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SUMMARY

This thests focuses on the tectonic cvolution of the Alpine orogen in the western Mediterrancun
region. The aim of the thesis is to better understand orogenic processes and to elucidate the style
of tectonism that 1akes place during the evolution of convergent plate margins. The western
Mediterranean region. according to my working hypotiiesis. has been subjected to complex tectonic
interactions govemed by plate convergence, subduction rollback, formation of small back-arc basins,
independent motions of continental blocks und acereiion of allochthonous terranes. In the scope
of this thesis. 1 test the working hypothesis hy conducting detailed spatio-temporal analyses and
developing a number of reconstruction models.

The relative motions of Afvica. Europe. Iberia and Adria are revised based on a compilation of
up-to-date data derived from magnetic isochrons in the Atlantic Ocean and palaecom:gnetic data.
Convergence of Africa relative to Europe commenced during the Cretaceous (120-83 Ma) and was
subjected 10 fluctuations in convergence rates. The data suggest that a collisional episode in the
Alpine orogeny at ca. 65 Ma resulted in a dramatic decrease in the relative platc motions, and that a
slower motion since ca, 25 Ma promoled extension in the Mediterranean buck-arc basins. Distinct
changes in plate kinematics are also recognised in the motion of Iberia with respect to Europe.
Palacomagnetic constraints on the motion of Adria suggest that this continental arca was attached to
Africa since the Permiian or the Triassic.

The tectonic evolution of the western Mediterranean since the Oligocene has been modelled using
an ineractive software package for plate tectonic reconstructions (PlatyPlus). The reconstruction
shows that rollback/back-arc extension processes have affected a broad zone of deformation since the
Otigocene and involved drifting and rotations of continental tenanes. which were eventually accreted
1o the adjacent continents, In the Tyrrhenian Sea. spatio-temporal anafysis provides a lithospheric-
scale insight into the effects of such tectonic processes. The reconstruction shows distinet episodes
of rollback/back-arc extension, which have been impeded by a number of accretionary events. At
6-5 Ma. the accretion of a large carbonate platform in the central Apennines intiated a slab tear and
resulied in the formation of a narrow subducting slab that has consequently undergone higher degrees
of subduction roilback and back-arc extension (in excess of 60-100 km/Myr).

According to the proposed model, arcuate orogenic segments in the western Mediterranean
evolved during the extensional destruction of an earlier collisional belt. Therefore, the present locus
of exposure of high-pressure rocks does not represent sites of comtinental collisions between major
tectonic plates. Since the Oligocene. subduction of Mesozoic oceanic lithosphere, accompanied by
roliback of the subducting slab, led to the progressive bending and the episodic tearing of subducting
slabs, and resulted in the formation of several slab segments that are presently re:ognised in
tomographic tmages. These remnant slabs can account for nearly ajl the volume of oceanic domains
that existed in the western Mediterrianean during the Oligocene.

Finaily, the tectonic evolution of the western Alps is discussed. The orogen consists of ribbon-




like continental terranes that are separated by two or more ophiolitic compiexes. High-pressure

metamorphism occurred in distinet orogenic episodes and possibly reflects individual aceretionary

episodes that possibly occurred at the terminations of subduction rollback processes. In pariicutar,
widespread extensional tectonism. shortly after a collisional episode a1 ~35 Ma, possibly occurred as

a result of rollback of an cast-dipping subduction zone.




t»

STATEMENT

This thesis does not contain material which has been accepted for the SRR

award of any other degree or diploma in any university or instilution, and

PRI L i ey

to the best of my knowledge contains no material published by any person.
except where due reference is made in the text

Gideon Rosenbanm

Scptember 2003




T

ACKNOWLEDGMENTS

This project has been carried out at Monash University under the supervision of Professor Gordon
Lister. Support from Monash University in the form of Monash Graduate Scholarship (MGS).
International Postgraduate Research Scholarship (IPRS) and trave! grants is greatly acknowledged. |
wish to thank Gordon for many stimulating discussions and for encouraging me to carvy out such an

ambitious project. Gordon’s passion for rocks and science has been a great inspiration for me.

Many people have contributed and helped during the course of this project. Cecile Duboz s
thanked for her role in the development of the PlaiyPlus softwure package. Thanks are due to my
colleagues at Monash University for discussions and advice: Dave Giles, Peter Betis. Wouter Schellard,
Maarten Krabbandam, Roberto Weinberg. Laurent Ailleres, Mark Jessell. Mike Raetz, Steve Boger.
Marnie Forsicr and Frank Bierlien. | appreciate the discussions with Baniela Rubaito, Jorg Hermann,
Andre Michard. Marco Beltrando and Jerome Ganne on Alpine tectonics. Fabio Speranza, Giovanni
Mutioni. Guicy Lavecchia and Carlo Savelli on Haliun geology. Mario Sanchez Gomez on the Betic-

Rif cordillera and Rupert Sutherfand on magnetic isochrons and piate Kinematics.

I wish 1o acknowledge all the people that helped during m* visits in Europe., Roberto Compagnioni
and Jean-Michet Bertrand for showing me the geoiogy of the western Alps. Laurent Jolivet for
inviting me Lo visit in the geodynamic laboratory at Marie Curic University, Gerard Stampfli for
inviting me to Lausanne and Hans Laubscher for inviting me to Basel. Special thanks to Celal
Sengdr in Istanbul. who invited me to his house in Asia. where we waiched Europe and discussed
Alpine-Himalayan geology. To my friends Claude and Serge Reymond. who hosted me in Geneva
and took me to an unforgettable flight through the western Alps, Thanks, Serge, for showing me how
to avoid crashing inte the Matterhom. In Israel, 1 wish to thank Zvi Ben Avraham for discussing

Mediterranean tectonics iuxd Dov Avigad who was always interested in my research.

I would like to thank those that reviewed my manuscripts: Wouter Schellart. Peter Betts. Dave
Giles. Roberto Weinberg, Kevin Burke, Roberi Hall. ivo Vos, Dov Avigad. Mike Hall. Darrel Cowan,
Rob Van der Voo, Shiri Srivastava, Mike Raetz. Caroline Forbes, Quinton Hills, Laurent Aifleres.
Megan Hough and Zati Bachar. Special thanks to Mara Pavlidis for providing a grammatical

assistance and for teaching me hidden secrets of the English tongue.

Numerous other people at Monash University have accompanied my work and heiped me in many
different ways: John Clulow, Doste Hansen, Thong Hugh, Tony Rudge. Matt Noble, Virginia Toy,
Mehgan Miller, Mark Mclean, Katrina Fry and Tim Rawling. Special thanks 10 Megan Hough and
Meaghan McDougall for providing administrative help and much more. Thanks also 10 the technical

stafl, Florita Henricus, Nicole Judge. Robert Douglas, Draga Gelt, Malcolm Herbert and Steve Morton.




Thunks to my friends in Melbourne, Zafi. Helen, Paul, Marita. Andrei. Wouter, Gerda, Tali,

Sigrid. Ivo and Dunja for reminding me that life goes on. I amy now convinced that a Brazilian jam
session can be as enjoyable as studying rollback processes in the Mediterranean region. Thanks to my
parents for their love and support. and most important. thanks to Arava for discussing science with
me. encouraging me to do my research. proofreading and editing parts of my thesis and being my
best friend. my wife and the mother of my child. Well. having said that. I thank Amitai for popping up

at the end of my candidature and showing me that my thesis is quite meaningless compared with. ..




CHAPTER 1

INTRODUCTION

e

Plate wctonics theorv is like Venus: very beautiful and born in the sea.

Rudolf Tritmpy (1999)




Introduction

FOREWORD: CHAPTEK

This chavter provides infromation on the aim and the scope of this thesis.
and outlines the working hypothesis that was devetoped in collaboration
with my supervisor Gordon Lister. The chapter points out a number of
key questions that will be addressed in 1the fortkcoming chapters. It also
includes a historical review on research with regard to orogenic proccsses.
Laurent Ailleres. Wouter Schellart and Megan Hough are acknowledged
for providing comments on the manuscript. 1 also wish to (fank Homer

LeGrand for his tnterest in the historical review.




1. INTROBUCTION

Abstract

This thesis focuses on the evolution of the Alpine orogen in the westerm
Mediterrancan region and aims 1o clucidate the style of tectonism that takes place
in convergent plute margins during orogenesis. 1 begin with a historical review
with regard to orogenic research, showing that doring the 18% and 19" centuries,
orogeny was commonly cor dered to be associated with ¢noling and contraction
of the whole Earth. In th late 19" contury, geologists recogmised the role of
harizontal motions during orogenesis, and by 1912, Alfred Wegener presented
his theory on continental drift, which suggestcd that mountains formed during the
occasional crashing of continents into one another. The advent of plate tectonics,
50 years later, confirmed most of Wegener's ideas, and provided a comiprehensive
kinematic framework for global tectonics. Nevertheless, the rules of plate
tectonies are insulficiem to accommt for complex tectonic mteractions that take
place in convergent margins during orogenesis. Such interactions. which include
roliback of subducting slabs, formation of small back-arc basins and aceretion of
allochthonous 1erranes, played a fundamental mle during the tectonic evolution
of the Alpine-Himalayan orogenic belt. This study focuses on the westernmogs?
part of thts belt. focated in the western Mediterranean region, and nims to provide
insights into the style of tectonic activity that took place i this region. In the thesis,
detailed spatio-tempora) analysis is performed to reconcite 1 myriad of geological
and geophysical data with kKimematically constrained tectonie frameworks. The
resulting  reconstruction models show the importance of roltback/back-are-
cxtension processes and imteractions between numcerous accreted wiranes during

the evolution of convergent plat margins tn the western Mediterrancan region,

1.1. Orogeny: an historical outline

1.1.1. Earth’s contraction and geosynclines

The terin orogeny is derived from the Greek words opog (oros = Mountain) and yeveor} (geneos
= creation, origin}. It came into use in the 19" century (Gilbert, 1890) to describe the deformation of
rocks within mountain chains and the formation of meountainous wpography. By present geological

usage, orogeny is related only to the formation of structures in mountain chains. including folding
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and faulting in shallow crustal levels. and plastic folding. metamorphism and magmatism in deep
crustal levels (Bates and Jackson. 1980).

From the 17" century (e.g. Descartes. 1664) to the end of the 19" century. it was generally agreed
that mountain building processes were related 10 an ongoing contraction of the Earth. The contraction
was believed to occur as a resuft of a gradual cooling of Earth through time - & process that was
considered 1o be responsible for generating compressive stresses that wrinkled the Earth's crust to
accommodate diminishing suiface arca (e.g. Elie de Beaumont, 1831 Dana. 1873: Suess. 1883). The
process was commonly likened to the wrinkling of the skin of a desiccating apple (Oreskes, 1999).

An important benchmark in the history of orogeny research is marked by two works published in
the second half of the 19" century, Hall (1859) and Dana (1273). James Hall and James Dana were
particularly familiar with the formation of mountain belts located adjacent to continental marging
(e.g. the Appalachians). Hall (1859) recognised that deformed sedimentary rocks in mountaio belts
were considerably thicker than their equivalent correlatives on platforms. He iherefore suggested
an origin that was linked to the accumulation of sediments along the continental margins. Dana
(1873) coined the term “geosynclinal” (or “geosyncline™) for elongated basins that were filled with
a great thickness of shallow-water sediments and were somehow aplifted to form mountain belts.
Dana (1873) suggesied that oceans and continemts were permanent features on the surlace of the
Earth. and that continental margins were particularly weak zones in the crust. Therefore, during the
ongoing contraction of Earth, only the countinental margins with their narrow geosyncline zones werc
subjected to folding (Dana. 1873).

During the late 19 century and the first half of the 20" century. the concept of the geosyncline
was generally embraced by the scientific community. Suess (1883) applied it in Europe in the
context of Alpine geology, albeit with a somewhat different meaning compared with the original
American counterpart of the Appalachian Mountains. The Alpine mountain belt was not located at
continental margins. thus casting doubts on the peculiar weakness of these zones within the Earth’s
crust. Moreover. the Alps “geosyacline” consisted of deep-sea deposits and ophiofites (Haug. 1900:
Steinmann, 1905), which showed that oceans and continents were not permanemt features of the
Earth’s surface. Instead, it was thought that a single “geosyncline™ may represent episodic alternations
between continental and oceanic environments. Suess (1883) suggested that such modifications in
the surface of the Earth occurred across the whole globe as a result of the coniraction of Easth. This
assumption, however, was soon found to be unfeasible based on Suess’s own observations from the
Alps.

1.1.2. From nappe fectonics to continental drift

Suess (1875) was one of the eariiest geologists 10 propose that krge~scale horizosial riovements
are expressed in internal structures of the Alps. Heim (1878) drew similar conclusions based on
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structural observations, and Bertrand (1884) established the nappe hypothesis, which introduced the

concept of far-travelled overthrust nappes. These ideas suggested that mountain building processes

were accompanied by kilometric-scale lateral displacements. an idea that was somewhat at odds with
the theory of the contraction of Earth, which mainly predicted vertical uplift.

The acceplance of Bertrand's sappe hypothiesis ia the taie 19™ century and eaily 20* century
resulted in the establishment of u European-based miobilistic school of thought. led predominantly
by Argand (1916; 1924) and supported by the theory of continental drift (Wegener. 1912). This
theory was based on a synthesis of an enormous amount of data (particularly palaeontological data),
which pointed out the possible common origin of the continents. Wegener (1912) concluded that
crustal blocks had drifted through the ocean basins during the evolution of the Earth’s crust. Ina
general sense. this concept was consistent with structural observations {rom the Alps that implied
farge horizomtal displacements related to the “push™ of Alfrica against Europe (Argand, 1924).
Nevertheless, at the time, the theory of continental drift was too radical, and was rejected (and even

ridiculed) by the majority of the scientific community (particularly in America; Oreskes, 1999), with

the notable exceptions of Argand (1924) and Carey {1958).

1.1.3, Plate tectonics

The advent of plate tectonics during tire 1960°s (e.g. Vine and Matthews, 1963; Wilson. 1965;

McKenzie and Parker, 1967: Le Pichon. 1968: Morgan, 1968) revived Wegener's theory of continental
driit, and provided a consistent kinematic model involving the motions of rigid lithospheric plates
on top of a semiplastic asthenospheric upper mantle. This radical revolution in the Earth sciences
was probably not related to the long-standing firmness of the European mobilistic school of thought,
Rather. the theory of plate tectonics evolved with the emergence of geophysical data from the ocean
floors. which fed to the recognition of linear stripes of magnetic anomalies (Mason and Raff, 1961),
and to the deveiopment of the concept of sea-floor spreading by Hess (1962) and Dietz (1961). The
existence of magnetic stripes was subsequently explained by the combination of sea-floor spreading
and secujar magnetic reversals (Vine and Matthews, 1963)'. Soon after the publication of these
findings. it was proposed that the surface of Earth consisted of several large and relatively rigid
plates, separated by narrow boundaries, which accommodated convergence, divergence or strike-
slip (transform) motions {Wilson, 1965; McKenzie and Parker, 1967), According to this theory. the
growth of tectonic plates in mid-oceanic ridges was compensated by subduction of oceanic plates at
the trenches (Morgan, 1968). Mountain belts, therefore, were now perceived as crustal manifestations

of subduction and collisional processes.

During the first few years thai followed the advent of plate tectonics, the implication of the theory

' Coincidently in 1963, the Canodian geophysicist Lawrence Morle; reached similar conclusions, Morley's
paper, however, was rejected by Nanrre and subsequently, by the Journa! of Geopliysical Research, on the
ground that it was too radical and specutative (O:eskes and Le Grand, 2001).
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in natural exampies resulted in the publication of works that provided answers to various complexities
in global tectonics (e.g. Hamilton. 1969: Atwater, 1970: Dewey and Bird. 1970). Such works were
inspiring atiempts 10 apply plate tectonics in continental processes (i.e. processes related to the
deformation of the continenial crust). Specifically. plate tectonics was sought to explain orogenic
processes. and led to an aimost euphoric belief that major dilemmas with regard to mountain building
processes would quickly be solved (LeGrand. 2000). Nonctheless. geologisis soon realised that plate
tectonic models require generalisation and oversimplification of a plethora 9#’ geological information.
and as such. these models provided only a firsi-order approximations for continental processes (e.g.
Isacks et al.. 1968), As & result, many geologists have found plate tectonics an inadequate paradigm
for addressing questions in continental tectonics (e.g2. Molnar, 1988).

In the last 20-30 years. there was a considerable advance in the research on the origin of mountain
belts. In the following sections. three aspects related to this research are discussed: (1) the existence
of accreted allochthonous terranes in orogens (e.g. Ben-Avraham et al.. 1981): (2) the mode of
extensional tectonism during orogenesis (e.g. Dewey, 1988): and (3) the recognition of lateral
migration of subduction systems (commonly subduction rollback) (e.g. Elsasser. 1971: Garfunkel
et al.. 1986).

1.1.4. AHochthoncus terranes

The concept of atlochthonous terranes (also called “accreted™ or “exotic™ terranes) evolved from
field studies in the western part of North America, where various rock units. each characterised
by a unique geological history that is different from the history of the contiguous belt, have been
recognised (Jones et al., 1983). The origin of such terranes. as inferred from palacontological and
palacomagnetic studies. has been often attributed 10 areas that are located great distances from the
present position of the allochthonous terranes. In the early 1980°s. many allochthonous terranes were
recognised throughout the circum-Pacific orogens, as well as in the Alpine-Himalayan (Tethyan)
beit (Ben-Avraham et ai.. 1981; Nur and Ben-Avraham, 1982: Hashimoto and Uyeda. 1983). The
existence of such terranes further complicated plate tectonic reconstruction models. because such
reconstructions required the incorporation of numerous blocks or “microplates™ during orogenesis,

accompanied by large degrees of horizontal motions.

1.1.5. Extensional tectonics in orogens

The role of extensional tectonism during and after orogenesis (Dewey. 1988, and many others)
auracted considerable research since the early 1980’s, and was explained by various kinematic and
geodynamic models (e.g. Platt, 1986; England and Houseman. 1988; Buck and Sokoutis. 1994).
A panicuiarly interesting mode of extension, first recognised in the Basin and Range region of the

western United States (e.g. Hamilton. 1987). is characterised by extension accommodated along
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flat-lying detachment faults (Lister and Davis, 1989), and is associated with the exhuniation of deep-

seatcd metamorphic core complexes (Lister et al., 1984; Davies and Warren, 1988; Hill et al., 1992:
Jolivet et al., 1994). Currently, extensional structures associated with metamorphic core complexes
are widely accepted features in orogenic belts. However, their significance and the driving mechanism
for extension are matters of controversy. In some models {e.g. Platt, 1986). syn-orogenic extensional
tectonics has been attributed to internal rearrangements within the orogenic wedge, following the
overthickening of the wedge and its tendency to regain gravitational stability. In other models. the
role of syn-orogenic extension has been explained by orogentc-scale alternations between shortening
and extensional regimes. which were generated by the gcodynamics of a lithospheric slab (e.g. Lister

etal.. 2001; Collins. 2002). Such processes. related to the destruction of orogenic belts by extensional

processes. have usually not beea expressed in plate tectonic reconstruction models.

1. 1.6. Migration of subduction systems

The theory of plate tectonics, as a geometric modei. accounted for global plate kinematics. but
did not address geodynamic complexities related 10 the crust and tithosphere. Research done in the
last thirty years has shown thal these geodynamic complexities, particularly in subduction systems,
may possess profound implications on the evolution of convergent margins. Subduction zones are
commonly subjected to backward migration (“rollback”) of the subduction hinge due to a gravitational
instability generated by the negative buoyancy of the subducting oceanic lithosphere relative to the
surrounding asthenosphere (Elsasser. 19712 Molnar and Atwater. 1978: Dewey. 1980: Garfunket et
al.. 1986). The process of subduction roliback has been documented by direct GPS measurements
that showed a relative motion between volcanic arcs and the hinterland of the subducting plate (e.g.
Bevis et al., 1993). Evidence for arc migration associated with subduction rollback has been found
in numerous subduction zones. including various arcs in the western Pacific Ocean (Molnar and
Atwater, 1978). the New Hebrides-Tonga arcs (Bevis et al., 1993). the Scotia arc (Alvarez, 1982). the
Lesser Antilles arc (Alvarez. 1982). the Hellenic arc (Le Pichon and Angelier. 1979), the Calabrian
arc {Malinvernio and Ryan, 1986) and the Rif-Betic arc (1.onergan and White, 1997).

These observations suggest that the large horizontal displacements that take place during
orogenesis are, at least in part, refated to the mobilism of subduction zones. Furthermore. it has
been speculated that ligh velocities of subduction rol'back may result in widespread extension on
the overriding plate (Dewey, 1980: Royden, 1993a}, whick in turn, may lead to the extensional

destruction of existing orogens. Subduction rollbazk. therefore, may play a fundamental role in

switching the tectonic modes of orogens from crustal shortening to extension,

1.1.7. Reflection on plate tectonic reconstructions

Ninety-one years after the promulgation of the theory of continental drift by Wegener (1912). the
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role of continental mobifism during orogenesis is established as an undebated fact. Yet, plate tectonic

reconstructions encounter grem difficulties while dealing with the Kinematic evolution of orogens
because it accounts only for the convergent motions of major plates and not to internal intciactions
in the convergent zones. Plate tectonic remains the unifying theory of glabal tectonics but has
proven insufficient 10 account for the complexity of processes that occur during the deformation
of the continental crust. particularly in convergent margins (i.e. the role of accreted terranes. syn-
orogenic extension and subduction rollback). Therefore, plate tectonic rules must be complemented

by additional spatio-iemporal constraints.

1.2. Working hypethesis

The working hypothesis for this research suggests that Alpine-Himalayan orogeny involved
complex interactions between retreating subduction systems, back-arc extension and
independent motions of numerous continental blocks. These complexities explain why it is
problematic to implement plate tectonic rules in kinematic reconstruciions of the Aipine-Himalayan
orogen. The working hypothesis is based on the recognition of tectonic processes that take place in
convergent plate margins (e.g. in the southwest Pacific; Hall, 2002). in the context of the Alpine-
Himalayan orogen. the hypothesis implies that teclonic reconstructions cannot be obtained by

utilsing Jarge scale plate kinematics. Rather, additional spatio-temporal constraints are required.

1.3. Aim of this research

The aim of this research is to test the working hypothesis using the example of the Alpine belt in the

western Mediterranean region and the western Alps. This necessitates to reconcile a large amount of

descriptive observations with kinematic modelting, and 10 develop a well-constrained reconstruction

model for the tectonic evolution of the region. The following key issues are addressed:

* the methodological approach used to a establish kKinematic framework [ortectonic reconstructions
of orogenic belts.

* therole of large-scale convergence associated with the style of tectonism in the orogenic belr:

* the degree of hotizonial motions that can take place during convergence of two large-scale plates
(Af‘rica and Europe);

* the effect of accretionary events on the geodynamic and kinematic evolution of convergent
margins:

* the main processes controlling the formation of curved structures along the Alpine belt in the
western Mediterranean region; and

* the type of tectonic activity in the western Alps in the context of the tectonism in the western

Mediterranean region.
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1.4. Scope of this thesis

The Alpine-Himalayan orogen is a belt of Mesozoic and Cenozoic deformation siretching (rom
Spain to Soatheast Asia (Figure 1.1a). In the scope of this research. 1 focus on the westernimost past
of the Alpine-Himalayan belt. in an area bounded by Gibraltar straits to the west. the Maghrebide
Mountains to the south, the Adriatic Sea to the east and the ceniral Alps to the north (Figure 1.1b).
This urea was chosen because of the enormious amount of data that exist trom previous research.
In addition, the role of back-arc extension (e.p. the western Mediterranean basin) and independent
block rotations (e.g. the votation of Corsica and Sardinia) is particularly well documented in the study
ared. providing the opportunity 1o use spatio-temporal vonstraints t¢ quantify these processes.

Research involved analysis of data derived from multidisciplinary ficlds, which include structural
geology. palaeomagnetism. igneous and metamorpiic petrology. geochronology. stratigraphy and
seismic tomography. The study area has been subjected to considerable research in the past, and
an erormous amouni of published data is available in the scientific literature. In the scope of this
research, I have extensively used these published data.

The reconstruction procedure is based on developing a hierarchy of rules and assumptions that
can help to utilise the available data as spatio-temporal constraints. This methodology provides
logical framework for the development of tectonic reconstructions that are not merely dependent
on the opening and closing of existing oceans. The reconstruction involves visualisation of tectonic
processes using the PlatyPlus softsvare package, which has been developed by researchers at the
Australian Crustal Research Centre (Duboz et al.. 1999). in this study. PlatyPlus was used to test
kinematic models by developing reconstruction animations. which provided a powerful tool in

drawing aulention to tectonic complexities and to identify the significance of regional events.

1.5. Layout of this thesis

The thesis starts with a description of glebal tectonic patterns related to convergent margins, |
then discuss large-scale plate motions. and finally evaluate and apply spatio-temporal constraints in
specific regions throughout the western Mediterranean and the Alps. This spatio-temporal analysis
results in a series of reconstruction models (Chapters 5-9). which provide a test against the working
hypothesis and the style of tectonism in convergent margins.

The forthcoming parts of the thesis can be divided into the following sections:

* Reconstruction philosophy (Chapter 2.
* Formulation of a kinematic framework (Chapters 3 and 4).
* Tectonic reconstructions of the Alpine belt in the western Mediterranean region (Chapters 5-7).
*  Western Alps reconstructions (Chapters 8-9).
*  Conclusions (Chapler 10).
Each chapter between chapter 2 and chapter 9 (inclusive) is written as an independent research

article, Therefore, there are some repetitions in the textand in the illustrations particularly in association
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Figure 1.1 (2) Map showing the sreal distribution of the Alpine-Himalayan orogenic belt,

stretehing from Spain to Southeast Asta, and possibly, Turther southeast towards the Indonesian
archipelago. Papua New Guinca and New Zealund (after Lister ¢t al.. 2001); (b) Extent of ihe

arca coverea o this thesis,

with the background material). A brief summary of the content of euach chapter is given below.
Chapter 2 draws the attention to characteristic tectonic patterns in convergent plate boundaries

and demonstrates how spatio-temporal constraints are utilised in tectonic reconstructions. [ outfine
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major assumptions, evaluate the significance of spatio-temporal constraints and construct “rules™ that
can be used while reconstructing complex tectonic interactions.

Chapier 3 provides kinematic boundary conditions associated with the motions of Africa and
beria relative o Europe. The kinematic analysis ts based on the history of the opening of the
northern Atlartic Ocean since the Jurassic. The implications of these mottons with respect to Alpine
orogeny are discussed.

Chapter 4 provides constraints or the motion of Adria. The kinematics of this large continentat
area in the central Mediterranean has been subjected to contradicting interpretations in the literature.,
The Adriatic problem is revisited based on analysis of palagomagnetic, stratigraphic and seismic
data, which suggest that Adrin moved together with Africa since the Per.nian, The oceanic nature of
the lonian Sca and its age are also discussed n this chapter.

Chapter S presents a kinematic reconstruction modet of the tectonic evolution of the western
Mediterranean: since the Oligocene. The reconstruction is accompanied by an animation, which
visualises the extent of horizontal motions associated with subduction rollback. back-arc extension
and independent miotions of crustal blocks.

Chapter 6 presents a more detailed reconstruction of the evolution of the Tyrrhenian Sea and the
Apenning-Maghrebide helt. Here. detailed analysis of spatio-temporal constraints provides better
resofution on the Liming of tectonic processes, showing links between rollback processes and back-
arc extension, as well as possible temporal velationships between accretionary processes, tearing of
subducting stabs and switches in tectonic modes.

Chapter 7 deals with the formation of arcuate orogenic patterns in the western Mediterrancan
region. It is shown that the arcuate shape of the orogen was attained during extensional destruction
of an earlier high-pressure/low-temperatere belt. These extensional processes are predominantly
attributed to the rollback of subduction zones in directions that are oblique or orthogonal to the
direction of convergence. 1 therefore propose tha the present exposures of high-pressure/fiow-
temperature metamorphic rocks are not necessarily the sites of large-scale continental collisions.

Chapter 8 provides areview ob the tectonic cvolution of the western Alps from the Jurassic to the
Oltgocene. Results of this chapter show that tectonic activity in the western Alps involved multiply
coliisional episodes und possible switches of tectonic modes from crustal shortening to extension.

Chapter 9 focuses on a style of icctonism in the Oligocene Alps, showing evidence for
widespread extensional tectonism thai immediately posidates a major collistonal event at ca. 35 Ma.
The kinematic and geodynuinic vmplications of these processes are discussed.

Chapter 10 summarises the conclusions drawn from this thesis, provides brief reflections on

relevant key issues and discusses several possible topics for future research.




CHAPTER 2

TECTONIC RECONSTRUCTION OF OROGENIC BELTS USING
SPATIO-TEMPORAL CONSTRAINTS

But that is exactly what | like about this science of geology: It is infinite,
ambiguous, like all poewy: like all poety it has secrets, it permeated by
them, lives within them, without being destroved by them. {t does not lift
the veil, but only moves it, and through tiny holes in the fabric a few ravs

escape, which dazzle the eve.

Rodolphe Toepffer, Nouvelles Génevoises (1841)

-
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FOREWORD: CHAPTER 2

This chapler discusses how spatio-temporal constraints are wtilised in
lectonic reconstructions of orogenic belts. The chapier explains the
methodological approach used in the forthcoming chapters, and provides
several examples from the westomn Mediterrancan region. The ideas
presented here benefited from many discussions with Gordon Lis'er on the
‘science of spatio-temporal constraints’. We intend to develop a publication
together on this subject. 1 also wish to thank Jerome Ganne for discussions
on this topic and Ivo Vos, Wouter Schellart and Virginia Toy tor providing

comments on the manuscript,




2. TECTONIC RECONSTRUCTION OF OROGENIC BELTS USING
SPATIO-TEMPORAL CONSTRAINTS

Abstract

This chapter provides o methodological framework for developing tectonic
reconsituctions of convergent margins during orogenesis, Tectonism in these
domains is governed by interactions between subduction systems and numerous
continetal terranes, which result from a number of tectonic processes, ¢.g.
subduction rollback, back-wre extension and aceretion of  atfochthonous
terrancs. Nevertheless, results of these processes ave usually not incorporated in
reconstruction models, because these models are predominantly based on data
derived fromy magnctic isochrons, hotspot tracks and palacomagnetism, which
provide only first-order spatio-temporal constraints. In the tectonic setting under
comsideration. the application of such data is not always possible, or provides an
incomplete picture. Therefore, additional lower-order spatio-temporal constriints
are required. The evaluation of these constraints is based on a set of rules and
assumptions that enable us to extract kinematic criteria from a targe amount of
geological and geophysical data, B the case study of the western Mediterrancan
region, § demonsirate that the Kinematics of subduction rollback. buack-wre
extension and the independent motion of allochthonous werranes can be guantilied
using adequate spatio-temporal analysis. This approach can be used 1o establish
tectonic reconstructions in complex zones, or in pre-Mesozoic reconstiuctions, for

vhich conventional reconstruetion methodologies are not applicable,

2.1. Imiroduction

In the 35 years since the advent of the plate tectonic theory. the science of global tectonic
reconstruction hus progressed relatively stowly. In pam this is because plate tectonic reconstructions
have mainly focused on motions that can be inferred from sea-floor spreading in presently observed
ocean bastns (e.g. Dewey et al.. 1973; Molnar and Tapponuict, 1975 Biju-Duval et ad., 1977). These
data were complemented by palacomagnetic observations (e.g. Van der Voo, 1993), and both data
sets were tuken in1o accowat in global yeconstructions (e.g. Torsvik et al.. 2001), There has been
continved progress in terms of data analysis (e.g. Srivastava et al., 2000) leading 10 refinements
of the relative motions of the major plates (e.g. Rosenbaum et al., 20024). Occasionally, new data

in respect {o the opening of ocean basins comes to light {e.g. Ross Sea (Cande et al., 2000); Arctic
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Oceun (Michael et al.. 2003)). resulting in o radical impact on existing paradoxes, ditemmas and
CONLrOVErsies,

Although the methodology used for plate reconstruciions of this type is well documented (Pitman
and Talwani. 1972: Dewey et al.. 1973). there is less focus on the types of complexity that occur in
convergent plate margins. In these tectonic environments, (eCtonic processes are associated with
complex interactions, as expressed. for instance, in the geology of the western Mediterrancan region
(Rosenbaum et al., 2002b) and Southeast Asia (Hall. 2002). The methodological approach [or this
tvpe of tectonic reconstruction hus received little attention. which is i shortcoming in the sensc that
it does 1ot address tectonic patterns, such as subduction rollback, back-wre extension and accretion
of allochthonous terranes. Ai! these processes are knowi to play major roles in global tectonics (e.g.
Uyeda and Kanamori, 1979, Ben-Avegham et al., 1981: Jarrard, 1986) and must be incorporated in
Kinematic tectonic reconstructions.

For example. tectonic madels tor the Alpine orogen in the western Mediterrancan region (Royden.
1993b: Lonergun and White, 1997 Rosenbuum et al., 2002b: Rosenbaum and Lister, i review-a: in
review-b) have shown that subduction roflback and formation of extensional back-are basins have
played fundamental roles during orogenesis. This complex tectonic history cannot be reconstructed
solely on the basis of magnetic isochrons and palacomagnetic observations. In the Tyrehenian Sea.
Rosenbaum and Lister (in review-a) have estimated rollback velocities of 60-100 kn/Myr during
the Miocene. RoMback processes were coeval with fithospheric extension in the back-are region.
and invoived targe hurizontal motions of continental blocks (e.g. Corsica. Sardinia, Calabria ind the
Kabylies) that have been Jocated on the overriding plate. Such horizontal motions were often obligue
or even perpendicular to the direction of overall plate convergence. and continued until the accretion
of these continental blocks (as allochthonous terranes) into the continental patacomargins of the
surrounding continents (Rosenbaurn et al., 2002b).

Perhaps the besi example for this style of tectonism is the Southwest Pacific Qcean (Hall, 2002),
where rollback processes are considered 1o be respousible for the formation of numerous back-arc
basins that separate a series of continental ribbons (e.2. Lord Howe Rise. Norfolk Ridge and Three
King Rise). In this stvle of tectonism, plate kinematic mode!s thai are based only on the farge-scale
motions of major plates are insufficient to account for the complex kinematics.

The aim of this chapter is to establish a methodological framework for kinematic reconstructions
of convergent margins. [ discuss a number of criteria that can be used as spatio-temporal constraints
in reconstruction modelling, and demonstrate that such constraints provide a viable 100l for

reconstructing tectonic complexities in convergent plate margins,

Reconstruction of oragenic belts using spatio-temporal constraings M

2.2. Tectonic patterns in convergent plate boundaries: subduction rollback,
back-arc extension and accretion of allochthonous terranes

The mobility of subduction systems has been discussed by various amthors (e.g. Slsasser. 1971;
Molnar and Atwater. 1978: Dewey. 1980; Garfunkel et .. 1986: Royden, 1993b) and is currently
supported by direct GPS measureinents (e.g. Bevis et al., 1995), Most subduction zones have been
subjected to oceanward retreat (or “roitback™ Jduring the subduction of oceanic lithosphere (Yarrard,
1986). This process has been explained by & gravitational instability resulling from the negative
buoyancy of the lithospheric subducting stab in comparison with the surrounding asthenosphere
(Elsasser, 1971: Molnar and Atwater. 1978; Dewey. 1980) (Figure 2.1a). The gravitational instability
results in sinking of the subducting lithosphere at an angle that is steeper than the slab dip, which in
turn, leads to a regressive motion of the hinge of the subducting slab (Dewcy. 1980). Tomographic
images (.2, Lucente etal., 1999 Widiyantoro et al., 1999), as well as analogue modelling (Fuccenna
et al. 2001a: Schellart, 2003). show that at depth of ~670 km, the dip of the subducting slab tends to
shallow umtil it is lying parallel 1o the 670 km discontinuity (Figure 2.1b.c). Subduction rollback is
likely to cease once continental crust asrives at the subduction zone (Figure 2.1¢). thus reducing the
negative buoyancy of the stab and impeding further roliback (Lonergan and White. 1997; Rosenbaum
and Lister. in review-b),

Relationships between subduction roliback and back-are extension have been discussed by Molnar
and Atwater (1978), Dewey (1980) and Royden (19932). These authors snggested that extension
at the overriding plate is triggered by rapid subduction rollback accompanied by relatively slow
convergence. If the velocity of subduction roliback exceeds the velocity of convergence, a vacancy in
the overriding plate is likely to be accommodated by horizonta! extension (Figure 2.1b). Schellart et
al. {2002a) and Schellart (2003) have classified the geometry of these roltback/back-arc systems into
three groups: unidirections] systems, radjal systems and asymmetric systems (Figure 2.2).

In unidirectional rollback/back-ure systems. arc migration occurs in a single direction. as
itlustrited in the examples of the Scotia urc and the South Shetland arc (Figure 2.2b). {n this tectonic
configuration. the back-arc region is bounded on both sides by lithospheric-scale discoutinuities.
ajong which strike stip motion occurs,

Radial rollback/back-are systems are characterised by oroclinal bending of the arc during
subduction rollback and back-arc extension (Figure 2.2¢). Such procesred are accompanied by
opposite sense of black rotations on both sides of the arc and possible conjugate strike-slip faults
(Schellart et al., 2002a). Natural examples for radial rollback/back-arc systems are the Hellenic arc
and the Calabrian arc in the Mediterranean Sea (Figure 2.2a.¢).

Asymmetric rollback/back-are sysiems are indicated by wedge shaped back-arc basin geometry
and block rotations that are either clockwise or counterclockwise (but not both). The back-arc basin
is bounded on one side by a lithospheric-scale sirike-slip fault that accommodates the sense of motion
refated to arc migration. Schetiart et al. (2002b: 2002¢: 2003) have recently discussed examples of

asymmetric rollback/back-arc systems in the New Hebrides ~ Tonga arcs (Figure 2.2d) and the Kuril
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tn what follows, 1 aim to show how these complex kinematic interactions can be incorporated in

reconstruction modelling using a systematic framework of spatio-temporal constraints.

2.3. Reconstruction philosophy

The strategy to be employed in building the reconstruction model is based on determining a
hierarchy of spatio-temporal constraints ranging from globul plate Kinematics to regional geological
and geophysical criteria. The identification of such constraints provides the ability to translate farge
amounts of descriptive data into first-order o fourth-order constraints, which in turn, provide logical
justifications for the reconstruction model.

The hierarchy of spatio-temporal constraints is based on the relative significance. accuracy and
jeliability of different datasets when used as kinematic indicators in a regional context. For example.
data that are derived from magnetic isochron provide a relatively accurate insight into the motion path
of major plates, and are therefore regarded as first-order constraints, In contrast, more local Kinematic
criteria, such as shear sense directions that are inferred from mineral lineations. are considered here
as third- or fourth-order constraints, because they are subjected to large uncertainties and commonly
reter to the motions of minor plates or allochthonous terranes.

First-order constraints are associated with the motions of major tectonic plates as indicated by the
opening of ocean basins. Reconstructing the tectonic evolution of occans is relatively straightforward
due to the refatively little intermal deformation that affected the oceanic lithosphere in comparison
with the deformation in the continents (McKenzie. 1969). Furtheyimore, magnetic stripes {isochrons),
formed during sea-foor spreading. document the spreading history of existing oceans and provide an
accurate 100} for reconstructing large-scale plate motions (see section 2.4.] and Chapter 3).

Second-order constraints are related to motions of microplates or large continental blocks. such as
Iberia and Adria ir: the Mediterranean region, Constraints on the motion of Adria (see Chapter4) cannot
be inferred from ‘conventional’ constraints {e.g, magnetic isochrons), and are therefore dependent
on less robust criteria, such as patacomaguetism and the opeaning history of small ocean basins (the
fonian Sea, in the case of Adria).

Third-order constraints are predominantly asseciated with the kinematic history of allochthonous
terranes and the opening of small basins. These consirgints incorporate large amounts of descriptive
data that can be used to reconstruct the palacogeography und the kinematic history of the study arca.
For example, third-order constraints can include spatio-temporai distributions of syn-rift sediments
(see Chapter 6). directions of tectonic transports that are inferred from shear sense criteria (see
Chapier 8) and crustal volume calculations.

Fourth-order constraints are based on mapping spatio-temporal variations in sutures and subduction
zones. This is done, for example, by mapping fossilized magmatic arcs or by obtaining high-resolution
spatio-temporal constraints on the occurrence of high-pressure/tow-temperature metamorphism.

Based on these data, the locus of subduction and collisional processes can be reconstructed.

Reconstruction of orogenic belts using spatio-temporal constraints 35
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During the procedure of reconstruction modelling, the utilisation of each hierarchal step provides
boundary conditions for the next sten. In other words, additional spatic-temporal constraints are
progressively added to an existing framework of larger scale and more robust constraints, The
consistestcy of the kinemalic model with regional geological features is constantly veritied, resulting

in ongoing revisions and refinements of inaccurate or inadequate assumptions.

2.4. First-order constraints: the motion of major plates

2.4.1. Reconstruction of magnetic isochroas

'The most robust kinematic criterion used to define plale motions is based on the reconstruction of
magnetic isochrons and fracture zones. Pairs of magnetic anomalies of similar ages (isochrons) and
fracturc zones can be defined on both sides of oceanic spreading ridges. and their fitting back together
shows the geometric configuration for the time #t which the anomalies were formed (Pitman and
Talwani, 1972 Dewey et ul., 1973} (Figure 2.3). This procedure resulis in a series of {inite rotations,
which define the relative motion of plates on both sides of a spreading ridge. Direct application
of this method can only describe the ielative motions of diverging plates. In convergent margins.
relative (convergence) motion can be calculated by a plate circuit technique using the motion of the
converging plaics relative to a third plate (e.g. Dewey et al.. 1989; Rosenbaum et al,, 2002a).

Application of the above method has been useful for determining motions of continenis that
have a passive margin boundary adjacent to oceanic crust with well-defined magnetic isochrons. For
example, reconstruction of mnagnetic isochrens provides a framework for the implied plate motions
around the Atlantic Ocean (e.g. Africa, ILeria. Europe, Greenland, North America; Figure 2.3).

In summary, motions inferred from reconstruction of maguetic isochrons can be used as boundary
conditions while reconstructing orogenic belts. However, other criteria are required to constrain the

motions of smaller microplates.

