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Abstract 

 

In the past decades, paleothermal, thermochronological and paleomagnetic 

methodologies have been widely adopted for the reconstruction of orogenic belts 

evolution. Paleothermal and thermochronological analyses have allowed the reconstruction 

of the vertical paths (burial and exhumation path) of the sedimentary successions involved 

in the orogenic belts, providing thermal and time constraints on their evolution. Besides, 

paleomagnetic analysis are an excellent tool to assess kinematic models of curved orogenic 

systems because of its great potential to quantify vertical axis rotations. 

In this framework, a multidisciplinary approach was adopted in this thesis in order to 

understand the geometric and kinematic evolution of the Tuscan-Umbria-Marche Domain, 

in the inner portion of the Northern Apennines, during the Cenozoic time. In this sector of 

the Apennines, some issues on the deformation history are still unexplored. By integrating 

paleothermal, thermochronological and paleomagnetic results, it was possible to provide 

new data and constraints to reconstruct the tectonic evolution of this portion of the 

Apennine chain. 

Two key areas of Northern Apennines have been investigated. An inner sector, from 

the Trasimeno Lake to the south to the Garfagnana area to the north, where sedimentary 

succession of the Tuscan Domain units were analysed. An outer sector, in the Umbria-

Marche-domain, where the analyses were concentrated in the area affected by the low 

angle normal faults Altotiberina system, from Massicci Perugini to east of the Gubbio 

fault. 

 

In chapter 1, the aim of the thesis, the methodology and the main phases of the 

research are illustrated. The methodological approach is based on the integration of 

common methods used in basin analysis, such as thermal analysis (organic matter optical 

analysis -vitrinite reflectance: Ro%, clay mineralogy by means of X-ray analyses) and 

thermochronological analyses (dating by fission track and (U-Th)/He in apatite). The 

optical studies of organic matter and X-ray diffraction analysis allowed defining the 

thermal maturity level reached by sedimentary succession. The thermochronological data 

define the age and rates of the exhumation. Paleothermal and thermochronological data 

were used to calibrate 1D thermo-structural models used to reconstruct the burial history 

and quantify the tectono-stratigraphic loads now removed. 
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The paleomagnetic analyses were conducted in order to reconstruct the rotational 

history of the internal part of Northern Apennines. Besides paleomagnetic analysis, 

magnetic mineralogy analysis was carried out in order to identify the carriers of the natural 

remnant magnetization. The anisotropy of magnetic susceptibility (AMS) analysis was also 

carried out in the analysed sediments. This method constitutes an unique tool in defining 

the deformation pattern in poorly deformed sedimentary sequences, whose tectonic setting 

can’t easily be defined using classical structural methods. 

 

Chapter 2 illustrates the paleothermal analyses carried out in the internal sector 

(Tuscan Domain). Results show two main maturity trends: one perpendicular and the other 

parallel to the strike of the chain. In the first case, the paleothermal indicators record a 

decrease in thermal maturity from inner to outer sectors of the chain. In detail, Ro% values 

of the internal sector range from 0.6 to 0.9% indicating early-mid mature stages of 

hydrocarbon generation. Moving toward the external areas of the fold-and-thrust belt, 

values range from 0.3% to 0.5% indicating an immature stage of hydrocarbon generation. 

These data are in agreement with those obtained by the semi-quantitative analysis of clay 

fraction which shows a decrease of illite content in mixed layers from 89% (maximum 

temperature of 120-130 °C) to 38% (temperature below 100 °C) from hinterland towards 

foreland. Following the method proposed by Hillier (1995), a low heating rate, typical of 

foredeep basins, was obtained from the comparison between Ro% and I% in I/S mixed 

layers. A geothermal gradient of about 23 °C/Km is derived combining calculated heating 

and burial rates and used for thermal modelling. The second trend shows a thermal 

maturity increase, along the strike of the chain from the SW (Trasimeno lake area) toward 

the NW (Pratomagno area) where vitrinite reflectance maturity reaches values up to 0.95% 

and illite 87-89% in agreement with thermal maturity distribution derived from Ro% data. 

According to the performed one dimensional modelling, maximum burial and thermal 

maturity of the Tuscan Nappe succession decrease from the inner toward the outer sector 

with a corresponding reduction of the eroded thicknesses related to a reduction of the 

allocthonous (Ligurian Unit) which takes place from north to south along the chain, from 

hinterland towards foreland. 

 

Chapter 3 is focused in the area characterized by the low-angle Altoriberina normal 

fault system. Paleothermal (surface and well water) and thermochronological data were 

integrated, in order to develop an exhumation history model for this sector of the chain. 
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The main evidence is an increase in the exhumation age from the innermost sector affected 

by the Altotiberina normal fault system (Massicci Perugini, 3 Ma) to the most external area 

affected by this system (to the east of the fault of Gubbio, 4.3 Ma). Significant novelty 

derives also from the rates of exhumation, suggesting quicker exhumation of Massicci 

Perugini (0.8 mm/yr) when compared to the area to the east of the Gubbio fault (0.5 

mm/y). Therefore, these data suggest that most of the exhumation in the Massicci Perugini 

may be related to the recent activity of the normal faults and not only to the old 

compression phase and subsequent erosion. Thus the extensional activity of the 

Altotiberina Fault system may account for the younger exhumation age in the internal 

sector compared to the external one. Moreover the quicker erosion rate of about 0.8 mm/yr 

in the internal sector may be related to tectonic activity. 

 

In chapter 4, results obtained from paleomagnetic studies carried out in the Tuscan 

Domain, along the innermost arc, are shown. The rotational pattern recorded in Eocene-

Oligocene sediments, shows a decrease of rotation values from lower (area of Trasimeno 

Lake) towards higher (Garfagnana area) latitude. In fact, mean rotations values recorded in 

the Trasimeno Lake area are 96° ± 25° counterclockwise, passing through 81° ± 35° 

counterclockwise for the Mt. Chianti area, up to 37° ± 16° counterclockwise in 

Garfagnana. These data do not fit into an oroclinal model, proposed for the external sector 

of the chain (Umbria-Marche domain). In this study I propose a new model that takes into 

account the contribution of the rotation of the Corsica-Sardinia block to the structural 

architecture of this sector of chain. This model predicts that the main tectonic phases of the 

internal sector of the chain occurred between Oligocene and early Miocene times, during 

the drift of the Corsica-Sardinia block. The Tuscan Domain units recorded rotation of the 

Corsica-Sardinia block during their incipient deformation. This block rotation occurred 

around a pole placed at 43.5° N and 9.5° E. At this time, the Northern Apennines and 

Corsica-Sardinia block were two different sectors of the upper plate of the Central 

Mediterranean subduction system, whereas the Umbria domain still represented the 

undeformed foreland. The contribution of the Corsica-Sardinia to the rotation of the 

Tuscan Domain depended on the position respect to the rotation pole. In fact, the amount 

of the Corsica-Sardinia block rotation is recorded in the southern areas (Lake Trasimeno) 

and tends to decrease at higher latitude (Mt. Chianti) until to the area at north of rotation 

pole where the contribution of Corsica Sardinia block rotation is not recorded (Garfagnana 

area ). 
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In chapter 5, the AMS carried out on the same deposits analyzed for paleomagnetic 

reconstructions, are illustrated. AMS data show that the sediments are characterized by a 

dominant magnetic foliation parallel to the bedding plane, suggesting that the magnetic 

fabric is due to the compaction process during the diagenetic process that the sediments 

undergone. Moreover, a distinct magnetic lineation was observed, indicating an incipient 

deformation related to a compressional deformation, overprinted on to the original 

magnetic fabric. In most of the cases the lineation is parallel to the fold axes and thrust 

fronts, in agreement with previous results in the Umbria Marche domain. 

 

In chapter 6, a general discussion is developed and final remarks are illustrated. 
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Riassunto 

 

Negli ultimi decenni, studi paleotermici, termocronologici e paleomagnetici sono 

stati utilizzati come strumenti d’indagine nella ricostruzione della storia evolutiva delle 

catene orogeniche. Le analisi paleotermiche e termocronologiche permettono di ricostruire 

i percorsi verticali, di seppellimento e di esumazione, delle successioni sedimentarie che 

costituiscono le catene orogeniche, fornendo vincoli termici e temporali per la 

ricostruzione dell’evoluzione delle stesse. Le analisi paleomagnetiche, permettono di 

quantificare rotazioni intorno ad assi verticali, e permettono di definire la storia rotazionale 

di un’area, fornendo degli importanti vincoli per la ricostruzione dell’ evoluzione 

cinematica delle catene arcuate.  

Lo scopo di questa tesi è quello di comprendere, con approccio multidisciplinare, 

l’evoluzione geometrica e cinematica, durante il Cenozoico, delle unità tettono-

stratigrafiche del dominio Tosco-Umbro-Marchigiano nel settore più interno 

dell’Appennino Settentrionale, un’area ad oggi tuttora inesplorata dal punto di vista 

paleotermocronologico e paleomagnetico. Mediante questo lavoro, ci si prefigge di fornire 

nuovi dati e porre dei vincoli alla ricostruzione dell’evoluzione di questa porzione 

dell’Appennino. 

Sono stati indagati due settori chiave dell’Appennino Settentrionale: un settore più 

interno di pertinenza toscana e un settore più esterno che interessa il dominio Umbro- 

Marchigiano. Nel settore interno sono state analizzate le successioni sedimentarie delle 

unità toscane dall’area del lago Trasimeno a sud fino alla Garfagnana a nord, mentre nel 

settore nel dominio Umbro-Marchigiano, le analisi sono state concentrate nell’area 

interessata dal sistema di faglie normali a basso angolo della valle Altotiberina, dai 

Massicci Perugini a ovest fino a est della dorsale di Gubbio. 

 

Nel Capitolo 1, vengono illustrate le finalità della tesi, le metodologie impiegate e 

come è stata articolata l’attività di ricerca.  

L’approccio metodologico, di tipo integrato, ha previsto l’utilizzo di metodi di uso 

comune nell’analisi di bacino, quali le analisi termiche (analisi ottiche della materia 

organica- quali la riflettanza della vitrinite: Ro%; analisi diffrattometriche a raggi X delle 

argille) e termocronologiche (datazioni con tracce di fissione e con il metodo U-Th/He in 

apatite). Lo studio ottico della materia organica e le analisi diffrattometriche ai raggi-X 
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hanno permesso di definire il grado di maturità raggiunto dalle successioni sedimentarie e 

dettagliare il carico tettonico e/o stratigrafico subìto dalle successioni analizzate. I dati 

termocronologici hanno permesso inoltre di definire l’età e i tassi di esumazione in diversi 

settori. I dati paleotermici e termocronologici sono stati utilizzati per effettuare 

modellazioni monodimensionali della storia del seppellimento e di esumazione delle 

successioni in esame, attraverso il software Basin Mod 1-D. 

Le analisi paleomagnetiche sono state condotte al fine di valutare le entità delle 

rotazioni a cui sono andati incontro durante la strutturazione della catena. 

Tali analisi sono state affiancate da quelle di anisotropia della suscettività magnetica 

(AMS) e di mineralogia magnetica. Le prime hanno permesso di identificare i processi 

sedimentari e/o tettonici subiti dai sedimenti. Le seconde hanno permesso da un lato di 

identificare i minerali magnetici portatori della magnetizzazione e comprendere quindi le 

relazioni tra questi e la componente di magnetizzazione caratteristica rimanente 

individuata, dall’altro di distinguere il contributo di ferromagnetici e paramagnetici alla 

suscettività magnetica. 

 

Le analisi paleotermiche (Capitolo 2) condotte nel settore interno (Dominio Toscano) 

mostrano due principali trend di maturità termica: uno perpendicolare ed uno parallelo 

all’asse della catena. Nel primo caso, gli indicatori paleotermici evidenziano una 

diminuzione di maturità termica verso i settori esterni. I valori di riflettenza della vitrinite 

(Ro%) variano da 0.6 a 0.9 % (stadio iniziale e intermedio della generazione d’idrocarburi) 

a 0.3-0.5% (livello di immaturità termica). Tali dati sono in accordo con quelli ottenuti 

dalle analisi semi-quantitative della frazione argillosa che hanno mostrato un andamento 

simile con diminuzione del contenuto di illite nell’interstratificato illite-smectite dall’89% 

(temperatura massima raggiunta di 120-130 °C) al 38% (temperatura inferiore ai 100 °C). 

Il secondo trend osservato consiste in un incremento della maturità termica lungo lo strike 

della catena da SE verso NW, con un salto nei valori di riflettenza della vitrinite fino a 

0.95% ed un corrispettivo contenuto di illite pari all’87-89% (a NW della Val Marecchia, 

area di Pratomagno). Questo pattern di maturità termica, come dimostrato dalla 

modellazione termica del bacino, è legato ad una diminuzione dello spessore delle unità 

alloctone (Unità Ligure) che si esplicita in una riduzione dello spessore del cuneo 

orogenico che si registra sia spostandosi da NW a SE lungo la catena, sia dai settori interni 

a quelli esterni della stessa.  
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Gli studi focalizzati nell’area del sistema di faglie a basso angolo dell’Altotiberina 

(Capitolo 3) hanno visto l’integrazione di dati paleotermici (superficiali e di pozzo) e 

termocronologici, finalizzati allo sviluppo di un modello della storia di esumazione di 

questo particolare settore di catena. I risultati ottenuti dalle analisi di datazione 

termocronologica di (U-Th)/He in apatiti mostrano un aumento delle età di esumazione 

dalle aree più interne della catena (Massici Perugini, 3 Ma) verso i settori esterni (ad est 

della faglia di Gubbio, 4.3 Ma). Variazioni significative si registrano anche nei tassi di 

esumazione, che suggeriscono una più rapida esumazione dei Massicci Perugini (0.8 

mm/a) rispetto alle aree a est della faglia di Gubbio (0.5 mm/a). Questi dati suggeriscono 

quindi che la maggior parte dell’esumazione in questo settore sia legata alla recente attività 

delle faglie normali e non solo alla vecchia fase di compressione e relativa erosione. Così 

l'attività estensionale del sistema Altotiberina può spiegare l'età più giovane 

dell’esumazione nel settore interno rispetto a quello esterno. Inoltre la maggiore velocità di 

erosione di circa 0.8 mm/a nel settore interno può essere correlato all'attività tettonica. 

L’attività estensionale potrebbe rendere ragione del fatto che i settori interni mostrino sia 

un tasso di erosione maggiore (intorno a 0.1 mm/a) che una età di esumazione più giovane 

rispetto agli esterni.  

 

I risultati ottenuti dagli studi paleomagnetici (Capitolo 4) condotti nel Dominio 

Toscano, lungo l’arco più interno, hanno permesso di formulare un nuovo modello 

tettonico per questo settore di catena. La distribuzione delle rotazioni ottenuta su sedimenti 

eocenici e oligocenici mostra un trend di diminuzione dai settori a più basse latitudini (area 

del Lago Trasimeno) verso i settori a latitudini maggiori (area della Garfagnana). Sono 

state registrate rotazioni antiorarie medie di 96° ± 25° per l’area del Trasimeno, passando 

per 81° ± 35° per l’area dei Monti del Chianti, fino a 37° ± 16° nell’area della Garfagnana. 

Questi dati, in disaccordo con il modello dell’oroclino avanzato per il settore esterno 

(Dominio Umbro-Marchigiano), suggeriscono il contributo della rotazione del blocco 

Sardo-Corso nella strutturazione di questo settore di catena. Si propone un nuovo  modello 

nel quale le principali fasi di evoluzione tettonica del settore interno dell’Appennino 

settentrionale si ipotizza siano avvenute tra Oligocene e il Miocene inferiore, quando il 

Dominio Toscano entra in catena e avviene la rotazione antioraria di 45° del blocco Sardo-

Corso attorno ad un polo di rotazione posto a 43.5°N e 9.5°E. In questa fase, l’Appennino 

Settentrionale e il blocco Sardo-Corso costituiscono due settori della placca superiore del 

sistema di subduzione quando il Dominio Umbro rappresenta ancora l’avampaese 
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indeformato. Il trasferimento dell’entità di rotazione del blocco Sardo-Corso è evidente nei 

settori meridionali (Lago Trasimeno) e tende a diminuire all’aumentare della latitudine 

(Monti del Chianti) fino a non essere registrata nei settori a nord del polo di rotazione 

(Area della Garfagnana). 

 

Nella medesima area, gli studi di anisotropia della suscettività magnetica (Capitolo 

5) mostrano come i sedimenti siano caratterizzati da una dominante foliazione magnetica 

parallela al piano di stratificazione, suggerendo un fabric magnetico legato principalmente 

ai processi diagenetici dei sedimenti. È stata inoltre osservata una distinta lineazione 

magnetica disposta parallelamente al fronte dei thrust principali, caratteristica indicativa di 

una sedimentazione in regime compressivo, in accordo con i dati già presenti in letteratura, 

nel settore Umbro-Marchigiano. 

 

Nel capitolo 6, vengono infine discussi i risultati ottenuti 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 
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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. 
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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. 

 

 

 Fig. 1.1. Flowchart of the thesis. 
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Chapter 2 

 

 

Along strike variations in the architecture of a thrust wedge 

detected by means of indicators of thermal exposure: an 

example from the Northern-Central Apennines boundary (Italy) 

 

 

 

2.1 Introduction 

Fold-and-thrust belts (FTBs) frequently show lack of cilindricity along strike 

(Marshak et al., 2004). This feature may be expressed in terms of variations of the amount 

and rates of shortening and tectonic transport as well as of structural styles. These along 

strike variations can be gradual and easily honour the principle of kinematic compatibility 

(Butler et al. 2006 and references therein) or abrupt (Marshak et al. 2004 and references 

therein). In the last case, changes are marked by strike-slip faults that may be detectable at 

various scale from lithospheric to shallow crustal levels. These faults frequently show a 

complex and long-lived activity within the FTBs and their depth of formation and 

evolution are generally debated in kinematic reconstructions. This is the case of the Italian 

Apennines that is strongly segmented by transverse faults (Patacca and Scadone 2001, 

Tavarnelli et al., 2004). Nevertheless these faults may mark variations in the exposure of 

different structural levels. Such evidences occur at the boundary between the Northern and 

the Central Apennines where the uppermost structural unit of the thrust pile, the Ligurian 

Nappe, is preserved from erosion as a result of variations of structural culminations along 

strike. Nevertheless very faint features are exposed on main transverse faults. To 

understand these variations despite of the incomplete sedimentary record preserved in the 

field, it is possible to attempt the reconstruction of regional cross sections on different 

blocks separated by transverse faults that take into account reliable evaluations of the 
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missing portions of the section now eroded and/or removed by tectonics (e.g., Zattin et al., 

2002; Corrado et al. 2010a; Mirabella et al., 2011). This approach allows to substantially 

reduce the number of acceptable geometric and kinematic models on the basis of the 

amount of exhumation and maximum burial that characterize different areas of the wedge. 

Thermal modelling of sedimentary successions, constrained by paleothermal and low 

temperature thermochronological indicators, has been frequently performed in the external 

areas of fold-and-thrust belts (see Roure et al., 2010 for a review) with several examples 

for the Apennines and Sicily (see, Corrado, 1995; Corrado et al. 1998; 2009; 2010b; Botti 

et al., 2004; Mazzoli et al., 2008; Aldega et al., 2011; Di Paolo et al., 2012) (Fig. 2.1). 

Nevertheless in the area to the south of the Val Sillaro and to the north of the peri-

tyrrhenian volcanic complexes cropping out in Southern Tuscany-Northern Latium, studies 

of burial and thermal history are very scarce as well as the outcrops of the uppermost units 

overriding the wedge (Ligurian and Sub-ligurian Units). 

 

 
Fig. 2.1 Geological sketch map of the Italian peninsula showing the location of main sampling sites for 
thermochronological and paleothermal studies data along the Apennines (modified after Corrado et al. 
2010a). Simplified main geological features from APAT(2004) and Butler et al., (2004). Coordinates in 
UTM European Datum 1950 33N. 
 

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

burial evolution during thrust wedge building in order to unravel changes across transverse 
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faults at the boundary between the Northern and the Central Apennines. In this chapter, I 

present a series of thermal models performed along five geological cross-sections across 

the Tuscan Nappe in an area located between Chianti and Cetona Mts. to the SW and the 

Trasimeno Lake and the Mugello Basin to the NE. These models allowed me to reconstruct 

the areal distribution of the eroded structural portion 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 development of the east to northeast 

orogenic wedge, above the subduction of the Ligure-Piemontese ocean. This process was 

followed by continental collision between the European plate (Corsica-Sardinia block) and 

Adriatic microplate (of African affinity) and by the opening of the Tyrrhenian Sea back-arc 

basin (Boccaletti et al.,1980; Malinverno and Ryan, 1986; Dewey et al., 1989; Boccaletti 

et al., 1990; Faccenna et al., 2004). Since the Oligocene, after continental collision, the 

evolution of the Northern Apennines proceeded by intra-continental deformation with a 

progressive migration of the orogenic system toward east. The deformation of ocean and 

passive margin paleogeographic domains brought to the structuring of  different tectonic 

units (Barchi et al., 1998a). Thrust and fold belt geometry were modified by extensional 

tectonics, that took place in Tortonian times and is still active (Barchi et al., 1998b; 

Mirabella et al., 2011). 

The Northern Apennines is composed of a series of stacked structural units accreted 

onto the Adriatic microplate, whose litostratigraphic and structural features reflect the 

evolution of this sector of the chain (Baldacci et al., 1967; Elter, 1975; Boccaletti et al., 

1980; Principi and Treves, 1984; Barchi et al., 1998b; Costa et al., 1998, Molli et al., 

2002). 

The innermost tectonostratigraphic unit is the Ligurian Unit (Etler, 1975; Bortolotti 

et al., 2001; Cerrina Ferroni et al., 2002). This unit is the remnants of the Ligurian Ocean 

and consists of a mix of ophiolite, sedimentary rocks and flysch deposits (“helminthoid 

flysch”) (Etler, 1975; Marroni et al., 2001; Festa et al., 2010). 

Onto the Ligurian Unit, the Epiligurian Unit unconformably overlie as was deposited 

in marine thrust-top basins (Ricci Lucchi, 1975; Barchi et al., 2001; Cibin et al., 2001). 

Deposition of the Epiligurian Unit occurred simultaneously with the east and northeast 

migration of the thrust and fold belt (Festa et al., 2010). Underneath the Ligurian Unit 

there is the Subligurian unit, made up of Paleocene to Eocene shales and limestones 
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(Bortolotti et al., 2001) and of thick early Oligocene siliciclastic deposits. The Subligurian 

Unit is considered as the first and oldest Apennines foredeep deposit indicating the onset of 

collision of the Ligurian accretionary wedge and the continental passive margin of the 

Adria microplate (Catanzariti et al., 2003). The Ligurian and sub-Ligurian Units can be 

grouped together into a larger Ligurian Nappe which was then thrust north-eastward over 

more external units (Ventura et al., 2001).   

During the continental collision the Ligurian Nappe was obducted on to the western 

Adriatic margin, and the other accreted structural units (Ricci Lucchi, 1986; Boccaletti et 

al., 1990, Argagni and Ricci Lucchi, 2001). These latter units are characterized by 

stratigraphic sequences, that consist of Paleozoic basement rocks unconformably overlain 

by Mesozoic evaporitic and carbonate deposits. These sequences are covered by 

Oligocene-Miocene thick and extensive syn-orogenic foredeep deposits. These deposits are 

progressively younger towards north-east and were deposited in eastward-migrating 

foredeep basins along the front of avalanching Ligurian Nappe and progressively 

incorporated in the fold and thrust system (Abbate et al., 1970; Ricci Lucchi, 1986; 

Boccaletti et al., 1990, Ventura et al., 2001, Mirabella et al., 2011). Two main tectono-

stratigraphic units are recognized: the Tuscan Unit and the Umbria-Marche-Romagna Unit. 

