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ABSTRACT 

 

 
 The island of Corsica in the Western Mediterranean represents a natural laboratory for 

studying the processes of cooling, exhumation, and relief formation, since there are several 

advantageous features that make Corsica an excellent study area. In a relatively small territory, two 

distinct principal domains are distinguished: (i) Alpine Corsica, a complex nappe stack dominated by 

metamorphic rocks of oceanic origin metamorphosed during the Alpine orogeny; and (ii) Variscan 

Corsica, a well-exposed Variscan crystalline basement made up mainly of unmetamorphosed granitoid 

rocks. Geodynamic evolution is characterized by Mesozoic extension and opening of the Ligurian-

Piedmont Ocean, followed by middle Late Cretaceous to Eocene shortening, resulting in Alpine 

collision when the Alpine nappes were thrust onto the Variscan basement. In the Oligocene, the 

tectonic regime changed from a compressional to an extensional one, and continuous rollback of a 

newly evolved Apenninic subduction zone led to collapse of the Alpine wedge, rift inception merging 

to ocean spreading, and drifting of the Corsica-Sardinia block away from the European mainland. At 

present, the Corsica-Sardinia block is a micro-continent surrounded by two oceanic domains. From the 

geomorphological standpoint, Variscan Corsica represents an outstanding ridge-and-valley structure 

with peaks exceeding 2000 m in elevation, where the most spectacular features are paleosurface 

remnants of unknown age preserved at elevations between 200 and 2300 m.  

The aim of this study is to investigate the thermal and exhumation history and relief evolution 

of Corsica, and to constrain the age of paleosurface remnants through the use of three low-temperature 

dating techniques: zircon fission track (ZFT), apatite fission track (AFT) and (U-Th)/He 

thermochronology. Each of these methods has a characteristic temperature sensitivity of between 

~200-300°C, ~60-120°C, and ~40-75°C, respectively, which makes it possible to detect temperature 

changes in uppermost crust that can be induced by deposition or removal of rock masses by erosion or 

tectonic processes, or by changes in topographic relief. Previous thermochronological studies 

primarily focused on investigating the inversion of the Alpine wedge in NE Corsica, whereas the 

major part of Variscan Corsica is virtually unexplored. This study concentrates specifically on these 

regions with the highest relief and paleosurface remnants. 

Altogether 3 ZFT, 67 AFT and 40 (U-Th)/He analyses were performed on samples from the 

Variscan basement and Eocene flysch sediments. The data published in other studies were carefully 

revised according to strictly defined criteria and fully integrated into the actual dataset.  

ZFT analyses from the central part of the Variscan basement yield ages between 144.6 ± 10 

and 159.2 ± 9.8 Ma. These ages record a thermal event related to the Jurassic opening of the Ligurian-
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Piedmont Ocean. Inferring from the data of other studies it can be concluded that the ZFT system in 

the eastern margin of Variscan Corsica was partially reset during Eocene metamorphism, and that 

during the Cretaceous there was no thermal event affecting Variscan Corsica. In Alpine Corsica, ZFT 

data together with 40Ar/39Ar data bracket the time of tectonic denudation of Alpine units between ~33 

and 19 Ma. 

AFT data range from 16.4 ± 1.4 to 105.3 ± 7.2 Ma, AFT ages from Eocene flysch are all 

completely reset. Based on the AFT data and thermal modeling results the cooling history of Corsica 

can be reconstructed as follows: after the Jurassic thermal event related to opening of the Ligurian-

Piedmont Ocean, the basement was cooling to near-surface conditions where it remained until the 

Early Paleocene. Since the Late Paleocene, the basement was progressively buried below sediments of 

the foreland basin, and later during Eocene collision it was partly covered by Alpine nappes. At the 

end of the Eocene, all of Variscan Corsica had been covered by a thick pile of rocks, leading to a total 

reset of the AFT system in the major part of the basement. In the Oligocene, after tectonic 

reorganization, the basement started to exhume, which led to the removal of the thick cover from the 

top of the basement. The removal of the cover occurred by erosional denudation in the major part of 

Variscan Corsica, as well as by tectonic denudation in the NE part of the island. AFT ages from the 

NW part of the basement record an Early Miocene thermal event associated with the opening of the 

Ligurian-Provençal Ocean. 

(U-Th)/He analysis was performed on 12 samples from nine different paleosurface remnants, 

and yield ages between 16.0 ± 2.3 and 22.1 ± 0.9 Ma. There are no obvious differences in He age 

between different paleosurface remnants, although the vertical distance in some cases is more than 

1600 m. This indicates that all paleosurface remnants in Corsica have their origin in one single 

paleosurface. Segmentation of the paleosurface and differential uplift of individual blocks happened 

after the time of cooling through the temperature zone sensitive to the (U-Th)/He system. The age of 

the paleosurface formation is bracketed on the basis of FT data, thermal modeling results and 

consideration of stratigraphic and structural data, between ~120 and 60 Ma. During Eocene collision, 

the paleosurface was buried by a thick flysch pile and was thus protected from destruction. In the 

Oligocene, the paleosurface started to exhume and the cover was removed. During the Miocene 

rotation, the paleosurface was cut by faults, and at ~17 Ma the region was uplifted by differential 

block movements, creating relief and inducing valley incision. This event can be understood as an 

onset of peneplain destruction that occurred mainly by fault-induced valley incision and widening. 

The data presented in this study bring new light to the understanding of the thermal, tectonic 

and morphological evolution of Corsica and provide new insight on the geodynamic evolution of the 

Western Mediterranean realm. Moreover, the results demonstrate that different low-temperature dating 

techniques used in tandem have great potential for unraveling the thermal history of rocks at shallow 

depth, and can significantly reduce the number of "acceptable solutions" obtained when using only one 
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method. Furthermore, it is shown that after proper revision, it is possible to integrate several, 

otherwise contradicting, FT datasets. 
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ZUSAMMENFASSUNG 

 

 
Die Insel Korsika im westlichen Mittelmeer stellt ein natürliches Labor dar, um Prozesse wie 

Abkühlung, Exhumierung und Reliefbildung zu studieren. Es gibt mehrere Vorteile, die Korsika zu 

einem guten Forschungsobjekt machen. Auf relativ engem Raum finden sich zwei deutlich 

unterschiedliche Bereiche: (i) Alpines Korsika: ein komplexer Deckenstapel aus Metamorphiten 

ozeanischen Ursprungs, welche während der alpidischen Orogenese metamorphisiert wurden; (ii) 

Variszisches Korsika: Grundgeborge, welches hauptsächlich aus unmetamorphen Granitoiden besteht. 

Die geodynamische Entwicklung von Korsika lässt sich folgenermaßen darstellen: mesozoische 

Extensionstektonik. Bei der Öffnung des Ligurisch-Penninischen Ozeans, gefolgt von 

mittelkretazischer bis eozäner Einengung, mit der daraus resultierenden Kollision wurden die alpinen 

Decken auf das variszische Grundgebirge aufgeschoben. Im Oligozän änderte sich das tektonische 

Regime von Kompression zu Extension. Zurückrollen der jungen apenninischen Subduktionszone 

führte zu einem Kollaps des alpinen Orogens Korsikas, und beginnendes Rifting zur Abspaltung des 

korsisch-sardischen Blocks vom europäischen Festland. Der heutige korsisch-sardische Block stellt 

einen Mikrokontinent dar, der von zwei ozeanischen Bereichen umgeben ist. Aus geomorphologischer 

Sicht ist das Variszische Korsika eine Struktur mit parallel angeordneten Rücken und Tälern mit 

Gipfeln von mehr als 2000 m Höhe. Hier finden sich, zwischen 200 und 2300 m Seehöhe, Reste von 

Altflächen unbekannten Alters. 

Ziel dieser Arbeit ist es, die thermische Geschichte sowie die Exhumierung und 

Reliefentwicklung von Korsika zu erforschen. Hierzu sollten die Alter der Altflächen mittels drei 

Methoden der Niedrigtemperatur-Thermochronologie ermittelt werden: Datierung mit Hilfe der 

Zirkon-Spaltspuren-Methode (ZFT), der Apatit-Spaltspuren-Methode (AFT) und der (U-Th)/He-

Methode. Jedes dieser Mineralsysteme hat unterschiedliche Intervalle für die Schließungstemperatur: 

~200-300ºC, ~60-120ºC beziehungsweise ~40-75ºC. Diese Temperaturspektren machen es möglich, 

Veränderungen in der oberen Kruste zu bestimmen, die z. B. auf die Ablagerung von Gesteinen, oder 

deren Entfernung durch Erosion oder tektonische Prozesse sowie durch Veränderungen der Topografie 

zurückzuführen sind. Frühere thermochronologische Untersuchungen konzentrierten sich auf die 

Inversionstektonik des alpinen Deckenkeils in NE-Korsika, wohingegen der größte Teil des 

Variszischen Korsikas unerforscht blieb. Diese Arbeit konzentriert sich speziell auf diesen 

variszischen Teil mit seinem höheren Relief und größeren Anteil an Altflächen. 
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Insgesamt wurden 3 ZFT-, 67 AFT- und 40 (U-Th)/He-Analysen vom variszischen 

Grundgebirge und vom eozänen Flysch gemacht. Daten von anderen Publikationen wurden sorgfältig 

recherchiert, um sie in den aktuellen Datensatz einzubauen. 

ZFT-Analysen vom zentralen Teil des variszischen Grundgebirges führen zu Altern zwischen 

144.6 ± 10 und 159.2 ± 9.8 Ma. Diese Daten zeigen ein thermisches Ereignis, welches mit der Öffnng 

des Ligurischen-Penninischen Ozeans im Jura zusammenhängt. Zusammen mit Daten von anderen 

Publikationen kann die Schlußfolgerung gezogen werden, dass das ZFT-System im östlichen Teil des 

Variszischen Korsikas durch Metamorphose im Eozän teilweise zurückgesetzt wurde, und dass 

während der Kreide keine thermische Beeinflussung erfolgte. Im Alpinen Korsika zeigen ZFT-

Analysen und 40Ar/39Ar-Daten, dass die tektonische Denudation dieser Einheiten zwischen ~33 und 19 

Ma erfolgte. 

AFT-Alter erstrecken sich zwischen 16.4 ± 1.4 Ma und 105.3 ± 7.2 Ma, wobei die Alter im 

eozänen Flysch vollständig zurückgesetzt wurden. Aufgrund der AFT-Alter und einer thermischen 

Modellierung kann die Abkühlgeschichte von Korsika folgendermaßen rekonstruiert werden: nach der 

Öffnung des Ligurisch-Penninischen Ozeans im Jura kühlte das Grundgebirge bis zu 

oberflächennahen Bedingungen ab, unter denen es bis ins frühe Paläozän verblieb. Seit dem späten 

Paläozän wurden die Grundgebirgseinheiten von Sedimenten bedeckt und später bei der eozänen 

Kollision teilweise von alpinen Decken überlagert. Gegen Ende des Eozäns wurde das gesamte 

Variszische Korsika von mächtigen Sedimenten bzw. den alpinene Decken überlagert, was zur totalen 

Umstellung des AFT-Systems führte. Im Oligozän begann die Exhumierung des Grundgebirges und 

die damit verbundene Abtragung der Bedeckung. Die Abtragung erfolgte durch Erosion im Hauptteil 

des Variszischen Korsikas und durch tektonische Denudation im NE-Teil der Insel. AFT-Alter vom 

NW-Teil des Grundgebirges zeigen ein frühmiozänes thermisches Ereignis, welches mit der Öffnung 

des Ligurisch-Provençalischen Ozeans zusammenhängt. 

(U-Th)/He-Analysen wurden an 12 Proben von 9 verschiedenen Altflächen vorgenommen. Sie 

ergaben Alter zwischen 16.0 ± 2.3 und 22.1 ± 0.9 Ma. Es bestehen keine ersichtlichen Unterschiede in 

den He-Altern zwischen den verschiedenen Altflächen, obwohl in manchen Fällen der 

Hohenunterschied mehr als 1600 m beträgt. Das bedeutet, dass alle Altflächen in Korsika ihren 

Ursprung in einer einzigen Altfläche haben. Die Zerlegung bzw. Segmentierung der Altflächen und 

die differentielle Hebung individueller Blöcke erfolgte nach der Abkühlung unter die 

Schließungstemperatur des (U-Th)/He-Systems. Das Bildungsalter der Altflächen wird durch FT 

Daten, thermische Modellierung und unter Berücksichtingung von Stratigraphie und Strukturdaten auf 

~120 bis 60 Ma eingegrenzt. Während der eozänen Kollision waren die Altflächen von einem 

mächtigen Flyschstapel überdeckt und so vor Erosion geschützt. Im Oligozän begann die 

Exhumierung der Altflächen und die aufliegenden Schichten wurden erodiert. Während der Rotation 

Korsikas im Miozän wurde die Rumpffläche von Störungen durchschnitten. Vor etwa 17 Ma wurde 
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die Region gehoben, differentielle Blocktektonik gestaltete ein neues Relief und induzierte die 

Bildung von Flusstälern. Dieses Ereignis kann als Beginn der Zerstörung der Rumpffläche verstanden 

werden, die hauptsächlich durch das störungsinduzierte Einschneiden von Tälern und deren 

Aufweitung vor sich ging. 

Die Daten, die in der vorliegenden Studie präsentiert werden, bringen neue Erkenntnisse über 

die thermische, tektonische und morphologische Entwicklung von Korsika und den gesamten 

westmediterranen Raum. Außerdem zeigen die Daten, dass die Kombination verschiedener 

Datierungsmethoden der Niedertemperatur-Thermochronologie großes Potential zur Entschlüsselung 

der Geschichte von Gesteinen in seichten Krustenbereichen haben. Die Zahl „akzeptabler Lösungen“ 

wird signifikant reduziert, sobald man mehrere Methoden anwenden kann. Schließlich kann gezeigt 

werden, dass es nach sachgerechter Korrektur der Daten durchaus möglich ist, verschiedene, 

ansonsten unvereinbare FT-Datensätze zu integrieren. 

 

 



CHAPTER I                                                                                                                                                        INTRODUCTION 

1 

INTRODUCTION  

 

 
1.1   SCOPE OF THE STUDY 

 

For this study, Corsica has been chosen as a natural laboratory for investigation of the tectonic 

and surface processes by means of low temperature thermochronology. There are several 

advantageous features that make Corsica an excellent study area, for instance: 

1. On a relatively small territory two distinct domains are distinguished – Alpine Corsica 

(complex nappe stack dominated by metamorphic rocks) and Variscan Corsica (well-preserved 

Variscan crystalline basement); 

2. The succession of the major compressional and extensional events is more or less well 

established: since the Mesozoic, the area has experienced a series of compressional and extensional 

episodes, leading to Alpine collision and emplacement of the Alpine nappes onto the continental 

Variscan basement, and subsequent extensional collapse, rifting, oceanic spreading and basin 

formation; 

3. The island exhibits an outstanding morphological framework with moderate to rugged 

relief, altitudes exceeding 2000 m, and paleosurface remnants preserved at levels of local summits.  

All these attributes have attracted the attention of geologists for a long time. Despite relatively 

intensive research on Corsica in the last decades on subjects such as the kinematics of the Alpine 

collision (e.g., Mattauer et al., 1981; Malavieille, 1983; Durand-Delga, 1984; Harris, 1984; 

Warburton, 1986; Malavieille et al., 1998), extension, inversion of the orogenic front, basin formation 

(Fournier et al., 1991; Jolivet et al., 1991; Jolivet and Faccenna, 2000), rotation of the Corsica-

Sardinia block (e.g., Vigliotti and Kent, 1990; Vigliotti et al., 1990; Vigliotti and Langheim, 1995), or 

the high pressure - low temperature (HP/LT) metamorphism event (Caron et al., 1981; Gibbons and 

Horák, 1984; Lahondère, 1988; Lahondère and Guerrot, 1997), the issue of the low-temperature 

thermal evolution has not yet been adequately resolved. Although a relatively large database of low-

temperature chronological data exists on Corsica, the data are restricted mainly to the NE part 

(Carpéna et al., 1979; Lucazeau and Mailhé, 1986; Mailhé et al., 1986; Cavazza et al., 2001; Fellin, 

2003; Fellin et al., 2005) and western coast of the island (Jakni, 2000; Jakni et al., 2000; Zarki-Jakni et 

al., 2004). The central part, with the highest relief and paleosurface remnants, is virtually unexplored 

in this respect and is the main target for this study.  

Several open questions still exist concerning the tectonothermal evolution of Corsica, such as:  
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1. Which processes governed the thermal history of Corsica? This question is still a matter of 

debate. There are several opinions presented, each having its pros and cons. For instance, exhumation 

related to erosional denudation and passive margin uplift linked to the rifting of the Ligurian-

Provençal basin (Jakni, 2000; Jakni et al., 2000), tectonic denudation from below the Alpine nappes 

(Jolivet et al., 1990, 1991; Brunet et al., 1997, 2000), maybe linked to the Tyrrhenian rifting (Cavazza 

et al., 2001), or cooling related to migration of the locus of extension from west to east, isostatic 

rebound following the inversion of Alpine compressional front (Zarki-Jakni, 2004) are discussed. 

Certainly, a combination of some or all of these processes is an option for all authors. 

2. What was the timing of final cooling? To date, a wide range of apatite fission track ages is 

presented from Corsica (between ~55 and 12 Ma), which suggests quite a long-lasting cooling process, 

however there are also periods of reheating detected by thermal modeling. So it is not clear whether 

the cooling process was continuous or periodic in space and time.    

3. How did the relief evolve and how old are the remnants of the paleosurface? Already 

Rondeau (1961) recognized several paleosurfaces in Corsica and tried to reconstruct an episodic uplift 

scenario on the base of river terraces especially in the Gravona Valley. Young episodic uplift scenarios 

are also favored by Seidl (1974) on the base of terraces in the lower Golo Valley in Alpine Corsica. 

Kuhlemann et al. (2005a) proposed a scenario with two generations of paleosurfaces, based on the 

digital elevation model analysis, published thermochronological data, and structural and 

morphological observations. The latter scenario provides a unique case to be tested and justified or 

rejected by low-temperature thermochronometers, and the question of the age of the paleosurfaces can 

be possibly answered.    

4. How was the pre-Tertiary thermal evolution of the Variscan crystalline basement? Mailhé et 

al. (1986) argued for Mesozoic partial reset of Variscan zircon fission track ages caused by thrusting 

of Alpine units of various thickness. In contrast, Vance (1999) interpreted the data of Mailhé et al. 

(1986) as related to the opening of the Jurassic Tethys Ocean. 

 

In order to resolve these issues, two dating methods have been used in this study: the fission 

track (FT) method, applied both on apatite and zircon, and the (U-Th)/He method, applied on apatite. 

Each of these isotopic systems has a distinct sensitivity to temperature, and therefore a characteristic 

"closure temperature" (Dodson, 1973): 245 ± 50°C for the zircon fission track (ZFT), 110 ± 10°C for 

the apatite fission track (AFT), and ~75°C for the (U-Th)/He system (Hurford, 1986; Laslett et al., 

1987; Wolf et al., 1996a,b; Farley, 2000). A combination of all these methods can provide essential 

information on temperature changes in the upper crustal levels in the course of time, generally caused 

by the deposition or removal of excess material as a result of tectonic, sedimentary, erosive and 

magmatic processes, which is crucial in the context of this study. 
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The new thermochronological data presented here will be combined with previous properly 

revised thermochronological data and published structural, sedimentological, and geomorphologic 

data in order constrain the thermotectonic and geodynamic evolution of Corsica.  

 

 

1.2   AIMS OF THE STUDY 
 

The aims of the study are: 

1. To understand the processes controlling the exhumation of Corsica;  

2. To provide further constraints on the exhumation history of Corsica in the low-temperature domain 

by means of ZFT, AFT and (U-Th)/He thermochronology, in order to improve our understanding of 

thermal, tectonic and morphological response of continental crust to the processes controlling the 

exhumation of Corsica;  

3. To gain a better understanding of the timing, rate and amount of vertical movements that have 

occurred in Corsica; 

4. To date and bracket the time of paleosurface formation;  

5. To constrain the mode of geodynamic and landscape evolution of Corsica. 
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2   GEOLOGICAL SETTING 

 

 
2.1   INTRODUCTION 

 

Corsica is an island up to 180 km long and 84 km wide, situated in the northern part of the 

Western Mediterranean Sea (Fig. 2-1). It is located between 43°01' and 41°22' northern latitude and 

8°33' and 9°34' eastern longitude, 180 km from the French and 82 km from the Italian mainland. The 

coastline extends to over ~950 km. It is bounded by the Western Mediterranean Sea in the west, the 

Ligurian Sea in the north, the Tyrrhenian Sea in the east, and accompanied by the island of Sardinia in 

the south (12 km distance). With 8 682 km2, it is the third largest island in the Western Mediterranean 

(after Sicily - 25 706 km2 and Sardinia - 24 090 km2). Owing to a spectacular relief, Corsica is often 

referred to as the "Mountain in the Sea": with 20 peaks over 2000 m and average altitude of 565 m, is 

by far the highest island in the entire Mediterranean. The highest point (Monte Cinto) culminates at 

2706 m, at a distance of only 24 km from the coast. 

 

Fig. 2-1: Digital elevation model of the Western Mediterranean region with major, simplified geological
structures (modified after Gueguen et al., 1998). C - Corsica, S - Sardinia.  
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Geologically, Corsica and Sardinia form a micro-continent, surrounded by two oceanic 

domains - the Ligurian-Provençal Basin in the west and the Tyrrhenian Basin in the east (Fig. 2-1). 

Corsica is traditionally divided into two parts (Fig. 2-2): (i) the larger western part, called Variscan 

Corsica, is Variscan crystalline basement composed mainly of unmetamorphosed granitoid rocks; (ii) 

the eastern part, called Alpine Corsica, is a southern extension of the continental Alpine chain 

comprising nappe slices mostly of oceanic crust and its sedimentary cover metamorphosed during the 

Alpine orogeny (Boccaletti et al., 1971; Mattauer and Proust, 1976; Durand-Delga, 1978; Durand-

Delga, 1984). The dividing line between these two main parts runs roughly from St. Florent in the 

north, southwards to Corte, then southeastward to Solenzara and the eastern coast. Besides the two 

principal domains mentioned above, there are also several post-tectonic Tertiary basins filled with 

Miocene to Quaternary sediments, which rest unconformably upon the Variscan and Alpine domains.  

Fig. 2-2: A: illustration showing two principal domains in Corsica, V - Variscan Corsica; A - Alpine
Corsica. B: schematic map of major lithotectonic units (modified after Rossi et al., 1980).  
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In the following paragraphs, the geological settings of the Variscan part, the Alpine part and 

the Tertiary sedimentary successions are briefly described. Then an abridged description of the 

geodynamic evolution of Corsica is provided, and finally all relevant thermochronological data are 

reviewed.    

 

 

2.2   VARISCAN CORSICA 
 

Variscan Corsica is a continental block of Variscan basement (Fig. 2-2), which was rifted and 

drifted off from the European plate. The oldest lithologies are represented by sparse remnants of 

Upper Precambrian – Lower Paleozoic polymetamorphic rocks (Biotite-Muscovite-Garnet-gneisses, 

Biotite-gneisses, and migmatites). Locally, a low-grade metamorphic Upper Precambrian unit is 

unconformably overlain by Paleozoic sediments (conglomerates, lydites, quartzites). Most of Variscan 

Corsica is built up of various granitoid and volcanic rocks with intrusion ages between 340 and 260 

Ma, related to the Variscan orogeny (Cocherie et al., 1984). They formed in two cycles of syn-

orogenic magmatism with calc-alkaline affinity during the Carboniferous (producing mostly 

granodiorites and monzogranites), and post-orogenic magmatism with alkaline affinity during the 

Permian (producing mostly alkaline granites and rhyolites). The crystalline basement is locally 

covered by Upper Carboniferous conglomerates and sandstones, Permian arkoses and greywackes. 

Mesozoic rocks are represented by sparse occurrences of Upper Triassic and Lower Jurassic shallow 

water carbonates.  

 

 

2.3   ALPINE CORSICA 
 

Alpine Corsica, located in the north-eastern part of the island (Fig. 2-2A), consists of various 

nappes, which were deformed, metamorphosed and emplaced during the Alpine orogeny. The nappes 

comprise abundant ophiolotic fragments, local granitic or gneissic slices and large masses of 

sediments, which were mostly deposited upon oceanic crust. The ophiolites were derived from the 

Ligurian-Piedmont Ocean. This basin, which separated the European and African plates, developed 

during Jurassic and Cretaceous times (trondhjemites associated with the ophiolites have been dated at 

161 ± 3 Ma; Ohnenstetter et al., 1981).  

The Alpine nappe stack can be divided into three main units, from base to top (Daniel et al., 

1996): 1. the external units (referred as "parautochthon"), 2. the Schistes Lustrés Nappe sensu lato, and 

3. the Upper Unit (or "Nappe Superieur"). 
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The external units comprise the Tenda Massif and the Corte slices. The Tenda Massif consists 

of Variscan granitic basement belonging to the European margin. The Corte slices are a nappe stack 

containing Variscan crystalline basement with an Upper Paleozoic to Eocene sedimentary cover 

(Amaudric du Chaffaut, 1982; Egal, 1992). According to Lahondère (1991), both units were deformed 

and metamorphosed under middle pressure - low temperature (MP/LT) conditions (pressure to 0.5 

GPa and temperature of 300 ± 50°C), during Eocene collision and thrusting of the Schistes Lustrés 

nappes (Mattauer et al., 1981; Gibbons and Horák, 1984; Warburton, 1986; Jourdan, 1988).  

 

The Schistes Lustrés Nappe sensu lato comprises several oceanic and continental units, which 

were thrust onto the European continental margin and metamorphosed in MP/LT to high pressure - 

middle temperature (HP/LT) conditions (blueschist and eclogite facies). Oceanic units contain all 

members of the ophiolite suite (ultramafics, gabbros, sheeted dikes, pillow basalts, and red radiolarian 

pelagic cherts), monotonous calc-schists and flysch of Cretaceous age, lithologically similar to the 

Schistes Lustrés Nappe of the Western Alps (Caron, 1977). Continental units contain para- and 

ortogneisses of continental affinity with their sedimentary cover (marbles and quartzites).     

