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Abstract

In the past decades, paleothermal, thermochrorm@bgand paleomagnetic
methodologies have been widely adopted for the n&coction of orogenic belts
evolution. Paleothermal and thermochronologicalymes have allowed the reconstruction
of the vertical paths (burial and exhumation paththe sedimentary successions involved
in the orogenic belts, providing thermal and tino&straints on their evolution. Besides,
paleomagnetic analysis are an excellent tool tesgskinematic models of curved orogenic
systems because of its great potential to quamifiical axis rotations.

In this framework, a multidisciplinary approach waaopted in this thesis in order to
understand the geometric and kinematic evolutiothefTuscan-Umbria-Marche Domain,
in the inner portion of the Northern Apennines,idgithe Cenozoic time. In this sector of
the Apennines, some issues on the deformationriziare still unexplored. By integrating
paleothermal, thermochronological and paleomagmesalts, it was possible to provide
new data and constraints to reconstruct the tectempdlution of this portion of the
Apennine chain.

Two key areas of Northern Apennines have been iigaged. An inner sector, from
the Trasimeno Lake to the south to the Garfagnaea @ the north, where sedimentary
succession of the Tuscan Domain units were analysedouter sector, in the Umbria-
Marche-domain, where the analyses were concentiatéde area affected by the low
angle normal faults Altotiberina system, from MassiPerugini to east of the Gubbio

fault.

In chapter 1, the aim of the thesis, the methodolagd the main phases of the
research are illustrated. The methodological amproa based on the integration of
common methods used in basin analysis, such asdhanalysis (organic matter optical
analysis -vitrinite reflectance: ;fb, clay mineralogy by means of X-ray analyses) and
thermochronological analyses (dating by fissiorckrand (U-Th)/He in apatite). The
optical studies of organic matter and X-ray diffrac analysis allowed defining the
thermal maturity level reached by sedimentary sssioa. The thermochronological data
define the age and rates of the exhumation. Paeotd and thermochronological data
were used to calibrate 1D thermo-structural modskd to reconstruct the burial history
and quantify the tectono-stratigraphic loads nowaeed.
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The paleomagnetic analyses were conducted in dodeeconstruct the rotational
history of the internal part of Northern Apennind3esides paleomagnetic analysis,
magnetic mineralogy analysis was carried out ireotd identify the carriers of the natural
remnant magnetization. The anisotropy of magnetscaptibility (AMS) analysis was also
carried out in the analysed sediments. This metiodstitutes an unique tool in defining
the deformation pattern in poorly deformed sedirmgnsequences, whose tectonic setting

can't easily be defined using classical structorathods.

Chapter 2 illustrates the paleothermal analysesedaout in the internal sector
(Tuscan Domain). Results show two main maturitpdee one perpendicular and the other
parallel to the strike of the chain. In the firstse, the paleothermal indicators record a
decrease in thermal maturity from inner to outet@s of the chain. In detail, Ro% values
of the internal sector range from 0.6 to 0.9% iatig early-mid mature stages of
hydrocarbon generation. Moving toward the exteraaas of the fold-and-thrust belt,
values range from 0.3% to 0.5% indicating an immeagiage of hydrocarbon generation.
These data are in agreement with those obtainddebgemi-quantitative analysis of clay
fraction which shows a decrease of illite contentmixed layers from 89% (maximum
temperature of 120-130 °C) to 38% (temperaturevibdl®0 °C) from hinterland towards
foreland. Following the method proposed by Hill{@B95), a low heating rate, typical of
foredeep basins, was obtained from the comparistwden B% and 1% in I/S mixed
layers. A geothermal gradient of about 23 °C/Kndesived combining calculated heating
and burial rates and used for thermal modellinge Becond trend shows a thermal
maturity increase, along the strike of the chaomfrthe SW (Trasimeno lake area) toward
the NW (Pratomagno area) where vitrinite refleceanaturity reaches values up to 0.95%
and illite 87-89% in agreement with thermal magudistribution derived from Ro% data.
According to the performed one dimensional modgllimaximum burial and thermal
maturity of the Tuscan Nappe succession decrease the inner toward the outer sector
with a corresponding reduction of the eroded thédses related to a reduction of the
allocthonous (Ligurian Unit) which takes place fromrth to south along the chain, from

hinterland towards foreland.

Chapter 3 is focused in the area characterizedhéyow-angle Altoriberina normal
fault system. Paleothermal (surface and well waae) thermochronological data were

integrated, in order to develop an exhumation hystoodel for this sector of the chain.
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The main evidence is an increase in the exhumatenfrom the innermost sector affected
by the Altotiberina normal fault system (Massicer&gini, 3 Ma) to the most external area
affected by this system (to the east of the fatilGabbio, 4.3 Ma). Significant novelty
derives also from the rates of exhumation, sugggsguicker exhumation of Massicci
Perugini (0.8 mm/yr) when compared to the areah® @¢ast of the Gubbio fault (0.5
mml/y). Therefore, these data suggest that mosteoéxhumation in the Massicci Perugini
may be related to the recent activity of the norrfallts and not only to the old
compression phase and subsequent erosion. Thusextensional activity of the
Altotiberina Fault system may account for the yaemgxhumation age in the internal
sector compared to the external one. Moreover tiekgr erosion rate of about 0.8 mm/yr

in the internal sector may be related to tectonio/dy.

In chapter 4, results obtained from paleomagnetidies carried out in the Tuscan
Domain, along the innermost arc, are shown. Thatiostal pattern recorded in Eocene-
Oligocene sediments, shows a decrease of rotatdlues from lower (area of Trasimeno
Lake) towards higher (Garfagnana area) latitudéadt, mean rotations values recorded in
the Trasimeno Lake area are 96° + 25° countercl@ekwpassing through 81° + 35°
counterclockwise for the Mt. Chianti area, up to°3¥ 16° counterclockwise in
Garfagnana. These data do not fit into an orochmadlel, proposed for the external sector
of the chain (Umbria-Marche domain). In this stugyropose a new model that takes into
account the contribution of the rotation of the €ca-Sardinia block to the structural
architecture of this sector of chain. This modeldicts that the main tectonic phases of the
internal sector of the chain occurred between @kge and early Miocene times, during
the drift of the Corsica-Sardinia block. The Tus&@uwmain units recorded rotation of the
Corsica-Sardinia block during their incipient def@tion. This block rotation occurred
around a pole placed at 43.5° N and 9.5° E. At tim®, the Northern Apennines and
Corsica-Sardinia block were two different sectofstlee upper plate of the Central
Mediterranean subduction system, whereas the Umitboimain still represented the
undeformed foreland. The contribution of the Cassardinia to the rotation of the
Tuscan Domain depended on the position respettetoatation pole. In fact, the amount
of the Corsica-Sardinia block rotation is recordedhe southern areas (Lake Trasimeno)
and tends to decrease at higher latitude (Mt. Ghiantil to the area at north of rotation
pole where the contribution of Corsica Sardiniacklootation is not recorded (Garfagnana

area ).



In chapter 5, the AMS carried out on the same depasalyzed for paleomagnetic
reconstructions, are illustrated. AMS data show tha sediments are characterized by a
dominant magnetic foliation parallel to the beddigne, suggesting that the magnetic
fabric is due to the compaction process duringdiagenetic process that the sediments
undergone. Moreover, a distinct magnetic lineati@s observed, indicating an incipient
deformation related to a compressional deformatiowerprinted on to the original
magnetic fabric. In most of the cases the lineatsoparallel to the fold axes and thrust

fronts, in agreement with previous results in theldda Marche domain.

In chapter 6, a general discussion is developediaabdremarks are illustrated.



Riassunto

Negli ultimi decenni, studi paleotermici, termocotogici e paleomagnetici sono
stati utilizzati come strumenti d’'indagine nell@astruzione della storia evolutiva delle
catene orogeniche. Le analisi paleotermiche e teromologiche permettono di ricostruire
i percorsi verticali, di seppellimento e di esunoag, delle successioni sedimentarie che
costituiscono le catene orogeniche, fornendo vindetmici e temporali per la
ricostruzione dell’evoluzione delle stesse. Le @ngbaleomagnetiche, permettono di
guantificare rotazioni intorno ad assi verticalpermettono di definire la storia rotazionale
di un’area, fornendo degli importanti vincoli pea Iicostruzione dell’ evoluzione
cinematica delle catene arcuate.

Lo scopo di questa tesi € quello di comprendera, ajgproccio multidisciplinare,
'evoluzione geometrica e cinematica, durante iln@mico, delle unita tettono-
stratigrafiche del dominio Tosco-Umbro-Marchigianael settore piu interno
dellAppennino Settentrionale, un’area ad oggi didt inesplorata dal punto di vista
paleotermocronologico e paleomagnetico. Medianesigulavoro, ci si prefigge di fornire
nuovi dati e porre dei vincoli alla ricostruzionelltevoluzione di questa porzione
dell’Appennino.

Sono stati indagati due settori chiave dell’ App@aonEettentrionale: un settore piu
interno di pertinenza toscana e un settore piurrestehe interessa il dominio Umbro-
Marchigiano. Nel settore interno sono state analezde successioni sedimentarie delle
unita toscane dall’area del lago Trasimeno a sodl dilla Garfagnana a nord, mentre nel
settore nel dominio Umbro-Marchigiano, le analiging state concentrate nell’area
interessata dal sistema di faglie normali a bassgola della valle Altotiberina, dai

Massicci Perugini a ovest fino a est della dordaBubbio.

Nel Capitolo 1, vengono illustrate le finalita @eliesi, le metodologie impiegate e
come é stata articolata I'attivita di ricerca.

L’approccio metodologico, di tipo integrato, ha ysto I'utilizzo di metodi di uso
comune nell'analisi di bacino, quali le analisinche (analisi ottiche della materia
organica- quali la riflettanza della vitrinite ;3; analisi diffrattometriche a raggi X delle
argille) e termocronologiche (datazioni con tradcéissione e con il metodo U-Th/He in

apatite). Lo studio ottico della materia organicée enalisi diffrattometriche ai raggi-X
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hanno permesso di definire il grado di maturitegragto dalle successioni sedimentarie e
dettagliare il carico tettonico e/o stratigraficobgo dalle successioni analizzate. | dati
termocronologici hanno permesso inoltre di defilig&a e i tassi di esumazione in diversi
settori. | dati paleotermici e termocronologici eorstati utilizzati per effettuare
modellazioni monodimensionali della storia del sdlijmento e di esumazione delle
successioni in esame, attraverso il software Belsid 1-D.

Le analisi paleomagnetiche sono state condottenal di valutare le entita delle
rotazioni a cui sono andati incontro durante latiirazione della catena.
Tali analisi sono state affiancate da quelle disatnopia della suscettivita magnetica
(AMS) e di mineralogia magnetica. Le prime hannonmesso di identificare i processi
sedimentari e/o tettonici subiti dai sedimenti. 4exonde hanno permesso da un lato di
identificare i minerali magnetici portatori dellaagnetizzazione e comprendere quindi le
relazioni tra questi e la componente di magnetibr&z caratteristica rimanente
individuata, dall'altro di distinguere il contribmutdi ferromagnetici e paramagnetici alla

suscettivita magnetica.

Le analisi paleotermiche (Capitolo 2) condottesettore interno (Dominio Toscano)
mostrano due principalirend di maturita termica: uno perpendicolare ed unalpelo
allasse della catena. Nel primo caso, gli indidatpaleotermici evidenziano una
diminuzione di maturita termica verso i settorieest | valori di riflettenza della vitrinite
(Ro%0) variano da 0.6 a 0.9 % (stadio iniziale e inedin della generazione d’idrocarburi)
a 0.3-0.5% (livello di immaturitd termica). Talitdaono in accordo con quelli ottenuti
dalle analisi semi-quantitative della frazione Boga che hanno mostrato un andamento
simile con diminuzione del contenuto di illite rielterstratificato illite-smectite dall’89%
(temperatura massima raggiunta di 120-130 °C) & 8&@mperatura inferiore ai 100 °C).
Il secondatrend osservato consiste in un incremento della matteitaica lungo Icstrike
della catena da SE verso NW, con un salto nei ivdionflettenza della vitrinite fino a
0.95% ed un corrispettivo contenuto di illite palti87-89% (a NW della Val Marecchia,
area di Pratomagno). Quesfmattern di maturita termica, come dimostrato dalla
modellazione termica del bacino, € legato ad unandizione dello spessore delle unita
alloctone (Unita Ligure) che si esplicita in unauzione dello spessore del cuneo
orogenico che si registra sia spostandosi da NW &go la catena, sia dai settori interni

a quelli esterni della stessa.
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Gli studi focalizzati nellarea del sistema di figgla basso angolo dell’Altotiberina
(Capitolo 3) hanno visto l'integrazione di dati @atermici (superficiali e di pozzo) e
termocronologici, finalizzati allo sviluppo di unadello della storia di esumazione di
guesto particolare settore di catena. | risultatierati dalle analisi di datazione
termocronologica di (U-Th)/He in apatiti mostrano aumento delle eta di esumazione
dalle aree piu interne della catena (Massici Peiu8i Ma) verso i settori esterni (ad est
della faglia di Gubbio, 4.3 Ma). Variazioni sigmiditive si registrano anche nei tassi di
esumazione, che suggeriscono una piu rapida esoneaziei Massicci Perugini (0.8
mm/a) rispetto alle aree a est della faglia di Goailgh.5 mm/a). Questi dati suggeriscono
quindi che la maggior parte dellesumazione in tussttore sia legata alla recente attivita
delle faglie normali e non solo alla vecchia faseampressione e relativa erosione. Cosi
l'attivita estensionale del sistema Altotiberina Opwspiegare l'eta piu giovane
dell'esumazione nel settore interno rispetto alquedterno. Inoltre la maggiore velocita di
erosione di circa 0.8 mm/a nel settore interno pssere correlato all'attivita tettonica.
L’attivita estensionale potrebbe rendere ragionefateo che i settori interni mostrino sia
un tasso di erosione maggiore (intorno a 0.1 metia)una eta di esumazione piu giovane

rispetto agli esterni.

| risultati ottenuti dagli studi paleomagnetici {@alo 4) condotti nel Dominio
Toscano, lungo l'arco piu interno, hanno permessdodnulare un nuovo modello
tettonico per questo settore di catena. La distrdne delle rotazioni ottenuta su sedimenti
eocenici e oligocenici mostra tirend di diminuzione dai settori a piu basse latitudariea
del Lago Trasimeno) verso i settori a latitudinigg@ri (area della Garfagnana). Sono
state registrate rotazioni antiorarie medie di @&5° per I'area del Trasimeno, passando
per 81° + 35° per I'area dei Monti del Chianti,dia 37° = 16° nell'area della Garfagnana.
Questi dati, in disaccordo con il modello dell'dino avanzato per il settore esterno
(Dominio Umbro-Marchigiano), suggeriscono il cobtrio della rotazione del blocco
Sardo-Corso nella strutturazione di questo settooatena. Si propone un nuovo modello
nel quale le principali fasi di evoluzione tettamiclel settore interno dell Appennino
settentrionale si ipotizza siano avvenute tra Qg e il Miocene inferiore, quando |l
Dominio Toscano entra in catena e avviene la rotezantioraria di 45° del blocco Sardo-
Corso attorno ad un polo di rotazione posto a #869.5°E. In questa fase, '’Appennino
Settentrionale e il blocco Sardo-Corso costituiscdue settori della placca superiore del

sistema di subduzione quando il Dominio Umbro rappnta ancora l'avampaese
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indeformato. Il trasferimento dell’entita di rotanie del blocco Sardo-Corso e evidente nei
settori meridionali (Lago Trasimeno) e tende a dunre allaumentare della latitudine
(Monti del Chianti) fino a non essere registrata seitori a nord del polo di rotazione

(Area della Garfagnana).

Nella medesima area, gli studi di anisotropia dsllacettivita magnetica (Capitolo
5) mostrano come i sedimenti siano caratterizzatua dominante foliazione magnetica
parallela al piano di stratificazione, suggerenddalric magnetico legato principalmente
ai processi diagenetici dei sedimenti. E statatieobsservata una distinta lineazione
magnetica disposta parallelamente al frontetltteist principali, caratteristica indicativa di
una sedimentazione in regime compressivo, in accood i dati gia presenti in letteratura,

nel settore Umbro-Marchigiano.

Nel capitolo 6, vengono infine discussi i risultatienuti nelle diverse fasi del lavoro

e vengono esposte le considerazioni conclusive.
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Chapter 1

Introduction

1.1 Aim of thesis and methodology

The studies carried out in this thesis are aimed to the reconstruction of the
geometric and kinematic evolution of the Tuscan-Umbria tectono-stratigraphic
units, an area located in the more internal sector of the Northern Apennines.

The research is based on a multidisciplinary approach based on the
integration of different methodologies: thermal and thermo-chronological analyses,
paleomagnetism, and anisotropy of the magnetic susceptibility (AMS) analyses.

The thermal and thermochronological approach is typical of the Basin
Analyses field, mainly developed by oil companies for exploration. Thermal
analyses consist of the optical analyses of the organic matter dispersed in sediments
correlated to the X-ray diffraction study of clay minerals, and allow quantifying the
maximum sedimentary and/or tectonic loads that studied successions have
undergone. The thermo-chronological methods (apatite fission tracks and
(U/Th)/He dating) implement the analyses providing the definition of the
exhumation timing, rates and magnitudes of exposed successions. Results were uses
to build mono-dimensional thermal and burial models.

Paleomagnetic studies have been used to reconstruct the tectonic and
rotational history of the curved Northern Apennines. In particular, a quantitative
analysis of the distribution and magnitude of vertical axis rotations was used to
define the timing of the bending and to discriminate the different tectonic processes

that concurred to shape its present-day curvature. Results from this study and



integration with other published data were used to build a suitable model to explain
the tectonic evolution of Northern Apennines.

The anisotropy of magnetic susceptibility (AMS) analyses were carried out in
order to reconstruct the deformational history of fine-grained sediments exposed in
the internal sector of the Northern Apennine chain. In particular, the magnetic
fabric analysis on these sediments helped in discriminate the effects of sedimentary
processes (e.g., compaction) from tectonic processes. Moreover, integrating data
from this study with previous data, it was possible to reconstruct the timing of the
deformation of this portion of the Apennine chain at local and regional scale.

Furthermore paleo-thermal and paleomagnetic data reported in this thesis
represent the first results collected in this sector of the Northern Apennines, filling a

pre-existing gap in the internal sector of the chain.

1.2 Thesis Organization

Following this introductory part (Chapter 1), this thesis is divided into other
four parts.

In Chapter 2 the thermal evolution models of the Tuscan Nappe units are
illustrated, and a reconstruction of the architecture of the thrust wedge is proposed.

In Chapter 3 a possible model for the kinematic evolution of the Altotiberina
Fault system is described, based on the collected paleo-thermal and thermo-
chronological data.

In Chapter 4 the rotational pattern in the Tuscan Nappe, as deduced by
paleomagnetic analysis, is illustrated. A new reconstruction of the tectonic
evolution of the area is proposed, in the general framework of the Cenozoic
Mediterranean evolution.

In Chapter 5 the anisotropy of magnetic susceptibility (AMS) data are
presented and a reconstruction of the pattern of the deformation in this sector of the
chain is described.

In Chapter 6 final remarks on the main results achieved by the entire research

are presented.



1.3 Main phases of the research

The thesis was developed in three main phases.

Phase one was mainly devoted to the bibliographic research. Previous studies
on regional geology, and methodological papers were collected in order to
guarantee an up-to-date knowledge on the study area and on the methodologies
used in this research.

Phase two was mainly dedicated to fieldwork and sampling. Moreover,
laboratories analyses accompanied and alternated with the fieldwork.

Phase three was related to data processing. Results were then correlated and
used to reconstruct new possible models on the geological and geodynamic

evolution of the Northern Apennines Chain.

Main phases of the research

PHASE ONE i

Aims: Geometric and kinematic evolution of the Tuscan- Umbrian succession
1 (Internal sector Northern Apennines) in the Cenozoic

! Methodology: Multidisciplinary approach: '
: - paleothermal and thermochronological analyses .
: - paleomagnetic, anisotropy of magnetic susceptibility (AMS) analyses
: Study area: Internal sector of the Northern Appenines:

: - Trasimento Lake area

- Mt. Chianti and Pratomagno area

' - Val di Lima and Garfagnana area

X Bibliographich research

Study area (regional geology)
: Methodologies i
Analogus pre-existing studies

PHASE TWO :
; Field work Laboratory analyses :

~Sampling for organic mater and 03 Samples mincrafogica anaysis
! mineralogical analysis —_— n 7 1 analys !
' -Sampling for (U-Th)/He analysis -7 Samples for (U-Th)/He analysis _ ]
-Sampling for palcomagnetic and AMS analysis -528 Samples for palcomagnetic analysis
- 528 Samples for anisotropy of magnetic

susceplibility analysis

PHASE THREE
; Data processing, interpretation and modeling

Paleothermal and thermochronolocical results

Thermo-structural modeling (Basin Mod 1D software) i

Evaluation of exhumation rate, tectonic and/or sedimentary loads experienced in the past
Reconstruction of the burial and exhumation history along orogenic transects '

Paleomagnetic and AMS results '
Reconstruction of the rotational pattern :
Reconstruction of the deformation pattern '

Geometric, kinematic and geodynamic evolution of the studied area
in the general framework of the Mediterranean area '

Fig. 1.1. Flowchart of the thesis.






Chapter 2

Along strike variations in the architecture of a thrust wedge
detected by means of indicators of thermal exposuran

example from the Northern-Central Apennines bounday (Italy)

2.1 Introduction

Fold-and-thrust belts (FTBs) frequently show lack aiindricity along strike
(Marshaket al., 2004). This feature may be expressed in term&étions of the amount
and rates of shortening and tectonic transport els a8 of structural styles. These along
strike variations can be gradual and easily holo@principle of kinematic compatibility
(Butler et al. 2006 and references therein) or abrupt (Marshal. 2004 and references
therein). In the last case, changes are markedrikg-slip faults that may be detectable at
various scale from lithospheric to shallow cruseadels. These faults frequently show a
complex and long-lived activity within the FTBs arideir depth of formation and
evolution are generally debated in kinematic rettocons. This is the case of the Italian
Apennines that is strongly segmented by transviasks (Patacca and Scadone 2001,
Tavarnelliet al., 2004). Nevertheless these faults may mark variatio the exposure of
different structural levels. Such evidences oc¢uha boundary between the Northern and
the Central Apennines where the uppermost structunia of the thrust pile, the Ligurian
Nappe, is preserved from erosion as a result oatrans of structural culminations along
strike. Nevertheless very faint features are exposa main transverse faults. To
understand these variations despite of the incamgledimentary record preserved in the
field, it is possible to attempt the reconstructiminregional cross sections on different

blocks separated by transverse faults that take actount reliable evaluations of the
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missing portions of the section now eroded and¢oraved by tectonics (e.g., Zatghal.,
2002; Corradcet al. 2010a; Mirabellat al., 2011). This approach allows to substantially
reduce the number of acceptable geometric and kitiermodels on the basis of the
amount of exhumation and maximum burial that cherae different areas of the wedge.
Thermal modelling of sedimentary successions, camgd by paleothermal and low
temperature thermochronological indicators, has bejuently performed in the external
areas of fold-and-thrust belts (see Roeral., 2010 for a review) with several examples
for the Apennines and Sicily (see, Corrado, 199r&ioet al. 1998; 2009; 2010b; Botti
et al., 2004; Mazzoliet al., 2008; Aldegeet al., 2011; Di Paolcet al., 2012) (Fig. 2.1).
Nevertheless in the area to the south of the VB&rSiand to the north of the peri-
tyrrhenian volcanic complexes cropping out in SeathTuscany-Northern Latium, studies
of burial and thermal history are very scarce a agethe outcrops of the uppermost units

overriding the wedge (Ligurian and Sub-ligurian t3ji

Pliocene-Quaternary Tuscan pelagic basin,
terrigenous deposits and related foredeep deposits

N Fa ) i uni Liguride units and
o A \\ k"L Magmatic units =—= related wedge-top basin deposits

Laga Fm., Gessoso-solfifera t++ Metamorphic units

—-=={ and associated slopes, -
and related foredeep deposits -« and related foredeep deposits
 Ancona '\-.,‘\"x\, Apenninic carbonate platform
[ ., and by-pass margins,
and related foredeep deposits

. =
3 Umbria-Marche basin i i
———— Apulia carbonate platform units
AN s
o
A\

Z

olise-Sannio-Lagonegro pelagic
{ basin and associated slopes,
2 and related foredeep deposits

7{) \ Main thrusts fronts.

\ Main faults.

\‘ Main buried thrust fronts.

= - (@)

Fig. 2.1 Geological sketch map of the Italian peninsulavghg the location of main sampling sites for
thermochronological and paleothermal studies d&agathe Apennines (modified after Corradb al.
2010a). Simplified main geological features fromANF2004) and Butleret al., (2004). Coordinates in
UTM European Datum 1950 33N

The aim of this chapter is to provide quantitatilsa on (sedimentary or tectonic)

burial evolution during thrust wedge building irder to unravel changes across transverse
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faults at the boundary between the Northern andCiatral Apennines. In this chapter, |
present a series of thermal models performed alweggeological cross-sections across
the Tuscan Nappe in an area located between ClaadtCetona Mts. to the SW and the
Trasimeno Lake and the Mugello Basin to the NE.sehmodels allowed me to reconstruct
the areal distribution of the eroded structuraltipor of the wedge and to draw the thrust
belt evolution during Neogene times.

2.2 Geological setting

The Northern Apennines is the result of the develept of the east to northeast
orogenic wedge, above the subduction of the LidRieznontese ocean. This process was
followed by continental collision between the Ewrap plate (Corsica-Sardinia block) and
Adriatic microplate (of African affinity) and by éhopening of the Tyrrhenian Sea back-arc
basin (Boccalettet al.,198Q Malinverno and Ryan, 1986; Dewetal., 1989; Boccaletti
et al., 1990; Faccennat al., 2004). Since the Oligocene, after continentdliston, the
evolution of the Northern Apennines proceeded lyatoontinental deformation with a
progressive migration of the orogenic system toweast. The deformation of ocean and
passive margin paleogeographic domains broughtecstructuring of different tectonic
units (Barchiet al., 1998a). Thrust and fold belt geometry were medifby extensional
tectonics, that took place in Tortonian times asdstill active (Barchiet al., 1998b;
Mirabellaet al., 2011).

The Northern Apennines is composed of a seriesacked structural units accreted
onto the Adriatic microplate, whose litostratigrapland structural features reflect the
evolution of this sector of the chain (Baldaetial., 1967; Elter, 1975; Boccalettt al.,
1980; Principi and Treves, 1984; Barcahial., 1998b; Costat al., 1998, Molli et al.,
2002).

The innermost tectonostratigraphic unit is thgurian Unit (Etler, 1975; Bortolotti
et al., 2001; Cerrina Ferroret al., 2002). This unit is the remnants of the Ligur@ocean
and consists of a mix of ophiolite, sedimentarykeoand flysch deposits (“helminthoid
flysch”) (Etler, 1975; Marronét al., 2001; Festat al., 2010).

Onto the Ligurian Unit, the Epiligurian Unit uncanmably overlie as was deposited
in marine thrust-top basins (Ricci Lucchi, 1975r&a et al., 2001; Cibinet al., 2001).
Deposition of the Epiligurian Unit occurred simulémusly with the east and northeast
migration of the thrust and fold belt (Festiaal., 2010). Underneath the Ligurian Unit
there is the Subligurian unit, made up of Paleocen&ocene shales and limestones
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(Bortolotti et al., 2001) and of thick early Oligocene siliciclastieposits. The Subligurian
Unit is considered as the first and oldest Apemniioeedeep deposit indicating the onset of
collision of the Ligurian accretionary wedge an@ ttontinental passive margin of the
Adria microplate (Catanzaritit al., 2003). The Ligurian and sub-Ligurian Units can be
grouped together into a larger Ligurian Nappe whias then thrust north-eastward over
more external units (Ventustal., 2001).

During the continental collision the Ligurian Nappas obducted on to the western
Adriatic margin, and the other accreted structurats (Ricci Lucchi, 1986; Boccalett
al., 1990, Argagni and Ricci Lucchi, 2001). Theseelattinits are characterized by
stratigraphic sequences, that consist of Paledzsement rocks unconformably overlain
by Mesozoic evaporitic and carbonate deposits. @hssquences are covered by
Oligocene-Miocene thick and extensive syn-orogémiedeep deposits. These deposits are
progressively younger towards north-east and wesposited in eastward-migrating
foredeep basins along the front of avalanching tisgu Nappe and progressively
incorporated in the fold and thrust system (Abbetel., 1970; Ricci Lucchi, 1986;
Boccalettiet al., 1990, Ventureet al., 2001, Mirabellaet al., 2011). Two main tectono-
stratigraphic units are recognized: the Tuscan &mit the Umbria-Marche-Romagna Unit.