2.4.2. Plate motions relative to hotspots

The existence of linear chains of progressively younger volcanics corresponds to the motion of
tectonic plates over an underlying mantle plume. Plate motions relative to a hotspot frame of reference
can be calculated if hotspots are assumed to be fixed with respect to the deep mantle (Morgan, 1971).
Evidence for relative niciious between hotpots (Steinberger and O’ Connell, 1998) indicates that the
fixed-hotspot hypothesis is inaccurate. However, Global plate kinematic models that are based on
hotspot track analysis are generally consistent with models that are based on magnetic anomalies
(€.g. Morgan. {983; Duncan and Richards. 1991; Miiller e1 al.. 1993), showing that movements of
hotspots relative to each other are refatively smali.

A major disadvantage using hetspot tracks in Kinematic models is the fact that they are best
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preserved as submarine volcanoes in the oceans whereas trucks on the continents are seldom
recognised. Thus. continental volcanism is of a linie help in reconstructing plate motions and the few
authors attempting 1o do so had to incorporate into their models additional kinematic constraints from
oceanic hotspois (Garfunkel. 1992 Lawver and Miiller. 1994). Furthermore, hotspot track analysis
usually does not constrain the relative motions ol converging plates. because this would require
independent constraints for the motion of each plate relative to hotspots. In the case of Africa and
Europe. for example, the existence of hotspot tracks on the African plate can be used 10 determine
the relative motion of Africa with respect to hotspots (Morgan, 1983: O'Connor and Duncan, 1990;
O’Connor et al.. 1999; Rosenbaum et al., in review), but with the absence of hotspot sracks in Europe,
the motion of Africa with respect to Europe cannot be independently determined.

In conclusion, kinematic parameters derived from hoispot track analysis can be used in
conjunction with other technigues to infer plute motions. In most cases, however, hotspot analysis

cannot independently constrain the motion of plates in convergent margins,

2.4.3. Palaeolatitudes and APVP

The application of palacomagnetic techniques as first-order kinen:atic constraints is commonly
nsed in Precambrian and Paleozoic reconstruction models (e.g. Torsvik et al., 1996; Meert, 2003).
In such models. magnetic isochrons or oceanic hotspot tracks cannot be taken into account, because
these features are only recognised in existing oceans. which are usually yousiger than ~200 Ma.
Theretore, palueomagnetic data are the most robust constraints for large-scale horizontal motions
of the continents pricr to the Mesozoic. In Mesozoie and Cenpzoic reconstructions, patacomagnetic
constraints are rarely used as first-order constraints because of their large crrors and unceriainties in
comparisonr with available data derived from the reconstruction of magnetic isochrons (e.g. Besse
and Courullot, 1991}, Another disadvantage of palacomuguetic data is that they can only provide
constraints on latitudinal displaccments and cannot account tor changes n longitudes,

Plate motions can be inferred frrin the Apparem Pelar Wander Path (APWP), which is a plot of

sequential positions of poles from a particular cowineni. representing the appasent motion of the

rotation axis with respect to the cominent of observation (Butler, 1992). Based on a similar APWP,
for example. it has been suggesied that Adsia (the continental mass separating Africa and Europe in
the central Mediterranean) has been atiached to Africa at least since the early Mesozoic (Channell et
al.. 1979; Mutoni et ai., 2001,

_The measurement of palacomagnetic inclinations. when corrected for the effect of tilting. can
provide evidence for the latitude in which magnetic properties were acquired in a particular rock
(patacolaitudes), This approach can be used in tectonic reconstructions and is particutar!y poweriul
while reconstructing northward motions of Gosdwana terranes in Peri-Tethyan domains (e.g. Adria,
Anatolia. Iran, Afghanistan, etc). Palacolatitudes are supposedly related 10 absolute latitudinal

displacements. which can be compared with motions caleulated from hotspot track aralyxis. These
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two independent datasets can be used to test the consistency of kinematic models (sec Chapter 4).
Inferred palaolatitudes, however, are subjected to large errors (typically of 5-10°), because each

degrec of uncertainty in the measurement of the inclination results in approximately 0.5° of
uncettainty in the palacolatitude,

Figuvre 2.3, First order constraints on the motions of Africa (AF), North America {NA), Europe
(EU) and Tberia (IB) as calcuinted from the reconstruction of magnetic isochrons in the Atlantic
Ocen. {a) Recognised magnetic isochrons in the central part of the Atlantic Ocean (after Cande
et al.. 1989) {courtesy of R. Sutherland for providing the digita) dataset); (b} Plate reconstruciion
ar 118 Ma based on fitting of magnetic isochrons prior to the Cretaceous Normal Superchron, (c)
Rowtional pusameters (latirudes and longitudes of Euler poles and rotational angles) determined
from the reconstruction at 118 Ma.
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2.5. Second-order constraints: minor plates anc ocean basins

As mentioned above, the existence of well-defined magnetic isochrons in ocean basins provides
robust constraints for calculating plate motions. This method can occasionaily be used also for the
motion of minor plates, as in the example of the motion of the Iberian microplate relative to Africa
and Europe, which is calcuduted from magnetic isochrons in the Adantic Ocean (Rosenbaum et
al.. 200za) (Figure 2.3). However, this method cannot provide a framework for the motions of
independent microplates throughout the Mediterranean region. There arc ocean.ic domains with no
recognised magnetic anomalies (e.g. the lonian Sea; Rosenbaum et al,, in review) or extensional
basins that are floored by thinned continental lithosphere. There are also numerous oceanic domains
that have been consumed during orogenesis and are presently exposed as ophiolitic complexes in
the Alpine-Mediterranean region (Stampfli et al., 1998; Stampfli, 2000). The history of extension
and opening of such basins (oceanic or continental) is the basis for the construction of second order
constraints.

An example of second-order constraints is the rotational parameters for tiie motion of the
Corsica-Sardinia microplate with respect to Europe (Figure 2.4). This microplate underwent an
independent motion with respect to Europe during the opeiiing of the wedge shaped Ligurian Sea.

which separates Corsica and Sardinia from the southern margin of Europe. Therefore, constraints
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Figure 2.4, The determination of sccond-order constraints on ihe basis of the opening history

of a small Lack-arc basin {the Ligunan Sea). {a) The present location, of Corsica and Sardinia.
* (b) Early Miocene {23 Ma) reconstruction. The rcsulting rotationat parameters for the niotion of
Corsica and Sardinia with respect to Europe (latitude 45.1°N; longitude 10.7°E; angle 30°CCW)

are confirmed by palacomagnetic results (see te i),

e
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on the opening of the Ligurian Sca can be rendered into second-order constraints on the motion of
the Corsica-Sardinia microplate. There are various dala svitrces that can be used to reconstruct the
opering history of the Ligurian Sea; for example: (1) the structurs of the passive margins (e.g. Rollet
et al., 2002): (2) the spatio-temporal distribution of syn-tift sediments {¢.g. Rehault et al.. 1985);
and (3) the sense of tectonic transport indicated by extensional structures {e.2. Jolivet et al., 1998).
Bascd on these data, it is suggested that extensional tectonism commenced in the Ligurian Sea during
the Oligocene (~30 Ma). and was associated with tectonic transport towards the sowtheast (Jolivet
et al.. 1998}. In addition. palacomagietic evidence suggests that Corsica and Sardinia underwvent
~30° of counerclockwise rotation in the time span between 22-16 Ma (Speranza et al.. 2002). The
incorporation of all these data together provides a relatively robust constraint for the position of
Corsica and Sardinia during the Oligocene and the kinematics of the openiny of the Ligurian Sea
(Figure 2.4}, The motion of Corsica and Sardinia relative to Europe can accordingly be defined by 2
Euler pole of rotation located in the Ligurian coast (45.1'N/10.7°E).

Spatio-temporal constraints related to the history of consamed ccean basins are more difticult
to obtain and are subjected to large uncertainties. Consumed ocean basins are commonly preserved
within orogenic belts, and are marked on the basis of the following features: (1) occurrences of
ophiolitic complexes: (2) sedimentological evidence for the existence of deep-sea basins: (3)
evidence for extensional structures relaled to rifting: and (4) the géochemical signature of basalts
(e.g. Collins, 2002). In Figure 2.5, 1 present an example for the opening of the now-consumed
Liguride Ocean, which existed in the western Mediterranean region during the Mesozoic and Early

Tertiary and is presently exposed in Gphiolitic complexes. In the example shown, the opening of this

(a) 175 Ma

Figure 2.5, Constraints for the opening of the Liguride Ocean during the Jurassic based on the

relative motions of lberia (IB), Africa (AF) (including Adriad, Burope (EU) ind North America
(NA) (after Rosenbaum et al.. 2002a). (a) Middle Jurassic (175 Ma) rcconstmuction; (b) Late

Jurassic (154 Ma) reconstruction. The geometry of the Liguride Occean (shaded) is implied from

the new arca formed in the boundaries of AF-EU and AF-1B.
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Middle Jurassic to Early Cretaceous ocean basin has been implied from the relative motions of North

America. Africa (including an Adriatic promontory). Ibetia and Europe (Rosenbaum et al.. 2002a).

2.6. Third-order constraints: continental blocks and allochthonous

terranes

Orogenic belts commonly consist of a collage of continental fragments, fragments of volcanic
arcs or fragments of oceanic plateaux that have been accreted during orogenesis (Howell, 1995).
In many cases. these fragments underwent large degrees of horizontal displacements prior to their
accretion (hence the term allochthonous terranesy. Thus, the challenge of tectonic reconstructions is
(o identify correlative terranes and to obtain adequate kinematic constraints with regard to the degte2
of their displacement.

Accreted terranes are separated {rom adjoining terranes by faulis (or sutuses) and are usually
jdentified by a distinct tectonic, sedimentary. n:agmatic or metamorpltic evolution with respect
to the surrounding rocks. In the recomstruction process, correlative terranes are reconstructed
using trial-and-error experiments with the aim to reconcite the unique geological properties of the
accreted terranes with available kinematic evidence from structural geology. palagomagnetism or
paleontology (for latitudinal changes). |

An example for accreted terranes in the western Mediterranean region is shown in Figure 2.6.
These accreted terranes. v aich consist of parts of the Rif-Betic belt. the Kabylies massifs, Calabria
and northeast Corsica. a= now found in discrete localities throughout the western Mediterraneun
region. However, terrane analysis (e.g. Cohen. 1980; Rosenbaum et al.. 2002b) suggests a common
origin for al! these terranes. which was associated with a contiguous Oligocene NE-SW-striking
orogenic belt (Figure 2.6b).

The reconstruction of this Oligocene orogenic belt is consistent with third-order palacomagnetic
constraints (see also Chapter 5). These palacomagnetic data do not provide sufficient information with
regard to absolute displacements, but show significant evidence for post-Oligocene block rotations
around vertical axes (Figure 2.6a). These rotations are counierclockwise in Corsica-Sardinia, the
Betic cordillera. and the Apennines. and clockwise in Calabria, Sicily. the Balearic Islands and the

Rif Moumains of northwes: Africa (Rosenbaum et al.. 2002b, and references therein).

2.7. Fourth-order constraints: subduction systems

As discussed earlier (in section 2.2), subduction zones are mobile elements tha tend to move (or
rollbuck) toward tie opposite direction of the dip of the subducting stab (Figure 2.1). Such fateral
variations through time in the location of subduction zones can be traced by the spatial and temporal
distribution of calc-alkaline magmatism, because subduciior: processes commonly generate these

magmas. Furthermore, the polarity of subduction zones (i.e. the dip of subduction) can be inferred
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Figure 2.6. (2} Third-order constraints in the western Mediterranean region bised on terrane
analysis and palacomagnetic block rotations. Shaded arcas indicate aflochthonous terranes with
evidence for pre-Oligocene Alpine orogeny. (b) Reconstruction of the western Mediterranean
alloctithorous terranes hascd on third-order constraints showing an Oligacene NE-SW-striking
arogenic belt (2fter Rosenbaum ¢ al., 2002b). Ca, Calabria: Co, Corsica: iB, Internal Betic: IR,

lnternal Rift PR, Potite Kabylic: GK, Petite Kabylic.

irom the geochemical zoning of contemporaneous magmatism, with an increasing amount of alkaline
composition further away from the subduction system (Keith, 1978).

In the western Meditersanean region. the spatio-temporal distribution of calc-alkaline magmatism
shows radial outward younging of arc magmatism since the Oligocens (see Chapter 5). This evidence
suggests roliback of a narthwest-dipping subduction zone.

Scismic tomography has also been used to locate remnant subduction systems and to test
reconstruction models {e.g. Bunge and Grand. 2000: Wortel and Spakman, 2000; Hall and Spakman,
2002; Rosenbaum and Lister, in review-b). The method is based on the assumption that subducted
lithospheric slab is colder than the surrounding asthenosphere (McKenzie, 1970). and therefore
subject to fasier P- and S-wave velocities. These properties are taken into account in 3D tomographic
models that show images of active subduction systems and remnant lithospheric slabs, Such images
provide an admissibility check to tectonic reconstructions and can be compared with predicted
kinematic and geodynamic features (see Chapters 6 and 7).

2.8. Conclusions

In this chapter, 1 have discussed various spatio-temporal constraints that can be used to reconstruct
the tectonic evolution of orogenic belts. These constraints range from first-order constraints that are
associated with the motion of major plates to lower-order constraints related to the opening of small
back-are basins, the motions of allochthonous terranes and the mobility of subduction systems. The

evaluation of spatio-iemporal constiaints integrates various data sources and results in relutively
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realistic reconstructior models that are consistent with geological and geophysical data.

Oune of the most important aspects of this method is the ability to permit independent horizontal
motions of numerous conimental terranes in the recoustruction model. The reconstruction is noi
based only on plate tectonic rales with regard to the motion of major rigid plates. Furthermore, fixed
positions ol subduction systems are not assumed. This approach provides the means to uccount for
the complex tectonic interactions that take place during the ¢volution of convergent plate margins.

The chapter iHlustrated several examples for the utilisation of spatio-temporal constraints and
described the hierarchical structure of the reconstruction method that is used in the forthcoming
chapters to reconstruct teclonic processes in the western Mediterranean region. Adequate spatio-

temporal constraints from multi-disciplinary data sources provide a systematic approach for

reconstructing the tectonic evolution of complex zones. This approach increases the resolution of

tectonic reconstructions and provides insights into the occurrences and the effects of particular

cvents, such as slab tearing, stab segmentation and formaticn of cusps it subduction systems.




CHAPTER 3

RELATIVE MOTIONS OF AFRICA, IBERIA AND EURQOPE DURING
ALPINE OROGENY

Thea the Iberian Peninsula moved a little firther, one metre, two metres,
Justto test its strength. The ropes which served as evidence, strung from one
side to the other, as firemen do with vealls that develop cracks and threaten
to cave in, broke like ordinary strivg, some that were stronger uprooted the
trees and posis o which they were tied. Then there was a pause, a great
gust of air, like the first decp breathing of someone awakening, and the
mass of stone and earth, covered with cities, villages, vivers, woodlands,
Jactories, wild scrub, cuftivated fields, with all their inhabitants and
livestock, began to move, a ship drawing away from harbour and heading

onl 1o an wnknown sea one more.

José Saramago, The Stone Rafr (1986)

(transiated from Pornwguese by Giovanni Ponrtiero)
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FOREWORD: CHAPTER 3

This chapter provides constraints for large-scale plate motions during
Alpine orogeny. namely the motions of Africa, Theria and Europe. The
approach used here, inspired by the work of Dewey et al. (1989). is based on
catculating rotation parameters from the spreading history of the Northerr
Atlantic Ocean. The work benefited from discussions with Gordon Lister.
and the kinematic anaiysis was facilitated by the PlatyPlus software
package developed by Cecile Duboz and Gordon Lister. Eurlicr versions
of this chapter have been reviewed by Rob Van der Voo, Shiri Srivastava,
Wouter Schellart, Duve Giles and Mara Pavlidis. This chapter has been

sitghtly maodified. based on a paper published in Tectonophvsics®.

oy, —

* Rosenbinn, G.. Lister, (G.S. and Duboz, C., 2002, Relative motions of Africa, Iberia and Europe during
Alpine orogeny. Teconoplivsics, 359: 117-129,




3. RELATIVE MOTIONS OF AFRICA, IBERIA AND EUROPE
DURING ALPINE OROGENY

Abstract

A revised Kinematic mode! for the motions of Alrica and Iheria reltive to Europe
sinee the Middle Jurassie is presented in order to provide boundary conditions for
Alpinc-Mediternmean reconstructions. These motions were calculated using up-
to-date Kinematic data predominantly bascd on magnetic isochrons in the Atlantic
Occan and published by various authors during the last 13 years, It is shown that
convergence of Alrica with respeet to Euwrope commenced during the Cretaceous
Normal Superchron (CNS). between chrons MO and 34 (120-83 Ma). This motion
was subjected to fluctuations in convergence rates chasacterised by two periods
ol relatively rapid convergence (during Late Cretaceous and Eocene-Oligocene
times) that altiernated with periods of slower convergence (during the Paleocene
and sinee the Early Miocence). Distinet changes in plate kinematics are recognised
in the motion of Iberia with respect to Europe, indicated by: (1) o Laic Jurassic~
Early Crctaceous teft-lateral strike-slip motion: (2) Late Crelaceous convergence:
(3) Palcacene quicscence: (<) a short periad of right-lateral strike-siip motion: and
(5) fina! Eocene-Oligocene convergence. Based on these results, it is speculated
that a collisiona! episode in the Alpine orogeny af ci. 65 Ma resulied in o dramatic
decrease in the relative plate motions and that a slower motion since the Early

Miocene promoted extension in the Mediterruncan back-are basins,

3.1. Introduction

The relacive motions of Africa. Theria and Europe have provided a kinematic framework for
numerous tectonic reconstiuctions of the Alpine-Mediterranean regionr (e.g. Smith, 1971; Dewey et
al., 1973; 1989: Biju-Duval et al.. 1977; Dercourt et al., 1986: Savostin e¢ al., 1986: Stampfli et al..
1998: Worunann et al., 2001). In these reconstructions, the motion of Africa with respect 1o Europe
is usually based on rotation parameiers (poles of rotation and rotation aisgles) as calculated, for
example. by Dewey et al. (1973 1989}, In the latter, convergence is cansidered to commence in the
Late Cretaceous and has been accominodated since by subduction processes. continental collision and
Bthospheric deformation. The accuracy of these data is extremely important in order 4o set boundary
conditions for future reconstructions, and it is the aim of this chapter to provide revised Kinematic

constraints for these motions based on a comprehensive list of up-to-date rotation parameters.

A e
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The opening of the Astantic Ocean at the expense of the disappearing Tethys Ocean was deduced
in early reconstructions based on the least-square fiting of continental platforms ucross the Atlantic
{Carey. 1958; Bullard el al.. 1965). Thesc reconstructions. however. anly provided constraints for
the positions of the plates prior io the opening of the Atlantic Ocean and could not provide & time-
dependent incremental path that described the relative motions of’ the surrouading plates. The latter
was made possible in the pioneering work of Pitman and Talwani (1972). who used {racture zones
and magnetic anomalics on both side of the Atlantic spreading ridge to reconstruct the Kinematic
evolution of the Atlantic Ocean. Their work provided sets of a limited number of poles of rotation
(Euler poles) and their finite rotation angles for the motions of Africa und Europe relative to North
America.

The occurrence of linear magnetic anomalies is limited to divergent plate boundaries where seq
floor spreading and formation of new oceanic ¢rust took place. Therefore. the motions of Africa
and Iberia with respect to Europe cannot be directly determined but are calculated instead by using
published or derived motions of Africa, Europe and Iberia with respect 1o Nonth America (Dewey
et al., 1973; 1989; Savostin et al., 1986; Mazzoli and Helman, 1994). With the emergence of new
data that better constrain the evolution of the Atlantic Ocean. these motions have been revised and
moditied (Srivastava and Roest, 1989; 1996: Lawver et al.. 1990; Srivastava et al., 1990a; 2000:
Roest and Stivastava, 1991: Roest et al., 1992: Srivastava and Verhoef, 1992; Torsvik et al.. 2001).
and it is therefore necessary to incorporate these additional daw in a revised kinematic model for the
relative motions of Africa, lberia and Europe.

This chapter presents revised rolation parameters for the motions of Africa and Ibevia with respect
to Europe. In the scope of this chapter, the complex kinematics of microplates within the Alpine
orogeny is not discussed. Rather, 1 aim to provide a (ramework for the implied motions around the
Mediterreaean as obtained from plate kinematics of the North Atlantic. These motions can provide

Kinematic boundary conditions for more detailed reconstructions of the Alpine-Mediterranean region.

3.2. Methodology

Kinematic analysis has been performed using PlatyPlus, @ software package developed at the
Australian Crustal Research Centre (School of Geosciences) af Monash University. PlatyPlus
provides an intcractive plationm for plate recoastruction by reading and applying motion files (with
either absolute or relutive motions) and by interpolating rotation parameters at any required slage.
PlatyPlus files are found in Appendix 1. and PlatyPlus movies related to the relative motions of the
plates in the Northern Atlantic Ocean are found in Appendix 2.

Kinematic data applied in this study have been derived from published rotation parameters
predominantly based on geometrical tits of linear magnetic anomalies and fracture zon=s {Klitgord
and Schouten, 1986; Srivastava and Roest. 1989: 1996; Lawver et al.. 1990: Miiller et al., 199();
Srivastava ey al., 1990a: 2000: Roest et al.. 1992 Royer et al.. 1992; Srivastava and Verhoel, 1992;
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Torsvik ct al., 2001} (Table 3.1). These data describe the resative motions of Evvope, Tberia and
Africa with respect to North America. Unfort aately. only o Yimited number of magnetic anomalies
are recognised in the Atlantic Ocean. No iniormation exists for anomalies younger than anomaly
5 (9.9 Ma) and the oldest recognised magnetic anomaly in the central Atfantic is M25 (154 Ma). A
significant problem arises from the existence of a quiet period with no magnetic reversals during
the Cretaceous Normal Superchron (CNES). between chron 34 (83 May) and ¢chron MO (120.2 Ma). In
Table 3.1. the only rotation parameters Irom this period are derived from extrapolation of the motion
of Europe with respect 10 North America at 92 Ma (the assumed age of the opesiing of Labrador
Sea) based on the rate of spreading between anomalies 31 and 34 (67-83 Ma) (Srivastava and Roest,
1989).

The motien of Africa and Iberia refative to Europe was calculated using a plate circuit analysis
with 2 flixed European coordinate system (Dewey et al.. 1973). For example. the rotation of Africa

relative to Europe at time ¢ can be expressed as:
.»\FROTEU(!) = :\FROTN.-\(") + Nr\ROTEL'(t)

Where ROT (1) is the rotational parameters (latitude, longitude and zagie) of plate A relative 0 B
at a given time,

Ages of magnetic anomalies taken here are the youngest ages (initiations) of the geomagnetic
chrons after Giadstein et al, (1994), Channell et al. (1995a), Cande and Kent (1995) and Huestis and
Acton {1997) (Table 3.2).

3.3. Motion of Africa with respect to Europe

Pales of rotation and rotation angles for the motion of Africa relative to Europe are sumniarised in
Table 3.3 along with rotation parameters derived from the models of Dewey et al. {1989) (for 170-25
Ma) and Mazzoli and Helman (1994) (for 25-0 Ma). This motion is also shown as trajectories and
convergence rates of sets of three points moving with Africa as a function of time (Figure 3.1).

The motion of Africa with respect to Europe during the Late Jurassic and Early Cretaceous is
characterised by lefi-lateral strike-slip motion (Figure 3.1a). According 10 our resuits. this motion
changed to refative convergence between chrons MO and 34, which is a fong period with no magnetic
reversals (Cretaceous Normal Superchron). Using these data alone. it is therefore not possible
to determine when convergence commenced. Dewey et al. (1989) suggested that convergence
commenced at 92 Ma based on Late Cretaccous ages obtained in early geochronological studies of
high-pressure rocks from the western Alps (Bocquet et al.. 1974). However, this assumption is rather
weakened by much younger (Cenozoic) ages of high-pressure metamorphism in the Alps reported
In more recent contributions {€.2. Duchéne et al., 1997: Gebauer et al., 1997; Rubatto and Hermann,
2001). Therefore. geological evidence from the western Alps is not considered in this model to

support Kinematic changes during the CNS.
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Table 3.1. Euler poles of votation and finite rotation angles as inferred fepun fifting of magnetic isochrons,

Magnetic anomaly 1 Ape (Ma}y | Latilude ] Longitude Rotation Reference
Alvica with respeci to North America
bt 2.9 8L12 3080 252 Miiller eral (199
b 9.2 31.07 56.51 -5 Srivastava et al. 1199%00)
i3 334 15.37 b2 104 Miilicr et al. (1990)
W 16.3 7530 -3.8% A523 Miiller ¢t al. (1290
M 5324 78.33 264 -16.91 Miilker et al (19900
235 859 TU.68 146 -IR.16 Miitker et al. (19900
i) 650 8200 494 L2076 Miidler et al. {19V}
kY| 67.7 8251 -0.63 200,96 Klitgord and Schouten (1986
3 na RE2S 215 -3287 Klitgord and Schouaien § 1980
I iyoung) 130 B0.76 <FL.70 =230 Klitgord and Schowern ¢ 1986}
ERETU Y 79.1 78.30 -18.358 S27.46 Raest et al. (19921
M 830 16.55 22073 =29 ot Klitgord and Schowien (J956)
Mo 1202 6004 S200 148 ~54.45 Srivastava et al. (199023
M4 1260 65.97 -19.43 50,03 Ruest el al, {1992y
Mo 130,07 63,95 -18.50) 5740 Klitgord and Schouten (19806)
Mit 131 66.14 -18.72 5803 Roest et al, (1992
Mlo 1379 66.24 -18,33 5971 Roest et al, (1992)
M2 6.7 66,24 -18.33 -6G2.44 Ruest et ab. (1997y
M25 1540 66.70 -15.85 64,90} Roest o1 al, {1992)
1700 67.02 -13a7 S7200 Klitgosd amdd Schoulen (19361
175.0 63.97 <12.76 276,44 Srivastavi ¢l al. {19900
Europe with respect to North America
5 949 65.38 133 58 244 Lawver eral. ([99h
6 19.2 68.92 136.74 -4.97 Lawver ot al, (1990
13 EXN: 65.64 13695 -1.51 Lawver et al, (19U
4 46,3 6 15 13540 -10.87 Srivastava and Roest (1996)
M 524 63.59 139.2% -12.8¢ Srivastava and Roest (1996)
it 559 63.14 141,66 1422 Srivastovi and Ruest (1949)
3 65.6 6484 143.94 -16.95 Srivastava and Roest (1989
Bl 79,1 66.17 147,74 -19.00 Srivastuna and Roest (1989)
M £3.0 66.54 148.91 -19.70 Srivastava and Roest (1984)
Labrador Sea 92 66.67 130.26 -20.37 Stivastava and Roest (19891
MO §20.2 69.67 154.26, 2317 Srivastava et al. (200
M25 134.0 64.03 15544 -23.20 Torsvik et al, (2001)
170 9.1 15670 2354 Rover et al. 11992y
174 7161 156,70 2527 TForsvik et al. 2001

Latitudes arnd Yongitudes ure in degrees with positive values 1or N and £

Reiation angles are in deprees with positive values for clockwise rotations,
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Table 3.1. Continued,

Mapnetic anciealy —l Age (Mai Jl.a(ilude . Longitude Rotation Relerence

Tberia with respect 10 North Amevica

5 99 65,38 133,58 244
L] 19.2 GBOG 138,20 -4.75
13 KXR | 76.34 H7.33 -7.9%
h 16.3 710 126.96 1108
24 1524 7298 133.28 -12.94
25 539 1329 133.88 -14.25
3 67.7 7496 135.34 -17.19
33 okh .0 B5.4¢9 FHO.28 -2241
RS R30 8718 57.43 -24.07
M0 120.2 071 -18.94 -58.11
825 1540 690 ~12.93 -6I45
175 65.72 -12.82 -66.32

Lawwver gt af, {190

Srivastova et al. (1990

Srivastiva el 4. (1990}

Srivastava ot al, { {199

Srivastava et ab. (195003

Svivastava et af, (19907)

Srivastava et ol. (199}

Srivastava o al. {19903}

Srivastwa 01 al. ( 19%90a)

Srivaxtova el al, (2HMY

Srivastava eval. (19490

Srivastava and Verhoe! {(1992)

Table 3.2, Ages of magnetic anomalies uscd in calculations of plate motions in this chapter,

Anomaly Age (Ma) Ref. Anomaly Age (Ma) | Reference
5 9.9 Huestis and Acton 1 1997 33 (oldy 9.1 Cande and Kent (1995}

o I Huestis und Acton (1997) 34 230 Cande and Kent (1943)
13 3.4 Huestis and Acton {1997) MO 120.2 Gradsicin et al. (1994)
2 46,3 Cunde and Kent ¢ 1943} MY =120, Channcil e1al. (19950
24 524 Cande and Kent (19951 Mo 1302 Gradstein ot al. (1990
25 359 Cande andt Keat (19953 M1 r3nd Gradstein et al, 11994)

an 63,0 Cande and Kent (1995) Mla 1379 Gradstein e al, (1994)

Rl 67.7 Comde and Kent {19953 Mis 1425 Gradsicin ¢1 al, {1994)
3 Tt Cande and Kent (1993) M2i 146.7 Gradstein et al, (1994)
Fyoungy [ 736 Cande and Kent (19935) pM2S 154.0 Gradstein et al. {1994)

Ages indicate the initiation of magnetic chrons.

A prominent feature recognised in Figure 3.1b is two periods of rapid convergence: between
chrons M0 and 31 (120-67 Ma). and between chrons 24 and 6 (52.4-19.2 Ma). These perinds are
terminated by rapid decreases in convergence rates. which are particularly evident at 67-65 Ma when
convergenve basically ceased for a period of 10-15 m.y. Convergence recommenced during chron
25 (~35 Ma) and seemed to reach its maximum rate during Eocene-Oligocene times. Subsequestly.

convergence has significantly decreased and remained relatively slow at least since chron 6 (19 Ma).
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Table 3.3. Euler poles for the motion of Alrica relative to Europe,
Fime (May | This study Dewey ot al. (1989) and Marzoli and Helman (1994
Laiunde Longitade Rutanion Latiwde Longiwde Rotation
5 -139 158.23 (.53 ERE! 163.4017 51
10 ~13.9¢ 15894 LW S35 1 164,83 L3
18 -14.77 162.89 £.52 -10.99 161.26 1.67
20 -17.27 164,31 213 -21.71 { 16241 244
25 D2 IR 161.90 357 -26.84 164,04 A06
30 27.24 161.41 504 2848 161.07 470
a5 8.8y 160,77 641 =202 15945 6.47
10 IR 16057 7.60 N7 161.52 7.0
15 -30.96 160.61 R.50 -33.9¢ 163.36 9.31
S0 -2 16071 9.61 -34.92 1163 1046
55 ] 2sa 161.90 10.39 331 165.32 1673
&) -28,73 163.02 1058 3243 166,98 10,97
65 -28.82 163.93 HLGH -31.75 168.71 121
This study o -29.70 163.75 11.87 -32.43 169,41 1143
120N Dewey et al. (1989)/ 78 -32.66 164.46 13.84 -33.67 169.43 1.9
Mazzoli and Helman (1654) 80 -35.02 165.10 1646 -34.37 168.77 [3.43
) B : - |85 236,88 166.30 19,35 -36.31 168,26 16.9%
90 <3868 167790 3256 -30.77 108.05 2877
B | - - : ) Y3 - 168,88 25.77 -11.29 168,60 34.39
80 |_SONGW L 3TNASTE s 32'NR4E P 100 41,03 169.89 28,99 -12.51 169.56 35.89
- T0se) 105 -41.85 170.77 a3 -33.62 7048 37.41
f= ] | 10 -42.51 [71.59 35.12 -44.65 170,36 38.95
E 40 Tews stw3y 1"ns 4309 17235 3795 45.59 172.20 4051
e 120 43,60 173.04 40.78 36,47 173.01 4207
3 E 125 -44.36 173.71 4265 -17.27 173,719 43,65
Loy gt 130 -44.94 174.58 43,78 -48.02 174.54 43.24
S 83882 85 3 8 135 -46.03 174,82 4525 -48.7 175.25 4683
Time (m.y) 140 -46.66 175.09 26.50 -39.36 175.95 48.44
145 4112 175,28 47.81 1 -49.96 176.61 5005
150 48,00 176.43 49.29 -50.53 177.26 51.67
155 48,99 177.90 50.9% 51006 17188 53.30
Figure 3.1. (a) Trajectories of threc points in Affica relative 1o fixed points in Europe (1, ,=30"N/ 160 1981 178,93 S3.00 51,56 17848 54.03
6'W: 1, =45°N6'W: 11 =37"NAS'E: 1, =45°N/IS°E; 111 =32°NR4°E: 11l =45°N/24°E) 163 -50.56 179.92 55.03 -52.02 179.06 56.57
plotted as a function of time. Stippled area indicates regions of Mesozoic and Cenozoic 120 -bjflﬁ 180.88 3707 -52.46 179.62 58.2}
deformation. (b) Calculated convergence rates of I, 1i and HI. Compared trajectories and V7 057 182.00 .82 -52.88 i30.06 59.86

1y Dewey ctal, (1989) for 175-25 Ma

convergence rates afier Dewey et al. (1989) and Mazzoli and Helman (1994) are also shown {)Mazzoli and Hebinan (1994 for 2540 Ma,

(Grey lines).
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3.4. Iberia

The motion of the Iberian microplate during the opening of the Atlantic Ocean has been previously
discussed by Srivastava el al. (1990a: 1990b) and Roest and Srivastava (1991). Here we presem
calculated rotation parameters for the motion of lberia refative to Europe (Table 3.4) and trajectories
of the motion of two points in Iberia relative (o tixed points in Europe (Figure 3.2). These results are

generally in agreement with the kinematic analysis described in Roest and Srivastava (1991).

Table 3.4. Rotation paramciers for the motion of 1beria relative to Europe

Anomaly Age (Ma) Latitede | Longitude | Rotation
) 99 0 0 0
6 19.2 77.93 3934 .24
13 KXW =320 166.79 K]
21 46.3 2383 IA7.12 .72
| 524 -1.60 157.88 2.0
25 359 <2HLT2 162,30 2.64
30 63.0 1295 165.77 102
K3 67.7 -16.45 167.49 ER[1
33 oldy 79.1 -37.17 169,00 £
M 83.0 -38.86 169 85 10.2%
920 4204 173.20 16.56
Mo 1202 4386 17417 4477
MI18 1425 -16.19 177.47 4591
M35 1540 4712 179.45 46.29
FAHLD -47.55 180.35 50162
175.0 ~16.80 F81.1 50.33

The reconstruction shows that during Middle Jurassic ~ Early Cretaceons (170-120) Ma) the plate
boundary between Iberia and Europe accommodated more than 200 km of left-fateral swrike-slip
motton (Figure 3.3a-d). This motion commenced during rifting of tberia from the Grand Banks.
prior lo the initiation of sea floor spreading in this region (see Srivastava and Verhoef, 1992). A
major change in plate kinematics occurrzd with the onset of sea floor spreading in the Bay of Biscay
sometime during the CNS (120-83 Ma). leading 1o left-lateral strike-slip motion in the Pyrenees and
approximately 115 km of convergence in more easterly parts of the ‘Greater’ Iberian microplate (e.g.
Sardinia and Corsica: Figure 3.3e). The relative motion of fberix and Europe changed to wholesale
convergence at chron 34 (83 Ma: Figure 3.3e.f), whereas after chron 31 Iberia siopped moving
with respect to Europe for a period of 10-15 m.y (undl chron 25; Figure 3.2). An independent
mation of Iberia resumed during the Eocene. identified by a right-lateral strike-slip motion with a
towal displacenient of 60-70 km during anomulies 24-2) (55-46 Ma; Figure 3.3g) followed by final

convergence until the Oligocene (see aiso Figure 3.3h; Roest and Srivastava, 1991).
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The above kinematic evolution of Iberia with respect to Europe is also supported by geological
evidence that implies left-lateral strike-slip displacement along the North Pyrencan Fault at least since
110 Ma (Montigny et al., 1986; Costa and Maluski, 1988) and a change to transpressional regime
at ca. 85 Ma (Puigdefabregas and Sonquet, 1986; De Jong, 1990). Soula et al. (1986) have reported
dextral offsets along oblique mylonites from the Pyrenees, which are found in Late Cretaceous
rocks and are unconformably overlain by Eocene rocks. This may suggest that right-lateral strike-
slip motion occurred in the time span between the Cretaceous and the Eocene as also implied from
my reconstruction. Geological evidence for the final stage of convergence in the Pyrenees is found
in raccessive Eocene to Early Oligocene thrust sheets and piggyback basins (e.g. Puigdefabregas
and Sonquet, 1986). Crusial balanced cross-sections in the Pyrenees show a decreasing amount
of shortening from east to west (Seguret and Daignieres, 1986) with at least 147 km of minimum
shortening in the central Pyrenees (Mufioz, 1992; Fitzperald et al., 1999). This is comparable to an
approximately 160-170 km of total convergence between Iberia and Europe since chron 34 calculated
for points located in the central Pyrenees (around longitude 1°E; Figure 3.2).

Convergences in the Pyrenees since anomaly 34:
144 km 166km 206 km

Figure 3.2. Trajectories of (wo points in Iberia relative to fixed points in Europe plotted as a
function of time (1, =43°N/2°W; L =45°N/2°W; 11, =42.5°N/3°E: 11, ;=45°N/3°E). Shaded area

and dashed lines indicates the amount of convergence in the Pyrenees since anomaly 34 (83 Ma).

3.5. Tectonic implications

Figure 3.3 shows a schematic tectonic reconstruction of the western Tethys using the above
motions of Africa and Iberia as well as additiona! information from Stampfli et al. (1998; 2001a).
In this reconstruction, Europe is fixed and the Adriatic plate is attached to Africa as implied from
palacomagnetic studies (e.g. Channell, 1996).




Chapter 3

Figure 3.3. Reconstruction of the western Tethys since Middle Jurassic using rotation parameters
for Africa, Iberia and Europe. Additional information on Alpine Tethys is partly moditied after
Stampfli et al. (1998; 2001a). Isochrons in the Atlantic Ocean are after Cande ef al, (1989)
(courtesy of R. Sutherland for providing the digital dataset) exeept of M1 off the Tberian und
the Grand Banks coasts, which is after Srivastava et al. {(2000). Shaded areas mark overlaps of
adjacent plates. Abbreviations are: Ad = Adria; Ap = Apulia; Br = Briangonnais; GB = Grand
Banks; Pi = Pindos; i = Sicily; Va = Valais.
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The reconstruction of the westertt Tethys shows g relatively good fit of the continents since
the Middie Jurassic using the revised kinematic constraints, This is particularly important for
the Adriatic promontory. which overlapped with southern France and eastern Spaint in earlier
reconstructions (compare figure 2 in Wortmann et al., 2001 with Figure 3.30). A minor overlap
exists between northern Adriatic terranes (Southern AJ ps and Sesia Zone) and eastern ‘Great’ Iberian
tertanes (Corsica, Sardinia, and Kabylies). This geometric problem was possibly a direct resull of
an assumption (which was not necessarily justitied) that these terranes had a rigid connection with
theria and Adria. The overlaps seen in the western margins of Iberia at 175 Ma (Figure 3.3a) can be
explained by the effect of syn-rift siretching prior 10 spreading in the northern Atlantic {Srivastava
and Verhoef, 1992),

The reconstsuction shows that the Kinematic constraints considered here are sufficient (o explain
the opening of the Liguride Ocean during iiic Laie Jurassic (Figure 3.3b.c). Nevertheless. using
these motions alone it is difficult 10 resolve the tectonic interactions between differcnt terranes in the
Alps (i.e. Briangonnais, Valais, Sesia-Lanzo Zone), which possibly acted as independent microplates

during Alpine orogeny.

3.6. Discussion

3.6.1. Contmencement of Alfrica-Europe con vergence

A key issue revisited in this chapter, previously discussed by Dewey et al. (] 989). considers when
convergence between Africa and Europe commenced. The daty suggest that this occurred sometime
betwezn chrons MO and 34. when (he motion of both Africa and Iberia with respect to Europe changed
from overall left-lateral strike-slip to convergence, However, the existence of a quiet magnetic period
attais time (the CNS) does not enable precise estimation of the age of the kinematic change. Dewey
et al. (1989) suggested a swerve in the plate motion at 92 Ma based on the assumption that a change
in the plate kinematics would mark the onset of Alpine deformation in Europe. Figure 3.1b shows

that this would have resulted in rapid convergence rates (in excess of 90 km/mvy. in the eastern

Mediterranean). but only during a relatively short period between 92-83 Ma.

The issue in respcet 10 Dewey et al’s (1989) interpretation concerns the timing of onsei of Alpine
coliision. As indicated. eclogites and blueschists from the western Alps. previously considered
to represent a Cenomanian-Turonian (100-90 Ma) metamorphic event. now reveal Cenozoic
metamorphic ages using various dating techniques (Duchéne e al.. 1997; Gebaver et al., 1997
Rubatto and Hermann, 2001). This evidence does not contradict the possibility that rocks in the
western Alps were also Subjected to high-pressure metamorphism in earlier times. There is simply
no agreement as to when these events took place. However, metamorphism may have occurred
as early as ~120 Ma (Paquette et al.. 1989: Moni¢ and Chopin, 199]) suggesting that subduction
and collisional processes 100k place earlier than previously thought. This may imply even earlier
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commencement of convergence between Africa and Europe.

The attlempt tocorrelate orogenic processes with motions of the far-field platesis furthercomplicated
i we consider the limits ol our current knowledge us to how orogens work. Recent reconstructions
of the Tethyan belt {e.g. Hall. 2002; Staunpfli and Borel. 2002) show the incorporation of a large
nuniber of continental ribbons (or allochthonous 1erranes) during orogenesis. Many of these terranes
functioned as independent microplates detached from their origin plates during back-arc extension
and subsequently drified and coRlided with adjaceni continents (Nur and Ben-Avraham. 1982). With
such interactions. shortening in the collisional belt can be fully compensated by exiension in the
vack-arc region. resulting in accretion of allochthonous terranes without convergence of the far-field
plates taking place. If this style of tectonism has occurred, it becomes difficult to use metamorphic
ages to infer the behuviour of the large-scale plate interactions. It is therefore concluded that timing
of the onset of convergence of Africa with respect to Europe remains poorly constrained.