 

The upper unit (or "Nappe Superieur") is the topmost structural unit of Alpine Corsica and is 

constituted mainly of ophiolitic material and oceanic sediments of Upper Jurassic age as well as Upper 

Cretaceous flysch (Durand-Delga, 1984). The upper unit can be subdivided into the Balagne, Nebbio 

and Macinaggio nappes. They rest tectonically upon the basement of Variscan Corsica, Schistes 

Lustrés Nappe, Tenda massif, and Eocene foreland basin (Egal, 1992). The emplacement took place 

during the Middle Eocene, as attested by the presence of olistostrome deposits with Lutetian 

nummulites below the Balagne Nappe (Nardi et al., 1978; Durand-Delga, 1984; Jourdan, 1988). 

Unlike in the Schistes Lustrés Nappe, the upper unit was affected only by very low- to low-grade 

metamorphism, no HP/LT mineral assemblages have been found.  

 

 

2.4   SEDIMENTARY SUCCESSIONS 
 

2.4.1   Eocene sediments  
 

Eocene (locally also Paleocene but mainly Lower and Middle Eocene) flysch sediments are 

widely distributed along the border zone between Alpine and Variscan Corsica (Fig. 2-3). The 

successions are composed of conglomerates with components of basement, quartzites, arkoses, and 

pelites; thickness varies from tens to hundreds meters.  
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The Eocene flysch was initially deposited in the trough (or "foreland basin") in front of the 

approaching Alpine nappes during collision (e.g., Egal, 1992). The relationship of Eocene sediments 

to the autochthonous continental basement and allochthonous Alpine nappes is complex and is 

interpreted as recording a diachronic emplacement of nappes (Egal, 1992).  

In the southeastern part of Corsica, in the Prunelli region, the Eocene sediments (Prunelli 

flysch) transgressively overlie 

autochthonous basement as well as 

Schistes Lustrés, implying that 

Alpine nappes were tectonically 

emplaced before the deposition of 

latest Eocene flysches (see Fig. 2-

3D; Amaudric du Chaffaut, 1982).  

Further to the north, the 

Eocene flysch is involved in a 

tectonic imbrication, where Schistes 

Lustrés and serpentinites are in the 

superposition on the Eocene flysch 

(Fig. 2-3B,C). This implies that 

tectonic imbrication postdates the 

deposition of Eocene sediments.    

In the northern parts of 

Corsica, Upper Paleocene to Lower 

Eocene carbonates and Lower to 

Middle Eocene flysch 

transgressively overlie Variscan 

basement (Fig. 2-3A), which is 

indicative of slow subsidence at 

shallow marine conditions followed 

by rapid subsidence and sedimentation in the trench (Durand-Delga, 1978). The Paleocene and Eocene 

formations are overlain by the Balagne nappe, indicating that thrusting of the Ligurian nappes in a 

very high position must have happened after the deposition of the Eocene sediments (Nardi et al., 

1978; Durand-Delga, 1984; Jourdan, 1988). 

 

 

 

 

Fig. 2-3: Left: present-day position of Eocene flysch (dotted fill) in
Corsica. Right: schematic illustration of the position of the flysch
and structural setting of the autochthonous and allochthonous units
before (1) and after (2) the Eocene thrusting. The displacement
associated with the thrusts, represented by large arrows, increases
from the south to the north (modified after Egal, 1992). 
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2.4.2   Oligocene sediments 
 

Oligocene deposits, described as Vazzio formation by Ferrandini et al. (1999), are preserved 

only in the WSW part of the island in the area of Ajaccio (Fig. 2-2B). The succession is composed of a 

continental sedimentary sequence, mainly conglomerate, with a thickness of 250-300 m. The age was 

determined as Late Chattian (24-25 Ma) on the basis of pollen and mammal findings. The 

conglomerates were deposited in torrential and lacustrine environment within a depression or paleo-

thalweg. The fact that most of the pebbles come from Varsican basement suggests that part of the 

Variscan basement near Ajaccio was eroded in the Late Oligocene. From the structural standpoint, the 

Vazzio formation was deposited in a half-graben structure related to the Ligurian-Provençal rift 

system (Ferrandini et al., 1999).    

 

 

2.4.3   Miocene sediments  
 

The Miocene sediments of Corsica have been deposited in basins bordered by extensional 

faults. They transgressively overlie all pre-Neogene formations and are exposed in four major basins 

(Francardo-Ponte Leccia, Bonifacio, Saint Florent, and Oriental Plain), which are located exclusively 

along the eastern margins of Variscan and Alpine Corsica (Fig. 2-2). Basin formation is related to the 

extensional tectonic regime from Oligocene to present, controlled by eastward migration of the 

Apenninic subduction zone. In general, sedimentary cycles consist of Upper Burdigalian terrestrial 

conglomerates, followed by marine sandstones, calcarenites, and marls, of Upper Burdigalian to 

Lower Serravallian age, indicating subsidence below sea-level (Orszag-Sperber and Pilot, 1976). 

 

2.4.3.1   BONIFACIO BASIN 

 

The Miocene succession of the Bonifacio Basin in southernmost Corsica is ca. 600 m thick 

and rests on the Variscan basement (Orszag-Sperber and Pilot, 1976). The sequence starts with the 

Upper Aquitanian (20.6-21.3 Ma) ignimbrite deposits dated by the 40Ar/39Ar method on plagioclase 

(Ferrandini et al., 2003). The ignimbrites are overlain by Upper Burdigalian terrestrial conglomerates 

and marine deposits (coral reefs, silts, and sandy limestones). The succession ends with Lower 

Langhian cross-bedded calcarenites indicating regression. The absence of Lower Burdigalian strata 

indicates emersion of the region at that time. 
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2.4.3.2   SAINT FLORENT BASIN 

 

The Saint Florent Basin in the NE part of the island contains a ca. 500 m thick sequence lying 

upon the Nebbio and Tenda units. The sedimentary sequence consists of three marine formations lying 

between two continental ones (Ferrandini et al., 1998). At the base, probably Burdigalian continental 

conglomerates with clasts from the underlying Nebbio and Tenda units are found. Overlying marine 

series are of Upper Burdigalian to Lower Serravallian age and contain clayey sandstones, silts, 

limestones, marls, and calcarenites. The marine deposits are overlain by fluvial coarse conglomerates 

of probably Tortonian age with clasts from the Variscan basement. 

 

2.4.3.3   FRANCARDO-PONTE LECCIA BASIN 

 

Francardo-Ponte Leccia Basin is an intramontane halfgraben in the center of Corsica, bounded 

to the west by Variscan basement, and to the east by Alpine units. The succession is around 600 m 

thick and consists of conglomerates derived from the basin shoulders. The conglomerates are ca. 150 

m thick, poorly sorted, and massive, and were deposited as mass-flow fans (Ferrandini and Loÿe-Pilot, 

1992). The conglomerates are transgressively covered by ca. 125 m thick marls and mudstones 

(Taverna Formation), documenting a change to marine environment during Late Burdigalian times. 

The subsequent regression is documented by the overlying Francardo Formation, a 300 m thick 

conglomerate unit, consisting of well rounded pebbles mostly derived from the Variscan basement. 

The unit is interpreted as deltaic sediments of the Golo paleoriver, draining the Variscan basement in 

the west (Orszag-Sperber and Pilot, 1976; Ferrandini and Loÿe-Pilot, 1992; Kuhlemann et al., 2005a). 

 

2.4.3.4   ORIENTAL PLAIN 

 

The most complete sedimentary succession is preserved below the Oriental Plain, where over 

2 km of Upper Burdigalian to Pliocene sediments have been deposited (Orszag-Sperber and Pilot, 

1976; Orszag-Sperber, 1978). The Oriental Plain represents the margin of the offshore Corsica Basin 

with up to 8 km of sediments (Mauffret et al., 1999).    

The sediments are largely marine sandstones, marls and limestones, whereas continental 

formations are preserved only sporadically. The sequence is formed by an Upper Burdigalian basal 

breccia lying above the Schistes Lustrés Nappe, followed by Upper Burdigalian to Serravallian marine 

marls, sandstones and conglomerates containing clasts from the Variscan basement, and Upper 

Serravallian continental conglomerates. The sequence continues with Tortonian limestones 

interbedded with silicicalstic material interpreted as a carbonate platform with material supplied from 

the Variscan basement. Clasts from the Schistes Lustrés first appear in the Lower Messinian deltaic 
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conglomerates. The youngest marine deposits of onshore Corsica are the sandy marls attributed to the 

Lower Pliocene (Loÿe-Pilot and Magné, 1989). The sequence ends with fluvial conglomerates of 

probably Upper Pliocene age (Loÿe-Pilot and Magné, 1978).  

 

 

2.5   GEODYNAMIC EVOLUTION OF CORSICA WITHIN THE PLATE TECTONIC 

HISTORY OF THE WESTERN MEDITERRANEAN 
 

During the Carboniferous (~360-320 Ma), convergence between the Gondwana and Laurasia 

continents led to the consumption of the intervening Paleotethys Ocean and to continental collision of 

both plates (Variscan orogeny), giving rise to Pangea continent (Stampfli et al., 2002). Continental 

collision induced syn-orogenic magmatic activity with calc-alkaline affinity, generating numerous 

granitoid intrusions, for instance the Corsica-Sardinia batholith, which at present forms a major part of 

Variscan Corsica and parts of Sardinia. Variscan convergence ended within the Late Carboniferous. 

The Permian to middle Triassic evolution of Pangea (Fig. 2-4) was characterized by an extensional 

tectonic regime with widespread post-orogenic plutonic and volcanic activity with alkaline affinity. 

The Carboniferous Corsica-Sardinia batholith was intruded by alkaline granites and overlain by alkali-

rhyolitic complexes (e.g., Monte Cinto caldera). 

During Late Triassic to Jurassic times, rifting started (Frisch, 1981; Loup, 1992; Borel, 1995), 

and opening of the central Atlantic and the Ligurian-Penninic Ocean led to the final break-up of 

Pangea (Fig. 2-5). The Corsica-Sardinia block along with several other microplates (e.g., Calabria, Rif, 

Kabylies, Peloritan) formed the south-eastern margin of the Iberian plate at that time. To the west, the 

Iberian plate was separated from North America by the Atlantic Ocean, to the south from Africa by the 

Fig. 2-4: Paleogeographic reconstruction of Paleotethys during the Late Permian (modified after Stampfli et
al., 2002). Position of Corsica is indicated by an arrow in the figure B. AF - Africa, EU - Eurasia; IB - Iberia. 
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Ligurian-Piedmont Ocean. From the European plate the Iberian plate was detached in the Late 

Jurassic, when the Pyrenean rift system started to open and Valais Ocean developed.  

Oceanic spreading continued until Cenomanian/Turonian times, when the African plate 

movement changed in a northward direction with respect to the Eurasian plate, resulting in a change 

from an extensional setting to convergence (Dewey et al., 1989). The Ligurian-Piedmont Ocean 

started to close and the European plate was subducted under the African plate (Fig. 2-5). During Late 

Cretaceous - Paleocene times, the Iberian plate collided with Europe, resulting in the Pyrenean thrust 

and fold belt (Olivet, 1996).  

The ongoing northward movement of the African plate (resp. the Apulian microplate) resulted 

in the emplacement of the ophiolitic successions derived from the Ligurian-Piedmont ocean (Alpine 

nappes) onto the Variscan basement of Corsica (Fig. 2-6). During the collision, flysch was deposited 

in the foreland basin in front of the approaching Alpine nappes. Thrusting of the Alpine nappes had 

polyphase character, lasting from the Late Cretaceous to the Late Eocene.  

Fig. 2-5: Paleogeographic reconstruction of the Western Mediterranean region from the Late Triassic
until the Late Cretaceous (modified after Frisch and Meschede, 2005). AD - Adria, AF - Africa, CA -
Central Atlantic, CS - Sardinia-Corsica, EU - Eurasia, IB - Iberia, LP - Ligurian-Piedmont Ocean, NA -
North America, NP - North Penninic Ocean, V - Valais Ocean. 
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In the Early Oligocene, a "flip" of the subduction from SSE to NNW occurred, and the 

Apenninic subduction zone evolved, resulting in the transition from the compressional tectonic regime 

to an extensional one in the western Mediterranean region at ~33 Ma (Réhault et al., 1984; Brunet et 

al., 2000). The Corsica-Sardinia block was still attached to the Iberian plate and formed its NE 

promontory (Gorini et al., 1993). In the Rupelian (~30 Ma), continental rifting commenced between 

southern France and Corsica-Sardinia in the zone of the future Gulf of Lion in response to the pull by 

the eastward retreating Apenninic subduction zone (Bellaiche et al., 1976; Cherchi and Montadert, 

1982; Séranne, 1999). The rifting resulted in the opening of the Ligurian-Provençal basin, splitting off 

the Corsica-Sardinia block from the European mainland (Fig. 2-6). From ~21 to 16 Ma, rifting was 

followed by oceanic spreading in the Ligurian-Provençal Basin, resulting in a ~30° counter-clockwise 

rotation of the Corsica-Sardinia block around a rotation pole located in the Gulf of Genoa (Montigny 

et al., 1981; Vigliotti and Langheim, 1995). At ~18 Ma, rifting moved to the east, initiating formation 

of extensional basins in central and eastern Corsica (Carmignani et al., 1995; Mauffret et al., 1999). 

During the Late Miocene, ongoing subduction rollback gave way to extension in the Tyrrhenian basin 

(presently separating Corsica-Sardinia from the Italian mainland; Fig. 2-6). In this framework, the 

Corsica-Sardinia block forms a microcontinent surrounded by two back-arc basins with respect to the 

westward dipping Apenninic subduction zone (Figs. 2-1 and 2-6; Doglioni et al., 1999; Zeck 1999). 

Fig. 2-6: Paleotectonic reconstruction of the Western Mediterranean region from the Eocene to present
(modified after Lacombe and Jolivet, 2005). Gray shaded areas represent oceanic crust, V - Variscan
Corsica, A - Alpine Corsica, S - Sardinia.
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The Western Mediterranean rifting phase is evidenced also by onshore and offshore 

occurrences of magmatic rocks in Sardinia, Corsica, Provence, the Ligurian-Provençal and the 

Tyrrhenian Basins since the Early Oligocene. Magmatic activity appears as (i) subduction-related calc-

alkaline magmatism, indicating NW-dipping subduction of the Apulian plate beneath the Corsica-

Sardinia block, and (ii) rift-related intraplate alkaline volcanism, which were both connected in space 

and time (Bellon, 1976; Coulon, 1977; Réhault et al., 1984; Pecerillo, 2003).    

 

 

2.6   PREVIOUS THERMOCHRONOLOGICAL STUDIES IN CORSICA 
 

Several apatite fission track studies have been carried out in Corsica during the last decades, 

providing information on the Tertiary tectonothermal evolution of this region. However, older studies 

(Carpéna et al., 1979; Lucazeau and Mailhé, 1986; Mailhé et al., 1986), based on the population dating 

method, reported AFT ages older than 40Ar/39Ar white mica ages (Brunet et al., 2000) and ZFT ages 

from the same samples, both indicating higher temperatures. Therefore they were considered to be 

inaccurate by some other authors (see discussion in Cavazza et al., 2001; Zarki-Jakni et al., 2004). 

More recent studies (Jakni, 2000; Jakni et al., 2000; Cavazza et al., 2001; Fellin, 2003; Zarki-Jakni et 

al., 2004; Fellin et al., 2005), based on the meanwhile preferred external detector dating method, 

report substantially younger AFT ages, in line with the higher-temperature thermochronometers. 

Most studies focused on the investigation of the tectonothermal processes on the Alpine 

orogenic wedge in the NE part of Corsica, where the Alpine-Variscan contact is best exposed.  

The study of Cavazza et al. (2001) reports AFT ages between 19.6 ± 3.5 and 13.8 ± 1.6 Ma 

from a W-E trending profile across the Variscan basement, the Alpine foreland and the Alpine wedge 

along the NE margin of the island. The data record an episode of exhumation during late Early 

Miocene times. No obvious difference in age among the structural units implies synchronous Neogene 

exhumation and absence of significant differential vertical displacement between footwall (Variscan 

Corsica) and hanging-wall (Alpine Corsica) in the study area. Inferring from the complete reset of 

foreland sedimentary samples, the authors also proposed that prior to the late Early Miocene, northern 

Corsica was covered by either the Alpine nappes or the foreland deposits.  

Studies of Jakni (2000), Jakni et al. (2000) and Zarki-Jakni et al. (2004) report AFT data both 

from Alpine and Variscan Corsica. The AFT cooling ages from Alpine Corsica, ranging from 22.5 ± 

1.2 to 12.3 ± 2.9 Ma, are coherent with those of Cavazza et al. (2001). From Variscan Corsica, a 

relatively wide AFT age spectrum is presented (from 53.8 ± 4.1 to 10.5 ± 0.8 Ma), forming a clear 

spatial pattern (Fig. 2-7): older AFT ages (> 30 Ma) show broad track length distributions and occur in 

the SW part of the island. Younger AFT ages (< 30 Ma) with narrow track length distributions form a 
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crescent-shaped pattern running from the NW to the SE, where ages become younger with decreasing 

distance to the Alpine thrust front. The ages from the W and NW coast are interpreted to record 

cooling related to erosional denudation, which is attributed to the rifting in the Ligurian-Provençal 

Basin and passive margin uplift of Variscan Corsica. The younger ages close to the Alpine front are 

interpreted as recording a cooling related to eastward migration of the locus of extension from the 

Ligurian-Provençal to the Tyrrhenian Basin. 

Studies of Fellin (2003) and Fellin et al. (2005) report AFT 

data (in range from 30.5 ± 3.2 to 12.7 ± 2 Ma) integrated with 

detailed structural and sedimentological analyses from the 

Neogene basins of central and NE Corsica. The results indicate 

rapid cooling related to exhumation of the pre-Neogene basement 

(Variscan and Alpine units) during the Early to Middle Miocene. 

The exhumation was accompanied by normal faulting, leading to 

subsidence and formation of a narrow basin in central and eastern 

Corsica since the Burdigalian. This basin was inverted during the 

Tortonian, in the course of final exhumation.   

 

In order to evaluate the thermotectonic evolution of 

Corsica in higher temperature levels than the apatite FT system can 

provide, relevant results obtained by high-temperature 

thermochronometers are briefly reviewed.   

The first zircon FT study from Corsica was presented by 

Mailhé et al. (1986), however as in the case of AFT data from the 

same study, the ZFT results were not considered by later authors 

(see Cavazza et al., 2001; Fellin, 2003; Zarki-Jakni et al., 2004; 

Fellin et al., 2005) although their accuracy has never been 

disproven. The ZFT ages, ranging between 225 and 36 Ma, show a 

clear trend of decreasing age from west to east. This is interpreted as partial reset of Variscan ages due 

to varying thicknesses of the Alpine nappe pile during collision. More recently, some additional ZFT 

ages (19, 21, 74, 69 Ma) were reported from Alpine Corsica (Zattin et al., 2001; Fellin et al., 2005). 

These ages do not conflict with the data of Mailhé et al. (1986) and provide new constraints on the 

timing of Alpine metamorphism.  

In contrast to ZFT data, a quite large number of 39Ar/40Ar mica ages is reported from NE 

Corsica (Maluski, 1977; Amaudric du Chaffaut and Saliot, 1979; Mailhé, 1982; Jourdan, 1988; 

Lahondère, 1991; Brunet et al., 1997; Brunet et al., 2000), ranging between ~65 and 25 Ma. A 

summarizing interpretation was presented by Brunet et al. (2000) who argued for the thrusting of 

Fig. 2-7: Distribution of AFT
ages proposed by Zarki-Jakni
et al. (2004). 
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Alpine nappes onto the Variscan basement lasting from ~45 to 32 Ma, followed by inversion of shear 

sense and reactivation of thrust planes as extensional shear zones resulting in the tectonic denudation 

of metamorphic rocks from below the Alpine nappes starting at 33 and lasting to 25 Ma.  

An important constraint on the age of HP/LT metamorphism was provided by Lahondère and 

Guerrot (1997), who reported a Sm/Nd age of ~83.8 ± 4.9 Ma (isochron defined on a whole rock-

garnet-glaucophane-clinopyroxene assemblage) from an eclogitic lens in the gneissic rocks of Serra di 

Pigno - Farinole unit (later referred to as SPF unit, for location see Fig. 7-1-1), pointing to a 

Cretaceous age of HP metamorphism in the Schistes Lustrés Nappe s. l. 
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3   GEOMORPHOLOGICAL SETTING 

 

 
3.1   INTRODUCTION 

 

Corsica exhibits some spectacular geomorphological features. For instance, the highest point 

(Monte Cinto), reaching 2706 m a.s.l., is located only in 24 km from the coast and 50 km from the toe 

of the continental margin; there are 20 peaks of over 2000 meters; both the maximum and mean 

elevation, as well as the mean relief of Corsica, is substantially higher than those of any other Western 

Mediterranean island. 

From the morphological standpoint, there are substantial differences between Alpine and 

Variscan Corsica (Fig. 3-1).   

Fig. 3-1: A: Digital elevation model of Corsica
displaying local names, distribution of
paleosurface remnants, position of the main
drainage divide, and location of Figs. 3-2 and 3-4.
B: 3D topography of Corsica viewed from NW,
exhibiting contrasts in morphological setting
between Variscan and Alpine Corsica. 
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Alpine Corsica is characterized by a moderate relief with the large Oriental Plain in the east. 

The maximum altitude of 1767 m (Mte. San Petrone), and the mean elevation and relief are 

significantly lower than in Variscan Corsica. 

Variscan Corsica is characterized by a rugged mountainous relief with altitudes exceeding 

2000 m, where the peak and mean elevations increase from the S to the N. In map view, the most 

prominent morphologic features are SW-NE trending ridges, deeply incised by fault-controlled linear 

gorges (Fig. 3-1B). According to bathymetric maps, the relief character continues offshore, where the 

ridges and valleys form narrow peninsulas and deep submarine canyons, respectively.     

The S-shaped main drainage divide clearly shows an asymmetry with respect to distribution of 

the highest central peaks (Fig. 3-1A). The Vizzavona Pass (1163 m a.s.l., the lowest pass of the main 

drainage divide situated in the central part of the island), separates two different morphological 

domains within the Variscan Corsica. North of this pass, the main drainage divide is located several 

km west of the highest peaks on the SW-NE trending ridges, and reaches its minimum distance to the 

west coast SE of Calvi. South of the Vizzavona Pass, all the highest peaks are aligned along the main 

drainage divide. Further to south, the main drainage divide is shifted to the east: south of Col de Verde 

it is located less than 15 km from the east coast and more than 40 km from the west coast. Such an 

asymmetrical drainage divide pattern indicates differential uplift and tilting. 

The tectonic boundary between Variscan and Alpine Corsica is morphologically accentuated 

by the deep longitudinal valleys of the Ostriconi and Golo rivers, as well as by the steep eastern 

margin of Variscan Corsica with triangular facets, which are typical for active normal faults. 

 

 

3.2   CHARACTERISTICS OF THE PALEORELIEF 
   

On a smaller scale, paleorelief remnants, forming flat plateaus with slightly undulating relief, 

are the most striking features (Fig. 3-1A). Paleorelief can be discriminated from the "recent" relief by 

analyzing the slope angles along hypsometric profiles. The term "recent" relief is referred here to areas 

without breaks in the slopes in hypsometric river profiles, equilibrated to the recent sea-level. 

Typically, the slope angles of the "recent" relief increase from the coast landward up to an edge (Fig. 

3-2). Above this edge much lower slope angles, again increasing inland, are observed. These edges 

basically represent breaks in slopes and border the paleorelief areas. Calculated slope angle 

distribution shows differentiation between recent and paleorelief (see Fig. 3-3): paleorelief areas 

display a median of 14 degrees, whereas areas of recent relief display a median of 23 degrees 

(Kuhlemann et al., 2005a). Kuhlemann et al. (2005a), based on the field observation and analysis of a 

digital elevation model (DEM) and topographic maps (at a scale of 1:25000, IGN France), identified 
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two levels of paleorelief in Corsica: (i) a summit paleosurface and (ii) a piedmont-type planation 

paleosurface.  

Remnants of the summit paleosurface form plateaus and flat ridges, which are bound by 

cliffs or steep slopes (Fig. 3-4). They are located in the central parts of Variscan Corsica at the level of 

local summits (therefore "summit" paleosurfaces) at elevations from 300 up to 2300 m a.s.l. They are 

dissected by faults and tilted in variable direction around larger angles than the piedmont-type 

paleosurface. Slope angles of the summit paleosurface 

range between 8 and 40 degrees (Fig. 3-3). Steep slope 

angles are related to isolated durable knobs of cupola-

type morphology (Glockenberge) and former knobs 

largely or completely decomposed to giant granite 

boulders (Felsburgen; Klaer, 1956), typically found in 

southern Corsica. Many summit surface fragments have 

been tectonically tilted by several degrees, which is 

largely transferred to an increase of the mean slope angle. 

Remnants of the piedmont-type planation 

paleosurface (called piedmont paleosurface further on) 

are located along the eastern periphery of the Variscan 

basement at elevations from 250 to 900 m a.s.l., and 

bordered by cliffs and deep canyons. They are generally 

tilted to a lesser degree than the summit paleosurface - slope angle distributions reveal a median of 

about 8 degrees (Fig. 3-4). The direction of the tilt is uniformly towards the SW in the major part of 

Variscan Corsica. An exception is observed in the foothills along northern coast, where relics of the 

piedmont paleosurface are downthrown and tilted towards the inland (i.e., to the SE) due to NE-SW 

trending normal listric faults. The slightly tilted piedmont paleosurface areas never reach the sea-level, 

Fig. 3-3: Schematic diagram showing
slope angle contrast between recent
relief and two paleosurface generations
(redrawn after Kuhlemann et al., 2005a).