The Tuscan Unit is the main object of analysesis work. Samples were collected
from two main areas located respectively to theaB&to the NW of the Marecchia Valley
lineament (MVL, see Fig. 2.2). The first samplingais located at the boundary between
Tuscany and Umbria regions. It is characterizeadnytractional architecture that consists
of four structural units, piled up during Miocenenés (Mirabellaet al., 2011). Some
authors (e.g., Abbate and Bruni, 1989; Brozze@i)7) have regarded the outermost part of
the Tuscan Nappe as belonging to a more exterot@nie unit (Falterona-Cervarola Unit
or Falterona Nappe). In this chapter, for this arde Falterona-Cervarola Unit is
interpreted as belonging to the Tuscan Nappe araptd Plesit al. (2002). The analysed
stratigraphic succession of the Tuscan Nappe dsnsfspelagic foreland ramp deposits
(Scaglia Toscana Fm.) and foredeep turbidite dép@sgiacigno Fm.). The former consists
of calcareous-marly turbidites and varicoloured lehalt can be divided into the
Calcareniti di Dudda (Sip and the Monte Filoncio (S§pmembers (Ypresiano-Luteziano
NP11-NP15; Rupeliano-Chattiano MNP25a) accordinGéological Cartography Project,
Sheets 299 Umbertide, 310 Passignano and 289 diitaastello. The Macigno Fm.
consists of thick-bedded coarse-grained silicigtastrbidites alternating with siliciclastic

thin and fine grained beds. Three members have ths&énguished, referred, from bottom
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to top, as Molin Nuovo (Mag, Poggio Belvedere (Macand Lippiano members (Mgc
(Chattiano-Aquitaniano MNP25a-MNP25b-MN1d; Barsetlal., 2009). Since Aquitanian
time, the Tuscan Domain started being involvedampressive deformation to form the
Tuscan Nappe detached at the level of the Scaghia Fhis tectonic unit is subdivided
into minor tectonic elements delimitated by secopdhrust faults.In this area, moving
from the west to the east, they are: Terontola ElmTuoro Element, Portole Element,
Ansina Element, Scarzola Element e Marcignano-GmieElement (Geological
Cartography Project, 2011 a, b, c).

Regarding to the area to the north of MVL, the gsed have been carried out along
Pratomagno ridge, Chianti ridge and around the NMaodgasin (Fig. 2.3). In detail, the
structure of the Chianti Mountains has been inttgat as a result of thrust-and-fold
deformation (Bonini, 1999) and is characterizecekiensive outcrop of the Tuscan Nappe
succession. In this sector of the chain, the Saalghscana Fm. crops out down to its most
ancient member from the Argille di Brotolo Membeétd) (Albian-Turonian); to the
Calcareniti di Dudda Member (S)o(Upper Cretaceous-Lower Eocene). On top of it the
Macigno Fm. has a thickness of about 3,000 m amdists of turbidite sandstones that
evolve to pelites at the top of succession. Thimédion has been subdivided into five
members (Geological Cartography Project 2011d)

The main structural feature of this region is ahNEvergent, steeply to moderately
dipping, overturned anticline folding the Macignandstones and exposing Cretaceous-
Oligocene marls and shales (Scisti a PolicromicagBa Toscana Fm.) in its core (Bonini
et al., 2012). Referring to Saget al. (2012), the Tuscan Nappe in this sector thrusb ont
more external Cervarola-Falterona Unit. This undps out in the Pratomagno ridge and
includes a stratigraphic succession that consisRupelian-Chattian varicoloured clays
alternating with mudstone layers (Villore Marls)the bottom, silicoclastics turbidite of
Falterona Mts. Sandstone (Chattian-Burdigalian) Badligalian-Langhian Vicchio Marls.
In detail the Falterona Fm. consists of five mempdistinguished by layer thickness and
arenites/pelites ratio that decreases toward theotdhe succession. From bottom to the
top, there are the M. Falco Member @ffathe Camaldoli Member (Fg] the Montalto
Member (Faj); the Lonnano Member (El(Bortolotti et al., 2012).

The second area extends to south-southeast of tigelld Basin and is characterized
by Monte Falterona and Acquerino Units that thiustto the Umbria—Romagna domain.
The Acquerino Unit consists of Chattian-Aquitaniaaricolours marls (Marne di Villore

Fm.) at the bottom followed by Chattian-Budigaliambiditic deposits of the Aquerino
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Fm. (Bettelli et al., 2002). Many authors consider this unit such asula-unit of the
Falterona-Cervarola Unit (Abbatt al., 1969; Boccaletti and Coli, 1982; Guenther and
Reutter 1985). Recently other authors have inteedrthis unit as independent (Bettelli

al., 2002; Cerrina Ferongt al., 2002; Cibinet al., 2004). From Oligocene time the
compressive phase, during the collisional stag®raed the foredeep Tuscan successions
with the migration toward north-east of the defotior@al front. This deformation
determined the present-day configuration of theirchwith a structure of thrust and

associate folds.

2.3 Methods and materials

2.3.1 Organic matter optical analyses

To the south of MVL, in the area located at the rmtary between Tuscany and
Umbria regions, a suite of 48 samples for vitrim#flectance analyses was collected from
the Tuscan Nappe, mainly from the Macigno Fm..dtad, samples were collected in the
different tectonic elements, recognized in thissaedong four cross-sections perpendicular
to the chain axis (see A-A’, B-B’, C-C’ and D-D’ Fig. 2.2).

From hinterland to foreland the following tectorticust sheets were sampled: the
Terontola Element, the Tuoro Element, the PortdiemEnt, the Ansina Element, the
Scarzola Element and the Marcignano-Gioiello EleimEnese elements are constituted by
rocks belonging to the Tuscan succession thaheanriternal sectoconsists othe Scaglia
Toscana Fm. at the bottorfgllowed by three members of the Macigno Fmith a
thickness of about 1,700-1,800 meters. In the patesector (Marcignano — Gioiello
element) the sedimentary succession consists ofydlimgest member of the Scaglia
Toscana formation (S§p and two members of the Macigno Fm. (Mamnd Mag) for
about 1,200 m of total thickness (Fig. 2.8he samples were collected from the three
members of the Macigno Fm., from both thick arepasepelitic beds and thin-fine
turbiditic beds. Samples were mainly composed k@ seams and well preserved wooden
fragments 1 to 3 cm-long dispersed in the arenaceediments (Tab. 2.1).

Other samples are from the areas to the northeoMKL. In detail, five samples
were collected across the Pratomagno ridge, aleatijps E-E’ (Fig. 2.2) from the base of
arenaceous levels of the Falterona Fm.(Haak members). These samples consist of
wooden fragments dispersed in sediments. Threkeiusamples were collected in the area

to the south-southeast of the Mugello Basin, twothese in the Falterona Fm. (fal
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member) and the one from a fine and laminated asmes layer of the Aquerino Fm.
(Tab. 2.2).

Plio-Quatemary deposits
ﬁ ﬁ Pliocene Sedimentary Unit
[ | Ligurian unit
|| sub-igurian Unit
- Tuscan Unit
I Rentella nit
Umbro Marchigiana
Romagnola Unit
+—— Thrust
——— Normal fault
—=—=— Val di Chiana fault system
—=—=— Alfo-fiberina fault system
= = = Location of Val marecchia
aligment
A A Trace of geological
T cross section

-dl} Well
O Site sampiing

o 5 10 15 km

\%

Fig. 2.2 Tectonic sketch map of the study area with sarsiés. Compiled after Mirabelkt al., (2011) and
Geological Cartography Project (2011), UmbertideCarta Geologica d’ltalia, sheet 299, scale 180, st.
Super. per la Prot. e la Ric. Rome.

Whole-rock samples were mounted in epoxy resin potished according to
standard procedures (Busthal., 1990). Vitrinite Reflectance (Ro%) was then parfed
on randomly oriented grains using a Zeiss Axioptasinroscope, under oil immersion in
reflected monochromatic non-polarised light. Thanber of measurements that were
performed on vitrinite fragments ranges from 20 $amples with small amounts of
organic matter to 100 for coal seams and samptésimiwell preserved fragments. Mean
reflectance and standard deviation values wereileaéd for all measurements identifying

the indigenous population.
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Table 2.1.0rganic matter maturity and clay mineralogy datarfithe area to the south of the MVL

Site Coordinates Fms Age Lithology Samples R% Samples X-ray %I %C S.0

(Lat-Long) for (s.d.) for quantitative in in .
Vitrinite XDR analysis of the I-S C-S
Analyses Analyses <2um grain-size
fraction (%owt.)

01 43°21' 22.6", Macigno Aquitanian SDT/LMS Co1 0.7 CM1 151 1/S14 C/S5Clig 86 85
12°03'16.2" (+0.08)

02 43°14' 49.4", Macigno Aquitanian SDT/LMS co5 0.6 CM5 l30 C/S35Claa 75 75 R1
12°06' 28.1" (+0.06)

03 43° 14' 32.3", Scaglia Eocene Mudstone CMé6a, 154 1/S;0 C/S3Cly 84/ 65/ R1
12°04' 54.9" Toscana CM6b, lga 1/Sp9 CISClg 84/ 65/ R1

CMéc 19 1/S41 CIS7KeClg 60 65 R1

06 43° 05'14.2", Scaglia Eocene Mudstone CM9a, 131 1/Ss3 C/S;3Clg 73/ 70 R1

12°10'50.0" Toscana CM9b, 155 1/Sqo CISs 74/ R1
CM9c 148 1/S45 CISKCly 74 R1

07 43° 04' 17.7", Scaglia Eocene Mudstone CM10a, 140 1/S34 K1gClg 74/ R1
12°11.1'22.6"  Toscana CM10b 147 1S53 Ko Clyc 77 R1

08 43°21'06.3",  Macigno Aquitanian SDT/LMS co9 0.7 CM11 lug 1/S15C/S0 Cli7 85
12°02'37.3" (+0.04)

09 43°20'48.3", Macigno Aquitanian SDT/LMS CO13 0.6 CM3/ lg7 1/Sg CISClyg 86/
12°02' 09.2" (£0.06) CM4 lgz /S5 Chiy 85

10 43°17'22.6", Macigno Aquitanian SDT/LMS CcO14 0.5 CM12 b4 1/Sy7 CIS,Cly 84 75 R1
12°00'51.9" (+0.06)

11 43°17' 20.4", Macigno Aquitanian SDT/LMS CO16 0.6 CM13 171 1/S14 CIS,oCls 84 R1
12°01' 27.5" (+0.07)

12 43°17'53.5", Macigno Aquitanian SDT/LMS COo17 0.8 CM14 Is3 1/S; Clys 82 R1
12°02'22.6" (+0.07)

13 43°17'50.9", Macigno Aquitanian SDT/LMS CO18 0.6 CM15 135 1/S4C/S;Clyg 82 75 R1
12°02' 40.5" (+0.05)

14 43°17'50.9", Macigno Aquitanian SDT/LMS CO19 0.6
12°04'34.9" (0.07)

15 43°18'13.8", Macigno Aquitanian SDT/LMS C020 0.4 CM16 17 1/S;6C/SCly 81 59 R1
12°05' 29.1" (+0.07)

16 43°18'49.45", Macigno Aquitanian SDT/LMS co21 0.7 CcM17 lag 1/S;C/S1:Clog 80 75 R1
12°08'3.80" (+0.05)

17 43°19'4.3", Macigno Aquitanian SDT/LMS C022/23 barren
12°07'12.24"

18 43°19'4.95", Macigno Aquitanian SDT/LMS CO24a,b barren

12°07' 38"

19 43°19'1.06", Macigno Aquitanian SDT/LMS C0O25 barren CM18 170 1/S;6CIS,Cl, 85 60 R3
12°08' 3.80"

23 43° 27' 43.6", Macigno Aquitanian SDT/LMS CO30 0.6 CcM22 l47 1/SsC/S11Cla1 80 70 R1
12°01'5.14" (+0.04) R3

24 43° 27' 46.8" , Macigno Aquitanian SDT/LMS CO31 0.4 CMm23 151 1/S11Kl 39 50 RO
12°07' 40.63" (+0.05)

25 43° 27'5.54", Macigno Aquitanian SDT/LMS Cco32 0.3 CM24 Is7 1/S11.C/SpsK 7 49 59 RO
12°06' 18.13" (+0.05)

26 43° 20" 40.7", Macigno Aquitanian SDT/LMS CO33 0.9 CM25 1351/S4Clgy 89 R3
12°1.4'24.3" (+0.08)

27 43°20'20.1",  Macigno Aquitanian SDT/LMS CO34 0.7 CM26 144 1/S16C/S15K 31 82 60 R3
12°0'20.14" (+0.05)

28 43° 20' 2.96", Macigno Aquitanian SDT/LMS Cm27 146 1/SK 4 87 R3
11°59'40.32"

33 43°0' 25.48", Macigno Aquitanian SDT/LMS Cc039 0.4 CM30 lo1 1/S14C/S1Cls 85 59 R3
12° 05' 50.38" (+0.10)

34 43°1'4.26", Macigno Aquitanian SDT/LMS CO40 0.5 CMm31 170 1/S30 84 R3
12° 05' 45.42" (£0.10)

35 43°1'21.10", Macigno Aquitanian SDT/LMS CO41 0.6
12°04' 45.47" (+0.07)

36 43°1'0.06", Macigno Aquitanian SDT/LMS C042 0.6 CM32 lgo 1/Sa1 86 R3
12°03'15.78" (+0.08)

37 43°16'46.62", Macigno Aquitanian SDT/LMS C0O43 0.4
12° 8'44.83" (+0.06)

38 43°1'0.30", Macigno Aquitanian SDT/LMS CO44a,b 0.6 CM33 171 1/Spe 84 R3
12° 02' 54.96" (£0.10)

39 43° 2'38.70", Scaglia Eocene Mudstone CM34 s6ll/S24K 20 77 R1
12° 09' 54.42" Toscana

40 43° 3'2.58", Macigno Aquitanian SDT/LMS CO45 0.5
12°10' 15.60" (+0.08)

41 43°12'0.48", Macigno Aquitanian SDT/LMS CO46 0.5 CM35 1s71/S15C/S,Cls 79 70 R1
12° 14' 44.22" (+0.08)

42 43° 15' 6.05", Scaglia Eocene Mudstone CM36 130l/S29K 41 75 R1
12°15' 26.54" Toscana

51 43°11'16.02", Macigno Aquitanian SDT/LMS CO52 0.4
12°11'41.58" (+0.90)

52 43°11'1.74", Macigno Aquitanian SDT/LMS CM42 160l/S25C/S1Clig 80 80 R3
12°11' 6.60"

54 43°16'46.62", Scaglia Eocene Mudstone CM43 70l/S17CIS; 82 80 R3
12° 8'44.83" Toscana

55 43°19'8.82", Macigno Aquitanian SDT/LMS CO54 0.5
12° 8'23.58" (+0.08)

Acronyms: SDT=sandstone; LMS= Limestone; I=illitéS=mixed layer illite-smectite; C/S=mixed layer

clorite-smectite; K= Kaolinite; Cl=Clorite; S.O.tagking order
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Table 2.2.0rganic matter maturity and clay mineralogy datetfthe area to the north of the MVL

Site Coordinates Fms Age Lithology Sampled Ro Sampled X-ray %I %C S.0.
(Lat-Long) for (s.d.) for quantitative in in
Vitrinite XDR analysis of the I-S C-s
Analyses Analyses <2um grain-size
fraction (%owt.)
82 43° 37' 28.7", Falterona Aquitanian SDT/LMS CO57 0.8
11°40' 43.8" (+0.08)
83 43° 37' 23.7", Falterona Aquitanian SDT/LMS CO58 0.9
11°40'59.1" (+0.17)
84 43°38'13.5", Falterona Aquitanian SDT/LMS CO59 0.6
11°40' 30.8" (£0.94)
85 43°40' 33.66", Falterona Aquitanian SDT/LMS CO60 0.6
11° 39'47.70" (+0.08)
86 43° 37' 40.2", Falterona Aquitanian SDT/LMS CO61 0.9
11°41'00.1" (£0.16)
89 43° 32" 19.8", Scaglia Pal-Eocene Mudstone CMm48 551S25K 16C10 83 R3
11°24'32.9" Toscana
90 43° 36' 09.0", Scaglia Pal-Eocene Mudstone CM49 1461/S13C/S6C15 87 60 R3
11°22'21.2" Toscana.
91 43°37' 14.6", Falterona Aguitanian SDT/LMS CM50 L3l/S11C/S3:Clo 88 55 R3
11°40'9.9"
92 43°37'21.01", Falterona Aquitanian SDT/LMS CM51 1441/SsCIS6Clos 87 85 R3
11°41'9.1"
93 43°40'40.37",  Falterona Aquitanian SDT/LMS CM52 71/S4C/S5:Clig 88 85 R3
11° 39'46.3"
94 43°50'32.01", Falterona Aquitanian SDT/LMS C062 0.4 CM53 1471/S16K23Chig 70 R1
11°38'42.8" (£0.79)
95 43°55' 5.1", Marne di Burdig. Marls CM54 dol/S17K<Clig 70 - R1
11°29'41.8" Vicchio
97 43°53'50.81", Falterona Aquitanian SDT/LMS CM56 1611/S17KsClig 80 - R3
11° 32' 54.52"
98 43°55'31.31",  Aguerino Aquitanian SDT/LMS C063 0.3 CM57 Isol/S15K 1,Chs 55 RO
11° 33'29.8" (+0.07)
100  43°51'52.43", Falterona Aquitanian SDT/LMS CO65 0.5 CM59 1581/SgC/SsKoClys 83 80 R3
11° 34' 46.3" (£0.07)
101 43°51'5.8", Falterona Aquitanian SDT/LMS CM60
11° 30' 10.19"
102  43°49'21.64", Falterona Aquitanian SDT/LMS CM61  |63l/S;C/S,6K4Clyy 83 80 R3
11° 29'29.88"
103 43°57'1.48",  Aquerino Aquitanian SDT/LMS CM62 lasl/Sp9K 15Cliy 50 - RO
11°31'45.7"
104  43°56'43.75",  Aquerino Aquitanian SDT/LMS CM63 1701/SgC/1S11Clig 52 65 RO
11°35'11.78"
105  43°55'35.10", Carigiola Aquitanian SDT/LMS CM64  16,l/S,C/S6K4Cli7 77 80 R1
11°30'51.95"
106  43°55'14.25",  Aquerino Aquitanian SDT/LMS CM65 1351/S34K15Clig 57/ RO
11° 34'13.88" 75
Acronyms: SDT=sandstone; LMS= Limestone; I=illitt3=mixed layer illite-smectite; C/S= mixed

layer clorite-smectite; K= Kaolinite; Cl=Clorite;S.= stacking order

2.3.2 XRD analyses

To the south of Marecchia Valley lineament, a saft86 samples for mineralogy X-
ray semi-quantitative analyses were collected fthen Tuscan succession, mainly along
the same four cross section and in the same shesewcollection of samples for vitrinite
reflectance analyses was performed too (Fig. 2d2Tat. 2.1).

Samples were collected from both Scaglia Toscada\Varcigno Fms.. In particular
in the first, varicoloured clays were collectednfréayers of clay and marls interbedded to
calcareous layers. Whereas gray siltites and pelitere collected from fine, laminated
turbiditics beds of Macigno Fm..

In the area to the north of Marecchia Valley lineaifurther 21 samples have been
collected from both Tuscan Nappe succession irCtinanti Mountains and Mt. Falterona
succession at Pratomagno ridge along cross sdetionand Mt. Falterona succession and
Aquerino succession in an area to the south-eMunfello Basin (Tab. 2.2). In detail, 5
samples of varicoloured clays were collected frasagiia Toscana Fm., 9 samples consist

of gray siltites from fine turbiditics beds of Fadbna Fm., 1 sample was collected from a
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fine laminated gray marls of Marne di Vicchio Fmde3 derive from varicoloured clays of
Marne di Villore Fm. of Aquerino Unit.

Qualitative and semi-quantitative analyses of th2um grain fraction (equivalent
spherical diameter) were performed by Scintag Xta)x-diffractogram system (CuKa
radiation, solid state detector, spinning samplsfier centrifugation, the suspension
containing the < @m grain-size fractions was decanted, pipetted, dned at room
temperature on glass slides to produce a thin yighénted aggregat@riented air-dried
samples were scanned from 1 to 4Bfdth a step size of 0.0582and a count time of 4 s
per step at 40 kV and 45 mAhe presence of expandable clays was determined for
samples treated with ethylene glycol at 25 °C #rmh2Ethylene-glycol-solvated samples
were scanned at the same conditions as air-driggkgates, with a scanning interval of 1-
48°20. Expandability measurements were determined acgprd Moore and Reynolds
(1997) by using thé\26 method after decomposing the composite peaks keat®e- 10
and 16 — 17 “Qusing the Scintag X1 software program with a gpdiarson VIl function.

2.4 Results

2.4.1 Organic matter analyses

Organic matter dispersed in the Macigno Fm., to 4beth of Marecchia Valley
lineament, is generally abundant, homogeneous amidlynmade up of well-preserved
macerals. The predominant macerals belong to htewiitrinite group, the inertinite
group is present such as subordinate maceralsornme ssamples pyrite, either finely
dispersed or in small globular aggregates, is lpgaksent, associated with both groups.
Most of data generally show one main cluster idiaflie by a Gaussian distribution,
which represents the indigenous population of hitexvitrinite macerals (see for example
CO1; CO9; CO13 and CO31 in Fig. 2.3 %Rdata generally indicate immature to early-
middle mature stage of hydrocarbon generation, wdme variations. It is possible to
identify two main trends of vitrinite reflectancéhe first one along the stratigraphic
succession in every single element and the latierazross the chain, at a regional scale.
Generally there is an increase gPRvalues from top to the bottom of Macigno formatio
In particular, in the most internal element (TeadatElement, Tuoro Element, Portole
Element, Ansina Element) the® values range from 0.60 to 0.80%; in Scarzola Elgm
from 0.5 to 0.6% and in the most external elem&far¢ignano-Gioiello) from 0.30 to
0.50% (Fig. 2.4).
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Locally there is an anomalous increase of organatten maturity at the top of
successions that are preserved at the footwalefsecondary thrusts that delimitate the
tectonic elements (i.e. Ansina element in D-DFig. 2.4b).

At regional scale, in the analyzed area, movingh@lthe cross sections, from
internal to external sectors of the Tuscan Nagpe possible to observe a general decrease

of thermal maturity of organic matter dispersedediments (Fig. 2.5)
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Fig. 2.5. Distribution of vitrinite reflectance and 1% in 1-S mixed layerstalperformed in this study and
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Regard to organic matter dispersed in the Mt. Falte Fm., at Pratomagno ridge, it
is possible to observe an unimodal distributiomtdeble by a Gaussian distribution (see
Fig. 2.3) that indicates the presence of predontinaacerals belonging to the huminite-
vitrinite group. The inertinite group is presentclsuas subordinate macerals, in a few
samples fusinite is present. In some samples pyiteer finely dispersed or in small
globular aggregates, is locally present, assocwtddboth groups. The Ro% values range
from 0.60% to 0.95%ndicating middle mature stage of hydrocarbon geinen.

Moving toward the north-east in the area to thdlseast of the Mugello Basin, a decrease
of thermal maturity has been observed. In thiseseat the chain the samples, collected
from Fak member, have recorded lower Ro% values ranging al5 to 0.50% (Fig. 2.5
and Tab. 2.2).

2.4.2 Clay mineralogy analyses
Regarding to the area to the south of the MVL thangtative analyses of 2m grain-
size fraction show mainly the presence of illitelocite, mixed layers illite-smectite (I-S)
and subordinate amounts of kaolinite and mixedraphlorite-smectite (C-S). Non-clay
minerals: such as quartz, plagioclase, calcite hmeen recognized as well. In addition,
gypsum is also present in samples from the Scdglscana Fm. (see Tab. 2.1). In this
area, the stacking order of mixed layers I-S shawlsermal maturity trend similar to that
shown by vitrinite reflectance. In fact, from thener to the outer element of the Tuscan
Nappe, the I-S stacking order changesssing from long-range ordered structures (R3) in
the most internal element &hort-range (R1) and random-ordered structures (R@h)e
easternmost Marcignano-Gioiello element. A varmiio the illite content in mixed layers
I-S from 89% to 38% moving toward the forelandlsoabserved (Fig. 2.5).

At the scale of the whole succession, a slightaase of illite layers in mixed layers
I-S with depth occurs within the same elementhiminternal elements (Terontola, Tuoro ,
Portole, Ansina Elements), the 1% in I-S rangesnfrf8% to 89%, whereas it increases
from 70% to 79% in the Scarzola Element and fromt@d®0% in the most external
element (Marcignano-Gioiello) (Fig. 2.4). Data mmested according to Merriman and
Frey (1999) indicate that the internal sector af fuscan units experienced maximum
temperatures ranging between 120-130° in the l@tgedetic zone whereas toward the
external sector temperature decreases below 100°C.

To the north of MVL in the Chianti Mts. and Pratagna area, semi-quantitative

analyses of the < gm grain-size fraction show illite as major minesaadd subordinate
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amounts of mixed layersS and C-S, and chlorite (Tab. 2.2). The illitentant in long
range ordered mixed layer I/S is about 87-88% @ihlthe Scaglia Toscana and Falterona
Fms., indicating late diagenetic conditions in agnent with vitrinite reflectance data.
These data correspond to a higher maturity lexas that recorded for formation of similar
age to the south of the MVL. Moving toward the NE&,the Mugello area (Fig. 2.5) a
decrease of thermal maturity has been observededMiayers I/S show a progressive
increase of expandable layers (from 27 to 43% ddcdite layers) from the internal to the
external units, which correspond to changes irsthking order. Long range ordered (R3)
mixed layers passes to short (R1) and the randalered (RO) structures suggesting a
decrease of tectonic/sedimentary loads.

2.5 Discussion
2.5.1 Geothermal gradient

The paleogeothermal gradient active during the siéipa of the Macigno formation, has
been reconstructed using the following equatiorot@ermal Gradient (°C/Km) = Heating
rate (°C/Ma) / Burial rate (Km/Ma). According toethmethod proposed by Hilliest al.
(1995) the heating rate values have been determinedhe correlation of vitrinite
reflectance and lllite content in mixed layer I8, relation to thermal history and
sedimentary basin types. Fig. 2.6 shows two mata dhusters: the first (squares) and
corresponding to more external samples in the threl$, yields heating rate ranging from
0.375-1.5 °C/Ma The latter (circles) correspondsniare internal samples and indicates
heating rates comprised between 0.357 — 4.000 °d/Mahighest values of heating rate
(triangles) correspond to samples collected atttipe of succession at the footwall of
secondary thrust. The burial rate has been caédilédr the outcropping successions of
each tectonic element, using thickness and ageaoh etratigraphic member of the
Macigno Fm. For burial rates ranging from 0.04 t670Km/Ma the paleo-geothermal

gradient obtained for the various elements ranges 21 to 23 °C/Km.
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Fig. 2.6 Heating rate values for the Falterona Fm. and duddappe extracted from the correlation of
vitrinite reflectance and illite content in illitemectite (I-S) data based on the kinetic model itfnite
maturation of Burnham and Sweeney (1989) and thetikis of the I-S reaction determined by Hilletral.
(1995). Modified and redrawn after Hilliet al. (1995)

2.5.2 Thermal modelling

The obtained geothermal gradient is an essentia$taint to perform burial and
thermal models. The models of the Tuscan Units warded out using BASIN MOD-1D
software (1996). The main assumption for the maugllare: (1) correction for
decompaction of the burial curves according to t8cland Christie’s method (1980); (2)
sea level changes, have been neglected, as thmathevolution is influenced more by
sediment thickness than water depth (Butler, 1998); thrusting is considered
instantaneous when compared with the durationdifreentation, as generally suggested in
theoretical models (Endignoux and Wolf, 1990); ¢4jculated geothermal gradient (23
°C/Km) has been adopted for the modelling; thicknéthology and age of sediments are
derived from geological maps (Geological Cartogsaptnoject (2011a, b, c, d,.€jhe
exhumation rate is assumed constant and buriaksumave been calibrated against Ro%
and 1% in I/S (reported in the previous section).

Regarding the study area to the south of the M\drjous models were performed
for the different tectonic elements, eight of these presented and discussed in this
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chapter. In detail the modelled elements are TetanPortole, Scarzola and Marcignano-
Gioiello for the cross sections A-A’ and B-B’; Pole, Ansina, Scarzola for the sections C-
C’ and D-D’ (Fig. 2.7). Constraints and results @gorted in Table 2.2. From Fig. 2.7 it is
evident that the deposition started during Eocaned with the sedimentation of pelagic
limestone of the Scaglia Toscana Fm. and continugd Aquitanian times with the
deposition of the Macigno Fm.. In the lower-middWdocene, the emplacement of a
regional thrust sheet caused a tectonic loading peesisted for about 15 Ma, during
compressional deformation. This load brought thecession at maximum depths that
differ in each tectonic element, decreasing towthedexternal sector of the unit, from 5.7
km experienced by the Terontola element to 3.5 é&ntife Marcignano-Gioiello element.
The maximum recorded paleo-temperatures, correspgnid the different depths of
burial, are about 120-130 °C for the internal eletrgaich as Terontola, Portole and Ansina
and decrease moving toward the eastern sectoringathO° C for the Scarzola and about
95 °C for the Marcignano-Gioiello element (Fig. 28e Burial History). Therefore in this
sector of the chain, the Tuscan unit successioerexred a thermal evolution compatible
with late diagenetic conditions in the early andldieé stages of hydrocarbon generation
(Fig. 2.7 see Maturity vs Depth Diagram). The clltad tectonic load, currently eroded, is
characterized by lateral variations showing a deswetoward the external sector of this
portion of the chain where the Tuscan Nappe ttongi the Umbria—Romagna Domain.