The Tuscan Unit is the main object of analyses in this work. Samples were collected 

from two main areas located respectively to the SE and to the NW of the Marecchia Valley 

lineament (MVL, see Fig. 2.2). The first sampling area is located at the boundary between 

Tuscany and Umbria regions. It is characterized by contractional architecture that consists 

of four structural units, piled up during Miocene times (Mirabella et al., 2011). Some 

authors (e.g., Abbate and Bruni, 1989; Brozzetti, 2007) have regarded the outermost part of 

the Tuscan Nappe as belonging to a more external tectonic unit (Falterona-Cervarola Unit 

or Falterona Nappe). In this chapter, for this area, the Falterona-Cervarola Unit is 

interpreted as belonging to the Tuscan Nappe according to Plesi et al. (2002). The analysed 

stratigraphic succession of the Tuscan Nappe consists of pelagic foreland ramp deposits 

(Scaglia Toscana Fm.) and foredeep turbidite deposits (Macigno Fm.). The former consists 

of calcareous-marly turbidites and varicoloured shales. It can be divided into the 

Calcareniti di Dudda (Sto4) and the Monte Filoncio (Sto6) members (Ypresiano-Luteziano 

NP11-NP15; Rupeliano-Chattiano MNP25a) according to Geological Cartography Project, 

Sheets 299 Umbertide, 310 Passignano and 289 Città di Castello. The Macigno Fm. 

consists of thick-bedded coarse-grained siliciclastic turbidites alternating with siliciclastic 

thin and fine grained beds. Three members have been distinguished, referred, from bottom 
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to top, as Molin Nuovo (Mac1), Poggio Belvedere (Mac2) and Lippiano members (Mac3) 

(Chattiano-Aquitaniano MNP25a-MNP25b-MN1d; Barsella et al., 2009). Since Aquitanian 

time, the Tuscan Domain started being involved in compressive deformation to form the 

Tuscan Nappe detached at the level of the Scaglia Fm.. This tectonic unit is subdivided 

into minor tectonic elements delimitated by secondary thrust faults. In this area, moving 

from the west to the east, they are: Terontola Element, Tuoro Element, Portole Element, 

Ansina Element, Scarzola Element e Marcignano-Gioiello Element (Geological 

Cartography Project, 2011 a, b, c). 

Regarding to the area to the north of MVL, the analyses have been carried out along 

Pratomagno ridge, Chianti ridge and around the Mugello Basin (Fig. 2.3). In detail, the 

structure of the Chianti Mountains has been interpreted as a result of thrust-and-fold 

deformation (Bonini, 1999) and is characterized by extensive outcrop of the Tuscan Nappe 

succession. In this sector of the chain, the Scaglia Toscana Fm. crops out down to its most 

ancient member from the Argille di Brotolo Member (Sto2) (Albian-Turonian); to the 

Calcareniti di Dudda Member (Sto4) (Upper Cretaceous-Lower Eocene). On top of it the 

Macigno Fm. has a thickness of about 3,000 m and consists of turbidite sandstones that 

evolve to pelites at the top of succession. This formation has been subdivided into five 

members (Geological Cartography Project 2011d) 

The main structural feature of this region is an E-NE vergent, steeply to moderately 

dipping, overturned anticline folding the Macigno sandstones and exposing Cretaceous-

Oligocene marls and shales (Scisti a Policromi or Scaglia Toscana Fm.) in its core (Bonini 

et al., 2012). Referring to Sagri et al. (2012), the Tuscan Nappe in this sector thrust onto 

more external Cervarola-Falterona Unit. This unit crops out in the Pratomagno ridge and 

includes a stratigraphic succession that consists of Rupelian-Chattian varicoloured clays 

alternating with mudstone layers (Villore Marls) at the bottom, silicoclastics turbidite of 

Falterona Mts. Sandstone (Chattian-Burdigalian) and Burdigalian-Langhian Vicchio Marls. 

In detail the Falterona Fm. consists of five members, distinguished by layer thickness and 

arenites/pelites ratio that decreases toward the top of the succession. From bottom to the 

top, there are the M. Falco Member (Fal1); the Camaldoli Member (Fal2); the Montalto 

Member (Fal3); the Lonnano Member (Fal4) (Bortolotti et al., 2012). 

The second area extends to south-southeast of the Mugello Basin and is characterized 

by Monte Falterona and Acquerino Units that thrust on to the Umbria–Romagna domain. 

The Acquerino Unit consists of Chattian-Aquitanian varicolours marls (Marne di Villore 

Fm.) at the bottom followed by Chattian-Budigalian turbiditic deposits of the Aquerino 
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Fm. (Bettelli et al., 2002). Many authors consider this unit such as a sub-unit of the 

Falterona-Cervarola Unit (Abbate et al., 1969; Boccaletti and Coli, 1982; Guenther and 

Reutter 1985). Recently other authors have interpreted this unit as independent (Bettelli et 

al., 2002; Cerrina Feroni et al., 2002; Cibin et al., 2004). From Oligocene time the 

compressive phase, during the collisional stage, deformed the foredeep Tuscan successions 

with the migration toward north-east of the deformational front. This deformation 

determined the present-day configuration of the chain with 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 boundary between Tuscany and 

Umbria regions, a suite of 48 samples for vitrinite reflectance analyses was collected from 

the Tuscan Nappe, mainly from the Macigno Fm.. In detail, samples were collected in the 

different tectonic elements, recognized in this area, along four cross-sections perpendicular 

to the chain axis (see A-A’, B-B’, C-C’ and D-D’ in Fig. 2.2).  

From hinterland to foreland the following tectonic thrust sheets were sampled: the 

Terontola Element, the Tuoro Element, the Portole Element, the Ansina Element, the 

Scarzola Element and the Marcignano-Gioiello Element. These elements are constituted by 

rocks belonging to the Tuscan succession that, in the internal sector, consists of the Scaglia 

Toscana Fm. at the bottom, followed by three members of the Macigno Fm. with a 

thickness of about 1,700-1,800 meters. In the external sector (Marcignano – Gioiello 

element) the sedimentary succession consists of the youngest member of the Scaglia 

Toscana formation (Sto6) and two members of the Macigno Fm. (Mac2 and Mac3) for 

about 1,200 m of total thickness (Fig. 2.3). The samples were collected from the three 

members of the Macigno Fm., from both thick arenaceous-pelitic beds and thin-fine 

turbiditic beds. Samples were mainly composed by coal seams and well preserved wooden 

fragments 1 to 3 cm-long dispersed in the arenaceous sediments (Tab. 2.1). 

Other samples are from the areas to the north of the MVL. In detail, five samples 

were collected across the Pratomagno ridge, along section E-E’ (Fig. 2.2) from the base of 

arenaceous levels of the Falterona Fm. (Fal2, Fal3 members). These samples consist of 

wooden fragments dispersed in sediments. Three further samples were collected in the area 

to the south-southeast of the Mugello Basin, two of these in the Falterona Fm. (Fal3 
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member) and the one from a fine and laminated arenaceous layer of the Aquerino Fm. 

(Tab. 2.2). 

 
Fig. 2.2 Tectonic sketch map of the study area with sample sites. Compiled after Mirabella et al., (2011) and 
Geological Cartography Project (2011), Umbertide, in Carta Geologica d’Italia, sheet 299, scale 1:50,000, Ist. 
Super. per la Prot. e la Ric. Rome.  
 

Whole-rock samples were mounted in epoxy resin and polished according to 

standard procedures (Bustin et al., 1990). Vitrinite Reflectance (Ro%) was then performed 

on randomly oriented grains using a Zeiss Axioplan microscope, under oil immersion in 

reflected monochromatic non-polarised light. The number of measurements that were 

performed on vitrinite fragments ranges from 20 for samples with small amounts of 

organic matter to 100 for coal seams and samples rich in well preserved fragments. Mean 

reflectance and standard deviation values were calculated for all measurements identifying 

the indigenous population. 
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Fig. 2.3 Simplified stratigraphic columns of the study area ((a) and (b) for the area to the SE of the Val Marecchia Line and (c) to the North of it) with representative histograms 
of distribution of vitrinite reflectance data. 
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Table 2.1. Organic matter maturity and clay mineralogy data from the area to the south of the MVL   

Site Coordinates 
(Lat-Long) 

Fms Age Lithology Samples 
for 

Vitrinite 
Analyses 

 

Ro% 
(±s.d.) 

Samples 
for 

XDR 
Analyses 

 

X-ray 
quantitative 

analysis of the 
<2µm grain-size 
fraction (%wt.) 

%I 
in 
I-S 

%C 
in 

C-S 

S.O
. 

01 43° 21' 22.6", 
12° 03' 16.2" 

Macigno Aquitanian SDT/LMS CO1 0.7 
(±0.08) 

CM1 I51 I/S14 C/S25 Cl10 86 85  

02 43° 14' 49.4", 
12° 06' 28.1" 

Macigno Aquitanian SDT/LMS CO5 0.6 
(±0.06) 

CM5 I30 C/S36 Cl34 75 75 R1 

03 43° 14' 32.3", 
12° 04' 54.9" 

Scaglia 
Toscana 

Eocene Mudstone   CM6a, 
CM6b, 
CM6c 

I54 I/S20 C/S23 Cl4 
I64 I/S29 C/S6 Cl6 

I9 I/S41 C/S27K6Cl6 

84/
84/
60 

65/
65/
65 

R1 
R1 
R1 

06 43° 05' 14.2", 
12° 10' 50.0" 

Scaglia 
Toscana 

Eocene Mudstone   CM9a, 
CM9b, 
CM9c 

I31 I/S53 C/S13 Cl3 

I55 I/S40 C/S5 
I48 I/S48 C/S3K1Cl1 

73/
74/
74 

70 R1 
R1 
R1 

07 43° 04' 17.7", 
12°11.1' 22.6" 

Scaglia 
Toscana 

Eocene Mudstone   CM10a, 
CM10b 

I40 I/S34 K18 Cl9 

I47 I/S23 K20 Cl10 
74/
77 

 R1 
R1 

08 43° 21' 06.3" , 
12° 02' 37.3" 

Macigno Aquitanian SDT/LMS CO9 0.7 
(±0.04) 

CM11 I48 I/S15C/S20 Cl17 85   

09 43° 20' 48.3" , 
12° 02' 09.2" 

Macigno Aquitanian SDT/LMS CO13 0.6 
(±0.06) 

CM3/ 
CM4 

I67 I/S9 C/S6 Cl18 

I63 I/S20 Cl17 
86/
85 

  

10 43° 17' 22.6", 
12° 00' 51.9" 

Macigno Aquitanian SDT/LMS CO14 0.5 
(±0.06) 

CM12 I74 I/S17 C/S5 Cl4 84 75 R1 

11 43° 17' 20.4", 
12° 01' 27.5" 

Macigno Aquitanian SDT/LMS CO16 0.6 
(±0.07) 

CM13 I71 I/S14 C/S10 Cl5 84  R1 

12 43° 17' 53.5", 
12° 02' 22.6" 

Macigno Aquitanian SDT/LMS CO17 0.8 
(±0.07) 

CM14 I53 I/S2 Cl45 82  R1 

13 43° 17' 50.9" , 
12° 02' 40.5" 

Macigno Aquitanian SDT/LMS CO18 0.6 
(±0.05) 

CM15 I38 I/S4C/S39Cl18 82 75 R1 

14 43° 17' 50.9" , 
12° 04' 34.9" 

Macigno Aquitanian SDT/LMS CO19 0.6 
(±0.07) 

     

15 43° 18' 13.8", 
12° 05' 29.1" 

Macigno Aquitanian SDT/LMS CO20 0.4 
(±0.07) 

CM16 I79 I/S16C/S5Cl1 81 59 R1 

16 43° 18'49.45", 
12° 08' 3.80" 

Macigno Aquitanian SDT/LMS CO21 0.7 
(±0.05) 

CM17 I48 I/S7C/S17Cl29 80 75 R1 

17 43° 19' 4.3", 
12° 07' 12.24" 

Macigno Aquitanian SDT/LMS CO22/23 barren      

18 43° 19' 4.95", 
12° 07' 38" 

Macigno Aquitanian SDT/LMS CO24a,b barren      

19 43° 19' 1.06", 
12° 08' 3.80" 

Macigno Aquitanian SDT/LMS CO25 barren CM18 I70 I/S26C/S2Cl2 85 60 R3 

23 43° 27' 43.6", 
12° 01' 5.14" 

Macigno Aquitanian SDT/LMS CO30 0.6 
(±0.04) 

CM22 I47 I/S5C/S17Cl31 80 70 R1 
R3 

24 43° 27' 46.8" , 
12° 07' 40.63" 

Macigno Aquitanian SDT/LMS CO31 0.4 
(±0.05) 

CM23 I51 I/S11Kl39 50  R0 

25 43° 27' 5.54'', 
12° 06' 18.13'' 

Macigno Aquitanian SDT/LMS CO32 0.3 
(±0.05) 

CM24 I57 I/S11C/S25K7 49 59 R0 

26 43° 20' 40.7", 
12° 1.4' 24.3" 

Macigno Aquitanian SDT/LMS CO33 0.9 
(±0.08) 

CM25 I35I/S4Cl61 89  R3 

27 43° 20' 20.1" , 
12° 0' 20.14" 

Macigno Aquitanian SDT/LMS CO34 0.7 
(±0.05) 

CM26 I44 I/S10C/S15K31 82 60 R3 

28 43° 20' 2.96", 
11° 59' 40.32" 

Macigno Aquitanian SDT/LMS   CM27 I46 I/S6K48 87  R3 

33 43° 0' 25.48", 
12° 05' 50.38" 

Macigno Aquitanian SDT/LMS CO39 0.4 
(±0.10) 

CM30 I61 I/S14C/S19Cl6 85 59 R3 

34 43° 1' 4.26", 
12° 05' 45.42" 

Macigno Aquitanian SDT/LMS CO40 0.5 
(±0.10) 

CM31 I70 I/S30 84  R3 

35 43° 1' 21.10", 
12° 04' 45.47" 

Macigno Aquitanian SDT/LMS CO41 0.6 
(±0.07) 

     

36 43° 1' 0.06", 
12° 03' 15.78" 

Macigno Aquitanian SDT/LMS CO42 0.6 
(±0.08) 

CM32 I69 I/S31 86  R3 

37 43°16'46.62", 
12° 8'44.83" 

Macigno Aquitanian SDT/LMS CO43 0.4 
(±0.06) 

     

38 43° 1' 0.30", 
12° 02' 54.96" 

Macigno Aquitanian SDT/LMS CO44a,b 0.6 
(±0.10) 

CM33 I71 I/S29 84  R3 

39 43° 2' 38.70", 
12° 09' 54.42" 

Scaglia 
Toscana 

Eocene Mudstone   CM34 I56 I/S24K20 77  R1 

40 43° 3' 2.58", 
12° 10' 15.60" 

Macigno Aquitanian SDT/LMS CO45 0.5 
(±0.08) 

     

41 43° 12' 0.48", 
12° 14' 44.22" 

Macigno Aquitanian SDT/LMS CO46 0.5 
(±0.08) 

CM35 I57I/S15C/S22Cl6 79 70 R1 

42 43° 15' 6.05", 
12° 15' 26.54" 

Scaglia 
Toscana 

Eocene Mudstone   CM36 I30I/S29K41 75  R1 

51 43°11'16.02", 
12°11'41.58" 

Macigno Aquitanian SDT/LMS CO52 0.4 
(±0.90) 

     

52 43°11'1.74", 
12°11' 6.60" 

Macigno Aquitanian SDT/LMS   CM42 I60I/S25C/S21Cl18 80 80 R3 

54 43°16'46.62", 
12° 8'44.83" 

Scaglia 
Toscana 

Eocene Mudstone   CM43 I79I/S17C/S3 82 80 R3 

55 43°19'8.82", 
12° 8' 23.58" 

Macigno Aquitanian SDT/LMS CO54 0.5 
(±0.08) 

     

Acronyms: SDT=sandstone; LMS= Limestone; I=illite; I/S=mixed layer illite-smectite; C/S=mixed layer 
clorite-smectite; K= Kaolinite; Cl=Clorite; S.O.= stacking order 
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Table 2.2. Organic matter maturity and clay mineralogy data from the area to the north of the MVL   

Site Coordinates 
(Lat-Long) 

Fms Age Lithology Sampled 
for 

Vitrinite 
Analyses 

 

Ro 

(±s.d.) 
Sampled 

for 
XDR 

Analyses 
 

X-ray 
quantitative 

analysis of the 
<2µm grain-size 
fraction (%wt.) 

%I 
in 
I-S 

%C 
in 

C-S 

S.O. 

82 43° 37' 28.7'', 
11°40' 43.8'' 

Falterona Aquitanian SDT/LMS CO57 0.8 
(±0.08) 

     

83 43° 37' 23.7'', 
11°40' 59.1'' 

Falterona Aquitanian SDT/LMS CO58 0.9 
(±0.17) 

     

84 43° 38' 13.5'', 
11°40' 30.8'' 

Falterona Aquitanian SDT/LMS CO59 0.6 
(±0.94) 

     

85 43°40' 33.66", 
11° 39' 47.70" 

Falterona Aquitanian SDT/LMS CO60 0.6 
(±0.08) 

     

86 43° 37' 40.2'', 
11° 41' 00.1'' 

Falterona Aquitanian SDT/LMS CO61 0.9 
(±0.16) 

     

89 43° 32'  19.8'', 
11° 24' 32.9'' 

Scaglia 
Toscana 

Pal-Eocene Mudstone   CM48 I55I/S25K10C10 83 --- R3 

90 43° 36'  09.0'', 
11° 22' 21.2'' 

Scaglia 
Toscana. 

Pal-Eocene Mudstone   CM49 I46I/S13C/S26C15 87 60 R3 

91 43° 37'  14.6'', 
11° 40' 9.9'' 

Falterona Aquitanian SDT/LMS   CM50 I43I/S11C/S37Cl9 88 55 R3 

92 43° 37'21.01'', 
11° 41' 9.1'' 

Falterona Aquitanian SDT/LMS   CM51 I44I/S5C/S26Cl25 87 85 R3 

93 43° 40'40.37'', 
11° 39' 46.3'' 

Falterona Aquitanian SDT/LMS   CM52 I47I/S4C/S33Cl16 88 85 R3 

94 43° 50' 32.01'', 
11° 38' 42.8'' 

Falterona Aquitanian SDT/LMS CO62 0.4 
(±0.79) 

CM53 I47I/S16K23Cl14 70  R1 

95 43° 55'  5.1'', 
11° 29' 41.8'' 

Marne di 
Vicchio 

Burdig. Marls   CM54 I60I/S17K5Cl18 70 -- R1 

97 43° 53' 50.81'', 
11° 32' 54.52'' 

Falterona Aquitanian SDT/LMS   CM56 I61I/S17K5Cl18 80 -- R3 

98 43° 55' 31.31'', 
11° 33' 29.8'' 

Aquerino Aquitanian SDT/LMS CO63 0.3 
(±0.07) 

CM57 I59I/S15K12Cl15 55  R0 

100 43° 51' 52.43'', 
11° 34' 46.3'' 

Falterona Aquitanian SDT/LMS CO65 0.5 
(±0.07) 

CM59 I58I/S9C/S8K9Cl16 83 80 R3 

101 43° 51' 5.8'', 
11° 30' 10.19'' 

Falterona Aquitanian SDT/LMS   CM60 -- -- -- -- 

102 43° 49' 21.64'', 
11° 29' 29.88'' 

Falterona Aquitanian SDT/LMS   CM61 I63I/S7C/S16K4Cl11 83 80 R3 

103 43° 57' 1.48'', 
11° 31' 45.7'' 

Aquerino Aquitanian SDT/LMS   CM62 I45I/S29K15Cl11 50 -- R0 

104 43° 56' 43.75'', 
11° 35' 11.78'' 

Aquerino Aquitanian SDT/LMS   CM63 I70I/S9C/S11Cl10 52 65 R0 

105 43° 55' 35.10'', 
11° 30' 51.95'' 

Carigiola Aquitanian SDT/LMS   CM64 I62I/S1C/S16K4Cl17 77 80 R1 

106 43° 55' 14.25'', 
11° 34' 13.88'' 

Aquerino Aquitanian SDT/LMS   CM65 I35I/S34K15Cl16 57/
75 

 R0 

Acronyms: SDT=sandstone; LMS= Limestone; I=illite; I/S=mixed layer illite-smectite; C/S= mixed 
layer clorite-smectite; K= Kaolinite; Cl=Clorite; S.O.= stacking order 

 

2.3.2 XRD analyses 

To the south of Marecchia Valley lineament, a suite of 36 samples for mineralogy X-

ray semi-quantitative analyses were collected from the Tuscan succession, mainly along 

the same four cross section and in the same sites where collection of samples for vitrinite 

reflectance analyses was performed too (Fig. 2.2 and Tab. 2.1). 

Samples were collected from both Scaglia Toscana and Macigno Fms.. In particular 

in the first, varicoloured clays were collected from layers of clay and marls interbedded to 

calcareous layers. Whereas gray siltites and pelites were collected from fine, laminated 

turbiditics beds of Macigno Fm.. 

In the area to the north of Marecchia Valley lineament further 21 samples have been 

collected from both Tuscan Nappe succession in the Chianti Mountains and Mt. Falterona 

succession at Pratomagno ridge along cross section E-E’ and Mt. Falterona succession and 

Aquerino succession in an area to the south-est of Mugello Basin (Tab. 2.2). In detail, 5 

samples of varicoloured clays were collected from Scaglia Toscana Fm., 9 samples consist 

of gray siltites from fine turbiditics beds of Falterona Fm., 1 sample was collected from a 
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fine laminated gray marls of Marne di Vicchio Fm. and 3 derive from varicoloured clays of 

Marne di Villore Fm. of Aquerino Unit. 

Qualitative and semi-quantitative analyses of the < 2µm grain fraction (equivalent 

spherical diameter) were performed by Scintag X1 X-ray diffractogram system (CuKa 

radiation, solid state detector, spinning sample). After centrifugation, the suspension 

containing the < 2µm grain-size fractions was decanted, pipetted, and dried at room 

temperature on glass slides to produce a thin highly oriented aggregate. Oriented air-dried 

samples were scanned from 1 to 48°2θ with a step size of 0.05°2θ and a count time of 4 s 

per step at 40 kV and 45 mA. The presence of expandable clays was determined for 

samples treated with ethylene glycol at 25 °C for 24 h. Ethylene-glycol-solvated samples 

were scanned at the same conditions as air-dried aggregates, with a scanning interval of 1-

48°2θ. Expandability measurements were determined according to Moore and Reynolds 

(1997) by using the ∆2θ method after decomposing the composite peaks between 9 – 10 

and 16 – 17 °2θ using the Scintag X1 software program with a split Pearson VII function. 

 

2.4 Results 

2.4.1 Organic matter analyses 

Organic matter dispersed in the Macigno Fm., to the south of Marecchia Valley 

lineament, is generally abundant, homogeneous and mainly made up of well-preserved 

macerals. The predominant macerals belong to huminite-vitrinite group, the inertinite 

group is present such as subordinate macerals. In some samples pyrite, either finely 

dispersed or in small globular aggregates, is locally present, associated with both groups. 