Fig. 3-2: Simplified topographic profile illustrating the geometric relation between summit and piedmont
paleosurfaces (thick dashed lines) proposed by Kuhlemann et al. (2005a). For location of the profile see Fig.
3-1 (modified after Kuhlemann et al., 2005a). 
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but end at altitudes between 250 and 400 m, where they are substituted by recent relief continuing 

down to the coast.  

According to Kuhlemann et al. (2005a), the relations between both generations of the 

paleosurfaces can be well examined in southern Corsica in the Incudine Massif. The Incudine massif 

represents the largest paleorelief area (~30 km2), with 

both generations preserved (Fig. 3-2). The summit 

surface at an elevation of ~2000 m is cut by SW-NE 

trending faults, and dissected segments are vertically 

displaced and tilted to various directions. In contrast, 

the related piedmont paleosurface at elevations of ~900 

m displays a uniform tilt to the SW without relevant 

vertical displacement along the faults, which cut the 

summit surface. In other words, the piedmont 

paleosurface seal faults, which are cutting the summit 

paleosurface. This means that formation of the 

piedmont paleosurface postdates the dissection, 

vertical displacement and tilting of the summit 

paleosurface. Based on the available AFT data, 

sedimentological, structural and morphological 

observations, Kuhlemann et al. (2005a) proposed a 

scenario for relief evolution. According to this 

scenario, the summit paleosurface started to form after 

Late Eocene to mid-Oligocene uplift, during a phase of 

decline of relief until late Early Miocene time. At ~17 Ma, a tectonic event caused uplift and tilting of 

the summit paleosurface. After this uplift pulse, during a subsequent stagnation period in the Middle 

Miocene the piedmont paleosurface formed. At ~11-10 Ma, another event caused uplift and tilting of 

both piedmont and summit paleosurfaces.  

 

Fig. 3-4: Example of a summit
paleosurface in southern Corsica. For
location see Fig. 3-1 (courtesy of J.
Kuhlemann). 
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4   FISSION TRACK AND (U-TH)/HE DATING TECHNIQUES 

 

 
4.1   FISSION TRACK THERMOCHRONOLOGY 
 

4.1.1   Introduction 
 

The following chapter contains an abridged description of the principles of the FT dating 

technique. For readers having solid theoretical background in the field of FT analysis it is 

recommended to skip this chapter. Readers interested in details of the method are referred to the book 

of Wagner and Van den haute (1992).    

Fission track thermochronology as a geological dating tool was first introduced in the early 

1960s (Price and Walker, 1963), and since then has been applied to a variety of geological problems, 

including the tectono-thermal evolution of mountain belts, passive and active margins, sedimentary 

provenance, and thermal history modeling of sedimentary basins.  

 

 

4.1.2   Fission track formation 
 

Formation of a fission track is described by the ion spike explosion model (Fleischer et al., 

1975). According to this model (Fig. 4-1), when a 238U atom decays by spontaneous fission, it splits 

into two highly charged particles, which travel through the crystal lattice of the host mineral in 

opposite direction, creating tiny linear zones of damage: fission tracks (Wagner, 1968; Fleischer et al., 

1975). These natural tracks, or commonly referred to as spontaneous tracks, are produced almost 

exclusively by spontaneous fission of 238U in most natural materials, since other naturally occurring 

isotopes such as 235U and 232Th have much slower rates of decay by fission (Price and Walker, 1962). 

Fission tracks produced in the solids are very tiny (3-14 nm in width) and can be observed only under 

transmission electron microscope. However, Price and Walker (1962) showed that chemical etching 

enlarges the tracks so that they can be observed under an optical microscope (magnification > 500x; 

see Fig. 4-2).    
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4.1.3   Age calculation 
 

The fact that the fission process occurs at a constant rate predestined the method as a tool for 

dating minerals. In principle, the method, similarly to other conventional isotopic dating methods, 

relies on the determination of the relative abundance of the parent and daughter product. In the case of 

fission track, the parent is 238U and daughter product is the physical damage to the crystal lattice, i.e. 

spontaneous fission tracks. The abundance of daughter product is determined by counting the number 

of spontaneous tracks on a given surface of a mineral grain. In order to determine the 238U abundance, 

the sample is irradiated with low-energy thermal neutrons, which induce fission in 235U and formation 

of induced fission tracks. Provided that the thermal neutron flux is monitored, the number of induced 

fission tracks is indicative of the abundance of 235U. Because the ratio 235U/238U is constant in nature, it 

is possible to determine the abundance of 238U. In terms of the analytical procedure, there are several 

Fig. 4-2: Photographs of spontaneous fission tracks in apatite (left) and zircon (right)
revealed by etching (modified from: Geotrack website, www.geotrack.com.au).    

Fig. 4-1: Schematic illustration of the ion spike explosion model for the formation of a fission track (Fleischer et
al., 1975). A: Trace amounts of 238U are present in the crystal lattice (black dot). B: Spontaneous fission of 238U
produces two highly charged particles that recoil as a result of Coulomb repulsion. Passage of the charged
particles causes damage to the crystal lattice through electron stripping and ionization. C: After the fission
particles come to rest a damage trail, or fission track, is left. These cannot be observed optically unless
chemically etched (redrawn after Gallagher et al., 1998).  
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techniques used for age determination (see Gleadow, 1981). In this study, the external detector method 

(EDM) has been used (Gleadow and Duddy, 1981; see Appendix B for detailed description), since this 

approach has several advantages (e.g., it allows to analyze individual grains) and was recommended 

by IUGS (Hurford, 1990a,b). Two problems arise: (i) uncertainty of the exact value of the decay 

constant of 238U and (ii) inaccurate determination of the neutron fluence. To overcome these problems, 

the ζ ("zeta") calibration method has been introduced (Hurford and Green, 1983). In the ζ method the 

age of a sample is calibrated against one or more age standards. The method consists of two steps. 

First, age standards are repeatedly irradiated and analyzed together with a uranium bearing glass 

monitor in order to establish a calibration factor ζ. ζ calibration factor (or zeta factor) is a personal 

value depending on the observer's ability of track recognition and is calculated as: 

where ζ is the zeta calibration factor (year/cm2); λd is the decay constant of 238U; Tstd is age of the age 

standard used;  for calibration t is the age; ρi is neutron-induced track density from 235U (track/cm2); ρs 

is spontaneous track density from 238U (track/cm2); g is the geometry factor (0.5 for EDM; Wagner 

and Van den haute 1992); ρd is track density in the external detector covering the glass dosimeter 

during irradiation (track/cm2). Author's zeta calculation and a list of age standards used in this study 

are presented in Appendix B.  

The associated standard error for the ζ factor is calculated according to Green (1981) as 

follows: 

 

where Ns, Ni and Nd are the numbers of spontaneous, induced and glass dosimeter tracks counted; σ 

(Tstd) and Tstd are the standard error and age of the age standard used for calibration.  

The final fission track age equation for a single grain is written as (Price and Walker, 1963; 

Naeser, 1967): 

 

where t is the age; ρs and ρi are the spontaneous and induced track densities.  

The age calculation used in the EDM is based on Poissonian statistics, assuming that all grains 

are from a single population. To test whether all grains are indeed from a single population, a χ2-test is 
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performed on single grain data (Galbraith 1981). A value of P(χ2) < 5% is accepted by a major fraction 

of the FT community as the evidence of a heterogeneous population. Typically the age of the sample is 

presented as some kind of average of the individual (usually > 20) single grain ages. There are three 

age calculations in common use: the mean, pooled, and central ages. Throughout this study the fission 

track ages are reported as central ages with 2σ errors, calculated according to Galbraith and Laslett 

(1993) as:  

 

where Tcentral is the central FT age (Ma); η is the weighted mean average of Ns/Ni with weight wj. 

 

 

4.1.4   Fission track annealing and modeling 
 

Fission tracks are metastable features that fade, which lead to their shortening until they 

totally disappear. This process is called "annealing" and is mainly controlled by the temperature 

(Fleischer et al., 1964, 1965, 1975; Wagner, 1968). Nevertheless the chemical composition of the 

crystals, crystal structure and pressure also play roles (Green et al., 1986; Carlson, 1990; Wendt et al., 

2002; Barbarand et al., 2003). Annealing occurs over a certain temperature range, generally referred to 

as the partial annealing zone, or PAZ (e.g., Wagner 1979). Above this temperature range the fission 

tracks are completely annealed for a residence time of less than 106 years, and this zone is referred to 

as the total annealing zone. As a consequence of the track shortening, the fundamental parameter in FT 

analysis is the track length distribution, which, vice versa, contains information on the thermal history 

of a sample.    

For the fission track system of apatite, the PAZ ranges from ~60°C to ~120°C (see Fig. 4-4), 

with a mean effective closure temperature of 110 ± 10°C (Laslett et al., 1987; Green and Duddy, 

1989). Two additional factors control the annealing of apatites: chemical composition and the track 

orientation with respect to the crystallographic c-axes. The influence of the apatite chemical 

composition on annealing is still not comprehensively understood, despite the large number of studies. 

It is accepted that the relative proportions of Cl and F play important roles in the annealing process. 

Cl-apatite is more resistant to annealing than F-apatite (Gleadow and Duddy, 1981; Green et al., 1986; 

Green, 1988; Donelick, 1991; O'Sullivan and Parrish, 1995), which has direct impact on the limits of 

the PAZ (e.g., Carlson et al., 1999). However, relatively little is known about the role of other ions 

such as OH or Mn (Ravenhurst et al., 1992; Bergman and Corrigan, 1996). Regarding the track 

orientation with respect to the crystallographic c-axes, it was shown that tracks at higher angles to the 
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c-axis anneal faster than tracks at lower angles (Green et al., 1986; Donelick et al., 1990; Crowley et 

al., 1991).  

Annealing behavior can be characterized in different manners, for instance by determination 

of the Cl content. In this study, the annealing kinetics was assessed by measurement of parameter 

called "Dpar" (Dpar - is the etch pit diameter of fission track parallel to the crystallographic c-axis at 

the polished, etched, and analyzed apatite surface; Crowley et al., 1991; Naeser, 1992; Burtner et al., 

1994), as it is regarded as the best parameter to characterize the effect of chemical composition on 

annealing (Ketcham et al., 1999). A small Dpar value (1.50-2.00 µm) is typical of faster-annealing F-

apatite and a larger Dpar value (2.00-5.00 µm) is typical of slower-annealing Cl- and OH-apatites. 

Despite several recent studies in the recent times (e.g., Hasebe et al., 1994; Yamada et al., 

1995a,b; Tagami et al., 1998), the knowledge of zircon partial annealing is not yet as advanced as that 

of apatite so far. The most recent results suggest a range of temperatures for the zircon PAZ between 

200°C and ~350°C (Tagami et al., 1998), and an effective closure temperature of 240 ± 50°C for 

cooling rates of ~10°C/My (Hurford, 1986). 

In case of apatite, a combination of the FT age and related track length distribution enables 

one to decipher the thermal history of a sample, since the apatite annealing characteristics obtained 

from laboratory experiments were described by several mathematical models (e.g., Laslett et al., 1987; 

Carlson, 1990; Crowley et al., 1991; Ketcham et al., 1999). To date, several sophisticated modeling 

programs exist, which enable to model the time-temperature (tT) path of a sample. For this study the 

HeFTy Beta Release 1a (later referred to as HeFTy) written by R. Ketcham with the multi-kinetic 

annealing model of Ketcham et al. (1999) and Dpar values as kinetic parameter was used for the 

thermal history modeling. The program defines time-temperature (tT) paths, passing statistical criteria 

and conforming to user-entered constraints, that best reproduces the measured data. A more detailed 

description of what the program does is given in Appendix B.  
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4.2   APATITE (U-TH)/HE THERMOCHRONOLOGY 
 

This chapter presents a more detailed description of basic principles of the (U-Th)/He dating 

method (with focus on apatite) since this method is newly adopted at Tübingen University, and in this 

project the setup of the He measuring facility was a difficult challenge with which to cope. 

 

 

4.2.1   Introduction 
 

At the beginning of the 20th century, the decay of U and Th to He was already recognized by 

scientists and used as a potential tool to date minerals (Rutheford, 1905; Strutt, 1905, 1908, 1909). 

However, the technique was effectively abandoned, as it frequently yielded unreasonably low ages 

(Hurley, 1954), and relegated by other, better-developed dating methods such as U/Pb or K/Ar. During 

the late 1980's and early 1990's, renewed interest in the method and improvements in analytical 

technique led to better understanding of the behavior of helium, and resulted in the first successful 

dating of U and Th bearing minerals (e.g., Zeitler et al., 1987; Lippolt and Weigel, 1988; Wernicke 

and Lippolt, 1992, 1994a,b; Lippolt et al., 1994; Wolf et al., 1996a,b, 1998; Warnock et al., 1997). 

Modern experimental results show that the (U-Th)/He system of apatite is sensitive to temperatures 

between ~40-80°C (calculated closure temperature is ~75°C at a cooling rate of 10°C/km) that is the 

lowest temperature zone among all radiometric methods (Wolf et al., 1996a). Further, it was 

demonstrated that this technique could be successfully used to answer various geological questions 

concerning rock cooling in the uppermost crust (e.g., House et al., 1997, 2001; Stockli et al., 2000; 

Persano et al., 2002; Foeken et al., 2003; Balestrieri et al., 2005).   

 

4.2.2   He ingrowth 
 

(U-Th)/He dating is based on the ingrowth of 4He nuclei (α particles) produced by the series 

decay of 238U, 235U, and 232Th. In time t the amount of 4He produced in a mineral is given by the 

following equation:  

 
4He = 8238U(exp(λ238Ut)-1) + 7(238U/137.88)(exp(λ235Ut)-1) + 6232Th(exp(λ232Tht)-1) 

 

where 4He, U, and Th refer to present-day amounts of parent and daughter nuclides; λ's are the decay 

constants (λ238U = 1.55125*10-10 a-1, λ235U = 9.8485*10-10 a-1, λ232Th = 4.9475*10-11 a-1); 137.88-1 is the 

present-day 235U/238U ratio; t is the accumulation time, which can be calculated numerically (by 

applying Taylor expansion) since there is no analytical solution for t. This equation holds for secular 
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equilibrium among all daughters in the decay chain and assumes that initial 4He present in the crystal 

being dated is zero. However, the latter is not always true, because He is often trapped in the fluid 

inclusions hosted by the dated crystals. This He is inherited from some prior history but does not 

originate from U and Th of the apatite grain itself, and thus will result in older ages. Furthermore, 

apatite grains often contain solid inclusions of other U or Th rich minerals such as zircon or monazite 

(Ehlers and Farley, 2003), that would also result in erroneously high He ages and poor He age 

reproducibility of samples. In order to overcome problems with inclusions, the crystals are 

microscopically examined and only inclusion-free grains selected for further work. However, 

inclusions can be too small to be detected under a normal microscope. Moreover, in the majority of the 

samples it is very difficult to find completely inclusion free apatites. In order to check the accuracy of 

the analytical technique it is recommended to measure a sample in several replicates and test whether 

they reproduce well or scatter due to possible presence of inclusions. 

 

 

4.2.3   Alpha recoil correction 
 

Alpha particles (i.e. helium nuclei) emitted during U and Th series decay have high kinetic 

energy (4-8 MeV), which mean that they can travel several micrometers through the solid matter 

before coming to rest. The traveled distance, known as the stopping distance, varies between ~11 and 

34 µm for the various U and Th series decay (Ziegler, 1977), whereby the series averaged mean 

stopping distance for 238U, 235U, and 232Th is 19.68 µm, 22.83 µm, and 22.46 µm, respectively (Farley 

et al., 1996). Consequently, α particles may be ejected from crystal rims or injected from surrounding 

grains, which may have an effect on the final age (see Fig. 4-3). Farley et al. (1996) developed a 

quantitative model for correcting He ages for the effects of α stopping distances based on measured 

grain geometry and size. The model requires the following assumptions: (i) homogenous distribution 

of U and Th in dated crystal; (ii) implantation of α particles from the surrounding matrix is 

insignificant; (iii) hexagonal prism or spherical geometry of dated crystals. If these assumptions are 

met, the total amount of α particles retained in the apatite crystal is described by the Ft correction 

factor (Farley et al., 1996), and the measured age must be divided by the Ft factor to obtain the 

"corrected age". For a hexagonal prism, the Ft factor is calculated as follows: 

 

Ft = 1 + a1β + a2β        

 

where a1 and a2 are fit parameters incorporating the stopping distance and density of the stopping 

medium. For an apatite hexagonal prism,  a1 = -5.13 and a2 = 6.78 for the 238U series; a1 = -5.9 and a2 = 

8.99 for the 235U and 232Th series (Farley, 2002);  
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β = (2.31L+2R)/RL 

 

where R is the radius and L is the length of the prism. Given that stopping distances of parent nuclides 

are slightly different, the mean Ft is calculated as follows (Farley, 2002): 

 
meanFt = a238

U238Ft + (1-a238)Th232Ft  

 

where Ft's are correction factors of corresponding parent nuclides; a238 is the fraction derived from 
238U that can be exactly calculated from the first equation, or approximated from the measured Th/U 

ratio for integration period of < ~200 My as: 

 

a238 = (1.04 + 0.245(Th/U))-1 

 

The α corrected He age is then calculated as:   

 

          Corrected Age = Measured Age / meanFt  

 

From the calculation presented above it is clear that smaller grains require greater correction. 

Farley (2002) argued that Ft correction in the range of ~0.65 to ~0.85 can be reproduced by individual 

observers to ~1%. However at smaller 

grain size (Ft < 0.65) the error is much 

higher, which would lead to erroneous 

"correction" of measured ages. 

Therefore for a proper α ejection 

correction, the big crystals (prism 

width > ~70 µm) with appropriate 

morphology (in best case euhedral 

prisms) are required. To calculate Ft, 

the grains are photographed and width 

and length of the prism are measured. 

A description of the grain selection 

procedure used in TU is given in the 

chapter 5.4.1.  

One of the problems with α 

recoil correction is the assumption of a 

Fig. 4-3: The effects of long α stopping distances on He
retention. The left figure illustrates the three relevant
possibilities within a schematic crystal: α retention, possible
α ejection, and possible α implantation. “U” denotes the site
of the parent U or Th nuclide, and the edge of the shaded
sphere labeled He indicates the locus of points where the α
particle may come to rest; the arrow indicates one possible
trajectory. The right plot shows schematically how α
retention changes from rim to core to rim along the path A-
A’ (modified after Farley, 2002).   
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homogenous distribution of parent nuclides (Farley et al., 1996; Farley, 2000; Meesters and Dunai, 

2002b). If this assumption is not met, α recoil correction is an oversimplification. In this study, the 

distribution of U was investigated on FT mounts, and no zonality was observed. Thus, assuming that 

Th distribution follows U, α recoil correction is used as a safe approach.   

Although the Ft correction is widely accepted and routinely applied as a robust procedure, 

Meesters and Dunai (2002b) noted that this approach must not always be correct even if all 

assumptions are met. They showed that in the case when a sample with homogenous U and Th 

distribution spends substantial time close to the closure temperature for the system, the diffusion 

significantly affects the final He age, and applying the Ft correction will result in overcorrection of the 

He age. Conversely, in the case of quickly cooled rocks, which experience little diffusive loss, the Ft 

correction can be used as a safe approximation for correcting He ages. 

 

 

4.2.4   Sensitivity of the apatite (U-Th)/He thermochronometer 
 

Pioneering studies demonstrated that helium retention in apatites occurs at very low 

temperatures < 100°C (Lippolt et al., 1994). Based on the laboratory He diffusion characteristics, Wolf 

et al. (1998) showed that for a constant holding time, the He age decreases with increasing temperature 

over a fairly narrow temperature range. This range is named the Helium Partial Retention Zone - 

HePRZ, and is defined as a temperature range, in which between 5 and 95% of the He is retained in a 

crystal. The HePRZ is analogous to the apatite partial annealing zone (see chapter 4.1.4). Assuming an 

isothermal holding time of 100 Ma and zero 

exhumation, it has a characteristic 

sigmoidal shape (Fig. 4-4), where the ages 

above the HePRZ are old, documenting 

complete retention of helium; ages within 

the HePRZ decrease rapidly with increasing 

temperature, where helium diffusion is 

neither fast enough to maintain a zero 

concentration, nor slow enough for 

complete retention of helium; ages are ~0 

Ma below HePRZ, because helium readily 

diffuses. Further laboratory experiments 

showed that helium diffusion is a function 

of crystal size (Fig. 4-5) and shape, cooling rate, holding time and distribution of parent nuclides in the 

crystal (Lippolt et al., 1994; Wolf et al., 1998; Farley, 2000; Meesters and Dunai, 2002a,b). Variation 

Fig. 4-4: Apatite helium partial retention zone (He PRZ)
compared to apatite fission track partial annealing zone
(APAZ), modified after Farley (2002). 



CHAPTER IV                                                                                 FISSION TRACK AND (U-TH)/HE DATING TECHNIQUES 

 30

in any of these parameters results in a change of the 

amount of helium retained in a crystal, and consequently 

influences the temperature range of the HePRZ. For 

instance, for a holding time of 50 Ma and cooling rate of 

10°C/Ma, the HePRZ is between ~40-75°C (Wolf et al., 

1998).  

The apatite (U-Th)/He system records the 

temperature history experienced by rocks in the 

uppermost ~3 km of the crust. He ages can be basically 

interpreted in two ways, as (i) "cooling" ages or (ii) 

"apparent" ages. Interpretation of cooling ages is based 

on the concept of "closure temperature" (Dodson, 1973) 

and can be used for samples, which experienced 

constant monotonic cooling. In this case, He age records 

a time since a sample passed through the closure 

temperature isotherm. However, for complex thermal 

histories the assumption of monotonic cooling is not met, thus the interpretation as "cooling age" is not 

relevant and modeling of time-temperature (tT) history is required (Wolf et al., 1998). Since various tT 

paths modeled can yield the same He age (see Fig. 4-6, next page), and He ages do not necessarily 

refer to a distinct geological event, interpretation as "apparent" ages is rather used (as often in the case 

of FT ages). Thermal history and corresponding He age must be therefore tested by a model.  

In this study, (U-Th)/He ages were modeled, like in the case of AFT data, by the computer 

program HeFTy. Description of the program is presented in Appendix B. An advantage of HeFTy is 

its capability to model both AFT and (U-Th)/He data. A combination of (U-Th)/He and AFT systems 

offers an opportunity to reconstruct detailed cooling histories through the temperature range of ~120 to 

40°C, since the sensitivity zones of both systems partly overlap (PAZ: ~60-120°C, HePRZ: ~40-75°C) 

(see Fig. 4-4). The advantage of this approach is that it relies on two completely independent methods, 

providing important cross-validation of both systems, and therefore helps to reduce the number of 

acceptable thermal histories.  

 

 

 

Fig. 4-5: Helium closure temperature (Tc)
as a function of grain size and cooling rate.
Tc calculated assuming an activation
energy of 33 kcal/mol and a diffusivity at
infinite temperature of 50 cm2/sec
assuming spherical geometry and including
the effects of α ejection (redrawn after
Farley, 2002). 
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Fig. 4-6: A: Apatite He age evolution curves (dotted lines) for several representative time-temperature paths
(solid lines). All paths yield a He age of 40 Ma. B: He age as a function of structural depth in a 20°C/km
thermal gradient for the time-temperature histories shown in A. The histories can be resolved with
measurements of apatite He ages spanning ~1.5 km of structural relief; similar resolution using apatite
fission track ages would require more than 2 km (after Wolf et al., 1998, adopted from Foeken, 2004). 
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5   DATING PROCEDURE 

 

 
5.1   SAMPLING 

 

The sampling campaign used in this study focused 

on the crystalline basement of Variscan Corsica (Fig. 5-1), 

particularly on those regions, from which no AFT ages of 

previous studies have been reported. Series of samples 

were taken from the Eocene flysch along the Alpine 

deformation front to investigate possible reset of AFT ages 

in these sediments. Special interest was dedicated to 

sample the remnants of the summit and piedmont 

paleosurfaces in order to predate and bracket the time of 

their formation. Elevation profiles in steep relief regions 

from homogenous blocks possibly without faults were 

sampled in order to evaluate exhumation rates. The 

sampling points of this study are distributed over entire 

Variscan Corsica. In addition, some samples were taken 

from the Tenda Massif. A total of 157 samples of 

granitoids, gneisses and flysch was collected, however 

many lithologies were surprisingly poor in apatite, thus 

only 67 out of the set contained sufficient amounts of 

datable apatite crystals.  

The amount of sample material was in the range 

of 5 to 10 kg. Samples dedicated for (U-Th)/He dating 

were taken from below the surface, and the uppermost 20 

cm of the rock was removed prior to processing in order to 

minimize the effect of He loss by insolation (Wolf et al., 

1996b) or, more importantly, wildfires (Mitchell and 

Reiners, 2003) that yearly affect large parts of Corsica. 

 

 

 

Fig. 5-1: Localities of samples
collected during this study. Circles
represent samples dated by FT
method, crosses represent those
samples, where dating was not
possible.  
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5.2   MINERAL SEPARATION 
  

Apatite and zircon concentrates for FT and (U-Th)/He analyses were obtained using standard 

magnetic and heavy liquid separation techniques (see Appendix A).  

 

 

5.3   FISSION TRACK ANALYSIS 
 

For FT analysis the external detector method (Gleadow and Duddy, 1981) was used. FT ages 

were calculated using the ζ (zeta) age calibration method (Hurford and Green, 1983). Modeling of the 

low-temperature thermal history was carried out using the HeFTy modeling program  (Ketcham et al., 

in press). A detailed description of the analytical procedure used (including mound preparation, 

etching protocol, packing, irradiation, fission track counting and length measurements technique, ζ-

factor calculation, age calculation, and thermal modeling procedure) are found in Appendix B. 