The motion presented here for the period between chrons MO and 34 has been derived from linear
interpolation (except for a single point at 92 Ma that marks the opzning of Labrador Sea: Srivastava
and Roest. 1989). However. the validity of this interpelation can be doubted if a pirouette in plate
kinematics occurre . sometime during the CNS. 1 check this possibility by plotting the temporal
distribution of the Atrica-Europe Euler pole (Figure 3.4), which shows a continuous migration before
and after the CNS. If an abrupt change from overall strike-slip to convergence took place during the
CNS, 1 would expect to see these poles clustered in two groups. Nonetheless. the Euler pole gradually
migrated northward. 1 can therefore assume, despite the lack of data, that ongoing northward
migration of the Euler pole occurred during the CNS. 1t is therefore argued that such pironette from

overall strike-slip to convergence is unlikely and more smoothly varying trajectories are presented.

3.6.2. Fluctuation of piate motions

An interesting aspect of the motions described in this chapter is the fluctuation in convergence
rates through time. This is best emphasised between chrons 31 and 24 (67-55 Ma). in which
convergence of both Africa and Iberia virtually stopped for a period of {0-15 m.y. (Figure 3.1b and
Figure 3.2). In the latest Cretaceous (70-65 Ma), fragments of Gondwana were accreted against the
European margin. resulting in obduction of ophiolites over the Arabian margin (Dercourt et al., 1986)
and high-pressure metamorphism in the Sesia-Lanzo zone of the western Alps (Duchéne et ol., 1997:
Rubatto et al.. 1999). It is therefore possible that continental collision in Europe led (o a temporary
quiescence in plate motions fotlowed by plate reorganisation. Stmilar behaviour involving a dramatic
decrease in plate Kinematics has also been reported by Molnar and Tapponnier (1975} for the velocity
of the Indian plate following the India-Eurasia collision at ca. 50 Ma.

A second period of relativety slow convergence rates is recognised since the Early Miocene (~20
Ma), although the exact chronology of this velocity decrease is not very well resolved. Since the Late

Qligocenc (~30 My), large areas in the interface between Africa and Europe have been subjected to
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an extensional regime associated with the formation of back-arc basins in the Mediterrunean region
(e.g. Dewey et al.. 1973; 1989: Biju-Duval et al., 1977 Durand et al., 1999: Jolivet and Faccenna,
2000: Rosenbaum et al., 2002b). In the western Mediterrancan, panticularly rapid extension occurred
between 21-16 Ma (Sperarza et al., 2002). Royden (1993b) has shown that back-arc extension can
initiate by rollback of subduciion hinges combined with siower convergence rates that do not exceed
the rates of subduction roliback. Therefore. slower convergence rates can theoretically promote
back-arc extension (Northrup et al.. 1995 Joiivet and Faccenna. 2000). Accordingly. it is possible
that subduction rollback and buck-arc extension in the Mediterranean region commenced as a result

of slower convergence between Afticy and Europe.

Figure 3.4. Projection of Euler poles for the motion of Africa relative to Europe showing «
continuous and gradual migration of the Euler pole thiough time. CNS. Crelaceous Normal

Superchron

3.7. Conclusions

This chapter presented revised kinematic parameters for the mations of Africa and Iberia with
respect to Europe in order to provide boundary conditions for Alpine-Mediterranean reconstructions,

The following conclusions can be drawa from this study:
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1. Convergence of Africa with respect to Europe commenced during the CNS between chrons
MO and 34 (120-83 Ma).

2. Between chrons 31 and 24 (67-55 Ma). Africa and Iberia almost stopped moving relative to
Europe, possibly as a consequence of continental collision in the Alps at ca. 65 Ma.

3. The niotion of lberia relative o Europe has been characterised by alternation from left-
tateral strike-slip motion, overall convergence and right-laterad strike-slip motion.

4. Since the Early Miocene, a relatively stow convergence has been taking place between

Africa and Europe giving rise to wholesale extension in the Mediterranean back-arc basins.




CHAPTER 4

THE MESOZOIC AND CENOZOIC MOTION OF ADRIA:
CONSTRAINTS AND LIMITATIONS

Like criminal investigators, historical scientists collect evidence, consider

suspects, and follow leads.

Carol E, Cleland (2001)
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FOREWORD: CHAPTER 4

This chapter presents Kinematic analysis of Adria. which is the main
continental mass that separates Africa and Ewvrope in the central
Mediterranean. The ‘Adriatic problem™ ~ the question whether Adria
was an independent microplate or a promomntory of Africa - is crucial for
reconstructing the tectonic evolwtion of the Alpine-Mediterranean region.
It is therefore revisited here by means of systematic spatio-temporal
analysis. I thunk Gordon Lister for discussions on this topic. and Cecile
Duboz for her role in the development of the PlatyPlus sotiware package.
which facilitated the kinemitic analysis. The chapter also benefited
from discussions with Giova»ni Muttoni. Fabio Speranza and Antonio
Schettino. and from critical re «i2ws by Mike Raetz, Wouter Schellart and
Peter Betts. A slightly modifie! versien of this chapter has been submitted

to Geodinamica Acta and is currcily in review” ,

* Rosenbaum. G.. Lister. G.S. and Duboz. C.. The Mesozoic aud Cenozoic moiion of Adria (contral
Mediterrancan): constraints and limitations. Geodinamica Acta. in review,



4. THE MESQOZOIC AND CENOZOIC MOTION OF ADRIA:
CONSTRAINTS AND LIMITATIONS

Abstract

This chapter presents kinematic analysis on the motion of Adria. which is the
continental mass that bridges Africa and Europe in the ceniral Mediterrancan.
Palacomagnetic data show u general coherence between the motion of Adria
and Africa since the Late Paleozoic. This mutval motion, for the period between
120 Ma and the present. is verified by comparing inferred palucolatitudes from
relatively stable parts of Adria (Southem Alps, Hyblean Plmceau, Apulia, Gargano
and Isiria), and tatitudinal changes that are predicated by the motion of Africa with
Tespect to hotspots. Additional constraints on the motion of Adria are provided
from the Late Paleozoic-Early Mesozoie passive margin of Adria in the lonian
Sca. The seismic structure of the Hoor of the Tonian Sex is similar to the structure
of the occanic crust in marginal back-are basins, suggesting that it formed as a
small ocean basin, Furthemnore, the Tonian lithosphere in the Calabrisn arc has
been subjected to rapid roltback - a process that commonly occurs only when the
subducting slab consists of occanic lithosphere. This ocean marks the Permian-
Triassic to Jurassic plate boundury between Adria and Africa, suggesting a small
amount of independent motion between Adria and Africa at that time, {ollowed by

i cobicrent motion of Adrin and Africa since the Jurassic,

4.1, Introduction

Adria is the name given to a region of continental crust bridging the continental masses of
Afrtica and Europe in the central Mcditerranean (Suess. 1883, Channelt et zl.. 1979; Bosellini, 2002)
(Figure 4.1). The internal part of Adria, in the area of the present-day Adriatic Sea. consists of a rigid
and relatively undeformed continental crust (e,g. Anderson and Jackson, 1987a). Ouicrops of the
relatively stable and undeformed regions of Adria are exposed in pans of the Southern Alps, Apulia,
Gargano, Istria Peninsuta and the Hyblean Plateau (Figure 4.1). In contrast, the external parts of
Adria underwent intense deformation during Alpine orogeny resulting in the development of three
orogenic belts along the Adriatic margins: the Apennines, the Alps and the Dinarides-Albanides
(Figure 4.1). In this tectonic configuration, constraints on the motion of Adria are crucial for any

atlempt 10 reconstruct the kinematic evolution of the Alpine-Mediterranean region,
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During the last few decades the question as to whether Adria was a promontory of Africa, or
whether it moved as an independent microplate. have been addressed by numerous authors (Channell
et al.. 1979; Lowrie. 1986: Anderson, 1987; Platt et al.. 1989a: Van der Voo, 1993: Channell, 1996:
Stampfli and Mosar. 1999; Mele. 2001: Mutioni et al.. 2001: Wortmann et al.. 2001; Boseliini. 2002).
Palacomagnetic results were mostly interpreted as indicating a coherent motion between Adria and
Africa during the Late Paleozoic and the Mesozoic times (e.g. Channeli. 1996: Muttoni et al.. 2001).
However, there are still considerable uncertainties concerning the motion of Adria. particularly
since the Cretaceous. due (o the imprecise resolution of palacomagnetic dma (Channell. 1996). Such
sacertainties have resulicd in contradicting Kinentatic reconstructions of the Alpine-Mediterranean
regicn, in which Adria has been considered either as an African promontory (e.g. Wortmann et al.,
2001: Rosenbaum et al., 2002za), or as an independent microplate (e.g. Biju-Duvat et ol 1977:
Dercourt ef al.. 1986: 2000. Stampfli et al.. 1998).

The purpose of this chapter is 1o provide constraints on the motion of Adria based on geological,
seophysical and palacomagnetic data. This is done by (1) considering the significance and limitations
of palacomagnetic data: (2) comparing kinematic interpretitions derived from palacomagnetic data
with motions calcutated from analysis of hotspot tracks: and (3) constraining the tectonic evolution
of the Tonian Sea and its Adniatic passive margin. The analysis supports earlier suggestions that the

motion of Adria was roughly similar to the motion of the Alrican plate.

ﬁ 300 ki { Continental crust
[} Africa
Europe
Alpine orogen
[T] Adria

NN -~ Early Mesozoic

oceanic crust

EY ionian Sea

Late Cenozoic
back-arc basins

L s N - sl Qceanic
PRSI TSI Faiine. N § AP 7] Continental

SE 10°F 150 20°E 25°%

Figure 4.1. Tectonic map of Adria and its margins. Ap. Apulia, Ga. Gargano, Hy. Hyblean

Plateau; Is. Istria; SA. Southera Alps.
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4.2. Palacomagnetism of Adria

The luck of robust kinematic criteria (e.g2. magnetic isnchrons) on the Adriatic margins Jeaves
palaeomagnetism as the major source of information used to provide kinematic constraints on the
motion of Adria {e.g. Channell et al.. 1979; Channell, 1996: Mutioni et al.. 200}). This section
discusses relative rotations around vertical axes. the Adriatic Apparent Polar Wander Path (APWP)

and palaeolatitudes of Adria as inferred from paloeomagnetic inclinations.

4.2.1. Block rotations

Rotations around vertical axes, as inferred from palacomagnetic results, are presented in Figure
4.2, These rotations indicate possibie angular motions of stable parts of Adria with respect to Africa
(Figure 4.22), as well as the sense of block rowtions in the deformed murgins of Adria (Figure
4 2b).

ln carlier studies (e.g. Lowrie and Alvarez, 1974; 1975; VandenBerg. 1983). it was suggested thal
the whole Italian peninsula underwent an approximately 30-45° of counterclockiwise rotation since
the Cretaceous. These studies, however, were based on data derived from deformed nappe structures
within the Apennines which were themselves subjected to block rotations during deformation. In
subsequent reappraisals of palacomagnetic data (e.2. Lowrie. 1986; Chanaell et al.. 1992a) it has
been agreed that the relatively undeformed pants of Adria have not been significantly rotated with
respect 1o Africa (Figure 4.2). No rowations. or just small amounts of counterclockwise rotations, have
been interpreted from data from the Southern Alps and the Hyblean Plateau (Schult, 1973; Barberi et
al.. 1974; Channell and Tarling, 1975: Gregor et al.. 1975). However, results from Istria, Aputia and
Gargano indicate either counterclockwise rotations (VandenBerg. 1983; Marton and Nardi, 1994).
no rotations (Chanaell. 1977; Speranza and Kissel. 1993), or clockwise rotations (Tozzi et al.. 1988).
These contradicting resuits may be associated with Jocal deformation that nevertheless affected these
relatively undetormed parts of Adria (sce. for cxample. Bertotti et al., 1999).

In summary, most palacomagnetic data suggest little or no rotations of Adria with respect to
Africa during the Mesozoic and the Tertiary. In contrast, a pattern of block rotations is recognised
in the deformed margins of Adrta (Figure 4.2b). These are predominantly clockwise rotations in the
Dinarides-Albanides (e.g. Speranza et al.. 1995). counterclockwise rotations in the Apennines (e.g.
Scheepers et al., 1993; Scheepers and Langereis, 1994 Mutioni et at., 2000). and clockwise rotations
in Calabria and Sicily (e.p. Speranza et al.. 1999: 2000). These rotational patterns are associated with
tocal deformation in the fold-and-thrust belts, and their sense of motion may represent the direction
in which allochthonous terranes were emplaced onto the orogenic edifice at times of subduction

rollback and formation of back-are basins (Lonergan and White, 1997: Rosenbaum et al., 2002b),
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Figure 4.2, (a} Rotations of Adria with respect to Africa as inferred from palacomagnetic studics.
References are (1) Channell et al. (1992a); (2) VandenBerg & Wonders (1976): (3) Channell and
Tarling (1975); (3) Marton and Velojvic (1983): (5) Marton and D" Andrea (1992): (6) Marton
and Nardi (1994); (7) Tozzi et al. (1988); (8) VandenBerg (1983); (9) Speranza and Kissel
(1993): (10) Channell (1977): (11) Scheepers (1992): (12) Gregor et al, (1975); (13) Barberi ct
al. (1974): (14) Schult {1973} (15) Bessc et al, (1984). (b) Map showing the sensc of Cretaccous

0o Present block rotations in Adria and its margins.

4.2.2, Apparent Polar Wander Path (APWP)

The Adriatic APWP is made up of sequential positions of palacomagnetic poles from the relatively

stabie parts of Adria (Figure 4.3). The palacomagnetic poles from Adria are relatively scattered.
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resufling in a motion path which is subjected to large errors. Nevertheless. many of these poles still
overlap with the 95% confidence circles of the African APWP constructed by Resse and Courtiliot
(1991) (Figure 4.3). This zuggesis that the motion path of Adria was not significantly different from
the motion path of Africa since the Jurassic. Similarly, in Early Mesozoic data (Muitoni et al.. 2001),
a close coincidence of palacomagaetic poles from Adria and Africa is also recognised. suggesting that
Adria was an African promontory attached 1o the Alrican plate at least since the Permian (Channell,
1996; Muttoni =t al.. 2001).

180°
R S P

B Southemn Alps
0 Istria Peninsula al
A Hyblean Plateau o ‘ TS
A Apulia/Gargano

(f) LATE TERTIARY

(a)

(b) LATE JURASSIC " 1l(c) EARLY CRETACEOUS T

Figure 4.3, (2) Palacomagnetic poles from Adria (sce Table 4.1) and the African APWP (shaded
arcas) plotted with 95% confidence circles (afier Besse and Courtiliot, 1991}, Clusters of Adriatic
poles of different ages along with the relevant circles of the African APWP are shown in insets:
(b) Late Jurassic; (¢) Barly Cretaceous: ( Late Cretaccous; (¢) Early Tertiary: () Late Tertiary.
95% confidence circles of Adriatic poles have not been plotied in order to preserve readlability

of diagrams.




Table 4.1. Palacomagnctic results from relatively stable parts of Adria

Location 'Agc I lat Along l B l N l Dec l Inc [ KD l“"" ' Poie l(lp { dm l by, I 2, { Ak, I Relerence

Southern Alps _ _
Pelagic imestones 97-105 F46.0/120 B 148 . . 0.0 415292523 1 4 3 12158 . 179 | 245 | VandenBery & Wonders { [98()

Peizgic fimestoncs 63-97 4601126 18 | e 0.0 57.6/2367 | 3 53 2m . 7.1 1259 | VandenBerg & Wonders (19840
Pelagic limesiones 48-90 46.0/12.0 ‘ 50 ]340, 0.0 60.4/231 4 . 2 5.0 {219 [ Vaadenlferg & Wonders { 1980)
Pelagic limestenes £8-90 46.0/12.0 (i) R 6.0 62.9/226.6 | 3. . 24 f86 | 23.6 | VandenBery & Wonders (1980
Petagic limestones 27-89 46.0/12.0 b 15. 0.0 . 65.71226.7 | 5. 249 196 |21.1 VandenBerp & Wonders (19801
Pelagic limestones BG-R8 46.,0/12.0 1 3 i a0 . 6702326 | 6. 21 209 1189 | VandenBerg & Wonders {19804
Pelagic limestones 8387 46.412.60 . 0.0 I 7300 |7 303 23.6 ¥3.7 ] VundenBerg & Wonders (1980

Pelagic limesiones 79-83 J6.0/12.0 7. oe : T20/228.7 10, ng 3og |52 | VandenBerp & Wonders ( 1980
Vieentinian Alps limestines 78-90 45.8/11.9 : 344, 1304 . 66.4/229.6 | 4. . 25.9 286 | 199 | VandesBerpg & Wonders (1976)
Vicentinian Alps limestines §6-90 45.8/11.9 . 0.0 A3 (62772225 . 215 192 | 24.3 ] VandenBerg & Wonders (1976}
Vicentinian Alps limestines 85-87 4389 . (N 3 ] 65.7/228.7 . 25.2 203 1206 | VandenBery & Wonders (19761
Viceniinian Alps Jimestines 73-85 45.8/119 ) 0.0 . F0.42909 |4 . 316 2700 [ 142 ] VandenBerg & Wonders (1576}
Viccntinian Alps Himestines 152-135 | 45.8/1L.9 323.; (1.6} . 38 3/255.3 | L 268 245 | 190 ] VandenBerp & Wonders ¢ 1976)
Dalmnites 6{-§9 453113 X% 338 . 6-11,229.2 1 5.9 , 238 21.7 | ChanncH & Tarling (1975}

£ Aadoy

Delomiics 9097 455115 1. 24L5 69.5 Y| 54824406 L RCI I . 25.2 | Channell & Tarling (1975}
Scagliz Rossa fimestones 65-89 £6.0/12.0 46. 68.7 |3 63.4/220.2 {2, 207 243 | Channell et al. (1992w

Upper Maiolica limestones 124-135 ) 4601120 3. A3 . 515/2570 | 3. 224 236 | Channelt ctal. (1992a)
Ammonotice Rosso 'stones 146-155 | 46.0712.0 i . 8.1 . 3172633 16.5 _ 0.5 Chaanell et al. (1992a)
Basalts Priabona, NW haly 35.50 45.0/11.0 3330 0.0 75.0214.0 J08 14.2 | De Doer (1965)
Biochemic sediments, Schio [ 65-14% [ 45.0/11.0 3560 0.0 63.07200.0 244 | De Boer11965)
Marosuca basalts, NW haly 25-33 4504119 1844 0.0 86.07145.0 ) 129 De Bucr {1965}

1 Voicanics (Eupanci, Lossiniy | 35-56 45,5113 1699 LR . 63.71213.1 . g . . B Solfel 11978)

Vuleanics (Euganct, Lessini) | 23-35 453017 200.2 283 T0.275338 . . . Soffef (1978)
Ammonitice Rossu L'stone 1534-16) [ 45.8/11.0 9.8 226.6 { 4. 43972694 Chianrell et al, ¢199)a)
Muiolica Limestoncs 1EB-140 { 3504110 3162 48,9 41.82734 . 2 Channeli et ad. 119935b}

Cimson himestones & shales 1201129 | 464KI1T1.8 i [ 70 1 . 442573 . Channelt et al, [ 2000}

Tabie 4.1. Continued
Locadon l Age l fat ilang l 8 ' N ‘ Dec i inc l KD Iu‘“ } Pole l dp Tdm X, 1).,.‘ I A, [d?,, j_Rcfcrencc
Istria peninsola
Isicia fimestones [65-1a1 Jasonnao [ 19 [nio [3165 Jaes [ros [7.8 |s162725 [ed [wo]27s {318 208 [17.2 [ Maron & Veljovic11983)
Apulia and Gargano _
Calcari d Castro himesiones | 23-36 400185 (13 |87 1257 (506 {410 (60 l615n23r 154 181 (33 1372 1262 )83 Tozzi et al. (1938)
Pho-Pleisiocene Cla, . -3 4500165 | 1t | BRO { §79.0 { -55.7 [ 24000 { 3.0 1852020600 (31 [43 1362 394 333 4R Scheepers (1992)
Apulian limeslones ¥8-97 410163 |12 | 56 1270 |00 j420 167 p560n2610 |47 179 (228 |279 £8.2 122 | Murton & Naurdi ¢1994)
Scaghia fimestone. Gargano 65-90) 080648 |20 423 [327.7 |32 |00 43 {56,1/259.2 3.0 |51 215 [246 ] 186 | 203 | Vandenberg (1983)
Miolica limestone. Gargano 97-146 [ 418166 1 8 47 3n2o (410 jon .7 {49442740 [ 58 (100 (235 |30.3 7.5 8.3 Vandenberg (1983)
Limestones, Gargano 86-90 419160 J 1T J 114 F335.0 1378 (MY 165 Je05249.0 145 |77 1212 1268 | 169 | 207 | Chanacll {1977) _
Hyblean plateau ‘

Hvblean plateau voleunics 71-84 68047 )12 174 11736 [-312 (360 [74 (693223 (46 [83 [168 |ZE8 [124 | 200 | Grussoetal. (1983
Hyblean platean volcanics 71-84 36.8/14.7 152 1203 11673 |-276 220 143 6522250 126 [47 (146 173 122 {232 { Grassoel . {1983)

BLPY fi HOHOW NOZ0UID pUD HOTOSIW 1]

Hyblean platcas voleanics 3-10 37271049 { 1B | 112 | 3590 | 48.3 150 (94 {82.0/209 (8.1 p23]293 (383 220 |79 Grasso et al. (1983)

Hyblean pliicau volcanics 24 AEG |33 1249 13569 1396 {260 |50 (8593393 |57 175 (404 (465 351 332 ] Grassoclal. (1983

Cape Passero volcanics 70-90 36.9/15.0 119 [ 107 §167.0 | -220 [228 |70 |62§/2233 j40 [76 |14 156 | 2.6 25.3 | Schult(1973)

Trubd Formation (scdimenis) | 3-5 1374145 15 28 [ 3535 [ 540 1670 [ 4.5 184172605 [44 |63 345 392 1303 |26 Besse et al. {1984y R
Teliaro Formation (sed.} B-13 45 13 i7 1700 | -49.06 | 137.0 | 104 | 797245 87 [132]299 1398 220 (72 Besse et al. (1984}

Vizzini sxediments 42-50 JL4s |2 33 3520 1355 404 |23 | 7R22185 {05 A7 19.0 21.2 8.1 17.5 Besse etal. (1984

Basalts -3 37248 |10 | 84 A56.0 | 480 2410 1.0 . 81219 9.1 139 ] 29.0 38.7 21.3 8.2 Barberi et 21 {1974)

Cape Passero basaitic Dykes | 72.86 36.3/45.1 (R34 11650 | 60 (620 | 7.0 {63220 41 |76 {137 {180 {98 230 | Barberi ctal (1974)
Cape Passero igneous rocks 72.86 3350 127 |14 | 1670 [-230 | 280 53 |625224 i |56 {120 Vs [9a 24.7 | Barberi eral. (1974}

MuIbkei Volcanics 0-5 ITAN48 (19 [ 93 a0 §-500 128 53 | 73269 €2 1305308 1390 (240 (64 Grepor et al. (1975}
Cape Passero Yolcanics T12-86 BTASA 127 R4 167 | -230 380 |53 | 625024 30 58 (120 1531 9l 247 ] Gregor et al (1975
Cape Passero Volcanics 88-90 36.715.0 [ IS [ 83 162.9 | -350 225 93 ) 6236 50 192 1162 227 105 1205 | Gregoret al. (1975)

Comments: Age in Ma: kit = latitude: long = longitude: B = number of sites: N = number of samples: Dee = declinaion; Ine = Inclination; KD = precis = ruramcier: o,
= radius of the cone of 957% confidence: Pole = vinval geomagnetic pole: dp.dm = semiaxes of the 95% level of confidence ellipse (in degrees) for the voe |, geomagnetic
pole: X, = mean palacolmitude: 2.,- = maximum palocolatitude: 2, = minimum palacolatitude: A2, = difference between present-day latiude and palacotatitnde.
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4.2.3. Palaeolatitudes

fable 4.1 summarises palaeomagnetic data and calculated palaeelatitudes for rocks from the
relatively stable parts of Adria {Southern Alps, Istria Peninsula, Apulia, Gargano and the Hyblean
Platean). The changes between calculated palaeolatitudes and the present-day latitudes of the
sampling sites (A ) are ploued agrinst the uge of the rocks (Figure 4.4). This diagram provides a
quantified estimate for the latitudinal change of Adria since the Middle Mesozoic. It shows a general
northward migration of Adria through time that agrees with the overall northward motion of Africa
with respect to Europe. However, there are some anomalously Jarge latiludinal variations (in excess
of 20-30°) tnat correspond to 2000-3000 km of a northward motion. This appareni coptradiction may

be assessed independently by analysing the hotspot frame of reference for Africa.

20 40 60
) 1 1

Time (Ma)

Adria {palaeolatitudes)
©Q Southern Alps @ Apulia & Gargano @ Africa (hotspots)
© Hyblean Plateau @ Istria Peninsula

Figure 4.4. Diagram of latitudinal change (AX) versus time basvd on palacolatitudes from
the relatively stable parts of Adria. AA | is the difference between the present-day latitude of
a particolar site and its palacolatitude (sce Table 4.1). Also shown are latitudinal changes of a
point at 37°N/1 I°E that moves together with Africa in a hotpots {rame of reference (see text for

discussion).

4.3. Palacomagnetism and the motion of Africa relative to hotspots

The motion of Africa with respect to hotspots can provide independent censicaints on plate motions,
which may be conipared with data derived from palacomagnetic siudies (i.e. palaeolatitudes). The

existence of linear chains of progressively younger volcanics is considered (o result from the motion
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of lithospheric plates relative to an underlying mantie notspot. If these hotspots are assumed to be
stationary with respect to the mantle. the motton of a plate relative to hotspots may be considered as
an ‘absolute’ motion, Similar assumptions have been used in several plate kinematic models. which
are generally consistent with the kinematics known from the reconstruction of magnetic isochrons
(Duncan and Richards, 1991 Miiller et al.. 1993: Wung and Wang, 2001).

4.3.1. The motion of Africa relative to hotspots

Several studies of hotspot tracks on the African plate have been used to determine the motion
of Africa in a hotspot frame of reference (Morgan. 1983: O’Connor and Duncan, 1990: Garfunkel,
1992: O'Connor and Le Roex, 1992) (Figure 4.52). The most prominent linear recognised track is
the Tristan da Cunha — Walvis Ridge. which chows ongoing volcanism since 130 Ma (Morgan, 1983;
Miifler et al.. 1993). Hotspot tracks that are related 1o the motion of Africa are also the St Helena
ridge {O’Connor and Le Roex, 1992). the Réunion ridge (Miiller et al., 1993), and the continentai
volcanism of Darfur-Levart in northeastern Africa {Garfunkel. 1992). Other Late Cenozoic volcanic
centres thsoughout Africa (e.g.. Cape Verde, Afar) are not characterised by linear :racks. possibly,
because of a slower motion of the African plate since the Oligocene (Burke, 1996: O'Connor et al..
1999).

The movement of Africa relative to a hotspot frame of reference (Figure 4.5b) is based on kinematic
models of Fleitout etal. (1989). Duncan and Richards (1991). O’Connorand Le Roex (1992). Garfunkel
(1992) and Miiller et al. (1993). Rotational parameters that represent an average interpolation of the
published data are summarised in Table 4.2 (see also movie *Af_Eu_HS.mov’in Appendix 2). Results
show a generally northeasward motion of Africa, which became increasingly taster from 105 Ma to
8G Ma. A marked velocity decrease in the latest Cretaccous and the Paleocene (65-50 Ma) coincides
with a particuiarly slow relative motion of Al ca with respect to Europe at that time (Roscabaum et

al.. 2002a). The data show that a further velocity decrease occurred since 25-20 Ma (Figure 4.5b).

4.3.2. Palaeolatitudes vs. the motion of Africa with respect to hotspots

Latitudinal changes versus timie, as predicted from the motion of Africa withrespectto hotspots, are
plotted in Figure 4.4, These latitudinal changes were calculated by applying the rotationa) parameters
of Africa with respect 10 hotspots {Table 4.2) on a point located at 37°N/11°E. The resuits show thst
predicted changes in the latitudes of Africa are within the error limits of the Adriatic palaeolatitudes
{shaded area in Figure 4.4). Therefore, there ic no evidence for an independent motion of Adria with
re:épec-t to Africa. There are few anomalously low palaeolatitudes derived from the palaeomagnetic
data that may be associated with inclination errors or with an original (synsedimentary) shallowing
of remnant inclinations.

A similar phenomenon of unusually low palaeolatitudes has been reported in Cenozoic sediments
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from Central Asia. in which measurements of remnunt inclinations have shown values 20-30°
shallower than predicted (Chauvin et al., 1996: Gilder et ai.. 2001 Bazhenov and Mikelaichuk,
2002). These anomalous inclinations may not necessarily reflect true low palacolatitudes. but were
probably acquired during sedimentation (Gilder et al.. 2001). The elfect of inclination shallowing
1s comsidered to be smaller or even negligible in Mesozoic rocks (e.g. Bozhenov and Mikolaichuk,
2002). Indeed. the latitugdinal discrepancy, as shown in Figure 4.4, is diminished for ages older than
ci. 80 Ma, where predicted latitudinal changes from the hotspot frame of reference are consistent

with inferred palueolatitudes.
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Figure 4.5. () Distribution of hotspot-related volcanism {open circles) and heispot tracks (thick
lincs) on ihe African plate (after Burke, 1996). Unceriain tracks are indicated by dashed lines.
Numbeis indicate the age of volcanism in Ma (after Garfunkel. 1992: O'Connor aud Le Roex,

§992: Miiller et al.. 1993); (b) Motion of Africa in a hotspot frame of reference caleulated for a

point (at 20°N/10°E) that movas together with Africa. Velocities are caleulated relative 10 a fixed
point at 40°N/10°E.
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Table 2., Poles of rotation for the motion of Africa relative to hotspots,

Age (M) Latitude Longitude  Rotation Age (Ma) Latitnde Longitode Rotation
s 49.28 «43.32 RiRb Y 65 3448 -48.92 -14.23
10 49.20 -40.:49 -LYS L4 3500 -50.00 1542
15 46.87 4498 -3 »H Ies -5E.55 1095
20 45,52 -46.38 ~3.11 Ro GH -52.17 -18.60
15 41.94 -46.61 526 85 2938 -51.96 -20.04
10 39.57 16,75 6,43 o0 2874 -51.60 20
35 B4 4680 -1.65 95 2135 5078 2
10 3707 -36.45 -8.83 0 26.48 -50.07 -4
45 3646 -16,58 487 103 2642 39,50 <2516
sh 3597 -16.96 -10.83 11 26.37 -18.97 26,28
58 5.87 -47.14 <1173 115 20,59 -48.41 2703
Hh B3R 47,06 <1259 120 26,79 -47.8Y -28.39
4.4. The Ionian Sea

The southern margin of Adria in the Ionian Sea is the only margin of Adria that was not affected by
arogenic processes. Therefore, the geclogical evolution of this basin can potentially provide pristine
evidence on the geodynamic relationships of Adria and Africa. However, due to the depth of the
water (>3 km) and the thickuess of the sedimentary cover (6-8 km: De Voogd et al., 1992; Catalano
et al.. 20{1: Figure 4.6b). the basement of the lonian Sea has never been sampled. Therefore. it is
stilf & matter of debate whether the floor of ti.= lonian Sea consists of an oceanic crust (e.g. Dewey
et al., 1973: Biju-Duval et al.. 1977; Finctti. 1985; De Voogd et al., 1992; Stampfli and Mosar, 1999;
Dercourt et al.. 2000; Caalano et al., 2001) or a thinned continental lithosphere (e.g. Moreili, 1978
Farrugia and Panza. 1981 Calcagnile et af.. 1982: Boccaletti et al., 1984; Bosellini, 2002).

in the following section. | show that geophysical evidence, as well as the geodynamic context
of the Jonian Sea in the central Mediterranean. suggest the existence of oceanic lithosphere in this
region. If so. a divergence plate boundary between Adria and Africa existed as long as sea-floor

spreading took place. Accordingly. the possible age of this ocean is discussed.

4.4.1, Nature of the lonian crust

The Joniza crust, with a mean crustal thickness of 17-22 km (Papazachos and Comninakis, 1978;
Nicolich et al., 2000), is relatively thick in comparison with typical oceanic crust. However, seismic
velocittes indicate that approximately 30% of th-is crustal thickness is contributed by the sedimentary
cover (Finetti, 1985: De Voogd et al.. 1492; Catalano e1 al., 2001) (Figure 4.6b). The seismic layers
below the sedimentory cover show characteristic features of oceanic crust with seismic velociiies of
4.7-7.45 km/s (De Voogd et al., 1992) (Figure 4.6b). The thickness of these iayeré is approximately
8 km. which is a slightly thicker value relative to comparable seismic layers in a typical oceanic crust

(5-7 km; Keary and Vine, 1990). However, the crustal thickness in the lonian Sca resembles a typical
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model. The cross section shows characteristic velocities of aceanic crust below the sedimentary
caver (after De Voogd ct al., 1992). M, Messinian evaporates: PM, Pre-Messinian sediments. (¢)
Enlargement of the bathymetry {contoured every 40%) m) near southeast Sicily (alter De Voogd
ct al.. 1992) and an interpreted seismic rellection line across the Malta escarpment (Line MS 26

in Finciti (J985)). P, Permian: Tv, Triassic: 3, Jurassic: K. Cretaceous.,
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thickness of oceanic crust in marginal back-arc basins (e.g. Japan Sea: Lee et al., 1999), suggesting
that it may have formed as a back-arc basin adjacent to the African margin.

Further support for the existence of oceanic crust has been provided from interpreting the
transmission of regional waveforms as recorded by the Ttalian Scismic Network (Mele. 2001). These
data show that the regional shear phase (L) that typically propagates within continental crust, has
not been transmitted in the oceanic crust of the Ionian Sea (Mele. 2001). Extensional structures
recognised in seismic reflection profiles through Malia and Apulia escarpments (Figure 4.6a.c), may
reflect the conjugate passive margias of the lonian basin (Catalano et al., 2001).

Subduction of the lonian lithospher: is currently taking place in the Calabrian are (Caputo et al..
1972: Cristofolini e al., 1985) and the Hellenic arc (Le Pichon and Angelier, 1279) (Figure 4.6a).
In both arcs, the subduction hinges underwent rollback that resulted in the fermation of extensional
back-arc basins: the southern Tyrrhenian Sea in the2 Calabrian arc and the Aegean Sea in the Hellenic
Arc. The rollback of the lonian slab is particularly wes! studied in the Calabrian Arc. where rollback
in excess of 400-500 km has occurred since 5-6 Ma (Mah. verno and Ryan, 1986 Faccenna et al.,
1996: 2001a: 2001b: Carminati et al., 1998; Gvirtzman ard Nur, 1999; 2001; Wortel and Spakman,
2000). Such a rapid migration of the subduction hinge is considered by many authors to result from a
gravitational collapse of the subducting siab, driven by the negative buoyancy of the slab relative to
the asthenosphere (e.g. Elsasser, 1571; Dewey. 1980; Garfunkel et al.. 1986). Examples from nature
suggest that fast rollback occur when the subducting siab 1s made up of ocvanic lithosphere {e.g.
Molnar and Atwater, 1978; Uyeda and Kanamori. 1979; Jarrard. 1986). Jt is stress <) that subduction
of continental material is likely to decrease the negative buoyancy. and thus to impade suivluction

rollback. Therefore, the lithosphere of the Jonian Sea is most likely of an oceanic nature.

4.4.2. Age of the [onian crust

If the fonian Sea consists of oceanic lithosphere, when did sea floor spreading take place? Della
Vedova et al. (1989} have estimated an age of 180-200 Ma for the lonian crust based on the relatively
fow heat flow values (34 mW m™?) measured in the lonian abyssal plain. This age may correspond
1o the latest stage of spreading because it postdates a long history of deep-sea sedimentation in the
region, Deep-water pelagic sediments were deposited in western Sicily during the Permian and
the Triassic (Sosio Valley and Sicanian basin: Catalano et al., 1991) and from Middle Triassic to
Oligocene times in the Lagonegro Basin (southern Apennines: Figure 4.6a) {(Wood. 1981). The
subsidence pattern on the marains of the lonian Sea infers the existence of a deep basin from
at least sincé the Triassic (Stampfli and Mosar, 1999). Similar subsidence patterns are found in
other localities throughout the Neotethyan margins (i.e. Oman, Zagros. Levant etc). suggesting a

concomitant opening of a Permian-Triassic Ocean that stretched from central Asia to the Eastern

Mediterranean and the lonian Sea (Stampfli et al.. 2001b), This concept is supported by comparable

Permian deep-water faunas found in Sicily. Crete and on top of oceanic crust in Oman (Catalano et
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al., 1991). However, the timing of the transition from rifting to sprezding remains poorly constrained.
Stamp(li and Mosar (1999) and Stampfli et al (2001b) have propesed that spreading occurred during
the Pennian or the Triassic, suggesting that the lonian crust may be one of the oldest occurrences of
autochthonous oceanic crust,
The opening the Ionian Sea implies the existence of a divergence plate boundary between Adria
and Africa at that time, This means that a small amount of independent motion between Adria and
Africa must have occurred regardless of their general coberent motion inferred from palaeoinagnetic
da‘a. Finetti (1985) and Catalanc et al. (2001) have suggested that sea-floor spreading may have
continued during the Jurassic. No evidence for younger deformaticn is recognised in the lonian Sca &

and it ts assumied that spreading ceased sometime during the Jurassic,

4.5. Discussion

Constraints on the moticn of Adria imply no significant refative motion between Adria and Africa
since the last stage of opening in the Ionian Sea during the Jurassic. Sea-floor spreading of the
Jonian Sea took place sometime between the Late Permian and the Jurassic. and resulted in a small
relative motion between Adria und Africo that may not be rocognised within the ervor limits of the

palaeomagnetic results.
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Figure 4.7. Sunumary of geological events in the Mcditerranean region since the Late Permian
and their yclations with plate motions, Data on the Eastern Mediterranean are from Garfunkel

{1998). Time scale is after Remine et al, (2000).
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It has been noted that a geometric problem emerges when Adria is rotated back in lime from its
present position using rotational parameters for the motion of Africa and Yberia with respect to Europe
{e.g. Stampfli et at.. 1998: Stampili and Mosar. 1999; Wortmann e al.. 2001). The movement of Adria
and Africa as « rigid entity results in space problems in the Early-Middie Jurassic configuration, in
which Adria overlaps Iberia and southern Europe. In order to resolve this issue. Stampili et al. (1998)
have suggested a latera) northwestward dispiacement of southern Adria (Apulia) with respect to the

northern part of Adria during the Late Cretaceous. This requires the existence of a plate boundary

< I
lonan Sea

- O'N.

emerged land
f—— e
[ J Epicontinental

QOceanic

Figure 4.8, Schematic palacogeographic reconstruction of Adria during the (a) Triassic: (b)
Jurassic: and (c) Early Cretaceous. Plote kinematics is after Rosenbaum et al. (2002a) and
.palacogeogmphy is after Gaetani et al. (2000). Masse et al. (2000); Thierry et al. (2000). Stampfi
ct al. (20012) and Boscliini (2002), Ad. Adria: C. Corsica; LN. Lagonegro: Sa. Sardinia: Si.

Sicani: So, Sosio.
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within Adria, for which there is no geological evidence. However, Rosenbaum et al. (2002a) have
recently shown that the geometric problem of Adria during the Jurassic can be resolved simply
by using revised rotational parameters for the motions of Africa, Europe and Iberia, without the
necessity to assume a non-rigid behaviour of Adria or the independent motion of an Adriatic plate.

The main geologic events associated with the tectonic evolution of Adria and its surrounding
regions are summarised in Figure 4.7, and a schematic palaeogeographic reconstruction of Adria
during the Mesozoic is illustrated in Figure 4.8. In this veconstraction, the relative motions of Africa,
Europe and Iberia (after Rosenbaum et al.. 2002a) are recalculated from a hotspots frame of 1eference.
The reconstruction also shows the existence of a narrow Early Triassic deep-sea basin (Figure 4.8a)
in Sicily and in the southern Apennines, represented by the deep-sea sediments of Sosio/Sicani and
Lagonegro complexes. respectively, The basin in which these sedimeants were deposited marks the
westernmost termination of the Permian-Triassic lonian rift and the Neotethys Ocean (Catalano et
al., 1991; Stampfli et al.. 2001b). At least in this part of the Neotethys Ocean, the seismic structure
of the oceanic crust and the relatively large thickness of the oceanic layers suggest that sea-floor
spreading took place in & marginal back-arc basin. However, the geodynamic framework associated
with the opening of this back-arc basin is relatively unclear becauze there 15 no evidence for the
existence of a south-dipping subduction zone along the African margin that could be responsible for
rifting and back-arc extension in the overriding African plate.

Spreading in the lonian Sea was completed during the Jurassic (Figure 4.8b). At the sume time,
Triassic and Jurassic rift basins in Western Europe evolved inte ocean basins. The evolution of these
new oceans, the Central Atlantic Ocean and Alpine Tethys {also called Liguride Ocean). is relatively
well constrained by reconstruction of magnetic isochrons in the Atantic Ocean (Rosenbaum et al..
2002a).

During the Early Cretaceous (Figure 4.8¢). the opening of Alpine Tethvs was completed and
convergence between Africa and Europe gave rise to Alpine orogenesis. In several Mesozoic
reconstructions (e.g. Catalano et al., 2001; Faccenna et al., 2001b), the Ionian Sea has been shown to
be connected 10 the oceanic domains of the western Mediterranean region (i.e. Alpine Tethys/Liguride
Ocean) by an oceanic passage. This is not the case in our reconstruction. where the Early Mesozoic
lonian Sea is separated from the Jurassic Alpine Tethys/Liguride Ocean by a narrow continental
bridge. This is based on the evidence for contemporaneous occurrences of similar types of dinosaurs
in Apulia, Istria and Africa, which suggest migration over a Cretaceous fand bridge (Boscllini. 2002);
and the occurrence of Numidian flysch of Mid-Tertiary age both in Sicily and the southern Apennines
(Patacca et al., 1992), Nevertheless. the existence of a narrow (300-500 km) oceanic passage cannot
be ruled out. because the closure of such ocean would not necessarily be recognised with the currert

resolution of palacomagnetic data.

The Mesazvic and Cenozoic mation of Adria

4.6. Conclusions

Based on analysis of palacomagnetic, geophysical and geological data, the following can be
concluded:

*  Adria and Africa underwent a similar motion path since the Late Paleozoic. suggesting
that Adria was an African promontory during most of this period. This. however, does not preclude
the possibility that minor rotations occurred between Adria and Africa. as for example during the
opening of the lonian Sea. These relative motions cannot be distinguished within the resolution of
the data.

»  The opening of the lonian Sea took place from the Permian-Triassic to the Jurassic times. Its
oceanic nature is supported by geophysical evidence, and is consistent with the history of subduction
rollback in the Calabrian Arc. Therefore. as long as sea fioor spreading took pluce, the Tonian Sea was
a divergent plate boundary between Adria and Africa.