Most of data generally show one main cluster identifiable by a Gaussian distribution, 

which represents the indigenous population of huminite-vitrinite macerals (see for example 

CO1; CO9; CO13 and CO31 in Fig. 2.3). Ro% data generally indicate immature to early-

middle mature stage of hydrocarbon generation, with some variations. It is possible to 

identify two main trends of vitrinite reflectance: the first one along the stratigraphic 

succession in every single element and the latter one across the chain, at a regional scale. 

Generally there is an increase of Ro% values from top to the bottom of Macigno formation. 

In particular, in the most internal element (Terontola Element, Tuoro Element, Portole 

Element, Ansina Element) the Ro% values range from 0.60 to 0.80%; in Scarzola Element 

from 0.5 to 0.6% and in the most external element (Marcignano-Gioiello) from 0.30 to 

0.50% (Fig. 2.4).  
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Fig. 2.4 Geological sections across the study area: redrawn and modified after Bonini et al., (2012). Geological Cartography Project (2011c), this study. Sampling 
sites (in brackets), vitrinite reflectance and illite content in mixed layers I-S are plotted. Traces of cross sections are given in Fig. 2.2 
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Locally there is an anomalous increase of organic matter maturity at the top of 

successions that are preserved at the footwall of the secondary thrusts that delimitate the 

tectonic elements ( i.e. Ansina element in D-D’ in Fig. 2.4b).  

At regional scale, in the analyzed area, moving along the cross sections, from 

internal to external sectors of the Tuscan Nappe, it is possible to observe a general decrease 

of thermal maturity of organic matter dispersed in sediments (Fig. 2.5) 

 

 

 
Fig. 2.5. Distribution of vitrinite reflectance and I% in I-S mixed layers data performed in this study and 
plotted on the simplified tectonic scheme of Fig. 2.2. Note the gradual decrease in thermal maturity moving 
from hinterland to foreland and the abrupt trend moving from the Se to the NW. 
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Regard to organic matter dispersed in the Mt. Falterona Fm., at Pratomagno ridge, it 

is possible to observe an unimodal distribution identifiable by a Gaussian distribution (see 

Fig. 2.3) that indicates the presence of predominant macerals belonging to the huminite-

vitrinite group. The inertinite group is present such as subordinate macerals, in a few 

samples fusinite is present. In some samples pyrite, either finely dispersed or in small 

globular aggregates, is locally present, associated with both groups. The Ro% values range 

from 0.60% to 0.95% indicating middle mature stage of hydrocarbon generation. 

Moving toward the north-east in the area to the south-east of the Mugello Basin, a decrease 

of thermal maturity has been observed. In this sector of the chain the samples, collected 

from Fal3 member, have recorded lower Ro% values ranging from 0.45 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 the quantitative analyses of <2 µm grain-

size fraction show mainly the presence of illite, chlorite, mixed layers illite-smectite (I-S) 

and subordinate amounts of kaolinite and mixed-layers chlorite-smectite (C-S). Non-clay 

minerals: such as quartz, plagioclase, calcite have been recognized as well. In addition, 

gypsum is also present in samples from the Scaglia Toscana Fm. (see Tab. 2.1). In this 

area, the stacking order of mixed layers I-S shows a thermal maturity trend similar to that 

shown by vitrinite reflectance. In fact, from the inner to the outer element of the Tuscan 

Nappe, the I-S stacking order changes, passing from long-range ordered structures (R3) in 

the most internal element to short-range (R1) and random-ordered structures (R0) in the 

easternmost Marcignano-Gioiello element. A variation in the illite content in mixed layers 

I-S from 89% to 38% moving toward the foreland is also observed (Fig. 2.5). 

At the scale of the whole succession, a slight increase of illite layers in mixed layers 

I-S with depth occurs within the same element. In the internal elements (Terontola, Tuoro , 

Portole, Ansina Elements), the I% in I-S ranges from 80% to 89%, whereas it increases 

from 70% to 79% in the Scarzola Element and from 40 to 50% in the most external 

element (Marcignano-Gioiello) (Fig. 2.4). Data interpreted according to Merriman and 

Frey (1999) indicate that the internal sector of the Tuscan units experienced maximum 

temperatures ranging between 120-130° in the late diagenetic zone whereas toward the 

external sector temperature decreases below 100°C. 

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

analyses of the < 2 µm grain-size fraction show illite as major mineral and subordinate 
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amounts of mixed layers I-S and C-S, and chlorite (Tab. 2.2). The illite content in long 

range ordered mixed layer I/S is about 87-88% for both the Scaglia Toscana and Falterona 

Fms., indicating late diagenetic conditions in agreement with vitrinite reflectance data. 

These data correspond to a higher maturity level than that recorded for formation of similar 

age to the south of the MVL. Moving toward the NE, in the Mugello area (Fig. 2.5) a 

decrease of thermal maturity has been observed. Mixed layers I/S show a progressive 

increase of expandable layers (from 27 to 43% of smectite layers) from the internal to the 

external units, which correspond to changes in the staking order. Long range ordered (R3) 

mixed layers passes to short (R1) and the random ordered (R0) structures suggesting a 

decrease of tectonic/sedimentary loads. 

 

 

2.5 Discussion 

2.5.1 Geothermal gradient 

The paleogeothermal gradient active during the deposition of the Macigno formation, has 

been reconstructed using the following equation: Geothermal Gradient (°C/Km) = Heating 

rate (°C/Ma) / Burial rate (Km/Ma). According to the method proposed by Hillier et al. 

(1995) the heating rate values have been determined by the correlation of vitrinite 

reflectance and Illite content in mixed layer I-S, in relation to thermal history and 

sedimentary basin types. Fig. 2.6 shows two main data clusters: the first (squares) and 

corresponding to more external samples in the thrust belt, yields heating rate ranging from 

0.375-1.5 °C/Ma The latter (circles) corresponds to more internal samples and indicates 

heating rates comprised between 0.357 – 4.000 °C/Ma The highest values of heating rate 

(triangles) correspond to samples collected at the top of succession at the footwall of 

secondary thrust. The burial rate has been calculated for the outcropping successions of 

each tectonic element, using thickness and age of each stratigraphic member of the 

Macigno Fm. For burial rates ranging from 0.04 to 0.07 Km/Ma the paleo-geothermal 

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

 

2.5.2 Thermal modelling 

The obtained geothermal gradient is an essential constraint to perform burial and 

thermal models. The models of the Tuscan Units were carried out using BASIN MOD-1D 

software (1996). The main assumption for the modelling are: (1) correction for 

decompaction of the burial curves according to Sclater and Christie’s method (1980); (2) 

sea level changes, have been neglected, as the thermal evolution is influenced more by 

sediment thickness than water depth (Butler, 1992); (3) thrusting is considered 

instantaneous when compared with the duration of sedimentation, as generally suggested in 

theoretical models (Endignoux and Wolf, 1990); (4) calculated geothermal gradient (23 

°C/Km) has been adopted for the modelling; thickness, lithology and age of sediments are 

derived from geological maps (Geological Cartography Project (2011a, b, c, d, e). The 

exhumation rate is assumed constant and burial curves have been calibrated against Ro% 

and I% in I/S (reported in the previous section). 

Regarding the study area to the south of the MVL, various models were performed 

for the different tectonic elements, eight of these are presented and discussed in this 



 

21 
 

chapter. In detail the modelled elements are Terontola, Portole, Scarzola and Marcignano-

Gioiello for the cross sections A-A’ and B-B’; Portole, Ansina, Scarzola for the sections C-

C’ and D-D’ (Fig. 2.7). Constraints and results are reported in Table 2.2. From Fig. 2.7 it is 

evident that the deposition started during Eocene times with the sedimentation of  pelagic 

limestone of the Scaglia Toscana Fm. and continued until Aquitanian times with the 

deposition of the Macigno Fm.. In the lower-middle Miocene, the emplacement of a 

regional thrust sheet caused a tectonic loading that persisted for about 15 Ma, during 

compressional deformation. This load brought the succession at maximum depths that 

differ in each tectonic element, decreasing toward the external sector of the unit, from 5.7 

km experienced by the Terontola element to 3.5 km for the Marcignano-Gioiello element. 

The maximum recorded paleo-temperatures, corresponding to the different depths of 

burial, are about 120-130 °C for the internal element such as Terontola, Portole and Ansina 

and decrease moving toward the eastern sector reaching 110° C for the Scarzola and about 

95 °C for the Marcignano-Gioiello element (Fig. 2.7 see Burial History). Therefore in this 

sector of the chain, the Tuscan unit succession experienced a thermal evolution compatible 

with late diagenetic conditions in the early and middle stages of hydrocarbon generation 

(Fig. 2.7 see Maturity vs Depth Diagram). The calculated tectonic load, currently eroded, is 

characterized by lateral variations showing a decrease toward the external sector of this 

portion of the chain where the Tuscan Nappe thrust onto the Umbria–Romagna Domain. 

In detail, in the most internal area, to the east of Val di Chiana, a load of about 3.7 

Km emplaced onto the Terontola element decreasing down to 2.3 Km onto the 

Marcignano-Gioiello element. Exhumation started in early Pliocene times. 

In the area to the north of the Marecchia Valley in Pratomagno area (see E-E’), one 

model has been performed (Tab. 2.2). Fig. 2.8 shows that deposition started in this area 

during Oligocene times and went on until Aquitanian-Burdigalian time with the 

sedimentation of the turbidite deposits of the Falterona Unit. In the lower-middle Miocene, 

the emplacement of a regional thrust sheet caused a tectonic loading which persisted for 

about 13 Ma, during the compressional phase. This event brought the succession at 

maximum depths of about 6.5 km, recording maximum temperatures of about 150 °C. In 

this portion of the chain, the sedimentary succession reached the late mature stage of 

hydrocarbon generation. The calculated tectonic load, presently eroded, is of about 3.7 km. 
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Fig. 2.7 Representative one-dimensional burial and thermal modeling of the Tuscan Nappe succession in the southern area of  MVL  and related present-day thermal 
maturity data. 
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Fig. 2.8 (a) Representative one-dimensional burial and thermal modelling of the Falterona Fm. in the 
northern area of MVL. (b) Present-day thermal maturity data plotted against calculated thermal maturity 
curve. Depth for each sample is derived from outcrop sample distribution. 

 

 

2.5.3 Tectonic model 

The organic and inorganic indicators of the thermal exposure of the sediments and 

thermal modelling allowed me to reconstruct the amount of the tectono-sedimentary load 

the Tuscan and Falterona Units underwent and to speculate on its origin. On this basis I 

traced a tectonic evolutionary model during the Neogene time, and propose a possible 

deformation model for this sector of the chain, reconstructing of the missing portion of the 

tectonic wedge, now eroded. 

In the area to the south of the MVL, the investigated successions underwent a 

differential tectono-sedimetary load, higher in the internal portion compared to the external 

one, ranging from about 3.7 km to 2.3 Km. These loads have been reported above the 

reconstructed sections and highlighted a reduction of the wedge thickness moving toward 

more external sectors of this portion of the chain (Fig. 2.9). In order to understand which 

units composed the wedge, a reconstruction of the missing portion of the chain has been 

attempted, in agreement with the tectono-sedimentary loads derived from thermal data. In 

this area, the thickness of the Tuscan successions ranges from a maximum of 1.8 to a 

minimum of 1.2 km, considering that the top of the Mac3 member is eroded and its 

complete thickness cannot be univocally evaluated. However, the maximum outcropping 

thickness recognized in published maps is of about 400 m and Barsella et al. (2009) 

reported a value of about 600 m, on the basis of stratigraphic and biostratigraphic analyses.  
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 Fig. 2.9 Geological cross-sections with the calculated tectonic-sedimentary loads. 
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An upper bound to the Mac3 thickness can be obtained by comparison with the coeval 

Fal3 member, that has a maximum measured thickness of 1,100 m (Geological Cartography 

Project, 2011 d, e).  

In detail, a reconstruction of the missing section has been carried on for the C-C’ 

section assuming for the Mac3 two alternative thickness values: 600 and 1,100 m (Fig. 

2.10).  

Fig. 2.10a shows the possible reconstruction with either 600 or 1,100 m; in both cases, 

especially for the most internal portion, stratigraphic thicknesses of the missing portion of 

the Macigno Fm. cannot totally justify the total amount of calculated tectonic load. 

Thus, to compensate the calculated tectonic loads values, it is necessary to 

hypothesize that the missing thickness is partially due to the emplacement of the 

allochthonous Ligurian Unit (now completely eroded), on top of the total thickness of the 

Tuscan Nappe succession. The thickness of Ligurian Unit can be derived by subtracting the 

estimated thickness of Macigno Fm. from the thickness of the total calculated sedimentary-

tectonic load. The derived thicknesses of the Ligurian allochtonous units are shown in Fig. 

2.10 b, c and decrease toward the front of the chain. In particular, if I considered a total 

thickness of Mac3 of 1,100, the Ligurian Unit is about 2 km thick and it tapers onto more 

internal element to zero. Whereas if a thickness of 600 m for the Mac3 is considered the 

Ligurian Unit front is located in a more external position and its maximum thickness is 

higher (Fig. 2.9c). 

Another piece of information that I obtained from these data is that an anomalous 

thermal maturity level is recorded in the immediate footwall of each tectonic element for 

the youngest member of the Macigno Fm., in apparent contradiction with the general trend 

of increasing of maturity moving toward the oldest member of the stratigraphic succession. 

This effect is probably related to the internal imbrication of the Tuscan Unit and to the 

stacking of secondary thrusts. 

On the other hand, in the sector to the north of MVL, and in particular in the 

Pratomagno area, the modelling shows that the Falterona succession reached higher burial 

depths, with a total maximum load of about 3.7 km. The reconstruction of the missing 

section in this sector, with the same method mentioned above, shows that the load 

corresponds entirely to the thickness of Ligurian Unit.  
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Fig. 2.10 Different versions of the geological cross section C-C’ for the reconstruction of the eroded portion of the chain: (a) with projected  punctual maximum loads experienced 
by present-day outcropping units and assuming for the Mac3 two alternative thickness values: 600 and 1,100 m; (b-c) assuming for the Mac3 1,100 m (in b) or 600 m (in c) and a 
possible thickness for the Ligurian Unit (whose envelope is indicated by the green line) derived from the exceeding thickness of the total load in cross section. 
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Therefore a variation in the thickness of the Ligurian Unit moving both 

perpendicular and parallel to the strike of the chain is evident with respectively either 

gradual or abrupt changes. In detail, the Ligurian Unit had maximum thickness of up to 3.7 

km to the north of the MVL in the Pratomagno area and up to about 1.5 km to the south of 

the MVL in the Trasimeno Lake area. Thus, the two sectors are abruptly separated by the 

MVL that exerts a structural control on the original position of the Ligurian thrust front.  

In detail, as shown in map of Fig. 2.11, to the north of the MVL it can be noticed that 

there is a higher degree of preservation from erosion of the Ligurian Unit when compared 

to that of the southern sector, where it crops out only in an area of limited extension to the 

W-SW of the Trasimeno Lake.  

Moreover an increase of organic matter maturity in the units preserved at the 

footwall of the regional nappe of the Ligurian Unit is evident moving further to the north-

west, in agreement with paleothermal data distribution published in previously works (see 

Corrado et al., 2010a for a review). 

 

 
Fig. 2.11. Distribution of vitrinite reflectance and I% in I-S mixed layers data performed in this study and 
previously published (see Corrado et al., 2010a) projected on the simplified tectonic scheme with present-day 
outcrops of the Ligurian Unit. Note the abrupt increase in thermal maturity to the north of the Marecchia 
Valley Lineament. 
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The Ligurian Unit to the south of MVL has been totally eroded probably because of 

its original reduced thickness than that preserved to the north of the MVL, as confirmed by 

presented thermal modelling. This reduced thickness may be related to a reduced 

propagation of the Ligurian Unit towards the foreland moving from the NW to the SE 

along the chain and approaching the bulge of Carbonate Platform of the Central Apennines 

where the allochtonous units never propagated toward the most external areas (Corrado, 

1995; Corrado et al., 1998). Furthermore, the maximum thickness of the Ligurian wedge in 

the northern area may have triggered the emplacement of huge volumes of Ligurian Unit 

(such as in the Marecchia Valley) that are absent in the southern area. 

Some recent studies (Cerrina Feroni et al., 2001; Zattin et al., 2002) proposed that to 

the North of the study area, the Sillaro – Livorno line marks a jump in the erosional level 

in the Northern Apennines with bigger volumes of preserved Ligurian Unit moving 

towards the NW. On the basis of my reconstruction (high preservation of the Ligurian Unit 

to north of MVL compared to the southern sector) it is possible to assume that the MVL 

marks a further change in the erosional level along the Apennines chain. In this framework 

the culmination occurred progressively toward the south-west with discrete steps ruled by 

the main lineaments such as the Sillaro-Livorno and Marecchia Valley lineaments moving 

towards the Central Apennines. 

 

2.6 Conclusion 

Vitrinite reflectance and mixed-layered clay minerals data allowed me to trace the thermal 

evolution of the Tuscan Nappe sedimentary sequences during the evolution of orogenic 

wedge.  

I identified two main trends of thermal maturity of the sedimentary succession. One 

perpendicular to chain axis, with organic and inorganic thermal indicators decreasing 

toward the external sector of the chain. The second one, moving along the strike of the 

chain, from the SE (Trasimeno Lake) toward the northeastern sector (Pratomagno area). In 

this case an abrupt increase of thermal maturity has been recorded and this jump 

corresponds to the Marecchia Valley lineament.  

This pattern of thermal maturity is due to a variation of 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 and low T thermocronological 

studies have been performed to investigate the burial and exhumation history of the main 

tectonic units that compose the Northern Apennines. The aim of these studies was to 

constrain vertical motions of the fold-and-thrust belt during the whole chain building 

(Boettcher and McBride, 1993; Balestrieri et al,. 1996, 2000, 2003; Abbate et al.,1999; 

Zattin et al., 2000; 2002; Ventura et al., 2001; Corrado et al., 2010a; Thomson et al., 2010; 

Bonini et al., 2012). Nevertheless, less attention has been paid to the evolution of vertical 

motions, with special regard to exhumation due to localised extensional tectonics in the 

late stages of chain evolution. 

The present study focuses on the presentation of a new dataset of low T 

thermochronological - (U-Th)/He and AFT - and paleothermal data - vitrinite reflectance 

and illite content in mixed layers illite-smectite - for the Marnoso Arenacea Fm. to 

reconstruct the burial and exhumation history in the area where the Altotiberina fault 

system (ATF): one of the most active extensional fault systems of the northern-central 

Apennines (Barchi et al., 1998a,b; Mirabella et al., 2011). In detail, the investigated area is 

located in a sector of the Northern Apennines at the boundary between Tuscan and Umbria 

domains. It extends from the Massicci Perugini to the 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. Donato 01 and Monte Civitello 01- drilled 

respectively close to Perugia and Gubbio towns, are shown at the end of the “3.5 Results” 

section. Stratigraphy and tectonic evolution of these wells are briefly described and data 

concerning organic matter dispersed in sediments (e.g., percentage distribution of main 

terrestrial and marine components) as well as thermal maturity indicators (e.g. vitrinite 

reflectance and Thermal Alteration Index) are extensively discussed.  

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

and results from modelling compared with surface data to derive a final tectonic model.   

 

3.2. Geological setting 

The study area is located in a sector of the Northern Apennines at the Tuscany‐Umbria 

boundary (Fig. 3.1) and is characterized by Neogene contractional architecture affected by 

a severe Neogene - Quaternary extensional activity.  

 

 
Fig. 3.1. Geological sketch map of the study area showing the outcropping tectono-stratigraphic units, main 
thrusts and normal fault systems (modified after Mirabella et al., 2011). 
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The contractional architecture consists of four structural units that were piled up 

during Miocene times (Mirabella et al., 2011). Some authors (e.g., Abbate and Bruni, 

1989; Brozzetti, 2007) considered the outermost part of the Tuscan Nappe as belonging to 

a more external tectonic unit (Falterona-Cervarola Unit or Falterona Nappe, Auct.). For the 

study area, the Falterona-Cervarola Unit is interpreted as belonging to the Tuscan Nappe 

according to Plesi et al. (2002). 

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

(1) Ligurian Unit, made up of ophiolites, sedimentary covers and flysch deposits 

(“helminthoid flysch” Auct.) (Elter, 1975; Marroni et al., 2001; Festa et al., 2010);  

(2) The Tuscan Nappe, an east‐verging imbricate thrust‐stack formed by pelagic 

foreland ramp deposits (Scaglia Toscana Fm.) and foredeep turbidite deposits (Macigno 

Fm.) (Plesi et al., 2002; Barsella et al., 2009);  

(3) Mt. Rentella Unit, interposed between the Tuscan and Umbria-Marchigiana-

Romagnola Units (Barsella et al., 2009), that consists of Rupelian-Aquitanian varicoloured 

pelagic and hemipelagic marls (Monte Rentella Fm.) followed by Aquitanian-Burdigalian 

siliciclastic turbidites (Montagnaccia Fm.). This succession is arranged in a stack of thin 

imbricate slices bounded by N-S striking thrusts with ramp-and-flat geometry (Barsella et 

al., 2009; Meneghini et al., 2012);  

(4) the western Umbria-Marchigiana-Romagnola Unit characterized by a Triassic-

Early Miocene calcareous-marly-siliceous succession and Early to Middle Miocene 

foredeep turbidites (Marnoso Arenacea Fm.) at the top (Ricci Lucchi and Pialli, 1973). 

Subsurface data show that, at deeper levels, contractional deformation involves the 

entire sedimentary successions of the Umbria domain, including the lowermost 

sedimentary units (Triassic in age) and the upper part of the phyllitic basament (Mirabella 

et al., 2008a; Barchi et al., 2010). In detail, logs of Perugia 02 and S. Donato 01 wells 

indicate a tectonic doubling of the Burano Anhydrites and the underlying phyllites by 

means of a regional thrust to the west of the Tiber River (the so called Perugia Mountains 

thrust, Minelli and Menichetti, 1990; Anelli et al., 1994; Barchi et al., 1998a, Mirabella et 

al. 2011) (Fig. 3.2a). 

The age of the foredeep deposits provides the timing of compressional deformation 

that gets younger moving eastward. Recent biostratigraphic data for this portion of the 

chain, indicate that the deformation of the Tuscan Nappe, Rentella Unit and Umbria-

Marche Unit occurred during Aquitanian, Burdigalian and Langhian times, respectively 

(Barsella et al., 2009). In addition, scattered “klippen” of the Ligurian Units are identified 
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at the top of the Tuscan Nappe, as testified to the west of Trasimeno Lake (Meneghini et 

al.,  2012). 

 

 
Fig. 3.2. (a) Simplified stratigraphy of the Perugia- 02 well, and related seismic image and geological sketch 
of the San Donato-01 well (Mirabella et al., 2011); (b) seismic section (top) with geological interpretation 
(bottom) across Mt. Acuto area, (section L3 in Mirabella et al., 2011); (c) seismic section (top) with 
geological interpretation (bottom) from Mt. Malbe to Gubbio town, (section L4 in Mirabella et al., 2011) 
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The described compressional setting has been severely dissected by extensional 

tectonics since Late Pliocene by a complex pattern of normal faults. Several Authors have 

provided an early and detailed surface description for the Perugia Mts. area such as Dessau 

(1962), Ghelardoni (1962), Minelli and Menichetti (1990), Brozzetti (1995). The Perugia-

02 and S. Donato-01 wells drilled a tectonic contact separating the Miocene 

Marnoso‐Arenacea Fm. at the top from the Triassic Anidriti di Burano Fm. at the bottom 

(Martinis and Pieri, 1964; Anelli et al., 1994; Keller et al., 1994). This tectonic elision has 

been interpreted as a regional low-angle extensional fault.  