In detail, in the most internal area, to the edstal di Chiana, a load of about 3.7
Km emplaced onto the Terontola element decreasiogndto 2.3 Km onto the
Marcignano-Gioiello element. Exhumation starte@amly Pliocene times.

In the area to the north of the Marecchia ValleyPmatomagno area (see E-E’), one
model has been performed (Tab. 2.2). Fig. 2.8 shbasdeposition started in this area
during Oligocene times and went on until Aquitariurdigalian time with the
sedimentation of the turbidite deposits of thedtalha Unit. In the lower-middle Miocene,
the emplacement of a regional thrust sheet caudedtanic loading which persisted for
about 13 Ma, during the compressional phase. Thentebrought the succession at
maximum depths of about 6.5 km, recording maximaemperatures of about 150 °C. In
this portion of the chain, the sedimentary sucoesseached the late mature stage of
hydrocarbon generation. The calculated tectonid,|peesently eroded, is of about 3.7 km.
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2.5.3 Tectonic model

The organic and inorganic indicators of the thermgosure of the sediments and
thermal modelling allowed me to reconstruct the amaf the tectono-sedimentary load
the Tuscan and Falterona Units underwent and tousgte on its origin. On this basis |
traced a tectonic evolutionary model during the dés® time, and propose a possible
deformation model for this sector of the chainorestructing of the missing portion of the
tectonic wedge, now eroded.

In the area to the south of the MVL, the inveskgatsuccessions underwent a
differential tectono-sedimetary load, higher in ihiernal portion compared to the external
one, ranging from about 3.7 km to 2.3 Km. Thesaldohave been reported above the
reconstructed sections and highlighted a reduaifaimne wedge thickness moving toward
more external sectors of this portion of the ch&ilg. 2.9). In order to understand which
units composed the wedge, a reconstruction of tissing portion of the chain has been
attempted, in agreement with the tectono-sedimemtads derived from thermal data. In
this area, the thickness of the Tuscan successanges from a maximum of 1.8 to a
minimum of 1.2 km, considering that the top of thkac; member is eroded and its
complete thickness cannot be univocally evaluatemvever, the maximum outcropping
thickness recognized in published maps is of al@@ m and Barsellat al. (2009)

reported a value of about 600 m, on the basisrafigtaphic and biostratigraphic analyses.
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Fig. 2.9Geological cross-sections with the calculated tectsedimentary loads.

D
SW

3500
3000
2500
2000

1500

1000

24

o
NE

| 2500

- 2000

|- 1500

NE

L 3000

- 2500

- 2000

- 1500

L 500

L om

B
NE

L 2500

- 2000

+ 1500




An upper bound to the Mathickness can be obtained by comparison with teval
Fak member, that has a maximum measured thicknesd@® In (Geological Cartography
Project, 2011 d, e).

In detail, a reconstruction of the missing secti@s been carried on for the C-C’
section assuming for the Matwo alternative thickness values: 600 and 1,10QFig.
2.10).

Fig. 2.10a shows the possible reconstruction wttiee 600 or 1,100 m; in both cases,
especially for the most internal portion, stratgra thicknesses of the missing portion of
the Macigno Fm. cannot totaljystify the total amount of calculated tectonicdoa

Thus, to compensate the calculated tectonic loaalsies, it is necessary to
hypothesize that the missing thickness is partiglye to the emplacement of the
allochthonous Ligurian Unit (now completely erodeat) top of the total thickness of the
Tuscan Nappe succession. The thickness of Ligldahcan be derived by subtracting the
estimated thickness of Macigno Fm. from the thidsnef the total calculated sedimentary-
tectonic loadThe derived thicknesses of the Ligurian allocht@onits are shown in Fig.
2.10 b, c and decrease toward the front of thencHai particular, if | considered a total
thickness of Magof 1,100, the Ligurian Unit is about 2 km thickdam tapers onto more
internal element to zero. Whereas if a thicknes6G8f m for the Magis considered the
Ligurian Unit front is located in a more externasgion and its maximum thickness is
higher (Fig. 2.9¢).

Another piece of information that | obtained frohese data is that an anomalous
thermal maturity level is recorded in the immedittetwall of each tectonic element for
the youngest member of the Macigno Fm., in apparentradiction with the general trend
of increasing of maturity moving toward the oldestmber of the stratigraphic succession.
This effect is probably related to the internal ro@tion of the Tuscan Unit and to the
stacking of secondary thrusts.

On the other hand, in the sector to the north ofUV¥nd in particular in the
Pratomagno area, the modelling shows that the reakiesuccession reached higher burial
depths, with a total maximum load of about 3.7 Krhe reconstruction of the missing
section in this sector, with the same method mertioabove, shows that the load

corresponds entirely to the thickness of LiguriamtU
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Therefore a variation in the thickness of the Ligar Unit moving both
perpendicular and parallel to the strike of theirchia evident with respectively either
gradual or abrupt changes. In detail, the Ligutigait had maximum thickness of up to 3.7
km to the north of the MVL in the Pratomagno ared ap to about 1.5 km to the south of
the MVL in the Trasimeno Lake area. Thus, the teotars are abruptly separated by the
MVL that exerts a structural control on the oridipasition of the Ligurian thrust front.

In detail, as shown in map of Fig. 2.11, to thetimarf the MVL it can be noticed that
there is a higher degree of preservation from eroseithe Ligurian Unit when compared
to that of the southern sector, where it cropsooly in an area of limited extension to the
W-SW of the Trasimeno Lake.

Moreover an increase of organic matter maturitythe units preserved at the
footwall of the regional nappe of the Ligurian Urstevident moving further to the north-

west, in agreement with paleothermal data distiwioupublished in previously works (see
Corradoet al., 2010a for a review).
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The Ligurian Unit to the south of MVL has been tigt@roded probably because of
its original reduced thickness than that presetedtie north of the MVL, as confirmed by
presented thermal modelling. This reduced thickness/ be related to a reduced
propagation of the Ligurian Unit towards the forelamoving from the NW to the SE
along the chain and approaching the bulge of CateoRlatform of the Central Apennines
where the allochtonous units never propagated wwas most external areas (Corrado,
1995; Corradat al., 1998). Furthermore, the maximum thickness ofLilgarian wedge in
the northern area may have triggered the empladeoafidruge volumes of Ligurian Unit
(such as in the Marecchia Valley) that are abgettie southern area.

Some recent studies (Cerrina Fereral., 2001; Zattinet al., 2002) proposed that to
the North of the study area, the Sillaro — Livofim@ marks a jump in the erosional level
in the Northern Apennines with bigger volumes o&garved Ligurian Unit moving
towards the NW. On the basis of my reconstructiogh( preservation of the Ligurian Unit
to north of MVL compared to the southern sectoiy ipossible to assume that the MVL
marks a further change in the erosional level albilegApennines chain. In this framework
the culmination occurred progressively toward thetls-west with discrete steps ruled by
the main lineaments such as the Sillaro-Livorno Blagdecchia Valley lineaments moving
towards the Central Apennines.

2.6 Conclusion
Vitrinite reflectance and mixed-layered clay mirnerdata allowed me to trace the thermal
evolution of theTuscan Nappe sedimentary sequerd@sng the evolution of orogenic
wedge.

| identified two main trends of thermal maturity thle sedimentary succession. One
perpendicular to chain axis, with organic and iamig thermal indicators decreasing
toward the external sector of the chain. The secom& moving along the strike of the
chain, from the SE (Trasimeno Lake) toward thehemastern sector (Pratomagno area). In
this case an abrupt increase of thermal maturity bheen recorded and this jump
corresponds to the Marecchia Valley lineament.

This pattern of thermal maturity is due to a vaoiatof the original thickness of the

allochthonous Ligurian Nappe.
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Chapter 3

Paleothermal and Thermochronological constraints to
the Neogene-Quaternary kinematic evolution of the
extensional system of the Altotiberina fault system

3.1 Introduction

In the Northern Apennines several paleothermal Ewd T thermocronological
studies have been performed to investigate thelband exhumation history of the main
tectonic units that compose the Northern Apennifdse aim of these studies was to
constrain vertical motions of the fold-and-thrusltbduring the whole chain building
(Boettcher and McBride, 1993; Balestrietial,. 1996, 2000, 2003; Abbat al.,1999;
Zattinet al., 2000; 2002; Venturet al., 2001; Corradet al., 2010a; Thomsost al., 2010;
Bonini et al., 2012). Nevertheless, less attention has beentpdlte evolution of vertical
motions, with special regard to exhumation dueoialised extensional tectonics in the
late stages of chain evolution.

The present studyfocuses on the presentation of a new dataset of Tow
thermochronological - (U-Th)/He and AFT - and p#hesmal data - vitrinite reflectance
and illite content in mixed layers illite-smectitefor the Marnoso Arenacea Fm. to
reconstruct the burial and exhumation history ia Hrea where the Altotiberina fault
system (ATF): one of the most active extensionaltfaystems of the northern-central
Apennines (Barcheét al., 1998a,b; Mirabellat al., 2011). In detail, the investigated area is
located in a sector of the Northern Apennines atabundary between Tuscan and Umbria
domains. It extends from the Massicci Peruginhi west, to the Gubbio ridge to the east,

across the Tiber Valley (Fig. 3.1).
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Furthermore data from two deep wells - S. Donatoad Monte Civitello 01- drilled
respectively close to Perugia and Gubbio townsshoavn at the end of the “3.5 Results”
section. Stratigraphy and tectonic evolution ofsthevells are briefly described and data
concerning organic matter dispersed in sediments, (percentage distribution of main
terrestrial and marine components) as well as tAemmaturity indicators (e.g. vitrinite
reflectance and Thermal Alteration Index) are esitezly discussed.

For the Monte Civitello 01 well, 1D burial and theal modelling has been also performed

and results from modelling compared with surfada daderive a final tectonic model.

3.2. Geological setting

The study area is located in a sector of the Namtigennines at the Tuscatymbria
boundary (Fig. 3.1) and is characterized by Neogeméractional architecture affected by
a severe Neogene - Quaternary extensional activity.

Fig. 3.1 Geological sketch map of the study area showhegoutcropping tectono-stratigraphic units, main
thrusts and normal fault systems (modified afterdidellaet al., 2011).
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The contractional architecture consists of fouudtiral units that were piled up
during Miocene times (Mirabellat al., 2011). Some authors (e.g., Abbate and Bruni,
1989; Brozzetti, 2007) considered the outermodt gfathe Tuscan Nappe as belonging to
a more external tectonic unit (Falterona-Cervatdit or Falterona Nappduct.). For the
study area, the Falterona-Cervarola Unit is intget as belonging to the Tuscan Nappe
according to Ples# al. (2002).

The structural setting, from top to the bottom, sists of:

(1) Ligurian Unit, made up of ophiolites, sedimegtaovers and flysch deposits
(“helminthoid flysch”Auct.) (Elter, 1975; Marronét al., 2001; Festat al., 2010);

(2) The Tuscan Nappe, an eastging imbricate thrusstack formed by pelagic
foreland ramp deposits (Scaglia Toscana Fm.) areblézp turbidite deposits (Macigno
Fm.) (Plesiet al., 2002; Barsell&t al., 2009);

(3) Mt. Rentella Unit, interposed between the Tusemd Umbria-Marchigiana-
Romagnola Units (Barselkt al., 2009), that consists of Rupelian-Aquitanian vaoared
pelagic and hemipelagic marls (Monte Rentella Failpwed by Aquitanian-Burdigalian
siliciclastic turbidites (Montagnaccia Fm.). Thiscsession is arranged in a stack of thin
imbricate slices bounded by N-S striking thrustthwamp-and-flat geometry (Barselt
al., 2009; Meneghingt al., 2012);

(4) the western Umbria-Marchigiana-Romagnola Uiaracterized by a Triassic-
Early Miocene calcareous-marly-siliceous successamal Early to Middle Miocene
foredeep turbidites (Marnoso Arenacea Fm.) atapgRicci Lucchi and Pialli, 1973).

Subsurface data show that, at deeper levels, abioinal deformation involves the
entire sedimentary successions of the Umbria domamcluding the lowermost
sedimentary units (Triassic in age) and the upper @f the phyllitic basament (Mirabella
et al., 2008a; Barchet al., 2010). In detail, logs of Perugia 02 and S. Dor@l wells
indicate a tectonic doubling of the Burano Anhyekitand the underlying phyllites by
means of a regional thrust to the west of the TRiger (the so called Perugia Mountains
thrust, Minelli and Menichetti, 1990; Anekt al., 1994; Barchet al., 1998a, Mirabellat
al. 2011) (Fig. 3.2a).

The age of the foredeep deposits provides the giroincompressional deformation
that gets younger moving eastward. Recent biogtegthic data for this portion of the
chain, indicate that the deformation of the Tus®appe, Rentella Unit and Umbria-
Marche Unit occurred during Aquitanian, Burdigaliand Langhian times, respectively
(Barsellaet al., 2009). In addition, scattered “klippen” of thegurian Units are identified
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at the top of the Tuscan Nappe, as testified tomest of Trasimeno Lake (Meneghti
al., 2012).
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Fig. 3.2 (a) Simplified stratigraphy of the Perugia- 02lwend related seismic image and geological sketch
of the San Donato-01 well (Mirabelkt al., 2011); (b) seismic section (top) with geologicakrpretation
(bottom) across Mt. Acuto area, (section L3 in Meha et al., 2011); (c) seismic section (top) with
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The described compressional setting has been $gwdissected by extensional
tectonics since Late Pliocene by a complex patémormal faults. Several Authors have
provided an early and detailed surface descrigboithe Perugia Mts. area such as Dessau
(1962), Ghelardoni (1962), Minelli and MenichettP@0), Brozzetti (1995). The Perugia-
02 and S. Donato-01 wells drilled a tectonic contaeparating the Miocene
MarnoseArenacea Fm. at the top from the Triassic AnidfitBurano Fm. at the bottom
(Martinis and Pieri, 1964; Anelét al., 1994; Kelleret al., 1994). This tectonic elision has
been interpreted as a regional low-angle extenkfané.

More recent studies integrating field geology aeidmic lines (CROP 03 profile and
other commercial seismic lines) indicated that fireviously described extensional
features are the surface and subsurface expreskitwe Altotiberina fault system (ATF)
(Barchiet al., 1998b, 1999, 2006; Piakt al., 1998; Boncicet al., 1998, 2000; Mirabella
etal., 2011) (Fig. 3.2 b, c).

The ATF system has been acting since Late PlioGmaut 3 Ma ago) as testified by
geological, geodetic and seismological data. Theloggcal and geomorphological
evidence of faults activity are located along thent&rchi and Anghiari fault segments
(Cattutoet al., 1995; Delle Donnest al., 2007; Brozzettiet al., 2009, Mirabellaet al.,
2011). Geodetic data testify a SME extension (with rates in the order of 2.5-31@/g1)
from Perugia to Citta di Castello towns, along thgh Tiber basin (D’Agostinat al.,
2009; Hreinsdottir and Bennett, 2009; Mirabedial., 2011).

Nowadays, different and extremely rich dataset aleatensional faults developed
along the ATF system are described in the exislitegature. Some structures such as
Malbe, Tezio and Acuto Mts. normal faults, haverbeentified since the 50’s (Dessau,
1956; Ghelardoni, 1962; Barnaba, 1958), whereassatfmers, such as the Mt. Favalto,
Monterchi, Anghiari, Citta di Castello and Umbedidaults, have been more recently
studied (Cattutcet al., 1995; Barchiet al., 1998b; Bonciocet al., 2000; Brozzettiet al.,
2009). This regional scale extensional system iwedr by the low-angle normal
Altotiberina fault (ATF), (angles of dip <30° atjtl) with the eastlipping structures that
have been generally interpreted as synthetic spayise ATF, whereas the west-dipping
faults, developed mainly on the eastern side of Titeer Valley, are interpreted as
antithetic subsidiary structures (i.e. Sansepofond the Gubbio faults in Boncie al.,
1998, 2000; Barchat al., 1999; Mirabellaet al., 2004, 2008b; Barchi and Ciaccio, 2009).

This NNW-SSE fault system is characterized by atgadong-strike continuity and
relevant exhumation of the footwall block, in the. Mlalbe area. Nevertheless the amount
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and timing of the possible footwall uplift of theTA system is still matter of scientific

debate as the area where the AFT developed washedocus of intense shortening and
subsequent denudation due to erosion and then tehs®nal deformation due to the
evolution of the Val di Chiana fault system. In @thvords the contribution of either each
of these older tectonic events, or of the ATF etroty or simply of the regional erosion

due to final uplift of the peninsula to the exhuimatof Mesozoic cores in the area of
Perugia is still strongly debated. In this chaptarill contribute to this debate with new

thermochronological and paleothermal data to peydantitative dating and amounts of
exhumation in this area.

A tectonic regional scheme showing geometric refethips between the older
compressive structures and the Plioec@uaternary normal fault systems has been
reported in Fig. 3.1 in agreement with Mirabeléh al. (2011). There are two
PlioceneQuaternary normal fault systems: the older Val kia@a fault system (in blue in
Fig. 3.1); and the Altotiberina fault system (inl i@ the Fig. 3.1)

In the area between the Trasimeno Lake to the WedtGubbio - Gualdo Tadino
towns to the east, these two fault systems have blescribed with further detail by
Mirabellaet al. (2011). The authors highlighted four main arraly®l'@/-SE normal faults
that can be variously attributed to either the yymmand eastern ATF or to the older and
western Val di Chiana system (in blue in the Fig.).3From west to the east, secondary
synthetic and antithetic faults have been defiretbbows:

(1) the eastipping LiscianePian di MarteMagione Fault set (LMF belonging to the
ATF System),

(2) the wesdipping CorcianePreggio Fault set (COF belonging to the Val di @hia
System),

(3) the eastipping Altotiberina Fault (ATF),

(4) the westdipping SansepolcrGubbio alignment (Antithetic and belonging to the
Altotiberina Fault System). The eatipping ATF and LMF have a very similar geometry
and kinematics, as a consequence LMF has beeprieted as the westernmost part of the
ATF displaced by COF (Mirabelkt al., 2011, Fig. 3.3).

The throw produced by the activity of COF decreasegmrd the N-NW, moving
from Corciano village to Mt. Acuto area. In the sadirection a displacement decrease of
the ATF is also recorded. Mirabekaal., (2001) interpreted the extensive outcrop of the
Triassic unit in the MT. Malbe - Mt. Torrazzo areas the locus of the maximum
exhumation occurring at the footwall both the AT OF (Fig. 3.3).
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Fig. 3.3 (a) DTM (25m resolution) of the southwestern dirthe study area showing the trace of the normal
faults belonging to the LMF, COF and ATF faalignments, red traces refer toNE-dipping faults,
darkblue traces to SWdipping faults. The traces of the-& and B-B’ sections (white thin lines); (b)
tectonestratigraphic scheme of the study area showingstiperposition relationships occurring among the
main units and their internal stratigraphy; (c)sssections drawn along the-A’ and B-B’ lines, based on
surface data (modified after Mirabe#gal., 2011).
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3.3 Methods and materials

Integrated paleothermal and low-T thermocronoldgarslyses have been performed to
investigate the burial and exhumation history ef Aftotiberina Fault system.

A synthetic description of the thermocronologicathods has been reported below; while

for the paleothermal methods description see ch&pte

3.3.1 Generalities of Apatite fission-track method

Apatite fission-track analysis on sedimentary sasimms has been the object of
many studies since the early eighties because finiplications for hydrocarbon
exploration (Fig. 3.4, Gleado& al., 1983).

DEPTH HYDROCARBON M’;’é'“'n“;”"' FISSION TRACK
(Km) MATURITY (°C) (apatite)

ll

INITIAL
MATURITY

METHANE//

MATURE AND
POST-MATURE

Fig. 3.4 Application of Apatite fission tracks to the hydesbon exploration. After Gleadow e Duddp81)

This methodology has been widely applied to the mhpges as it provides
constraints to the thermal history of the sedimgng&iccessions involved in the chain
building (Zattinet al., 2002; Thomsoret al., 2010). The most important difference with
other low-temperature indicators (such as vitringéectance and I-S mixed layers) is that
this methodology provides timing and amount of exhtion whereas the other methods
constrain only maximum paleo-temperatures and Iburighe other difference is that

apatite fission-track (AFT) studies can reflect tiplé cooling and heating events as a
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function of sample age and track length distributis based on reversible processes. AFT
dating is based on the spontaneous fissioff®of which produces a damaged zone or a
linear defect (spontaneous track) in the crystick(Fleischegt al., 1965).

AFT dating is very similar to other isotopic datinggthods based on the decay of an
unstable parent to a stable daughter atom. Thasafgection of the proportion between
the abundance of the new stable isotope and thenpanstable atom. In AFT dating
methodology, these two quantities are substitutethbe number of observable tracks and
the amount of Uranium present in the sample. Thenlum content is determined by the
number of induced tracks obtained by irradiatiothvei known dose of thermal neutrons in
a nuclear reactor. This irradiation causes théofissf >*®U which isotopic ratio witif**U
is constant in nature. Therefore, the age of thap&a can be estimated by the ratio
between spontaneous and induced tracks.

The most important parameter affecting the stabiit tracks is temperature. As
temperature increases, a decreasing number ofstraa#t a reduction of their length is
visible. This process is known as annealing. Thel Adanealing rate depends on the
chemical composition of apatite (Greeh al., 1986) and on cooling or heating rate
(Gleadow and Duddy, 1981). It generally occurs leetwabout 60 °C and 125 °C for
heating time of about 10 Myr and can be used torrgtituct the thermal history of basins,
from deposition and burial of sediments throughssgjoent cooling related to uplift and
erosion. The temperature range in which reductiolermgths occurs is known as Partial
Annealing Zone (PAZ; Wagner and Van den Haute, 1982cording to this concept,
temperatures of any geological setting can be dt/ichto three zones with respect to
fission-track annealing: (1) the total annealinghegoin which spontaneous tracks are
immediately erased after any fission event; (2) pagtial annealing zone, in which
reduction of lengths occurs with the increase ofgerature; (3) the stability zone, where
tracks are stable.

AFT record the age of cooling and the exhumatiale @& rocks from the total
annealing zone, evaluate the thermal history oedinsentary succession in the partial
annealing zone and assess the age of the sourk&eimothe stability zone giving
information on the provenance of the sediments.

The annealing temperatures depend on the rate gdblogical process and the PAZ
temperature range cannot be univocally definedades and Duddy (1981) noted a
reduction of the FT density as a function of terapge in drill-hole samples from the

Otway Group sandstones (Fig. 3.5)
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For apatite, temperatures between 140 and 120 €Citad for the bottom whereas
70 to 40 °C for the top of the PAZ. More preciséBleadow and Duddy (1981), on the
basis of 36 data obtained from drill holes sampteshe Otway basin, suggest a PAZ
between 145 and 80 °C for heating events 1 Myr l@amgl between 110 and 45 °C for
events 1 Gyr long.
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Fig. 3.5 Reduction of spontaneous traces with increasingpégature in a deep well in the Otway Basin
(Australia). After Gleadow e Duddy981).

The cooling range in the PAZ has been simplifiedisingle temperature value to
which the age has to be referred. This temperataitee was defined by Dodson (1973) as
the closure temperature. Wagner and Reimer (190@est that the closure temperature
correspond to temperature at which 50% of the temekretained. In conclusion, the best
assessments of the closure temperature are 12812°C, 98 °C and 85 °C for cooling
rates of 100 °C/Myr, 10 °C/Myr, 1 °C/Myr and 0.0C/Myr, respectively (Brandost al.,
1998).

Most of the limitations of this method are due he tyoung age of sediments (< 10
Myr). In fact in such a short period of time, thecamulation time of tracks can be too
short to produce an acceptable number of measutedatks with a “normal” uranium
content (about 35 ppm) causing relevant errorbiénage determination (Zattin, 2003). A
different problem derives from the relationshipsween the apatite chemistry and the
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annealing degree. In terrigenous rocks, it is vemgbable to analyse apatites crystals
coming from different source rocks with differeitteenical composition. Finally, different
source areas may record different cooling age. A®rasequence, the pre-depositional
history of apatites crystals can differ for thegsengrains within each samples. Therefore
quantitative modelling of data can be very difficgiven the heterogeneity in the thermal
history of single grains. Radial plots and/or péi#tkag statistical method can be used to
discriminate different inherited populations ancemome this problem (Gailbraith, 1988;
Brandon and Vance, 1992; Brandairal., 1998).

3.3.2 Generalities of (U-Th)/He method

(U-Th)/He dating of apatite has attracted consioleranterest as a potential low-
temperature thermochronometer (e.g., Zetteal., 1987; Lippoltet al., 1994; Wolfet al.,
1996a). Differently from Apatite Fission Tracks idgt laboratory He-diffusion
experiments suggest that this system should bétiserts crustal temperatures of ~ 40-80
°C (Wolf et al., 1996b, 1998).

(U/Th)/He dating is based on theemissionduring the decay of**U, ?**U, and
232Th series nuclides. The (U-Th)/He dating methothdsed on the measurement of the

isotopic abundances present in the following equati

He = 8738 ('p33 —1) + 7 €3%U/137.88) (&3s —1) + 6%3°Th (13 1)

(U/Th)/He age is the result of the thermal histexperienced by a rock in the region
where radiogenic He is at least partially retair@®dolf et al., 1998). Therefore a
knowledge of He diffusivity (and retention) at avgn temperature is fundamental to
understand the concept of (U-Th)/He dating. Extiaan of laboratory volume-diffusion
kinetic parameters to geologic time scales indgdbat He is completely expelled from
apatite above ~80 °C and almost totally retainddvbe-40 °C (Wolfet al., 1996, 1998).
Diffusion experiments further suggest that the igpdalJ-Th)/He system has a closure
temperature (J) of ~65—75°C, assuming a constant cooling rata®fC/Myr. (Farley,
2000). He diffusivity correlates with the physicdimensions of Durango apatite,
indicating that the diffusion domain is the graiseif, so grain size has a small effect on
the closure temperature (Farley, 2000). Grain sl#pension, cooling rate and U-Th
distribution within the grain itself are parameteruencing T (Lippot et al., 1994; Wolf
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et al.,, 1996; Warnoclet al., 1997; Wolfet al., 1998; Farley, 2000; Meester and Dunay,
2002a,b).

A continuous proliferating of literature has dentoated that (U-Th)/He dating on
apatite crystals represent an useful tool to salVarge variety of geological questions at
shallow crustal levels (Houstal., 1998; Stocklet al.,2000; Farleyet al., 2001).

In this study (U-Th)/He dating on apatite from tlarnoso Arenacea Fm. is used to
constrain both the thermal evolution and in paléicuvertical movements in the
Altotiberina fault system area. Thbeetmochronological contribution to this thesis ceme
from a collaboration with Prof. Massimiliano ZattfRadova University) who providedU-
Th)/Heanalyses performed on samples which | collectethgdield work.

For the same sample of Marnoso Arenacea Fm. froentorb crystals have been
analysed. This procedure allows to verify whetheridd temperatures exceeded the reset
temperature of about 80 °C for (U-Th)/He systemcdeding this temperature is easily
recognizable when the ages of the individual ctysdee all younger than stratigraphic age
of the sample.

The apatite crystals, with characteristics suitdbtedating (minimum diameter > 60
um, ehuedrale form, absence of fractures parall¢heé c axis and abrasions, absence of
inclusions), have been separated and concentraiedrbck samples. Samples have been
analyzed at Department of Geosciences Universitiridona, using Nd-YAG laser. The
samples were than degassed and the concentratfbie ofieasured by the rafteleHe by
dilution with ®He in a quadrupole mass spectrometer. The amoudf ®h and Sm were

then measured by isotope dilution mass spectronreplasma.

3.4 Sampling strategy

Samples have been collected at different structekadls in the ATF system. The
first set of samples is located in the ATF footwall the western part of the Tiber Valley
(Box A in Fig. 3.6) and the second set in the easpart of the Tiber Valley in the
hangingwall of the ATF system (Box B in Fig. 3.Bor this last dataset samples have been
collected both in the Gubbio Basin (to the westhaf antithetic Gubbio fault) and to the
east of the Gubbio ridge (to the east of the atithiGubbio fault).
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Generally, samples for the different analyticahtgiques were collected in the same
sites to allow direct correlation among indicatadé maximum burial and paleo-
temperature and to calculate exhumation ratesta od 32 sites have been sampled and a

total of 58 samples have been analyzed at Romanidé>adova Universities.

341 Sampling for Paleo-thermal (Ro% and 1% in [-§ and
thermochonometric (U-Th/He) analyses

Sampling sites are located in the footwall of thEFA0 the West of the Tiber Valley
where the oldest stratigraphic units crop out (Box Fig 3.6). Three sites have been
sampled to the north of the San Donatoéll from the foredeep turbidites of the
Marnoso Arenacea Fm.. Ten samples have been @ulldcdm Mt. Malbe exhumed

Triassic units, one sample from the Aptian-Albiamrie a Fucoidi Fm.. Two additional
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sites are located on the Schlier and Marnoso Aem&ens. in the footwall of the most
external klippen of the Tuscan Nappe.

