM, AIRM and HF-AMS

ApARM and AIRM experiments were performed on characteristic subfabrics observed in broken formation
and tectonic mélanges. The obtained magnetic fabrics are well-defined and exhibit a close similarity to AMS

patterns (Figure 6.13).

118



Chapter 6: THIRD CASE STUDY: The ELAW

Site SMé1

Pj
1.088, o

[=f=1:
- 55 =
N 1.000.

5.62E-05 Km [S]] 2.36E-04

Subfabric 1 N Subfabric 2

(SMe1-sf1) (SMe1-sf2)

m oo+

K1m
K2A
K3e 3

=
o

180

N
m Site PMé1

1.062 F

1.088 Pj

®

180

Figure 6.12. Magnetic fabric of sedimentary (SMé1) and polygenetic (PMé1l) mélange specimens (modified from
Robustelli Test et al., 2019): (a) stereoplots (lower-hemisphere projections) showing the shapes and attitudes of the
magnetic susceptibility ellipsoids from site SMél; (b) density diagrams of k; and k3 axes (contour interval = 10) and
(c) relative subfabrics; (d) and site PMél AMS data. Whole diagrams for the measured sedimentary fabric in which
white and orange are, respectively, SMél and PM¢2 data: (e) anisotropy degree vs. mean susceptibility; (f) magnetic
lineation vs magnetic foliation; (g) shape parameter vs corrected anisotropy degree;(h) /4 segment polar plot (see
Borradaile & Jackson, 2004), in which Pj represents the radius and T the arc length.

In particular, ARM experiments show significantly higher Pj values than AMS. At the site/subfabric level, Pj
values agreed among ARM experiments (1.109 < Pj < 1.180; Figure 6.S 1; Table 6.S 2). AIRM exhibit the
highest Pj, typically > 1.160 with peak values of about 1.295 + 0.053 for tectonic mélanges (TM¢3
subfabrics). Overall, the shape parameter (T) is lower for ARM experiments than AMS. In both the broken
formation and tectonic mélange, T changes from strongly oblate for AMS to slightly neutral for ARM
experiments. An exception is subfabric TM¢é4-SF1, where values distribution is similar for AMS and all
ARM experiments. In all subfabric, AIRM show T values consistent with the AMS or slightly lower (Figure
6.S 2; Table 6.S 2).

A slight trend and correlation between F-test values and remanence intensity is visible (Figure 6.13c¢), with
significantly higher F-test values for AARMig.0 and AIRMyo. In contrast, there is no correlation with the
type of chaotic rock unit (Figure 6.13d).
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The ApARM fabrics are well-defined for all the different representative patterns (Figure 6.13a, b). No signi-
ficant changes are visible between different ARM experiments and AMS for both broken formations and
tectonic mélanges. In fact, at the subfabric level, confidence ellipsoids of the principal anisotropy axes (from
AMS and ARM experiments) overlap and thus the fabrics are all statistically indistinguishable (Figure
6.13a, b). This configuration suggests the similar/same orientation for all subpopulations of remanence-

bearing grains (of different mineralogy and grain-size) with that of the minerals carrying the AMS.

BrFm2-SF 1-layer-parallel extensior BrFm2-SF2-foldi = .
[ ] 2 E0 2008 60 — @ Sheared Sandstones c
B @ Gova Sandstones (Footwall)
50 — =
i . -
s
40 4 n L]
A :
°
570]s 5055 o5 6 w30 D.‘:‘O.: H
o
i a ©9% .
20 omd l2>D-l.ll = "
- Odm m Dd’ Y ]
=]
10 - =85 ¢© .o -
4 F =3.48;95%
0 +——F .= 260,30%
u 1e-06 1e-05 1e-04 1e-03
( ) Mean tensors O kAl Intensity (Am%Kg)
N and confidence A kAl
sy = ellipses: O koAl
N=6 Ay L
- \ 7 Ak [ Tectonic Mélanges
- [ Broken Formation
- - AMS — Median Line
@ Bl AARM,,,, 60 T Range within 1 51QR
270 v &0 ]90 ApARM i o Mean
- D 400 - AIRM,, 50 0> Data with distribution curve
: - ApARM100—40 -
: / o
. ol
= 0 4
]
180 w30 -
TMé3-SF2-layer-parallel shortening TMé3-Sf1-Shear related T2
20 —%
10 | -
. K
! i i el il il
0 I I I I I I I I
§ $
EERNEE S
Tt & T <z@z <
< < < <
Q. Q Q Q
< < < <
TECTONIC BROKEN
MELANGES FORMATION

180

Figure 6.13. Principal directions and confidence ellipsoids of the anisotropy of magnetic remanence (ARM)
experiments in: (a) broken formation; (b) tectonic mélanges. Variations of the F-test versus remanent magnetization
(¢). Box-and-whisker plot with data and normal distribution curves of the F-test among lithologies and ARM
experiments (d).

The para- and ferromagnetic components of the HF-AMS were extracted for few representative specimens
from each dominant subfabric (Figure 6.14). The anisotropy is dominated by the paramagnetic fraction. In

fact, the average proportions of the components are 97 + 32% paramagnetic and 3 + 17% for the

ferrimagnetic fraction.
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Figure 6.14. (a) Stereoplots of the principal directions of the low-field anisotropy of magnetic susceptibility (AMS),
anisotropy of magnetic remanence (ARM) experiments and the paramagnetic and ferromagnetic components of the
high-field AMS for representative samples, classified after stages. Open symbols represent data with F-test lower than
5; (b) Summary of the structural data (see Figure 6.4c¢ for details); (¢) Ternary diagrams (see Figure 3.3 for parameters
details) relating structural and anisotropy of magnetic susceptibility and remanence data.

The magnetic subfabrics carried by the paramagnetic (HF-AMS,..) and ferromagnetic (HF-AMSsero)
components are coaxial with the low-field AMS (LF-AMS) (Figure 6.14).
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Overall, all the three principal directions of AMS (both low- and high-field) and ARM experiments are
subparallel. Sometimes, the HF-AMSt.r, components shows interchanged k; and k, axis with respect to LF-

AMS (BrFm2-SF2 in Figure 6.14).

The presence of well-developed fabric with characteristic orientation of the paramagnetic and ferromagnetic
(s.1.) grains at pattern level is clearly visible from the ternary diagram (Figure 6.14¢). In fact, the presence of
well-grouped data suggests that every pattern show same orientation for para- (HF-AMSpa.) and
ferromagnetic minerals (both HF-AMS¢.ro and ARM experiments) with a specific configuration of the three
principal axes with respect to the structural elements depending on the dominant deformation mechanism

and/or type of chaotic rock unit (Figure 6.14c; compare Figure 6.14a and Figure 6.14b).

6.4 Discussion & correlation of the magnetic fabric with mélange forming
processes

The AMS analysis enabled the definition of specific configurations of the magnetic fabric (i.e., AMS and/or
ARM ellipsoids and their axes orientation) for the different types of chaotic rock unit, reflecting the forming
processes (i.e., tectonic, sedimentary, and their interlink and superposition) that were previously

distinguished through structural field data.

6.4.1 The Broken Formation

The AMS fabric of the broken formation (Sites BrFm1 and BrFm2 in Figure 6.15, Figure 6.16, see also
Figure 6.10a-d) shows a NW-striking magnetic lineation (k;) aligned with the tectonic stretching direction.
The shape of the magnetic ellipsoid varies from prolate to oblate depending on the distance from the main
thrust planes (Figure 6.2). Distribution of k; axes on a girdle pattern emerges from the superposition of
competing subfabrics (Figure 6.10a-d) and defines a transitional to tectonic magnetic fabric, which is
commonly associated with incipient deformation. In fact, weak-to-incipient deformation induced the
progressive deviation of ks axes from a direction perpendicular to the bedding plane toward one parallel to
the maximum tectonic shortening axis. The detected subfabrics (Figure 6.10a-d; Figure 6.17b) suggest that
the magnetic fabric resulted from the combination and superposition of two different deformational
mechanisms and/or differently-oriented deformational events. Since both para- and ferromagnetic minerals
are coaxial (Figure 6.14 and Figure 6.17b-d), we can infer that subfabrics are associated with recording

distinct deformation mechanisms/stages rather than different carriers of the magnetic anisotropy.

In particular, the sub-horizontal ESE-dipping magnetic foliation of subfabricl is subparallel to the SE-
dipping pseudo-bedding, and the magnetic lineation is aligned to the NW-striking layer-parallel extension
and related features (i.e., pinch-and-swell and boudinage) (BrFml1-SF1 in Figure 6.15; BrFm2-SF1 in
Figure 6.16). Partial or complete parallelism between AMS and structural elements can be evaluated in the
ternary diagrams (see BrFmipey in Figure 6.17b), where the lower left vertex represent a fabric with
magnetic foliation and lineation parallel to the pseudo-bedding and the ESE-WNW extensional shearing

direction, respectively. These features are well-consistent with the combination of layer-parallel extension
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and vertical compaction due to burial at the wedge front of the Ligurian accretionary complex. This occurred
during the Late Cretaceous—early Eocene accretionary stage in wet and partially lithified sediments (e.g.,

Bettelli & Panini, 1987; Pini, 1999; Bettelli & Vannucchi, 2003; Codegone et al., 2012; Festa et al., 2013).

On the contrary, the alignment of the NW-striking magnetic lineation of subfabric2 (BrFm1-SF2 in Figure
6.15; BrFm2-SF2 in Figure 6.16) to the block long-axis lineation may represent the superposition of tectonic
shearing, as sediment incorporated at the toe of the accretionary wedge (e.g., Bettelli et al., 1989; Kimura &
Mukai, 1991; Festa et al., 2013). In addition, the presence of a magnetic foliation at high angle to the pseudo-
bedding (see, BrFmrolding in Figure 6.17b-d) might indicate the influence of LPS or folding processes.

Thus, the broken formation magnetic fabric, is well comparable with the mesoscale structural fabric,
showing a coeval development of flattened, intra-layer sheath-like folds, layer-parallel extensional fabric,
and asymmetric boudinage likely resulting from the heterogeneity of deformation at the toe of the

accretionary wedge.

6.4.2 The Tectonic Mélange

The magnetic fabric of the tectonic mélange, showing a slightly neutral to mainly oblate AMS ellipsoid with

a steep magnetic foliation (Sites TM¢é1 to TMé4 in Figure 6.15; Figure 6.16), revealed a transitional to
tectonic- magnetic fabric. Changes in magnetic lineation (ki) plunging angles and Pj values, approaching to
the main regional-scale thrust surface (see Figure 6.11; Figure 6.9), record the progressive deformation
related to tectonic shearing onto the broken formation fabric. Overall, no different orientations of para- and
ferromagnetic minerals were observed, allowing the observed magnetic subfabric to be interpreted in terms

of tectonic reworking.

In TM¢1, located within the shear zone of the NW-striking thrusts, the alignment of a steeply-dipping
magnetic foliation to the mesoscale tectonic shear surfaces (i.e., R-shear, scaly fabric, shear surfaces;
compare Figure 6.4c and Figure 6.11a), is well consistent with the development of tectonically-induced
mesoscale shear deformation. The parallelism between the NE-oriented magnetic lineation and the main
tectonic shear direction (TMé1 in Figure 6.15; TMé;pe,r in Figure 6.17) remarks the magnetic fabric formed

during the late Oligocene—early Miocene out-of-sequence thrusting stage (see Codegone et al., 2012).

On the contrary, the blended magnetic fabric of site TMé2, which is located away from the NW-striking
thrust and the related shear zone, represents the superposition of two tectonic subfabrics (subfabric2 and
subfabric3) onto the subfabricl (see Figure 6.11c). The latter is well-comparable with that of the broken
formation (see subfabric2 of site BrFml in Figure 6.10, Figure 6.11¢,d and Figure 6.15).

The configuration of subfabrics2 and 3, showing the reorientation of the k; axes (Figure 6.11c), may
represent two stages of progressive realignment of the ferromagnetic grains and clay particles or different

reworking intensity of the broken formation during thrusting. Since both para- and ferromagnetic minerals
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are coaxial (Figure 6.13b; Figure 6.14) we can confidently ascribe the different pattern to varying

deformation intensity.
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Figure 6.15. (a) Conceptual cross-section (not to scale) of the Ligurian accretionary complex (modified from Festa et
al., 2015), the blue box represents the schematic 3D stratigraphic column of Figure 6.15b and Figure 6.16; (b)
conceptual 3D stratigraphic column (not to scale) showing the internal arrangement and structural position of the
dfferent types of mélange (tectonic, sedimentary, and polygenetic) and broken formation and related AMS ellipsoids
oriented to present-day geographic coordinates (see text for explanation) (modified from Robustelli Test et al., 2019).
Red and black lines in the 3D stratigraphic column represent tectonic and stratigraphic contacts, respectively.
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In particular, subfabric2, which is characterized by a slightly neutral AMS ellipsoid with k; axis SSW-
plunging at a low angle (Figure 6.11c¢), represents a transitional fabric. This is consistent with the incipient
deformation stage, showing convergence of long axes (ki) to the intersection between S and C planes.
Instead, subfabric3, characterized by slightly oblate ellipsoid and k; axes plunging at high angle toward the
south (Figure 6.11c and Figure 6.15), may represent a clearly tectonic fabric possibly related to a
subsequent stage of increasing deformation, with the progressive parallelization of the k; axes to the shear

direction.

Similar magnetic fabric behaviour was observed along a splay thrust (Sites TM¢3 and TM¢é4; see location in
Figure 6.2), with changes in ellipsoid shape and axis orientation depending on proximity to the main shear

surface.

Samples close to the basal thrust (TMé3-Sflo.im in Figure 6.11b and Figure 6.16 ) reveal a good alignment
between the magnetic foliation and lineation with the scaly fabric and shear direction, respectively (see,
Figure 6.17a). In contrast, moving a few meters away from the thrust plane, the dominant subfabric (TM¢3-
Sf2,3m in Figure 6.11b and Figure 6.16) shows parallelism between k; and the S-C intersection,
corresponding to an intersection lineation fabric (left side of the ternary diagram in Figure 6.17a). The
presence of a steeply inclined magnetic foliation suggests the dominance of layer-parallel shortening (LPS)
at a greater distance from the thrust plane. In turn, this indicates the localization of the strain close to the

basal thrust.