 

 

5.4   (U-TH)/HE ANALYSIS 
 

(U-Th)/He analysis was carried out in a frame of cooperation between Tübingen University 

(TU) and Scottish Universities Environmental Research Centre (SUERC) in East Kilbride (United 

Kingdom). At Tübingen University, the helium measurements were carried out on a new Helium 

Extraction Line constructed by Patterson Instruments Ltd.©. The instrumentation and techniques are 

based on those employed and successfully demonstrated in Prof. Farley's laboratory at California 

Institute of Technology (CalTech). A short description of the system can be found in Appendix C. It 

must be noted that during this study, the laboratory procedure for He measurements were still under 

development at TU, and may be modified in the future. U and Th measurements were carried out at 

SUERC.  

 

 

5.4.1   Apatite grain selection  
 

Most of the samples was not suitable for (U-Th)/He measurements due to poor apatite content 

and bad quality of apatite grains. Apatite crystals for He analysis were separated as follows: 

Approximately 50-100 apatite grains were handpicked from non-magnetic heavy mineral 

fraction (used also for AFT analysis) under a stereomicroscope with respect to size and morphological 
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characteristics: only big (prism diameter > ~60 µm), euhedral prismatic grains were selected, while 

small, needle-like, fragmentary, rounded, subhedral grains were avoided. Afterwards the grains were 

inspected at 200x magnification under cross-polarized light for inclusions, fractures, and other 

"damages", and the best possible grains of similar size were selected. If no high-quality apatites could 

be selected for a sample of particular interest, the most acceptable imperfect grains were chosen. All 

grains that were finally selected were photographed under a stereomicroscope equipped with a Sony 

DXC-930P 3-CCD camera, and magnification used was recorded in a logbook. The dimensions of 

grains (prism diameter and length) were measured by using the Scion Image software, and Ft factors 

were calculated for each grain assuming hexagonal geometry (Farley et al., 1996; Farley, 2002). Then 

the grains with similar Ft factors were grouped in order that the standard deviation of the recoil 

correction in each population was ± 0.5%. From each sample analyzed, 2 to 6 aliquots were prepared 

in order to replicate the measurement and verify reproducibility of results. In this study, apatites from 

all samples yield homogenous U distribution as inferred from fission track distribution; Th distribution 

was assumed to be identical with U. This justifies the application of Ft correction.      

 

 

5.4.2   The 4He analysis 
 

Selected apatite crystals were loaded into stainless steel capsules (composed of cup, lid, nut 

and bolt, see Fig. 5-2), which were degassed at 950°C for one hour prior to loading in order to avoid 

possible 4He contamination. A batch of capsules (throughout this study loading of six capsules is 

possible at TU) with crystals was loaded into a 

“feeding rod” and mounted on the top of the furnace. 

After pumping and furnace degassing (usually at 

950°C for 30 minutes), a hot blank was performed. If 

the hot blank was unacceptably high, the furnace was 

degassed again. After an acceptable hot blank was 

obtained (at level of less than ~0.002 ncc of 4He STP 

=> 0.002 nano-cubic centimeters of 4He at Standard 

Temperature and Pressure = 0°C and 101 kPa), the 

capsule was dropped into the furnace and outgassed 

at 950°C for 8 minutes. The evolved gasses were 

then purified on a charcoal trap cooled by liquid 

nitrogen and hot (~350°C) and cold TiZr (titanium-zirconium) getters, spiked with 99.9% pure 3He 

and introduced into a quadrupole mass spectrometer (Pfeiffer Prisma QMS-200) equipped with a 

Channeltron detector. The 4He/3He ratio was measured in static mode over a period of 160 seconds, 

Fig. 5-2: Photograph of stainless steel
capsules (dismantled and closed) used during
this study to load apatite crystals. 
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and then the entire system was pumped. The sample was outgassed at the same conditions again, and 

the measurement procedure was repeated. This “re-extract” step should yield He at levels comparable 

to the preceding hot blank. If not, the most common cause was thought to be undetected inclusions 

releasing helium at higher temperatures than apatite. Such analyses were rejected as erroneous and a 

new aliquot of the sample analyzed until the re-extract step yielded helium at blank levels. Helium 

abundances measured in counts per second were recalculated to ncc at STP and corrected for blank. 

Typical hot blank over this study was ~0.0015 4He ncc STP, which corresponds to 0.02 Ma of He age 

of a typical apatite with a radius of ~40 µm. The reproducibility of the 3He spike was determined from 

the measurements against an accurately known standard 4He (or "Q-standards"). Three Q-standards 

were measured before and after analyzing a sample. The precision of Q-standards was better than ± 

0.03% (1σ). Once all loaded capsules were analyzed, they were retrieved from the furnace and sent for 

U and Th analysis to SUERC.  

 

 

5.4.3   U and Th analysis 
 

U and Th were analyzed in aqueous solution using an Inductively Coupled Plasma Mass 

Spectrometer (ICP-MS).  The quantities of U and Th were determined as the ratio of their 

concentrations (238U/232Th) using isotopic dilution. In the following section the analytical procedures 

and the equipment used to perform the analysis are described (after Persano, 2003). 

 
5.4.3.1   APATITE DISSOLUTION AND ISOTOPIC DILUTION 

 

The apatite crystals were retrieved from the capsules and transferred into a teflon beaker with 

2 ml of 5% nitric acid and approximately 1.3 ng of 235U and 3 ng of 230Th spikes. The spikes were 

prepared by dissolving certified standard (courtesy of Dr. Ellam) 235U and 230Th powder in nitric acid 

and diluting to obtain a concentration of 15 ppb. Fractionation in the mass spectrometer was corrected 

using the U500 standard with a certified value 235U/238U = 0.9997. U and Th were purified using 

conventional cation exchange chemistry (Luo et al., 1997). After equilibration, the solution was 

brought to 5 ml using 5% nitric acid and transferred in plastic tubes for ICP-MS analysis. 

 

5.4.3.2   ICP-MS ANALYSIS 

 

U and Th concentrations were determined by VG PlasmaQuad PQ2 plus ICP-MS (VG 

Elemental, Cheshire, England) fitted with a Meinhard nebulizer and a Scott, double pass, water-cooled 

glass spray chamber. Instrumental parameters are given in Table 5-1 (Olive et al., 2001). The limits of 
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detection in a quadrupole ICP-MS are best presented in terms of detector noise (cps) rather than 

concentrations (Olive et al., 2001). The instrumental background level reported in Table 5-1 represents 

the mean of fifty 90s aspirations of the 5% 

nitric acid solution used to “purge” the 

instrument between samples. In order to 

monitor instrumental mass fractionation, 

repeated analyses of U500 standard were 

performed. Each sample run began with two 

U500 aliquots and subsequent analyses 

interspersed to bracket every three samples. 

The reproducibility of measuring 5 ppb U500 

solution was approximately 0.15%. U and Th 

concentrations in the samples were accurate to 

± 2.5% (1 sigma). 

 

 

5.4.4   Results of mineral standard 
 

In order to verify stability and precision of the system, mineral standards of known age are 

regularly measured in the laboratories. To date, the Durango apatite (Young et al., 1969; apatite FT 

age: 31.6 ± 1 Ma, Jonckheere et al., 1993; K/Ar age: 30.3 ± 0.4; Naeser and Fleischer, 1975) is the 

most common standard in use. Values for this age standard reported from others He laboratories varies 

between 27.5 and 32.6 Ma (Warnock et 

al., 1997; Farley, 2002). In the Tübingen 

He laboratory, one capsule with 

Durango apatite is measured per each 

series of samples. Repeated analysis of 

Durango apatite over the period of this 

research yields an age of 28.95 ± 1.88 

Ma (n = 30), which is well within the 

recently published range. Furthermore 

the ages reproduce to ~7%, giving the 

confidence in the quality of the data and 

the performance of the laboratory 

procedures (Fig. 5-3).  

Table 5-1   ICP-MS acquisition parameters (Olive et
al., 2001). 

Fig. 5-3: Diagram showing He ages obtained on Durango
apatites during this study as a function of Th/U ratio; an
average age: 28.95 ± 1.88 Ma (n = 30).   

Sample uptake rate 0.8 ml.min-1

Washout time 180 s
Uptake time 90 s
Acquisition time 90 s
Data acquisition mode Peak jumping
Dwell time 10.24 ms
Points per peak 3
No. of replicates 3
Blank (cps) for U <100
Blank (cps) for Th <100
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5.4.5   Error calculation 
 

To date, there is no "standard" consensus accepted of how to calculate an uncertainty (or 

error) of He ages. Reported uncertainties have been obtained in different ways (see e.g., House et al., 

2001; Persano et al., 2002; Foeken et al., 2003; Hendriks, 2003; Foeken, 2004), sometimes the 

uncertainties are not reported at all (e.g., Wolf et al., 1996a). In this study, two principal types of 

uncertainties are distinguished: analytical uncertainty and mineralogical uncertainty.  

The analytical uncertainty includes the uncertainties associated with the analysis (i.e., errors 

on He measurements, He calibration, U and Th measurements and  calibrations, 3He, U and Th spikes, 

etc.). This uncertainty is typically less than ~5% at 1 sigma, and is calculated as follows: 

where AE refers to the total analytical error; HeE, UE, ThE are the errors of He, U and Th measurements, 

respectively.  

The analytical error of helium measurements was calculated according to Patterson (pers. 

comm.) as:  

where HeE is the analytical error of He measurement; T is the "T-zero" intercept of 4He/3He ratios 

measured on a sample; TE is 1 sigma error of T; Q is the average of Q-standards measured; QE is 1 

sigma error of Q; D is the depletion factor used; DE is 1 sigma error of depletion factor.  

The analytical error of uranium and thorium measurements was calculated after Persano (pers. 

comm.) as: 

 

         , and  

 

  

      , respectively,  

 

where UE is the analytical error of U measurement; B is the amount of 238U; J is the mass of the 235U 

spike added; JE is 1 sigma error of J; K is 238U/235U ratio in sample; KE is 1 sigma error of K; ThE is the 

analytical error of Th measurement; C is the amount of 232Th; G is the mass of the 230Th spike added; 

GE is 1 sigma error of G; H is 232Th/230Th ratio in sample; HE is 1 sigma error of H.  
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The term "mineralogical uncertainty" is used here to denote the uncertainties associated with 

physical and chemical properties of dated crystals, such as crystal size, shape, presence of fissures, 

cracks, cleavages, and other damages in crystal lattice, heterogeneous distribution of parent isotopes, 

zoning, parent isotopes bearing inclusions, presence of parent isotopes in surrounding phases possibly 

inducing implantation of helium, and maybe some other yet unknown factors. Groups in East Kilbride 

or Amsterdam prefer to use the term "geological" instead of "mineralogical" uncertainty (Foeken, pers. 

comm.), but this study refers to the latter term, since the main controlling factors are more 

"mineralogical" rather than "geological" in origin. The integrated effect of all biasing factors are 

involved in "mineralogical uncertainty", which is unfortunately always present in (U-Th)/He analysis 

and is always much higher than the analytical one (up to ~30%). The mineralogical uncertainty is 

unique for each crystal and differs from sample to sample. Practically it cannot be measured, but it is 

possible to assess its magnitude.  

The way in which to assess the magnitude of the mineralogical uncertainty is not strictly 

defined and several approaches have been used. For instance, the standard deviation of reproducibility 

observed on several replicates of an age standard is adopted as "error" for actual samples. In some 

laboratories the Durango age standard is used for this purpose. Nevertheless, the usage of Durango is 

not widely accepted due to some additional factors controlling the Durango age, such as zonation and 

inhomogeneous distribution of U and Th (Stuart, pers. comm.). Furthermore, there is no alpha recoil 

correction involved, and thus the usage of only Durango underestimates actual reproducibility.  

The way to overcome this problem is to use an age standard, where the alpha recoil correction 

must be applied, for example the age standard 97MR22 was used in the study of House et al. (2000). 

However, throughout this study, this age standard was not in property of TU, therefore this approach 

was not applied.  

Another way to assess the mineralogical uncertainty is by measuring several (5-6) replicates 

of the same sample and to calculate the error from them. This approach, although certainly the most 

expensive and time-consuming, is probably the best one, since, as discussed above, the mineralogical 

sources of error dominate and every sample is unique in a sense (Farley, pers. comm.).  

In this study, total analytical error and mineralogical error are reported in the results table 

(Table 6-3). The total analytical error was computed as described above, and was in the range of 2-6%. 

The mineralogical error was computed based on the reproducibility of each sample as a standard 

deviation (expressed in %) of the entire dataset at 1 sigma translated to Ma. 
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6   RESULTS 

 

 
6.1   ZIRCON FISSION TRACK RESULTS 

 

ZFT ages were measured on 3 samples from the southern and central part of the Variscan 

granitic basement (Table 6-1, Fig. 6-1). All samples passed the χ2-test at a 95% confidence interval 

and are reported as central ages with ± 1σ errors. The ZFT ages are 144.6 ± 10 (XC-50), 159.2 ± 9.8 

(XC-46) and 159.8±12.1 Ma (KU-22) and are younger than intrusion age of the granites (~340-260 

Ma; Cocherie et al., 1984).  

 

 

6.2   APATITE FISSION TRACK RESULTS 
 

AFT analyses were performed on 67 samples (Table 6-2, Fig. 6-1). All samples passed the χ2-

test at the 95% confidence interval and are reported as central ages with ± 1σ errors. The AFT ages 

from Variscan Corsica are younger than intrusion age of crystalline basement. All but two ages are 

Cenozoic, ranging from 16.4 ± 1.4 Ma (XC-116) to 46.4 ± 4 Ma (XC-81). Samples XC-2 and KU-22 

from southernmost Corsica are Mesozoic (105.3 ± 7.2 and 97.9 ± 5.4 Ma, respectively). AFT ages 

from Eocene flysch are all younger than the depositional ages (~60-40 Ma, Upper Paleocene to Middle 

Eocene; Durand-Delga, 1978; Rossi et al., 1980), ranging between 16.4 ± 1 (XC-132) and 30.6 ± 1.6 

Ma (XC-85). Samples from the Tenda Massif yielded AFT ages in the range of 16.4 ± 1.4 (XC-116) to 

24.9 ± 2.7 Ma (XC-42). 

Track length distributions were measured on 29 samples (Table 6-2, Fig. 6-2). Mean confined 

track lengths (MTL) vary between 12.2 ± 0.2 µm (XC-2) and 14.8 ± 0.1 µm (XC-33) with standard 

deviations (SD) between 0.7 (XC-59) and 2.2 µm (XC-2). All samples, with one exception (XC-2), 

yield narrow (SD ≤ 1.6 µm), unimodal track length distributions with relatively long MTL (≥ 13.2 

µm). Such distributions are characteristic for rapidly cooling rocks with fast passage through the 

apatite PAZ during exhumation. Sample XC-2 exhibits a broad (SD = 2.2 µm), bimodal track length 

distribution with very short MTL (12.2 ± 0.2 µm), attesting to a complex thermal history (Gleadow et 

al., 1986a,b).  

Dpar values range from 1.5 to 4.5 µm (Table 6-2), pointing to a variable chemical composition 

of the samples. Nevertheless, in the majority of samples the Dpar values are small (≤ 1.7 µm), thus in 

those samples a normal fluorine-apatite composition is supposed. 
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Fig. 6-1: Contour of Corsica with measured apatite (bold font) and zircon (numbers in brackets in
italic font) fission track ages in Ma. 
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Fig. 6-2: Track length distribution of apatites.  
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6.3   APATITE (U-TH)/HE RESULTS 
 

The selection of the samples dedicated for (U-Th)/He analysis was made primarily on the 

following criteria: (i) preference was given to samples taken from both types of paleosurfaces 

("summit" and "piedmont" paleosurfaces) in order to bracket the time of their formation and test a 

succession of their formation proposed by Kuhlemann et al. (2005a); (ii) the second important 

criterion was the quality of the apatite crystals (see chapter 5.4.1); (iii) and the third criterion was the 

geographic distribution of the selected samples: it was intended to attribute the He ages to as many 

paleosurface remnants as possible.  

Mainly because of poor quality and low amounts of apatite crystals in most of the samples, a 

total of 40 (U-Th)/He ages (later referred to as He ages) were successfully determined on 12 samples 

(Table 6-3, Fig. 6-3): most of the ages are reported from the central southern Corsica, two ages are 

from central part (Rotondo and Niolo Massifs), one age is from the NNE part of the island (Balagne 

region). The results are presented in Table 6-3, where three types of ages are reported: raw ages, ages 

corrected for alpha recoil, and average ages calculated from the replicates of samples. The error was 

calculated following the procedure described (see chapter 5.4.5). In the following, He ages are 

reported as average ages with 1 sigma error.  

Replicates of the samples reproduce well, giving the confidence of good quality of the data. 

Several samples contained only small apatite grains, yielding a low Ft factor. In order to overcome 

erroneous α recoil correction, samples with Ft < 0.63 were excluded from the dataset. 

Average He ages corrected for α ejection (assuming a hexagonal geometry, after farley et al., 

1996 and Farley, 2002) vary between 16.0 ± 2.3 (XC-75) and 22.1 ± 0.9 Ma (XC-76), they are 

consistently younger than the according AFT ages and indicate Early to Middle Miocene cooling. 

There is no obvious trend in the data with regard to elevation and geographical position (Fig. 6-3). 

Three samples from remnants of piedmont paleosurfaces (XC-6, XC-12, XC-138) yield He ages 

between 17.6 ± 2 (XC-12) and 19.7 ± 4 Ma (XC-138), which is well within the range of 16.0 ± 2.3 

(XC-75) to 22.1 ± 0.9 Ma (XC-76) yielded by samples representing the summit paleosurface (KU-24, 

XC-46, XC-67, XC-74, XC-75, XC-76, XC-89, XC-105, XC-123).  
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 Fig. 6-3: Shaded DEM showing (U-Th)/He ages measured (in Ma) samples from both
generations of paleosurface; related AFT ages are in brackets written in italic font.  
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Sample Altitude PG Nc U Th 4He TAE Unc. age Ft Cor. age Average age ± 1σ
code (m) (ng) (ng) ncc (%) (Ma) (Ma) (Ma) (Ma)

XC-6 826 P 2 0.316 0.219 0.604 2.1 13.6 0.76 18.0 17.6 0.5
XC-6 1 0.200 0.187 0.414 1.9 14.0 0.81 17.3

XC-12 550 P 1 0.076 0.149 0.178 3.4 13.2 0.69 19.0 17.6 2.0
XC-12 1 0.125 0.206 0.253 3.2 12.1 0.75 16.2

XC-46 2247 S 1 0.037 0.061 0.078 2.9 12.7 0.69 18.3 18.2 2.5
XC-46 3 0.083 0.187 0.176 2.2 11.4 0.73 15.6
XC-46 3 0.178 0.332 0.501 2.8 16.1 0.78 20.6

XC-67 200 S 1 0.053 0.098 0.095 3.3 10.3 0.60 17.1 17.2 1.7
XC-67 1 0.058 0.113 0.117 3.3 11.4 0.73 15.5
XC-67 1 0.035 0.082 0.082 2.8 12.3 0.65 18.9

XC-74 1627 S 2 0.128 0.225 0.411 2.2 18.7 0.78 23.9 18.8 4.0
XC-74 2 0.272 0.408 0.719 1.8 16.1 0.81 19.9
XC-74 2 0.124 0.210 0.260 2.0 12.4 0.76 16.3
XC-74 1 0.077 0.102 0.146 2.4 12.0 0.79 15.2

XC-75 2133 S 1 0.057 0.086 0.100 4.0 10.7 0.63 17.0 16.0 2.3
XC-75 1 0.082 0.163 0.145 2.6 9.9 0.75 13.2
XC-75 1 0.112 0.187 0.238 2.3 12.6 0.76 16.5
XC-75 1 0.095 0.152 0.165 3.0 10.4 0.73 14.2
XC-75 1 0.076 0.154 0.198 2.5 14.5 0.76 19.1

XC-76 1981 S 3 0.141 0.179 0.358 2.5 16.1 0.71 22.7 22.1 0.9
XC-76 1 0.040 0.040 0.080 2.7 13.4 0.63 21.4

XC-89 2620 S 1 0.108 0.197 0.229 2.6 12.3 0.75 16.4 18.2 1.9
XC-89 2 0.118 0.186 0.277 2.2 14.1 0.78 18.1
XC-89 2 0.148 0.299 0.395 2.4 15.0 0.74 20.3

XC-105 1950 S 1 0.127 0.165 0.322 3.0 16.1 0.83 19.5 17.6 1.3
XC-105 1 0.045 0.070 0.100 3.6 13.5 0.79 17.0
XC-105 1 0.090 0.132 0.187 2.2 12.8 0.74 17.3
XC-105 1 0.050 0.060 0.089 3.5 11.5 0.70 16.5

XC-123 1702 S 1 0.060 0.082 0.132 6.6 13.7 0.73 18.9 20.3 2.4
XC-123 1 0.095 0.147 0.216 2.2 13.7 0.73 18.9
XC-123 1 0.099 0.103 0.245 2.8 16.4 0.71 23.1

XC-138 580 P 1 0.077 0.170 0.186 2.1 13.1 0.73 17.9 19.7 4.0
XC-138 1 0.070 0.084 0.139 2.6 12.7 0.74 17.2
XC-138 2 0.071 0.102 0.200 2.7 17.3 0.67 25.7
XC-138 1 0.069 0.134 0.171 2.5 14.0 0.78 17.9

KU-24 610 S 1 0.151 0.212 0.326 3.7 13.3 0.74 18.0 18.5 2.6
KU-24 1 0.175 0.306 0.469 2.1 15.7 0.77 20.4
KU-24 1 0.068 0.138 0.134 2.5 10.9 0.71 15.4
KU-24 1 0.060 0.081 0.148 2.1 15.4 0.71 21.7
KU-24 1 0.073 0.103 0.142 2.8 12.1 0.71 17.0
PG - paleosurface generation according to Kuhlemann et al.(2005a): P - piedmont paleosurface, S - summit paleosurface; Nc
- number of dated apatite crystals; U - amount of 238U + 235U; 4He - amount of in nano-cubic centmeters at Standard Pressure
and Temperature (STP); TAE - total analytical error; Unc. age - uncorrected age; Ft - correction factor calculated after Farley
et al. (1996) and Farley (2002); Cor. age - corrected age.   

Table 6-3   (U-Th)/He data. 
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7   INTERPRETATION AND DISCUSSION 

 

 
7.1   ZIRCON FISSION TRACK DATA  
 

7.1.1   Introduction 
 

Samples analyzed by zircon FT analysis were collected in the central and southern part of 

Variscan Corsica and ages are in the range ~140-160 Ma. These values are similar to those presented 

by Mailhé et al. (1986) and Zattin et al. (2001), but a full integration of their datasets is not possible, 

since the publications of these authors provide neither the analytical procedure nor the sample 

coordinates and the counting statistics. Nevertheless, there are some conspicuous features that can be 

extracted for further interpretation: the ages from the Variscan basement are in the range 244-110 Ma, 

the ages along the Alpine deformation front are in the range ~75-60 Ma, rocks from Alpine Corsica 

have zircon FT ages in the range ~40-19 Ma (Fig. 7-1-1).  

Mailhé et al. (1986) interpreted the ZFT age pattern as a west-to-east younging trend, resulting 

from westward-decreasing thickness of Alpine thrust sheets that caused partial reset of Variscan zircon 

FT ages during the thrusting. Practically, these authors considered the zircon FT ages from Variscan 

Corsica as "mixed ages", which means Variscan ages partially reset during Alpine metamorphism.  

In contrast, Vance (1999) recognized that zircon FT ages in the range 220-100 Ma are widely 

preserved within and adjacent to the Western Alpine orogenic system and interpreted them to be the 

result of high heat flow related to mantle upwelling during Late Triassic and Early Jurassic rifting and 

subsequent opening of the Ligurian-Penninic Ocean. This thermal event was long-lasting and was 

characterized by extremely high heat flow on both continental margins (Vance, 1999).  

 

 

7.1.2   ZFT domains 
 

In order to interpret the ZFT data, Corsica is subdivided into three ZFT domains, according to 

similarities in the age pattern (Fig. 7-1-1): 

Domain I - encompassing the major part of Variscan Corsica with zircon ages in the range 

~244-130 Ma, the ages evidently lack a Tertiary thermal overprint and are interpreted as relating to the 

thermal event associated with the opening of the Ligurian-Piedmont Ocean, which evolved between 

the Laurasian (including Corsica-Sardinia block) and the African plate in the Jurassic between ~200 
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and 140 Ma (e.g., Frisch, 1981). There are several evidences favoring a "Piedmont" origin of the ZFT 

ages: 

- all samples (where counting 

statistic is given) pass the χ2-test indicating 

that these ages are not "mixed" as supposed 

by  Mailhé et al. (1986); 

- ZFT ages are juxtaposed to the 

rifted European continental margin (with 

respect to the Ligurian-Piedmont Ocean), 

and the data range perfectly fits to the time 

interval of rifting and opening of the 

Ligurian-Piedmont Ocean; 

- the ages are getting older in 

roughly NW direction, away from the rifted 

continental margin (in the NW part of 

Domain I the ages are therefore only 

partially reset). This pattern is consistent 

with the existence of the heat source, which 

remained "fixed" while the adjacent 

continental margins slowly moved apart 

during continental rifting and subsequent 

seafloor spreading; 

- the ages are similar to "Piedmont"-

related ZFT ages reported from the adjacent 

Southern and Western Alps; 

- it is improbable that Tertiary 

Alpine metamorphism would have uniformly 

and systematically partially reset pre-Alpine 

(or Variscan) ZFT ages exactly to Jurassic 

ages over wide areas, extending from 

Variscan Corsica to the South Alpine realm, 

the latter of which shows no evidence of 

Alpine metamorphism. 

Except the group described above, there is also a group of samples with older ZFT ages within 

Domain I. This group of older ages (225-244 Ma) in NW Corsica can be interpreted in two ways: (i) 

Firstly, the ages record a thermal event related to Permian-Triassic magmatic activity accompanying 

Fig. 7-1-1: Distribution of ZFT, 40Ar/39Ar and
Sm/Nd data and subdivision of Corsica into zircon
fission track domains (see text for explanation).  
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breakup of Pangea. Thus, the ages can be understood as cooling ages and should form one population. 