To the East of the Tiber Valley (box B in Fig. 3&mpling has been concentrated
mainly on the Marnoso Arenacea Fm., both at thagingmvall and at the footwall of the
Gubbio fault. Eleven sites have been analyzederMhrnoso Arenacea Fm. and one in the
Schlier Fm..

The sampled intervals in the Marnoso Arenaca Fnve hdifferent ages in the
different sectors. In the sector to the west of Titeer Valley, the Burdigalian-Langhian
member has been sampled (Barsellal., 2009). Whereas in the Gubbio basin, between
the Tiber Valley and the Gubbio ridge, the MarndgS@nacea Fm. is as young as
Serravallian age (Ridolft al., 1995; Ricci Lucchi and Pialli 1973). In the emnalthe east
of the Gubbio ridge the older member (Burdigalisanghian time) crops out again
(Ridolfi et al., 1995).

The sampling sites for the U-Th/He analyses are@atnated only on the Marnoso
Arenacea Fm..

In detail a suite of 28 samples has been colletwedhe organic matter optical
analyses (Ro%); 23 for the XRD studies, and 5 sasnfar the (U-Th)/He analyses (Tabs.
3.1, 3.2).

3.5 Results
3.5.1 Surface results

3.5.1.1 Organic matter analyses

In this section samples from different formationdl voe described separately.
Moving along the stratigraphic succession (UmbraarlRgna-Marche domain) from the
bottom to the top, significant results have beemaiokd from Triassic Rhaetavicula
contorta Fm.; Aptian-Albian Marne a Fucoidi Fm. d@rdigalian-Langhian-Serravallian
Marnoso Arenacea Fm..

The organic matter dispersed in the Rhaetavicutdocta Fm. is generally abundant,
the predominant macerals belong to the huminiteaitié group, present in small
fragments, whereas the inertinite group macerasless abundant. Only in one sample

pyrite is present.
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Table 3.1.0rganic matter maturity and clay mineralogy datarfithe study area

Site Coordinates Lithology Samples Ro% N° Samples X-ray quantitative %l in %C in S.0.
(Lat-Long) for (xs.d) for XDR analysis of the <2um I-S C-s
Vitrinite Analyses grain-size fraction
Analyses (Yowt.)
Triassic Rhaetavicula contorta Fm.
47 f;:féz,sz'l%%:. Marls/Ims cos ﬂl):(igo) 22 CM39 s 1/Say Ch 83 R3
60 323:198222:;‘; Marls/Ims CO69 barren
71 f2327050357% Marls/Ims CcO79 ( ﬂl): (2)5236) 20 CM76 St las l/Ss Cly 77 R1/R3
72 g:oo‘r’.'; 326 Marls/ims coso barren cmM77 la31/S14 K> Ch 85 R3
73 1‘;3:171'?17.'202%., Marls/Ims cos1 barren cm7s 156 /S15 Ks Chio 72 R1
74 fg’:l% 31261% Marls/Ims C082 barren
75 ‘11'3:127053%2 Marls/Ims C083 barren
76 5o 0aS2 Marsims coss 13:220) 22 cM79 170 11Sso Ky 84 R3
77 14231,"1189'246?;2".. Marls/Ims coss barren CM80 6oll/Sa Ko 84 R3
78 g:i‘gggi Marls/Ims CO86 barren
Albian Marne a Fucoidi Fm.
61 AT Marls cono o 130) 6 cMm68 ls7 1St 75 R1
Burdigallian Schlier Fm.

CUN ol Sdtims cm82 o /Si3 Clyy 70 R1
4 (3E00 Sdt/ims cMo7 L1 1/Ss Chy 38 RO
Burdigallian-Langhian-Serravallian Marnoso ArenaceaFm.

- ;‘g:}gjgg;ggjj Sdt/ims Soara ( o i;z) 10 cMm37 b21/S5.C/S, Chry 40 70 RO
48 142321;5245320 Sdt/ims coso :8: 823) 26 CM40a l671/S57K5Cly 40 RO
49 142321;5245320 Sdt/ims CM40b bol/SssKa Cly 50 RO
50 ig%i:gigg: Sdt/ims cost :8: (Z)go) 76 cM41 1571/Sp4K+Clh 45 RO

56 ig:;g%:gi Sdt/ims coss tg:gga) 35

57 14232151015242 Sdt/ims Co56 barren cM44 1551/S16 Ko Cho 40 RO

62 l“zallg‘jggflz Sdt/ims CM69 bol/StsClas 70 RO-R1

63 ig:ig:ﬁég: Sdtims cort barren

64 1000 Sdt/ims corz barren cM70 oll/S15 KsClig 55 RO

65 laaseiir  SWmS TSR 00 1

66 43 956.70" Sdt/ims co7a barren cM7L ol/Suo KsCly 54 RO

12°33'47.94

67 41320}305;%7_4%’?." Sdtims cors :8: (2)27) 66 cMm72 l551/SssCly 50 RO

68 o035 Sdt/ims core tg:gga) 36 cM73 Ll/SsoKs Chiy 50 RO

69 ig:ggiggg Sdt/lms Co77 barren CM74 I571/S19Kg Chg 50 RO

70 3SRl Sdt/ims cors barren cMm75 s1/S15Ks Cho 38 RO

79 [TIA09C Sdt/ims cosr 18:3(7)6) 132 CMBL  Is1/SsClSiy KeClio 60 60 R1

81 41?;1125;,23%‘?" Sdt/ims coss o (3)236) 20 cms3 L 1/SsClay 65 R1

o5 L0 Sdt/ims coos o 335) cMmo8 l511/S10K 11 Chio 44 RO
Acronyms:; SDT=sandstone; LMS= Limestone; I=illikS=mixed layer illite-smectite;

C/S= mixed layer clorite-smectite; K= Kaolinitel=Clorite; S.O.= stacking order
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Table 3.2 (U-Th)/He analytical details and results

Site Grain no raw age o radius U h Sm *He ( eUm FT 2%y FT U FT %2Th FT %'Sm C('):rlrjgil:t':; e o n;eaen o
© Ma)  (Ma)  (m)  (pm)  (pm)  (ppm)  (wmolig) P S A )
) (Ma) (Ma)
63 FT47_Apl 1.58 0.11 42.03 27.16 96.09 402.92 0.43 49.74 0.67 0.62 0.62 0.75 2.44 0.17 2.40 0.06
FT47_Ap2 1.22 0.09 37.59 29.14 56.61 313.89 0.28 42.45 0.63 0.59 0.59 0.71 1.96 0.15
FT47_Ap4 151 0.06 32.46 55.05 102.88 319.83 0.64 79.23 0.58 0.53 0.53 0.65 2.66 0.11
FT47_Ap5 1.41 0.06 34.80 72.97 93.71 134.15 0.71 94.99 0.61 0.56 0.56 0.68 2.37 0.10
64 FT71_Apl 3.19 0.13 60.52 6.08 25.70 172.78 0.21 122. 0.76 0.73 0.73 0.85 4.26 0.18 3.56 0.13
FT71_Ap2 2.19 0.16 46.52 7.76 49.16 104.32 0.23 319 0.70 0.66 0.66 0.78 3.25 0.23
FT71_Ap4 1.48 0.19 42.79 7.76 27.55 85.84 0.11 442 0.67 0.63 0.63 0.75 2.26 0.28
FT71_Ap5 173.78 3.05 36.62 44.63 78.14 304.40 59.19 62.99 0.63 0.58 0.58 0.70 282.34 5.01
65 FT73_Apl 1.79 0.15 47.70 5.31 38.75 185.57 0.14 14.41 0.70 0.66 0.66 0.79 2.63 0.21 2.50 0.10
FT73_Ap2 4.91 0.13 53.62 32.78 21.44 451.56 1.00 37.82 0.73 0.70 0.70 0.82 6.72 0.18
FT73_Ap3 1.36 0.09 43.03 14.04 57.01 173.41 0.20 27.44 0.68 0.63 0.63 0.76 2.07 0.14
FT73_Ap4 1.48 0.15 36.28 6.50 42.16 181.06 0.13 16.41 0.62 0.57 0.57 0.70 2.50 0.26
FT73_Ap5 2.43 0.16 51.26 12.24 10.33 84.81 0.19 14.67 0.72 0.69 0.69 0.81 3.39 0.22
79 FT87_Apl 3.33 0.14 46.64 42.80 59.10 475.25 1.01 .6%6  0.70 0.66 0.66 0.78 4.83 0.20
FT87_Ap2 2.42 0.06 48.27 51.88 108.73 196.60 1.00 7.4% 0.71 0.67 0.67 0.79 3.48 0.09 3.77 0.06
FT87_Ap3 2.48 0.11 48.22 17.88 51.58 118.23 0.40 0.0B 0.71 0.67 0.67 0.79 3.59 0.16
FT87_Ap4 3.16 0.09 63.74 12.32 27.99 100.51 0.32 oas  0.77 0.74 0.74 0.87 4.14 0.12
FT87_ApS 4.29 0.23 61.66 4.20 10.23 33.37 0.15 6.61 0.77 0.73 0.73 0.86 5.68 0.31
67 FT75_Apl 6.67 0.43 52.43 3.21 15.65 97.90 0.25 6.88 0.73 0.69 0.69 0.82 9.39 0.61
FT75_Ap2 19.00 0.48 35.31 13.63 69.75 664.81 3.14 30.02 0.61 0.56 0.56 0.69 32.29 0.81
FT75_Ap4 5.09 0.23 48.97 20.63 45.89 324.87 0.86 31.41 0.71 0.67 0.67 0.80 7.29 0.33
FT75_Ap5 0.86 0.27 33.82 5.99 23.51 58.21 0.05 11.52 0.60 0.55 0.55 0.67 1.49 0.47
66 FT74_Apl 20.30 0.37 60.66 48.30 18.67 120.10 756 52.69 0.76 0.73 0.73 0.85 26.69 0.48
FT74_Ap2 33.97 0.52 51.54 34.36 49.22 173.80 8.34 5.93 0.72 0.69 0.69 0.81 47.47 0.73
FT74_Ap4 45.51 0.85 44.75 52.28 23.06 97.86 13.94 7.7 0.69 0.64 0.64 0.77 66.60 1.25
FT74_ApS 8.37 0.15 54.83 29.10 102.76 734.77 2.42 53.25 0.74 0.70 0.70 0.83 11.55 0.21

Raw age: not correct age.
Radius: radius of crystal.

U, Th, Sm: concentrations estimated on the badiseofolume of the crystal and the content of Uahid Sm

“He: concentration diHe
eU: effective Uranium calcolated as [U] + 0.235[Th]

FT: correlation factors for d-€jection.
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The frequency histograms in Fig. 3.7(a, b) showirdligenous population of
huminite-vitrinite macerals. % values for the Rhaetavicula contorta Fm. randedsen
1.03 and 1.22% indicate that the Triassic uniinighie thermal maturity range of the oil
window.

The analyzed sample of Marne a Fucoidi Fm. is ctaraed by a scarce content of
unaltered vitrinite fragments. The histogram dmition shows one population, whose
mean value is 0.78. This unit is in the catageraiite as well, but values are substantially
lower than those of the Triassic unit (Fig. 3.7 c).

In the end, the Marnoso Arenacea Fm. is charaetriz rich palinofacies, with
small and medium-sized fragments of the huminitanrie group and a scarce presence of
inertinite. In these samples pyrite is also obsgneither in globular aggregates or finely
dispersed.

In Fig. 3.7 stratigraphic samples distribution ve tMarnoso Arenacea Fm. allow us
to distinguish three separate stratigraphic seqser{t) to the west of the Tiber Valley, (2)
in the Gubbio basin and (3) to the east of the Gufailt.

The majority of the histograms is characterizealfyaussian distribution, except for
one to the east of the Gubbio fault that shows cara® population probably related to
reworked vitrinite fragments. These data generaltijcate a low thermal maturity of the
hosting succession.

In detail the reflectance values in the area aroimedSan Donato-01 well, range
between 0.37and 0.46% and testify the immaturesstéthe hydrocarbon generation.

Moving to the east of the Tiber Valley, in the Gitblbasin, the sedimentary
succession that is up to Serravallian in age stiRysvalues ranging from 0.42 to 0.26%.

In the end, to the east of the Gubbio fault they aeliable sample has Ro% of
0.39%.

In Fig. 3.7 Ro% histograms related to the distitoutof thermal maturity from
bottom to top of the stratigraphic succession iati@ strong decrease of thermal maturity
from the middle portion of the oil window (at thettbom) down to the immature stage of
hydrocarbon generation (at the top).

In Fig. 3.8 Ro% distribution is plotted in map viewn summary in this map data
related to the Marnoso Arenacea Fm., are slightipdr to the west (0.4-0.5%), decrease
in the Gubbio basin (mainly 0.2-0.3%) and slightigrease again to the east of the Gubbio
fault (0.4%) where sample is referred to the lonestrmember of the Marnoso Arenacea

Fm..
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3.5.1.2 Clay mineralogy analyses

Significant results have been obtained from Trad$Rhaetavicula contorta Fm.,
Aptian-Albian Marne a Fucoidi Fm., Langhian Schlien. and Burdigalian-Langhian and
Serravallian Marnoso Arenacea Fm. by X-Ray difimcanalyses (Fig. 3.7).

In Fig. 3.7 (g-k) selected XRD oriented patternshaf <2um grain-size fraction have
been reported. In Table 3.1 analytical detailsgaren.

The semi-quantitative analyses of 2 grain-size fraction for the Triassic
Rhaetavicula contorta Fm. show mainly the presendlite, chlorite, mixed layers illite-
smectite (I-S) and subordinate amounts of kaolifiten-clay minerals such as quartz,
calcite, gypsum and plagioclase, have been recedraz well (see Tab. 3.1). The illite-
smectite mixed layers (I-S) display both short (Rddl long (R3) range staking order. The
illite content in mixed layer I-S range from 72%8%% corresponding to an increase in the
stacking order. The sediments of the Raetavicutdocta Fm. reached the late diagenetic
zone, and experienced a maximum paleotemperatuebait 120-130 °C according to
Merriman and Frey (1999) (Fig. 3.7 g, h and Talh).3.

The only sample coming from the Marne a Fucoidi ksncharacterized by the
presence of illite and I-S mixed layers. Among tioa-clay minerals, calcite, quartz and
traces of chlorite have been recognized. The itldetent in the short range-ordered mixed
layers I-S is about 75%, suggesting that also tm# experienced late diagenetic
conditions and presumably maximum paleo-temperatunggher than 100-110 °C
(Merriman and Frey, 1999).

In the <2um grain-size fraction of the Schlier Fm., quartalcite, gypsum and
plagioclase has been recorded among the non-claerais, whereas mixed layers
chlorite-smectite and illite-smectite constitutee thlay fraction. The samples collected
show, in the area, variable stacking order anig idlontent in the mixed layers I-S.

In detail, the samples collected in the Schlier Famea to the west of the Tiber
Valley, at the front of the most advanced klippérnthe Tuscan Unit (site 80 in Fig. 3.5)
are characterized by short range ordered I-S withilige content of 70%. Moving toward
the external sector, to the east of the Tiber Yalkamples collected at the footwall of the
Gubbio normal fault display a random ordered of Itiemixed layer and the illite content
decrease down to 38%.
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In general, a decrease of the thermal maturitygatbe stratigraphic succession has
been recorded from bottom to top by 1% in I-S miXegler data, similarly to what
recognized by means of the organic matter analysgs3.7).

In plain view (Fig. 3.8), a general regional deseeaf thermal maturity from the

west to the east is highlighted by illite conteataddistribution.
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Fig. 3.8 Distribution of vitrinite reflectance and 1% in I-S mixed layerstalgperformed in this study and
plotted on the simplified tectonic scheme of Fig.3

3.5.1.3 (U-Th)/He analyses

A total of 24 ages was obtained from 6 sampleshiefMarnoso Arenacea Fm. (Fig.
3.6 and Tab. 3.2).

In samples FT47 and FT87, the ages obtained ontglescrystals of apatite are
mutually comparable, taking into account the elvars. Thus, the mean age of these two
sample has been calculated by the arithmetic me@n@ every single crystals in each

sample (Tab. 3.2).
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For samples FT71 and FT73, one crystal shows afisgmtly greater age than the
others (especially in the case of ample FT71).thisrreason they were not considered in
the averaging process.

The remaining two samples (FT74 and FT75) show ry gh age variability.
Probably, both samples were subject to temperatfresaximum burial lower than those
required to reset the (U-Th)/He system (80 °C).ré&fuee the ages are not representative
of cooling during exhumation but describe a preesdémnal history.

In sample FT75, the age obtained for one crystakisemely recent (1.49 Ma), this
value must be considered with caution, becauséietheontent is close to the limit of the
analytical methodology.

The obtained mean age for each site has been edportig. 3.9 together with the
other data of U-Th/He dating and Apatite Fissioacks ages already published by Zattin
et al. (2002) and Thomsod al. (2010) (Tab. 3.3) and will be discussed in thewssion

section.

Table 3.3U-Th/He dating and Apatite Fission Tracks ages ighbt by Zattiret al. (2002) and Thomsoet
al. (2010)

Site ((:I(_)gtr_dl_igr?s;s Lithology Formation Age Ag: (ll\éla)
Apatite fission tracks ages (Zattinet al., 2002)
AP19 T Tooa Sdt/ims Namos  Burdigalian-Langhian  20.4£20  NR
AP20 fg: 113' gi:, Sdt/ims xz:]”a"cseoa Burdigalian-Langhian ~ 12.3+1.4 PR
AP21 ‘11‘2: %i ‘1% Sdt/Ims Al\\llrignaﬁzseoa Burdigalian-Langhian 3.7£1.0 R
AP22 T Sdtims Mamoso  Burdigalian-Langhian  40.7+4.3 NR
AP23 o a3 o Sdt/ims pamoso. Serravallian 41.3:4.7 NR
AP25 s Sdt/ims Mamoso. Serravallian 341226  NR
AP28 oo oo o Sdt/ims aamoso. Serravallian 725:84 R
(U-Th)/He ages (Thomsoret al., 2010)
AP19 ‘S: g gi Sdt/Ims A'\\Arzrnn;:;c’a Burdigalian-Langhian 5.83 R
AP20 ]Aj: 115 g’i Sdt/lms A'\\/Irzgn;::seoa Burdigalian-Langhian 1.85 R
AP21 ﬁ: ;i 1% Sdt/Ims mz:}n:;oa Burdigalian-Langhian 1.85 R
AP22 ‘113 %g 3% Sdt/lms A'\\/:gneg:seoa Burdigalian-Langhian 2.62 R
AP23 ‘1“2 5‘2‘: gg: Sdtims xg}r‘&?a Serravallian 418 i
AP25 ig: gg 82 Sdt/lms Xrg:]n:cseoa Serravallian 4.63 R
AP28 ‘S: gg 1? Sdt/Ims A'\\Arzrnn;:;c’a Serravallian 75 =
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Regarding both original and already published UHEh/data, the majority of
samples are totally reset with the exception of $amples (one partial reset AP20 and one
no reset AP21).

Moving from the west (ATF system in the area of Mtuto) to the east (Gubbio
ridge) four clusters of data can be distinguishial.the west of the Tiber Valley and in
particular to the east of the Rentella Unit thrusht, in the more internal portion of the
Marnoso Arenacea Fm., the ages range between 8.3.6rMa (Fig. 3.9a). Whereas, in
the portion of the Marnoso Arenacea Fm. croppingbmiween the Tiber Valley and the
front of the Tuscan Units (Fig. 3.9b) the age avanger and range between 1.85 and 2.4
(the age value of 5.83 Ma is probably an outliest ahould be discharged). To the east of
the Gubbio fault the mean age is 4.4 Ma, considettie 7.5 and 2.5 Ma as outliers thus
not reliable (Fig. 3.9d).
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To the east of the Tiber Valley in the Gubbio baamd in the hangingwall of the
Gubbio fault, data indicate partial retention andetention of He.

Summing up the western portion of Marnoso Arendé®a exhumed more recently
than the external one of about 1.5 Ma. Betweenreti@s sector an area that experienced

lower paleotemperatures is preserved (e.g., Guidsm).

3.5.2 Subsurface data from deep wells

The stratigraphic and thermal maturity data of Mante Civitello 01 well and San
Donato 01 wells have been reported in Fig. 3.10.

ENI spa is kindly acknowledged for providing thesea.

3.5.2.1 Monte Civitello 01

Monte Civitello 01 well is located to the NW of ti&uibbio town and reaches depths
down to about 5,600 m. From the top to the bottiv stratigraphic succession starts from
the Marnoso Arenacea Fm. (1,070 m thick) and ewotl@vn to the carbonatic succession
of the Umbria-Marche-Romagna domain (2,000 m thiekdl then down to the Triassic
Anidrite di Burano Fm. (2,500 m thick).

The optical analyses of palynofacies and thermalurntg investigation (T.A.l.-
Thermal Alteration Index and f6) were performed by ENI lab on cuttings analy3dse
results have been obtained for: four samples oMbmoso Arenacea Fm.; three samples
of the carbonatic succession (from Scaglia Fm., ndaa Fucoidi Fm., Rhaetavicula
contorta Fm.) and two from the evaporates of thelndi Burano Fm..

The analyses of the palynofacies are summarisedrign 3.11a in which the
composition of kerogen has been plotted againsthgeyhereas in Fig 3.11b the thermal
maturity of organic matter, expressed as T.A.l. Ro&8o, has been reported.

The palynofacies of the Marnoso Arenacea Eamsist of 50-60% of the continental
wooden fragments, 30% of continental herbaceougrfests and subordinate amounts of
marine and amorphous organic matter (Fig. 3.11&g Tolorimetric variation of the
palynomorph(T.A.l.) indicates a value of 1.7 in the immature stage ydrdcarbon
generation, in agreement with, 8 values ranging from 0.42 to 0.44 (Fig. 3.11b)e3é
results do agree with surface data sampled in thebi® basin described in the previous

paragraph.
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Fig. 3.10(a) Structural map with wells locatiorib) simplified stratigraphic logs withJ® and T.A.l values:
data refer to San Donato 01 well and Monte Civgtéll well.

For the carbonatic succession, samples from thgli@cBm. show a palynofacies
consisting of 50% of continental wooden fragmemd 40% of herbaceous continental
fragments and marine organic matter for the remgirpercentage (10%). Amorphous
organic matter is absent,% values range from 0.48% to 0.52%, indicatinglibendary
between the immature and mature stages of hydrogageneration. T.A.l. value is 1.5, in
the immature stage of hydrocarbon generation.

In the palynofacies of the Marne a Fucoidi Fm., ierine organic matter is totally
absent, whereas continental fragments are maimigtitoted by wooden fragments (70%).
The remaining 30% consists of herbaceous fragnerdsamorphous organic matter. Only
T.A.l. analysis has been performed on this unit amticates the immature stage of
hydrocarbon generation, with a value of 1.5. Thern@@a Fm consists of mainly
continental organic matter, with wooden fragmenéhging between 65-80% and
herbaceous fragments ranging from about 20 to 35%mall percentage of amorphous
organic matter is present. The organic matter aptinalyses are absent.
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Fig. 3.11 (a) Diagram representing the kerogene compositibthe sedimentary succession in Monte
Civitello 01- well. AOM stands for amorphous om, MRor marine phytoplankton; HCF for continental
herbaceous om; CWF for continental wooden om wipeseentage are indicated on each bar; (b) Diagram
representing the Thermal Alteration Index (T.Adnd R% versus the depth.

The Rhaetavicula contorta Fm. is characterizedhieyprevalence of continental organic
matter. The wooden fragments cover the 70-95% ef tihtal content, whereas the
remaining amount consists of herbaceous fragmemtsaanorphous organic matter. The
organic matter optical analyses suggest that sedgrieave reached the late mature stage
of hydrocarbon generation {® = 1.17%) (Fig. 3.11a,b).

In the end, the Triassic Anidriti di Burano Fm. s@ts of mainly continental organic
matter, with wooden fragments ranging between 5%-8&nd herbaceous fragments
ranging between 10-40%. A small amount (5-10%)mbgohous organic matter is present
(Fig. 3.11a). % value is of 1.26% in the late mature stage ofrbgarbon generation.
The colorimetric variation of the palynomorph (TL.A3) indicate a mature stage of
hydrocarbon generation in agreement witkoRr/alues (Fig. 3.11b).

Summarizing, the Monte Civitello 01 well is chaexized by an almost regular
thermal maturity trend with an increase ofR values from 0.42 to 1.26 in good
agreement with T.A.l. values. The abundance of datilable for this well allowed to

perform 1D thermal modelling (see the Discussiothis chapter).
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3.5.2.2 San Donato 01 well

The San Donato 01 well is located to the NNW ofuB&x town reaching a depth of
4,750 m. The stratigraphy of the well is charazestiby the Marnoso Arenacea Fm. (326
m thick) at the top, in tectonic contact by meahsio extensional fault with the Triassic
Anidriti di Burano Fm. (Fig 3.10) (Minelli and Mecthetti, 1990; Anelliet al. 1994). The
Anidriti di Burano Fm. is about 2,700 m thick artchigraphically evolves downwards to
the Verrucano Fm. (1,420 m thick). At the depth 500 m, a thrust affects the
stratigraphic sequence superimposing the VerruEamoonto Anidriti di Burano Fm..

Organic palinofacies and organic matter maturitiadapressed both by T.A.l. and
Ro % are plotted against depth in Fig. 3.12a agd3:1L2b, respectively.
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Fig. 3.12(a) Diagram representing the kerogene compositfathe sediments in the San Donato 01- well.
AOM stands for amorphous om, MPH for marine phyaogton; HCF for continental herbaceous om; CWF
for continental wooden om; (b) Diagram representheg Thermal Alteration Index (T.A.l.) and,® versus
the depth in the San Donato 01- well

The main results of the analyses have been obtdgretie Anidriti di Burano and
Verrucano Fms..

The Anidriti di Burano Fm. is mainly characterizbg continental organic matter
consisting of wooden fragment for a 60-70% and &egbus fragments for 20-40%. In a
few samples, small amounts of amorphous organitemiatalso present. The colorimetric
variation of the palynomorphadicates T.A.l. values ranging from 4.5 to 4.7 gesfing a
post-mature stage of hydrocarbon generation acugtdi Staplin (1969). These data are in
agreement with Ro% values that reach 2.78%, typofabver-mature stages of the
hydrocarbon generation.

The palynofacies of the Verrucano Fm. consists ofilwooden fragments of continental

origin. The T.A.l. analyses provide a value of Gggesting an over-mature carbonification
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level. Summarizing the palinofacies in the S. Donat well consists of mainly wooden
fragments of continental origin, and to a lessetemix herbaceous fragments and
amorphous organic matter. The marine organic madtaotally absent. Regarding the
organic matter maturity analyses, sediments hawcherl the anchizone and the

metagenetic stage of hydrocarbon generation.

3.6 Discussion

3.6.1 Comparison between indicators of maximum thermal exposure (Ro%
and mixed layers |-S)

In Fig. 3.13 the correlation between vitrinite eeflance and illite content in illite-
smectite (I-S) mixed layer data has been repoiftats diagram has been produced on the
basis of the kinetic model of vitrinite thermal awon performed by Burnham and
Sweeney (1989) and the kinetics of the I-S readligtermined by Hillieet al. (1995).

Violet circles represent the Triassic Rhaetaviadatorta Fm., blue stars the Albian
Marne a Fucoidi Fm. and triangles indicate MarnAsenacea Fm.. Different colours for
triangles indicate different locations and struatupositions with respect to the Tiber
Valley and the main elements of the Altotiberinalfaystem: red triangles pertain to data
from the sector to the west of the Tiber Valley,endas yellow ones indicate data to the
east of the Tiber Valley.

A decrease in the heating rate from the Triassthi¢oMiocene turbidites is evident.
The Rhaetavicula contorta Fm. is characterizedibly heating rates typical of continental
rifts. A strong decrease in the heating rate isn@ed in the Marnoso Arenacea Fm. where
most of samples show values ranging from 1.5 t@%).and three sample show even lower
values (<0.375) typical of cold basins (e.g. foeggdasins). In the case of data for the
literature (Meneghingt al., 2012) both Ro% and 1% in I-S are slightly highleart those
sampled in this work. | cannot exclude that thist kavidence is due to the local heating
effect of thrusting of the Tuscan unit and/or R#atenit on thermal maturity of the thrust

footwall.
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Fig. 3.13Heating rate values for the Marnoso Arenacea Fmangles), Marne a Fucoidi Fm. (stars) and
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al. (1995)

The heating rate decrease from Triassic to Miodenes can be easily ascribed to the
different geodynamics settings experience by thiéerént stratigraphic units: from

Tethyan rift and post-rift stages to the Alpine wergence and collision.

3.6.2 Tectonic evolution by means of paleothermal and thermochronological
constraints

The integration of organic and inorganic thermald #imermocronological indicators
allowed us to distinguish three main sectors inghuely area which experienced different
amounts of sedimentary/tectonic loads and exhumaisowell as variable timing and rates

of exhumation.