The latter fabric is also recorded at site TMé4 (Subfabric TM¢é4-Sf2 in Figure 6.16) with the addition of a
second subfabric (TMé4-Sfl in Figure 6.16) comparable with the layer-parallel extensional fabric
(BrFmppex) of the broken formation (BrFm1-SF1 in Figure 6.15; BrFm2-SF1 in Figure 6.16). In fact, the
TMé4-Sf1 and the BrFmyppex have the same geometrical relationships with the structural elements (compare
BrFm2-Sfl and TM¢4-Sfl in Figure 6.16), as data distribution is indistinguishable within the ternary
diagram (Figure 6.17b). Thus, this configuration emphasizes the heterogeneity of deformation within the
accretionary prism, with the presence of a domain that has preserved the previous broken formation stage

and the variable pervasivity of the NE-verging thrusting stage.

6.4.3 The Sedimentary Mélange

The blended magnetic fabric (see Borradaile & Jackson, 2004) of the sedimentary mélange (SMé¢1 in Figure
6.15), characterized by an oblate to neutral ellipsoid and a high dispersion of k; and k, axes, revealed the
combination of different petrofabrics. The latter axes are consistent with the internal arrangement of viscous
debris flows emplaced within wedge-top basins at the top of the Ligurian accretionary wedge in the late

Oligocene—Early Miocene (Remitti et al., 2011; Codegone et al., 2012; Panini et al., 2013; Festa et al., 2015).
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Figure 6.16. Conceptual 3D stratigraphic column (not to scale) showing the internal arrangement and structural
position of the different types of mélanges and broken formation and related AMS ellipsoids oriented to present-day
geographic coordinates (see text for explanation) (modified from Robustelli Test et al., 2019).

The occurrence of distinct ki and k» axes clusters (Figure 6.12¢) revealed partially-preferred orientations of
para- and ferromagnetic grains induced by sedimentary (gravitational) processes of formation. Two different
mechanisms could provide this magnetic fabric: (i) depositional processes under current flow associated with
grain transport by traction, in which the cluster of k; axes trends in the direction perpendicular to the flow
(Sagnotti et al., 1994), and (ii) a weak and non-pervasive deformation associated with the emplacement of

overlaying debris flow (i.e., “cryptoslumps”, see also references Corin et al., 2001; Schwehr & Tauxe, 2003).

On the contrary, subfabric2 showed a slightly neutral magnetic ellipsoid (Figure 6.12¢, f-h) with SW-
striking ki axes parallel to the orientation of the clast-long axis within the basal viscous shear zone of the
sedimentary mélange (see Festa et al., 2015). The magnetic lineation (k;) is also consistent with the direction
of extensional shearing. Thus, the AMS fabric reflects a significant preferred orientation of grains induced by
the downslope emplacement of the sedimentary mélange as a cohesive debris flow (see, e.g., Ogata et al.,

2014, 2019; Festa et al., 2015, 2016; Kuranaga et al., 2019).
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6.4.4 The Polygenetic Mélange

The magnetic fabric of the polygenetic mélange (PM¢1 in Figure 6.15) defined a neutral magnetic ellipsoid
with a sub-horizontal magnetic foliation and well-clustered k; axes. This pattern represents a transitional
fabric due to the partially tectonic reorientation of the primary fabric of the sedimentary mélange (i.e., the
MTD). In fact, the occurrence of some sub-vertical ks axes associated with sub-horizontal k; and k, axes are
well consistent with the remnant of a primary gravitationally-induced fabric, formed during the MTD
emplacement. Instead, the girdle drawn by the k, and ks axes might document the role played by tectonic
processes in weakly reworking the primary fabric of the sedimentary mélange. In fact, data grouped close to
the lower left vertex of the ternary diagram (Figure 6.17a) reveal a good parallelism between magnetic and
mélange foliations and the alignment of the k; axes with the direction of S-C structures related to the NW-
verging out-of-sequence thrusting (i.e., late Oligocene—early Miocene thrusting stage, see Festa et al., 2013;

Figure 6.17a; compare Figure 6.4¢c and Figure 6.12b).
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Figure 6.17. Ternary diagrams (see Figure 3.3 for parameters details) relating structural and magnetic directional data.
Anisotropy of magnetic susceptibility (AMS) (a) and mean anisotropy of magnetic remanence (ARM) (c¢) data from the
tectonic mélanges; data from the broken formation: AMS (b) and ARM (d).
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6.5 Concluding Remarks

The different types of chaotic rock unit (mélanges and broken formations), cropping out in different
structural positions within the external Ligurian and Epiligurian units in the Northern Apennines (northwest
Italy), represent the products of different interrelated and locally-superposed processes (sedimentary,
tectonic, and polygenetic; see, Codegone et al., 2012; Festa et al., 2019), which accompanied the Late
Cretaceous—early Miocene tectono-stratigraphic evolution of an exhumed Ligurian accretionary complex and
the overlying wedge-top basin succession (Codegone et al., 2012). Through the analysis of the magnetic
fabric of the different types of chaotic rock unit differing each other by diverse diagnostic block-in-matrix
fabrics (Codegone et al., 2012; Festa et al., 2019), our findings document that a close relationship exists
between mesoscale structural fabrics and the configurations and orientation of the principal axes of the
magnetic susceptibility and remanence subfabrics. The broken formation shows a tectonic magnetic fabric
with a prolate to oblate AMS ellipsoid for both para- and ferromagnetic components. The magnetic lineation
(ki; Ag; Ii) is consistent with the block-long axis and layer parallel extension directions, while the girdle-
shaped distribution of intermediate and minimum axes is well-consistent with a heterogeneous deformation,
as occurred at the toe of the accretionary wedge (coeval flattening, boudinage, and layer-parallel extension,
see Festa et al., 2013). The tectonic mélange showed a magnetic fabric with neutral-to-oblate AMS and
ARM ellipsoids. The magnetic lineation and the magnetic foliation are parallel to the direction of shear and
the mélange foliation, respectively. Away from the main thrust surface, the occurrence of an
intermediate/transitional magnetic fabric documents the partial preservation of the previous broken formation
fabric. The sedimentary mélange showed a depositional magnetic fabric defining an oblate AMS ellipsoid
with a magnetic lineation perpendicular to the direction of emplacement. Only within the sheared horizon at
the base of the gravitational body, the magnetic fabric defines a neutral ellipsoid with magnetic lineation
parallel to the clast-long axis and the direction of downslope emplacement. The polygenetic mélange showed
a transitional magnetic fabric with a neutral AMS ellipsoid. The magnetic lineation and the magnetic
foliation are oriented perpendicular to the shear direction and parallel to the scaly fabric, respectively, while
the girdle-shaped distribution of k; and ks axes is well-consistent with a partial reworking and reorientation

of grains due to the overprinting of tectonic processes onto sedimentary ones.

Our findings thus document the significance of the application of the magnetic fabric method (AMS,
ApARM, AIRM) to the complex rock assemblages commonly characterizing subduction—accretionary
complexes as a valuable tool in distinguishing different types of chaotic rock units (mélanges and broken
formations). The comparison between field-observed meso-structural fabric and magnetic fabric on an
exhumed subduction—accretion complex in the Northern Apennines allowed us to define and validate the
diagnostic magnetic fabric features that are necessary to analytically distinguish the contribution of different
mélange forming-processes (tectonic, sedimentary, and their mutual superposition) during its evolution.
Importantly, since the studied Ligurian accretionary complex represents an ancient analogue for the shallow

portion of present-day subduction complexes (e.g., Pini, 1999; Remitti et al., 2011; Codegone et al., 2012;
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Festa et al., 2013, 2018), the diagnostic magnetic fabric configuration defined for each type of chaotic rock
unit may be successfully applied in the investigation of deformation in modern subduction—accretionary
complexes where direct field-observations are not possible. Therefore, our results may provide potential
significant constraints to better understand the internal structural architecture of modern subduction—
accretion complexes, and the role played by different (and locally superposed) processes during their

tectono-stratigraphic evolution.
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Chapter /

SUMMARY & CONCLUDING REMARKS

The main purpose of this thesis was to investigate the
magnetic signatures of fault rocks in convergent margins
at shallow depth. Anisotropy of magnetic susceptibility
and remanence, with emphasis on the separation of
different subfabric, were used as primary sources of
information to unravel different deformation stages,
variations in stress regime and discriminate between
localized and diffuse deformation. Magnetic mineralogy
investigations were essential to verify changes in
magnetic properties and their link to physical-chemical
processes associated with faulting. In this final Chapter,
similarities and differences between ancient and actual
convergent margins are discussed, providing possible
explanations for discrepancy in the magnetic signature
among IODP data and the results of the studied exhumed
analogues. The main findings are then summarized, with
focus on the role of lithological
variations/heterogeneities in controlling the sensitivity in
the registration of the faulting processes by different
magnetic minerals. Finally, future perspectives on the
importance of the use of magnetic measurements and
their integration with other discipline to enrich our
knowledge and provide fundamental insight into the
interpretation of the mechanisms involved in the
evolution of shear zones in the seismogenic zone (both in

modern and exhumed fault zones) are addressed.

7.1 Summary of main findings & comparison with modern equivalent

The detailed analysis of rock magnetic properties in three exhumed analogues of intraplate and convergent

margin shear zones has provided interesting new findings to further progress the understanding of

heterogeneities related to the faulting processes. Separation of composite fabrics using statistical treatments

of directional data has proven to be a powerful tool to discern superposed magnetic subfabrics/fabric patterns

at site level and evaluate the different contribution of diffused and localized deformation along convergent
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margin shear zones. Discrimination of subfabrics also allows unveiling the presence of minor thrust planes or
secondary zones of localized strain even where the field structures do not clearly show a change in the
deformation regime. It is important to emphasize that detailed data analysis and comparison with structural
data were crucial in quantifying the number of samples that recorded different deformation processes (e.g.,

pure or simple shear dominated regimes), leading to greater statistical significance of the observed fabrics.

Specific AMS fabrics and their distribution demonstrate a good correlation with the intensity of reworking
related to non-coaxial deformation and the relative position in the complex internal architecture of the
convergent margin shear zones (e.g., proximity to the major tectonic structures). Indeed, despite the different
lithology involved, the paramagnetic subfabrics (HF-AMS;...) are nearly coaxial with the AMS, suggesting
that the different AMS fabrics are closely related to the deformation of paramagnetic clay minerals of the
matrix rather than mineralogical changes. The lithological changes play only a minor role on the occurrence
of AMS shear-related fabrics, as they appear to control only the frequency of a particular magnetic fabric
along the studied convergent margin shear zones in response to lithological-specific deformation mechanism
(for further discussion on lithological influence see Subchapter 7.2 below). Overall, a general common
trend can be observed in term of magnetic fabric distribution and its progressive evolution. The main
common observations consist in the recurrence of two main patterns showing specific geometric
relationships with the structural elements (Figure 7.1), which could be associated with the degree of non-

coaxial deformation and progressive localization of strain.

In the proximity of the main thrust faults and basal décollement, both clay-rich and carbonate-rich sediments
revealed a dominantly oblate magnetic fabric that shows direct correlation with the development of a shear
related fabric, suggesting high-degree of non-coaxial strain and shear localization recorded along the main
faults. In fact, in the first few meters to tens of meters, the dominant magnetic fabric always shows a
magnetic foliation consistent with the structural foliation (i.e., S-planes or mélange foliation) or C-planes and
a magnetic lineation parallel to the shear/transport direction (shear fabrics in Figure 7.1b, d-e). In addition,
ki can be parallel to the calculated slip vector or transport direction for dominant simple or pure shear
component, respectively (Stage Epue and StageE//pure in Figure 7.1d). This fabric can also be ubiquitous in
tectonic slices tens of meters thick, indicating the influence of diffuse high-degree of shear strain. The
dominance of this shear pattern decreases with distance, but it can also occur several tens of meters away
from the main thrust planes, suggesting the presence of local shear concentration within the tectonic slices or

secondary/minor thrust planes.

The second recurrent pattern shows magnetic foliation consistent with the cleavage (S-planes), but the
magnetic lineation is at the intersection between S and C planes (S-C intersection fabric in Figure 7.1d-e and
TMé.ps in Figure 7.1b). The S-C intersection fabric is characterized by a less oblate to prolate fabric and a
lower anisotropy degree. This fabric becomes dominant away from the thrust plane, revealing a lower degree

of shear strain with dominant LPS or local contraction within a convergent margin shear zone.
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Figure 7.1. (a) Location of the case studies in the Northern Apennines, Italy. Summary of the main AMS findings and
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(Chapter 6), (d) the OAS (Chapter 4), and (e) the SVU (Chapter 5). (¢) Structural position of the studied convergent
margin shear zones within an accretionary complex (modified from Robustelli Test et al., 2019).

In addition, composite/transitional fabrics and fabrics related to early deformation stages are locally

preserved within intraplate shear zones and become significant at a greater distance from the thrust planes.

The presence of subfabrics related to less intense non-coaxial deformation is also associated with a gradual
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decrease in anisotropy degree and ellipsoid oblateness (Figure 7.1). The distance at which those fabric
becomes significant is highly variable and depends on several factors such as structural position, lithology

and pervasivity of tectonic structures.

Therefore, the presence of competing fabrics highlights heterogeneities in strain distribution within a
convergent margin shear zone and could explain the high variability of magnetic fabrics, spanning from
isotropic to directly related to the shearing or previous deformational fabrics, observed in modern convergent

margin investigated during IODP and ODP Expeditions (Figure 7.2, Figure 7.3, Figure 7.4, and Figure 7.5).