*  Geological and geophysical evidence suggests that the Ionian Sea ceased to finction as a
divergent plate boundary at least since the Jurassic. and since then Adria has again moved as an

African promontory attacited to the African plate.
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CHAPTER 5

RECONSTRUCTION OF THE TECTONIC EVOLUTION OF THE
WESTERN MEDITERRANEAN SINCE THE OLIGOCENE

That there was such a Tethyvs ~ an open seaway right Hirough 1o Australia
— is one of ihie most certain facts of palacogeography. Whar a complicated
business it is to reconstruct it from a tangle of trends and cross-trends all
the way from Spain to New Guinea. Yet, iy one makes the single induction
that the visible bends in the grear orogenic belis are impressed strains,

undo them, and there is the Tethvs, simple and entire!

S. Warren Carex, A Tecronic Approach to Continenral Drifi (§958)
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FOREWORD: CHAPTER §

This chapter presents a kinematic model of the tectonic evolution of

the western Mediterrancan since the Oligocene. The model emphasises
the role of subduction rollback in the western Mediterranean, and was
particularly imspired by the paper of Lonergan and White (1997) on the
Rif-Betic orogenic belt. Modeiling has been performed using the PlatyPlus
software package developed by Cecile Duboz and Gordon Lister at (he
Australian Crustal Research Centre. Cecile is also acknowledged for
providing technical assistance and support. The reconstruction model has
benefited from discussions with various people. including Gordon Lister.
Laurent Jolivet. Dov Avigad. Zvi Ben- Avraham, Ce'al Sengor. Maarien
Krabbendam, Wouler Schetlart. Peter Betts and David Giles. 1 also wish
to thank Robert Hall and Dov Avigad for reviewing the manuscript, Mara
Pavlidis for providing grammatical assistance and Megan Hough for
technical support. A slightly modified version of this chapter has been

published in the Journal of the Virtwal Explorer”.

* Rosenbaum, G.. Lister, G.S. and Duboz, C., 2002. Reconstruction of the tectonic evolation of the wester.
Mediterranean since the Oligocenc. Journal of the Virtual Explorer, 8. 107-130.
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5. RECONSTRUCTION OF THE TECTONIC EVOLUTION OF THE
WESTERN MEDITERRANEAN SINCE THE OLIGOCENE

Abstract

This chapter presents a tectonic synthesis of the tectonic cvolution of the western
Mediteiranean since the QOligocenc. This work is based on data derived from
diffesent geological datasets, such as structural geology, the distribution of
metamorphic rocks, magepatic activity, sedimentary patterns, palacomagnetic
data and geophysics. Reconstruction was performed using an interactive
software package (PlatyPlus), which enabled me to apply rotational motions
to numerous microplates and continental terrancs involved in the evolution of
the western Mediterranean basins, Boundary conditions are provided by the
relitive motions of Africa and Iberia with respect to Europe, and the Adriatic
plate is considered here as an African promontory. The reconstruction shows that
during Alpine orogenesis, a very wide zone in the interface between Africa and
Europe underwent extension. Extensional tectonics was governed by rollback of
subduction zones triggered by gravifational instability of old and dense oceanic
lithosphere. Back-arc extension occurred at the overriding plates as a resuit of
slow convergence rates combined with rapid subduction roliback. This mechanism
can account for the evolution of the majority of the post-Oligocene extensional
systems in the western Meditcrranean. Moreover, extension led Lo drifting and
rotations of continental terranes towards the retreating stabs in excess of 100-800
km. These terranes - Corsica, Sardinia, the Balearic Islands, the Kabylies blocks,
Calabria and the Rif-Betic - drifted as long as subduction rollback took place, and
were eventually accreted to the adjacent continents. It is concluded thar $arge-
scate horizontal motions associated with subduction roliback, back-arc extension
and accretion of allochthonous terranes played a fundamental role during Alpine

Orogenasis.

5.1, Introduction

The geologiéal evolution of the western Mediterraneun exhibits complicated interactions between
orogenic processes and widespread extensional tectonics. The region is located in a convergent plate
margin separating Africa and Europe, and consists of marine basins - the Alboran Sea, the Algerian-
Provengal Basin, the Valencia Trough, the Ligurian Sea and the Tyrrhenian Sea (Pigure 5.1) - which
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formed as back-arc basins since th2 Oligocene. The evolition of these basins, simultancously with
ongoing convergence of Africa with respect 10 Burape. has been the subject of numerous studies {e.g.
Stanley and Wezel, 1985; Durand et al., 1999). Witdespread extension associated with the formation
of these basins led 1o considerable thinning of the continental crust (i.e.. in the Alboran Sea and the
northern Tyrrhenizn) or to the local nitiation of sew Rorr spreading (i.c.. in the southern Tyrrhenian
and Provengad Basin). Furthermore, extensional tectonism in the western Mediterrancan was coeval
with orogenesis in the adjacent mountain chains of the Rif-Betic cordillera. the Maghrebides of
northern Africa and Sicily. the Apennines. the Alps and the Dinarides (Malinverno and Ryan. 1986
Crespo-Blanc et al., 1994: Tricar( et al., 1994: Cello et al., 1996: Azaiién et al.. 1997, Frizon de
Lamotte et al., 2000; Faccenna et al., 2001b) (Figure 5.1).

The simultancous formation of extensional basins together with thrusting and folding in adjacent
mounntain belts has led to several tectonic models that acknowledge the role of large-scale horizontal
motions associated with the retreat of the subduction trench (hereafter termed subduction roflback)
(Malinverno and Ryan. 1980: Royden, 1993b: Lonergan and White. 1997). These models provide
an explunation for the origin of allochthonous terranes, which drifted great distances to their present
locations (c.g.. Calabria). However. some issues are yet to be resolved and have been the subject of
considerable debate. Different models have been proposed to explain the evolution of the Alboran
Sea. namely, as a back-arc basin associated with a retresting slab (Lonergan and White, 1997), or as
the result of an extensional collapse of thickened lithospliere (Platt and Vissers. 1989: Houseman,
1496). The evolution of the Tyrrheniar Sea is also controversial with some fundamenzal problems in
the current explanations of the evolution of this basin.

In this work. | aim to develop a coherent visual reconstruction fhat will best cxplain the farge-scale
tectonics of the western Mediterrancan region.  use a wealth of accumulated knowledge as published
in the literature, as well as s new software package that provides the ability to perform an interactive
reconstruction. The reconstruction is presented as an animation, which clearly demonstrates some
fundamental fealures seen in convergent plate margins, It shows the complex interactions between
subduction processes. liorizontal extension. block rotations and accretion events, and it emphasises
the roles of subduction rollback and the episodic accretion of allochthonous terranes during

orogencesis.

5.2. Summary of previous works

Over the course of the last century. and particularly since the emergence of the modern theory
of plate tectonics. numerous studies have aimed to reconstruct the evolution of the Mediterranean
basins in the context of the Alpine orogeny. The main concepts used in these reconstructions (as
well a5 in the present study) correspond to continental drift. microplate rotations and migration
of subduction zones. They were introduced as early as 80 years ago in the outstanding tectonic

synthesis of Argand (1924) (Figure 5.2a). In an early atten:pt to reconstruct the tectonic evolution
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of the Mediterranean region. Carey (1958) demanstrated that the unbending of arcuate mountain
belts throughout the western Tethys yielded the reassembly of Spain. the Balearic Islands, Corsica,
Sardinia. Sicily and Raly in the northwestern margin of the Tethys Ocean (Figure 5.2b). Subsequent
reconstruction models have generally followed Carey 's ideas concerning the palaco-position of these
terranes {Smith. 1971; Alvarez et al., 1974: Bocealetti and Guazzone, 1974: Biju-Duval et al., 1977,
Cohen, 1980) (Figure 3.2¢.d). although the significance of the Cenozoic deformanion was not abways

recognised (e.g. Smith, 1974).

Atlas
- /\\/ /”-— J{?}\‘w

Y

D "~ Boccaletti & Guazzone, 1974

Figure 5.2. Examples of carlier reconstructions showing the western Mediterrancan prior to the
opening of Late Cenozoic extensional basins. (a) Argand (19.:24): (b) Carey (1938); (¢) Alvarez
et al. (1974); (d) Boccaletti apd Guazzone (1974). Ap = Apennines: Ba = Baleanic tslands; Be =

Betic; Ca = Calabria; Co = Corsica: Ka = Kabylies: Sa = Sardinia: Si = Sicily.

During the 1970s, it was suggested that the wesiern Medif ~r=roan basing are relatively late
tectonic features formed progressively since the Late Oligocene (Dewey et al., 1973: Alvarez
et al.. 1974: Biju-Duval et al.. 1977). This conclusion was sirongly supported b+ svidence of

Oligocene and Miocene extensional deformation and syn-rift deposits on the marging of the western
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Mediterrancan basins (e.g. Cherchi and Montadert, 1982: Rehault et a’., 1985; Bartrina et al., 1992,
and roav. hers). Thus, the western Mediterranean basins are essentially different from the Easteru
Mediterrancan, where the remnants of Mesozoic oceanic crust {Neotethys) are probably preserved
below the sediments {De Voogd et al.. 1992: Ben-Avraham et al.. 2002). Mesozaic oceanic crust is
not found on the floor of the wesiern Mediterranean basins, However, the existence of consumed
oceanic basins in this region is implied by reconstruction models {¢.4. Dercourt et al., 1986; Ricou
et al.. 1986) and by the occurrence of ophiofitic complexes within the adjucent fold-ana-thrust belts
(Ricou et al.. 1986: Knott, 1987).

The configuration of extensional bagins surrounded by continuous mountain belts has been
commoniy interpreted as the result of back-arc extension (Boccaletti and Guazz: o 1974; Biju-
Duval etal.. 1977: Cohen. 1980; Ricou et al.. 1986). In most reconstructions. it has been stressed that
back-arc extension led to drifting of continental blocks and to large-scale block rotations (Dewey
¢t ob, 1973 1989: Alvarez o al.. 1974; Biju-Duval et al.. 1977). Corsica and Sardinia underwent
counterclockwise rotations during the opening of the Ligurian Seu. whereas the opening of the
Valencia Trough was accompanied by clockwise rotations of the Balearic 1slands (Montigny et
al., 1981: Pares et al.. 1992). The Kabylies and the Caiabrian blocks. which had been deformed
ancd metamorphosed in the Alpine orogen. migrated to their present locations during the opening
of the Algero-Provengal Basin and the Tyrrheuian Sea. respectively (Alvarez et al., 1974 Cohen.
1980: Dewey et al.. 1989). Boccaletti and Guazzano (1974) have further suggested a southward and
eastward migration of subduction arcs during the formation of the western Mediterranean basirs.
Simitar ideas explained the existence of extensionz! back-arc basins in convergent margins (Dewey,
1980). 1n the western Mediterranean, it led to the recognition of subduction rollback as an important
driving mechanism in the tectonic evolution of the region (Rehault et al.. 1983; Malinvemno and
Ryan. 1986; Royden. 1993b: Lonergan and White. 1997).

The mechanism of subduction roliback has been discussed by Elsasser (1971}, Molnar and
Atwater (1978), Dewey (1980} and Royden (1993a: 1923b). These authors have suggested that
subduction rollback is the result of a negative buoyancy of the subducting slab relative to the
asthenosphere (Figure 5.3). obtained when the subducting stab is cold and dense. as in the case
of oceanic slabs older than ~50 Ma {Molnar and Arwater. 1978), 1t results in 2 vertical sinking of
the subducting lithosphere beneath the asthenosphere, which can lead to a regressive motion of~
the subduction hinge {leonergan and White, 1997) (Figure 5.3). As rollback occurs, it produces
potential vacant region, which can either be supported by convergence that matches or exceeds the
rates of the retreating hinge, or by back-arc extension u the overriding lithosphere (Royden, 1993a).
In the works of Rehuauh et al. (1985). Malinverno and Ryan (1986), Royden {1993b) and Lonergan
and Whitz (1997). the evolution of the western Mediterranean basins has been matnly attributed to
the rotlback of a NNW dipping subduction zone. The reconstruction shown here largely reflects ideas

previously prese~ted in these works,
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Hinge
ioliback

Asthenosphertic '
upwelling 4

Figare 5.3. Stmplified cross section showing tiie evolution of subduction rollback (modilied
after Lonergan and White, 1997). (a) P and R are two comperients of the vertical negative
buoyancy {F} of the subducting skab. If the subdncting slab is cold and dense. the component R

cannot be supported by the mantle asthenosphere, and the subduoetion zone is pulied backward,

(b) Formation of a back-arc extensional busin when the rate of subduciion rollback (Vr) exceeds

the rate of convergence (Ve).

5.3. The geology of the western Mediterranean ragion

in this section, T briefly discuss the main characteristics of geological terranes that were
incorporated in the post-Oligocene evolution of the western Mediterranean. Time relationships

between the difterent terranes are presented in Figure 5.4,

5.3.1. Ril-Betic cordillera

The mountains of the Betic in southern Spain and the Rif in northern Morocco surround the

Alboran Sea to form an arc shuped orogenic belt in the westernmost Mediterranean (Figure 5.5).

s This belt marks the western terminus of the Alpine orogen. The rocks of the Rif-Betic cordillera are
usually divided to three main zones: the Internal Zone. the External Zone and the Fiysch Zone. The

\E Internal Zone consists ¢f allochthonous Paleozoic 1o Early Miocene rocks. which were thrust onto
" the External Zone during the Miocene (Crespo-Blanc et al.. 1994; Crespo-Blanc and Campos, 2001).
Alpine deformation and metamorphism affected the Internal Zone during the Cretaceous and the
Tertiary, and crustal rocks were buricd to great depihs and underwent high-pressure metamorphism
(De Jong. 1990). The External Zone consists of Mesozoic to Tertiary rocks. which represent the
passive margin of Africa and lberia deforming during Alpine orogeny. The Flysch Zone mainly

consists of Early Cretaceous o Early Miocene deep marine clastic deposits (Wildi, 1983).
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Figure 5.4, Time-space diagram of the tectonic activity in the western Mediterraneun (time
scale after Palmer, 1983). Data compiled from Boccaletti et al. (1990}, Oldow et al. (1998), van
Dijk and Okkes (1991), Caby and Hammor {1992). Carmignant ¢t &l. (1994), Crespo-Blanc et
al. (1994}, Fercanti et al. (1996), Saudallah and Caby (1996), Azaiton ¢t al. (1997), Sowerbuus
{2000) and Crespo-Blanc and Campos (2001).
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Structurat and metamorphic relationships in the Rif-Betic cordillera, particularly from the Internal
Zone, show that several contractional and extensional episodes took place. The eacliest extension was
probably associated with rapid isothermal exhumation of high-pressure rocks in the Late Oligocene
- Early Miocene, and probably commesnced at ~30 Ma {Azaiién et al., 1997; Platt et al., 1998),
A few authors have demonstrated that coeval with crustal shortening in the Exiernal Zone, carlier
thrust faults in the Internal Zone were rejuvenated as extensional detachmeats (Azaiién et al., 1997,
Martinez-Martinez and Azaiién, 1997). Extension led to vertical thinning and isothermal exhumation
of high-pressure rocks now exposed beneath low-angle normal faults (Platt et al., 1983; Azaiién et
al., 1997; Balanyi et al., 1997). Furthermore, during the Early Neogene, a shab of diamond-bearing
mantle peridotites was exhumed and juxtaposed amidst crusial rocks of the Internal Zone (Van der
Val and Vissers, 1993), Radiometric dating of the high-pressure vocks suggests » rapid exhumation
during the Late Oligocene - Early Miocene (27-18 Ma) (Monié et al., 1994; Platt et al,, 1998).

External Zone

Intermal Zone

-g°

W Flysch Zone

| = Mantle
Peridotites
Volcanics

3 <7 Normal fauls
{ a2+ Thrust

1 190 km
N

Figure 5.5, Geological map of the Alboran Sea and the Rif-Betic cordillera, after Platt and
Vissers (1989),

The floor of the Alboran Sea consists of rocks that are similar to those found in the Rif-Betic
cordillera, and covered by Early Miocene syn-rift deposits and post-rift marine sediments (Comas
et al., 1992; Platt et al., 1998). it is therefore evident that the region was subjected 1o widespread
extension during the Middle Miocene that led to the formation of the Alboran Sea. However,
contemporaneously with extension in the Alboran Sea, thin-skinned thrusting and folding took piace
in the Externa! Zones of the Rif-Betic cordillera (Platt and Vissers, 1989; Platzman et al.. 1993:
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Crespo-Blanc and Campos, 2001). This deformation was accompanied by a considerable amount
of block rotations around vertical axes, with clockwise rotations in the Rif and counterclockwise
rotations in the Betic (Allerton et al,, 1993; Platzman et al., 1993; Lonergan and White, 1997).

5.3.2 The Maghrebides and Kabylies

The mountain chain of the Maghrebides in Northern Africa and in Sicily consists of a stack of
south-verging thrust shects that bridges the Apennines of ltaly with the Rif Mountains of Morocco
(Figure 5.1). Most rocks exposed in the Maghrebides are non-metamorphic sedimentary units of
Mesozoic to Early Miocene age deposited un the southern margin of the Tethys Ocean (Wildi, 1983),
The southern boundary of the Maghrebides is a low-angle thrust fault (the Tellian Front) that delimits
the Maghrebide nappes from autochthonous units of the Atlas chain (Wildi, 1983). More internal
zones of the orogen are found in northeen Algeria and Tunisia {Grand and Petite Kabylies), as well
as in a submerged fold-and-thrust belt between Sicily and Tunisia {Compagnont et al., 1989; Tricart
et al., 1994). These internal terranes originated in the Alpine orogen and were overthrust onto the
Maghrebides during the opening of the western Mediterranean basins (Cohen, 1980).

The Kabylies consist of a Hercynian basement and Mesozoic sediments, metamorphosed and
strongly deformed during Alpinc orogeny. Alpine metamorphism took place during the Cretaceous
and the Tertiary (Peucat and Bossiére, 1981; Monié et al, 1984; 1988; 1992; Cheilletz et al.,
1999), and involved metamorphism at high-pressure conditions. High-pressure rocks are presently
exposed in metamorphic core complexes, and are directly overlain by rocks that did not suffer
Alpine metamorphism (Caby and Hammor, 1992; Saadallab and Caby, 1996). Their exhumation
seems 10 be associated with horizontal extension accommodated along low-angle-normal faults
(Caby and Hammor, 1992; Saadallah and Caby, 1996). Deformation along these faults is usually
associated with flat lying foliations and mylonitic shear zones with top-to-the-NW sense of shear
(Caby and Hammor, 1992; Saadallah and Caby, 1996). Radiometric dating indicates that extensional
deformation probably occurred at 25-16 Ma (Monié et al., 1984; 1988; 1992),

Thrusting in the External Maghrebides commenced at the Farly/Middle Miocene and was
genesally directed southward and southeastward (Frizon de Lamotte et al., 2000, and references
therein). Since the Tortonian, the locus of major crustal shortening has migrated souchward until a

~400 km wide ares was structured as a fold-and thrust bel: (Tricart et al., 1994).

5.3.3. Corsica and Sardinia

The islands of Corsica and Sardinia consist of a Hercynian basement and a Mesozoic-Tertiary
cover which are overthrust (in northern Corsica) by slivers of Alpine origin (Mattauer et al., 1981)
(Figure 5.6). The Extersal units probably originated in the southern margin of Europe, and are
usuaily reconstructed to i position adjaceni to southern France or northeast Spain (Figure 5.2), The
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separation of these terrancs from Europe is attributed to the post-Oligocene rifting in the Gulf of
Lion and the opening of the Ligurian Sea, in which the islands underwent ~30° of counterclockwise
rotations {Montigny et al., 1981).

- Pliocane-Quaternary
sediments

Plio-Fleistocens
m basaits

Cligocsne-Miocene
BB caic-alkaline volcanics

=7 Oligocene-Miocene
1ift basing

Eocene sediments

Alpine units
#E8 COphidlites

) Horcynian basement
and Mes0ozoic cover

/ Normal fault

/ Thrust fault

Fipure 5.6, Geologicat map of Corsica and Sardinia. after Cherchi and Montadert (1982) and

Jolivet et al, (1990).

In the nappe stack of Alpine Corsica, high-pressure ophiolitic rocks ond non-metamorphic rocks
are overthrust on top of external (mainty granitic) units. Radiometric ages of the high-pressure rocks
in Alpine Corsica indicate that metamorphism took place during the Late Cretaceous and Tertiary
(Jolivet et al., 1998; Brunet et al., 2000, and references therein), at the same time when high-pressure
metamorphism occurred in the western Alps. Structural evidence shows that Alpine Corsica was
thrust over the Hercynian basement with a westward sense of movement and that these struciures
are overprinted by younger extensional structurcs with eastward sense of shear (Fournier et al,,
1991). Extensional deformation occurred at grecuschist-factes conditions and is lefined in localised
shear zones along extensional detachments (Foutnier et al,, 1991; Danicl et al., 1996), This style of

extension led to isothermal exhumation of the metamorphic core complex now preserved in northeast
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Corsica (Jolivet et al., 1990; Foumier et al., 1991). An age of ~32 Ma has been estimated as the
commencement of extensional deformation in Corsica (Brunet et al., 2000).

The island of Sardinia consists of a Hercynian basement and a Mesozoic 10 Eocene sedimentary
cover, overlain by syn- and post-rift sediments and volcanics (Cherchi and Montadert, 1982)
(Figure 5.6). The island is transected by a N-S-striking rift that forms a succession of tilted blocks
filled with Oligocene-Miocene continental to marine sediments (Cherchi and Montadert, 1982).
Rifting probably commenced in the middle Oligocene (~30 Ma), and 2t the end of the Oligocene
the trough was deep enough to allow invasion by sea (Cherchi and Montadert, 1982). The latest
syn-rift sediments are Aquitanian in age, indicating that rifting ceased at 23-24 Ma (Cherchi and
Montadert, 1982). A second phase of extension that postdates the formation of the Sardinian rift 1ook
place at mid-Aquitanian to early Burdigalian (23-20 Ma) (Sowerbutts. 2000). Letouzey et al. (1982)
have reported Burdigalian (21-17 Ma) NE-SW coatractional structures, which seemed to ocour
simultaneously with a third extensional phase associated with the reactivation of N to NNW trending
normal faults (Sowerbuits, 2000),

5.3.4. Calabria

The nappe-structured belt of Calabria, in the southernmost part of the Italian peninsuia and
the northeastern corner of Sicily, connects the Apennines and the Maghrebides (Figure 5.7).
The northern and the southern boundaries of the Calabrian block are major sirike-slip faults, the
sinistrat Sagiento Line and the dextral Taorina Line; their sensc of motion indicates that the whole
Calabrian block underwent eastern displacement relative to the Apennines and the Maghrebides
(Van Dijk and Scheepers, 1995). The rocks in Calabria are remarkably different from those in the
Apennine-Maghrebide belts indicating prolonged tectone-metamorphic evolution associated with
Alpine orogeny.

The Calabrian nappes are divided into three major tectonic units (Amodio-Morelli et al., 1976).
The lowermost unit consists of a Mesozoic carbonate platform that belongs to the margin of Adria. It
is overlain by two ophiolitic nappes composed of Mesozoic and Cenozoic sedimentary and ophiolitic
rocks partly metamorphosed under high-pressure conditions (Knott, 1987; Cello et al., 1996). The
uppermost unit consists of a Paleozoic Hercynian basement and a Mesozoie to Cenozoic sedimentary
cover with a strong Alpine signature (Knott, 1957). The latier allochthonous terrane, thereafter
referred as the Calabrian block, was progressively emplaced casiward onto the ophiolite-flysch unit
and tne margin of Adria (Knott, 1987; Dewey et al., 1989; van Dijk and Okkes, 1991).

The age of high-pressure metamorphism in the Calabrian block is ambiguous and varies between
60-35 Ma (Schenk, 1980; Rosseti et al., 2001). During the Oligocene and the Miocene, isothermal
exhumation of the high-pressure rocks took place {Rosseti et al., 2001). This led to the emplacement
of weakiy metamorphosed and nonmetamorphosed rocks on top of high-pressure rocks in tectonic
contacts of low-angle extensional detachments (Platt and Compagnoni, 1990; Rosseti et al., 2001).
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The commencement of extensional tectonics in Calabria has been inferred as ~30 Ma, based on ¥Ar/

¥A ¢ data associated with ductile extensional structures (Rosseti et al., 2001).

5.3.5. The Apenuines

The Apennine belt is 2 Late Cenozoic fold-and-thrust belt striking paralle! to the Halian peninsula
from Calabria to the westein Alps (Figure 5.7). The nappes of the Apennines predominanily consist
of non-metamorphic or weakly metamorphosed Late Triassic to Neogene marine sediments probably
deposited on the passive margin of the Adriatic foreland The autochthonous crystalline basement is
rarely cxposed and is only found in the area of Alpi Apuane tectonic windows (northern Apenaines).
In these outcrops, low-angle normal faults juxtaposed the allochthonous cover above a Hercynian
basement, which was metaraorphosed at high-pressure conditions at ~25 Ma (Carmignani and
Kligfield, 1990; Carmignani et al., 1994; Jolivet et al., 1998: Brunet et al., 2000). Extensional
tectonics during the Oligocene-Miocene has been considered to play ate important role in the

cxhumation of the Hercynian basement (Carmignan; ¢t ai., 1994; Joiivet et al,, 1998).
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Figure 5.7. Geological map of the htahan peninsula and Sicily, modified after Channell et al.
(1979} and Patacca et al. (1993). SL. = Sagiento Line: TL = Taormina Line.
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Deformation in the Apennines commenced in the Oligocene in the Nouther: Apennines
(Boccaletti et al., 1990a) and has propagated southward since the Late Miocene. During deformation,
the front of the Apennine thrst system migrated eastward; it is presently located predominantly in
the Adriatic Sea (Jolivet et al., 1998; Brunct et al., 2000). While ongoing thrusting took place in the
(eastern) external Apennines, the (western) internal domain was subjected to crustal extension (c.g.
Carmignani et al., 1994; Ferranti et al., 1996) forming a series of extensional sedimentary basins that
becomes younrger towards the cast (Patacca et al., 1990).

5.4. Methods and data

5.4.1. PlatyPlus

Reconstruction has been performed using PlatyPlus, a software package deveioped in the
Australian Crustal Research Centre at Monash University. The program provides an interaclive
platform for tectonic reconstruction on a Unix machine. It enables the user to rotate and transiate
polygons on a spherical Earth. Polygons are chosen based on geological criteria, and their boundaries
are digitised and recorded in ASCH files (*bd’ files in Appendix 1). The objects’ hietatchy is then
defined in ‘knox’ files (see Appendix 1). Once motions are projected on the PlatyPlus platform, they
can be rotated and translated. This can be done either by reading a previously prepared motion file
(see Appendix 1) that contains sets of Euler poles of rotations, or by dragging them manually. Thus,
known motions are defined in a motion file and applied accordingly, wiereas unknown motions are
found by trial-and-error experiments using the best available kinematic constraints. This method
provides a continuous updating of the motion file during the reconstruction process. Finally, the

resulting reconstruction can be viewed in a movie format (see Appendix 2).

5.4.2. Magnetic isochirons

The most robust data used in plate reconsiructions are obtained from the existence of magnetic
anomalies, In the Atlantic Ocean, anomulies of similar ages (isochrons) are recognised on both
sides of the spreading ridge. Thus, fitting of these isochrons can provide the relative motion of the
two diverging plates. However, this method cannot be used for convergent plate margins, and is
therefore of little importance in the Mediterranean region. In this reconstruction, the only motions
constrained by magnetic isochrons are the retative motions of Africa versus Europe and Iberia versus
Europe (Table 5.1). These data are based on plate circuit calculations described in Rosenbaum et al.
(2002a).
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Table 5.1. Motions of Africa and [beria relative to Europe (aftcr Rosenbaum et al., 2002a).

Time (Ma} Africa/Europe ibevin/Europe

Lat. Long. Rot, Lat. Long. Rol,

5 -13.99 158.23 0.55 0.00 0.00 .00

0 -13.9 158,94 1.09 78.26 58.40 0.0

5 -14.77 16289 1.53 78.10 5852 13
S G727 | 163t | 213 | exe | 138 | 0w
25 -24.32 161.90 357 2155 163.26 0.65

30 -27.24 161.11 504 -29.42 165.91 1.3t

1 35 -22.89 160,77 641 -30.21 165,32 L.

5.4.3. Palaeomagnctism

Constraints on the kinematics of deformed allochthonous terranes are obtained from
palaeomagnetic studies, which can theoretically provide information about the role of block
rotations around vertical axes. However, the regional significance of these rotations in deformed
rocks cn be ambiguous because of the effect of local deformation. In this reconstruction. | refer
only to pstwonmagnetic studies that considered the effect of local deformation and provided regional
tectonic implications. The amount and timing of block rotations associated with different (erranes are
presented in Figure 5.8 and are summarised in Table 5.2,

The role of post-Oligocene block rotations in v western Mediterranean is presented in Figure
5.8. The rotation of Corsica and Sardinia is relatively well established by palaeomagnetic constraints
that indicate. ~30° of counterclockwise rotations atter the Late Eocene and prior to the Middle
Miocene (De Jong et al.. 1973; Montigny et al., 1981: Vigliotti and Langenheim, 1995: Speranza,
1599; Spercuza et al., 2002). It has therefore been concluded that Sardinia and Cossica rotated 1o
their present position during the opening of the Lizurian Sea ia the Late Oligocuene — Early Miocene.
Likewise, the Balearic Isfands undervent approximately 237 of clockwine rotation during the opening
of Valencia Trough (Freeman et al., 1989; Pares et al., 1992).

Post-Oligocene rotations are recognised in alivchthonous terranes of the Rif-Betie cordiliera
and in the deformed External Zones of the African and therian margins. in the Betic cordillera,
palacomagnetic studies implicd large amount of clockwise rotations (130°-200°) that gradually
decrease towards the distal parts of the thiust belt (Platzman, 1992: Allertor et al., 1993; Lonergan
and White, 1997). AL the same timie, rouky in the Rif were subjected to counterclockwise rotations
in mugaitude of approximately 1007 (Platzman et al., 1993). In the following reconstruction. { adopt
Lonergan ond Witite's (1997) expianaiion for the opposite rotational directions on both sides of the
ercuate Rif-Betic orogen. which is associated with back-are exicnsion and a westward subduction
roliback,

Most palaeomagnetic results from peninsular laly show counterciockwise votatiors of
altochthonous Apennine units (Lowrie and Alvarez, 1974; 1975; Channell, 1992; Dela Pierre et ol.,

1992; Scheepers and Langereis, 1994; Jorio et al., 1996; Speranza et al., 1998; Muttoni et ai., 2000;
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Table 5.2. Block rotations inferred from palaenmagnetic data.

Locality A of rocks :_';f::;::s Re’erence
Betic
Externd Betic Juvassic 20°-68° CW Osete et al, (1988)
Exiemal Betic L. Jurassic and L. Cretaccous >6{)° CW Platzinan (1992)
Eastem Beric (tntemad Zone). Sathermt | ¢ yurassic (Miocene folding) | ~200CW (1) | Alterton et at. 1953)
Sty Songy” (Etermal Zove). L. Jurassic (Miocene folding) | 68522 CW (2) | Allerton (1994}
Western Subbetic (Exicmal 2on:) ‘;c n{ggﬂj:g ;‘li‘i'-:ggeﬂf ~45° CW Vitlalain et al. (1996}
Western Internal Zone Dligocene - E. Mipcene 90-140° CW Calvo et al. (2001)
Rif
Western External Rif Jurassic CCW ) Platzivan (1992)
Boundary of Inernol/Exiernal Zone, Rif | Jurassic and Cretaceons ~100° CCW Platzman ei al. (1593)
Batearic Istands
Maliorca Jurassic 40" CW Freeman et al. {1289)
Mallorca and Menorci Jurassic to Miocene 0°CW(3; Pares et al, {1992)
Corsicn and Sardinia
Wesiern Sardinia Middle Tertiary [30°ccw | Montigny etal. (1981)
Calebria '
Messina Siraits Pliocene-Pleistocene 14" and 36° CW | Aifaet al. (1988)
Jonian and Tyrmrheninn coasts Pliocene 10°-20° CW Scheepers et al. (1994)
Amam‘éa basin, west Calabria Tortonian-Messinian 19':11* CW Speranza et al. {2000)
Iialian Peninsula
Unabria, northern Apennines L. Cretaceous and Polcogene 43'CCw Lowric and Alvarez (1974)
Urbrizs, northern Apennines 1 Cretaceous and Evcenc 2 CCW (4 Lewrie and Alvarez (1975)
"Gr.m Sasso, central Apennines Creteceous o Miocene Up 1o %°CCW | Dela Pierre et al. {1992)
Norhern Umbria, northem Apennines Juraisic - Crelaceons 20" CCW (5) Channell (1992)
i"ﬁ’:};‘:}i’::;’g““ basin, suvthem Pliocene-Plgistocene 22° CCW Sagnotti (1992)
| Apulis L. Plicenc = E. Pleistocene No rotation Scheepers (1992} T
i::e“t;:iﬁingdo bair. suuthera L. Piocene ~ E, Pleistocene 13°CCwW Scheepers et ul. (1993)
Central Tynheniag coast Plii-Pleistocene No rotation Sugnotti et al. (1994}
Southern Apennines L. Miocene - Middle Pliccene W Ccw Scheepers ard Langereis (1994)
Central Apennines Focene - Oligocene 35765 CCW (&) | Maitei ot al. (]995)
{Centeal Apentines Early-Middle Miocene 12°413° CW (6) | Matrei et al, (1995)
Tyrrhenian coast, northem Apennings e Messinian -Pliocene No rotation Magtei et al, {1096)
Aenm e weglam, saulher Miccene HCCW () | lerioet al. (1996)
Sibitlini-Cingoli. nonbem Apennings. ] —. Messinian 15°CW Speranza et al. {1997
Murche-Romagna. northern Apentines I Messinian ~ 20" CCW Speranza o 21 (1997)
_Molisc region, central Apeanines L. Miocene isTcow Speranza et al, (1998)
L__llulngnn region, northern Apen..nes E. Oligueene s CCw Muitoni et 2). {2000)
| Bologna region. notthern Apennines L. Miocenc 2B CCW 1 Muttoni et al, (20003
Central northem Apennines Early Pleistocene necw Sagnotti et al. 2000

Comments:

(1) Late Qligocens and Mincene nations: (2) Relative rotation of the upper limb of o southeasi-vergent recumbent fold )
{3) Post Bundigadian rotion; (4) os-Focene rotations: (5) Rotation relative to the Sauthem Alps: (6} Rotatbon relative to Afiico

(7} Rotation celative to Apulia
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Sagnotti et al., 2000). However, clockwise rolations have been reported in post-Messinian sediments
in the Northern Apennines (Speranza et al., 1967). Palaecmagnetic results from the Apennines are
probably biased by the effect of local deformation (Sagrotti, 1992; Scheepers et al., 1993; Mattei et
al., 1995), and it is therefore cxtremely difficult to constrain the kinematics of these terranes. H seems
tikely, however, that the motion of Apennine nappe thrusts was dominated by counterclockwise
rotations during the opening of the Tyrrhenian Sea (ca. 9-5 Ma in the northern Tyrrhenian and 5-0 in
the southern Tyrrhenian).

Palveomagnetic studies from the Calabrian block suggest a countercleckivise rotation in Early
~ Middle Miocene, foilowed by ~15-20° clockwise rotations, probably during the Pleistocene (Van
Dijk and Scheepers, 1995; Speranza et al., 2000, and references therein). In the Maghrebide belt
of Sicily, post-Miocene deformation has been dominated by clockwise rotations. which decrease

towards the distal part of the belt (Speranza et al.. 1999, and references therein).

(', CW rotation P
\5 CCW rotation
+ No rotation

Figure 5.8. Rotations inferred from palieomagnetic studies throughouw: the western

Mediterranean. References and time constraints are summarised in Table 5.2,

5.4.4. Volcanism

The distribution of calc-atkaline magimatism in the western Mediterranean is summarised in Table
5.3 and presented in Figure 5.9. Calc-alkaline magmatism was probably preduced during subduction
processes, and the nature of subduction systems can thus be implied from the spatial and temporal
distribution of the volcanic rocks (Figure 5.9). Calc-alkaline volcanics show a gencral younging
trend from southern France towards the Apennines, North Africa and the Alboran Sea, suggesting
migration of volcanic arcs during subduction rollbzck. They are locally superimposed by younger
alkaline volcanics and oceanic basalts, which were emplaced in the back-are region.

Evidence for an Oligocene volcanic arc is found in southern France and in Sardinia. In southern
France, calc-alkaline magmas erupted between the Oligocene and the Middle Miocene {33-20

Ma) (Bellon, 1981). Based on geochemical criteria, it has been suggested that volcanism was
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Table 5.3, Semmary of calc alkaline voicanism in the western Mediterranean.

Locatity

1131»

| Age (Ma)

Refercace

Ligurian/Valcacia region

Pravence

Calc-utkaline

3320

Valencia Trough

Dncites and sheolites

24-18.6

Nourth Afrvica

Cap Bougaroun, northeast Algeria

High K micragranites and rhyolites

16.4-15.2

Bejaia-Amizour, north Algeria

Shoshoenitic granitoids

16.2-15.3

I

Beni Touffout, northeast Algeria

High K granodioriles and monzogranites

16.2

Alpérios

High K gronitoids

16-13.9

Cap de Fer Edough, northeast Algeria

High K granitoids

15.9-15.1

El Aouvana, northeast Algeria

Medium ¥{ dociies

159-14,5

Filfila, northeast Algeria

Shoshonitic syanogranitic

153

La Gatite Island, Northern Tunisia

NHigh K granitoids

14.2-10

Cheichell, nonh Algeria

K rich alknline G

13-4

Nefra, Northwest Tunisia

Shoshonitic daciies

129-8.2

Alboran region

Ajbnmn

Rhyotlites and sndesites

18-7

Qran, NW Algeria

High-K andesires

11.7-1.5

Cabo de Gata, Southerh Spain

Pyroxéne andesite, dacites, rhyolites

12-10.5

Ras Taral, NE Mcrocco

Andesites, rhyolites

13.3-12

Troi Fonrches, NE Moicoo

Shoshonitic andesiles

6.6-54

Sardinia

Sardinia
-

[ Andesites and thyolites

3213

Tyrrhenian region

Capraia, Northern Tyrhenian

High K amlesites, dacites

8.3-6.3

Monteeristo, Northern Tyerhenian

Cordierite monzogranites

7.3

Vercelli seamount, Centeat Tytrhenion

Monzoeranites

1.2

Mt. Capanne, Elba, Northern Tyrrhenian

Granodiorite, monzogranites

6.8-6.2

Poniza, central southern Tyrrhenian

Rhyolites

5.2

Anchise, central Southern Tvirheninn

Shoshonitic baslats and dacites

52

Canmpiglia, Nontem Apennines

Monzogranites, Syenogranites

?

Porto Azzuro, Elba. Northern Tyrrheaian

Cordierite monzogranites

54

Giglio, Northem Tyrrhenian

Cordierite monzogranites

5.1

San Vincenzo, Northern Apennines

{ Cordierite thyolites

4.7

Cagpreata, Northern Tyrchenian

High-K andesites, dacites, rhyolites

4.6-3.5

Gavorruno, Northers Apennines

Cordierite monzogranites, syenogranites

4.4

Castel di Pietra, Northem Apeanines

Monzogranites, syenogranites

4.3

Monteverdi, Northern Apennines

Cordieritc monzogranites

34

Tolla

Trachydacites and rhyolites

3.8-23

Manziana

Rhyolites

3.6

Roccastrada

Cordierite riwolites

25-2.2

Cerite

Rhbyuolites

24

Marsili seamount

High-K cale-lkaline andesites

<|.3

Aeoliun Islands

Andesites

-0

References are! (1) Betlon (1981); (2) Marti ¢i a), (1992} (3) Savelli (1988) and referentces therein: (4} Maury et al. (2000) and references
therean: (5) Fourcade et al. (2001): (6) Lonergan and White (1997) and references therein; (7) Zeck et L (20000 (8) El Bakkali et at.
(19593); t9) Serri et al. (1993): (10) Asgnani and Savelli (1999): (11) Savelii (2000,




Chapter 5

associated with a north-dipping subduction system (Rehault et al., 1985). The volcanic arc continued
southwestward in Sardinia and Valnecia Trough, although in the latter, volcanism commenced only
at 25-231 Ma (Marti et al., 1992).

During the Lower -~ Middle Miocene, extension took place in the Ligurian Sca and Valenciu
Trough, and the volcanic arc migrated together with the retreating slab. In Sardinia, ongoing
volcanism occurred until 14 Ma (Savelli, 1988). The largest amount of Middie Miocene volcanism
is found in the North African coast and in the Alboran Sea (Lonergan and White, 1997; El Bakkali
et al., 1998; Maury et al., 2000; Zeck et al., 2000; Fourcade et al., 2001, and refa;re-nccs therein).
Calc-alkaline volcanism occurred in North Africa between 16.5-8 Ma, following the accretion of
the Kabylies blocks 1o ihe African margin at ~18-15 Ma (Lonergan and White, 1997). Volcanic
activity in the Alboran Sea and the Betic-Rif cordillera has been dated to 15-7 Ma, and was probably
associated with an east-dipping subduction zone that retreated westward towards Gibraltar during
Middle-Late Miocene (Lonergan and White, 1997).

Since the Late Miocene, the majority of volcanism in the western Mediterranean has been
concentrated in the Tyrrhenian Sea (Savelli, 1988; 2000; Serri et al., 1993; Argnani and Savetli, 1999)
(Figure 5.9). In this region, calc-atkaline volcanics become younger from west o east, and show a
geochemical polarity that resulted from a west dipping subduction (Savelli, 2000). The existence
of magmas younger than ~7 Ma eastward of the Sardinia-Corsiva axis suggests commencement of
eastward slab rollback at 10-7 Ma. It can also be recognised that arc migratioa first occurred in the
northern Tyrrhenian, and only later (~5 Ma) in the southern Tyrrhenian, The youngest calc-alkaling
volcanics, found in the Aeolian Islands, mark the present location of the volcanic arc associated with

subduction processes beneath Calabria.