3.6.2.1 Area to the west of the Tiber Valley

The sector to the west of the Tiber Valley is qaibenplex from a structural point of
view because of several closely spaced Plioceneée@aay normal faults dissecting the
main thrust contact between the Tuscan and the ldAMeirche-Romagna domains and
their strong along strike variations. This secttimited to the west by the roughly N-S
Rentella and Tuscan Unit regional thrust fronts amthe east by the alluvial deposits of
the Tiber Valley. It is characterized from westdast by the outcrop of a NNW-SSE

narrow corridor of Langhian-Burdigalian Marnoso aneea Fm. bounded toward the east
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by west dipping normal faults belonging to the dalChiana extensional system. In their
footwall the regional NNW-SSE ridge of the Mt. Mallcrops out and is made up of pre-
orogenic carbonates that plunge towards the nbttiving to the East this structural high

is downthrown by the ATF east dipping segments.irTiengingwall hosts more advanced
and thin klippen of the Tuscan Nappe that in tuverthrust the Langhian-Burdigalian

Marnoso-Arenacea Fm. This last is dissected by NSIS¥ of the ATF that creates a
further structural high (Mt. Tezio-Mt. Acuto) whetke carbonates crop out again (Fig.
3.1). Thus the most exhumed structures of thisosert represented by the two structural
highs where carbonates crop out uplifted by both @orciano (COF) and ATF normal

fault segments dipping in opposite directions.

Fig. 3.14 shows in detail o data (Fig. 3.14a), 1% in I-S values (Fig. 3.14&}TA
data from Zattinet al. (2002) (Fig. 3.14c) and (U-Th)/He ages from thisrkvand
Thomsonet al. (2010) (Fig. 3.14d) for this sector.

Focusing up on data, the pre-orogenic units crappiut in correspondence of the

structural high of Mt. Malbe (such as the Triad3ltaetavicula contorta and the Marne a
Fucoidi Fms.) acquired the highest thermal matwétiyes (oil window and late diagenetic
zone of clay minerals zonation) recorded in tharemdtudy area and these values are
analogous to those recorded for the same unitemes at depth in Monte Civitello 01
well. This evidence suggests that this structulmlgad exhumation in quite recent times,
otherwise | would expect in the Monte Civitello @uch higher values than in the
outcropping Mt. Malbe area. In the case of an eaxlyjumation in Mt. Malbe it is highly
probable that it did not evolve thermally at thensdevel of the buried equivalent unit now
preserved at depth in Monte Civitello 01 well.
This evidence seems to be confirmed by U-Th/Henddtetween 3.8 and 2.5 Ma along the
northern plunge of the Mt. Malbe structure and klgugnation ages younger than 2 Ma to
the east of both Mt. Malbe and Mt. Acuto-Mt. Teridges on totally reset samples of the
Marnoso-Arenacea Fm..

All thermochronometric data are generally youngeantdata recorded a few tens of
km to the east of the Tiber Valley, in more exténpasition (ages higher than 4.5 Ma
along the Contessa section).

This evidence suggests that other than the typpedtern of rejuvenation of
exhumation towards the external portions of a thioe#, is recorded in the study area with
younger exhumation probably enhanced by extensitawbnics in this western sector

with respect to the eastern one. Vitrinite reflace for the Marnoso Arenacea Fm. has
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slightly higher values (up to about 0.5%) at fodtwéathe Rentella thrust and values lower
than 0.4 % at the footwall of the most externgbén of Tuscan thrust front. This slight
variation may mark the actual position of the Tus@@nt before erosion (more internal
with respect to 0.39, 0.37 values g and also with respect to Mt. Malbe.

Fig. 3.14Detail of the area at west of Tiber Valley with) @stribution ofvitrinite reflectance (b) 1% in I-S
mixed layers data performed in this study; (c)ribstion of (U/Th)/He ages by Thomsetal. (2010) and
(d) AFT ages published by Zattahal. (2002).

The evidence that Mt. Malbe was never overthrughieyTuscan Nappe is supported
by the strong difference between thermal maturdyuired by Triassic units in both Mt.
Malbe cropping out succession and the same unésepred in the S. Donato 01 well
along the northern plunge of Mt. Malbe. Herg/Rand T.A.l. values indicate overmature

conditions of HC generation, corresponding to armte. Nevertheless the extremely high
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values, detected in S. Donato 01 well, deservé&éurinvestigations, and new analyses are
required to confirm existing data. If confirmedeyhcan be explained considering either
very high tectonic load due to the Tuscan unit emgient, or hot fluid circulation at
depth that may have enhanced thermal maturity. Weeaexclude that this high thermal
maturity is the effect of Triassic thermal regirbecause if it would have been the case, |
should have recorded similar values also in Monteét€llo 01 well and in the outcrops of
Mt. Malbe.

lllite % in mixed layers I-S do not show signifitacthanges in thermal maturity of
the Marnoso Arenacea Fm. in this sector, probaebtabse of a strong detritical signal that
cannot totally disregard in semi-quantitative asayf <2um fraction.

. Furthermore data from this sector are always drighan those to the east of the
Tiber Valley indicating a higher amount of exhuroati Whereas mineralogical data (R1
stacking order and 1% in mixed layers higher th@@o® on the pre-orogenic succession
strongly agree with vitrinite reflectance and reset)-Th/He data.

To test the hypothesis of a contribution of extenal tectonics to exhumation,
exhumation rates from all U-Th/He and reset AFTadatre calculated using different
geothermal gradients.

Data from AFT analyses derive only from the extercaridor of the Marnoso
Arenacea Fm. outcrops to the east of Mt. Acuto - Mizio structural high and at footwall
of the most advanced klippen of the Tuscan UniesEhdata indicate differing thermal
conditions. One sample is totally reset with ald& exhumation age; one is partially reset
with a 12.3 Ma age, and the last one is not resgsows ages older than the stratigraphic
age of the Marnoso Arenacea Fm (20.4 Ma) (Zadtial., 2002). For the last two samples
(partial and no reset) the Marnoso Arenacea dideexth a burial temperature higher than
120 °C (total annealing temperature of AFT systefla)g. 3.14c). Thus, for the
reconstruction of the exhumation history, the af8.@ Ma related to reset sample was
used.

The evaluation of the exhumation rate has beeropeéd taking into account heat
advection, using as input two values of geothemgnatlient (20 °C/Km in Fig. 3.15a and
30 °C/km in Fig. 3.15b). For a geothermal gradieh0 °C/Km, the exhumation rates
range between 0.63 and 0.95 mm/yr, with a meanafebout 0.8 mm/yr. In contrast,
exhumation rates are lower, from 0.45 mm/yr to @M/yr, with a mean rate of about

0.56 mm/yr if a geothermal gradient of about 3CkhTis applied.
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As the AFTA are commonly not-reset, it is not pbksito determine if stepwise or
continuous exhumation took place in the last pathe cooling history from 120 °C down
to surface temperature (about 10 °C) using bothrntbehronometers. However
considering the only site where both thermochrortemsegave reliable results with (U-
Th)/He age at 1.85 Ma (Thomsenal., 2010) and AFT age of 3.7 Ma (Zatghal., 2002)
there is no significant change in the exhumatide iathe last 3.7 Ma (Fig. 3.16 a,b).
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Fig. 3.16Diagram of erosional ratonsidering a gradient of 20 °C/Km (a) and 30 °C/dn
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3.6.2.2 Area to the east of the Tiber Valley

The sector to the east of the Tiber Valley exteioggrds the east to the Scheggia-
Foligno line. It is mainly separated by the Mt. SQmre - Mt. Foce ridge bounded by the
SW dipping Gubbio fault, an antithetic segment led ATF system. To the SW of the
Gubbio fault and to the east of the Tiber Valleseaies of thrust sheets with top to the NE
sense of transport develop deforming the so-cdlabbio basin and reaching maximum
thicknesses of about 1,200 m and Serravallian &gethe top of preserved Marnoso-
Arenacea Fm. (Ridolft al., 1995). Whereas to the NE of the Gubbio ridgey timé lower
portion of the Marnoso-Arenacea is preserved (Baltin-Langhian in age).

A synthetic map with data has been reported in&iyz.

Monte

Civitello,01

2
Monte ) Monte
Civltelhg Civitelkg

Fig. 3.17Detail of the area to the east of Tiber Valley with) distribution ofvitrinite reflectance; (b) 1% in
I-S mixed layers data performed in this study;distribution of (U/Th)/He ages by Thomson et aDXQ)
and (d) AFT ages already published by Zagdtial. (2002).
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In the Gubbio basinonly the Marnoso Arenacea Fm. crops out and (UHéYata
indicate no-reset or partial reset. These datz@meistent with 6 data which show very
low thermal maturity with values between 0.25 and0Oand 1% in mixed layers I-S
between 40 and 50%, from younger to older strapigia levels indicating that the
youngest portion of the Marnoso Arenacea Fm. negyerienced maximum burial
temperatures higher than 70 °C. Furthermore inGhbbebio basin, at the latitude of the
north-western tip of the Gubbio fault, the Monteiillo 01 well is located.

The high quality of the dataset of,2® and T.A.l. values (Fig. 3.11) and their
coherence with surface data coupled with the in&tiom obtained by plotting Ro%
against mineralogical data on Hilliet al.’s diagram (1995, Fig. 3.13) allowed me to
constrain thermal modelling for Monte Civitello @&ll. The models have been carried out
using BASIN MOD-1D software (1996). The main asstiompfor the modelling are: (i)
correction for decompaction of burial curves aceaydo Sclater and Christie’s method
(1980); (ii) sea level changes, have been negleeethe thermal evolution is influenced
more by sediment thickness than water depth (Butl@®2); (iii) thickness, lithology and
age of sediments are derived from literature (Riagchi and Pialli 1973; Ridolfet al,
1995) The exhumation rate is considered constant andlbcurves have been calibrated
against Ro% and T.A.l. values.

Different models were performed using both geottamnadient and heat flow as an
input. The first test has been performed considettire present-day total thickness of the
succession (from the Marnoso Arenacea Fm. to thdrifindi Burano Fm.) and a gradient
of about 23 °C/Km. The diagram of thermal matukigrsus depth has been reported in
Fig. 3.18a. It is evident that this input did nadtoh the regression line of thermal maturity
data. In the second test the thickness of the sammewas increased, adding the missing
(e.g. eroded) portion of the Marnoso Arenacea Rmoit 1,200 m thick). Also in this case
a good fit of the data has not been obtained &itB8b). The difficulty to fit together the
upper portion of succession with the lower portied me to separate the succession and
perform two distinct models to fit the synorogeaitd both the pre-orogenic sections. For
the upper part (Fig. 3.18c) the modelling showsadgfit of data assuming as input the
total thickness of the succession (including thesinig portion of the Marnoso Arenacea
Fm.) and a higher gradient of 25 °C/Km. In contrést the lower portion (Fig 3.18d) the
best fit of data is obtained with the total thicke¢Preserved succession+Missing Marnoso

Arenacea Fm. section) and a higher geothermal gma@5 °C/Km).
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Fig. 3.18Diagram of present-day thermal maturity data ptbaigainst calculated thermal maturity curve, fer fMonte Civitello 01 well. (a) test for the entire
well length considering a geothermal gradient of@&m and the preserved present-day thicknessarhbbo Arenacea Fm.; (b) test for the entire veifth
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eroded portion; (d) test for the lower part of thell considering a geothermal gradient of 35 °C/ldnd the preserved present-day thickness of Marnoso

Arenacea Fm.with addition of an eroded portion.
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To merge these tests into a fully calibrated modidias been necessary to adopt a
variable heat flow distribution through time. Intaiéthe best fit was achieved using 100
mW/n? at 228 Ma gradually decreasing to 40 m\¥am11 Ma (Fig. 3.19).
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Fig. 3.19(a) Diagram of present-day thermal maturity datatptl against calculated thermal maturity curve,
for the Monte Civitello 01 well. (b) Representativae-dimensional burial and thermal modelling thitst
thermal maturity data.

The thickness of the succession adding a missimngppoof the Marnoso Arenacea
Fm. has been considered. Thermal maturity verspghdbBagram suggests a quite good fit
of data. The burial history diagram shows thatlihsal part of the succession (Anidriti di
Burano Fm.) reached a depth of 6.5 km and maximurralbtemperatures of about 200
°C, entering the gas generation stage. Thermal ritatlecreases toward the top of the
succession. The Rhaetavicola contorta and the @aMassiccio Fms. reached the late
thermal maturity zone of hydrocarbon generationemgbs the remaining part of the
Jurassic succession reached mid-mature conditiodepths of 3.5 km and temperatures
ranging between 120-140 °C. The early mature ste@®e reached by the Maiolica Fm.
whereas younger deposits remained in the immatage ©f hydrocarbon generation (i.e.
Marnoso Arenacea Fm.). The exhumation started @it Ma with a simplified constant
erosion rate of about 0.5 mm/yr. Thus thermal nigtyrofile of Monte Civitello 01
agrees with a burial history of the Gubbio basiremehpresent day geothermal gradient is
about 25 °C (Zattiret al., 2002) and a higher thermal regime during theqgoogenic
evolution of the succession. Here thermal matunis acquired by sedimentary burial
alone with erosion of the uppermost portion (aldhdtkm) of the Marnoso Arenacea Fm.
in general agreement with surface data availablkenGubbio basin further to the south

(west of Guado Tadino town). In the sector, to ¢hst of the Gubbio fault, the Marnoso
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Arenacea Fm. shows Ro0% and 1% in I-S values typafalthe immature stage of
hydrocarbon generation.

Concerning termocronological data to the east diliBuridge, the AFT data are not
reset and U-Th/He are totally reset with relialdesaof about 4.35 Ma (Fig. 3.17).

The evaluation of the exhumation rate has beeropeéd, also in this case, using as
input two geothermal gradient values (20 °C/Km ig.RB.20a; 30 °C/km in Fig. 3.20b)
and considering the advection process. For a geodiegradient of 20 °C/Km, the
exhumation rates range between 0.58 and 0.53 mnvilr,a mean rate of about 0.55
mm/yr (Fig. 3.20a). In contrast, exhumation rates lawer, from 0.53 mm/yr to 0.37
mm/yr, with a mean rate of about 0.45 mm/yr if atgermal gradient of about 30 °C/km
is applied (Fig. 3.20b).

Geothermal Gradient Geothermal Gradient

Monte,

Civitello,01

Monte
Civitellkg

Fig. 3.20Detail of the area to the east of the Tiber Valléth exhumation rates considering a gradient of 20
°C/Km (a) and 30 °C/Km (b).

3.6.2.3 Evolution of extensional tectonics and ewation

In Fig. 3.21a the section from Mt. Acuto area te #ast of the Gubbio ridge has
been reported with the age and rates of the exhomat is evident that the internal sector
(Massicci Perugini) has undergone a rapid and yeuaghumation (3 Ma and 0.8 mm/yr)
than that recorded in the external one (respegt& Ma and 0.5 mm/yr).

This trend is in contrast with what has been gdlyestated for external sedimentary
portions of fold-and-thrust belts, where the exhtiommage decreases toward the foreland
(i.e., Thomsoret al., 2010, Zattiret al. 2002 and Fig. 3.21b).

65



The exhumation rate of 0.8 mm/yr, in the westerctae can be considered as a

threshold value between tectonically induced exhioma>1.5 mm/yr) and exhumation

rate of 0.1 mm/yr that indicates that erosion bedganthe rock uplift and the mean

topography surfaces. Therefore, in this sectorcthr@ribution of local tectonics (normal

faulting) to the exhumation processes is highlybpige. A similar hypothesis has been

proposed by Balestriegt al. (2003) for the Mt. Falterona area with respecth|® main

normal faults acting in that area.
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Fig. 3.21a) Distribution of age and rate of exhumation from k&ssicci Perugini area (Mt. Acuto) to east of
the Gubbio fault; b)Apatite fission-track (AFT) ages and AHe ages dgtion along the profile in the
Northern Apennine chain (Mt. Cimone) (from Thomsbal., 2010).

The model proposed in this thesis suggests thidtetavest of the Tiber Valley, most
of exhumation at shallower crustal levels is maidlye to the most recent extensional
tectonics of the ATF system and not only to oldenpression and erosion.

This interpretation takes into account the anonmalmuige of upper Triassic units in
the area of Mt. Malbe that is more uplifted if caangd to the mean elevation of the same
units in the surrounding thrust structures presenvethe subsurface (see for a review
Barchi et al., 2010). Furthermore, it resembles -at a shallostarctural level- what is

envisaged in the exhumation ages distribution Fa& éntire structure of the Northern
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Apennines at the regional scale where at the feliecsedimentary fold-and-thrust belt the

uplift mid-crustal structure of the Alpi Apuane psoout.
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Fig. 3.22Figure showing apatite fission-track (AFT) aged &iHe ages in the profile Alpi Apuane-Monte
Cimone (from Thomsost al., 2010).

Thus the tectonic exhumation in the Mt. Malbe ar@a be achieved according to the
following evolutionary stages:

1. the low angle Lisciano fault started acting at ab®WMyr ago and produced enough
and enough quick extension to generate a strorgjaiso instability. This quick and
effective activity produced uplift and folding did Lisciano fault itself. This folding
inhibited the further activity of the Lisciano faund extension migrated towards the
foreland along the ATF system.

2. the strong isostatic instability caused by extem&imught also to the activation of the
W-dipping Corciano fault that separated and digskt¢he Lisciano from the Alto
Tiberina fault systems. In this hypothesis the @ fault is not part of the antithetic
faults of the Val di Chiana system (cfr. Mirabedtaal., 2011) but can be interpreted as
a kinematic adjustment of the rapid and effectixéemsion accumulated along the
long-lived Lisciano-ATF system.

3. At present extension acts mainly on the ATF systard its main antithetic faults
(Gubbio fault) but | cannot exclude that the rol@ypd by the Corciano fault is totally
over (e.g., possible reactivation of the Corciaaoltfas a result of localized strong

crustal thinning in Corciano-Mt. Malbe —Perugiaagre

In this framework | suggest that the Corciano famlay have adjusted isostatic
instability in brittle regime that in analogous ®rss involving mid-crustal levels and
on larger structures (core-complexes) is adjustet py folding of the low angle

extensional detachments. Nevertheless this lasénsémt that is already strongly
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supported by geometric, kinematic paleothermal thednochronological studies, still
needs to be numerically modelled to be fully vakdisfrom a dynamic point of view.

Tiber basin
|y 0.42

a)

Regional erosional rate

Surface data at 0.5 mmlyr
e —
1.22

Subsurface data

Exhumation rate
0.8 mml/yr

Lower Pleistocene-Present day

Exhumation
starts at 3 Ma

Uppermost Pliocene

S ]

Uppermost lower Pliocene

Fig. 3.23 a) Distribution of reflectance vitrinite data in sexti AA’(Mt. Acuto-Gubbio fault) BB’ (Mt.
Malbe-Gubbio fault) (traces in Fig. 3.1); &yolutionary stages of tectonic exhumation in the Wialbe area
and distribution of maturity data (reflectance ivite) in section BB'.
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3.7 Conclusion

In summary, the paleothermal and thermocronologles provide low temperature
and time constraints on the late orogenic coolindg exhumation history of the ATF and
Gubbio area.

The portion to the west of the Tiber Valley hasrbeghuming at least since 3 Ma, as
indicated by AFT and (U-Th)/He ages. The exhumatada is constant and of either about
0.80 mm/yr or about 0.56 mm/yr assuming respegtigebthermal gradients of 20°C/Km
and 30°C/Km. Moving from hinterland (west of Tibéalley) toward the foreland (Gubbio
basin and Gubbio ridge) the exhumation is charaet@éry older ages (4.3 Ma) and lower
rates 0.55 mm/yr down to 0.45 mm/yr assuming geothkgradients of 20 °C/Km and 30
°C/Km, respectively. Therefore, a reduction of édrumation age has been recorded in
this sector of the chain, moving from the exteg®dtor to the internal one, in contrast with
has been generally observed in the external sedmeportions of fold-and-thrust belts
(i.e., Thomsoret al., 2010, Zattiret al. 2002).

This different trend can be attributed to the dbotiion of the normal fault activity
of the Altotiberina system to local exhumation. SHiypothesis is supported by the
evidence that the exhumation rate of 0.8 mm/yr he tvestern sector is closer to
exhumation rates generally observed where tect@mbance exhumation rather than those
associated to erosion. Moreover, this interpretiatzdes into consideration that the area of
Mt. Malbe is characterized by a strong exhumatibthe upperTriassic unit if compared
to the mean elevation of the same units in thewstdose. This arrangement is a result of
the evolution that started at about 3 Ma with theciano fault (LMF). Extension has
generated isostatic instability that stopped the/igg of LMF and caused the activation of
the W-dipping Corciano fault that separated andsetited the Lisciano from the

Altotiberina fault systems, with a migration of teetension towards the foreland.
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Chapter 4

The Corsica-Sardinia rotation in the

Northern Apennines: new paleomagnetic evidences

4.1 Introduction

The peculiar tectonic feature of the Mediterranesgion is given by the coexistence
of curved mountain belts and back-arc basins, wt@reloped synchronously, in a plate-
tectonics scenario dominated by the Africa-Eurasiavergence (Fig. 4.1). Such arcs and
related back-arc basins formed as a consequenttenah rollback of dense and narrow
slabs, resulting from the progressive fragmentatibthe subducting African plate during
Neogene and Quaternary (Malinverno and Ryan, 1%&®ergan and White, 1997;
Royden, 1993; Faccenm& al, 2004; Matteiet al, 2007). In the Central Mediterranean
roll-back of the lonian-Adriatic lithosphere, camibusly subducted toward northwest
underneath the Eurasia plate, caused the progeeskisure of the intervening Mesozoic
oceanic basins of Tethyan domain and the formatibnhe Apennines - Maghrebide
orogenic belt and Ligure-Provencal and Tyrrheniasif extensional back-arc basins
(Faccennat al, 2004 and references therein).

A large amount of paleomagnetic data from the Methhean region has proved that
in most of the cases the curved shape of the osogmis acquired by means of opposite
rotations along the two arms of the arcs and ti@bpening of back-arc basins was related
to drifting of rigid blocks around an Eulerian rié@ pole (among others, Kissel and Laj,
1988; Lonergan and White, 1997; Mattdial, 2006, Cifelliet al 2007, 2008). In this

general context the Central Mediterranean repres&mtey area to understand these two
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processes and both the Corsica-Sardinia and thénétorApennines have been the place
of a large number of paleomagnetic studies thagdtigated the amount and timing of
CCW rotation of the Corsica-Sardinia block and thgin of the Northern Apennines
curvature (see Gattacceetal 2007 and Cifelli and Mattei, 2010 for recent eavs on

these subjects).

’7 gggoesr‘pseogene - Quaternary
- Volcanites

@ Apuane Domain

l:l Epiligurian unit

l:l Ligurian unit

D:DE Subligurid unit
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Umbria-Marche- Romagna unit
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[10°E

Fig. 4.1 Schematic map of the Northern Apennines and looatif sampling sites. Areas in insets the
Trasimeno Lake area (1), Chianti Mountains anddPmagno (PM) area (2), and the Val di Lima (LV) and
the Garfagnana (GF) area (3). MB = Mugello Badimset, Schematic tectonic map of the Central
Mediterranean

Vertical axis rotations in Central Mediterranearrinlg the Neogene have been
described as the result of two distinct events,civtuccurred in the area during different
time as a consequence of the progressive easteteat of the subducting lonian-Adriatic
lithosphere. The first episode has been establitlyed large number of paleomagnetic
data from Corsica and Sardinia, occurred duringQligocene-Lower Miocene and was
responsible of the opening of the Ligure-Provembegak-arc basin and the CCW rotation of
the Corsica-Sardinia block. The second episode dregap after the Upper Miocene and
was responsible of the curvature of the Northerreriqine arc. This event has been
described in the external portion of the NorthenpeAnines fold and thrust belt, where

vertical axis rotations accompanied thrust actiy@peranzat al, 1997).
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Notwithstanding we knowledge about vertical axigtions associated to these main
tectonic episodes is very detailed, some imporitstes are still open and have not been
faced in detail during the very long history of gminagnetic research in Central
Mediterranean. As an example we know preciselyam®unt and timing of the CCW
rotation of the Corsica-Sardinia block, but we ddv@ve any constrain on their geographic
extension to the east, even if it has been sughdbit the Tertiary Piedmont Basin
(Maffione et al, 2008),and some external units of the Northern Apennines belt (Muttoet
al., 2000) were also involved in the CCW rotationtleé Corsica-Sardinia block. This
uncertainty is mostly due to the fact that mosthef paleomagnetic data from the Northern
Apennines come from the external portion of theighahich was involved in the
Apennine orogen after the ending of the Corsicalifiar CCW rotations. Conversely, only
few data were collected in the internal sectohef¢hain, which experienced and recorded
a continuous deformation history since the begignof convergence in the Late
Cretaceous, and which were already incorporatedhé orogenic wedge during the
Corsica-Sardinia rotation.

In order to provide new data for the internal seatb the curved belt and to
investigate the possible spread of the Corsicai@ardCCW rotation in the Northern
Apennines, an extensive paleomagnetic sampling cgased out in the Tuscan Nappe
succession. Results show that Tuscan units undeananger amount of CCW rotations in
the southern part of the arc than in the northera. @his rotation pattern contrasts with
that measured in the external units of Northernmyges and is not compatible with a
simple oroclinal-bending model. On this base weppse that the Tuscan Nappe units
were involved in the Corsica-Sardinia drifting anotated CCW during the Lower
Miocene, other than to participate in the vertiaals rotations which accompanied the
main phases of emplacement and translation of fhenAine units that concurred to the

final curved shape of the chain.

4.2. Geological setting

The Northern Apennines consists of several palegrgghic domains, organized in a
fold and thrust belt forming a broad curved struetwith an eastward (Adriatic) vergence
(Fig. 4.1). The curvature of the arc follows theriatic margin of the belt, with the
orientation of the main structures ranging from NBEAVNW-ESE in the north to almost
N-S in the south. Several second-order arcs degdldpesides the principal arc, in

response to heterogeneities in the stratigraphgueseces and out-of-sequence nappe
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stacking (Baldadcet al, 1967; Elter, 1975; Boccalettit al, 1980; Principi and Treves,
1984; Barchiet al. 1998a, b; Costat al.,1998). The uppermost nappes of the Northern
Apennines are represented by oceanic (Ligurian) teantsitional (sub-Ligurian) domain
units, characterized by the occurrence of Juraesiciolites and their Jurassic-early
Cretaceous sedimentary cover, overlain by Cretac€digocene flysch sequences. The
Ligurian domain units overthrust eastward the Tansdamain units, formed by Upper
Triassic to Eocene marine carbonates and by Oligptewer Miocene foredeep
sequences, which are deformed in an array of tlstusets and ultimately thrust over the
Umbria-Marche-Romagna units. The latter consistsedimentary sequences deposited on
a continental margin with basal late Triassic evaps, platform carbonates (Lias) and
pelagic sequences (Jurassic-Eocene) enriched upwaedrigenous deposits (Paleogene)
and flysch sequences (Miocene) (Fig. 4.2).

The tectonic evolution of the Northern Apenninesharacterized by the progressive
migration of the orogenic front toward the Adriatocceland, which is marked by the onset
of siliciclastic deposits which get progressivebpupger toward the Adriatic foreland. The
onset of siliciclastic deposition occurred in Narh Apennines during late Cretaceous in
the oceanic Ligurian domain. The Ligurian oceanmndin was deformed during late
Cretaceous to early Eocene time, and formed a doudrigent accretionary wedge, now
outcropping from Corsica to ltalian peninsula (Tegv1984; Carmignanet al. 1994).
Starting from the Oligocene onwards, foredeep Isasiigrated eastward and formed on
the top of sedimentary sequences, belonging tacdnénental passive margin of Apulia.
Their incorporation into the Apennines orogenic gednarked the subduction of Adriatic
continental lithosphere underneath Europe. Aftedsarduring the Neogene, foredeep
basins further migrated toward the Apulia forelamdront of the migrating thrust nappes.
In Northern Apennines such process is well docuetkrity stratigraphic and seismic
studies, which precisely constrain the Neogeneutioni of the foredeep basins in the front
of the Apennines chain (e.g., Pataectaal. 1992). Foredeep basins formed on top of
progressively easternmost (external) units, ugh&Adriatic foreland. The formation and
evolution of foredeep basins were driven by thalilog of the adjacent thrust belt and
related to subduction processes, such as the #exetreat of the subducting lithosphere
(Roydenet al.1987). This process was particularly severe dudigrPleistocene times as
evidenced by the presence, in the external paheoApennines chain, of a foredeep-basin
system, which contains up to 8 km of Pliocene-Quaigy sedimentary rocks (Royden
al. 1987).
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Fig. 4.2 Schematic stratigraphic sections and geometriglationships of the different units of Northern
Apennines

Extensional tectonics on the Northern Tyrrheniant@ewas coeval with thrust
emplacement in the external Umbria-Marche-Romadraan¢ with both extensional and
compressional fronts migrating toward the Adridbceland from middle Miocene up to
Pleistocene (e.g., Eltest al. 1975). Extensional tectonics dissected the alrdadyed
Apennines chain and generated new NW-SE trendingnsional basins filled by

‘neoautochthonous’ marine and continental sequei@®@ivetet al. 1998; Collettiniet al.
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2006 and references therein). Moreover, crustanthg, high heat flow and upraise of
magmatic bodies accompanied extensional tectotorgydhe Tyrrhenian margin. Today,
active tectonics is represented by NW-SE normdtdawith a well documented historical
and recent seismicity, mostly located in the irakrsector of the Umbria-Marche-
Romagna region, at the edges of intramontane bgameng others, Chiaralucst al.
2004).