The most recurrent fabric observed within and close to shear zones in modern context is equivalent to the S-
C intersection fabric observed in the studied exhumed analogues, showing a slightly inclined magnetic
foliation and a magnetic lineation dominantly clustered orthogonal to the shear direction (e.g., deformed
zones Site 1178 and above the décollement Site 808 Figure 7.2¢; Sites C0006 and C0007 Figure 7.3; Fault
zone Figure 7.4c). Across the Ashizuri transect at Site 583 (Figure 7.2d), close to the frontal thrust, the k;
clustering has been interpretated as indicator of paleocurrent direction (Taira & Niitsuma, 1986), but
alternatively may represent evidence of incipient stages of LPS and possible initial shearing at the front of
the accretionary prism, as supported by the prolate shape of the magnetic ellipsoid. The distribution of the S-
C intersection fabric across thrust faults is highly variable. At the Kumano transect this fabric is largely
distributed in accreted and basin sediments affected by a series of minor thrust faults (Sites C0001 Unit II,
and C0006 and C0007 Unit III in Figure 7.3; Louis et al., 2012). At the Muroto transect at Site 1178, a S-C
intersection fabric related to diffuse shear/faulting was detected within the accretionary prism in a ~100m
thick deformed zone (Ujiee et al., 2005). In contrast, at the accretionary wedge of the Hikurangi margin an
“S-C intersection-like” fabric, with magnetic foliation oblique to the bedding and k; orthogonal to the SW
relative motion of the Pacific Plate east of New Zealand (Greve et al., 2020), is confined only to the Lower

hangingwall and presumably to the lower subsidiary fault zone (Figure 7.4a, c).

Overall, a shear parallel magnetic lineation fabric is mostly not observed or not interpreted in actual
convergent margins. The only case study in which this fabric is associated with shearing due to the
underthrusting process is the Costa Rica subduction margin along the Middle Americas Trench. Here, at Site
1043, the occurrence of a magnetic lineation parallel to the convergence vector suggests localized
deformation within the décollement zone and in the upper few meters of the underthrust hemipelagic
sediment (Figure 7.5b; Housen & Kanamatsu, 2003). This difference suggest that the Costa Rica subduction
margin has accommodated more ductile deformation than the Nankai and Japan plate boundary shear zone
(Ujiie et al., 2003). In fact, the Costa Rica margin is also the only case where the degree of anisotropy and
the shape parameter increase within the shear zone (Ujiie et al., 2003), displaying the same trend observed in
the exhumed case studies (Figure 7.1b, d-e). In the others convergent margins, Pj increases only slightly
approaching the major and minor thrust faults (Sites C0004, C0006 and C0007 Figure 7.3; Figure 7.2b, c;
Figure 7.4¢) In contrast, the shape parameter tends to became more prolate but never turn back to the oblate

shape.
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For example, at Site 808 the magnetic fabric tends to be more prolate with depth, where changes in shape
parameter were associated to more penetrative strain than in the upper portion of the sediments that were
relatively fissile (Byrne et al., 1993). However, a closer look might reveal a progressive increase in
oblateness in the few tens of meters above the décollement (Site 808 Figure 7.2¢), as observed in the
exhumed analogues (Figure 7.1b, d-e). At site 1174, the overall fabric within the décollement zone is more
prolate than in the other portions of the accretionary prism. Nevertheless, the magnetic fabric becomes
progressively more oblate at the lower part of the accretionary wedge approaching the décollement zone and
also at the upper and lower limits of the shear. These observations might support possible changes in
ellipsoid shape due to the occurrence of composite fabrics related to the partial preservation of the previous
sedimentary and/or deformation fabrics, with strain localization and consequent oblate fabric only close to
the main fault planes separating the different tectonic domains. In addition, the absence or insufficient
evidence of localized deformation can be related to the different sampling resolution in respect, which is
significantly limited in the punctual observations obtained during scientific ocean drilling and does not allow

the detection of subtle variation in the strain regime as in exhumed analogues.

The comparison between the magnetic fabric observed in the décollement zones of the Hikurangi margin and
the Nankai accretionary prism with the specific fabric variations occurring in the studied exhumed analogues
(this thesis) can help to discern the local presence of shear fabric even when the limited number of samples
or the composite nature of the fabric did not allow the authors to draw significant conclusions. In fact, at the
Hikurangi margin, the fabric observed close to the main brittle fault shows a magnetic lineation variable
oriented from NE-SW to NW-SE displaying a double tendency to be parallel and orthogonal to the oblique
motion of the Pacific Plate (Figure 7.4¢). Thus, this fabric can also be interpreted in terms of a dominant
shearing close to the main thrust faults, with fewer samples showing low non-coaxial strain reworking (i.e.,
S-C intersection fabric). In addition, this interpretation may strengthen the possible explanation of the fabric
obtained in the lower subsidiary fault zone as S-C intersection fabric, despite the limited number of samples
that does not allow to the authors to infer conclusions for this interval. In the Nankai Through offshore
Muroto, the magnetic fabric found within the damage zone of Site 1174 has been related to a random
orientation of particles due to the absence of transmitted shear within the brecciated fragments (Figure 7.2¢;
Ujiie et al., 2003). Alternatively, based on the observation across exhumed analogues, this fabric can be
interpreted as a composite fabric. Indeed, the magnetic lineation shows a double tendency to be parallel or
orthogonal to the shortening direction, which might reveal the superposition of preserved LPS fabric with
shear related fabric. Similar considerations can be made for the deformed intervals at Site 1178, where the
presence of few samples with sub-horizontal k; axes (Figure 7.2e¢) might reveal the preservation of previous
stages of deformation, as occurs in the case of exhumed analogues within tectonic slices (e.g., P3rps and
P4composite in Figure 7.1e) or at greater distance from the basal décollement (e.g., TMérps in Figure 7.1b).
Local preservation of the LPS is also observed across the Kumano transect in Units affected by the
occurrence of megathrust faults or splay thrusts, where few samples show transitional fabric with k; rotating

toward the shortening direction (Unit IV Site C0002, Site C0004, Unit III of Sites C0006 and C0007, and
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Site 808 in Figure 7.3; Owens, 1993; Louis et al., 2012). The occurrence of composite and transitional
fabrics is also coupled with decreased oblateness of the magnetic ellipsoids, supporting the interpretation of
lower degree of non-coaxial strain and preservation of previous or different deformation stages in both

exhumed and actual contexts.
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Figure 7.3. AMS results from IODP and ODP Expeditions across the Kumano transect, Nankai Trough (Louis et al.,
2012; Kanamatsu et al., 2012, 2014; Kitamura et al., 2015). The transect location is shown in Figure 7.2a.

Transitional fabric is also observed in the prism sediments of the Japan trench and in the hangingwall of the

Hikurangi margin and Nankai Trough (Figure 7.2b-c; Figure 7.4a). For example, at Site 1178, outside the
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deformed zones, the magnetic fabric reflects the modification of the initial sedimentary fabric due to LPS
(Ujiee et al., 2005 - Figure 7.2¢). In contrast, in exhumed analogues, away from the thrust faults, the effect
of LPS is not always preserved or recorded. In fact, if the initial fabric is significantly anisotropic, the
superposition of subsequent deformation events may not necessarily modify the magnetic fabric. This is the
case of broken formations observed at the ELAW (BrFm in Figure 7.1b), which reveals fabrics consistent
with pre-faulting deformation, as the layer parallel extension occurred at the toe of the accretionary wedge,
but no LPS. Another example is the sedimentary mélanges subsequently involved in the SVU shear zones,
where a strong control of the initial bedding parallel foliation always emerges (Figure 7.1e). In the exhumed
case studies, the sedimentary mélanges show magnetic lineation orthogonal to the transport or shear direction
(SM¢ in Figure 7.1b, e), suggesting absent or only partial tectonic reworking. Results in the exhumed
analogues are consistent with the magnetic fabric observed in the MTDs occurring at the top of the Nankai
accretionary prism along the Kumano transect (Site C0018 Figure 7.3). In both cases the magnetic fabric

becomes more prolate at the base of the MTDs.
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In addition, there is a second magnetic fabric in common, characterized by sub-horizontal ks and k; in the
emplacement direction, which can be related to internal shear occurring during the emplacement of the
MTDs (SMépasal shear in Figure 7.1b and Site C0018 Figure 7.3). Despite the occurrence of the same fabric
and their association with shearing, their presence is located in different portions of the MTDs. At ELAW,
the shear-related fabric is located at the base of the MTD, where the occurrence of a thin layer of sheared
argillaceous breccia has been reported (Festa et al., 2015, 2016). In contrast, at Nankai, this fabric is located
in the central portion of an MTD and related to shearing along internal folds while emplacing (Kanamatsu et
al., 2014). This difference can indicate that may be located either at the base or within an MTD.

Alternatively, the shear fabric of Site CO018 can be interpreted as a basal shear zone separating two

overlaying MTDs.
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Figure 7.5. (a) Location of the IODP and ODP Sites along the Central America Trench and their positions across the
Costa Rica subduction margin (Housen & Kanamatsu, 2003; Li et al., 2015). (b) Main AMS results in underthrust
sediments at the front of the margin wedge (Housen & Kanamatsu, 2003; Li et al., 2015). (¢) Down-core variation of
anisotropy degree across the accretionry wedge, décollement zone (d.z.) and underthrust sediments at Site 1043
(Housen & Kanamatsu, 2003).

In the footwall of the studied exhumed convergent margin shear zones, the magnetic fabric shows subtle but

significant variations among localities. The most common fabric reveals a sub-horizontal bedding parallel
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magnetic foliation and a well-clustered magnetic lineation consistent with the B-S intersection (Stage Ased
Figure 7.1d; Footwall Figure 7.1e). This fabric is mostly associated to vertical loading/compaction with a
minor component of LPS and is commonly observed in the footwall of megathrust or basal décollement
shear zones in actual convergent margins (Below the décollement at Site 1174 Figure 7.2¢; Underthrust
sediments Figure 7.2b; Figure 7.4a). The different degree of k; clustering is associated with the intensity of
the superposed LPS fabric. In fact, where sediments are completely undeformed and register only the vertical
compaction prior to underthrusting, the k; axes are interspersed within the foliation plane (Site 808 Figure
7.2¢; Site U1381 and 1039 Figure 7.5b). The gravitational loading dominated magnetic fabric can also be
preserved in the less deformed portion of the shear zones, as occurs in the central portion of the Papaku fault
zone (Hikurangi margin; Figure 7.4¢; Greve et al., 2020). Overall, significant changes in the magnetic fabric
below a thrust fault are associated with lower Pj and a reduced ellipsoid oblateness, suggesting the
occurrence of weak décollement and strain decoupling (Housen et al., 1996; Yang et al., 2013; Greve et al.,

2020).

The strong heterogeneities of the magnetic fabric occurring at convergent margin shear zones in both modern
and exhumed contexts reflect the heterogeneous distribution of the strain, the progressive evolution of

faulting processes, and the intensity of previous pre-shearing fabrics.

To better constrain these heterogeneities, a comparison with AMS results of laboratory experiments is
needed. Laboratory models (Schofisch et al., 2021, 2022) reveal the frequent presence of LPS fabrics
associated with kinking and folding processes occurring away from the thrust surfaces and in thrust-affected
areas under low-friction rate along the basal décollement (.Figure 7.6a, ¢). This context appears to produce
mostly composite and transitional fabrics, typical of LPS superposed on the initial bedding-parallel magnetic
fabric (e.g., P31ps and P4compositc in Figure 7.1e; prism sediments Figure 7.2b; middle hangingwall Figure
7.4a) without any significant evidence of non-coaxial strain and shearing. This model represents a less
evolved stage than the studied exhumed analogues and most of the megathrust shear zones investigated by
the IODP and ODP expeditions in actual convergent margins. In fact, laboratory models reveal a progressive
decrease in both Pj and T in the magnetic fabric associated with the thrusting stage, while in the case studies
in nature the AMS scalar parameters tend to increase. The S-C intersection and the shear-related fabrics
occur only in the case of high-friction rate models and along thrust planes, supporting the interpretation of

these fabrics in exhumed analogues as a consequence of localized deformation along the main thrust planes.

Therefore, results reported in this thesis correspond to precious evidence of localized deformation that are
difficult to observe both in nature and in the laboratory, since they appear to be strictly related to the entity of
basal-friction rate and the non-coaxial strain degree. Then, to define the presence of shear-related fabric and
better understand the strain distribution along convergent margin shear zones, it is recommended to sample
at high-resolution with increasing distance from the thrust plane, promoting the discrimination between
localized and distributed deformation. In addition, the study of exhumed analogues provides an opportunity

for 3D observation of the structures, allowing direct correlation between magnetic fabric and structural
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elements, for example, using ternary diagrams, leading to a semi-quantitative interrelation with the

prevailing deformation processes.
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7.2 Lithological control on magnetic fabric record of strain & outlook

Another important aspect dealt in this thesis is the extensive separation of subpopulation of magnetic grains
and their correlation with the different processes/stages of the evolution of convergent margin shear zones.
Despite the occurrence of similar AMS fabrics, significant differences were observed in the contribution of
para- and ferro-magnetic subfabrics in the three study areas, suggesting the possible role of lithological
variation in recording faulting processes. As mentioned previously, the occurrence of shear-related and S-C
intersection fabric is not commonly observed in both modern and exhumed convergent margins. Therefore,
the following discussion will focus on the nature of these fabrics in different sedimentary units involved in

the studied convergent margin shear zones and the relative influence of para- and ferro-magnetic subfabrics.

