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Abstract

Stylolite are rough structures developed by pressure solution, usually related either to burial stress or to

tectonic contraction. The stylolite roughness, i.e., the difference distribution in height between 2 points separated
by a given distance along a track, yields quantitative information about stress magnitude applied normal to
stylolite plane. Signal analysis onto a stylolite track, returning a characteristic length (cross-over length, Lc) at
which two regimes of self-affine properties switch. In the case of a sedimentary, bedding-parallel stylolite (BPS),
Lc scales to the magnitude of the vertical principal stress o1, hence to the burial depth at the end of the stylolite
life. Albeit being rather confidential, the application of the Stylolite Roughness Inversion Technique (SRIT) to BPS
in foreland basins and fold-and-thrust belts (FTB) potentially sheds light on otherwise poorly constrained data,
such as paleo-depths at which first increments of contraction started, and burial history as well, without
requirement for paleo-temperatures, a data arguable in compressive settings.

The Umbria-Marche Apennine Ridge (UMAR, Central Apennines, Italy), a young folded belt where thick Meso-
Cenozoic carbonates deformation developed stylolite intensively since burial and during contraction, provides a
natural laboratory to further validate and expand SRIT applications on BPS, and to question its contribution to
the understanding of burial-deformation history in foreland and FTB contexts during the pre to early folding
compressional stage. Combining field and laboratory work, this project proposes methodological developments of
SRIT that validates and will facilitate its broader use, and couples this innovative paleopiezometric method with
other analyses (e.g. mesostructural and geochemical) to meet the objectives set out in the thesis, namely: (i) to
unlock limitations of this paleopiezometer application, especially concerning the L. estimate that could vary
depending on signal analysis method applied. Using all data collected in the UMAR, we argue the discrepancy can
be explained by limited roughness range from finite length signals. That can be improved tremendously by
concatenating stylolites of the same morphology together. The outcome is that in most cases (> 90%), L. values of
on individual stylolite is valid, but can be improved by signal preparation, e.g. using a detrend function that put
signal extremities to 0; (i1) to characterize compressive meso-structures in folds by classical methods of fracturing
analysis and deduce a fracturing sequence then integrated in the global deformation sequence; (iii) to characterize
the maximum burial undergone by strata before contraction, i.e. maximum vertical stress of BPS activity. The
first case of study is the Cingoli Anticline, where vertical stress related to BPS roughness inversions varies from
17+2 MPa and 43+5 MPa, corresponding to burial depths comprised between 720+85 m and 1840+220 m. In the
youngest formation, the maximum depth recorded by stylolites is 1200+145 m (i.e. vertical stress of 28+3.4MPa).
The latter data is used to estimate the onset of contraction, set at ~6 Ma. The application of this methodology in
other folded structures located at the western and eastern ends of the UMAR, respectively the Subasio and Conero
anticlines, allows to propose a model of the evolution of the onset of contraction at the scale of the ridge: from ~10
Ma (Tortonian) to ~4 Ma (Zanclean) from west to east, with shift of ~6 Ma over a distance of about 100 km without
overlap in the ages. These data are consistent with the regional deformation sequence, well calibrated and

constrained by more classical methods.

Overall, this work demonstrates the potential of this analytical method coupling SRIT and burial modeling,

and its potential contribution to our understanding of the deformation history at the regional scale






Résumé

Les stylolites sont des structures rugueuses formées par pression-solution, généralement par enfouissement
ou une contraction tectonique. Leur rugosité, définie comme la différence de hauteur entre 2 points séparés d'une
distance donnée le long du stylolite, donne des informations quantitatives sur la grandeur de la contrainte
appliquée perpendiculairement a son plan. L'analyse du signal appliquée a la trace d'un stylolite renvoie une
longueur de coupure caractéristique L. située a I'interface de 2 régimes aux propriétés auto-affines. Pour un
stylolite sédimentaire paralléle a la stratification (BPS), la L. est proportionnelle a la contrainte principale
verticale o1, et donc a la profondeur d'enfouissement enregistrée quand le développement du stylolite cesse. Bien
que peu répandue, 'application de la technique d'inversion de la rugosité des stylolites (SRIT) aux BPS dans les
bassins d'avant-pays et les chaines plissées (FTB) apporte potentiellement des données autrement peu contraintes,
comme les paléo-profondeurs associées aux premiers incréments de la contraction, et une partie de 1'histoire de

I'enfouissement sans besoin des paléo-températures, donnée discutable en contexte compressif.

L’Ombrie-Marche (UMAR, Apennins centraux, Italie), jeune chaine plissée ou 1'enfouissement et la contraction
ont engendré I'intense stylolitisation des carbonates méso-cénozoiques, est un cas d’étude de choix pour valider et
étendre les applications de la SRIT aux BPS, et questionner son apport a la compréhension de l'histoire de
I'enfouissement et de la déformation en contexte d'avant-pays et de FTB lors de la compression anté-plissement.
Combinant terrain et laboratoire, ce projet propose des développements méthodologiques de cette méthode
d’inversion pour valider et faciliter son plus large usage et couple cette technique innovante avec d'autres analyses
(e.g. mésostructurales et géochimiques) pour répondre aux objectifs fixés dans la thése : (1) débloquer les limites
d'application de ce paléopiézomeétre, notamment l'estimation variable de la Lc selon le traitement du signal utilisé.
Son application aux BPS de 'UMAR relie potentiellement cette variabilité a une gamme de rugosité limitée pour
de courts signaux, ce qui peut étre considérablement amélioré en concaténant des stylolites de méme morphologie.
Les résultats démontrent que, dans plus de 90% des cas, les L. sont valides pour des BPS individuels, mais peuvent
étre améliorées en préparant le signal en amont de I'inversion, (e.g. fonction detrend positionnant les extrémités
du signal a 0); (i1) caractériser les méso-structures compressives dans les plis par I'analyse classique de la
fracturation, et en déduire une séquence de fracturation ensuite intégrée dans la séquence de déformation globale;
(1) caractériser l'enfouissement maximal subi par les sédiments avant le début de la contraction, soit le o1 pour
lequel 'activité des BPS est maximale. Le premier cas d'étude est 1'Anticlinal de Cingoli, ot 01 varie de 17+2 MPa
a 43+b MPa, correspondant a des profondeurs d'enfouissement comprises entre 720+85 m et 1840+220 m. Dans la
formation la plus jeune, la profondeur maximale enregistrée par les BPS est de 1200+145 m (i.e. 01 = 28+3.4 MPa).
Cette donnée est utilisée pour estimer le début de la contraction, fixé a ~6 Ma. L'application de cette méthode a
des plis situés aux extrémités ouest et est de 'UMAR, i.e. anticlinaux de Subasio et de Conero, permet de proposer
un modeéle d'évolution du début de la contraction a 1'échelle de la chaine, estimé de ~10 Ma (Tortonien) a ~4 Ma
(Zancléen) d'ouest en est, avec un décalage de ~6 Ma sur environ 100 km sans chevauchement des ages. Ces
données sont cohérentes avec la séquence de déformation régionale, bien calibrée et contrainte par des méthodes
plus classiques.

Ce travail démontre le potentiel de cette méthode couplant SRIT et modélisation de 'enfouissement, ainsi que

sa contribution potentielle a la compréhension de 1'histoire de la déformation a I'échelle régionale.












Ce manuscrit met un point final a plusieurs années de dur labeur (ceci sans mauvais jeu de mots,
bien entendu). Lors de cette escale a Pau qui a débuté en 2019, j'ai rencontré de nombreuses personnes
qui ont contribué, chacune a leur maniére, a la réalisation et a I'aboutissement de ce projet, et que je
tiens a remercier aujourd'hui. Ces quelques lignes leur sont donc dédiées et, comme vous le constaterez

assez rapidement, illustrent mon inaptitude a étre concise en écriture.

A first paragraph to thank Daniel Koehn, Juliette Lamarche, Stefano Tavani and Antonio
Benedicto for agreeing to be part of this jury and for doing me the honor of reporting and evaluating

my work. I hope that this manuscript will be up to the task and that you will enjoy reading it.

Le chemin parcouru ces derniéres années n’a pas toujours été évident a suivre. Je ne peux que

remercier mes directeurs de thése de m’avoir accompagnée et aidée a mener a bien ce joli projet.

Nicolas, merci de ta confiance et de ton implication durant ces 3 années. J'imagine qu’encadrer une
thése pour la premiére fois ne doit pas étre une tache facile, et pourtant, tu as toujours été attentif et
disponible pour permettre que le projet avance. Tu m’as énormément appris, sur le monde merveilleux
des stylolites d’'une part, mais aussi sur l'art et la maniére d’emballer les couches géologiques, ou la
capacité d'un Qs a transporter 500 kg d’échantillons. La découverte de I'Italie et des Apennins, c’est
aussi en grande partie a toi que je la dois, et je t'en suis infiniment reconnaissante. J’al vraiment
apprécié travailler avec toi, tant humainement que professionnellement. Ce fut une belle expérience, et
maintenant arrivée en fin de course, je mesure la chance que j’ai eu d’avoir pu y prendre part. Merci de
m’avoir donné ma chance, ainsi que de l'aide et du soutien dont tu as fait preuve du début a la fin.

J’espére sincérement que ce travail est a la hauteur de ce que tu espérais.

Jean-Paul, notre Chuck Norris palois, et As du volant des Apennins. I’ame du laboratoire ne serait
pas la méme sans toi. Je te remercie de la disponibilité et de I'implication dont tu as fait preuve, malgré
une armée de nombreux thésards a encadrer, et ton engagement croissant dans 'administration. Ton
écoute et ta bienveillance, ainsi que le temps passé sur mes « quelques » écrits, m’ont été d’'une aide
précieuse et ont permis d’en arriver ici aujourd’hui. Je garderai en mémoire ta capacité a passer du coq
a I'ane en un dixiéme de seconde, ainsi que ta faculté a faire le tour du labo et a présenter I’équipe en
moins de dix minutes (Speedy Gonzales n’a qu’a bien se tenir). Egalement merci pour tous ces bons
moments partagés, des repas le midi sur les bancs de la fac, aux terrains et congrés en terres italiennes
et autrichiennes. J’ai beaucoup appris et aussi énormément ri, je pense avoir gagné quelques années de
vie grace a tout ¢a ! Je profite aussi de ces quelques lignes pour remercier ton adorable famille, Sarah

et les garcons, pour leur gentillesse et 'accueil chaleureux dont ils ont toujours fait preuve.

Et pour finir, Olivier, merci de ton investissement tout au long de ce projet. Outre l'initiation a
I'inversion des macles de la calcite, je te dois de nombreuses corrections et relectures, ainsi que des
conseils avisés qui ont largement contribué a ce que cette thése aboutisse. Tu as pris le temps de nous

accompagner sur le terrain, malgré ton emploi du temps chargé et tes nombreuses obligations, et je t'en
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remercie également. Malgré les quelques changements de derniére minute concernant le sujet de la
theése, et mon anglais parfois un peu bancal, jespéere que tu es satisfait du résultat de ces 3 années de

travail.

Cosa sarebbe una tesi in geologia senza un terreno di gioco? Un gran ringraziamento all'ltalia,
questa cosi bella terra d'accoglienza e agli scienziati che ci hanno accompagnato lungo le nostre
peregrinazioni : Lorenzo Petracchini durante la missione sul campo a Cingoli, ma anche Stefano
Tavani, Fabrizio Agosta, Fabrizio Balsamo, Kei Ogata e Luca Smeraglia, per la loro guida e
durante il "fieldtrip" negli Appennini. Un infinito grazie per la scoperta di tutte queste belle curiosita

geologiche appenniniche e per la vostra bella cultura !

Quelques remerciements s'imposent aussi pour toutes les personnes qui m’ont encouragées a
entreprendre cette thése, et qui m’ont donné envie poursuivre en géologie.

Un grand merci a TENSEGID, grace a qui j’ai pu faire mes armes et vivre 3 années magnifiques en
école d'ingénieur. Philippe, Carine, Raph, merci pour 'implication et I’écoute dont vous faites preuve
tout au long de notre cursus. Le choix de poursuivre en géologie, tant a I’école avec 'option Géoressources
qu'en doctorat, cest en grande partie & vous que je le dois ! Egalement merci aux ensegidiens rencontrés
lors de cette belle aventure, “les copains d’abord” comme disait Brassens : Justine, Nadége, Marine
P., Maximilien, Antoine, Pierre M. & Pierre G., loin des yeux pour certains, mais toujours pres du
cceur ! Merci d’étre vous, et présents en toutes circonstances !

Mon expérience a Total aura mis sur ma route quelques personnes que jaimerais également
remercier. Jean-Claude et Charlotte R., merci de 'aide que vous m’avez apportée, tant pour le stage
que pour la thése. Vos conseils et votre soutien m’ont été précieux, et sans ¢a, je ne suis pas certaine que
jen serai arrivée la aujourd’hui. Inés, Marie, Francois, Valérie, Marc-Antoine, Thomas M. et
Mathilde, merci pour tous ces moments merveilleux que 'on partage encore aujourd’hui, et le soutien
indéfectible dont vous avez fait toujours preuve a mon égard. Je ne vous seral jamais assez

reconnaissante pour tout ¢a.

Je tiens également a remercier le laboratoire, au sein duquel j’ai évolué ces trois derniéres années.

Merci a Daniel qui a su maintenir la cohésion de 'équipe en dépit des difficultés imposées par la
COVID. Les réunions d’équipe (en présentiel ou en visio), les pots a la fac, et 'attention constante que
tu portes aux jeunes doctorants que nous sommes (et dont j’ai largement bénéficié) ont su maintenir
l'unité et la bonne ambiance au sein du groupe. Merci a toi !

Marie-Laure, a la fois merci et félicitations ! Outre ton aide précieuse pour la partie administrative,
tu as toujours eu des petits gestes et attentions qui ont rendu cette aventure plus douce (je n’oublierai

pas les prises de nouvelles réguliéres et discussions sur la terrasse, ni les pots de friandises qui auront



réchauffé bien des coeurs et rempli quelques estomacs). Merci pour ta bienveillance et ta bonne humeur.
Et plein de bonheur pour la petite merveille qui ne devrait plus tarder a pointer le bout de son nez, vous
méritez !

Anne et Olivia, découvertes de cette derniére année. De vraies doses d’oxygéne et de bonne humeur
quotidiennes. Merci pour ces moments partagés, aussi bien a la fac qu’a 'extérieur (mention spéciale
pour I'initiation escalade. Sans vous j’aurais encore les pieds sur terre), et d’avoir été aussi attentives et

a ’écoute lors de cette derniere ligne droite. Merci mille fois !

Venons-en maintenant aux copains de galére. Car un bateau ne se maintient pas a flots tout seul.

Aux anciens, et tout d’abord a mes colocataires de bureau Naim et Geoffrey. On se connaissait un
peu de I’école, et ces années communes dans ce bureau ont été une occasion fabuleuse de tisser des liens
plus robustes. Merci pour la bonne ambiance, les longues discussions, et les moments de rire et de
partage. Mais aussi et surtout, merci d’étre toujours la aujourd’hui, et plus seulement comme de simples
collegues mais aussi comme amis. J’espéere que tout ceci perdurera encore longtemps ! Second hommage
aux “vieux partis trop tot” » : Pierre-Alexandre, reparti dans ta belle Normandie, et Stephen,
chasseur de kangourous en devenir. Stephen, je ne pourrai jamais assez te remercier du soutien dont
tu as fait preuve, et tout particulierement lors des derniers moments de I’écriture. Sans ¢a, la cadence
aurait été difficile 4 maintenir. Je ne peux vous souhaiter que de bonheur a tous les deux, en espérant

qu'on ne tarde pas trop a se revoir (pour une session bretzels peut-étre, qui sait !).

Thomas, Gabriel, Francho, un marathon de 3 ans, pour franchir la ligne d’arrivée quasiment en
méme temps ! 3 années de rires, de bons moments, de galéres aussi, mais si ¢’était a refaire ¢a serait
sans hésitation. Je ne pouvais espérer meilleurs acolytes pour vivre cette grande épopée ! Une team un
peu cosmopolite (de 'Espagne a Agen, en passant par le bordelais et le 06), une belle salade ni¢oise un
peu épicée et vineuse, et riche en tomates de mamie. Une fine équipe de collegues devenus potos en
somme, qui j’'espére perturbera a I'identique (mea culpa, Thomas j’ai esquivé les rimes en alexandrin ...
mais je reste plus a I'aise avec les stylolites qu’avec la poésie ... Et comme dirait un grand poéte, faut
pas pousser Mémé avant les boeufs ... ou dans la charrue ?!). En résumé, merci les copains pour tous ces
beaux moments !

Et parce qu'une équipe n’est rien sans reléve, un grand merci aux nouveaux de la bande : les
Marine2, Salsa, Sepideh, Keanu, Anies pour votre gentillesse et votre bonne humeur quotidienne.
Marine du Chnord, méme si je pense que je ne comprendrai jamais rien a tes carrés dans tes ronds
(ou I'inverse ?), merci de prendre le temps de me réexpliquer a chaque fois. Comme 1’a écrit Voltaire, “il
faut cultiver notre jardin”, et nos sessions plantage de graines partagées avec toi et Salsa resteront
dans les annales. Merci d’étre vous, et surtout restez ainsi ! Marine du Sud-Ouest (pour ne froisser ni
les basques ni les béarnais), 6 ans que l'on se connait, et qu'on se suit de pres. Je suis heureuse que tu
aies intégré la team paloise. Je te souhaite vraiment d’arriver a ce que tu désires (méme si tu as 'air en

bien partie), et qu’on puisse se suivre encore un peu par la suite !
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Et sans oublier la fine équipe : Ben et Alexis. Dans les bons comme les mauvais moments, vous
avez toujours répondu présents ! Un immense merci a tous les deux pour votre bienveillance, votre
soutien, les discussions et bons moments partagés. Ben, je tiens a saluer ton imagination pour les
blagues et jeux de mots (plus ou moins bons, a I'appréciation du correcteur). Et sache que non, je n’ai
pas oublié I'épisode des bureaux intégralement emballés et intervertis ... ¢a n’est que partie remise !
Alexis, a la fois expert bubulles et maitre son, mais aussi poete et philosophe, tu m’auras appris que
deux opposés ne sont pas nécessairement rébarbatifs (pour ne pas dire rédhibitoires) et qu'un “c’est pas
faux” peut faire office de réponse a n'importe quelle question. Tout ¢a pour dire qu'on a vécu de sacrés
bons moments depuis votre arrivée, et jespére sincérement que d’autres aussi incroyables et délirants

que ceux déja vécus nous attendent a I'avenir !

Un salut a la team Escrime, qui m’a également accompagnée durant ces 3 années. On mésestime
souvent le poids du sport et de ceux qui le pratiquent dans une expérience comme celle-ci. Jeff, Dario
et Irina, Julien, Brice O., Laurent, merci a tous d’avoir suivi et partagé cette expérience en temps
réel. Merci également a Ilana et Stephen, Fred et Karine, Paul et Morgane, Jérome, et sans oublier
notre conseiller municipal Jfp, d’avoir intégré le train en marche et pris part a laventure ! Et parce que
tout travail mérite sa biére, ou qu'apres l'effort vient le réconfort, un immense merci a notre Dimitri
national, ainsi qu’a Brice, Laura et Charles-Aymeric, pour nous avoir permis de nous ravitailler
apres 'entrainement, sur la terrasse de 'lmparfait ou sur les bancs de La Cuisine. Merci de nous
avoir tant donné, et malgré ce chapitre qui se clot aussi en cette fin d’année, j’espére d’autres moments
partagés nous attendent (a Pau pour les uns, a Baréges pour les autres, qui sait). Une chose est sire,

vous nous manquerez !

Un petit mot pour mes proches sans qui je ne serai jamais devenue la personne que je suis
aujourd’hui. Cette thése est aussi la votre, pour tout 'amour, le temps et le soutien que vous m’apportez

depuis tant d’années.

Maman, Papa, merci d’avoir toujours répondu présents. Grandir et se construire est un processus
long et parfois compliqué, et malgré la difficulté de la tache, vous m’avez aidée a maintenir le cap ces 28
derniéres années. Vous avez essuyé mes doutes et consolé mes peines. Vous m’avez aidée a me sentir
forte quand le courage m’abandonnait. Merci d’avoir toujours cru en moi, malgré les échecs et les faux
pas. Merci de cet amour et de ce soutien indéfectible que vous me donnez depuis tant d’années. Cet
accomplissement, c’est aussi le votre, et jespéere qu’il vous rendra heureux et fiers.

Mamie, Taton, les deux soeurs inséparables. Merci de m’aimer et de me choyer comme vous le faites
depuis toujours. Je suis heureuse que vous soyez présentes pour me voir franchir cette étape de ma vie.
Mon unique regret est de ne pas vous voir accompagnées de Papi et Michel, deux grands hommes que
nous aimerions encore avoir a nos cotés aujourd’hui, et a qui je dédie ce travail avec bonheur et fierté.

Axel, mon “petit” frére. Petit bonhomme dans un corps de géant. Comme tu me I'as rappelé a juste

titre trés récemment, on ne se dit pas suffisamment les choses. Alors, je vais profiter de ces quelques
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lignes pour te rappeler que je t’aime tres fort, et que ¢a ne changera jamais (promis, la période ou je te
haissais de voler mes poneys en plastique et de décapiter mes Barbies est révolue). Et comme d’autres
Pont fait pour moi, sache que je crois en toi. Je sais que 'avenir parait parfois insurmontable, mais je
suis intimement persuadée que tu finiras par trouver la voie et 'équilibre dont tu as besoin. Crois en toi
et en tes réves, et ca finira par fonctionner !

Je n'oublie par Caro, Pampi et Louise, ainsi que Minou et Nini, pour leurs petits mots
d’encouragements et leurs attentions réguliéres. Je profite aussi de ce paragraphe pour remercier tous
les membres de I’Eté a Pau de m’avoir accueillie & bras ouverts il y a presque 4 ans maintenant, et
d’avoir toujours été compréhensifs et bienveillants a mon égard. Promis, le temps ou je troquais les
sessions plages ou tyroliennes contre des heures de rédaction sur ordinateur, et ou jarrivais a 23h30
pour souffler les bougies, est désormais révolu. Un grand merci a tous !

Petite mention spéciale pour Morgane C.. Mon amie et ma confidente de toujours, tu m’as vue
grandir et évoluer, et accompagnée en dépit des obstacles et des difficultés de la vie. Malgré la distance
et ma capacité profonde a m’effacer de la surface de la Terre en période de stress (etil y en a eu...) tu as
toujours été présente et maintenu le contact. Merci de m’avoir toujours écoutée, épaulée et soutenue. Je
souhaite que cette amitié qui nous unit soit longue et heureuse, et étre un jour a la hauteur de la
formidable personne que tu es.

Maxime, mon amour, les mots ne suffiront jamais a exprimer mon infinie gratitude. Cette thése, tu
Ias vécue autant que moi, et je suis heureuse de tourner cette page avec tol a mes cotés. Je ne te
remercierai jamais assez de ton soutien, de tes attentions quotidiennes, et de tout 'amour que tu me
portes jour apres jour. Merci d’étre toi, tout simplement, et d’étre mon pilier dans les bons comme dans
les mauvais moments. Nous deux ¢a n’a pas toujours était simple, un peu long au démarrage, mais je
pense pouvoir dire aujourd’hui que c’est une évidence. Et jespére sincerement que ce chemin que 'on

parcourt ensemble nous ménera loin, afin de pouvoir te rendre tout ce que tu m’as apporté. Tt amo

12



13



Table of contents

14



15



ABSTRACT 2

= RESUME 4
*  ACKNOWLEDGEMENTS 6
* TABLE OF CONTENTS 14
* TABLE OF ILLUSTRATIONS 20
= INTRODUCTION 34
I- SCIENTIFIC CONTEXT AND PROBLEMATIC 36
II- THESIS LAYOUT 39

= CHAPTER 1-BURIAL EVOLUTION AND STRESS DISTRIBUTION IN FORELAND BASINS AND FOLD-AND-
THRUST BELTS: STATE OF THE ART 42
I- FORELAND BASINS AND FOLD-AND-THRUST BELT: NATURAL LABORATORIES FOR STUDY AND THE

UNDERSTANDING OF GEOLOGICAL PROCESSES 44
1- DEFINITION 44
2-  BASIN MODELING 47
II- MESOSCALE FRACTURE NETWORK IN FORELAND BASINS AND FOLD-AND-THRUST BELTS 48
1- CHARACTERIZATION OF FRACTURE NETWORK 49
1.1- Fracture definition and classification 49
1.2- Stylolites: general definition 51
2-  DISTRIBUTION IN THE FORELAND BASINS AND FTB 51
2.1- Distribution within FTB 52
2.2- Distribution within fold 53
III- PALEOPIEZOMETRY IN THE STUDY OF FORELAND BASINS AND FOLD-AND-THRUST BELTS 54
1- INTRODUCTION TO PALEOPIEZOMETRY: CONCEPT AND CONTRIBUTIONS 54
2- FOCUS ON STYLOLITE PALEOPIEZOMETRY 56
2.1- Stylolites as paleopiezometers: definition, classifications, and growth mode 56
2.2- History and principles of the inversion method 61
2.3- Signal processing methods 63
2.4- Application to sedimentary stylolites: Sedimentary Stylolites Roughness Inversion Technique
(SRIT) 65
IV- RECONSTRUCTION OF THE MESO-STRUCTURAL PATTERN AND BURIAL: METHODS 66
1- UNDERSTANDING OF THE FRACTURE NETWORK 66
1.1- Reconstruction of fracture sequence 66
1.2- U-Pb absolute radiochronology 68
1.3- Inversion of striated fault planes 68
2-  SEDIMENT BURIAL MODELING 70
3- ROCK PROPERTIES ESTIMATION 72
3.1- Mechanical properties: Young modulus estimation for SRIT application 72

16



3.2- Chemical compaction estimate for burial modelling 72

4- STUDY OF VERTICAL STRESSES BY INVERSION OF THE ROUGHNESS OF SEDIMENTARY STYLOLITES

(SRIT) 74
4.1- Samples preparation 74
4.2- Stress and burial depth computation 75

= CHAPTER 2-GEOLOGICAL SETTING: THE APENNINES AND THE UMBRIA APENNINE RIDGE

78
I- GLOBAL GEODYNAMIC CONTEXT: EVOLUTION OF MEDITERRANEAN DOMAINS 80
II- THE APENNINES, GLOBAL CONTEXT OF THE STUDY AREA 82
1- GEOGYNAMIC AND STRUCTURAL CONTEXT 82
2- PALEOGEOGRAPHIC EVOLUTION 84
III- THE UMBRIA MARCHE APENNINE RIDGE: CENTRAL PART OF THE APENNINES 88
1- STRATIGRAPHIC SEQUENCE CHARACTERISTIC OF THE UMBRIA-MARCHE 88
1.1- Facies of the UMAR stratigraphic sequence 88
1.1- Paleogeographic evolution: link between tectonics and sedimentation 89
2-  STRUCTURAL CHARACTERISTICS AND PROPOSED MODELS 92
3- KINEMATIC EVOLUTION 96
4- MESOSTRUCTURAL CHARACTERISTICS 97

= CHAPTER 3-SEDIMENTARY STYLOLITE ROUGHNESS INVERSION TECHNIQUE: APPLICATION,

LIMITATIONS, AND OPTIMIZATION 100
I- INTRODUCTION 102
II- OVERVIEW OF THE DATASET 104
1- LOCATION AND PREPARATION OF SAMPLES 104
2- TYPOLOGY OF THE STUDIED STYLOLITE TRACKS 109
III- VARIABILITY OVER THE STYLOLITE TRACK ACQUISITION AND TREATMENT 109
1- COMPUTER-ASSISTED TRACK SEGMENTATION 109
2-  FINDING THE Lc¢ 111
IV- IDENTIFYING AND OVERCOMING THE METHODOLOGICAL LIMITATIONS OF SRIT 112
1- IDENTIFIED LOCKS 112
1.1- Validity of the Lec: is the signal analysis convincing ? 114

1.2- Consistency of the L¢: are the results similar within the uncertainty between the two signal

analysis techniques? 115
2-  OVERCOMING THE LIMITATIONS 116
2.1- Optimization of the track for the signal analysis 116
2.2-  Stylolite morphology influence 118

2.3- Concatenation of signals using the composite method: construction and inversion of composite

sedimentary stylolites 119

17



2.4- Tests and validation of composite stylolites inversion 120
V- CONCLUSIONS 123
= CHAPTER 4-USING BEDDING PARALLEL STYLOLITE TO RECONSTRUCT THE BURIAL-DEFORMATION

CALENDAR: EXAMPLES OF FOLDED CARBONATES IN THE CINGOLI ANTICLINE,UMBRIA-MARCHE,

NORTHERN ITALY 124
I- GENERAL INTRODUCTION 126
II- BURIAL-DEFORMATION HISTORY OF FOLDED ROCKS UNRAVELED BY FRACTURE ANALYSIS,
STYLOLITE PALEOPIEZOMETRY AND VEIN CEMENT GEOCHEMISTRY: A CASE STUDY IN THE CINGOLI
ANTICLINE (UMBRIA-MARCHE, NORTHERN APENNINES) 128
III- GENERAL CONCLUSIONS 158
= (CHAPTER 5-ASSESSING THE TIMING AND PROPAGATION OF LAYER-PARALLEL APENNINIC

SHORTENING FROM THE UMBRIA-MARCHE APENNINE RIDGE TO THE CONERO ANTICLINE:

INSIGHTS FROM PARALLEL TO BEDDING STYLOLITE ROUGHNESS PALEOPIEZOMETRY 160
I- INTRODUCTION 162
II- THE SUBASIO AND THE CONERO ANTICLINES: TWO OTHER FIELD EXAMPLES OF BURIAL-

DEFORMATION RECONSTRUCTION 163
1- GEOLOGICAL SETTING 163
1.1- The Subasio Anticline 163
1.2- The Conero Anticline 165
2- MESOSTRUCTURAL CONTEXT 167
2.1- The Subasio Anticline 167
2.2- The Conero Anticline 173
2.3- Timing of regional deformation: evolution of flexure and folding 177
3- SEDIMENTARY STYLOLITES PALEOPIEZOMETRY 178
3.1- Young modulus estimation 178
3.2- Sedimentary stylolite roughness inversions 178
3.3- Vertical stress and burial depths computation 180
4- BURIAL DEPTHS EVOLUTION 182

II1I- INTERPRETATION OF THE COMPILED RESULTS: FROM THE FOLD SCALE TO THE FOLD-AND-THRUST

BELT SCALE 184
1- SEDIMENTARY ROUGHNESS INVERSION: COMPILATION OF DATA 184
2-  BURIAL CURVES 184
3- BURIAL DEPTHS EVOLUTION ALONG THE TRANSECT 187
4- DETERMINATION OF THE ONSET OF OROGENIC CONTRACTION 187
IV- CONCLUSIONS 188
= GENERAL DISCUSSION 190
I- INTRODUCTION 192

18



II- METHODOLOGICAL LIMITATIONS AND IMPROVEMENTS

1- HOW TO EXPLAIN INCONSISTENCY OF RESULTS?

2- IMPACT OF STYLOLITE MORPHOLOGY

3- VALIDITY AND INCONSISTENCY OF RESULTS, WHAT SOLUTION(S) ?
III- EVOLUTION OF FRACTURE SEQUENCE IN THE STUDIED FOLDS

1- FRACTURE SEQUENCE RELATED TO DEFORMATION HISTORY

2-  CONTRIBUTIONS TO THE UNDERSTANDING OF LOCAL AND LARGE-SCALE EFFECTS
IV- TIMING AND PROPAGATION OF FOLDING

1- AT THE FOLD SCALE: CASE OF THE CINGOLI ANTICLINE

1.1- Impact of the chemical compaction on the timing of deformations?
1.2- Impact of the geothermal gradient on timing of deformations

1.3- Impact of the stylolite sampling

2- AT THE FOLD-AND-THRUST BELT SCALE

2.1- Shape of burial curves

2.2- Determination of the onset and of the duration of the LPS

2.3- Dating and quantifying the horizontal stresses build up

2.4- Debate on structural style

=  GENERAL CONCLUSION

= REFERENCES

= APPENDICES

19

192
192
194
195
196
196
198
199
199
199
204
206
208
208
208
210
212
214
218
250



20



21



Figure 1.1-(A) Schematic map view of a “typical” foreland basin, limited longitudinally by two marginal
ocean basins. The scale is not specified. The vertical line corresponds to the orientation of the cross-
section represented in (B). (B) Schematic cross-section illustrating the geometry of the foreland basins.
The boundary between the basin and the FTB is exaggerated vertically by a factor of 10. (C) Schematic
cross-section illustrating a revised concept of foreland basin architecture, positioning the four
depositional zones, the topographic front of the FTB (TF), a duplex zone (D), the front of a triangular
zone (TZ), as well as progressive deformation represented by the short fan lines associated with the
thrust tips. The interface between the front of the orogenic wedge and the foreland system is marked by
the presence of extensive thrusting; after DeCelles & Giles (1996).......uuvvvreerveeerieiiriiiieiiieiieeeeeeeeeeeeeeeeenn 44
Figure 1.2-(A) Representation of the principal loading processes in peripheral foreland systems, with
topographic and sediment load, and also subduction load related to vertical shear (V) and bending
moment (M) on the end of the subducted slab potentially existing at depths of -50-200 km (Royden,
1993). (B) Representation of retroarc foreland basin systems. (C) Accumulation in wedge-top depozone,
resulting from the competition between regional, load-driven subsidence (downward pointing arros) and
local uplift of the orogenic wedge related to shortening and thickening (upward pointing arrows); after
DECelles & GILES (1996). ..uuuvvrrrrierririiiriirrereerrrerreerrreereereeereeerae————————————————erererrrrerrtrrerrrrerrrtrrerrtrttrtrreerrerreeerees 45
Figure 1.3-(A) Fracture propagation modes, and (B) associated Mohr circles. Mode I: opening, mode II:
shear; mode III: tearing; modified from Bons ef al. (2012). ........ccoooiiiiiiiiiiiiiiiieeeeeeeeeeeen 49
Figure 1.4-Classification of Bons et al., (2012). Interpretation of vein opening patterns on field data;
After BOMNS €F Gl., (2012). ...uuuuureriiiiiiiiiiieierereeereearreereeereereaeeeee———————————————————trrrerrrrerrtrrrrrreerertrrerrttttrtrrerrreereesrees 51
Figure 1.5-Foreland flexuring, along-foredeep streching and layer-parallel shortening (LPS)
deformation stages, and associated macroscale structures. Foreland flexuring leads the development of
extensional structures oriented parallel to the forebulge-foredeep belt system, and sometimes of
transverse structures as secondary features. Along-foredeep streching deformation stage provides the
development of extensional fractures striking perpendicular to the forebulge-foredeep belt system, and
of longitudinal fractures as secondary characteristics. LPS favors the development of mesoscale
deformation patterns including either layer-parallel or layer-perpendicular elongation; modified from
TAVAINL @F AL (2015) ...ttt ttaettaaraaaraaasaaasssassrsssressssssssssssssasssassssseseseeresssseerereererreeeeeeraeaeees 52
Figure 1.6-Deformation structures commonly observed in anticlines related to FTB. The spatial
distribution and geometries associated with these mesostructures are shown at the scale of one strata
(left scheme) in the limb and the hinge, and for several strata (right scheme) considering a section
orthogonal to the fold axis. The section plane A-A'is oriented with respect to the fold on the left side of
the figure; modified from Tavani et @l. (2015). .....uuurrrurrrrrirriiiriireerrerreeeereereeererreerrrerereeeeeeerrerrrerrerreeeeees 54
Figure 1.7-Stylolites observed at outcrop in platform carbonates (Monte Nero, Apennines, Italy).
Stylolites are represented by red lines; modified from Beaudoin et al. (2016).........ccccecvrvrveeeeeeencnnnnnnnn. 57
Figure 1.8-Schematic representation of sedimentary and tectonic stylolites; modified from Ebner et al.

(2010Db). Principal stress o1 1s represented IN Ted. .........ooooiiiiiiiiiiiiiiiieeen 57

22



Figure 1.9-Classification of stylolites according to morphology and tooth amplitude, modified from
Semeniuk & Logan (1976). ... 58
Figure 1.10-Morphological classification of stylolites based on the work of Park & Schot (1968) and
numerical simulations, modified from Koehn et al. (2016). 4 classes of stylolites are discriminated: 1)

rectangular layer type, 2) seismogram pinning type, 3) suture and sharp peak type, 4) simple wave-like

Figure 1.11-Stylolite growth model and influence of roughness, modified from Koehn et al.
() PP PP 59
Figure 1.12-Summary of physical and morphological characteristics of stylolites. Notions of roughness,
amplitude, compaction and spacing are defined on the middle and upper parts of the figure.
Morphologies are also redrawn and detailed on the right-hand side...........cccccccoovriiiiiiiiiiiieiiiiieeee, 61
Figure 1.13-Simulation results for a 14 mm linear fault, i.e., between -7 and +7 mm with the Spring
Network Model; modified from Rolland (2013) and Aharonov & Katsman (2009). These curves represent
cumulative dissolution for different time periods in three configurations (i) under stress and no clay; (i1)
under no stress with clay; (iil) under stress and clay. For the same time interval, the cumulative
dissolution is up to doubled in the presence of clay, whether a stress is applied or not............ccceunn...... 61
Figure 1.14-Representation of the two scaling regimes on the Fourier Power Spectrum (FPS) and
Average Wavelet Coefficients (AWC), associated with Hurst coefficients and separated by a
characteristic cross-over length; modified from Ebner et al. (2008).......oouevveeveeeieeeiireiiiiiiiieeeeieeeeieeeeeeeeenn, 62
Figure 1.15-Example of stereodiagrams obtained after statistical processing of the field data
(Stereonet), in current/rotated (R) and unrotated (U) positions. The dotted lines represent the
stratification, and the color scale the density of poles. In the present case, the 50 measurements carried
out and processed (whose planes have not been represented for reasons of readability) are used to

discriminate two main orientations of fractures, whose average planes are represented by the solid black

Figure 1.16-Illustration of fault measurements (blue) and tensor data calculated by Angelier's method
s: orientation of the streak, on: normal stress, o: applied resultant stress, T: shear stress, u: vector
between the calculated shear stress and the streak, a: angle between these two vectors; after Beaudoin
(2012), modified from Angelier (1990)........oouiiiiiiiiiiiii 69
Figure 1.17-Schematic representation of the modeling steps of the burial curves. The mentioned
parameters are detailed in the following paragraphs. The logo used is that of the Backstrip©
S0 2oV 4 T PP PP PR P PPN 70
Figure 1.18-Detail of the application of Schmidt hammer method on the field, and example of results
used for Young modulus calculation. Piston is pressed orthogonally against the rock surface (grey
arrow). Values of sliding average R are plotted as a function of the number of measurements
incorporated (orange curve), from which stabilized R value is deduced and used to compute Young

modulus value With EQUAtION L1.15. ... ....uuiiiieiiiiiiiiiiiieiieeeeeereeeeeeeeeeeeeeeeeeeeereeeeeeereeeeeerrerereereereeeeeerreesaearaeaeees 72
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Figure 1.19-Workflow the SRIT processing steps applied to BPS, including major assumptions and
P A TS et eteitt ittt eeeteeateeteanteeneeaneeaseeaseeseansaanseanseenesesesnseeasesseensesnsesnsseneeesseesesnneenneennns 76
Figure 2.1-Reconstruction of the geodynamic evolution of the Mediterranean area from the Jurassic to
the present; after JoLiVet et al. (2016). ......uuuuuuurrurrirrriiiiiiiiireriirrrrerereerrerrrerrreer————————ereererrerrerrrerrtrrrrrrerreereens 80
Figure 2.2-(A) Generalized structural map of the Mediterranean, modified from Roure et al. (2012).
(B) Location of the Northern, Central and Southern Apennines, with main thrusts structuring the area
(C) Structural sketch map of the central-southern Italy, redrawn after Cosentino et al. (2010). (D)
Geological scheme of the Umbria-Romagna-Marche Apennines and surrounding areas, modified from
GUETTETA €F AL (20T2). ..uuuiriiiiiiiiiiiiiiiiietrertrrerreerreerrreeree—————————————————————————ererrrtrrrrerrtrrerrreererrrrerrttttrtrreerrerreeseees 82
Figure 2.3-Main steps of the late Triassic- middle Miocene evolution of the platform-basin system in
central Italy; after Cosentino et al. (2010), modified from Accordi et al. (1986). Facies are numbered as
follow : (1) evaporites; (2) dolomites and laminated dolomitic limestones; (3) clays and marls with
intercalations of oolitic and organogenous wackstone-grainstone; (4) marls;( 5) bioclastic wackstone-
packstone; (6) mudstone with biodetritic and microclastic intercalations ; (7) marls, clays and pelagic
micrites; (8) pelagic mudstonewackstone and hardground with nodular structures; (9) carbonate
platform limestones; (10) organogenous grainstone-rudstone; (11) packstone-grainstone with
intercalations of marly pelagic mudstone; (12) organogenous wackstone-grainstone; (13) carbonate
basement; (14) supratidal deposits and alteration soils. CP: carbonate platform; PCP: pelagic carbonate
platform. Paleogeographic maps of Tethys realm are related to these different stages: (A) late Triassic,
(B) late Jurassic and (C) early Cretaceous maps; after Cosentino et al. (2010), modified from Yilmaz et
al. (1996). The paleogeographic evolution of the UMAR is represented by the dotted black box ......... 85
Figure 2.4-(A) Location, geological map and SW-NE transect of the Apennines and the Umbria-Marche
ridge. (B) Stratigraphic sequence characteristic of the UMAR. (C) Cross-section of the UMAR, along a
SW-NE transect across the main anticlines of the FTB; modified from Beaudoin et al. (2020a)........... 90
Figure 2.5-Stratigraphy of the Marnoso-Arenacea Formation. Lateral evolution, diachronism of
boundaries and deposits, absence of the Marnoso-Arenacea in more external areas and marker beds and
correlation detailed in text are represented; modified after Guerrera et al. (2012), compilation of data

from Delle Rose et al. (1990, 1991, 1994b; a), Dubbini et al. (1991), de Feyter, (1991), Montanari et al.