(ii) Secondly, the ages can be interpreted as Variscan ages related to intrusion age of the granitic 

basement, which were partially reset by thermal event related to Jurassic rifting. In this case, the ages 

should be understood as "mixed" ages. However, since all these ages were reported without counting 

statistics, it is not possible to decide whether the ages are "mixed" or make single population. Anyway, 

the author prefers the second option since the pattern of ages increasing with increasing distance away 

from the rift margin fits to the interpretation of  "Piedmont"-related ZFT ages. So, this part of Variscan 

basement was too far from the heat source during the Jurassic rifting. Therefore the temperature was 

too low to cause total resetting of the ZFT system.    

 

Domain II (see Fig. 7-1-1) - occupies a strip along the Alpine deformation front with Late 

Cretaceous - Paleocene ZFT ages (~120 and 58 Ma). Ages in this range were first presented by Mailhé 

et al. (1986), but were considered to be erroneous by other authors (e.g., Brunet et al., 2000; Cavazza 

et al., 2001; Zarki-Jakni et al., 2004), because they thought that these ages contradict the data obtained 

by other thermochronometers. However, a more recent study of Zattin et al. (2001) reported very 

similar ages probably from the identical region (neither the exact sample locations nor the relation to 

tectonic units is given in the publications of Mailhé et al., 1986 and Zattin et al., 2001), thus it seems 

that this age group is geologically meaningful and can give an important constraint to decipher the age 

of metamorphism in Alpine Corsica that has been a matter of debate for a long time (e.g., Mattauer et 

al., 1981; Jolivet et al., 1990, 1991, 1998; Egal, 1992; Caron, 1994; Lahondère and Guerrot, 1997; 

Brunet et al., 2000). 

At first glance, these ages could be explained as to be related to some thermal event that 

influencing Domain II during Middle Cretaceous - Paleocene times. Such explanation would be 

acceptable since it is known that in the Late Cretaceous some tectonic units of Alpine Corsica were 

involved in the subduction process and experienced HP/LT metamorphism (e.g., Sm/Nd age of 83.8 ± 

4.9 Ma measured on SPF unit, see Fig. 7-1-1, chapter 2.6; Lahondère and Guerrot, 1997). This would 

however mean that the eastern margin of the Variscan basement (Domain II) was at that time likewise 

subducted. On the other hand, it is widely accepted that the Variscan basement collided with Alpine 

Corsica only during the Eocene, as indicated by Eocene flysch sediments and the Eocene age of 

metamorphism of some of its parts (e.g., Tenda Massif; Jolivet et al., 1998; Brunet et al., 2000). Thus 

the ZFT ages of Domain II are interpreted as apparent ages. Prior to collision, these ages were 

probably Jurassic and belonged to Domain I (as defined above). In the Eocene, this part of the 

basement was buried by eastward subduction to a depth with temperatures sufficient for partial reset of 

ZFT system. A conversion of temperature to depth, by assuming a thermal gradient of 15°C/km 

acceptable for subduction zones, revealed that Domain II must have been buried to a depth of at least 

15 km and therefore it can be presumed that large part of Domain I was also buried during subduction. 
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Domain III (see Fig. 7-1-1) - covers 

most of Alpine Corsica where ZFT ages are in 

the range ~45-19 Ma. These young ages are in 

accord with 40Ar/39Ar ages on micas, ranging 

between ~45 and 22 Ma (Brunet et al., 2000), 

and indicate fast cooling following the stage in 

the MP/LT metamorphic conditions as it is 

shown on tT diagram (Fig. 7-1-2). Following 

the interpretation of Jolivet et al. (1998) and 

Brunet et al. (2000), the cooling path can be 

explained as follows: in the Eocene, the Alpine 

units were dragged down into the subduction 

zone and metamorphosed at MP/LT 

conditions. In the Early Oligocene, at ~33 Ma, 

the compressional regime changed to an 

extensional one (Jolivet et al., 1990; Fournier 

et al., 1991; Brunet et al., 2000), the 

accretionary complex started to collapse, thrust 

planes were reactivated as normal faults, and 

the units were tectonically exhumed as core complexes (Rosenbaum et al., 2005). Time of tectonic 

denudation can be bracketed according to 40Ar/39Ar and ZFT data between ~33 and 19 Ma.   

 

7.1.3   Conclusions 
 

Based on the ZFT data, Corsica can be subdivided into three domains: Domain I, 

encompassing a major part of Variscan basement, records a thermal event related to the Jurassic 

opening of the Ligurian-Piedmont Ocean. Since then it was spared of any thermal activity relevant to 

the ZFT system. Domain II, occupying a strip along Alpine - Variscan boundary, incorporates the 

units that were partially reset during Eocene metamorphism. This domain, although including 

Cretaceous ages, was not affected by a Cretaceous thermal event. Domain III, including most of 

Alpine Corsica, records a tectonic denudation of Alpine units between ~33 and 19 Ma, related to the 

collapse of the accretionary wedge.    

Fig. 7-1-2: Time-temperature evolution of
Domain III demonstrated on the example of two
Alpine tectonic units (Tenda Massif - rectangles
and solid lines, and Pigno-Oletta unit - ellipses
and dashed lines). Cooling paths are reconstructed
from P-T and thermochronological data
(Lahondère, 1991; Egal, 1992; Jolivet et al., 1998;
Brunet et al., 2000; Zattin et al., 2001).  
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7.2   APATITE FISSION TRACK DATA  
 

7.2.1   Elevation profiles and exhumation rates derived from AFT data 
 

7.2.1.1   TERMINOLOGY 

 

There has been considerable confusion concerning the terminology describing vertical 

movement and cooling of rocks in the literature. In this study, the terminology after England and 

Molnar (1990), Ring et al. (1999) and Stüwe (2002) is used: 

Uplift and subsidence, describe vertical motion [uplift - motion upwards; subsidence - motion 

downwards] relative to a reference level (e.g., relative to the geoid). Both can be determined for 

instance from paleobotany, paleoclimatology, and sediments in surrounding basins, but can not be 

inferred from thermochronology. England and Molnar (1990) further distinguished surface uplift, 

meaning the vertical motion of the Earth's surface relative to a reference level, and rock uplift, 

meaning the vertical motion of rock relative to a reference frame. Both terms should be used together 

with a specification of the reference frame. In this study, the term uplift is used as equivalent of 

surface uplift with the sea level as the reference frame, while the term rock uplift is not used, because 

of lack of quantifying data.  

Exhumation and burial describe vertical displacement of rocks relative to the surface 

[exhumation - motion towards the surface; burial - movement away from the surface]. They can be 

determined from geochronology, geobarometry, and geothermometry.  

In recent years, the terms exhumation and denudation are used as synonyms in the literature, 

although a subtle distinction is sometimes made about the frame of reference. Some authors consider 

the usage of the term denudation instead of exhumation to be more appropriate (e.g., Summerfield, 

1991; Brown et al., 1994; Fitzgerald et al., 1995), as the term exhumation in geomorphological use 

means the re-exposure of a formerly inhumed (or buried) rock or topographic surface rather than the 

general movement of rock with respect to the Earth's surface. According to Ring et al. (1999), the term 

denudation means the removal of rock by tectonic (e.g., by normal faulting - tectonic denudation) 

and/or surficial processes (e.g., by erosion - erosional denudation) at a specified point at or under the 

Earth's surface. 

Erosion is the surficial removal of mass at a point in the landscape by both mechanical and 

chemical processes. 
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7.2.1.2   THEORY 

 

One of the prominent features of FT system is that it can yield quantitative information on 

cooling and exhumation of the rocks. In this study, exhumation rates were calculated by the altitude-

dependence method, which relies on analysis of two (or more) samples collected in different heights 

using the same dating method (most commonly FT on apatite; Wagner and Reimer, 1972; Wagner et 

al., 1977; Fitzgerald and Gleadow, 1988). In this approach it is assumed that samples taken from 

greater altitudes crossed the closure temperature isotherm earlier than the lower samples, resulting in 

increased FT ages with elevation, and that the slope of the age-elevation trend is proportional to the 

exhumation rate. The exhumation rate is calculated as:  

 

exhumation rate = ∆ elevation / ∆ age       

 

The main advantage of this approach is that it is nearly independent of any assumptions about 

geothermal gradients provided the critical isotherms were at the same depth for each sample 

(Mancktelow and Grasemann, 1997). Nevertheless, reasonable exhumation rates can be calculated by 

this method only if several crucial assumptions are valid. Some typical problems of this approach 

include: the assumption that cooling is solely the result of erosion; the neglecting of the PAZ; the 

implicit assumption that a rock sample is transported perpendicularly to the isotherms; changes in the 

spatial relationship between samples (e.g., owing to faulting) no longer reflect the original sample 

depth in the crust; the neglecting of the influence of topography and heat advection (see Stüwe et al., 

1994; Mancktelow and Grasemann, 1997; Gallagher et al., 1998; Stüwe and Hintermüller, 2000). In 

the following, relevant factors are discussed with regard to Corsica, and the procedure to calculate the 

exhumation rates is explained. 

The neglecting of the PAZ: The neglecting of the PAZ and relating of FT age to closure 

temperature is only plausible when no significant annealing occurred in post-closure time and the 

rocks experienced rapid cooling. The validity of this assumption in the case of Corsica can be 

demonstrated by the track length distribution: all samples used for exhumation rate calculation 

revealed narrow track length distributions with long MTL, characteristic of rapidly cooling rocks, 

which spent only short time within the PAZ (see Figs. 6-2 and 7-2-11). 

Assumption of rock transport perpendicular to the isotherms: This assumption is definitely 

not met in Corsica, since it is known that during the Miocene the Variscan basement was segmented 

by faults to numerous rigid blocks, which experienced tilting (8 to 40°) and rotation, which is difficult 

to quantify. Due to tilting, the present-day arrangement of the samples no longer represents the 

original distance that can result in underestimation of true exhumation rates. 
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Influence of topography (ridge and valley effect): 

Several studies demonstrated that topography may 

significantly influence the shape of isotherms (Stüwe et al., 

1994; Mancktelow and Grasemann, 1997; Stüwe and 

Hintermüller, 2000; Braun, 2002). The critical parameters 

that perturb the shape of isotherms are the exhumation rate 

and the topographic wavelength and amplitude. Assuming a 

steady-state situation, Stüwe et al. (1994) noted that at high 

exhumation rates (~1000 m/Ma), a topographic relief of 3 

km and a wavelength of ~20 km, the ~100°C isotherm is 

perturbed by at least 1 vertical kilometer (Fig. 7-2-1). The 

effect increases for larger amplitudes and wavelengths and 

higher exhumation rates. The effect decreases to negligible 

values for denudation rates below ~500 m/Ma. Mancktelow 

and Grasemann (1997) further refined the model of perturbing isotherms by incorporating a time-

dependent heat advection equation. They noted that for topographic wavelengths < 6000 m, a relief of 

~3 km and the exhumation rates on the order of 1000 m/Ma will not warp the ~100°C isotherm, and 

the error resulting from using the standard one-dimensional altitude dependence technique to calculate 

exhumation rates is geologically insignificant.  

The regions sampled in this study for elevation profiles exhibit a maximum relief of less than 

~2000 m, wavelengths in the range of ~15-20 km (Fig. 7-2-2), and estimated exhumation rates of less 

than 500 m/Ma. These values are clearly too low to have some impact on the bending of the 110°C 

isotherm. Therefore a possible effect of the topography on the shape of the 110°C isotherm in Corsica 

is ruled out, and the exhumation rates are calculated by the using one-dimensional model and 

Fig. 7-2-2: Elevation profiles across steep relief regions of Variscan Corsica with plotted AFT ages
dedicated to determination of exhumation rates. Traces of the profiles can be found in Fig. 7-2-3. 

Fig. 7-2-1: Illustration showing the
influence of topography on
perturbation of isotherms. Shallow
isotherms follow topography
closely, while deeper isotherms are
less influenced by topography (after
Stüwe et al., 1994; adopted from
Foeken, 2004). 



CHAPTER VII/II                                                                                                                      APATITE FISSION TRACK DATA 

55 

assuming the isotherm parallel to the mean surface. 

Changes in the spatial relationship between samples: The spatial relationship between the 

samples should not be disturbed by an active fault, so as the samples represent original depth in the 

crust. This is a serious problem since in all orogens rather complex fault patterns are present. The 

problems with faults can be overcome by applying proper sampling strategies. Usually, the samples 

are taken in a vertical elevation profile from boreholes or over a significant range of vertical relief. 

Except in the case of boreholes or mines, an elevation profile will never be truly vertical. Regardless, 

it is important to minimize the horizontal distance between samples. Moreover, one should always be 

certain that samples are collected from a single tectonic block not disturbed by faults. 

 

7.2.1.3   RESULTS 

 

In this study, altogether eight elevation profiles were sampled in the main ridges with the 

steepest relief in central and northern Variscan Corsica (Fig. 7-2-2). Unfortunately, many of the 

samples yielded un-datable amounts of apatites, thus some profiles are calculated from two samples 

Fig. 7-2-3: Left panel: shaded DEM depicting traces of elevation profiles from Fig. 7-2-2 and location of
elevation profiles representing individual blocks (labeled with numbers). Right panel: age-elevation plots of
individual blocks (numbers refer to those in left panel) with calculated exhumation rates. Exhumation rates
(in m/Ma) equal to the slope of linear regression (bold font) and are calculated as error-weighted linear best
fit (solid line) with 95% confidence level (dashed line).  
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only. The samples yielded positive age-elevation relationships. Exhumation rates were computed as 

error-weighted linear best fit. Then the obtained values were corrected for tilting that was assessed 

from the tilt grade of corresponding paleosurfaces. Results are presented in Fig. 7-2-3 and range 

between ~100 and 450 m/Ma, indicating moderate cooling of the basement during Late Oligocene to 

Early Miocene times, and no significant difference in exhumation rate among the sampled tectonic 

blocks. It has to be kept in mind that these values are only approximate, since there are numerous 

factors that may under- or overestimate the true values.  

 

7.2.1.4   AGE-ELEVATION PATTERN IN REGIONAL SCALE 

 

When looking at the age-elevation relationship in the entire dataset, there is no obvious 

correlation between elevation of the samples and their ages: The data form one cluster with two 

outliers (Fig. 7-2-4). This is not surprising, since it is known that Corsica does not form a single 

tectonic block, but is fragmented by a complex network of faults. In order to clarify age-elevation 

relationships, Variscan Corsica was subdivided into divisions defined according to similar age patterns 

and obeying the distribution of major faults separating main ridges (Fig. 7-2-5). Even so, there is, with 

one exception (Domain I. in Fig. 7-2-5), no evident correlation between the AFT ages and sample 

elevation - the trends are not clearly positive or negative, but rather vertical. This is interpreted as a 

consequence of intensive tectonic activity that must have occurred after the cooling of the basement - 

probably after the Early Miocene. During faulting the island was segmented into numerous blocks, 

which experienced tilting and differential vertical and lateral displacement, and therefore the FT ages 

from foothills can be older than those from the mountain tops.  

 

 

Fig. 7-2-4: Age-elevation plot of all
measured samples, where no clear
trend in age-elevation relationship is
evident.  
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7.2.1.5   CONCLUSIONS 

 

Exhumation rates, calculated from the elevation profiles in steep relief regions by the altitude-

dependence method that is not biased by the thermal gradient adopted, are in the range of ~100 and 

450 m/Ma. These values indicate moderate cooling of the basement during Late Oligocene to Early 

Miocene times.  

Due to the intensive post-Early Miocene tectonic activity, at present the island displays a 

complex mosaic of numerous small blocks that are no longer arranged in their original position, and 

that is why in regional scale no obvious age-elevation dependence can be observed. 

 

 

 

 

 

Fig. 7-2-5: Shaded DEM showing subdivision of Corsica into six domains, defined according to the
orientation of major faults (left panel), and related age-elevation plots (right panels) where no clear relation
relationship between AFT age and sample elevation can be observed. 
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7.2.2   Trends and patterns in apatite fission track data  
 

7.2.2.1   TREATMENT PROCEDURE ON AFT DATASETS OF PREVIOUS STUDIES 

 

As mentioned in chapter 2.6, there have been several studies reporting apatite FT data from 

Corsica, but not all of them seem to be entirely correct. The older studies were found to present 

erroneous FT ages, but there is still a large dataset of modern studies (Jakni et al., 2000; Cavazza et al., 

2001; Fellin, 2003; Zarki-Jakni et al., 2004; Fellin et al., 2005), which have to be considered. 

However, even these modern studies do not always provide critical information such as sample 

localization and laboratory procedures used, or they provide statistically inadequate results. All these 

attributes make an incorporation of different datasets difficult. Thus, the data definitely require some 

treatment. In this study, the datasets of other studies were filtered out according to the following 

criteria: 

- FT dating procedure must be reported 

- localization of the samples must be given in any kind of coordinate system 

- 15 or more apatite crystals must have been counted per sample in order to provide 

statistically robust results  

- samples where the FT age was not reproduced within 1σ errors by the own results from the 

very same locality were expelled 

- ages with dubious meaning were expelled (e.g., if a FT age was reported in a Ph.D. thesis, 

but was omitted in a related publication based on that thesis) 

- when presenting track length distributions, at least 35 horizontal confined tracks must have 

been measured per sample, and standard deviation and standard error must be reported     

The data fulfilling these conditions were rectified to a UTM32/WGS84 coordinate system and 

used for further work.  

 

7.2.2.2   SPATIAL DISTRIBUTION OF AFT AGES 

 

As already discussed in chapter 7.2.1.4, due to extensive faulting there is no clear correlation 

between apatite FT age and sample elevation on the regional scale. Therefore, negligible impact of the 

elevation on the age pattern can be assumed, and, in the first approach, the apatite FT ages (combined 

with the treated data of other studies) are presented in a spatial distribution not corrected for altitude 

(Fig. 7-2-6). In order to provide better visualization of the final version of the dataset used for further 

work, the FT ages are presented in three ways: 1) FT ages are plotted as numbers on the DEM of 

Corsica with the Alpine deformation front, errors are not included; 2) FT ages are displayed in a form 

of circles of 8 km radius (bigger circles), where the age values are indicated by the color of circles, the 
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error ranges are displayed as smaller circles in the center of the bigger circles, values are indicated by 

colors; 3) FT ages are interpolated and smoothed, errors are not included.  

When looking at the spatial distribution of all AFT ages in Corsica, several patterns and trends 

can be immediately recognized. Most of the ages are reported from a W-E trending profile across the 

Tenda Massif and adjacent Alpine units. Variscan Corsica is satisfactorily covered by the data in the 

central band running from south to north through the whole island, meanwhile the western peninsulas 

and NW part would require more data. So far, no FT data are available from a major part of Alpine 

Corsica.  

  

It is obvious that FT ages form a more complicated picture than proposed by Zarki-Jakni et al. 

(2004). Instead of clearly visible crescent-shaped bands of similar ages (see Fig. 2-7 in chapter 2.6), 

there are instead several smaller and larger age clusters that form a fairly complex mosaic.  

Prevailing ages are in the range ~20-27 Ma (mostly green and green-yellow circles in the Fig. 

7-2-6B), encountered mainly in the central and western parts of the island, covering the major part of 

the Variscan basement and also the western margin of Alpine Corsica in its central part. As an 

exception in this cluster, there are two slightly higher ages of 29.3 ± 3.6 and 30.5 ± 3.2 Ma reported by 

Fellin et al. (2005) from the Corte region close to the Alpine front (blue circles).  

Further to the south, in the Bavella and Incudine regions of Variscan Corsica, a cluster of 

slightly higher ages in the range  ~25-35 Ma can be identified (mainly blue and blue-green circles in 

the Fig. 7-2-6B). The southernmost extremity of Corsica is characterized by the by far oldest AFT 

ages around 50 Ma (dark blue and purple colors), with two exceptionally high ages of and 97.9 ± 5.4 

and 105.3 ± 7.2 Ma from the Chera region (black circles). Another old sample of 53.8 ± 4.1 Ma was 

reported by Zarki-Jakni et al. (2004) from the westernmost extremity of a peninsula west of Ajaccio. 

This sample does not conform to the regional pattern, since all samples from the vicinity are younger 

than ~20 Ma. However, there was no reason to exclude this sample from the dataset since it fulfilled 

all prescribed criteria. So as to verify the accuracy of this age, this locality was re-sampled three times, 

nonetheless the sampled rocks never contained enough apatite crystals. Thus the verification of this 

age remains for future research, and this sample is not included in further discussion. 

The youngest ages in the range ~10-23 Ma (yellow, but mainly red circles) form two well-

defined and one ill-defined clusters. The first well-defined cluster is located in the northern part of 

Corsica, and covers the Tenda Massif and Alpine nappes around St. Florent region. The second cluster 

covers the area along the southern part of the Alpine front, south-west of the Oriental Plain. The 

remaining ill-defined cluster (~15-23 Ma) can be identified in the northwestern part of Variscan 

Corsica, south of Calvi. This cluster may in fact belong to the young age group of the Tenda region, 

but there is a gap in data between these two clusters.  
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7.2.2.3   TRENDS AND PATTERN IN TRACK LENGTH DATA 

 

In the spatial distribution of the mean track 

lengths a certain similarity to the pattern of the FT ages 

can be recognized (Fig. 7-2-7). A vast majority of the 

samples is characterized by relatively narrow (SD < 2 

µm), unimodal track length distributions with relatively 

long mean track lengths (> 13.5 µm). These samples 

cover almost the entire island with FT ages <40 Ma, 

excluding its southernmost part and some local 

exceptions. Samples with relatively wide (SD > 2 µm), 

bimodal track length distribution and short MTL (< 13.5 

µm) are encountered principally in the southern- and 

southwesternmost parts of the island, where the samples 

with the oldest ages (> 50 Ma) are concentrated.  

 

In order to detect some trends in the FT data, FT 

ages, MTLs, and SDs were plotted against each other. 

These interrelationships are displayed in Fig. 7-2-8.   

The relationship between mean track length and 

its standard deviation is, with one exception, as it is 

expected (Fig. 7-2-8 first diagram): higher SD values 

with relatively short MTLs and lower SD values with 

relatively long MTLs. The exception, which obviously 

does not obey the trend of decreasing SD with 

increasing MTL,  is a sample presented by Fellin et al. 

(2005) with the age of 15.2 ± 2.2 Ma, MTL of 13.43 µm 

and a surprisingly broad distribution (SD = 3.83 µm) from the Variscan basement in the Balagne 

region. Fellin et al. (2005) argued that this kind of "strange" track length distribution was produced by 

monotonous cooling of the sample through the PAZ.  

The relationships between FT age and MTL (Fig. 7-2-8 second diagram), and FT age versus 

SD (Fig. 7-2-8 third diagram), show that most of the samples belong to a distinct cluster with FT ages 

of ~10 to 40 Ma, relatively long MTLs of > ~13.4 µm, and relatively narrow track length distributions 

expressed by low values of SD (< ~2 µm). Such data indicate that these samples experienced cooling 

through the apatite PAZ in a simple, rapid fashion but not necessarily at the same time. Besides, there 

are some few scattered samples not belonging to this cluster, having ages in the range ~12 to 105 Ma, 

Fig. 7-2-7: Illustration of Corsica depicting
all available track length data. 



CHAPTER VII/II                                                                                                                      APATITE FISSION TRACK DATA 

62 

clearly shorter MTLs (< ~13.4 µm), and wider track length distributions (SD > ~2 µm). Such values 

indicate that these samples did not experience a single stage cooling history, but instead have resided 

within the apatite PAZ for a relatively long time, or have been reheated to the temperatures of the PAZ 

at some stage.  

On this point, it may be worthwhile to discuss the track length data reported by Fellin et al. 

(2005). The authors presented seven track length distributions (passing the criterion of minimum 35 

lengths measured) of the samples coming from regions with young FT ages, usually less than ~30 Ma. 

Their data reported from the Balagne region in first glance seem not to be in accord with those 

published by Cavazza et al. (2001) and Zarki-Jakni et al. (2004) from the very same localities, who 

presented the MTL values up to ~1 µm longer than Fellin et al. (2005) (see Fig. 7-2-8). However, 

clearly bimodal shape of some distributions in the Corte, Balagne and St. Florent regions presented by 

these authors provide evidence that the cooling history of some areas is complex and can vary over 

distances of a few tens of meters, and is probably controlled by the activity of faults (Fellin et al., 

2005).     

 

7.2.2.4   CHEMICAL COMPOSITION OF THE APATITES   

 

According to Dpar values, most of the samples contain normal fluorine-apatites. However, 

there are also several samples with larger Dpar values, pointing to higher proportion of Cl or OH in 

the apatites (Fig. 7-2-9). These samples should be more resistant to annealing, have higher closure 

temperature and yield older FT ages than those with fluorine-composition (e.g., Green et al., 1986; 

Carlson, 1990; see also chapter 4.1.4). When plotting the FT ages of the present dataset against Dpar 

values, the distribution does not obey an expected positive correlation between these two parameters. 

In contrast, it is rather difficult to recognize some pattern or trend in the dataset (Fig. 7-2-9). Thus it is 

assumed that variation in apatite chemical composition of the samples did not have an impact on the 

final FT ages. This phenomenon can be explained in two ways: 

Fig. 7-2-8: Interrelationships of AFT age, mean track length (MTL) and standard deviation (SD) of
mean track length for Corsican samples. 
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First, the samples were cooling very fast through the PAZ. Rapid cooling produced only 

minimal differences in the FT ages of samples with different apatite composition, and the resolution of 

the FT dating method is not sufficient  to detect them.  

Second, during cooling through the PAZ, the width of the PAZ was low, for instance, due to 

an increased thermal gradient inducing compression of isotherms. In this case, the cooling need not 

have been so extreme as in the first case, but nonetheless the samples could pass through the narrow 

PAZ virtually faster, again producing undetectable differences in FT ages among samples with various 

apatite composition. 