Depending on the lithology, ferro- and para-magnetic grains show different sensitivity to respond to
deformation. In general, in the studied lithologies (i.e., limestones, mudstones and claystone/shales), the
paramagnetic subfabric is almost always coaxial with the AMS for both shear and S-C intersection fabrics
(Figure 7.7a). To a first approximation, we can assume that the AMS provides a good proxy for the
orientation of paramagnetic clay minerals in the studied samples, where the different magnetic fabric is
mostly related to the intensity of deformation. However, even if bulk susceptibility shows values consistent
with paramagnetic-dominated rocks, clay minerals do not necessarily represent the carriers of the AMS
(Biedermann & Bilardello, 2021). It should be noted that this coherence may also reveal a similar
reorientation of para- and ferro-magnetic subpopulations under non-coaxial strain, where subtle variations
may indicate a different alignment between the para/diamagnetic matrix and ferromagnetic grains. In fact,
carbonate-rich sediments (OAS fabrics in Figure 7.7a) reveal a slight variation in the orientation of the
principal magnetic susceptibility axes between AMS and HF-AMS,.r., suggesting that in these lithologies the
paramagnetic subfabric and the AMS record similar processes, but that a contribution from the ferromagnetic
subfabrics should be considered in the interpretation of the AMS. At the OAS, the paramagnetic subfabric is
less aligned with the mesoscale structures than the AMS (see, Ternary diagrams in Figure 4.13c). In
contrast, in clay-rich units the geometric relationships of AMS and paramagnetic fabric with structural
elements are significantly similar (see also Figure 5.25¢ and Figure 6.14¢). Thus, carbonate-rich, and clay-
rich units differ slightly in the degree of alignment of the clay minerals with respect to non-coaxial strain,

suggesting lithological control in the reorientation of the paramagnetic minerals.

In addition, most of the differences relate to the orientation of ferromagnetic subfabrics with respect to AMS
and strain acting during the thrusting and faulting processes. In carbonate-rich rocks, ferromagnetic
subfabrics show a slight spreading of intermediate and maximum axes in the foliation plane, but still
consistent with the orientation of the AMS. A similar consideration can be made for the Tectonic mélanges
observed at ELAW, which are clay-rich units. In the latter case, the ferromagnetic subfabrics are very well-
grouped (ELAW fabrics in Figure 7.7a), suggesting a more efficient reorientation process that resulted in
mostly coaxial para- (HF-AMSar.) and ferromagnetic minerals (both remanence-bearing and HF-AMSferro).

In contrast, the clay-rich sediments of the SVU intraplate shear zone show an independent orientation of the
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ferromagnetic subfabrics from AMS and paramagnetic matrix (SVU fabrics in Figure 7.7a), indicating the
registration of different deformation stages or a different degree of alignment to the main mesoscopic
structures. In fact, at the SVU, the shear-related fabric (P2snear in Figure 7.7a) shows interchanged maximum
and intermediate axis between ferromagnetic subfabrics and both AMS and paramagnetic subfabric.
Therefore, in the marly units involved in the SVU, the ferromagnetic subfabric might reveal previous or less
deformed stages such as the S-C intersection fabric, while paramagnetic minerals show a more rapid

reorientation consistent with shear localization.
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Figure 7.7. (a) Stereoplots (Lower hemisphere equal-area projections) of the principal directions of the LF-AMS, ARM
experiments and the paramagnetic and ferromagnetic components of the high-field AMS for representative samples
showing S-C intersection and shear-related fabric in the three different study areas. (b) Paramagnetic contribution (%)
as a function of ym. (¢) Percentage of ferromagnetic contribution versus susceptibility of ARM (y,). (d) Pj versus ym for
samples displaying S-C intersection and shear-related fabrics. Data are clustered according to study areas.
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Then, variations in ferromagnetic contents and different grain-sizes of the ferromagnetic minerals need to be
investigated to unravel the processes that condition the ability of ferromagnetic minerals to record different
deformation stages. Overall, the studied lithologies show a dominant paramagnetic component, about 97% in
clay-rich sediments (SVU and ELAW in Figure 7.7b) and 70% in carbonate-rich units (OAS in Figure
7.7b). In carbonate-rich sediments, the contribution of ferromagnetic fraction to the total High-field AMS is

significantly higher, on average around 30% (Figure 7.7¢).

Variations in the ferromagnetic contribution are related here with different y. (Figure 7.7b), suggesting a
strong control by the matrix over the bulk susceptibility and the percentage of ferromagnetic component to
the total AMS. Indeed, the highest contribution of the ferromagnetic subfabric is observed in carbonate-rich
sediments, where the lower yn values can be ascribed to a higher content in diamagnetic minerals (e.g.,
calcite) in the matrix. In contrast, in clay-rich units, the contribution of the ferromagnetic minerals is
significantly low, regardless the different yn between lithologies (ELAW and SVU in Figure 7.7b). The
inverse relationship between carbonate content and the higher contribution of the ferromagnetic fraction is
also supported by the similar content in ferromagnetic minerals in the different clay- and carbonate-rich units
(Figure 7.7¢). Actually, the ferromagnetic percentage does not show a direct correlation with the y, nor with
the different orientation of ferromagnetic minerals with respect to strain. The relative changes in ym and ¥,
appear to be related to the different composition of the matrix (Figure 7.8a), where low ¥ values are strictly
related to higher carbonate content. Furthermore, the different contribution and concentration of
ferromagnetic grains in the same lithologies does not influence the occurrence of a magnetic lineation
parallel or orthogonal to the shear direction. In fact, the occurrence of the two main patterns does not reveal a
correlation with different ¥, (Figure 7.7d), supporting our interpretation in terms of higher deformation
degree rather than different content in ferromagnetic minerals, opposed to what has been observed in other
shear zones (e.g., Roman-Berdiel et al., 2019). Here, there is a correlation between lithology and the different
anisotropy degree. In carbonate-rich sediments, the anisotropy degree is generally higher in the shear-related
fabric, suggesting a stronger alignment of minerals than in the S-C intersection fabric (OAS in Figure 7.7d).
In contrast, similar Pj was observed for both low and high non-coaxial strain patterns in clay-rich units
(ELAW and SVU in Figure 7.7d). Therefore, no significant variations in ferromagnetic content are observed
to explain the variable response of ferromagnetic minerals in the different studied lithologies. Another aspect
that may influence the different subfabric orientations is the variation in ferromagnetic minerals assemblages
and their relative grain-size. However, the studied lithologies show the presence of similar subpopulations of
ferromagnetic grains. In fact, all the different units reveal similar M;y/M; and B, values (Figure 7.8b) in the
range of dominant low-coercivity minerals (e.g., magnetite). Only carbonate-rich sediments show a slightly
higher content in high-coercivity minerals (Figure 7.8¢), but not at levels sufficient to significantly induce

different orientation of the ferromagnetic subfabrics.

These observations show a close relationship between lithologies and ferromagnetic subfabrics. However,
considering the homogeneities in the subpopulation of ferromagnetic grains, their different response to

deformation appears to be strongly governed by the rheological behaviour of the matrix.
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Figure 7.8. (a) Biplot of y, versus ym for different lithological units. Data are clustered according to study areas. (b)
Squarness versus B. plot (Tauxe et al., 2002) with areas of relative distribution for the different case studies. (¢) Box-
and-whisker plots of the So 3 ratio (Thompson & Oldfield, 1986) grouped for different lithological units.

Then, the variation in ferromagnetic subfabric orientation may be associated with the different deformation

mechanism occurring in clay-rich and carbonate-rich sediments.

Carbonate-rich sediments undergo pressure-solution (e.g., stylolitization) (Leoni et al., 2007; Leah et al.,
2020), which is a process of favourable alignment of both para- and ferro-magnetic minerals with respect to
the strain axes (Borradaile & Jackson, 2010). Phyllosilicates and magnetite tend to concentrate in the
dissolution zones, rotating accordingly to the deformation of adjacent calcite grains. In this way, the matrix
behaviour strongly conditions the magnetic subfabrics (Borradaile & Tarling, 1981; Evans et al., 2003). In
addition, new ferromagnetic minerals may grow in the tectonic solution structures, mimicking the
progressive evolution of the strain. The latter process may explain the slightly minor alignment of
paramagnetic minerals to the stylolite cleavage compared to the AMS. Moreover, ferromagnetic grains of
different grain-size may have a different degree of freedom to rotate within the dissolution sites, justifying
the slight spreading of different ferromagnetic subfabrics around the AMS and strain axes (Figure 7.7a).
Thus, the orientation of para and ferro-magnetic minerals in carbonate-rich sediments is strongly influenced

by matrix behaviour, with progressive registration of the strain depending on the extent of the dissolution
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process and partial preservation of previous fabrics. This observation may also associate the different
anisotropy degree observed in the shear-related fabric (Figure 7.7d), with a greater alignment of both para-

and ferro-magnetic grains due to increased non-coaxial strain.

In contrast, clay-rich sediments deform by cataclasis, progressive rotation, micro-folding, intergranular slip
and intragranular kinking of phyllosilicates (Mattei et al., 1995, 1997; Parés et al, 1999; Cifelli et al., 2004,
2005). The different orientation of para- and ferro-magnetic minerals must be related to the preferred
orientation obtained by rotation of clastic grains, with some grains moving more efficiently than their
neighbours, which depends strongly on the degree of deformation (Borradaile, 1988). The occurrence of
these processes may explain the coaxiality between AMS and paramagnetic subfabrics in clay-rich
lithological units. While the strong difference in orientation of ferromagnetic subfabrics between ELAW and
SVU (Figure 7.7a), despite similar clay content, must be associated with other conditions that can influence
the degree of reorientation of the ferromagnetic minerals. A possible explanation is the different lithification
state prior to the deformation, which may significantly affect the deformation mechanisms. In fact, sediments
in the SVU were mostly unlithified when thrusting occurred (Remitti et al., 2012). Under these conditions,
deformation within the fault zone is accommodated by soft sediment particulate flow involving grain
boundary sliding (Borradaile, 1981; Mittempergher et al., 2018). In contrast, the chaotic rock units (i.e.,
melanges) involved in the ELAW have been previously deformed, which implies the formation of pre-
thrusting fabrics (e.g., broken formation fabrics) associated with pore volume reduction and progressive
lithification during deformation at the toe of the accretionary wedge before the transposition under thrusting-
related tectonic shearing (Codegone et al., 2012; Festa et al., 2013). Therefore, the different lithification rate
of sediments prior to involvement in a convergent margin shear zone is the most plausible mechanism that
conditions the degree of freedom of ferromagnetic minerals to reorient within a clay-rich matrix during

shearing.

These final considerations highlight the lithological control over heterogeneities in strain registration by the
magnetic fabric. The rheological control of the matrix on the reorientation of the ferromagnetic minerals
remains to be verified using multidisciplinary approaches that combine other physical properties such as
porosity and shear strength prior and during deformation. The application of X-ray diffraction and
geochemistry better characterization of the geochemical composition of the matrix and strengthen the links
between lithology and strain records. Additional textural and morphological analysis at the microscale may
also be useful in modelling the correlation with strain in the magnetic sub-fabrics related to the shear (both
S-C intersection fabric and shear-related fabric) occurring in convergent margin shear zones. Combing
multidisciplinary approaches with the separation of para- and ferro-magnetic subfabrics expands the
possibility of using rock magnetic properties, especially magnetic fabric studies, to discern the different
rheological response of the sediments involved in convergent margin shear zones and to better unravel their

heterogeneous and complex evolution.
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APPENDIX

I. Rock magnetic parameters

This appendix contains the selection of anisotropy and

mineralogical parameters used in this thesis and their

reference sources.

Anisotropy parameters

Parameter Equation Reference
Km km = (ky +ky + k3)/3 Nagata, 1961
Pj 3 Jelinek, 1981
Pj = expV2 Z(ln k; —Ink,,)?
i=1

K’ K = V[(ky — kp)? + (ky — kp)? + (ks — k)?]/3 Jelinek, 1984

U U=k, —ky — k3)/(ky — k3) Jelinek, 1981

L L=k, /k, Balsley & Buddington, 1960
F F=ky/ks Stacey et al., 1960

Magnetic mineralogy parameters
Afd% Xta% = [Oar — Xne)/ Gap)] * 100 Dearing et al., 1996
Vo = [(kaso — ki) /(k;)] + 100
Va Hrouda et al., 2006
where k; = (ky, + ky + kg + kg) /4

S()‘S 50_3 = _IRM_300mT/SIRM ThOl’npSOl’l & Oldﬁeld, 1986
So. So1 = —IRM_i0omr/SIRM Thompson & Oldfield, 1986
8 8§ = (SIRMgox — SIRM; 50x)/ (SIRMgo) Moskowitz et al., 1993
Rur Ryr = FC SIRM,y / (ZFC SIRM,0x) Smirnov, 2009

G% G% = [(RTSIRM;50x — RTSIRM340x)/(RTSIRM;50x)] * 100 Aubourg et al., 2021

_ Xs0cool — Xs0heat
Aso Agg =———x 100 Hrouda, 2003
X50heat
f;maxl)(cool(T) - Xheat(T)l dr
Oycurve%o 8ycurve % = Toe x 100 Yang et al., 2016
fTo Xneat (T)dT

146



Chapter 7: SUMMARY & CONCLUDING REMARKS

I1. Supplementary figures & tables

This appendix is divided according to chapters and
includes:

1. AMS and ARM experiments data at site and pattern level,
respectively,

2. Pjand T variation among AMS and ARM experiments;

3. Additional magnetic mineralogy data from the SVU.

Chapter 4 — The OAS thrust

Table 4.S 1. Summary of the anisotropy of magnetic susceptibility data at site level. Columns: Locality; Site; Stage =
degree of deformation from sedimentary fabric (A) to latest tectonic event (F), (*) inverse fabric and (/) tectonic fabric
parallel to the transport direction; n/N = number of specimens accepted/number of specimens measured; ym = mean
mass magnetic susceptibility (10°m’kg") and its standard deviation; Pj = corrected anisotropy degree; T = shape
parameter; D = declination (°), I = inclination (°) and 95% confidence angle (°) of the principal magnetic susceptibility
axes k; and ks, respectively.