4.3 Paleomagnetic sampling and geological settindg the study
areas

In this study, paleomagnetic sampling was carriedim the Tuscan Domain, in the
internal sector of Northern Apennines. In particulthree main areas have been
investigated: (1) the area around the TrasimenoelgR) Chianti Mountains and
Pratomagno area, and (3) the Val di Lima and Gagrag area (Fig. 4.1). Thirty-six sites
were sampled (528 oriented cylindrical samplesin@as were drilled using an ASC 280E
petrol-powered portable drill with a water-coolgdrdond bit. The cores were oriented in
situ with a magnetic compass, corrected to accéama local ~2° magnetic declination

according to the NOAA National Geophysical datateen

4.3.1 Trasimeno Lake area

This area is characterized by the presence of Maajor tectonic units, piled up
during the Miocene that are from west (top) to €hsttom):the Ligurian units, consisting
of Jurassic ophioliteshe Tuscan Napp@n easverging imbricate thrusttack made up of
pelagites and siliciclastic turbidite@irabella et al, 2011); a transitional unit (Mt.
Rentella Unit)including polychromic marls of Mt. Rentella (Brottzeet al., 2000) and
Aquitanian-Burdigalian foredeep siliciclastic tutiies of the Montagnaccia Fm. (Barsella
et al.,, 2009); and the Umbria unit, characterized by a Meenozoic carbonates
succession followed by the foredeep turbidite ssgiom of the Marnoso Arenacea Fm.
(Early-Middle Miocene) (Mirabellaet al, 2011). Some authors (e.g., Abbate and Bruni,
1989; Brozzetti, 2007) have suggested that therimatst part of the Tuscan Nappe belongs
to a separate tectonic unit (Falterona-Cervarold trFalterona Nappe). In this study, the
Falterona-Cervarola Unit is considered as belongan¢he Tuscan Nappe, according to
Plesiet al.(2002).

In this area, the Tuscan Nappe succession hasdaeepled. Six sites (FT03, FT11-

FT15) were sampled in the pelagic foreland rampodigp of the Scaglia Toscana Fm.,
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consisting of calcareous-marly turbidites and v@adared shales and marly-shale layers
(Ypresian-Lutetian). Seven sites (FT01, FT02, FFJI80) were sampled in the foredeep
turbidite deposits of the Macigno Fm, which corssist thick coarse-grained siliciclastic
turbidites alternating with siliciclastic thin afide grained beds (Aquitanian) (Fig. 4.1).

Among the Scaglia Toscana Fsites two continues and well exposed section have
been sampled (FT03 and FT15 sites). The firsi@geds$ located in the Montanare Cave
northern of Trasimeno Lake (site FTO3 in Fig. 4The section consists of alternating
calcareous marls and marly-shales layers for al tbiakness of about 70 m. The
lithofacies is characterized by limestone nut-brostrata, generally 5-40 cm thick with
grey chert innodules and lens. The varicoloured marly-shalerstriiahave a smaller
thickness in the order of millimeters or centimstdihe samples have been collected in
calcareous strata, in which a total of 44 samplexewdrilled considering a variable spacing
ranging from 60 to 300 cm.

The second section is exposed at the NW of Mt.r8atathe Casilini Cave at south
of Trasimeno Lake (site FT15 in Fig. 4.1). The mechas a total thickness of about 50 m
and it is mainly made up of an alternating calcaseand shale, marly-shales layers. The
calcareous strata are mainly thin-bedded greyimedsitone (strata are normally 10-40 cm
thick) with in some cases nodules and lens of clertvolute lamina and bioturbations (at
the top of the strata). These strata are interlkaldin thin varicoloured shale and marly-
shale layers (strata are normally 2—16 cm thicktoral of 53 samples are drilled from

calcareous strata, with an average sampling spaairging from 60 to 120 cm.

4.3.2 Chianti Mountains and Pratomagno area

The structure of the Chianti Mountains has beeerpneted as a result of thrust-and-
fold deformation (Bonini, 1999) and it is characted by the Tuscan Nappe succession,
which in this area is largely exposed (from Uppegt@ceous to Lower Eocene members).
The main structural feature of this region is amNIE-vergent steeply to moderately
dipping, overturned anticline, which folds the Maw sandstone and exposes Scaglia
Toscana Fm. at its core (Boniai al, 2012). Referring to Saget al, (2012), the Tuscan
Nappe in this sector is thrust onto the more esle@ervarola-Falterona unit. Falterona
succession, cropping-out in the Pratomagno ridgensists of Rupelian-Chattian
varicoloured clays alternating mudstone layersI¢v Marls) at the bottom following by
the Chattian-Burdigalian FalteronBm.. This silicoclastic turbidites deposits havesrbe
subdivided into five member, on the base of thislsnef the layers and arenites/pelites
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ratio (Bortolottiet al, 2012). The succession ends with the Vicchio Marh. that crops
out mainly in the Mugello Basin are8his formation consist of gray marls and silty rsarl
interbedded by thin sandstone layers with calcae@omponent

In this area four sites (FT16-FT19) were samplethepelagic and ramp deposits of
the Scaglia Toscana Fm., whereas 5 sites (FT20)FW24e sampled in the foredeep
turbidite deposits of the Falterona Fm., whereastés were taken from the Burdigalian
thrust top deposit of the Marne di Vicchio Fm. (BT2T27) (Fig. 4.1).

4.3.3 Val di Lima and Garfagnana area

The main structural feature of Val di Lima areaasvery large east-verging
recumbent fold, with the hinge located in the Méstaucchio alignment (Fazzuadt al,
1994; 1998). The second relevant characteristithisfarea is represented by the several
tectonic contacts between the Macigno Fm. and ttegglth Toscana and Maiolica Fms.
related to activity of low-angle thrust faults thait these formations (Fazzuadt al,
1998). Moreover this area is affected by large N®&/aBd E-W normal fault that intersect
the recumbent fold and create a tectonic boundanyden the Mesozoic deposits and the
Oligocene turbidite deposits (Macigno Fm.) (Fazezustl al, 1998). The stratigrafic
succession with thick Jurassic formation, testisuasident paleogeographic domain since
Middle Jurassic until Oligocene time (Cerina Feramdl Patacca, 1975; Fazzuoli, 1980). In
Val di Lima and Garfagnana areas the Jurassic-Grets condensedand reduced
sequencesrop out, such as consequent of a non-uniformipgsaphy. The consequent
effect is a discordant deposition of Scaglia Toadam. on top of Rosso Ammonitico Fm..
The upper part of Scaglia Toscana Fm. is intergret® deposited in base-escarpment
environment of an active margin. In this formattbree lithofacies has been distinguished,
the lithofacies sampled iargilliti dell’Orecchiella, consisting of red, gray-green clays
interbedded with centimeter calcareous strata. Thisfacies can be referred to
Cenomanian-Rupelian time (Fazzuadit al,1998). This area is characterized by
compressive deformation, starting from Eocene Tiamel culminating during upper
Oligocene- late Miocene time, during which Ligurianit thrusted on to more external
domain and structuring of Falda Toscana occurrext¢Blettiet al, 1982; Carmignanget
al., 1978; Chicchi and Plesi, 1991; 19gastaet al,, 1998).

In Val di Lima area 4 sites have been collectedhim Mesozoic core: (a) 3 sites
(FT28-FT29-FT30) were collected in the Scaglia BoscFm., cropping out in a portion of
the Mesozoic core south of Lucchio village; (b) osiee (FT36) was sampled in the
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northernmost part of the Mesozoic core, NE of Mtegatesi village (LV in Fig. 4.1). In
the Garfagnana area three sites (FT33-34-35) haee sampled in the Corfino Mesozoic
core while FT31 and FT32 sites have been samplddeiitMesozoic core near Sassorosso
village (GF in Fig. 4.1).

4.4 Paleomagnetic methods and results

Paleomagnetic and rock magnetic analyses wereedaout at the paleomagnetic
laboratory of the Istituto Nazionale di Geofisic¥glcanologia (INGV, Rome, ltaly). The
NRM of standard cylindrical specimens was measuusing a 2-G Enterprises
superconducting rock magnetometer (SRM) equippeith WMICSQUID coils within a
magnetically shielded room. In order to identifg titnain magnetic minerals in the study
sediments, we carried out a series of rock magrestiglyses on selected specimens
representative of the different sampled units. feasurements included: (1) Isothermal
remnant magnetization (IRM) acquisition curves,riedr out on 38 samples, and (2)
stepwise thermal demagnetization of a three-compuoi®M carried out on 58 samples.
The IRM was analysed by applying a stepwise iningasiagnetic field (0-900 mT) along
the z-axis sample with a pulse magnetizer and bgsoming the remnant magnetization
after each step with a 2G cryogenic magnetometbe @hree-component IRM was
produced by sequential application of pulsed magrietids of 2.1 T, 0.6 T and 0.12 T
along z, y and x samples axes, respectively

4.4.1 Magnetic mineralogy analysis

In the Scaglia Toscana Fm. specimens, Hotk-coercivity and high-coercivity
ferromagnetic minerals were identified. IRM cungt®w that most of the samples do not
saturate at the maximum applied field (Fig. 4.3&)r these samples, the maximum
unblocking temperature spectra is ~ 680 °C indicptihe presence of high coercivity
minerals, such as hematite (Fig. 4.3c). Some spw@mare almost saturated at 0.4 T (Fig.
4.23a), indicating the occurrence of low-coercivitynerals. The maximum unblocking
temperature spectra is ~ 580 °C or (rarely) 320si@gesting the presence of magnetite
and (in rare cases) iron sulphides, respectively. &3d,e). Some other samples show an
intermediate behaviour, suggesting the presentethf high- and low-coercivity minerals
(Fig. 4.3a).

The totality of the samples from Macigno Fm., Faltea Fm. and Vicchio Fm.

saturate at 0.3 T (Fig. 4.3b), indicating thathigh coercivity component is not significant
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in these sediments. The stepwise thermal demagtietizof a three-component IRM in
these samples show that the low-coercivity compbieeremoved at 580 °C, suggesting

that the magnetic mineralogy is dominated by matmétig. 4.3f-h).
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Fig. 4.3 Result of magnetic mineralogy. IRM acquisition @swshowing the prevalence high-coercivity in
the analyzed Scaglia Toscana Fm. (a) of low-co#yciin the analyzed Macigno Fm. (b).Thermal
demagnetization curves of a three-component (haedium, soft) IRM (Lowrie, 1990) are shown for
Scaglia Toscana formation (Fig. 3a—c), Macigno F¥ig.3d), Falterona Fm. (Fig. 3f) and Marne di \fic
Fm. (Fig. 3h).
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4.4.2 Demagnetization of the Natural Remnant Magagbn and Vector
Analysis

The natural remnant magnetization (NRM) of the mddsamples was analyzed by
both progressive stepwise thermal and alternateld {AF) demagnetization. Most of the
samples have NRM intensities that range between 20% and 6 x 1G A/m.
Demagnetization diagrams indicate stable paleomagbehavior with demagnetization
vectors aligned along linear paths directed towdrd origin of vector component
diagrams, after removal of a viscous low coercivégnanence component at 120-180 °C
or 10-15 mT (Fig. 4.4). However, some of the stddmamples were too weakly
magnetized (NRM values of about 1 x™1@/m) to allow reliable complete stepwise
demagnetization, or gave unstable directions dustepwise demagnetization. Such
samples were discarded from further analyses. Deatagtion data were plotted using
orthogonal vector diagrams (Zijderveld, 1967) ankle tcharacteristic remanent
magnetization (ChRM) was determined by principaimponent analysis (Kirschvink,
1980) for 292 specimens. Most of these specimealsl i maximum angular deviation
(MAD) <15°. Of these, the 70% show a MAD <10°. #le samples yielding MAD >17°
were rejected and not considered in further analyse

Most of the Scaglia Toscana Fm. sampleschegacterized by a single magnetization
component. The characteristic remanent magnetizaias generally isolated at
temperature ranging from 650 °C to 700 °C sugggdtwe presence of hematite as main
magnetic carrier. These samples, generally, shmvexrsed polarity (Fig. 4.4a-dp some
samples the decay of magnetization intensity wagsmed between 550-600 °C, indicating
the presence of magnetite (Fig. 4.4d-e). When A&tinent is used, data for these samples
decay linearly toward the origin up to 80-100 mTd ato not evidently acquire any
gyromagnetic remanent magnetization (GRM) (Fig.j)4.©Other few samplesare
completely demagnetized at 320 °C, suggesting ribgepce of iron sulphides (Fig. 4.4f).

Samples from Macigno Fm., Falterona Fm. and MarnéV/idchio Fm. were
completely demagnetized both in the range 480-%3@rid between 320-360 °C, likely
due to the presence of magnetite (Fig. 4.4g-h)ieoxdsulphides (Fig. 4.4i), respectively.
In most of the AF demagnetized samples from theighecFm., the ChRM was generally
isolated at 60-80 mT (Fig. 4.4k), whereas few sampthow the acquisition of a
gyromagnetic remanence, suggesting the presenoanagulphides, as greigite (Fig. 4.41).
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4.4.3 Paleomagnetic directions
The obtained directions of ChRM were analyzed usirgier’s statistic (1953). In

sixteen sites we were not able to determine a deflhed ChRM. In fifteen sites the mean
directions are very well definedigg< 15), whereas in five sites theys values range
between 16° and 30.1°. The mean direction for estehand the statistics parametess
(95% confidence cone) and k (grouping parameter)istedin Table 4.1. Paleomagnetic
rotations for each site and for each sampled argease evaluated by comparing
paleomagnetic direction to coeval expected Afripates from Besse and Curtillon (2002)
as the Tuscan Nappe units were deposited onto dni@t’& lithosphere, and African poles
are routinely used as proxy of Adria poles (e.gn\er Voo, 1993; Channglt al, 1992;
Channell, 1996; Muttonet al, 2001). Rotation values and associated 95% ocendiel
limits were calculated according to the method ehfarest (1983) and reported in Table
4.1.

4.4.3.1 Trasimeno Lake area

In the area around the Trasimeno Lake (area 1dgn4L), reliable paleomagnetic
results have been obtained from 9 out of the 15ptedrsites.

Sites from Scaglia Toscana Fm. show both normal ramdrsed polarities (FT03,
15), only normal polarity (FT11) and only reversedlarity (FT13, while sites from
Macigno Fm. have normal polarity (FT02, 07, 09, d0)normal and reversed polarities
(FTO1) (Tab. 4.1).

In all the mixed polarity sites the normal and seel polarity are not antipodal and
the reversed polarity directions show a larger amai CCW rotation than the normal
polarity ones (Fig. 4.5 and Tab. 4.1). The reversst (McFadden and McElhinny, 1990)
carried out in both the Scaglia Fm. (FT03,15) amdhe Macigno Fm. (FTO1) sites is
negative. Taking into account this difference amdrder to test a possible recent overprint
which could affect the paleomagnetic directions, lveee carried out fold test analyses
considering together normal and reversed polardied then separately the normal and

reversed directions.
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Table 4.1 Paleomagnetic direction from Tuscan Nappe.

Site Coordinates (Lat-Long) Lithology Formation Age \° fit/N° S DgTC IgTC K Oos Datc  late K Olos Rotation (z error) Flag?rr:)lp)g S
Trasimeno Lake area - Scaglia Toscana Fm.
FTO3 r/n 43°14'32.3", 12° 04' 54.9" Mudstone  Sieafioscana Eocene 36/45  variable  324.8 56.3 179 .8 5 284.6 51 18.5 5.7 -89.83(13.79) 16.98(10.78)
r 21/45 130.8 -62.3 36.0 54 91.2 -49.5 326 .75 -109.63 (11.73) 21.58 (9.68)
n 15/45 338.3 45.9 18.8 9.1 304.3 50.2 19.7 8 8. -60.33 (7.46) 16.88 (5.88)
FT11** 43° 05'14.2", 12° 10' 50.0" Mudstone Scadlioscana Eocene 4/13 variable 350.0 45.6 10.5 29.824.4 40.6 10.3 30.1 - -
FT12 43°04'17.7",12° 11' 22.6" Mudstone Scagbacana Eocene 6/16 variable 84.3 -60.0 27.2 131507 -18.1 27.2 13.1 -103.12 (11.78) 33.52 (11.11)
FT15r/n 43°02'38.7", 12° 08' 52.7" Mudstone  Sieafioscana Eocene 47/68 variable  355.4 67.4 157 4 5 264.6 311 15.9 5.4 -93.51 (6.87) 20.49 (6.07)

r 43/68 179.2 -69.4 17.6 53 81.6 -30.7 180 .3 5 -61.51 (14.39) 20.89 (12.41)

n 4/68 336.4 42.9 30.4 16.9 296.6 30.7 39.1 914 -96.51 (6.79) 20.89 (6.02)
Mean 3 312.8 66.2 14.8 33.2 266.0 33.9 16.0 931 -92.1+31.2 17.7 £25.3

Trasimeno Lake area — Macigno Fm
FTO1 r/n 43° 20'48.3", 12° 02' 09.2" Sdt-Lms Manzig Aquitanian 12/14 263,42 312 69.1 8.6 15.7 274.738.3 11.9 13.1 -89.83 (13.79) 16.98 (10.79)

r 7114 62.7 -74.8 35.7 10.2 74.9 -33.7 279 611 -60.33 (7.46) 16.88 (5.88)

n 5/14 339.8 43.6 159.1 6.1 304.2 38.4 158.1 .1 6 -109.63 (11.73) 21.58 (9.69)
FT02 43°14'49.4", 12° 06' 28.1" Sdt-Lms Macigno gquRanian 8/11 246,30 351.5 42.8 15.3 14.6 3225 443 153 14.6 -42.37 (16.41) 11.78 (11.90)
FTO7 43° 17' 57.2", 12° 02' 30.4" Sdt-Lms Macigno Aquitanian 7/13 235,30 336.7 35.1 29.8 11.2 314.8 553 29.8 11.2 -49.72 (12.50) 19.73 (11.60)
FT09 43° 27' 34.6", 12° 08' 12.2" Mudstone Macigno Aquitanian 11/14 230,21 332.6 50.5 11.3 14.2 306.750.3 11.3 14.2 -57.85 (18.14) 5.09 (10.12)
FT10 43° 27'46.8", 12° 07' 40.3" Mudstone Macigno Aquitanian 10/15 160,11 314.6 41.6 16.1 12.4 309.151.3 16.1 12.4 -55.45 (16.25) 4.09 (10.26)
Mean 5tot 3315 48.6 23.4 16.2 305.4 45.0 28.5 14.6 -59.1+16.8 10.1£11.9

Mt. Chianti area -Scaglia Toscana Fm.
FT16 43°32'19.8", 11° 24' 32.9" Mudstone Scagbacana Eocene-Oligocene 7/8 248,09 66.2 -60.2 24.212.5 66.6 -51.2 24.2 12.5 -111.34 (16.48) 0.94680
FT17 43° 35'58.2", 11° 22' 02.1" Mudstone Scaglia Toscana Eocene-Oligocene 9/10 73,17 297.8.5 6 40.6 8.2 300.5 18.3 40.4 8.2 -57.42 (8.29) 387911)
FT18 r/n 43°36'09.0", 11° 22' 21.2" Mudstone Scaglia Toscana Eocene-Oligocene 6/7 24,23 259.6 .3 37 10.8 21.3 278.9 47.2 10.8 21.3 -79.03 (25.66) 01 §10.26)
FT19 r/n 43° 32'06.3", 11° 22' 41.0" Mudstone Jiealfoscana Eocene-Oligocene 6/6 220,22 325.3 64.231.8 10.9 281.1 61.4 31.9 10.9 -55.45 (16.25) {10916)
Mean 4 281.4 45.9 5.6 42.7 279.6 46.5 11.2  828. -81.3+34.9 5.4 +229
Garfagnana and Val di Lima area -Scaglia Toscana Fm
FT28 44° 01'53.1", 10° 43' 04.1" Mudstone Scaglia Toscana Middle Eocene 8/9 28,50* 160.0 -69.6 12.7 16.7 191.4 -25.0 12.7 6.21 -25.87 (14.35) 4.09 (10.26)
FT30 44° 01'14.9", 10° 43' 07.2" Mudstone Scaglia Toscana U. Cretaceous- Paleocene 8/9 283,22 157.8 -46.2 50.2 7.9 144.4 -31.3 50.3 7.9 -21.191(7 17.40 (6.96)
FT31 44° 10'52.6", 10° 24' 28.6" Mudstone Scaglia Toscana U. Cretaceous- Paleocend 0/11 211,31* 138.5 -19.4 31.1 8.8 125.6 -25.5 31.1 8.8 -39.8P7(8 23.44 (7.58)
FT33 44° 11' 02.5", 10° 24' 17.0" Mudstone  Scagbiacana U. Cretaceous- Paleocene 9 263,37 1653  -714 36.5 8.6 110.7 -47 36.5 8.6 54.69 (10.39) 1.98 (7.44)
FT34 44° 12'50.5", 10° 22' 19.6" Mudstone Scagbacana U. Cretaceous- Paleocene10/10 283,36* 161.3 -63.9 24.7 9.9 130.7 -36.2 24.7 9.9 -34.69 (10.12) 12.79 (8.36)
FT35 44° 12' 44.9", 10° 24' 43.1" Mudstone  Scagbacana U. Cretaceous- Paleocene 10/10 39,29* 86.33.3 9.4 16.6 85.1 -6.8 9.4 16.6 -34.70 (10.13) 78.28.36)
FT36 44° 04' 27.8", 10° 35' 28.5" Mudstone  Scafbacana Middle Eocene 9 284,26* 61.4 6.7 5.4 245 6 5 252 5.4 24.5 -58.25 (21.82) 27.54 (19.57)
Mean 4 151.9 -51.0 11.2 28.7 128.7  -35.6 32,4 164 -36.7£16.1 13.3+13.2

Nefit/N° number of great circles/total number ofidied samples at a site; D, | are site-mean de@imaand inclinations calculated before (DBTC,IBTd after (DATC,IATC) tectonic correction;

k andags are statistical parameters after Fisher [195g]s®edding attitude (azimuth of the dip and difuea), * deduced by AMS tensor; r/n indicatesssitkaracterized both by samples with reversal anchal polarity;
** Sites not considered in further tectonic inteation.
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Fig. 4.5 Equal-area projection of sample characteristicamant magnetization (ChRM) directions from the
Scaglia Toscana Fm. (a-b) and Macigno Fm. (c). 9% confidence ellipse for the normal and reversed
directions is indicated.

In the Scaglia Toscana Fm. the mean site directmdgests (McFadden, 1990) give

inconclusive results either if we consider sep#yateormal and reversed polarity

directions or if we considerer together the noranad reversed polarity directions. In the

latter case, however, the mean paleomagnetic diresciare better grouped after (D =

266.0°, 1 = -33.9°, K = 16.0x950= 31.9), than before tectonic correction (D = 31218
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66.2°, K = 14.8n950= 33.2). It is also important to note that befaetonic correction the
mean paleomagnetic direction is far from the GADgnedic field expected for the
sampling localities (Fig. 4.6a). Both these obseows strongly suggest that the isolated
ChRM for the Scaglia Toscana Fm. has been acqbeéate folding, and is probably of
primary (syn-depositional) origin. When the mearR@hdirection is compared with the
coeval (46.4 Ma) African paleopolg (°N) = 79.1;¢ (°E) = 200.6, As=5.2) a mean value
of 92.1° + 31.2° counterclockwise (CCW) rotatior{7.7+ 25.3) has been obtained.
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Fig. 4.6 Equal-area projection of the site-mean directiowsnf Scaglia Toscana Fm. and Macigno Fm. of
Trasimeno Lake area (a-b), from Scaglia Toscana dfmMt. Chianti and Pratomagno area (c) and from
Scaglia Toscana Fm. of the Val di Lima and Garéagnarea (d). White and black symbols represent
projection onto upper and lower hemisphere, regpedgt Ellipses are the projections of thgs cone about
the mean directions (the star is the mean for tba and the dotted ellipse the relatgglcone projection).

The McFadden (1990) fold test performed for the iglac Fm. normal polarity
mean directions is positive at the 95% confideneeell Ein siu = 2.662; Eunfolded =
1.418;6950= 2.609), suggesting a pre-tilting age of magnébmpafor this magnetic
component (Fig 4.6b). Normal polarity mean diretsicare better grouped after (D =
311.6°, | = 44°, K = 5.24¢95¢~= 8.3), than before tectonic correction (D = 335l1%
43.4°, K = 51.79a950= 10.7). When the reversed directions of FTO1 vedse taken into
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account, the McFadden (1990) fold test becomedenanate, although at the basin scale
the mean paleomagnetic direction remains betterpgo after (D = 305.4°, | = 45.0°, K =
28.5, 0950~ 14.6) than before tectonic correction (D = 331152 48.6°, K = 23.40950=
16.2) (Tab. 4.1). Also in this case it is importaatnote that the mean paleomagnetic
directions inin-situ coordinates are far from the GAD magnetic fielgppeoted for the
sampling localities (Fig. 4.6a). Both these obskows strongly suggest that the ChRM for
the Macigno Fm. has been acquired before foldirdgtha obtained directions can be used
for tectonic interpretations. When the mean ChRkdaion is compared with the coeval
(19.6 Ma) African paleopoler((°N) = 81.7; ¢ (°E) = 165.7, As = 4.5), the value of
rotation is 59.1° + 16.8° CCW (F=10£111.9).

4.4.3.2 Chianti Mountains and Pratomagno area

In the Chianti Mountains and Pratomagno area relipaleomagnetic results have
been obtained from all the 4 sampled sites fromSiteglia Toscana Fm., whereas in the 7
sites from Falterona and Marne di Vicchio Fms. werevnot able to determine a well
defined ChRM.

In the Scaglia Toscana Fm., one site (FT16) shomesersed polarity, one site has a
normal polarity (FT17) and two sites have both nairand reversed polarity components
(FT18, 19). In these latter sites the reversal (dgtFadden and McElhinny, 1990) is
indeterminate. When we consider together the sigk reversed and normal mean
directions the site-mean directions are better gedwafter (D 279.6°, | =46.5°, K =11.2,
agse= 28.8), than before tectonic correction (D = 281142,45.9°, K =5.6, agsy= 42.7)
(Tab. 4.1, Fig. 4.6c), and the fold test (McFadddE990) is positive at 95% confidence
level Ein siu = 2.588; Eunfolded = 1.641; Egso= 2.076) suggesting a pre-folding (syn-
depositional) age for the magnetization. When tearmChRM direction is compared with
the coeval (46.4 Ma) African paleopole(N) = 79.1;¢ (°E) = 200.6, As= 5.2) the mean
site CCW rotation is 81.3° £ 34.9 (F = &422.9) (Tab. 4.1).

4.4.3.3 Garfagnana and Val di Lima area
In the Garfagnana and Val di Lima area, well defid&ections have been obtained
from 7 (FT28,30,31,33,34,35) out of the 8 samplagsdrom Scaglia Toscana Fm.. All the

sites have a reversed polarity, except site FT&86tths a normal polarity.
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Among the seven sites, four (FT30, FT31, FT32, HT&d8w very well defined
mean site directionsigs< 10.0), and are consistently rotated CCW. Converselyother
three sites (FT28, FT35 and FT36) show poorly defimean site directionsd> 16.2),
which are far from the other four sites, being tedaCW (FT28 and FT36) or showing
very large amount of CCW rotations (FT35) (Tab.)4Ebr these reasons, these sites have
been not further considered for tectonic interpiefts.

For the four coherent sites the McFadden (1990) feét is indeterminate but the
mean sites direction is much better grouped abler 128.7°, | = -35.6°, K = 32.395¢, =
16.4) than before (D = 151.9°, | = -51.0°, K = 1Xu3s~= 28.7) tectonic correction (Fig.
4.6d), strongly suggesting that the isolated magnedmponent has a primary (syn-
sedimentary) origin. When the mean paleomagnetiections are compared with the
Africa paleopole at 64 Ma\((°N) = 71.6;¢ (°E) = 234.2, As= 3.6), a CCW rotation of
36.7° +16.1° (F=13.3% 13.2) is obtained (Tab)4.1

4.5. Tectonic interpretation of paleomagnetic resis

Paleomagnetic rotations calculated for each skere@ported in Fig. 4.7a, together
with the overall set of paleomagnetic results ayepublished in Northern Apennines and
re-calculated by Cifelli and Mattei (2010). The quete paleomagnetic data set is
analysed and discussed taking into account theaspdistribution of paleomagnetic
declinations along the length of the arc and akwwdifferent profiles oriented orthogonal
to the main structural axes of the chain (Fig. 4amid 4.7c). We then compare the amount
of rotation displayed by paleomagnetic declinatiovith the change in strike of the

structural trends (oroclinal test according to Sattewvand Van der Voo, 1983).

4.5.1 Distribution of paleomagnetic rotations alotige Northern Apennines

arc

The distribution of paleomagnetic rotations alohg Northern Apennines arc is
shown in Fig. 4.7a. Three different rotational domacan be recognized from the external
toward the internal portion of the arc.