The first option can be favored by the track length distributions, which are generally unimodal 

with long MTLs (often > 14 µm) pointing to very rapid cooling through the PAZ. However, since the 

exhumation rates, calculated independently from the thermal gradient (see chapter 7.2.1.3), infer only 

moderate exhumation rates (~100-450 m/Ma), the validity of the second option is more likely: during 

Oligocene to Miocene cooling, Corsica was surrounded by two active rift systems (Ligurian-Provençal 

and Tyrrhenian rifting). During these periods the thermal gradient increased and isotherms were 

compressed towards the surface that led to the establishment of a fairly narrow PAZ. Therefore, 

although the cooling rate was only moderate, the samples could cross the PAZ relatively fast.   

 

7.2.2.5   CONCLUSIONS 

 

Large differences in the FT ages and variation in parameters describing fission track data 

indicate that all of Corsica cannot be considered as one simple tectonic block with a uniform thermal 

history, but represents a complex mosaic of several domains, which experienced cooling at different 

times and in different fashion. Therefore, Corsica needs to be subdivided into smaller domains for 

which the thermal history must be individually reconstructed, and the observed pattern must be 

explored through thermal history modeling. 

Fig. 7-2-9: A: plot showing measured range of Dpar values; B: FT age plotted as a function of Dpar
(right); see text for explanation.   
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Increased heat flow during opening of the Ligurian-Provençal and the Tyrrhenian oceanic 

domains in Oligocene to Middle Miocene times induced compression of the isotherms to the surface, 

producing a narrow PAZ.  In such a setting, moderate cooling through the PAZ could produce a 

narrow unimodal track length distribution with long MTLs.  

 

 

7.2.3   Subdivision into AFT domains 
 

According to similarities in FT data and considering the major structural boundaries, the 

following AFT domains were defined: (I) Variscan Corsica excluding its southernmost part, (II) 

southernmost Variscan Corsica, (III) Eocene flysch sediments, (IV) NE Corsica (including Tenda 

region, St. Florent and Francardo Basins). For the central and southern parts of Alpine Corsica 

together with the Oriental Plain no AFT data exist.  

 

7.2.3.1   DOMAIN I 

 

Domain I encompasses the vast majority of the 

Variscan basement except its southernmost part (Fig. 7-

2-10). The AFT ages within this domain exhibit a fairly 

wide range between 16.4 ± 0.9 and 34.6 ± 3.3 Ma, 

suggesting cooling during Oligocene and Miocene 

times. A common characteristic of the samples is a 

narrow (SD ≤ 1 µm), unimodal track length distribution 

with long MTL (≥ 13.8 µm), pointing to fast cooling 

through the PAZ.  

Thermal history modeling reveals similar tT 

paths for all modeled samples, characterized by fast 

cooling through the PAZ followed by a period of 

modest decrease in temperature until present (Fig. 7-2-

11). As can be predicted from the apparent AFT ages, 

fast cooling occurred in different periods: samples from 

the south cooled through the PAZ in the Oligocene, 

whereas samples more towards the NNW experienced 

cooling only in the Miocene.  

The time interval delimited by FT data was 

very eventful, when several events occurred 

Fig. 7-2-10: Extent of
Domain I (gray filling) with
related AFT ages (errors
omitted). 
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simultaneously in the Western Mediterranean region. Therefore prior to interpreting the measured 

Fig. 7-2-11: Thermal modeling results of AFT data of some representative samples from Domain I
obtained with HeFTy (Ketcham et al., in press). Results are displayed in time-temperature diagrams,
frequency distribution of measured confined track length data (right diagram) is overlain by a calculated
probability density function (best fit) of a sample. Light gray paths: acceptable fit; dark gray paths: good
fit; thick black line: best fit; MTL: mean track length in µm; SD: standard deviation in µm; GOF:
goodness of fit (see Appendix B for explanation). 
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data, all known events need to be revised:  

According to Brunet et al. (2000), Alpine collision lasted until ~33 Ma, creating an 

accretionary wedge that was partly covering Corsica. The period of collision was terminated by a 

period of "tectonic reorganization", which later completely changed the picture of the Western 

Mediterranean region: at ~33 Ma, the boundary conditions changed from compression to extension 

and the overthickened crust started to collapse, which led to exhumation of buried units (Jolivet et al., 

1990; Jolivet et al., 1998; Brunet et al., 2000). There are several opinions on the initiation of this stage 

of post-orogenic extension. For instance, the extension was induced by the eastward rollback of the 

newly evolved Apennine subduction (Fournier et al., 1991; Jolivet et al., 1991; Daniel et al., 1996), or 

it was a consequence of isostatic rebound responding to the slab break off in the east-dipping Alpine 

subduction zone, which had to precede the formation of the new west-dipping Apennine subduction 

zone (Malavieille et al., 1998).  

From ~33 to 25 Ma, the Alpine thrust front with top-to-west sense of shear was reactivated as 

ductile to brittle-ductile shear zones with top-to-east sense of shear, as recorded by 40Ar/39Ar data 

(Jolivet et al., 1990; Fournier et al., 1991; Brunet et al., 2000). 

At ~30 Ma, rifting of the Ligurain-Provençal Basin started. This age is recorded by synrift 

sediments in the Gulf of Lion (29 Ma; for review see Gorini et al., 1994; Chamot-Rooke et al., 1999; 

Séranne, 1999), on the Sardinia margin (30 Ma; Cherchi and Montadert, 1982), and in Corsica (25 Ma; 

Ferrandini et al., 1999). The drifting event is constrained by the counterclockwise rotation of the 

Corsica-Sardinia block between 21 and 16 Ma (Van der Voo, 1993; Vigliotti and Kent, 1996; Chamot-

Rooke et al., 1999). 

Inferring from the events listed above and with respect to FT data, one can assume that 

cooling and denudation evolution of Domain I can be linked to two principal processes: (i) either to 

the rifting of the Ligurian-Provençal Basin or (ii) to the collapse of the wedge, or to both of them. This 

relationship can be examined by plotting the AFT ages as function of distance to some representative 

markers. In such plots, when the ages are related only to the Ligurain-Provençal rift system, they 

should be younging in eastward direction towards the rift margin and the ages closest to the margin 

should be of the same age, or younger than ocean spreading (Gallagher and Brown, 1997; Gallagher et 

al., 1998). In contrast, when the ages are related to collapse of the wedge, they should be younging in 

westward direction towards the wedge front. In case that ages are related to both, rifting and wedge 

collapse, a kind of "antagonistic" trends can be expected: the ages should increase from west to east 

and concurrently from east to west. To test this hypothesis, the AFT ages of Domain I were plotted as 

a function of (i) distance between sampling points and a boundary of the transitional domain of 

Ligurian-Provençal rift and continental margin defined after Rollet et al. (2002; Fig. 7-2-12), and (ii) 

as a function of distance between sampling points and present-day Alpine front. The results are 

presented in the Fig. 7-2-12. One can see that in both cases the observed somewhat ill-defined trends 
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show decrease in age towards the defined 

boundaries. This indicates, that cooling and 

denudation of the basement is indeed related to 

the Ligurain-Provençal rift system and also to 

the collapse of the Alpine wedge. Both these 

principal processes, resulting from the 

Oligocene tectonic reorganization, were 

contemporaneous in time and space, and their 

coupled interplay governed the exhumation of 

the Variscan basement.  

A remaining task to be solved is to 

attribute specific ages of Domain I to one of 

these two processes. This can be realized when 

sketching a maximum extent of the wedge with 

the foreland basin, and an external boundary of 

the zone thermally affected by rifting. The first 

one is reconstructed in chapter 7.2.3.3.1. The 

latter one can be reconstructed from the 

present-day position of the rift, and from the 

Fig. 7-2-13: Illustration showing a subdivision of Domain I into three
divisions according to similarities in AFT ages and former geological
boundaries (as reconstructed in chapter 7.2.3.1). In Division I (checkered
fill pattern), the ages record the spreading of the Ligurian-Provençal
Ocean; in Division II (vertical hatching) and III (horizontal hatching) the
ages are related to collapse of the Alpine wedge (see text for more detailed
explanation). 

Fig. 7-2-12: A: Schematic figure showing the way of measuring distance to the Ligurian-Provençal rift.
B: AFT age as a function of distance from the Ligurian-Provençal rift, where a trend showing increase
of ages inland can be visible. C: AFT ages as a function of distance from the Alpine front, where an ill-
defined trend of ages decreasing towards the front is visible. C: The same plots from other passive
margins, showing similar trends to that of Corsica (after Gallagher and Brown, 1997). The gray bands
in B and C represent the time of full ocean spreading. 
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assumption that AFT ages are younger or of the same age like onset of ocean spreading (Gallagher et 

al., 1998). In this way the Domain I can be subdivided into three divisions (Fig. 7-2-13):  

The first division encompasses the NW part of Variscan basement with the ages younger than 

~24 Ma. Ages within this division are interpreted as to be reset due to increased heat flow related to 

mantle upwelling during rifting and spreading of the Ligurian-Provençal Ocean.  

The second division covers the southern part, which was covered by undeformed foreland 

sediments representing the external periphery of the wedge. As mentioned above, there are several 

options to explain the AFT ages, such as exhumation due to isostatic rebound or to shoulder uplift of 

the evolving Ligurian-Provençal rift. No matter which process prevailed, the flysch cover was 

removed from top of the basement solely by erosion, thus the denudation can be understood as 

erosional in origin.  

The third division encompasses the parts formerly involved in the subduction. The AFT ages 

are younger than those from the previous division, ranging between ~25 and 15 Ma and are younging 

towards the present-day Alpine front. These younger ages can be explained as a consequence of the 

burial to great depths in the subduction zone. In the Oligocene, when the basement started to exhume 

and the wedge to collapse, the samples were exhuming from greater depth than those covered only by 

the flysch (previous division). Therefore they reached the PAZ with a delay - in the Early Miocene. 

However, since it is well known that the Alpine thrust front was reactivated during exhumation as an 

extensional shear zone (see above), it is likely that denudation of this part of basement from below the 

Alpine nappes was tectonic in origin. 

 

Thus in brief, the exhumation of Domain I can be summarized as the removal of the Alpine 

nappes, realized partly by the erosional denudation, partly by the tectonic denudation, and was also 

thermally influenced by the opening of Ligurian-Provençal Ocean.  

 

7.2.3.1.1   CLASSIFICATION ACCORDING TO PASSIVE MARGIN MODELS  

 

At present-day tectonic setting, the Domain I can serve as an example of a high elevated 

passive margin related to the Ligurian-Provençal rift system. However, it is not a classical example of 

passive margin (like, for instance, SE Australia or SE Brazil, see Fig. 7-2-14), since it was 

demonstrated in previous chapter that its formation was not related only to the uplift of the rift-flanks, 

but also to the tectonic or erosional removal of Alpine cover. Nevertheless, at present there is a relief 

evolved in Corsica that can be tested by FT thermochronology, and possibly classified according to the 

passive margin models.  
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A comprehensive overview of the AFT age patterns associated with three different types of 

passive margin development was presented by Gallagher et al. (1998) (Fig. 7-2-15). In the downwarp 

model the margin is initially formed by a long-wavelength flexure of the lithosphere. The margin 

topography is characterized by a broad monocline with a very low gradient, and faulting is minimal. 

Between the coast and the escarpment only moderate amounts of denudation occur, resulting in 

moderately reduced AFT ages. Inland of the escarpment denudation is negligible. The isostatic 

response to denudational unloading is not taken into account in this model. In the scarp retreat model 

the margin is characterized by a steep escarpment formed by differential vertical displacement along 

normal faults. Denudation 

progressively moves inland and the 

maximum amount of denudation 

occurs near the coast. In the interior 

only moderate to low amounts of 

denudation will occur. This will 

result in a strong gradient in AFT 

ages: the oldest ages occur in the 

continental interior and ages 

decrease towards the coastline. The 

youngest AFT ages may be similar 

to, or younger than, the timing of 

rifting and continental break-up. In 

addition, the time of peak 

denudation rate occurs later inland 

from the coast toward the final position of the escarpment. Similar to the scarp retreat model is the 

pinned divide model. The most important difference between these two models is the incorporation 

of a preexisting drainage divide inland of the initial escarpment in the pinned divide model. Seaward 

of the initial divide rapid river incision will take place, with more or less uniform denudation rates. 

Fig. 7-2-15: Illustration of
different modes of
landscape evolution for
passive margins and the
predicted AFT age pattern
(modified after Gallagher
et al., 1998). 

Fig. 7-2-14: AFT age as a function of distance from the present-day coast - examples from some
"classical" passive margins (after Gallagher et al., 1998), showing a pattern similar to those observed in
Corsica (see Fig. 7-2-12B); the gray bands in B and C represent the time of full ocean spreading. 
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The pattern of denudation is more like 'down wearing' than scarp retreat. The predicted pattern of AFT 

ages has an even stronger gradient near the escarpment than in the scarp retreat model, and inland of 

the escarpment the AFT ages will be reduced with respect to the ages near the escarpment.  

All of these models are 2D conceptual models of passive margin development and represent 

end-member configurations. Because the final configuration of any passive margin is the product of 

the complex interaction of many parameters (e.g. pre-rift configuration, climate, sediment distribution, 

lithology, lithospheric structure, etc.), it is unlikely that a particular passive margin will fit perfectly 

with any of the models presented by Gallagher and Brown (1997) and Gallagher et al. (1998). Even so, 

classification of passive margins into one of these models can help to understand the evolution of a 

given margin.  

From Fig. 7-2-12B it is clear that the downwarp model cannot explain the observed AFT age 

pattern (see also Fig. 7-2-15). Instead, the observed pattern is much more similar to that predicted by 

the scarp retreat and pinned divide models. When the morphological characteristics of Variscan 

Corsica are taken into account, the pinned divide model can be ruled out because the drainage divide 

was not "pinned", but was rather migrating landward in time as documented by its asymmetrical shape 

(Fig. 3-1A). Thus, it can be concluded that, according to the AFT pattern and morphological 

characteristics, the Variscan basement of Corsica best fits a type of scarp retreat model. 

 

7.2.3.2   DOMAIN II 

 

Domain II encompasses the 

southernmost part of Variscan Corsica in the 

region of the settlements Chera, Figari and 

Bonifacio (Fig. 7-2-16). Samples from this 

domain yielded by far the oldest AFT ages (in 

the range 46.4 ± 4 to 105.3 ± 7.2 Ma), and the 

bimodal track length distributions (SD = 2.2 µm 

(XC-2)) with by far the shortest MTL (12.2 ± 

0.2 µm (XC-2)), pointing to a complex thermal 

history, are markedly different from those of 

rest of the island. It must be emphasized that the 

middle Cretaceous apparent AFT ages (105.3 ± 

7.2 and 97.9 ± 5.4 Ma) were recognized for the first time in Corsica and that this is the only place on 

the entire island, where a Mesozoic "AFT memory" of the crystalline basement was not reset and can 

be possibly revealed by thermal modeling. 

Fig. 7-2-16: Domain II (gray filling) covers the
southernmost part of Variscan Corsica and
contains by far the oldest AFT ages (errors
omitted).  
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Thermal history modeling, constrained by a ZFT age of 159.8 ± 12.1 Ma (KU-22), reveals a 

tT path with cooling through the PAZ from the Middle Jurassic to the Early Cretaceous, stagnation 

above the PAZ until the Paleocene, then a temperature increase into the PAZ in the Eocene, and fast 

cooling to surface temperature in the Oligocene (Fig. 7-2-17). The modeled cooling path is interpreted 

as follows:  

After the Jurassic thermal event related to the opening of the Ligurian-Piedmont Ocean that is 

recorded by ZFT data (see chapter 7.1.2), the basement was cooling through the PAZ at moderate 

rates. This cooling phase lasted until the middle Early Cretaceous, and can be related to two processes: 

(i) As the rifting stage transformed to the spreading stage, the basement drifted away from the 

spreading center, which was accompanied by a decrease in temperature. (ii) The second process, 

which might have governed cooling, is the exhumation of the basement owing to a rift shoulder uplift. 

Since it is well known that during rifting, rift flanks are rapidly exhumed and uplifted to significant 

elevations creating a relief (e.g., Summerfield, 1991; van der Beek, 1995; Summerfield and Brown, 

1998), it is likely that the Variscan basement behaved in the same way as other typical passive 

margins. Thus, it was probably exhumed and uplifted after the break-up, which was accompanied by 

cooling.  

During mid-Cretaceous to Paleocene times, the actual exposed level of the basement was 

residing in levels above the apatite PAZ according to the modeling results. For the morphological 

evolution, this indicates that either the basement was at a depth of up to ~1.8 km (assuming thermal 

gradient of 25°C/km) possibly being covered by sediments, or it was close to the to erosion surface, 

and already evolved topography might have been beveled off by erosion creating a peneplain. 

Unfortunately, AFT data do not allow us to decide which option is correct, since the AFT 

thermochronometer is not sensitive enough for such a low temperature zone. From the sedimentary 

Fig. 7-2-17: Thermal modeling results of AFT data of some representative samples from Domain II
obtained with HeFTy (Ketcham et al., in press). Results are displayed in time-temperature diagrams;
frequency distribution of measured confined track length data (right diagram) is overlain by a calculated
probability density function (best fit) of a sample. Light gray paths: acceptable fit; dark gray paths: good
fit; thick black line: best fit; MTL: mean track length in µm; SD: standard deviation in µm; GOF:
goodness of fit.  
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records preserved in Corsica this question can also not be satisfactorily answered, since due to severe 

Tertiary erosion there are only scarce remnants of Cretaceous to Paleocene sediments preserved in 

Corsica. However, there are some lines of evidence indicating that the basement might have been 

eroding in the Cretaceous: Prone and Rousset (1981) argued that in Cenomanian deposits of the 

Provence Basin (southern France) there are occurrences of characteristic detrital quartz grains derived 

from Permian rhyolites of Corsica. According to Rossi et al. (1980), in Cretaceous sequences of some 

of the Alpine nappes (e.g., Santa Lucia di Mercurio, Balagne) there are abundant occurrences of 

coarse grained detrital material derived from the Variscan basement of Corsica (gneisses, rhyolites, 

granites; Rossi et al., 1980). These evidences justify the idea of peneplain formation prior to the 

Eocene collision, but this will be elaborated upon in more detail in the chapter 7.3.  

Until the Early Eocene, the cooling history of the Variscan basement is supposed to be 

identical for the whole Variscan basement of Corsica (including Domain I described above). From the 

Early Eocene onward, the cooling history of the Variscan basement shows some diachronic evolution 

in cooling that is discussed above.  

In the Eocene, inverse modeling results for the Domain II revealed reheating to the levels of 

the PAZ. This period of heating perfectly fits perfectly to the time of collision between Variscan and 

Alpine Corsica, when a nappe stack and a flysch trough developed between Variscan basement of 

southern Europe and Alpine Corsica, and indicates that this part of the basement was also buried 

beneath a rock pile with significant thickness. The thickness of the cover can be roughly estimated 

from the modeling results: assuming a thermal gradient of 20°C/km (a characteristic value for foreland 

basin; Turcotte and Schubert, 2002), surface temperature 10°C, and the fact that the sample reached 

the temperature range of ~70-90°C at ~40 Ma, simple calculation gives a final thickness of ~4 km. If 

this value holds, and if given that Domain II was buried to the shallowest level within Variscan 

Corsica (since this the only domain with pre-Tertiary AFT memory), then it means that the entire 

basement of Variscan Corsica was buried beneath a rock pile of at least ~4 km thickness during the 

Alpine collision, although at present there is almost no evidence of the presence of flysch or Alpine 

nappes on top of the Variscan basement.   

In the Oligocene, the inverse modeling results indicate fast cooling to the surface conditions 

followed by stagnation lasting to the present. This cooling phase is similar to that of Domain I (see 

chapter 7.2.3.1) and is interpreted as reflecting the erosional denudation of the basement from below 

the foreland flysch..  
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7.2.3.3   DOMAIN III 

 

Domain III comprises all occurrences of the Eocene 

flysch sediments (Fig. 7-2-18), because AFT ages measured on 

flysch samples revealed certain similarities. As described in 

chapter 2.4.1, the remnants of Eocene flysch are present along 

the contact zone between Alpine and Variscan Corsica.  

AFT ages are in the range 16.4 ± 1 Ma (XC-132) to 

30.6 ± 1.6 Ma (XC-85). An identical feature of all flysch 

samples is that AFT ages are always younger than the 

depositional age, indicating a thermal reset after deposition. In 

addition, all track length distributions are always unimodal, 

narrow (SD ≤ 1.5 µm (XC-132)), with long MTLs (≥ 13.6 ± 

0.2 µm (XC-132)), characteristic of rapidly cooling rocks with 

fast passage through the apatite PAZ. Thermal history 

modeling was constrained by the depositional age of the 

Eocene sediments (~56-40 Ma, Early to Middle Eocene; 

Durand-Delga, 1978; Rossi et al., 1980) and revealed fairly 

similar cooling paths for all samples (Fig. 7-2-19): after 

deposition in the Eocene, the samples were heated to 

temperatures of at least ~110°C, and consequently completely 

annealed. The reset was followed by fast cooling to near-

surface conditions, where the samples stayed until present. The 

tT path is interpreted as follows: 

During the Eocene collision, the flysch was deposited 

in the trough in front of the approaching Alpine nappes. As the 

collision continued, the flysch samples were continuously 

buried below an increasing rock column until they reached 

temperatures of more than ~110°C where the AFT memory 

was reset. Two questions arise in this point: 1) of what type 

was this cover?; and 2) what was the thickness of the cover?  

The first question to be addressed involves the composition of the lid. Relation of Eocene 

flysch with Variscan and Alpine units is complex and changes from the north towards the south (for 

details see chapter 2.4.1; Egal, 1992). In the northern and central areas of Corsica, in the Balagne and 

Corte regions, Eocene flysch formations are essentially autochthonous with regard to the Variscan 

basement, but are largely overlain by Alpine nappes including the Corte slices. Bézert and Caby 

Fig. 7-2-18: Domain III (gray
filling) encompasses the areas
with preserved flysch sediments;
the most conspicuous feature is
overall reset of Eocene sediments. 
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(1988, 1989) described blue amphibole present in the Bartonian flysch near Corte, pointing to Late 

Eocene metamorphism of the flysch at MP/LT conditions (i.e., P = 0.5 GPa, T = 300 ± 50°C). Thus 

the Eocene flysch from northern and central Corsica was involved in the subduction process and 

buried below the Alpine nappes in the accretionary wedge. Therefore the rock column responsible for 

reset of AFT ages in the Eocene samples was made up of a folded flysch wedge but mainly of 

Mesozoic Alpine tectonic units. Estimates on depth of burial, based on thermobarometry, and the 

Fig. 7-2-19: Thermal modeling results of AFT data of some representative samples from Domain III
obtained with HeFTy (Ketcham et al., in press). Results are displayed in time-temperature diagrams,
frequency distribution of measured confined track length data (right diagram) is overlain by a calculated
probability density function (best fit) of a sample. Light gray paths: acceptable fit; dark gray paths: good fit;
thick black line: best fit; MTL: mean track length in µm; SD: standard deviation in µm; GOF: goodness of
fit. All flysch samples are characterized by the complete reset of AFT ages, related to burial in the
subduction zone.    
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assumption of low thermal gradient (15°C/km - a typical value for subduction zones; Turcotte and 

Schubert, 2002), gives a burial depth of ~15 km. 

Further to the south, in the Prunelli region, the situation is different: the Eocene "Prunelli" 

flysch is devoid of any metamorphic assemblages and lies unconformably on the Variscan basement as 

well as on the Alpine nappes. Egal (1992) stated that the Eocene sediments in Prunelli are not 

deformed, and the contact to the underlying Variscan and Alpine units is an undisturbed onlap. This 

suggests that the Prunelli flysch was not involved in the subduction process, but represents the most 

distal part, outside the accretionary wedge. Nevertheless, AFT ages show reset (AFT ages between 

16.4 ± 1 and 30.6 ± 1.6 Ma) requiring burial below a thick rock column. And if the statement of Egal 

(1992) is true, then the reset of the AFT ages in the Eocene samples from the Prunelli region was 

induced by a thick rock column made up merely by the flysch sequence without nappes (in contrast to 

the previous case where the cover was composed of flysch and Alpine nappes). 

To estimate the thickness of the covering rock column from thermal modeling results, it is 

necessary to assess the thermal gradient. AFT ages as well as modeled tT paths suggest that the 

samples were passing the PAZ during Late Oligocene to Middle Miocene times. This period is 

characterized by the beginning and full evolution of the rifting activity in the surroundings of Corsica 

(i.e., rifting in the Ligurian-Provençal and Tyrrhenian Basins) that was likely accompanied by 

increased thermal gradient of up to ~35-40°C/km (Turcotte and Schubert, 2002). When assuming such 

a high thermal gradient, a surface temperature of 17-20°C, and the fact that the sample reached the 

temperature range of ~110°C, the resulting thickness of the cover that loaded the actual exposed flysch 

samples, is ~2.5 km. However, this result seems to be in conflict with the result obtained from 

thermobarometric data, suggesting a burial to the depth of ~15 km (see above). This apparent 

discrepancy can be explained as follows: samples entered and passed the PAZ during Oligocene to 

Miocene times as indicated by the AFT data, when the thermal gradient was probably quite high (35-

40°C/km). An important point is that all memory prior to entering PAZ was lost (except the 

depositional age recorded by foraminifers) and there is no AFT record from the "collision" times, 

when the samples were more or less involved in the subduction zone with fairly low thermal gradient 

(10-15°C/km). Practically it means that samples might have been reset right after their deposition in 

the foreland basin with cold thermal gradient. Consequently, when converting temperature to depth, 

the lesser values of the thermal gradient will result in much greater values for cover thickness, similar 

to those demonstrated by results obtained from thermobarometry. Therefore it must be kept in mind 

that the values for the cover thickness estimated from AFT data provides the minimal values, and in 

the reality the thickness of Alpine cover might have reached a thickness of up to 15-20 km. This once 

again supports the idea inferred from Domain II, claiming that during Eocene collision entire Corsica 

was covered by a huge pile of flysch and Alpine nappes, which was later significantly eroded, and 

present-day Alpine Corsica is only its small remnant. 
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The Oligocene to Miocene reset of the samples was followed by fast cooling to near-surface 

conditions as suggested by the modeling results. This cooling phase is, as in the case of Domain I, 

interpreted as an exhumation related to the collapse of the Alpine wedge, when the samples were 

tectonically denuded from below the Alpine nappes in central and northern Corsica and erosionally 

denuded from below the foreland sediments in southern Corsica.       