More recent studies integrating field geology and seismic lines (CROP 03 profile and 

other commercial seismic lines) indicated that the previously described extensional 

features are the surface and subsurface expression of the Altotiberina fault system (ATF) 

(Barchi et al., 1998b, 1999, 2006; Pialli et al., 1998; Boncio et al., 1998, 2000; Mirabella 

et al., 2011) (Fig. 3.2 b, c). 

The ATF system has been acting since Late Pliocene (about 3 Ma ago) as testified by 

geological, geodetic and seismological data. The geological and geomorphological 

evidence of faults activity are located along the Monterchi and Anghiari fault segments 

(Cattuto et al., 1995; Delle Donne et al., 2007; Brozzetti et al., 2009, Mirabella et al., 

2011). Geodetic data testify a SW‐NE extension (with rates in the order of  2.5–3.0 mm/yr) 

from Perugia to Città di Castello towns, along the high Tiber basin (D’Agostino et al., 

2009; Hreinsdóttir and Bennett, 2009; Mirabella et al., 2011). 

Nowadays, different and extremely rich dataset about extensional faults developed 

along the ATF system are described in the existing literature. Some structures such as 

Malbe, Tezio and Acuto Mts. normal faults, have been identified since the 50’s (Dessau, 

1956; Ghelardoni, 1962; Barnaba, 1958), whereas some others, such as the Mt. Favalto, 

Monterchi, Anghiari, Città di Castello and Umbertide faults, have been more recently 

studied (Cattuto et al., 1995; Barchi et al., 1998b; Boncio et al., 2000; Brozzetti et al., 

2009). This regional scale extensional system is driven by the low-angle normal 

Altotiberina fault (ATF), (angles of dip <30° at depth) with the east‐dipping structures that 

have been generally interpreted as synthetic splays of the ATF, whereas the west-dipping 

faults, developed mainly on the eastern side of the Tiber Valley, are interpreted as 

antithetic subsidiary structures (i.e. Sansepolcro and the Gubbio faults in Boncio et al., 

1998, 2000; Barchi et al., 1999; Mirabella et al., 2004, 2008b; Barchi and Ciaccio, 2009). 

This NNW-SSE fault system is characterized by a great along-strike continuity and 

relevant exhumation of the footwall block, in the Mt. Malbe area. Nevertheless the amount 
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and timing of the possible footwall uplift of the ATF system is still matter of scientific 

debate as the area where the AFT developed was first the locus of intense shortening and 

subsequent denudation due to erosion and then of extensional deformation due to the 

evolution of the Val di Chiana fault system. In other words the contribution of either each 

of these older tectonic events, or of the ATF evolution, or simply of the regional erosion 

due to final uplift of the peninsula to the exhumation of Mesozoic cores in the area of 

Perugia is still strongly debated. In this chapter I will contribute to this debate with new 

thermochronological and paleothermal data to provide quantitative dating and amounts of 

exhumation in this area. 

A tectonic regional scheme showing geometric relationships between the older 

compressive structures and the Pliocene‐Quaternary normal fault systems has been 

reported in Fig. 3.1 in agreement with Mirabella et al. (2011). There are two 

Pliocene‐Quaternary normal fault systems: the older Val di Chiana fault system (in blue in 

Fig. 3.1); and the Altotiberina fault system (in red in the Fig. 3.1)  

In the area between the Trasimeno Lake to the West and Gubbio - Gualdo Tadino 

towns to the east, these two fault systems have been described with further detail by 

Mirabella et al. (2011). The authors highlighted four main arrays of NW‐SE normal faults 

that can be variously attributed to either the younger and eastern ATF or to the older and 

western Val di Chiana system (in blue in the Fig. 3.1). From west to the east, secondary 

synthetic and antithetic faults have been defined as follows:  

(1) the east‐dipping Lisciano‐Pian di Marte‐Magione Fault set (LMF belonging to the 

ATF System),  

(2) the west‐dipping Corciano‐Preggio Fault set (COF belonging to the Val di Chiana 

System),  

(3) the east‐dipping Altotiberina Fault (ATF), 

(4) the west‐dipping Sansepolcro‐Gubbio alignment (Antithetic and belonging to the 

Altotiberina Fault System). The east‐dipping ATF and LMF have a very similar geometry 

and kinematics, as a consequence LMF has been interpreted as the westernmost part of the 

ATF displaced by COF (Mirabella et al., 2011, Fig. 3.3). 

The throw produced by the activity of COF decreases toward the N-NW, moving 

from Corciano village to Mt. Acuto area. In the same direction a displacement decrease of 

the ATF is also recorded. Mirabella et al., (2001) interpreted the extensive outcrop of the 

Triassic unit in the MT. Malbe - Mt. Torrazzo area, as the locus of the maximum 

exhumation occurring at the footwall both the ATF and COF (Fig. 3.3). 
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Fig. 3.3. (a) DTM (25m resolution) of the southwestern part of the study area showing the trace of the normal 
faults belonging to the LMF, COF and ATF fault‐alignments, red traces refer to E‐NE‐dipping faults, 
dark‐blue traces to SW‐dipping faults. The traces of the A‐A’ and B‐B’ sections (white thin lines); (b) 
tectono‐stratigraphic scheme of the study area showing the superposition relationships occurring among the 
main units and their internal stratigraphy; (c) cross‐sections drawn along the A‐A’ and B‐B’ lines, based on 
surface data (modified after Mirabella et al., 2011). 
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3.3 Methods and materials 

Integrated paleothermal and low-T thermocronological analyses have been performed to 

investigate the burial and exhumation history of the Altotiberina Fault system. 

A synthetic description of the thermocronological methods has been reported below; while 

for the paleothermal methods description see chapter 2.  

 

3.3.1 Generalities of Apatite fission-track method 

Apatite fission-track analysis on sedimentary successions has been the object of 

many studies since the early eighties because of its implications for hydrocarbon 

exploration (Fig. 3.4, Gleadow et al., 1983).  

 

 
Fig. 3.4 Application of Apatite fission tracks to the hydrocarbon exploration. After Gleadow e Duddy (1981) 

 

This methodology has been widely applied to the Apennines as it provides 

constraints to the thermal history of the sedimentary successions involved in the chain 

building (Zattin et al., 2002; Thomson et al., 2010). The most important difference with 

other low-temperature indicators (such as vitrinite reflectance and I-S mixed layers) is that 

this methodology provides timing and amount of exhumation whereas the other methods 

constrain only maximum paleo-temperatures and burials. The other difference is that 

apatite fission-track (AFT) studies can reflect multiple cooling and heating events as a 
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function of sample age and track length distribution as based on reversible processes. AFT 

dating is based on the spontaneous fission of 238U which produces a damaged zone or a 

linear defect (spontaneous track) in the crystal lattice (Fleischer et al., 1965).  

AFT dating is very similar to other isotopic dating methods based on the decay of an 

unstable parent to a stable daughter atom. The age is function of the proportion between 

the abundance of the new stable isotope and the parent unstable atom. In AFT dating 

methodology, these two quantities are substituted by the number of observable tracks and 

the amount of Uranium present in the sample. The Uranium content is determined by the 

number of induced tracks obtained by irradiation with a known dose of thermal neutrons in 

a nuclear reactor. This irradiation causes the fission of 235U which isotopic ratio with 238U 

is constant in nature. Therefore, the age of the sample can be estimated by the ratio 

between spontaneous and induced tracks.  

The most important parameter affecting the stability of tracks is temperature. As 

temperature increases, a decreasing number of tracks and a reduction of their length is 

visible. This process is known as annealing. The AFT annealing rate depends on the 

chemical composition of apatite (Green et al., 1986) and on cooling or heating rate 

(Gleadow and Duddy, 1981). It generally occurs between about 60 °C and 125 °C for 

heating time of about 10 Myr and can be used to reconstruct the thermal history of basins, 

from deposition and burial of sediments through subsequent cooling related to uplift and 

erosion. The temperature range in which reduction of lengths occurs is known as Partial 

Annealing Zone (PAZ; Wagner and Van den Haute, 1992). According to this concept, 

temperatures of any geological setting can be divided into three zones with respect to 

fission-track annealing: (1) the total annealing zone, in which spontaneous tracks are 

immediately erased after any fission event; (2) the partial annealing zone, in which 

reduction of lengths occurs with the increase of temperature; (3) the stability zone, where 

tracks are stable.  

AFT record the age of cooling and the exhumation rate of rocks from the total 

annealing zone, evaluate the thermal history of a sedimentary succession in the partial 

annealing zone and assess the age of the source rock in the stability zone giving 

information on the provenance of the sediments.  

The annealing temperatures depend on the rate of the geological process and the PAZ 

temperature range cannot be univocally defined. Gleadow and Duddy (1981) noted a 

reduction of the FT density as a function of temperature in drill-hole samples from the 

Otway Group sandstones (Fig. 3.5).  
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For apatite, temperatures between 140 and 120 °C are cited for the bottom whereas 

70 to 40 °C for the top of the PAZ. More precisely, Gleadow and Duddy (1981), on the 

basis of 36 data obtained from drill holes samples in the Otway basin, suggest a PAZ 

between 145 and 80 °C for heating events 1 Myr long, and between 110 and 45 °C for 

events 1 Gyr long.  

 

 
Fig. 3.5 Reduction of spontaneous traces with increasing temperature in a deep well in the Otway Basin 
(Australia). After Gleadow e Duddy (1981). 

 

The cooling range in the PAZ has been simplified in a single temperature value to 

which the age has to be referred. This temperature value was defined by Dodson (1973) as 

the closure temperature. Wagner and Reimer (1972) suggest that the closure temperature 

correspond to temperature at which 50% of the track are retained. In conclusion, the best 

assessments of the closure temperature are 128 °C, 112 °C, 98 °C and 85 °C for cooling 

rates of 100 °C/Myr, 10 °C/Myr, 1 °C/Myr and 0.01 °C/Myr, respectively (Brandon et al., 

1998).  

Most of the limitations of this method are due to the young age of sediments (< 10 

Myr). In fact in such a short period of time, the accumulation time of tracks can be too 

short to produce an acceptable number of measurable tracks with a “normal” uranium 

content (about 35 ppm) causing relevant errors in the age determination (Zattin, 2003). A 

different problem derives from the relationships between the apatite chemistry and the 
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annealing degree. In terrigenous rocks, it is very probable to analyse apatites crystals 

coming from different source rocks with different chemical composition. Finally, different 

source areas may record different cooling age. As a consequence, the pre-depositional 

history of apatites crystals can differ for the single grains within each samples. Therefore 

quantitative modelling of data can be very difficult given the heterogeneity in the thermal 

history of single grains. Radial plots and/or peak-fitting statistical method can be used to 

discriminate different inherited populations and overcome this problem (Gailbraith, 1988; 

Brandon and Vance, 1992; Brandon et al., 1998). 

 

3.3.2 Generalities of (U-Th)/He method  

(U-Th)/He dating of apatite has attracted considerable interest as a potential low-

temperature thermochronometer (e.g., Zeitler et al., 1987; Lippolt et al., 1994; Wolf et al., 

1996a). Differently from Apatite Fission Tracks dating, laboratory He-diffusion 

experiments suggest that this system should be sensitive to crustal temperatures of ~ 40–80 

°C (Wolf et al., 1996b, 1998). 

(U/Th)/He dating is based on the α emission during the decay of 235U, 238U, and 
232Th series nuclides. The (U-Th)/He dating method is based on the measurement of the 

isotopic abundances present in the following equation: 

 

He = 8 238U (eλ238
t −1) + 7 (238U/137.88) (eλ235

t −1) + 6 232Th (eλ232
t −1) 

 

(U/Th)/He age is the result of the thermal history experienced by a rock in the region 

where radiogenic He is at least partially retained (Wolf et al., 1998). Therefore a 

knowledge of He diffusivity (and retention) at a given temperature is fundamental to 

understand the concept of (U-Th)/He dating. Extrapolation of laboratory volume-diffusion 

kinetic parameters to geologic time scales indicates that He is completely expelled from 

apatite above ~80 °C and almost totally retained below ~40 °C (Wolf et al., 1996, 1998). 

Diffusion experiments further suggest that the apatite (U-Th)/He system has a closure 

temperature (Tc) of ~65–75°C, assuming a constant cooling rate of 10 °C/Myr. (Farley, 

2000). He diffusivity correlates with the physical dimensions of Durango apatite, 

indicating that the diffusion domain is the grain itself, so grain size has a small effect on 

the closure temperature (Farley, 2000). Grain shape-dimension, cooling rate and U-Th 

distribution within the grain itself are parameters influencing Tc (Lippot et al., 1994; Wolf 
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et al., 1996; Warnock et al., 1997; Wolf et al., 1998; Farley, 2000; Meester and Dunay, 

2002a,b). 

A continuous proliferating of literature has demonstrated that (U-Th)/He dating on 

apatite crystals represent an useful tool to solve a large variety of geological questions at 

shallow crustal levels (House et al., 1998; Stockli et al.,2000; Farley et al., 2001). 

In this study (U-Th)/He dating on apatite from the Marnoso Arenacea Fm. is used to 

constrain both the thermal evolution and in particular vertical movements in the 

Altotiberina fault system area. The thermochronological contribution to this thesis comes 

from a collaboration with Prof. Massimiliano Zattin (Padova University) who provided (U-

Th)/He analyses performed on samples which I collected during field work. 

For the same sample of Marnoso Arenacea Fm. from one to 5 crystals have been 

analysed. This procedure allows to verify whether burial temperatures exceeded the reset 

temperature of about 80 °C for (U-Th)/He system. Exceeding this temperature is easily 

recognizable when the ages of the individual crystals are all younger than stratigraphic age 

of the sample. 

The apatite crystals, with characteristics suitable for dating (minimum diameter > 60 

µm, ehuedrale form, absence of fractures parallel to the c axis and abrasions, absence of 

inclusions), have been separated and concentrated from rock samples. Samples have been 

analyzed at Department of Geosciences University of Arizona, using Nd-YAG laser. The 

samples were than degassed and the concentration of 4He measured by the ratio 4He/3He by 

dilution with 3He in a quadrupole mass spectrometer. The amount of U, Th and Sm were 

then measured by isotope dilution mass spectrometry in plasma. 

 

3.4 Sampling strategy 

Samples have been collected at different structural levels in the ATF system. The 

first set of samples is located in the ATF footwall, in the western part of the Tiber Valley 

(Box A in Fig. 3.6) and the second set in the eastern part of the Tiber Valley in the 

hangingwall of the ATF system (Box B in Fig. 3.6). For this last dataset samples have been 

collected both in the Gubbio Basin (to the west of the antithetic Gubbio fault) and to the 

east of the Gubbio ridge (to the east of the antithetic Gubbio fault). 



 

41 
 

 
Fig. 3.6 Tectonic sketch map of the study area with sample sites. Compiled after Mirabella et al., (2011) and 
sheet Umbertide 299, scale 1:50,000; in Carta Geologica d’Italia. Ist. Super. per la Prot. e la Ric. Rome; 
(Carg Project , 2011). 
 

Generally, samples for the different analytical techniques were collected in the same 

sites to allow direct correlation among indicators of maximum burial and paleo-

temperature and to calculate exhumation rates. A total of 32 sites have been sampled and a 

total of 58 samples have been analyzed at Roma Tre and Padova Universities. 

 

 

3.4.1 Sampling for Paleo-thermal (Ro% and I% in I-S) and 
thermochonometric (U-Th/He) analyses 
 

Sampling sites are located in the footwall of the ATF to the West of the Tiber Valley 

where the oldest stratigraphic units crop out (box A in Fig 3.6). Three sites have been 

sampled to the north of the San Donato-01 well from the foredeep turbidites of the 

Marnoso Arenacea Fm.. Ten samples have been collected from Mt. Malbe exhumed 

Triassic units, one sample from the Aptian-Albian Marne a Fucoidi Fm.. Two additional 
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sites are located on the Schlier and Marnoso Arenacea Fms. in the footwall of the most 

external klippen of the Tuscan Nappe. 

To the East of the Tiber Valley (box B in Fig. 3.6) sampling has been concentrated 

mainly on the Marnoso Arenacea Fm., both at the hangingwall and at the footwall of the 

Gubbio fault. Eleven sites have been analyzed in the Marnoso Arenacea Fm. and one in the 

Schlier Fm.. 

The sampled intervals in the Marnoso Arenaca Fm. have different ages in the 

different sectors. In the sector to the west of the Tiber Valley, the Burdigalian-Langhian 

member has been sampled (Barsella et al., 2009). Whereas in the Gubbio basin, between 

the Tiber Valley and the Gubbio ridge, the Marnoso Arenacea Fm. is as young as 

Serravallian age (Ridolfi et al., 1995; Ricci Lucchi and Pialli 1973). In the end, to the east 

of the Gubbio ridge the older member (Burdigalian-Langhian time) crops out again 

(Ridolfi et al., 1995). 

The sampling sites for the U-Th/He analyses are concentrated only on the Marnoso 

Arenacea Fm..  

In detail a suite of 28 samples has been collected for the organic matter optical 

analyses (Ro%); 23 for the XRD studies, and 5 samples for 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 formations will be described separately. 

Moving along the stratigraphic succession (Umbria-Romagna-Marche domain) from the 

bottom to the top, significant results have been obtained from Triassic Rhaetavicula 

contorta Fm.; Aptian-Albian Marne a Fucoidi Fm. and Burdigalian-Langhian-Serravallian 

Marnoso Arenacea Fm.. 

The organic matter dispersed in the Rhaetavicula contorta Fm. is generally abundant, 

the predominant macerals belong to the huminite-vitrinite group, present in small 

fragments, whereas the inertinite group macerals are less abundant. Only in one sample 

pyrite is present. 
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Table 3.1. Organic matter maturity and clay mineralogy data from the study area   

Site Coordinates 
(Lat-Long) 

Lithology Samples 
for 

Vitrinite 
Analyses 

 

Ro% 
(± s.d.) 

N° Samples 
for XDR 
Analyses 

 

X-ray quantitative 
analysis of the <2µm 
grain-size fraction 

(%wt.) 

%I in 
I-S 

%C in 
C-S 

S.O. 

Triassic Rhaetavicula contorta Fm. 

47 
43°9'25.62" 
12°19' 2.60" 

Marls/lms CO49 
1.03 

(±0.150) 
22 CM39 I68 I/S31 Cl1 83  R3 

60 
43° 9'52.14" 
12°18'22.92" 

Marls/lms CO69 barren       

71 
43°7'50.58" 
12°20' 3.78" 

Marls/lms CO79 
1.22 

(±0.086) 
20 CM76 

Sm48 I46 I/S5 Cl1 
 

77  
R1/R3 

 

72 
43°05' 4.2", 
12° 0' 3.36" 

Marls/lms CO80 barren  CM77 
I83 I/S14 K2 Cl1 

 
85  R3 

73 
43°7'57.00" 

12°11.1'22.6" 
Marls/lms CO81 barren  CM78 

I56 I/S18 K8 Cl18 

 
72  R1 

74 
43° 8' 34.62" 
12°19' 14.10" 

Marls/lms CO82 barren       

75 
43° 20' 48.3" 
12°17'54.42" 

Marls/lms CO83 barren       

76 
43°8'31.32" 

12°17'54.42"E 
Marls/lms CO84 

1.03 
(±0.150) 

22 CM79 I70 I/S29 K1 84  R3 

77 
43°10'4.80" 
12°18'26.82" 

Marls/lms CO85 barren  CM80 I69 I/S29 K2 84  R3 

78 
43°10'17.94" 
12°18'23.94" 

Marls/lms CO86 barren       

Albian Marne a Fucoidi Fm. 

61 
43° 9'12.47", 
12°17'20.28" 

Marls CO70 
0.78 

(±0.140) 
6 CM68 I87 I/S13 75  R1 

Burdigallian Schlier Fm. 

80 
43°13'43.98" 
12°19'19.50" 

Sdt/lms    CM82 I50 I/S13 Cl37 70  R1 

4 
43°23'10.04" 
12°33'25.70" 

Sdt/lms    CM07 I41 I/S38 Cl21 38  R0 

Burdigallian-Langhian-Serravallian Marnoso Arenacea Fm. 
43 
44 

43°15'52.44" 
12°17'22.38" 

Sdt/lms CO47a 
CO47b 

0.37 
(±0.132) 

10 CM37 I62 I/S21 C/S7 Cl11 40 70 R0 

48 
43°14'2.52" 
12°28'54.30" 

Sdt/lms CO50 
0.35 

(±0.063) 
26 CM40a I67 I/S27 K3 Cl3 40  R0 

49 
43°14'2.52" 
12°28'54.30" 

Sdt/lms    CM40b I59 I/S36 K4 Cl1 50  R0 

50 
43°15'22.80" 
12°31'24.00" 

Sdt/lms CO51 
0.26 

(±0.050) 
76 CM41 I57 I/S24 K7 Cl12 45  R0 

56 
43°14'32.32" 
12°26'46.61" 

Sdt/lms CO55 
0.42 

(±0.068) 
35      

57 
43°17'0.54" 
12°29'11.22" 

Sdt/lms CO56 barren  CM44 I56 I/S16 K9 Cl20 40  R0 

62 
43°15'16.37", 
12°15'40.81"E 

Sdt/lms    CM69 I59 I/S18 Cl23 70  R0-R1 

63 
43°15'16.12" 
12°15'44.33" 

Sdt/lms CO71 barren       

64 
43°15'16.05" 
12°15'26.54" 

Sdt/lms CO72 barren  CM70 I64 I/S18 K5 Cl13 55  R0 

65 
43°15'22.79" 
12°15'51.13" 

Sdt/lms CO73A, 
CO73B 

0.46 
(±0.069) 

14      

66 
43° 9'56.70" 
12°33'47.94" 

Sdt/lms CO74 barren   CM71 I56 I/S40 K3 Cl1 54  R0 

67 
43°10'17.88" 
12°39'9.48" 

Sdt/lms CO75 
0.28 

(±0.057) 
66 CM72 I55 I/S38 Cl7 50  R0 

68 
43°15' 3.55" 
12°37' 0.77" 

Sdt/lms CO76 
0.32 

(±0.058) 
36 CM73 I54 I/S30 K5 Cl11 50  R0 

69 
43°22'24.90" 
12°28'46.62" 

Sdt/lms CO77 barren  CM74 I57 I/S19 K8 Cl16 50  R0 

70 
43°25'45.51" 
12°26'5.16" 

Sdt/lms CO78 barren  CM75 I53 I/S18 K9 Cl20 38  R0 

79 
43°14'6.96", 
12°16'50.76" 

Sdt/lms CO87 
0.40 

(±0.076) 
      132 CM81 I57 I/S8 C/S17 K8Cl10 60 60 R1 

81 
43°12'29.40" 
12°19'3.96" 

Sdt/lms CO88 
0.37 

(±0.066) 
20 CM83 I57 I/S6 Cl37 65  R1 

05 
43°23'1.00" 
12°33'52.40" 

Sdt/lms CO08 
0.39 

(±0.045) 
 CM08 I51 I/S19 K11 Cl19 44  R0 

 
Acronyms: SDT=sandstone; LMS= Limestone; I=illite; I/S=mixed layer illite-smectite;  
 C/S= mixed layer clorite-smectite; K= Kaolinite; Cl=Clorite; S.O.= stacking order 
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Table 3.2. (U-Th)/He analytical details and results 
                  

Site Grain no. 
raw age             

(Ma) 
 ±σ             

(Ma) 
radius 
(µm) 

U         
(ppm) 

Th          
(ppm) 

Sm          
(ppm) 

4He 
(nmol/g) 

eU          
(ppm

) 
FT 238U FT 235U FT 232Th FT 147Sm 

Fully FT 
correct. age 

(Ma) 

 ±σ         
(Ma) 

mean 
age 

(Ma) 

 ±σ   
(Ma) 

                   
63 FT47_Ap1 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 1.51 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_Ap1 3.19 0.13 60.52 6.08 25.70 172.78 0.21 12.12 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 19.31 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 14.24 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_Ap1 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_Ap1 3.33 0.14 46.64 42.80 59.10 475.25 1.01 56.69 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 77.43 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 30.01 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 18.90 0.77 0.74 0.74 0.87 4.14 0.12   
 FT87_Ap5 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_Ap1 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_Ap1 20.30 0.37 60.66 48.30 18.67 120.10 5.67 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 45.93 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 57.70 0.69 0.64 0.64 0.77 66.60 1.25   
 FT74_Ap5 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 basis of the volume of the crystal and the content of U, Th and Sm  

4He: concentration di 4He 
eU: effective Uranium calcolated as [U] + 0.235[Th] 
FT: correlation factors for l’α-ejection. 
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The frequency histograms in Fig. 3.7(a, b) show an indigenous population of 

huminite-vitrinite macerals. Ro% values for the Rhaetavicula contorta Fm. range between 

1.03 and 1.22% indicate that the Triassic unit is in the thermal maturity range of the oil 

window. 