S. Vicerzo
¥Quaternary (1.6-0 Ma) & Campigiia Monteverdi

di Pletra
Reccastrada

Bdanziana

> Mddle Mocene
BR(16.6-11.5 Ma)
- o [Otigocene - Early Mocene X
=+ 1(33-16.5 Ma) o

/Ras Taraf Trai Fourches

Figure 8.9, The distribution of volcanic rocks in the western Mediterranean (see also Table 5.3).
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5.4.5. Seismicity

Deep structures in the Mediterranean region have been studied from the analysis of seismic data,
and particularly from seismic tomography images (Worte} and Spakman, 1992; 2000; Spakman et
al., 1993; Carminati et al,, 1998). Seismic tomography is based on the contrast between seismic
velocities produced by the existence of refatively cold subducting lithosphere within the surrounding
hot asthenosphere. It thus provides an insight to the three-dimensional siructures of subduction
systems long after the generation of earthquakes has ceased (Wortel and Spakman, 1992),

Results from seismic tomography strongly support the existence of subduction systems
throughout the western Mediterranean. A weli-defined Benioff Zone is fouid below the Calabrian
Arc, where active subduction of the lonian plate is taking place. It is associated with deep (>500 km)
earthquakes (Anderson and Jackson, 1987b), aad is clearly recognised in tomographic images that
show a northwest dipping lithospheric slab subducting beneath Calabria, and flattened in the ugper/
lower mantle boundary {Lucente et al,, 1999). In other localities, such as the Apennines and the
Alboran Sea, the seismic tomography images show subducting slabz detached from the lithosphere
at the surface (Wortel and Spakman, 2000). Bencath the Apennines, a detached lithospheric stab is
recognised at 150-670 km depth. It dips rowards the southwest, and indicates the remnant subduction
system that existed during the opening of the Tyrrhenian Sea (Lucente et al., 1999). Beneath the
Alboran Sea, a detached lithospheric slab at depths of more than 600 km has been deduced from deep
seismicity and tomographic images (Buiorn et al., 1991a; Seber et al., 1996; Calvert et al., 2000).
However, the tectonic sigrificance of the detached slab has been differently interpreted as evidence
for east dipping subduction (Lonergan and White, 1997), iithospheric delamination (Seber et al.,
1956, Calvert et al., 2000), and a convective removai of thickened lithosphere (Plutt and Vissers,
1989). In the North African margin, tomographic anomalies have not been clearly recognised duetoa
relatively poor spatial resolution (Spakman et al., 1993). However, it has been suggested that existing
anomalies below Algeria indicate remnants lithospheric mantle ruptured and segmented from the
Tyrrhentan and the Alboran sukduction systems (Carminati et al.. 1998),

5.5. Reconstruction

A reconstruction movie of the western Mediterranean since the Oligocene is found in the astached
CD and can be viewed by using the QuickTime application (movie ‘W_Med.mov’ in Appendix 2).

The main tectonic characteristics showi in the movie are discussed below.

§.5.1. Tectonic setting of south Europe in the Oligocene

Duiing the Oligocene, the area between the Iberian peninsula and southern France consisted
of several terranes, which are now located hundreds of kilometres away. Among these are the
internat zones of the Betic-Rif Cordillera, the Balearic Islands, the Kabylies, Corsica, Sardinia,
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and Calabria (Ricou et al.. 1986: Lonergan and White, 1997) (Figure 5.10). Most of these terrancs
consist of a Hercynian basement and a Mesozoic cover. which largely underwent deformation and
metamorphism during Alpine orogenesis. The origin of these terranes is not entircly clear, but they
were possibly attached to the Tberian plate before being incorporated in the Alpine orogeny (Stampfli
et al., 1998). Since the Middle Miocene, no rotations accurred in Corsica, Sardinia and the Balearic
Islands. and their palaco-positions can be inferred by applying opposite rotations 1o those obtained
from palacomagnetic studies. Prior to the opening of the western Mediterranean basins, Calabria was
located adjacent to Sardinia (Alvarez ct al.. 1974; Dewey et al.. 1989: Minzoni, (991). An alicrative
hypothesis is that during the Oligocene, Sardinia and Calabria overlapped each other. forming the
upper {Sardiniz) and the lower (Calabria) units of a metamorphic core complex. This hypothesis,
however, requires further research. The largest uncertainty in the Oligocene reconsiruction is the
position of the Internal Zone of the Rif-Belic cordillera. which is here placed southeast 10 the
Balearic Islands after Lonergan and White (1997). This configuration fors a continuous orogenic

belt during the Oligocene. from the Rif-Betic to Calabria, Corsica and the western Alps.
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Figure 5.10. Oligocene reconstruction (30 Ma),

The tectonic setting in the Late Oligocene was characterised by a switch in the vergence of
stubduction systems and by the occurrence of widespread extension in the Alps (termed - the Oligocene
Lull” by Laubscher (1983)) and in the western Mediterrancan region. In the Early Oligocene, the
Alpinc orogen undenwent a major orogenic episode, indicited by ~35 Ma ages of high-pressure and
ultra-high-pressure rocks exposed in the niernat Crystalline Massif’s of the western Alps (Gebauer,
1996; Gebauer et al., 1997; Rubatio and Gebauer, 1993). The present structural configuration of

the Alpine sutures in the western Alps and in northeast Corsica suggests that, prior to continental
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coltision, the arca had been controlled by a southeast-dipping subduction system (Figure 5.10). In
the Late Oligocene, however, the polarity of the subduction system changed, and a new northwest-
dipping subduction system developed in the southern margin of west Europe, producing calc-alkaline
volcanism in Provence and Sardinia (Figure 5.10).

The initiation of a new northwest-dipping subduction system was possibly triggered by
continental collision in the Alps at 35 Ma. This collision could have blocked the existing subduction
system by the arrival of thick crustal material at the subduction zone. Thus, a new subduction systeni
developed in a more southerly location, where relatively old (Jurassic) occanic lithosphere was
found. At 30 Ma the subducting oceanic lithosphere was relatively old (>110 Ma) and cold enouzgh to
create a gravitational instability, which would have caused roilback of the subduction hinge towards
the SE. In addition to slab roliback, the motion of Africa relative to Europe has been considerably
stower since 30 Ma, and particularly since 25-20 Ma (Jolivet and Faccenna, 2000; Rosenbaum et al.,
2002a). Thus, with the absence of sufficient convergence to support subduction rollback, extension

commenced in the overriding plate, forming the foundations of the western Mediterranean basins.
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Figure 5.11. Late Oligacence reconstruction (23 Ma).

5.5.2. Valenciz Trough, Gult of Lion and the Ligurian Sea

Earlier rifting is infeered from syn-rift Late Oligocene sediments depusited on Eurly Oligocene
grabens and half grabens in the margins of Valencia Trough, the Guif of Lion and the Ligurian Sea
(Cherchi and Montadert, 1982; Barrus, 1989; Bartrina et al., 1992). Rifuing probably commenced in
the early Late Otigocene (~30 Ma) in the Gulf of Lion (Séranne, 1999}, and in the atest Qligocene
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(~25 Ma) in Valencia Trough (Roca et al., 1999), A right lateral strike-slip fault (North Balearic
Transfer Zone} separated the Valencia Trough from the Gulf of Lion (Séranne, 1999) (Figure 5.11).
Structural observations from the extended margins suggest that horizontal extension was partitioned
in different crusial levels. forming rift valleys in the upper crust {e.g.. in Sardinia; Cherchi and
Mountadert, 1982), and low angle extensional detachments in deeper crustal levels (c.g., Corsica
and Calabria: Jolivet et al., 1990 Rosseti et al.. 2001). Ductile extensional deformation in Corsics

and Calabria has becen dated at 32-25 Ma (Brunet ct al., 2000; Rosseti et al.. 2001), that is, before

subduction rollback commenced.
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Figure 5,12, Early Burdigalian reconstruction (21 Ma).

As a resuit of subduction roliback, cxtension in the Early Miocenc led 1o the breakup and drifting
of continental fragments formerly attached to southern France and Iberia. Thus, during the opening
of the Ligurian Sea and the Valencia Trough. the Balearic Islands, Corsica, Sardinia and Calabria
were subjected to block rotations. Extension in Valencia Trough ceased in the early Burdigalian (21-
20 Ma) betore it was sufficient to form oceanic crust (Bartrina ¢t al., 1992: Wants and Torné, 1992,
However, ongoing southward roltback of the subduction hinge led 1o the formation of @ new rift
system between the Balearic Islands and the Kabylies blocks. and turther extension resulted in the
formation of the Provengal Basin (Sérannc, 1999) (Figuie 5.12). In the Gulf of Lion. tectonic activity
' ceased in Aquitanian/early Burdigalisn (20-18 May (Cherchi and Montadert, 1982: Burrus. 19891,
possibly due to the collision of Corsica, Sardinia and Calabria with the Apennines (Figure 5.13).
Following coltision, Apennine uniis arrived at the subduction system and impeded rollback. which i

tr.a, led to the cessation of back-are ¢xtension in the Ligurian Sea.

Tectonic evolution of the western Mediterrancan since the Ofigocenie

5.5.3. North Africa

RN T

During the Early-Middle Miocene, intense te.tonic aclivity took place in North Africa due
to the opening of the Provengal, Algerian and Alboran basins, and the subsequent emplacement
of the Kabylies and the Internal Rif onto the African margin. Extension i the Provengal Basin

commenced after rifting in Valencia Trough had failed. In early Burdigalian (~21 Ma), continental
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Figure 5.13. Late Burdigalian reconstruction (18 Ma).
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Figure 5,14, Mic “le Miocene reconstruction (15 Ma).
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breakup occurred between the Balearic Islands and the Kabylies blocks, and a new basin developed.
Extension was probably governed by a rapid southward roliback and subsequently led to sea floor
spreading and formation of new oceanic crust in the Al gerian-Provengal Basin (Rehault et al., 1985)
(Figure 5.12 and Figure 5.13).

Evidence for extensional fabrics associated with the opening of the Algerian-Provengal Basin is
found in the Kabylies metomorphic core conplexes, which are now accreted o the African margin.
Thesc comiplexes are characterised by the occurrence of low-angie exteusional (If:l:iclalxlenzs, which
juxtaposed upper crustal rocks on top of high-grade metamorphic rocks (Caby and Hammor, 1092:
Tricart et al., 1994; Saadailah and Caby, 1996). The occurrence of core complexes implies that a
considerable amount of crustal thinning was made possible by non-coaxial shearing along extensional
detachments. Based on ¥Ar/*Ar dating, it has been suggested that extensional deformation occurred
at 25-16 Ma (Moni€ et al., 1984, 1988; 1992).

The Kabylies blocks drifted southward in response to the southward rollback of the subduction
zone until they collided and accreted 1o the African margin (Cohen, 1980; Tricart et al., 1994) (Figure
5.14). Collision occurred when the Mesozoic oceanic lithosphere, which had previously separated
the Kabylies from the African margin, was totally consumed by subduction. The eollision occurred
between 18-15 Ma, based on the cessation of extensional tectonics in the Atgerian-Provengal Basin
and the Kabylies core complexes, and the commencement of thrusting in the External Maghrebides
(Frizon de Lamotte et al., 2000). The accretion of the Kabylies blocks and the final consumption of
nld ceeanic lithosphere in this region permanently terminated southward subduction roliback, South-
directed thrust systems propagated southward after accretion {Frizon de Lamoite et al., 2000). but
subduction processes were impeded and eventually halted with the presence of the relatively buoyant
continentai crust at the subduction zone. The Middle Miocene cessation of subduction processes in
North Africa resulted in the segmentation of the western Mediterranean subduction system, with
an eastward dipping subduction in the Alborar region, and a westward dipping subduction in the

Tyrrhenian region (Lonergan and White, 1997) (Figure 5.14).

5.5.4. The Alhoran Domain

The tectonic evolution of the Alboran Sea is a matter of controversy, and several diffcrent models
have been proposed. This reconstruction follows the ideas of Royden (1993b) and Lonergan and
White (1997), who suggested a slab roliback model for the opening of the Alboran Sea. Aliermatively,
it has been suggested that extension in the Alboian Sea developed as a result of an extensional
collapse of a thickened continental crust and its underlying lithospheric mantle (e.g. Platt and
Vissers, 1989; Houseman, 1996). These models are not supported by field observations from the
Rif+Betic cordillera, which imply episodic alterations from crustat shortening to extension (Azaiién
et al., 1997; Balarya et al., 1997: Martincz-Martinez and Azaiidn, 2002). Neither are snch modeis

supported by the black rotations inferred from palacemugnetéc data (see section 5.4.3).
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According to the present miodel, the origin of the Internal Zone of the Rif-Betic cordillera is similar
to the origin of Corsica, Sardinia, Calabria and the Kabylies (Figure 5.10), Thus, the Rif-Betic in its
Oligocene position formed a continguous orogenic belt together with the Kabylies, Calabria, Corsica
and the wesiern Alps that underwent high-pressure metamorphism during Alpine orogeny (Figure
3.10). As mentioned before, these terranes (excluding the western Alps) were part of an overriding
continental slab above a northwest dipping subduction zone, which started to retreat oceanward
during the Oligocene. Once rottback of the subduction hinge commenced, rocks of the Rif-Betic
Internal Zone were subjected 10 an extensional regime leading to the formation of metamorphic core
complexes and exhumation of high-pressure metamorphic rocks below exiensional detachments
(Platt et al., 1983; Azafidn ¢t al., 1997; Balanyi et al., 1997).
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Figure 5.15, Tortonian reconstruction (10 Ma).

Westward rolfback of the subduction hinge in the westernmost Mediterranean was probably
triggered by an original curvature of the subduction zone in its western terminus, Rollback, therefore,
led 10 the southwestward snigration of the subduction hinge accompanied by southwestward drifting
of the extended continental fragments of the overriding plate. Southerly migration, however, stopped
when the subduction zone reached the passive margin of Africa (see previous section). Rollback
continued only in areas where the existence of oceanic lithosphere still permitted oceanward retreat
of the subducting lithosphere (Figure 5.14). Thus, in the Middle Miocene (16-15 Ma), the western
east-dipping segment of the subduction zone rolled bauck in the direction of the oceanic lithosphere.

The formation of the Alboran Sea occurred during the westward migration of the subJduction
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hinge. Rapid rollback was compensated by wholesale extension in the overriding continental crust,
which was thinned to ~15 km between 23-10 Ma (Lonergan and White, {997). Contemporaneousiy.
fragments of continental crust were thrust onto the passive margin of Africa and Iberia (i.e. the
External Rif-Betic Zones), forming rotation patterns consistent with oblique thrusting derived by the
westward rollback of the subduction zone. Finat accretion of the Rif-Betic Cordillera occurred at ~10
Ma, when the subduction zone rolled back as far as Gibraltar {Figure 5.15). Subduction roflback then
ceased, together with the cessation of back-arc extension in the Alboran Sea (Lonergan and White,

1997).
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Figure 5.16, Messinian reconstruction (6 Ma).

5.5,5. Tyrrhenian Sea

The Tyrrhenian Sea is the youngest basin in the western Mediterranean, forming since the
Tortonian (~9 Ma). It was opened, according to this reconstruction, as u result of a southeastward
rollback of subduction systems near the Adriatic margins (Makinverno and Ryan, 1986).

It is suggested here that the < ‘lision of Corsica and Sardinia with the Apcanines at ~18 Ma led
to a relative quiescence in back-. - extension between [8-10 Ma (Figure 5.13 - Figure 5.15). During
this period, continental crust of Apennine units incorporated in the subduction zone, and impeded
further eastward subduction roltback. Thus, cousiderable crustal shortening accompanied by thrust
systems that propagated eastward occurred in the Apennines.

The opening of the Tyrrhenian Sea occurred in two stages: an early (9-5 Ma) opening of the
northern Tyrrhenian Sea (Figure 5.16), and a late (5-0 Ma) opeaning of the sonthern Tyrrhenian
Sea (Mantovani et al., 1926) (Figure 5.17). It was accompanied by coeval crustal shortening in the

Apennines (Malinverno and Ryan, 1986) and counterclockwise rotations of nappe stacks. The reason
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for the operiing of the northern Tyrrhenian is not entirely clear. It may be associated with subduction
of oceanic crust Jocated between the Apenaine belt and Adria. which promoted lithospheric
gravitational instability during Late Miocene and further eastward subduction roliback. It is possible
that deep-sea sediments of the Lagonegro and Molise formations are remnants of these intra-Adriatic
basins (Sengdr, 1993). At this stage, the subduction zone was criented ~N-S, that is, roughly paraifel
to the dircction of convergence. Therefore, the rate of convergence at the trench was very low, and
consumption of oceanic lithosphere was mostly driven by the negative buoyancy of the subducting
slab (Faccenna et al., 2001b).

During the latest Miocene or the Early Pliocene (5 Ma) extension ceased in the northemn
Tyrthenian Sea and migrated southward to the southern Tyrrhenian Sea (Figure 5.17). This stage was
characterised by considerable extension that culminated during the Pliocene-Pleistocene, when new
oceanic ¢rust formed. Contemporaneously, crustal shortening occurred in the Southern Apennines
and in Sicily. accompanied by counterclockwise block rotations in the former and clockwise rotations
in the latter. These processes have been controlied by rapid roflback of the oceanic Ionian lithosphere
beneath the Calabrian arc.
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Figure 5.17. Late Pliocene reconstruction (2 Ma).

5.6. Discussion

The reconstruction of the western Mediterranean since the Oligocene emphasises the role of
subduction rollback in convergent plate margins. It shows that a widespread extension took place
in the convergent interface separating Africa and Europe, forming marine back-arc basins and new

spreading centres. Subduction rollback sas probably controlled by the gravitational instability
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produced during subduction of cold and dense oceanic lithospherc. Back arc extension was likely
to occur when the velocity of the slab retreat overcame the absclute motion of the overriding plate
(Molnar and Atwater, 1978; Dewey, 1980; Royden, 1993a; Lonergan and White, 1997). In the
evolution of the western Mediterranean, these processes have played a fundamental role since
the Oligocene. Subduction rollback was made possible by the consumption of Mesozoic oceanic
lithosphcre at the subduction zone. This oceanic lithosphere was probably old and cold enough to be
gravitationally unstable relative to the surrounding asthenosphere. The subduction zone has therefore
progressively retreated from its Oligocene position near the southern margin of Europe to its {inal
configuration in the Calabrian arc, North Africa and the Alboran arc. In the western Mediterranean,
subduction rollback occurred during a period of relatively slow convergence between Africa and
Europe (Jolivet and Faccenna, 2000; Rosenbaum et al., 2002a). As convergence alone could not
compensate the vacant area formed by subduction retreat, back-arc extension occusrred in the
overriding plate. Thus, a period of relatively slow convergence was actually characterised by large-
scale horizontal motions of smaller microplates and allochthonous terranes.

The dispersion of continental terranes, which drifted and rotated during subduction rollback,
is clearly seen in the reconstruction. In the Alpine orogen, this process led to the fragrﬁentaﬁon
of a continuous belt into continental terranes, which in turn, coilided with the passive margins of
the surrounding; continents. I stress that this mechanism may have profound tectonic implications
on the way orogens work. Orogens may be subjected to switches from crustal shortening and
extension, controlled by the processes of subduction rollback, rifting in the back-arc region and
the subsequent accretion ot allochthonous terranes into adjacent passive margins. Thus orogenesis
cannot be oversimplified to subduction followed by collision of two continental plates, but includes
accretion of numerous continental terranes. Following collisional events, reorganisation of the plate
boundaries occurs, associated with termination, jumping or segmentation of subduction zones. A
similar style of orogenesis has been proposed by Nur and Ben Avraham (1982) based on numerous
sxamples of allochthonous terranes throughout the Circum-Pacific (excluding the Andes) and the
Alpine Himalayan belts. These authors have suggested that continental slivers and microcontinents
could actually migrate great distances before colliding with the continents.

- In summary, the style of tectonism suggests that fragments of continental crust were subjected to
large amounts of horizontal transportation, block rotations on vertical axes, and episodic alterations
from crustal shortening to extension,

5.7. Concluding remarks

Extension in the ‘western Mediterrancan region commenced at 32-30 Ma and was primarily
controlled by subduction rollback. The rapid rollback of the subduction hinge was accompanied by a
relatively slow conveigence between Africa and Europe. rapid rollback velocitics were not supported
by convergence, and extension occufred on the overriding plate, |
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During back-arc extension. marine basins progressively formed from north to south. floored
either by thinned continental crust or new oceanic crust. The earliest basins began to form in Late
Oligocene in the Guif of Lion. the Ligurian Sea and Valencia Trough. In Early Miocene. back-arc
extension propagated 1o Provencal, Algerian and Alboran basins. and in the Late Miocene, extension
in the Tyrrhenian Sea commenced.

Rifting led o breukup of continental terranes, which drifted and rotated as long as the subduction
zone continued to roflback. Subduction rollback temporally or permanentl y ceased when continenta}
crust arrived at the subduction zone. impeding subduction processes. The continental terranes have
then been accreted to the continents and considerable crustal shortening occurrred,




CHAPTER 6

THE EVOLUTION OF THE TYRRHENIAN SEA AND THE
APENNINE-MAGHREBIDE BELT: iNSIGHTS FROM DETAILED

SPATIO-TEMPORA L. ANALYSIS

Michael said “lithosphere’. He said ‘“sandstone’. ‘chalk bed’. He said
‘precambrian’,  “cambrian’, ‘metamorphic rocks’, C‘igneous rocks’.
‘tectonics . ... Those words relate to facts which have meaning for me. for
me alone, like a message transmitted in code. Beneath the surface of the
earth opposed endogenic and exogenic forces are perpetually at work. The
thin sedimentary rocks are in a continious process of disintegration under
the force of pressure. The lithosphere is a crust of hard rocks. Beneath the

crust of hard rocks rages the blazing nuclens, the siderosphere.

Amos Oz, My Michael (1968)

(transiated from Hebrew by Nicholas de Lange)
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FOREWORD: CHAPTER 6

This chapter discusses the Neogene to Quaternary evolution of the

Tyrrhenian Sea and the Apennine-Maghrebide bell. The ideas presented

in this chapter have beuefited from discussions with Gordon Lister, Celal

Sengor. Wouter Schellart, Mike Raetz. Fabio Speranza and Carlo Savelii.
I also thank Kevin Burke, Darrel Cowan, Wouter Schellart, Mike Raetz,
Peter Betts and Ivo Vos for providing commenis on the manuscript. A

slightly modified version of this achapter has been submiitted to Tectonics
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6. THE EVOLUTION OF THE TYRRHENIAN SEA AND THE
APENNINE-MAGHREBIDE BELT: INSIGHTS FROM DETAILED
SPATIO-TEMPORAL ANALYSIS

Abstract

In this chapter I present spatio-temporal analysis and a tectonic reconstruction
of the evolution of the Tyrrhentan Sca and the Apennine-Maghrebide belt. The
carliest rifting in the northern Tyrrhenian Sca took place during the Oligocene-
Early Miocene (25-16 Ma). This rifting stage ceased at ¢a. 16 Ma and remained
inactive until the Tortoman (~10 Ma). The major stages of rifting associated
with the opening of the Tyrrhenian Sea commenced at ~10 Ma, and involved
two episodes of back-are extension induced by the roliback of a west-dipping
subducting shb. The first period of cxtension (10-6 Ma} was prominent in the
northern Tyrshenian and in the western part of the southem Tyvrrhienian. The second
period of extension. which began in the latest Messinian (6-5 Ma). mainly alfected
the southern Tyrchenian, and was accompunicd by extreme rates of subduction
rollback. in exeess of 60-100 km/Myr. Reconstruction of subduction rolibach.
combined with additional palacomagnetic and palacogeographic constraints.
suggests that the aceretion of a large carbonate platiom in the central Apennines
during the Iatest Messinian (at 6-5 Ma) impeded subduction processes and initiated
a slab tear. This in turn. resulted in the formation of a narrow subducting slab in the
lonian Sea that has consequently undergone higher degrees of subduction rollback

md buck-arc extension,

6.1. Introduction

The Tyrrhenian Sea is a young (< 10 Ma) extensional basin that formed in the complex convergent
boundary between Africa and Europe (Figure 6.1a). It is surrounded by an arcuate orogenic belt
consisting of the Apennines in the ltalian peninsula, the Calabrian arc in southern ltaly and the
Maghrebides in Sicily. The arcuate belt has been subjected to orogenic processes associated with
subduction of a wesi-dipping lithospheric slab, simuitaneously with back-arc extension in the
Tyrrhenian Sea (e.g. Malinverno and Ryan. 1986). Both crustal and lithospheric processes are well
decumented by geological and geophysical data. making the Tyrrhenian~Apennine region an ideal

natural laboratory for studying geodynamic interactions between subduction processes, collisional
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tectonics and back-arc extension (e.g. Faccenna et al.. 1996; 2001a: 2001b: Gvirtzman and Nur,
2001).

Many authors regard the Tyrrhenian Sea as an example of a back-arc basin associated with
eastward ‘rollback” of u west-dipping subduction zone (e.g. Malinverno and Ryan, 1986 Kastens
et al., 1988; Patacca and Scandone. 1989, Gvirtzman and Nur, 1999: 2001: Faccenna ei al., 20012
:2001b). The driving mechanism for slab rotfback is thought 10 result from the negative buoyuncy
of the slab in comparison with the surrounding asiiienosphere (e.g. Elsasser, 1971 Molnar and
Atwater, 1978: Dewey. 1980; Garfunkel ct al.. 1986). The gravitationad instability may result in a
gradua steepening of the dip of the subducting slab and in an oceanward retreat (i.e. roliback) of the
subducting hinge. 1f the rate of hinge roliback exceeds the rate of convergence, then extension will
start on the edge of the overriding plate leading to the opening of a back-arc basin (Dewey. 1980;
Nur et ak., 1993; Royden. 1993a).

In most natural examples. subduction rollback occurs only when the subducting slab is made up
of oceanic lithosphere. This is probably because continental crust is relatively light, and is likely
to reduce the negative buoyancy of the slab. which in turn would impede subduction rollback. In
the southern Tyrrhenian region. geophysical evidence suggests that the siab beneath the Calabrian
arc may consist of an Early Mesozoic oceanic lithosphere {e.g. Catalano et al., 2001) Nevertheless.
there is no agreement with regard to the nature of a west-dipping subduciing slab beneati the Italian
peninsula that supposedly rolled back during the opening of the northern and central Tyrrheman Sea
{e.g. Malinverno and Ryan. 1986).

The purpose of this chapter is to evaluate spatial and temporal constraints that may link the
geometry of the subducting slab with the hisiory of subduction rollback and back-arc extension in
the region. It is shown that consideration of these consiraints provides an insight into the tectonic
evolution of the orogen. and enables us 1o boiter uiiderstand the tectonic responses caused by tearing

of a retreating slab,

6.2. Tectonic setting

The Tyrrhenian Sea can be divided into a northern domain and a southern domain. The northern
Tyrrhenian is a wedge shaped basin, bounded to the south by the major fault zone of 41° Parallel
Line (41PL) and floored by thinned continental crust (Figure 6.1a.b). In the southern Tyrrhenian. in
addition to stretched [ragments of continentai crust. there are also deep basins (Vavilov and Marsili
basins) that contiin Pliocene to Recent (<5 Ma) MORB-type basalts (Kastens et al., 1988). These
basins are considered to represent the locus of sea-floor spreading in a back-are position with respect
to a northwest-dipping subduction zone, presently located beneath Calabria (Figure 6.1a). Further
evidence for lithospheric stretching in a back-arc environment is based on high values of heat fow
(>150 mW m™) measured in the Tyrrhenian Sea (Della Vedova et al.. 1984) (Figure 6.1c).

The Tyrrhenian-Apennine system has been subjected to simultaneous extensional tectonism in the
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Tyrrhenian Sea and crustal shortening in the Apennine-Maghrebide orogen since the Late Miocene

(e.g. Malinverno and Ryan. 1986: Lavecchia. 1988) (Figure 6.2). Deformation in the Tyrehenian-

Apennine system followed an earlier deformational event that took piace during the Late-Olizocene-
=

Early Miocene and involved the opening of the Ligurian-Provencal Basin (Figure 6.1a) as a result

of the rollback of o northwest-dipping subduction zone (e.g. Faccenna et al.. 1997 Rollet et al.
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Figure 6.1. Tectonic setting of the Tymhenian Sea. (a) Map showing main siructural features.
modified after Patacca et al. (1993). and locations of cross sections (Figure 6.3). Thc boundary
between lhe northeen domain and the southern domain is marked by the major fault zone of
the 41st Parailel Line (41PL). LP. Ligurian-Provengal Basin; PM, Peforitan Mountains: Tyr.
Tyrrhenian Sca. (b) Crustal thickness in the Tyrrhenian Sca, after Gvirtzman and Nur (2001). (¢)
Heat flow in the Tyrrhenian Sea, after Deila Vedova et al, (1991).
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2002: Rosenbaum et al.. 2002b). The epening of the Ligurian-Provengal Basin was accompanied by
« connterclockwise rotation of the Corsica-Sardinia microplate. which led to a progressive collision
of Corsica-Sardinia with the former western margin of Adria, and gave rise to the formation of a
north-south striking orogen in the Apennines (Patacca et al., 1990}, Based on palacomagnetic rf:sulls.
it has been suggested that Corsica and Sardinia stopped rotating af ¢it. 16 Ma (Speranza et al., 2002,
and references therein). which coincides with the time of termination of buck-arc extension in the
Ligurian-Provengal basin.

Opening of the Tyrrhenian Sea is recognised in the structure of the rifted margins of Corsica
and Sardinia. which ure associated with Tortonian syn-rift sediments (Mauffret and Contrucci.
1999: Sartori et al.. 2001). The extensional froni. as well as the front of crusisl shortening.
migrated eastward through time. leading to the ongoing destruction of internal parts of the orogen
by extensional processes. The same process is refiected by the present-day tectonic activity in the
Apennines, which is characterised by thrust tectonics in external parts of the erogen and exiension 0

the interna! zone (e.g. Mariucci et al.. 1999; Montone ¢t al., 1999).

Ma] 234 203 158 14.3 110 7.3 53 34 175
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Chatnarg  Aguianian 2urgigahan Langhan  Serravallian Tononian | Messintan] Early T Late lmam
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Figure 6.2, Chronology of syn-rift sedimentation. crustat shortenmng and magmatisin in the
Tyrrhenian Sca and the Apennine-Maghrebide bell. Sce text for discussion. Timescale after

Remane et al. (2000). Al Acolian Islands: IP, halian Peninsula: NA. Northern Apennines.

6.3. Constraints on crustal deformation

Observations show that deformation in the Tyrrhenian-Apennine region involved simultaneous
shortening and extension. During th:: Neogene and Quaternary. crustal shortening occurred in the front
of the Apennine belt, and is currentdy taking place in the most external parts of the orogen (Figure
6.3). In contrast, more internal parts of the orogen have been subjected to extension associated with

the formation of the Tyrrhenian Sea (Figure 6.3 and Figure 6.4).

The Terrhienian Sea ond the Apeanine-Maghrebide belt

6.3.1. Migration of the thrust front

The spatio-temporal distribution of crustal shortening is inferred from the ages of thrusting along
Apennine-Maghrebide nappe structures and from depositional nges of foreland {molasse) basins
{e.g. Bovcaletli et al.. Y990b). The pattern of crusial shoriening in the Tyrrhenian-Apennine system
Is characterised by migration of thrust faults towards external pans of the orogen (Figure 6.3). In
addition. deformation in the southern Tyrrhenian-Apeunine system is relutive younger compared
with the timing of deformation in the northern domain.

Structural evidence from the northern Apennines points to a northeastward migration { crustal
shortening (Jolivet et al.. 1998) (Figurce 6.3). Shortening structures are associated with northeastward-
verging folds and thrusts, and deposits in foreland basins become progressively younger towards the
externgl parts of the orogen (Lavecchia. 1988; Boccaletti et al.. 1990b). The timing of deformation
also becomes younger in the central and sotthern Apennines. 1n the southem Apennines, crustal
shortening occurred predomipantly during the Pliocene and the Pleistocene and was characterised by

eastward and southeastward migration of the thrust front (Roure et al.. 1991).

A
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Thrisst Ft.?«
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Figure 6.3. Schematic cross scctions across the Apennines-Maghrebides (sec location map in
Figure 6.1a) showing the approximate location of the thrust front through time and the present-
day location of the thrust front extensional front (thick linces). Cross sections are modified after
Finetti ¢t al. (2001), Mariucci et al. (§999). Cipollari et al. (1999), Cello and Mazzoli (1999) and
Roure ¢t al. (19903, M. Messintan (7.5-5.3 Ma): P. Pliocene-Pleistocene (<5.3 Ma): T. Toronian
(11-7.3 Ma).

The paltém of deformation in Calabria is more complex, with evidence for a prolonged tectono-
metamorphic history that involved several dciormationat episodes associated with Alpine orogeny
(e.g. Knott and Turco, 1991: van Dijk and Okkes. 1991: Cello et al.. 1996: Rosseii et al.. 2001).
Rock units in Calabria were subjected to high-pressure metamorphism during the Eocene (ca. 44
Ma), and were later exhumed to shaltow crustal levels in a period of extensional tectonism (at ca.

30 Ma; Rosseti et al., 2001). In the framework of the Tyrrhenian-Apennine system, the Calabrian
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block (including the Peloritan Mountains of northeast Sicily: Figure 6.12) is considered to be an
allochthonous terrane (hat originated approximately 800 km northwest of its present location, It
then drifted southeastward since the Oligocene and was accreted into the Adriatic margin during the
Neogene (Roserbaum et al., 2002b. and references therein). .

Crustal shortening in Sicily involved progressive underthrusting of rock units during southeastward
migration of the thrust front and clockwise block rotations (Oldow et al.. 1990: Roure et al.. 1990).
Crustal shortening in western Sicily began in the Early-Middle Miocene (Olidow et al.. 1990). which

is somewhat earlier compared with the deforiation in the southern Apennines.

6.3.2. Migration of extensional deformation

The spatial distribution of the earliest syn-rift sediments in the Tytrhenian Sea and its margins
suggests that extensional deformation migrated towards the northeast in the northern domain and
towards the southeast in the southern domain (Figure 6.4). The earliest syn-nift sediments were
deposited during the Late Oligocene-Early Miocene (~25-16 Ma) in the Corsica Basin (Maus{ret
and Contrucci. 1999) (Figure 6.4). This rifting stage took place before or during 1he opening of
the Ligunian-Provengal Basin (Figure 6.1a), and before Corsica and Sardinia reached their present
positions at 16 Ma (Speranza et al.. 2002). The Oligocene-Early Miocene extensional deformation
in the northern Tyrrhenian may have resulted from subduction rollback of an Oligocene northwest-
dipping subduction zone (Rosenbaum et al.. 2002b). However. the tocus of extension was located in
the Ligurian-Pravencal rift system. whereas rifting in the northern Tyrrhenian Sea ceased before 16
Ma and was not resumed until ca. 10 Ma (Mauftret and Contrucci. 1999),

The major rifting event associated with the opering of the Tyrrhenian Sea comimenced in the Early-
Middle Tortonian (~10-9 Ma), based on syn-rift Tortonian sediments in the nosthern Tycrhenian and in
the western part of the southern Tyrrhenian (Figure 6.4). Tortonian syn-rift sediments are widespread
in the northern Tyrrhenian and become progressively younger towards the northeast (Bartole, 1995).
Lis the southern Tyrrhenian, the distribution of Tortonian sediments is restricted {0 a narrow zone
offshore the Sardinian coast {Spadini et al., 1995: Sartori et al.. 2001). This spatial distribution may
suggest that during the Tortonton. the migration of extensional deformation in the southern domain
was slightly slower than the migration in the nosthern domain. A wedge of syn-rift Late Tortonian
sediments has also been reporied from the rifted margin of northern Sicily (Pepe et al., 2000), which
is in a relatively anomalous focation compared with the distribution of Tortounian sediments in the
southern Tyrrhenian (Figure 6.4). These Tortonian sediments, as well as older “iddle Miocene) syn-
rift sediments found in Calabria (e.g. Argentieri et al.. 1998). werc probably not deposited in situ,
but originated in a more westerly pesition. from which they have migrated eastward together with
Siciliant and Calabrian allochthonous units.

The majority of the southern Tyrrhenian Sea was subjected to extension from the Messinian to

the Pleistocene. which culminated in the Pliocene-Pleistocene sea-floor spreading of the Vavilov (5-4
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Ma} and Marsili basins (3-2 Ma) (Kastens et al.. 1988). The wider distribution of syn-rift sediments
during this period suggests that the extensional front migrated faster in the southern Tyrrhenian
compared with the northern Tyrrhenian (Figure 6.4). These differential migration rates may have
been accommodited by the E-W fault zone around parailel 41° (41PL; Figure 6.4) that was active as
a lefi-tateral strike-slip shear zone during the Messinian and the Pliocene (Spadini and Wezel, 1994:
Bruno et al.. 2000). Based on the distribution of syn-rift sediments. the rates of migration mt 7-2 Ma

in the southern Tyrehenian are estimated as ca. 80 knm/Myr.
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Figure 6,4. Map showing spatial distribution of the carliest syn-rift sediments in the Tyrrhenian

Sca und its margins, Thick lines indicate locations of sections from which data have been
obtained. Uncertain boundarics arce indicated by dashed lines. Syn-rift sediments from the
Calabrian block and its margins are pot shown becuuse they were probably deposited in a more
westerly position. References are: (1) Bartole, (1995); (2) Kastens ct al. (1988); Cipollari ct al.
(1999); (4) Sartori ct al. (2001); (5) Cavinato and Celles. (1999): (6) Maufiret and Contrucet
(1999); (73 Gambeni and Arganani (1995): (8) Nigro und Salli (1995); (9) Pepe et al. (2000); (10)
Spadint et al. (1995). Locations of ODP sites (650-655) and an OSDP site (373) are also shown.
41PL. 41st Paralict Line.

6.4. Constraints on the role of subduction rellback

The strongest evidence on the role of subduction rollback in the Tyithenian-Apennine system is
derived from the distribution of subduction-related magmatism, which suggests a pattern of migration
of the magmatic arc that is consistent with roliback of the subduciion hinge towards the east and the
southeast. In the following section, ! combine data on magmatic activity with data derived from

tomographic cross sections in order to infes the geometry of the subducting slab and to reconstruct

the histery of rollback at different segments of the Tyrrhenian-Apennine system.
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Table 6.1. Magmatic rocks throughout the Tyrrhenian-Apennine region {see Figure 6.5 for location).

Na | Location

Rock 1ype

I Age (Ma) {Rel‘erences

Mainly cale-alkaline ysubdudtion refated)

1 Sisea. Nonheast Corsica Lamproite 15-14 Civesta et al. (1978
2 ) Gallura, west Sardinia Rhyolitic dacite 15 Savelli L2002y -

3 | Logwdoro., Sardinia Andesite i3 Sm-clli (2002)

4 S. Pictros islamel (SE Sardini Cuotnendile F4-15 Savell (2002)

5 | Moutecristo Cordicrite menzogranite 73 . Serrieral (4993}

G Vercelli seumount Monzagranite 1.5.06.5 Savelli (2002

7 | Comacyi. Scamount Shoshoniw 12.9-12.3 M:mca}c et al. (2001)
8 | Capraia Andesite, dacite. ety olite 6.9-6 Savelti (2002

% | M. Capaitne, Elba Graodiorite. monzogranile 6.8.6.2 Serri et al, (19930
K} | Porio Azzurro. Elba Condie -ite monzogranile a1 Serri ¢t al. (1993)

H | Giglio Cordierile monzogranites k¥ Serti et al, (199
12 | Anchise Stostvnitic basalis aimd dacites 5335 Savelli (2000

I3 | Copraia High- < andesites, davites, rhyolites +.06-3.5 Serri e al, (1993
14 { Montccatini. Tuscany Loy voite 4.1 Savelli (2002)

{5 1 San Vincenzo Cord .-:.-rile rhyolite 1.7 Semictal, {1993
16 | Casicl di Pictra & Gavorrano Mom; ;;granitcs. S¥enLgranites 4443 Serri et 2l 11993)
17 | Ponza island Rhy_(; :.'lc 3.4 Savell: (2002)

12 | Monteverdi Cnrdic;i'e e:lnné@muilcs. KRS Serri et ], £1993)
19 ] Tolfa Trachydacite and riyolite 38-23 Suvelli (2000

20 | Manziana Rhbyolits 16 Serri et al. (1993)
21} Roceastrada Cordierite rhyoléte 15-2.2 Serri et al, (1993)
22t Cerite Rhvolite 24 Serri ot al. 11993)
23 | Volwrno piain Basult. andesite »? Savelli (2002)

24 [ Radicofani Basalts 1.3 Savelli (2002)

25 { Cimini Trachytic dacile 1.3-0.9 Savelli {2002

26 | Raccammoniina Basali, trachytic busalt, Jatite 1203 Savelli (2002)

27 | Ponza island Trachywe LI Sovelli (1988

28 | Lower slope Basalts N Suvelli (1988)

29 | MuAmia Trachytic dacite 130.2 Savelli {2008

30 1 S. Venanzo Melilitite/carbonatite 0.4 Stoppa & Wooley (1997)
31 1 Tuorre Alfina Lamproie 0.8 Savelli (2062)

32 | Cupacllo Melilitie/earbonmine 0 Stoppa & Woolcy (1497)
33 | Vulsin Basanite, shoshonite. latite, trachyte 0.6-0.t Savelli (2002}

3 | Vico, Sabatini Tephrite. leucitite. phonolite. track.yte 0.6-0.1 Savelli {2002)

35 | Albani Hills Leucitite. 0.6-0.) Savelli (2002)

36 | Vemtotene volcanic complex Trachytic basalis. phanglite 0.8-<0.2 | Savelli (2002)

37 | Phlegrei fields Basaly <0 Savelli (2002)

I8 | Vesuvius Trachyte. phonolite <003 Savelli (2002)

39 | Vulture Tephyite, phonolite 0.8-0.13 Stoppu & Wooley (1997)
40 | Palinuro scamouni Basalt 0303 Savelli (2002)

41 | Masili scamouni Andesite 0.4-¢ Savelhi (2002}

42 | Enacete & Eolo seamounts Basulis, andesites 4.8-0.6 Savelli (1988)

43 | Alicudi island Basalts <02 Savelli (2002

44 ] Filicudi island Basalis <-“‘-.'__‘ Savelli 12002y

45 | Salina island Basah, ardesite, dacite, rhyoite 030 Savelli (2002)

The Tyrrhenian Sea and the Apennine-Maglrebide bely

Table 6.1. Continued

No | Location Rock type Age(Ma) | References
146 1 Stromboli isiand Basalt, andesite <0.06 Savelli (2002)
{ 47 | Panarea volcanic complex Basait, andesite 0.8-0,01 Savelli {2002)
48 | Lipari island Andesite, rhyolite | <025 Savelli (2002}
49 | Vulcano island Basalt, shoshonite, latite, rhyolite <0.12 Savetli (2002)
Mainly Tholeittic/alkaline — interplate
50 | Hyblean Piateay Thaleiitic and alkaline basalts 8-6 Savelli (2001)
51 | Copo Ferato, Sacinia Trachytic basalt, trachyie 5 Savelli (2002)
33 Aceste Trachyte, thyolite 5 Savelli (198%)
33§ Montiferro, Surdinia Basanite, trachytic basalt, phonolite 3.2-23 Savelli (2002)
34 | Monte Arci, Sardinia Basalt, andesite, rhyolite, trachyte 4-23 Savelii (2002)
55 | Magnaghi scarnoun Basalt 323 Savelli (2002)
56 { Hyblean Platcan Tholciitic and alkaline basalis 3-1.2 Savelli (2001)
57 | Logudoro, Sardinia Basalt, trachytic basalt 0.9-0.2 Savelli {2002) d
58 | Vavilov seamount Basalts 04-<0.1 | Savelli (1988) i
59 | Ustica island Basalt, irachyte. rhyoiite 0.8-<0:2 | Savelli (2002)
60 | Paviellera istand Alkaline magmas, peralkaline, rhyolites. trachytes [ <0.3 Savelli (2001)
61 | Etna Tholeiitic basalts 0.5-0 Savelli (2002)
Oceanic basalts
62 | ODP 655 - Gortani Ridge Basalts 4.6-4 Feraud (1990}
63 | ODP65) Basalts 3-26 Fernud (1900)
‘_64 QDP 630 (Magsili Basin) Basuhs 1.9-1.6 Savelli (2002)

6.4.1. Magmatism

Neogene to Quaternary magmadtic activity in the Tyrrhenian-A
related czic

pennine region involved subduction-
-alkaline magmatism, intraplate alkaline magmatism and emplacement of MORB-type
basalts (Savelli, 1988; 2000; 20013 2002: Serri et al., 1993; Argnani and Savelli, 1999; 2001) (Figure
6.5 and Table 6.1). The distribution of subduction

~-refatcd (mainly calc-alkaline) magmatism defines

a geochemical polarity associated with a west-dipping subduction zone (e.g. Savelli, 2000; Argnani
and Savelli, 2

001). These magmas become younger from west to east, which I believe,
to rollback of the subduction hinge during the opening of the Tyrrhenian Sea.

is the response

The oldest volcanic rocks in the Tyrrhenian margins are Oligocene-Middle Miocene (32-13
Ma) calc-alkaline rocks found in Corsica and Sardinia (Savelli,

2002, and references thereiz}. The
youngest of these magmatic centres (16-13 Ma) were active after Corsica and Sardinia stopped

rotatiny, and indicate the location of a N-S-striking volcanic arc that existed at that time (Figure 6.5a).