Am (£ 0) ky k; k3
Locali it t N Pj t.dev. T t. dev.
ocality i3 S || o « 10° mJKg—l) J St st. dev. D I 95% conf. D I 95% conf. D I 95% conf.
angles angles angles
SSR1 16/20 1 11.16 5.19 1.040 0.021 0.785 0.340 295 32 52.1 18.3 171 43 52.1 154 | 47 31 21.1 11.6

Sassotetto SSRI1-SF1 E 10/16 | 12.71 5.76 1.030 0.018 0.671 0.346, 191 50 567 | 229 299 15 56.8 18.6 40 36 268 | 129
SSR1-SF2 C 6/16 8.56 2.86 1.061 0.019/ 0.386 0356 304 | 29 18.6 8.8 176 48 182 | 120 51 28 133 8.6

MSC1 19/20 1 39.65 = 21.54 | 1.021 0.006 0.613 0.175 342 5 35.1 13.5 | 246 50 357 154 | 76 39 186 | 121
MSCI-SF1 C 8/19 | 17.20 4.45 1.021 0.004  0.903 0.157 161 23 | 715 | 120 | 255 58 715 | 104 | 70 32 14.4 89
MSCI-SF2 C 11/19 5598 11.19 | 1.023 0.007  0.465 0.185 346 6 192 | 132 | 250 45 219 154 | 82 45 202 | 107
Monastero
MSC2 19/19 | 24.69 2.66 1.017 0.007 0.648 0273 133 13 594 | 130 | 226 13 593 | 220 1 71 222 | 138

MSC2-SF1 A 10/19 | 24.12 1.91 1.019 0.008 0.158 0.230, 100 1 318 | 129 190 14 320 | 150 8 77 170 | 114

MSC2-SF2 B 9/19 | 2532 3.39 1.020 0.006/ 0.052 0.240' 169 22 285 142 259 1 324 | 282 351 68 325 14.2

ISC1 1921 | 22.07 7.02 1.032 0.051  0.856 0.398 212 50 751 | 244 | 332 23 751 | 22.8 76 32 30.1 | 246

Infernaccio ISC1-SF1 D 14/19  18.63 2.86 1.014 0.008 0.479 0.365 183 35 533 216 @ 308 39 53.6 | 295 68 31 338 149
ISC1-SF2 E 5/19 © 31.71 6.10 1.117 0.017 0.657 0.127, 297 59 17.9 7.7 177 17 24.1 7.5 9 25 18.7 7.6

BSR2 F* 10/15 1 -2.03 0.98 1.076 0.048 -0.351 0.230, 319 59 68.7 | 18.1 81 18 687 | 282 180 25 319 | 160

BSR1 F* 10/19 = -333 1.81 1.027 0.031' -0.656 0.247 169 80 70.0 | 31.0 | 279 4 700 = 39.6 9 10 433 239

BMC1 E 8/12 252 1.94 1.055 0.050, 0.147 0364 250 | 46 599 | 279 110 36 61.8 | 465 4 21 529 | 208

BMC2 13/16 = 9.83 6.33 1.032 0.013/ 0.593 02721 243 13 436 | 173 | 339 26 437 | 253 | 128 61 257 | 173

Monte Boragine  BMC2-SF1 Eor E/  6/13 6.44 2.28 1.027 0.015 0.175 0.286 35 6 37.0 | 234 | 301 32 364 | 252 | 134 57 313 | 147
BMC2-SF2 hi 713 | 1274 7.37 1.040 0.011/ 0.410 0.260 266 23 30.8 | 182 2 14 326 | 123 | 121 63 224 | 142

BMC3 15/21 1.05 2.96 1.121 0.052) -0.037 0.220/ 201 21 442 | 245 109 4 594 | 429 9 69 594 | 236

BMC3-SF1 | Eor E/ | 8/15 334 1.96 1.035 0.036 -0.225 0230, 211 1 49.7 | 205 121 18 484 | 415 | 304 72 453 | 285

BMC3-SF2 D* 7/15 | -1.56 1.00 1.080 0.072/ 0.071 0.175 197 | 29 342 0 199 290 5 547 | 318 29 61 546 | 152

VSR2 1921 7.23 1.88 1.022 0.013 0.010 0.348 207 25 322 | 178 | 298 1 353 | 312 31 65 353 | 166
VSR2-SF1 B 14/19 | 7.12 1.80 1.027 0.013' -0.383 0379 211 25 233 16.7 120 1 432 220 28 65 435 | 152
'VSR2-SF2 F 5/19 7.52 2.29 1.020 0.006 -0.134 0.252| 132 4 230 | 121 224 31 19.6 7.5 35 59 227 | 156

VSR1 E 23/24 1 929 2.17 1.039 0.020 0.091 0249 230 = 28 243 180 = 324 7 261 | 216 67 61 243 18.0

VMC1 18/21 | 8.56 3.56 1.015 0.010 0.529 0.220 263 21 685 148 164 24 685 | 319 29 57 335 18.7

VMCI-SF1 E 10/18 | 8.16 222 1.020 0.010 -0.346 0.252| 227 | 26 225 | 186 125 22 450 @ 192 1 55 451 | 216
VMCI-SF2 F 8/18 9.07 4.89 1.023 0.011 -0.361 0.182) 303 5 283 9.6 208 47 462 | 264 38 42 460 | 103

vcm 19/21 | 1225 237 1.024 0.013/ 0.406 0.250 234 21 49.0 | 158 142 6 49.1 | 221 37 68 227 158
VMC2-SF1 p’ 9/19 | 1225 237 1.032 0.012/ -0.004 0.234 253 19 11.6 | 105 159 10 276 | 11.0 43 68 282 87
VMC2-SF2 E 10/19 | 12.42 1.51 1.020 0.013) 0.186 0.229 191 20 256 | 141 283 6 263 | 181 28 69 268 | 149

VCM3 18/21 1 11.56 3.62 1.022 0.012/ 0.442 0.259 204 22 440 | 206 | 300 14 440 279 60 64 283 20.1
VMC3-SF1 i 8/18 | 11.44 3.24 1.025 0.013 0.120 0.245 244 38 304 173 334 1 283 | 225 64 53 236 | 218
VMC3-SF2 E 10/18 | 12.18 4.37 1.025 0.013 0.181 0.273 185 12 210 | 151 277 7 264 166 37 77 259 | 163

Valle Scura
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Table 4.S 2. ARM experiments for the different magnetic fabric stages detected in the study area. Structural position
along the accretionary prism; Magnetic fabric pattern; Type of ARM experiment; n/N = number of specimens
accepted/number of specimens measured; Mean remanent magnetization (RM) and its standard deviation [10 A/m];
AMS scalar parameters and their standard deviations: Pj = corrected anisotropy degree, T = shape parameter; D =
declination (°), I = inclination (°) and 95% confidence angle (°) of the principal magnetic susceptibility axes ki, k, and
ks, respectively.

S —— Mean RM & st. dev. k; Kk, k3
u? }lra Pattern . n/N Pj st.dev. T st.dev.
PesiCen G 6 perie 95% conf. 95% conf. 95% conf.
(x10” Am"Kg™) D 1 D 1 D
angles angles angles
AMS 6/6 - - 1.022 | 0.008 = 0.111 @ 0.156 =103 2 320 121|194 15 324 55 4 75 | 129 96
ApARMyg.9 6/6 2.87 1.51 1.060 | 0.030 = 0.096 = 0457 = 302 7 249 44 32 2 | 251 132 142 8 151 | 70
Stage A ApARM 940 6/6 217 0.97 1.081 | 0.041 | 0.874 | 0.255 @ 228 1 560 85 138 5 559|143 324 | 8 | 143 105
AARM 5/6 5.12 249 1.058 | 0.042  0.670 = 0.234 155 1 579 132 65 0 | 577 160 | 329 | 8 213 | 88
AIRM 6/6 10.35 2.94 1.115 | 0.053  0.662 = 0.570 = 308 4 177 | 48 @ 39 9 1751 129 194 80 | 132 59
AMS 6/6 - - 1.026 = 0.008 = 0.494 = 0.127 343 4 13.0 101 249 39 145 123 78 51 | 170 32
ApARMy9 6/6 83.16 35.85 1209 ' 0.059 ' 0361 0220 340 5 138 82 245 46 193 132 75 43 203 37
Frontal
Stage C ApARM 940 6/6 4224 19.23 1226 1 0.078 | 0311 0204 342 3 119 64 248 50 230 78 75 40 247 24
Thrut Ramp
AARM 6/6 126.39 55.50 1214 1 0.064 = 0390 | 0.126 = 341 2 1191 94 249 47 209 110 73 43 | 222 23
AIRM 6/6 151.23 56.33 1.196 1 0.056 = 0471  0.172 336 8 117 79 239 45 224 90 74 4 220 55
AMS 6/6 - - 1.044 | 0.020  0.717 1 0391 | 207 | 45 | 599 134|300 3 | 600 60 33 45 | 136 58
ApARMy.9 6/6 2545 15.57 1.143 1 0.090 | 0.756 | 0.328 | 226 = 49 ' 250 94 130 6 | 250 84 35 41 121 38
St
E ase ApARM9.40 6/6 624 3.61 1.179 1 0.122 | 0.785 | 0.231 | 224 | 46 298 73 132 2 98 82 39 4 90 o4
FRONTAL
AARM 5/6 31.88 19.28 1.184 | 0.094 0939  0.170 203 47 | 632 8.8 | 302 8 1 632| 49 39 | 42 100 32
AIRM 5/6 54.59 31.69 1.130 | 0.090 | 0.791 | 0304 224 | 50 @ 452 102 128 5 1 453| 94 34 | 40 138 65
AMS 6/6 - - 1.022 1 0.007 = 0392 | 0.290 191 2 | 241 141 281 9 | 270 182 90 81 | 249 114
ApARMyg.9 6/6 0.35 0.14 1.085 1 0.060 = 0.044 0390 290 18 332 64 199 3 | 438 138 99 72 | 378 96
Stage
E ¥ ApARM g9-40 5/6 0.29 0.09 1.107 | 0.036 = 0.893 @ 0.346 135 4 672 177 | 228 38 672 177 4l 52 | 206 142
OBLIQUE
AARM 6/6 0.70 023 1.095 1 0.065 0293 0545 142 0  31.8 98 232 37 323 85 52 53 | 13.0 104
Oblique AIRM 6/6 227 0.75 1.148 | 0.136 = 0254 0578 245 31 396 145 148 12 | 399 76 40 56 | 168 102
Thrust
Ramp AMS 6/6 - - 1.039 | 0.014 | 0.042 0220 238 | 34 181 172 333 6 | 247 713 | N2 56 | 209 163
ApARMy.9 6/6 0.53 023 1.065 | 0.036 | 0520 | 0332 192 | 18 352 212 291 | 26 | 358 175 70 58 | 244 151
St
e ApARM 940 6/6 0.49 0.20 1.119 | 0.067 = 0.747 = 0.244 168 6 451167 262 | 31 459 161 69 58 | 223 173
E// oBLigue
AARM 6/6 1.08 0.44 1.081 | 0.040 | 0.562 | 0.374 | 195 = 16 @ 27.8 196 294 29 | 272 220 &0 56 | 233 192
AIRM 5/6 2.70 0.85 1.095 | 0.035 | 0255 | 0437 @178 6 336|145 271 | 27 321 228 77 63 | 320 150
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Chapter 5 - The SVU
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Figure 5.S 1. Magnetic mineral assemblages in the footwall and SVU transects at the Gova Tectonic window and
distinctive parameters: Bg, = saturation field; B.: = remanence coercive force; MDF = Median destructive field; ysas, =
frequency-dependent magnetic susceptibility (%); V. field variation parameter; Relative abundance (%), mean
remanence coercivity (Bh in logl0 units) and dispersion parameter (DP) of the components of the IRMs acquisition
curves deconvolution; S-ratios Sp3= -IRM.o31/IRMit; So1= -IRM.o11/IRM;1. The local occurrence of iron-sulfides
derives from the Lowrie experiments.
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Figure 5.S 2. Magnetic mineral assemblages in the footwall and SVU transects at Vidiciatico and distinctive
parameters: Bga; Ber; MDF; Y540 ; Va ;Bh; DP; So3; Legend as in Figure 5.5 1.
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Figure 5.S 3. Representatives hysterisis loops after stepwise thermal treatment at progressive increase maximum
temperature. Hysteresis loop corrected for the high-field slope are reported in Figure 5.13.
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Table 5.S 1. AMS data at site level and relative detected subfabrics at the Gova Tectonic window. Site; Distance from
the basal thrust; Magnetic fabric patterns detected through contouring and cluster analysis; n/N = number of specimens
accepted/number of specimens measured; Type of specimens: Cores or cubes; ym = mean mass magnetic susceptibility
[10° m3kg!] and its standard deviation; AMS scalar parameters and their standard deviations: Pj = corrected anisotropy
degree, T = shape parameter; D = declination (°), I = inclination (°) and 95% confidence angle (°) of the principal
magnetic susceptibility axes ki, ks and ks, respectively.