The analyzed sample of Marne a Fucoidi Fm. is characterized by a scarce content of 

unaltered vitrinite fragments. The histogram distribution shows one population, whose 

mean value is 0.78. This unit is in the catagenetic zone 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 characterized by rich palinofacies, with 

small and medium-sized fragments of the huminite-vitrinite group and a scarce presence of 

inertinite. In these samples pyrite is also observed, either in globular aggregates or finely 

dispersed.  

In Fig. 3.7 stratigraphic samples distribution in the Marnoso Arenacea Fm. allow us 

to distinguish three separate stratigraphic sequences: (1) to the west of the Tiber Valley, (2) 

in the Gubbio basin and (3) to the east of the Gubbio fault. 

The majority of the histograms is characterized by a Gaussian distribution, except for 

one to the east of the Gubbio fault that shows a second population probably related to 

reworked vitrinite fragments. These data generally indicate a low thermal maturity of the 

hosting succession.  

In detail the reflectance values in the area around the San Donato-01 well, range 

between 0.37and 0.46% and testify the immature stage of the hydrocarbon generation. 

Moving to the east of the Tiber Valley, in the Gubbio basin, the sedimentary 

succession that is  up to Serravallian in age shows Ro% values ranging from 0.42 to 0.26%. 

In the end, to the east of the Gubbio fault the only reliable sample has Ro% of 

0.39%.  

In Fig. 3.7 Ro% histograms related to the distribution of thermal maturity from 

bottom to top of the stratigraphic succession indicate a strong decrease of thermal maturity 

from the middle portion of the oil window (at the bottom) down to the immature stage of 

hydrocarbon generation (at the top). 

In Fig. 3.8 Ro% distribution is plotted in map views. In summary in this map data 

related to the Marnoso Arenacea Fm., are slightly higher to the west (0.4-0.5%), decrease 

in the Gubbio basin (mainly 0.2-0.3%) and slightly increase again to the east of the Gubbio 

fault (0.4%) where sample is referred to the lowermost member of the Marnoso Arenacea 

Fm.. 
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3.5.1.2 Clay mineralogy analyses 

Significant results have been obtained from Triassic Rhaetavicula contorta Fm., 

Aptian-Albian Marne a Fucoidi Fm., Langhian Schlier Fm. and Burdigalian-Langhian and 

Serravallian Marnoso Arenacea Fm. by X-Ray diffraction analyses (Fig. 3.7).  

In Fig. 3.7 (g-k) selected XRD oriented patterns of the <2µm grain-size fraction have 

been reported. In Table 3.1 analytical details are given. 

The semi-quantitative analyses of <2µm grain-size fraction for the Triassic 

Rhaetavicula contorta Fm. show mainly the presence of illite, chlorite, mixed layers illite-

smectite (I-S) and subordinate amounts of kaolinite. Non-clay minerals such as quartz, 

calcite, gypsum and plagioclase, have been recognized as well (see Tab. 3.1). The illite-

smectite mixed layers (I-S) display both short (R1) and long (R3) range staking order. The 

illite content in mixed layer I-S range from 72% to 85% corresponding to an increase in the 

stacking order. The sediments of the Raetavicula contorta Fm. reached the late diagenetic 

zone, and experienced a maximum paleotemperature of about 120-130 °C according to 

Merriman and Frey (1999) (Fig. 3.7 g, h and Tab. 3.1). 

The only sample coming from the Marne a Fucoidi Fm. is characterized by the 

presence of illite and I-S mixed layers. Among the non-clay minerals, calcite, quartz and 

traces of chlorite have been recognized. The illite content in the short range-ordered mixed 

layers I-S is about 75%, suggesting that also this unit experienced late diagenetic 

conditions and presumably maximum paleo-temperatures higher than 100-110 °C 

(Merriman and Frey, 1999). 

In the <2µm grain-size fraction of the Schlier Fm., quartz, calcite, gypsum and 

plagioclase has been recorded among the non-clay minerals, whereas mixed layers 

chlorite-smectite and illite-smectite constitute the clay fraction. The samples collected 

show, in the area, variable stacking order and illite content in the mixed layers I-S.  

In detail, the samples collected in the Schlier Fm. area to the west of the Tiber 

Valley, at the front of the most advanced klippen of the Tuscan Unit (site 80 in Fig. 3.5) 

are characterized by short range ordered I-S with an illite content of 70%. Moving toward 

the external sector, to the east of the Tiber Valley, samples collected at the footwall of the 

Gubbio normal fault display a random ordered of the I-S mixed layer and the illite content 

decrease down to 38%.  
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Fig. 3.7 Simplified stratigraphic columns of the study area with representative histograms of distribution of vitrinite reflectance data and XRD oriented patterns of the <2µm 
grain-size fraction. 
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In general, a decrease of the thermal maturity along the stratigraphic succession has 

been recorded from bottom to top by I% in I-S mixed layer data, similarly to what 

recognized by means of the organic matter analyses (Fig. 3.7). 

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

west to the east is highlighted by illite content data distribution. 

 

 
 
Fig. 3.8 Distribution of vitrinite reflectance and I% in I-S mixed layers data performed in this study and 
plotted on the simplified tectonic scheme of Fig. 3.6.  
 

 

3.5.1.3 (U-Th)/He analyses 

A total of 24 ages was obtained from 6 samples of the Marnoso Arenacea Fm. (Fig. 

3.6 and Tab. 3.2). 

In samples FT47 and FT87, the ages obtained onto single crystals of apatite are 

mutually comparable, taking into account the error bars. Thus, the mean age of these two 

sample has been calculated by the arithmetic mean among every single crystals in each 

sample (Tab. 3.2). 
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For samples FT71 and FT73, one crystal shows a significantly greater age than the 

others (especially in the case of ample FT71). For this reason they were not considered in 

the averaging process. 

The remaining two samples (FT74 and FT75) show a very high age variability. 

Probably, both samples were subject to temperatures of maximum burial lower than those 

required to reset the (U-Th)/He system (80 °C). Therefore the ages are not representative 

of cooling during exhumation but describe a pre-depositional history. 

In sample FT75, the age obtained for one crystal is extremely recent (1.49 Ma), this 

value must be considered with caution, because the He content is close to the limit of the 

analytical methodology. 

The obtained mean age for each site has been reported in Fig. 3.9 together with the 

other data of U-Th/He dating and Apatite Fission Tracks ages already published by Zattin 

et al. (2002) and Thomson et al. (2010) (Tab. 3.3) and will be discussed in the discussion 

section. 

 

 

Table 3.3 U-Th/He dating and Apatite Fission Tracks ages published by Zattin et al. (2002) and Thomson et 
al. (2010) 
 

Site Coordinates 
(Lat-Long) Lithology Formation Age Age(Ma) 

± 1σ 
 

Apatite fission tracks ages (Zattin et al., 2002) 

AP19 
43° 17' 54" 
12° 19' 04" 

Sdt/lms 
Marnoso 
Arenacea 

Burdigalian-Langhian 20.4±2.0 NR 

AP20 
43° 16' 59" 
12° 18' 0.4" 

Sdt/lms 
Marnoso 
Arenacea 

Burdigalian-Langhian 12.3±1.4 PR 

AP21 
43° 16' 41" 
12° 21' 13" 

Sdt/lms 
Marnoso 
Arenacea 

Burdigalian-Langhian 3.7±1.0 R 

AP22 
43° 22' 41"  
12° 18' 45" 

Sdt/lms 
Marnoso 
Arenacea 

Burdigalian-Langhian 40.7±4.3 NR 

AP23 
43° 24' 29"  
12° 32' 58" 

Sdt/lms 
Marnoso 
Arenacea 

Serravallian 41.3±4.7 NR 

AP25 
43° 23' 0.8" 
12° 33' 0.8" 

Sdt/lms 
Marnoso 
Arenacea 

Serravallian 34.1±2.6 NR 

AP28 
43° 25' 15" 
12° 36' 17" 

Sdt/lms 
Marnoso 
Arenacea 

Serravallian 72.5±8.4 R 

(U-Th)/He ages (Thomson et al., 2010) 

AP19 
43° 17' 54" 
12° 19' 04" 

Sdt/lms 
Marnoso 
Arenacea 

Burdigalian-Langhian 5.83 
R 

AP20 
43° 16' 59" 
12° 18' 0.4" 

Sdt/lms 
Marnoso 
Arenacea 

Burdigalian-Langhian 1.85 
R 

AP21 
43° 16' 41" 
12° 21' 13" 

Sdt/lms 
Marnoso 
Arenacea 

Burdigalian-Langhian 1.85 
R 

AP22 
43° 22' 41"  
12° 18' 45" 

Sdt/lms 
Marnoso 
Arenacea 

Burdigalian-Langhian 2.62 
R 

AP23 
43° 24' 29"  
12° 32' 58" 

Sdt/lms 
Marnoso 
Arenacea 

Serravallian 4.18 
R 

AP25 
43° 23' 0.8" 
12° 33' 0.8" 

Sdt/lms 
Marnoso 
Arenacea 

Serravallian 4.63 
R 

AP28 
43° 25' 15" 
12° 36' 17" 

Sdt/lms 
Marnoso 
Arenacea 

Serravallian 7.5 
R 
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Regarding both original and already published U-Th/He data, the majority of 

samples are totally reset with the exception of two samples (one partial reset AP20 and one 

no reset AP21).  

Moving from the west (ATF system in the area of Mt. Acuto) to the east (Gubbio 

ridge) four clusters of data can be distinguished. To the west of the Tiber Valley and in 

particular to the east of the Rentella Unit thrust front, in the more internal portion of the 

Marnoso Arenacea Fm., the ages range between 2.5 and 3.6 Ma (Fig. 3.9a). Whereas, in 

the portion of the Marnoso Arenacea Fm. cropping out between the Tiber Valley and the 

front of the Tuscan Units (Fig. 3.9b) the age are younger and range between 1.85 and 2.4 

(the age value of 5.83 Ma is probably an outlier and should be discharged). To the east of 

the Gubbio fault the mean age is 4.4 Ma, considering the 7.5 and 2.5 Ma as outliers thus 

not reliable (Fig. 3.9d).  

 

 
Fig. 3.9 Distribution (U/Th)/He ages performed in this study and plotted on the simplified tectonic scheme 
(Fig. 3.6) together with (U/Th)/He and AFT ages already published by Zattin et al., (2002) and Thomson et 
al., (2010).  
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To the east of the Tiber Valley in the Gubbio basin and in the hangingwall of the 

Gubbio fault, data indicate partial retention and no retention of He.  

Summing up the western portion of Marnoso Arenacea Fm. exhumed more recently 

than the external one of about 1.5 Ma. Between these two sector an area that experienced 

lower paleotemperatures is preserved (e.g., Gubbio basin). 

 

3.5.2 Subsurface data from deep wells  

The stratigraphic and thermal maturity data of the Monte Civitello 01 well and San 

Donato 01 wells have been reported in Fig. 3.10.  

ENI spa is kindly acknowledged for providing these data. 

 

3.5.2.1 Monte Civitello 01 

Monte Civitello 01 well is located to the NW of the Gubbio town and reaches depths 

down to about 5,600 m. From the top to the bottom, the stratigraphic succession starts from 

the Marnoso Arenacea Fm. (1,070 m thick) and evolves down to the carbonatic succession 

of the Umbria-Marche-Romagna domain (2,000 m thick) and then down to the Triassic 

Anidrite di Burano Fm. (2,500 m thick). 

The optical analyses of palynofacies and thermal maturity investigation (T.A.I.-

Thermal Alteration Index and Ro%) were performed by ENI lab on cuttings analyses. The 

results have been obtained for: four samples of the Marnoso Arenacea Fm.; three samples 

of the carbonatic succession (from Scaglia Fm., Marne a Fucoidi Fm., Rhaetavicula 

contorta Fm.) and two from the evaporates of the Anidriti di Burano Fm.. 

The analyses of the palynofacies are summarised in Fig. 3.11a in which the 

composition of kerogen has been plotted against depth; whereas in Fig 3.11b the thermal 

maturity of organic matter, expressed as T.A.I. and Ro%, has been reported. 

The palynofacies of the Marnoso Arenacea Fm. consist of 50-60% of the continental 

wooden fragments, 30% of continental herbaceous fragments and subordinate amounts of 

marine and amorphous organic matter (Fig. 3.11a). The colorimetric variation of the 

palynomorph (T.A.I.) indicates a value of 1.7 in the immature stage of hydrocarbon 

generation, in agreement with Ro% values ranging from 0.42 to 0.44 (Fig. 3.11b). These 

results do agree with surface data sampled in the Gubbio basin described in the previous 

paragraph.  
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Fig. 3.10 (a) Structural map with wells location; (b) simplified stratigraphic logs with Ro% and T.A.I values: 
data refer to San Donato 01 well and Monte Civitello 01 well. 

 

For the carbonatic succession, samples from the Scaglia Fm. show a palynofacies 

consisting of 50% of continental wooden fragments and 40% of herbaceous continental 

fragments and marine organic matter for the remaining percentage (10%). Amorphous 

organic matter is absent. Ro% values range from 0.48% to 0.52%, indicating the boundary 

between the immature and mature stages of hydrocarbon generation. T.A.I. value is 1.5, in 

the immature stage of hydrocarbon generation.  

In the palynofacies of the Marne a Fucoidi Fm., the marine organic matter is totally 

absent, whereas continental fragments are mainly constituted by wooden fragments (70%). 

The remaining 30% consists of herbaceous fragments and amorphous organic matter. Only 

T.A.I. analysis has been performed on this unit and indicates the immature stage of 

hydrocarbon generation, with a value of 1.5. The Corniola Fm. consists of mainly 

continental organic matter, with wooden fragments ranging between 65-80% and 

herbaceous fragments ranging from about 20 to 35%. A small percentage of amorphous 

organic matter is present. The organic matter optical analyses are absent. 
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Fig. 3.11 (a) Diagram representing the kerogene composition of the sedimentary succession in Monte 
Civitello 01- well. AOM stands for amorphous om, MPH for marine phytoplankton; HCF for continental 
herbaceous om; CWF for continental wooden om whose percentage are indicated on each bar; (b) Diagram 
representing the Thermal Alteration Index (T.A.I.) and Ro% versus the depth. 
 

 

The Rhaetavicula contorta Fm. is characterized by the prevalence of continental organic 

matter. The wooden fragments cover the 70-95% of the total content, whereas the 

remaining amount consists of herbaceous fragments and amorphous organic matter. The 

organic matter optical analyses suggest that sediments have reached the late mature stage 

of hydrocarbon generation (Ro% = 1.17%) (Fig. 3.11a,b).  

In the end, the Triassic Anidriti di Burano Fm. consists of mainly continental organic 

matter, with wooden fragments ranging between 55-85% and herbaceous fragments 

ranging between 10-40%. A small amount (5-10%) of amorphous organic matter is present 

(Fig. 3.11a). Ro% value is of 1.26% in the late mature stage of hydrocarbon generation. 

The colorimetric variation of the palynomorph (T.A.I.=3) indicate a mature stage of 

hydrocarbon generation in agreement with Ro% values (Fig. 3.11b). 

Summarizing, the Monte Civitello 01 well is characterized by an almost regular 

thermal maturity trend with an increase of Ro% values from 0.42 to 1.26 in good 

agreement with T.A.I. values. The abundance of data available for this well allowed to 

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

The San Donato 01 well is located to the NNW of Perugia town reaching a depth of 

4,750 m. The stratigraphy of the well is characterized by the Marnoso Arenacea Fm. (326 

m thick) at the top, in tectonic contact by means of an extensional fault with the Triassic 

Anidriti di Burano Fm. (Fig 3.10) (Minelli and Menichetti, 1990; Anelli et al. 1994). The 

Anidriti di Burano Fm. is about 2,700 m thick and stratigraphically evolves downwards  to 

the Verrucano Fm. (1,420 m thick). At the depth of 4,500 m, a thrust affects the 

stratigraphic sequence superimposing the Verrucano Fm. onto Anidriti di Burano Fm.. 

Organic palinofacies and organic matter maturity data expressed both by T.A.I. and 

Ro % are plotted against depth in Fig. 3.12a and Fig. 3.12b, respectively. 

 

 
Fig. 3.12 (a) Diagram representing the kerogene composition of the sediments in the San Donato 01- well. 
AOM stands for amorphous om, MPH for marine phytoplankton; HCF for continental herbaceous om; CWF 
for continental wooden om; (b) Diagram representing the Thermal Alteration Index (T.A.I.) and Ro% versus 
the depth in the San Donato 01- well  
 
 

The main results of the analyses have been obtained for the Anidriti di Burano and 

Verrucano Fms..  

The Anidriti di Burano Fm. is mainly characterized by continental organic matter 

consisting of wooden fragment for a 60-70% and herbaceous fragments for 20-40%. In a 

few samples, small amounts of amorphous organic matter is also present. The colorimetric 

variation of the palynomorphs indicates T.A.I. values ranging from 4.5 to 4.7 suggesting a 

post-mature stage of hydrocarbon generation according to Staplin (1969). These data are in 

agreement with Ro% values that reach 2.78%, typical of over-mature stages of the 

hydrocarbon generation. 

The palynofacies of the Verrucano Fm. consists only of wooden fragments of continental 

origin. The T.A.I. analyses provide a value of 5, suggesting an over-mature carbonification 
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level. Summarizing the palinofacies in the S. Donato 01 well consists of mainly wooden 

fragments of continental origin, and to a lesser extent herbaceous fragments and 

amorphous organic matter. The marine organic matter is totally absent. Regarding the 

organic matter maturity analyses, sediments have reached 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 I-S) 
 

In Fig. 3.13 the correlation between vitrinite reflectance and illite content in illite-

smectite (I-S) mixed layer data has been reported. This diagram has been produced on the 

basis of the kinetic model of vitrinite thermal evolution performed by Burnham and 

Sweeney (1989) and the kinetics of the I-S reaction determined by Hillier et al. (1995).  

Violet circles represent the Triassic Rhaetavicula contorta Fm., blue stars the Albian 

Marne a Fucoidi Fm. and triangles indicate Marnoso Arenacea Fm.. Different colours for 

triangles indicate different locations and structural positions with respect to the Tiber 

Valley and the main elements of the Altotiberina fault system: red triangles pertain to data 

from the sector to the west of the Tiber Valley, whereas yellow ones indicate data to the 

east of the Tiber Valley.  

A decrease in the heating rate from the Triassic to the Miocene turbidites is evident. 

The Rhaetavicula contorta Fm. is characterized by high heating rates typical of continental 

rifts. A strong decrease in the heating rate is recorded in the Marnoso Arenacea Fm. where 

most of samples show values ranging from 1.5 to 0.375, and three sample show even lower 

values (<0.375) typical of cold basins (e.g. foredeep basins). In the case of data for the 

literature (Meneghini et al., 2012) both Ro% and I% in I-S are slightly higher than those 

sampled in this work. I cannot exclude that this last evidence is due to the local heating 

effect of thrusting of the Tuscan unit and/or Rentella unit on thermal maturity of the thrust 

footwall. 
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Fig. 3.13 Heating rate values for the Marnoso Arenacea Fm. (triangles), Marne a Fucoidi Fm. (stars) and  
Rhaetavicula contorta Fm. (cirles) extracted from the correlation of vitrinite reflectance and illite content in 
illite-smectite (I-S) data based on the kinetic model of vitrinite maturation of Burnham and Sweeney (1989) 
and the kinetics of the I-S reaction determined by Hillier et al. (1995). Modified and redrawn after Hillier et 
al. (1995)  

 

The heating rate decrease from Triassic to Miocene times can be easily ascribed to the 

different geodynamics settings experience by the different stratigraphic units: from 

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

 

3.6.2 Tectonic evolution by means of paleothermal and thermochronological 
constraints 
 

The integration of organic and inorganic thermal and thermocronological indicators 

allowed us to distinguish three main sectors in the study area which experienced different 

amounts of sedimentary/tectonic loads and exhumation as well 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 quite complex from a structural point of 

view because of several closely spaced Pliocene-Quaternary normal faults dissecting the 

main thrust contact between the Tuscan and the Umbria-Marche-Romagna domains and 

their strong along strike variations. This sector is limited to the west by the roughly N-S 

Rentella and Tuscan Unit regional thrust fronts and to the east by the alluvial deposits of 

the Tiber Valley. It is characterized from west to east by the outcrop of a NNW-SSE 

narrow corridor of Langhian-Burdigalian Marnoso Areancea Fm. bounded toward the east 
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by west dipping normal faults belonging to the Val di Chiana extensional system. In their 

footwall the regional NNW-SSE ridge of the Mt. Malbe, crops out and is made up of pre-

orogenic carbonates that plunge towards the north. Moving to the East this structural high 

is downthrown by the ATF east dipping segments. Their hangingwall hosts more advanced 

and thin klippen of the Tuscan Nappe that in turn overthrust the Langhian-Burdigalian 

Marnoso-Arenacea Fm. This last is dissected by NNW-SSE of the ATF that creates a 

further structural high (Mt. Tezio-Mt. Acuto) where the carbonates crop out again (Fig. 

3.1). Thus the most exhumed structures of this sector are represented by the two structural 

highs where carbonates crop out uplifted by both the Corciano (COF) and ATF normal 

fault segments dipping in opposite directions. 

Fig. 3.14 shows in detail Ro% data (Fig. 3.14a), I% in I-S values (Fig. 3.14b), AFTA 

data from Zattin et al. (2002) (Fig. 3.14c) and (U-Th)/He ages from this work and 

Thomson et al. (2010) (Fig. 3.14d) for this sector. 

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

structural high of Mt. Malbe (such as the Triassic Rhaetavicula contorta and the Marne a 

Fucoidi Fms.) acquired the highest thermal maturity values (oil window and late diagenetic 

zone of clay minerals zonation) recorded in the entire study area and these values are 

analogous to those recorded for the same units preserved at depth in Monte Civitello 01 

well. This evidence suggests that this structure subdued exhumation in quite recent times, 

otherwise I would expect in the Monte Civitello 01 much higher values than in the 

outcropping Mt. Malbe area. In the case of an early exhumation in Mt. Malbe it is highly 

probable that it did not evolve thermally at the same level of the buried equivalent unit now 

preserved at depth in Monte Civitello 01 well. 

This evidence seems to be confirmed by U-Th/He dating between 3.8 and 2.5 Ma along the 

northern plunge of the Mt. Malbe structure and by exhumation ages younger than 2 Ma to 

the east of both Mt. Malbe and Mt. Acuto-Mt. Tezio ridges on totally reset samples of the 

Marnoso-Arenacea Fm.. 