(1991), Capuano & D’Antonio (1992), Carlini et al. (1995) and Capuano et al. (2009). .......ceeeveeeeennnnn. 91
Figure 2.6-Structural map of the UMAR from the Umbrian Valley to the Laga Basin; modified from
Scisciani et al. (2014) and Bigi et al. (1992).; redrawn from Tavarnelli et al. (2004). .........cceeeeeveeeeennnn. 93

Figure 2.7-Proposed structural models for the UMAR: 1) thin-skinned model (a) modified from Bally et
al. (1986); 11) thick-skinned model (b) modified from Calamita et al. (2000) and (d) modified from
Mirabella et al. (2008); ii1) inversion tectonics (c) modified from Tavarnelli et al. (2004). .................... 94
Figure 2.8-(A) Chronology of compressive events in the external zones of the UMAR, and associated

among of shortening (Sh, in km) and rate of slip (Rs, in mm/yr). (B) Sequence of regional deformation
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underwent in the UMAR, where order and ages of folding/thrusting events are referenced by circled
numbers 1 to 6 and numbers below these circles, respectively; after Lacombe et al. (2021).................. 97
Figure 2.9-Cartographic view of the main directions of stresses and meso-structures developed within
the Monte Nero Anticline. Regional stress directions are represented by the black arrows, and local
stresses by the gray arrows. Number and lengths of mesostructure are not representative; modified from
Beaudoin €t al. (2016). .....uuuuuuiriiiriiiiiiiiiieereeereerreerreeereereeereeer———————————————————————t—rttttttttttttttttttttttttttttttttttaataaataas 98
Figure 3.1-Location of samples across the UMAR. The numbers locate the examples of outcrops,
samples and results presented in Figures 3.2, 3.3 and 3.4 respectively: (1) the Subasio Anticline, Scaglia
Bianca Formation; (2) the Subasio Anticline, Maiolica Formation, sample SUB72_BPS1; (3) the Cingoli
Anticline, Scaglia Rossa Formation, sample C15_BPS2; (4) the Cingoli Anticline, Maiolica Formation;
(5) the Cingoli Anticline, Scaglia Bianca Formation; (6) the Conero Anticline, Maiolica Formation,
sample CON6_BPS1; (7) the Subasio Anticline, Scaglia Bianca Formation, sample SUB113_BPS1; (8)
the San Vicino Anticline, Maiolica Formation, sample A104_BPS13; (9) the Conero Anticline, Scaglia
Bianca Formation, sample CON20; modified from Beaudoin et al. (20202)...............cccceeiiiiiiniinnnnnnnn.. 104
Figure 3.2-Examples of outcrops studied across the UMAR, located by the numbers on the map in
g s T SRRSO PPUPRR 105
Figure 3.3-Examples of BPS studied across the UMAR, located by the numbers on the map in Figure
70 PRSP O P PP O PSP UPRTRPPRRUPRO 106
Figure 3.4-Results corresponding to BPS presented in Figure 3.3, and located in Figure 3.1

Figure 3.5-(A) Statistical distribution of signal widths corresponding to analyzed stylolites (Violin
plot). The distribution is unimodal, with a width modulus of 2.98 cm. (B) Evolution of the cross-over
lengths as a function of signal widths, for FPS and AWC treatments, considering 23% uncertainty on
these Lc values (Rolland et al., 2014); For these (A) and (B) graphical representations, the entire dataset
is considered (i.e. 186 values of track and cross-over lengths). (C) Examples of stylolite track, with two
different morphologies: columnar type (1-2) on the left and peak type (3) on the right, sampled in Subasio
in the Maiolica and Scaglia Rossa formations reSpectively. .........uuueevevrrrerrrerreeereereeeereeeeeeeeeeeeeeeereeeeeeee. 108
Figure 3.6-Workflow and result of image processing, using Photoshop® and Matlab® computer
interfaces, and comparison with the hand drawing method (2 users considered). The computer-assisted
method (and associated steps, left-hand side) is mentioned in purple, the hand drawing (right-hand side)
in dark. Regression curves obtained from FPS analysis are also presented, showing the calculated cross-
(o) v4=Y ol =3 o V=3 v o V=T T U P U TU TP 111
Figure 3.7-Examples of results of piecewise linear regressions applied to stylolite data. Both roughness
regimes are shown, with a characteristic break in slope at the interface. The minimum is reached for b
=T for the FPS and b = 5 for the AWC. ......oooiiiii ettt e e eree e 112
Figure 3.8-Practical cases where (A) the AWC curves are not usable, because the break in slope is not

well-marked. (B) the two regressions are unusable: for the FPS, the regression lines pass through too
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few points; for the AWC, no break in slope is identified. The calculated cross-over length is therefore
aberrant, being positioned outside the CUIVE. ..........ovvviiiiiiiiiiiiiiiiiie 113
Figure 3.9-Value of the cross-over lengths per sample according to the signal analysis technique used
(FPS as squares and AWC as circles). Color relates to the validity criterion as defined in Table 3.1. Red
values correspond to invalid results (15 for AWC, 21 for FPS). For better readability, a logarithmic
vertical scale 18 CONSIAETEM. ...oouuiiiiiiiiiieiiitiee ettt e e et e e st e e e s bt eeeesabteeesnnbbaeeenns 114
Figure 3.10-Degree of difference between L. returned by AWC and FPS, quantified by calculating A
(Equation 3.1). (A) Graphical representation of the value of A per sample. (B) Statistical distribution of
A (Violin plot). The vertical scale is the same for both plots, on which the uncertainty associated with
the non-linear regression methods is represented (23%). Above this value, the Lc is considered as not
self-confident. The data set consists of the 158 stylolites for which inversions are valid..................... 115
Figure 3.11-Comparative examples of signal corrections including or not slope and border effects. Data
without correction, on those associated with the classical and new corrections are presented on the left
(in purple), in the middle (in orange), and on the right (in green) of the figure, respectively.............. 117
Figure 3.12-Statistical distribution and probabilistic model (Violin plot) of the cross-over lengths
obtained by applying the classical method, for FPS and AWC regressions, for peak and columnar
5070 0] s 7o) LoT =3 L= JNuu T U P U U U 118
Figure 3.13-Variation rate as a function of stylolite width (in cm). Only the results of the 158 valid
INVETSIONS AT CONSIABTEM. ..eeiiiiiiiiiiiiiiieeiiitie e ettt ettt e e et e e e ettt e e e sttt e e easbbeeessastteeesabbeeeessraeessnnssaeesns 119
Figure 3.14-Concatenation of stylolites of the same morphology and belonging to the same formation.
The tracks are digitised, assembled and inverted. The right-hand side of the figure shows the results of
the inversions for the individual and composite tracks. The L. values are more consistent after
concatenation (A = 17%) than for the individual stylolites (A = 55% and 63%).......ccccvveeeeeeeeccnrnrennnnnn. 121
Figure 3.15-Representation of the L. returned by inversion of concatenated stylolites, for both AWC
(circles) and FPS (squares), considering the colorimetric scale defined in Table 3.1. Red values
correspond to invalid results (3 for AWC, 1 for FPS). For better readability, a logarithmic vertical scale
18 USEA COMSIARTEM. ...utiiiiiiiiiieeiiit ettt e ettt e e ettt e e s bbbt e e e sbbeeesansbbeeeeabbeeeesanbaeessnnsbaeennns 122
Figure 3.16-(A) Representation of Lc distribution considering the signal analysis method applied (i.e.
FPS on the left and AWC on the right) and the type of stylolite studied (i.e. individual in yellow and
composite in purple). (B) Comparison of the results after inversion of individual and composite
stylolites, considering the A value (Equation 5.1). The dotted line represents the 23% uncertainty bar.
Only the results of valid inversions are considered. ............ccceeeeeeiiiiiiieeee e e e e e errree e e e e e e eeeeees 122
Figure 5.1-Illustration of the main formations studied in the Subasio Anticline. Each formation is
associated with 2 field PhotOGIaAPIS. .....uvvvieiieeiiiieeeeeeee e 164
Figure 5.2-Simplified geological map of the Subasio Anticline, redrawn from existing geological maps

(Servizio Geologica d’'Ttalia, 1969). Measurement sites are positioned thanks to the black dots, sampling
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and measurement sites by red dots. Associated stratigraphic column (Servizio Geologica d’Italia, 1969)
and cross-section (modified from Scisciani et al., 2014) .......oovviiiiiiiiiiiiiiiiiiii 165
Figure 5.3-Simplified geological map of the Conero Anticline, redrawn from existing geological maps
(Fancelli & Radrizzani, 1964b). Measurement sites are positioned thanks to the black dots, sampling
and measurement sites by red dots. Associated stratigraphic column (Fancelli & Radrizzani, 1964b)
and cross-section(modified from Mussi €t @l., 2017).ccueeeeeiiiiiiiiiiiiiiiee 166
Figure 5.4-Illustration of the main formations studied in the Conero Anticline. The case of the Maiolica
1s illustrated with 2 field PROTOZIAPIIS. ...uuuueriiiiiiiiitiititie et rearererreereereeeerearreeererereereereersrerreerreeees 167
Figure 5.5-Chronological relationships (i.e. crosscutting), observed at mesoscopic scale, between: (A) a
vein N060 belonging to set I (blue) and a BPS, (B, C) sets I and II (pink), (D) sets II and III (orange).
(D) Interpretative scheme of the formation of the E-W set........ccccooviiiiiiiiiiiiiieceeeee e, 168
Figure 5.6-Location of fracture planes measured on the geological map of the Subasio Anticline. Each
measurement point is associated with two stereodiagrams (lower hemisphere), representing main
fracture orientations in current (R) and unfolded attitude (U); on each stereodiagram, the bedding is
reported as dashed lines, and fracture planes by solid-colored lines, each color relating to one of the
three major fracture sets defined (blue: N040 +20°, pink: N130+£20°, orange: ~N-S). ......cevvvvvvvrrrernnenn. 169
Figure 5.7-Location and plot of measured tectonic stylolites on the geological map of the Subasio
Anticline. Each measurement point is associated with two stereodiagrams (lower hemisphere),
representing main orientations of tectonic stylolites peaks measured (current and unfolded attitude).
On each stereodiagram, the bedding is reported as dashed lines, and peaks orientation (i.e. o1
orientation) is given by high pole density zones. Stereodiagrams with fault-slip data and principal stress
AXES AT A1S0 TEPOITEI, .uvvvvviriiiiiiiiiiieiiierieeer e reeeeeeeeeeeeeeeeeeeeeteeeeaeateaaaaeaaaeataeaaeaeaeeeeeeeeeeeeeeeeeeeeeeeees 170
Figure 5.8-Interpretative model of the history of deformation in the Subasio Anticline. The structural
evolution of the area is represented in in map view. For each stage of deformation, the main principal
stress o1 is represented as red arrows, as well as the associated mesostructures (blue: sets I and III,
pink: set II, orange: set IV). Thrusts and faults are represented by red lines in map view, in transparency
WHEN 11 18 TNACEIV. tuutiiiiiiiiiee ettt e ettt e e ettt e e s bbbt e e e sttt e e sansbbeeesabbeeeesanbaeessnnsaaeennns 172
Figure 5.9-Location of fracture planes measured on the geological map of the Conero Anticline. Each
measurement point is associated with two stereodiagrams (lower hemisphere), representing main
fracture orientations in current (R) and unfolded attitude (U); on each stereodiagram, the bedding is
reported as dashed lines, and fracture planes by solid-colored lines, each color relating to one of the four
major fracture sets defined (green: set I, blue: set II, pink: set III, orange: set IV). Major sets are
represented in bold on the stereodiagrams as on the mMap. ......ccccccvvvvviviiiiriiiriieereeeeeereeeeeeeeereeeeeeereereeee 174
Figure 5.10-Location and plot of measured tectonic stylolites on the geological map of the Conero
Anticline. Each measurement site is associated with two stereodiagrams (lower hemisphere),
representing main orientations of tectonic stylolites peaks measured (current and unfolded attitude).

On each stereodiagram, the bedding is reported as dashed lines, and peaks orientation (i.e. o1
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orientation) is given by high pole density zones. Stereodiagrams with fault-slip data and principal stress
AXES AT A1S0 TEPOITE. .ovvvvviiiiiiiriiiiiiiieereeeer e eeeeeeeeeeeeeeeeeeeteeeeaeateaaaaeaaaaaaaeaaeeeaeseeeeeeeeeeeeeeeeeeeeeees 175
Figure 5.11-Interpretative model of the history of deformation in the Conero Anticline. The structural
evolution of the area is represented in map view. For each stage of deformation, the main principal
stress o1 is represented as red arrows, as well as the associated mesostructures (green: set I, blue: set
II, pink: set III, orange: set IV). Orogenic thrusts and faults are represented by red lines in map view,
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Figure 5.12-Summary chart of the evolution of flexure and folding/thrust ages at the scale of the
UMAR, through the 4 folds studied: Subasio, San-Vicino and Cingoli, and Monte Conero. The associated
ages are given in italics, each color corresponding to the bibliographic source: in dark blue Guerrera et
al. (2012), in orange Curzi et al. (2020), in light blue Calamita et al. (1994) and in purple Lacombe et al.
(620020 O PPPRUPPPPR 177
Figure 5.13-Summary of inversion results considering the longitude and the formation of sampling.
Each box shows the distribution of values, with the median represented by a vertical line, and the
extrema by the straigh lines. (A) Distribution of cross-over lengths L. given in millimeters. (B)
Distribution of depths deduced from the vertical stresses obtained after inversions............ccccceeennne. 181
Figure 5.14-Burial models constructed for the (A) Subasio and (B) Conero anticlines considering
thickness from stratigraphic and well data corrected for chemical and physical compaction. In Subasio,
model is taken from works of Caricchi et al. (2015). The range of depths reconstructed from BPS
roughness inversion (with uncertainty shaded in light grey) are reported for each formation as grey
levels. The corresponding timing and depth of active dissolution are reported on the x axis and left y
axis, respectively. Onsets of LPS, i.e. the moment when o1 switches from vertical to horizontal, is
deduced from the results of the roughness inversion process applied on sedimentary stylolites. ....... 183
Figure 5.15-Summary of inversion results considering the anticline and the formation. For greater
readability, all values are not represented. Each box shows the distribution of values with the median
represented by a vertical line, and the extrema by the error bars. (A) Distribution of Lc obtained from
the signal processing of single tracks by AWC/FPS, given in millimeters. (B) Distribution of depths
deduced from the vertical stresses obtained after inversions. (C) Normalization of burial depths relative,
here the top of the Maiolica top, DY fOld........cciiiiriiiiiiiiiiiiiiiiiiiiiii e eerreeerereeeeeeereeeeerrreeereee. 185
Figure 5.16-Burial models constructed for the Subasio (1), San Vicino (2), Cingoli (3) and Conero (4)
anticlines considering thickness from stratigraphic and well data corrected for chemical and physical
compaction. In Subasio, San Vicino and Cingoli, models are taken from works of Caricchi et al. (2015),
Lacombe et al., (2021) and Labeur et al., (2021), respectively. The range of depths reconstructed from
BPS roughness inversion (with uncertainty shaded in light grey) are reported for each formation as grey
levels. The corresponding timing and depth of active dissolution are reported on the x axis and left y
axis, respectively. Onsets of LPS, i.e.,, the moment when o1 switches from vertical to horizontal, is

deduced from the results of the roughness inversion process applied on sedimentary stylolites. ....... 186
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Figure 6.1-Concatenation of one single track 5 times. Non-linear regression curves are represented.
Inversions are invalid before and after concatenation, demonstrating that signal length has no impact
0N the qUALILY Of the FESUILS....uuviiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeee e e e e e e e e e e e e e e e e e e e eeeeens 193
Figure 6.2-Comparison between (i) Lc returned by the classical FPS (green) and (i1)) AWC (orange),
their mean value (in grey) and (iv) the mean L. obtained after concatenation (purple). 12 cases are
considered, for which the inversions by the classical method return valid but inconsistent results... 195
Figure 6.3-Synthesis of fracturing data at the UMAR scale. Fractures are represented by thick green,
blue, pink or orange lines depending on the stage of deformation represented. The orientation of the
inherited faults controlling the folding is given by the thick red lines. Red arrows indicate the direction
of the maximum horizontal PrinCIPAl STEESS. .....cvvviiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeee e 197
Figure 6.4-Model of stylolite growth and end over time. Two cases are illustrated: (i) linked to a large-
scale effect, with simultaneous development and end of stylolites throughout the stratigraphic column,;
(i1) subject to local effects (e.g. reservoir, overpressure), causing diachronic development and end of

stylolites in the different strata. Developing stylolites are represented in grey, those that are fully grown
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Figure 6.5-Determination of chemical compaction: processing and calculation
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Figure 6.6-Distribution of chemical compaction data on the Cingoli Anticline, in map view. Per GPS
point is indicated: the number of strata (stra) and the number of stylolites (styl) measured to calculate
the compaction, and the average number of stylolites per meter of strata and the associated average
deviation when the data allowed it (NC: not computed). The latter is calculated from field
measurements: counting the number of BPS for a given rock height on each outcrop, then calculating

the number of BPS per metre. Some of the outcrops studied are illustrated by field photos associated

With the MeasuremMent SIT. .....c.uiiiiiiiiiiiii et e e sttt e e e st te e e s rbbaeeeas 201
Figure 6.7-Impact of the chemical compaction on burial curves
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Figure 6.8-Impact of the chemical compaction on timing of deformation
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Figure 6.9-Burial models for geothermal gradients of 20°C/km, 23°C/km, and 30°C/km, considering a
surface temperature of 10°C. The stratigraphic data and methodology are identical to those used in the
WOTK Of LabEUT €F AL (2021). ..uuneitttttttttaattaeraaaseaassassssasssssssssssssssssssssssessesssssseesssrsserreerreeees 207
Figure 6.10-Comparison of results for the different cases considered: synthesis in terms of timing and
defOrMALION SEQUEIICE; .cevvvvvviieiiiiiieieeeeeeeeeeeeeeeeeee e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e eeeeeeeeeeeeeeeeeeeeeeeeeeeeens 208
Figure 6.11-Synthetis of flexure, LPS and folding stages across the UMAR. The colours green, blue and
red are associated with the onset and duration for each of these stages of deformation: green for the

flexural stage and given by bibliographic data (Calamita et al., 1994); Guerrera et al., 2012), blue for the
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LPS and given by these studies, red for the folding stage and given by the work of Lacombe et al.

Figure 6.12-Spatial and temporal evolution of ov and oum magnitudes, in map view, cross-section and
graphically. Maps and cross-sections are represented in sketch form. Vertical shortening is not
calculated, and vertical scale is exaggerated on cross-sections. Magnitudes are deduced from depths
returned by SRIT application on BPS and these given by burial models. The evolution of the LPS is also
represented on these sections, indicated by the blue areas in transSparency. .........cccccceeeeeevveveeeeeeeeeeenn. 211
Figure 6.13-(A) Relation between durations of deformation stages of folding event, fold style (i.e. final
fold geometry) and sequence of regional deformation. Circles 1 to 6 indicate the order of structural style
development, i.e. sequence of folding/thrusting, with corresponding ages in Ma (in parentheses). The
colour code is: blue for the LPS, red for the fold growth, green for the LSFT and yellow for the post-
folding extension/compression; from Lacombe et al. (2021). (B) Structural style proposed for Umbria-
Marche based on data from this study and previous works (Beaudoin et al., 2020b; Lacombe et al., 2021).
The suggested model proposes a propagation of the deformation through the level of decollement, i.e.

the diachronous formation from west to east of fault-bend folds along a flat-ramp decollement. ....... 213
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I- SCIENTIFIC CONTEXT AND PROBLEMATIC

The quantitative estimates of past stress magnitudes over time is a challenging, but essential task
for the understanding of the mechanical and palaeohydrological behavior of the sedimentary basins
(Beaudoin et al., 2019, 2020a). Several implications are driven by their understanding: (1) the direction
and magnitude of stresses directly impact the physical properties of rocks, e.g. fracture permeability
and are thus important for the reservoir aspect (e.g. Li et al., 2021); (i1) the understanding of distribution
of stresses can help to understand major geodynamic changes, e.g. slab-lower crust coupling in the
Sevier-Laramide (e.g. Cross, 1986) (ii1) the evolution of stress magnitudes can help to determine the
activation of faults, (e.g. stress field perturbation at the edge of a fault, Kattenhorn et al., 2000), or the
rheology of the crust (e.g. debate on the possible impact of structural style on stress magnitudes in

forelands, Beaudoin et al., 2020b).

Reconstruction of paleostresses deal with stresses related to tectonic deformation rocks at depth
(Lacombe, 2007). Paleopiezometers are commonly observed structures in rocks, developed under the
application of stress. They are calibrated in a specific pressure-temperature range and provide
quantitative information on the directions and magnitudes of stresses applied to the sediments. In
addition, they record a single, time-averaged stress field. Some palaeopiezometers have the advantage
of (i) being applicable to fold-and-thrust belts (FTB) as well as sedimentary basins, (i1) being calibrated
in the diagenetic domain (P,T), and (ii1) giving the absolute or differential magnitude of the principal
stresses (Beaudoin & Lacombe, 2018). The inversion of calcite twins (Etchecopar, 1984), as well as a
recent method of inversion of stylolite roughness properties (Schmittbuhl et al., 2004), meet these
criteria and allow to assess the magnitudes of principal stresses. Calcite twins and stylolites are both
formed during early deformation, i.e. under low stress differentials, and are, therefore, good outcrop
markers. But, whereas calcite twins average the orientations and magnitudes of the stresses in space
and time, stylolites alone record these parameters at a defined moment, corresponding to the end of

their growth.

Stress magnitudes are dependent on the depth of deformation. Knowing the depth at which they are
recorded is thus important. One of the methodological challenges in reconstructing past stresses is to
determine at what depth the deformation occurred, the reconstruction of these paleodepths and of their
evolution being essential to understand and to constrain the sedimentary, thermal and tectonic history
of sedimentary basins (Guidish et al., 1985; Yal¢in et al., 1997; Beaudoin & Lacombe, 2018). The
importance of a correct estimate of burial was demonstrated by numerical fluid flow models (Gonzalez-
Mercado, 2007), showing the impact of overestimating paleoburial and erosion on the prediction of
potential source rock maturity and hydrocarbon migration, and on the erosion/sedimentation mass
balance between the belt and the adjacent basin. Thus, a wrong estimate of burial can bias the
understanding of the petrophysical evolution of potential source rocks and reservoirs, past vertical

movements and hydrocarbon prospects. As an example, paleoburial was underestimated in the Veracruz
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petroleum province of eastern Mexico (Ferket et al., 2000, 2003, 2006). This misunderstanding of burial
and therefore of erosion rates potentially leads to misinterpretation in terms of timing of deformation,
reservoir properties, and fluid evolution of the system. Study of burial and deformation thus raises the
questions of processes responsible for the temporal evolution of sedimentary basins, and of the
underlying issues of mechanical behavior of the upper crustal strata. Other less fundamental aspects
are also raised, related to society, such as storage potential and hydrocarbon resources, as well as green

resources, CO2, geothermal energy, climate, earthquakes.

Sedimentary basins (both ancient and modern) provide some of the best natural laboratories for
studying and constraining the aforementioned geological processes. They can be assimilated to
containers, whose contents must be studied to understand their dynamics and control factors. Thus, the
record of sedimentation, burial, erosion, and uplift provides access to most of the stages of evolution of
the basin. Several types of sedimentary basins can be defined: (i) basin formed in extensional context,
i.e. rift to passive margins (e.g. Fundy rift basin, Canada, Withjack et al., 1995), (i1) basin formed in
compressional context (accretionary wedges, foreland basins, e.g. Cordilleran basin, Utah, Horton et al.,
2004) and (ii1) basin in intraplate context, like diffuse flexure, dynamic topography, pull apart basin,
etc... (e.g. Dead Sea Basin,Ten Brink & Ben-Avraham, 1989). Among those, foreland basins record most
of the phases of the related orogenic evolution, where constraining the evolution of burial and
deformation over long time scales remains a challenge because foreland basin-FTB systems are
particularly prone to vertical movements (subsidence and tectonic uplift), including flexural subsidence

and sedimentation in the foreland basin, and thrusting and associated erosion in the FTB.

Three main tools can be used to attempt the quantification of the depths associated with past
deformations: (i) paleothermometers, with limitations specific to each method (e.g. clay transformations
such as illite-smectite, fluid inclusions, oxygen isotopy, COz2 clumped isotopy ...), and that require an
estimate of the geothermal gradient to convert the past temperature to depth; (i1) Thermochronometers
that includes apatite fission-tracks (e.g. Donelick et al., 2005; Tagami, 2005), zircon fission-tracks, and
apatite and zircon (U-Th)/He dating (Farley, 2002; Ehlers & Farley, 2003), or “°Ar/3°Ar dating in white
mica and potassium feldspars with higher closure temperature. They provide access to absolute ages at
which the rock cooled down below a temperature depending on the thermometer. That age, in turn, is
usually translated into rate of exhumation; (ii1) barometers, giving access to a pressure from which
depth can be deduced, and fairly poorly represented: thermodynamic mineralogical equilibria typical of
metamorphism (e.g. apatite inclusions in garnets), HC+H20 fluid inclusions, and sedimentary stylolites.
Sedimentary stylolites, although widely represented in sedimentary basins, have seen little use to

estimate deformation depths.

Stylolites are defined as rough pressure-solution interfaces, frequently observed in carbonate rocks
(Stockdale, 1922, 1926, 1936; Paris B. Stockdale, 1943; H. V. Dunnington, 1954; Bushinskiy, 1961; Park
& Schot, 1968; Bathurst, 1972; Buxton & Sibley, 1981; Railsback, 1993), and of which peaks developed

perpendicular to the maximum stress o1 applied during their growth (Rolland, 2013). Two main types
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of stylolites are discriminated according to the nature of the applied stress: (i) burial-related stylolites,
formed under the effect of the weight of the overburden (under a vertical principal stress), during burial
prior to contraction and during exhumation; (i1) tectonic stylolites, related to horizontal contraction,
likely observed during the evolution of the foreland basin and in other contexts such as stable carbonate
forelands. Empiric studies of open stylolite surfaces characterized stylolite roughness as a signal
displaying self-affine properties (Renard et al., 2004). The log-log graphical representation of the signal
analysis returns two slopes characterized by specific roughness coefficients (i.e. Hurst coefficients)
related to the regimes of growth, dominated by the surface energy at small-scale (i.e. below 1mm) and
by the elastic energy at large-scale (i.e. above 1mm) (Schmittbuhl et al., 2004; Ebner et al., 2009a; b;
Rolland et al., 2012, 2014). The spatial scale related to the switch from elastic energy to surface energy
dominated corresponds to a cross-over length (Lc), spatial scale on which of Stylolite Roughness
Inversion Technique (SRIT) is based. This L. depends on chemical (i.e. surface energy at the solid-fluid
interface) and mechanical (i.e. Poisson ratio and Young modulus) properties of the host, and on the
applied differential and mean stresses (Schmittbuhl et al., 2004). The use of SRIT applied to bedding-
parallel sedimentary stylolites (BPS) enables the quantification of the principal vertical stress during
the burial, provided the hypothesis of uniaxial strain is check in the stylolite plane (e.g. Ebner et al.,
2009a). Then, the computed ov values can be converted into paleodepth independently from the past
geothermal gradient, providing the maximum depth at which BPS developed, that can be, in FTB
context, related to the maximum depth at which oy > on. This relation was exploited by Beaudoin et al.
(2020) in the Bighorn Basin (Wyoming, USA), who projected SRIT results on burial models to access the
timing at which ov > on. This absolute age was successfully confronted to the absolute datation by the
mean of U-Pb of the first tectonic cement related to the contraction. When it comes to apply SRIT in this
way, that has a lot of implications on the ages of the deformation, it is important to consider that SRIT
faces some methodological limitations: (1) in the choice of the signal processing used, as several methods
exists, e.g. Average Wavelet Coefficient (AWC, Simonsen et al., 1998; Renard et al., 2004; Candela et al.,
2009), Fourier Power Transform (FPS, Renard et al., 2004; Candela et al., 2009), correlation function
(COR, Santucci et al., 2007; Candela et al., 2009), and as results sometimes differ (e.g. Schmittbuhl et
al., 1995; Simonsen et al., 1998; Beaudoin et al., 2019) ; (11) identified variation in reconstructed stress
according to the texture of the host rock and/or the morphology of the stylolite (Beaudoin et al., 2019;
Bah et al.,, 2022). These issues partly relate to the fact BPS has not widely been used as
palaeopiezometers in geological studies, limiting the dataset to discuss the reliability and robustness of
this method.

This project, entitled “Paleopiezometry of sedimentary stylolites in fold and thrust belts:
case of the Umbria-Marche Ridge, Apennines, Italy”, aims to: (i) understand and overcome the
methodological limitations encountered when using the SRIT; (i1) test the reliability and robustness of
the methodology presented in the Bighorn Basin study (Beaudoin et al., 2019) by applying it to different

study cases, and by confronting these results with thermometers or chronometers associated with
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identified structures; (ii1) extend the study to FTB and see if the timing obtained is consistent with a
well-constrained deformation history, and estimate how far the method can be used to quantify
compressive stresses. The Umbria-Marche Ridge (Central Apennines, Italy), where burial and
contraction led to extensive pressure-solution processes in thick Meso-Cenozoic carbonates (Lavecchia
et al., 1988), constitutes the case study. This young FTB built during the Neogene (Lavecchia et al.,
1988; Scisciani et al., 2014) in a sequence of fold development constrained by growth strata, provides a
natural laboratory to apply and validate the SRIT to BPS, and also to highlight its potential

contributions to the understanding of burial and timing of deformations in forelands and FTB.

This work proposes several approaches to this inversion method to force its understanding, to detail
its strengths and limitations, and to demonstrate its contributions to the study of geological systems

such as foreland-FTB, with the case of the UMAR:

1) the first stage is to understand and to unlock methodological limitations encountered related
to SRIT application. This new methodology is then applied to a large set of data sampled in
the whole UMAR, to test the method and perform a statistical analysis of the SRIT results
(i.e. Lc values). The aim is to identify the impact factors, the methodological limits, as well as
to test the reliability and robustness of the method based on the criteria of validity and
coherence of the results, in order validate its use and to propose adapted optimization paths.

(i1) once the methodology has been validated and optimized, this work proposes to apply it to
three real geological cases considered individually. The methodology combines fracture
analysis, application of SRIT to BPS and construction of burial curves based on field data.
The idea is to estimate the burial-deformation calendar for each of these structures, and to
test its consistency with data from previous studies in the area and more conventional
analysis methods (e.g. thermometers and chronometers known in the area).

(i11))  the study is finally extended to the scale of the UMAR, by coupling the results obtained for
each structure studied independently. The reconstructed timing is compared with existing
data to verify its consistency, and to push the limits of the method as far as possible in order

to highlight its contribution to the estimation of compressive stresses.

1I- THESIS LAYOUT

Chapter 1 provides a synthesis of the requested literature data related to foreland basins and FTBs,
associated mesostructures. The classical methodologies used in these contextes are developed, as well
as those applied in this work. The study of fracturing and palaeopiezometry of sedimentary stylolites is

more extensively documented, as at the focus of this work.

Chapter 2 presents the literature review focused on the study area: I- the global geodynamic
context, relating to the evolution of the Mediterranean domains; II- the Apennines, detailing the
geodynamic and structural context, and the palaeogeographic evolution related to them; III- the

Umbria-Marche Apennine Ridge (UMAR), with the description of the typical stratigraphic sequence, the
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structural characteristics and the various models proposed, the kinematic scenario and the

mesostructural characteristics described at the scale of the belt.

Chapter 3 consists of a statistical study of the SRIT results applied to the BPS. The geological aspect
1s not considered in this first chapter of results, the idea being to test the method on a large dataset (i.e.
all the data available for the UMAR), in order to evaluate quantitatively and statistically the reliability
of the method. The chapter is divided into a non-exhaustive description of the analyzed samples
(location, facies, morphology and length of stylolites), followed by the presentation of two methodological
contributions proposed in the present work, e.g. a first image processing workflow by a computer-
assisted track segmentation and the inversion of concatenated stylolites. These methodological
contributions aim at reinforcing the reliability and robustness of the inversion results and facilitating

the use of the method.

Chapter 4 presents a first geological case of the study: the Cingoli Anticline. This case study
presents a coupled methodology, involving palaeopiezometric inversions applied to BPS, classical
fracture studies and vein cement geochemistry, in order to study the burial and deformation history of
the anticline. These results were published on 13 January 2021 in the peer-reviewed journal
Geosciences.

Chapter 5 presents two other case studies: the Conero and Subasio anticlines, for which fracture
and BPS inversion data are detailed. This chapter also forms a synthesis of the fracture and burial data
obtained at the FTB scale. This up-scaling to the regional scale, coupled with data of Chapter 4,
demonstrates the robustness of the SRIT applied to natural and large-scale geological cases, as well as
the contribution to follow the evolution of the onset and of the duration of the LLPS at the scale of the
FTB.

Chapter 6 discusses the various contributions and limitations of the method, both from a
methodological and application point of view. Firstly, it aims to highlight the limitations of the method,
and the elements that can be used to understand and overcome them. Then, a large-scale analysis of
the fracture sequence is proposed. A last part dedicated to the understanding of the timing and
propagation of the folding demonstrates the methodological contributions to the understanding of pre-
compressive damage in foreland basin-FTB systems. This section (i) discusses the assumptions used for
the study of the geological cases considered, (i1)) shows how the use of this methodology allows the
monitoring of vertical and horizontal stresses at the scale of the FTB and (ii1) proposes elements of

interpretation as to the structural style considered for the study sector.
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I- FORELAND BASINS AND FOLD-AND-THRUST BELT: NATURAL
LABORATORIES FOR STUDY AND THE UNDERSTANDING OF GEOLOGICAL
PROCESSES

1- Definition

Fold-and-thrust belt (FTB)-stable foreland systems were widely documented on Earth (Cooper, 2007;
Nemcok et al., 2009), and characteristic of orogenic belts formed in compressive context. They are
extensively encountered in convergence zones, at tectonic plate collision boundaries (e.g. Himalayas,
Coward et al., 1986; Sandvol et al., 1997, and Apennines, Cosentino et al., 2010), in subduction zones
and oceanic accretionary prims (e.g. Andes,Oncken et al., 2006), as well as in intraplate areas influenced
by the convergence of neighbouring plates (e.g., Yinshan and western Ordos belts, China, Davis et al.,
1998; Ritts et al., 2009). Foreland basins are defined as sedimentary basins developed between the front
of the active FTB and the adjacent craton (Figure 1.1), forming elongated areas of plate flexuration in

response to tectonic loading in continental convergence domain.
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Figure 1.1- (A) Schematic map view of a “typical” foreland basin, limited longitudinally by two
marginal ocean basins. The scale is not specified. The vertical line corresponds to the orientation of the
cross-section represented in (B). (B) Schematic cross-section illustrating the geometry of the foreland
basins. The boundary between the basin and the FTB is exaggerated vertically by a factor of 10. (C)
Schematic cross-section illustrating a revised concept of foreland basin architecture, positioning the four
depositional zones, the topographic front of the FTB (TF), a duplex zone (D), the front of a triangular zone
(TZ), as well as progressive deformation represented by the short fan lines associated with the thrust
tips. The interface between the front of the orogenic wedge and the foreland system is marked by the
presence of extensive thrusting; after DeCelles & Giles (1996).
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In the front of FTB-stable foreland systems, three main processes, not exclusive, are responsible for
lithospheric flexure (Figure 1.2) (e.g. Royden, 1993): (i) topographic loads, related to the weight of
orogenic nappes, at the origine of a flexure over distances of several hundred kilometers in the stable
craton (e.g. Price, 1973; Beaumont, 1981); (11) subduction loads which generate subsidence greater and/or
more widespread than expected from the topographic load in foredeep depozones because of the location
of the foreland on the subducting plate (Karner & Watts, 1983; Royden & Karner, 1984); and (iii)
subducted slabs, in the case of retroarc forelands located on continental plates above subducting slabs

(e.g. Cross, 1986).
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Figure 1.2- (A) Representation of the principal loading processes in peripheral foreland systems, with
topographic and sediment load, and also subduction load related to vertical shear (V) and bending
moment (M) on the end of the subducted slab potentially existing at depths of -50-200 km (Royden, 1993).
(B) Representation of retroarc foreland basin systems. (C) Accumulation in wedge-top depozone,
resulting from the competition between regional, load-driven subsidence (downward pointing arros) and
local uplift of the orogenic wedge related to shortening and thickening (upward pointing arrows); after
DeCelles & Giles (1996).
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Foreland basins are divided into four distinct zones (Figure 1.1, DeCelles & Giles, 1996), namely
wedge-top, foredeep, forebulge and back-bulge, which boundaries sometimes shift laterally over time.
Sedimentary deposits within these zones depend on the position of the front over time: the front
advanced towards the inside of the craton and progressively incorporated the deposits.

The wedge-top depozone (Figure 1.1C) corresponds to the accumulation of sediments on top of the
frontal part of the orogenic wedge. The limit of deformation associated with the frontal tip of underlying
orogenic wedge defines the extent of this depozone toward the foreland (DeCelles & Giles, 1996). Length
of this depositional zone was estimated of several tens of kilometers, and tapers onto orogenic wedge
(e.g. the Sevier thrust belt, length of 75 km, Utah and Wyoming, Coogan et al., 1992, 50 km of the active
northern Apennines thrust belt, Ricci Lucchi, 1986). The deposits differ according to the nature of the
system: rather coarse, alluvial and fluvial near high topographic relief in subaerial contexts, the
subaqueous areas present mass-flows and fine grained shelf sediments (e.g. Or1 et al., 1986). Main
processes favour sediment accumulation, such as regional, load-driven subsidence, and regional and
local uplift of the orogenic wedge related to crustal thickening or isostatic rebound. Uplift in the FTB
frontal foothills, responsible for local wedge-top sediment accumulation (Lawton & Trexler Jr, 1991;
Talling et al., 1995), as well as eustatic sea-level, have also an important role in development and
destruction of sediment deposits.

The foredeep depozone (Figure 1.1C) constitute the mass of sediments accumulated between the
frontal tip of the orogenic wedge and forebulge. Subaerial deposits are fluvial and alluvial, while
subaqueous deposits are shallow lacustrine and marine, from deltaic to shallow shelf and turbidite fans.
Several major processes drive sediment accommodation such as : (i) the loading by the adjacent orogenic
wedge and the erosion of wedge sediments, as well as loading subsurface, and (i1) the regional isostatic
uplift during erosion of the orogenic load, (ii1) the uplift linked with the progress of the orogenic thrust
wedge or the retrograde migration of the forebulge, or even (iv) variations in relative sea level (Price,
1973; Beaumont, 1981; Jordan, 1981; Quinlan & Beaumont, 1984; Heller et al., 1988; Mitrovica et al.,
1989; Flemings & Jordan, 1990; Allen et al., 1991; Royden, 1993).

The forebulge (Figure 1.1C) is the area of potential uplift along the cratonic side of the foredeep
(DeCelles & Giles, 1996). Dependent on flexural rigidity of the lithosphere (DeCelles & Giles, 1996), its
width was estimated to between 60 and 470 km, and its high range between tens to hundreds meters
high. The forebulge is normally a subaerial and erosional zone (Crampton & Allen, 1995), i.e. elevated
area considered as a non-deposition or erosion zone, where the resulting unconformity gives access to
its position over time (e.g. Jacobi, 1981; Stockmal et al., 1986; Mussman & Read, 1986; Patton &
O’connor, 1988; Bosellini, 1989; Sinclair et al., 1991; 1992; Currie, 1994). However, in some forelands,
the forebulge contains buried syn-orogenic sediments, possibly related to regional, long-wavelength
subsidencelinked to a dynamic slab in retroarc system, as well as aggradation up to base level or an

equilibrium drainage profile across the forebulge crest.
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The back-bulge depozone (Figure 1.1C) is the area of sediments accumulation between the forebulge
and the craton (DeCelles & Giles, 1996). Sediment bulk is mainly related to orogenic belt, with possible
significant contributions from craton and carbonate platform development in submarine system. It is
characterized by a regional closure around a central thick zone, suggesting the possible involvement of
some components of flexural subsidence in the accommodation of sediments towards the front of the
craton. Because of the low subsidence rate, it is overfilled over time (like the foredeep). Hence,
stratigraphic units deposited in this area are much thinner than those of the foredeep, and time planes
are sub-parallel over lateral distances of several hundred kilometres and perpendicular to the orogenic
belt (Flemings & Jordan, 1989; DeCelles & Burden, 1992). Deposits are essentially shallow and non-
marine, with a predominantly fine grain size because of a large distance to the source in orogenic belt,

except on the flank of the uplifted forebulge area where coarse sediments sometimes accumulate.
2- Basin modeling

Basin modeling involves the reconstruction of the deposition, compaction and erosion of strata over
time and space, and the simultaneous evolution of the thermal history of the basin (Peters et al., 2012).
Often used in the petroleum industry (Basin and Petroleum System Modeling, BPSM), the method
consists of modeling the hydrocarbon-generation process to estimate volumes, predict location and
characterize the properties of hydrocarbon accumulations available for entrapment and fluid flows (Al-
Hajeri et al., 2009). Several dynamic processes, e.g. sediment deposition, faulting, burial, as well as
kerogen maturation kinetics and multiphase fluid flow in case of petroleum simulations, are considered
during modeling. They may be examined from 1D to 4D modeling, with a complexity typically increases
with spatial dimensionality. For instance, while the 1D modeling only simulates burial history at a
single point, the others are used to reconstruct petroleum systems at the scale of a cross section (i.e. 2D
modeling), as well as at the reservoir and basin scale (i.e. 3D or 4D modeling whether time dimension is
considered). Several preliminary steps are necessary to build these models, e.g. the construction of a
structural model and the identification of the chronology of deposition and physical properties of each
strata, on the basis of geophysical, geologic and geochemical data. The model can be adjusted by the
comparison of model outputs, i.e. porosity, temperature, pressure, vitrinite reflectance, accumulation
volume or fluid composition, with independent calibration information (Al-Hajeri et al., 2009). In the

context of this modelling, there are several approaches to temperature more or less time dependent.

The use of thermochronometers is common in the study of thermal history of sedimentary basins
(e.g. Arne et al., 2002). Two main thermochronometers can be distinguished considering the closing
temperatures associated with these systems: low and high temperature thermochronometers. Low
temperature thermochronometers are associated with closure temperature ranges, between 70°C and >
200°C. They include apatite fission-track (AFT) and apatite (U-Th)/He dating methods (Armstrong,
2005). AFT and apatite (U-Th)/He dating are used to study the tectonic processes behind the cooling of
rocks. They are highly accurate for rapid cooling, and strongly influenced by thermal variations in the

shallow crust (Ehlers & Farley, 2003). In contrast, high temperature thermochronometers, i.e. zircon
47



fission-track (ZFT) and “°Ar/?*?Ar methods in mica and potassium feldspars, as well as zircon (U-Th)/He
dating, are associated with high and disjointed temperature ranges. While closure temperatures for ZFT
range from 185°C to 240°C (e.g. Brandon et al., 1998; Tagami, 2005), temperatures associated with argon
systems vary depending on the mineral considered: 350°C-420°C for white mica (McDougall & Harrison,
1999; Hodges et al., 2005) and 150-200°C for K-feldspar. Zircon (U-Th)/He dates are associated with
temperatures between 180°C and 200°C (Reiners et al., 2002; Reiners, 2005). These
thermochronometers have a lower sensitivity to the temperature ranges of most sedimentary basins.
They are rather used for assessing source region parameters from the study of detrital grain

composition, ages and characteristics (Armstrong, 2005).

The coupling of these thermochronometers, and particularly of AFT analysis, with maximum
paleotemperature indicators such as vitrinite reflectance (e.g. Bray et al., 1992; Green et al., 1995;
Ventura et al., 2001), or “Ar/3%Ar (e.g. Kohn et al., 1997) provides some of the best indicators of both
magnitude and timing of basin inversion in sedimentary basins. A potential barrier to the application
of these maximum paleotemperature techniques are the major assumptions they require and their
strong impact on the resulting age and depth estimates. For example, vitrinite reflectance consists in
the measure of the incident light percentage reflected from a statistically meaningful sample of vitrinite
particles. Moreover, the analysis of illite crystallinity consists of an indirect measurement of the mean
consecutive illite layers contained in coherent scattering domains of mixed-layer illite-smectite. This
measurement value is strongly dependent on the size of studied fraction (Kubler, 1984) and on many
experimental parameters (Kubler, 1967; Warr & Rice, 1994; Kubler & Jaboyedoff, 2000), such as: shape
and material of sample holder, age of the X-Ray tube, geometry of the diffractometer, type of counter,
rotation speed of the diffractometer and of the chart of recorder, size of the divergent and receiving slits,
whether or not a monochromator was used and the counting sensitivity. For these reason, numerous

calibrations are required.

1I- MESOSCALE FRACTURE NETWORK IN FORELAND BASINS AND FOLD-
AND-THRUST BELTS

Faults, fractures, stylolites are accommodative structures for deformation generated by small-scale
processes (e.g. Evans et al., 2003; Marfil et al., 2005; Evans & Elmore, 2006;;). They are spatially and
temporally distributed and develop in foreland-FTBs from the early stages of convergence, even before
folding. They have been extensively studied by universities and industries for several decades, because
much information can be deduced from the analysis of these deformation structures: (1) they provide
information on the deformation patterns within foreland and FTBs (e.g. Tavani et al., 2008; Quinta &
Tavani, 2012; Beaudoin et al., 2020b); (i1) they impact the properties of source rocks, and thus control
the migration and circulation of fluids within the reservoirs (e.g. Fisher & Knipe, 2001; Tavani et al.,
2008; Beaudoin et al., 2020a). This section aims to characterize deformation structures frequently

developed in carbonate rocks, as well as their distribution in the foreland and FTB.
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1- Characterization of fracture network
1.1- Fracture definition and classification

Sensu stricto, a fracture is defined as a small planar or subplanar discontinuity formed under the
application of an external (e.g., tectonic) or internal (thermal, chemical or residual) stress, disrupting

the mechanical and mineralogical properties of the rocks (e.g., loss of cohesion, ...).
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Figure 1.3- (A) Fracture propagation modes, and (B) associated Mohr circles. Mode I: opening, mode
II: shear; mode III: tearing; modified from Bons et al. (2012).

Three mechanisms of fracture opening and propagation have been characterized (Figure 1.3, Bons
et al., 2012): (1) mode I, associated with extensional dynamics. The displacement is perpendicular to the
fracture plane, giving access to the direction of minimum stress o3 (itself perpendicular to this plane);
mode II, in a shear context. The displacement is parallel to the fracture plane; mode III, or tearing,
involving sliding parallel to the fracture plane. A last mode is also considered since it occurs in natural
conditions. This mode, called mixed mode, is a coupling between modes I and II defined above. Mode I
and mixed mode I+II fracture networks initiate and develop only if the applied stresses (extensive or
effective) are sufficient. Several parameters condition their formation. First, some factors control the

orientation of the fractures during their growth: the orientations of the applied stress (i.e. the main
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controlling factor), as well as lithology, mechanical contrasts, and burial depth because of the anisotropy
generated by this applied stress (André et al., 2006). Second, the spacing of fractures varies according
to lithology, thickness of the beds, tectonic context (e.g. compressive, extensive). These mechanisms of
fracture propagation are the subject of several studies, e.g. Bieniawski, (1967a; b), Engelder, (1987,
1999), Stoeckhert et al. (2015), and some work showed that these mechanisms are closely correlated to
the propagation environment of the fracture network, and more specifically to its heterogeneities. For
example, the study of Renard et al. (2009), based on the monitoring of fracture propagation by X-ray
microtomography, confirms that this propagation is essentially conditioned by the presence of
heterogeneities: while the fractures bypass and/or stop against the grains, which constitute zones of
resistance, they easily cross the pores which constitute zones of weakness favorable to the propagation

of the fracturing.

Two main types of fractures are discriminated, related to specific stress states: (i) joints and veins,
opened in mode I. When the open mode I fracture is mineralized, it is a vein, otherwise it is a joint; (i1)
faults, opened in mode I+II or mode II. In mode I+II, when the offset is much smaller than the size of

the plane along which the displacement occurs, fracture is defined as a shear vein, otherwise it’s a fault.