The subsequent migration of this magmatic arc is reconstructed in Figure 6.6.

The carliest stage in the migration of the Tyrrhenian-Apennine magmatic arc is documented by a

series of N-S-striking magmatic cenires dated at 13-7 Ma (Figure 6.5b). These magmatic rocks are

found 100-150 km east of the former position of the magmatic arc, suggesting a rapid episodz of slab
rollback that probably took place during the Tortonian (11-7 Ma). Subduction rollback continued

during the Messiniun (7-5 Ma) and led to cessation of calc-alkaline magmatism in the offshore area
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of Sardinia and southern Corsica, and to the onset of magmatism near the eastern margin of the
Tyrrhenian Sea.

A second episode of subduction rollback is inferred from the distribution of post-Messinian
(6-0 Ma) calc-alkaline magmatism. During this period, rollback continued in the southern ‘domain,
but slowed down or stopped in the northern domain. The episode of rapid roliback in the southern
domain is inferred from the observation that the nesitions of the post-Messinian (<6 M) magmatic-

arc in the sonthern Tyrrhenian are relatively spaced (Figure 6.6).

LI

Xihd

il

Figure 6.5. Distribution of subduction-related (purple), intraplate (green) and MORB-type (blue)

magmatism in the Tyrrhenian region. The numbers correspond to the list of references in Table 6. 1.

Figure 8.6, Mup showing the approximate location of the magmatic arc through time bascd on
the data shown in Figure 6.5. Numbers indicate ages in My, The contour map clearly shows an
overall eastward migration of the magmatic are since the Late Miocene. Dashed lines indicaie

inferred locations where no data exist. 41PL, 41st Paratlel Line.

6.4.2. The geometry of the subducting slab

Seismic data from the Apennines and the Calabrian arc support the existence of a segmented,
locally detached, west-dipping subduction zone in the region {e.g. Andcrson and Jackson, 1987a;
Selvaggi and Amato. 1992: Wortel and Spakman. 1992; Lucente et al.. 1999), The Tyrrhenian-
Apennine slab is illustrated in three segments, the northern Apennine slab. the central-southern
Apennine slab and the lonian slab (Figure 6.7).

The existence of a cold lithospheric sfab in the northern Apennine arc is interpreted from few
occurrences of deep earthquakes at depths of up to 90 km (Selvaggi and Amato. 1992) and from
zones of relatively high seismic velocities recognised in tomographic models (Wortel and Spakman,
1992: Lucente et al.. 1999) (Figure 6.7a). Due to the low resolution of the tomographic images. it is
debateable whether these seismic anomalies represent a continuous slab that is presently subducting
beneath the northern Apennines (Lucente et al., 1999), or a stab that is separated from the overriding
plate by a zone of low velocity asthenosphere (e.g. Worte! and Spakman. 1992; 2000). Worlel and
Spakman (1992) have explained their model by a detachment of the lithospheric slab, which has
been propagated laterally beneath the Apennines. In contrast, the analysis shown here is based on the
tomographic model of Lucente et al. (1999), which shows a continuous subducting slab beneath the
northern Apennines. Nevertheless, the possibility that the notthern Apennine siab has been detached
cannot be excluded.

“In the central Apennines, evidence for slab detachment has been infersed both from the models
of Wortel and Spakiman (1992) and Lucente et al. (1999), ln both models, there is no high-velocity
andmal}* at shallow and intermediate depths (up to 250 km) beneath the central Apennines. which
means that subduction does not take place at these depths. However, a zone of high seismic velocities
at depths of 400-700 km (Figure 6.7b) may point to the existence of a detached slab beneath the

central Apennines.
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Figure 6.7. Upper mantle cross sections bencath the (a) northern Apennines. (b) central
Apecnnines and (¢) Calabria, The cross sections show positive (>2%) seismic velocitics of P
waves (after Lucente et al.. 1999 light grey). and estimated lithospheric thickhess (after Della

Vedova et al.. 1991; dark grey).

The continuous nature of (he southernmaost segment of the Tyrrhenian-Apennine slab (the Tonian
slab} in the Calabrian arc is in contrast to the fragmented central Apennine slab, In this region. there
is a good agreement between different tomographic models (Wortel and Spakman. 1992; 2000;
Lucente et al., 1999) that show a relatively narrow zone (ca. 300 km) of high seismic velocities. This
seismic anomaly indicates a continuous sub-vertically cold slab dipping towards the northwest, The
existence of this slab is also supported by occurrences of deep earthquakes (at depths of up to 500
km) defining the Benioff-Wadati zone (Anderson and Jackson. 1987b). The tomographic images
(Figure 6.7¢) suggest that the subducted slab stagnated at a depth of ca, 700 km. that is. around the
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670 km discontinuity. Remnants of the slab can then be traced horizontally parallei 1o the 670 km
discontinuity over a distance of 600-700 km. The zone of active subduction is localised only in the
area where the Tyrrhenian-Apennine subduction system meets the oceanic lithospliere of the Jonian
Sea (Rasenbaum et al.. in review). This may suggest that the Calabrian are is the only area within
the Tyrrhentan-Apennine system where subduction processes have not been impeded by accretion of

continental material, as will be discussed later,

6.5. Reconstruction of subduction rollback

Using the above constraints, it is possible 1o reconstruct the evolution of the subducting slab
(Figure 6.8). The reconstruction is based on the assumption that slab segments recognised beneath
the Tyrrhenian-Apennine sysiem have been subducted during or before the opening of the Tyrrhenian
Sea. The results shown in Figure 6.8 have been obtained by preserving the length of each slab
segment. and by applying an incremental reconstruction of the subduction zone. In this process.
I assume that the convergence between the downgoing plate and the overriding plate is negligible
so all components of horizontal motions are atiributed to subduction roliback. This is a sound
assumption because the rates of convergence in the last 10 Myr were considerably slower than the
rates of subduction roflback (Figure 6.9). In the central Mediterranean. the vector of Africa-Europe
convergence since 10 Ma is estimated to be 7-7.4 knw/Myr towards the northeast (DeMets et al..
1994 Rosenbaum et al., 2002a). This implies zero convergence in cross sections perpendicular to
the Apennine belt. and ca. 6 km/Myr convergence along cross section CC’ (Figure 6.9). This value is
negligible when compared with the rates of subduction rollback (20-100 km/Myr).

Predictions on the behaviour of the slab during subduction rollback are based on results from
anatogue experiments (Faccenna et al.. 2001a; Schellart. 2003). which simulated subduction by
initiating gravitational sinking of a relatively high-viscosity upper layer (simuiating the lithosphere)
in a model box filled with low viscosily material simulating the sub-lithospheric mantle, Both sets of
experiments have shown that under these circumstances, the slab was subjected to rapid rotlback. and
that stagnation and flauening of the slab occurred when it reached a mecth:inical boundary simulating
the 670 km discontinuity.

The age of each stage in the reconstruction is deduced from the location of the magmatic arc
relative to the subductiag slab. These time consiraints provide the ability to calculate the length of
the slab that has been subducted during the opening of the Tyrrhenian Sea. In the northern transect.
the total length of the slab subducting since 13 Ma has been ca. 200 km (Figure 6.8a). The deeper
paits (>200 km depths) of the northern Apennine slab have therefore been subducted earlier, that is,
during the opening of the Ligurian-Provencal basin at the Early Miocene. The rates of rollback in this
transect were greater at earliest stages of the Tyrrhenian extension (~10-8 Ma),

The history of the central Apennine slab is relatively poosty constrained (Figure 6.8b). However.
based on its 3D position with respect to the northern and southern siab segments (Figuie 6.8 and
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13 Ma

(b)

rofback =
100 km/Myr

tollback «
313 kmMyr

roflark w
20 km/Myr

13 Ma

Figure 6,8, Reconstruction of the subducting slab at different stages during the opening of the

Tyrrhenian Sea. (ay Northern Apennine transect. (b) Central Apennines transect. {c) Calabrian

arc transect. The short vertical thin lines and adjacent mitmbers indicate locations and ages {in

Ma) of the magmatic arc. Thick solid lines indicate the approximate location of the thrust front

(unknown for the Calabrian transcct) and dots indicate arcas of syn-rift sedimentation. Zones of

high seismic velocities at 0 Ma are also shown.
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Figure 6.10), I suggest an age of 6-5 Mu for the tearing of the slab. Since then. subduction processes
have ceased and the slab has been subjected 10 gravitationat foundering. Therefore, it is likely that
the origin of younger (3-0 Ma) volcanics in the central Apennines has not been directly derived from
subduction proccsses (e.g. Lavecchin and Stoppa. 1996).

The role of subduction rollback is best illustrated in the cross section across the Calabrian
arc (Figure 6.8¢). Here. the length of slab subducted during the opening of the Tysrhenian Sea is
estimated as ca. 530 km. The reconstruction shows an increase in the rates of rollback at ca. 5 Ma,
with maximum rollback velocities of ca. 100km/Myr.

The evolution of the subducting lithosphere in the Tyrrhenian-Apennine system in a map view
is shown in Figure 6.10. I suggest that tearing of the slab occurred at ~6-5 Ma beneath the central
Apennines. and was followed by a subsequent period of rapid rollback in the southern Tyrrhenian
Sea. I further propose that the tearing of the central Apennine slab imay have triggered the episode of
rapid roliback.

NOVELY Figure 6.9. Component of convergence perpendicular to the

‘r{ {CoMats sl al, 1554)

%

strike of the subduction zone (black arrows) calculated from the

relative motion of Alvica and Europe (after DeMets et al., 1994;
~\  Rogenbauin

1‘% at o {2002a)

Rosenbaum et al.. 2002a). Velocitics are indicated by the relative
lengths of the arrows. The component of convergence is greatest in
the Calabrian arc and in Sicily (7.2 km/Myr) and is equal to zero in
the Apenmincs. Convergence perpendicular to the scetion CC' is ca
6 km/Myr, which is one magnitude of order smaller than the rates

of subduction rollback.

Figure 6.10, Maps showing the cvolution of the subducting lithospheric slab beneath Italy
since the Late Miocene. Shaded areas are surface projections of the slub at depths of 30-100 km
based on the tomographic model of Lucente ct al. (1999) and the results of this rcconstructioi‘-
(Figure 6.8). Note that the reconstruction predicts tearing of the slab at the latest Messinian
{~6-5 Ma). and a subsequent period of rapid rollback in the southern Tyrrhenian Sea. 41PL.
4 1st Parallel Line,
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6.6. The origin of the Apennines

6.6.1. Palacomagnetic constraints

In this section 1 consider the role of Neogene to Quaternary block rotations in the Tyrrhenian-
Apennine region as interpreted from palacomagnetic data (Table 6.2 and Figure 6.11). These rotatics
indicate the sense of motions during deformation in the Apennine-Calabrian-Maghrebide fold-and-
thrust behs. Since deformation took place contemporaneousiy with the epening of the Tyrrhenian
Sea. it is possible to combine these rotations within the framework of subduction rollback and buck-

arc extension (Figure 6.11b).

Table 6.2, Rrotations in the Apennines-Maghrebides since the Tortonian (sce Figure 6.11 for location).

No [lnferred rotalion I Time span | Reference

Northern Apennines

3 28°CCW Since Tortonian Muitoni et a), (2K

2 20-60° CCW Since Messinian Speranza et al. (1997)

3 2A0° CCW Since Messinian Speranza et al. (1997)

4 15" CwW Since Messinian Speranza et al. (1997)

5 No rotation Since Late Messinian Musici et al. (19963

Cenliral Apenunines

6 No roration Sinve Late Pliocene Sagnoni et al. {1994)

7 28" CCwW Since L. Miocene Maitei et al. (1995)

8 33 CCw Since Messinian Speraniza ot al. (1998)
Southern Apeanines

9 223 CCw L. Pliocene - E Pleistocene Scheepers et al (1993

1 80° CCwW <13 Ma Gattacceca & Speranza (2002)
1) 15" CCw Duyring Late Pliocene Scheepers & Langereis (1994
" 15° CCwW During Middle Pleistocene Scheepers & Langereis (19490
1] 9 CCW Since Middle Pleistcene Schegpers & Langercis (1994)
Calabria-Peloritan

12 19" Cw Tortonian-Messinian Speranza ¢t al. (20K

13 253 CwW During Tononian Duermeijer et al. {1998}

14 15-20° CwW Pleistacene Mintei ot al. (199N

15 13-20° CW During Middle Pleistocene Scheepers et al. (1994

16 4°CWw Plia-Fleistocene Aila gt al, (1988)

Sicily '

17 53 Cw Since Lower Pliovene i Grasso et al. (l;;i-g)

i8 MCw Since Barly Pliocene Scheepers & Langereis (1993)
19 55 CwW Since Early Pliocenc Speranza et al, { 1999

Clockwise (CW} aml counterclockwise (COW)

The pattern of deformation in the Apennines is predominantly governed by counterclockwise
rotations (Figure 6.11a). In general, the degree of rotation increases, and the ages of these rotations
become younger. from north to south along the Apennines. There are a few exceptions to this

deformational pattern, as for example. in the external part of the Northern Apennines (Figure 6.11a).

S
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where post-Messinian (<5 Ma) elockwise and counterciockwise rotations correspond to the arcuate
bending of the orogea (Speranzi et al., 1997: Lucente and Speranza. 2001).

Palacomagnetic evidence {rom Calabria and Sicily suggest predominantly clockwise rotations
since the Late Miocene (Table 6.2 and Figure 6.11a). Speranza et al. (2000) have reported on earlier
(Earty-Middie Miocene?) counterciockwise rotations of the Calabrian block, which were probably
associated with the lateral migration of this block from its Oligocene position in the northwestern
Mediterranean (Rosenbaum et zi.. 2002b). Clockwise rotations in Sicily occur contemporaneously
with nappe emplacement and the opening of the southern Tyrchenian Sea (Oidow et al.. 1990).
These rotations show an opposite sense of motion with respect to coeval rotations in the southern
Apennines, suggesting an arcuate formation of the fold-and-thrust bzlt during subduction roltback of
the lonian slab (Figure 6.11b).

Q) Clockwise

Ge  Counterclockwise Plio-Pleistocene

4 Mo rotation

Messinian

Figure 6.11. (a) Sense of block rotations in the Apennines-Maghrebides as inferred from
palacomagnetic data. Numbers correspond to the Tist of palacomagnetic rotations in Table 6.2, (b)
Restoration of rigid blocks with respect to the history of extension in the Tyrrhenian Sea (Figure
6.6 and Figore 6.10} and the amount of inferred palacomagnetic rotations. Dashed lines and
arrows indicate the sense of tectonic transport. Rotations that are not based on palacomagnetic

data are indicated by question marks.

6.6.2. Palaeogeography

The evolution of the Apennine-Maghrebide orogen is further investigated on the basis of
palacogeographic interpretations of sedimentary facies (Figure 6.12). Since the Tortonian. the
locus of orogenesis occurred in the western margin of Adria, which consisted of 4 heterogeneous

sedimentary cover made of Mesozoic carbonale platforms and basinal pelagic deposits (Figure

________________
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6.12b). The Adriatic carbonute platforms were deposited during the Mesozoic in a shallow marine
environment {e.g. Bosellini, 2002. and refercuces therein). The most external pfatform in the central
and southern Apennines is the forefand arca of the Apulian platform (Figure 6.12a). More internai
platforms (hereafter termed ‘Internal plaform’), such as the Campania-Lucania platform and the
Latium-Abruzzi platform. are presently thrust on top of the Apulian platform. The suture between the
Apulian and the Internal platform is made of two basinal domatns represented by the Lagonegro and
the Molise units (Mostardini and Merlini, 1986). These units consist of Triassic 1o Oligocene clays,
cheas, radiolarites and limestones, overiain by Miocene turbiditic sequences (Wood. 1981 Marsella
et al., 1995). They were deposited in a deep-marine environment that was located west of the stope

of the Apulian carbonate platform (Marsella et al., 1995) (Figure 6.12b).

Prasent (b}
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Figure 6.12. (a) The spatial distribution of sedimentary facies in the western margin of Adria
(medificd afier Oldow ct al.. 1990; Marsclla et al., 1995: Bosellini, 2002), (b) Restored positions
of Apenninc-Maghrebide terranes prior to the opening of the Tyrrhenian Sea. The ihick grey line
indicates the irregular continental margin of Adria. Ab. Abruzzi; Ca, Calabria: CL.. Campania-
Lucania platform: Hy. Hyblean platform: Im, lmerese: La. Lagonerro; Mo, Molise; Pa.

Fanormide platformi; Sa. Saccense; Si. Sicanian: Tr, Trapanese.

The palacogeography of the northern Apeunnines differs from the palacogeography of the central
and southern Apennines (Figure 6.12a) (sze also discussion by Lucente and Speranza, 2001). In the
Umbria-Marche region of the northern Apennines. the sedimentary pile predominantly consists of
Early Jurassic 10 Paleogene pelagic limestones deposited on top of Triassic evaporites (Lavecchia
et al.. 1988, and references therein). Furthermore, the crust and lithosphere beneath the Umbria-
Marche region is thinner in comparison with the central and southern Apennines (Caleagnile and
Panza, 198G: Geiss, 1987). This may suggest that sediments of the northern Apennines were not
deposited on a normal’ continental crust and that the shape of the continental margin of Adria, when

incorporating in Apennine-Maghrebide orogeny, was irregular (Figure 6.12b).

R
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The sedimentary facies in Sicily is characterised by severai lithotectonic assemblages of
Mesozeic carbonate platforms (Panormide. Trapanese, Saccense and Hybley) and two basinal units
with pelagic deposits (Imerese and Sicanian basins) (Catalano and D'Argenio. 1978: Oldow et al.,
1990). in the most internal part of the fold-and-thrust belt and at the highest structural position, the
Panormide carbonate platform is separatzd from the underlying platform and seamourit of Trapanese
by sediments of the Imerese basin (Figure 6.12a). The Sicanian basin. in turn, is juxtaposed between
the Trapanese unit and the Saccense platform (Channell et al.. 1990b: Oldow et al.. 1990). This
tectonic configuration suggests that the imbrication of thrust sheets involved closure of pelagic
basins that now define Jocal sutures between the carbonate tectonic allochthons (Figure 6.12b).

The suggested palinspastic reconstruction (Figure 6.12b) combines the palacogeographic data
with the constraints on the Kinematic evolution of the orogen (i.e. Figure 6.11b). T suggest that
the incorporation of heterogeneous crustal material at orogenic processes resulied in an uneven
dis~ = tien of strain during deformation. Carbonate platforms moved as relatively rigid blogks,
wiiei=as basinal units were subjected 1o intense crustal shoriening deformation. 1 further speculate
that the arrival of the Internal platform at the subduction zone impeded subdaction processes and
fed to tearing of the centrat Apennine slab. and also that the closure of deep-sea basing (Lagonegro.
Molise, Imerese and Sicanian basins) in the westernmost lonian Ocean enabled ongoing rollback in

the southern Apennines. Calabria and Sicily.

6.7. Discussion

6.7.1. Tectonic evolution of the Tyrrhenian Basin

Results of the spatio-temporat analysis suggest that the major stages of opening in the Tyrrhenian
Sea did not begin before the Laie Miocene {ca. 13-10 Ma). It should be stressed that earlier
Oligocene-Early Miocene extensional episodes in the Corsica basin (e.g. Mauffret and Contrucci,
1999) and in the northern Apennines (e.g. Carmignani et al.. 1994) were probably related to the
opening of the Ligurian-Provengal basin, and were accompanied by the counterclockwise rotation
of Corsica and Sardinia. Palacomagnetic evidence (Speranza et al., 2002) suggests that Corsica and
Sardinia reached their present positions by 16 Ma. Following that. during the Middie Miocene (16-10
Ma), extension in the Tyrrhenian Sea stopped. as indicated by the absence of Middle Miocene syn-
rift sediments in the region (Figure 6.4). Moreover, during this period. the position of the magmatic
arc remained relatively fixed (Figure 6.6). suggesting that the subduction zone did not rollback.

Rifting in the Tyrrhenian Sea commenced during the Tortonian (~10-9 Ma) and was localised
along the margins of Cersica and Sardinia. This extensional event. which is documented by the
occurrence of Tortonian syn-iift sediments. occurred contesporancously with a rapid eastward
migration of the magmatic asc. Therefore, Tortonian extensional tectonics in the Tyrrhenian Sea is

interpreted as a direct tectonic response to subduction rollback. These constraints on the early stages
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of back-arc extension are significant because previous workers have debated whether subduction
rollback has actually played a role in the opening of the nerthern Tyrrhenian Sea (e.g. Faccenna et
al.. 1996; Mantovani et al.. 1996).

A major change in the style of subduction roliback and back-arc extension occurred during the
Late Messinian (~6-5 Ma) in the Tyrrhenian-Apennine system. This change is recognised both in the
distribution of syn-rift sediments and the distribution of magmatic activity. These independent data
sources sucgest that at ~6-5 Ma, the rates of subduction roltback and back-arc extension slowed down
in the northern Tyrrhenian, but increased considerably in the Southern Tyrrhenian, The differential
velocisies of extension were accommodated by the deeg-seated fault zone of the 41° Parallel Line
that was active as a left-Iateral strike-slip fault during the Pliocene and the Pleistocene (Lavecchia.
1988: Boccaleiti et al.. 1990¢: Spadini and Wezel, 1994: Bruno et al.. 2000). During this extensional
episode. the extreme rates of subduction roliback (60-100 knv/Myr) induced sufticient lithospheric

attenuation in the overriding plate to form new oceanic crust in the Vavilov and Marsilli basins.

6.7.2. Tectonic response to accretion of continental crust

An important aspect of this study is the possible relationships between palacogeography and the
geometry of the subducting siab. Apart from the uncertain role of present-day subduciion processes
tn the northern Tyrrhenian (e.g. Selvaggi and Amato, 1992; Lucente and Speranza, 2001). current
subduction in the Tyrrhenian-Apennine syster is restricted to a parrow zone in the Calabrian arc.
The rcason for this geometry is that the Calubrian arc is the only area within the Tyrrhenian-Apennine
system that still consumes oceaaic lithosphere (i.e. the lonian Ocean). In contrast, there is no evidence
for active subduction in the central Apennines. where a detached remnant slab is found only at depths
greater than 250-300 km (Figure 6.7b). In this region, the palaeogeography was dominated by a large
carbonate platform (the Intemnal platform; Figure 6.12b). It is suggested that the arrival of a relatively
buoyant continental block at the subductiorn zone may have impeded the subduction processes.
leading to a detachment of the subducting slab from the surface. and (o tearing of the slab at the
boundary between the continental block and the oceanic lithosphere (Figure 6.13). This mechanism
is essentially similar to formation of slab tears as a result of docking of alochthonous terranes in the
subduction system (Ben-Avraham et al., 1981; Nur and Ben-Avraham. 1982).

The formation of slab tears is a crucial trigger for changing the history of rollback. In the
Tyrrhenian Sea. time constraints on the tearing of the slab and the accretion of the Internal plaifosm
indicate that these events took place at appioximately 6-5 Ma. These events were followed by a
period of rapid rollback in the southern Tyrrhenian (in excess of 100 km/Myr), and the formation of
an oceanic back-arc basin. It is suggested that slab tearing was the trigger for the subsequent Plio-
Pleistocene episode of increased rapid rollback/buck-arc extension in the southern Tyrrhenian, The
tearing resulted in the formation of a relatively narrow slab (e.g, Dvorkin et al,, 1993) remaining in

the southern Tyrrhenian, Consequently, this slab was subjected to reduced hydrodynamic suction
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from sideways asthenospheric flow (Figure 6.13), which is the lifting force that prevents siaking of
the slab into the asthenosphere (Dvorkin et al.. 1993; Nur et al.. 1993}, It is expected that the decrease
of this foree would act to accelerate subduction rollback.

From this exampic, it appears that episodes of back-arc extension refated to subduction roliback
are strongly influenced by the rheological properiies of the Yithosphere and the interaction with
relatively rigid continental blocks. Subduction rollback is likely to follow the geometry of existing
oceanic crust. Thus, while docking of thick contineatal material in the subduction system may
impede subduction processes. the incorporation of deep basins at the subduction zone could provide
a rclatively free boundary for further roliback. A similac assumption has led Seng6r (1993) 10 suggest
that the closure of small, possibly oceanic basins. such as the Lasonegro basin. may have facilitated
further subduction roliback of Adria. The present reconstruction shows {Figure 6.12b} thot these
basins, the Lagonegro, Molise. Imercse and Sicanian basins. probably accommodated subduction
roltback. although the main component of subduction rallback is atiributed (o the closure of the
narrow lonian Ocean.

lanian Sca

Figure 6.13, Schematic illustration showing possible relationships between the geometry of
the subducting slab and the rheological propertics of the crust and lithosphere. Tearing of the
slab occurred as a result of the arrival of thick continental material {the Internal platform) at
the subduction system. combined with ongoing subduction of oceanic lithosphere (the lonian
Sca) in the Calabrian arc. Following tcaring, rotlback was further accelerated by sideways

asthenospheric flow (arrows). 1P, lnternal platiorm; La. Lag:!oncgrn; Mo. Molise.

6.8. Conclusions

We have used sets of spatio-temporal constraints in order to obtain a beuer resolution on the
occurrence of crustal and lithospheric processes associated with the evolution of the Tyrrhenian Sea
and the Apennine-Maghrebide belt. The earliest evidence for extensional tectonism is associated
with Oligocene-Early Miocenc (~25-16 Ma) syn-rift sediments found in the northern Tyrrhenian.

This extensional episode accurred before or during the opening of the Ligurian-Provengal basin, and
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before Corsica and Sardinia stopped rotating (at ~16 Ma). The major extensional episode associated
with the opening of the Tyrrhenian Sea commenced only at ~10-9 Ma. afier a period of 6-7 Myr of
relative quiescence in exteusional processes during the Middie Miocene.

The first stage of opening of the Tyrrhenian Sea. at 10-6 Ma. was characterised by widespread
extension in the northern domain, and rifting in the western part of the southern domain. In contrast,
the second stage of opening (after ~6-3 Ma) was localised in the southern Tyrrhenian Sea. and
involved extreme rates of subduction rellback (in excess of 100 km/Myr) and the formation of new
oceanic crust in the back-arc region. The transition between the two stages of opening, at about 6-5
Ma, was triggered by docking of the Inte 4l carbonate platform in the central Apennine subduction

system, which 1 propose. led to the form tion of a slab tear. Subsequently, the remaining lonian slab

beneath Calabria was narrower. and was consequently subjected 1o accelerated rates of subduction
roliback.
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CRAPTER 7

FORMATION OF ARCUATE OROGENIC BELTS IN THE WESTERN
MEDITERRANFAN REGION

The best picture that I con give of the origin of the large mowntain ranges
consists of imagining thar when my hand is scarped by accident, folds of
skin become piled up in one direction, while behind them the skin is torn

and little blood wells up.

Edward Suess, Die Heilquetlen Bahmens (1878)
(transtated fiom Germman by A.M Celal Sengdr)
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FOREWORD: CHAPTER 7

This chapter deals with the origin and the evolution of arcuate orogenic
belts in the western Mediterraneun region. The preparation of the chapter
benefited from discussions with Gordon Lister. Roberto Weinberg and
Wouter Schetlart. Comments on the mauuscript by Roberto Weinberg,
David Giles and Peter Betts are also acknowledged. A shightly modified
version of this chapter has been submitied to Geological Sociery of

America Special Paper and is currently in review”,
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= Rosenbaum, G.. Lister, G.S.. Formation of arcvate orogenic belts in the western Mediterranean region. S \
Geological Society of America Special Paper, in review. . i




7. FORMATION OF ARCUATE OROGENIC BELTS IN THE
WESTERN MEDITERRANEAN REGION

Abstract

The Alpine orogen in the western Mediterrancan region. consisting of the Rif-
Betice belt and the Apeanine-Calabrian-Maghrebide belt. is a classic example of an
arcuate orogen. It contains fragments of Cretaccous to Oligocene high-pressure/
low-temperature (HP/LT) rocks, which were exhumed and dispersed during post-

Oligocene extensional deformation and are presently exposed in the soles of

metamorphic core complexes. In this chapter 1 illustrate that the ascuate shape of
the orogenic belt was attained during extensional destruction of the carlier HP/LT
belt. driven by subduction rollback in a direction oblique or orthogonal to the
dircetion of convergence. Sinee the Oligocence, subduction of Mesozoie oceunic
lithosphere, accompanied by rollback of the subducting slab, led 1o progressive
bending and episodic tearing of the slub. This process resubted in the formation
of several siab segments presently recognised in tomographic images beneath the
Alboran Sea, North Africa and [taly. The remnant slabs can account lor nearly all
the volume of tceanic domains that existed in the western Mediterranean during the
Oligocene. Subduction rollback led 10 ¢xtension in the overriding plate and to the
opening of back-iare basing. Extensional tectonism affected the original, refatively
non-arcuate HP/LT beit. Allochthonouns ragments of the erizmal belt {e.g. Alpine
Corsica, Calabria and the Intemal Betic) rotated and drifted &s independent units
until they were acereied in an arcuate fashion into the continental palacomargins of
Adrica. lberie and Adria. Therelore, the present exposures of HP/LT metamorphic
rocks in the western Mediterrancan region do not represent sites of continental

collisions between major large-scale tectonic piates .

7.1. Introduction

Arcuate orogenic belts are common lectonic features defined by along-strike varniations in the
structural trend of the orogen, Following the works of Carey (1955) and Marshak (1988), arcuate
belts have been classified into two groups, namely rotational arcs (oroclines), which are orogens that
underwent syn-orogenic bending. and non-rotational arcs that initiated in their present curved form.
A further classification of oroclines may be related to the degree to which the crust and lithosphere

were ipvolved in the ovoclinal bending. Some oroclines. such as the arc of the Jura Mountains in
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the northwestern Alps (Figure 7.1). are superficial tectonic Teatuses that formed by thin-skinned
deformation in the fold-and-thrust belt. In other oroclines. however. the arcuate shape of the orogen
seems 1o be rooted deep in the lithosphere. For example. in the northern Apennine arc (Figure 7.1}
there is evidence for oroclinal bending at both crustal and lithospheric scales (Lucente und Speranza,
2001). The process of oroclinal bending associated with thin-skinned deformation in fold-and-thrust
belts has been subjected to extensive studies (e.g. Marshak. 1988: Feritll and Groshong, | 993: Hindle
et al.. 1999: Lickorish et al.. 2002). resulting in a relatively good understanding of the development of
upper crustal arcuate systems. Nevertheless, apart from a few important contributions {e.g. Royden.
1993b). the lithospheric control on oroclinal bending has received relatively little atention in the
literature. In this chapter 1 address the role of lithospheric processes in the formation of arcuate belts
using the western Mediterranean as a natural laboratory.

Arcuate belts are particularly abundast in the west Pacitic Ocean and the Mediterranean Sea.
which are areas where subduction systems have beea subjected to oceanward retreat (vubduction
roliback) and 1o widespread back-arc extension in the overriding plate (e.g. Dewey. 1980: Roydea,
1993a). The margins of these basins are often marked by arcvate oroclines, which in extreme cases
(e.g. the Banda arc) are bent by up to 180°. Tn contrast, in areas where subduction zones are relatively
fixed. such as in the east Pacific Ocean. the mountain belts involved smaller degrees of oroclinal
bending. These observations suggest that rollback processes may account for the formation ol many
curved orogens throughout the world (e.g. Royden. 1993b: Hall. 2002: Scheilart ¢t ak., 2002a). The
history and the nature of such arcs are associated with complexities and irregularities within the
subducting plate,

The aim of this chapter is to discuss the formation of the arcuate belts that surround the western
Mediterranean region (Figure 7.1). The study is based on a synthesis of large amounts of spatio-
temporal constraints {(Rosenbaum et al.. 2002b; Rosenbaum and Lister. in review-a) that enable me
to develop tecionic reconstructions of the evolution of the orogens. Results of this study suggest thit
the arcuate shape of orogens in this region is attributed to the destruction of an earlier, more linear
Alpine belt. and to the subsequent accretion of segments of that belt during roltback and back-arc

extension.

7.2. Tectonic setting

The Alpine belt in the western Mediterranean region extends from Gibraltar to the Adriatic Sea
and consists of several different segmenmy of the Alpine orogen: the Rif-Betic belt, the Maghrebides-
Apennines, the western Alps and the Pyrenees (Figure 7.1). With the exception of the Pyrenees, they
are arcuate fold-and-thrust belts, characterised by frontal thrusting in non-metamorphosed external
zones and extension in internal zones (Malinverno and Ryan. 1986: Platt and Vissers. 1989; Crespo-
Bianc et al., 1994: Tricart et al., 1994; Avigad ct al.. 1997; Doglioni et al.. 1997; Lonergan and White,

1997). Orogenic processes commenced during the Cretaceous and involved several episodes of high-
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pressure/low-temperature (HP/LT) metamorphism at ca. 65 Ma. 45 Ma and 35 Ma (Gebaver et al..
1997, Rubatto et al.. 1998; 1999). These events may correspond to collisions between continental
ribbons and microplates that existed in the area that separated the converging plates of Africa and
Europe (Dercourt et al., 1986; Stampfli et al.. 1998). HP/LT rocks are presently exposed in the
extensional internal parts of ine orogens: they are structurally related to ductile deformiation along
extensional detachments and to the exhumation of metamorphic core complexes (Jolivet et al.. 1990;

1998: Carmigaani et al.. 1994: Saadaitah and Caby. 1996: Avigad et al.. 1997; Rosseti ¢t al., 2001).
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Figure 7.1, Tectonic map of the Alpine orogen in the wesiern Mediterrancan region. modified
alter Carminati ot al. (1998) and Coward and Dictrich (1989). Ba. Balcaric Islands: Ca. Calabria:
Co. Corsicn; GK. Grand Kabylic: PK, Petite Kabylic; Sa, Sardinia.

The western Mediterranean region has been subjected to widespread extension since the
Oligocene. which occurred simultaneously with the overall convergent motion of Africa with
respect 10 Europe (e.g. Dewey et al., 1989; Jolivet and Faccenna. 2000; Rosenbaum et al.. 2002b).
Extension gave rise to the formation of several marine basins, some floored by attenuated continental
crust {the Valencia Trough. the Alboran Sea and the northern Tyrrhenian Sea) and some floored by
Neogene 10 Recent oceanic crust {the Ligurian-Provengal Basin, the Algerian Basin and the southern
Tyrehenian Sea) (Figure 7.1). The opening of extensional basins in an overall convergent setting has
been a matter of numerous studies (e.g. Durand et al., 1999). All the basins have developed since
the Oligocene within the overriding European plate, and in the immediate proximity to a northwest-

dipping subduction zone, These relationships suggest that the back-arc basins developed as a result
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of subduction roliback (e.g. Malinverno and Ryan, 1986: Faccenna et al., 1997: Lonergan and White.
1997; Gueiruen et al.. 1998: Rosenbaum et al., 2002b) combined with relatively slow convergence
vates of Africa and Europe since the Oligocene (Jolivet and Faccenna, 2000; Rosenbaum ci o,
2002a). In the following sections. | provide furiher evidence that supports the role ol subduc.tion

rollbuck in the tactonic evolution of (he arcute orogenic belts in the western Mediterranean region.

7.3. The Apennines-Maghrebides

The Apennine-Maghrebide belt forms an arcuate orogenic system that follows the margins of
the Ligurian-Provencal Basin and the Tyrrhenian Sea (Figuse 7.2a). The belt can be traced from the
Apennines, through the Calabrian-Peloritan Mountains and the Siciliun Maghrebides, and is linked
with the Maghrebides Mountains in Tunisia via & submerged fold-and-thrust belt i the Sardinia
Channe) (Tricart et al., 1994), In this orogenic system, and particularly in the Apennines. the role
of coeval crustal shortening and extensional deformation is reflected by strucwral. seismic and
sedimentological data. Thrust tectonics associated with deformation in the Apenninic fold-and-thrust
belt is restricted 1o the orogenic froni, while internai parts of the orogen are continuously destroyed

by extensional tectostisin.
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Figure 7.2. (3) Tectonic sctting of the Apennine-Maghrebide oregen. maodificd after Patacea
et al, (1993). Ap, Apulian foreland: Ca. Calabria: Co. Carsica; NAp. Northern Apennines: Pe,
Pejoritan Mountains; PK, Petite Kabylie; Sa, Savdinia; SAp. Southern Apennines: Sic. Ma,
Sicilian Maghrebides: Tun. Ma. Tunistan Maghrebides. (b) Spatial distribution of subduction-
related magmatisty in the Apennine-Tyrrhenian region showing an eastward nngration of
the subduction zone through time (after Savelli, 2002: Rosenbaum and Lister, in review-a),
J-ocations of magmatic centres that are older than 16 Ma have been rotated 30° counterclockwise

with accordance to the rotution of the Corsica-Sardinia microplaie (dashed line).
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7.3.1. Spatio-temporal constraints
7.3.4.1. Magmatism

There has been intense magmatic activity in the region surrounded by the Apena:ne-Maghrebide
beltsince the Late Oligocene, inclding subduction-refated magmatism, intra-plate magmaiism and
emplacement of MORB-type basalis (Savelli, 2002. and references thesein). The spatio-temporal
distribution of subduction-related magmatic centres (predominantly cale-alkaline magmas) show
progressive younging towards the currently active subduction zones or thrast fronts (Figure 7.2b,
assaciated with increasingly arcuate shupe, suggesting that a northwest-dipping subduction zone has
rolled-back and has gradually become more arcuate.

Evidence for Oligocene to Middle Miozene (33-16 Ma) subduction processes is documented
by occurrences of calc-alkaline magmatisa in Provence. the Ligurian Sea. Corsica and Sardinia
(Figure 7.2b). Subduction processes took place contemporancously with the opening of the back-
arc Ligurian-Provengal Basin and were accompanied by a counterclockwise sotation of Corsica and
Sardinia, which took place between 25-16 Ma. Therefore, nugmatic centres in Corsica and Sardinia.
which are older than 16 Ma, originaled in a more northwesterly position and rotated together with
Corsica and Sardinia to their present locations. The 33-16 Ma miagmatic arc was probably continuous
with contemporaneous calc-alkuline magmatic centres along the present-day Mediterranean coast in
France (Figure 7.2b).

Arc-migration us a consequence of subduction rollback can be implied from the spatial
distribution of Late Miocene to Recemt (13-0 Ma) calc-alkaline magmatic centres. These centres
are predominantly found in the Tysthenian Sea and the Apeonines and show an overall pattern
of migration towards the east (Figure 7.2b). The rate of subduction rollback as inferred from the
easterly migration of the magmatic arc is in the order of 20- 100 knm/Myr (assuming that the dip of

the subduciion zone is constant),

7.3.1.2. Palacomagnerism

Palacomagnetic evidence suggests that Corsica and Sardinia underwent approximately 30° of
counterclockwise rotation after the Oligocene (<25 Ma) and reached their present position by ~16 Ma
(Speranza el al., 2002). In the Apennine-Maghrebide belt. there are numerous palacomagnetic results
that suggest younger (<10 Ma) rotations (e.g. Sagnotti 1993 Scheepers et al.. 1993 Scheepers and
Langereis. 1994: Muttoni et al., 2000), which are considered to represent the crustal respoase to the
opening of the Tyrrhenian Sca (Rosenbaum and Lister. in revicw-a).

Paiaeo;ml'gneiic data suggest that rotations in the Apennines since the Miocene have been
dominated by counterclockwise rotations. with the exception of a few clockwise rotations in the
northern Apennines (Figure 7.3a). The dominant counterclockwise rotations may correspond to
northeastward motion of Apennine units during deformation (Figure 7.3b). The occurrence of
clockwise rofations in the northern Apeanines seems to be associated with the local arcuate bending

of the Umbria-Marche fold-and-thsust belt, which involved bath countesclockwise and clockwise
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rotations at 6-4 Ma (Speranza et al.. 1997} (Figure 7.3b).