 

7.2.3.3.1   TENTATIVE RECONSTRUCTION OF THE ALPINE ACCRETIONARY WEDGE AND FORELAND 

BASIN 

 

To reconstruct the extent of the former accretionary wedge and the foreland basin, it is 

necessary to identify all relevant facts: the first important characteristic is the present-day extent of 

Alpine Corsica, representing a reminder of the former wedge. It encroaches the NE third of the island, 

and the Alpine front runs in a NNW-SSE direction. The second important attribute is the character of 

the flysch sediments. They are encountered along the contact between Alpine and Variscan Corsica, 

always contain coarse granitic material, and AFT ages are everywhere reset. From the Prunelli region 

southward, the sediments are undeformed, in a normal stratigraphic position, and devoid of any 

metamorphic assemblages. This area represents a foreland basin undisturbed by the subduction 

process. In contrast, north of Prunelli the flysch is deformed, including in the imbrications and 

underthrust below the Alpine nappes. It 

contains metamorphic assemblages 

indicating involvement in the subduction 

process. Thirdly, although there are no 

geologic evidences of an existing Alpine 

cover, the southernmost part of the 

Variscan basement was buried at the 

shallowest level among all other parts 

during Eocene collision, as indicated by 

the AFT data. Furthermore, AFT data 

suggest a burial beneath an at least ~4 km 

thick rock pile (see chapter 7.2.3.2).  

All of these fact enable us to 

restore the possible extent of the wedge, 

which probably covered the whole 

Variscan Corsica. Its front was running in 

a NNW-SSE direction (in present 

coordinates) similar to the present-day 

Fig. 7-2-20: Illustration showing reconstruction of the
possible extent of Alpine wedge and foreland basin
during Eocene collision ca. at 40 Ma: Corsica-Sardinia
block formed SE margin of European plate; all of
Variscan Corsica was covered by Alpine nappes or
foreland flysches; granitic material was shed from
emerged Sardinian and Maures Massifs to foreland
trough. Wedge boundaries are only approximate.  
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situation, and its thickness diminished in roughly SSW direction. In such a setting, the source area of 

granitic detritus for the flysch trough was not the basement of Corsica, but rather some other adjacent 

granitic basement (probably Sardinia or the Maures Massif), covered neither by the Alpine wedge nor 

by the foreland sediments at that time (Fig. 7-2-20).  

 

7.2.3.4   DOMAIN IV 

 

The NE part of Corsica, including the 

Tenda Massif, the St. Florent Basin and adjacent 

regions make up the Domain IV (Fig. 7-2-21). The 

vast majority of the AFT data from this domain 

was reported by previous studies (Jakni et al., 

2000; Cavazza et al., 2001; Fellin, 2003; Zarki-

Jakni et al., 2004; Fellin et al., 2005). In this study 

only three additional AFT ages and one track 

length distribution were measured on the samples 

from the Tenda Massif. Measured ages are in the 

range 16.4 ± 1.4 to 24.9 ± 2.7 Ma indicating 

Miocene cooling that is in accord with previously 

reported data (15.3 ± 1.5 - 22.3 ± 2.2 Ma). 

Observed track length distribution (sample XC-59) 

is unimodal, narrow (SD = 0.7 µm), with very long 

MTL (14.7 ± 0.1 µm), indicating fast cooling 

through the PAZ, again in line with previous data.  

Modeled cooling paths revealed fast 

cooling for the Tenda Massif (Fig. 7-2-22). An 

extremely high cooling rate (up to 60°C/Ma that is 

equivalent to an exhumation rate of ~2 km/Ma, assuming a thermal gradient of 35°C/km) is interpreted 

to reflect the tectonic denudation of the Tenda Massif as a metamorphic core complex from below the 

Alpine nappes (Jolivet et al., 1990; Fournier et al., 1991; Rosenbaum et al., 2005). As already 

discussed in chapter 7.1.2, the Tenda Massif represents a part of the Variscan basement that was 

underthrust below the Schistes Lustrés nappes and metamorphosed at MP/LT conditions during the 

Eocene (~46 Ma). In the Oligocene, when the tectonic regime changed (~33 Ma), the massif started to 

be tectonically exhumed as a metamorphic core complex, which is recorded by 40Ar/39Ar ages on 

micas from the thrust plane that was reworked as an extensional shear zone with top-to-the-east sense 

of displacement (Jolivet et al., 1998; Brunet et al., 2000; Rosenbaum et al., 2005). Fast exhuming 

Fig. 7-2-21: Domain IV (gray filling) covers
the NE part of Corsica and is characterized by
Oligocene to Miocene AFT ages, provided
mainly by other studies errors omitted.  
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crystalline rocks reached the erosional level during the Late Burdigalian when their debris was first 

shed to the neighboring St. Florent basin. 

 

A different thermal history was determined by Fellin et al. (2005) in the St. Florent, Balagne, 

and Francardo regions, which surround the Tenda Massif and at present form morphological 

depressions (Balagne) or host Miocene basins (Francardo and St. Florent). These authors measured 

AFT ages between 19.2 ± 2.2 and 30.5 ± 3.2 Ma in samples from the hanging walls of Neogene 

grabens, similar to of footwalls (Tenda, Cap Corse or Variscan Corsica). However, the observed track 

length distributions are different. In case of footwalls, track length distributions are unimodal with 

long MTLs, whereas the samples from handing-walls are broad, sometimes bimodal, with MTL 

shorter than in the case of 

footwalls. The authors 

argued that the thermal 

history of the depressions 

(basins) is complex and 

controlled by the activity 

of minor faults. Inverse 

modeling results revealed 

cooling paths perturbed by 

a heating event from ~19 

to 14 Ma (Fig. 7-2-23). 

This heating event is 

interpreted by the authors 

as relating to burial in the 

depressions during the 

Fig. 7-2-22: Thermal modeling results of AFT data of some representative samples from Domain III  obtained
with HeFTy (Ketcham et al., in press). Results are displayed in time-temperature diagrams, frequency
distribution of measured confined track length data (right diagram) is overlain by a calculated probability
density function (best fit) of a sample. Light gray paths: acceptable fit; dark gray paths: good fit; thick black
line: best fit; MTL: mean track length in µm; SD: standard deviation in µm; GOF: goodness of fit.  

Fig. 7-2-23: A: Cooling path of the samples from Neogene grabens
(hanging-walls in Francardo, Balagne, and St. Florent region) showing a
distinct thermal event at ~14 Ma (redrawn after Fellin et al., 2005). The
event is interpreted as reflecting maximum burial in the depressions,
implying connection of the Balagne, St. Florent, and Francardo Basins
during Langhian to Serravallian times (Fellin et al., 2005). B:
Paleogeographic interpretation of the data after Fellin et al. (2005).  
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deposition of up to ~2 km thick Miocene successions, implying connection and a similar 

tectonothermal evolution of Balagne, St. Florent, and Francardo Basins during Langhian to 

Serravallian times (Fig. 7-2-23).   

 

 

7.2.3.5   CONCLUSIONS 

 

AFT data revealed cooling of the Variscan basement, which followed the Jurassic thermal 

event related to the opening of the Ligurian-Piedmont Ocean. The basement cooled above PAZ 

already in the late Early Cretaceous and remained there until the Early Paleocene. Since the latest 

Paleocene, the basement was progressively buried below a pile of foreland flysch and later below 

Alpine nappes. In the Eocene, all of Corsica was covered by a thick pile of rocks, leading to total reset 

of the AFT system in the major part of the basement. In the Oligocene, after the tectonic 

reorganization, the basement started to exhume, which led to the removal of the thick cover from the 

top of the basement. The removal of the cover was realized by erosional denudation in the major part 

of Variscan Corsica, as well as by tectonic denudation in NE part of the island. NW part of the 

basement was in the Early Miocene thermally affected by a heating related to opening of the Ligurian-

Provençal Ocean.  
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7.3   (U-TH)/HE DATA 
 

7.3.1   Introduction 
 

It has long been recognized that during long intervals of tectonic quiescence, topography can 

be beveled off by erosional processes, producing a low-relief landscape (or "peneplain"). When such a 

peneplain, characterized by slightly undulating and generally featureless topography, is uplifted 

tectonically, it can form prominent markers in the landscape.  

There is a long-lasting debate about the evolution and the meaning of peneplains (or 

paleosurfaces) and there are several theories proposed by geomorphologists explaining that. To 

mention a few of them without going into detail, the theory dominating modern geomorphology was 

formulated nearly a century ago by Davis (1905), who supposed that landscapes did not develop 

haphazardly, but instead evolved through a series of stages as the stream drainage slowly eroded 

channels upslope and as valleys were progressively widened and deepened. According to Davis, the 

"youthful" stage of landscape evolution immediately follows uplift and is characterized by poor 

drainage and narrow, V-shaped valleys between flat and wide instream divides. After a few million 

years of erosion, the maximum relief "mature" stage would be achieved with well-integrated stream 

drainage, and deep, wide valleys, between narrow and rounded interstream divides. Finally, if erosion 

continued unchecked, the landscape could enter the "old age" stage where the surface becomes a 

poorly drained peneplain with streams of low gradient meandering over extensive flood plains at 

elevations just above sea level. In short, Davis' view is that landscapes are transient features having no 

permanence: they evolved. All features of the earth's surface are viewed by the Davisian system as 

being at various stages along a continuum of change. 

An alternative idea is the non-evolutionary or what might be called the catastrophic theory for 

the origin of landscapes. Instead of being the products of a continuous process operating at an 

essentially modern rate, scale and intensity, landscapes could be remnants formed by catastrophic 

processes, which acted at a significantly increased rate, scale and intensity from what is observed 

today. The ancient processes forming the landscape would be discordant with modern processes acting 

on that landscape; no continuum of change and no stages of evolution would exist. Modern erosional 

processes would be viewed as entirely destroying an ancient landscape, not transforming it from one 

equilibrium stage to another. Such a landscape would contain relict landforms, surface features that 

were created by erosional or depositional processes no longer acting. Relict features on the earth's 

surface would make the landscape appear as a "museum", and such features, in contrast to the 

Davisian system, would have a great degree of permanence.  
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Regardless of which theory is correct, there are many elevated paleosurfaces preserved all 

around the world and it is accepted that their formation requires a long interval of tectonic quiescence; 

and due to extremely slow erosion on the top of them, they have survived until present. 

 

 

7.3.2   Paleosurfaces in Corsica and available constraints 
 

Remnants of paleosurfaces have since long been recognized in Corsica (Rondeau, 1961). 

These remnants are found exclusively in the Variscan part of the island in the form of flat ridges or 

plateaus at elevations of 250 to 2300 m. Kuhlemann et al. (2005a) distinguished two generations of 

paleosurfaces - summit and piedmont paleosurfaces (for details see chapter 3.2). According to these 

authors, the older summit paleosurface should form between mid-Oligocene to ~17 Ma, and the 

younger piedmont paleosurface should form between ~17 and ~11-10 Ma. The formation of both 

paleosurfaces was terminated by uplift pulses at ~17 Ma and ~11-10 Ma (see chapter 3.2).  

If the scenario is correct, and when assuming that the present-day vertical difference between 

the two types of paleosurfaces is in some cases more than 1500 m, then it should be possible to get 

some record of thermal signal, related to rock exhumation in different time, in an appropriate low-

temperature thermochronometer. Such a thermochronometer exists, for instance the (U-Th)/He 

system, since it is sensitive to record rock cooling at depths of ~1.5 km, and thus the evolution of the 

relief can be traced. 

 

Before the integration of the He data to the proposed scenario can be accomplished, it is first 

necessary to evaluate all issues important relevant for further interpretation: 

The first important issue is a proper evaluation of the actual meaning of the paleosurfaces: 

they are preserved exclusively in Variscan Corsica, and since there is almost no sedimentary record 

preserved on the top of the Variscan basement, they represent the only "stratigraphic" markers 

available in the basement that can serve to constrain rock uplift.  

Paleosurfaces in Corsica form remarkably flat plateaus that presumably represent the relics of 

an ancient peneplain. It is accepted that peneplains, according to the Davisian theory representing the 

"old stage" of landscape evolution (see above), are formed by erosion during the long period of 

tectonic quiescence ("peneplainization") when the relief is smooth to form a flat peneplain with 

elevations of only few meters above sea level. The time span necessary to create a peneplain from a 

hilly landscape is still a matter of debate and depends on several factors, the most important being 

erodibility and climate. In the case of Corsica, where the peneplain was formed on the granite that is 

very resistant to erosion, it is likely that peneplainization must have taken at least several - perhaps 

several tens of - millions of years.  
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Erosion on the paleosurfaces should be very slow, otherwise no remnants would be preserved 

until present. This assumption was proven by Kuhlemann et al., (2005b), who reported extremely slow 

erosion rates (8-25 m/Ma) on the summit paleosurfaces in Corsica, calculated on the basis of 

concentrations of cosmogenic radionuclides (10Be) produced in situ.  

The following stratigraphic constraints are available: 

There is a 300 m thick conglomerate unit in Francardo Basin deposited at ~17 Ma, consisting 

of well rounded pebbles mostly derived from the Variscan basement. The unit is interpreted as deltaic 

sediments (Orszag-Sperber and Pilot, 1976; Ferrandini and Loÿe-Pilot, 1992; Kuhlemann et al., 

2005a), indicating an uplift pulse that affected Variscan Corsica. 

Another uplift event at ~11-10 Ma is recorded by first occurrences of material derived from 

Alpine Corsica in the sediments of the Oriental Plain and St. Florent Basin (Orszag-Sperber and Pilot, 

1976; Ferrandini et al. 1998). Cessation of sedimentation in the intramontane basin of Ponte Leccia at 

~10 Ma is also related to this uplift phase.  

Early Pliocene marine sandy marls are found in several places on the SW coast. Although the 

global sea-level during the Early Pliocene was tens of meters higher than at present (Abreu and 

Anderson, 1998), Pliocene deposition in offshore neritic environment suggests that the basement has 

been uplifted by less than ~200 m since early Pliocene time. This also implies that the relief of Corsica 

acquired much of its present shape before the Pliocene and later was only slightly modified 

(Kuhlemann et al., 2005a).  

 

 

7.3.3   Interpretation and discussion of (U-Th)/He data  
 

When comparing data from the summit and piedmont paleosurfaces, there is no difference in 

the He ages (see Fig. 6-3 and chapter 6.3), although maximum vertical distance between piedmont and 

summit samples is more than 1600 m (summit sample XC-46: elevation 2247 m a.s.l., He age 18.2 ± 

2.5 Ma; piedmont sample XC-12: elevation 550 m a.s.l., He age 17.6 ± 2 Ma). The data form a cluster 

of Early to early Middle Miocene ages. This means that all paleosurface samples were cooling through 

the He closure temperature at the same time and the differential uplift of individual blocks must have 

occurred after that time. Furthermore, there is no difference in cooling age between the two 

paleosurface generations, as would be expected from the scenario proposed by Kuhlemann et al. 

(2005a). Therefore it can be stated that all paleosurface remnants in Corsica have their origin in one 

single paleosurface.  

One question to be answered involves the time of paleosurface formation. In order to answer 

this question, thermal modeling based on AFT and (U-Th)/He data was performed on those 

paleosurface samples, where He age, AFT age and track length distribution are available. In all cases 
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the revealed cooling paths show a similar pattern of fast cooling through the PAZ and HePRZ lasting 

from the Oligocene to the early Middle Miocene, followed by thermal stagnation in the near-surface 

conditions from the Middle Miocene until present (Fig. 7-3-1). According to such cooling paths, a 

bracketing of peneplain formation can be inferred as follows: fast cooling during Oligocene to Early 

Miocene times indicates tectonic activity, when the paleosurface samples were exhumed in the course 

of rift shoulder uplift. This process means a morphotectonic activity that was creating a topographic 

relief in Variscan Corsica, therefore no peneplain could have been formed at that time. In the Middle 

Miocene (~16 Ma), when the samples reached near-surface conditions and the cooling curves plateaus 

off, it can be assumed that the denudational system had reached a state of sufficiently low energy to 

infer that base level stabilized and planation occurred at the surface (interval denoted as "period of 

'apparent' peneplainization" in Fig. 7-3-1). During this period of tectonic quiescence and absolute 

morphotectonic standstill a peneplain could have formed in the Variscan basement. A "terminal age" 

of the peneplainization can not be deduced from the modeled cooling paths since the modeling results 

suggest that the phase of stagnancy lasts until present. Since it is known from stratigraphic record that 

Corsica acquired much of its present shape at ~5 Ma (see above), the phase of peneplainization thus 

can be bracketed between Middle and Late Miocene (~16-6 Ma).  

However, there are some serious discrepancies that contradict this model. Firstly, sediments in 

Francardo Basin show that at ~17 Ma the first conglomerate fans appeared within the eastern 

Fig. 7-3-1: Thermal modeling results of AFT and (U-Th)/He data of the samples XC-12 and XC-74
obtained with HeFTy (Ketcham et al., in press). Results are displayed in time-temperature diagrams (left)
and frequency distribution diagram of measured confined track length data is overlain by a calculated
probability density function (best fit) of a sample. Light gray paths: acceptable fit; dark gray paths: good fit;
thick black line: best fit; PAZ: apatite partial annealing zone; PRZ: helium partial retention zone; GOF:
goodness of fit between modeled and calculated values. According to modeled cooling path, a stagnation
period starting at ~16 Ma can mark the onset of "peneplainization", which is however not in line with
stratigraphic constraints (see text for explanation). 
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periphery of the Variscan basement, pointing to a growing relief of at least few hundred meters in 

Variscan Corsica, the source area for the conglomerates. This uplift pulse correlates with the cooling 

recorded by the He ages. According to the model proposed above, this relief should be later on 

beveled off by erosion to the peneplain. If this were true then all of Corsica (including the Alpine part) 

would form a peneplain in the Late Miocene, and today it should be possible to find the rest of this 

peneplain also in the Alpine part. But this is clearly not the case, since there are no paleosurface 

remnants in Alpine Corsica.  

Secondly, there are clear evidences of tectonic activity at ~11-10 Ma recorded in sediments 

that mirror an uplift of Corsica (see above). This tectonic activity clearly conflicts with the period of 

quiescence between ~16 and 6 Ma proposed by the model.  

Thirdly, according to the modeling, the period of peneplainization should last less than ~10 

Ma, which is in author's opinion too short to transform a mountainous landscape, consisting largely of 

granitic bodies very resistant to erosion, to a peneplain located close to the sea level.  

Because of the facts described above it can be concluded that the model proposed on the basis 

of thermal history modeling that bracketed the time of peneplainization between ~16 and 6 Ma cannot 

be and as a result, another solution for the age of the peneplain must be found. It is also evident that 

the peneplain must be older than ~17 Ma, as constrained by the stratigraphic record in the Francardo 

Basin.  

Kuhlemann et al. (2005a) proposed that the peneplain could have formed after Late Eocene to 

mid-Oligocene exhumation. This is however not justified by the AFT and (U-Th)/He data of this 

study, because during the Oligocene the paleosurface samples were cooling through the PAZ, which 

contradicts tectonic quiescence. A possibility of peneplain formation in the Eocene is ruled out by the 

fact that the Variscan basement was at that time covered by a thick pile of flysch and partly Alpine 

nappes, as stated in chapter 7.2.3.3.1.  

An elegant answer solving the enigma of the peneplain age might be a Cretaceous 

peneplainization age, with the key to understanding the whole story can be found in southernmost 

Corsica, defined as Domain II in chapter 7.2.3.2. As shown in that chapter, this area is the only part of 

Corsica where a Mesozoic AFT memory remained preserved. Since the associated cooling path 

indicates stagnation above PAZ, lasting from mid-Cretaceous to Paleocene time, it is proposed here 

that the peneplain formed during this period. Obviously, this can be the correct solution and the whole 

story can be explained as follows (Fig. 7-3-2): after the Jurassic thermal event related to opening of the 

Ligurian-Piedmont Ocean, the Variscan basement of Corsica was cooling through the PAZ. As 

indicated by thermal modeling results, the samples presently exposed on the surface, could have 

reached near-surface conditions already in the late Early Cretaceous. It is likely that after this cooling 

event a topographic relief (hilly to mountainous), as inferred from the abundant occurrences of coarse 

grained detrital material derived from the Variscan basement in Cretaceous sequences of some of the 
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Alpine nappes (Rossi et al., 1980). The period from that time to the Early Paleocene is characterized 

by thermal stagnation and can therefore be regarded as a period of tectonic quiescence, when the 

topography was smoothened by erosion and the peneplain was formed. Thus the time of 

peneplainization can be bracketed between ~120 and 60 Ma, which is certainly long enough to smooth 

down the landscape. The period of peneplainization ceased prior to the Late Paleocene, because at that 

time the first flysch sediments were deposited on top of the Variscan basement. Until the Oligocene, 

the peneplain was progressively buried below the thick pile of flysch and, along its eastern part, the 

Alpine nappes. Since the Oligocene, Variscan Corsica was exhuming (as indicated by the FT data, see 

chapter 7.2.3.1) and the easily erodable pile of flysch and the Alpine nappes were removed from the 

top of the peneplain. As recorded by the (U-Th)He data, the exhumation of the basement lasted until 

the Early Miocene. The onset of peneplain destruction can be inferred from the granitic conglomerates 

in the Francardo Basin deposited at ~17 Ma, indicating a growing relief in Variscan Corsica and 

incision of first valleys into the peneplain. The arrangement of the valleys was controlled by the SW-

NE trending faults, which were reactivated during the rotation of the Corsica-Sardinia block, and 

which segmented the peneplain to numerous blocks. During Middle to Late Miocene times, these 

blocks experienced several periods of differential uplift and tilting. The uplift was accompanied by 

valley incision at the expense of the paleosurface remnants, and it is likely that some peneplain 

remnants remained preserved on the top of the ridges (defined as "summit" paleosurface by 

Kuhlemann et al., 2005a), and some of them were downthrown along normal faults and are preserved 

in lower altitudes (defined as "piedmont" paleosurface by Kuhlemann et al., 2005a). In this way the 

ridge-and-valley pattern of Variscan Corsica evolved. Although at present the surface of Corsica is 

Fig. 7-3-2: Schematic time-temperature evolution of the Variscan basement in Corsica drawn from AFT,
ZFT and (U-Th)/He data and regional geological considerations. Cooling path is redrawn after best fit curve
of the sample XC-2 (southern Corsica); period of peneplainization is bracketed between ~120 and 60 Ma.  
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severely eroded, relief evolution of Variscan Corsica was basically completed at ~5 Ma, although later 

modified by Quaternary glaciation (Kuhlemann et al., 2005a). 

 

When looking at the present-day arrangement of the paleosurfaces in Variscan Corsica and 

comparing it to the new data, a sort of polarity can be observed between southern and northern 

regions.  

In the north, paleosurface remnants are less preserved, they are smaller in size and summit 

remnants are at higher altitudes (up to ~2600 m). The landscape is characterized by sharp crests 

separated by deep gorges. AFT data yield younger ages (~25-20 Ma) and faster cooling than in the 

south.  

In the southern areas, paleosurface remnants are more frequently preserved, they are larger 

and the summit remnants are located at lower altitudes (less than ~1700 m). The landscape is 

characterized by wide valleys and broad ridges topped by plateaus (paleosurfaces). AFT data revealed 

older cooling (~35-25 Ma) and the cooling rate was less rapid than in the samples from the north.  

This pattern can be once again considered to be a consequence of varying thickness of the 

covering lid, which the Variscan basement inherited during Eocene collision. The thickness of the 

cover diminished roughly in a SW direction with increasing distance from the Alpine front, thus, the 

northern part of the basement was loaded by heavier weight than the southern part. As a consequence, 

during the denudation from below this cover, an isostatic rebound in the north must have been greater 

than in the south, resulting in the stronger uplift and formation of higher topography with steep 

gradients. Accordingly, the valley incision could operate much faster, cutting off the paleosurface 

plateaus on the top of the ridges more effectively. This process in the north often resulted in a creation 

of crests topped by sharp ridges at the expense of plateaus.   

Conversely, in the south, due to the less heavy lid, the isostatic rebound was not that great, 

resulting in the weaker uplift and formation of lower topography with moderate gradients. The valley 

incision operated in slower rates, leaving the paleosurface remnants on top of the ridges.   

 

 

7.3.4   Conclusions 
 

The paleosurfaces of Corsica are remnants of a single pre-Tertiary peneplain that was formed 

on the top of the crystalline basement during late Early Cretaceous to Early Paleocene times. During 

Alpine collision in the Eocene, it was covered by a thick flysch pile and thus preserved. In the 

Oligocene, the peneplain started to exhume and the cover lid was removed from its top. During the 

Miocene rotation, the peneplain was cut by faults, and at ~17 Ma the region was uplifted by 

differential block movements, creating a topographic relief and inducing valley incision. This event 
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can be understood as an onset of peneplain destruction that occurred mainly by fault-induced valley 

incision and widening. 

A greater isostatic rebound in the northern areas of Variscan basement, resulting from 

denudation from below the heavier cover, induced stronger uplift that led to creation of higher relief 

with steep gradients. Consequently, due to more effective erosion, the paleosurface remnants were 

destroyed faster than in the south.  
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8   SYNTHESIS AND CONCLUSIONS 

 

 
8.1   A COMPREHENSIVE MODEL 

 

In order to summarize the main results obtained during this study and integrate them with 

known data, a comprehensive model consisting of several time sections is proposed. The geodynamic 

evolution of Corsica is reconstructed along an E-W trending profile across the island. The 

geomorphological evolution, focusing on the evolution of the paleosurfaces, is sketched along a N-S 

trending profile across the Variscan basement (Fig. 8-1). 