%m & st. dev. Kk ky k3
Site Distance Pattern n/N | Specimen type . Pj st.dev. T st.dev. 95% conf. 95% conf. 95% cont.
(107 mKg™) ' . angles D ! angles D angles

u3 -9 Uain 55/56 Cores 5229 9.49 1.062 | 0.009 | 0266  0.105 | 261 6 6.0 48 170 7 6.0 43 31 81 5.6 3.5
w2 -6 Untain 7/7 Cores 66.76 0.62 1.058 | 0.001 = 0.086 0.067 280 | 5 1.9 1319 | 9 2.8 1.4 39 80 3.1 13
u1 59/60 49.28 853 1.059 | 0.010 | 0437 0174 | 259 | 10 | 203 @ 66 | 165 20 | 200 75 14 | 68 | 126 53
Sf1 3 Utain 44/59 Cores 45.25 453 1.065 | 0.010 | 0425  0.149 | 267 | 12 | 134 41 174 1 18 | 134 | 54 29 69 58 3.9
S22 (xtfjl{j(lzip) 15/59 61.10 6.16 1.057 | 0.006 = 0485 0216 64 0 137 | 47 154 37 | 146 | 55 | 333 53 | 126 | 3.0
T1-S [4 S-T1 7/7 Cores 61.17 0.92 1.056 1 0.004 0733  0.043 249 31 75 29 148 19 7.9 4.0 31 53 5.6 42
T1-B1 0.5 P2 14/15 Cubes 62.51 7.79 1.057 | 0.015 | 0.296 | 0479 = 235 37 133 8.0 132 18 15.7 12.5 21 48 15.2 7.8
T1-B2 16/16 55.46 4.94 1.052 1 0014  0.166 0248 241 = 22 125 73 140 26 = 209 98 6 55 196 73
Sf1 3 P2 11/16 Cubes 54.40 470 1.059 1 0015 0221 0215 246 | 20 104 68 149 19 117 85 19 62 100 | 68
S22 P4 5/16 57.82 5.11 1.048 1 0.007 0402 0314 226 34 143 87 106 37 143 102 344 35 103 | 89
T1-B3 9 P2 34/38 Cubes 66.16 4.65 1.037 | 0.015 | 0351 0305 | 236 = 30 | 253 | 85 133 21 255 108 15 52 121 86
T1-B4 29/32 8240 732 1.039 1 0.020 0459 0209 175 41 | 372 160 74 12 372 369 331 | 46 369 160
Sf1 Pl 8/29 8271 6.15 1.045 1 0016 0593  0.131 108 | 14 = 202 73 214 49 223 113 8 38 172 49
S P P2 9/29 Cubes 78.86 9.69 1.057 1 0019 0673 0229 224 | 31 363 119 123 18 @ 363 102 7 53 150 | 46
Sf3 P5 12/29 84.86 521 1.064 £ 0.020 0848 0.194 176 39 = 320 99 52 36 316 72 29 32 140 76
T2-S 0 S-T2&3 13/14 Cores 46.67 10.17 | 1.028 | 0.008 | 0.324 | 0415 264 13 | 13.1 38 151 60 | 130 @ 97 1 27 9.8 4.0
T2-B1 70/75 63.79 5.57 1.044 | 0.024 0585 0378 93 8 368 121 189 0 36 366 150 352 53 | 151 | 13.0
Sf1 Pl 44/75 63.05 5.62 1.045 0022 0237 0354 92 8 244 104 189 41 | 243 | 162 353 48 165 | 110
S22 0 P2 8/75 Cubes 66.29 436 1.048 1 0014 0611 0192 207 25 220 83 116 2 229 | 89 2 | 65 | 126 | 99
3 P3 18/75 64.51 5.78 1.052 | 0.030 | 0.752 | 0314 | 157 | 37 | 335 119 249 3 334 | 127 344 | 53 128 | 121
T2-B2 17/21 55.30 5.86 1.030 | 0.013 | -0.114 0453 | 228 36 33.0 170 | 123 19 353 | 219 11 48 272 17.0
Sf1 3 P2 917 Cubes 56.35 6.75 1.038 | 0.012 | 0265 0405 | 226 = 50 | 319 | 86 | 123 11 | 312 | 11.8 | 24 38 125 | 119
52 P4 8/17 54.11 483 1.033 | 0.015 | -0.580 0529 | 227 | 18 | 238 44 125 32 521 | 137 341 53 | 513 | 59
T2-B3 38/40 64.39 5.04 1.046 1 0.030 0586 0231 251 | 27 | 253 126 154 14 256 114 39 59 | 127 | 124
Sf1 9 Pl 6/38 Cubes 63.85 7.37 1.049  0.024 0519 0.160 | 263 3 19.1 24 171 27 194 94 359 63 103 13
S22 P2 32/38 64.49 4.64 1.048  0.031 0579 0244 | 251 = 30 | 239 105 154 12 | 241 | 103 | 46 58 126 | 85
T2-B4 37/39 76.21 8.66 1.083 | 0.049 | 0401 0192 234 | 22 ' 208 114 132 27 210 113 | 358 54 136 | ILI
Sf1 15 Pl 28/37 Cubes 76.65 8.38 1.082 | 0.042 | 0.381 0.190 | 236 17 21.1 83 135 32 19.7 85 350 53 122 8.1
S22 P2 9/37 74.85 9.88 1.098 | 0.064 | 0472 0186 | 228 ' 32 | 161 | 125 | 130 @ 14 | 169 | 11.6 | 19 55 172 | 41
T3-S 0 S-T2&3 8/8 Cores 61.09 1.82 1.039 | 0.002 | 0725  0.088 261 | 10 | 219 @ 47 162 39 | 220 45 3 49 5.7 52
T3-B1 0.7 P2 13/13 Cubes 5797 8.04 1.067 £ 0.034 0291 0315 212 | 44 165 44 110 12 180 118 9 43 140 @ 41
T3-B2 3 P4 17/18 Cubes 63.02 4.03 1.036 | 0.005 | -0431 0333 | 218 = 28 | 107 | 66 | 314 11 | 301 5.8 63 59 301 | 100
T3-B3 25/29 65.42 6.68 1.031  0.027  -0.150 0345 | 248 8 156 99 153 34 | 300 | 155 | 349 55 | 301 9.7
Sf1 9 PI 15/25 Cubes 65.26 551 1.031 1 0.023 0281 0292 246 15 214 96 141 45 213 131 350 41 144 = 80
S P4 10/25 65.65 8.46 1.039 | 0.034  -0219 0336 245 3 125 66 155 3 208 = 83 16 8 189 | 66
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Table 5.S 2. ARM experiments for the different AMS pattern detected in the Gova tectonic window area. Structural
position in respect to the megathrust shear zone; Magnetic fabric pattern; Type of ARM experiment; n/N = number of
specimens accepted/number of specimens measured; Mean remanent magnetization (RM) and its standard deviation
[10° A/m]; AMS scalar parameters and their standard deviations: Pj = corrected anisotropy degree, T = shape
parameter; D = declination (°), I = inclination (°) and 95% confidence angle (°) of the principal magnetic susceptibility

axes ki, k, and ks, respectively.

S AT Mean RM & st. dev. Ky ky k3
position Pattern experiment N 6 2w -1 Fi|stdew) T st dev 95% conf. 95% conf. 95% conf.
(IO AT 1 angles angles D angles
AMS 6/6 - - 1069 | 0008 | 0375 | 0098 | 261 | 9 | 92 27 | 10| 11 | 93 | 55| 31| 7% | 62 | 13
| APARMug | 6/ 0.85 003 | 1114 | 0039 | 0073|0323 | 264 | 13 | 144 66 | 172 | 9 | 138|100 | 49 | 75 | 11| 62
M?;;'Mﬁl :"“ ApARM 00 | 5/6 1.00 002 | 1090 | 0034 | 0394|0351 | 257 | 8 | 142 70 | 164 | 21 | 275 | 140 | 6 | 68 | 276 | 67
AARM 6/6 188 005 | 1.098 | 0.041 | 0.114 [ 0.508 | 264 | 6 | 221 68 |354| 3 | 229 | 88 | 114 & | 113 | 67
Foonmall AIRM 6/6 3.56 073 | 1087 | 0022 | 0.144 [ 0309 | 264 | 14 | 167 98 | 173 | 3 | 170 | 101 | 60 | 76 | 139 | 38
AMS 6/6 - ~ | 1064 0008|0439 | 0084|248 | 1 | 27 23 | 157 32 | 24 | 20 339 59 | 30 | 17
ApARMoo | 6/6 091 003 | 1146 | 0019 | -0.149| 0281 | 232 | 10 | 80 46 | 137 | 27 | 107 | 59 | 341 | 61 | 92 | 46
(erkagip) ApARM o040 | 6/6 101 002 | 1119 0017 |-0.151| 0181 | 230 | 10 | 83 56 | 135 | 28 | 101 | 72 | 338 | 60 | 111 | 41
AARM 6/6 1.95 005 | 1124 0023 [-0.001| 0443 | 228 | 9 | 75 19 | 133 | 28 | 67 | 63 | 335 | 60 | 65 | 40
AIRM 6/6 429 020 | 1096 | 0.047 | -0.135| 0295 | 220 | 13 | 59 45 | 134 | 20 | 112 | 37 | 349 | 66 | 1.1 | 39
AMS 6/6 - - 1032 | 0008 | 0537 ] 0217 | 259 | 15 | 137 27 | 153 ] 46 | 154 | 123 ] 2 | 40 | 142 | 26
ApARMoo | 6/6 0.76 020 | 1.085 | 0022 | 0.125| 0346 | 260 | 9 | 120 65 | 159 | 53 | 179 | 108 | 356 | 35 | 174 | 66
T;;";;Z;)j ApARM 0040 | 6/6 0.83 021 | 1.081 | 0024 | 0311 | 0454 | 255 | 9 | 145 76 | 157 | 40 | 187 | 117 | 355 | 48 | 169 | 79
AARM 6/6 163 041 | 1.082| 0023 | 0.116 [ 0400 | 262 | 5 | 95 a4 | 166 | 47 | 107 | 86 | 356 | 42 | 99 | 44
Sheared AIRM 5/6 523 144 | 1063 | 0015 | 0268 | 0279 | 265 | 14 | 350 27 | 160 | 45 | 367 | 161 | 8 | 42 | 214 | 29
Sandstones AMS 5/5 - ~ | 1057 0005|0753 | 0035 | 247 | 31 | 71 26 | 146 | 18 | 60 | 33 | 31 | 53 | 50 | 35
ApARMyoo | 5/5 0.94 003 | 1089 | 0.025 | 0.648 | 0259 | 138 | 10 | 335 122 | 237 | 40 | 328 | 74 | 36 | 48 | 147 @ 78
Trg;e;)” APARM g0 | 5/5 101 004 | 1081 | 0022 | 0.657 | 0349 | 253 | 33 | 613 42 | 150 | 18 | 613 | 104 | 36 | 51 | 114 | 38
AARM 4/5 1.94 007 | 1090 | 0028 | 0.628 | 0174 | 202 | 36 | -~ o~ |27 7 | - | - |3 | s - | -
AIRM 5/5 6.5 045 | 1148 | 0029 | 0.850 | 0222 | 129 | 1 | 582 34 | 220 | 42 | 583 | 36 | 38 | 48 | 98 | 43
AMS 6/6 - - 1027 | 0016 | 0233 | 0233 | 251 | 14 | 262 81 | 147 | 45 | 200 | 148 | 353 | 42 | 211 | 41
ApARM.oo | 6/6 2.65 180 | 1037 | 0016 | 0229 0555 | 86 | 64 | 313 113 | 292 | 24 | 311 | 293 | 197 | 10 | 295 | 125
P”Zflr)"’ APARM goo | 5/6 2.56 189 | 1033 | 0.008 | -0.118] 0450 | 28 | 80 | 248 176 | 272 | 5 | 469 | 164 | 181 | 9 | 454 | 165
AARM 6/6 528 354 | 1038 | 0010 | -0.102| 0503 | 65 | 71 | 224 158 | 203 | 13 | 310 | 170 | 200 | 14 | 284 | 153
AIRM 6/6 10.60 341 | 1040 | 0034 | 0232 | 0467 | 236 | 23 | 495 123 | 128 | 36 | 503 | 207 | 351 | 45 | 286 | 89
AMS 6/6 - — | 1048 0014 | 0483 | 0573 | 236 | 40 | 126 44 | 129 19 | 55 | 35 | 20 | 4 | 125 | 36
ApARM4oy | 6/6 125 019 | 1049 | 0028 | 0511 0471 | 80 | 6 | 581 150 | 175 | 40 | 580 | 143 | 343 | 50 | 183 | 1438
P“Zfzr)"z APARM g0 | 5/6 114 022 | 1134 0193 | -0543| 0164 | 56 | 46 | 284 95 | 244 | 43 | 702 | 90 | 151 | 4 | 701 | 192
AARM 6/6 228 066 | 1038 | 0016 | 0411 | 0489 | 242 | 12 | 393 218 | 142 | 41 | 393 | 156 | 345 | 47 | 226 | 144
AIRM 6/6 6.53 145 | 1095 | 0.023 | 0296 | 0281 | 233 | 23 | 161 97 | 135 | 20 | 178 | 134 | 8 | 59 | 169 | 117
AMS 6/6 - — | 1035 | 0011 | 0637 0204 | 167 | 36 | 315 83 | 258 | 1 | 310 | 65 | 348 | 54 | 108 | 69
Civago ApARM4oy | 6/6 1.09 0.10 | 1.052 | 0020 | -0.018| 0453 | 136 | 23 | 386 149 | 19 | 47 | 408 | 254 | 243 | 34 | 314 | 183
marls Pattern 3
Homping ) APARM 0040 | 6/6 112 009 | 1.070 | 0023 | 0536 | 0343 | 151 | 4 | 424 75 | 53 | 66 | 428 | 109 | 243 | 24 | 156 | 93
wall SV) AARM 6/6 220 018 | 1.051 | 0022 | 0403 | 0.155 | 320 | 4 | 207 121 | 77 | 76 | 395 | 251 | 238 | 14 | 396 | 210
AIRM 5/6 439 051 | 1.058 | 0014 | -0.436| 0386 | 147 | 3 | 244 103 | 207 | 86 | 334 | 20 | 57 | 2 | 329 | 138
AMS 77 - ~ | 1032 0012|0374 0284 | 231 | 30 | 180 98 | 339 | 28 | 132 | 88 | 103 | 47 | 189 | 107
ApARMyoo | 577 1.93 220 | 1043 | 0023 | 0498 | 0420 | 5 | 51 | 562 123 | 116 | 16 | 572 | 246 | 217 | 35 | 330 | 88
Pazz)"" APARM g0 | 7/7 172 164 | 1056 | 0.026 | 0306 | 0406 | 14 | 50 | 398 152 | 124 | 16 | 407 | 267 | 226 | 36 | 287 | 15.1
AARM 5/7 2.20 044 | 1060 | 0022 | 0472 | 0557 | 6 | 37 | 513 232 | 121 | 29 | 515 | 232 | 238 | 40 | 247 | 114
AIRM 77 581 407 | 1039 | 0036 | -0457| 0340 | 321 | 18 | 342 201 [ 231 | 1 | 700 | 270 | 139 | 72 | 70.1 | 170
AMS 6/6 - ~ | 1055 0010 0792 | 0256 | 176 | 34 | 275 114 | 57 | 36 | 277 | 71 | 295 | 36 | 136 | 104
ApARMyoy | 6/6 431 037 | 1.039 | 0013 | -0011| 0373 | 110 | 86 | 308 33 |325| 3 | 406 | 220 | 234 | 2 | 385 | 122
P "Zf;)” APARM g0 | 6/6 403 049 | 1.034 | 0010 | -0.050| 0.634 | 110 | 68 | 366 98 | 321 | 19 | 453 | 279 | 28 | 11 | 420 | 150
AARM 6/6 8.48 091 | 1.041 | 0019 | 0.113| 0425 | 110 | 73 | 340 86 | 315| 16 | 538 | 266 | 223 | 7 | 528 | 82
AIRM 6/6 1831 495 | 1053 | 0029 | 0565 | 0352 | 149 | 62 | 614 268 | 23 | 17 | 610 | 328 | 286 | 21 | 418 | 194
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Table 5.S 3. AMS results and relative distinguished subfabric from Vidiciatico. Legend as in Table 5.S 1.