Several categories of veins (i.e. mineralized mode I fractures) are recognized according to the
morphology of the minerals (Hilgers & Urai, 2002), namely (Figure 1.4): (1) antitaxial veins,
corresponding to a growth of fibrous minerals from the center to the edge of the vein; (i1) syntaxial veins,
associated with a mineral growth from the edge to the center; (111) ataxial veins, for which the direction
of mineral growth is impossible to define. Bons et al. (2012) refined this textural classification by
discriminating five types of textures, giving more or less precise information concerning the opening
kinematics (Figure 1.4): (i) blocky texture, corresponding to a mineral precipitation without privileged
direction and a growth initiated from the edge of the veins (i.e. ataxial veins); (i1) elongate blocky texture,
related to a mineral precipitation with privileged direction, the growth being initiated from the edge
towards the center of the veins (i.e. syntaxial veins); (1i1) crack-seal texture, suggested as all associated
with the so-called ataxial veins and including (iv) a streched texture (fibrous close). These two textures
correspond to multiple phases of opening and filling, crack-seal process consisting of the development of
fibrous veins by repeated increments of the microcrack opening, followed by sealing of the microcrack
by deposition of material from solution. It occurs where accumulation of elastic strain is followed by
brittle failure, release elastic strain, solution transfer of material to the microfracture site, and
deposition therein. Once sealing of the microfracture is accomplished, stresses can once again be
transmitted across the region of the initial microcrack, and elastic strains again build up until there is
renewed microfracture (Ramsay, 1980; Cox & Etheridge, 1983); (v) fibrous texture of the antitaxial

veins, the fibrous minerals growing from the center to the edge of the vein.

50



Always
same
plane(s)

syntaxial vein

a &4 NO CRACK | CRACK-SEAL
g N B SRR

: [ - § variable
T 1 g i | in vein
Ow l = and wall
3% ' - - rock
Eg | d Stretched| €
< | [
P E 1] : % " crystal =
&l ; m‘:\. véa%ﬁ!‘%ﬁfw‘ux S I g’ﬁ Variable
[N e Fibrous I o8 inside
o I w o :
-0 / | vein

|

[

|

|

|

[

|

[

I

»

0 1 >1
NUMBER OF CRACK-SEAL EVENTS

Figure 1.4- Classification of Bons et al., (2012). Interpretation of vein opening patterns on field data;
after Bons et al., (2012).

1.2- Stylolites: general definition

Stylolites are defined as pressure-dissolution interfaces frequently observed in carbonate rocks (e.g.
Paris B. Stockdale, 1943; H. V. Dunnington, 1954; Park & Schot, 1968; Bathurst, 1972; Railsback, 1993),
and developed perpendicular to the maximum stress applied during their growth. Two main types of
stylolites were discriminated according to the nature of the applied stress: (1) sedimentary stylolites,
formed during burial prior to contraction and during exhumation in foreland basins, under the effect of
the weight of the sediments (i.e. vertical stress); (11) tectonic stylolites, related to horizontal contraction.
They form serrated and rough surfaces, called “sutures”, at the interface of two rock masses which grain
size rarely exceeds the amplitude of the teeth which intersect them. They are distinguished from
dissolution veins, or flasers, which adjoin the edge of the grains rather than splitting them (Bathurst,
1987). Stylolites are further detailed in a later section of this chapter, as they constitute the major theme

of this thesis.
2- Distribution in the foreland basins and FTB

For orogenic systems, the tectonic model considered is the Andersonian model (Anderson, 1951). In
addition, the deformation models for foreland basins and FTBs are associated with the following six
major tectonic processes (Tavani et al., 2015): (1) foreland flexure in the peripheral bulge and the
ultraperipheral region of the foredeep; (i) longitudinal extension along the foredeep; (iii) layer-parallel
shortening (LLPS), both in the inner zone of the foredeep and at the ends of thrusts; (iv) syn-folding
deformation, during the formation of anticlines (i.e. folding sensu-stricto); (v) contraction of the system,
related to a late folding stage of tightening (LSFT). A recent study grouped this stages (ii1), (iv) and (v)
into a single stage called the folding event (Lacombe et al., 2021); (vi) extensive deformation generated

by gravity. Each of these events are associated with one or more types of meso-structures.
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2.1- Distribution within FTB

Forelands recorded macroscale deformation in the early stages of the shortening, related to foreland
flexure and pre-folding compression. The foreland flexure extensional stage is associated with outer arc
extension in the peripheral bulge, accommodated by deformation structures well referenced in forelands
(Figure 1.5) (e.g. Calamita & Deiana, 1980; Scisciani et al., 2001; Mazzoli et al., 2005;Tavani et al.,
2012b): (1) longitudinal extensional faults, with a rather constant, high cut-off angles; (i1) a network of
longitudinal mesostructures, including joints, veins, and dilatation bands perpendicular to bedding.
Their position within the system depends on factors such as the thickness of syn-orogenic sediments,
curvature and elastic thickness of the lithosphere (Tavani et al., 2015). In doing so, joints are expected
to form preferentially in the zone of maximum curvature and at the shallower structural levels; (ii1) a
second network of extensional transverse faults, perpendicular to the longitudinal structures. This
network also includes faults that accommodate hanging wall fault-parallel stretching induced by the

lateral decrease of fault displacement (Destro, 1995; Medwedeff & Krantz, 2002).
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Figure 1.5- Foreland flexuring, along-foredeep streching and layer-parallel shortening (LPS)
deformation stages, and associated macroscale structures. Foreland flexuring leads the development of
extensional structures oriented parallel to the forebulge-foredeep belt system, and sometimes of
transverse structures as secondary features. Along-foredeep streching deformation stage provides the
development of extensional fractures striking perpendicular to the forebulge-foredeep belt system, and
of longitudinal fractures as secondary characteristics. LPS favors the development of mesoscale
deformation patterns including either layer-parallel or layer-perpendicular elongation; modified from
Tavani et al. (2015).

The along-strike stretching stage is defined as the rock migration from the foreland flexured zone
into the monoclinal dipping area of the foredeep caused by progressive underthrusting of the lower plate
lithosphere. Lateral variability and terminations of orogenic systems impose along-strike curved profiles
to foredeeps attained by along-strike stretching (Tavani et al., 2015). This foredeep-parallel lengthening
can lead the development of two kind of fractures: (i) as primary features, transverse extensional
structures striking perpendicular to the forebulge-foredeep-belt system; (i1) longitudinal fractures can

develop as a secondary characteristic (Figure 1.5).
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During the LPS, mesostructures develop in the innermost area of the foredeep and at the top of
thrust wedges (Tavani et al., 2015). The most common structures are stylolites (Figure 1.5), coupled
with synchronous calcite removal processes and re-precipitation into neighbouring pores (e.g. Renard et
al., 1997; Amrouch et al., 2010b). This stylolites-vein pairs system oriented at a high angle to bedding
was widely documented in carbonate rocks, in the foreland and in adjacent FTBs (e.g. Engelder & Geiser,
1980; Tavarnelli, 1997; Amrouch et al., 2010a; Beaudoin et al., 2020a; b). For non-carbonate rocks (i.e.
less affected by pressure-solution processes), this stylolite-vein coupling was replaced by conjugate fault

systems at a high angle to bedding (Figure 1.5, Tavani et al., 2015).
2.2- Distribution within fold

Considering their geometry, three categories of meso-structures characterize the foreland and the
FTB (Tavani et al., 2015): (1) longitudinal structures parallel to the fold axis, related to contraction and
extension; (i1) extensive structures perpendicular to the fold axis; (iii) steeply dipping structures with

respect to the fold axis, related to the play of conjugate strike-slip faults (Figure 1.7).

During folding, six intermediate deformation processes are superposed (Figure 1.7): (i) tangential
deformation; (i1) flexural slip; (ii1) synchronous folding of LPS; (iv) fracturing related to fault
propagation; (v) deformation of the base of the fold; (vi) extensive deformation due to gravity. They cause
certain types of meso-structures, such as fractures, faults, pressure-solution cleavages, ... (Tavani et al.,

2015).

In particular, many pressure-dissolution seams may characterize this stage of deformation (e.g.
northern Apennines, Tavani et al., 2012b) and show specific characteristics of the folding process: (1)
decrease in their frequency from the limbs to the crest of the anticlines; (i1) marked inclination with
respect to the bedding, but still less than 90°. When they were replaced to the horizontal, shear figures
are observed at the fold hinge; (ii1) slight obliquity of these structures with respect to the direction of
the anticlines. They are also directed perpendicular to the direction of advance of the tectonic structures.
For this Apennine example, all of these features indicate stress channeling during folding in the
northern Apennines: the maximum stress is parallel to the regional shortening, and rotated in the
vertical plane to maintain an angle of about 30° to the bedding (Tavani et al., 2012b).

The fold development is initiated and continue as long as the rotation of the limbs and the curvature
of the strata accommodates the shortening. At this so-called “locking” stage, or Late Stage Fold
Tightening (LSFT), the rocks still undergo shortening, but the contraction that causesthe folding is
strongly inclined to the bedding. Specific deformation structures are associated with this late contraction
phase, crossing the strata and accommodating the shortening: (i) fore-thrusts and back-thrusts observed
respectively in the front and back limbs of the folds (Gutiérrez-Alonso & Gross, 1999; Tavani et al.,
2008); (i1) pressure-dissolution seams parallel to the bedding, offsetting pre- and syn-fold deformation
structures (Tavarnelli, 1997); (ii1) conjugate strike-slip faults recording the maximum stress o1 (Tavani

et al., 2015).
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Figure 1.6- Deformation structures commonly observed in anticlines related to FTB. The spatial
distribution and geometries associated with these mesostructures are shown at the scale of one strata
(left scheme) in the limb and the hinge, and for several strata (right scheme) considering a section
orthogonal to the fold axis. The section plane A-A'1is oriented with respect to the fold on the left side of
the figure; modified from Tavani et al. (2015).

During folding and thrusting affecting the foredeep and foreland, the dip of the monoclinal strata
and associated subsidence determine whether the total uplift of the fold will be positive or negative
(Doglioni & Prosser, 1997; Doglioni et al., 1999). In the case of positive uplift, gravity induces the
development of extensional faults: (i) longitudinal in the shallow parts of the fold limbs (Morley, 2007;
Laird & Morley, 2011); (i1) transverse in steeply dipping periclinal zones (Guillaume et al., 2008). Other
examples of gravity-generated extensional faults exist in the continental domain, within anticlinal

structures (Tavani ef al., 2014).

III- PALEOPIEZOMETRY IN THE STUDY OF FORELAND BASINS AND FOLD-
AND-THRUST BELTS

1- Introduction to paleopiezometry: concept and contributions

Paleopiezometers are commonly observed structures in rocks, developed under the application of
stress. Calibrated in a specific pressure-temperature domain, they provide quantitative information on
the directions and magnitudes of stresses applied to the sediment. In addition, they have the advantage
of recording a single, time-averaged stress field. Paleopiezometric inversion methods were therefore
developed in the 20th century. They are applied to networks of meso- and micro-structures (i.e. faults,
fractures, stylolites, calcite twins) which record deformations linked to contraction in foreland basins or
to extensive processes. Ultimately, they allow to estimate and characterize the magnitude and
orientation of the stresses generated in these different contexts, and to reconstruct their distribution
over long-time scales. Magnitudes and orientations returned by these studies are averaged in space and

time (e.g., Lacombe, 2007).
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Many palaeopiezometers are used to reconstruct the succession of past stresses in various tectonic
settings: their initiation is related to a stress tensor with three orthogonal principal components (o1, o2,
o3) characterized by their magnitude and orientation (o1 > o2 > o3). The reconstruction of the real
palaeostress tensor therefore requires the quantification of six parameters: (1) the orientation of the
principal stresses (o1, o2, 63); (i1) the value of the associated differentials (c1-63) and (c2-03); (i11) the
normal stress, related to the effect of isotropic pressure and fluid pressure. Paleopiezometric inversion
methods, and more particularly the inversion of calcite twins (Lacombe et al., 2007), do not consider the
effect of this normal stress. They only allow the characterization of a so-called 'deviatoric' stress tensor,
without giving access to its isotropic component. As this isotropic component help to estimate the global
magnitude of stress, the complete tensor recorded during deformation cannot be deduced from calcite
twinning inversions (Lacombe et al., 2007; Parlangeau, 2017; Parlangeau et al., 2018, 2019). The
analysis of sedimentary thicknesses and the study of the associated mechanics is classically used to
estimate the global magnitude of the stresses. Access to the complete stress tensor, and thus to its
isotropic component, implies the use of complementary methods based on fault striation analysis and
rock mechanics laws to determine the missing parameter (i.e. the value of one of the main stresses, or a

complementary relation linking the magnitudes of these three stresses).

Some palaeopiezometers are applicable in FTB and sedimentary basins. They are calibrated in the
diagenetic domain (P,T), and give the absolute or differential magnitude of the principal stresses
(Beaudoin & Lacombe, 2018). The inversion of calcite twins (Etchecopar, 1984), as well as a second
recent method of inversion of stylolite roughness property (Schmittbuhl et al., 2004), satisfy these
criteria and allow estimation of principal stress magnitudes. Calcite twins and stylolites have in
common to be formed during early deformation, i.e. under low stress differentials. They are therefore
good outcrop markers of these early deformation. But, whereas calcite twins, micro-structures
characterized by their thickness, average the orientations and magnitudes of the stresses in space and
time, the stylolite alone records these parameters at a defined moment, corresponding to the cessation
of its growth. This raises the question of the accuracy of the stress magnitudes recorded when using
these two methodologies.

Paleopiezometric methods have several contributions in the study and reconstruction of past stresses
within geological systems:

1) quantification of physical parameters of rock, such as the Young modulus. Otherwise known
as the modulus of elasticity, this physical parameter is defined as the constant relating the
tensile/compressive stress and the onset of strain of an isotropic elastic material, by Hooke's
law: c=E Xe (1.1), with o the stress (in Pa), E the Young modulus (in Pa), and ¢ the
relative elongation (dimensionless). An example of Young modulus estimation by
paleopiezometric inversion methods was given by the work of Ebner et al. (2009), applying a
series of inversions on bedding-parallel sedimentary stylolites (BPS) collected in the Cirque

de Navacelle. This paleopiezometric inversion method, developed in the following sections,
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links Young modulus E and principal stress in an inversely proportional relationship. The
other physical parameters involved (e.g. solid-fluid interfacial energy, Poisson's ratio) being
known, and the inversions allowing to estimate the vertical principal stresses, the inversions
allowe the estimation of a Young modulus of 15 GPa for these Jurassic limestones.

(i1) in case of sedimentary stylolites, the use of paleopiezometric inversion provide the
quantification of vertical stress experienced by strata during burial, prior contraction and/or
during exhumation (e.g. Beaudoin et al., 2019, 2020b). Burial depths reached by the strata
can be deduced from vertical stresses to which these inversions give access.

(i11))  paleopiezometry of calcite twins and of tectonic stylolites are two complementary methods to
assess the orientations and magnitudes of horizontal stresses (e.g. Beaudoin et al., 2016,
2020b). They provide the reconstruction of the three principal main stresses orientation, as

well as differential stress magnitudes experienced by sediments.

Paleopiezometry of stylolite roughness is at the core of this thesis. The remainder of this chapter
aims to introduce this paleopiezometric method by presenting the basics and fundamentals, and then to

detail the applicative aspect.
2- Focus on stylolite paleopiezometry
2.1- Stylolites as paleopiezometers: definition, classifications, and growth mode

Stylolites are pressure-solution figures frequently observed in sedimentary rocks (Figure 1.7). This
compaction mechanism includes a set of dissolution-recrystallization processes carried out under stress
in the upper part of the crust. Observed at various scales (grains, veins, bed interfaces), the elementary
process of these pressure-solution mechanisms was mainly performed at the grain scale (Zhang, 2010).
In carbonate rocks, compaction related to pressure-solution prevails over mechanical compaction (Croizé
et al., 2010), the latter often inhibited by rapid cementation events. Other processes dominate
diagenesis, not related to pressure-solution processes, e.g grain crushing and plasticity, pore collapse
(Wong & Baud, 1999; Croizé et al., 2010). Nevertheless, the preponderance of these processes also
depends on the pressure-temperature conditions of carbonate reservoirs. These conditions (P,T) being
often too low to promote these compaction processes, pressure-solution generally dominates the

diagenesis of carbonate rocks (Zhang, 2010).

Stylolites are generally filled with insoluble materials such as clay particles, oxides, and organic
matter (Heald, 1955; Tada & Siever, 2003; Harris, 2006). Some authors agree in defining them as local
barriers to fluid flow (Koehn et al., 2016), able to (i) concentrate impermeable materials and thus form
a barrier, (i1) intensify sealing properties of the strata, and (ii1) accentuate the effect of existing barriers.
Their differential permeability permits the circulation of fluids along the flanks of stylolite teeth without
crossing the interface, and thus causes (i) the formation of dissolution holes, probably as the consequence
of the lixiviation fluids localized along the teeth, (ii) the existence of veins, always localized on the flanks

of the stylolite teeth.
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Sometimes, these rough interfaces interact with other meso- and microstructures such as cracks and
veins (Rispoli, 1981; Andre et al., 2010), or compacting figures such as deformation and compaction
bands (Tondi et al., 2006). This strong interaction between pressure-solution and compaction figures is
notably observed in the Majella carbonates (Italy), where compaction bands and pressure-solution veins

developed parallel to bedding (Rustichelli et al., 2012).

Figure 1.7- Stylolites observed at outcrop in platform carbonates (Monte Nero, Apennines, Italy).
Stylolites are represented by red lines; modified from Beaudoin et al. (2016)

Numerous classifications and terminologies result from observation and studies of stylolites based

on the tectonic context related to their formation, their morphology, and their growth mode and process.

BED PARALLEL STYLOLITES (BPS) TECTONIC STYLOLITES
0v=01
oy

/.4&—0“ % «0H=m

Op = Oy <O, Onp <O, <Oy
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Figure 1.8- Schematic representation of sedimentary and tectonic stylolites; modified from Ebner et al.
(2010b). Principal stress o1 1s represented in red.

In most cases, stylolites grow perpendicular to the maximum stress applied during their growth (c1)
(Koehn et al., 2007) (Figure 1.8 ). Two major types of stylolites are discriminated depending on the

nature of the stress: (i) sedimentary stylolites, formed under the weight of the sedimentary column
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during burial preceding the first deformation generated by contraction in foreland basins. Sedimentary
stylolites are sometimes oblique to the layers, when burial is post tilting; (i1) tectonic stylolites, related
to horizontal contraction. Some bed-parallel stylolites may be tectonic in origin, when they are formed
in the vicinity of a normal fault and related to displacement of the latter, as well as formed during the
LSFT and thus necessarily developed parallel to the strata. Nevertheless, if the stylolite developed along
a preferential plane such as a bedding or a crack, the orthogonality between the principal stress and the
mean plane of the stylolite is no longer observed (Stockdale, 1922). In this case, the term used is
slickolites and then defined a stylolite which mean plane is not perpendicular to o1 but subparallel to

the tooth edge (Ebner et al., 2010b).

A second typology, presented in Figure 1.9, classified stylolites into six categories according to their
morphology and the amplitude of their teeth (Semeniuk & Logan, 1976).
MORPHOLOGIES OF STYLOLITES

: : Peaks Peaks
high amplitude ﬂ_ﬂm Columnar W\AM high amplitude AN e

low amplitude |~~~ Irregular [~ Hummocky Smooth

Figure 1.9- Classification of stylolites according to morphology and tooth amplitude, modified from
Semeniuk & Logan (1976).

A new classification was established based on numerical simulations and studies of natural stylolites
identified within the Permian Zechstein Basin gas reservoir in northern Germany (Koehn et al., 2016).
Four classes are discriminated based on the classification of Park & Schot (1968), without considering
interconnections between stylolites (Figure 1.10). The first class, called rectangular layer type, groups
together the columnar stylolites, formed by large, juxtaposed columns, rough on the plateaus (Figure
1.10). Their growth is linear. The extremities of the teeth are impermeable and thus form a barrier to
fluid flow, promoting its circulation along the flanks (Figure 1.10). This type of stylolite is thus
characterized by strong permeability anisotropy (Koehn et al., 2016). The second category includes
another type of columnar stylolite, with linear growth but variable roughness: seismogram pinning
(Figure 1.10). Two cases can be distinguished in terms of permeability: (i) if layer residues are preserved
at the teeth, the permeability behaviour will be the same as for the rectangular layer type, i.e., a strongly
anisotropic permeability; (i1) otherwise, the permeability varies with the nature and quantity of the
material. So, if the material is tight and the surface not very rough, the stylolite is a mostly impermeable
barrier, only porous at the large teeth (Koehn et al., 2016). A non-columnar type of stylolite is also
defined: the suture and sharp peak (Figure 1.10). Their growth is non-linear. The last class, the simple
wave-like type, consists of sparsely roughened stylolites with an undulated morphology compared to a
wave (Figure 1.10). They form an tight barrier when impermeable materials are collected (Koehn et al.,

2016).
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RECTANGULAR LAYER-TYPE WITH RESIDUE LAYER SUTURE AND SHARP PEAK TYPE
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sealing if material is collected
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Figure 1.10- Morphological classification of stylolites based on the work of Park & Schot (1968) and
numerical simulations, modified from Koehn et al. (2016). 4 classes of stylolites are discriminated: 1)
rectangular layer type, 2) seismogram pinning type, 3) suture and sharp peak type, 4) simple wave-like

type.
Other factors impact and constrain the morphology of stylolites: the lithology of the rocks, and more
particularly that of carbonates, as well as the clay content. Notably, referring to Dunham's classification
(Dunham, 1962), serrated morphologies are observed more in packstones, grainstones and boundstones

than in finer limestones (mudstones to wackestones) (Ebner et al., 2009b).
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Figure 1.11- Stylolite growth model and influence of roughness, modified from Koehn et al. (2016).

Stylolite growth (differentiated from lateral propagation) is divided into three successive phases
(Koehn et al., 2016) (Figure 1.11). First, roughness is initiated in a slow and nonlinear growth pattern:
this is the nucleation stage (Figure 1.11). The teeth of stylolites develop during the second phase of

growth, called pinning stage. It is generally associated with a phenomenon of punching (or pinning),
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explained according to the models by the existence of instabilities or by a resistance of some particles to
dissolution at the stylolite interface, becoming rough (Figure 1.11). At this stage, growth is rapid and
linear. Growth ends when the dissolution process was completed. The stylolite no longer grows and
reaches a stationary stage (Figure 1.11). Two models explain the processes that initiate the roughness
development. The first one, called instability concept, links the existence of instabilities and the
initiation of roughness. In contrast, the heterogeneity concept is based on the idea that the roughness
of stylolites is the consequence of heterogeneities in the sediment (Figure 1.11). In this second model,
stresses stabilize the system and do not generate any instability. It was often used for numerical
simulations, aiming to generate synthetic surfaces of orders of magnitude similar to those of natural
stylolites (Renard et al., 2004; Schmittbuhl et al., 2004; Brouste et al., 2007; Koehn et al., 2007; Ebner
et al., 2009b). Koehn et al. (2007) gave the example of pinning particles as potential heterogeneities
within layers, where the pinning process is associated with slow dissolution of particle(s) located on one
side of the stylolite interface, such that only the other side dissolves (Koehn et al., 2016). According to
this definition, tooth growth is downward if these pinning particles arrive from the top of the interface,
and upward if they arrive from the bottom. In carbonates, the most frequent pinning particles are quartz
grains and clay particles (Ebner et al., 2010b). Their main characteristic is that they differ from the
surrounding sediment in strength and/or dissolution kinetics, and thus promote the initiation of stylolite
roughness during pressure-solution processes. The indentation of quartz grains in clay layers has a
notable impact on the morphology of the stylolite in formation and favours the initiation of large columns
and thus the columnar type. This model of stylolitization, validated by Ebner et al. (2010b) at various
scales in carbonates, nevertheless implies that the heterogeneities identified in the matrix are identical
to those present along the stylolitic interface. Other types of heterogeneities thus exist in non-carbonate
lithologies. In addition, the magnitude of roughness varies with scale (Koehn et al., 2016). At small
scales, heterogeneity is related to the effect of a single pinning particle. Pinning impacts both sides of
the stylolite interface, and elastic and surface energies are sufficient to dissolve the particles. The effect
of heterogeneities is reduced, and the roughness of a lower amplitude (Figure 1.11B). On the other hand,
the large-grain pinning observed on a large scale increases the amplitude of the roughness (Figure 1.11);
the size of the teeth only depends on the time taken by the grain to reach the stylolite and its dissolution
kinetics.

As a synthesis, Figure 1.12 summarizes main characteristics stated and described in the previous
sections. Physical characteristics, i.e. roughness, amplitude, compaction and spacing, are illustrated in
order to highlight their characteristics and differences. The three main types of morphologies are also

represented, i.e. columnar, peaks and simple wave-like type.
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Figure 1.12- Summary of physical and morphological characteristics of stylolites. Notions of roughness,

amplitude, compaction and spacing are defined on the middle and upper parts of the figure. Morphologies
are also redrawn and detailed on the right-hand side.

2.2- History and principles of the inversion method

Stylolites are the subject of numerous studies that lead to the numerical and analytical models that

are known and accepted today.
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Figure 1.13- Simulation results for a 14 mm linear fault, i.e., between -7 and +7 mm with the Spring
Network Model; modified from Rolland (2013) and Aharonov & Katsman (2009). These curves represent
cumulative dissolution for different time periods in three configurations (1) under stress and no clay; (i)
under no stress with clay; (ii1) under stress and clay. For the same time interval, the cumulative
dissolution is up to doubled in the presence of clay, whether a stress is applied or not.

The study of the effect of clay particles on pressure-solution processes by numerical simulations
(Aharonov & Katsman, 2009) demonstrated the influence of the presence of clay on pressure-dissolution

mechanisms: dissolution phenomena are amplified and stylolites propagate if stresses are applied. In
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this model, stylolite growth was studied with the Spring Network Model, starting from a linear defect,
in an elastic medium where clay is uniformly distributed and represents 1.5% of the volume fraction

(Figure 1.13).

The development of stylolite roughness from an initial preferential surface (called anti-crack), in the
absence of clay, was also numerically simulated (Koehn et al., 2007). The prerequisites for this study
are the basics of molecular dynamics, and especially the one that considers the dissolution rate as
dependent on the local free energy (itself varying according to the applied stress and the surface energy).
Chemical compaction is then expressed using the following proportionality law (Koehn et al., 2007,
Ebner et al., 2009a):

_(A1y+Aon)V

D=kV(1-e RT ) (1.2)

where D is the dissolution rate (m.s!); k the dissolution constant rate (mol.m2.s'!); V the molecular
volume of the solid (m?.mol!); R the molar gaz constant (8.314 J.mol-1. °K-1); T the temperature (°K); Ay
variations of Helmholtz free energy upon dissolution of a solid element (J.m3), with Helmholtz free
energy accounting for elastic and surface energy variations; Acn the normal stress gradients along the
interface.

Two scaling regimes are identified: (1) a small-scale regime, in which the surface energy is dominant
and the roughness strongly fluctuating; (i1) a large-scale regime, in which the elastic energy
predominates. Subsequent numerical simulations, modelling stylolites, demonstrate that the imposed
stress would largely impact the cross-over length located at the interface of these two regimes (Figure
1.14). Small-scale analyses, coupled with a detailed study of microstructures, complete this work (Ebner
et al., 2009b, 2010b). They allow to characterize the disorder observed at small scale (in terms of nature
and structure), its impact on the dissolution of the grains, and to understand its modes of interaction

with the grains present around the stylolite.
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Figure 1.14- Representation of the two scaling regimes on the Fourier Power Spectrum (FPS) and
Average Wavelet Coefficients (AWC), associated with Hurst coefficients and separated by a characteristic
cross-over length; modified from Ebner et al. (2008).
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In addition, these localized pressure-solution interfaces in the rock are sometimes compared to other
geological objects such as compaction bands (e.g.; Baud et al., 2004; Katsman et al., 2006;) which are
compacted subperpendicular to the direction of maximum compression and often observed in sandstones
of intermediate porosity (13 to 28%) (Baud et al., 2004). Based on this comparison, stylolites and
compaction bands were modelled as anti-cracks (Fletcher & Pollard, 1981; Rispoli, 1981; Mollema &
Antonellini, 1996). As a result of these studies, Fletcher & Pollard (1981) observed differential
dissolution within the same stylolite, i.e. less marked at the ends than in the central part. Then, they
made an analogy between the propagation of stylolites and that of mode I (extensional) fractures of this
elliptical dissolution pattern: stresses would be perpendicular to the plane of stylolite and concentrated
at the ends of the teeth. Nevertheless, this analogy is challenged by some studies conducted in the 2000s,
including laboratory work simulating the volume losses observed within these pressure-solution figures

(Katsman et al., 2006; Katsman, 2010).
2.8- Signal processing methods

Several signal analysis methods exist for the treatment of stylolite profiles. Two main methods are
then used to evaluate the self-affine character of the resulting signal and to characterize the associated
Hurst coefficient (Ebner et al., 2009a).

The first function considered is the Fourier Power Spectrum (FPS, Renard et al., 2004; Candela et
al., 2009), consisting of the analysis of the signal spatial frequencies to reconstruct it as a sum of cosines

and sines. The modulus square of the Fourier transform (FT) of the profile or surface under

consideration is calculated as a function of the wave number k; defined as follows: k; = i—n (1.3.1), where

1and L represent the dimension and size of the object respectively. The resulting 1D profile or 2D surface

are defined as follows:

N
FPS;p(0) = ) h(e0DED  (1.3.2)

=1
M N
Z Z h(m,n)e ksmg-iksn (1.3.3)

m=1n=1

where FPSip is the 1D profil of length N, and FPS2p is the 2D surface of size MxN.

FPS,p (kg ky )

To avoid the phenomenon of aliasing (i.e. spatial overlap) linked to the periodicity of the signal, the

limit frequency relative to the spectrum, known as the Nyquist frequency, is then calculated using the

relation fyy = i (1.3.4), where L is the size of the object under study. In the case of objects with self-

affine geometry such as stylolites, the frequency spectrum becomes :
FPS(k) ~ k(120 (1.3.5)
In this configuration, the power spectrum FPS(k) is a function of k, and the use of a logarithmic scale

results in a linear, self-affine function, whose slope p depends on the Hurst coefficient (Renard et al.,

2004; Schmittbuhl et al., 2004), with p = -(1+2H) (1.3.6).
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The second signal processing method used is the Average Wavelet Coefficient (AWC, Simonsen et
al., 1998; Renard et al., 2004; Candela et al., 2009), consisting of a decomposition of the 1D signal into
wavelets whose amplitudes depend on the position and scale of study. The mathematical basis for this
method is derived from Simonsen et al. (1998). The signal is reconstructed as a wavelet sum from a
reference wavelet y translated, expanded and compared to the signal by sliding window. The wavelet

transform Wap considering a 1D profile h is defined as follows:
0 x-b
W= =0 w (5 he)ldx (1.4.1)

where y is the basic wavelet (Daubechies wavelet of order 12), parameterized by a>0 (dilatation
parameter) and -co<b<+w (translation parameter), and h is the original single-valued function. For each
length scale a, the resulting wavelet coefficients are averaged over the parameter b, according to the

relation W,=(W,,), (1.4.2), simplified as follows for objects with self-affine geometry:
W[h(ax)]a’]O = aHWa’b (1.4.3). Thus, for a self-affine input signal, relation 1.4.3 becomes:

1
W(a) ~a""2 (1.4.4)
where W(a) is the average wavelet coefficient. The linear regression is performed by representing

W(a) as a function of a on a logarithmic scale, the slope thus depending on the Hurst coefficient (Ebner

et al., 2009a), with p = H+% (1.4.5)

Several other statistical methods exist for the characterization of roughness at various spatial
wavelenghts:

The Root-Mean-Square Correlation (RMS): along the stylolitic profile, calculating the square root
of the average of the squared heights h(x) over sliding windows 0x, whose size varies from the
resolution to the maximum length of the system. The self-affinity property of the profile is
expressed as follows: (RMS(6x)) ~ x'1 (1.5)
The Maximum-Minimum Height Difference (MM): computation of the height difference h(6x)
between the minimum and maximum heights of the stylolitic profile over sliding windows of
widths 8x, and averaged over each window width. The self-affinity of the signal gives the relation:
(h(8x)) ~ 6x"  (1.6)
The suture functions (Santucci et al., 2007; Candela et al., 2009): calculation of the ktt root of the
kth moment of the height increment |A(h)|=|h(x+6x)-h(x)| (1.7.1). Once averaged over x, and
for a self-affine function, the k-order suture functions are expressed as a power law proportional
to the roughness exponent H (Equation 1.7.2): (Cy (6x)), ~ 6x'1 (1.7.2)
The height correlation function (COR, Candela et al., 2009): second-order suture function,
calculated by increments of the heights and obeying the power law defined in Equation 1.8 for

self-affine functions:

1
C(6x) = [| Ah(x) |*] 2 (1.8)
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Tests of these all methods conducted by Candela et al. (2009) on anisotropic synthetic self-affine
surfaces demonstrate a better determination of Hurst coefficients by applying the FPS and AWC

whatever the direction studied. Their use is therefore favored in the framework.

2.4- Application to sedimentary stylolites: Sedimentary Stylolites Roughness
Inversion Technique (SRIT)
The analytical model used for sedimentary stylolites is detailed below.

The dissolution rate at the fluid-solid interface considers several parameters, and particularly the

local perturbations related to surface irregularities.

1 (*o
_ N
0z = OuZ - T J —dy + nxz(x) (1.9)
l_'_l c Jo XY l_'_l
Surface tension < effects induced Frozen noise <> disorder present in
by the curvature of the surface Elastic interactions the host rock; independent of time

<> surface deformation
The dissolution is thus a function of three major components: (i) surface tension, considering effects

induced by the surface curvature; (i1) elastic interactions, witnesses of the surface deformation; (iii)
frozen noise, independent of time, which transcribes the disorder present in the host rock. It also
depends on a quantity called the cross-over length (L¢), which separates two large scale regimes, and is
calculated using relation 1.10 :

L, = Y& (1.10)
¢ Bonoy )

B being a dimensionless constant (Equation 1.11), E the Young's modulus, y the surface tension, om
the average stress and ca the differential stress.

_ v(1-2v)
o

B

(1.11)

These relationships, and in particular Equation 1.10, thus illustrate the two major physical
processes that predominate in the stylolite growth. The first of these physical processes is surface
tension, which is dominant at small scales. In this model, which ultimately corresponds to the Edwards-
Wilkinson model (Edwards & Wilkinson, 1982) associated with a notion of disorder, elastic interactions
are negligible. The surface roughness, associated with a coefficient called the Hurst coefficient, is
estimated to be H = 1 for small scales (Schmittbuhl et al., 2004). In contrast, the surface tension is
negligible in front of the elastic interactions at large scales (i.e., 1 >> Lc). This model is equivalent to the
propagation of an elastic line, or a fracture front generated in mode I, in an unordered medium. Finally,
the combination of these two scaling laws (and associated models) yields a resulting model that predicts
the growth of a self-affine surface, which roughness varies depending on whether the scale is less than
or greater than the cross-over length.

Studies conducted on natural stylolites sampled in open quarries give similar results to those
obtained from numerical simulations and predictive models (Renard et al., 2004; Schmittbuhl et al.,
2004). The roughness values retained from this work are H = 1.1 for small scales and H = 0.5 for large

scales, as well as a cross-over length of the order of a millimeter. These values are accepted as quasi-
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universal for sedimentary stylolites, as they are defined as independent of rock lithology and location
(Renard et al., 2004; Schmittbuhl et al., 2004; Brouste et al., 2007; Ebner et al., 2009a)

The application of this model to sedimentary stylolites, parallel to the bedding (BPS) in horizontal
strata (Figure 1.8), is based on three main assumptions: (i) the maximum principal stress is vertical; (i1)
horizontal stresses are isotropic and in the plane of the stylolite (cn = on); (111) deformation is uniaxial.
No horizontal displacement is thus realized, and the stylolites would initiate during the first phase of
basin formation. The vertical stresses are then expressed by the relations:

vE
aBl,

v 2
Op, = Og = —O0y (1.12.1) 0 =

(1.12.2)

v being the Poisson's ratio, o a dimensionless parameter depending on v. These simplified formulas
give access to the vertical stress, i.e. the lithostatic stress applied to the rock during stylolite
development.

Definitions, theories, and concepts associated with palaeopiezometric methods, and more specifically
with palaeopiezometry applied to BPS, have been detailed in this section. The contributions of this
methodology to the understanding of geological systems, and more particularly of foreland basins and
FTBs, motivate its use in this thesis. Beyond the theoretical aspect, the following section aims to present
the applicative aspect of the different methods used to answer the expectations and questions raised

during this study.

IV- RECONSTRUCTION OF THE MESO-STRUCTURAL PATTERN AND BURIAL:
METHODS

1- Understanding of the fracture network
1.1- Reconstruction of fracture sequence

Fractures are very present in carbonate rocks and are essential indicators of deformation on a meso-
structural scale. In order to relate these meso-scale structures to regional tectonic events, fractures that
share similar orientations, mode of deformation and relative chronology with respect to other sets of
fracture can be grouped. Considering a study area, the first step consists in measuring fracture
orientations. Main orientations of are then inferred by statistical tests performed on the field data, using
tools for processing and statistical representation of fracturing data, e.g. Stereonet (Allmendinger et al.,
2013; Cardozo & Allmendinger, 2013) and Openstereo (Grohmann & Campanha, 2010) softwares.
Orientation data are first projected on Schmidt stereodiagrams (lower hemisphere), in the current
attitude of the strata (raw) and after unfolding (unfolded), i.e., corrected for stratification dip by rotating
the dip angle of the strata back to horizontal around a horizontal axis (normally corresponding to the
direction of the fold, locally to the direction of the strata). The Fisher statistical test is then performed
on these folded and unfolded datasets, applied to the projections of the poles of the fracture planes. Then,

stereodiagrams giving the planes and the density of the poles are generated as output for these folded
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and unfolded datasets. Main orientations are then discriminated by considering the areas of highest

pole density (Figure 1.15).

Density of poles

Figure 1.15- Example of stereodiagrams obtained after statistical processing of the field data
(Stereonet), in current/rotated (R) and unrotated (U) positions. The dotted lines represent the
stratification, and the color scale the density of poles. In the present case, the 50 measurements carried
out and processed (whose planes have not been represented for reasons of readability) are used to
discriminate two main orientations of fractures, whose average planes are represented by the solid black
lines.

The second step is the characterization of the deformation mode, e.g. opening, shearing, contraction,
defined through thin sections observed using an optical microscope. In case of veins, several observations
help to characterize the opening kinematics. The first is to look for evidence of offset of one or more ante-
fracture features (e.g. veins, pressure-solution figures, fossils, etc.), with this offset giving clues to the
opening kinematics (Bons et al., 2012) (Figure 1.5). A second method is the observation and
characterization of the shape and/or possible offsets of the fracture edges, also indicative of the vein
opening direction. Analysis of vein textures gives partial or total information on the kinematics of
opening, certain textures allowing to define the direction of mineral growth, and/or the characteristic of
opening mechanism of the vein studied (Figure 1.3).

Then chronological relationships between the main fractures identified according to their orientation
and their deformation mode are defined, to group them in sets. Once defined, the idea is to position these
sets in a fracture sequence, and then related to deformation. Several methods help to define the relative
chronology of fractures. To define if a fracture pre- or post-dates another one, their relative chronology
can be defined by studying their structural relationship at meso- and micro-scale. These chronological
relationships are thus deduced from criteria of overlap, abutment, and offset/opening, described below.
Another method is to determine if fractures pre- or post-date folding, such as the fold test inspired by
paleomagnetic methods (Graham, 1949): if the fractures are better adjusted in untitled position than in
the current state, then the pre-tilt origin of these fractures is preferred. Although this fold test is
sufficient, Andersonian theory can also be used to determine these chronologies in cases where

Anderson's conditions are met.
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Finally, fracture sets are then defined considering (1) their common orientations (2) their
deformation mode and (3) their relative chronologies. The characterization of fracture sets provides the
definition of fracture sequence characteristic of the area, then related to a deformation sequence related
to the area studied. Once the sets have been defined, geochemical analyses can be performed to access

to the mineralogical composition, temperatures, and/or ages associated with the fractures studied.
1.2- U-Pb absolute radiochronology

In this work, U-Pb dates are used as a support for some of the fracture studies carried out. The broad

outlines are given, without going into the details of the method.

U-Pb dating of carbonates by laser ablation inductively coupled plasma mass spectrometry (LA-
ICPMS) is an absolute dating method for dating carbonate deposits (Drost et al., 2018), speleothems
(Woodhead & Hergt, 2001), as well as reservoir porosity-filling cements (e.g., Li et al., 2014; Godeau et
al., 2018). In addition, its many advantages also explains its democratization in research community:
(1) a high spatial resolution, allowing the detection and exploitation of uranium heterogeneities at the
submillimeter scale, and the quantification of the initial lead concentration; (ii) the ability of ablation
cells to host and analyze several samples simultaneously, and therefore to multiply the dating
performed (i.e, several samples per day); (ii1) the correction of U/Pb ratio shifts related to matrix, thanks
to the recent characterization of carbonate standards (Roberts et al., 2020). This method is based on
isotopic maps constructed for elements of interest for dating (i.e., U, Pb, Th) from ablation along lines,
as well as calculation of ages from pixel values (Drost et al., 2018; Hoareau et al., 2021a; Motte et al.,
2021). Two main types of mapping are performed in these analyses. The first type is related to the
heterogeneity of the carbonate lithologies, and implies a preliminary step of petrographic and
geochemical characterization of the samples in order to optimize the dating process (Roberts et al., 2020).
One of the methods used is the initial screening of samples by LAICP-MS. It provides the mapping of
samples in terms of concentrations of diagnostic trace elements (U, Pb, Th), and thus the location of
unaltered zones rich in uranium (i.e., preferential zones for obtaining precise and significant ages,
Roberts et al., 2020). The second type of mapping is based on point ablations with sizes between 80 and
235 um (e.g., Ring & Gerdes, 2016; Roberts & Walker, 2016; Parrish et al., 2018). It enables the
construction of isochrones by combining several tens of ablation craters made on the same crystal, or on
adjacent crystals when they are too small (e.g., micrite), to finally deduce ages with high accuracy (< 3%

in the most favorable cases) (Roberts et al., 2020).
1.3- Inversion of striated fault planes

Striated fault planes are also important in the characterization of associated stresses and strains.
Indeed, from field analyses consisting in the measurement of several striated planes and the
determination of their relative movements, the inverse method developed by Angelier (1984, 1989, 1990)
allows to characterize the 4-parameter reduced stress tensor, i.e., the orientation of the principal

stresses o1, o2 et o3, and the ¢ ratio that describes the shape of the stress ellipsoid (Equation 1.13).

68



O9- O
O<Q):£<

G1-03

1 (1.13)

This method consists of a series of steps leading to the calculation of this reduced tensor, including
the ¢ ratio and principal stresses (Equation 1.13), and explaining a maximum of mechanically
compatible faults: (i) encoding the data in computer; (ii) applying the method of right dihedra (Angelier,
1984) to group the mechanically compatible faults. For each fault, the difference between the measured
fault striation and the applied shear stress (i.e., angle a and/or vector u, Figure 1.17) is reduced; (ii1)
application of the least squares method to each fault, for calculation of the reduced stress tensor (for

details of matrix calculations, refer to Angelier, 1984).
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Figure 1.16- Illustration of fault measurements (blue) and tensor data calculated by Angelier's method
s: orientation of the streak, on: normal stress, o: applied resultant stress, t: shear stress, u: vector between
the calculated shear stress and the streak, a: angle between these two vectors; after Beaudoin (2012),
modified from Angelier (1990).

The quality of the computed tensor depends on two parameters: (i) the value of the angle a, the lower
the value of a the better the quality of the tensor and (i1) the mechanical consistency of the faults. The
degree of constraint applied to the computed tensor is also user-dependent: the user can choose to
constrain it strongly, by separating a fault population into several subcategories. On the contrary, he
can choose to increase the number of faults explained by the tensor by creating classes incorporating
faults with a lower degree of compatibility, based on qualitative criteria such as chronology, and thus
increase the degree of constraints applied to this tensor. In addition, the creation of fault classes and
the calculation of the reduced stress tensor are automatically weighted by the program, considering the
quantity of measurements and the level of confidence. Two last specificities of the program condition
the final calculation of the stress tensor and the resulting interpretations: (i) for faults of the same
geometry, the ¢ ratio (Equation 1.13) is not calculable; (i1) the Anderson conditions (Anderson, 1951) are
not respected by the calculated tensors. The calculation is therefore performed in the current position
of the strata, and the interpretation given by the user, who chooses to interpret the calculated tensor as

pre- or syn-tilt, or in position observed today in outcrop.
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2- Sediment burial modeling

Burial model is built from the stratigraphic and well data collected in the study area considered.
Thicknesses are corrected from compaction to obtain the maximum burial depths recorded by layers.

Two types of corrections are then applied, considering the effects of physical and chemical compaction.

The computer interface used to produce these burial curves is the Backstrip© software (Cardozo,
2011) and implies the input of some parameters for the modeling. The first set of parameters to be
defined provides the estimation of physical compaction undergone by the strata, generated by the weight
of the sedimentary column and possibly the water column, depending on the type of basin considered

(Figure 1.17).
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Figure 1.17- Schematic representation of the modeling steps of the burial curves. The mentioned
parameters are detailed in the following paragraphs. The logo used is that of the Backstrip© software.

These parameters are defined based on bibliographic data, and in particular on the work of Allen &
Allen (1990b) and Watts (2001). Thus, the dry density p. is evaluated at 2.4 kg/m?3 for carbonates and 1.8
kg/m?3 for other lithologies (Manger, 1963). The porosity coefficient c is also calculated on the basis of the
equations and curves of Allen & Allen (1990), Watts (2001) and Lee et al. (2020): the curves porosity =
f(depth) are used to estimate the porosity and the surface porosity for each lithology considered, and to

deduce then the porosity coefficient thanks to the relations :

b= ,e (1.14.1) and c=-1In (‘%) (1.14.2)

where ¢ is the porosity at a considered depth y, ¢o the surface porosity and c the porosity coefficient.