The pattern of block rotativi. *n the southern part of the Tysrhenian Sea and the Apennine-
Maghrebide belt is characterised by large amounts of Neogene to Quaternary counterclockwise
rotations (up to 80%) in the southern Apennines (Scheepers et al., 1993; Scheepers and Langereis,
1994; Gattacceca and Speranza. 2002) and similar amounts of clockwise rotations in Sicity (Sperunza
et al.. 1999: 2003) (Figure 7.3a). In betwecn, the Calubrian block was subjected 10 small amounts
(~15%) of clockwise rotations (Speranza et al.. 2000). This symmetry suggests that the soutbern
Apennines and Sicily were subjected to oroclinal bending simultaneously witi clockwise rotations
in Sicily and counterclockwise rotations in the southern Apennines, with the area in between (the

Calabrian block) undergoing smaller degrees of rotations (Figure 7.3¢),
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Figure 7.3. (a) Dircctions of Neogene to Quaternary (25-0 Ma) btock rotutions s inferred
from palacomagnetic studics (alter Rosenbaum and Lister, in review-a. and references thesein).
(b) Schematic itlustration showing the evolutionary pattern of block rotations in the northemn
Apennines (NAp). central Apennines (CAp) and southern Apennines (SAp). Rotations are
predominantly counterclockwise. except of the post-Messintan (~5Ma) clockwise rofations
associated with the evolution of the Umbria-Marche arc in the northern Apensiiies. () Scheinatic
illustration showing the evolutionary pattern of block rotations in the southern Apewmiines
(SAp). Calabria (Ca) and Sicily (Si). Note that rotations involved an overall castward motion
accompanicd by stmultencous clockwise rotations of Sicily and commierclockwise rotations of

the southern Apennincs.

7.3.1.3. Seismicity
The distribution of deep earthguakes in the southeastern part of the Tyrrhenian Sea defines a
narrow Benioft-Wadati Zone (about 200 km long), which is slightly concave upwards and steeply

dipping towards the northwest (Anderson and Jackson, 1987b). A well-defined high-velocity anomaly
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produced by a cold lithospheric slab is recognised in tomographic images (Lucente et al., 1999;
Wortel and Spakman, 2000) (Figure 7.4a,d). These images show that the slab beneath Calabria is
subducted down to depth of ~670 km, where it stagnates and lies horizomally parailel to the 670 km
discontinuity (Figure 7.4b.d). A relatively cold lithospheric slab, associated with a few occurrences
of relatively deep (up to 90 km depth) earthquakes (Selvaggt and Amato, 1992), is also recognised
beneath the northern Apennines (Figure 7.4e). Based on the tomographic model of Lucente &t al.
(1999), it has been suggested that active subduction is currently taking place beneath the northern
Apennines {Lucente and Speranza, 2001). In other models, however, temographic images have been
interpreted to indicate a remnant lithospheric slab, which is detached from the surface (Wortel and
Spakman, 1992; 2000; van der Meulen et al.,, 1998). In this respect, the role of active subduction in

the northern Apennines remains controversial.

Figure 7.4. Lithospheric structvre of the westen Mediterranean as inferred from scisinic

tontography. (2) Map view showing the areas of high-velocity anomalies at depths of 150 km
{dark grey) and 600 km (Jight grey) (modificd after Bijwaard and Spakman, *{}; Wortel and
Suakman, 2000). Thick lines indicate locations of lithospheric cross sections {(b-¢}. (b) Alboran
region, after Guischer et al. (2002) (original data of Biiwaard and Spakman, 200C); (c) North
Africa, after Carminati et al, (1998} (original data of Bijwaard et al., 1998); (d) Calabria, alter
Lucente et al. (1999) and (¢) the northern Apennines, after Lucente et al. (1999) Earthquake
hypocentres are indicated by black dots (alter Selvaggi and Amato, 1992). Note that different
scale is used at different cross sections. Al, Alboran slab; Ca, Calabrian slab; NAf, North African

slab; NAp, North Apennine stab.
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7.3.1.4. Extensional structures

Structural evidence suggests that both fronts of crustal shortening and exte sion have migrated
through time towards the cxternal parts of the orogen, leading to the simultaneous build up of the fold-
and-thrust belt in external zones and its destruction by extension in internal zones (Malinverno and
Ryan, 1986). The carliest evidence for extensional tectonics is related (o the 32-30 Ma exhumation
of metamorphic core complexes in Corsica and Calabria (Jolivet et al., 1990; Brunet et al., 2000;
Rosseti et al., 2001). At shatlower crustal levels, the onset of rifting is indicated by the occurrence
of Late Oligocene (~30-25 Ma) syn-rift deposits in the Gulf of Lion (Séranne, 1999), in the Ligurian
Sea (Roliet et al., 2002) and in Corsica Basin (Mauffret and Contrucci, 1999).

Extensional structures become progressively younger towards the east (Jolivel et al., 1998:
Brunat et al., 2000; Rosenbaum and Lister, in review-a). Ductile extensional structures related to
deformation during the Early-Middle Miocene (25-16 Ma) have becn reported from several istands
in the northern Tyrrhenian Sea (Rosseti et al., 1999; Brunet et al., 2000) and fromn the Alpi Apuanc
metamorphic core complex in the northern Apennines (Carmignani et al., 1994).

The most intense extensional structures in the Tyrrhenian region and the Apennine-Maghrebide
belt are refated to post-Tortonian (<10 Ma) extensional deformation. Extension is associated with
normal faulting and formation of half-grabens, filled by syn-rift sediments that become progressively
younger towards the east. Atong the Apennines, there is also a southwird younging tread in the ages
of extensional structures and in the ages of syn-rift deposits (Rosenbaum and Lister, in review-a),
suggesting that extension in the southern Tyrrhenian Sea is relatively younger in comparison with the

extension in the northern Tyirhentan Sea.

7.3.2. Reconstruction

A schematic reconstruction of the evolution of the Apennines-Maghrebides based on the above
spatio-temporal constraints is presented in Figure 7.5. According to this reconstruction, deformation
and progressive curving of the Apennine-Maghrebide belt was directly related to the opening of
back-arc basins, i.e., the Ligurian-Provengal Basin and the Tyrrhenian Sea.

The reconstruction shows that during the latest Oligocene (25 Ma). the northern margin of
continental Africa and the western margin of Adria were relatively unaffected by orogenic processes
(Figure 7.5a). Rather, orogenesis related to a northwest-dipping subduction zone was localised in
the European margin, where a NE-SW-stiiking belt linked internal parts of an earlier (Cretaceous
to Oligocene) Alpine orogen: the Alps, Corsica, Calabria. the Kabylies and the Betic-Rif (Figure
7.5a). At the subduction zone, aceanic lithosphere of the Middie-Laie Jurassic Liguride Ocean had
been subducted, forming a belt of arc-magmatism in Corsica, Sardinia, the Valencia Trough and
Provence.

1 suggest that sometime between 30-25 Ma, the combination of a grovitational instability at
the subduction zone and the refatively slow convergence rates of Africa and Europe (Jolivet and
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Faccenna, 2000; Rosenbaum et b, 2002a) triggered the initiation ol a southeast-directed subduction
roflback. Thus. the overriding plate was subjected to an extensional regime that led io the opening
of new back-arc basins (Valencia Trough. the Gulf ©f Lion and the Ligusian Sea) at the location
of the former Alpine orogen. The degree of subduction rolibuck decreased towards the northeust

where it was pinned against the northwest nurgin of Adria (Figure 7.52). Therefore, at the same
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Figure 7.5. Schematic reconstiuction of the tectanic evolation of the Apennine-Maghrebide
belt (see text for discussion). (a) Early Miocenc 25 Ma); (b) Middic Miocene (15 Ma): (¢)
Late Miocene (8 Ma): (d) Pliocene (5 Ma). Note that the Internal Platform is accreted to the
overriding plate between (¢) and (d}. Ba. Baicaric Islands; Ca, Calabria: Co. Corsica; GK, Grand
Kabylie: GL. Gulf of Lion: Imy. lmerese; Ln, Lagonegro, NA, Northern Apennines: NT, Northern
Tyrrhenian: Pa, Panormide platform: PK. Petitc Kabylie: Pr. Provence; SA. Southern Alps: Sar.

Sardinta: Si. Sicanian: ST, Southern Tyrtheman, VT. Valencia Trough.
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time that extension occurred in the back-arc basins, parts of the nosthetn Apennines were subjected
to crustal shortening associated with stacking of rappes in a coflisional zone (Figure 7.5a.b), These
events mark the initiation of Apennine deformation, which was characterised by crustal shortening
associated with the gradual docking of Corsica and Sardinia into the palacomargins of Adria. and the
simultaneocus syn-orogenic extension iassociated with subduction roliback.

During the Middiec Miocene (10-15 Mu), Corsica and Sardinia reached their present position
and back-arc extension in the Ligurian-Provengal busins ceased. At this stage, most of the oceanic
lithosphere of the Liguride Ocean was already consumed (Figure 7.5b). Therefore, contineatal
material of the northern African margin arrived @t the subduction zone. causing a disturbance in
tise system and its rearrangement, This led to the collision of the Kabyties blocks (GP and PK in
Figure 7.5) with Northern Africa, and to the emplacement of these allochthonous terranes on top of
the palacomargins of North Africa. This event marks the onset of crustal shortening in North Africa
associated with deformation in the Maghrebide belt.

During the period between 16 Ma and 10 Ma, the Apennine-Maghrebide belt was predominantly
subjected to crustal shortening as a result of subduction and accretion of continental rocks, whereas
extensional processes were relatively quiescent. Back-are extension resumed during the Tortonian
(10-9 Ma), when eastward subduction rollback recommenced. possibly as it result of renewed
subduction of dense oceanic crust, leading to the opening of the Tyrrhenian Sea (Figure 7.5¢). The
reconstruction suggests that the subducting lithosphere consisted of Early Mesozoic ocean basins
(e.g. Imerese. Sicanian. Lagonegro) that existed in the westermnost part of the present—day lonian
Ses (Rosenbaum and Lister, in review-a: Rosenbaum ot al.. in review). During 10-5 Ma. back-arc
extension occurred predominantly in the northern Tyrrhenian Sea and in the western part of the
southern Tyrrhenian Sea. The latest stage of back-are extension began at 6-5 Ma and was mainly
localised in the southern Tyrrhenian Sea (Figure 7.54).

7.4, The Rif-Betic

The Betic and the Rif Mountains in southern Spain and northern Morocco form an arcuate orogenic
belt that surrounds the Alboran Sea in the westernmost Mediterrancan Sea (Figure 7.6). Crustal
deformation in the Rif-Betic orogen involved omward migration of thrust aappes, which took place
simultaneously with extensional deformation in internal parts of the orogen (e.g. Platt and Vissers,
1989; Crespo-Blanc et al.. 1994). The floor of the Alboran Sea is made of imernal parts of the orogen.
which have been subjected to intense extensional deformation since the Early Miocenc (Comas et al..
1992). The Alboran region is often considered as a classic example of a mountain belt that collapsed
as a result of post-orogenic extensional tectonism {Dewey, 1988: Platt and Vissers, 1989; Houseman,
1996). The evolution of the Alboran Sea and the Rif-Betic orogen has been explained by several
controversial models, which include (1) back-arc extension due to subduction rollback (Royden.
1993b: Lonergan and White, 1997: Rosenbaum et al., 2002b); {2) extension induced by the break-off
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of 1 subducting lithospheric slab (Blanco and Spakman, 1993: Carminati et al., 1998% (3) convective
removal of the lithospheric root (Platt and Vissers. 1989; Vissers et al.. 1995; Platt et al.. 2003); and

(4) an asymmetric delamination of & sub-contirental lithasphere (Docherty and Banda, 1995).
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Figure 7.6. Structura) seiting of the Rif-Betic beit and the Atboran Sca. modified after Platt and
Vissers (1989) with locations of Miocene magmatic centres after Saveli (2002). Neogene block
rotations around vertical axes as inferred from palacomagnetic studies are also shown (sce text

for relerences).

7.4.1. Spatio-temporal constraints

7441, Structural setting

The Rif-Betic orogen consists of three pre-Miocene tectonic domains (Figure 7.6): (1) the
palacomargins of Thena and Africa; (2) a Flysch Trough underlain by oceanic crust or attenuated
continental crust; and (3) (he internal *Alboran Domain’ consisting of several strongly deformed
and metamorphosed nappe complekes (Crespo-Blanc et al.. 1994). The structural and metamorphic
signalure persevered in the rocks of the Alboran Domain (including the thinned continental basement
of the Alboran Sca) suggests a prolonged tectono-imetamorphic evolution that included several
ahernating episodes of crustal shortening and extension (¢.2. Crespo-Blanc et al., 1994: Azaiién et
al., 1997: Balanyi et ul.. 1997: Azaiién and Crespo-Blanc, 2000). These nappe stacks originated in
the Alpine belt and have been emplaced on top of the patacomargins of Africa and lberia (presentiy
the external zone), The Alboran Domain is interpreted as an allochthonous terrane, which originated
in a more easterly position with respect 1o its present location (Balanyd and Garcia-Dueiias, 1987:
Martinez-Martinez and Azaién, 2002),
The boundary between the Alboran Domain and the external parts of the Rif-Betic belt is the
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Flysch Trough. which is recognised in the western Betic and in the notthern part of Africa (Figure
7.6). It consists of Cretaceous to Miocene deep-water sediments, which were deposiled in the basin

that separated the allochthonous Atboran Domain from its palacomargins (Durand-Delga. 1980).

7.4.1.2, Extensional structiires

Extension in the Alboran Domain commenced in the Early Miocene and involved activity along
Rat-lying extensional detachments, which attenuated the thick orogenic pile (.. Bulanyd and Guarciu-
Dueas, 1987; Platt and Vissers, 1989; Jabatoy ¢t al., 1993: Booth-Rea et al.. 2002). This extensional
episode culminated in a thenmal peak at 23-21 Ma (Platt et al., 2003) and led to the exhumation
of high-pressure rocks in metamorphic core complexes (e.g. Avigad et al.. 1997). as well as to the
exhumation of a larpe volume of diamond-bearing mantle peridotites (Figure 7.6). The orientation
of extensional structures relatedi 1o this deformational stage is predominantly E-W. Early Miocene
extensional deformation is alse inferred from the occurrence of Aquitanian-Burdigalian (23-16 Ma)
syh-rift sedinments deposited in hal{-grabens in the Alboran Sea (Comas et al.. 1992). During the
Middle Miocene (15-11 Ma). at the same time that back-arc cxtension temporally stopped in the
Apennine-Maghrebide belt. the early extensional structures in the Rif-Betic were superimposed by
nearly N-S extensional structures with an overall westward (ectonic transport direction (Crespo-

Blanc et al.. 1994: Booth-Rea et al.. 2002 Mastinez-Martinez and Azaiidn, 2002).

7.4.1.3. Palaeomagneiism

Palacomagnetic data from the Rif-Betic orogen reveal a systematic patiern of block rotations
around vertical axes (Figure 7.6). Most of these rotations correspoad te crustal deformation during the
Miocene. i.e. during the opening of the Alboran Sea (Lonergan and White, 1997). Like the Calabrian
arc. the most characteristic Kinematic pattern is reflected by opposite directions »+ Neogene rotations
in both sides of the Alboran Sea. with clockwise rotations in the Betic and counterclockwise rotations
in the Rif (Platzman, 1992: Alierton et al.. 1993; Platziman et al.. 1993: 2000). The palacomagnetic
evidence strongly supports the idea that oroclinal bending of the Ril-Betic orogen took place

centemporancously with back-arc extension in the Alboran Sea.

7.4.1.4, Seismicity

Tomographic models in the Alboran region show a pronounced zone of high-seismic velocities
at depths of 200-700 km beneath the Atboran Sea and southern Spain (Blanco and Spakman, 1993,
Seber et al.. 1996; Calvert et al.. 2000} (Figurc 7.4b}. This positive anomaly has been interpreted
to indicate an east-dipping subducting slab (Blanco and Spakman, 1993; Gutscher et al., 2002) or a
piece of the lithosphere that has been detached and foundered vertically {from the lithospheric root
(Seber et al.. 1996). The existence of lithospheric material at such deptlss is further supported by few
occurrences of deep (ca. 600 km depth) earthquakes beneath southern Spain (Buforn et al., 1991b).
In addition. a widespread intermediate-depth seismic activity (60-120 km depth) beneath Gibraltar
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(Casado et al.. 2001) may correspond 10 active eastward subduction in this region (Gutscher et al..
2002).

740 5, Magmatism

Evidence for subduction-relaled magmatism is widespread in the Atboran region {igure 7.6). o
Magmatism took place since the Early Miocene (~22 Ma) and continued untif the latest Mincene (~6 '
May (Lonergan and White, 1997). This magmatic activity suggests that subduction processes took
place in the westernmost Mediterranean region during the opening of the Alboran Sea. However,
there is no clear evidence with regard to the dip of the subduciion zone and the direction of subduction
rotlback. Moreover. the cessation of subduction-related magmatism at ~6 Ma and thz jack of present-
day magmatic activity are al odds with evidence for active subduciion processes bereath Gibrallar as
suggested by Gutscher et al. (2002),

7.4.2. Reconstruction

The proposed reconstruction of the Rif-Betic chain and the Alboran Sea (Figure 7.7) involves
westward rotiback of an east-dipping subduction zone (Lonergan and White. 1997; Rosenbaum et

al.. 2002b). 1 speculate that during the Oligocene (~30 Ma). the internal pzias of the Rif-Betic belt

(the Alboran Domain) were located near the preseni-day Batearic Y..ands (Figure 7.1). During the
Oligocene. the Alboran Domaisn was part of a NE-SW-striking orogenic belt, consis:ing of the western
Alps, Corsica, Calabria and the Kabylies blocks. This belt was located at the overriding plate relative
to a northwest-dipping subduction zone (Figure 7.7a). Therefore, the Oligocene-Early Miocene
eruumation of metamorphic core complexes in the Rif-Betic may be attributed to a large-scale
extensional event associated with eartiest stages of rifting in the back-arc region (Figure 7.7b).

The reconstruction shows that extension in the Alboran region >cuild have been produced by B
the roliback of the Oligocene-Miocene subduction sysiem. As roilback occurred. the hinge of the
subduction zone progressivily became more arcuate, Jeading to an overall southwestward direction
of tectonic transport in the Alboran region. The earliest stages of subduction rollback were dominateq
by N-S extension produced as a result of southward and southwestward subduction rollback (Figure
7.7b-d). Extension gave tise to the opening of Valencia Trough and the Algerian Basin, and contirued
as long as oceanic lithosphere existed between the subduction zone and the continental margin of
Africa.

It is speculated that a dramatic change in the direction of rolloack occurred at ca. 15 Ma. This
change was driven by collision between the subduction zone an:d the continental margin of Africa,
resulting in the cessation of southward roliback and tearing of the subducting slab. However, the
existence of an ocennic embayment 1o the Gibraltar area cnabled further subduction roflback towards
the west. which led te a change from N-S to E-W extension of the Alborar Donain (Figure 7.7¢.f). This

extensional phase led to the westward tectonic transport of the allochthonous terranes of the internal
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Rit and Betic, accompanied by counierciockwise rotations in the south and clockwise rotitions in the
north. Subsequently, the Rif and Betic were emplaced and accreted into the palueomarging of Iberia
and Africa. resulting in contemporaneous extension in the Alboran Sea and crustal shortening in the

arcuate orogenic bell (Figure 7.70).

/G 30Ma ) 25 Vs
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Figure 7.7. Schematic reconstruction of the evolution of the Rif-Betic orogenie belt (see 1ext for
discussion). Alb, Alboran Sca; Alg. Algerian Basin; Ba, Balearic Islanas: Be, Betic: GK. Grand

Kabylie; PK. Petite Kabylie: VT. Valencia Trongh.
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7.5, Discussion

7.5.1. Lithespheric control on the evolution of Mediterranean-type arcuate belts

The reconstruction of the tectonic evolution of the western Medicrranean since the Oligocene
(Figure 7.5 and Figure 7.7) suggests that lithospheric processes associated with rollback of subduction
zongs were the main driving mechanism controlling the development of arcnate belts in the region.
Since the Oligocene, the subducting lithosphere in the western Mediterranean region evolved from
a relatively linear NE-SW-siriking system located south of the European margin, to several narrow
shab segments (separated by tears) presently found beneath the Alboran region, North Africa and Italy
(Figure 7.4). In this process. the whole subduction system has progressively migrated backward,
presumably. as a result of a gravitational instability induced by the negaiive buoyancy of the
lithospheric slab with respect 10 the sutrounding asthenosphere {Elsasser. 197 1; Molnar and Atwater,
1978: Dewey. 1980: Garfunkel et al.. 1986). This mechanism. when combined with relatively stow
convergence rates, may have led to the opening of back-arc basins due to lithospheric extension at
the edge of the overriding plate {(Royden. 1993b; Jolivet and Faccenna. 2000).

The existence of remnant slabs that are still subducting in the western Mediterranean has been
interpreted from tomographic models. which show regions of relatively fast seismic wave velocities
that often coincide with deep seismic activity (e.g. Wortel and Spakman, 1992, 2000; Bijwaard et
al.. 1998: Lucente et al., 1999: Bijwaard and Spakman, 2000; Figure 7.4). The tomographic images
suggest that segments of subducting slabs exist beneath the Apennines, Calabria, North Africa and
the Alboran Sea. These slab segments are separated from each other by regions of relatively sfow
seismic wave velocities where the slab ts apparently torn. The deepest slab tears are indicated by the
absence of high-velocity anomalies down 10 depths of ~600 km. Such teare are found between the
Alboran slab and the North African slab (Tear 1 in Figure 7.4). and between the North African siab
and the Calabrian slab (Tear 2 in Figure 7.4). A shallower tear, which is characterised by the absence
of a lithospheric slab down to deprths of ~250 km, is found in the central Apennines, between the
Calabrian and the northern Apennine slabs (Tear 3 in Figure 7.4) (Lucente and Speranza, 2001).

The remnant slabs that are presently recognised beneath the western Mediucriranean are fragments
of oceanic lithosphere consumed since the Oligocene (Figure 7.8). A large volume of this oceanic
lithosphere was probably derived from the Liguride Ocean, which was a Middle-Late Turassic
oceanic domain separating Iberia and Adria (Rosenbaum et al., 2002a). Based on the rzconstruction,
T estimate that the area of ihe ‘Liguride-Ocean lithosphere’ subducted since the Oligocene was
approximately 775600 kni* (Figure 7.8).

In the eastern parts of the western Mediterranean subduction system (the Apennine and Catabrian
arcs) there was also subduction of an oceanic or sub-continental lithospheric domain. known as the
“Satriatic/lonian lithosphere’ (e.g. Gvinzman and Nur. 2001) (Figure 7.8). This domain supposedty
originated in the westernmost parts of the Early Mesozoic Tonian Sea (Rosenbaum and Lister, in

review-a; Rosenbaum et al.. in review). I estimate that an area of ~370000 km? of the Adriatic/lonian
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lithosphere has been consumed since the Oligocence (Figure 7.8).

We can now show that the total surface area of the remnant lithospheric slabs is sufticient to
account for the whole area consumed since the Oligocene in the wesiem and central Mediterranean
(i.e. the Liguride-Ocean lithosphere and the Adrtatic/Ionian lithesphere) (Table 7.1), The surface arca
of « slab is estimated by nwdtiplying the width (W) of the high-velecity anomaly when projected
on the earth’s surface with the length (L) of the anomnaly recognised in lomographic cross sections
(Figure 7.4). 1t is assumed that the currently subducting lithospheric slabs have not been significanily
stretched. Note that 1 have calculated only remnant stabs that are curreatly subducting (i.e. dipping
beneath the overriding plate or sub-vertical). The surface arca of these slabs is sufficient to account
for nearly 100% of the total area of the Oligocene oceans (Table 7.1). The tomographic images
show an additionat lithospheric slab lying horizontally paralle to the 670 kmi discontinuity (Figure
74¢.d). However. since all the surface area of consumed Oligocene lithosphere is traced in remnant
subducting slabs, the stagnated horizontal slab mwst have been subducied prior to the Oligocene.

The above comparison suggests that mass balance considerations may be used to predict how the
lithosphere is defovmed during the evolution of subduction rollback. Deep tears occurred where the
retreating subduction zone collided with the northern margin of Atrica resulting in the incorporation
of continental crust in the subduction sysiem. However, in the Gibrallar and the Calabrian arcs,
the existence of narrow oceanic passages enabled further rollback in a disection that was roughly
perpendicular to the direction of convergetice. These changes in roliback directions could have only
vecurred after tearing of the slabs. During subduction vollback, these tears accommodated strike-slip

motions, leading 1o an overall “extrusion’ of the Alboran (o the west and Calabria to the cast.
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Figure 7.8. Reconstroction of the western Mediterranean region a1 30 Ma showing the area
coveitd by Oligocene occanic domsins, This is cqual to the surface ares whicl is abserved 1
rempant slub segmeins (Table 7.1). suggesting that formation of slab tcars can be predicted from

mass balance considertions. Thick line marks the boundary of 1w Adriutic domain,
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Table 7.1, Comparison between predicted arcas that have been consumed since the Oligocene with observed

surlace areas of remnant slabs,

Recouséruction Tomngraphy
Inferred arcu of Widih  Lenpth  Sueface arcas of
subducting lithosphere (k) {km) skibs (k')
Lipgvride domain TI5.000 Alboran 450 640 ZH8.000
Notth Africa 6} 480 33200
Adriatic-lonion domain  370.000 Calabria 350 500 175,000
Northern Apennines 500 f50 I25.06%)
Tutal LI45.006 k' Towl 1119200 km?

7.5.2. Crustai response to subduction rollback

All the allochthonous terranes in western Mediterranean (Calabria. Alpine Corsica. Kabylies and
the internal Rif-Betic) originated from internal parts of an earlier (Cretac 20us to Qi gocene) NE-SW-
striking orogenic belt that was located at the overriding plate. These allochthonous terranes show
different tectonic and stratigraphic evolution relative to the continents onto which they are emplaced,
but share a comparable pre-Oligocene tectono-metamorphic evoluticn (see next section), The early
orogenic belt collapsed at the first stage of back-arc extension (at 32-30 Ma). and was subsequently
dispersed in an arcue fashion towards the directions of subduction roliback. Migration of these
allochthonous terranes could have proceeded as long as subduction rollback and back-arc extension
continued.

Eventually, at different stages during the Miccene. the western Mediterranean subduction systems
collided with the palaeomargins of Africa. Iberia and Adria. This collision led to the incorporation of
continental crust at the subduction system. which decreased the negative buoyancy of the subducting
slab and terminated further subdiction rollback and back arc extension. Thus, the allochthonous
terranes were accreted into the continental palneomarging forming several segments of arcuate
mowntain belis.

From the above discussion it appears that the arcuate belts in the western Mediterranean region
are the crustal manifestation of the lithospheric processes associated with subduction roilback and
tearing of subducting slabs. The tomographic data show that lithospheric slabs underwent a small
degree of lithospheric bending {(e.g. in the Calabiian arc and the Alboran arc; Figure 7.4a), which
corresponds to the overall curvature of the fold-and-thrust bell. However. the degree of bending is
ruch more prontinent in the orogenic belis. as reflecied by occurrences of tight arcuate orogens such
as the Rif-Betic beh (Figure 7.6). The difference between the geometry of arcuate structures in crustal
and lithospheric scales is probably related to the suggestion that bending of lithospheric slabs results
in formation of tears. whereas crustal biocks can be progressively emplaced in an arcuate fashion.

In the western Mediterranean region, the rate of subduction roliback was greater than the mte

of convergence (Jolivet and Faccenna, 2000; Rosenbaum et al.. 2002b); therefore, the edge of the
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overriding plate was subjectedd e an overall exiensional regime that resulted in the opening of back-
arc basins. This style ol tectonic activity involved a significant degree of horizontal metions that
explain how continental fragments (or "allochthonous terranes’) could have travelled great distances
before acereting ino the adjacent palacomarging. Subduciion rollback can thus provide a mechanism
for transportation and emplacement of allochthonous terranes of the kind discussed by Ben-Avraham
et af. (1981) and Nur and Ben-Avraham (1982).

7.5.3. Origin and exhomation of the HP/LY belt

Constraints on the evolution of the western Mediterranean arcuate belis provide interesting
outcomes on the history of burial and exhumation of HP/LT rocks. HP/LT assemblages are presently
exposed in metamorphic core complexes within internat zones of the arogenic belts (Figure 7.9a).
These rocks were subjected to burial at depths that exceeded 40 km. or even 100 km in extreme
cases (in the western Alps: e.g. Chopin, 1984), probably as a result of crustal thickening associated
with collisional tectonics. The ages of HP/LT metaumorphism in the western Mediterrancan and
the western Alps are predominantly Early-Middle Tertiary, with possibly three groups of ages that
inay represent large-scale orogenic episodes at ~65 Ma. ~15 Ma and ~35 Ma {(Gebauer et al.. 1997,
Rubatto et al.. 1998; 1999). None of the HP/LT assembiages formed during the development of the
arcuate belts, that is. since ~235 Ma. T thesefore conclude that the post-Oligocene (<25 Ma) evolution
of the western Mediterranean involved an extensional destruction of an earlier HP/LT belt. During
this period HP/LT terrames have drifted over great distances until reaching their present locations in
internat zones of the arcuate orogens.

The above conclusion is of tundamental importance to plate tectonic reconstructions, because it
implies that HP/LT belts do not necessarity mark the tocus of continental cotlisions of major tectonic
plates. For example. many authors have regarded the Rif-Betic chain as a collisional suture between
Iberia and Africa that was later subjected to post-orogenic extensional collapse {e.g. Dewey, 1988
Platt and Vissers, 1989: Houseman, 1990). I suggest, in contrast, tha: Rif-Betic belt oviginaied in a
HP/LT belt that had heen located in a more northeasterly position and had formed a contiguous belt
with the HP/AT rocks of the western Alps. Corsica and Calabria. 1t was not until the initiation of
subduction rotlback and back-arc extension that fragments of the original orogenic belt have staried
to drift as allochthonous tesranes towards the directions of subduction roltback, forming the presem-
day arcuate geometry of the orogen.

Structural observations from HP/LT tercanes within the Alpine belt suggest that the HPALT rocks
have been subjected 10 intense exiensional deformation, which probably played a fundamental role in
their exhumation processes {e.g. Jolivet et al., 1990: 1994; Avigad, 1992: Avigad ¢t al., 1997; Azaiidn
et al.. 1998; Rosseti et al.. 2001). Extension ard vertical Bthospheric thinning could have commenced
when the rocks were siill buried at relatively deep crustat levels (Rosenbaum et al,, 2002¢). shortly

after the culmination of HP/LT metamorphism (Figure 7.9b). In the western Mediter ancan, the
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earliest rifting stage took place at 32-30 M=z and led to the exhumation of the Cretaceous 1o Ofinncene
HP/LT rocks in the soles of metamorphic core complexes in Calabria, Corsica and the Betic (Jolivet
etal., 1990: Azafidn etal., 1998 Rosseti et al., 2001). This exhumation stage occurred 5-7 Myr before
the commencement of sea-floor spreading in the Ligurian. Provencal basins as indicated by rotations
of Corsica. Sardinia and the Balearic Istands (Rasenbaum et al., 2002b). This lag may indicate the

transitional period between rifting and sea-flooy spreading in the back-arc region.
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Figure 7.9. (a) The location ol the original HP/LT belt in the western Mediterranean and the
western Alps (dotted arca} and the present-day distribution of HP/LT mineral asscanblages
(shaded arcas and stars). Sciected rudiometric ages are also shown. Dashed tines and arrows
indicate divections of tectonic transport. Refereuces arer (1) Rubatto et al. (1998); (2) Gebuner
(1996): (3} Rubatio and Hermann (2003); {4) Rubatto et al. {1999): (5) Gebauer et al. (1997): (6)
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(see 1ext for discussion).
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7.6. Conclusions

This chapter emphasised the lithospheric control on the formation of arcuale orogenic belts in the

western Mediterranean. 1 have shown that the geodynamic 2voiution of the western Mediterranean

N i et

region involved large degrees of subduction rollback and back-arc extension that were accompanied

by lithospheric beading and formations of slab teass. In this tectonic framework. the arcuate belts
are the crustal manifestation of these lithospheric processes, but with surface expressions that are ?

%
associated with 180" arcs and radiuses of ~200 km. In contrast, the degree of bending at depunt is =

it

much smaller. The orogenic belts consist of fragments of allochthonous terranes that have been

accreted into the paluecomargins of adjacent continents during the final stages of subduction rollback. *

Accordingly, the present exposure of HP/LT rocks does not necessarily correspond 1o the original

A

locus of HP/LT metamorphism and the collision of major tectonic plates.
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TECTONIC EVOLUTION OF THE WESTERN ALPS FROM THE

JURASSIC TO THE OLIGOCENE
; -
Getting closer in a driven and harmonious movement, following the
g 3 meridian, the ancieni boundaries of Enrasia and Indu-Africa were melded .
in the geosynclinal domain, fimired by the Tethvs. The formaiion of almost
'i." a plastic flow that ended up by breaking into a double train of chains,
4 nappes and folds against the jaws of a vice, therefore designed to behave

fike a mounrain belr.

Eniile Argand, Sur Uarc des Alpes Occidentales (1916)

{Translated from Freach by Jerome Ganne and Cecile Duboz)
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FOREWORD: CHAPTER 8

This chapter presents a compilation of published data redated 1o the geology
of the western Alps and discusses 4 number of proposed reconstruction
models for the ectonic evolution of the region in the perind between the
Jurassic and the Oligocene {(160-35 Ma). 1 wish to thank Gordon Lister,
Gerard Stampfii. Hans Laubscher, Masco Beltrando, Jerome Ganne, Marnie
Forster, David Giles and John Clulow for stimufating discussions on this
topic. 1 also wish to acknowiedge Jeun-Paul Cadet and Lausent Jolivet for
giving mc a copy of the "Allas Peri-Tethys™ (Dercourt et al. 2000). which
has been a cructal reference in this chapter. The manascript has benefited
from critical comuments by Peter Betts, Gordon Lister, Caroline Forbes, Ive
Vos and Mike Hall.




8. TECTONIC EVOLUTION OF THE WESTERN ALPS FROM THE
JURASSIC TO THE GLIGOCENE

Abstract

This chapter presents a review of spatio-temporal censtraints and of reconstruction
models for the tectonic evolution of the western Alps. Despile extensive rescarch
in the last 150 years. the regional tectonic reconstruction of this part ol the Alpine-
Himalayan orogen has remained controversial. The orogen consists of several
ribbon-like comtinental 1erranes (Sesin/Austroalpine. Internat Crystalline Massifs,
Briangonnais). which are sepavated by two or more ophiolitic sutures {Piedmont.
Valais, Antrona?, Lanzo/Cunavesce?). High-pressure metamorphiisim of each terrane
occurred during distinet arogenic episodes: at ~05 Ma in the Sesia/Austroalpine.,
at~45 Ma in the Piedmont zone and at ~35 Ma in the Internal Crystaliine Massifa.
It is suggested that these events rellect individual acerctionary episoedes. which
together with kinematic indicators and plaie motions. provide constraints for the
discussed reconstruction models. The models involve a prolonged orogenic history
that took pluce during relative convergence of Ewrope and Adria (here considered
as o promontory of the Alrican plate). The first aceretionary cvent involved the
Sesia/Austroalpine terrane. Final closure ol the Picdmont Ocean occuired during
the Eocene (~45 Ma) und involved ultra-high-prescore (UHPY metimorphism ol
the Picdmont occanic crust. The incorporation of the Briangonnais terranc in the
accretionary wedge occurred thereafier, possibly during o Late Ecocene (45-358
Ma) subduction of the Vaizis Ocean or the Anirona Ocean. The final ¢losure of
these oceans may account for the collisional cpisode, at ca. 35 Ma, in the Imemal

Crystalliine Massifs,

8.1. Introduction

8.1.1. Scone and ohjectives

The arcuate L1t of the western Alps is-one ef the most studied orogens in the world and is commonly
used as u classic example of a collisional belt {¢.g. Argund, 1916; 1924; Triimpy. 19€0: Heti, 1989),
Yet its complex structure has never been Tully undersiced in the context of plaie Kinemuics, This
shoricoming is largely attributed to the difficulty in applying the plate tectonic theory in continental
processes, keading to oversimplified kinematic models or non-Kinematic descriptive models.

The aim of this chapter is to provide u review of spalio-temporal constraints (geochronology,
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distribution of sutures. plate motions and kinematic indicators) and to develop: plate-scale
reconstructions for the evolution of the western Alps from the Jurassic to the Oligocene, 1 present
alternative reconstruction models for different time {frames during this evolution. Alpine research
is based on numerous studies, and it is not in the scope of this chapter to provide an exhaustive
coverage of the literature. 1 will focus on recently published results that are applicable for Alpine
reconstruction, and | will provide a comparative discusston of reconstruction models. emphasizing
the timing of subduction and collisional processes and the number of continental blocks and ocean
basing involved in Alpine orogeny. Due to the complexity of the western Alps, it is unlikely that the
validity of a specific reconstruction model will ever be proved beyond any doubt. However. | aim
to present niltivle reconstruction hypotheses, and then to evaluate whether these hypotheses are in

agreement with the geological record.

8.1.2, Historical background

Mobilistic concepts with regard to the evolution of the Alps were first published in the second
haif of the 19" century (Heim. 1878 Bertrand, 1884: Schardt. 1893; see also reviews by Triimpy
(1996) and Dal Piaz (2001a)). These ideas came from the interpretation of nappes and large thrust
systems, which implied that crustal fragments had been transported over great distances before their
linal emplacement on the orogen, The recognition of nappe tectonics led to a generation of Alpine
geologists that eagerly argued for the role of global-scale horizontal motiors. long before the advent
of the platc tectonic theory {e.g. Suess. 1875; Wegener. 1912; 1922: Argand, 1916: 1924),

Nonetheless. Aipine research did rot play a significant role in the development of the piate tectonic
theory (Dal Piaz. 2001a). The foundations for plate tectonics emerged from a plethora of ocean-floor
geophysical data. which have been mude available since the 1940's (see review by Oreskes and Le
Grand., 2001). Plate tectonics has explained sea-floor spreading. subduction processes and continental
drift. but it has not provided sufficient information to resolve kinematic complexities that occur in
orogenic beits. In this respect. it is perhaps ironic that the kinematics of the Alps - the place where
mobilistic ideas were born - has hitheito not been explained by a plate kinemutic approach.

There have been numerous attempts to use plate kinemaiic constraints to reconstruct the evolution
of the Alpine orogen (e.g. Smitii, 1971: Dewey et al.. 1973: Biju-Duval et al.. 1977). This approach
has Leen implemented in the western Alps by using the combination of kinematic criteria derived
tfrom geolngical structures sogether with information concerning the mutions of the surrouading
plates (e.g. Baird and Dewey. 1986; Platt ¢t al.. 198%a). The results of these studies have been
inconclusive because of the difficulty in constraining the timing of deformation and the uncertainties
concerning the motion of Adria (cither a microplate, or an African promontory consisting of the

Southern Alps, the Italian peninsula and the Adriatic Sex; e.g. Channell et al.. 1979; Detcourt et al.,

19861, Such works. together with other notable reconstructions by Laubscher (1988: 1991 1996).
Dercountet al. (1986; 1993; 2000). Stampfii snd Merchant (1997) and Stampfli et al. (1998) provided

e D Dt e
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a framework for plate tectonic reconstructions of the western Alps. because they incorporated a
vast amount of geological information into reconstruction models. However, these models require
continual refinements based on new additional spatio-temporal constraints.

Pethaps the mosi significain progress in Alpine tectonics in recent years has been brought from
the field of geochronology, with the recognition of Middle Tertiary high-pressure (HP) and ulira-
high-pressure (UHP) metmorphism (Titton et al., 1989; 199i: Gebauer ot al.. 1992: 1997; Gebauer.
1996: Duchéne et al.. 1997; Rubatto and Gebaver. 1999 Rubatto and Hermann, 2001). These ages
dramatically changed the traditional view on the timing of Alpine tectonics, which was earlier
considered to be associated with Late Cretaceous HP metamorphisim followed by Middle Tertiary
Barrovian metamorphism (e.g. Hunziker et al.. 1989). Currently, many geologists agree that a major
HP metamorphic event accurred in the western Alps during the Eocene/Oligocene (in addition to a
Late Cretaceous HP event in the Austroalpine terrane; e.g, Michard et al.. 1996: Stampfli et al., 1998;
Gebaver. 1999 Dal Piaz, 2001b: Froitzhein. 2001 ). The controversy with regard to the consequences

of these geochronologicat interpreiations arc further discussed in this chapter,

8.2. Tectonic setting

The western Alps form an arcuate orogenic belt. striking E-W in central Switzertand, NE-SW
to N-§ along the Ttalian-French border and NW-SE in the Maritime Alps (Figure 8.1a). The orogen
is divided into three domains. namely the Adriatic domain. the Internal Zone (*Penninic Alps') and
the External Zone. A geologicel cross-section across the western Alps and a space-time chart are

presented in Figure 8.1b and Figure 8.2, respectively, and a brief description of each domaip s given
below.

8.2.1. The Adriatic domain

The Adriatic domain in the western Alps consists of granuliie-facies pre-Alpine gneisses of the
Ivrea zone. a thick carbonate sequence of the Southern Alps and a clastic sedimentary infill of the Po
Basin {Figure 8.1a). These rock units have not been subjected to Alpine metamorphism (Frey et al.,
1999) and underwent relatively fitile Alpine deformation. In the centsal Alps. the non-metamorphosed
Southern Alps are separated from the Penninic Alps by a distinet mid-crustal fault zone. the insubric
Line, which was active as a dextral strike-slip fault during the Oligocene und the Miocene (~32-16
Ma: Laubscher, 1983; Schmid ¢t at.. 1989: Steck and Hunziker. 1994). Tn the northwest Alps, the
contact between the Ivrea Zone and the Penninic Alps is marked by the Canavese zone. which is a
narrow belt of strongly deformed crystalline basement rocks and Mesozoic sediments with similar
sedimentary facies as the rocks of the Southern Alps (Zingg et al., 1976). In the western Alps. the
nature of the boundary between the Adriatic domain and the Penninic Alps is not clear because it is
covered by Late Tertiary and Quaiernary sediraents of the Po Basin,
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zone, and the Valais zone (Figure 8.1b).