Am & st. dev. ky k; k3
Site Distance Pattern n/N | Specimen type Y Pj |st.dev.. T st.dew. 95% cont. 95% cont. 95% cont.
(107 m'Kg™) v ! angles v L angles ' angles

T1-Ul 17/17 61.67 | 9.58 | 1.043 | 0.017 A 0487  0.131 331 10 | 154 89 | 239 12 | 258 124 100 74 258 80
Sf1 -0.2 U-Sf1 717 Cores 6722 | 525  1.043 | 0.007 | 0.751 A 0.054 = 287 31 1227 71 | 192 8 225 30 8 57 90 23
N U-Sf2 10/17 57.79 | 10.19 | 1.050 | 0.019 | 0.393 | 0.147 = 332 6 97 | 18 | 62 0 | 205 77 153 84 |29 80
T1-B1 29/31 69.07 510  1.037  0.016  0.640 0.328 289 14 | 462 13.8 | 198 3 463 121 95 76 | 145 119
Sf1 0.15 PI 19/31 Cubes 6943 589  1.039 0.015 0432 0205 313 11 | 203 95 | 221 12204 127 86 74 | 132 93
N P2 10/31 6827 277  1.039  0.016 0.182 0463 251 9 270 84 | 343 | 10 |235| 143 | 117 | 77 | 203 | 121
T1-B2 1 PI 27/31 Cubes 103.90 1252 1 1.031  0.018 H 0.642 0328 | 336 5 200 128 244 28 201 | 118 75 62 | 146 95
T1-B3 34/40 6549 | 891 | 1.024  0.011  -0.168 0.397 = 328 7 | 221 186 63 32 | 440 209 | 227 57 438 184
Sf1 10 Pl 12/40 Cubes 64.69 955 | 1.030  0.011 | 0.065 0387 167 0 205 158 257 14 | 231 173 76 76 | 223 138
N P3 22/40 64.54 1 645  1.030  0.012 0308 0391 321 8 184 | 128 1 60 49 1207 169 224 40 210 137
T2-Ul -0.2 U-Sf2 20/20 Cores 88.94 | 1644 | 1.104 | 0.015 | 0227 0199 332 24 74 48 235 16 210 63 114 | 61 207 52
T2-B1 0.15 P 31/31 Cubes 88.56 | 5.90 | 1.135 | 0.012 | 0.610 | 0.086 302 32 146 58 | 34 3 152 | 48 128 | 58 79 | 48
T2-B2 26/29 92.84 1 17.70 1 1.037 A 0.015 ' 0.897 = 0.229 = 330 13 | 650 53 |23 17 | 650 105 | 97 68 | 112 | 57
Sf1 1.5 PI 21/29 Cubes 92.07 | 17.18 | 1.037 A 0.011 ' 0.737 = 0216 = 340 11 | 334 60 | 246 21 | 333 74 95 67 86 51
S22 P2 5/29 96.07 | 21.59 ' 1.042  0.025 0439 0278 255 14 | 226 115 | 347 9 | 226 82 | 108 74 137 35
T3-B1 31/31 7591 1 7.95 | 1.043 | 0.016 | 0.249 = 0425 @ 330 26 0 211 97 | 227 24 | 210 190 100 | 54 | 194 102
Sf1 1 PI 26/31 Cubes 76.53 | 836 | 1.044 | 0.016 | 0.152 | 0406 334 | 25 176 | 91 229 28 179|130 99 51 141 95
N P2 5/31 72.65 | 455  1.045 0015 0377 0405 284 @ 27 | 177 118 | 15 1 29.7 | 147 107 | 63 | 299 109
T3-B2 39/42 8532 | 1820 | 1.066 & 0.038 | 0.732 | 0442 346 16 | 379 | 124 | 248 ' 29 | 37.7 | 123 | 101 57 168 94
Sf1 PI 21/42 § 89.04 | 21.34 | 1.085 | 0.023 | 0.582 | 0.309 340 18 | 189 85 | 242 24 191 84 104 59 113 67
S22 2 P2 9/42 Cubes 88.63 | 1321 | 1.096 = 0.034 | 0.879 0.173 241 30 396 137 341 16 | 397 | 132 | 95 55 166 93
Sf3 P4 9/42 65.67 | 24.16  1.024 ' 0.008  -0.238 0.326 35 25 | 184 | 99 | 233 | 64 | 170 113 | 128 7 16.5 | 148
T3-B3 25 P4 32/33 Cubes 76.61 | 4.00 | 1.037 | 0.017 | -0.258 | 0.401 16 19 | 114 92 | 238 66 | 325 86 | 111 15 | 322 102
T3-AR 35/37 138.19 1 46.63  1.075 0.073  0.638 0259 348 22 | 373 137 251 16 381 214 129 62 235 138
Sfl ]4 PI-4R 15/37 Cubes 170.53 1 3540  1.108 ' 0.068 = 0.814  0.294 345 23 | 464 118 247 17 | 466 165 | 124 61 18.1 | 119
Sf2 P2-AR 8/37 12349 50.67  1.083 ' 0.064 0.568 0443 31 3 21.0 119 301 15 | 237 151 | 132 | 75 | 200 | 98
Sf3-Boudins P3-AR 12/37 Cores 107.57  29.78 1 1.028  0.009 0779 0.148 348 = 21 | 325 159 101 46 310 195 242 37 245 138
T3-SM 19 SM 31/31 Cubes 10588 7.37 | 1.052 | 0.017 | 0.290 = 0.306 15 4 | 225 117 281 38 278 182 110 | 51 | 253 10.7
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Table 5.S 4. ARM experiments for the AMS pattern detected in the Vidiciatico sector. Legend as in Table 5.S 2

S — AR Mean RM & st. dev. ) Kk k, k3
position Pattern experiment N o 2 P |stdew) T stdev 95% conf. 95% conf. 95% conf.
(107 Am°Kg"™) D angles v U angles D angles
AMS 6/6 - - 1.045 | 0.006 0725 | 0058 294 | 28 | 128 7.1 | 198 12 128 25 8 | 59 | 74 | 23
ApARM,0. 6/6 0.49 002 | 1071 0072 -0.154 0451 241 | 55 | 361 115 151 | 0 434 223 61 | 35 381 99
UI-Sfl | ApARM g4 @ 5/6 0.54 003 | 1076 0045 0760 0339 228 | 52 | 223 98 88 | 31 638 192 345 20 | 637 116
AARM 5/6 1.08 003 | 1071 | 0027 -0.158 0281 214 62 | 238 104 14 | 27 277 228 108 8 | 274/ 88
AIRM 6/6 231 021 1121 | 0036  -0.511 0233 214 30 149 95 118 | 10 467 | 70 | 11 | 58 | 465 145
AMS 6/6 = = 1050 0018 0491 0071 330 12 128 77 238 8 206 91 116 76 | 193 | 84
ApARM,0. 5/6 051 004 | 1048 0028 -0.625 0217 262 41 347 67 158 16 457 154 52 | 45 | 463 | 170
Footwall UI-Sf2 | ApARM g4y = 6/6 0.92 087 | 1049 0049 0139 0366 168 3 | 272 201 261 40 374 224 74 50 | 361 | 169
AARM 6/6 1.01 008 | 1.084 0026 -0908 0382 274 50 222 74 103 40 716 211 10 5 | 716/ 88
AIRM 5/6 284 068 | 1069 0016 -0.248 0466 189 = 38 230 194 23 51 378 200 285 7 | 390/ 19.1
AMS 6/6 - - 1.109 | 0.014 0297 | 0153 | 330 | 24 | 50 37 232 17 170 38 110 60 | 173 | 40
ApARM,0. 6/6 0.88 021 1089 | 0.025 0539 0422 335 | 27 | 143 61 240 9 460 111 134 62 | 461 | 99
12-Ul ApARMigo4g = 6/6 0.74 0.14 | 1.086 0035 -0353 0360 350 =23 | 7.0 46 245 30 423 22 111 50 428/ 65
AARM 6/6 1.66 032 | 1.084 0023 -0.038 0205 349 | 25 | 209 82 242 32 263 201 109 47 | 259 | 80
AIRM 5/6 336 095 | 1135 0102 0752 0443 346 2 | 562 60 255 8 560|122 91 | 8 | 146 121
AMS 6/6 = = 1030 0015 0340 0423 327 3 159 53 235 22 230 151 65 68 @ 225 52
ApARM,0. 6/6 1.07 055 | 1033 0013 0368 0431 237 | 50 633 206 145 2 635 290 54 @ 40 | 347 | 172
P“;;flr)"l ApARMi o049 =~ 5/6 121 089 | 1036 0016 0710 0372 246 64 756 211 136 10 756 160 42 24 259 | 93
AARM 6/6 227 143 | 1047 0022 -0390 0364 227 62 301 90 342 13 565 197 77 25 | 553 | 92
AIRM 6/6 631 617 | 1053 0033 0314 0243 291 14 374 108 195 20 375|262 53 | 66 267 117
AMS 6/6 - - 1043 | 0011  -0.025 0442 255 | 7 | 160 3.1 346 7 139 47 122 80 | 98 | 43
Hanging ApARM,0. 6/6 213 040 | 1053 0010 -0474 0.166 239 | 23 | 196 164 11 | 58 617 112 139 22 | 616 182
wall (SVU - 2 ApARMigo4g = 6/6 1.90 042 | 1054 0016 -0.530 0311 245 | 33 | 180 97 51 56 589 97 151 6 | 591|115
Transcet 1) AARM 5/6 4.10 0.86 1054 | 0013 0380 0279 | 247 | 29 | 167 102 | 25 54 | 494 97 145 | 20 | 495 150
AIRM 6/6 521 100 | 1040 | 0.017 | 0.632 | 0276 | 226 = 11 | 734 84 324 | 39 734 218|123 49 | 221 130
AMS 6/6 = = 1034 0010 0345 0301 321 6 142 78 57 @ 46 95 68 225 43 | 146 | 80
ApARM,0. 6/6 1.03 011 | 1053 0015 -0426 0339 76 = 79 170 156 195 6 348 161 286 10 | 353 | 147
P“;;f;)” ApARMi g4 =~ 5/6 0.92 007 | 1045 0019 -0.198 0254 97 | 70 298 124 187 0 429 226 277 20 | 406 | 89
AARM 6/6 1.97 0.18 | 1054 0016 -0452 0310 100 72 169 103 210 6 396 154 302 17 | 397 | 113
AIRM 5/6 3.08 015 | 1042 0032 -0.641 0407 25 | 17 422 304 118 10 699 259 238 70 | 692 | 315
AMS 6/6 . - 1134 | 0.006 0550 0041 300 | 32 | 84 30 32 4 85 28 128 58 | 41 | 36
ApARM,0. 6/6 1.03 0.11 1035 | 0018 0532 0225 276 | 14 | 463 118 13 | 25 463 96 160 61 | 133 | 80
T2-B1 ApARM o049 = 6/6 0.92 007 | 1087 0025 0525 0154 290 35 | 253 68 30 | 14 253 42 138 51 | 7.1 | 41
AARM 6/6 197 0.18 | 1.086 0014 0556 0.183 | 299 | 36 | 284 55 39 | 13 285 86 146 51 | 95| 52
AIRM 5/6 3.08 0.5 | 1.088 | 0045 -0253 0459 280 | 27 | 302 42 | 26 27 318 189 152 | 50 | 286 10.0
AMS 6/6 = = 1044 0011 0780  0.112 347 | 8 291 56 253 25 290 24 94 63 | 60 | 24
Hanging ApARM,0. 5/6 2.16 086 | 1.044 0014 0971 0412 168 87 108 74 5 3 883 96275 1 | 883 4l
wall (SVU - 1) ApARMgo49 = 6/6 2,02 080 | 1.034 0016 -0.119 0363 297 =8 369 225 11 = 2 363 350 101 8 | 406 127
Transcet 2) AARM 6/6 423 1.69 1.037 0014 -0363 0333 105 89 229 119 359 0 | 543 1222609 | 1 | 550 61
AIRM 5/6 5.06 190 | 1.028 0011 -0.128 0434 | 174 42 | 381 175 27 | 43 512 246|280 17 | 477 212
AMS 5/5 . - 1042 | 0025 0439 0278 | 255 | 14 | 226 115 347 9 226 82 108 74 | 137 35
ApARM,. 5/5 213 040 | 1.059 0012 0.53 | 0309 357 | 67 | 353 150 211 19 347 92 117 12 | 178 106
P“Zf;)” ApARM o4 = 5/5 1.90 042 | 1051 0014 -0.042 0493 336 73 | 267 208 213 9 275 185 121 14 277/ 51
AARM 5/5 3.60 144 | 1049 0016 0331 0367 337 | 73 | 384 233 218 8 384 215 126 | 15 | 236 216
AIRM 4/5 450 194 | 1037 | 0011 0736 0116 | 10 | 12 | — | -~ 110 37 - | -~ |25 51| - | -
AMS 6/6 = = 1066  0.034 0436 0421 327 23 92 20 227 22 99 57 98 57 70| 15
ApARM,. 6/6 092 022 | 1.040 0022 -0.066 0401 348 9 | 190 168 234 69 440 179 | 81 | 19 | 443 165
P“Zflr)"l ApARMi g4 =~ 5/6 0.86 020 | 1049 0021 0348 0246 285 = 56 400 185 194 0 417 87 104 34 | 198 | 173
AARM 5/6 1.82 042 | 1052 0042 0437 0241 330 39 536 124 202 37 558 114 87 | 30 | 314 116
AIRM 5/6 6.48 668 | 1110 0180 -0035 0539 277 72 5L1 160 171 5 492|174 80 | 18 299 212
AMS 6/6 - - 1.064 | 0.040  0.698 | 0414 | 267 | 36 | 271 64 359 4 270 142 94 54 | 153 86
Hanging ApARM,0. 5/6 0.82 017 | 1061 0042 0376 0548 259 43 | 444 146 358 | 10 443|259 98 | 45 | 306 112
wall (SVU - 2 ApARMigo49 = 5/6 0.99 043 | 1070 | 0.044 0458 0493 | 263 | 44 | 445 169 358 5 440 314 94 | 45 | 337|127
Transcet 3) AARM 6/6 1.70 0.26 1.058 | 0.044  0.676 0336 235 | 38 646 160 346 24 644 155|100 @ 42 264 | 90
AIRM 5/6 3.68 130 | 109 0028 0268 0350 291 | 32 | 349 44 196 9 350 202 92 | 57 | 218/ 60
AMS 6/6 = = 1030 0010 0003 055 18 | 19 = 98 49 245 64 195 34 114 18 191 | 95
ApARMy. 6/6 0.69 008 | 1051 0021 -0263 0343 27 22 291 86 173 65 369 207 291 13 329 78
P “;;fL” ApARM g4 = 6/6 0.63 008 | 1055 0025 0304 0468 22 | 19 299 122 202 71 323 230 112 0 | 300 106
AARM 6/6 134 0.16 | 1051 0021 0007 0377 21 23 247 104 202 67 323 188 111 0 317 91
AIRM 5/6 245 058 | 1.056 0035 -0347 0564 21 2 | 210 128 135 8 | 543 176 291 5 | 542 79
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Chapter 6 — The ELAW