The values used are summarized in Table 1.1.
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Lithology Surface porosity ¢o Porosity ¢ (y = 2 km) Porosity coefficient (c)

Carbonates 70% 25% 0.51
Clays 62% 20% 0.57
Sandstones 45% 23% 0.34

Table 1.1 - Porosity values and associated coefficient, deduced from curves and equations of Allen & Allen
(1990b) and Watts (2001)

Since the corrections for sediment and water weight differ significantly (Table 1.2), the basin type is
also defined in the software (0 for a marine basin, 1 for a continental basin), so as not to bias the resulting

burial curves.

Sediment loading correction Water loading correction
PP p
Marine Y=8——+ Yy =Y-Agr,—
pm_pw m- w
. — o PmPs
Continental Y=S o Y, = Y-Aqq,
w

Table 1.2 - Corrections associated with the type of basin considered, based on the equations of Allen & Allen
(1990) and Watts (2001).

Thicknesses given by stratigraphic studies or well data (i.e., the actual thicknesses of the formations)
are corrected for this chemical compaction effect according to one of the above methods.

The constructed burial models are 1D models in effects related to flexural bulging of the foreland are
not considered. Indeed, laws used in classical basin modelling link porosity and vertical stresses,
deformation being considered as essentially driven by overburden sediments (e.g. Athy, 1930; Smith,
1971; Schneider et al., 1996). Nevertheless, the effective horizontal stress can equal or even exceed the
effective vertical stress in tectonically active basins (Zoback et al., 1989). Moreover, in orogenic
forelands, LPS is associated with significant damage of strata (Robion et al., 2007; Tavani et al., 2015),
as well as with a decrease in porosity (Couzens-Schultz & Azbel, 2014) and a partial control of fluid
migration (Roure et al., 2005, 2010). Considering the geological context of this study, the following
question arises: can the horizontal stress be neglected in this kind of models without impacting the
results? This issue may be answered to some extent by the two following points:

1) classical 1D methods used in research and industry systematically overlook horizontal

stresses (e.g. Petroleum System Modelling, PSM);

(i1) modelling of the horizontal tectonic effects involves 3D modelling processes sometimes
complex and using relatively specific tools. In particular, classical 1D models are coupled with
geomechanical models to overcome this difficulty and to include this missing parameter in
the models (e.g. Briich et al., 2021). They also provide a quantification of shortening rates,

which are potentially overestimated due to 3D modelling complexities (Berthelon et al., 2021).
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These complex methodologies, which are constantly being improved, do not currently allow the
impact of horizontal contraction to be estimated and modelled, and constrain the use of classic models
in which only the sediment weight is considered. Therefore, the choice of neglecting the horizontal
tectonic component for burial model construction seems acceptable in the context of these 1D basin

models.
3- Rock properties estimation
3.1- Mechanical properties: Young modulus estimation for SRIT application

Studies of fractures and burial also involve the determination of the physical parameters of the rocks.
In particular, paleopiezometric inversions imply the quantification of the Young modulus value. The
method used in this work is the Schmidt rebound hammer technique, which is a non-destructive method
used for the estimation of the uniaxial compressive strength and Young modulus of natural rocks (e.g.
Aydin & Basu, 2005). It implies the use of a spring-loaded piston (the Schmidt hammer), pressed
orthogonally against a surface of rock. The energy created by the resistance of the surface to the impact
enables the piston to rebound. The distance traveled by the piston after the rebound is called the rebound
value R, which 1s considered to be a proxy of the surface hardness (Aydin & Basu, 2005), itself used to
quantify uniaxial compressive strength and Young modulus of the rock (Katz et al., 2000). The sliding
average of representative R values is computed. The resulting stabilized value of rebound (Figure 1.19)

is used for calculation of the Young modulus, deduced from the following empiric relationship

determined for sedimentary rocks (Katz et al., 2000): E = 0.00013xR>?%07* (1.15)
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Figure 1.18- Detail of the application of Schmidt hammer method on the field, and example of results
used for Young modulus calculation. Piston is pressed orthogonally against the rock surface (grey arrow).
Values of sliding average R are plotted as a function of the number of measurements incorporated (orange
curve), from which stabilized R value is deduced and used to compute Young modulus value with
Equation 1.15

3.2- Chemical compaction estimate for burial modelling

Compaction of sediments is related to two types of phenomena: (i) pure mechanical compaction,

related to the grains rearrangement during burial and (ii) mechano-chemical compaction associated
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with dissolution-precipitation mechanisms and generally induced by pressure-solution. While
mechanical compaction is dominant at the surface, chemical compaction predominates at depth
(Schmidt & McDonald, 1979; Schneider et al., 1996). Chemical compaction is therefore an important
parameter when studying the burial of strata (e.g. Bah et al., 2022). However, its exact estimation
remains a delicate and questionable process for several reasons. A first element is the plurality of
processes responsible for porosity loss in carbonates, namely pressure-solution creep and fluid-rock
interactions (Croize et al., 2013). Mesostructures resulting from pressure-solution processes depend
mainly on lithology and structural resistance, and are of various natures, such as sutured grain contacts
and truncations, indentations, clay seams, and stylolites (Wanless, 1979; Buxton & Sibley, 1981).
Several authors agreed that stylolites play an important role in this chemical compaction process : while
Finkel & Wilkinson (1990) described local dissolution along stylolites as participating in the occlusion
of porosity due to the diffusion of material into the surrounding media that it generates, Bjorlykke (2006)
and Ehrenberg et al. (2006) closely correlated the loss of porosity by cementation with the presence of
stylolites. There are therefore different methods to attempt to quantify the compaction associated with

stylolites.

Classical estimation of the amount of dissolution is achieved using geochemical methods consisting
of the quantification of insoluble species accumulated in dissolved zones. In particular, these methods
can be used to determine the amount of dissolution associated with stylolites (Toussaint et al., 2018), by
comparing the quantity of insoluble species passively concentrated in stylolite seams to the initial
amount of the same species in undeformed rock. In this methodology, the underlying assumption is that
a dissolution process is occurring, and errors are related to spatial heterogeneities related to these
insoluble species. The first possible calculation is the relative mass balance (Equation 1.16), considering
the concentration of insoluble elements in the undeformed rock I, and that related to dissolution I, the
representative elemental volume before deformation Mo, and assuming an initial homogeneous
distribution of species: The calculation of volume variations of these insoluble elements is also a method
of quantifying the amount of dissolution, but only applicable in the case where the density difference
between the two parts of the rock is known (Gresens, 1967; Grant, 2005).

AM 1

ML i-1 (1.16)

Analysis of stylolite geometry provides determination of the amount of dissolution related to stylolite
development. In particular, a vein intersected by a dissolving stylolite records a displacement. The
measurement of this the apparent displacement related to this dissolution effect allows the estimation
of the dissolved thickness e, which is then a function of this displacement noted ds and the angle a
between the vein and the solution seam:

e=d, X tan(a) (1.17)
Another method of quantification consists in the measurement of stylolite tooth height. The

underlying assumption is that all the roughness is generated during stylolite formation, implying an
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underestimation of the amount of dissolution (i.e. calculation of a minimal value, Toussaint et al., 2018).

However, several studies detailed the tests and applications of this quantification method on numerical

and natural cases:
in microdynamic simulations of stylolite roughness (Koehn et al., 2007), based on the design of a
2D numerical model considering: (i) an initial flat interface representing the stylolite during the
early phases of formation (i.e. initial “anticrack”, Fletcher & Pollard, 1981; Katsman et al., 2006),
where dissolution can take place and the solid can only dissolve and not precipitate (i.e. contact
of a solid with an undersaturated fluid); (i1) all the dissolved elements along the interface
instantaneously transported into the fluid outside the system; (ii1) fluid of constant solute
concentration. This numerical study demonstrates that roughness can be reliably and robustly
modelled numerically, according to the two known roughness regimes, and strongly similar to
the observed natural cases. Furthermore, it concludes that the geometry of the stylolite teeth
enables to estimate the direction of the finite compaction or the main compressional stress, but
that the quantification of dissolution is necessarily underestimated.
the study of six reservoir cores in two units of the Zechstein carbonate (Koehn et al., 2012) allowed
the application and comparison of two methods of calculating chemical compaction, based on
measurements of stylolite tooth amplitudes: (i) a first method consisting of the classical
estimation of compaction, i.e. calculated as the sum of stylolite tooth amplitudes, yields values
between 3% and 5.6%; (i1) a second, less conventional method, consisting of estimating the
number of stylolites per meter and then integrating their amplitude into the compaction
calculation, returns dissolution percentages between 25 and 39% (close to the initial porosity of
carbonates studied of 42%, Bruns et al., 2013).
a more recent study based on numerical and natural data (Koehn et al., 2022) proposed a
calculation of the compaction at the stylolite through time expanding the scaling law of Ben-
Itzhak et al. (2012).

Thus, these various methods can be used to estimate the dissolution related to stylolitization,
although potentially underestimated depending on the methodology used. Nevertheless, its estimation
remains necessary for the study of sediment burial in foreland contexts, and particularly for lithologies

such as carbonates where pressure-solution processes frequently occur.

4- Study of vertical stresses by inversion of the roughness of sedimentary

stylolites (SRIT)
4.1- Samples preparation

The first step of the data acquisition and treatment is to cut and polish samples to visualize the track
of the stylolite to be analyzed. For sedimentary stylolites, a cut is made perpendicular to the stylolite
plane. Then, the flat surface of the rock is scanned with a resolution of 12800 x 12800 dpi. The resulting

file is an image in JPEG or TIFF format, with sufficient quality to be analyzed with image processing

74



software (Gimp® or Photoshop®). Initially, the stylolite track is redrawn on a touch-sensitive graphics
tablet, using the pencil tool (line size: 5), at x 200 and x 400 zooms for greater accuracy. The image is
then converted to greyscale and exported as a JPEG file (still with a resolution of 12800 dpi), to be then

numerically processed.
4.2- Stress and burial depth computation

Signal treatments previously defined, i.e. FPS and AWC, are applied under computer (i.e. Matlab®)
on redrawn BPS tracks, using already existing scripts derived from the work of Ebner (2009) and
Rolland (2013), and optimized during this work. They provide quantification of vertical stress recorded
by sedimentary stylolites during burial under the assumption of uniaxial strain previously detailed
(Figure 1.19).. This hypothesis is nevertheless verified by making two orthogonal cuts for the same
stylolite. If the stylolite is anisotropic, the values returned by the inversions will be significantly
different. The input parameters of the program are the L. value previously defined, and the physico-
chemical characteristics of the rocks studied. Although the methodology is applicable in other
lithologies, the length scales required imply its application to carbonate-dominated lithologies in the
context of this thesis work. The associated input parameters are therefore defined as follows: (1) Young
modulus, or modulus of elasticity, estimated by mechanical tests carried out by the Schmidt Hammer
method; (i1) Poisson's ratio (u), between 0.2 and 0.3 and fixed for this treatment at 0.25 (Rolland et al.,
2014; Beaudoin et al., 2016); (i11) the interfacial energy of solubility, equal to 0.32 for calcite and 0.247
for dolomites (Wright et al., 2001) .

Finally, burial depth associated with vertical stress obtained is calculated using the relation
o,= pgz (1.20) (Figure 1.20). The following assumption is then made on the density, estimated at 2.4,
and corresponding to the average density calculated for dry sandstones and carbonates. The use of this
averaged value is justified by (1) the consistency of the results obtained in the previous studies which
also re-inject this value for depth calculation (e.g. Beaudoin et al., 2020b; a) and (ii) neglecting the impact
of the fluid overpressure in the weight of the column in this methodology. Figure 1.20 summarizes the
successive stages of this inversion methodology applied to BPS, as well as the dominant hypotheses and

input parameters allowing the initiation of the computer processing stages.
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Figure 1.19- Workflow the SRIT processing steps applied to BPS, including major assumptions and parameters.
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To conclude, this chapter aims to define the foreland basins and FTBs associated, as well as
mesostructures related to this system. In addition, methodologies for the study of foreland basins and
FTBs are described both from a theoretical and an application perspective. A special interest is given to
the study of fractures and palaeopiezometry of BPS roughness, as applied in the framework of this work.
The question now arises of which case study should be considered to apply all these methodologies and
attempt to answer to the expectations and problems raised. The choice focused on the Apennines, and
more specifically on the Umbria-Marche Apennine Ridge (Italy), where many characteristics are
combined to approach the issues of the thesis and apply these methodologies. The purpose of the next
chapter is therefore to present the characteristics of this case study, from the large scale to that of

mesostructures.
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I- GLOBAL GEODYNAMIC CONTEXT: EVOLUTION OF MEDITERRANEAN

DOMAINS

The history of the Apennines is closely linked to the geodynamic evolution of the Mediterranean,

where various major tectonic features such as the European, African and Apulian plates evolved (Figure

2.1). Since the Mesozoic, Africa has been in an extensional phase, sometimes coupled with compressive

episodes (Jolivet et al., 2016); these compressions are generally associated with ophiolite obduction

processes, mainly on the northern margin. Notably, the closure of the Neo-Tethys Ocean in the Late

Cretaceous was responsible for a major obduction from the Mediterranean to the Himalayas (on the

Arabian margin particularly, from Cyprus to Oman), resulting in a Cretaceous compressive event

recorded in the African-European convergence zone.
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Figure 2.1- Reconstruction of the geodynamic evolution of the Mediterranean area from the Jurassic to
the present; after Jolivet et al. (2016).

The tectonic evolution of Africa and of the Neo-Tethys ocean consists of a succession of geological

events occurring since the Jurassic. The story began in the Middle Jurassic (-170 Ma) (Figure 2.1A),

with the subduction of the Neo-Tethys below the southern Eurasian margin, already well opened in the

eastern part (Agard et al., 2011). While the Adriatic continent migrated towards north Africa, the rifting

built the eastern Mediterranean basin and a second order African basin called Ionian basin (Frizon de

Lamotte et al., 2011). At the same time, the rifting between India and Africa caused the opening of the

west Indian Ocean (Frizon de Lamotte et al., 2015). Several obductions are also related to this rifting

episode. For example, the Dinaric ophiolites were obducted at the onset of intra-oceanic subduction
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during the late Jurassic (-175 and -160 Ma) in the northern margin of the Apulian block (Jolivet et al.,
2016).

During the early Cretaceous (-120 Ma) a major rifting phase between Africa and Arabia occured
(Nikishin et al., 1998, 2015; Guiraud et al., 2005), as well as the opening of the south Atlantic (Figure
2.1B). Intra-oceanic subduction that began in the Jurassic continued, causing the obduction of ophiolites
in the Armenian part of the Apulian margin (Héssig et al., 2013, 2016). The African-Eurasian
convergence intensified around -118 Ma as plate movements resumed (Agard et al., 2007). The last
tectonic event, called the "Austrian phase", was recorded around -125 Ma, i.e. during the late Barremian
(Smith et al., 2006); it consisted in the reactivation of north-south structures independent of the African-
Eurasian convergence and mostly observed in the western part of Africa (Jolivet et al., 2016). A major
compressive phase was then recorded in the late Cretaceous (-100 to -75 Ma), initiated after the intra-
oceanic subduction at the origin of the obduction of the major ophiolitic nappes observed today at
outcrop: the Izmir-Ankara and Oman ophiolites (Figure 2.1C) (Jolivet et al., 2016). Its propagation over
most of Africa generated undulations in the basement, as well as the reactivation of inherited rifts: this
was the “Santonian event” (-85 Ma) (Benkhelil et al., 1988; Benkhelil, 1989; Genik, 1993; Bosworth et
al., 1999; Guiraud et al., 2005; Bevan & Moustafa, 2012; Arsenikos et al., 2013), during which only
northern Africa and Arabia and the sub-Saharan rift were reactivated (Figure 2.1D) (Jolivet et al., 2016).
This compression was also recorded across western Europe: (i) in the Pyrenees, where it began in the
Santonian (Jolivet et al., 1999; Jammes et al., 2010), and southeastern France; (i1) in the Paris Basin
and North Sea (Guillocheau et al., 2000); (iii) and ended in the western Mediterranean with the slow

initiation of a subduction, the future Apennine subduction zone (Jolivet et al., 2016).

A period of relative stability was recorded between -65 and -45 Ma (Rosenbaum et al., 2002), followed
by a compressive phase beginning in the middle to late Miocene in the Atlas and Syrian belts, as well
as in the northern part of the west Mediterranean subduction (Iberian ridge and Pyrenees) (Figure
2.1E). After this compressive stage, the Oligocene uplift affected most of Africa (Burke et al., 2003, 2008):
the northern part underwent an elevation of 200 to 300 m, while the north African volcanic area started
to build (Wilson & Guiraud, 1992; Wilson, 1993; Liégeois et al., 2005). At the same time, extensive
deformation was recorded in the upper part of the African plate, near the convergence zone (Jolivet et
al., 2016).

Finally, between -30 and -35 Ma, several tectonic events occurred (Figure 2.1F). Back-arc basins
developed in the Mediterranean area (Jolivet & Faccenna, 2000). Rifts were also initiated in the future
Gulf of Aden and the Red Sea, while the ancient sub-Saharan rifts were reactivated. From the late
Eocene onward, the separation of Arabia from Africa was generated by similar tectonic and geodynamic
processes to those previously described (Figures 2.1G and 2.1H). However the resulting collision was
contemporary with these processes, since the oceanic lithosphere was strongly reduced at this stage

(Jolivet & Faccenna, 2000).
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II-

THE APENNINES, GLOBAL CONTEXT OF THE STUDY AREA

1- Geogynamic and structural context

The Apennines are in the Central and southern part of Italy (Figures 2.2A and 2.2B), in a peri-

cratonic region where deformation events directly linked with the interaction between European and

Africa plates during the Neogene are recorded. The Apennines extend from the Po Plain to the Calabrian

arc for 1500 km, and form the backbone of the Italian peninsula (Scisciani et al., 2014). The central area

1s considered as an overlap zone between two oceanic domains (Figure 2.2B): (1) the Tethys Ocean, whose

opening is linked to the Triassic rifting and to the extension between the Adriatic and European

margins; (i1) the Neo-Tethys Ionian domain, or East Mediterranean Ocean, related to the propagation

of the Neo-Tethys Ocean opened during the Permo-Triassic (Finetti et al., 2005).
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Three distinct tectonic events succeeded on another and contributed to the building of the Apennines

(Scisciani et al., 2014). A major extension was recorded from the end of the Permo-Triassic to the middle

Jurassic, associated with the opening of the Ligurian Ocean (Bernoulli & Jenkyns, 1974; Aldinucci et

82



al., 2008). This rifting phase generated extensional structures affecting the Hercynian basement, i.e.
normal fault systems and horsts and grabens building the passive margin in formation (future Adriatic
margin). The depositional environments progressively evolved from continental to pelagic environments
(Figure 2.2C) and favored the development of a carbonate platform. Sedimentary deposits reached a
maximum thickness during the early Cretaceous (Guerrera et al., 2012), because of a general subsidence
related to the middle Liassic tectonic phase. This tectonic phase is directly linked with the Neothethys
Jurassic rifting that affected the whole Neothethyan domain. Thus, this extensional tectonics was
responsible for the break-up of the shallow-water platform domain widespread in almost all of central
Italy and created platform-basin systems including: (i) downthrown sectors with dominant pelagic
deposits (i.e. deeper-water sedimentation) and local clastic carbonates from shallower areas; (i1)
upthrown sectors with shallow water carbonates (Figure 2.2C). During the late Cretaceous, the
extensional tectonics recorded in the carbonate platform domains (e.g. Shiner et al., 2004) was probably
responsible for pulses of accelerated subsidence recorded by Cretaceous basin carbonate sediments
(Marchegiani et al., 1999). The compression that began in the late Miocene-early Pliocene marked the
beginning of the Apennine orogeny. Folds and thrusts were oriented NNW-SSE (Figure 2.2C), and
sedimentary processes were therefore directly controlled by the evolution of the Apennines, involving a
shift from carbonate to clastic sedimentation. The late Pliocene-Quaternary extension, associated with
the activity of NW-SE oriented normal faults, is at the origin of the formation of intermountain basins

contemporary with the present seismic activity (Calamita et al., 2000; Pizzi & Scisciani, 2000).

The Apennines form a FTB with an eastern convexity, becoming younger and younger from west to
east (Figure 2.2C): while the internal arc built at the end of the Oligocene, the external zones are dated
to the Pliocene-Pleistocene (Lavecchia et al., 1988). The Apennines are divided into two main arcs: the
Northern Apennines and the Southern Apennines arcs (Figure 2.2B), each associated with its own
geological and structural characteristics such as structural evolution, rotation patterns, shortening
rates and outcrop formations (Boccaletti et al., 2005; Satolli et al., 2014). The Northern Apennines were
developed during the Cenozoic, at the time of the closure of the Ligurian Ocean (eastern branch of the
Tethys Ocean) and the collision of the European and African continental margins (Corsica-Sardinia and
Adria blocks, respectively) (Malinverno & Ryan, 1986; Carmignani & Kligfield, 1990). They were formed
by the stacking of large overlapping tectonic units, mainly oriented towards the east: the Tuscan and
Umbrian nappes, overlain by the Ligurian nappe and the sedimentary cover (Scisciani et al., 2014). The
Southern Arc is characterized by the stacking of two tectonic units: (i) the Massa-Apuane units, made
of Permian to Oligocene metamorphic sediments, stacked tectonically then deformed into a duplex
during the Oligo-Miocene (Carmignani & Kligfield, 1990); (i1) the Tuscan nappe, overlapping these
metamorphic units. From a structural point of view, the Apennines are characterized by a succession of
asymmetrical anticlines with an eastern vergence, separated by narrower and often asymmetrical
synclines. Numerous faults also affected the Mesozoic-Tertiary sedimentary succession and the

Hercynian basement (basement faults) (Figures 2.2C and 2.2D) (Guerrera et al., 2012). They result from
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the succession of tectonic units related to the deformation Meso-Cenozoic carbonates (i.e. shallow water
limestones in carbonate platform domains and deeper-water carbonates in slope and pelagic domains),
and consist of basement and cover thrust-sheets developed in an ensialic context (Cosentino et al., 2010).
This structural setting is the result of the superimposition of two tectonic episodes that occurred at
different times: (i) the piggyback sequence of main thrusts followed by a general northeastward
migration of the orogenic system, that provided the out-of-sequence reactivation of some sectors
previously involved in the thrust belt; (i1) post-orogenic extensional and strike-slip tectonics. Under this
general context, main thrusts activated during different piggy-back migration phases of the orogenic
system, as well as main out-of-sequence thrust fronts, bound the main tectonic units (Cosentino et al.,
2010): (1) one thrust on the border of the Liguride and Silicide units, (i1) others that distinguish
sequences belonging to the Apennines thrust belt and related foredeep deposits and (iii) the thrust front

Apennines, bordering the allochtonous Apennine units (Figures 2.2C and 2.2D).
2- Paleogeographic evolution

As for any complex tectonic frameworks, paleogeographical models for the peri-Mediterranean
domain are difficult to build, because of a high tectonic activity related to recent orogenic processes, new
oceanic basin formation, lithospheric bloc rotations, ... Thus, the reconstruction of the pre-deformational
paleogeography implies to unravel kinematic evolution and to quantify shortening or/and extension
during deformations (Cosentino et al., 2010). Despite these uncertainties, models were proposed for the
western Tethyan realm considering all these parameters (Dercourt et al., 1993; Ciarapica & Passeri,

1998, 2002).

During the late Triassic, a wide shallow-water platform developed, dividing two continental emerged
areas: the Iberic-Provencal sector to the north and the North-African sector to the South (Figure 2.3A).
Then, the rifting that occurred caused the break-up of a huge carbonate sedimentation domain and, with
the synchronous opening of N-S lateral branches affecting pelagic sedimentation, favored the creation
of Triassic basins. Pelagic facies (i.e., bituminous dolostones) observed in central Italy are probably
related to the tectono-sedimentary evolution of intra-platforms that divided shallow water carbonate
facies from dolomitic domains. The middle Liassic then recorded an important extensional phase,
directly associated with the western propagation of the continental rifting that affected the more eastern
regions during the late Triassic. This caused the break-up of the huge shallow-water platform and
development of wide platform-basin systems preserved until the Mesozoic. In the peri-Tethyan area,
this shallow-water platform developed under peri-oceanic conditions, providing the rise of confining
pelagic basins and the isolation of Apulian platform, separated from the Apennine platform by
intermediate basins (Figure 2.3B). This stage marked the maximum development of the Ligure-
Piemontese oceanic basin, with sectors with oceanic lithosphere (Cosentino et al., 2010). The subsidence
resulting from these first rifting stages, coupled with extensional processes and followed by the building
of the Adriatic margin, continued and prevailed until the pre-orogenic stage (early Miocene) (Guerrera

et al., 2012).
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Figure 2.3- Main steps of the late Triassic- middle Miocene evolution of the platform-basin system in
central Italy; after Cosentino et al. (2010), modified from Accordi et al. (1986). Facies are numbered as
follow : (1) evaporites; (2) dolomites and laminated dolomitic limestones; (3) clays and marls with
intercalations of oolitic and organogenous wackstone-grainstone; (4) marls;( 5) bioclastic wackstone-
packstone; (6) mudstone with biodetritic and microclastic intercalations ; (7) marls, clays and pelagic
micrites; (8) pelagic mudstonewackstone and hardground with nodular structures; (9) carbonate platform
limestones; (10) organogenous grainstone-rudstone; (11) packstone-grainstone with intercalations of
marly pelagic mudstone; (12) organogenous wackstone-grainstone; (13) carbonate basement; (14)
supratidal deposits and alteration soils. CP: carbonate platform; PCP: pelagic carbonate platform.
Paleogeographic maps of Tethys realm are related to these different stages: (A) late Triassic, (B) late
Jurassic and (C) early Cretaceous maps; after Cosentino et al. (2010), modified from Yilmaz et al. (1996).
The paleogeographic evolution of the UMAR is represented by the dotted black box
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Geodynamic processes drastically changed during the late Cretaceous (Cosentino et al., 2010). A first
stage of compression occurred during the early Cretaceous, only active in the more eastern sector. It
was related to a general regressive trend in the northern area, which is synchronous of a period of
relative tectonic rest in the central sector. That’s why the middle Liassic platform-basin systems
continued to develop. Moreover, the transgression that occurred in the southern margin was responsible
for the large spread of shallow-water platforms (Figure 2.3B). During the late Cretaceous (Figure 2.3C),
extensional processes recorded in the whole area only persisted in the more eastern sector, while

compressional tectonics was recorded in the more northern area (Cosentino et al., 2010).

In the late Miocene, the basin entered a foredeep stage, and progressively migrated eastward (in
relation to the retreat of the subduction zone). Due to an increasing clastic influx, the sedimentation
progressively evolved towards a silici-clastic system, with sandstone (flysch) and marl deposits
(Guerrera et al., 2012). These deposits were diachronous from the inner to the outer areas, and coevally
with the eastward migration of the deformation, the contraction beginning in the early Serravalian in
the inner areas and ending in the Tortonian-Messinian in the outer parts. In the Adriatic sector (i.e. the
foreland ramp), the non-deposition of these sand-rich flyschs indicates a late onset of the foredeep stage,
dated to the late Messinian. Although the hypothesis of tectonically controlled sedimentation is debated
(e.g. Ricci-Lucchi, 1975; de Jager, 1979;;; Martelli et al., 1994; Mutti et al., 2002), the Miocene Marnoso-
Aranacea Basin is considered as a complex foredeep basin built during a diachronous syn-sedimentary
tectonics, divided into seven sub-basins formed during the propagation of the main thrust (Van Wamel
& Zwart, 1990; Martelli et al., 1994; Lucente, 2004) or into large and distinct depositional zones
(Guerrera et al., 2012). In addition, the diversity of sedimentary deposits can also depend on the complex
paleotopography inherited from tectonic deformation migrating progressively eastward and controlling
depositional processes and sediment distribution.

The transition to the forebulge stage, followed by a new compressional phase, initiated deformations.
Sediments deposited were mainly silico-clastic, but also evaporitic and post-evaporitic in the Adriatic
sector (in connection with the Messinian salinity crisis) (Table 2.1). The history of the basin continued
and ended in the Pliocene, in a context of foredeep coupled with compressive and thrust processes.
Deposits were then mainly formed by pelites and arenites, and most of the basin was deformed and

emersive, except for the Adriatic sector (Guerrera et al., 2012) (Table 2.1).
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Table 2.1 - Synthesis of the tectono-stratigraphic evolution of the Umbria-Marche basin and adjacent
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III- THE UMBRIA MARCHE APENNINE RIDGE: CENTRAL PART OF THE
APENNINES

The Umbria-Marche Apennine Ridge (UMAR) is the central part of the Apennines and belongs to
the foreland area. It extends for about 450 km and culminates to over 2000 m above sea level (Scisciani
et al., 2014) and is described as a succession of east-verging arcuate folds and thrusts (piggy-back type
basin) oriented NNW-SSE (Figure 2.4A) (Bally et al., 1986; Calamita & Deiana, 1988; Barchi et al.,

2012). This region is tectonically active and is currently in a post-orogenic extension phase.
1- Stratigraphic sequence characteristic of the Umbria-Marche
1.1- Facies of the UMAR stratigraphic sequence

The characteristic stratigraphic sequence of the Northern Apennines is divided into several large
stratigraphic units (Figure 2.4B). At the base of the succession, the late Triassic formations underlain
the Hercynian basement rarely to never exposed (Lavecchia et al., 1988). Two types of lithologies are
described within these Triassic formations: (1) in the lower part, shallow water dolomites and
anhydrites, otherwise named Anidriti di burano; (i1) interbedded euxinic marls in the upper part,
characterized by the presence of bivalves belonging to the species Rhaetacivula Contorta (Scisciani et
al., 2014). Their thickness, evaluated at 1000 m before the Mio-Pliocene deformations, is estimated to
be 2000 m. These Triassic sediments are overlain by early Jurassic carbonates (Figure 2.4B), the Calcare
Massiccio, at the base of Jurassic sequence. They are formed by massive peridital limestones, poorly
bedded and about 700 m thick (Lavecchia et al., 1988). These carbonates pass upwards to the Umbria-
Marche pelagic succession, composed by Jurassic-Cretaceous limestones sporadically interbedded with
shales and cherts (Scisciani et al., 2014). Two associations of facies characterized this Jurassic carbonate
succession (Figure 2.4B). The first consists of four successive carbonate formations, such as: (i1)
biomicritic limestones with chert bed intercalations of the Corniola, enriched in radiolarians; (i1) the
Rosso Ammonitico, composed by nodular marly limestones; (iii)) marls and cherty limestones of the
Calcari e Marne a Posidonia; (iv) the Calcari Diasprigni, radiolarian-rich cherty limestones and cherts
evolving from towards micritic limestones and marls bearing abundant Saccocoma sp. fragments at the
top. The second, named the Bugarone group, formed by the combination of finely bedded nodular
limestones with argillites (Lavecchia et al., 1988). From the early Cretaceous to the late Miocene,
sedimentation was characterized by predominantly carbonate (fine limestones) and marly deposits
(Figure 2.4B). During the early Cretaceous, micritic limestones associated with chert beds shales of the
Maiolica, and marls of the Marne a Fucoidi, were successively deposited and overlain by limestones with
cherts intercalations. This limestone unit, the Scaglia Group, is subdivided into three successive
members: (1) the Scaglia Bianca; (i1) the Scaglia Rossa; (ii1) the Scaglia Cinerea and Variegata. Then,
the first Miocene unit deposited is the Bisciaro Formation, marly limestones and marls essentially

composed of volcanogenic materials. The Miocene series continues with the deposition of the Schlier
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Formation, differing from the Biscario by its low volcaniclastic component. The overlying Mio-Pliocene
silicoclastic flyschs form the last unit of this stratigraphic sequence (Figure 2.4B), with clastic turbiditic
and arenitic facies of the Marnoso-Arenacea, Arenarie di Camerino and Laga formations, and overlain

by Plio-Quaternary sediments.
1.1- Paleogeographic evolution: link between tectonics and sedimentation

The classical stratigraphic sequence of the UMAR is therefore composed by Triassic to Miocene pre-
orogenic carbonates, overlain by syn-orogenic marine Mio-Pliocene deposits, and overlying Plio-
Quaternary continental sediments. The geodynamic and tectonic context thus impacted the

sedimentation across the UMAR over time (Figure 2.3 and Table 2.1).

During the early Jurassic, the platform limestones of the Calcare Massiccio was deposited in shallow
marine environments. The second succession, called the Bugarone Group, is formed by platform
carbonates deposited in a pelagic environment during the late Jurassic. The syn-rift extension impacted
the sedimentation of this carbonate succession because of the activity of normal faults that generated a
system of horsts and grabens, where the space available for sedimentation varied strongly.
Consequently, these carbonates are discontinuous and form a condensed level in the horst areas, where
the space dedicated to sedimentation was strongly reduced. In contrast, in the grabens, the stratigraphic
equivalent of this condensed series was deposited. This so-called “complete” carbonate succession is
constituted from the base to the top by the Corniola, Rosso Ammonitico, Calcari a Posidonia and Calcari
Diasprigni formations. The Maiolica, a post-rift marly-limestone formation dated to the late Jurassic,
stratigraphically overlaps these complete and condensed series (Mazzoli et al., 2002). Lateral variations
in facies and thickness are therefore observed within these pelagic basins, related to extensive dynamics
and passive margin building; in particular, sediment thickness is reduced on structural highs, while the
complete Jurassic sequence is deposited and preserved in deep troughs (Bernoulli & Jenkyns, 1974;

Lavecchia et al., 1988; Ciarapica & Passeri, 2002; Scisciani et al., 2014).

Then, the marls of the Marne a Fucoidi deposited during the early Cretaceous constitute a first marly
interval, continuous on the scale of the FTB, and thus a stratigraphic marker providing calibration of
seismic data with the surface geology (Figure 2.5) (Scisciani et al., 2014). They are overlain by the
hemipelagic limestones of the Scaglia group deposited from the late Aptian to the Aquitanian. The
Miocene compressive tectonics then initiated the transition from carbonate to silico-clastic
sedimentation (Lavecchia et al., 1988), and provided the deposit of the hemipelagic units of Bisciaro and
Schlier. While volcanogenic materials of Bisciaro are essentially associated with the volcanic activity
recorded during the early Miocene, the Schlier is characterized by a strong variability of facies and a
diachronism of the deposits (Figure 2.5). Thus, it is dated to the Langhian in the inner areas and to the
late Tortonian-early Messinian in the outer areas (where hemipelagic lithofacies predominate). This
diachronism reflects the progressive migration of the FTB from west to east and is observed in the
foredeep deposits of the Marnoso-Arenacea, Arenarie di Camerino and Laga formations, whose

sedimentation is diachronous from the inner to the outer areas
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Thus, while clastic turbidites and marls were deposited in the hinterland between the Serravallian
and Tortonian (Marnoso-Arenacea), the Tortonian to Messinian series of the Arenarie di Camerino was
deposited in the central area. The deposits are younger in the hinterland, dated to the Messinian (Laga
Formation). Furthermore, from late Miocene, the foreland basins subsidence is also associated with the
activity of normal faults related to flexure pre-dating the growth of compressional structures (Scisciani
et al., 2014). Considering the diachronism of the extension linked to the eastward migration of the basin,
studies carried out in the UMAR enabled to date the flexure and normal faults as syn-development of
the deposition of these flyschs, and therefore as predating the Miocene thrusts. The extensional process
is therefore related to bending or buckling of the foreland (Scisciani et al., 2001; Mazzoli et al., 2002;
Mirabella et al., 2004). Finally, Plio-Quaternary continental sediments were unconformably deposited
on top of the Jurassic and Cretaceous marine units, with a maximum thickness in the inter-mountain

basins such as the Colfiorito basin and the Umbrian valley.

Several marker beds are identified within these Cretaceous to Miocene deposits, closely related to
the tectonic-sedimentary evolution of the region (Figure 2.5). These are major widespread stratigraphic
markers enabling large-scale correlations to be made. The first marker bed identified is the Selli; at the
base of the Marne a Fucoidi, this bituminous horizon enriched in radiolarites constitutes one of the main
episodes of organic matter deposition in the early Aptian (Coccioni et al., 1987). It is associated with a
global palaeoceanographic event: the Anoxic Ocean Event la (AEO1la) (Baudin et al.,, 1998). The
Bonarelli is a regional stratigraphic marker bed located at the top of the Scaglia Bianca, at the
Cenomanian/Turonian interface. It consists of organic-rich sediments, related to a second anoxic event,
the so-called "Oceanic Anoxic Event 2" (OAE2) (Turgeon & Brumsack, 2006; Guerrera et al., 2012). The
Cretaceous/Tertiary boundary, located in the mid-upper part of the Scaglia Rossa, corresponds to a clay
bed characterized by an anomalous concentration of iridium (Alvarez, 2009). The Raffaello is the
lithostratigraphic limit between the Scaglia Cinerea and Bisciaro formations; it is the first volcaniclastic

interval observed in the Miocene succession (Montanari et al., 1994).
2- Structural characteristics and proposed models

The UMAR belongs to the central part of the Apennines (Figure 2.6). The structure of the Apennines
and of the UMAR is still debated in the scientific community. In particular, seismic data from the CROP
project (Barchi et al., 1998; Noguera & Rea, 2000; Finetti et al., 2001), aeromagnetic data, as well as
field and subsurface data helped to image this structure, leading to a revision of the structural model

classically considered.
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Figure 2.6- Structural map of the UMAR from the Umbrian Valley to the Laga Basin; modified from
Scisciani et al. (2014) and Bigi et al. (1992).; redrawn from Tavarnelli et al. (2004).

The classic interpretation of the UMAR considers the Triassic evaporites as the major decoupling
level between the basement and the cover, enabling the detachment and disharmonic deformation of
the cover during the first phase of shortening (Guerrera et al., 2012). In this thin-skinned tectonics
model (Figure 2.7A), thin tectonic slices related to thrusts are decoupled along the Triassic evaporites
and late Paleozoic clastic rocks. The crystalline basement, which does not crop out, is not involved in
shortening (Bally et al., 1986; Ghisetti & Vezzani, 1988; Hill & Hayward, 1988). The amount of orogenic

contraction is important and the shortening rates are abnormally high (15-50 mm/yr) compared to
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similar FTB. Nevertheless, the interpretation of the seismic and aeromagnetic imagery challenges this
classical model, locating the thrusts on inherited pre-orogenic normal faults formed either during the
evolution of the Mesozoic passive margin or during flexure of the foreland (e.g. Mazzoli et al., 2000;
Scisciani et al., 2001; Calamita et al., 2003; Pace & Calamita, 2014). In addition, some geophysical data
such as deep seismic reflection profiles, gravity modeling, P- and S-wave conversion of teleseismic
events, and refraction seismic highlight the Moho overthrust beneath the Apennines (e.g. Ponziani et
al., 1995; Barchi et al., 1998; Scarascia et al., 1998; Mele et al., 2006). This tectonic contact is thought to
be the result of subduction of the Adriatic plate beneath the Apennines (Royden et al., 1987; Carminati
& Doglioni, 2012), or crustal shortening generated by lithospheric thrusting (Calamita et al., 2004;
Boccaletti et al., 2005; Finetti et al., 2005).

Al

Sibillini Mts

Camerino basin | Loro Piceno1
|

Laga basin

UmbriaI Valley

Colfiorito Basin Camerino  Sibillini Mts

Siliciclastic deposits

Messinian-Pliocene
Tortonian-Messinian

| Serravallian-Tortonian

Mt Igno
|

Laga basin

Carbonate succession

Sibillini Mts
I

Umbria Valley
Mt Slljbasio

B

Camerino basin
|

Jurassic-Oligocene
a: Marne a Fucoidi Fm.

Evaporites

- LateTriassic

Basement

- 1: Verrucano Fm.

—_—

_—/

Thrust fault

/

Normal fault

Laga basin

_ ae

Inverted normal fault

Sections location map
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Thick-skinned (Figures 2.7B and 2.7D) and inversion tectonics (Figure 2.7C) models also emerged
from these observations, with the dominant ideas being: (i) imbricated thrusts involving both the
basement and the cover and high angle thrusts resulting from the inversion of steeply dipping normal
faults (thick-skinned tectonics); (i1) inversion of Permo-Triassic basins coupled with reactivation of
basement faults (inversion tectonics) (Coward et al., 1999; Mirabella et al., 2008). In the inversion model,
Miocene thrusts reactivated pre-orogenic normal faults. Tavarnelli et al. (2004) applied this model to
the Apennines: a network of transverse Mezosoic faults would compartmentalize the folded and thrust
structures of the Apennines by their repeated reactivation during the Cenozoic. The Ancona-Anzio Line
appears to be the most continuous of this set of transverse faults (Castellarin et al., 1982), separating
Umbria-Marche from Abruzzo, and merging with the Sibillini Mountains thrust front (i.e., lateral ramp)
(Figure 2.6). This syn-sedimentary normal fault initiated in the Jurassic would have undergone two
successive phases of reactivation, in connection with the Miocene compressional tectonics: it was
reactivated as a dextral strike-slip fault in the Miocene, then as a thrust fault during the Pliocene. Other
examples of reactivated faults would also have affected the Apennines and Umbria-Marche, such as the
Valeria Line (Decandia, 1982) in the southern part of the UMAR which was reactivated as a sinistral
strike-slip fault in the Oligo-Miocene, then as a dextral transpression in the Mio-Pliocene, and

assoclated with a succession of N-S folds and thrusts.

This central area of the Apennines is composed of a series of NE-verging folds (Figure 2.6). In the
western part, the Subasio Anticline is a double plunging fold whose backlimb (i.e. western limb) was
affected by a W-dipping normal fault called the Mt. Subasio Fault, as well as by a backthrust fault
(Deiana, 1965). Pliocene—Quaternary continental deposits widely crop out along the Umbria Valley and
in the hanging-wall of this W-dipping normal fault (Scisciani et al., 2014). The eastern part is more
complex and is constituted by four major anticlines. The Mount Igno-Valnerina is the most continuous
fold in this eastern part, overturned in its lower part. It was affected by normal faults related to the
Jurassic pre-thrusting extension, synchronous with Mesozoic deposits and reactivated during the
Miocene. The amount of shortening recorded in the Mount Igno-Valnerina was about 1.7 km (Scisciani

et al., 2014).

Northeast of Mount Igno, two major anticlines with axes NNW-oriented disappear under the
Camerino basin. This basin was filled with Miocene turbidites and was affected by Miocene normal
faults (Scisciani et al., 2000). The eastern edge of the basin bounds the eastern part of the UMAR and
forms a faulted area (west dipping thrust fault) where the Sibillini Mountains culminate. The Monte
Vettore belongs to this massif and is the apex of the arc. It recorded a maximum shortening of about 10
km, as well as a maximum structural elevation with an exhumation of Jurassic rocks to more than 2000
m asl (Scisciani et al., 2014). Another major structural unit compartmentalizes this eastern part of the
Central Apennines: the Fiastrone Valley (eastern end of the area), where the main thrusts are located.
In this sector, the pelagic limestones of the early Jurassic overlaps the Tortonian and Messinian

formations, and the strata are highly dipping, even overturned. The recorded shortening was about 4
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km (Di Domenica et al., 2012); however, it is lower by 2 km in the Mount Vettore area (northern area),
where the orogenic contraction is reduced towards the northwest (Mazzoli et al., 2005). In addition, the
Sibillini Mountains thrusts are responsible for minor folded structures affecting the overlying
Paleogene-Miocene marl units and Messinian silico-clastic deposits (Koopman & Anton, 1983; Scisciani
& Montefalcone, 2005). The total shortening is estimated about 7.7 km, each of thrust-related fold
structures recording an amount of shortening from 1 to 3 km. The front of the thrust belt confines the
Pliocene foredeep to the east. This frontal zone is composed by tectonic duplications of Mesozoic
carbonate cover and underlying basement related to an imbricate leading edge thrust system (Scisciani
et al., 2006; Fantoni & Franciosi, 2010). In addition, these anticline structures were sometimes affected
by NW-SE trending Quaternary normal faults (Scisciani et al., 2014). These faults are related to recent
seismic activity, i.e. the 1997 Umbria-Marche seismic sequence, and juxtapose Quaternary continental
deposits with Jurassic and Miocene carbonates (Calamita et al., 2000). Actually, the NE-SW extension
recorded during the Quaternary was at the origin of the almost synchronous activation of the normal
faults in the whole axial zone of the central Apennines (estimated around 1.1 Ma) (Calamita et al., 2000).
Two tectonic phases were then distinguished: (1) a first active phase until the early Pleistocene,
characterized by the migration of the fold-and-trust belt (FTB) and the foreland. The front of the
Apennines, located under the Adriatic, tended to deepen towards the west, until it involved the Moho
under the Tiber valley (Calamita et al., 2000). This tectonic event was also marked by the development
of the Altotiberina Fault, a weakly eastward dipping normal fault located in the inner zone (Barchi et
al., 1998; Calamita et al., 2000); (i1) a second phase, starting in the early Pleistocene, associated with
the development of inversion ramp systems and steeply dipping normal faults (Calamita et al., 2000).
Furthermore, the increase in seismic activity at 6-7 Ma recorded towards the SE (Westaway, 1992;
Ekstrom et al., 1998), would have as a potential origin the counterclockwise rotation of the Apulean

block around a pole located in northern Italy, as suggested by Anderson & Jackson (1987).
3- Kinematic evolution

Although its structural style is still a matter of debate, the UMAR 1is described as a succession of
several thrust sheets successively formed over time according to a west-east diachronism. These thrust
sheets are thus related to Late Messinian-Early Pliocene deformation in the western part (Sibillini
thrusts, San Vicino) and Plio-Pleiostocene in the eastern part (Ancona, Conero), and with an average
slip rate of 8 mm/yr (Calamita et al., 1994). The chronology of the compressional events in the external
zones of the UMAR are detailed in the work of Calamita et al. (1994), in which the timing of the
deformations and the associated rates were quantified using restored sections across the different
external zone (Figure 2.8A). Guerrera et al. (2012) also studied the space/time evolution of the UMAR
and of the northern Apennine Miocene foredeep, using information provided by the study of turbidite
silicoclastic sedimentation. Furthermore, the multi-disciplinary approach of Curzi et al. (2020) aimed to
estimate shortening and post compressional tectonic inversion coupling fieldwork data (i.e. detailed

geological mapping and multi-scale structural analyses) with (1) illite-smectite paleogeotherm, (i1)
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oxygen-carbon and clumped isotopes on calcite mineralizations and (i11) K-Ar dating of authigenic and/or
syn-kinematic illite from fault rocks. U-Pb dating of calcite veins and striated calcite slices by Lacombe

et al. (2021) also gave an estimate of the timing of folding. The sequence of folding and thrusting in the
UMAR is represented in Figure 2.8B.
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Figure 2.8- (A) Chronology of compressive events in the external zones of the UMAR, and associated
among of shortening (Sh, in km) and rate of slip (Rs, in mm/yr). (B) Sequence of regional deformation
underwent in the UMAR, where order and ages of folding/thrusting events are referenced by circled
numbers 1 to 6 and numbers below these circles, respectively; after Lacombe et al. (2021).