The first domain is represented by the externatoseaf the Northern Apennines,
where a large amount of paleomagnetic data has dmkected from the Oligocene-Lower
Miocene Epiligurian Units, the Jurassic-Eocene Uaibtarche domain and the Upper
Miocene-Lower Pliocene Umbria-Marche foredeep umiiong this sector of the arc, a
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progressive increase of CCW paleomagnetic rotattansbe observed moving from the N-
S oriented southern portion of the arc, towardWHeW-ESE oriented, northern sector of
the arc, where up to 52° of CCW rotations have beeasured in the Oligocene-Lower

Miocene Epiligurian Units (Muttoret al, 1998).
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The second sector is represented by the Tuscas, wiiich form the more internal
domain of the Northern Apennines. In this area msults confirm the general trend of
CCW rotations already measured in pre and syn aiogaits from the external Northern
Apennines. However, the distribution of CCW rotatio the Tuscan Nappe units show a

peculiar trend in comparison with data from the enexternal sector of the chain. In fact,
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in the Tuscan units, the amount of CCW verticabawtations decreases from the southern
sector of the arc (Trasimeno Lake and Chianti-Pnagno areas), where we have
measured a very large amount of CCW rotationserBbcene Scaglia Toscana Fm. (92.1°
+ 31.2° and 81.3° + 34.9°, respectively) and in ltve@er Miocene Macigno Fm. (59.1° +
16.8°), toward the northern part of the arc (ValLdna area), where the mean CCW
rotation is 36.7° £ 16.1° (Tab. 4.1).

The third sector is represented by the extensibyiakenian margin, where the Upper
Miocene-Lower Pleistocene post-orogenic units shovsignificant vertical axis rotations
(Matteiet al, 1996).

In order to analyze more in detail the distributioh paleomagnetic rotations in
Northern Apennines we project paleomagnetic ratatialong two profiles orthogonal to
the main structural trend of the arc (Fig. 4.7b,;B¢ctonic rotations are plotted as a
function of their tectonic location in the orogenwedge, making the reasonable
assumption that moving away perpendicularly from Tlyrrhenian coast we progressively
move from the more internal deformed sectors of ¢hain to the more external, less
deformed sectors.

In the southern profile, CCW rotations measuredhi@ orogenic units decrease
significantly from the internal to the external seoof the chain (Fig. 4.7b). In particular,
whereas CCW rotations up to 100° have been measuardgbde Tuscan units in the
Trasimeno Lake and Chianti areas, CCW rotationssared in the more external Umbria-
Marche units decreases to about 20°. These ditfgmaleomagnetic rotations are not
related to the different age of the sampled semseras both pre-orogenic and syn-
orogenic units are systematically more rotated Ci@Vthe Tuscan than in the Umbria-
Marche units. On the other side, the boundary batwihese two different rotational
domains is very sharp and corresponds with themécboundary between the Tuscan and
the Umbria-Marche units, suggesting that the laggeount of CCW rotations measured in
the Tuscan units could be related to a geodynareatethat has not involved the more
external units of the Northern Apennines. This éwmaturred before the Upper Miocene
as the post orogenic units of the extensional Bidn margin are not rotated.

In the northern profile (Fig. 4.7c) we observe dfedent distribution of
paleomagnetic rotations respect to the southern larfact, the different tectonic units of
the Apennine orogenic wedge show a comparable amoiupaleomagnetic rotations,
which average between 25° and 50° CCW. In partictda what concern the internal

Tuscan units, we have measured a mean paleomaguigtion of about 35° CCW, which
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is comparable with the amount of CCW rotation meagun the middle Jurassic units of
the Tuscan Nappe (Aiello and Hagstrum, 2001), anaf the same order of magnitude of
paleomagnetic rotations measured in Oligocene tcdhie sites from the Epiligurian units
(about 50° CCW) and from the Upper Miocene sitesnfrthe more external Umbria-

Marche units (about 35° CCW). Also in this areaepatagnetic results collected from the
extensional Tyrrhenian margin of Northern Apennipesve that CCW paleomagnetic

rotations measured in the internal sector of ttarcbccurred before Late Miocene.

4.5.2 The oroclinal bending of the Northern Apessin

The origin of the Northern Apennine arc has beebatk since Channedit al
(1978) observed that the increase in CCW rotatimeasured in the Cretaceous-Eocene
“Scaglia” formation, from southern toward northedmbria, probably reflected the
oroclinal bending of an originally straight fold Iberhis mechanism was first confirmed
(Eldredgeet al. 1985) and then rejected (Van der Voo and Chari®&0; Lowrie and Hirt
1986; Hirt and Lowrie 1988) on the base of différelata sets from Mesozoic-lower
Tertiary sediments in the Umbria-Marche domainhed thain. More recently, from the
study of Messinian foredeep sediments of the eatdombria-Marche domain, Speranza
et al. (1997) indicated that the present-day shape ofettternal part of the northern
Apennines arc is related to the oroclinal bendihgrooriginally N320° trending straight
belt. These Authors suggested that vertical axetions accompanied the migration of the
main thrust front toward the Adriatic foreland arttaracterized also the development of
second-order curved thrust fronts in the Apennines.

In order to test a possible orocline origin for theved shape of the Tuscan Nappe
structures, an oroclinal test was carried out faor reew results (Fig. 4.8). The relationship
between paleomagnetic declinations and structurattibns was investigated using the
method originally proposed by Schwartz and Van\tsr (1983) for the Appalachians and
later applied in different curved orogenic systehMaithern Apennines included (Eldredge
et al 1985; Lowrie and Hirt 1986; Speranztaal. 1997) (Fig. 4.8).

In this diagram we have chosen as reference rat@io 315°, as most of our results
show large counterclockwise rotations. We remirat th this kind of diagram the exact
value of the chosen references values (of deatinatiand structural directions) is not
critical, only that is constant. As reference stuual direction Sr we have used 315°, that is
a perfect NW-SE trend, representative of the maientation of the Northern Apennines

tectonic structures.
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As within-site structural directions (that must éensidered as axis of the thrust-
related folds in the Tuscan Units) we used thectiva of the bedding strike (Fig. 4.8a) or
the mean direction of the magnetic lineation ofdeic origin observed by AMS data (Fig.
4.8b), in analogies with Speranetal.,, (1997).

The oroclinal test calculated for the Cretaceouszdie Scaglia Toscana Fm. shows
that paleomagnetic rotation and bedding strike nbaigon are poorly correlated
(correlation coefficient= 0.22) (Fig. 4.8a). The correlation slightly inases (f= 0.47)

when we calculate paleomagnetic rotation versubdgls orientation (Fig. 4.8b).
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Fig. 4.80roclinal test for the Tuscan Nappe consideringtions directly compared with fold axes deviation
(a), and the structural strike deviation betweendtnike direction of bedding strike direction atk site (b).
(see text for further details).

However, in both the cases the t test calculat@dpening our results with the data
distribution for zero slope gives negative resuwtsthe 99% significative level. These
results indicate that the oroclinal test is negatind that there is no significant correlation
between the orientation of tectonic structuresthedneasured paleomagnetic rotations.
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Therefore a different model respect to the simpieclimal bending hypothesis is
required to explain the distribution of paleomagnaitation in the Tuscan Nappe units.

4.6 Paleomagnetic rotations of the Northern Apennies in the
framework of Cenozoic evolution of the Central Medierranean

Paleomagnetic results from the internal TuscansurfitNorthern Apennines show a
distribution of CCW rotations along the arc thahmat be explained using the oroclinal
bending model, which has been successfully propésedhe evolution of the external
portion of the arc (Speraneaal, 1997).

On this base we propose a different model to empldie distribution of
paleomagnetic rotation in the internal part of Meethern Apennines, which integrates in a
single evolutionary model the Oligo-Miocene driffimnd CCW rotation of the Corsica-
Sardinia block and the curvature of the Northerredpnes arc (Fig. 4.9). The tectonic
model takes into account: 1) the pre-drifting pgmgraphy of the Corsica-Sardinia block;
2) the timing of deformation of the different teeto units of Northern Apennines; 3) the
overall paleomagnetic data from Northern Apennires] in particular the very large
amount of CCW rotations measured in the southertigmoof the Tuscan Units, when
compared to the more external Umbria-Marche units.

The paleogeography of the Northern Apennine angi€aSardinia block at the pre-
drift stage (Chattian) is shown in Fig. 4.9a. Aattlime the more internal units (Ligurian
oceanic domain), which were incorporated in the kpee chain during Late Cretaceous,
formed a double-verging orogenic wedge, relatechdotheastward subduction of the
Adriatic-lonian lithosphere. The proposed positadithe Corsica-Sardinia block, located
adjacent to southern France, was originally suggebly Argand in 1924 and has been
later confirmed by a large amount of geologicabmeysical and paleomagnetic evidences
(De Jong and Manzoni, 1968; De Jatcal, 1969; Zijdervelcet al, 1970; Alvarez, 1972;
Alvarez et al, 1973; De Jon@t al, 1973; Westphatt al, 1973; Montignyet al, 1981;
Burrus, 1984; Edel, 1980; Vigliotét al, 1990; Gattaccecet al, 2007).
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These Authors, on the base of integrated paleontiagrmend geochronology
investigations of Miocene volcanic sequences, lpegen that 45° CCW rotation respect
to stable Europe occurred after 21 My (Aquitaniax)which 30° CCW rotation occurred
between 20.5-18 My, during the maximum volcanicnésen Sardinia. At the same time,
paleomagnetic analyses from sedimentary units fr@arsica and from volcanic
successions in Sardinia concur to demonstratethieatotation was completed around 15
My ago (late Aquitanian-Langhian) (Vigliotti and Kig 1990; Gattaccecat al 2007).
These results are fully compatible with a pre-dpétinspastic reconstruction where the
Corsica Sardinia block is located adjacent to tbast of Southern, as deduced from
morphological fit of the continental margins, oceacrust extension defined by tectonic
subsidence analysis (Pasquakeal, 1995) and compatible with 3D gravity inversion
(Chamot-Rookeet al, 1999), and define a rotation pole during thetithgf of the Corsica-
Sardinia block located in the Ligurian Sea arouBdb 2N, 9.5°E (4.10).
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The Corsica-Sardinia CCW rotation has been coewd the incorporation of the
Tuscan domain succession in the Apennine orogerddges (Fig. 4.9b). Both these
processes were induced by the westward subductidneastward slab roll-back of the
Adriatic-lonian lithosphere. During Lower Mioceneettrench was located to the east of
the Tuscan Nappe, and this tectonic domain reptegdhe external front of the Northern
Apennines thrust and fold belt. Therefore, the @nsnappe, together with the Corsica-
Sardinia block, formed the upper plate of the sehdg systemwhile the Umbria-Marche
units still represented the undeformed foreland a@lamin this framework it appears
reasonable that the CCW rotation of the CorsicaiSar block also extended to the
Tuscan Nappe unit, which is also located in theeugpate in the subducting system. In
this tectonic interpretation the Corsica-Sardin@C rotation has been recorded only by
the southern part of the Tuscan units (Trasimerkelzand Chianti areas), that is in the area
located to the south of the Corsica-Sardinia péletation (43.5°N, 9.5°E) (Fig. 4.9b,c).
Conversely, the northern Apennine units locatetheonorth of the rotation pole (Val di
Lima area), didn’t participate to this tectonic gees and did not rotate. This interpretation
explains the significant decreases of CCW rotations the southern to the northern part
of the Tuscan units.

The significant difference in the amount of CCWatain between the Tuscan and
the Umbria Marche units also demonstrates thalatter were not involved in the Corsica-
Sardinia rotation. This is not surprising as, dgrine Lower Miocene, the Umbria-Marche
units still represented the foreland of the Apersinrogeny and were located in the lower
plate of the Adriatic-lonian subducting system (F®b,c).

It is worth to note that the amount of CCW rotat{@orsica-Sardinia (about 45-50°) is not
sufficient to explain the entire CCW rotation meashin the Tuscan units (which reaches
80°-90°). Therefore, we suggest that, in analogy wihat has been observed in the more
external part of the northern Apennine, a portib&@GW rotations that we measured in the
Tuscan Nappe units are related to local deformatrahthe stacking of Tuscan Nappe over
the Umbria-Marche domain during the Lower—Middleokkne. As a consequence, the
huge CCW rotations~80°-90°) measured in the southern part of the Tuddappe
(Trasimeno Lake and Chianti Mts.) are related to thfferent processes: the Corsica-
Sardinia CCW+50°) and the curvature of the Apennine ar8Q° - 40°). The latter is also
responsible of the entire CCW rotations measurethénnorthern Tuscan units (Val di
Lima). During the Late Miocene and Pliocene vettaas rotations accompanied thrust

emplacement of the tectono-stratigraphic units textain the external sector of the
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Northern Apennines as a consequence of slab roKk-lf the subducting Adriatic
lithosphere (Speranz al, 1997; Muttoniet al, 1998) (Fig. 4.9d). These rotations did not
involve the internal Tuscan units. In fact the |&fiiocene-Pleistocene post orogenic
sequences that deposited on top of the deformethaltApennines units during the rifting
of the Tyrrhenian Sea basin did not undergo vdrtgs rotations (Sagnotaét al, 1994;
Matteiet al, 1996) (Fig 4.9d).

4.6 Conclusions

The tectonic evolution of Central Mediterranean hasn mainly characterized by
two coeval processes, which occurred during thegressive slab roll-back of the
subducting Adriatic-lonian lithosphere. These psses are the drifting and CCW rotation
of the Corsica-Sardinia block and the progresswevature of the Northern Apennines
chain. These two events have been usually considseparately, as paleomagnetic
evidences of the first process derived from thes€arSardinia block, not involved in the
Apennines orogen, whereas the curvature of the veas mainly described using
paleomagnetic data from the more external unith@fNorthern Apennines, which during
the Corsica-Sardinia rotation represented thedadedomain of the Apennines.

Paleomagnetic data from the Tuscan Nappe unitatddcin the internal portion of
the Northern Apennines, allow filling this gap addmonstrate that during the Corsica-
Sardinia drifting the Northern Apennines orogeniedge also rotated CCW, suggesting
that in this phase the Adriatic-lonian subductiabgoll-back caused the CCW rotation of
the whole upper plate of the Central Mediterraneahduction system. This scenario
changed with the end of the Corsica-Sardinia dgftand CCW rotation, when back-arc
extensional processes were transferred to the 8lorthiyrrhenian basin. Since that time
the vertical axis rotations were confined to théemal part of the Apennines orogenic
wedge, which progressively acquired its presentaiayature as a consequence of the slab
roll-back of the subducting Adriatic slab, wherdlas extensional basins located along the
northern Tyrrhenian basin did not rotate during $hene time interval. This difference is
probably related to the different style of back-apening between the Ligure-Provencal
basin, characterized by drifting and oceanic cqustduction, respect to the northern
Tyrrhenian Sea, where extensional tectonics newvelved from the rifting to the drifting

stage.
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Chapter 5

The magnetic fabric of the Tertiary sediments of the internal
Tuscan Nappe successions (Northern Apennines, Italy)

5.1 Introduction

The analysis of the anisotropy of magnetic susceptibility (AMS) represents a suitable
tool to identify both the depositional (Rees, 1965; Schieber and Ellwood, 1988; Kissel et
al., 1997) and tectonic processes which occur in sediments (e.g., Kissel et al., 1986;
Borradaile, 1988; Aubourg et al., 1991; Rochette et al., 1992; Housen et al., 1993; Tarling
and Hrouda, 1993; Pares and van der Pluijm, 2002; Cifelli et al., 2004, 2005). Generally,
the magnetic susceptibility ellipsoid (with Kpax > Kint > Kmin) of undeformed sediments is
oblate, with the foliation plane (Kmax—Kint) parallel to the bedding plane. This fabric is
attributed to depositional and/or compaction processes (Lowrie and Hirt, 1987; Lee et al.,
1990; Paterson et al., 1995) and may be controlled by flow regime. In these conditions, the
magnetic lineation reflects the alignment of mineral long axes in the direction of the flow
(e.g., Rees, 1965). If the sediments undergo tectonic deformation, a tectonic AMS sub-
fabric will progressively develop, modifying the primary sedimentary magnetic fabric
according to the amount and type of deformation. The magnetic fabric has a distinctive
character in extensional and compressional tectonic settings (Kissel et al., 1986; Lowrie
and Hirt, 1987; Sagnotti et al., 1994b; Mattei et al., 1997, 1999; Pares et al., 1999; Cifelli
et al., 2004). Consequently, it constitutes a valid tool in defining the deformation pattern in
sedimentary rocks. In particular, this is the case of weakly deformed fine-grained

sedimentary sequences, where no evident pervasive tectonic structures develop during
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deformation (Graham, 1966; Borradaile and Tarling, 1981; Kissel et al., 1986; Mattei et
al., 1997).

In the Italian Peninsula, several AMS studies have been carried out in sedimentary
sequences of the Apenninic chain and the Tyrrhenian margin (Lowrie and Hirt, 1987;
Sagnotti and Speranza, 1993; Sagnotti et al., 1994b; Scheepers and Langereis, 1994;
Winkler and Sagnotti, 1994; Averbuch et al., 1995; Mattei et al, 1995; Sagnotti et al.,
1998; Speranza et al., 1998; Mattei et al., 2002; Cifelli et al. 2004, 2005, among others).
All of these studies indicate a direct relationship between the magnetic fabric and the
structural setting, showing that the AMS pattern is the result of the earliest stages of
tectonic deformation and modification of the original sedimentary fabric, related to
compaction processes.

In this study, a magnetic fabric study was carried out in the fine-grained sequences of
the Tuscan Nappe succession, an internal area of Northern Apennines (Fig. 5.1). This area
is located at the boundary between the more external Apenninic chain characterized by
compressional regime and the internal Tyrrhenian margin where the extensional regime is
predominant. Therefore the information on the tectonic regime recorded by sediments of
this area represent an important element to reconstruct the geometry and timing of the
deformation of this portion of the Apennine chain at local and regional scale, in the general
framework of the geodynamic evolution of the Central Mediterranean area.
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Fig. 5.1. Schematic map of the Northern Apennines and location of sampling sites.
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5.2 Geological and tectonic setting

The Northern Apennines consists of several paleogeographic domains, organized in a
fold and thrust belt forming a broad curved structure with an eastward (Adriatic) vergence
(Fig. 5.1). The curvature of the arc follows the Adriatic margin of the belt, with the
orientation of the main structures ranging from NW-SE/WNW-ESE in the north to almost
N-S in the south. Several second-order arcs developed besides the principal arc, in
response to heterogeneities in the stratigraphic sequences and out-of-sequence nappe
stacking. The Northern Apennines is composed of a series of paleogeographic domains
that form stacked structural units accreted onto the Adriatic foreland (Baldacci et al., 1967;
Elter, 1975; Boccaletti et al.,1980; Principi and Treves, 1984; Barchi et al., 1998a, b; Costa
et al., 1998) (Fig. 5.1). The uppermost nappes of the Northern Apennines are represented
by oceanic (Ligurian) and transitional (sub-Ligurian) domain units, characterized by the
occurence of Jurassic ophiolites and their Jurassic-early Cretaceous sedimentary cover,
overlain by Cretaceous-Oligocene flysch sequences. The Ligurian domain units overthrust
eastward the Tuscan domain units, formed by Upper Triassic to Eocene marine carbonates
and by Oligocene-Lower Miocene foredeep sequences, which are deformed in an array of
thrust sheets and ultimately thrust over the Umbria-Marche-Romagna units. The latter
consists of sedimentary sequences deposited on a continental margin with basal late
Triassic evaporites, platform carbonates (Lias) and pelagic sequences (Jurassic-Eocene)
enriched upward in terrigenous deposits (Paleogene) and flysch sequences (Miocene).

The tectonic evolution of the Northern Apennines is characterized by the progressive
migration of the orogenic front toward the Adriatic foreland, which is marked by the onset
of siliciclastic deposits which get progressively younger toward the Adriatic foreland. The
onset of siliciclastic deposition occurred in Northern Apennines during late Cretaceous in
the oceanic Ligurian domain. The Ligurian oceanic domain was deformed during late
Cretaceous to early Eocene time, and formed a double vergent accretionary wedge, now
outcropping from Corsica to Italian peninsula (Treves 1984; Carmignani et al., 1994).
Starting from the Oligocene onwards, foredeep basins migrated eastward and formed on
the top of continental sequences, belonging to the passive margin of Apulia. Their
incorporation into the Apennines orogenic wedge marked the subduction of Adriatic
continental lithosphere underneath Europe. Afterwards, during the Neogene, foredeep
basins further migrated toward the Apulia foreland in front of the migrating thrust nappes.
In Northern Apennines such process is well documented by stratigraphic and seismic

studies, which precisely constrain the Neogene evolution of the foredeep basins in the front
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of the Apennines chain (e.g., Patacca et al., 1992; Calamita et al., 1994, Pieri et al,. 1994).
Foredeep basins formed on top of progressively easternmost (external) units, up to the
Adriatic foreland. The formation and evolution of foredeep basins were driven by the
loading of the adjacent thrust belt and related to subduction processes, such as the flexural
retreat of the subducting lithosphere (Royden et al., 1987). This process was particularly
severe during Plio-Pleistocene times as evidenced by the presence, in the external part of
the Apennines chain, of a foredeep-basin system, which contains up to 8 km of Pliocene-
Quaternary sedimentary rocks (Royden et al., 1987).

Extensional tectonics on the Northern Tyrrhenian sector was coeval with thrust
emplacement in the external Umbria-Marche-Romagna chain, with both extensional and
compressional fronts migrating toward the Adriatic foreland from middle Miocene up to
Pleistocene (e.g., Elter et al., 1975). Extensional tectonics dissected the already formed
Apennines chain and generated new NW-SE trending extensional basins filled by
‘neoautochthonous’ marine and continental sequences (Jolivet et al,. 1998; Collettini et
al.., 2006 and references therein). Moreover, crustal thinning, high heat flow and upraise of
magmatic bodies accompanied extensional tectonics along the Tyrrhenian margin. Today,
active tectonics is represented by NW-SE normal faults, with a well documented historical
and recent seismicity, mostly located in the internal sector of the Umbria-Marche-
Romagna region, at the edges of intramontane basins (among others, Chiaraluce et al.,
2004).

5.3 AMS sampling areas and methodology

In this study, AMS sampling was carried out in the Tuscan Domain, in the internal sector
of Northern Apennines. In particular, three main areas have been investigated: (1) the area
around the Trasimeno Lake, (2) Chianti Mountains and Pratomagno area, and (3) the Val
di Lima and Garfagnana area (Fig. 5.1). In total, 36 sites were sampled (528 oriented
cylindrical samples). Samples were drilled using an ASC 280E petrol-powered portable
drill with a water-cooled diamond bit. The cores were oriented in situ with a magnetic
compass, corrected to account for a local ~2° magnetic declination according to the NOAA

National Geophysical data center.

5.3.1 Trasimeno Lake area

The Trasimeno Lake area is characterized by the presence of four major tectonic

units, piled up during the Miocene that are from west (top) to east (bottom): the Ligurian
102



units, consisting of Jurassic ophiolites; the Tuscan Nappe (Tuscan allochthon), an
east-verging imbricate thrust-stack made up of pelagites and siliciclastic turbidites
(Mirabella et al., 2011); a transitional unit (Mt. Rentella Unit) including polychromic marls
of Mt. Rentella (Brozzetti et al., 2010) and Aquitanian-Burdigalian foredeep siliciclastic
turbidites of the Montagnaccia Fm. (Barsella et al., 2009); and the Umbria unit,
characterized by a meso-cenozoic carbonates succession followed by the foredeep turbidite
succession of the Marnoso Arenacea Fm. (Early-Middle Miocene) (Mirabella et al., 2011).
Some authors (e.g., Abbate and Bruni, 1989; Brozzetti, 2007) have suggested that the
outermost part of the Tuscan Nappe belongs to a separate tectonic unit (Falterona-
Cervarola Unit or Falterona Nappe). In this study, the Falterona-Cervarola Unit is
considered as belonging to the Tuscan Nappe, according to Plesi et al. (2002).

In this area, the Tuscan Nappe succession has been sampled. Six sites (FT03, FT11-
FT15) were sampled in the pelagic foreland ramp deposits of the Scaglia Toscana Fm.,
consisting of calcareous-marly turbidites and varicoloured shales and marly-shale layers
(Ypresian-Lutetian). Seven sites (FT01, FT02, FT06-FT10) were sampled in the foredeep
turbidite deposits of the Macigno Fm, which consists of thick coarse-grained siliciclastic
turbidites alternating with siliciclastic thin and fine grained beds (Aquitanian) (Fig. 5.1).

Among the Scaglia Toscana Fm. sites two continues and well exposed section have
been sampled (FTO3 and FT15 sites). The first section is located in the Montanare Cave
northern of Trasimeno Lake (site FTO3 in Fig. 5.1). The section consists of alternating
calcareous marls and marly-shales layers for a total thickness of about 70m. The lithofacies
is characterized by limestone nut-brown strata, generally 5-40 cm thick with grey chert in
nodules and lens. The varicoloured marly-shale interstrata have a smaller thickness in the
order of millimeters or centimeters. The samples have been collected in calcareous strata,
in which a total of 44 samples were drilled considering a variable spacing ranging from 60
to 300 cm.

The second section is exposed at the NW of Mt. Solare in the Casilini Cave at south
of Trasimeno Lake (site FT15 in Fig. 5.1). The section has a total thickness of about 50 m
and it is mainly made up of an alternating calcareous and shale, marly-shales layers. The
calcareous strata are mainly thin-bedded grey-red limestone (strata are normally 10-40 cm
thick) with in some cases nodules and lens of chert, convolute lamina and bioturbations (at
the top of the strata). These strata are interbedded with thin varicoloured shale and marly-
shale layers (strata are normally 2-16 cm thick). A total of 53 samples are drilled from

calcareous strata, with an average sampling spacing ranging from 60 to 120 cm.
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5.3.2 Chianti Mountains and Pratomagno area

The structure of the Chianti Mountains has been interpreted as a result of thrust-and-
fold deformation (Bonini, 1999) and it is characterized by the Tuscan Nappe succession,
which in this area is largely exposed (from Upper Cretaceous to Lower Eocene members).
The main structural feature of this region is an E-NE vergent steeply to moderately
dipping, overturned anticline, which folds the Macigno sandstone and exposes Scaglia
Toscana Fm at its core (Bonini et al., 2012). Referring to Sagri et al., (2012), the Tuscan
Nappe in this sector is thrust onto the more external Cervarola-Falterona unit. Falterona
succession, cropping-out in the Pratomagno ridge, consists of Rupelian-Chattian
varicoloured clays alternating mudstone layers (Villore Marls) at the bottom following by
the Chattian-Burdigalian Falterona Fm. This silicoclastic turbidites deposits have been
subdivided into five member, on the base of thickness of the layers and arenites/pelites
ratio (Bortolotti et al., 2012). The succession ends with the Vicchio Marls Fm. that crops
out mainly in the Mugello Basin area. This formation consist of gray marls and silty marls,
interbedded by thin sandstone layers with calcareous component

In this area four sites (FT16-FT19) were sampled in the pelagic and ramp deposits of
the Scaglia Toscana Fm, whereas 5 sites (FT20-FT24) were sampled in the foredeep
turbidite deposits of the Falterona Fm, whereas 3 sites were taken from the Burdigalian
thrust top deposit of the Marne di Vicchio Fm. (FT25-FT27) (Fig. 5.1).

5.3.3 Val di Lima and Garfagnana area

The main structural feature of Val di Lima area is a very large east-verging recumbent fold,
with the hinge located in the Montale—Lucchio alignment. It has formed during two folding
phases, the first referred to Late Tortonian and the second one to Messinian time (Fazzuoli
et al., 1994; 1998). The second relevant characteristic of this area is represented by the
several tectonic contacts between the Macigno Fm and the Scaglia Toscana and Maiolica
Fms. related to activity of low-angle thrust faults that cut these formations (Fazzuoli et al.,
1998). Moreover this area is affected by large NW-SE and E-W normal fault that intersect
the recumbent fold and create a tectonic boundary between the Mesozoic deposits and the
Oligocene turbidite deposits (Macigno fm.) (Fazzuoli et al., 1998). The stratigrafic
succession with thick Jurassic formation, testify a subsident paleogeographic domain since
Middle Jurassic until Oligocene time (Cerrina Feroni and Patacca, 1975; Fazzuoli, 1980).
In Val di Lima and Garfagnana areas the Jurassic-Cretaceous condensed and reduced

sequences crop out, such as consequent of a non-uniform physiography. The consequent
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effect is a discordant deposition of Scaglia Toscana Fm. on top of Rosso Ammonitico Fm..
The upper part of Scaglia Toscana Fm. is interpreted as deposited in base-escarpment
environment of a active margin. In this formation three lithofacies has been distinguished,
the lithofacies sampled is Argilliti dell’Orecchiella, consisting of red, gray-green clays
interbedded with centimeter calcareous strata. This lithofacies can be referred to
Cenomanian-Rupelianan time (Fazzuoli et al., 1998). This area is characterized by
compressive deformation, starting from Eocene Time and culminating during upper
Oligocene- late Miocene time, during which Ligurian unit thrusted on to more external
domain and structuring of Falda Toscana occurred (Boccaletti et al., 1980; Carmignani et
al., 1978; Chicchi and Plesi, 1991a,b; 1992, Costa et al., 1998).