All thermochronometric data are generally younger than data recorded a few tens of 

km to the east of the Tiber Valley, in more external position (ages higher than 4.5 Ma 

along the Contessa section).  

This evidence suggests that other than the typical pattern of rejuvenation of 

exhumation towards the external portions of a thrust belt, is recorded in the study area with 

younger exhumation probably enhanced by extensional tectonics in this western sector 

with respect to the eastern one. Vitrinite reflectance for the Marnoso Arenacea Fm. has 
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slightly higher values (up to about 0.5%) at footwall of the Rentella thrust and values lower 

than 0.4 % at the footwall of the most external klippen of Tuscan thrust front. This slight 

variation may mark the actual position of the Tuscan front before erosion (more internal 

with respect to 0.39, 0.37 values of Ro%) and also with respect to Mt. Malbe.  

 

 
Fig. 3.14 Detail of the area at west of Tiber Valley with: (a) distribution of vitrinite reflectance (b) I% in I-S 
mixed layers data performed in this study; (c) distribution of (U/Th)/He ages by Thomson et al. (2010) and 
(d) AFT ages published by Zattin et al. (2002). 
 

The evidence that Mt. Malbe was never overthrust by the Tuscan Nappe is supported 

by the strong difference between thermal maturity acquired by Triassic units in both Mt. 

Malbe cropping out succession and the same units preserved in the S. Donato 01 well 

along the northern plunge of Mt. Malbe. Here Ro% and T.A.I. values indicate overmature 

conditions of HC generation, corresponding to anchizone. Nevertheless the extremely high 
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values, detected in S. Donato 01 well, deserve further investigations, and new analyses are 

required to confirm existing data. If confirmed, they can be explained considering either 

very high tectonic load due to the Tuscan unit emplacement, or hot fluid circulation at 

depth that may have enhanced thermal maturity. We can exclude that this high thermal 

maturity is the effect of Triassic thermal regime, because if it would have been the case, I 

should have recorded similar values also in Monte Civitello 01 well and in the outcrops of 

Mt. Malbe.  

Illite % in mixed layers I-S do not show significant changes in thermal maturity of 

the Marnoso Arenacea Fm. in this sector, probably because of a strong detritical signal that 

cannot totally disregard in semi-quantitative analysis of <2µm fraction. 

. Furthermore data from this sector are always higher than those to the east of the 

Tiber Valley indicating a higher amount of exhumation. Whereas mineralogical data (R1 

stacking order and I% in mixed layers higher than 80%) on the pre-orogenic succession 

strongly agree with vitrinite reflectance and reset of U-Th/He data.  

To test the hypothesis of a contribution of extensional tectonics to exhumation, 

exhumation rates from all U-Th/He and reset AFT data were calculated using different 

geothermal gradients.   

Data from AFT analyses derive only from the external corridor of the Marnoso 

Arenacea Fm. outcrops to the east of Mt. Acuto - Mt. Tezio structural high and at footwall 

of the most advanced klippen of the Tuscan Unit. These data indicate differing thermal 

conditions. One sample is totally reset with a 3.7 Ma exhumation age; one is partially reset 

with a 12.3 Ma age, and the last one is not reset and shows ages older than the stratigraphic 

age of the Marnoso Arenacea Fm (20.4 Ma) (Zattin et al., 2002). For the last two samples 

(partial and no reset) the Marnoso Arenacea did not reach a burial temperature higher than 

120 °C (total annealing temperature of AFT system) (Fig. 3.14c). Thus, for the 

reconstruction of the exhumation history, the age of 3.7 Ma related to reset sample was 

used. 

The evaluation of the exhumation rate has been performed taking into account heat 

advection, using as input two values of geothermal gradient (20 °C/Km in Fig. 3.15a and 

30 °C/km in Fig. 3.15b). For a geothermal gradient of 20 °C/Km, the exhumation rates 

range between 0.63 and 0.95 mm/yr, with a mean rate of about 0.8 mm/yr. In contrast, 

exhumation rates are lower, from 0.45 mm/yr to 0.67 mm/yr, with a mean rate of about 

0.56 mm/yr if a geothermal gradient of about 30 °C/km is applied. 
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Fig. 3.15 Detail of the area to the west of Tiber Valley with exhumation rates calculated from a geothermal 
gradient of 20 °C/Km (a) and 30 °C/Km (b). Both tests took into account advection processes. 

 

As the AFTA are commonly not-reset, it is not possible to determine if stepwise or 

continuous exhumation took place in the last part of the cooling history from 120 °C down 

to surface temperature (about 10 °C) using both thermochronometers. However 

considering the only site where both thermochronometers gave reliable results with (U-

Th)/He age at 1.85 Ma (Thomson et al., 2010) and AFT age of 3.7 Ma (Zattin et al., 2002) 

there is no significant change in the exhumation rate in the last 3.7 Ma (Fig. 3.16 a,b).  

 

 
 
Fig. 3.16 Diagram of erosional rate considering a gradient of 20 °C/Km (a) and 30 °C/Km (b).  
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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 extends towards the east to the Scheggia-

Foligno line. It is mainly separated by the Mt. Semonte - Mt. Foce ridge bounded by the 

SW dipping Gubbio fault, an antithetic segment of the ATF system. To the SW of the 

Gubbio fault and to the east of the Tiber Valley a series of thrust sheets with top to the NE 

sense of transport develop deforming the so-called Gubbio basin and reaching maximum 

thicknesses of about 1,200 m and Serravallian ages for the top of preserved Marnoso-

Arenacea Fm. (Ridolfi et al., 1995). Whereas to the NE of the Gubbio ridge only the lower 

portion of the Marnoso-Arenacea is preserved (Burdigalian-Langhian in age).  

A synthetic map with data has been reported in Fig. 3.17.  

 
Fig. 3.17 Detail of the area to the east of Tiber Valley with: (a) distribution of vitrinite reflectance; (b) I% in 
I-S mixed layers data performed in this study; (c) distribution of (U/Th)/He ages by Thomson et al. (2010) 
and (d) AFT ages already published by Zattin et al. (2002). 



 

62 
 

In the Gubbio basin, only the Marnoso Arenacea Fm. crops out and (U-Th)/He data 

indicate no-reset or partial reset. These data are consistent with Ro% data which show very 

low thermal maturity with values between 0.25 and 0.40 and I% in mixed layers I-S 

between 40 and 50%, from younger to older stratigraphic levels indicating that the 

youngest portion of the Marnoso Arenacea Fm. never experienced maximum burial 

temperatures higher than 70 °C. Furthermore in the Gubbio basin, at the latitude of the 

north-western tip of the Gubbio fault, the Monte Civitello 01 well is located. 

The high quality of the dataset of Ro% and T.A.I. values (Fig. 3.11) and their 

coherence with surface data coupled with the information obtained by plotting Ro% 

against mineralogical data on Hillier et al.’s diagram (1995, Fig. 3.13) allowed me to 

constrain thermal modelling for Monte Civitello 01 well. The models have been carried out 

using BASIN MOD-1D software (1996). The main assumption for the modelling are: (i) 

correction for decompaction of burial curves according to Sclater and Christie’s method 

(1980); (ii) sea level changes, have been neglected, as the thermal evolution is influenced 

more by sediment thickness than water depth (Butler, 1992); (iii) thickness, lithology and 

age of sediments are derived from literature (Ricci Lucchi and Pialli 1973; Ridolfi et al, 

1995). The exhumation rate is considered constant and burial curves have been calibrated 

against Ro% and T.A.I. values. 

Different models were performed using both geothermal gradient and heat flow as an 

input. The first test has been performed considering the present-day total thickness of the 

succession (from the Marnoso Arenacea Fm. to the Anidriti di Burano Fm.) and a gradient 

of about 23 °C/Km. The diagram of thermal maturity versus depth has been reported in 

Fig. 3.18a. It is evident that this input did not match the regression line of thermal maturity 

data. In the second test the thickness of the succession was increased, adding the missing 

(e.g. eroded) portion of the Marnoso Arenacea Fm. (about 1,200 m thick). Also in this case 

a good fit of the data has not been obtained (Fig. 3.18b). The difficulty to fit together the 

upper portion of succession with the lower portion led me to separate the succession and 

perform two distinct models to fit the synorogenic and both the pre-orogenic sections. For 

the upper part (Fig. 3.18c) the modelling shows a good fit of data assuming as input the 

total thickness of the succession (including the missing portion of the Marnoso Arenacea 

Fm.) and a higher gradient of 25 °C/Km. In contrast, for the lower portion (Fig 3.18d) the 

best fit of data is obtained with the total thickness (Preserved succession+Missing Marnoso 

Arenacea Fm. section) and a higher geothermal gradient (35 °C/Km). 
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Fig. 3.18 Diagram of present-day thermal maturity data plotted against calculated thermal maturity curve, for the Monte Civitello 01 well. (a) test for the entire 
well length considering a geothermal gradient of 23 °C/Km and the preserved present-day thickness of Marnoso Arenacea Fm.; (b) test for the entire well length 
considering  a geothermal gradient of 23 °C/Km and the preserved present-day thickness of Marnoso Arenacea Fm. with addition of an eroded portion; (c) test 
for the upper part of well considering a geothermal gradient of 25 °C/Km and the preserved present-day thickness of Marnoso Arenacea Fm.; with addition of an 
eroded portion; (d) test for the lower part of the well considering a geothermal gradient of 35 °C/Km and 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 model, it has been necessary to adopt a 

variable heat flow distribution through time. In detail the best fit was achieved using 100 

mW/m2 at 228 Ma gradually decreasing to 40 mW/m2 at 11 Ma (Fig. 3.19).  

 

 
Fig. 3.19 (a) Diagram of present-day thermal maturity data plotted against calculated thermal maturity curve, 
for the Monte Civitello 01 well. (b) Representative one-dimensional burial and thermal modelling that fits 
thermal maturity data. 
 

The thickness of the succession adding a missing portion of the Marnoso Arenacea 

Fm. has been considered. Thermal maturity versus depth diagram suggests a quite good fit 

of data. The burial history diagram shows that the basal part of the succession (Anidriti di 

Burano Fm.) reached a depth of 6.5 km and maximum burial temperatures of about 200 

°C, entering the gas generation stage. Thermal maturity decreases toward the top of the 

succession. The Rhaetavicola contorta and the Calcare Massiccio Fms. reached the late 

thermal maturity zone of hydrocarbon generation, whereas the remaining part of the 

Jurassic succession reached mid-mature conditions at depths of 3.5 km and  temperatures 

ranging between 120-140 °C. The early mature stage was reached by the Maiolica Fm. 

whereas younger deposits remained in the immature stage of hydrocarbon generation (i.e. 

Marnoso Arenacea Fm.). The exhumation started at about 5 Ma with a simplified constant 

erosion rate of about 0.5 mm/yr. Thus thermal maturity profile of Monte Civitello 01 

agrees with a burial history of the Gubbio basin where present day geothermal gradient is 

about 25 °C (Zattin et al., 2002) and a higher thermal regime during the pre-orogenic 

evolution of the succession. Here thermal maturity was acquired by sedimentary burial 

alone with erosion of the uppermost portion (about 1,2 km) of the Marnoso Arenacea Fm. 

in general agreement with surface data available in the Gubbio basin further to the south 

(west of Guado Tadino town). In the sector, to the east of the Gubbio fault, the Marnoso 



 

65 
 

Arenacea Fm. shows Ro% and I% in I-S values typical of the immature stage of 

hydrocarbon generation.  

Concerning termocronological data to the east of Gubbio ridge, the AFT data are not 

reset and U-Th/He are totally reset with reliable ages of about 4.35 Ma (Fig. 3.17). 

The evaluation of the exhumation rate has been performed, also in this case, using as 

input two geothermal gradient values (20 °C/Km in Fig. 3.20a; 30 °C/km in Fig. 3.20b) 

and considering the advection process. For a geothermal gradient of 20 °C/Km, the 

exhumation rates range between 0.58 and 0.53 mm/yr, with a mean rate of about 0.55 

mm/yr (Fig. 3.20a). In contrast, exhumation rates are lower, from 0.53 mm/yr to 0.37 

mm/yr, with a mean rate of about 0.45 mm/yr if a geothermal gradient of about 30 °C/km 

is applied (Fig. 3.20b). 

 

 
Fig. 3.20 Detail of the area to the east of the Tiber Valley with exhumation rates considering a gradient of 20 
°C/Km (a) and 30 °C/Km (b). 
 
 
3.6.2.3 Evolution of extensional tectonics and exhumation  

In Fig. 3.21a the section from Mt. Acuto area to the east of the Gubbio ridge has 

been reported with the age and rates of the exhumation. It is evident that the internal sector 

(Massicci Perugini) has undergone a rapid and younger exhumation (3 Ma and 0.8 mm/yr) 

than that recorded in the external one (respectively 4.3 Ma and 0.5 mm/yr). 

This trend is in contrast with what has been generally stated for external sedimentary 

portions of fold-and-thrust belts, where the exhumation age decreases toward the foreland 

(i.e., Thomson et al., 2010, Zattin et al. 2002 and Fig. 3.21b).  
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The exhumation rate of 0.8 mm/yr, in the western sector, can be considered as a 

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

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

topography surfaces. Therefore, in this sector the contribution of local tectonics (normal 

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

proposed by Balestrieri et al. (2003) for the Mt. Falterona area with respect to the main 

normal faults acting in that area. 

 

 
Fig. 3.21 a) Distribution of age and rate of exhumation from the Massicci Perugini area (Mt. Acuto) to east of 
the Gubbio fault; b) Apatite fission-track (AFT) ages and AHe ages distribution along the profile in the 
Northern Apennine chain (Mt. Cimone) (from Thomson et al., 2010). 
 

The model proposed in this thesis suggests that to the west of the Tiber Valley, most 

of exhumation at shallower crustal levels is mainly due to the most recent extensional 

tectonics of the ATF system and not only to older compression and erosion.  

This interpretation takes into account the anomalous bulge of upper Triassic units in 

the area of Mt. Malbe that is more uplifted if compared to the mean elevation of the same 

units in the surrounding thrust structures preserved in the subsurface (see for a review 

Barchi et al., 2010). Furthermore, it resembles -at a shallower structural level- what is 

envisaged in the exhumation ages distribution for the entire structure of the Northern 
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Apennines at the regional scale where at the rear of the sedimentary fold-and-thrust belt the 

uplift mid-crustal structure of the Alpi Apuane crops out.  

 

 
Fig. 3.22 Figure showing apatite fission-track (AFT) ages and AHe ages in the profile Alpi Apuane-Monte 
Cimone (from Thomson et al., 2010). 
 
 

Thus the tectonic exhumation in the Mt. Malbe area can be achieved according to the 

following evolutionary stages:  

1. the low angle Lisciano fault started acting at about 3 Myr ago and produced enough 

and enough quick extension to generate a strong isostatic instability. This quick and 

effective activity produced uplift and folding of the Lisciano fault itself. This folding 

inhibited the further activity of the Lisciano fault and extension migrated towards the 

foreland along the ATF system. 

2. the strong isostatic instability caused by extension brought also to the activation of the 

W-dipping Corciano fault that separated and dissected the Lisciano from the Alto 

Tiberina fault systems. In this hypothesis the Corciano fault is not part of the antithetic 

faults of the Val di Chiana system (cfr. Mirabella et al., 2011) but can be interpreted as 

a kinematic adjustment of the rapid and effective extension accumulated along the 

long-lived Lisciano-ATF system.  

3. At present extension acts mainly on the ATF system and its main antithetic faults 

(Gubbio fault) but I cannot exclude that the role played by the Corciano fault is totally 

over (e.g., possible reactivation of the Corciano fault as a result of localized strong 

crustal thinning in Corciano-Mt. Malbe –Perugia area). 

 

In this framework I suggest that the Corciano fault may have adjusted isostatic 

instability in brittle regime that in analogous systems involving mid-crustal levels and 

on larger structures (core-complexes) is adjusted just by folding of the low angle 

extensional detachments. Nevertheless this last statement that is already strongly 
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supported by geometric, kinematic paleothermal and thermochronological studies, still 

needs to be numerically modelled to be fully validated from a dynamic point of view. 

 

 

 

 

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

In summary, the paleothermal and thermocronological data provide low temperature 

and time constraints on the late orogenic cooling and exhumation history of the ATF and 

Gubbio area. 

The portion to the west of the Tiber Valley has been exhuming at least since 3 Ma, as 

indicated by AFT and (U-Th)/He ages. The exhumation rate is constant and of either about 

0.80 mm/yr or about 0.56 mm/yr assuming respectively geothermal gradients of 20°C/Km 

and 30°C/Km. Moving from hinterland (west of Tiber Valley) toward the foreland (Gubbio 

basin and Gubbio ridge) the exhumation is characterized by older ages (4.3 Ma) and lower 

rates 0.55 mm/yr down to 0.45 mm/yr assuming geothermal gradients of 20 °C/Km and 30 

°C/Km, respectively. Therefore, a reduction of the exhumation age  has been recorded in 

this sector of the chain, moving from the external sector to the internal one, in contrast with 

has been generally observed in the external sedimentary portions of fold-and-thrust belts 

(i.e., Thomson et al., 2010, Zattin et al. 2002).  

This different trend can be attributed to the contribution of the normal fault activity 

of the Altotiberina system to local exhumation. This hypothesis is supported by the 

evidence that the exhumation rate of 0.8 mm/yr in the western sector is closer to 

exhumation rates generally observed where tectonics enhance exhumation rather than those 

associated to erosion. Moreover, this interpretation takes into consideration that the area of 

Mt. Malbe is characterized by a strong exhumation of the upper Triassic unit if compared 

to the mean elevation of the same units in the subsurface. This arrangement is a result of 

the evolution that started at about 3 Ma with the Lisciano fault (LMF). Extension has 

generated isostatic instability that stopped the activity of LMF and caused the activation of 

the W-dipping Corciano fault that separated and dissected the Lisciano from the 

Altotiberina fault systems, with a migration of the extension 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 Mediterranean region is given by the coexistence 

of curved mountain belts and back-arc basins, which developed synchronously, in a plate-

tectonics scenario dominated by the Africa-Eurasia convergence (Fig. 4.1). Such arcs and 

related back-arc basins formed as a consequence of trench rollback of dense and narrow 

slabs, resulting from the progressive fragmentation of the subducting African plate during 

Neogene and Quaternary (Malinverno and Ryan, 1986; Lonergan and White, 1997; 

Royden, 1993; Faccenna et al., 2004; Mattei et al., 2007). In the Central Mediterranean 

roll-back of the Ionian-Adriatic lithosphere, continuously subducted toward northwest 

underneath the Eurasia plate, caused the progressive closure of the intervening Mesozoic 

oceanic basins of Tethyan domain and the formation of the Apennines - Maghrebide 

orogenic belt and Ligure-Provençal and Tyrrhenian basin extensional back-arc basins 

(Faccenna et al., 2004 and references therein).  

A large amount of paleomagnetic data from the Mediterranean region has proved that 

in most of the cases the curved shape of the orogens was acquired by means of opposite 

rotations along the two arms of the arcs and that the opening of back-arc basins was related 

to drifting of rigid blocks around an Eulerian rotation pole (among others, Kissel and Laj, 

1988; Lonergan and White, 1997; Mattei et al., 2006, Cifelli et al. 2007, 2008). In this 

general context the Central Mediterranean represents a key area to understand these two 
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processes and both the Corsica-Sardinia and the Northern Apennines have been the place 

of a large number of paleomagnetic studies that investigated the amount and timing of 

CCW rotation of the Corsica-Sardinia block and the origin of the Northern Apennines 

curvature (see Gattacceca et al. 2007 and Cifelli and Mattei, 2010 for recent reviews on 

these subjects).  

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

Vertical axis rotations in Central Mediterranean during the Neogene have been 

described as the result of two distinct events, which occurred in the area during different 

time as a consequence of the progressive eastward retreat of the subducting Ionian-Adriatic 

lithosphere. The first episode has been established by a large number of paleomagnetic 

data from Corsica and Sardinia, occurred during the Oligocene-Lower Miocene and was 

responsible of the opening of the Ligure-Provençal back-arc basin and the CCW rotation of 

the Corsica-Sardinia block. The second episode happened after the Upper Miocene and 

was responsible of the curvature of the Northern Apennine arc. This event has been 

described in the external portion of the Northern Apennines fold and thrust belt, where 

vertical axis rotations accompanied thrust activity (Speranza et al., 1997).  
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Notwithstanding we knowledge about vertical axis rotations associated to these main 

tectonic episodes is very detailed, some important issues are still open and have not been 

faced in detail during the very long history of paleomagnetic research in Central 

Mediterranean. As an example we know precisely the amount and timing of the CCW 

rotation of the Corsica-Sardinia block, but we don’t have any constrain on their geographic 

extension to the east, even if it has been suggested that the Tertiary Piedmont Basin 

(Maffione et al., 2008), and some external units of the Northern Apennines belt (Muttoni et 

al., 2000) were also involved in the CCW rotation of the Corsica-Sardinia block. This 

uncertainty is mostly due to the fact that most of the paleomagnetic data from the Northern 

Apennines come from the external portion of the chain, which was involved in the 

Apennine orogen after the ending of the Corsica-Sardinia CCW rotations. Conversely, only 

few data were collected in the internal sector of the chain, which experienced and recorded 

a continuous deformation history since the beginning of convergence in the Late 

Cretaceous, and which were already incorporated in the orogenic wedge during the 

Corsica-Sardinia rotation.  

In order to provide new data for the internal sector of the curved belt and to 

investigate the possible spread of the Corsica-Sardinia CCW rotation in the Northern 

Apennines, an extensive paleomagnetic sampling was carried out in the Tuscan Nappe 

succession. Results show that Tuscan units underwent a larger amount of CCW rotations in 

the southern part of the arc than in the northern one. This rotation pattern contrasts with 

that measured in the external units of Northern Apennines and is not compatible with a 

simple oroclinal-bending model. On this base we propose that the Tuscan Nappe units 

were involved in the Corsica-Sardinia drifting and rotated CCW during the Lower 

Miocene, other than to participate in the vertical axis rotations which accompanied the 

main phases of emplacement and translation of the Apennine units that concurred to the 

final curved shape of the chain.  

 

4.2. Geological 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. 4.1). 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 



74 
 

stacking (Baldacci et al., 1967; Elter, 1975; Boccaletti et al., 1980; Principi and Treves, 

1984; Barchi et al. 1998a, b; Costa et al., 1998). The uppermost nappes of the Northern 

Apennines are represented by oceanic (Ligurian) and transitional (sub-Ligurian) domain 

units, characterized by the occurrence 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) (Fig. 4.2). 

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 sedimentary sequences, belonging to the continental 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 

of the Apennines chain (e.g., Patacca et al. 1992). 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). 
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Fig. 4.2 Schematic stratigraphic sections and geometrical relationships of the different units of Northern 
Apennines  

 

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. 
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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). 

 

4.3 Paleomagnetic sampling and geological setting of the study 
areas 

 

In this study, paleomagnetic 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. 4.1). Thirty-six 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. 

 

4.3.1 Trasimeno Lake area 

This 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 units, consisting 

of Jurassic ophiolites; the Tuscan Nappe, 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., 2000) 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., 
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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. 4.1). 

Among the Scaglia Toscana Fm. sites two continues and well exposed section have 

been sampled  (FT03 and FT15 sites). The first section is located in the Montanare Cave 

northern of Trasimeno Lake (site FT03 in Fig. 4.1). The section consists of alternating 

calcareous marls and marly-shales layers for a total thickness of about 70 m. 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. 4.1). 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. 