Table 6.S 1. Magnetic susceptibility and AMS data from broken formation (BrFm), tectonic (TM¢), sedimentary
(SMé), and polygenetic (PM¢é) mélanges and relative subfabrics (Sf1, Sf 2, Sf3) (modified from Robustelli Test et al.,
2019). n/N = number of specimens used for calculation/number of measured specimens; K, = mean susceptibility; L =
magnetic lineation; F = magnetic foliation; Pj = corrected anisotropy degree; T = shape parameter; + ¢ = standard
deviation of each parameter; magnetic lineation: D, I = declination and inclination of the principal susceptibility axes
(k1, ko, k3) with relative angles of the 95% confidence ellipse.

Kn (£0) 1 Kk, K3

Site N o L@&o) | Fo) | Pj¢o) | T(0) b [ 95%conf [ 95%conf | 95% cont.
angles angles angles

642 | 1011 | 1.001  1.013 | -0.820
BrFml 17 113 | 26 120 48 | 243 | 53 | 711 48 | 10 25 | 710 | 107
(£3.6) | (£0.003) | (+£0.003)  (+0.004)  (+0.269)

64.7 1.007 | 1.005 | 1.012 | -0.216
Sf1 4+4)/7 105 | 26 - —- 202 | 14 - - 318 60 - -
(£33) | (£0.002) | (£0.003) | (£0.001) | (+0.351)

635 | 1011 | 1.007  1.018  -0.186
Sf2 G+3)7 1 24 - — 297 | 66 | - -z 1 - -
(£4.6) | (£0.002) | (£0.001)  (+0.003)  (+0.038)

653 | 1.013 | 1.020 1.033 0223
BrFm2 2121 112 | 13 186 80 20 1l | 333 | 137 250 73 323 114
(£242) | (+0.004) | (*0.006) (*£0.009) (+0.113)

765 | 1.009  1.035  1.046  0.601
Sfl 12/21 102 | 12 159  1L1 194 9 | 156 | 58 321 75 122 47
(£24.0)  (+£0.003) | (+0.004) (*0.005) (+0.098)

503 | 1.006  1.029 = 1.038  0.644
Sf2 9/21 307 1 197 34 38 49 | 195 53 | 216 41 | 66 @53
(£153) | (£0.003) | (*0.006) (0.008) (+0.123)

1060 | 1.005 | 1.011 | 1.016 0351
T™é1 18/20 261 | 59 | 166 49 159 | 9 | 258 182 63 | 30 | 257 45
(124) | (0.002) | (£0.002) | (0.003) | (+0.173)

1100 | 1.004 | 1.015  1.020 & 0597
Sf1 9/20 254 | 56 21 | 45 | 52 s 234 73 8 | 33 | 124 | 46
(+16.5) | (0.002) | (*0.003) | (&0.003) | (+0.199)

1020 | 1.003 | 1.014 | 1.018 | 0.664
Sf2 9/20 258 | 62 | 140 | 30 | 136 | 16 | 136 61 | 40 | 23 | 62 | 4l
(+636) | (+0.001) | (+0.001) | (£0.001) | (+0.152)

928 | 1.001 | 1.007  1.009 = 0.746
T™Mé2 | 41/42 189 7 623 189 8 | 76 | 429 313 281 9 | 244 191
(£20.8) | (0.002) (+0.004) (£0.004) | (+0217)

78.0 | 1.003 | 1.007 = 1010 0414
Sf1 5/42 108 7 208 172 339 78 | 322 140 19 9 | 317 195
(19.1) | (£0.001) (£0.004) (*0.005) | (+0.165)

90.0 | 1.004 | 1.007 1.011 = 0282
Sf2 24/42 9 4 | 163 | 133 130 83 274 147 2719 | 6 | 271 141
(£204) | (+0.002)  (+0.004)  (&0.004) | (+0.245)

1050 1.003 | 101 | 1.013 = 0557
Sf3 12/42 173 6 184 128 25 | 24 | 221 152 289 13 | 201 @ 122
(17.4) | (£0.001) (+0.003)  (0.004) | (+0.165)

554 | 1.005 | 1.029 | 1.037 | 0.709
TMéE3 | 2020 196 | 24 | 451 170 295 @ 20 | 450 | 237 60 | S8 | 251 168
E17.7) | (£0.004) | *£0.009) (E0.011) | (+0.144)

573 | 1.006 @ 1.036 & 1.046  0.700
(0-1m) SfI | 10/20 246 | 32 471 137 150 9 | 469 | 149 46 = 56 | 168 142
(£21.9) | (£0.005) | &0.010) (0.011) (+0.186)

533 | 1.014 | 1019 | 1.034 | 0.170
@23m)Sf2 | 9/20 181 | 7 198 125 276 | 33 | 453 | 166 80 | 56 | 447 127
(£12.6) | (+0.003) | (+0.009) (+0.012) (+0.084)

672 | 1.009 1019 = 1.029 0347
T™é4 | 19/20 152 10 | 307 | 164 243 7 | 323 234 7 78 | 263 | 154
(£294)  (£0.006 | (+0.010) (=0.010) (*0.294)

499 | 1.003 | 1.021  1.027  0.768
Sfl 6/19 162 4 | 512 | 208 255 43 | 514 134 | 68 | 47 258 166
(£29.0)  (£0.007 | (+0.010) (0.006) (*0.396)

75.1 1.009 | 1.027 | 1.037 0492
SR 13/19 141 | 13 | 22 127 sl 0 216 149 319 77 | 152 135
(£27.0) | (£0.005) | (+0.010) (=0.011) (*0.224)

1800 | 1.013 | 1.015  1.028 | 0.059
SMé1 17/24 29 | 40 | 258 | 138 | 124 26 | 746 275 6 41 | 396 | 140
(+30.5) | (£0.007)  (£0.011) | (£0.015) | (+0233)

1700 | 1.007 | 1.034 | 1.044 | 0.639
Sf1 9/24 19 | 12 363 102 222 47 | 364 83 | 19 40 | 106 85
(£32.5) | (£0.006) | (+0.008) | (£0.009) | (+0.244)

1970 | 1.020 | 1.035 | 1.057 | 0.264
Sf2 6/24 23 0 26 209 84 23 | 63 207 149 129 8 | 157 | 96
(£224) | (£0.004)  (£0.015) | (£0.018) | (+0.160)

95.7 1.01 | 1.009  1.019 | -0.077
PMel 17/18 26 | 12 103 61 25 | 40 216 75 69 | 48 218 88
(+192) | (£0.004) | (+0.006) | (+0.006)  (+0.340)
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Table 6.S 2. ARM experiments for the different AMS pattern detected in the study area. Type of chaotic rock units;
Magnetic fabric pattern; Type of ARM experiment; n/N = number of specimens accepted/number of specimens
measured; Mean remanent magnetization (RM) and its standard deviation [10* A/m]; AMS scalar parameters and their
standard deviations: Pj = corrected anisotropy degree, T = shape parameter; D = declination (°), I = inclination (°) and
95% confidence angle (°) of the principal magnetic susceptibility axes ki, k, and ks, respectively.

Chaotic TR Mean RM & st. dev. Kk, Kk, k3
Units Pattern - experiment N 5 A Brraned Tl stdew) T stdew 95% conf. 95% conf. 95% conf.
(G0~ AT v L angles v ! angles v angles
AMS 6/6 - - 1.046 | 0.004 0576  0.089 | 98 13 195 70 | 191 12 | 184 48 323 | 72 106 3.0
ApARMyg 6/6 8.12 1.46 1.153 | 0.024 | 0.211 | 0.182 102 = 10 | 140 61 | 194 15 131 | 59 338 72 | 92 40
BrFm pexe | ApARM 0940 6/6 5.48 121 1.150 | 0.030 = 0.407 0186 | 101 | 11 162 7.1 194 | 16 | 153 43 | 337 70 9.1 | 39
AARM 6/6 14.20 2.10 1.144 | 0.013 | 0.155 0206 = 98 9 130 72 191 15 125 79 339 | 72 105 44
Broken AIRM 6/6 38.70 259 1.194 | 0.051 | 0599 | 0.143 102 & 12 | 199 85 195 13 | 193 55 331 73 | 106 43
Formation AMS 6/6 - - 1.037 = 0.007 0635 0.118 308 4 44 | 27 | 43 46 | 53 25 214 | 43 61 29
ApARMyg9 6/6 4.93 0.88 1.117 | 0.027 | 0280 | 0.106 | 315 | 10 | 62 | 32 | 53 | 40 | 62 | 33 | 213 | 48 | 42 | 25
BrFm rouing | ApARM 0040 6/6 3.76 130 1.109 | 0.029 | 0387 0.105 319 12 122 51 59 | 40 | 150 25 215 47 100 42
AARM 6/6 828 1.06 1.119 | 0024 0267 018 318 13 90 39 60 42 | 100 40 214 45 65| 26
AIRM 6/6 16.31 6.73 1.168 = 0.018 0578 0258 304 3 238 54 37 | 42 | 236 52 211 48 77| 39
AMS 6/6 - - 1.041 | 0010 0456 0262 | 139 | 6 149 59 230 5 | 149 44 359 8 | 62| 43
ApARMy.9 6/6 42.05 47.82 1.133 | 0074 | 0504 0348 140 4 | 252 70 231 3262 61 4 85 | 106 64
TMé pexe | ApARM 0940 6/6 3038 3797 1180 | 0.096 | 0492 | 0295 129 = 5 | 120 7.1 | 220 4 149 | 94 348 84 | 143 40
AARM 6/6 7351 87.03 1.151 | 0.070 = 0452 0329 | 140 5 134 70 231 4 138 67 | 355 & | 97 | 36
AIRM 6/6 117.30 111.96 | 1.161 | 0.045 0322 0301 134 2 118 56 224 4 131 63 14 8 92 58
AMS 6/6 - - 1.055 1 0.007 0595 0.194 266 32 155 58 167 14 | 153 119 57 54 174 81
ApARMyg 6/6 3.42 0.70 1.155 | 0.038 0230 0343 | 246 35 147 115 155 | 2 164 30 | 62 55 155 115
A;Z:::;;s TMé 1ps ApARMg9.40 6/6 2.57 0.61 1.131 | 0.036 0506 0213 | 249 25 163 127 157 | 3 | 179 28 | 61 65 147 | 81
AARM 6/6 6.08 133 1.156 | 0.041 = 0467 0289 | 251 31 147 144 159 | 3 | 165 41 64 58 152| 77
AIRM 6/6 15.92 297 1295 0.053 0487 0181 | 260 32 140 105 164 10 | 164 81 59 @ 56 146 | 7.8
AMS 6/6 - - 1.044 | 0.013 | 0260 | 0081 190 = 13 | 117 75 285 19 | 289 117 69 | 67 | 291 65
ApARMyg9 6/6 6.32 324 1.110 | 0.036 ' 0.128 | 0.174 | 194 = 13 123 58 287 | 14 | 327 109 63 71 326/ 6.0
TMé spear | ApARM 040 6/6 439 1.84 1.102 | 0.049 ' 0.182  0.165 | 191 | 10 100 3.0 28 | 17 | 225 50 72 70 229/ 78
AARM 6/6 10.83 5.07 1.113 | 0.040 | 0.106 | 0.164 188 = 9 | 131 47 280 15 269| 39 68 | 73 | 262 44
AIRM 6/6 27.51 12.07 1.160 | 0.078 A 0306 0.155 | 177 = 10 | 303 142 269 | 11 382 41 | 46 75 284 148
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Figure 6.S 1. Box-and-whisker plots of the corrected anisotropy degree (Pj) of the AMS and ARM experiments divided
by representative patterns.
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Figure 6.S 2. Box-and-whisker plots of the shape parameter (T) of the AMS and ARM experiments divided by
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