4- Mesostructural characteristics

Several anticlines and areas are studied across the Apennines and the UMAR (Figure 2.4) to
constrain the deformation sequence on the basis of the analysis of mesostructures within folded strata:
the Majella Anticline in the Central Apennines (Antonellini et al., 2008), the northern part of the UMAR
(Marshak et al., 1982a), the Monte Catria (Tavani et al., 2008) , the Monte Nero (Beaudoin et al., 2016),

the Cingoli (Petracchini et al., 2012) and the San Vicino (Lacombe et al., 2021) anticlines and the Monte
Conero (Diaz General et al., 2015).
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Considering these various studies, and based on the example presented by Beaudoin et al. (2016) at
the scale of the fold (Figure 2.9), the following first-order fracture sequence can be proposed for the
UMAR: four sets of joints and veins, and three sets of tectonic stylolites can be discriminated and
associated with a deformation stage. The ante-fold contraction stage (N0O45 compression) is related to
joints/veins of sets I and II striking N020 to NO50 and to stylolites of set II-S with N020 to NO50 striking
teeth. The 20/30° variation in compression direction can be assumed to be related to strata rotation
around a vertical axis on a fold or regional scale. The early folding stage is associated with: (i) E-W
(N080-110) striking joints/veins of set III, (i1)) ~E-W oi-trending compressional and strike-slip
compatible stress tensors and (111) ~E-W trending tectonic stylolite teeth of set III-S. Sets III and III-S
teeth are roughly perpendicular to the axis of the fold and can be related to the LPS. The ~E-W
compression is interpreted as developed due to perturbation of the regional Apenninic compression
because of the reactivation of the N180 striking fault inherited from the Jurassic. The curvature-related
synfolding extension is related to N135 striking joints/veins of the set IV compatible with an extensional
stress tensor with a horizontal o3 trending NE-SW. The LSFT is associated with E-W trending tectonic
stylolite teeth of set IV-S, developed under an E-W striking o1, and still consistent with the stress field
under which the anticline grew. The second post-tilting event is associated with the occurrence of tail-

cracks on the N090 striking fractures of set III related to the NE-SW post folding Apenninic contraction.
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Figure 2.9- Cartographic view of the main directions of stresses and meso-structures developed within
the Monte Nero Anticline. Regional stress directions are represented by the black arrows, and local
stresses by the gray arrows. Number and lengths of mesostructures are not representative; modified from
Beaudoin et al. (2016).
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I- INTRODUCTION

Paleopiezometry applied to the roughness of sedimentary stylolites is a recent method of analysis of
the magnitudes of the principal stresses (Schmittbuhl et al., 2004). Today, this approach is used in a few
tectonic studies (e.g. Beaudoin et al., 2016, 2019, 2020c; a; Beaudoin & Lacombe, 2018; Lacombe et al.,
2021; Bah et al., 2022; Zeboudj et al., 2022) while being further explored thought numerical simulations
(Ebner et al., 2009a; Koehn et al., 2012, 2022; Rolland et al., 2012). In these studies, stylolites are used
as strain and stress gauges to estimate the orientation of paleo-stresses, but also their absolute values
of formation stresses and amounts of compaction (Koehn et al., 2022). Specifically, the SRIT of BPS
allows to assess the vertical stress experienced at the time dissolution stopped along the pressure-
solution planes and thus assists in the reconstruction of the burial and contractional history (e.g.
Beaudoin et al., 2020c). As the SRIT relies on signal analysis of a stylolite track, various signal
processing methods were tested for this methodology (Chapter 1), i.e. FPS (Simonsen et al., 1998; Renard
et al., 2004), AWC (Renard et al., 2004), RMS (Candela et al., 2009), MM (Candela et al., 2009), and the
suture functions including COR (Candela et al., 2009). Candela et al. (2009) generated synthetic self-
affine surfaces with azimuthal variation of the scaling exponent (between 0.5 and 1) to quantitatively
test the reliability and accuracy of all these methods. Then, they demonstrated that: (1) AWC and FPS
are the methods that best determine the Hurst coefficients over the entire variability tested, regardless
of the direction studied; (i1) RMS and COR tend to underestimate and overestimate the Hurst coefficient,
respectively. To date, no consensus appears to exist about the choice of the more appropriate signal
processing method. Numerical simulations carried out by Ebner et al. (2009a) demonstrated similarities
of Lc returned by either FPS or AWC. These similarities were also observed in the study of BPS of the
Cirque de Navacelles limestones (Ebner et al., 2009b), highlighting L. value with an equivalent order of
magnitude for both signal analyses. On the contrary, the error analysis of Schmittbuhl et al. (1995),
using synthetic signals with known properties, highlighted a systematic offset between FPS and AWC.
This offset was also observed when applying the method to field cases of study, e.g. works of Beaudoin
et al. (2019) in the Paris Basin. Simonsen et al. (1998) also demonstrated that AWC significantly
outperforms FPS in case of a small number of samples. Other results reinforced the controversy, such
as the work of Karcz & Scholz (2003) which studied stylolites from the Calcare Massiccio (Apennines)
and determined their fractal properties using the method of Eke et al. (2002), implying two successive
methods of signal processing and digital analysis, i.e. FPS and Scaled Windowed Method (SWL, Cannon
et al., 1997). They demonstrated that some of them are related to fractal signal, i.e. recording of a single
self-affine scaling regime with no characteristic cross-over length. In the literature, the FPS analysis
was somehow favored (e.g. Beaudoin et al., 2016, 2020b; Bah et al., 2022; Zeboudj et al., 2022). In
particular Rolland et al. (2012) and Rolland (2013), on the basis of the work of Candela et al. (2009),
quantified the error on the surface anisotropy estimation and showed that FPS is associated with the

lowest errors. In contrast, other works used preferentially AWC compared to FPS. For example, in the
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study of vertical stress in the Bighorn Basin (Wyoming, Beaudoin et al., 2020c), AWC was chosen to
conduct the signal analysis, because it was proven to be less sensitive to the quantity and quality of the
samples. Likewise, in the Paris Basin study (Beaudoin et al., 2019) for which past maximum burial
depths were derived using SRIT on a large dataset and compared to independent thermal burial
modelling, results showed a better consistency of the results using AWC than the COR function. In
addition, studies reported some impact of natural factors on the crossover length resulting from signal
analysis, correlating the reliability of the SRIT with (1) the morphology of the stylolites and (2) the
sedimentary texture of the carbonate host rock (e.g Beaudoin et al., 2019; Bah et al., 2022). Point (1) can
be summarized as follows: depending on the morphology of the stylolite considered (Figure 1.12), i.e.
columnar dominated (1-2) versus peak dominated (3), the resulting depth derived from the inversion
does not have the same significance. While stylolites belonging to classes 1 and 2 systematically
underestimate the maximum depth of burial experienced by the strata under a vertical maximum
principal stress, stylolites belonging to the type 3 are more likely to record a L. consistent with the
maximum principal stress experienced by the strata, particularly in mud-supported lithologies (Bah et
al., 2022). Thus, the depths associated with the columnar types tend to be interpreted as intermediate
depths, while the peak-type stylolites are reliable indicators of the maximum depth of burial. Stylolites
from class 4 do not show any systematic behavior as a function of depth, and therefore do not allow a
reliable estimate of burial depth (Beaudoin et al., 2019). Point (2) is based on the few studies where the
crossover length (Lc) seemingly depends on the depositional texture (e.g. Beaudoin et al., 2019; Bah et
al., 2022). In the Paris Basin, the L¢ are different according to the texture, wackstone, floatstone and
packstone lithologies being to be the most likely to record the maximum burial depth (Beaudoin et al.,
2019). In the TOCA formation in offshore Congo, the study of a large population of stylolites unravels
that the L. values are significantly lower in mud-supported textures (mudstone/wackestone) than in
grain supported textures (packstones) (Bah et al., 2022). It is worth noting that the relationship between
stylolite morphology and L. tends to be replicated in various cases. Nevertheless, the effect of
depositional texture on L is highly debatable because of the overall low number of data, as recent studies
using a large data set to understand stylolite distribution and morphology neglected L. values (Peacock
et al., 2017; Humphrey et al., 2020).

All these considerations, and especially the timing estimation, highlight the limitations of the
application of the SRIT to natural cases, and thus raise the question of its reliability and conditions of
use. Moreover, this questioning is even more meaningful considering the increasing geological
implications of this methodology in basin studies as for instance derivation of the timing of deformation
(e.g. Beaudoin et al., 2019; Bah et al., 2022; Zeboudj et al., 2022). Building on the large set of stylolites
(186) sampled throughout the UMAR, this first chapter aims at (1) identifying the reasons that explain
discrepancy between the results of AWC and FPS applied to natural stylolites, and (2) proposing
practical solutions to improve the reliability and consistency of the results of this palaeopiezometric

technique. The idea is not to critically discuss the signal analysis process behind the SRIT, but instead
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to refine the conditions and limitations of its application, to provide the community with a new reliable

and easy-to-use paleopiezometric tool for basin analysis.

II- OVERVIEW OF THE DATASET
1- Location and preparation of samples

The studied bedding-parallel stylolites were collected across the central portion of the UMAR, a
young carbonate-dominated F'TB of which sedimentological and structural characteristics are presented
in Chapter 2. The dataset consists of 186 stylolites sampled across the UMAR, along a large SW-NE
transect including 7 folded structures (Figure 3.1): the Corona, Gubbio, Subasio, San Vicino, Cingoli and
Conero anticlines. Samples were collected from the Meso-Cenozoic carbonates outcropping in this area,
in the Maiolica and Scaglia Bianca, Rossa and Variegata formations (Figures 2.4 and 3.2). The dominant
lithologies are mud-supported platform carbonates, in which stylolites of various morphologies are
referenced, i.e. columnar (1-2) or peak (3) types. A more detailed geological description of the structures
studied is given in Chapters 4 and 5.
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Figure 3.1- Location of samples across the UMAR. The numbers locate the examples of outcrops,
samples and results presented in Figures 3.2, 3.3 and 3.4 respectively: (1) the Subasio Anticline, Scaglia
Bianca Formation; (2) the Subasio Anticline, Maiolica Formation, sample SUB72_BPS1; (3) the Cingoli
Anticline, Scaglia Rossa Formation, sample C15_BPS2; (4) the Cingoli Anticline, Maiolica Formation; (5)
the Cingoli Anticline, Scaglia Bianca Formation; (6) the Conero Anticline, Maiolica Formation, sample
CONG6_BPS1; (7) the Subasio Anticline, Scaglia Bianca Formation, sample SUB113_BPS1; (8) the San
Vicino Anticline, Maiolica Formation, sample A104_BPS13; (9) the Conero Anticline, Scaglia Bianca
Formation, sample CON20; modified from Beaudoin et al. (2020a).
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Samples are prepared in laboratory for subsequent analysis and cut in perpendicular planes to the
stylolite plane. The resulting faces are then polished and scanned at high resolution, so that the stylolite
track can be extracted and used for inversions following the protocol described in Chapter 1. As
examples, Figures 3.3 and 3.4 present the tracks of 6 stylolites studied across the UMAR (located by

numbers in Figure 3.1), as well as the associated inversion results.
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Figure 3.2- Examples of outcrops studied across the UMAR, located by the numbers on the map in Figure 3.1.
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Figure 3.4- Results corresponding to BPS presented in Figure 3.3, and located in Figure 3.1
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Maiolica and Scaglia Rossa formations respectively.
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2- Typology of the studied stylolite tracks

Stylolite tracks are characterized by their roughness, their morphology, and their width. Note that
the width corresponds to the width of the treated signal, and not that of the stylolite in the rock.
Distribution of widths in the whole population is represented as a Violin plot (Figure 3.5A), a plot that
represents both the distribution of a population (median value, quartiles and some deciles), along with
the individual values in an envelope of which the width corresponds to the probability of the distribution
modeled from the data (Hintze & Nelson, 1998). In other words, a random individual stylolite in a
population will have more chance to correspond to the width(s) at which the wider envelope is predicted.
The cross-over lengths (L) obtained after inversion of the 186 stylolites are also plotted as a function of
stylolite track lengths, for both signal analysis methods (i.e. AWC and FPS, Figure 3.5B).

The population studied is characterized by the stylolites displaying a peak morphology (75%, versus
25% columnar, e.g. in Figure 3.5C), and the studied signal widths rarely exceed 8 cm, following an
unimodal distribution with a modulus of 2.98 cm (Figure 3.5A). Provided that all results are considered
valid, two ranges of L. values seem to appear considering the size of the stylolite track. For track widths
less than or equal to 10 cm (i.e. the size range containing the majority of stylolites studied), the cross-
over lengths oscillate mostly between 0 and 3 mm, for both AWC and FPS. For longer tracks (n=5), Lc
values vary between 2 and 8 mm.

These results highlight that a long track is required for finding high L., explaining a trend between
the width of the stylolite and the cross-over length value. Note however that relatively low L. values (3
mm) can be found in the long track samples, discarding a correlation sensu stricto. The second part of

the study deals with the validity and consistency of the inversion process.

III- VARIABILITY OVER THE STYLOLITE TRACK ACQUISITION AND
TREATMENT

1- Computer-assisted track segmentation

The SRIT uses 2D tracks of stylolite, that are in most studies drawn by hand from high resolution
scan (e.g. Beaudoin et al., 2016, 2020b). That leaves room for discrepancy on the track from one user to
another, which can lead to differences in L. values (Figure. 3.6). An image-analysis was developed, based
on segmentation similar in concept to the one proposed by Rolland (2013). The stylolite is separated
from the surrounding host rock using color thresholding process of the high-resolution picture (12800
dpi) using an image processing software (Photoshop®). The resulting image processing is then carried
out in Matlab®, which main steps are detailed in Figure 3.6:

1) loading the image and conversion to greyscale;
(i1) binarization of the image with a global threshold calculated using the Otsu method (Otsu, 1979),
which chooses the threshold to minimize the intra-class variance of the thresholded black and

white pixels;
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(i11)  compute the complement of the binary image: black becomes white and white becomes black;

(iv)  fill operation on the background pixels of the binary input image. The points to be filled are
specified here as the holes in the input binary image, a hole being defined as a set of background
pixels that cannot be reached by filling the background from the edge of the image;

) removal of all connected components (objects) that have less than a certain number of pixels of
the original binary image, here initially set to 5000, producing a second binary image. The
generated binary image is displayed on the screen so that the user can validate, or not, the
segmentation performed. If the user validates the segmentation, the complement of the binary
image obtained is generated and then converted to 8 bits. Otherwise, the user can repeat this
processing step by changing the threshold number of pixels initially set until an optimal
segmentation is obtained, i.e. a binary image without residue and for which the stylolite track is
continuous.

(vi) a final step is to transform the resulting image into a matrix, and to automatically extract the

height and length information associated with the drawn stylolite.

These two drawing methods, i.e., hand-drawing and computer-assisted, were tested to verify their
agreement and reliability. A stylolite track was hand-drawn by two users and segmented using image
analysis. For these three cases, tracks appear visually equivalent (Figure 3.6). However, L. values
resulting of the inversion process on the tracks highlight the impact of the drawing method on the cross-
over length. Indeed, L. obtained from the 2 hand-drawn tracks (i.e. redrawn manually by 2 different
users) are different, i.e. 0.363 £ 0.08 mm for user 1 and 0.560 = 0.13 mm for user 2, but overlap
considering the uncertainty of 23% (Rolland et al., 2014). The value obtained by the computer-assisted
method (0.464 + 0.11 mm) is intermediate.

Considering the uncertainty of 23% related to the estimate method of Lc (Rolland et al., 2014), these
ranges of values overlap, and these two drawing methods can be considered as valid and equivalent.
Obtaining a track using image analysis is then a good method that allow a larger number of stylolites
to be processed in a short time span, enabling the user to build a statistically viable population. It is
worth noting that in specific cases, as for instance when the color contrasts between the stylolite and

the matrix are not sufficient, the color thresholding is not an efficient method.
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Figure 3.6- Workflow and result of image processing, using Photoshop® and Matlab® computer
interfaces, and comparison with the hand drawing method (2 users considered). The computer-assisted
method (and associated steps, left-hand side) is mentioned in purple, the hand drawing (right-hand side)
in dark. Regression curves obtained from FPS analysis are also presented, showing the calculated cross-
over lengths.

2- Finding the L.

The accepted method to find the L. is to use non-linear regression on a binned result of a signal
analysis of a track, with the Hurst exponents (the slope in a log-log space) fixed to 0.5 and 1.1
(Schmittbuhl et al., 2004). This comes with an uncertainty calculated by Rolland et al. (2014) of about
23% on the value of Lc. That uncertainty can be accepted as acknowledgment of the fact the Lc is actually
a space of transition between to roughness regime, unlikely being a single value. However, the question
of minimizing this uncertainty in the determination of the cross-over length was the subject of a Master
1 internship (5 weeks) I co-supervised with Pr. D. Brito during the year 2022. The idea was to apply

111



alternative regression methods to a given stylolite track. Piecewise linear regression methods were
therefore explored, looking for the minimum deviation between the model and the real data, and thus
reducing the uncertainty on the determination of the slope break (Figure 3.7). The workflow is as follows:
(1) reading and editing (if necessary) of the data, application of the FPS, AWC and logarithmic binning;
(1) construction of a linear regression matrix, then calculation of the sum of the squares of the deviations
in values between the model and the data. This step is iterative and calculates this matrix, noted SRR,
for each possible separator value (i.e. break in slope, noted b), the value b varying between the first and
the last data point at regular intervals of 0.01; (i11) finding the minimum deviation corresponding to the
linear regression of the data. The tests were carried out on real stylolite data, and clearly demonstrate
the existence of two scaling regimes for stylolite roughness, as well as a characteristic break in slope
located at the interface of these two regimes (Figure 3.7). However, the regression slopes, as well as the
value of the slope break, remain dependent on the points chosen by the user for calculating the
regression. Thus, although this work reinforces the validity of the models underlying the use of the

SRIT, it has not minimized this 23% uncertainty in the determination of the cross-over length.
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Figure 3.7- Examples of results of piecewise linear regressions applied to stylolite data. Both roughness
regimes are shown, with a characteristic break in slope at the interface. The minimum is reached for b =
7 for the FPS and b = 5 for the AWC.

IV- IDENTIFYING AND OVERCOMING THE METHODOLOGICAL LIMITATIONS
OF SRIT

1- Identified locks

Several cases of SRIT application highlighted some locks that constitute potential constraints for its
use. In particular, some studies showed that inversions do not necessarily work, some stylolites
displaying one scaling law, i.e. being described by a single Hurst exponent (e.g. Karcz & Scholz, 2003

Rolland et al., 2014). The percentage of "waste", i.e. inversions that do not yield a cross-over length value
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(Figure 3.8), was estimated to be between 20% and 40%, e.g. works of Rolland et al. (2014) and Beaudoin
et al. (2019). In addition, differences between the two signal processing methods were also observed in
some works. The Paris Basin study (Beaudoin et al., 2019) showed that, depending on the signal
processing used, the percentage of inversion that do not work varies, i.e. 27% for AWC, against 46% for
FPS. Furthermore, the error analysis of Schmittbuhl et al. (1995) highlighted a systematic offset
between FPS and AWC, and Simonsen et al. (1998) showed that AWC outperforms FPS in case of small

number of samples.
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Figure 3.8- Practical cases where (A) the AWC curves are not usable, because the break in slope is not
well-marked. (B) the two regressions are unusable: for the FPS, the regression lines pass through too
few points; for the AWC, no break in slope is identified. The calculated cross-over length is therefore
aberrant, being positioned outside the curve.

The question of the SRIT robustness is then raised: to what extent are the results exploitable and
usable? Two criteria are therefore explored in order to provide elements of an answer: (1) a first criterion
of validity, to judge whether the inversion is convincing, i.e. two slopes with a well-marked break in
slope at the interface; (1) a second criterion of consistency, i.e. similar results for the two signal
processing methods. SRIT 1s applied on the dataset previously presented, using the classical method

described in Chapter 1.
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1.1- Validity of the L. is the signal analysis convincing ?¢

Resulting cross-over lengths are first classified using a qualitative color scale presented in Table 3.1.

All the results, classified according to this colorimetric scale, are listed in Appendix 3.1, are plotted in

the Figure 3.9, per sample and for the two signal processing inversion methods.
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Figure 3.9- Value of the cross-over lengths per sample according to the signal analysis technique used

(FPS as squares and AWC as circles). Color relates to the validity criterion as defined in Table 3.1. Red

values correspond to invalid results (15 for AWC, 21 for FPS). For better readability, a logarithmic

vertical scale is considered.

2 slopes with a well-marked break in slope
Both slopes exist, but pass through less than 3 points. Slope break is visible,
but sometimes difficult to identify. L is on binned point.
Low Only one line is observed, with no real break in slope.Lc value is an outlier

(order of magnitude much larger than 1 mm). The inversion result is not used

Table 3.1 - Criteria used to assess the validity degree of L., defined after the inversion of the signals.
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Considering the curves obtained and the above criteria, 28 inversions out of the 186 are inconclusive
(i.e. abnormal L. values and/or curves without a break in slope, Figure 3.9), distributed as follows: 15
for the AWC (i.e., 8% of the 186 initial data, top graph on Figure 3.9 ), 21 for the FPS (i.e., 11.2% of the
186 initial data bottom graph on Figure 3.9), and 7 cases for which neither of the two methods works
(i.e., 4%). This first analysis therefore provides a qualitative sorting of this dataset by distinguishing
exploitable inversions from those that are not. 85% of the inversions are therefore conclusive, which is

a first support to the validity of the method.

1.2- Consistency of the Le: are the results similar within the uncertainty between

the two signal analysis techniques?

As mentioned above, the L. values returned after inversion sometimes can diverge significantly from
one method to another. The variation rate (A), defined as the difference between AWC and FPS L. values
normalized to the AWC (Equation 3.1, percentage value), is calculated to quantitatively estimate if two
Lc obtained by FPS or AWC are consistent with each other’s:
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Figure 3.10- Degree of difference between L. returned by AWC and FPS, quantified by calculating A
(Equation 3.1). (A) Graphical representation of the value of A per sample. (B) Statistical distribution of
A (Violin plot). The vertical scale is the same for both plots, on which the uncertainty associated with the
non-linear regression methods is represented (23%). Above this value, the Lc is considered as not self-
confident. The data set consists of the 158 stylolites for which inversions are valid.

Considering the uncertainty associated the estimation of the L. (23%), Lc can be considered as self-
consistent (i.e. similar with both techniques) if the A < 23%. Applied on a population of 158 stylolites for
which inversions are valid, only 34% of the stylolite track inversions showed a self-consistency in the L.
results (Figure 3.10). In other words, if a vast majority of stylolite tracks can be analyzed successfully
with either AWC or FPS (i.e. returning the 2 regimes of control separated by a L. value), the comparison

of the L¢ value between AWC and FPS, that should be similar, fail in most cases. That makes the use of
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the SRIT complicated as one might have to choose between two valid yet significantly different L., and
as exemplified by the literature, the signal analysis method varies from one publication to another. This
questions the robustness of the SRIT, and the following part is dedicated to find explanation and solution

to this problem.
2- Qvercoming the limitations
2.1- Optimization of the track for the signal analysis

The first step of the inversion process consists in preparing the stylolite track to facilitate its
analysis. For instance, the average trend of the track needs to be horizontal in order to properly consider
the roughness, i.e. the variation of height along the track. To do so, previous studies (e.g. Ebner et al.,
2009a; b, 2010; Rolland et al., 2012; Rolland, 2013) applied the detrend function that restores the
average trend of the stylolite track to the horizontal. This correction of the average slope of the track is
made by locally applying the difference between the height of the track point and the correction of this
average slope. The remaining data is returned as a residual vector, which is then processed by the AWC
and FPS. Within the framework of this methodology, additional corrections are considered in order to
improve the quality of the signal to be processed, and consequently the signal analyses (i.e. FPS and

AWC) which are applied to it afterwards. These corrections consist of:

1) applying the detrend function on the raw signal (vector h grouping the successive values of
the peak heights of the stylolite studied; the associated indexes are grouped in a vector x).
The resulting vector h corresponds to the initial vector deduced from the values of the best
straight-fit line applied on the raw data;

(i1) correcting these residual data for slope effects. This correction step is based on an iterative
process which calculates, over the whole signal, the absolute difference between 2 average
heights, the first calculated over the first 20 points, the second over the rest of the signal. As
long as this difference in height remains above a certain threshold value (fixed here at 10-1°
mm), a second vector hi is generated, equal to the height values of the h vector corrected for
the slope (i.e. at the point considered, substraction of the h value and a quantity depending
on the slope and the position). When this height difference becomes less than or equal to this
threshold value, iterations end. The last average height difference returned corresponds to
the dissolution value (in mm) associated with the stylolite studied, and the resulting h: vector
becomes the signal to be inverted;

(111)  set the extremities of the signal h: to O (when it is not already the case), by difference of the

entire values of h: with the initial value of the vector.
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Figure 3.11- Comparative examples of signal corrections including or not slope and border effects. Data without correction, on those associated with the

classical and new corrections are presented on the left (in purple), in the middle (in orange), and on the right (in green) of the figure, respectively.
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Figure 3.11 presents the results of three cases of inversion applied on the same stylolite, differing in
the type of correction applied to the stylolite track before the signal analysis step: (1) no correction is
applied before the signal processing (Figure 3.11, left side, in purple). The resulting signal is neither
reset to 0 nor corrected for border effects. The inversions are not valid, as the AWC and FPS return only
one slope; (2) the track is corrected by the classical detrend (Figure 3.11, central part, in orange). The
inversion by the FPS is valid, as both slopes are marked and pass through a finite number of points (5
intersected points in total). In contrast, the AWC inversion is not valid, as only one slope is returned,
(3) the new methodology is applied, combining classical detrend and border effect correction (Figure
3.11, right side, in green). The signal analysis is convincing, returning 2 control regimes separated by a
Lc for both AWC and FPS. The inversions are also consistent, L. values being close, and the associated

variation rate less than 23%.

These results demonstrate that these corrections favor a convincing signal analysis and consistent
Lc values. Other tests and studies are then carried out to test the robustness of the method and to

propose solutions to overcome methodological locks.
2.2- Stylolite morphology influence

The impact of morphology on L. values is also studied. The morphologies considered are column (1-
2) and peak (3) types, sampled in mudstone lithologies. Local effects related to the location of the

samples are neglected, both types of morphologies being observed on all the sampling sites.
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Figure 3.12- Statistical distribution and probabilistic model (Violin plot) of the cross-over
lengths obtained by applying the classical method, for FPS and AWC regressions, for peak and
columnar morphologies.
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Figure 3.12 represents L¢ values as a function of morphology and signal processing (i.e. FPS and
AWC), and shows differences according to morphology: for columnar morphologies, the distribution is
bimodal and L. values are higher (considering median and quartile values). However, for peak
morphologies, the distribution is unimodal, and the Lc values are lower (still considering medians and

quartiles).

2.3- Concatenation of signals using the composite method: construction and

inversion of composite sedimentary stylolites

The significant differences in the L. values between FPS and AWC raise the question of the
consistency of these two methods of signal analysis. Regarding the previous results (Figure 3.10), 66%
of the inversions present significant variations in the L. values achieved AWC and FPS. A plausible
explanation would be the sensitivity of the latter to the number of points constituting the signal to be
inverted. This width sensitivity was already intuited by Figure 3.5C, which shows variations in L. with
signal width (i.e. increase in L. with stylolite track size). To confirm or deny this possible impact of
stylolite size on L. consistency, the variation rate A is plotted as a function of this parameter, by

considering only the 158 valid inversions (Figure 3.13).
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Figure 3.13- Variation rate as a function of stylolite width (in cm). Only the results of the 158 valid
inversions are considered.

The distribution of A values is relatively scattered, and no trend can be defined between A and withs
of treated signals. This first test tends to refute the hypothesis previously put forward, as the width of

the track does not seem to impact the consistency of the inversions. However, a finite stylolite implies
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fixed roughness ranges. In addition, AWC and FPS are not sensitive to the same parameters: while FPS
has a high sensitivity to vertical features, AWC has proven to be less impacted by sample quality and
number (Simonsen et al., 1998; Ebner et al., 2009b). These two factors could explain the differences
observed in the inversion results. The idea is now to test stylolites with larger roughness ranges.
Composite stylolites are thus created by concatenation of stylolites belonging to the same formation and
having common morphological characteristics. The method is detailed in Figure 3.14, and consists in: (1)
scanning, digitalization and correction (i.e. detrend and border effects) of tracks, (ii) their concatenation

and (ii1) concatenated signal analysis (i.e. AWC and FPS application).
2.4- Tests and validation of composite stylolites inversion

56 concatenated stylolites were therefore generated and then analyzed with AWC and FPS methods.
At least two stylolites are required, and up to 16 tracks were assembled. The resulting L. values are
given in Appendix 3.2 and represented in Figure 3.15, classified qualitatively according to the color scale
given in Table 3.1. Only 4 inversions are considered unsuccessful (1 for the FPS, representing less than
2% of the data, and 3 for the AWC, i.e. 5% of the data), and 52 inversions (i.e. 93%) are conclusive (Figure
3.15). This first result demonstrates the validity of the inversions of composite stylolites.

Values of Lc and associated variation rates are plotted using Violin plot in Figure 3.16. Statistical
distributions of both Lc values (Figure 3.16A) and A percentages (Figure 3.16B) overlap before and after
concatenation, even though the extremes are higher for non-concatenated stylolite inversion. Ranges of
values are more overlapping in the case of the AWC, where the statistical distributions of cross-over
lengths are almost equivalent (Figure 3.16A). In addition, 54% of the data have a percentage A of less
than 23%, compared to 34% for the classical method (Figure 3.16B). Thus, the inversion of composite
stylolites seems to enhance consistency of Lc returned by the AWC and the FPS, the latter giving more
consistent results after concatenation.

Thus, concatenation has two notable impacts: (i) the reduction of the number of failed inversions
with the FPS and (i) the increase the consistency of results between AWC and FPS. In addition, the
values of L. obtained with and without concatenation remain in similar ranges of values. The
concatenation thus supports the robustness of the classical method, which remains valid despite the

lack of consistency.
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V- CONCLUSIONS

Several conclusions can be drawn from the different analyses conducted. Firstly, the improvement
of the drawing and digitization phases by the computer-assisted segmentation process leads to a time
gain, with an accuracy often equivalent to manual drawing, which 1s important especially for large
datasets. Then, compared to previous work (e.g. Ebner et al., 2009a; b, 2010; Rolland et al., 2012;
Rolland, 2013), the corrections applied to the signal during the first part of the processing, i.e. correction
of border and slope effects, improve the validity and consistency of inversions for both signal processing,
and more particularly for the AWC which seems to show a higher sensitivity to slope and edge effects.
The study of composite stylolites brings answers to overcome the locks and limits of the inversion
method. By increasing the number of valid and consistent results, concatenation confirms the reliability
of the inversion method. The criterion of validity then prevails over that of consistency, a result being
usable if the inversion is valid. However, the inversion of composite stylolites also raises questions as to
why the analysis of a stylolite track by two signal processing methods does not necessarily return
consistent results: what could explain that concatenation improves the quality and consistency of
inversions? When AWC and FPS return valid but inconsistent results, what is the result of
concatenation? In this configuration, what value of Lc should be chosen? Additional tests are therefore
carried out to try to provide some answers, that are presented and discussed in a later chapter (Chapter

6).
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I- GENERAL INTRODUCTION

Understanding the tectonic-sedimentary evolution in foreland basins and FTB, as well as thermal
phenomena and associated fluid systems, requires reconstructing history of burial during deformation,
and thus quantifying burial depths and associated stress magnitudes. Mesostructures observed in these
geological settings, i.e., faults, veins, and stylolites, are local markers of deformation, and thus provide
characterization of the deformation pattern (Tavani et al., 2012b) and estimation of the evolution of
associated paleostresses (e.g. Engelder, 1987; Bellahsen et al., 2006a; b; Lacombe et al., 2011; Tavani et
al., 2012, 2015; Beaudoin et al., 2012). In contrast, depths and timing of deformation remain difficult to
estimate. Indeed, the methods used are often thermo-dependent, very specific, and return only partial
information regarding burial and deformation timing. Furthermore, they involve assumptions about the
geothermal gradient, which is difficult to estimate in these tectonic settings that are strongly impacted
by uplift and erosion phenomena. In particular, estimation of rock burial during deformation is often

complicated by these assumptions about the geothermal gradient (Beaudoin & Lacombe, 2018).

The purpose of this chapter is therefore to propose another way to reconstruct part of the burial-
deformation calendar providing to overcome a part of the limitations of the previously mentioned
methods. The timing of deformation in FTBs and foreland basins is better constrained thanks to several
recent improvement of the geochemical structural geology (see Beaudoin et al., 2022 for a review
regarding carbonates). The development of U-Pb dating on calcite cement, as well as syn-kinematic clay
minerals, and K-Ar and Ar-Ar geochronologic data of illite-mica in folds and shear zones, enable absolute
dating on the tectonic vein filling related to tectonic activity (e.g. Garduno-Martinez et al., 2015;
Beaudoin et al., 2018; Roberts & Holdsworth, 2022). Clumped isotopes can be reliably used to
reconstruct the exact temperature of precipitation under 90—100°C (Hoareau et al., 2021b), and its
combination to fluid inclusion microthermometry can be used to reconstruct the temperature-pressure-
time path in sedimentary sequence (Mangenot et al., 2017). Moreover, the understanding of how
stylolites can be used as stress gauges (Renard et al., 2004; Schmittbuhl et al., 2004) enables
quantification of the burial depths recorded by sedimentary rocks (e.g. Koehn et al., 2016b; Bertotti et
al., 2017; Beaudoin et al., 2020). Together, these methods rely on the ubiquitous features of carbonate
rocks. This contribution proposes to combine paleopiezometry and isotope-based thermometry as a new
methodology widely applicable to carbonates to constrain the timing of burial and this of the onset of
contraction. This approach consisting of the coupling of data from burial models and BPS roughness
inversion was already tested in the Bighorn Basin and compared to U-Pb dating (Beaudoin et al., 2019).
Nevertheless, U-Pb dating being not always successful (Appendix 4.1), it is important to test other
approaches and methodologies.

In this perspective, this approach is detailed using the example of the Cingoli Anticline for which
the most complete set of data and methods are applied. The results and interpretations are presented

in the article “Burial-deformation history of folded rocks unraveled by fracture analysis,
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stylolite paleopiezometry and vein cement geochemistry: a case study in the Cingoli
Anticline (Umbria-Marche, Northern Apeninnes)”. I first authored this paper, which was
published on the 13 January 2021 in the peer-reviewed journal Geosciences (Labeur et al. in 2021). This
paper reports a combination of BPS inversion results with burial model that I fully led, throwing the
bases of the new methodology to assess contraction timing that I expanded during my PhD. To validate
the outcome of this method, an unprecedented confrontation to paleofluid flow reconstruction, that uses

COz clumped isotope temperatures, is done as a collaborative work.
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Abstract: Unravelling the burial-deformation history of sedimentary rocks is prerequisite information
to understand the regional tectonic, sedimentary, thermal, and fluid-flow evolution of foreland
basins. We use a combination of microstructural analysis, stylolites paleopiezometry, and paleofluid
geochemistry to reconstruct the burial-deformation history of the Meso-Cenozoic carbonate sequence
of the Cingoli Anticline (Northern Apennines, central Italy). Four major sets of mesostructures were
linked to the regional deformation sequence: (i) pre-folding foreland flexure/forebulge; (ii) fold-
scale layer-parallel shortening under a N045 o7y; (iii) syn-folding curvature of which the variable
trend between the north and the south of the anticline is consistent with the arcuate shape of the
anticline; (iv) the late stage of fold tightening. The maximum depth experienced by the strata prior to
contraction, up to 1850 m, was quantified by sedimentary stylolite paleopiezometry and projected on
the reconstructed burial curve to assess the timing of the contraction. As isotope geochemistry points
towards fluid precipitation at thermal equilibrium, the carbonate clumped isotope thermometry (A47)
considered for each fracture set yields the absolute timing of the development and exhumation of the
Cingoli Anticline: layer-parallel shortening occurred from ~6.3 to 5.8 Ma, followed by fold growth
that lasted from ~5.8 to 3.9 Ma.

Keywords: Apennines; fold-and-thrust belt; burial and tectonic history; fractures; stylolites; fluid
flow; clumped isotope thermometry; paleopiezometry

1. Introduction

The reconstruction of the burial-deformation history of sedimentary rocks is a com-
plex issue but an essential exercise to understand the tectonic and sedimentary history in
fold-and-thrust belts and foreland basins, with numerous implications spanning from the
evolution of the fluid-flow system and associated resources to the understanding of the
long-term behavior of the upper crust [1-7]. Mesostructures observed in fold-and-thrust
belts and related forelands, such as faults, veins, and stylolites provide essential infor-
mation for understanding the deformation pattern [8]. Numerous studies have indeed
linked the development of fractures to the large-scale long-term folding history and geom-
etry, either through a descriptive field-based approach [9-11], paleostrain and paleostress
reconstructions [12-17], mechanical simulation (e.g., [18,19]), or through geochemical ap-
proaches (e.g., [20]). Besides, studies of distributed subseismic fractures demonstrated
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that mesostructures are markers of the local deformation sequences and provide access to
the evolution of the associated paleostresses [8-10,15,21-36]. When it comes to the burial
history, however, the depth-time paths are reconstructed from temperature-dependent
proxies, such as organic matter thermal maturity, temperature-dependent clay minerals
(e.g., [37-39]), fluid inclusion microthermometry, or low temperature thermochronology
(apatite fission tracks, U-Th/He on apatite crystals [40-46]). All these methods rely on
the occurrence of specific features (organic matter, fluid inclusions, specific minerals like
zircons, or Ar-rich clays) and return only partial information (e.g., maximum temperature,
timing of reaching closure temperature ... ) while requiring assumptions about the past
geothermal gradient. The latter is often argued over in fold-and-thrust belts and foreland
basins where uplift and erosion are common events, thus it remains strongly challenging
to reconstruct the burial at which the deformation occurred [7].

We propose to build on recent methodological advances to better constrain the timing
of deformation in fold-and-thrust belts and foreland basins. The development of U-Pb
dating on calcite cement enables absolute dating on the tectonic vein filling and synkine-
matic clay minerals (e.g., [47-49]), clumped isotopes can be reliably used to reconstruct
the exact temperature of precipitation under 90-100 °C [50], and its combination to fluid
inclusion microthermometry allows to reconstruct the temperature-pressure-time path in
sedimentary sequence [51]. Moreover, the understanding of how stylolites can be used as
stress gauges [52,53] enables reconstruction of the burial experienced by sedimentary rocks
(e.g., [7,54-60]). These methods rely on the ubiquitous features of carbonate rocks, and we
propose in this contribution to combine paleopiezometry and isotope-based thermometry
as a new methodology widely applicable to carbonates in order to assess the timing and
depth of burial/contraction during deformation history. We present an original application
by reconstructing the burial-deformation history of the carbonate sedimentary sequence
of the Cingoli Anticline, an arcuate fold in the Umbria-Marche Apennines Ridge (UMAR,
Northern Apennines, central Italy; Figure 1). The Cingoli Anticline is an excellent case
study for testing such new methodologies: (i) it is a rather simple symmetrical fold, mainly
formed by carbonate rocks exhibiting pervasive fractures and stylolites [61]; (ii) there
is an abundant literature that discusses the timing of folding, based on sedimentologic
and tectonic studies [62-64]; (iii) the geothermal gradient is known [65]; and (iv) it be-
longs to a young mountain belt where the past mesostructures received relatively poor
attention [60,61,66-70] compared to their active counterparts.

In this study, we aim at identifying, characterizing and dating the mesostructures
related to the main stages of deformation, i.e., faults, fractures, and stylolites linked to layer-
parallel shortening (LPS), folding, and late-stage fold tightening (LSFT). For this purpose,
we first carry out a classical field-based mesotructural study. We further reconstruct the
burial history of strata by building burial curves using present strata thickness corrected
for physical and chemical compaction and by applying the roughness inversion technique
to sedimentary stylolites in order to quantify the maximal vertical stress, and hence the
maximum burial depth experienced by the sedimentary sequence prior to contraction and
during exhumation.

The timing of the deformation is further constrained by the temperatures derived
from isotopic data (180,'3C and clumped isotopes), showing a thermal equilibrium with
the host rocks considering previously published geothermal gradients, and compared to
previous studies carried out in nearby folds [60,71]. This original and transferable approach
reveals the burial evolution, the timing of deformation, and the fluid system in the Cingoli
Anticline during the Apennine contraction in eastern UMAR.

2. Geological Setting
2.1. The Umbria Marche Apennine Ridge (UMAR)

The Apennines fold-and-thrust belt extends from the Po Plain to the Calabrian Arc
over a distance of 1500 km, and it is the result of the Eurasian and African Plates conver-
gence [72,73]. The Apennine belt accommodated significant orogenic contraction, estimated
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up to 50% through cross section balancing [74], and recorded shortening rates ranging from
6 mm/year up to 15-50 mm/year [74,75]. From a structural point of view, the Apennine
belt is characterized by a succession of asymmetrical anticlines with eastward vergence,
separated by narrower and often asymmetrical synclines. The Apennines are commonly
divided into two main arcs, the Northern and the Southern Apennines arcs, each associated
with its own geological and structural characteristics [76-78]. Moreover, this curved belt,
with eastward convexity, is increasingly younger from west to east (from Oligocene to Pleis-
tocene; [72,79]). This is the result of a roughly eastward migration of the deformation front
(and its associated successive foredeep basin), which is related to the eastward retreating
subduction of the Adriatic Plate under the European Plate, superimposed by post-orogenic
extension at the rear of the propagating orogenic belt [29,72,80,81].

The UMAR represents the central-southern part of the Northern Apennines arc devel-
oped during late Miocene-Pliocene when the area was involved in the Apennines build-up.
It is about 450 km long and rises to over 2000 m above sea level [75]. The sedimentary
succession observed in the UMAR can be divided into three main units as follows: (i) Up-
per Triassic evaporites, the thickness of which is estimated at 1000 m before deformations
and considered as a décollement level. They unconformably overlie crystalline rocks of
the basement, which is barely or not even observable at the outcrop [72]; (ii) the Umbria-
Marche carbonate-dominated succession (~2500 m thick), divided in several formations
deposited from the earliest Jurassic to Oligocene [72,82-84]; (iii) Miocene hemipelagites and
turbidites, deposited above these carbonate rocks, which record the progressive eastward
involvement of the Meso-Cenozoic succession into the fold-and-thrust belt [62,85]. Indeed,
during the foredeep stage, more than 3000 m of turbidites were deposited ahead of the
advancing fold-and-thrust belt.

Both thick- and thin-skinned structural styles of deformation have been proposed for
the Apennines. The thin-skinned interpretation considers a disharmonic deformation of
the crust with the sedimentary units detached along the Triassic evaporites [86-88]. The
thin-skinned model is opposed to the thick-skinned which considers the involvement of
the basement during compressional deformation (e.g., [89]) Furthermore, several studies
suggest that many thrusts are rooted on inherited pre-orogenic structures, mostly pre-
existing normal faults formed either during the evolution of the Mesozoic passive margin
or during the foreland flexure [90-96].