 

4.3.2 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 
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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. 4.1). 

 

4.3.3 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 (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 (Cerina 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 

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 an 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-Rupelian 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., 1982; Carmignani et 

al., 1978; Chicchi and Plesi, 1991; 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 
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northernmost part of the Mesozoic core, NE of Montefegatesi village (LV in Fig. 4.1). 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 in Fig. 4.1).  

 

4.4 Paleomagnetic methods and results  

Paleomagnetic and rock magnetic analyses were carried out at the paleomagnetic 

laboratory of the Istituto Nazionale di Geofisica e Vulcanologia (INGV, Rome, Italy). The 

NRM of standard cylindrical specimens was measured using a 2-G Enterprises 

superconducting rock magnetometer (SRM) equipped with DCSQUID coils within a 

magnetically shielded room. In order to identify the main magnetic minerals in the study 

sediments, we carried out a series of rock magnetic analyses on selected specimens 

representative of the different sampled units. The measurements included: (1) Isothermal 

remnant magnetization (IRM) acquisition curves, carried out on 38 samples, and (2) 

stepwise thermal demagnetization of a three-component IRM carried out on 58 samples. 

The IRM was analysed by applying a stepwise increasing magnetic field (0-900 mT) along 

the z-axis sample with a pulse magnetizer and by measuring the remnant magnetization 

after each step with a 2G cryogenic magnetometer. The three-component IRM was 

produced by sequential application of pulsed magnetic fields 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, both low-coercivity and high-coercivity 

ferromagnetic minerals were identified. IRM curves show 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 °C indicating the presence of high coercivity 

minerals, such as hematite (Fig. 4.3c). Some specimens are almost saturated at 0.4 T (Fig. 

4.23a), indicating the occurrence of low-coercivity minerals. The maximum unblocking 

temperature spectra is ~ 580 °C or (rarely) 320 °C, suggesting the presence of magnetite 

and (in rare cases) iron sulphides, respectively (Fig. 4.3d,e). Some other samples show an 

intermediate behaviour, suggesting the presence of both high- and low-coercivity minerals 

(Fig. 4.3a). 

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

saturate at 0.3 T (Fig. 4.3b), indicating that the high coercivity component is not significant 
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in these sediments. The stepwise thermal demagnetization of a three-component IRM in 

these samples show that the low-coercivity component is removed at 580 °C, suggesting 

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

 
 
 

 
 
 
Fig. 4.3 Result of magnetic mineralogy. IRM acquisition curves showing the prevalence high-coercivity in 
the analyzed Scaglia Toscana Fm. (a) of low-coercivity in the analyzed Macigno Fm. (b).Thermal 
demagnetization curves of a three-component (hard, medium, soft) IRM (Lowrie, 1990) are shown for 
Scaglia Toscana formation (Fig. 3a–c), Macigno Fm. (Fig.3d), Falterona Fm. (Fig. 3f) and Marne di Vicchio 
Fm. (Fig. 3h). 
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4.4.2 Demagnetization of the Natural Remnant Magnetization and Vector 
Analysis 

 

The natural remnant magnetization (NRM) of the studied samples was analyzed by 

both progressive stepwise thermal and alternating field (AF) demagnetization. Most of the 

samples have NRM intensities that range between 2 x 10-5 and 6 x 10-3 A/m. 

Demagnetization diagrams indicate stable paleomagnetic behavior with demagnetization 

vectors aligned along linear paths directed toward the origin of vector component 

diagrams, after removal of a viscous low coercivity remanence component at 120-180 °C 

or 10-15 mT (Fig. 4.4). However, some of the studied samples were too weakly 

magnetized (NRM values of about 1 x 10-5 A/m) to allow reliable complete stepwise 

demagnetization, or gave unstable directions during stepwise demagnetization. Such 

samples were discarded from further analyses. Demagnetization data were plotted using 

orthogonal vector diagrams (Zijderveld, 1967) and the characteristic remanent 

magnetization (ChRM) was determined by principal component analysis (Kirschvink, 

1980) for 292 specimens. Most of these specimens yield a maximum angular deviation 

(MAD) <15°. Of these, the 70% show a MAD <10°. All the samples yielding MAD >17° 

were rejected and not considered in further analyses.  

Most of the Scaglia Toscana Fm. samples are characterized by a single magnetization 

component. The characteristic remanent magnetization was generally isolated at 

temperature ranging from 650 °C to 700 °C suggesting the presence of hematite as main 

magnetic carrier. These samples, generally, show a reversed polarity (Fig. 4.4a-c). In some 

samples the decay of magnetization intensity was observed between 550-600 °C, indicating 

the presence of magnetite (Fig. 4.4d-e). When AF treatment is used, data for these samples 

decay linearly toward the origin up to 80–100 mT and do not evidently acquire any 

gyromagnetic remanent magnetization (GRM) (Fig. 4.4j). Other few samples are 

completely demagnetized at 320 °C, suggesting the presence of iron sulphides (Fig. 4.4f). 

Samples from Macigno Fm., Falterona Fm. and Marne di Vicchio Fm. were 

completely demagnetized both in the range 480-530 °C and between 320-360 °C, likely 

due to the presence of magnetite (Fig. 4.4g-h) and iron sulphides (Fig. 4.4i), respectively. 

In most of the AF demagnetized samples from the Macigno Fm., the ChRM was generally 

isolated at 60-80 mT (Fig. 4.4k), whereas few samples show the acquisition of a 

gyromagnetic remanence, suggesting the presence of iron sulphides, as greigite (Fig. 4.4l). 
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Fig. 4.4 Vector component diagrams (Zijdervald diagrams, after tectonic correction) for the progressive (a–i) 
thermal demagnetization and (j–n) AF of representative samples. Demagnetization step values are in degrees 
Celsius and mT, respectively. Open and solid symbols represent projection on the vertical and horizontal planes, 
respectively. 
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4.4.3 Paleomagnetic directions 

The obtained directions of ChRM were analyzed using Fisher’s statistic (1953). In 

sixteen sites we were not able to determine a well defined ChRM. In fifteen sites the mean 

directions are very well defined (α95< 15°), whereas in five sites the α95 values range 

between 16° and 30.1°. The mean direction for each site and the statistics parameters α95 

(95% confidence cone) and k (grouping parameter) are listed in Table 4.1. Paleomagnetic 

rotations for each site and for each sampled areas were evaluated by comparing 

paleomagnetic direction to coeval expected African poles from Besse and Curtillon (2002) 

as the Tuscan Nappe units were deposited onto the Adriatic lithosphere, and African poles 

are routinely used as proxy of Adria poles (e.g., Van der Voo, 1993; Channell et al., 1992; 

Channell, 1996; Muttoni et al., 2001). Rotation values and associated 95% confidence 

limits were calculated according to the method of Demarest (1983) and reported in Table 

4.1.  

 

4.4.3.1 Trasimeno Lake area 

In the area around the Trasimeno Lake (area 1 in Fig. 4.1), reliable paleomagnetic 

results have been obtained from 9 out of the 15 sampled sites.  

Sites from Scaglia Toscana Fm. show both normal and reversed polarities (FT03, 

15), only normal polarity (FT11) and only reversed polarity (FT12), while sites from 

Macigno Fm. have normal polarity (FT02, 07, 09, 10) or normal and reversed polarities 

(FT01) (Tab. 4.1).  

In all the mixed polarity sites the normal and reversed polarity are not antipodal and 

the reversed polarity directions show a larger amount of CCW rotation than the normal 

polarity ones (Fig. 4.5 and Tab. 4.1). The reversal test (McFadden and McElhinny, 1990) 

carried out in both the Scaglia Fm. (FT03,15) and in the Macigno Fm. (FT01) sites is 

negative. Taking into account this difference and in order to test a possible recent overprint 

which could affect the paleomagnetic directions, we have carried out fold test analyses 

considering together normal and reversed polarities and 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 N° fit/N°  S0 DBTC IBTC K  α95 DATC  IATC  K  α95 Rotation (± error) Flattening (± 
error) 

Trasimeno Lake area - Scaglia Toscana Fm.   
FT03 r/n 43° 14' 32.3", 12° 04' 54.9" Mudstone Scaglia Toscana Eocene 36/45 variable 324.8 56.3 17.9 5.8 284.6 51 18.5 5.7 -89.83 (13.79) 16.98(10.78) 

r     21/45  130.8 -62.3 36.0 5.4 91.2 -49.5 32.6 5.7 -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 Scaglia Toscana Eocene 4/13 variable 350.0 45.6 10.5 29.7 324.4 40.6 10.3 30.1 - - 

FT12 43° 04' 17.7", 12° 11' 22.6" Mudstone Scaglia Toscana Eocene 6/16 variable 84.3 -60.0 27.2 13.1 75.0 -18.1 27.2 13.1 -103.12 (11.78) 33.52 (11.11) 
FT15 r/n 43° 02' 38.7", 12° 08' 52.7" Mudstone Scaglia Toscana Eocene 47/68 variable 355.4 67.4 15.7 5.4 264.6 31.1 15.9 5.4 -93.51 (6.87) 20.49 (6.07) 

r     43/68  179.2 -69.4 17.6 5.3 81.6 -30.7 18.0 5.3 -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 14.9 -96.51 (6.79) 20.89 (6.02) 
Mean     3  312.8 66.2 14.8 33.2 266.0 33.9 16.0 31.9 -92.1±31.2 17.7 ± 25.3 

Trasimeno Lake area – Macigno Fm.   
FT01 r/n 43° 20' 48.3", 12° 02' 09.2" Sdt-Lms Macigno Aquitanian 12/14 263,42 312 69.1 8.6 15.7 274.7 38.3 11.9 13.1 -89.83 (13.79) 16.98 (10.79) 

r     7/14  62.7 -74.8 35.7 10.2 74.9 -33.7 27.9 11.6 -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 6.1 -109.63 (11.73) 21.58 (9.69) 

FT02 43° 14' 49.4", 12° 06' 28.1" Sdt-Lms Macigno Aquitanian 8/11 246,30 351.5 42.8 15.3 14.6 322.5 43.4 15.3 14.6 -42.37 (16.41) 11.78 (11.90) 
FT07 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 35.5 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 14.2 306.7 50.3 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 12.4 309.1 51.3 16.1 12.4 -55.45 (16.25) 4.09 (10.26) 

Mean     5tot  331.5 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 Scaglia Toscana Eocene-Oligocene 7/8 248,09 66.2 -60.2 24.2 12.5 66.6 -51.2 24.2 12.5 -111.34 (16.48) 0.94 (10.66) 
FT17 43° 35' 58.2", 11° 22' 02.1" Mudstone Scaglia Toscana Eocene-Oligocene 9/10 73,17 297.8 6.5 40.6 8.2 300.5 18.3 40.4 8.2 -57.42 (8.29) 33.91 (7.71) 

FT18 r/n 43° 36' 09.0", 11° 22' 21.2" Mudstone Scaglia Toscana Eocene-Oligocene 6/7 24,23 259.6 37.3 10.8 21.3 278.9 47.2 10.8 21.3 -79.03 (25.66) 5.01 (10.26) 
FT19 r/n 43° 32' 06.3", 11° 22' 41.0" Mudstone Scaglia Toscana Eocene-Oligocene 6/6 220,22 325.3 64.2 31.8 10.9 281.1 61.4 31.9 10.9 -55.45 (16.25) 4.09 (17.16) 
Mean     4  281.4 45.9 5.6 42.7 279.6 46.5 11.2 28.8 -81.3±34.9 5.4 ± 22.9 

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 16.2 -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 -21.12 (7.91) 17.40 (6.96) 
FT31 44° 10' 52.6", 10° 24' 28.6" Mudstone Scaglia Toscana U. Cretaceous- Paleocene 10/11 211,31* 138.5 -19.4 31.1 8.8 125.6 -25.5 31.1 8.8 -39.80 (8.27) 23.44 (7.58) 
FT33 44° 11' 02.5", 10° 24' 17.0" Mudstone Scaglia Toscana U. Cretaceous- Paleocene 9 263,37* 165.3 -71.4 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 Scaglia Toscana U. Cretaceous- Paleocene 10/10 283,36* 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 Scaglia Toscana U. Cretaceous- Paleocene 10/10 39,29* 86.3 13.3 9.4 16.6 85.1 -6.8 9.4 16.6 -34.70 (10.13) 12.78 (8.36) 
FT36 44° 04' 27.8", 10° 35' 28.5" Mudstone Scaglia Toscana Middle Eocene 9 284,26* 61.4 6.7 5.4 24.5 56 25.2 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 16.4 -36.7±16.1 13.3±13.2 

 
N°fit/N° number of great circles/total number of studied samples at a site; D, I are site-mean declinations and inclinations calculated before (DBTC,IBTC) and after (DATC,IATC) tectonic correction; 

 k and α95 are statistical parameters after Fisher [1953]; S0 is bedding attitude (azimuth of the dip and dip values), * deduced by AMS tensor;  r/n indicates sites characterized both by samples with reversal and normal polarity;  
** Sites not considered in further tectonic interpretation.  
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Fig. 4.5 Equal-area projection of sample characteristic remanent magnetization (ChRM) directions from the 
Scaglia Toscana Fm. (a-b) and Macigno Fm. (c). The 95% confidence ellipse for the normal and reversed 
directions is indicated. 
 

 

In the Scaglia Toscana Fm. the mean site directions fold tests (McFadden, 1990) give 

inconclusive results either if we consider separately normal and reversed polarity 

directions or if we considerer together the normal and reversed polarity directions. In the 

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

266.0°, I = -33.9°, K = 16.0, α95%= 31.9), than before tectonic correction (D = 312.8°, I = 
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66.2°, K = 14.8, α95%= 33.2). It is also important to note that before tectonic correction the 

mean paleomagnetic direction is far from the GAD magnetic field expected for the 

sampling localities (Fig. 4.6a). Both these observations strongly suggest that the isolated 

ChRM for the Scaglia Toscana Fm. has been acquired before folding, and is probably of 

primary (syn-depositional) origin. When the mean ChRM direction is compared with the 

coeval (46.4 Ma) African paleopole (λ (°Ν) = 79.1; φ (°E) = 200.6, A95 = 5.2) a mean value 

of 92.1° ± 31.2° counterclockwise (CCW) rotation (F=17.7 ± 25.3) has been obtained.  

 

 
Fig. 4.6 Equal-area projection of the site-mean directions from Scaglia Toscana Fm. and Macigno Fm. of  
Trasimeno Lake area (a-b), from Scaglia Toscana Fm. of  Mt. Chianti and Pratomagno area (c) and from 
Scaglia Toscana Fm. of  the Val di Lima and Garfagnana area (d). White and black symbols represent 
projection onto upper and lower hemisphere, respectively. Ellipses are the projections of the α95 cone about 
the mean directions (the star is the mean for the area and the dotted ellipse the related α95 cone projection). 

 

The McFadden (1990) fold test performed for the Macigno Fm. normal polarity 

mean directions is positive at the 95% confidence level (ξin situ = 2.662; ξunfolded = 

1.418; ξ95%= 2.609), suggesting a pre-tilting age of magnetization for this magnetic 

component (Fig 4.6b). Normal polarity mean directions are better grouped after (D = 

311.6°, I = 44°, K = 5.24, α95%= 8.3), than before tectonic correction (D = 335.1°, I = 

43.4°, K = 51.79, α95%= 10.7). When the reversed directions of FT01 were also taken into 
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account, the McFadden (1990) fold test becomes indeterminate, although at the basin scale 

the mean paleomagnetic direction remains better grouped after (D = 305.4°, I = 45.0°, K = 

28.5, α95%= 14.6) than before tectonic correction (D = 331.5°, I = 48.6°, K = 23.4, α95%= 

16.2) (Tab. 4.1). Also in this case it is important to note that the mean paleomagnetic 

directions in in-situ coordinates are far from the GAD magnetic field expected for the 

sampling localities (Fig. 4.6a). Both these observations strongly suggest that the ChRM for 

the Macigno Fm. has been acquired before folding and the obtained directions can be used 

for tectonic interpretations. When the mean ChRM direction is compared with the coeval 

(19.6 Ma) African paleopole (λ (°Ν) = 81.7; φ (°E) = 165.7, A95 = 4.5), the value of 

rotation is 59.1° ± 16.8° CCW (F=10.1 ± 11.9).  

 

4.4.3.2 Chianti Mountains and Pratomagno area  

In the Chianti Mountains and Pratomagno area reliable paleomagnetic results have 

been obtained from all the 4 sampled sites from the Scaglia Toscana Fm., whereas in the 7 

sites from Falterona and Marne di Vicchio Fms. we were not able to determine a well 

defined ChRM.  

In the Scaglia Toscana Fm., one site (FT16) shows a reversed polarity, one site has a 

normal polarity (FT17) and two sites have both normal and reversed polarity components 

(FT18, 19). In these latter sites the reversal test (McFadden and McElhinny, 1990) is 

indeterminate. When we consider together the sites with reversed and normal mean 

directions the site-mean directions are better grouped after (D = 279.6°, I = 46.5°, K = 11.2, 

α95%= 28.8), than before tectonic correction (D = 281.4°, I = 45.9°, K = 5.6, α95%= 42.7) 

(Tab. 4.1, Fig. 4.6c), and the fold test (McFaddden, 1990) is positive at 95% confidence 

level (ξin situ = 2.588; ξunfolded = 1.641; ξ95%= 2.076) suggesting a pre-folding (syn-

depositional) age for the magnetization. When the mean ChRM direction is compared with 

the coeval (46.4 Ma) African paleopole (λ (°Ν) = 79.1; φ (°E) = 200.6, A95 = 5.2) the mean 

site CCW rotation is 81.3° ± 34.9 (F = 5.4 ± 22.9) (Tab. 4.1).  

 

4.4.3.3 Garfagnana and Val di Lima area 

In the Garfagnana and Val di Lima area, well defined directions have been obtained 

from 7 (FT28,30,31,33,34,35) out of the 8 sampled sites from Scaglia Toscana Fm.. All the 

sites have a reversed polarity, except site FT36 that has a normal polarity.  
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Among the seven sites, four (FT30, FT31, FT32, FT33) show very well defined 

mean site directions (α95< 10.0°), and are consistently rotated CCW. Conversely the other 

three sites (FT28, FT35 and FT36) show poorly defined mean site directions (α95> 16.2°), 

which are far from the other four sites, being rotated CW (FT28 and FT36) or showing 

very large amount of CCW rotations (FT35) (Tab. 4.1). For these reasons, these sites have 

been not further considered for tectonic interpretations.  

For the four coherent sites the McFadden (1990) fold test is indeterminate but the 

mean sites direction is much better grouped after (D = 128.7°, I = -35.6°, K = 32.3 α95% = 

16.4) than before (D = 151.9°, I = -51.0°, K = 11.2, α95%= 28.7) tectonic correction (Fig. 

4.6d), strongly suggesting that the isolated magnetic component has a primary (syn-

sedimentary) origin. When the mean paleomagnetic directions are compared with the 

Africa paleopole at 64 Ma (λ (°Ν) = 71.6; φ (°E) = 234.2, A95 = 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 results 

Paleomagnetic rotations calculated for each site are reported in Fig. 4.7a, together 

with the overall set of paleomagnetic results already published in Northern Apennines and 

re-calculated by Cifelli and Mattei (2010). The complete paleomagnetic data set is 

analysed and discussed taking into account the spatial distribution of paleomagnetic 

declinations along the length of the arc and along two different profiles oriented orthogonal 

to the main structural axes of the chain (Fig. 4.7b and 4.7c). We then compare the amount 

of rotation displayed by paleomagnetic declinations with the change in strike of the 

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

 

4.5.1 Distribution of paleomagnetic rotations along the Northern Apennines 

arc 

The distribution of paleomagnetic rotations along the Northern Apennines arc is 

shown in Fig. 4.7a. Three different rotational domains can be recognized from the external 

toward the internal portion of the arc.  

The first domain is represented by the external sector of the Northern Apennines, 

where a large amount of paleomagnetic data has been collected from the Oligocene-Lower 

Miocene Epiligurian Units, the Jurassic-Eocene Umbria-Marche domain and the Upper 

Miocene-Lower Pliocene Umbria-Marche foredeep units. Along this sector of the arc, a 
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progressive increase of CCW paleomagnetic rotations can be observed moving from the N-

S oriented southern portion of the arc, toward the WNW-ESE oriented, northern sector of 

the arc, where up to 52° of CCW rotations have been measured in the Oligocene-Lower 

Miocene Epiligurian Units (Muttoni et al., 1998).  

 

 
Fig.4.7 Paleomagnetic declinations from this study and from previous published results on the Northern 
Apennines. Rotations and confidence limits were calculated by comparing paleodirections to the coeval 
reference directions of the coeval expected African paleopole from Besse and Courtillot (2002) according to 
Demarest (1983). 
 

The second sector is represented by the Tuscan units, which form the more internal 

domain of the Northern Apennines. In this area our results confirm the general trend of 

CCW rotations already measured in pre and syn orogenic units from the external Northern 

Apennines. However, the distribution of CCW rotation in the Tuscan Nappe units show a 

peculiar trend in comparison with data from the more external sector of the chain. In fact, 
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in the Tuscan units, the amount of CCW vertical axis rotations decreases from the southern 

sector of the arc (Trasimeno Lake and Chianti-Pratomagno areas), where we have 

measured a very large amount of CCW rotations in the Eocene Scaglia Toscana Fm. (92.1° 

± 31.2° and 81.3° ± 34.9°, respectively) and in the lower Miocene Macigno Fm. (59.1° ± 

16.8°), toward the northern part of the arc (Val di Lima area), where the mean CCW 

rotation is 36.7° ± 16.1° (Tab. 4.1).  

The third sector is represented by the extensional Tyrrenian margin, where the Upper 

Miocene-Lower Pleistocene post-orogenic units show no significant vertical axis rotations 

(Mattei et al., 1996).    

In order to analyze more in detail the distribution of paleomagnetic rotations in 

Northern Apennines we project paleomagnetic rotations along two profiles orthogonal to 

the main structural trend of the arc (Fig. 4.7b,c). Tectonic rotations are plotted as a 

function of their tectonic location in the orogenic wedge, making the reasonable 

assumption that moving away perpendicularly from the Tyrrhenian coast we progressively 

move from the more internal deformed sectors of the chain to the more external, less 

deformed sectors.  

In the southern profile, CCW rotations measured in the orogenic units decrease 

significantly from the internal to the external sector of the chain (Fig. 4.7b). In particular, 

whereas CCW rotations up to 100° have been measured in the Tuscan units in the 

Trasimeno Lake and Chianti areas, CCW rotations measured in the more external Umbria-

Marche units decreases to about 20°. These different paleomagnetic rotations are not 

related to the different age of the sampled sequences as both pre-orogenic and syn-

orogenic units are systematically more rotated CCW in the Tuscan than in the Umbria-

Marche units. On the other side, the boundary between these two different rotational 

domains is very sharp and corresponds with the tectonic boundary between the Tuscan and 

the Umbria-Marche units, suggesting that the larger amount of CCW rotations measured in 

the Tuscan units could be related to a geodynamic event that has not involved the more 

external units of the Northern Apennines. This event occurred before the Upper Miocene 

as the post orogenic units of the extensional Tyrrhenian margin are not rotated. 