 

In the Middle to Late Jurassic (~180-145 Ma), the Ligurian-Piedmont Ocean opened 

between the African and Laurasian plates (including Iberian microplate with Corsican crystalline 

basement; e.g., Stampfli et al., 2002). Rifting and ocean opening was associated with increased heat 

flow related to mantle upwelling. 

The Variscan basement of Corsica 

was situated in the vicinity of the 

rift (heat source) that led to a 

reheating of the rocks currently 

exposed on the surface to the 

temperatures of more than ~250°C. 

This thermal event is recorded by 

ZFT data. The first rocks of future 

Alpine Corsica were formed 

(ophiolites) and deposited (deep-sea 

sediments) in the Ligurian-

Piedmont Basin (e.g., ophiolites 

dated as 161 ± 3 Ma; Ohnenstetter 

et al., 1981).    

 

In the early Early Cretaceous (~145-131 Ma), spreading of the Ligurian-Piedmont Ocean 

continued, and the volume of the future Alpine rocks was increasing. The Variscan basement 

progressively cooled down to surface temperatures, as indicated by AFT data. The cooling is the 

consequence of (i) retreat of the basement from the heat source (or spreading center) in course of 

Fig. 8-1: Simplified evolutionary model of Corsica depicted
along a E-W trending profile (left panels), and an illustration
showing paleosurface evolution along a S-E profile running
through the Variscan basement and crossing the major massifs
(right panels); arrows indicate exhumation/uplift and
burial/subsidence. The last two panels depict the real present-day
situation. Figure continues to the next pages, see text for
explanation. 
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continuous ocean spreading and 

related decrease in thermal gradient, 

and (ii) exhumation of the basement was exhumed in the course of rift shoulder uplift that was 

creating a topographic relief on the top of the basement. It is likely that at the end of the Early 

Cretaceous, a relief was developed in Variscan Corsica.  

 

Between the late Early and Late Cretaceous (~131-65 Ma), an eastward intraoceanic 

subduction zone developed in the Ligurian-Piedmont Ocean, which later led to closure of this ocean 

and to collision between the European and Adriatic continental plates.  

During this long period, a 

tectonic standstill prevailed in 

Variscan Corsica, the basement was 

exposed to erosion, and the previously 

evolved relief was progressively 

smoothed to a peneplain.  

The sedimentary sequences of the Alpine nappes ended up with the Upper Cretaceous flysch, 

indicating tectonic activity. In the Late Cretaceous, the subduction zone in the Ligurian-Piedmont 

Ocean was fully developed. This is evidenced by metamorphism of some tectonic units of oceanic as 

well as continental origin at HP/LT conditions, recorded by a Sm/Nd age of ~83.8 Ma (Lahondère and 

Guerrot, 1997), and a 40Ar/39Ar age of 65 Ma (Brunet et al., 2000).  

 

In the Paleocene (~65-56 Ma), Variscan Corsica was approaching an advancing subduction 

zone, and finally in the Late 

Paleocene the first sediments of the 

foreland flysch trough were deposited 

on the basement (Egal, 1992), 

indicating the commencement of the 

Alpine collision. The peneplain was 

subsiding below sea-level and 
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progressively covered by flysch. This process can be understood as termination of the peneplainization 

period in Variscan Corsica. 

 

The Eocene (~56-35 Ma) can be characterized by the collision between Variscan and Alpine 

Corsica.  

According to the AFT data, the entire Variscan basement was affected by the collision: either 

buried below flysch or overridden by Alpine nappes. Some of its easternmost external parts (Tenda 

Massif and Corte slices) were dragged 

down into the subduction zone and 

metamorphosed at MP/LT conditions 

(blueschist facies) between ~45 and 32 Ma together with another slices of Ligurian-Piedmont origin 

(40Ar/39Ar data of Brunet et al., 2000). The major part of the Variscan basement was residing at 

temperature levels between 120 and 200°C, as indicated by FT data. An exception was the eastern 

margin, where the ZFT system was partially reset, indicating temperatures of more than ~200°C, and 

the southernmost part, where the AFT system was only partially annealed indicating temperatures 

below 100°C. At the same time (~45-33 Ma), due to buoyancy forces and shearing, the crustal slices 

until then residing at HP/LT conditions were detached from the downgoing slab and started to rise 

upwards to MP/LT levels (Malavieille et al., 1998). This stage corresponds to presence of the 

accretionary wedge  between Variscan continental margin and the Ligurian-Piedmont oceanic domain. 

In the Late Eocene, closure of the remnant Ligurian-Piedmont oceanic basin resulted in a second 

orogenic phase with the emplacement of unmetamorphosed ophiolitic nappes (Balagne, Nebbio and 

Macinaggio nappes) which overthrust the previously exhumed and eroded HP belt as well as foreland 

deposits with Lutetian nummulites (Nardi et al., 1978; Durand-Delga, 1984; Jourdan, 1988; 

Malavieille et al., 1998). 

During the collision, the peneplain was covered by a thick sequence of flysch that functioned 

as a protector. Therefore the peneplain could survive an attack of collision in major parts of Variscan 

Corsica.  

 

The Oligocene (~35-23 Ma) can be characterized as a period of tectonic reorganization, since 

several tectonic events occurred contemporaneously at that time. Until ~33 Ma a thick accretionary 

complex was built in Corsica. At ~33 Ma the boundary conditions changed from compression to 
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extension and the overthickened crust started to collapse and exhume (Jolivet et al., 1990; Jolivet et 

al., 1998; Brunet et al., 2000). This stage of post-orogenic extension was the consequence of eastward 

rollback of the newly evolved Apennine subduction zone (Fournier et al., 1991; Jolivet et al., 1991; 

Daniel et al., 1996), and of isostatic rebound responding to the earlier slab break off in the east-dipping 

Alpine subduction zone (Malavieille et al., 1998). 

First occurrences of synrift 

sediments in the Gulf of Lions the 

indicate an inception of Ligurian-

Provençal rifting between the Corsica-Sardinia micro-plate and the European mainland.  

Variscan Corsica started to exhume, which led to the removal of the thick cover from the top 

of the basement. The removal of the cover was executed by erosional denudation in the major part of 

Variscan Corsica and by tectonic denudation in NE part of the island. The NW part of the basement 

was thermally affected by a heating in the Early Miocene related to the opening of the Ligurian-

Provençal Ocean.  

In Alpine Corsica, the Alpine thrust planes with top-to-west sense of shear were reactivated as 

ductile to brittle-ductile shear zones with top-to-east sense of shear (Jolivet et al., 1990; Fournier et al., 

1991), leading to exhumation of formerly buried HP and MP metamorphic rocks (e.g. Tenda Massif) 

along extensional detachments (Jolivet et al., 1990; Fournier et al., 1991).  

It is likely that during rifting and passive margin uplift of Variscan Corsica, new relief formed 

in Corsica. As recorded by the AFT data, the peneplain (or paleosurface) was cooling through the PAZ 

in moderate fashion, and the covering pile of flysch and Alpine nappes was removed from its top.  

 

In the Miocene (~24-5 Ma), extension still continued due to the eastward retreating Apennine 

subduction zone. Consequently, at ~18 Ma rifting of the Tyrrhenian Basin started east of Corsica. 

Between ~21 and 16 Ma the Corsica-Sardinia block rotated counter-clockwise close to its present 

position, and oceanic crust formed in the Ligurian-Provençal Basin (Vigliotti and Langheim, 1995). 

During rotation, Variscan Corsica was cut by sub-vertical faults, which predefined later block 

boundaries and orientation of the valleys. Exhumation still continued, removing the cover from the top 

of the basement. The peneplain, segmented into several pieces, cooled through the HePRZ. At ~17 

Ma, the relief in Corsica reached at least several hundred meters, providing material to local basins. 

Some blocks with paleosurface remnants were already on the surface progressively destroyed by 
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valley incision. At ~10 Ma, an uplift affected all of 

Corsica (Kuhlemann et al., 2005a), inducing block 

tilting, the valleys were widening at the expense of the 

paleosurface remnants. 

 

At present, Corsica is a part of a micro-continent surrounded by two oceanic basins in back-

arc position to the eastward retreating Apennine subduction zone. 

The Variscan basement is characterized by a ridge-and-valley pattern, where some 

paleosurface remnants remained preserved on the top of the ridges, and some of them were 

downfaulted and are preserved on the foothills. The paleosurface remnants in the north were, due to 

greater isostatic rebound, uplifted to higher altitudes, and cut off by incising valleys more rapidly, and 

therefore destroyed more effectively than in the south. Hence, there are less paleosurface remnants 

preserved in the north than in the south. 
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8.2   FINAL CONCLUSIONS 
 

1. In the Late Jurassic, the Variscan basement of Corsica was affected by a thermal event related to the 

opening of the Ligurian-Piedmont Ocean, which is recorded by ZFT data. 

  

2. After the Jurassic thermal event, the basement was cooling to near-surface conditions where it 

remained until the Early Paleocene. Since the Late Paleocene, the basement was progressively buried 

below sediments of the foreland basin, and later during Eocene collision it was partly covered by 

Alpine nappes.  

 

3. At the end of the Eocene, all of Variscan Corsica was covered by a thick pile of rocks, leading to a 

total reset of the AFT system in the major part of the basement and to total a reset of all Eocene flysch 

sediments. 

 

4. In the Oligocene, after tectonic reorganization, the basement started to exhume, which led to the 

removal of the thick cover from the top of the basement. The removal of the cover occurred by 

erosional denudation in the major part of Variscan Corsica, as well as by tectonic denudation in the 

NE part of the island.  

 

5. AFT ages from the NW part of Variscan Corsica record an Early Miocene thermal event associated 

with the opening of the Ligurian-Provençal Ocean. 

 

6. All paleosurface remnants in Corsica have their origin in one single paleosurface. 

 

7. The age of the paleosurface formation is bracketed between ~120 and 60 Ma.  

 

8. During Eocene collision, the paleosurface was buried by a thick flysch pile and was thus protected 

from destruction. In the Oligocene, the paleosurface started to exhume and the cover was removed. 

Destruction of the paleosurface started during the Miocene rotation, when it was cut by faults, and at 

~17 Ma the region was uplifted by differential block movements, creating relief and inducing valley 

incision.  
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APPENDIX A 

 

 
MINERAL SEPARATION 

 

In order to recover apatite and zircon concentrates from the rock samples, the following 

mineral separation procedure was used: rock samples of ~4-8 kg were crushed by rock splitter and 

jaw-crusher BB-51, sieved over 250 µm mesh; the fraction <250 µm was passed through a Holman-

Wilfley shaking table collecting the heaviest fraction (SW-1), which was dried in an oven at 

temperatures below 40°C. The obtained concentrate was further treated by heavy liquid separation 

(Na-polytungstate, ρ = 2.9 g.cm-3) collecting heavy fraction, washed by distilled water and dried at 

room temperature. The next step was the magnetic separation with Frantz magnet (front angle 20°, 

side angle 10°), collecting non-magnetic, and 1.2-1.7 mA magnetic fraction since it has been 

recognized that some samples contain slightly "magnetic" apatites (owing probably to a 

contamination). In the samples containing apatites and zircons, another heavy liquid separation was 

applied (using diiodmethane, ρ = 3.3 g.cm-3) in order to separate both minerals of interest. 
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APPENDIX B 

 

 
FISSION TRACK METHODOLOGY 
 

Preparation for FT dating and irradiation 
 

Apatite concentrates were embedded in epoxy (1:5 mixture of Hardener HY 956 and Araldite 

D). Several samples were poor in apatite therefore the apatite grains were first handpicked (at least 40 

grains) under binocular microscope and then embedded. Zircons were embedded in PFA TeflonTM. 

Prepared mounds with grains were polished to 4π geometry using 9 µm, 3 µm and 1 µm oil based 

diamond suspension and TexmetTM polishing cloth. Spontaneous tracks in apatites were revealed by 

etching with 5.5 M HNO3 solution for 20 seconds at 21°C (Donelick et al., 1999). Zircons were etched 

in an eutectic mixture of KOH and NaOH at 215°C for 20 to 80 hours. 

In this study the external detector method was used (Gleadow and Duddy, 1981): prior to 

irradiation, etched samples were covered by low-uranium muscovite sheets and packed together with 

the age standards and 2-3 dosimeter glasses (CN-5 for apatites and CN-2 for zircons) into a package. 

The dosimeter glasses (with known uranium content: CN-5 - 12 ppm U and CN-2 - 38 ppm U; 

Hurford and Green, 1983) served to monitor the neutron fluence. The package (prepared by so called 

"Dumitru’s technique") is then enclosed to the plastic container and send to nuclear reactor in order to 

induce a fission of 235U ("induced fission tracks"). In this study, the samples were irradiated in TRIGA 

nuclear reactor at Oregon State University (Oregon, USA). Requested neutron flux for apatite samples 

was 4.5 x 1015 n/cm2 and 1.5 x 1015 n/cm2 for zircon samples. Dosimeter glasses CN-5, containing 12 

ppm natural uranium, were used to determine neutron fluence. After irradiation, induced tracks in 

mica detectors were revealed by etching with 40% HF for 30 minutes at 21°C. Finally, the mounts 

with corresponding micas were attached side by side on a glass slide, ready for counting.  

 

 

Age determination 
 

Tracks were counted under a Zeiss Axioskop 2, equipped with a digitizing tablet, LED cursor, 

drawing tube attachment, and controlled by the computer program FT Stage version 3.11 developed by 
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Dumitru (1993). Tracks in apatites and mica-detectors were counted with 1250x magnification using 

dry objective, tracks in zircons were counted under same condition but using oil objective (Cargille oil 

type B, n = 1.515). For counting only the grains with well polished surface were used, an orientation 

parallel to the crystallographic c-axis, homogenous uranium distribution, without fractures and without 

inclusions. Fission tracks were distinguished from other objects with respect to following criteria: the 

maximal length of tracks less than 20 µm, conical or pipe-like shape, and random orientation of tracks. 

All grains of acceptable quality were counted regardless of presence or absence of fission tracks. 

Those grains were avoided, on which it was impossible to discriminate tracks from dislocations. To 

determine more accurate results, at least 21 grains from each sample were counted, in some cases 

more according to quality of mount. Lengths of horizontal confined tracks and Dpars in apatites were 

measured only on grains oriented parallel to the crystallographic c-axis, using the same device (Zeiss 

Axioskop 2). A minimum of 43 horizontal confined tracks was measured in the samples in order to 

obtain representative and statistically robust distribution.  

Age determination of the samples was carried out with program TRACKKEY version 4.1 

(Dunkl, 2002). For determination of the ζ factor (zeta factor), the following age standards were 

measured: Fish Canyon Tuff apatite and zircon (27.8 ± 0.7 Ma; Colorado, USA), Durango apatite 

(31.4 ± 0.5 Ma; Cerro de Mercado, Mexico), and Tardree Rhyolite zircon (58.7 ± 1.1 Ma; Northern 

Ireland, UK; McDowell and Keizer, 1977; Hurford and Green, 1983; Green, 1985; Hurford and 

Hammerschmidt, 1985). The ζ personal value was calculated as a weighted mean and standard error 

Table B-1   Calibration of zeta factor for apatite and zircon.

 Age Standard N Ns Ni ρd Nd Zeta ± 1σ
Durango 25 697 1938 5.110 4911 339.38 16.65
Fisch Canyon 25 403 1357 5.110 4911 357.63 21.88
Fisch Canyon 25 353 1202 5.456 8081 340.51 21.83
Fisch Canyon 27 403 1370 5.257 5126 351.07 21.43
Durango 25 274 880 5.750 4936 339.98 24.62
Fisch Canyon 25 269 914 5.780 4936 307.15 22.44
Durango 25 466 1346 5.849 5647 311.05 17.92
Fisch Canyon 25 241 782 5.823 5647 311.82 24.00
Fisch Canyon 25 329 1056 5.714 5647 309.72 20.74
Fisch Canyon 40 517 1503 5.461 5193 297.66 16.61

Calibration of ζ value for apatite: Wieghted mean ± 1σ: 324.93 ± 6.46

 Age Standard N Ns Ni ρd Nd Zeta ± 1σ
Tardree Rhyolite 19 562 407 5.820 5592 142.91 9.87
Fisch Canyon 30 1511 2039 5.820 5592 130.20 5.29
Fisch Canyon 25 1303 1864 7.228 6973 111.16 4.67
Fisch Canyon 26 1434 2531 7.973 6193 123.70 4.91
Fisch Canyon 24 1110 1786 6.842 2675 131.40 6.10

Calibration of ζeta value for zircon: Wieghted mean ± 1σ: 123.92 ± 2.53
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from measured values of ζ and their grain-only standard errors (representing only uncertainties 

associated with the fission track method) and total standard errors (including also additional 

uncertainty associated with age of the age standard) by ZETAMEAN program of M. Brandon. The 

value of ζ factor was 324.93 ± 6.46 for apatite and 123.92 ± 2.53 for zircon (Table A-1).  

 

 

Thermal history modeling based on AFT data 
 

Thermal history was modeled by using the HeFTy Beta Release 1a modeling program  

(Ketcham et al., in press), which is dedicated for modeling of low-temperature thermochronometric 

systems, including apatite fission track, (U-Th)/He, and vitrinite reflectance. In principle, the program 

does two types of modeling – forward and inverse modeling. Forward modeling is the process of 

predicting a data (FT age, track length distribution, or He age) from a tT path defined by the user. The 

output data are then compared to data gained from a real sample. If modeled and measured results 

match, the modeled tT path may be representative for real thermal history of the sample. Inverse 

modeling is a process of reconstructing thermal histories based on input of measured data such as FT 

age, track length distribution, or He age. The program generates a large number (several thousands) of 

tT paths, which are tested with respect to input data. The fitting of the measured input data and 

modeled output data is statistically evaluated and characterized by value of the “Age GOF” (age 

goodness of fit). A “good” result corresponds to value 0.5 or higher, "the best" result corresponds to 

value 1 for both indicators. Results are presented in form of tT envelopes that contain all paths, 

passing statistical criteria and conforming to user-entered constraints, that best reproduces the 

measured data. It has to be kept in mind that even a perfectly fitting and statistically proved model of 

thermal history must not necessarily correspond to the real history of a sample. To avoid 

misinterpretation it is essential to incorporate all known geological data (e.g., vitrinite reflectance data, 

stratigraphic age of a sample, data obtained by other thermochronometers, etc.) into a model before the 

meaning of the measured ages and tT paths are evaluated. Second important point is that resolution of 

a thermochronometer is limited to the certain temperature range (AFT system to the range of PAZ - 

~60 to 120°C; (U-Th)/He on apatite to the range of PRZ - ~40 to 75°C), therefore the parts of tT 

envelope defined for the zones out of this range are not necessarily representative for the real thermal 

evolution of a sample.  

In this study, the following setting has been used: inverse modeling with Monte Carlo 

algorithm with minimum of 10 000 iterations; the end of the tT path was set to 13°C according to 

present-day mean surface temperature; 

AFT modeling: input parameters: central FT age with 1 sigma error, track length distribution, 

Dpar values as kinetic parameter; multi-kinetic annealing model of Ketcham et al. (1999); initial track 
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length of 15.5 µm. Known geological information (such as stratigraphic age, ZFT data) was converted 

into time-temperature constraints in from of boxes for the modeling. 

(U-Th)/He modeling: input parameters: row (U-Th)/He age with 1 sigma error, radius of 

apatite crystal prism, prism radius; activation energy 32.9 kcal/mol; calibration after Farley (2000); 

other parameters - default.     

 



APPENDICES 

 vi

 

APPENDIX C 

 

 
DESCRIPTION OF HE EXTRACTION LINE 

 

Helium Extraction Line at TU was constructed by Patterson Instruments Ltd.© in 2003 and it 

is a fifth "clone" of the system employed in Ken Farley's laboratory at CalTech. The system is 

composed of the following principal components (Fig. A-1): an in-vacuum extraction furnace for He 

extraction; an all-metal extraction line equipped with automatic an manual valves, and pumped by 

pumps; a precise volume aliquot system for spiking sample gas with 3He for isotope dilution; a precise 

volume aliquot system for delivering a 4He standard to monitor 4He tank depletion; a gas purification 

system of getters; a quadrupole mass spectrometer for measuring 3He/4He ratios. The extraction line 

components and valves are interfaced with a central computer and are fully automated using 

LabView© software. 

Fig. C-1: Schematic design of helium extraction line at TU (Patterson Instruments Ltd.©). IP - ion pump;
QMS - quadrupole mass spectrometer; quadrupole electronics unit; G1, G2 - getters; CF - cold finger; TP -
turbo-pump; RP - rough-pump; CC - cold cathode.    
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Tubulation 
 

The extraction line is constructed of stainless steel tubulation connected via VCR and Conflat 

flange fittings with Cu-gaskets, and “Quickfit” viton O-rings and Al clamps. The valves used are “B 

series” in-line automatic and manual valves manufactured by Nupro. Automatic valves are actuated by 

compressed air and controlled via the Labview 6.1 software; the manual valves are open and closed 

using a torque wrench.  

 

Pumping system 
 

The pumping system can be divided into high vacuum and low vacuum. High vacuum is 

generated by the ion pump (Varian VacIon Plus 20) and the turbomolecular drag pump (Pfeiffer model 

TMU071P with a dedicated power supply and controller) units. Low vacuum is generated by the 

mechanical rough pump (Pfeiffer DuoLine 2.5A/AC rotary vane pump). Pressures in the line were 

monitored via three vacuum gauges - cold cathode gauge, Hi-Vac Pirani gauge, and Low-Vac 

Convector gauge. Typical operating pressures in high vacuum part were in the range of 10-8 mbar.  

 

Getters 
 

The term “getter” refers to any device that is designed to remove chemically active gases 

(such as H2O, OH, N2, H2, H, HD, SO2, O2, CO2, CO, and the CMHN family such as 12C, CH, CH2, 

CH3, CH4, C2H6, etc.) from the system. The Tübingen system uses two SAES AP10N Mk3 getters, 

consisting of Zr-Al alloy (ST101) foil, and a metal finger, containing approximately 1 g of surface 

activated charcoal held at liquid nitrogen temperature to condense CO2, H2O, Ar, Kr, Xe and the 

remaining active gases. One SEAS getter (Line Getter) is in the extraction system and is maintained at 

a temperature of about 350ºC, the other one (Quad Getter) is mounted directly inside the quadrupole 

chamber close to the ionization source, and is kept at room temperature.  

 

Standard tanks, spike tank, and gas pipettes 
 

The system includes three tanks with associated gas pipettes. The tanks serve two purposes – 

to deliver aliquots of an accurately known amount of 4He as the gas standard against which real 

samples (and blanks) are determined, and to deliver aliquots of the 3He spike used. 

The original calibration was done on first principles from the Ideal Gas Law PV = nRT (P - 

pressure; V - volume; n - number of moles; R - universal gas constant = 8.3145 J/mol K; T - 
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temperature). Effectively a tank of precisely know internal volume (determined from filling with water 

using standard volumetric glassware) was used, combined with a high accuracy pressure gauge (a 

MKS brand capacitance manometer at the University of Syracuse NY was used to perform the original 

primary calibration) to calibrate the amount of gas delivered from a Tank and Pipette in the Syracuse 

University Noble Gas Isotope Research Laboratory (SUNGIRL). The Tübingen Primary 4He Gas 

Standard was then filled and cross-calibrated against the SUNGIRL Tank before being shipped. 

 

PRIMARY 4HE GAS STANDARD – DEPLETION TANK 

 

 The primary 4He gas standard, or depletion tank (D-tank), is the primary standard for 

calibrating the system, and is used to monitor and calibrate the secondary 4He tank.  

 

Tank Details: 

Tank Volume: 5 800 ± 10 cm3 

Pipette Volume: 0.2037 ± 0.0020 cm3 

   

SECONDARY 4HE GAS STANDARD – THE Q-TANK 

  

The secondary 4He standard tank (or Q-tank) provides the isotopically pure 4He that is used as 

the daily working gas standard. 

  

Tank Details:   

Tank Volume: 5 800 ± 10 cm3 

Pipette Volume: 0.2287 ± 0.0023 cm3 

   

 Over time, the large number of aliquots taken from the Q-tank causes detectable 

depletion. This is corrected for using the depletion factor, and by periodically re-calibrating the Q-tank 

against the D-tank. Cross calibration between the two 4He tanks is made every after about 400 aliquots 

are taken from the secondary 4He standard tank. 

 
3HE SPIKE TANK 

 

 The Spike tank contains isotopically pure 3He. The exact amount of 3He delivered per 

aliquot is not (and need not be) precisely known – provided that the amount of 3He delivered is 

constant for standards and samples on a day-by-day basis. 
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Extraction furnace 
 

The in-vacuum extraction furnace is used to diffusively extract helium from apatite samples at 

~950°C. It is a relatively simple single vacuum furnace using a resistively heated tungsten heater 

element coiled around an Al2O3 ceramic crucible. Reusable stainless steel capsules with apatite 

crystals are placed in holes in a metal rod connected to a linear motion feedthrough. This sample 

holder is then placed in the arm of the “Xmas tree” on top of the furnace, and samples are sequentially 

dropped into the crucible by sliding them forward using the linear motion feedthrough. The furnace is 

driven by a power supply consisting of a Eurotherm 2408 temperature controller, a Eurotherm 125A 

phase-angle fired thyristor, and a secondary step-down transformer. Temperature within the crucible is 

monitored using a C-type thermocouple (W-Re alloy). The furnace chamber is cooled using a total of 

five 24VDC fans. 

 

The 4He mass-spectrometer 
 

4He analyses on Helium Extraction Line at TU were conducted using a quadrupole mass 

spectrometer (Pfeiffer Prisma QMS-200, Asslach, Germany) that is operated using Quadstar QS422 

software. The mass spectrometer is equipped with a dual filament electron bombardment ionization 

source and both Faraday and Channeltron (or Secondary Electron Multiplier – SEM) ion detectors. At 

the time of this study, the following operating parameters were used: detector type: Channeltron 

(SEM); voltage of SEM – 1000V; emission current - 2 mA. 

 



 

 

 

 

 

 



 

 

                                                                           