The UMAR undergoes the following main stages of regional deformation: (i) the
forebulge stage consisting of the foreland flexuring [8], dated from late Oligocene-early
Miocene in the western part of the ridge (i.e., eastern Tuscany-Monte Nero) and from
middle Miocene in the eastern part of the ridge (i.e., Gubbio, San Vicino, and Cingoli
areas) [79]; (ii) the LPS event, a pre/early-folding compressional stage NE-SW-oriented
related to the Apenninic contraction [66,97-99], occurred by early Miocene to the west,
and by middle Pliocene to the east [79]; (iii) the folding stage, started by early Miocene
in the western part of the UMAR, and by middle Miocene in the eastern part. This stage
is characterized by a maximum stress trending parallel to regional shortening, i.e., NE-
SW-oriented [29], and local extension perpendicular to fold axis and associated with strata
curvature at fold hinge [60]; (iv) the LSFT, associated with a NE-SW contractional trend.
This stage corresponds to the moment when shortening is no longer accommodated, by
e.g., limb rotation [60]; (v) a post-orogenic extension, starting by Miocene times in the
western UMAR [99] and by early Pliocene times in the eastern part of the ridge [62,63],
and continuing today. This extensional stage is associated with NNW-SSE trending related
normal faults causing the downfaulting of the fold succession [86,99,100].

2.2. The Cingoli Anticline
2.2.1. Structural Pattern

The Cingoli Anticline is located in the eastern part of the UMAR along the footwall of
the Sibillini Mountains (Figure 1A). This anticline is characterized by an arcuate geometry;
its main NW-SE axis evolves toward a N-S orientation in its southern part; it is characterized
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by gently dipping limbs and its hinge is relatively flat. The fold has a spatial extension
of about 15 km from north to south, and about 5 km from west to east and it culminates
~400 m above the local land (770 m above sea level). An WNW-ESE oriented left-lateral
fault and a NNE-SSW oriented right-lateral fault bound the Cingoli Anticline to the north
and south, respectively (Figure 1A). In addition, [101] and [63] suggest that inherited
pre-contractional structures striking ~N-S (i.e., the Jurassic rifting and the late Miocene
foreland flexure) strongly controlled the subsequent contractional tectonic evolution of the
area (Figure 1A,C).
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Figure 1. (A) Location and simplified geological map of the Cingoli Anticline. Red points represent the sampling sites for
sedimentary stylolites analysis, and black points represent the measurement sites. (B) Stratigraphic column, not to scale, of
the Umbria-Marche area, with thicknesses valid for the Cingoli Anticline area (modified from [61]). (C) SW-NE geological
cross section through the northern part of the Cingoli Anticline [63].
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2.2.2. Sedimentary Succession

Where not specified, the lithostratigraphic units described below are traditional and
validated units [102], and correspond with formation-rank units.

The deformed units comprise Mesozoic and Cenozoic marine deposits, consisting of
evaporites and platform carbonates at the base overlain by pelagic carbonates [63,64,101,103]
(Figure 1B). The succession comprises:

(1) Upper Triassic anhydrites and dolostones, grouped in the Anidridi di Burano, un-
conformably deposited above the continental deposits of the Verrucano and the
Hercynian basement; at the top of the Anidridi di Burano, euxinic interstratified marls
are present.

(2) The Calcare Massiccio, formed by massive peridital limestones dated from Hettangian
to Sinemurian (ca. 201-191 Ma).

(3) Four main Jurassic formations: (i) the Corniola, limestones with cherts beds (early
Sinemurian—early Toarcian, ca. 199-183 Ma); (ii) the Rosso Ammonitico, nodular
marly limestones dated Toarcian (ca. 183-174 Ma); (iii) the marls and cherty limestones
of the Calcari e Marne a Posidonia (late Toarcian-early Bajocian, ca. 174-170 Ma);
(iv) the Calcari Diasprigni, dominated by radiolarian-rich cherty limestones and
cherts and, on top, by micritic limestones and marls bearing abundant Saccocoma
sp. fragments (late Bajocian-early Tithonian, ca. 170-152 Ma). Because of the horst
and graben structures related to the Jurassic extensional tectonics, these deposits
accumulated in the hanging wall basins forming thick (hundreds of meters) “basi-
nal” successions, while thin (up to few tens of meters), fossil-rich and condensed
successions (Bugarone Group) accumulated on top of footwall blocks of Jurassic
faults during the same time span (i.e., from early Pliensbachian to early Tithonian;
ca. 191-152 Ma) [82,83,104-106].

(4) The Maiolica, micritic limestones associated with chert beds (Tithonian—earliest Ap-
tian, ca. 152-124 Ma).

(5) Shales and marls of the Marne a Fucoidi (Aptian-Albian, ca. 124-100 Ma).

(6) The “Scaglia” group is composed of micritic limestones with cherts intercalations
(late Aptian-Aquitanian, ca. 113-21 Ma), and divided into four formations: (i) the
Scaglia Bianca (Cenomanian-earliest Turonian, ca. 100-94 Ma); (ii) the Scaglia Rossa
(earliest Turonian-Lutetian, ca. 94—41 Ma), subdivided into three members; (iii) the
Scaglia Variegata (Lutetian-Priabonian, ca. 48-34 Ma) and (iv) the Scaglia Cinerea
(Rupelian-earliest Aquitanian, ca. 34-22 Ma).

(7)  Bisciaro (Aquitanian-Burdigalian, ca. 22-16 Ma) and Schlier (Langhian-Tortonian, ca.
167 Ma) formations, hemipelagic limestones, marly limestones and marls.

(8) Siliciclastic foredeep deposits, grouped in two major sequences: (i) Messinian arenitic
and pelitic turbidites (ca. 7-5 Ma), composed by the Laga formation and the Gessoso-
Solfifera Group with the San Donato and Colombacci formations; (ii) arenites, pelites
and fossiliferous marine clays and marls of the Argille Azzure, early to middle
Pliocene in age (ca. 5-3 Ma). In this area, the Messinian and Pliocene deposits are
continuous and widespread, and provide an almost complete record of the deforma-
tion history of the ridge’s outer domains. In particular, growth strata observed in the
San Donato and Colombacci formations within the Aliforni Syncline postdate flexural
turbidites of the Laga formation, consequently broadly constraining fold growth to
late Messinian-Zanclean (ca. 6-4 Ma) [62,63].

3. Materials and Methods
3.1. Fracture-Stylolite Network Characterization and Striated Fault Planes Analysis

The structural data collection and sampling sites are distributed along the whole
anticline (Figure 1). The characterization of the fracture-stylolite network is based on field
observations and measurements and analyses of joints, veins, striated faults, and tectonic
stylolites. The dataset comprises more than 2300 orientations of mesostructures from the
Cingoli Anticline. Furthermore, abutment and crosscutting relationships were carefully
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observed and analysed to establish the relative chronology of fracture sets. Fracture
orientation data were projected on Schmidt stereodiagrams (lower hemisphere), in the
current attitude of the strata (raw) and after unfolding (unfolded). In addition, the major
sets of joints and/or veins (i.e., the most documented and representative at fold scale) were
grouped and averaged by a Fisher statistical analysis, based on the following assumptions:
(i) similar orientation considering natural variability (i.e., within 20°); (ii) deformation
mode (e.g., opening, shearing, contraction), defined through thin sections observed with
optical microscope; and (iii) chronological relationships.

Considering that stylolite peaks grow parallel to the main shortening direction [107],
with respect to the distribution of dissolution gradients (i.e., non-soluble particles) [108],
the orientation of the horizontal maximum principal stress (07) was inferred from the
maximum density of the peak orientation of tectonic stylolites. The early, syn-, and late
folding sets of mesostructures were discriminated with the OpenStereo software [109].
Data were corrected for bedding attitude, by rotation about a horizontal axis to remove
the dip angle of the strata, in order to investigate the relationships between fracturing
and folding. Thus, fractures were grouped according to their geographical and structural
position (respectively north/south and forelimb /backlimb), and according to the main
stages of deformation.

Approximately 40 mesoscale striated faults were also measured to complement this
mesostructural analysis, in 3 sites of measurements located in the northern and southern
ends of the anticline. We used Angelier’s inversion technique [110] which, under specific
assumptions [111], allowed us to calculate paleostress orientations (i.e., local trend and
plunge of principal stress axes) and stress ratios for each site of measurement.

3.2. Rock Mechanical Properties

To calculate the mechanical properties of the studied rocks, we used the Schmidt
rebound hammer technique, which is a non-destructive method used for the estimation
of the uniaxial compressive strength and Young modulus of concrete and natural rocks
(e.g., [112]). It implies the use of a spring-loaded piston (the Schmidt hammer), pressed
orthogonally against a surface of rock. The energy created by the resistance of the surface
to the impact enables the piston to rebound. The distance traveled by the piston after the
rebound is called the rebound value R, which is considered to be a proxy of the surface
hardness [112], itself used to quantify uniaxial compressive strength and Young modulus
of the rock [113]. A Silver Schmidt OS8200 (manufactured by PROCEQ) was used on
12 sites in various localities and sedimentary units of the fold. Each site consists of 50 to
90 rebounds performed perpendicularly to the surface, in most case lying flat (i.e., the
hammer being vertical), from which rebound values were averaged as a single rebound
value valid for the site. In order to ensure that this value is free from any outlier due to local
heterogeneity, we calculated a moving average incremental mean until the mean rebound
value stabilizes (supplementary material, Figure S1, Table S1).

3.3. Sedimentary Stylolite Roughness Inversion

Sedimentary stylolites are pressure-solution surfaces usually developed parallel to
bedding in sub-horizontal strata during burial, i.e., when o7 was vertical. They are fre-
quently observed in sedimentary rocks, and especially in carbonates. The 1D roughness of
a track along these dissolution surfaces, i.e., the difference in height between two points
along the track (sensu [53]), results from a competition between two forces [53]: (i) rough-
ening forces, i.e., pinning on non-soluble particles in the rocks, and (ii) smoothing forces,
associated with the surface energy at scale <1 mm and the elastic energy at scale >1 mm.
Two main scaling regimes are discriminated by the stylolite growth model [56,107,108,114]
depending on the predominant energy and the associated Hurst exponent (i.e., roughness
exponent): the surface energy-controlled scale, characterized by a steep-slope and a rough-
ness exponent of 1.1 £ 0.1, and the elastic energy-controlled scale, associated with a gentle
slope and a Hurst exponent between 0.5 and 0.6. At the transition of these scale regimes,
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the change in roughness exponent is associated with a crossover length, estimated in mm
by the signal processing approach. The authors in [53] directly link this crossover length L.
to the magnitude of prevalent mean stress on, and differential stress o4 in the strata at the
time the stylolite stopped to be an active dissolution surface, with Equation (1):

YE

e
¢ Bo-mo-d

1)
where L. is the crossover length converted to m, E the Young modulus of the rock (in Pa),
v is the solid-fluid interfacial energy (in J-m~2), and B a dimensionless constant depending
on the Poisson ratio (v) and calculated with the relation:

zv(l —2v)

B )

The mean stress and the differential stress, are defined in Pa according to the
Equations (3) and (4):
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Several studies successfully applied this approach, establishing the spectral analysis of the
roughness of sedimentary stylolites as a robust paleopiezometry tool [54,57,59,60,108,115-118],
especially because the final roughness is acquired quickly at the end of the stylolite’s growth,
thus depends only on stress and no longer on strain rate [108].

More than 100 sedimentary stylolites, with peaks perpendicular to the dissolution
plane, were sampled in several localities of the Cingoli Anticline (Figure 1A) in the Maiolica,
Scaglia Rossa, and Scaglia Variegata. The samples were cut and polished to better analyze
the stylolite track. Each cut was made perpendicular to the plane of the stylolite and
scanned with a resolution of 12,800 pixels per inches; the resulting file is an image on
which the 1D track was hand drawn at magnifications 200% and 400% for greater precision.
Then, each track was analyzed as a periodic signal. Usual analyses involve the Fourier
Power Spectrum (FPS) and Average Wavelet Coefficient (AWC) methods [115]. We chose
the method of Average Wavelet spectrum with Daubechies D4 wavelets [115,119], which
is proven to be more stable and less sensitive to resolution effects. We used a non-linear
regression with fixed Hurst coefficients of 0.5 and 1.1, corresponding to elastic and surface
regimes, respectively (please refer to supplementary material, Figure S2, for the plots). The
uncertainty for this regression approach to estimate L. has been previously estimated to
23% [57]. To calculate the vertical stress magnitude, the horizontal stress was then consid-
ered as isotropic (i.e., uniaxial strain hypothesis, oy> oy, = o) in the case of sedimentary
stylolites. Thus, the Equation (1) established by [53] is simplified as:

YE
= oL ©)
C
a being a constant defined as follows:
_ 2
a:(l 2v)(1+v) ©)

30m(1 —v)?

To verify this assumption, sections perpendicular to the stylolite plane were cut for
several samples and treated following the same inversion method, the isotropy of the
horizontal stress implying a constant value of the crossover length regardless of the track
direction [53,115].

While the solid-fluid interfacial energy v is well-known and stable, fixed to 0.24 Jm~—2
for dolomite and of 0.32 J-m~2 for calcite [120], and while the Poisson ratio v is rather stable
in carbonates and can be approximated to 0.25 & 0.05, a major source of uncertainty lies in
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the values of the Young modulus E [57,121]. With known E, v, and vy, the uncertainty on the
calculated stress is 12% [57]. As in previous works [57,60,117,118] the calculated vertical
stress 0y = 07 was translated directly into the burial depth (z) of rocks using the relation

Oy = 08z (7)

with p the average dry density of overlying rocks and g the gravity acceleration. Indeed,
the stylolite roughness can be considered as unaffected by local fluid overpressure because
the dissolution is located along a fluidic film [56,108,116], an assumption that remains valid
until the system is fluidized [122]. For this reasons, p was considered as the average dry
rock density for clastic and carbonate sediments (evaluated mean value at 2400 kg-m~3),
without any additional assumption on the past thermal gradient or fluid pressure [7], and
g the gravity acceleration, fixed at 9.8 m-s—2.

3.4. O-C Stable Isotopes

The analysis of stable oxygen and carbon isotopes, associated with the study of the
diagenetic state of the rocks, allows for the identification and characterization of fluid gener-
ations at the origin of mineralization and vein filling within sedimentary rocks [20,123-129].
We focus hereinafter on the calcite cements filling the tectonic veins related either to LPS
or to strata curvature at fold hinges. The mineralogy of some host-rock was checked with
X-ray diffraction (supplementary material, Figure S3) using a Bruker D2 Phaser diffrac-
tometer from the ISTeP laboratory (Sorbonne Université) with X-Ray wavelength of 1.54056
A. The resulting X-ray patterns showing mostly pure calcite with minor amounts of quartz.
The diagenetic state of calcite veins was checked under cathodoluminescence microscopy
and were performed on a cold cathode Cathodyne platform (CITL CCL 8200 Mk4) at stable
vacuum of 60 mThor, a voltage of 12 kV, and a current of 200 pA, corresponding to the
ideal voltage-current conditions to activate the luminescence of the carbonates.

We selected vein cements where the vein texture [130] and the diagenetic state support
a single phase of filling, occurring at the same time or soon after fracture development
(e.g., elongated blocky, Figure 2).

The isotope ratios of oxygen (*¥0/10) and carbon (13C/12C) of samples collected in
several localities of the Cingoli Anticline were obtained by Isotope-Ratio Mass Spectrometry
(IRMS). The spectrometric equipment couples an automatic sample preparation line (KIEL
IV) and an analysis section (DELTA V advantage) from Thermo Fisher Scientific at the ISTeP
laboratory (Paris). We first selected veins of which (i) the cement witnessed a single growth
step, unaltered by later diagenetic events, checked with cathodoluminescence microscopy;
and (ii) the cement was likely related to vein opening, considering antitaxial or elongated
blocky textures [130]. Thirty (30) to 50 ng of powder were sampled from the vein and the
surrounding host-rocks as well, using a computer assisted micromill drill. The powder was
reacted with anhydrous orthophosphoric acid at 70 °C to extract CO, gas, itself ionized
in the spectrometer. The measured isotopic ratio reported in permil relative to the Vienna
Pee Dee Belemnite (%0 VPDB) are with an accuracy of 0.05%. and 0.1%. for carbon and
oxygen, respectively.

3.5. Carbonate Clumped-Isotope Paleothermometry (Ayz)

All analyses were performed at the Laboratoire des Sciences du Climat et de ’Environ-
nement (LSCE, Gif sur Yvette). Eight samples of homogenized carbonate powder were
converted to CO; by anhydrous phosphoric acid reaction at 90 °C in a common, stirred
acid bath for 15 minutes. Initial phosphoric acid concentration was 103% (1.91 g/cm?)
and each batch of acid was used for 7 days. After the cryogenic removal of the water, the
evolved CO, was helium-flushed at 25 mL/mn through a purification column packed with
Porapak Q (50/80 mesh, 1 m length, 2.1 mm ID) and held at —20 °C, and then quantitatively
recollected by cryogenic trapping and transferred into an Isoprime 100 dual-inlet mass
spectrometer equipped with six Faraday collectors (m/z 44—49). Each analysis took about
2.5 hours, during which the analyte gas and working reference gas were allowed to flow
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from matching, 10 mL reservoirs into the Nier-type ion source through deactivated fused
silica capillaries (65 cm length, 110 um ID). Every 20 minutes, gas pressures were adjusted
to achieve m/z = 44 current of 80 nA, with differences between analyte gas and working
gas generally below 0.1 nA. Pressure-dependent background current corrections were
measured 12 times for each analysis. All background measurements from a given analytical
session are then used to determine a mass-specific relationship linking background intensity
(Zm), total m/z = 44 intensity (I44), and time (t):

Zm = a + bl44 + ct + dt? (8)

Background-corrected ion current ratios (6% to 5*%) were converted to 5!3C, 5'80, and
“raw” A7 values as described by [131], using the IUPAC oxygen-17 correction parameters.
The isotopic composition (5!°C, §'80) of our working reference gas was computed based
on the nominal isotopic composition of carbonate standard ETH-3 [132] and an oxygen-18
acid fractionation factor of 1.00813 [133]. Raw Ay7 values were then converted to the
“absolute” A4y reference frame defined by the “ETH” carbonate standards [132] using
regression methods detailed by [134]. Full analytical errors are derived from the external
reproducibility of unknowns and standards (N = 78) and conservatively account for the
uncertainties in raw A4y measurements as well as those associated with the conversion to
the “absolute” A4y reference frame. The precipitation temperature was calculated using the
calibration proposed by [135] and updated by [132].

3.6. Burial Model

The burial model associated with the Cingoli Anticline area was constructed from the
open access well data collection of the ViDEPI project selected around the Cingoli Anticline
(i.e., Misal, Rosoral, Buranol, Treial wells). Thicknesses were sequentially uncompacted
to obtain burial depths of the strata of interest through time. Two kinds of corrections were
therefore applied, considering the effects of both physical and chemical compaction. The
computer interface used to produce these burial curves is the Backstrip software, which
performs 1D backstripping of sedimentary strata [136] and involves several parameters
for modeling.

First, the layer thicknesses were corrected for chemical compaction, in order to be
referenced in the software. Thickness information was provided by stratigraphic studies or
well data (i.e., current formation thicknesses). In this case, thicknesses were corrected for
chemical compaction, considering spacing and amplitudes of bedding-parallel stylolites
(BPS) for each formation studied. The average number of sedimentary stylolites per meter
was estimated from outcrop data. The height of the highest tooth (i.e., the height from
tooth to base line) associated with each analyzed stylolite was also computed from the
samples. Chemical compaction was then deduced from these two parameters, calculated
as their product, and expressed as a percentage of bed thickness.

The second step consisted of defining parameters needed to evaluate physical com-
paction undergone by the different layers, related to the weight of the sedimentary column
and possibly of the water column (according to the type of basin considered). These
parameters, such as the dry density p and the porosity coefficient ¢, were defined on the
basis of the work by [137,138], as follows: (i) the dry density p was chosen at 2700 kg/m?
for carbonate rocks and 1800 kg/m? for other lithologies; (ii) the porosity coefficient c
was calculated with the following equations and the porosity-depth curves established
by [137,138]. @ is the porosity at depth y, while @ the surface porosity, both given by
the curves.

oy 1 P
D = Ppe Y withc = 1n(—> )
y \%o

Thus, c is equal to 0.58 for carbonate rocks and to 0.3 for other lithologies. Corrections
related to the weight of sediments and water being significantly different [137,138], the
type of basin was also defined (0 for a marine basin, 1 for a continental basin), in order not
to introduce bias into the resulting burial curves.
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4. Results
4.1. Fracture-Stylolite Network Characterization and Striated Fault Planes Analysis

The fracture deformation mode was defined through thin sections observed with

optical microscope, either by considering the texture (i.e., elongate blocky or crack-seal), or
the object shift in the matrix (Figure 2).

Figure 2. Observation of the different types of fractures in optical microscopy. (A) N-S fractures, (B) N045 fractures and (C)
N135-160 fractures. Textures and shifts in the matrix were characterized, in order to verify the deformation mode, based on
the classification of [130]. Red arrows represent the direction of the opening (mode I), and green arrows the direction of

calcite crystal growth. (D-F) observation of these different sets in cathodoluminescence, indicating a single crystallization

phase, synchronous with the mode I opening.

Three major sets of fractures were discriminated on the basis of their average orienta-

tion (Figures 3 and 4A,B) whereas their chronological sequence was established through
abutment and crosscutting relationships at different scales (from outcrop to thin section):

set I gathers bedding-perpendicular joints oriented N180 to N020 (after unfolding).
This set is observed over the entire anticline, predates sets II and III, because it is
intersected and abutted by a set of stylolites with peaks oriented N045, which are
themselves intersected and abutted by the joints/veins of set II (Figure 4C).

set IT gathers joints and veins with N045 + 10° orientation, present throughout the
study area. They are perpendicular to bedding strike. This set postdates set I and
predates set III.

set III comprises bedding-perpendicular N130 to N160-oriented joints parallel to bed-
ding strike (i.e., N135-140 in the North and N160 in the South). They are mainly paral-
lel to the axis of the anticline and crosscut or abut all other joint/vein sets (Figure 4C).
another set of E-W fractures, poorly represented at the scale of the anticline (i.e., only
in the northern part, in three sites of measurements), includes N070 to N110-oriented
joints (after unfolding) and perpendicular to the bedding, developed after set II
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Because of the low number of measurements (i.e., 25 of 3000 fractures analyzed) and
because they systematically developed near faults (Figure 3), this family of fractures is
considered as minor and of local meaning only, and therefore not affiliated to a major
set. Consequently, it will not be interpreted thereafter.
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Figure 3. Location of fracture planes measured on the geological map (GPS locations are provided in the supplementary
material, Table S2). Each measurement point is associated with two stereodiagrams (lower hemisphere), representing main
fracture orientations in current (R) and unfolded attitude (U); on each stereodiagram, the bedding is reported as dashed

lines, and fracture planes by solid-colored lines, each color relating to one of the three major fracture sets defined (green: set
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Figure 4. Main fractures orientations (after unfolding) plotted on histograms, stereograms and rose diagrams for (A) the
whole anticline and (B) northern and southern parts of the anticline, discriminating forelimb and backlimb measurements.
Three major sets of fractures discriminated according these orientations are represented with their specific color (green: set I,
blue: set II, pink: set III). (C) Chronological relationships between fractures and stylolites (i.e., abutment and crosscutting),
observed at mesoscopic scale.

Tectonic stylolite peaks are mostly oriented N045 (Figure 5). The continuous change in
dip of the stylolite plane from vertical to oblique suggests that part of the tectonic stylolites
developed before folding and other after folding. Few prefolding stylolites peaks are
oriented N140 (WP CIN 37 and WP CIN 27-28) in the Maiolica and Scaglia in the southern
backlimb, and N090 in Calcare Massiccio in the southern part of the anticline (WP CIN 12).

The inversion of striated faults for stress was carried out in few sites in the anti-
cline (Figure 5):

- in the northern backlimb, conjugate NW-SE trending reverse faults reveal a compres-
sional stress regime with a o7 axis roughly oriented N045;

- in the northern forelimb, N170-180-oriented normal faults indicate either an exten-
sional regime with o3 oriented N045, or, more likely correspond to tilted oblique-slip
reverse faults consistent with a pre-tilting N020 compression;

- in the southern backlimb, the few fault-slip data preclude any reliable stress tensor
calculation. The dataset is however consistent with a post-tilting o7 oriented N045
and o3 oriented N135.
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Figure 5. Location and plot of measured tectonic stylolites on the geological map. Each measurement point is associated
with two stereodiagrams (lower hemisphere), representing main orientations of tectonic stylolites peaks measured (current
and unfolded attitude). On each stereodiagram, the bedding is reported as dashed lines, and peaks orientation (i.e.,
01 orientation) is given by high pole density zones. Stereodiagrams with fault-slip data and principal stress axes are

also reported.

4.2. Young Modulus Estimate

Rock elastic properties were measured on flat homogeneous surfaces, for Maiolica,
Scaglia Rossa and Scaglia Variegata, corresponding to 12 sites of measurement (n = 1063).
For each site, the mean for rebound value R was represented as a function of the number
of rebound incorporated in the mean calculation (supplementary material, Figure S1,
Table S1); the stabilized R value (represented as a plateau on the graph) is then believed
to be corrected from heterogenous effect and outliers, and so represent the rebound value
R for the rock studied. Strikingly, the average of these representative R values is similar
in the Maiolica, Scaglia Rossa and Scaglia Variegata formations, with values of 45 + 8.4,
48 + 5.8 and 46 £ 8.5, respectively. R values were further interpreted as Young moduli
following the empiric relationship determined in [113] for sedimentary rocks and return a
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E value similar for the 3 formations at about 20 GPa, very similar to the one reconstructed
from stylolite inversion by [121] of 23 GPa.

4.3. Sedimentary Stylolite Roughness Inversion

The stylolite roughness inversion method was applied on 112 BPS sampled in the
northern, central and southern parts of the Cingoli Anticline (Figure 1A), within the
Cretaceous to Eocene carbonate formations. The inversion was successful (i.e., returning a
value of crossover length L) on 77 BPS covering the anticline and distributed as follows:
Maiolica (early Cretaceous, n = 56), Scaglia Rossa (late Cretaceous-early Eocene, n = 18) and
Scaglia Variegata (middle to late Eocene, n = 3). For several stylolites, this paleopiezometric
inversion was applied on two orthogonal tracks, in order to ensure that the stress on the
horizontal plane was isotropic. L. values are summarized in Table 1, and reported as an
interval for each formation studied, considering an uncertainty of 23%:

- Maiolica: [0.27 £ 0.06; 1.76 £ 0.40] mm

- Scaglia Rossa: [0.36 £ 0.08; 1.17 £ 0.27] mm
- Scaglia Variegata: [0.75 £ 0.17; 1.75 £ 0.40] mm

Table 1. Results of stylolite roughness inversion, applied on bedding-parallel stylolites.

Sample GPS Formation L (mm) oy (MPa) * Depth (m)
CIN13 58 Maiolica 0.44 +0.10 34 1440
0.60 +0.14 29 1250
0.77 +0.18 26 1100
0.84 +0.19 24 1040
0.30 4+ 0.07 41 1740
0.27 4+ 0.06 43 1840
0.31 + 0.07 40 1700
CIN14 59 Maiolica 0.34 + 0.08 38 1630
0.63 + 0.14 28 1200
CIN3 60 Maiolica 0.39 £+ 0.09 36 1540
0.54 +0.12 30 1300
0.49 + 0.11 32 1360
CING6 60 Maiolica 0.54 +0.12 30 1300
0.36 4+ 0.08 37 1550
CINS 60 Maiolica 0.53 +0.12 30 1300
0.76 + 0.17 26 1100
CIN9 60 Maiolica 0.39 + 0.09 36 1540
CIN10 60 Maiolica 0.36 + 0.08 37 1600
0.31 4+ 0.07 40 1700
0.29 + 0.07 42 1800
CIN15 61 Maiolica 0.49 +0.11 32 1360
0.84+ 0.19 25 1040
0.38 &+ 0.09 37 1550
CIN17 61 Maiolica 0.85 +0.20 25 1040
CIN18 61 Maiolica 0.45 £+ 0.10 33 1400
0.91 +0.21 23 1000
1.09 £+ 0.25 22 900
CIN33 64 Maiolica 0.73 +0.17 26 1100
1.08 + 0.25 22 900
0.46 +0.11 33 1400
0.34 +0.08 38 1630
CIN38 64 Maiolica 0.53 +0.12 30 1300
0.55 +0.13 30 1300
CIN40 64 Maiolica 0.76 £0.17 26 1100
0.46 + 0.11 33 1400
0.32 + 0.07 40 1700
0.56 +0.13 30 1300

0.35 £ 0.08 38 1600
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Table 1. Cont.
Sample GPS Formation L. (mm) oy (MPa) * Depth (m)

C3 WP_CIN3 Maiolica 1.76 £+ 0.40 17 720
1.38 £+ 0.32 19 810

€51 WP_CIN23 Maiolica 1.18 + 0.27 21 880
0.67 +0.15 27 1150

C56 WP_CIN23 Maiolica 0.35 4 0.08 38 1600
ce7’ WP_CIN29 Maiolica 0.75 £ 0.17 26 1100
0.58 +0.13 29 1250

C68 WP_CIN29 Maiolica 0.33 4 0.08 39 1650
C69 WP_CIN29 Maiolica 0.74 +0.17 26 1100
0.46 £+ 0.11 33 1400

C70 WP_CIN29 Maiolica 0.35 + 0.08 38 1600
0.34 £ 0.08 38 1600

€71 WP_CIN29 Maiolica 0.38 £ 0.09 36 1540
Cc72 WP_CIN29 Maiolica 0.50 + 0.12 32 1350
C86 WP_CIN38 Maiolica 1.33 £0.31 20 850
0.39 £ 0.09 36 1540

0.43 + 0.10 34 1450

1.11 £ 0.26 22 900

C79 WP_CIN36 Scaglia Rossa 0.38 £ 0.09 37 1550
C15 WP_CIN7 Scaglia Rossa 0.49 £ 0.11 32 1300
0.51 £ 0.12 32 1300

C87 WP_CINS Scaglia Rossa 1.17 + 0.27 21 880
0.75 £ 0.17 26 1100

€21 WP_CIN9 Scaglia Rossa 0.59 + 0.14 29 1250
0.68 + 0.16 27 1150

0.45 + 0.10 34 1420

C26 WP_CIN13 Scaglia Rossa 0.87 4+ 0.20 24 1020
0.85 +0.20 24 1020

0.98 +0.23 23 960

C28 WP_CIN13 Scaglia Rossa 0.45 £ 0.10 33 1400
C29 WP_CIN13 Scaglia Rossa 0.63 + 0.14 28 1200
0.64 £ 0.15 28 1200

0.84 +£0.19 25 1040

C30 WP_CIN14 Scaglia Rossa 0.36 + 0.08 38 1600
0.60 & 0.14 29 1230

0.40 + 0.09 35 1500

C2 WP_CIN2 Scaglia Variegata 0.75 £ 0.17 26 1100
1.26 £ 0.29 20 850

1.75 £ 0.40 17 720

* Crossover length given within 23% uncertainty. Vertical stress oy given within 12% uncertainty calculated according to Equation (5),
considering a Young modulus E = 23 GPa ([139], this study), a Poisson ratio v = 0.25, and interfacial energy y = 0.32 ]-m~2. Depth calculated
using dry density of rock d = 2400 g-m~3, acceleration of gravity g = 9.81 m-s~2.
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4.4. Burial Model
The burial curves resulting from the backstripping process are presented in Figure 6.
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Figure 6. Burial model constructed considering thickness from stratigraphic and well data corrected for chemical and
physical compaction. The range of depths reconstructed from BPS roughness inversion (with uncertainty shaded in light
grey) are reported for each formation as grey levels. The corresponding timing and depth of active dissolution are reported
on the x axis and left y axis, respectively. The results of clumped isotope analysis (i.e., temperatures of precipitation of
vein cements at thermal equilibrium with the host rock) are reported on the right y axis. The timing of the deformation is
reported on the right-hand side in the insert. Onsets of LPS, folding stage and LSFT are deduced from the results of the
roughness inversion process applied on sedimentary stylolites, as well as from clumped isotope data.
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They were reconstructed for the Triassic to Pliocene formations in the Cingoli area,
considering: (i) the chemical compaction calculated at 8% for Maiolica, and 3% for Scaglia
Rossa and Scaglia Variegata considering spacing and amplitude of BPS (following [108]);
(ii) physical compaction by using the open-source software BackStrip [136]. The temper-
atures linked to these depths were calculated by considering a geothermal gradient of
23 °C-km-1 reconstructed in the outermost western part of the UMAR from organic matter
thermal maturity [65] and clay minerals [140] (Figure 6). These curves illustrate a first
phase of increasing burial, corresponding to the deepening of the Umbria-Marche basin
and a second phase of exhumation since early Pliocene. The maximum burial depths
computed for the formations of interest, and equivalent temperatures, can be deduced
from the left and right y-axis of Figure 6, respectively. These curves are consistent with
models established for the inner part of the belt in the area of the Monte Tancia thrust [71].

4.5. Oxygen and Carbon Stable Isotopes

Twenty-eight (28) vein calcite cements and surrounding calcite host-rocks from the
Scaglia Rossa were analyzed for 8130 and 6,3C (Table 2, Figure 7).

Table 2. Results of Stable Isotopic Analyses of Oxygen and Carbon Isotopes.

Vein Host-Rock

Sample Set 813C (% VPDB) 8180 (%0VPDB) Calcite 813C (% VPDB) 5180 (%VPDB) Calcite
CIN23-V1 I 2.04 2.19 2.15 -2.95
CIN23-V2 I 1.90 —0.44 2.15 —-2.95
CIN23-V3 I 1.91 —1.56 2.15 —-2.95
CIN23-V4 I 1.98 —0.68 2.15 -2.95
CIN25-V1 I 2.06 1.79 2.10 -2.27
CIN25-V2 I 2.06 —-0.97 2.10 -227
CIN25-V3 I 2.08 2.07 2.10 —2.27
CIN39-V1 I 0.05 —0.74 1.08 ~1.59
CIN39-V2 I 0.10 —0.30 1.08 -1.59
CIN39-V3 I 0.31 —0.66 1.08 —~1.59

CIN7-V1 1 2.48 1.37 2.47 ~1.68

CIN7-V2 1 2.97 2.09 247 -1.68
CIN28a-V1 I 2.07 1.21 2.01 -1.82
CIN28a-V2 1 1.81 0.58 2.01 -1.82
CIN28a-V3 1 1.95 2.22 2.01 -1.82
CIN26-V1 i} 2.00 2.59 2.02 -1.74
CIN26-V2 1 1.95 2.34 2.02 -1.74
CIN26-V3 1 2.14 1.47 2.02 -1.74
CIN26-V4 i} 2.05 1.38 2.02 —-1.74
CIN28b-V1 i} 2.08 2.20 2.03 —~1.64
CIN28b-V2 1 1.98 1.68 2.03 —~1.64

A13-V1 111 3.23 0.79 3.08 —-1.45

A14-V1 111 3.21 0.21 2.89 -1.53

A14-V2 111 3.19 0.61 2.89 -1.53
CIN37-V1 111 1.39 —0.59 1.09 -1.55
CIN37-V2 il 1.25 0.46 1.09 -1.55
CIN37-V3 111 1.10 -1.12 1.09 -1.55
CIN37-V3 111 1.10 -1.12 1.09 -1.55
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Figure 7. Isotopic data from tectonic veins, faults and host-rocks sampled in the Scaglia Rossa.
(A) Oxygen versus Carbon stable isotopic ratio (% VPDB) of host rocks (black squares), and vein
cements according to the vein sets. Red dotted frame represents the range of isotopic values doc-
umented in the UMAR from the Hettangian to Aquitanian carbonates, black dotted frame repre-
sents the range of isotopic values documented in tectonic related fracture fillings at the scale of
the range [60]. (B) 5'3C values of vein cements versus 5'3C values of the surrounding host rocks
(%0 VPDB), according to the vein sets. (C) 5180 values of vein cements versus 880 values of the
surrounding host rocks (%o VPDB), according to the vein sets. (D) A;7CO, measured temperature
of precipitation (°C) versus §'80 values of calcite cements (%o VPDB, oblique dotted lines) and cor-
responding §'80 values of the related fluids (% SMOW) calculated from temperature-dependent
fractionation equation CaCO3-H;O of [141]. For A-D, tectonic veins are reported as full circles of
which color relates to the set they belong to (green: N-S, blue: N045, purple: N140). Note that the
circle with red contour on D correspond to an LPS-related fault.
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In the host-rock (n = 11), the §'80 isotopic values range from —2.95 to —1.45%,VPDB
while the §!3C isotopic values range from 1.08 to 3.08%0 VPDB. In the calcite veins (n = 28),
the 880 isotopic values range from —1.56 to 2.59%. VPDB while the §'3C isotopic values
range from 0.05 to 3.23 %o VPDB. The vein cements show variable isotopic values: for the set
I (N-S, n =10), 5'80 ratio ranges from —1.56 to 2.19%. VPDB while 313C ratio ranges from
0.05 to 2.08 %o VPDB; for the set IT (N045, n = 11), 580 ratio ranges from 0.58 to 2.59 %o VPDB
while 5!3C ratio ranges from 1.81 to 2.97 %, VPDB; for the set IIl N140 (n = 7), 5180 ratio
ranges from —1.12 to 0.79%. VPDB while §!3C ratio ranges from 1.1 to 3.23%, VPDB; §'30
ratio ranges from —1.57 to 1.93%. VPDB while §!3C ratio ranges from 2.02 to 2.21 %0 VPDB
(Table 2, Figure 7A). In order to account for possible rock buffering effect, the isotopic values
of the veins were plotted against isotopic values of the surrounding host-rock, for both
carbon (Figure 7B) and oxygen (Figure 7C). Results show that most veins have a §!3C value
similar to their host rock, with a difference ranging from —0.50 to 0.25%. VPDB in all sets
except in the set I where this difference reaches —1.05%. VPDB. Considering the difference
in 180 values, the results are more scattered, ranging from —0.12 to 5.14 %, VPDB. Notably,
the difference in the set II is higher than the one in the set III.

4.6. Carbonate Clumped-Isotope Paleothermometry (A47)

Eight of the 9 samples presented in the Supplementary Material were selected as being
unambiguously related to a major fracture set. Consequently, 7 samples of vein cements
and 1 sample of striated coating of fault plane were selected for A47 clumped isotope
measurements (Table 3), with A47 values ranging from 0.593 == 0.006 %o to 0.630 == 0.006 %o,
(1SE) corresponding to precipitation temperature (T47) ranging from 38.30 £ 1.9 °C to
51.4 4+ 2.2 °C (1SE). Veins belonging to different tectonic sets appear to yield distinct
temperatures of precipitation, with T47 ranging from 48.7 + 2.1 °C to 51.4 £ 2.2 °C for the
set II (n = 5) and related fault cements, while vein cements from sets I and III have T47
ranging from 38.8 £+ 2.0 °C to 45.1 2.1 °C.

Table 3. Results of clumped isotope measurements, with A4y ratio and associated temperature of precipitation Tyy,

s13C 8180 Ag7 Tyy
Sample N Set (%, VPDB) (%VPDB, Calcite) (%0, 10) CC + 10)
NB_CIN23_V1 3 I 177 —0.40 0.6299 £ 00058 383+ 19
NB_CIN25_V1prime 3 I 1.93 168 0.6006 + 00058 487 + 2.1
NB_CIN26_V1 3 I 192 213 0.5933 + 00058 514422
NB_CIN28a_V1 3 I 173 —0.03 0.5968 + 0.0057 500 + 2.2
NB_CIN28b_V1 3 I 2.01 195 0.5944 + 0.0058 510+ 22
NB_CIN7_V1 3 I 2.44 0.86 0.6103 + 00058 451 + 2.1
NB_A14 V1 3 I 3.08 0.45 0.6283 + 0.0058 388+ 2.0
NB_CIN25_FAILLE 3 / 2.01 177 0.5985 + 00058 494 + 22

5. Interpretation of Results
5.1. Sequence of Mesostructures in Relation to Folding

The main stages of regional deformation, already described in the literature
[29,60-63,68,121,142], were associated with sets of fracture-stylolite network identified
in this domain of the UMAR.

Set I (N-S to N020-oriented fractures) is the oldest set encountered in the Cingoli
Anticline. Because of its orientation and opening mode, we propose to interpret it as an
along-strike joint set related to the flexure stage associated with forebulge development
(sensu [8]).

Vertical, bedding, and fold-axis perpendicular set II joints /veins, associated with early
folding stylolites with N045-oriented peaks likely reflects a stage of LPS with oy striking
perpendicular to the northern part of the UMAR structure axes. This is confirmed by
reverse faulting associated with a N045 o7 after unfolding (Figure 5). Local complexities
are interpreted as resulting from LPS related stress perturbation, resulting in a slight local
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stress rotation in the vicinity of local heterogeneities such as inherited faults (Figure 3,
e.g., [23,143,144]). For instance, we interpret the N020 contraction in the northern part of
the fold as a local rotation around the WNW-ESE fault. We also consider that stylolites
with peaks-oriented E-W documented in the Calcare Massiccio relate to LPS perturbed by
the reactivation of N-S striking inherited normal fault.

The joints/veins of set III postdate those of set II (Figure 4C) and are bedding-
perpendicular and strike parallel to the local fold axis and bedding strike. We propose
to relate this set to the folding stage, reflecting outer-arc extension associated to strata
curvature at fold hinge. The ~20° variation of the orientation of this set between the north
and south of the fold (N140 in the northern part and N160 in the southern part, Figure 3
and Figure 4) is consistent with the arcuate shape of the fold and then strengthen this
interpretation.

Late folding, tectonic stylolites with horizontal peaks striking N045, along with post-
tilting strike-slip faults (Figure 5) are interpreted to be related to horizontal NE-SW con-
traction affecting the strata after the fold was locked, corresponding to LSFT [8,15].

Our results therefore demonstrate that the N045 compression prevailed during the
entire contractional history, i.e., from LPS to LSFT.

5.2. Evolution of the Burial Depth

The calculation of vertical stress involves the use of the following mechanical parame-
ters: (i) crossover lengths L values, calculated by considering an uncertainty of 23% and
reported in Table 1; (ii) mechanical and chemical parameters, defined in the literature and
given above (i.e., Young modulus E, Poisson ratio v and the solid-fluid interfacial energy
v). Then, the burial depths were calculated from each value of the vertical stress using
Equation (2) and rounded to the closest 10 m (Table 1). The corresponding depth ranges
for each formation are:

- Maiolica: from 720 + 85 m to 1840 + 220 m;
- Scaglia Rossa: from 880 £ 100 m to 1590 4 190 m;
- Scaglia Variegata: from 720 £ 85 m to 1100 =+ 130 m.

These ranges of burial depth correspond to the ranges of depth in which pressure
solution along sedimentary stylolites was active, i.e., at the time vertical shortening (o4
vertical) was prevailing over horizontal shortening [60,145]. Figure 6 shows these ranges
of depth reported on the burial model for comparison. The inversion and modeling data
appear to be consistent as the maximum burial recorded by sedimentary stylolites never
exceeds the maximum depth of the formation they belong to (Figure 6). In addition, the
largest range of depths is associated with the Maiolica (i.e., the oldest formation); for
the Scaglia Rossa and Variegata, intervals are overall narrower, and the more recent the
formation, the narrower the depth range and the shallower the depth returned. In the case
of the Scaglia Variegata (i.e., the youngest), the maximum burial recorded by the stylolites
does not exceed 1200 m. Thus, BPS would not develop between 1200 and 1750 m, i.e., at
the maximum burial values associated with the Scaglia Variegata (Figure 6). However,
these data indicate that the burial was continuous from the Cretaceous to the late Miocene
until the maximum burial depths of the sedimentary layers studied were reached. The
reconstruction of the complete burial/exhumation history in relation to the deformation
stages requires the combination of these data with isotope analyses.

5.3. Fluid System

The fluid system in the Cingoli Anticline can be partially characterized using stable
O, C and clumped isotope dataset. The positive difference of isotopic values between
vein cements and related host-rock, being low to null for §!3C values (Figure 7B) yet
significant for §!80 values (Figure 7C), argues against rock buffered fluid precipitation as
well as diagenesis related to burial. Instead, it strongly suggests that cements precipitated
from local fluids originated from the studied sedimentary sequence (hence with identical
313C signature), with various but limited degrees of fluid-rock interaction likely related
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to migration, leading to an increase of the 5180 ratios. The A4y results complement and
support this interpretation as the combination of the temperature of precipitation T47 with
the 5'80 value of the cement yields the 5'80 values of the precipitating fluid (Figure 7D)
using the temperature dependent equation of fractionation of [141]. The reconstructed
8180 values of the precipitating fluids range from 4.80 to 10.50%. SMOW, irrespective of
the tectonic vein sets where fluids precipitated. Positive §'80 values points towards a more
or less evolved brine origin for the fluid, which is consistent with a scenario involving a
migration of Turonian-Lutetian marine fluids inside the host Scaglia Rossa and precipitating
at thermal equilibrium within the host. It is noteworthy that these characteristics of the
fluid system in the Cingoli Anticline are consistent with the fluid systems reconstructed in
most of the other folds and thrusts of the UMAR, except for the Subasio Anticline [60] and
Monte Tancia thrust [71]. Interestingly, our dataset does not document a rock buffering
of external fluids as interpreted in the Monte Tancia thrust (southern part of the UMAR)
by [71], and it does not reflect the late meteoric derived fluid infiltration documented there
and related to the currently active extensional tectonics. When considering the tectonic
vein sets, temperature of precipitation T4y differs significantly between set I, set II, and
set III, supporting the interpretation of a thermal equilibrium between local fluids and
the host rocks throughout the burial history. Moreover, the difference in 5180puigs values
between set II, related to LPS, and set III, related to local curvature of the strata at fold
hinge, suggest that the degree of lateral fluid-rock interaction was higher during LPS than
during folding, as is the case elsewhere [139].