In Val di Lima area 4 sites have been collected in the Mesozoic core: (a) 3 sites (FT28-
FT29-FT30) were collected in the Scaglia Toscana Fm., cropping out in a portion of the
Mesozoic core south of Lucchio village; (b) one site (FT36) was sampled in the
northernmost part of the Mesozoic core, NE of Montefegatesi village (LV Fig. 5.1). In the
Garfagnana area three sites (FT33-34-35) have been sampled in the Corfino Mesozoic core
while FT31 and FT32 sites have been sampled in the Mesozoic core near Sassorosso
village (GF Fig. 5.1).

5.3.4 Magnetic methods

AMS and rock magnetic analyses were carried out at the paleomagnetic laboratory of
the Roma Tre University and Istituto Nazionale di Geofisica e Vulcanologia (INGV,
Rome), respectively. The measurement of the low-field anisotropy of magnetic
susceptibility (AMS) represents a cheap, rapid and non-destructive technique for the
characterization of the mineral fabric of rocks (Hrouda, 1982). AMS is defined by a second
rank tensor and represented geometrically in terms of an ellipsoid in which the greatest
intensity of magnetization is induced along the long axis Knax and the weakest intensity
along the short axis K, (with the principal axes Kmax > Kint > Kmin). Several parameters
have been defined both for the quantification of the magnitude of anisotropy and for
defining the shape of the ellipsoid (see Tab. 5.1, Jelinek 1981 and Hrouda 1982). The mean
susceptibility values Kn, have been computed as Kpn=(Kmax+Kint+Kmin)/3. The magnetic
lineation L (Kmax/Kmin) is defined by the orientation of Kn.x, While the magnetic foliation F
(Kint/Kmin) i defined as the plane perpendicular to Kyin. T is the shape parameter and range
from -1 (perfectly prolate ellipsoid with L >> F) to +1 (perfectly oblate ellipsoid with F <<
L) with zero values corresponding to a sphere (F ~ L). The anisotropy degree is expressed
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by the parameter Pj (Jelinek, 1981) which is obtained considering all the three principal
susceptibility values. Anisotropy of magnetic susceptibility (AMS) was measured for all
samples using a KLY-3S kappabridge magnetic susceptibility meter. Results are shown on
an equal area stereographic projection using the Jelinek and Kropacéek (1978) statistics.

In order to identify the main magnetic minerals in the studied sediments, we carried
out a series of rock magnetic analyses on selected specimens. The measurements included:
(1) lsothermal Remnant Magnetization (IRM) acquisition curves, carried out on 38
samples; (2) stepwise thermal demagnetization of a composite isothermal remanent
magnetization (IRM) produced by sequential application of pulsed fields of 0.12 T, 0.6 T
and 2.7 T along three mutually orthogonal sample axes for 58 selected samples, and (3)
hysteresis properties of small rock fragments from 6 selected samples for each formation.
The hysteresis properties were measured on a Micromag alternating gradient
magnetometer (AGM model 2900, Princeton Measurements Corporation) with a maximum
applied field of 1 T.

5.4 Rock magnetism and AMS Results

Magnetic susceptibility (K) is highly variable within the sampled sites, with most of
the samples characterized by susceptibility values in the 0-400 x 10° SI range (Fig. 5.2a).
These values are typical of fine-grained sediments with low ferrimagnetic mineral content,
whose susceptibility and magnetic fabric are mostly determined by paramagnetic and
diamagnetic minerals in the clay matrix (Borradaile et al., 1986; Rochette, 1987; Sagnotti
et al., 1998). Magnetic susceptibility values of the Scaglia Toscana Fm. display a wide
distribution, with a main clustering at low values (K between 0 and 90 x 10°® SI) (Fig.
5.2b). These susceptibility values are lower than those characterizing the distributions of
the younger sediments of the Macigno, Falterona and Marne di Vicchio Fms. (K, between
82 and 382 x 10 SI) (Fig. 5.2c). The different trends are related to the different magnetic
minerals present in the rock matrix. Low susceptibility values can be observed in all the
three analyzed areas of the Scaglia Toscana Fm. (Fig 5.2 d,e,f) and can be ascribed to the
main contribution of diamagnetic minerals (i.e. calcite). However, in the Garfagnana area
higher values of susceptibility indicate an additional contribution of paramagnetic minerals
to the magnetic signal (Fig. 5.2f). On the other hand, paramagnetic minerals seem to be the
most representative magnetic minerals in the Macigno, Falterona and Marne di Vicchio

Fms. sediments. Turbidites deposits from the Macigno and Falterona Fms. show higher

106



susceptibility values (K between 120 x 10° SI and 382 x 10°® SI) compared to the Marne
di Vicchio Fm. thrust top deposits (K between 82 x 10® SI and 152 x 10° SI). This
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Fig. 5.2. Frequency distribution of the mean susceptibility (K.) values for: (a) the entire set of 495
specimens; (b) Macigno, Falterona and Marne di Vicchio Fms.; (c) Scaglia Toscana Fm..

difference can be related to the higher contribution of diamagnetic minerals in marls (Fig.
5.2i) with respect to the sandstone and limestone of turbidite deposits (Fig. 5.2 g,h).

In the Scaglia Fm. samples, hysteresis loops show the prevalent paramagnetic
behaviour, with a distinct ferromagnetic contribution (Fig. 5.3a-c). As already illustrated in
chapter 4, IRM curves and the thermal demagnetization of a composite IRM (Lowrie,
1990) of these samples indicate that most of the samples do not saturate at the maximum
applied field (Fig. 4.3a). For these samples, the maximum unblocking temperature spectra
Is ~ 680° indicating the presence of high coercivity minerals, such as hematite (Fig. 4.3c).
This is confirmed by the high values of the remanence coercivity (Hcr) (Fig. 5.3d-f), which

indicate hematite as the main ferromagnetic mineral.
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Samples from Macigno Fm., Falterona Fm. and Vicchio Fm. show a ‘closed’

hysteresis loop, suggesting that the paramagnetic contribution is dominant (Fig. 5.3g-i).

The totality of these samples saturate at 0.3T (Fig. 4.3b), indicating that the high coercivity

component is not significant in these sediments. The stepwise thermal demagnetization of

a three-component IRM shows that the low-coercivity component is removed at 580°C,

suggesting that the magnetic mineralogy is dominated by magnetite (Fig. 4.3f-h). The

presence of low-coercivity minerals (magnetite) is confirmed by the low values of Hcr

(Fig. 5.3j-1).
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Fig. 5.3. Hysteresis loop for representative samples (a-f) of the Scaglia Toscana Fm.;

(g9) Macigno,

Falterona (h) and Marne di Vicchio (i) Fms.. For each samples, the stepwise acquisition of an isothermal
remnant magnetization (IRM) in fields up to 1 T and back-field demagnetization curves are also reported.
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A weak correlation between site mean susceptibility values and the corrected anisotropy
parameter Pj (as defined by Jelinek, 1981) is observed in the younger sediments, while it is
not visible in the specimens from the Scaglia Toscana Fm., which show generally lower
degree of anisotropy (Fig. 5.4a). In all the investigated samples, the Pj values are always
relatively small, lower than 1.13, indicating a poorly developed magnetic fabric and
therefore weakly deformed sediments. The shape and eccentricity of the susceptibility
ellipsoids have been evaluated by plotting the Pj versus T parameters (Fig. 5.4b) and
magnetic lineation (L) vs magnetic foliation (F) values (Fig. 5.4c). In general, T parameter
is positive for all sites reflecting an oblate shape of the AMS ellipsoid (with F > L). Only
site FT36 belonging to the Scaglia Toscana Formation from the Garfagnana area shows a
prolate fabric. Samples from Macigno, Falterona and Marne di Vicchio Fms. are
characterized by a strongly oblate fabric due to well developed magnetic foliation (1.03 <
F<1.11and 1.00 < L < 1.01) (Fig. 5.4c). In contrast, Scaglia Toscana Fm. sites show lower
values of the T parameter and higher values of L (1.01 <F <1.06 and 1.00 < L < 1.03).
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Figure. 5.4. Degree of anisotropy Pj vs. mean susceptibility K, for at each site. (b) T- Pj plot for all investigated sites;
(c) F-L plot for all investigated sites.
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The main magnetic susceptibility directions for each site are tightly grouped with a
well-defined magnetic foliation and magnetic lineation (Fig. 5.5). In most of the sites, the
magnetic foliation is parallel to the bedding plane. Moreover, many sites clearly show
distinct magnetic lineation as defined by clustering of the Knax axes. On the basis of the
semi-angle of 95% confidence ellipse in the Knaxx - Kint plane (er2) it is possible to
distinguish the degree of lineation. We consider a lineation “well defined” when e;, < 30°,
“poorly defined” when 30°< e;, <45° and “not defined” when e, >45° (Tab. 5.1).

In the Trasimeno Lake area (Tab. 5.1 and Fig. 5.5a,b), the lineation of Scaglia
Toscana Fm. is well defined for 2 sites (FT13 and FT14), while it is poorly and not defined
for FT11, FT12 and FTO3, FT15 respectively. Among the 4 investigated sites of the Mt.
del Chianti and Pratomagno area (Fig. 5.5¢,d), two sites with poorly defined (FT16,18) and
two sites with well defined lineation (FT17,19) have been recognized. Finally, in the Val di
Lima and Garfagnana area (Fig. 5.5¢,f), all the studied sites show a well defined lineation.

For Macigno Fm., in the Trasimeno Lake area, 5 sites show a well defined lineation
(see site FTO1 and FTO2 in Fig. 5.5g, h,), whereas two sites show poorly defined (FT06)
and not defined (FTO7) magnetic lineation. In the Mt. Chianti and Pratomagno area, all the
Falterona Fm. sites show a well defined lineation but one site showing a poorly defined
lineation (Fig. 5.5 i,j). Finally, all the sites of the Marne di Vicchio Fm. display a well
defined lineation (Fig. 5.5 k,I).

110



Table 5.1. List of anisotropy factors computed at each site.

Site Coordinates (Lat-Long) Lithology Formation Age N. So Km L F P’ T Kmax (D, 1) Kint (D, I) Kmin (D, 1) E1-2 E3-2
Umbria Area
FTO1 43°20'48.3", 12° 02' 09.2" Sand-limestone Macigno (Mac3) Aquitaniano 14 263,42 3.38E-04 1.009 1.095 1117 0.822 305.1, 16.3 203.6, 34.5 56.2, 50.8 18.7 3.7
FT02 43°14'49.4", 12° 06' 28.1" Sand-limestone Macigno (Mac3) Aquitaniano 11 246,30 3.05E-04 1.009 1.082 1.102 0.795 314.7,5.3 221.6, 30.2 53.7,59.2 6.3 25
FTO03 43°14'32.3", 12° 04' 54.9" Mudstone Scaglia Toscana Eocene 45 variable 3.61E-05 1.012 1.025 1.040 0.264 282.5,16.4  186.0,21.1 47.5, 62.8 60.3 14.0
FT04 43°23'10.4", 12° 33' 25.7" Sand-limestone Shlier Aquitaniano 22 29,46 1.04E-04 1.007 1.042 1.053 0.683 324.6,5.1 58.4, 36.6 227.9,53.0 15.7 4.6
FT05 43°23'01.0", 12° 33'52.4" Sand-limestone MarnosoArenacea Burdig-Lang. 19 39,57 1.64E-04 1.011  1.058 1.075  0.665 324.2,14.8 88.1, 64.5 228.6, 20.2 14.8 6.8
FT06 43°17'53.5", 12° 02' 22.6" Sand-limestone Macigno (Mac3) Aquitaniano 19 variable 2.27E-04 1.008 1.085 1.104 0.813 3105, 2.4 218.5, 38.6 435,513 34.2 4.9
FTO7 43°17'57.2", 12° 02' 30.4" Sand-limestone Macigno (Mac3) Aquitaniano 13 235,30 2.95E-04 1.007  1.087 1.106  0.851 147.9, 4.7 241.1,34.1 51.1,55.4 45.6 3.9
FTO8 43°18'13.8", 12° 04' 34.9" Mudstone Macigno (Mac3) Aquitaniano 12 variable 1.75E-04 1.010 1.076 1.095 0.773 160.5, 14.0 257.1,24.8 43.7,61.0 7.0 3.2
FT09 43°27'34.6", 12° 08' 12.2" Mudstone Macigno (Mac3) Aquitaniano 14 230,21 1.43E-04 1.006 1.060 1.073  0.828 245.0,25.8  146.4,17.1 26.6, 58.3 222 2.6
FT10 43° 27'46.8", 12° 07' 40.3" Mudstone Macigno (Mac3) Aquitaniano 15 160,11 1.59E-04 1.005 1.067 1.080 0.869 101.4, 10.0 193.6, 12.4 333.5,74.0 215 3.8
FT11 43°05'14.2", 12° 10' 50.0" Mudstone Scaglia Toscana Eocene 13 variable 6.37E-06 0.841 0.883 1.079 0.071 355.0,145 128.8,69.5 261.3,14.1 30.9 18.7
FT12 43°04'17.7", 12° 11' 22.6" Mudstone Scaglia Toscana Eocene 16 variable 2.60E-05 1.018 1.028 1.049 0.182 345.5,16.2 204.1, 69.7 79.1,12.0 31.9 22.6
FT13 43°10'54.6", 12° 10' 21.7" Mudstone Scaglia Toscana Eocene 17 variable 4.03E-05 1.014  1.052 1.072 0531 350.2, 2.4 257.6,47.4 82.4,42.5 22.5 6.8
FT14 43°10'53.3", 12° 10' 26.3" Mudstone Scaglia Toscana Eocene 11 variable 2.55E-05 1.021  1.037 1.061  0.275 165.0, 5.3 67.2,55.9 258.5, 33.6 13.4 12.1
FT15 43°02'38.7", 12° 08' 52.7" Mudstone Scaglia Toscana Eocene 68 variable 3.99E-05 1.006 1.023 1.032 0477 304.4,31.5  165.3,50.9 47.8, 20.6 57.2 7.4
Monti del Chianti e Pratomagno Area
FT16 43°32'19.8", 11° 24'32.9" Mudstone Scaglia Toscana Eocene-Oligoc. 13 248,09 7.298% 1.003 1.033 1.040 0.691 251,2/20,7 156,2/13.0 36.3/65.2 332 6.3
FT17 43°35'58.2", 11° 22' 02.1" Mudstone Scaglia Toscana Eocene-Oligoc. 11 73,17 5.42E°% 1.009 1.053 1.069 0.641 155.1/1.0 64.7/24.2 247.4/65.8 21.5 4.0
FT18 43°36'09.0", 11° 22' 21.2" Mudstone Scaglia Toscana Eocene-Oligoc. 13 24,23 4.26E® 1.007 1.015 1.024  0.367 307.0/6.3 38.6/13.8 193.2/74.7 42.8 145
FT19 43°32'06.3", 11° 22' 41.0" Mudstone Scaglia Toscana Eocene-Oligoc. 11 220,22 6.77E% 1.004 1.012 1.017 0.501 141.7/5.3 2324174 16.2/80.9 26.7 7.6
FT20 43°37'28.7", 11° 40' 43.8" Sand-limestone Falterona (Fal 2) Chattian.Aquit 16 variable 2.60E°% 1.009 1.091 1112 0.796 328.0/4.3 58.4/5.1 198.2/83.3 10.0 4.5
FT21 43°37'23.7", 11° 40' 59.1" Sand-limestone Falterona (Fal 2) Chattian.Aquit 13 55,19 2.74E% 1.012 1.066 1.085  0.665 333.0/8.2 65.5/17.1 218.3/71.0 16.3 5.7
FT22 43°37'40.2", 11° 41' 00.1" Sand-limestone Falterona (Fal 3) Chattian.Aquit 11 variable 3.20E% 1.010 1.106 1.131 0.824 1279/3.6 37.2/11.2 2355/78.2 33.0 4.0
FT23 43°38'13.5", 11° 40' 30.8" Sand-limestone Falterona (Fal 3) Chattian-Aquit. 9 70,11 1.62E™ 1.007 1.062 1077 0.783 312.3/5.0 43.0/8.2 191.3/80.4 11.4 31
FT24  43°38'51.8" , 11°39'38.9" Sand-limestone Falterona (Fal 3) Chattian-Aquit. 8 110,9 1.90E* 1.008 1.075 1.093 0.797 143.3/4.3 53.0/4.4 277.2/83.8 10.7 0.9
FT25 43°55'43.1", 11° 29' 57.9" Marls Marne Vicchio Burdig-Lang. 12 340,25 8.81E® 1.015 1.034 1.051 0.366 299.4/16.9 30.4/3.4 131.5/72.7 52 1.8
FT26 43°55'5.1", 11° 29'41.8" Marls Marne Vicchio Burdig-Lang. 13 32,25 1.156™ 1.017 1.031 1.049 0.286 297.2/19 2841322 204.2/57.7 7.8 3.7
FT27 43°54'48.8", 11° 27' 14.8" Marls Marne Vicchio Burdig-Lang. 12 80,10 1.31% L F P’ T 3246/1.2 2345/4.7 69.2/85.1 9.1 3.7
Garfagnana Area
FT28 44°01'53.1", 10° 43' 04.1" Mudstone Scaglia Toscana Mid. Eocene 9 28,50* 4.46E° 1.024  1.058 1.086  0.402 3246/27.0 77.7/37.0 208.8 /40.5 131 3.8
FT29 44° 00' 54.6",10° 43' 14.0" Mudstone Scaglia Toscana Mid. Eocene 9 250,26* 3.67E® 1.013 1.071 1.093 0.681 316.1/7.7 222.71 62.6 /64.5 25.0 4.2
24.1
FT30 44°01'14.9", 10° 43' 07.2" Mudstone Scaglia Toscana Upper Creta- Paleoc 9 283,22 2498 1.019  1.055 1.078 0.476 329.3/15 235.3/14.6 103/68.8 21.2 2.8
FT31 44°10'52.6", 10° 24' 28.6" Mudstone Scaglia Toscana Upper Creta- Paleoc 11 211,31* 2.60E 1.026  1.033 1.060  0.116 156.2 /19 254.8/ 23.4 31.0/59.1 10.1 4.0
FT32 44°11'02.5", 10° 24' 17.0" Mudstone Scaglia Toscana Upper Creta- Paleoc 9 210.82* 1.50E% 1.026  1.008 1.037  -0.439 122/9.3 260/77.6 30.7/8.2 15.4 2.7
FT33 44°11'02.5", 10° 24' 17.0" Mudstone Scaglia Toscana Upper Creta -Paleoc 9 263,37 2.45% 1.016 1.055 1.075 0.534 178.4/3.6 271/36.7 83.5/53.1 8.0 2.6
FT34 44°12'50.5", 10° 22' 19.6" Mudstone Scaglia Toscana Upper Creta- Paleoc 10 283,36* 225 1.008 1.056 1.071 0.751 354.4/13.2 255.7/32.6 103.4/54.1 6.8 4.1
FT35 44°12'44.9", 10° 24' 43.1" Mudstone Scaglia Toscana Upper Creta- Paleoc 12 39,29* 3.32E™ 1.015  1.091 1.117 0714 318.2/4.6 50.7/285 219.8/61.1 175 5.1
FT36 44° 04' 27.8", 10° 35' 28.5" Mudstone Scaglia Toscana Mid. Eocene 9 284,26* 1.38E% 1.026 1.051 1.079 0.013 322.3/21.3 226.4/14.7 104.3/63.7 5.0 3.6

N = number of specimens  ky = (kmax * Kint + kmin) / 3 (mean susceptibility, in IO_6 ST units); L=kmax /Kint; F=Kint Kmin

12
P’ =exp{2[(n1 - n)2 +M2- n)z +(M3- n)z]} (corrected anisotropy degree; Jelinek, 1981)

T=2(M2-n3)/ (M1 -n3) - 1 (shape factor; Jelinek, 1981)

N1 =Inkmax ; M2=Inkijnt ; M3=Inkmin ; n=Mm1+n2+n3)/3
D= declination, I= inclination. For each locality the line shows the site arithmetic mean values.
So bedding attitude (azimuth of the dip and dip values). S with *symbol are deduced by AMS tensor.
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Figure.5.5. Magnetic anisotropy data for three representative sites (Equal-area Schmidt projection, lower
hemisphere). The square represent the K,.x; the triangle represents K, and the circle represent K,. The
ellipses indicate the 95% region around the principal susceptibility axes.
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5.5 Discussion

At the site scale, a well-defined magnetic lineation is well recognisable, even when
the primary sedimentary fabric is still preserved, as is the case in most of the studied sites
(Fig. 5.5). Such magnetic lineations in sedimentary rocks can be of depositional (related to
depositional currents) or of tectonic origin. At all sites measured in this study the trend of
the magnetic lineation is maintained through sequences that differ in sedimentological
characters (carbonatic mudstone, marls or sandstone) and age (Upper Cretaceous -
Paleogene; Oligocene - Middle Miocene). Furthermore, even though most of the samples
sediments do not appear to be affected by deformation on the macroscopic scale, a
magnetic fabric that can be related to the regional tectonic pattern is systematically
observed. In fact, the distribution of magnetic lineation directions parallels the trend of
folds and thrust faults at regional scale, supporting a tectonic origin for the observed
magnetic lineation. The direction of the magnetic lineation strictly follows the present
curved shape of the Northern Apennines from N-S in the southern sector to NW-SE in the
northern sector of the chain (Fig. 5.6). In the southern area, the magnetic lineation of both
Scaglia Toscana Fm. and Macigno Fm. assumed a NNW-SSE direction parallel to the
thrust front and main fold axes, with the exception of two sites of Macigno Fm. that have
about W-E directions. Moving northward, where the curvature of the arc is more
accentuated, the lineation pattern for all three formations (Scaglia Toscana, Falterona and
Marne di Vicchio Fms.) follow the same trend, except for one Scaglia Toscana site (FT16)
in which the lineation is perpendicular to main fold axes. Finally, in the northernmost area
(Garfagnana area), the magnetic lineation directions, of Scaglia Toscana Fm. sites, follow
mainly the direction of the thrust front. This pattern indicates that the magnetic lineation
formed during the early compressive phases of deformation of the Apennine chain. In few
cases, such as of FT09,10 and FT16, the lineation is perpendicular at regional trend fold
axes, possibly indicating that these sites are affected by local tectonic elements.

It is worth to note that the magnetic lineations found in the studied deposits are
almost parallel to those published by Lowrie and Hirt (1987) for the pelagic marly
limestones of the Cretaceous-Early Tertiary Scaglia Fm. in the Umbria region. Moreover,
they are parallel to the magnetic lineations found in the foredeep Messinian clay-rich
sediments from Marche-Romagna region (Sagnotti et al., 1998). These data suggest that,
independently from the lithology, age and structural position, the development of the

magnetic lineation in the studied deposits is not related to sedimentary processes but is
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instead acquired as a result of a weak tectonic overprint on the primary sedimentary AMS
fabric.

For this portion of the Northern Apennines, it is possible to propose the same model
of evolution previously proposed by other authors (i.e. Sagnotti et al., 1998 and reference
therein) for the external Central and Northern Apennines. In this model, sediments from
the Tuscan Nappe succession, recorded the magnetic lineation in the early stage of their
deformation during the early compressional phases, which progressively involved more
external sector of the chain. Since the magnetic lineations agree with the actual tectonic
setting (thrust front and fold axes directions), we suggest that the axes of magnetic
lineations have been rotated following the formation of the arc during the involving of the

sediment in the orogenic wedge.
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5.6 Conclusion

The study of the magnetic fabric of fine-grained sediments exposed in the internal sector of
the Northern Apennine chain shows that AMS represent a suitable tool to study the
deformation pattern in weakly deformed structures. The main points outlined in this study
are:

the magnetic susceptibility of the studied deposits and its anisotropy are, in most of the
cases, controlled by the paramagnetic minerals.

The magnetic fabric of the studied sediments mostly reflects the effects of compaction,
showing a predominant magnetic foliation parallel to the bedding plane. In most of the
sites, a distinct magnetic lineation was found, which is parallel to the fold axes and thrust
fronts, both at local and regional scales.

The same magnetic fabric is maintained in sequences that differ for sedimentological
features and age, implying that the magnetic lineation was produced by a tectonic overprint
of the primary sedimentary/compactional fabric. This result concurs with previous results
(Lowrie and Hirt, 1988; Sagnotti et al., 1998). In all the cases, the magnetic fabrics
originated from the earliest stage of tectonic modification of an original compacted
sedimentary fabric.

The magnetic lineation follows the present curved shape of the northern Apennines over a
total length of more than 300 km.
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Chapter 6

Final remarks

In this thesis | adopted a multidisciplinary apmiodo reconstruct a kinematic evolution
model of the internal portion of the Northern Apemas during Cenozoic. The integrated
analyses, based on paleothermal and paleomagnettods, provided new data constraints in
a sector of the chain not yet investigated, filliaggap in the existing literature. The
elaboration and interpretation of the obtained dataenabled me to provide an important
contribution to the evolution of the chain, in theodynamic framework of the central
Mediterranean.

A brief summary of the obtained results is repotietbw.

The paleothermal data, obtained along five sectammess the Tuscan Nappe, in the most
internal part of the belt, show two main thermaltumigy trends (chapter 2). Organic and
inorganic thermal indicators record both a decreag@ermal maturity from internal to the
external sector of the chain and an increase ofrtailematurity moving along the strike of the
chain, from the SW (Trasimeno lake area) toward\ildé (Pratomagno area). This pattern of
thermal maturity is due to a variation of thicknedgshe allochthonous unit (Ligurian unit)
that turns out to be thicker in the internal andha northwestern sectors and tapers toward
the east-southeast, as suggest by 1D thermal nmagblised on both surface and subsurface
data.

The studies focusing on the Alto Tiberina fault teys, (chapter 3) is based on the
integration between the paleothermal and low-Trtlw&ronological data and allowed me to
provide new constraints to reconstruct the exhuwmahistory of the study area. The main
result consists in an increase in the timing ofuewation, moving from the internal (Perugia
area) to the external sector (Gubbio area) of tladyaed portion of the chain in contrast to
what is generally observed at a regional scalehm fold and thrust belts, where the

exhumation ages decrease toward the external froparticular younger ages are recorded at
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the footwall of the ATF in the Perugia area whetkugnation is bigger as testified by thermal
indicators of maximum exposure. Here (U-Th)/He datkcate a mean age of exhumation of
about 3 Ma, coeval with the activation of the faystem. The value of exhumation rate (0.8
mm/yr) can be considered as a threshold value leetlwegyher exhumation rate (>1.5mm/yr),
where the uplift rate in rock is tectonically indalcand lower exhumation rate (0.1 mm/yr)
where erosion balances the rock uplift and the miepagraphy surfaces. Therefore, in this
sector the local tectonics (normal faulting) hastdbuted to the exhumation processes. A

similar hypothesis has been proposed by Balesatiati (2003) for the Mt. Falterona Area.

Paleomagnetic analyses carried on onto Tuscan Napfseallowed me to propose a new
tectonic model for the internal sector of the ch@imapter 4). In the last decades, it has been
assumed that the tectonic evolution of the Cenimditerranean has been mainly
characterized by two coeval and distinct processes:drifting and CCW rotation of the
Corsica-Sardinia block and the progressive cureatiirthe Northern Apennines chain. The
paleomagnetic evidence from Corsica-Sardinia berod data from more external portion of
the Northern Apennines, have led to consider ségigirthese two events. My paleomagnetic
data demonstrate that during the Corsica-Sardinfand the Northern Apennines orogenic
wedge also rotated CCW, suggesting that in this@hhe Adriatic-lonian subduction slab
roll-back caused the CCW rotation of the whole upplate of the Central Mediterranean
subduction system. The distributions of the rotaighow that the rotation values decrease
with increasing latitude. In fact, at low latitud@dmbria region) the mean rotations are
higher, 99° £ 31°, and decrease toward north to#838° and to 37° = 16, in the Mt. Chianti
and Garfagnana region, respectively. Our interpicetais that the CCW rotation of the
Corsica-Sardinia block extended to the Tuscan Néyopevas limited to the southern Tuscan
(Trasimeno Lake and Chianti Mts. And Pratomagna)arand did not involve the Tuscan
units cropping out in the Garfagnana and Val di &iarea, which are located to the north of
the Corsica-Sardinia rotation pole (located at N3

In the same area, a study on the anisotropy omignetic susceptibility (AMS) has been
conducted to determine the magnetic fabric of theks and the deformation pattern of the
structures (chapter 5). These analyses indicatedthle magnetic susceptibility is controlled
mainly by the paramagnetic minerals. The analyeelhsent showed a predominant magnetic
foliation parallel to the bedding plane, suggestihgt the magnetic fabric is due to the

compaction process during the diagenetic procesistitie sediments undergone. Moreover, a
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distinct magnetic lineation was found, indicating @cipient deformation related to
compressional deformation, overprinted on to thgirwal magnetic fabric. In most cases the
lineation is parallel to the fold axes and thrusinfs, both at local and regional scales, in
agreement with previous results on the Northernnspees (Lowrie and Hirt, 1988; Sagnotti
et al., 1998).
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