In the northern profile (Fig. 4.7c) we observe a different distribution of 

paleomagnetic rotations respect to the southern one. In fact, the different tectonic units of 

the Apennine orogenic wedge show a comparable amount of paleomagnetic rotations, 

which average between 25° and 50° CCW. In particular for what concern the internal 

Tuscan units, we have measured a mean paleomagnetic rotation of about 35° CCW, which 
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is comparable with the amount of CCW rotation measured in the middle Jurassic units of 

the Tuscan Nappe (Aiello and Hagstrum, 2001), and is of the same order of magnitude of 

paleomagnetic rotations measured in Oligocene to Miocene sites from the Epiligurian units 

(about 50° CCW) and from the Upper Miocene sites from the more external Umbria-

Marche units (about 35° CCW). Also in this area paleomagnetic results collected from the 

extensional Tyrrhenian margin of Northern Apennines prove that CCW paleomagnetic 

rotations measured in the internal sector of the chain occurred before Late Miocene.   

 

4.5.2 The oroclinal bending of the Northern Apennines 

The origin of the Northern Apennine arc has been debated since Channell et al. 

(1978) observed that the increase in CCW rotations measured in the Cretaceous-Eocene 

“Scaglia” formation, from southern toward northern Umbria, probably reflected the 

oroclinal bending of an originally straight fold belt. This mechanism was first confirmed 

(Eldredge et al. 1985) and then rejected (Van der Voo and Channell 1980; Lowrie and Hirt 

1986; Hirt and Lowrie 1988) on the base of different data sets from Mesozoic-lower 

Tertiary sediments in the Umbria-Marche domain of the chain. More recently, from the 

study of Messinian foredeep sediments of the external Umbria-Marche domain, Speranza 

et al. (1997) indicated that the present-day shape of the external part of the northern 

Apennines arc is related to the oroclinal bending of an originally N320° trending straight 

belt. These Authors suggested that vertical axis rotations accompanied the migration of the 

main thrust front toward the Adriatic foreland and characterized also the development of 

second-order curved thrust fronts in the Apennines.  

In order to test a possible orocline origin for the curved shape of the Tuscan Nappe 

structures, an oroclinal test was carried out for our new results (Fig. 4.8). The relationship 

between paleomagnetic declinations and structural directions was investigated using the 

method originally proposed by Schwartz and Van der Voo (1983) for the Appalachians and 

later applied in different curved orogenic systems, Northern Apennines included (Eldredge 

et al. 1985; Lowrie and Hirt 1986; Speranza et al. 1997) (Fig. 4.8). 

In this diagram we have chosen as reference rotation (Rr) 315°, as most of our results 

show large counterclockwise rotations. We remind that in this kind of diagram the exact 

value of the chosen references values (of declinations and structural directions) is not 

critical, only that is constant. As reference structural direction Sr we have used 315°, that is 

a perfect NW-SE trend, representative of the main orientation of the Northern Apennines 

tectonic structures. 
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As within-site structural directions (that must be considered as axis of the thrust-

related folds in the Tuscan Units) we used the direction of the bedding strike (Fig. 4.8a) or 

the mean direction of the magnetic lineation of tectonic origin observed by AMS data (Fig. 

4.8b), in analogies with Speranza et al., (1997).  

The oroclinal test calculated for the Cretaceous- Eocene Scaglia Toscana Fm. shows 

that paleomagnetic rotation and bedding strike orientation are poorly correlated 

(correlation coefficient r2 = 0.22) (Fig. 4.8a). The correlation slightly increases (r2 = 0.47) 

when we calculate paleomagnetic rotation versus fold axis orientation (Fig. 4.8b).  

 

 

 

Fig. 4.8 Oroclinal test for the Tuscan Nappe considering rotations directly compared with fold axes deviation 
(a), and the structural strike deviation between the strike direction of bedding strike direction at each site (b). 
(see text for further details). 

 

However, in both the cases the t test calculated comparing our results with the data 

distribution for zero slope gives negative results at the 99% significative level. These 

results indicate that the oroclinal test is negative and that there is no significant correlation 

between the orientation of tectonic structures and the measured paleomagnetic rotations.  
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Therefore a different model respect to the simple oroclinal bending hypothesis is 

required to explain the distribution of paleomagnetic rotation in the Tuscan Nappe units. 

 
4.6 Paleomagnetic rotations of the Northern Apennines in the 
framework of Cenozoic evolution of the Central Mediterranean 
 

Paleomagnetic results from the internal Tuscan units of Northern Apennines show a 

distribution of CCW rotations along the arc that cannot be explained using the oroclinal 

bending model, which has been successfully proposed for the evolution of the external 

portion of the arc (Speranza et al., 1997).  

On this base we propose a different model to explain the distribution of 

paleomagnetic rotation in the internal part of the Northern Apennines, which integrates in a 

single evolutionary model the Oligo-Miocene drifting and CCW rotation of the Corsica-

Sardinia block and the curvature of the Northern Apennines arc (Fig. 4.9). The tectonic 

model takes into account: 1) the pre-drifting paleogeography of the Corsica-Sardinia block; 

2) the timing of deformation of the different tectonic units of Northern Apennines; 3) the 

overall paleomagnetic data from Northern Apennines, and in particular the very large 

amount of CCW rotations measured in the southern portion of the Tuscan Units, when 

compared to the more external Umbria-Marche units.  

The paleogeography of the Northern Apennine and Corsica-Sardinia block at the pre-

drift stage (Chattian) is shown in Fig. 4.9a. At that time the more internal units (Ligurian 

oceanic domain), which were incorporated in the Apennine chain during Late Cretaceous, 

formed a double-verging orogenic wedge, related to northeastward subduction of the 

Adriatic-Ionian lithosphere. The proposed position of the Corsica-Sardinia block, located 

adjacent to southern France, was originally suggested by Argand in 1924 and has been 

later confirmed by a large amount of geological, geophysical and paleomagnetic evidences 

(De Jong and Manzoni, 1968; De Jong et al., 1969; Zijderveld et al., 1970; Alvarez, 1972; 

Alvarez et al., 1973; De Jong et al., 1973; Westphal et al., 1973; Montigny et al., 1981; 

Burrus, 1984; Edel, 1980; Vigliotti et al., 1990; Gattacceca et al., 2007).  
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Fig. 4.9  Schematic cartoon of the tectonic evolution of the Northern Apennines with different stages of drifting and rotation of the Corsica Sardinia Block. LD=ligurian Domain;  

TD= Tuscan Domain; UD= Umbrian Domain. (GR= Garfagnana Area; CH= Chianti Mountains; TL= Trasimeno Lake) 
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These Authors, on the base of integrated paleomagnetic and geochronology 

investigations of Miocene volcanic sequences, have proven that 45° CCW rotation respect 

to stable Europe occurred after 21 My (Aquitanian), of which 30° CCW rotation occurred 

between 20.5-18 My, during the maximum volcanic events in Sardinia. At the same time, 

paleomagnetic analyses from sedimentary units from Corsica and from volcanic 

successions in Sardinia concur to demonstrate that the rotation was completed around 15 

My ago (late Aquitanian-Langhian) (Vigliotti and Kent, 1990; Gattacceca et al. 2007). 

These results are fully compatible with a pre-drift palinspastic reconstruction where the 

Corsica Sardinia block is located adjacent to the coast of Southern, as deduced from 

morphological fit of the continental margins, oceanic crust extension defined by tectonic 

subsidence analysis (Pasquale et al., 1995) and compatible with 3D gravity inversion 

(Chamot-Rooke et al., 1999), and define a rotation pole during the drifting of the Corsica-

Sardinia block located in the Ligurian Sea around 43.5°N, 9.5°E (4.10).  

 

 
Fig. 4.10  Map of the Liguro-Provençal basin showing several reconstructions of the post-rift/pre-drift 
(∼21.5 Ma) positions of Corsica and Sardinia, based on: (a) morphological fit of the continental margins of 
the basin (e.g. Westphal et al., 1973 ); (b) Oceanic crust extension defined by tectonic subsidence analysis 
(Pasquale et al., 1995); (c) paleomagnetic data of Corsica–Sardinia and basin magnetic anomalies (Edel, 
1980) (from Gattacceca et al., 2007) 

(a) 

(b) 

(c) 

(Rotation pole) 
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The Corsica-Sardinia CCW rotation has been coeval with the incorporation of the 

Tuscan domain succession in the Apennine orogenic wedge (Fig. 4.9b). Both these 

processes were induced by the westward subduction and eastward slab roll-back of the 

Adriatic-Ionian lithosphere. During Lower Miocene the trench was located to the east of 

the Tuscan Nappe, and this tectonic domain represented the external front of the Northern 

Apennines thrust and fold belt. Therefore, the Tuscan nappe, together with the Corsica-

Sardinia block, formed the upper plate of the subducting system, while the Umbria-Marche 

units still represented the undeformed foreland domain. In this framework it appears 

reasonable that the CCW rotation of the Corsica-Sardinia block also extended to the 

Tuscan Nappe unit, which is also located in the upper plate in the subducting system. In 

this tectonic interpretation the Corsica-Sardinia CCW rotation has been recorded only by 

the southern part of the Tuscan units (Trasimeno Lake and Chianti areas), that is in the area 

located to the south of the Corsica-Sardinia pole of rotation (43.5°N, 9.5°E) (Fig. 4.9b,c). 

Conversely, the northern Apennine units located to the north of the rotation pole (Val di 

Lima area), didn’t participate to this tectonic process and did not rotate. This interpretation 

explains the significant decreases of CCW rotations form the southern to the northern part 

of the Tuscan units.  

The significant difference in the amount of CCW rotation between the Tuscan and 

the Umbria Marche units also demonstrates that the latter were not involved in the Corsica-

Sardinia rotation. This is not surprising as, during the Lower Miocene, the Umbria-Marche 

units still represented the foreland of the Apennines orogeny and were located in the lower 

plate of the Adriatic-Ionian subducting system (Fig. 4.9b,c).  

It is worth to note that the amount of CCW rotation Corsica-Sardinia (about 45-50°) is not 

sufficient to explain the entire CCW rotation measured in the Tuscan units (which reaches 

80°-90°). Therefore, we suggest that, in analogy with what has been observed in the more 

external part of the northern Apennine, a portion of CCW rotations that we measured in the 

Tuscan Nappe units are related to local deformation and the stacking of Tuscan Nappe over 

the Umbria-Marche domain during the Lower–Middle Miocene. As a consequence, the 

huge CCW rotations (≈80°-90°) measured in the southern part of the Tuscan Nappe 

(Trasimeno Lake and Chianti Mts.) are related to two different processes: the Corsica-

Sardinia CCW (≈50°) and the curvature of the Apennine arc (≈30° - 40°). The latter is also 

responsible of the entire CCW rotations measured in the northern Tuscan units (Val di 

Lima). During the Late Miocene and Pliocene vertical axis rotations accompanied thrust 

emplacement of the tectono-stratigraphic units located in the external sector of the 
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Northern Apennines as a consequence of slab roll-back of the subducting Adriatic 

lithosphere (Speranza et al., 1997; Muttoni et al, 1998) (Fig. 4.9d). These rotations did not 

involve the internal Tuscan units. In fact the late Miocene-Pleistocene post orogenic 

sequences that deposited on top of the deformed internal Apennines units during the rifting 

of the Tyrrhenian Sea basin did not undergo vertical-axis rotations (Sagnotti et al., 1994; 

Mattei et al, 1996) (Fig 4.9d). 

 

4.6 Conclusions 

The tectonic evolution of Central Mediterranean has been mainly characterized by 

two coeval processes, which occurred during the progressive slab roll-back of the 

subducting Adriatic-Ionian lithosphere. These processes are the drifting and CCW rotation 

of the Corsica-Sardinia block and the progressive curvature of the Northern Apennines 

chain. These two events have been usually considered separately, as paleomagnetic 

evidences of the first process derived from the Corsica-Sardinia block, not involved in the 

Apennines orogen, whereas the curvature of the arc was mainly described using 

paleomagnetic data from the more external units of the Northern Apennines, which during 

the Corsica-Sardinia rotation represented the foreland domain of the Apennines. 

Paleomagnetic data from the Tuscan Nappe units, located in the internal portion of 

the Northern Apennines, allow filling this gap and demonstrate that during the Corsica-

Sardinia drifting the Northern Apennines orogenic wedge also rotated CCW, suggesting 

that in this phase the Adriatic-Ionian subduction slab roll-back caused the CCW rotation of 

the whole upper plate of the Central Mediterranean subduction system. This scenario 

changed with the end of the Corsica-Sardinia drifting and CCW rotation, when back-arc 

extensional processes were transferred to the Northern Tyrrhenian basin. Since that time 

the vertical axis rotations were confined to the external part of the Apennines orogenic 

wedge, which progressively acquired its present-day curvature as a consequence of the slab 

roll-back of the subducting Adriatic slab, whereas the extensional basins located along the 

northern Tyrrhenian basin did not rotate during the same time interval. This difference is 

probably related to the different style of back-arc opening between the Ligure-Provencal 

basin, characterized by drifting and oceanic crust production, respect to the northern 

Tyrrhenian Sea, where extensional tectonics never evolved 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 Kmax ≥ 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. 

     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 
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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 (FT03 and FT15 sites). The first section is located in the Montanare Cave 

northern of Trasimeno Lake (site FT03 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 Kmax and the weakest intensity 

along the short axis Kmin (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 Km have been computed as Km=(Kmax+Kint+Kmin)/3. The magnetic 

lineation L (Kmax/Kmin) is defined by the orientation of Kmax, while the magnetic foliation F 

(Kint/Kmin) is defined as the plane perpendicular to Kmin. 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 Jelínek and Kropáček (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) Isothermal 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
-6

 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 (Km between 0 and 90 x 10
-6 

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. (Km between 

82 and 382 x 10
-6 

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 
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susceptibility values (Km between 120 x 10
-6 

SI and 382 x 10
-6 

SI) compared to the Marne 

di Vicchio Fm. thrust top deposits (Km between 82 x 10
-6 

SI and 152 x 10
-6 

SI). This 

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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Fig. 5.2. Frequency distribution of the mean susceptibility (Km) values for: (a) the entire set of 495 

specimens; (b) Macigno, Falterona and Marne di Vicchio Fms.; (c) Scaglia Toscana Fm.. 
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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-l).  

 

 

Fig. 5.3. Hysteresis loop for representative samples (a-f) of the Scaglia Toscana Fm.; (g) 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< 1.11 and 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). 

Figure. 5.4. Degree of anisotropy Pj vs. mean susceptibility Km 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 Kmax axes. On the basis of the 

semi-angle of 95% confidence ellipse in the Kmax - Kint plane (e12) it is possible to 

distinguish the degree of lineation. We consider a lineation “well defined” when e12 < 30°, 

“poorly defined” when 30°≤ e12 ≤ 45° and “not defined” when e12 ≥ 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 FT03, FT15 respectively. Among the 4 investigated sites of the Mt. 

del Chianti and Pratomagno area (Fig. 5.5c,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. 5.5e,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 FT01 and FT02 in Fig. 5.5g, h,), whereas two sites show poorly defined (FT06) 

and not defined (FT07) 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,l). 
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Table 5.1. List of anisotropy factors computed at each site. 
 

Site Coordinates (Lat-Long) Lithology Formation Age N. S0 Km L F P’ T Kmax (D, I) Kint (D, I) Kmin (D, I) E1-2 E3-2 

Umbria Area 
FT01 43° 20' 48.3", 12° 02' 09.2" Sand-limestone Macigno (Mac3) Aquitaniano 14 263,42 3.38E-04 1.009 1.095 1.117 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 2.5 

FT03 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 0.813 310.5, 2.4 218.5, 38.6 43.5, 51.3 34.2 4.9 

FT07 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 

FT08 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 22.2 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 21.5 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, 14.5 128.8, 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 0.531 350.2, 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 0.477 304.4, 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 7.29E-05 1.003 1.033 1.040 0.691 251,2 / 20,7 156,2/ 13.0 36.3 / 65.2 33.2 6.3 

FT17 43° 35' 58.2", 11° 22' 02.1" Mudstone Scaglia Toscana Eocene-Oligoc. 11 73,17 5.42E-05 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-05 1.007 1.015 1.024 0.367 307.0 / 6.3 38.6 / 13.8 193.2 / 74.7 42.8 14.5 

FT19 43° 32' 06.3", 11° 22' 41.0" Mudstone Scaglia Toscana Eocene-Oligoc. 11 220,22 6.77E-05 1.004 1.012 1.017 0.501 141.7 / 5.3 232.4 / 7.4 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-04 1.009 1.091 1.112 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-04 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-04 1.010 1.106 1.131 0.824 127.9 / 3.6 37.2 / 11.2 235.5 / 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-04 1.007 1.062 1.077 0.783 312.3 / 5.0 43.0 / 8.2 191.3 / 80.4 11.4 3.1 

FT24 43° 38' 51.8"  , 11° 39' 38.9" Sand-limestone Falterona (Fal 3) Chattian-Aquit. 8 110,9 1.90E-04 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-05 1.015 1.034 1.051 0.366 299.4 / 16.9 30.4 / 3.4 131.5 / 72.7 5.2 1.8 

FT26 43° 55' 5.1", 11° 29' 41.8" Marls Marne Vicchio Burdig-Lang. 13 32,25 1.15E-04 1.017 1.031 1.049 0.286 297.2 / 1.9 28.4 / 32.2 204.2 / 57.7 7.8 3.7 

FT27 43° 54' 48.8" , 11° 27' 14.8" Marls Marne Vicchio Burdig-Lang. 12 80,10 1.31E-04 L F P’ T 324.6 / 1.2 234.5 / 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-05 1.024 1.058 1.086 0.402 324.6 / 27.0 77.7 / 37.0 208.8 /40.5 13.1 3.8 

FT29 44° 00' 54.6",10° 43' 14.0" Mudstone Scaglia Toscana Mid. Eocene 9 250,26* 3.67E-05 1.013 1.071 1.093 0.681 316.1 / 7.7 222.7 / 

24.1 

62.6 / 64.5 25.0 4.2 

FT30 44° 01' 14.9", 10° 43' 07.2" Mudstone Scaglia Toscana Upper Creta- Paleoc 9 283,22 2.49E-05 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-04 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-04 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* 2.45E-04 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* 2.25E-04 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-04 1.015 1.091 1.117 0.714 318.2 / 4.6 50.7 / 28.5 219.8 / 61.1 17.5 5.1 

FT36 44° 04' 27.8", 10° 35' 28.5" Mudstone Scaglia Toscana Mid. Eocene 9 284,26* 1.38E-04 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    km = (kmax + kint + kmin) / 3 (mean susceptibility, in 10
-6

 SI units);  L=kmax /kint;  F=kint /kmin 

P’ = exp{2[(1 - )
2
 + (2 - )

2
 + (3 - )

2
]}

1/2

 (corrected anisotropy degree; Jelinek, 1981) 

T = 2(2 - 3) / (1 - 3) - 1 (shape factor; Jelinek, 1981)  

1 = lnkmax   ;   2 = lnkint   ;   3 = lnkmin  ;    = (1 + 2 + 3) / 3 

D= declination, I= inclination. For each locality the line shows the site arithmetic mean values. 

S0 bedding attitude (azimuth of the dip and dip values). S0 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 Kmax; the triangle represents Kint and the circle represent Kmin. 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. 

 

 

 

 

 

 

Fig. 5.6 Schematic map of the Northern Apennines and lineation distribution. 
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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 I adopted a multidisciplinary approach to reconstruct a kinematic evolution 

model of the internal portion of the Northern Apennines during Cenozoic. The integrated 

analyses, based on paleothermal and paleomagnetic methods, provided new data constraints in 

a sector of the chain not yet investigated, filling a gap in the existing literature. The 

elaboration and interpretation of the obtained data set enabled me to provide an important 

contribution to the evolution of the chain, in the geodynamic framework of the central 

Mediterranean. 

A brief summary of the obtained results is reported below. 

 

The paleothermal data, obtained along five sections across the Tuscan Nappe, in the most 

internal part of the belt, show two main thermal maturity trends (chapter 2). Organic and 

inorganic thermal indicators record both a decrease in thermal maturity from internal to the 

external sector of the chain and an increase of thermal maturity moving along the strike of the 

chain, from the SW (Trasimeno lake area) toward the NW (Pratomagno area). This pattern of 

thermal maturity is due to a variation of thickness of the allochthonous unit (Ligurian unit) 

that turns out to be thicker in the internal and in the northwestern sectors and tapers toward 

the east-southeast, as suggest by 1D thermal modelling based on both surface and subsurface 

data. 

The studies focusing on the Alto Tiberina fault system, (chapter 3) is based on the 

integration between the paleothermal and low-T thermocronological data and allowed me to 

provide new constraints to reconstruct the exhumation history of the study area. The main 

result consists in an increase in the timing of exhumation, moving from the internal (Perugia 

area) to the external sector (Gubbio area) of the analysed portion of the chain in contrast to 

what is generally observed at a regional scale in the fold and thrust belts, where the 

exhumation ages decrease toward the external front. In particular younger ages are recorded at 



118 
 

the footwall of the ATF in the Perugia area where exhumation is bigger as testified by thermal 

indicators of maximum exposure. Here (U-Th)/He data indicate a mean age of exhumation of 

about 3 Ma, coeval with the activation of the fault system. The value of exhumation rate (0.8 

mm/yr) can be considered as a threshold value between higher exhumation rate (>1.5mm/yr), 

where the uplift rate in rock is tectonically induced and lower exhumation rate (0.1 mm/yr) 

where erosion balances the rock uplift and the mean topography surfaces. Therefore, in this 

sector the local tectonics (normal faulting) has contributed to the exhumation processes. A 

similar hypothesis has been proposed by Balestrieri et al. (2003) for the Mt. Falterona Area. 

 

Paleomagnetic analyses carried on onto Tuscan Nappe units allowed me to propose a new 

tectonic model for the internal sector of the chain (chapter 4). In the last decades, it has been 

assumed that the tectonic evolution of the Central Mediterranean has been mainly 

characterized by two coeval and distinct processes: the drifting and CCW rotation of the 

Corsica-Sardinia block and the progressive curvature of the Northern Apennines chain. The 

paleomagnetic evidence from Corsica-Sardinia block and data from more external portion of 

the Northern Apennines, have led to consider separately these two events. My paleomagnetic 

data demonstrate that during the Corsica-Sardinia drifting the Northern Apennines orogenic 

wedge also rotated CCW, suggesting that in this phase the Adriatic-Ionian subduction slab 

roll-back caused the CCW rotation of the whole upper plate of the Central Mediterranean 

subduction system. The distributions of the rotations show that the rotation values decrease 

with increasing latitude. In fact, at low latitudes (Umbria region) the mean rotations are 

higher, 99° ± 31°, and decrease toward north to 81° ± 35° and to 37° ± 16, in  the Mt. Chianti 

and Garfagnana region, respectively. Our interpretation is that the CCW rotation of the 

Corsica-Sardinia block extended to the Tuscan Nappe but was limited to the southern Tuscan 

(Trasimeno Lake and Chianti Mts. And Pratomagno area), and did not involve the Tuscan 

units cropping out in the Garfagnana and Val di Lima area, which are located to the north of 

the Corsica-Sardinia rotation pole (located at N 43.5°). 

 

In the same area, a study on the anisotropy of the magnetic susceptibility (AMS) has been 

conducted to determine the magnetic fabric of the rocks and the deformation pattern of the 

structures (chapter 5). These analyses indicated that the magnetic susceptibility is controlled 

mainly by the paramagnetic minerals. The analyzed sediment showed a predominant magnetic 

foliation parallel to the bedding plane, suggesting that the magnetic fabric is due to the 

compaction process during the diagenetic process that the sediments undergone. Moreover, a 
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distinct magnetic lineation was found, indicating an incipient deformation related to 

compressional deformation, overprinted on to the original magnetic fabric. In most cases the 

lineation is parallel to the fold axes and thrust fronts, both at local and regional scales, in 

agreement with previous results on the Northern Apennines (Lowrie and Hirt, 1988; Sagnotti 

et al., 1998). 
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