6. Discussion

The results of mesostructural and isotopic analyses, together with inversion of the
roughness of the sedimentary stylolites for maximum burial depth, have been combined in
order to unravel the history of deformation in the Cingoli area. Moreover, because the fluid
system appears to be at thermal equilibrium during deformation and that each fracture set
has a specific T47 signature, it is possible to infer the timing of fracture development by
comparing the range of precipitation temperatures Ty measured in the vein cements from
each set with burial curves and maximum depths of active pressure-solution reconstructed
from inversion of stylolite roughness. The stages of deformation (Figure 8), together
with their absolute timing and sequence were therefore characterized, and compared
with existing data for this study area [60,71], as well as in other localities of the belt,
i.e., the anticlines of Monte Nero [121], Monte Catria [66] and Monte Conero [68]; the
ages determined using the isotopic data are given with an uncertainty of 0.2 Ma, due to
uncertainties on temperature (£ 2 °C) (Figure 6):

(i) pre-contractional stage, marked by burial, vertical compaction and dissolution along
BPS recognized at the scale of the fold-and-thrust belt [60,61,66,68,121], under a
vertical o0y. It lasted until the early Messinian (ca. 6.4 Ma);

(ii) this pre-contractional stage is partly coeval with an E-W extension related to the
flexure of the Adriatic foreland [63,101], the onset of which is set to early Burdigalian
(ca. 21 Ma, as defined by the inflection point of the burial curves), and which ended
by middle Messinian (ca. 6.3 Ma, Figure 8). This E-W extension would be at the origin
of the development of a network of N-S fractures (set I). Pre-folding N-S striking
joints have already been described in this anticline [61], and in other anticlines, Monte
Nero [121] and Monte Catria [66], without being related to regional extension. In the
Conero anticline, however, [68] related a set of N-S, high angle to bedding, joints and
veins associated with normal faults to a flexural event. Further considerations provide
the existence of polyphase syndepositional normal faulting: the Barremian [146-148]
and late Cretaceous phases of stretching (e.g., [95,149,150], well known in the Umbria-
Marche-Sabina area, could have developed set I joints in the Maiolica and Scaglia
Rossa, as well as the development of stylolites in the Mesozoic rocks.

(iii) LPS stage, a pre/early-folding compressional stage with o; NE-SW-oriented related
to the Apenninic contraction [66,97-99]. The onset of this stage corresponds to the
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switch from formerly vertical to horizontal o1, associated with a N045 compression
marked by the fractures and stylolites of set II. This stage of deformation is consistent
regionally as it has been documented in the Monte Nero [121], Conero [68], and Monte
Catria [66] anticlines, and identified in numerous folds of the UMAR [52,54]. Based
on T47 precipitation temperature and burial history, the LPS stage started since the
middle Messinian (ca. 6.3 Ma). It has been reported in other case studies that the
fold growth and associated underlying ramp activation is likely to be responsible for
the uplift we reconstructed ca. 5.8 Ma [60]. Thus, we consider the LPS stage to have
lasted from 6.3 Ma to 5.8 Ma;

(iv) fold growth stage, characterized by a compression parallel to regional shortening, i.e.,
NE-SW-oriented [29] and local extension perpendicular to fold axis and related with
strata curvature at fold hinge [60]. Based on the dating of the LPS, fold growth started
at 5.8 Ma yet the T47 points towards a related N135 striking joints /veins development
during the latest Neogene-early Pliocene (ca. 5.2 to 3.9 Ma, Figure 8). That difference
in timing suggests a 0.6 My long fault activity and strata tilting before curvature
became high enough to developed outer-arc extension fractures;

(v) LSFT, post-dating the fold growth stage and still associated with a NE-SW con-
tractional trend. At this stage shortening is no longer accommodated by e.g., limb
rotation [60] and is associated with tectonic stylolites with N045-oriented peaks. The
E-W fractures locally measured cannot be associated with this deformation stage,
because no consistent chronological relationships with the syn-folding fracture sets
were identified. Isotopic analyses (Figure 8) suggest the onset of the LSFT by the
Pliocene (ca. 3.9 Ma). Despite the record of recent seismic activity in this northern
part of the Apennines, linked to a post-orogenic NE-SW extension [151], the end of
this deformation stage can precisely be determined neither from previous studies
carried out in Cingoli [61] nor from data collected during this study.

This deformation scenario is in line to the one proposed by [61], that discriminates
seven sets of stylolites, of which complexity can be related to more local effect of the
fold evolution.

The fold growth duration in Cingoli as constrained by the above results (ca. 1.9 My,
from 5.8 to 3.9 Ma) is consistent with that established by [62] using the age of foredeep de-
posits. The age of the end of the foreland flexure, evaluated at ca. 6.3 Ma in our study; is also
consistent within uncertainties with the early Messinian age (ca. 7.2-6.5 Ma) derived from
the sedimentary dating of the flexure-related normal faults [63,64]. The abrupt increase in
the slope of the burial curves (Figure 6) likely reflects the initiation of this flexure at about
21 Ma, which is older than the late Burdigalian (ca. 16 Ma) age previously proposed on the
basis of the distribution and variations in thickness of the Schlier (Aquitanian-Serravallian)
marking the deepening of the basin [63], and older than Serravallian (ca. 13.8 Ma) proposed
at the west of the Cingoli Anticline, in the western part of the belt [79]. The horizontal
isotropy of the compaction-related sedimentary stylolites, along which dissolution was
active until 7 Ma, however, suggests a very limited imprint of the flexure on the magnitude
of the horizontal stresses in the Cretaceous-Paleogene rocks until the early Messinian, when
the flexure became important enough to cause fractures and large-scale normal faults [63].

The folding duration, estimated in our work at ~2 My (from 5.8 to 3.9 Ma) is consistent
with the results of previous studies carried out in the more internal areas of the belt, using
absolute dating methods to reconstruct the duration and timing of the deformations [60,71]:
the difference in timing is in line with [62], and the duration of the folding is consistent
with [60,71], which respectively dated the folding from 8 to 5 Ma [60], and from 9 to 7 Ma [71]
(i.e., a duration of 2 to 3 My).

This case study illustrates the potential of the combination of mesostructural, pale-
opiezometric, and isotopic analyses, which reveals a regionally consistent sequence and
timing of deformation stages, despite multiple sources of uncertainties. Namely, the re-
fining of the timing of the flexure expression on the sedimentary reservoir is an example
of how the study of mesostructures can provide insights on the large-scale structures.
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Another example of such upscaling lies in the interpretation of the arcuate shape of the
Cingoli Anticline, that the distribution and timing of LPS related veins (set II) bounds to be
a primary feature of the fold development, likely linked to the reactivation of an inherited
N-S normal fault during folding (Figure 8).
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Figure 8. Interpretative model of the history of deformation in the Cingoli Anticline. The structural evolution of the area is

represented in 3D and in map view. For each stage of deformation, the main principal stress oy is represented as red arrows,
as well as the associated mesostructures (green: set I, blue: set I, pink: set III) and burial depths recorded by the Scaglia
Rossa (deduced from burial curves). Faults are represented by red lines in map view, dotted lines when inactive, and solid
lines when active. The inherited normal fault is also represented on the 3D block, by a red plane in transparency when it

is inactive.

7. Conclusions

This work, focused on the Cingoli Anticline in eastern UMAR, shows how the burial-

deformation history of folded rocks can be unraveled using an original combination of
ubiquitous features of carbonate rocks: fracture analysis, BPS paleopiezometry and vein
cement geochemistry. The main conclusions are:

different stages of deformation were recognized: (i) E-W extension related to foreland
flexure (o vertical); (ii) N045 oriented LPS; (iii) fold growth; (iv) LSFT, under a
horizontal N045 contraction. Mesostructural analyses also support that the arcuate
geometry of the Cingoli Anticline is a primary feature, probably linked to the oblique
reactivation of a N-S inherited normal fault.

the burial history of strata was reconstructed with high resolution using roughness
inversion applied to sedimentary stylolites. Our results highlight that this paleopiezo-
metric technique yields consistent maximum depth estimates down to 2500 m, in
agreement with previous studies in the western part of the UMAR.

the timing of deformation, and particularly the duration of the Apenninic contractional
stages, was reconstructed from combined paleopiezometric, isotopic and mesostruc-
tral data. Following foreland flexure (ca. 21.2 to 6.3 Ma), LPS was dated from middle
Messinian to early Pliocene (ca. 6.3 to 5.8 Ma) and fold growth occurred between early
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and middle Pliocene (ca. 5.8 to 3.9 Ma). The precise duration of LSFT remains out of
reach. The duration of the fold growth phase is in line with previous estimates based
on other proxies such as K-Ar and U-Pb absolute dating [71].

- the O and C stable isotope signatures and clumped isotopes of A7 of vein cements im-
ply that the paleofluid system that prevailed during LPS and folding in this structure
involve marine local fluids with limited interaction with the host rock, in agreement
with earlier findings in the eastern UMAR.

Beyond regional implications, this study demonstrates the high potential of our new
approach combining paleopiezometric, isotopic, and mesostructural data to reconstruct
the sequence and to constrain the timing not only of local mesoscale deformation, but
also of regional tectonic events in an orogenic system. Our results further confirm that
the paleopiezometric inversion of the roughness of sedimentary stylolites for the vertical
stresses is a reliable and powerful tool to unravel the amount and timing of burial without
any assumption about the past geothermal gradient.

Supplementary Materials: The following are available online at https://www.mdpi.com /2076-3
263/11/3/135/s1, Figure S1: graphical representation of the incremental mobile average value of
the elastic rebound as a function of the number of measurements incorporated in the calculation,
for each measurement site, Table S1: stabilized average rebound value R for the Maiolica, Scaglia
Rossa and Scaglia Variegata. Standard deviation and number of measures are detailed for each
site of measurement, Figure S2: Average Wavelet analysis of the stylolite roughness for all studied
samples, Table S2: GPS coordinates of measurement and sampling sites, Figure S3: interpretated
X-ray diffractometry spectrum of the Scaglia Rossa, Figure S4: A47 analysis report, detailing analysis
and results.
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III- GENERAL CONCLUSIONS

This work, focused on the Cingoli Anticline, shows how the burial-deformation history of folded rocks
can be unraveled using an original combination of ubiquitous features of carbonate rocks: fracture

analysis, BPS paleopiezometry and vein cement geochemistry.

Regarding the case study, different stages of deformation were recognized: (i) E-W extension related
to foreland flexure (o1 vertical); (i1) N045 oriented LPS; (i1i) fold growth; (iv) LSFT, under a horizontal
NO045 contraction. Mesostructural analyses also support that the arcuate geometry of the Cingoli
Anticline is a primary feature, probably linked to the oblique reactivation of a N-S inherited normal
fault. The timing of deformation, and particularly the duration of the Apenninic contractional stages,
was also reconstructed from combined paleopiezometric, isotopic and mesostructral data. Following
foreland flexure (ca. 21.2 to 6.6 Ma), LPS was dated from middle Messinian to early Pliocene (ca. 6.3 to
5.8 Ma) and fold growth occurred between early and middle Pliocene (ca. 5.8 to 3.1 Ma). The precise
duration of LSFT remains out of reach. The duration of the fold growth phase is in line with previous
estimates based on other proxies such as K-Ar and U-Pb absolute dating of fault rocks in the Monte
Tancia Thrust (Curzi et al., 2020). The O and C stable isotope signatures and clumped isotopes of As7 of
vein cements imply that the paleofluid system that prevailed during LLPS and folding in this structure
involve marine local fluids with limited interaction with the host rock, in agreement with earlier
findings in the eastern UMAR. From a methodological point of view, the burial history of strata was
reconstructed with high resolution using roughness inversion applied to sedimentary stylolites. These
results highlight that this paleopiezometric technique yields consistent estimates of maximum depths

experienced by strata down to 2500 m, in agreement with previous studies in the western part of the
UMAR.

The final advantage is that this method is easier to use than classic methods in the application, as
it is less expensive in terms of laboratory analysis. It also does not involve crushing, Rock Eval or
vitrinite analysis, the treatment consisting only in the computer analysis of a stylolite scan performed
on a cut and polished sample. The difficulty lies in the sampling part, which implies recovering and
analyzing several hundred kilos of samples for a reasonable statistical representativeness. So, in the
same way that sonic or rock eval field methods have been developed, it would be possible to consider the
development of a field methodology specific to the study of sedimentary stylolites, involving, for example,
the use of a polishing machine and a high-resolution camera allowing for the analysis and processing of
stylolites directly in the field. Beyond regional implications, this study demonstrates the high potential
of this new approach combining paleopiezometric, isotopic, and mesostructural data to reconstruct the
sequence and to constrain the timing not only of local mesoscale deformation, but also of regional
tectonic events in an orogenic system. These results further confirm that the paleopiezometric inversion
of the roughness of sedimentary stylolites for the vertical stresses is a reliable and powerful tool to

unravel the amount and timing of burial without any assumption about the past geothermal gradient.
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I- INTRODUCTION

In previous chapters, the contribution of paleopiezometry on sedimentary stylolites roughness
applied to the reconstruction of the burial-deformation calendar is demonstrated. Notably, the study of
the Cingoli Anticline is a field example where this methodology is applied and provides the estimation
of the onset of Apenninic contraction at the fold scale. Affordable, easily applicable, but less precise, this
methodology is intended to complement the classical temperature-dependent methods used to
reconstruct the burial history of strata. Albeit not widely spread, the application of SRIT to BPS
populations in a single folded structure, but also at the scale of foreland basins and FTB, could
potentially sheds light on otherwise poorly constrained data, such as the paleo-depths at which the first
increments of the contraction started, and the burial history as well (Beaudoin et al., 2020c; Labeur et

al., 2021).

In this context, the application of this innovative methodology coupling SRIT and burial curves is
extended to the regional case of the UMAR, from the hinterland to the Adriatic coast. The first issue is
then to test the reliability of this method, and in particular the SRIT accuracy on a larger study, by
comparison with data already known in the area. The second one is to discuss contribution of this
method to the understanding of pre-folding deformations in the context of foreland basins and FTB,
notably the LPS evolution, concept which is still debated. In this analysis, the evolution of burial depths
and of the timing of the LPS onset is tracked along a SW-NE transect across the UMAR. These results
are then compared to various studies discussing the burial and timing of folding (Calamita et al., 1990,
1994; Mazzoli et al., 2002; Caricchi et al., 2015). This study is therefore a relevant example of the
reconstruction of burial evolution and of dating of the onset of contraction at the FTB scale. This work
involves the study of several folded structures along a SW-NE transect across the UMAR. The present
study couples mesostructural and burial data from the Cingoli Anticline with those from two other folds
studied during this PhD, and with those from a published case study in which I participated as co-author
for the acquisition and processing of data, as well as for the formatting of some figures. The studied
folded structures are located along the transect on the Figure 3.1 (Chapter 3), using the black boxes,
and described as follows: (i) the Cingoli Anticline, previously presented (Labeur et al., 2021; Chapter 4);
(i1) the Subasio and Conero anticlines, 2 folds distributed along the transect and studied during a field
campaign in June 2021; (iii) additional data from published case studies of the San Vicino Anticline
(Lacombe et al., 2021), near Cingoli. The first part of this work is to set the geological framework of the
study by summarizing the sedimentary and structural characteristics of these area of interest. Then,
results of these individual studies are presented and linked to highlight the impact and contribution of

this innovative methodology in this well constrained regional case study.
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1I- THE SUBASIO AND THE CONERO ANTICLINES: TWO OTHER FIELD
EXAMPLES OF BURIAL-DEFORMATION RECONSTRUCTION

The case of Cingoli strengthens the robustness of this methodology. The latter is then applied to the
Subasio and Conero anticlines to further test the replicability and consistency of the results at the fold
scale and to assess how valid is the reconstructed calendar of deformation at the scale of the FTB. This
section presents the folds of interest, then highlights (i) the mesostructural context through the analysis
of fracture-stylolite networks, (ii) the burial of strata through the application of paleopiezometric
methods of sedimentary stylolites, and (iii) the maximum burial undergone by the different formations

through time using the reconstruction of burial curves.
1- Geological setting
1.1- The Subasio Anticline

The Subasio Anticline is an asymmetric folded structure belonging to eastern part of the UMAR
located about 10 km southeast of Perugia (Figure 3.1, Chapter 3).

Characterized by a SW vergence, it extends for 12 km in N-S axis, versus a few tens of kilometers
along its longitudinal direction (Damiani et al., 1995). This compressional structure forms a doubly
plunging fold (Scisciani et al., 2014), characterized by : (1) a backlimb (western flank) affected by a W-
dipping normal fault and a back-thrust fault (Deiana, 1965); (i1) a gently-dipping forelimb corresponding
to the eastern flank (Figure 5.2).

The stratigraphic succession is similar to that classically described in Umbria-Marche. In particular,
the Jurassic marine formations display typical facies of this stratigraphic sequence (Figures 5.1 and
5.2). There are, however, some lithological and thickness differences for the Mesozoic formations
compared to the lithotypes of similar formations outcropping in other areas of the Apennines. The
limestones of the Corniola Formation, for example, are sometimes finely crystalline in the Subasio area
and present a regular alternation of gray to greenish calcareous-marl layers and clayey marls in thin
layers at the top of the formation, thus progressively interdigitating with the overlying limestones.

Thickness and facies variations are also observed, more specifically in the core of this macro-anticline
that hosts a reduced Jurassic succession related to the existence of a horst. Furthermore, the Miocene
silicoclastic deposits (Burdigalian-Serravalian) are mostly characterized by facies typical of the Umbria-
Marche sequence. Finally, the sedimentary complexes outcropping in the Assisi nappe are very close to

those of the adjacent regions (Servizio Geologica d’Italia, 1969).
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Figure 5.1- Illustration of the main formations studied in the Subasio Anticline. Each formation is
associated with 2 field photographs.
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Figure 5.2- Simplified geological map of the Subasio Anticline, redrawn from existing geological maps
(Servizio Geologica d’Ttalia, 1969). Measurement sites are positioned thanks to the black dots, sampling
and measurement sites by red dots. Associated stratigraphic column (Servizio Geologica d’Italia, 1969)
and cross-section (modified from Scisciani et al., 2014)

1.2- The Conero Anticline

The Conero Anticline is located in the outermost part of the Apennine Ridge, south of Ancona, in the
easternmost Marche region and bordering the Adriatic Sea (Figure 3.1, Chapter 3). This short, double
vergence fold extends over 2.5 km along a NE-SW axis, with a wavelength of 3.5 km in a NW-SE
direction, and culminates at 572 m above the sea level (Diaz General, 2013). It is bounded structurally

by two major faults and cut laterally by perpendicular late normal and strike-slip faults.

This asymmetric anticline formed during the Pliocene compressional event associated with a SW-
NE oriented o1. It is characterized by a globally N140 oriented axis, with an eastern limb striking NE
and steeper than the western flank (80° versus 20°) (Cello & Coppola, 1984; Diaz General, 2013) (Figure
5.3). Furthermore, a system of strike-slip left-lateral faults crossed this anticline. These faults are
oriented at high angle to the fold axis (Cello & Cappola, 1984; Coccioni et al., 1997) and are associated
with a lateral offset of 100 to 200 meters (Fancelli & Radrizzani, 1964a) without impact on the
orientation of the fold axis (Cello & Coppola, 1984). Some right-lateral faults oriented N030-040 are also
reported, as well as some normal faults characterized by a spacing of a few tens to a few hundreds of

meters and a length of several hundred meters along the fold axis (Diaz General, 2013).
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measurement sites by red dots. Associated stratigraphic column (Fancelli & Radrizzani, 1964b) and
cross-section(modified from Mussi et al., 2017).

Marine sedimentation is predominant in this area (Montanari & Sandroni, 1995). The outcropping
stratigraphic sequence corresponds to the second part of the typical Umbria-Marche sequence, i.e. the
carbonate sequence of the Meso-Cenozoic, then covered by turbiditic silicoclastic deposits and flysch of
the Mio-Pleistocene (Figures 5.3 and 5.4). However, one can notice some differences with the classical
sequence of the Umbria-Marche, namely: (i) variations in thickness in the silty, marly and calcareous
formations, especially for the Marne a Fucoidi for which the thickness is largely reduced (10 m versus
60 m) (Diaz General, 2013); (i1) a stratigraphic gap between the Scaglia Bianca and the Scaglia Rossa,
probably as the consequence of an earthquake that generated a big submarine landslide, the latter at
the origin of the remobilization of these sediments and their migration into the deepest areas of the

ancient marine basin (Montanari and Sandroni 1995).
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2- Mesostructural context

The mesostructural context is define for each anticlinal more succinctly than in Cingoli. Thus,
applying the fracture analysis methods described above (Chapter 2), fractures observed and measured
in the field are grouped by sets based only on their orientations and their structural position at first.
Then, by considering the geometrical and chronological relationships between the different sets, and by
relating them to the regional deformation stages, the fracture sequence is reconstructed for these two

case studies.
2.1- The Subasio Anticline

The study fracture and tectonic stylolites orientations and chronology relationships provides the
discrimination of 5 sets at first order, including joints, veins and/or tectonic stylolites: (i) veins and joints
J1 striking N040£20°, i.e. NO50 to NO60 in the backlimb and hinge, and N020 to NO60 in the forelimb.
They are perpendicular to the bedding strike and observed on the entire fold (Figure 5.6). They intersect
and then postdate BPS (Figure 5.5A). They are associated with tectonic stylolites S1 whose peaks strike
NO040 + 20° and horizontal in untilted position (Figure 5.7); (i1) vertical veins and joints Jz, whose planes
strike N110 to N150 in the backlimb and N110 to N130 in the forelimb. They are vertical and sub-
parallel to parallel to fold axis (Figures 5.6). This set post-dates set I, since associated fractures intersect
fractures belonging to set I (Figures 5.5B and 5.5C); (ii1) vertical fractures Js, striking N-S in the
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backlimb and NO030 in the forelimb and hinge. They intersect and thus post-dates fractures of set II
(Figure 5.5C); (iv) tectonic stylolites Sz, whose peaks strike N040+£20° and horizontal in current position.
At second order, a set of fractures composed of vertical veins striking NO70 to N100 is also identified,
poorly represented at the scale of the anticline (4 measurement sites), and with no clear chronological

relationship with the other sets.

SETS OF FRACTURES
—— Set | : N040+20°
_— Set Il : N130£20°

| — Setlll: ~N-S
A BPS

CHRONOLOGY RELATIONSHIPS
C : crosscutting

Figure 5.5- Chronological relationships (i.e. crosscutting), observed at mesoscopic scale, between: (A) a
vein NO60 belonging to set I (blue) and a BPS, (B, C) sets I and II (pink), (D) sets IT and III (orange). (D)
Interpretative scheme of the formation of the E-W set.
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Figure 5.6- Location of fracture planes measured on the geological map of the Subasio Anticline. Each measurement point is associated with two
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The inversion of the fault data using Angelier's method (Chapter 2) highlights several families of

faults (Figure 5.7 and Table 5.1):

2 compressive tensors (WP SUB7 and 77), characterized by a 01 oriented N060 and horizontal in
current position of strata, oz oriented NO50 and horizontal in current position of strata, and o3
vertical. @ is constant (0.5);

2 extensive tensors (WP SUB14 and 43), with o3 axis striking N020, o2 axis striking N110 and o1
vertical. Faults are high angle (almost perpendicular) to bedding. ® varies between 0.2 and 0.7;
1 extensive tensor (WP SUBI1) with o3 axis striking N060, o2 axis striking N150 and o1 vertical.
Faults are low angle to bedding (i.e. fault plane parallel to bedding). @ is equal to 0.7

1 strike-slip fault (WP SUB4), with a o1 axis striking NO10 and contained in the bedding (and
thus horizontal after correction of strata bedding), a o3 axis striking E-W to N100 and

perpendicular to the bedding, and o2 axis vertical. @ is relatively constant, between 0.2 and 0.4.

GPS Fault number ~ Method o o ” b
Az, Dip Az, Dip Az, Dip

WP SUBI 5 INVD 326 60 157 30 65 05 07
WP SUBA4 9 INVD 020 16 130 51 279 35 04
WP SUBA4 4 INVD 012 30 151 53 270 20 0.2
WP SUB7 8 INVD 232 06 322 04 089 8 05
WP SUB14 4 INVD 117 54 302 36 210 02 07
43 6 INVD 327 70 123 19 215 08 0.2

77 9 INVD 057 03 147 01 259 87 05

Table 5.1 - Fault inversion results using the Angelier (1984, 1989, 1990). Azimut and dip are given for each
principal stress 01, 02 and o3, the associated ¢ ratio, as well as the number of faults and the method

used for inversions.

Interpretation of these striated fault plane inversions help to distinguish 4 main stress regimes

related to different stages of deformation recorded for the area. If possible, they are also linked with the

5 sets of fractures previously defined and represented in Figure 5.6:

a post-tiliting compressive regime, with o1 oriented NO50 and horizontal in current position of
strata, and kinematically consistent with tectonic stylolites Sz, whose peaks are horizontal in
current position and strike N040+20°.

an extensive regime, with o3 oriented N020 and oblique to the fold axis. The extreme values of ®
show that tensors are close to the permutation. This stress regime cannot be linked to the syn-
fold but could instead be associated with a late extension (post-LSFT). It might be kinematically
consistent with vertical joints and veins Js striking ~N-S;

an extensional regime, with o3 oriented NO60 and horizontal in untilted position. This regime is
kinematically consistent with flexural slip probably syn-folding, and with Js vertical joints and

veins striking N130+20°.
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a strike-slip regime with a o1 axis striking N010 and horizontal after unfolding, i.e. ante-tilting.

LPS FoLD GROWTH

Set |

Il:
A4 82 |

LSFT

Fin

Figure 5.8- Interpretative model of the history of deformation in the Subasio Anticline. The structural
evolution of the area is represented in in map view. For each stage of deformation, the main principal
stress o1 1s represented as red arrows, as well as the associated mesostructures (blue: sets I and III, pink:
set I, orange: set IV). Thrusts and faults are represented by red lines in map view, in transparency when
it is inactive.

ally, the following fracturing and deformation sequence can be defined for the Subasio Anticline,

illustrated by the interpretative model proposed in Figure 5.8:

@)

(i)

(111)

set I, including tectonic stylolites Si, with peaks striking N040+20° and horizontal in untilted
position, and veins and joints J1, striking N040+20° and perpendicular to bedding. This is the
oldest set encountered in the Subasio Anticline, interpreted as related to LPS stage. The ante-
tilting strike-slip fault, with a NO10-oriented o1, might be interpreted to be related to this
NE-SW contraction;

set II, composed by vertical veins and joints dJ2, striking N130+20° and parallel to fold hinge,
and flexural slip related to a NO60 o3 after unfolding. These fractures can be interpreted as
related to folding stage, reflecting extensions that occur at the hinge;

set IIT of late folding, tectonic stylolites with horizontal peaks striking N040+20°, and

kinematically consistent with N040 and post-tilting compression. This set can be related the
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horizontal NE-SW contraction experienced by strata when the fold is locked, i.e. during the
LSFT,

@iv)  set IV, composed by dJs joints and veins ~N-S -oriented, assumed to be kinematically
consistent with the N020 extension. Thus, they might be interpreted as generated during a

late collapse of the fold, post-LSFT.
2.2- The Conero Anticline

As in Cingoli and Subasio, fracture network is analyzed in the Conero Anticline by the study of
average orientations and relative chronology of fractures and tectonic stylolites (Figure 5.9). Three sets

of fractures are discriminated according to these criteria:

- afirst set of joints and veins J1, vertical and N-S to N170-oriented, and mainly oblique to bedding
strike. They are located in the central and southern part of the anticline, synchronous or
intersecting BPS;

- Jjoints and veins J2 with a strike N060+20° and vertical. They are mainly perpendicular to the
bedding strike and are represented on the whole fold. They are associated with tectonic stylolites
S1 horizontal after bedding correction, with peaks striking N040 to N060°, and mainly identified
in the northern part (Figure 5.10). They abut and then post-dates the set J;

- veins and joints J3 striking N160 and vertical in current position, only observed at the hinge.

They are parallel to bedding strike and fold axis strike. They abut and then post-date J1 and Js.

Another set of sub-vertical to vertical fractures E-W-oriented is also identified. As in Subasio and
Cingoli, this fracture set is considered to be of second order, as it is poorly represented at the scale of
the fold low number of sites and measurements) and has no clear chronological relationship with the
other fracture sets identified.

Using Angelier's inversion method on 2 sites of measurements (Chapter 2), two families of faults are
characterized (Figure 5.9 and Table 5.2):

1 strike-slip tensor (WP CONS3), with o1 axis striking N230 and o3 axis striking N140. o1 and o3
axes are both contained in bedding, and thus horizontal after correction of strata bedding. Faults
related to this tensor are high angle to bedding (sub-vertical to vertical). ® is equal to 0.1.

a second strike-slip tensor (WP CON4), with o1 axis striking N040, and a dip of 80°, and o3 axis
striking N150 contained in the bedding (i.e. horizontal after correction of strata bedding). It is
associated with high angle to bedding faults, and a @ 0.9.

The extreme values of ® demonstrate that these tensors are close to the permutation. They can be
interpretated as related to the main strike-slip stress regime, pre-tilting, and characterized by a
o1 striking ~N045 and horizontal after unfolding, and a o3 striking NW-SE and horizontal after
unfolding. This regime may be interpreted as kinematically consistent with the vertical veins/joints

J2 NO060+20°-oriented.
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Figure 5.9- Location of fracture planes measured on the geological map of the Conero Anticline. Each
measurement point is associated with two stereodiagrams (lower hemisphere), representing main
fracture orientations in current (R) and unfolded attitude (U); on each stereodiagram, the bedding is
reported as dashed lines, and fracture planes by solid-colored lines, each color relating to one of the four
major fracture sets defined (green: set I, blue: set II, pink: set III, orange: set IV). Major sets are
represented in bold on the stereodiagrams as on the map.
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Figure 5.10- Location and plot of measured tectonic stylolites on the geological map of the Conero Anticline. Each measurement site is associated with two
stereodiagrams (lower hemisphere), representing main orientations of tectonic stylolites peaks measured (current and unfolded attitude). On each

stereodiagram, the bedding is reported as dashed lines, and peaks orientation (i.e. 01 orientation) is given by high pole density zones. Stereodiagrams with
fault-slip data and principal stress axes are also reported.
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o1 02 03

GPS Fault number Method ) ) ) ¢
Az. Dip Az. Dip Az. Dip

WP CON3 16 INVD 233 03 328 64 141 26 0.1

WP CON4 7 INVD 042 77 238 12 147 03 0.9

Table 5.2 - Fault inversion results using the inversion of striated fault plane of Angelier (1984, 1989, 1990).
Azimut and dip are given for each principal stress o1, 02 and o3, the associated ¢ ratio, as well as
the number of faults and the method used for inversions.
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Set | :
— J1 DF: Dextral Fault
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Figure 5.11- Interpretative model of the history of deformation in the Conero Anticline. The structural
evolution of the area is represented in map view. For each stage of deformation, the main principal stress
o1 1s represented as red arrows, as well as the associated mesostructures (green: set I, blue: set II, pink:
set III, orange: set IV). Orogenic thrusts and faults are represented by red lines in map view, in
transparency when it is inactive.

The interpretative model of the history of deformation in the Conero Anticline is given in Figure 5.11

and links the main stages of regional deformation with the development of fractures-stylolites network.

The proposed fracturing-deformation sequence is as follows:

@) the flexural stage, related to set I of fractures, including veins and joints J: N160-oriented,
post-dating BPS and pre-dating other sets of fractures;

(i1) set II of fractures-stylolites is related to LPS, stage associated with a NE-SW contraction that
occurs before fold growth. This set includes vertical veins and joints J2, N060+20°-oriented

whose strike is perpendicular to the bedding strike. They are related to tectonic stylolites S1
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whose peaks follow the same orientation. This set could also be associated with to the activity
of strike-slip faults, under a stress regime characterized by a horizontal extensive component
NE-SW-oriented,;

(i11)  set IIT includes vertical joints/veins J3 which post-date the other sets of fractures and strike
parallel to the local fold axis (i.e. N160). They are assumed as related to outer-arc extension

related to folding at the hinge.

2.3- Timing of regional deformation: evolution of flexure and folding

The diachronous propagation of flexural and folding stages at the scale of the UMAR, correlated
with the eastward migration of the deformation front, is summarized in Figure 5.12, considering the

data from literature available on the whole area.
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Figure 5.12- Summary chart of the evolution of flexure and folding/thrust ages at the scale of the UMAR,
through the 4 folds studied: Subasio, San-Vicino and Cingoli, and Monte Conero. The associated ages are
given in italics, each color corresponding to the bibliographic source: in dark blue Guerrera et al. (2012),
in orange Curzi et al. (2020), in light blue Calamita et al. (1994) and in purple Lacombe et al. (2021).

In the work of Calamita et al. (1994), the timing and rate of deformation in the external zones of the
UMAR was reconstructed (Figure 5.12, light blue) on the basis of a correlation between spacing and
thickness of the thrust sheets, and on a time/space relationship between the end of the activity of each
thrust and the distance from a reference point within the system. Guerrera et al. (2012) reconstructed
the space/time evolution of the UMAR and the Apennine Miocene foredeep through the stratigraphic,
biostratigraphic and chronostratigraphic study of the Miocene silicoclastic deposits (Figure 5.12, dark
blue). Multi-analytical approach applied by Curzi et al. (2020) in the western part also complemented

these data, combining field data (i.e. detailed mapping of the area and multiscale structural analyses)
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with laboratory analyses (i.e. illite-smectite paleothermal indicators, clumped and oxygen-carbon
isotopes applied to calcite mineralization and fault rock dating using K-Ar and/or syn-kinematic illite
methods) (Figure 5.12, orange). The study of Lacombe et al., 2021 gave the last missing ages by coupling
meso-structural data and U-Pb dating of calcite veins (Figure 5.12, purple), and allowed finalization of
the reconstruction of this evolutionary scheme of flexure and contraction ages (for more details on the

kinematic part, please refer to Chapter 2).
3- Sedimentary stylolites paleopiezometry
3.1- Young modulus estimation

In 15 sites in Subasio and Conero anticlines, 542 R rebound values are measured on flat
homogeneous surfaces to estimate rock elastic properties for the Maiolica, Scaglia Bianca, Scaglia Rossa
formations as previously described (Chapter 2). All measurements are detailed in Appendices 5.1 and

5.2. The average of these representative R values and resulting Young moduli are reported in Table 5.3.

Location Formation (n) Stabilized R value (m) Young modulus E (GPa)
Subasio Maiolica (3) 56 + 2.6 (141) 33+4.8
Subasio Scaglia Bianca (2) 61 + 3 (80) 43+ 6.5
Subasio Scaglia Rossa (6) 56 £ 5.6 (241) 35+ 10.8
Conero Maiolica (2) 58 + 6.1 (80) 36 +11.7

Table 5.3 - Stabilized R values averaged for the Maiolica, Scaglia Bianca, and Scaglia Rossa formations in
Subasio and Conero anticlines, and associated Young moduli E. The number of measurement sites
is indicated for each formation in brackets (n), as well as the number of points used for the
calculation of the stabilized R value (m). The uncertainty on the R and E values is given by the
standard deviation. Values Young moduli are deduced from the Equation 1.15 (Chapter 1).

For the same formations, studies previously carried out in Umbria-Marche gave values close to 20
GPa (Beaudoin et al., 2016; Labeur et al., 2021). Considering the uncertainty on the values of R and E

obtained, E values used for inversions are those computed from these measurements and detailed in

Table 5.3.
3.2- Sedimentary stylolite roughness inversions

Stylolites roughness inversions are successful for 60 BPS with peaks perpendicular to the dissolution
plane, sampled within the Jurassic to Eocene carbonate formations in these two anticlines, and
distributed as follows (Figures 5.6 and 5.9):

Subasio: Maiolica, n=19; Scaglia Bianca, n=10; Scaglia Rossa, n=8;

Conero : Maiolica, n=20; Scaglia Bianca, n=3.

To ensure the stress isotropy on the horizontal plane, paleopiezometric inversions are applied on two
orthogonal tracks for several stylolites (Beaudoin et al., 2016). All L. values are reported in Table 5.4,
given within an uncertainty of 23% (Rolland et al., 2014), and their distribution summarized in Figure

5.13A.
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Location Sample Formation Le (mm)* E (GPa) ov (MPa)** Depth (m)
Subasio SUB25 Maiolica 0.45+ 0.10 33 40 1690
0.56+0.13 36 1510
SUB27 0.31+0.07 48 2040
SUB28 0.53+0.12 37 1560
SUB41 0.38+0.09 43 1830
SUB45 0.29+0.07 49 2100
0.15+0.03 68 2900
0.97+0.22 27 1150
SUB65 0.33+0.08 47 1980
0.27+0.06 51 2190
SUB70 0.51+0.12 37 1590
SUB72 0.55+0.07 36 1530
0.66+0.15 33 1390
0.26+0.06 52 2210
0.47+0.11 39 1650
0.89+0.20 28 1200
SUB107 0.34+0.08 46 1940
0.19+0.04 61 2600
0.16+0.04 67 2840
SUB113 Scaglia Bianca 0.23+0.05 43 64 2720
0.19+0.04 70 2960
A165 1.13+0.26 29 1220
1.37+0.39 26 1110
0.51+0.12 43 1810
0.51+0.12 43 1810
0.50+0.12 43 1830
1.05+0.24 30 1270
0.77+0.18 35 1480
1.61+0.37 24 1020
SUB80 Scaglia Rossa 0.46+0.11 35 33 1400
0.37+0.09 37 1580
0.40+0.09 35 1500
SUBS85 0.26+0.06 53 2260
0.26+0.06 54 2280
SUB97 0.35+0.08 47 1980
SUB98 0.79+0.18 31 1310
SUB145 0.20+0.05 68 2880
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Location Sample Formation Le (mm)* E (GPa) ov (MPa)** Depth (m)

Conero CON3 Maiolica 0.26+ 0.06 36 55 2340
CON5 0.40 £ 0.09 45 1890
0.28 + 0.06 53 2250

CONG6 0.79+0.18 32 1340
0.3 +0.07 51 2180

0.70 £ 0.16 34 1430

0.49+0.11 40 1700

CONS8 0.56 £0.13 38 1600
0.56 +0.13 38 1600

0.58+0.13 37 1570

CON10 0.40 £ 0.09 44 1890
0.33 +0.10 49 1890

CON17 0.89 £ 0.20 30 1270
0.51+0.12 39 1680

0.35 +0.08 48 2020

0.34+ 0.08 48 2050

0.30 £ 0.07 51 2160

0.94 £ 0.22 29 1230

0.39 £ 0.09 45 1920

0.63 +0.15 35 1500

CON20 Scaglia Bianca 0.32+£0.07 54 2300
0.50 £ 0.11 43 1840

0.65+0.15 38 1610

Table 5.4 - Results of Bedding Parallel Stylolite roughness inversions. Values are grouped considering the
location and the formation of sampling. *Crossover length given within 23% uncertainty. **Vertical
stress oy given within 12% uncertainty calculated according to Equation 1.12.2 (Chapter 1), with
following parameters: a Young modulus depending on formation and location, a Poisson ratio v =
0.25, and interfacial energy y = 0.32 J.m-2. Dry density of rock considered for calculation d = 2400
g.m-3, acceleration of gravity g = 9.81 m.s2

3.3- Vertical stress and burial depths computation

Once the following parameters are defined, associated vertical stress are computed (Table 5.4): (i)
crossover lengths Lc values reported considering an uncertainty of 23% (Rolland et al., 2014) and (i1)
mechanical and chemical parameters characteristic of the rocks studied, namely Young modulus E,
Poisson ratio v and the solid-fluid interfacial energy y, defined in previous works and detailed above.
Then, burial depths are calculated from each value of the vertical stress. They are rounded to the closest
10 m and summarized in Table 5.4. The corresponding depth ranges for each formation and each locality

are graphically represented in Figure 5.13B.
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Figure 5.13- Summary of inversion results considering the longitude and the formation of sampling.
Each box shows the distribution of values, with the median represented by a vertical line, and the
extrema by the straigh lines. (A) Distribution of cross-over lengths L. given in millimeters. (B)
Distribution of depths deduced from the vertical stresses obtained after inversions.
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4- Burial depths evolution

Figure 5.14 presents burial curves reconstructed for the Subasio (Figure 5.14A) and the Conero
(Figure 5.14B) anticlines, following the method applied in Cingoli. For the Subasio Anticline, burial
model is derived from the work of Caricchi et al. (2015). In Conero, burial curves are reconstructed for
the Jurassic to Pliocene formations, considering the chemical compaction and physical compaction, as
previously detailed. Thus, considering field data and previous work carried out in Cingoli (Labeur et al.,
2021), chemical compaction is estimated at 8% for the Maiolica, and 3% for the Scaglia formations (i.e.
Bianca, Rossa and Variegata). The value of the geothermal gradient considered remains 23°C.km!, as
estimated by organic matter thermal maturity (Caricchi et al., 2015) and clay minerals (Aldega et al.,
2007). As observed for the Cingoli Anticline, two main stages are illustrated by these curves for both
anticlines (Figure 5.14): (i) a first phase of increasing burial, related to the deepening of the Umbria-
Marche basin in a foreland setting, and (i1) an exhumation stage, the age of which is younger from west

to east (i.e. from late Miocene in Subasio to middle Pliocene in Conero).

The internal consistency of burial depths values is demonstrated because the maximum burial
recorded by sedimentary stylolites never exceeds the maximum depth of the formation they belong, from
the data used in the construction of burial curves (Figures 5.14A and 5.14B). In addition, maximum
depths recorded by BPS and maximum burial associated with the oldest formation studied in both
anticlines provides information on burial duration (Figure 5.14): (i) in Subasio, considering the Scaglia
Rossa, BPS would not develop between 2120 and 2850 m; (i1) in Conero, for the Scaglia Bianca, no BPS
between 1830 and 3800 m. Thus, the burial was continuous from the Cretaceous to the late Miocene-
early Pliocene, until the sedimentary layers studied reached the maximum burial depths.

Beyond the access to the maximum burial reached before the contraction begun, combination of
results of SRIT inversion applied on BPS and burial curves provides access to the time at which the
principal stress o1 changes from vertical to horizontal. The underlying assumption is to consider the end
of stylolite growth as associated with the switch from formerly vertical to horizontal o1, i.e. with the
onset of the LPS stage. Indeed, this pre/early folding compressional stage is regionally recorded (e.g.,
Tavani et al., 2008; Diaz General et al., 2015; Beaudoin et al., 2016; Labeur et al., 2021; Lacombe et al.,
2021), with a 01 NE-SW-oriented related to the Apenninic contraction. Furthermore, stylolites studied
are bedding-parallel and horizontal in untilted position. Stylolitization is considered as directly linked
to the burial of the strata under the weight of overburden before contraction. Thus, by plotting the
estimated paleodepths on the reconstructed burial models, the onset of LPS (i.e. of horizontal
contraction) is constrained for the both anticlines, 9.9 Ma in Subasio (Figure 5.14A) and 4.3 Ma in
Conero respectively (Figure 5.14B).

This study therefore provides a first-order estimation of the LLPS onset at the fold scale, for 3 cases
of study. The accuracy of ages values remains questionable, as their estimation involves the use of some
parameters for which the uncertainty is difficult to estimate (e.g. Young modulus, burial modelling, ...).

Hence, the LLPS onset ages are rounded for the rest of the study assuming an uncertainty of around one
182



million years, i.e. 10 Ma in Subasio, 6 Ma for Cingoli and 4 Ma for Conero. The comparison of these case

studies, located on a transect crossing the UMAR, would give a potential idea of the evolution of this

burial-deformation calendar on a larger scale.
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Figure 5.14- Burial models constructed for the (A) Subasio and (B) Conero anticlines considering
thickness from stratigraphic and well data corrected for chemical and physical compaction. In Subasio,
model is taken from works of Caricchi et al. (2015). The range of depths reconstructed from BPS
roughness inversion (with uncertainty shaded in light grey) are reported for each formation as grey levels.
The corresponding timing and depth of active dissolution are reported on the x axis and left y axis,
respectively. Onsets of LPS, i.e. the moment when o1 switches from vertical to horizontal, is deduced from
the results of the roughness inversion process applied on sedimentary stylolites.
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III- INTERPRETATION OF THE COMPILED RESULTS: FROM THE FOLD SCALE
TO THE FOLD-AND-THRUST BELT SCALE

1- Sedimentary roughness inversion: compilation of data

The results of the studies previously presented are compiled with those published for the San Vicino
anticline (Lacombe et al., 2021). 173 BPS sedimentary stylolites are therefore studied within the
Jurassic to Eocene carbonate formations in these 4 anticlines located from west to east of the FTB, i.e.
the Subasio, San Vicino, Cingoli and Conero anticlines (Figure 3.1, Chapter 3). Among this dataset, and
considering the validation criteria discussed in Chapter 3, SRIT is successful for 165 BPS and thus
returned a value of crossover length L, distributed as follows: Subasio: (Maiolica, n=19; Scaglia Bianca,
n=11; Scaglia Rossa, n=7), San Vicino (Maiolica, n=28), Cingoli (Maiolica, n=56; Scaglia Rossa, n=18;
Scaglia Variegata, n=3) and Conero (Maiolica, n=20; Scaglia Bianca, n=3). Figure 5.5A summarizes L

distribution according to the anticline and sampled formations.
2- Burial curves

Figure 5.15 presents burial curves reconstructed for the Subasio, San Vicino, Cingoli and Conero
anticlines, and already detailed in previous section. Major stages of deformation recorded in this area

are represented on these are illustrated on these burial curves:

(1) from Jurassic to Cretaceous, the slopes of burial curves are more or less important. The
steepest curves illustrated successive stages of rapid tectonic subsidence related to the
Jurassic rifting which occurred at the beginning of the Jurassic (during middle Liassic)
and to the extensional stage recorded during the late Cretaceous (Cenomanian). When
they are less steep, these curves are linked to subsidence phases that were probably
thermally controlled during this same time span (i.e. syn- and post-rift);

(i1) the significant deepening of the curves from Mio-Pliocene times, observed on all models
except Conero, 1s related to the flexure of Adriatic foreland. The onset of this flexure is
associated with the inflexion point of the curves;

(1) the rapid diminution of burial depths is related to the exhumation stage, which started

later from west to east (i.e., from late Miocene to middle Pliocene).

The maximum burial depths reached by formations of interest, and equivalent temperatures, are
deduced from the left and right y-axis of these models, respectively (Figure 5.15). All these models are
consistent with each other, as well as with the model constructed for the inner part of the belt in the
area of the Monte Tancia thrust (Curzi et al., 2020). The only difference observed is for the Conero model,

where the acceleration of burial due to flexure is not represented.
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Figure 5.15- Summary of inversion results considering the anticline and the formation. For greater
readability, all values are not represented. Each box shows the distribution of values with the median
represented by a vertical line, and the extrema by the error bars. (A) Distribution of L. obtained from the
signal processing of single tracks by AWC/FPS, given in millimeters. (B) Distribution of depths deduced
from the vertical stresses obtained after inversions. (C) Normalization of burial depths relative, here the
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Figure 5.16- Burial models constructed for the Subasio (1), San Vicino (2), Cingoli (3) and Conero (4)
anticlines considering thickness from stratigraphic and well data corrected for chemical and physical
compaction. In Subasio, San Vicino and Cingoli, models are taken from works of Caricchi et al. (2015),
Lacombe et al., (2021) and Labeur et al., (2021), respectively. The range of depths reconstructed from
BPS roughness inversion (with uncertainty shaded in light grey) are reported for each formation as grey
levels. The corresponding timing and depth of active dissolution are reported on the x axis and left y axis,
respectively. Onsets of LPS, i.e., the moment when o1 switches from vertical to horizontal, is deduced
from the results of the roughness inversion process applied on sedimentary stylolites.
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3- Burial depths evolution along the transect

After computation of the vertical stresses associated with the end of pressure-solution along BPS,
according to the inversion method detailed in Chapter 1 and 3, burial depths are calculated from each
value of the vertical stress and rounded to the closest 10 m. The corresponding depth ranges for each
formation and each locality are graphically represented in Figure 5.15B using violin plots. These ranges
correspond to when pressure solution along sedimentary stylolites was active, i.e., the time vertical
shortening (o1 vertical) was prevailing over horizontal shortening (Beaudoin et al., 2020c; a; Labeur et
al., 2021; Lacombe et al., 2021).

The calculated depths are also normalized relative to the top of Maiolica in each fold (Figure 5.15C).
Depth data are consistent along the transect because the maximum burial depths of active pressure
solution given by the SRIT are shallower than the maximum burial depth of the formation they belong
to (Figure 5.16). In addition, depth ranges recorded by the different formations overlap: (i) per fold,
except for the youngest formation (i.e. the Scaglia Variegata) in the Cingoli Anticline, which records the
shallowest burial, with a median value of 850 m; (i) between the different folds, with a deepening in

Subasio, (i.e. entire overlap of the other depth ranges, with higher maximum burial values).
4- Determination of the onset of orogenic contraction

The assumption underlying this study is that the end of a stylolite growth is associated with the
switch from vertical to horizontal o1, i.e. with the onset of the LPS stage. This pre- or early folding
compressional stage was regionally recorded, e.g., Monte Catria, Conero, Cingoli and San Vicino Nero,
Conero, Catria (Tavani et al., 2008; Diaz General et al., 2015; Beaudoin et al., 2016; Labeur et al., 2021,
Lacombe et al., 2021), with a 01 NE-SW-oriented related to the Apenninic contraction. Furthermore,
stylolites studied are bedding-parallel and horizontal after unfolding. Stylolitization is considered as
directly linked to the burial of strata under the weight of the overburden before contraction.

Beyond the knowledge of the maximum burial depth reached in the different parts of the UMAR
before the onset of Apenninic contraction there, the time at which the principal stress o1 changes from
vertical to horizontal can be estimated by coupling inversion depth data with burial models. Thus, by
plotting the burial depths provided by SRIT on the reconstructed burial curves for each area of interest,
the timing of the onset of LLPS is estimated from west to east for the 4 anticlines. The following results
are summarized in Figure 5.16: ~10 Ma in Subasio, ~7 Ma in San Vicino, ~6 Ma in Cingoli and ~4 Ma
in Conero. Thus, the beginning of contraction stage is older in the inner part than in the outer part,
evolving from the Tortonian to the Zaclean, corresponding to a shift of ~6 Ma over a distance of about

100 km, without overlap in the ages.
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IV- CONCLUSIONS

These cases of study are four field examples of application demonstrating the robustness and
reliability of this methodological combination, coupling mesostructural, geochemical and
paleopiezometric analyses, to constrain and reconstruct the sequence and timing of deformation at the

fold scale. The main conclusions and contributions of these studies are as follows:

the reconstruction of fracture and deformation sequence, consistent between the three cases of
anticlines. The main stages of regional deformation were recognized, such as: (i) the foreland
flexure, i.e. E-W extension under a o1 vertical; (i1) NE-SW oriented contraction related to LPS;
(i11) fold growth and (iv) horizontal NE-SW contraction, associated with LSFT;

the reconstruction of burial history experienced by strata using the SRIT applied to BPS. Burial
depths values are consistent between the three cases of study and with previous studies leaded
in the UMAR,;

the reconstruction of timing of deformation, and particularly the estimation of the onset of

Apenninic contraction, for each anticlines studied.

The methodological contributions of this approach now tested at the fold scale, a question then
arises: how to go further in using this methodology to assess timing and propagation of LPS at the scale
of a foreland and FTB? The next and final chapter aims to discuss the different results and
interpretations presented in the last three chapters (Chapters 3, 4 and 5), both from an applicative and

methodological point of view.
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I- INTRODUCTION

Chapters 3, 4 and 5 present and interpret the different results of the SRIT and its application to real

geological cases.

Chapter 3 demonstrates that SRIT is a robust method (the criterion of validity being predominant).
Enhancements to the signals before the inversion process, i.e. the application of detrend and border
effect corrections, improve the quality of the results. Furthermore, the inversion of concatenated
stylolites of the same morphology, and belonging to equivalent geological formations and localities, tends
to improve the consistency of the results between the two analysis methods (i.e. FPS and AWC). How
does the inversion of composite stylolites improve the quality of the results? On the other hand, two
inversion results considered as valid are not necessarily consistent. In this case, what value of L. should

be used?

Chapters 4 and 5 apply the method to several field examples. These studies demonstrate the
contribution of this methodology in reconstructing the timing of burial and deformation at the fold and
FTB scale. Nevertheless, they also assume several study hypotheses such as the choice of a geothermal
gradient value, an estimation of the chemical compaction, the simultaneous development and end of
stylolitization, ... To what extent do these hypotheses have an impact on the sequence and timing of the
deformations? On the other hand, the switch of scales raises the question of the evolution of the fracture
sequence on a regional scale, and of the consistency of this sequence on the fold scale and on the FTB
scale. Finally, considering the contributions of this methodology in the analysis of vertical stresses, is it

possible to assume that it can also help in the study of horizontal stresses?

The aim of this chapter is to discuss all these elements and to attempt to answer the various

questions raised.

II- METHODOLOGICAL LIMITATIONS AND IMPROVEMENTS
1- How to explain inconsistency of results?

The statistical study presented in Chapter 3 demonstrates the robustness of the SRIT applied to
BPS. It also highlights that the inversion of composite stylolites favors the consistency of the results.
Two hypotheses follow from this observation, linking the improved results after concatenation to (1) a
signal width effect (i.e. the longer the signal, the more consistent the results of the inversions) or (2) a
signal sampling effect (i.e. the larger the range of roughness, the more consistent the results of the
inversions). Another test is carried out to decide between (1) and (2), consisting in the concatenation of
the track of the same stylolite several times. The width of the signal is thus increased, but the roughness
range remains the same. The test is performed on stylolites whose inversions by the classical method
give invalid and inconsistent results. The example given in Figure 6.1 shows that the concatenation of

the same track does not improve the results of the inversions, which remain invalid or inconsistent.
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Figure 6.1- Concatenation of one single track 5 times. Non-linear regression curves are represented. Inversions are invalid before and after concatenation,
demonstrating that signal length has no impact on the quality of the results.
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Thus, the assumption that the validity and consistency of inversions would be better for longer tracks
1s definitely refuted. However, concatenation increases the number of frequencies associated with the
signal (i.e. roughness range in the present case), and returns a more complete signal roughness range,
thus increasing the quality of the regressions. The FPS seems to be very sensitive to this effect, as the
concatenation significantly improves the validity of results. An interesting test would be to try to
correlate the maximum local amplitude with the FPS results for this population of stylolites. The idea
would be to highlight, or not, an impact of the vertical features on the validity of the L. rendered by the
FPS analysis, and thus also on the consistency of the results: if the results are invalid for high amplitude
values, then this effect is verified. Finally, the robustness of classical method is confirmed thanks to the
concatenation approach, the resulting inversions being valid in both cases, and all the more consistent
as the roughness range is broader. The few cases where concatenation does not improve the quality of
the results could then be explained by an insufficient roughness range, or by the fact that the stylolite
does not fit the model, i.e. driven not by a chemo-mechanical model but by a physical or chemical model

only.
2- Impact of stylolite morphology

Stylolite morphology could be related to the timing of the end of stylolite development, considering
that (1) different morphologies can give access to different timings, and (ii) stylolites of the same
morphology can form at the same time and record the same events (Ebner et al., 2009b; Beaudoin et al.,
2019). Considering stylolites of the same morphology, if each of them individually inverted returns a
value of equivalent Lc (i.e. valid and consistent) to L. returned after concatenation, then they were
formed at the same time and can therefore be grouped. Concatenation thus supports this morphology-
timing relationship. Furthermore, this work demonstrates an impact of stylolite morphology on signal
processing, both in terms of Lc values (i.e. lower for peak type morphology) and their statistic distribution
(i.e. bimodal for columnar types, unimodal for peaks). Thus, this bimodal distribution suggests that the
associated stylolites formed at different times (or in different areas, but local effects are assumed to be
negligible as both types of morphologies are observed on all sample sites). The lowest values for peak
stylolites assume that, in case of mud-supported lithology, they are more likely to record the maximum
burial depth experienced by strata. Thus, morphology is a parameter that must be considered for the
subsequent inversion process (i.e. calculation of vertical stresses and associated depths), since it impacts

the results of the signal processing.

These results, associated with a recent work (Bah et al., 2022), suggest that to document the
maximum burial depth for mud-supported lithologies, it would be preferable to investigate class 3
stylolites (which record lower L, i.e. higher stress and depth). This statement is less true for grain-
supported lithologies, as the maximum depth of burial experienced by strata is underestimated for both
columnar morphologies and peak types (e.g. Bah et al., 2022, with L. related to grain-supported textures
being significantly higher than those associated with mud-supported textures). All the data used are

from mud-supported carbonate lithologies. A comparative study of these results in mud-supported
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lithologies with data in grain-supported carbonates in the same study area, and for equivalent
morphologies, could be conducted to determine whether lithology has any impact on the inversion

process.
3- Validity and inconsistency of results, what solution(s) ?

One last case has not been discussed: what happens when the AWC and FPS inversions of the same
stylolite are valid but inconsistent? For a population of stylolites in this case (n = 12, <10% of the
dataset), L. values returned by classical inversions are compared to L. value obtained after
concatenation (Figure 6.2). For single stylolites, L. considered are those returned by AWC, FPS, and the
average value of these two values. For composite stylolites, Lc1s the mean value of the AWC and the
FPS. There is no clear trend between Lc of composite stylolite and these returned by the classical AWC
and FPS. But average L. returned for non-concatenated stylolites overlaps L. of composite stylolites in
most cases. Concatenation therefore provides answers for this case where the inversions are valid and
inconsistent: choosing the average L. between the AWC and the FPS seems acceptable and would

minimize the errors associated with this inconsistency.
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Figure 6.2- Comparison between (i) Lc returned by the classical FPS (green) and (i1) AWC (orange),
their mean value (in grey) and (iv) the mean L. obtained after concatenation (purple). 12 cases are
considered, for which the inversions by the classical method return valid but inconsistent results.
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III- EVOLUTION OF FRACTURE SEQUENCE IN THE STUDIED FOLDS
1- Fracture sequence related to deformation history

As a reminder, the UMAR underwent the following major deformation stages recorded by large
networks of mesostructures, reported and interpreted for each anticline (Chapter 4 and 5 of this thesis;
in Beaudoin et al., 2020a; Labeur et al., 2021; Lacombe et al., 2021). These networks exhibit sequences
that are consistent with each other and at the regional scale. Thus, the 4 stages of deformation
recognized during these studies, and the associated mesostructures, are summarized below (Figure 6.3):
(1) the forebulge stage, dated late Oligocene-early Miocene in the western part of the FTB and middle
Miocene in the eastern part of the FTB (Brozzetti et al., 2021). This early stage of deformation was
related to the flexure of the downgoing lithosphere, and associated with a fracture set oriented ~N-S
parallel to the flexed foreland; (2) the LPS event, an early-folding NE-SW-directed shortening related
to the Apenninic contraction (Marshak et al., 1982b; Storti et al., 2001; Tavani et al., 2008; Barchi et al.,
2012). The compression was dated early Miocene to the west, and middle Pliocene to the east (Brozzetti
et al., 2021), causing the widespread development of joints and veins striking ~NE-SW and
perpendicular to the bedding, associated with tectonic stylolites with peaks of the same orientation, as
well as reverse and strike-slip faults ; (3) the folding stage started by early Miocene in the western part
and by late Pliocene in the eastern part of the UMAR (Calamita et al., 1994). This stage was
characterized by a maximum compressional stress oriented NE-SW (Tavani et al., 2012b), i.e. parallel
to regional shortening, and a local extension perpendicular to fold axis due to strata curvature at fold
hinges (Beaudoin et al., 2020a). Mostly, mesostructures associated with this stage of deformation were
fractures oriented NW-SE and parallel to the hinge. Reactivation of normal faults and activation of
strike-slip faults (e.g. in Monte Catria, where rotated dip-slip and rotated strike-slip faults are
interpreted as syn-folding by Tavani et al., 2008) were also related to this folding phase; (4) the late-
stage fold tightening (LSFT), associated with a still NE-SW-trending contraction corresponded to
ongoing shortening no longer accommodated, by e.g. limb rotation (Amrouch et al., 2010a). Specific
deformation structures were associated with this late contraction phase, (i) fore-thrusts in the forelimb
and back-thrusts in the backlimb (Gutiérrez-Alonso & Gross, 1999; Tavani et al., 2008), as observed in
Subasio and Conero (Chapter 5); (i1) fractures and tectonic stylolites (of which respective planes and
peaks are globally NE-SW to N-S oriented); (iii) conjugate strike-slip faults as described in Cingoli and
San Vicino, related to the post-tilting horizontal NE-SW contraction. Recently, folding event was defined
as the moment of shortening accommodation by pre-folding strata, from the onset to the end of the
horizontal contraction at the origin of the fold (Lacombe et al., 2021). Consequently, this event included

LPS, fold growth and LSFT stages.
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Figure 6.3- Synthesis of fracturing data at the UMAR scale. Fractures are represented by thick green,
blue, pink or orange lines depending on the stage of deformation represented. The orientation of the
inherited faults controlling the folding is given by the thick red lines. Red arrows indicate the direction

of the maximum horizontal principal stress.
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2- Contributions to the understanding of local and large-scale effects

For the different folds studied, the depth ranges deduced from the BPS inversion are equivalent for
successive geological formations in the stratigraphic column, at the fold and FTB scale (Figure 5.5B).
This means that the differences in thickness between the formations studied are not preserved, as the
depth ranges are equivalent for strata of different ages. In this case, the development and end of
stylolitization would therefore be simultaneous, linked to a large-scale effect (i.e. development and end
of stylolites respectively linked to a global burial under o1 vertical, and to the transition to a
contractional stage under o1 horizontal, Figure 6.4). However, another case can be considered, for which
the development and end of stylolites would be diachronic for different strata, notably due to local
phenomena such as the reservoir effect and overpressure phenomena. In this case, the depth ranges
recorded would vary from one formation to another, at the scale of the fold and the FTB, depending on

whether they were impacted by these local phenomena (Figure 6.4).
t1 t2
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Figure 6.4- Model of stylolite growth and end over time. Two cases are illustrated: (1) linked to a large-
scale effect, with simultaneous development and end of stylolites throughout the stratigraphic column;
(11) subject to local effects (e.g. reservoir, overpressure), causing diachronic development and end of
stylolites in the different strata. Developing stylolites are represented in grey, those that are fully grown
in black.
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Beyond quantifying the burial recorded by the sediments over time, the SRIT applied to the BPS
would also help to distinguish the large-scale effects of the phenomena, and to highlight those that
predominate for a given case study. The robustness and the contributions of this methodology justify its
application to real geological cases, i.e. one or more well-constrained folds, in an attempt to evaluate the

timing and propagation of deformations related to folding.

IV- TIMING AND PROPAGATION OF FOLDING
1- At the fold scale: case of the Cingoli Anticline

The combined study at Cingoli (Labeur et al., 2021; Chapitre 4) demonstrates the reliability and
contributions of sedimentary stylolite inversion in reconstructing the timing of burial and deformation.
However, the use of this methodology implies some key and potentially impactful assumptions on the
establishment of this timing, such as the geothermal gradient and chemical compaction values
considered, as well as the location of the samples in the stratigraphic column. The aim of this section is

to discuss these different elements, in order to assess their impact and the associated uncertainties.
1.1- Impact of the chemical compaction on the timing of deformations?

As described in Chapter 2, stylolites play an important role in this chemical compaction process,
their amplitude being sometimes used as a means of direct estimation of the compaction undergone by
rocks (Peacock & Azzam, 2006), and thus seem to be able to give an acceptable approximation of
chemical compaction, especially in carbonate lithologies (as in the present case). In order to take into
account the volume loss associated with this effect in the reconstruction of the maximum sediment
thickness, the study presented for the case of Cingoli proposes the following method of estimation, based

on field data (Figure 6.5).

Average number of sedimentary stylolites per meter is therefore estimated from the outcrop data
(Figure 6.5). The maximum amplitude associated with each analyzed stylolite is also computed from the
sample data; this step required writing a Matlab® script, which searches for the maximum tooth height
for each stylolite redrawn and converted to a matrix in the initial computational steps of the inversion,
with local smoothing of the signal to eliminate small scale effects. Chemical compaction is then deduced
from these two parameters, calculated as the product of these two quantities, and expressed as a
percentage (Figure 6.5). For the sake of reliability and robustness of the results, the process is repeated
over the entire dataset. 112 estimates are thus made, distributed in 11 sites, 3 formations and
corresponding to 35 beds. Statistical representation of results is further developed in the Figure 6.6,
which gives the number of measurements and strata, and the standard deviation of the average number

of stylolites per meter of beds, per measurement point and formation.
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Figure 6.5- Determination of chemical compaction: processing and calculation steps. 200



Figure 6.6- Distribution of chemical compaction data on the Cingoli Anticline, in map view. Per GPS
point is indicated: the number of strata (stra) and the number of stylolites (styl) measured to calculate
the compaction, and the average number of stylolites per meter of strata and the associated average
deviation when the data allowed it (/NC: not computed). The latter is calculated from field measurements:
counting the number of BPS for a given rock height on each outcrop, then calculating the number of BPS
per metre. Some of the outcrops studied are illustrated by field photos associated with the measurement
site.

A last element for testing the reliability of this quantification is the comparison of the burial curves
adding physical and chemical compaction effects with those only corrected for physical compaction.
Figures 6.7 and 6.8 shows these two curves, and the resulting timing according to the methodology used
and previously developed for this case study. Neglecting chemical compaction seems to generate burial
curves with slightly steeper slopes and with less marked breaks in slope, sometimes shifted in time
(Figure 6.7). However, the timing of the development of pressure-solution phenomena is not considered,
as the method consists of estimating a quantity of shortening, then the initial thickness of the strata.
Yet, several works studied the evolution of porosity in carbonate reservoirs and demonstrate the
importance of early cementation in the reduction of porosity, with porosity occlusion dominating over
its creation by dissolution during burial diagenesis (Ehrenberg & Nadeau, 2005; Bah et al., 2022; Xu et

al., 2022). This last point may contribute to explain the variable appearance of the curves with or
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without chemical compaction linked to pressure-solution, although the model automatically integrates
a compaction law derived from natural data (notably porosity as a function of depth). Moreover, without
chemical compaction, the deformation sequence remains equivalent, and the ages associated with the

different stages of deformation diverge only slightly (Figure 6.8):

1) the flexure, which initiation is calibrated to the inflection point of the curves, is dated from
22.1 to 7.1 Ma (duration ca. 15 My), versus 21.2 to 6.6 Ma (duration ca. 14.6 My) when
chemical compaction effects are considered;

(11) ages and duration of the LPS, dated from 7.1 to 5.8 Ma (ca. 1.3 My), are also close to those
estimated from the curves including chemical compaction, i.e. 6.6 to 5.8 Ma (ca. 0.8 My).

(i11))  end of folding and beginning of the LSFT, estimated to be more recent when chemical

compaction is not considered in the construction of the curves (1.8 Ma versus 3.1 Ma).

The shape of the burial curve potentially explains these few discrepancies in the interpretation of
ages. Nevertheless, the differences observed are minor (even negligible), and the deformation sequence
and timing being respected and consistent with the results and interpretations previously made and
published (Labeur et al., 2021) and with the existing literature as well (Calamita et al., 1990, 1994,
Mazzoli et al., 2002; Brozzetti et al., 2021).

Although the number of stylolites analyzed is relatively large, their distribution is not sufficient to
cover the entire fold in a representative manner (around 1% of the fold is covered). However, the test
carried out on the burial curves reflects the small part of chemical compaction compared to physical
compaction: the shape of the curves remains globally stable, the deformation sequence and the
associated timing are consistent and only slightly variable. Based on these observations, estimating
chemical compaction from stylolites and then introducing it into burial model construction appears to
be justified in the context of this methodology. Similarly to the methodologies previously considered,
this chemical compaction calculation method is a rough estimate which tends to maximize the chemical
compaction values. More than an exact quantification, this is more an attempt to illustrate a geological
reality at the data points studied, without impacting the final interpretations. As a result, this method
can therefore be considered acceptable and usable, keeping in mind that these are rough and not
absolute estimates.

Finally, the impact of chemical compaction in the application of this methodology appears to be
negligible, contrary to the reservoir models where compaction parameters are highly impactful (in
relation to the reservoir properties such as porosity and permeability, which are strongly affected by the
recorded compaction rates). The integration of chemical compaction in the construction of burial curves
as quantified in this study seems justifiable, with the possibility of improving the data set in spatial and

quantitative ways.
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Figure 6.8- Impact of the chemical compaction on timing of deformation interpreted
1.2- Impact of the geothermal gradient on timing of deformations

This methodology implies a strong assumption on the geothermal gradient, given as input to the
software. A question arises: in the framework of this methodology, is this assumption as restrictive as
for other temperature-dependent methods? Thus, a sensitivity study applied in the framework of the
case study, i.e. the Cingoli Anticline, should provide an estimate of this variability by making two
parameters vary: the slope of the geothermal gradient and the surface temperature. Therefore, the
methodology developed in this study, using a geothermal gradient of 23°C/km and a surface temperature
of 10°C, 1s reiterated in 2 other configurations involving a variation of the slope, i.e. geotherms of
20°C/km and 30°C/km respectively. As a reminder, 23°C/km geothermal gradient value corresponds to
the quaternary geothermal gradient of estimated by Caricchi et al. (2015) from vitrinite reflectance
(dataset and previous models and studies, e.g. Sweeney & Burnham, 1990, Hillier et al., 1995), for the
northern part of the Apennines. Temperatures derived from the clumped isotopes thermometry (Labeur
et al., 2021) are plotted on the resulting burial models (Figure 6.9), and the deformation schedule is
constrained for each of these gradients using the same methodology. All results are compared in Figure
6.10, adding results of published work of Labeur et al. (2021) using a 0°C surface temperature, to
estimate the impacts of both the uncertainty in the geothermal gradient and the surface temperature
on the deformation schedule and sequence.

The sequence of deformation stages is similar despite the variation of the geothermal gradient
(Figure 6.9). In contrast, the ages of these deformation stages vary with the geothermal gradient (Figure
6.10): (1) the flexure is initiated at 21 Ma whatever the geothermal gradient considered and according
to the inflexion point of burial curves. But the end age of the flexure ends varies with the geothermal
gradient, younger for lower geothermal gradient values (Figure 6.10); (i1) the LLPS, the duration of which
increases with the geothermal gradient. While the end of the flexure remains the same, estimated at
5.8 Ma (Beaudoin et al., 2020a), this stage of deformation begins later for higher geothermal gradients,
i.e. 6.4, 6.6 and 6.8 Ma for 20, 23 and 30°C/km, respectively (Figure 6.10). The duration of this
deformation phase is also impacted by the surface temperature considered, with an interval of [6.3-5.8]
Ma for a temperature of 0°C, and [6.6-5.8] Ma for 10°C. Thus, as the geothermal gradient and surface
temperature decrease, the LPS duration decreases (Figure 6.10); (iii) the end of fold growth and the
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onset of LSFT occurred later when the geothermal gradient increases. Thus, our appraisal of the
duration of deformation, and particularly of LPS and folding, is also impacted by the geothermal
gradient considered: the higher the geothermal gradient, the longer the deformation stages. The inferred
duration of deformations therefore varies with the geothermal gradient (for a same surface temperature
of 10°C): for a variation of 1°C/km, the timing fluctuates from 0.04 to 0.13 Ma (minimum and maximum
variations), and on average by 0.08 Ma, values respectively associated with a relative uncertainty of
4.8%, 8.3% and 5.8% on the age of the deformations. All these values are calculated from Figure 6.9
taking as reference the ages estimated for a geothermal gradient of 23°C/km (Caricchi et al., 2015), and
a surface temperature of 10°C/km. Nevertheless, the time ranges overlap for each deformation phase

(Figure 6.10), regardless of the gradient considered.

The use of stylolite palaeopiezometry aims to overcome some of this problem by the possibility of
considerably multiplying the data, which is not necessarily possible with conventional methods. The
shape of burial rate curve is therefore an element of sensitivity impacting ages of deformations: the
calibration of the ages (and in particular of the LLPS) being carried out in the part of the curve where the
slope is the steepest, a small shift of temperatures necessarily causes an important temporal shift. This
implies a loss of sensitivity for domains with high burial rates at several times in the geological history.
Burial curves related to these domains are strongly steep, and thus the estimated ages are more
sensitive to geothermal gradient variations and potentially biased. Conversely, the estimation of ages
for domains with low subsidence (i.e. associated with low slope curves) is therefore less affected by the
choice of geothermal gradient and temperature. Moreover, the diminution of LPS duration with the
decrease of the geothermal gradient and temperature highlights a hot or cold effect for which the
geothermal gradient and the temperature have each an equivalent and non-negligible impact: the colder
the system, either because of a weak geothermal gradient or a low surface temperature, the shorter the
inferred duration of the LPS, always because of this important temporal shift linked to a strong
geothermal gradient. In conclusion, the problem of fixing temperature values is partly solved, as the

model is only sensitive to it when the burial curves are steep (i.e. domains with high subsidence rates)

Finally, assuming a geothermal gradient remains mandatory. However, the previously presented
sensitivity study shows that the lower the subsidence rates, the lesser the impact of this assumption. In
areas where tectonic deformation is important (e.g. fold-and-thrust belts), subsidence and uplift rates
are nevertheless rarely low, and thus this assumption remains important. Although impactful, the
choice of given geothermal gradient remains less constraining in the application of this methodology
than for classical thermo-dependent methods. Indeed, data acquisition and processing do not involve
any dependence on temperature, which has only a partial impact on interpretation (i.e. temporal shift
related to the shape of the curves and subsidence rates). Therefore, L. and oy calculation, and the
estimation of associated burial depths using SRIT applied on BPS, are independent of temperature.
Using absolute dating methods such as U-Pb to date the mesostructures contemporary with the BPS to
which the SRIT is applied, the following data can be quantified: (i) ov and associated burial depth
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magnitude and (i1) the age of the studied BPS development. The determination of the gradient most
fitting with these data on the burial curves allows the rest of the dataset to be calibrated. The most
reliable geothermal gradient can then be approximated by finding which value of geothermal gradient
best coincides with these data on the burial curves. Thus, a single absolute age associated with a burial
depth and curves is sufficient to calibrate the entire dataset. The problems of assumptions are thus
partially overcome, since the sensitivity of the models is less, and the multiplication of direct dating
such as U-Pb, expensive and often difficult to obtain, is no longer necessary (a single age being sufficient
to calibrate the whole dataset). However, when subsidence rates are high, one must be aware that the

inferred durations depend on the assumptions made and are thus more or less important.

Considering the impact and uncertainties associated with these different parameters, i.e. geothermal
gradient and chemical compaction values, and sample position, the results can be discussed on a larger
scale. The following section therefore discusses the use of this methodology for the assessment of the
timing and propagation of folding at the FTB scale, and the new interpretations and conclusions that

can be inferred.
1.3- Impact of the stylolite sampling

According to this methodology, the position of the sampled stylolites within the stratigraphic column
can impact the definition of deformation ages is the position. As a matter of fact, ages can vary
significantly depending on whether the stylolites are positioned at the top or at the base of the formation,
as well as its thickness. Thus, for thin formations, e.g. the Scaglia Variegata, the inferred age does not
vary significantly, the interval between the bottom and top curves being limited. In contrast, for thick
formations like the Maiolica or the Scaglia Rossa, the position of stylolites is essential because the
deduced ages considerably vary because of the important interval between the top and bottom of two
curves defining the formation. For this study, the samples are referenced at the base as well as at the

top of the formations. Tops of the curves can therefore be used to establish the timing of the deformation.

206



Burial depth (km)

GEOTHERMAL GRADIENT: 20°C/km
SURFACE TEMPERATURE: 10°C

Calculated depths
with uncertainty

2
3
4 - Burial-related pressure solution
T T —T &
-250 -200 -150  Age (Ma) -100
[ o%
I i
b2 28
I g5
| 30 <
I L
| E
!
| Set |
N-S
| Set Iil
N140
1 0
|
| -
|
1 L
| Set Il
N45
| L 50
|
|
| -30 -25 -20 -15 -10 52 0 Age (Ma)
I BURIAL RELATED PRESSURE-SOLUTION S LSFT
— 3 2
| FLEXURE LS
l vertical ?

I Equivalent
Itemperature

20°C.kmi')

(C-

W
o

GEOTHERMAL GRADIENT: 23°C/km
SURFACE TEMPERATURE: 10°C

Calculated depths
with uncertainty

N

Burial depth (km)

w

temperature }
(°C-20°C.km’)

_g___: g Equivalent

N
| R

FLEXURE
:4
o1 vertical {

4 Burial-related pressure solution
—T 75
-250 -200 -150  Age(Ma) -100 -50 0
: 35 5 g‘g
Set! s €9
N-S S8R
I 12 I Esetmi s
| H Nido 2
I L
| 1.4 HH
s [l for
€ 4
€46 ] 50
l<
18 i
1518 SR L
I3 i L
| i I
| 2! i ' :60
it wl
L] 1 N/ /5 [ L
| ; Ik
2.2 H L
[ i
(. = I
| O Y
-30 -25 1-20 -15 -10 T 0 Age (Ma)
| BURIAL RELATED PRESSURE-SOLUTION '5‘ ('0\?\ LSFT
|
|
L

SN, . .

GEOTHERMAL GRADIENT: 30°C/km
SURFACE TEMPERATURE: 10°C

Scaglia Rossa%

Maiolica

I Equivalent
ltemperature i
(°C-20°C.km’)

'S
o

Calculated depths
with uncertainty

B
22 0
< el
g 4
©
=
3
3 100
4 . Burial-related pressure solution 130
- — T8
-250 -200 -150  Age (Ma) -100 -50 0
. 08 T ceel
I ‘ el
| | Eset! 388
| NS o
| 1 3 - 40 <1
| f Set Il
| N140 I
| 12 i I
I I
L 50 |
3 Set Il
: 14 N45 |
15 i '
1218 3 I
I £ 160 |
@ L |
1 18 L |
: 19
| 2 E i 0 :
[t L |
. Fi |
5T
- - - - N = Age (Ma
] 30 25 20 15 10 @ ?g\y\\‘ is FTO ge (Ma) |
| = ?
FLEXURE I
I o1 vertical o1 ? |
g S S UL U —— -—

Figure 6.9- Burial models for geothermal gradients of 20°C/km, 23°C/km, and 30°C/km, considering a surface temperature of 10°C. The stratigraphic data
and methodology are identical to those used in the work of Labeur et al (2021).
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2- At the fold-and-thrust belt scale
2.1- Shape of burial curves

A first point that deserves discussion is the difference between the burial model built for Conero and
these of Subasio, San Vicino and Cingoli. The forebulge stage illustrated in the other burial models is
seemingly not recorded at Conero. One possible explanation could be the position of the Conero Anticline
in the system, located in the easternmost part of the belt where the bulge may not have occurred. In
addition, significant evolutionary differences from the rest of the UMAR were recorded. For example,
Costa et al. (2021) suggested a significant differential subsidence related to an extensional phase in the
early Pliocene followed by a compressive deformation in the middle Pliocene, which was not observed in
the northern sector of the Marche region. On the other hand, differences in stratigraphic sequence were
highlighted in Monte Conero from the rest of the UMAR, with no exposure of the Triassic and Jurassic
formations in this external part of the FTB (Fancelli & Radrizzani, 1964a; Diaz General et al., 2015;
Costa et al., 2021) and a stratigraphic gap identified between the Scaglia Bianca and Scaglia Rossa
formations (i.e. missing of the boundary called Bonarelli level ). Moreover, this part of the FTB is on the
coast and still highly exposed to marine erosion and landslides (e.g. Angeli et al., 1992, 1996, Sirolo
landslide). That’s why this hiatus can be explained by a large submarine collapse, causing the transport
of missing formation sediments to deeper areas of the ancient basin (Montanari & Sandroni, 1995). The
shape of the curves could be impacted by these events which generate losses of volume and thickness of

sediments.
2.2-  Determination of the onset and of the duration of the LPS

The estimated ages for the onset of LPS, including uncertainties, are consistent the known
deformation sequence for the whole FTB. The results obtained are robust and consistent with the overall
geological context. The application of the SRIT in the context of the foreland and fold-and-thrust belt is
therefore validated.

For the sake of simplicity, the onset of the LPS is considered when ov < on. The switch of 01 related

to the onset of LLPS is estimated to predate fold growth for each anticline. The works of Calamita et al.
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(1994) on the UMAR, and these of Mazzoli et al. (2002) carried out in the San Vicino-Cingoli area, are
based respectively on tectono-stratigraphic, seismic, and growth strata studies. They dated the initiation
of compressional events to late Miocene-early Pliocene (Calamita et al., 1994) with a fold growth
constrained from the late Messinian to the Zanclean (ca. 6-4 Ma, Mazzoli). This timing agrees with the
estimate of the onset of the LPS ~7-6 Ma for this study area (Figure 6.11). Similarly, structural and
sedimentary studies (i.e., identification of lower-middle Pliocene deposits affected by compressional
structures) and seismic interpretations conducted at Conero proposed the onset of compressional events
by the middle Pliocene (3.6 Ma, Carruba et al., 2006; Costa et al., 2021). This age is consistent with the
timing established for this anticline, dating the initiation of the LPS at ~4 Ma. In the westernmost part
of the UMAR (Subasio area), geochemical and isotopic data (Beaudoin et al., 2020a) suggested an earlier
compression (Tortonian-Messinian, around 8 Ma), which is in line with the possible initiation of the LPS

at ~10 Ma.
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Figure 6.11- Synthetis of flexure, LPS and folding stages across the UMAR. The colours green, blue and
red are associated with the onset and duration for each of these stages of deformation: green for the
flexural stage and given by bibliographic data (Calamita et al., 1994); Guerrera et al., 2012), blue for the
LPS and given by these studies, red for the folding stage and given by the work of Lacombe et al. (2021).
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The duration of burial and the timing of the onset of contraction, inferred from the combined use of
burial models and computed burial depths, are also consistent from a spatial perspective: as the burial
is continuous from the Cretaceous to the late Miocene-early Pliocene and ends later in the eastern than
in the western part of the UMAR, the LPS tends to affect rocks later from west to east. This likely
reflects the eastward propagation of deformations during the building of the UMAR, as largely described
in literature (Lavecchia et al., 1988; Cello et al., 1997; Ghisetti & Vezzani, 2002; Tavani et al., 2012a).
Considering these data, i.e. beginning of LPS and folding, the duration of LPS can be estimated for each
anticlinal structure: ~1 My in Subasio, ~1.5 My in San Vicino, ~0.5 My in Cingoli and ~0.4 My in Conero.
Thus, the duration of the LPS seems relatively similar at the scale of foreland and FTB, around a mean

value of ~1 Ma.
2.8- Dating and quantifying the horizontal stresses build up

Another potential implication of this work would be the spatial and temporal characterization of
evolution and magnitudes of horizontal stresses. The burial curves provide a quantitative estimate of
the magnitude evolution of vertical stress ov over time. Furthermore, this work allows to calibrate the
moment of 01 switch between vertical and horizontal, i.e. the moment when the condition ov < ou 1s
satisfied. Thus, under the assumption of a build-up model with a W-E propagation of deformation, and
considering the timing of the first fold growth and for which o1 switch moment is estimated, two

additional stress magnitudes can be quantitatively assessed:

@) in the area where contraction begins, the minimum magnitude of on can be computed,
which necessarily satisfies the condition ov < on. ov corresponds to the maximum
magnitude returned by the BPS inversion;

(i1) in the front zone (contraction not yet started), where the the condition on < oy is fulfilled,
the maximum magnitude of oun can be estimated. ov is deduced from burial curves, and
corresponds to the maximum burial recorded by strata for a reference formation (i.e. same

formation considered for all folds studied).

The results of this approach are summarized in Figure 6.12, which traces the evolution of on and ov
magnitudes, as well as the LPS zone evolution, in map view, cross-section, and graphically over time.
The estimates of the magnitude evolution with time (plots on Figure 6.12) tend to demonstrate a
coevality between the start of the fold growth, i.e. the decrease of the magnitude of ov, and the LPS
initiation at the front of the belt. Such timing is also observed in other case studies of simple accretional

prisms (e.g. Bourlange et al., 2007).
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Some locks remain in this quantification of horizontal stresses. For a given area, this approach does
not allow the estimation of om magnitudes after the time of the o1 switch (Figure 6.12). Additional
quantitative data are required to refine the evolution of om magnitudes over time and space, which is

provided by palaeopiezometers such as tectonic stylolites and calcite twins.
2.4- Debate on structural style

One last point can still be discussed: the potential contribution of this methodology to the
understanding of structural style, which is still debated in the Apennines. The duration of stress/strain
accumulation in rocks required to generate folding can depend on structural style (Beaudoin et al.,
2020b), and can be reflected to some degree by the duration of LPS. Considering this, the work Lacombe
et al. (2021) is focused on the study of 3 anticlines differing in their structural style, and show differences
in the timing and durations of deformation stages. They support that a longer LLPS, corresponding to a
higher level of differential stress, is required to cause the inversion of a high-angle basement normal
fault and related forced folding of the undetached sedimentary cover (the Sheep Mountain Anticline)
than to initiate folding of the cover above a weak decollement (Pico del Aguila, Cingoli and San Vicino,
Figure 6.13A). They also explain the longer LPS at Pico del Aguila with respect to San Vicino and Cingoli
likely is in line with the longer accumulation of displacement required to initiate folding oblique to the
regional compression rather than perpendicular to it. In addition, the four Apennine examples studied
in this PhD show that: (i) the onsets of LPS and fold growth are increasingly young from west to east;
(i1) LPS and folding durations are relatively short, i.e. 1-2 My. All these data suggest that, at the scale
of the FTB, the deformation is propagated by the decollement level, with the location of the folds in line
with the inherited basement faults (Figure 6.13B).

In summary, beyond accessing the burial-deformation calendar, the inversion of sedimentary
stylolites could provide insights into the timing and mode of deformation propagation at the fold and
FTB scale. Thus, this methodology could be a powerful tool for understanding the structural style of the

study area.
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Figure 6.13- (A) Relation between durations of deformation stages of folding event, fold style (i.e. final fold geometry) and sequence of regional deformation.
Circles 1 to 6 indicate the order of structural style development, i.e. sequence of folding/thrusting, with corresponding ages in Ma (in parentheses). The colour
code is: blue for the LPS, red for the fold growth, green for the LSFT and yellow for the post-folding extension/compression; from Lacombe et al. (2021). (B)
Structural style proposed for Umbria-Marche based on data from this study and previous works (Beaudoin et al., 2020b; Lacombe et al., 2021). The suggested
model proposes a propagation of the deformation through the level of decollement, i.e. the diachronous formation from west to east of fault-bend folds along a
flat-ramp decollement.
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Firstly, the application of SRIT on a large dataset, and particularly the test of the signal processing
methods (i.e. FPS and AWC) on BPS sampled in the whole UMAR, help to identify the impact factors,
to unlock some methodological limits, and also to demonstrate the robustness and reliability of this
palaeopiezometric method. The proposed improvements in terms of drawing, i.e. computer-assisted
track segmentation, allow for a gain in time and efficiency before the inversion process. In addition, the
proposed corrections to slope and edge effects allow for better quality inversion results, i.e. L. valid and
and more consistent the two signal processing methods. Moreover, contributions of the comparative
study between the inversion of individual and composite stylolites (i.e. grouping of stylolites of the same

morphology and formation) are several:

1) first, concatenation supports and consolidates the classical SRIT method consisting in the
inversion of individual stylolites;

(i1) it also demonstrates that the inconsistency of the inversion results is most likely explained
by a roughness range that is not sufficiently covered. In some cases, it is not sufficient to
increase the quality of the results, most likely indicating that the inverted stylolites do not
fit the model.

(i11)) it reveals the impact of morphology on the inversion results, with a differential recording of
Lc values (and therefore of vertical stresses and recorded depths) depending on whether the
stylolites are peaked or columnar. It also tends to support the idea that timing and
morphology are linked when the results of inversions are equivalent before and after
concatenation of stylolites of the same morphology.

@iv)  finally, it allows to decide when the L. returned by the AWC and the FPS are valid but
incoherent for the same stylolite, by recommending the choice of the average between these
two values.

Hence, the statistical study carried out enables to answer and overcome some methodological locks.
Despite the attempts at optimization, the question of minimizing the uncertainty in the determination
of the cross-over length persists, the choice of the value still being left to the user. It would be interesting
to consider further studies on the subject, to try to automate this part of the inversion, with a

determination of the slope break that becomes partially or even totally independent of the user.

Then, the application of this innovative methodology at the scale on several folds highlights multiple
implications for the study of foreland-FTB systems. The application of SRIT to BPS, coupled with the
reconstruction of burial curves, allows to estimate to first order (i) the burial experienced by strata
before contraction, and (i1) the onset of the LPS, assuming it corresponds to the moment when the
principal stress o1 switches from vertical to horizontal. he recorded depths would also reveal possible
local effects responsible for a diachronic stop of stylolitization. The application of this method on several
anticlines allows not only to assess the evolution of vertical stress experienced by the sediments, but
also the timing of the switch between ov and on, consistent on a large scale. A second major implication

of this large-scale palaeopiezometric study is the ability to trace the horizontal stress magnitude on at
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the time of the o1 switch, both at the location of the growing fold and at the front of the FTB. Thus, the
evolution of horizontal stress ou can be estimated semi-quantatively, both spatially and temporally, and
without involving the use of palaeopiezometers quantifying horizontal stress magnitudes or
differentials. But, the use of these tectonic paleopiezometers such as tectonic stylolites and calcite twins
would (1) complement this approach by, (i1) overcome this limitation and thus reconstruct the spatial
and temporal evolution of horizontal stress at the foreland-FTB scale and (iii) definitively validate the
palaeopiezometry of the BPS for the quantification of horizontal stress prior and at the beginning of
contraction (i.e. LPS onset).

Finally, this study highlights the possible contributions of this methodology to the study of such a
geological system. The potential correlation between exhumation fold and loading front, as well as the
previous discussion including data from work of Lacombe et al. (2021) about the duration of the LPS as
a function of the structural style, raise the following questions and perspectives: following this
methodology, would the palaeopiezometry of the BPS allow the deep structure of the geological system
studied to be highlighted? Considering previous interpretations and discussions, this kind of tool seems
potentially link timing and structural style. In the case of the Apennines for example, where the deep
structure is still debated, the application of this method in the inner zones (thin-skinned model), and in
the outer zones (thick-skinned model with detachment level), would potentially improve the
understanding of the deep structure of the FTB. The data suggest that the folds are located on inherited
basement faults and are related to diachronous W-E deformation driven by the decollement level. By
extension, the use of this methodology could provide the same answers in any other system where it is

applicable, and where such problems remain.
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