The Austroalpine is located in the highest structural position of the Penninic Alps. It is considered

to represent the northern margin of Adria because it has a similar sedimentary facies as the rocks of i
the Southern Alps (Triimpy. 1980). In the western Alps. the Austroalpine is represented by the Sesia- *
Lanzo zone and by a number of klippen (Dent Blanche, Mt Emilius, Margna; Dal Piaz, 1999), Rocks !
of the Sesia-Lanzo zone were subjected to HP metamorphism during the latest Cretaceous (70-65
Ma: Duchéne et al.. 1997; Rubatto et al., 1999). ‘

The Piedmont zone comprises of metamorphosed ophiolitic rocks derived from a Middle-Late ]

) Jurassic ocean (Rubatto et al., 1998; Rubato and Hermann. 2003), and folded Jurassic to Late
Eﬂ Tertiary sedimentary basins Cretaceous calc-schists (Schistes Lustrés) that represent the sedimentary cover of the Piedmont

Ny Tertiary magmatism Ocean. The Piedmont Ocean existed on the southeastern flank of the Brianconaais terrane. Coesite
[ ] Southern Alps/Apennines bearing eclogites that indicate burial at UHP conditions have been found at Lago di Cignana in
w Austroalpine northwest ltaly (Reinecke. 1991). The timing of HP and UHP metamorphism in these rocks. as well
Q Piemonte as in HP eclogites from the Monviso ophiotite (Figure 8.1a), have been dated at 49-44 Ma (Duchéne
- Internal Crystaliine Massifs et al., 1997; Rubatto et al.. 1998; Rubatto and Hermann, 2003).
2
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Figure 8.1, (a) Map of the western Alps showing the main tectonic units. modified after Polino rusting extension Exhumation S0aS molasse

et al. (1990). Hsit (1994) and Dal Piaz (1999). An. Antroni: C, Canavese; DM, Dora Maira; GP,
Figure 8.2. Space-time diagram showing important teclonic events in the western Alps during

Grand Paradiso; 1L, Insubric Line; Iv, Ivrea: L. Lepontine: MR, Monte Rosa: MV, Monviso: P, ‘
the Cenozoic. Data complied from Triimpy (1980). Schmid et al. (1997); Stampfli et al. (1998);

Prealps; S. Sesia; SB. Sub-Briangonnais; V, Voltri; ZS. Zermatt-Saas. (b) Cross section across

the western Alps (sec Figurc 8.1a for location) modificd after Escher et al. (1997) and Froitzhcim Bistacchi et al. (2001): Michard and Martinotti (2002). For references to the metamorphic ages

(2001). DB. Dent Blanche; H. Helvetic nappes; Va. Valais. sec Figure 8.3. G, Gumigel flysch: H. Helvetic nappes: HE Helmithoid flysch: L., Lepontine; M,

Molasse; Time scale is after Remane et al. (2000).

8.2.2. Internal Zone The Internal Crystalline Massifs (Dora Maira, Gran Paradiso and Monte Rosa) consist of pre-

The Internal Zone consists of a series of continental terranes and ophiolites. which are aligned Triassic basement and minor Late Palacozoic ~ Early Mesozoic cover metasediments. These rocks

as arcuate ribbons paralle] to the strike of the orogen (Figure 8.1a). These are. from southeast to underwent HP and UHP metamorphism during Alpine orogeny. probably in Late Eocene ~ Early

northwest. the Austroaipine, the Piedmont zone, the Internal Crystalline Massifs, the Brianconnais Oligocene (<35 Ma: Duchéne et al.. 1997; Gebauer et al.. 1997: Gebauer. 1999: Rubatto and Gebauer
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1999; Rubatto and Hermann. 2001). The rocks are presently exposed in tectonic windows within the
Piedmont domain (Figure 8.1). The origin of the Internal Crystalline Massifs is controversial, with a
proposed European origin (e.g. Avigad et al.. 1993; Froitzheim, 2001). an Adriatic origin (e.g. Polino
et ak., 1990; Stampfli et al.. 1998) or an independent terrane separated both from Europe and Adria
(e.g. Platt, 19806) (Figure 8.4). In the Dora Maira massif. the presence of coesite pseudomorphs in
metasedimentary rocks suggests metamorphism at depths of more than 100 km (Chopin, 1984).

The Briangonnais zone consisls of a pre-Mesozoic crystalline basement overlain by Perrno-
Carboniferous continental sediments and a Mesozoic cover (Platt et al., 1989b). The origin of this
continental domain is a matter of debate; some authors have suggested that the Briangonnais zone
originated in the passive margin of Europe (e.g. Lemoine et al.. 1986), whereas others (e.g. Stampfii.
1993) have suggested an origin in the Iberian microplate and a later incorporation as an exotic terranc
in the accretionary prism of the western Alps.

The most external domain in the Penninic Alps is the Valais zone (Figure 8.1). Tt consists of
flysch units and minor ophiolitic rocks. which underwent HP metamorphism during Alpine orogeny
{Oberhiinsli. 1994; Cannic et al., 1996; Bousquet et al.. 2002). Towards the southern pan of the
western Alps. the Valais domain is missing. but is possibly represented in the rocks of the Sub-
Briangonnais (Bertrand et al., 1996). The Sub-Brianconnais and the Valais domains lie on the

northwestern flank of the Briangonnais terrane.

8.2.3. External Zone

The External Alps consist of an autochthonous and parautochthonous crystailine basement that
originated in the Hercynian orogen (External Crystalline Massifs) and a Mesozoic to Cenozoic
sedimentary cover (Helvetic/Dauphinois nappes) (Triimpy. 1980). The External Alps underwent
intense Alpine deformation characterised by folding of basement nappes and thin-skinned thrusting
of the Helvetic cover nappes (Escher and Beaumont. 1997; Figure 8.1b). The cover nappes are
detached from their underlying basement by weak tayers of Triassic evaporites (Hsii, 1994). In the
internal parts of the basement massifs, Alpine metamorphism reached greenschist and amphibolise
facies conditions (Frey et al., 1999).

Crustal shortening in the External Alps commenced in the Late Oligocene - Early Miocene and has
propagated towards the northwest. The latest thrusting occurred in Late Miocene and Pliocene (~10-
5 Ma) in the arcuate chain of the Jura Mountains (Triimpy. 1980; Figure 8.2). Since the Oligocene
(~30 Ma), detrital formations derived from the rising of the Alps have been deposited in the molasse
basins of northwest Switzerland (Figure 8.1). The more internal parts of these basins have undergone

Neogene crustal shortening as the orogenic front migrated northward (Triimpy, 1980).
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8.3. Spatio-temporal constraints

8.3.1. Age of Alpine high-pressure metamorphism

High-pressure metamorphism is considered 1o take place during subduction or colisional
processes and its age may iﬁdicatc the timing of accretionary events (e.g. Lister et al.. 2001). In the
western Alps. interpretations of.melamorphic ages are a matter of debate. resulting in a number of
different reconstruction models (compare. for example. Avigad et al. (1993) with Froitzheim (2001 3.
One of the major controversies is associated with the significance of Cretaceous (Eoalpine) HP
metamorphism - an event that is considered by some authors to be prominent in the whole Internal
Alps (e.g. Agard et al.. 2002). whereas other authors suggest that it affected only the Austroalpine
terrane (Gebauer, 1999: Dal Piaz. 2001b; Froitzheim. 2001). The differences between these
contrasting views are significant because they considerably influence reconstruction scenarios.

A compilation of HP metamorphic ages from the western Alps is presented in Figure 8.3 and in
Tabie 8.1. The interpretation of some of these results as peak HP ages remains controversial (see.
for exainple. discussions by Gebauer (1999) and Dal Piaz (2001b)). Nevertheless, the comparison
of results derived from five different dating techniques enables us to recognise a number of

geachronologically distinct episodes of metamorphism discussed below.

8.3.1.1. lmternal Crvstalline Massifs

Figure 8.3a shows that the majority of ages obtained from the Internal Crystalline Massifs are Late
Eocene -Early Oligocene ages (37-32 Ma). These results have been obtained using four different
independent methods (U/Pb, Ar/Ar, Sm/Nd and Luw/Hf), and are therefore considered as relatively
robust constraints for the occurrence of HP and UHP metamorphism at ca. 35 Ma.

Significantly older ages (120-40 Ma) have been obtained using *Ar-"Ar dating techniques
(Figure 8.3a). with most studies interpreting their results as Late Cretaceous HP metamorphic ages
and younger (Eocene) cooling ages (e.g. Scaillet et al.. 1992). More recent studies, however. have
shown that some of the dated minerals (particularly from the UHP rocks of the Dora Maira massif)
contained excess radiogenic *Ar products, which could have led to erroneousty older ages (Araud
and Kelley, 1995; Scaillet. 1996). Interestingly. Paquette et al. (1989) obtained Cretaceous ages
for the UHP rocks of the Dora Maira massif using U-Pb and Rb-Sr methods. The results of these
independent methods indicate that older HP ages cannot be attributed solely to the presence of excess
argon in the rocks, Moreover, geological studies in the Internal Crystalline Massifs (e.g. Philippot:
1990} have revealed a long and complex evolution of fabrics and microstructures, which suggest a
prolonged tectono-metamorphic evolution of these terranes. Therefore, the debate concerning the
occurrence of Cretaceous HP metamorphism in the Internal Crystalling Massifs is as yet inconclusive

and cannot be eastly refuted.
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8.3.1.2. Piedmont

Radiometric dating of HP rocks from the Piedmont domain indicates that metamorphism occurred
during the Middle Eocene (50-42 Ma: Figure 8.3b). The most precise agés are obtained by U-Pb
SHRIMP zircon dating (Gebauer. 1999), which have yielded ages of 44-45 Ma in both Zermatt-Saas
and Monviso ophiolites (Rubatto et al.. 1998; Rubatto and Hermann, 2003). Slightly younger ages
(42-39 Ma) have been obtained by Rb-Sr techniques (Cliff et al.. 1998; Dal Piaz et al., 2001). The
latter may indicate the time of recrystallisation in shear zones during exhumation. which is similar
to greenschist facies ages obtained by Reddy et al. (1999; 2003). Amato et al. (1999) and Cartwright
and Barnicoat (2002) in the Zermati-Saas area. ‘

.3.1.3. Austroalpine
The Sesia-Lanzo zone is considered to be an Austroalpine unit (e.g. Dal Piaz. 1999, and references
therein) and is the only terrane in the western Alps that shows clear evidence for Late Cretaceous
(75-65 Ma) HP metamorphism (Ruffet et al., 1995; Inger et al., 1996: Rubatto et al.. 1999; Dal Piaz et
al., 2001 Figure 8.3c). Considerably younger ages (48-40 Ma) have been obtained from other lower
Austroalpine klippen (Mt Emitius, Glacier Rafray and Etirol Levaz: Dal Piaz et al.. 2001), suggesting

a possible incorporation of these klippen in the Piedmont accretionary wedge.

8.3.1.4. Briangonnais

The age of HP metamorphism in the Brianconnais zone is poorly constrained because eclogite
and blueschist facies rocks are often overprinted by greenschist facies assemblages. which obliterate
dateable HP assemblages (Platt et al.. 1989b). Greenschist facies assemblages have yielded Oligocene
ages (35-27 Ma; Freeman et al.. 1997; Freeman et al., 1998). Late Eocene - Early Oligocene ages
(40-30 Ma) obtained by Markely et al. (1998) have been interpreted as HP ages (Figure 8.3d).

Figure 8.3. Compilation of genchronological results associated with the age of HP metamorphism
in the (a) Intemal Crystalline Massifs: (b) the Piedmont zonc: (c) the westem Austroalpine
terrane: and (d) the Briangonnais terrane. References are: (1) Gebauer et al. (1997): (2) Rubatto
and Hermann (2001): (3) Tilton et al. (1989); (4) Tilton et al. (1991); (5) Paquette ct al. (1989); -~
(6) Rubatto and Gebauer (1999); (7) Gebauer (1996); (8) Monié and Chopin (1991); (9) Scaillet
et al. (1992): (13) Chopin and Maluski (1980): (11} Monié (1985); (12) Chopin and Monié
{1984): (13) Becker (1993): (14) Duchéne et al. (1997); (15) Rubatto and Hermann (2003); (16)
" Rubatto et al. (1998): (17) Moni¢ and Phillipot (1989); (18) Dai Piaz et al. (2001); (19) Bamicoat
et al. (1995); (20) Agard et al. (2002); (21) CIiff et al. (1998); (22) Amato et al, {1999): (23)
| Bowtell et al. (1994); (24) Rubatto et ai. (1999); (25) Igner et al. (1996): (26) Ruffet et al. (1995):
(27) Oberhiinsli et al. (1985); (28) Markley et al, (1998).
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Table. 8.1. Jaferred ages of high-pressure metamorphism in the western Alps

Massif J Rock type LMe!lmd TAge (Mn) I Reference
Internul Crystalline Massils
Dora Maira Eclogite Lu-Hf twhole rock-gamet) 28212 Duchéne i al. (1997)
Dora Maira Pyrop quanzite U-Pb {SHRIMP-zircon) Az Gehauer et al. (1997)
Dory Maira Cale-silicate cclogite U-Pb (SHRIMP-titanitc) 351409 Rubane & Hetmann {2001)
Dora Maira Pyrop quartzite U-Pb (zircons) 38.0x6.0 Tilton et al. (1989)
Dara Maira Pyrop quartzite U-Pb (zircons) 38014 Tilton et al. (1991)
Dora Maira Pyrop guarzite U-Pb {c¢llenbergerite) 3413 Tilton et al. (1991)
Dora Maira Pyrop quartzite U-Pb (rircon) 121412429 | Paguette ¢l al, (1989)
Dera Maira Pyrop quartzite Sm-Nd (gamet) 38.024.5 Tillon et al. (989
Dora Maira Pyrop quarzite Rb-Sr (phengite) 96.0£4.0 Paquette ¢1 al. (1989)
Dora Maira Pyrop quartziie Ar-Ar {phengite) ::;1]:; ;’2 Monié & Chopin (1991)
Dora Maira Finc grained gociss Ar-Ar {phengite) 34.520012 Scailict ct al, (1992)
44.2200.21
Dora Maira Lcucocratic orthogneiss Ar-Ar (phengite) 35.0:0.16 Scaillet et al. (1992)
3682014
Dora Maira coarse grained gneiss Ar-Ar (phengite} 48.920.2 Scaillct et al. (1992)
79.0+0.15
Dora Maira Matapelite Av-Ar {phengitc) 6881012 Scaillet et al. (1992)
48.920.16
Dora Maira Mg-rich micaschist Ar-Ar (phengite) :?ig:g?j Scaillet et al. (1992)
Dora Maira Fine grainced gneiss Ar-Ar (phengite) 36.2:0.8! Scailict ¢1 at. (1992)
87.520.76
8(1.520.96
Dora Maira Mectapelite Ar-Ar (plengite) 82.9:0.14 Scaillet ¢ al. (1992)
9 52147
79.0201.88
Daora Maira Mg-rich micaschist Ar-Ar (phengite) gzg:: ;: Scaillet et al. (1992)
Dora Maira Fine grained gnciss Ar-Ar{phengite) :3;2:::2; Scaillet et al. (1992)
Dora Maira Metapelite Ar-Ar (phengite) ggg:ggl Scailler et al. (1992)
Dora Maira Mp-rich micaschist Ar-Ar (phengite) 102.6£0.77 | Scaillet ct al. (1992)
G. Paradiso (caver) phengite marble Ar-Ar (phengite} 574232 Chopin & Matuski (1980)
Q. Paradiso (bascmoent) metagranite Ar-Ar {phengite) 56.4x1.5 Chopin & Maluski (1930)
G. Paradiso (cover) dolomitic marble Ar-Ar {phengite) 378210 Chopin & Maluski (1980}
G. Paradiso (basement) gamel-para. glaucophanite | Av-Ar (phengile) 78.0+4.0 Chopin & Maluski (1980)
G. Paradiso (basement)) | gneiss Ar-Ar (phengile) 41.0x1.1 Chopin & Maiuski (1980)
G. Paradiso (bascment} miicaschist Ar-Ar (phengite} AREIN Chopin & Maluski {1980)
G. Paradiso (cover) dolomitic marble Ar-Ar (phengite) 58.5+3.7 Chopin & Maluski (1980)
G. Paradiso (basement) wicaous glancophanite Ar-Ar (pheng. + paragoniic) | 64.9£1.8 Chopin & Matuski (1980}
G. Paradiso (bascment) q.pheng, glavcophaniic Ar-Ar {phengite) 60.0x1.9 Chopin & Maluski (1980)
Monie Rosa phengite metaquanziie U-Pb (SHRIMP-zircon)} 34.921.4 Rubaito & Gebauer (1999)
Monte Rosa HP mctapelite Rb-Sr (whote rock) 102.0£2.0 Pagueite et al. (1989}
Monte Rosa HP metapelite Rb-Sr (phengite) 91.022.0 Paguetie et al. (1989)
Monte Rosa - Furge zone | pelitic micaschist Ar-Ar (phengiie) E14.8£2.9 Monié (1985)
Montc Rosa - Furgg zone | paragneiss Ar-Ar iphlogopile) 60057 Monié {1985)
Monte Rosu - cover arthogneiss Ar-Ar (phengite) 4.2x1.0 Monié {1985)
Monie Rosa - basement granile Ar-Ar iphengile) 46.121.2 Monié (1985)
Monie Rosa - basermnent guarzite Ar-Ar {phengile) 37.320.9 Monié (1985)
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Massif Rock type Method Age (Ma) Reference
Monte Rosa talc-ph.-chlomtoid schist 1 Ar-Ar (phengite) 1100230 Chopin & Monic (1983)
Monie Rosa phengike guanzite Ar-Ar {phengite) 377209 Chopin & Monie {1984)
Lepontine - Alpi Arami Garnet-pyroxenite U-Pb (SHRIMP-zircon) 35.420.5 Gcebauer (1996)
Lepontine ~Alpt Arami Garnet-pyroxenile U-Pb {SHRIMP-zircon) 43.0x2.0 Gebaner (1996}
Leponting - Alpi Arami Garnet-pyroxenile U-Pb (SHRIMP-zircon) 25, (0.6 Gebauer {1996)
Lepontine —Alpi Arami Gamet lherzolite Sm-Nd {gamct-WR-Cpx) 39,11£3.5 Beeker (1993)
Lepontine -Alpi Arami Gamet lherzolite Sm-Nd {gamct-WR-Cpx) 396438 Becker (1993)
Lepontine ~Alpi Arami Garnct clynopyroxcnile Sm-Nd (gamet-WR-Cpx) 43.9:.;.7 Beeker (1993)
Leponsine -Alpi Arami Eclogire Sm-Nd (gamet-WR-Cpx) 37.5x2.2 Beckee (1993)
Lopontine ~Alpi Arni Peridotitc Sm-Nd {pamet-WR-Cpx) 423229 Beeker (1993)
Lepontine -Alpt Arami Gamet lherzolite Sm-Nd (gamet-WR-Cpx) 40.224.2 Becker (1993)
Piedmont
Monvisu Eclogie Lu-Hf {wholfe rock-garnet) 49.121.2 Duchéne et al. (1997)
Monviso Eclogite U-Pb (SHRIMP-zircon) 45.0z1.0 Rubatto & Hermann {2003)
Monviso Mylonitic eclogite Sm-Nd (granet-Cpx) 60.0x12 Cliff et al. {[998)
Monviso Chlorite cclogite Sw-Nd {granet-Cpx) 62.0£9 Clilt et al. (1998)
Monviso Myionilic eclogite Rb-Sr (phengite-Cpx ) :;g:g: Cliff c1 al. {1998)
Monviso Eclogite Ar-Ar (phengite) 50010 Moni¢ & Phillipot (1989)
Zermatt-Saas Eclogite U-Pb tSHRIMP-zircon) 44.120.7 Rubatto ¢t al. (1998)
Zermall-Saas Sm-Nd (gamet) 520218 Bowtell et al. (1994)
Zermat-Saax Cacsile bearing eclogite | Sm-Nd (gamel-\WR-Cpx} 10.6£2.6 Ao et al, (199%)
Zermatl-Saas Lelogite Rb-St {3 points isochron) H.023.9 Amato et al. (1999)
Zermatt-Saas Phengite quarnzite Rb-Sr (WR-pheng. isochron) | 45.022.8 Dl Piaz et al, (2001}
Zermati-Saas M quanizite Rb-Sr (WR-pheng. isochron) | 45.020.5 Dal Piaz et al. (2001)
Zermatt-Saas Piiengite pyrop quartzite ! Rb-Se (WR-pheng. isochron) [42.020.5 Dal Pioaz e al. (2001)
Zermatt-Saass Eclogitic gabbro Rb-Sr (WR-pheng, isochron) |42.0:£0.4 Dal Piaz et al. (2001)
Zermatl-Saas Phengite quanzite Ar-Ar (phengite) 46,104 Dal Piaz et al. (2001)
Zermau-Saas Mn quanzite Ar-Ar (phengite) 44.2:0.4 Dal Piaz et al. (2001)
Zermatt-Saas Phengite pyvop quanizite | Ar-Ar (phengite) 43.420.3 Dal Piaz ¢t al. (2001)
Zerman-Saas Eclogitic gabbro Ar-Ar {phengite) 44.320.3 Dal Piaz et al. (2001)
Zermati-Saas Eclogite Ar-Ar (paragonite) jig:?g Barnicoat et al. (1995)
Zermatt-Saas Glaucophane schist Ar-Ar (paraganite) iggﬁ?lsn Barnicoat et al. (1995)
Zermut-Saas Retrogressed gabbro Ar-Ar (paragonite) 44,023, Barnicoat et al. (1995)
Schistes Lustrés Phengite quartzile Ar-Ar (phengite) 38.4xL.1 Chopin & Maluski (1980)
Schistes Lustrés Piemontite ph. guanzite Ar-Ar (phengile) 43.6x1.1 Chopin & Maluski (1980)
Schisies Lustrés Phengite quanzirte Ar-Ar {phengile) 38.6x1.0 Chopin & Maluski (198(})
Schistes Lustrés Caleschist Ar-Ar (phieng. + paragonite) | 67.821.8 Chopin & Maluski (1980)
Schistes Lusirés Chiloritoid g glaucophanite | Ar-Ar (plieng. + paragonite)  [43.8x11 Chopin & Maluski ([980)

382212

35.5+1.1
Sch_i_stcs Lustrés Moeuapelites Ar-Ar (phengite) 44.9«1.5 Agard ct al. (2002)

' 51.9+1.6
53.7z1.7
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Table. 8.1. Continued.
Massil —ﬁ{twk ype JMelhod IAge {Ma) l Reference
Austroalpine
Sesia Eclogite Lu-Hf (phengile-garnet} 69.2x2.7 Duchéne ctal. (1997
Sesia Eclogite U-Pb (SHRIMP-zircon) 65.0£5.0 Rubaug ¢t al. (1999)
Sesia Eelogitic micitschisy U-Pb (SHRIMP-zircomn) 63.0=3.0 Rubatio ct al, (1999}
Sesia Mulic eclogite U-Ph (SHRIMP-zircon) 68.0£7.0 Rubaito ¢t al, {1999)
Sesia Cale-silicute U-Pb (sphenes) 606,0£1.0 Inger cf al. {1996}
Sesia - HIF marbles Rb-Sr (ph. -WR isochron) 71.020.8 Dal Piaz et al. (2001
Scsia HP mctagranitoid Rb-Sr {omp.-WR isochron) 129.0215.¢ Ohcrhiinsli et al. (1985)
Sesia HP metagranitoid Rb-Sr {gar.-omp. isochron) 114.0£1.0 Oberldinski ct al. (1985)
Scsia Lichogitic micaschist Rb-Sr {ph-par.-cp. isochron) | 53.8=0.7 Inger ctal. (1996)
633208
57.0x1.2
Scsia Marble Rb-Sr (ph-calcite isochron) | 63.0£0.8 Inger ot al. (1996)
64.520.9
61.020.7
Sesia Marble Rb-Sr (ph-cal.-cpx isochron) [ 58.520.7 Inger et al. (1996)
. . . 52.310.6
Scesia Leucogneiss Rb-Sr {ph-cpidote isochron) 59.8:(!.7 Inger ct al. (1996)
Sesia Lelogitic micaschist Rb-Sr (ph-omp, isochron) 46.422.1 Inger ct al. (1996)
68.822.2
Sesia Eclogitic micaschist Rb-5r {ph-cpx. isochron) dx13 Inzer cl al. (1996)
§3.8«1.8
Sesix Metagranite Rb-Sr (ph-cpx-cp. isochron) | 63.0£1.3 Inger et al. (1996}
Sesia Eclogite Rb-Sr {ph-cpx isochiron) 68.6x3.1 Inger ¢t al. {1996)
69.0+3.0
70.0£1.0
75.0£1.5
372,
Scsia Marble Ar-Ar (while mica) 3‘1 :;f' : luger ctal. (1996)
105.0£10.0
9L0£25
92428
Sesia Eclogite Ar-Ar (phengite) 76.920.6 Ruffe ct al. (1995)
Sesia L.cucocratic gneiss Ar-Ar (phengile) 73,7202 Ruilet ¢t al. 11995)
Scsig Micaschist Ar-Ar (phongite) 73.620.2 Ruf¥et ct al. (1995}
Sesia Paragneiss Ar-Ar (phengite) 69.420.7 Ruilet ot al, (1995)
Mi. Emilius Eclogite Rb-St (WR-ph. isochron) 40.00.5 Dal Piaz ¢t al. (2004)
5 .
ML Emilios High-pressure gnciss Rb-Sr (WR-ph. isochron) jfg:"g Dal Piaz ct al. (2001}
Glacier Rafray Glaucophanc cclogite Rb-Sr (WR-ph. isochron) 45.020.4 Dal Piaz ct al. (2001}
Etirol-Lovaz High-pressute gneiss Rb-Sr (WR-ph. isochron) :g?}:g; Dal Piaz ot al, (2001)

8.3.1.5. Valais

The age of HP metamorphism in the Valais zone has not been determined by geochronological
studies because of the limited exposure of these rocks. In the central Alps, the existence of
Palacocene-Eocene fauna in HP rocks of supposedly Valasian origin (Bousquet et al., 2002)
suggests that metamorphism occurred during or after the Eocene. This is further supported by recent

geochronological constraints from the Chiavenna Unit (central Alps), indicating HP ages of 37-38
Ma (Liati et al., 2003).
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Table. 8.1. Continued.

Massif Reck type J Method Age (M) I Reference

Brisngonnais

A8.620.4
39.540.6
36.2+0.4
37.24).6
38.3:00.6
33.0:00.6
40,5204
51,208
36,0204
374104
Tsaté Caleschist Ar-Ar iwhite mica) 44 520.6 Markley et al. (1998}

38.020.4
39.420.6
34.92(1.6
31.720.6
Eustern Siviez-Mischabel | Micaschist Ar-Ar (white mica) 36,5204 Markley et al. (1998)
31.8£0.4

20,6+0.2
Souwthern Sivicz- Ca I 35,004
Mischabel Micaschist Ar-Ar {white mica) 37,0104

40.0x0.6

Coentral Siviez-Mischabel | Micaschist Ar-Ar (while miciy
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8.3.2. Oceanic sutures in the western Alps

Oceanic sutures in the western Aips have been subjected to conflicting interpretations (Figure 8.4).
There is a general consensus that the ophiolitic complexes of the western Alps represent at least two
Mesozoic ocean basins (the Piedmont and the Valats Oceans). The oceanic origin of the Piedmont
domain is indicated by a widespread occurrence of Jurassic metagabbros and metabasalts overlain by
Late Jurassic — Early Cretaceous radiolarian cherts, siliceous shales and pelagic limestones (Coward
and Dietrich, 1989). The majority of these rocks have been intensely overprinted during the complex
poly-deformational evolution of the Alps.

The rocks of the Valais domain are often considered to represent an additional ocean basin (e.g.
Stampfli, 1993, Oberhiinsli. 1994; Froitzheim et al.. 1996; Stampfli et al., 1998: Froitzheim. 2001:
Bousquet et al.. 2002; Figure 8.4b). Ophiolitic material in the Valais domain is relatively scarce.
and evidence for its oceanic origin is inferred from the occurrence of MORB-related volcanic rocks
interlayered with Middle Cretaceous to Eocene deep-sea sediments found in the northwestern part of
the western Alps (Marthaler. 1984; Oberhinsli, 1994: Bousquet et al.. 2002). These rocks underwent
Alpine HP metamorphism and do not appear to be connected with the Piedmont ophiolites (Figure 8.1).

Contrasting tectonic interpretations have been proposed for the origin of the Antrona ophiolite,
which is located adjacent to the Monte Rosa massif (Figure 8.1a). Patt (1986) has proposed that these
rocks mark the suture between the Internat Crystalline Massifs (here an independent ribbon) and the
Briangonnais terrane, forming a third oceanic suture in the western Alps together with the Piedmont
and the Valais Oceans (Figure 8.4¢). In other works, the same rocks have been considered to represent
the Piedmont suture (Escher and Beaumont., 1997) or the Valasian suture (Froitzheim. 2001).

An additional oceanic suture, separating the Sesia block from Adria, has been proposed by
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Mattauer et al. (1987) based on the occurrence of ultramafic rocks in the southern tip of the Sesia
Zone (Lanzo peridotites). The geochemistry of the Lanzo peridotites resembles the upper mantle
residual of a mid-ocean-ridge (Bodinier. 1988). suggesting an origin from oceanic lithosphere.
Evidence for this suture also exists in the rare serpentinised peridotite and metabasalt lenses of the
Canavese zone (Escher and Beaumont, 1997). However, the contact between the Sesia rocks and the
Lanzo peridotites is intensely deformed. and i1 is therefore possible that these oceanic rocks are in

fact folded remnants of the Piedmont Ocean (e.g. Avigad et al.. 1994; Michard et al.. 1996).

{a)
Piemonte
turope L8 Adria

()
B Ses

; Piemonte
Ewope Adna

(4]
Antrona Piemonte

Valai

Figure 8.4. Cartoons showing conflicting Early Cretaccous reconstructions of acean basias in
the western Alps. (a) A single occan basin, the Piedmont Occan. separating Europe (Internal
Crystalline Massifs) and Adyia (Sesia) (Avigad ¢t al.. 1993). (b) Two occan basins, the Picdmont
and Valais Oceans. Note the location of the Internal Crystalline Massifs in the margin of the
Briangonnais terrane {Michard and Martinotti, 2002). (¢) Three occans scparating continental
ribbons of the Briangonnais and the Internal Crystalline Massifs from both Europe and the Adria

{Platt, 1986). Br. Briangonnais; ICM, Internal Crystalline Massifs: Scs. Sesia.

8.3.3. Plate motions and kinematic indicators

A major problem in Alpine reconstruction concerns with the difficulty to provide adequate
kinematic constraints for the different terranes and microplates invelved in the orogenic processes.
At the largest scale, the relative conve.gence of Africa and Europe, as calculated from magnetic
isochrons in the Northern Atlantic Ocean. can provide a first order approximation of kinematic
boundary conditions (e.g. Dewey et al., 1973; 1989; Rosenbaum et al.. 2002a). Motion paths of
Africa with respect to Europe as calculated from the models of Dewey et al. (1989) and Rosenbaum
et al. (2002a) are shown in Figure 8.5, as well the extrapolated motion based on NUVEL-1 plate
velocities (DeMets et al., 1994). These boundary conditions. however., are applicable in western Alps
reconstructions only if Adria has moved as an African promontory.

The controversy whether Adria behaved as an African promontory or as an independent
microplate has been extensively discussed in the literature (e.g. Channell et al., 1979: Anderson.

1987; Wortmann et al., 2001; Rosenbaum et al.. in review). Palacomagnetic results suggest a
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coherent motion of Africa and Adria since the Early Mesozoic (Channell. 1996: Muttoni et al.. 2001).
However. there is a considerable uncertainty about the motion of Adria during the Tertiary, due
to the scarcity of palacomagnetic data and an apparently independent motion inferred from active
tectonics (Anderson. 1987). Moreover, the relatively poor resolution of palacomagnetic data permits
an independent motion of Adria in excess of hundreds of kilometres,

A further complication to describe the evolution of the Alps in terms of plate kinematics comes
from the possibility that certain terranes (i.e. the Briangonnais or the Austroalpine terranes) moved
independently in the area between Adria and Europe. This style of tectonism. which involves
independent motions of allochthonous terranes, has been shown to take place in the western
Mediterranean since the Oligocene (Rosenbaum et al.. 2002b). and it is possible that analogous
independent motions also took place in the convergence interface between Adria and Europe.

Several wotkers have attempted to analyse the relative motions of Adria and Europe on the basis
of kinematic indicators found in rock structures in the western Alps (Baird and Dewey, 1986; Platt et
al.. 1989a: Figure 8.6a). The kinematic indicators are considered to represent the longest dimension
of the strain ellipsoid. which may correspond to the direction of the tectonic transport. As seen in
Figure 8.6a, the kinematic indicators show a radial pattern, which is orthogonal to the arc of the
western Alps. Platt et al. (1989a) have suggested that this arcuate pattern could have been fonned
by body forces induced by an overall northwestward motion of Adria (Figure 8.6b). Howeves, the
existence of a SW-NE structural grain in the southwestern Alps may cast doubt on the validity of this
mode! (Fry. 1989). It is possible that the arcuate patiern reflects a more consistent direction. which

was reorientated during the formation of the arc of the western Alps (Figuse 8.6¢).
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Figure 8.5, Comparison of the motion path of Africa relative to Europe shown by one point
(45°N/8°E) that moves together with Africa (after Dewey et al., 1989; DeMets et al.. 1994;
Rosenbaum ct al.. 2002a), The motion path of NUVEL-] is calculated by extrapelating the
current angular velocity of Africa-Europe {DeMets et al.. 1994) back in timic. Numbers indicate

time in million ycars.
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Figure 8.6, (a) Compilation of post-Eocene kinematic data from the western Alps inferred
from lincar structures (i.e. stretching lincations. crystal fibres on fawh plancs. wear grooves
and stylolite axes). Arows show sensc of shear in rocks that are located at the head of arrows.,
Data are taken from Platt et al. (1989a. and references therein) and Lickorish et al, (2002, and
refercnces therem). (b) Formation of arcvate kinematic indicators as a result of a NW-ward
indentation of Adria (after Platt et al.. 1989a). BFV, body force vector perpendicular to the strike
of the orogen: PMV, plate-motion vector. (¢) An alternative explanation for the arcuate pattem of
kinematic indicators. whicl involves reorientations of the lincations as a result of block rotations,
Counterclockwise block rotations are applied according to palacomagnetic results: 110° in the
southern western Alps (Collombet ef al.. 2002), 50° in the central western Alps (Thomas ¢t al..

1999) and 30° in the northern western Alps (Helier ct al., 1989).

8.4. Tectonic reconstructions

In the foliowing section, I discuss alternative reconstructions that have been proposed for different
stages in the evolution of the western Alps. In most cases, differences between these reconstructions
result from alternative interpretations of geological features. These controversies are discussed in

accordance with the available spatio-temporal constraints.

8.4.1. Early/Middle Mesozoic

During the Early Mesozoic, the western Tethys was subjectad to continental extension associated
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with the breakup of Pangea (Coward and Dietrich. 1989). In northern Africa and in northwestern
Europe, extensional basins, bounded by NW-SE faults, formed during the Permian and the Triassic
{Coward and Dietrich. 1989). These _faulls were probably inherited from earlier Variscan structures
(Coward and Dietrich. 1989). Pre-oceanic rifting in the Alps is recognised in Early Jurassic and early
Middle Jurassic extensional structures (Lémoine and Triimpy. 1987).

Sea-floor spreading in the Alps commenced in the Middle Jurassic, contemporaneously with the
opening of the Central Atlantic Ocean. It has therefore been suggested that the opening of these two
ocean basins was linked by a major transform fault associated with a sinistral strike-slip motion (e.g.
Laubscher and Bernoulli. 1977; Dercourt et al.. 1986; Le Pichon et al.. 1988). In the Alps. evidence
for oceanic crust is found in the Piedmont ophiolite. for which crystallisation ages of 166-160 Ma
have been obtained by U-Pb (SHRIMP) dating (Rubatto et al., 1998; Rubatto and Hermann, 2003).

b {~155 Ma)| Bonemian

Massif

a (~160 Ma)

1 - desp marine

Figure 8.7. Middle-Late Jurassic reconstructions (160-145 Ma); (a) Dercourt ct al. (1993);
{b) Dercourt ct al. (2000); (c) Stampfli and Marchant (1997); (d) Wortmann et al. (2001). Br.

Briangonnais.

Middle-Late Jurassic reconstructions are shown in Figure 8.7. These models represent sea-floor
spreading of an Alpine Ocean and subductien of the Vardar Ocean east of the Austroalpine terrane.
The reconstruction of Dercourt et al. (1993) shows a single branch of sea-floor spreading relat.-l to
Alpine Tethys (Figure 8.7a). This has been modified in the palaeogeographic map of Dercourt et al.

(2060}, which shows a relatively narrow (200-250 km) ocean basin separating Adria and Iberia. and
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an additional Jurassic oceanic embayment of similar width north of the Briangonnais terrane (Valais
Ocean; Figure 8.7b). Alpine Tethys widens northeast of the eastern extension of the Briangonnais
terrane. showing a deep marine connection with the eastern part of the Tethys Ocean (Dercourt et
al.. 2000). Similar tectonic features are shown in the Late Jurassic reconstruction of Stampfli and
Marchant {1997) (Figure 8.7c). with an Iberian promontory of the Briangonnais zone bounded by the
Piedmont and the Valais Oceans. Stampfii and Marchant’s (1997) reconstruction. however. considers
a much larger ocean (up to 700 km wide) for Alpine Tethys. The reconstruction of Wortmann et al.
(2001) shows a complete separation between the northern and the southern branches of Alpine Tethys
(Figure 8.7d). According to these authors. the Jurassic Briangonnais zone (including Corsica and
Sardinia) was already detached from the Iberian microplate. and no oceanic domain existed in the
Valais domain.

The plate tectonic configuration in the western Tethys prior to the opening of the Alpine Tethys has
been discussed by Wortmann et al. (2001). These authors have argued that Early-Middle Mesozoic
reconstructions of Adria using African rotational parameters result in a considerable overlap of Adria
with southern Europe and Iberia. The degree of this space probiem has been considerably diminished
in the work of Rosenbaum et al. (2002a). using revised rotational parameters for the motion of Africa
(and Adria) with respect to Europe. A relatively good fit of the continents in the Middie Jurassic was
thus obtained.

A major difference between the alternative Late Jurassic reconstructions shown in Figure 8.7 is
the width of the Alpine Tethys Ocean. It varies in width from ~250 km in the model of Dercourt et al.
(2000) and Wortmann et al. (2001) to ~700 km in the mode! of Stampfii and Marchant (1997). The
width of Alpine Tethys can be obtained by reconstructing the motion of Africa and Europe assuming
that Adria moved together with Africa. Using this technique. Coward and Dietrich (1989) have
estimated a width of ~500 km (based on data from Dewey et al.. 1989). Revised rotational parameters
by Rosenbaum et al. (2002a) resulted in ~400 km width of the Jurassic Alpine Tethys.

8.4.2. Cretaceous

One of the major aspects with regard to Cretaceous reconstructions of the western Alps is related
to the tectonic significance of the Valais domain. In some recoustruction models, Valaisian rocks have
been interpreted to originate from a small wedge shaped marine basin, underlain by continental crust
(e.g. Polino et al.. 1990; Dercourt et al., 1993; Figure 8.7a and Figure 8.8a). In other reconstructions.
however, the existence of an ocean basin that separated the Briangonnais terrane from the European
margin has been considered (e.g. Stampfli, 1993: Schmid et al.. 1997; Stampfli and Marchant, 1997,
Stampfli et al., 1998; Bousquet et al., 2002; Figure 8.8b).

Stampfii et al. (1998) have linked the opening of the Valais Ocean with the opening of the
Northern Atlantic Ocean during the Late Jurassic — Early Cretaceous (ca. 155-120 Ma). Based on this

study, the two spreading centres were connected by a transform fault through the Bay of Biscay and
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the Pyrenees and underwent similar amounts of opening. At the same time that sea-fioor spreading
occurred in the Valais Ocean. a southeast-dipping subduction zone formed in the Alpine Tethys,
leading to Early and Late Cretaceous orogenesis in the eastern Alps (Figure 8.8b). In the model of
Stampfli et al. (1998), the closure of the Valais Ocean has been attributed to the rotation of Iberia and
the opening of the Bay of Biscay at 120-83 Ma.

The timing of sea-floor spreading of the Valais Ocean has been recently addressed by radiometric
dating of metabasic rocks in an ophiolitic unit within the central Alps (Chiavenna unit) that is
auributed to the Vatais Ocean (Liati et al., 2003). Oceanic-related magmatism in this locality appears
o have occurred at ca. 93 Ma. suggesting that the Valais Ocean was still opening during the Late

Cretaceous.

b (~110 Ma)

a (~112 Ma) Bohemian Massif

(J

deep marine .
{continental)}

Figure 8.8. Early Cretaccous reconstructions of the western Alps: (a) continental marine basin in
the Valais domain, after Dercourt et al. (2000): (b) sea floor spreading in the Valais Ocean, after

Schmid ct al. (1997} and Stampfli ct al. (1998).

Orogenic processes duriag the Cretaceous are documented by major unconformities and HP
metamorphism in the eastern Alps (e.g. Thoni and Jagoutz, 1993). However. in the Internal Crystalline
Massifs and the Piedmont domain. the role of Cretaceous HP metamorphism (e.g. Hunziker et al.,
1989) is now debated (e.g. Michard et al.. 1996; Gebauer, 1999). Nevertheless, it is widely accepted,
based on geochronoligical evidence, that subduction and collisional processes were respounsible for
HP metamorphism in the Sesia/Austroalpine terrane during the Late Cretaceous.

According to the reconstruction of Stampfli and Marchant (1997) (Figure 8.9a), Late Cretaceous
orogenesis was dominated by two systems of subduction-accretionary complexes, striking roughly
NE-SW. Northwest of the Briangonnais terrane, the Valais Ocean was consumed in a southeast-
dipping subduction zone, which continued westward into the Pyrenees (Figure 8.9a). At the same
time, the Briangonnais terrane was subjected to extensional faulting and tilting, and was not
incorporated in the accretionary prism before the Middle-Late Eocene (45-35 Ma; Stampfii et al,,
1998:; Michard and Martinotti. 2002). In this reconstruction. the Hellminthoid Flysch separated the

southeast side of the Briangonnais terrane from the Austroalpine terrane. Towards the east, a second
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active margin existed, associated with the collisional suture of the Austroalpine terrane and the
Dinaro-Pelagonian microplate (Figure 8.9a).

.A considerably different Late Cretaceous reconstruction by Dercourt et al (2000) shows
occurrences of orogenic processes further to the south, predominantly in an E-W-striking accreiion'dfry
belt (Figure 8.9b). The Austroalpine terrane was bounded by an active margin in the north, which was
associated with the subduction of a ca. 300 km wide ocean basin separating the southern margin of
Europe from the front of the Alpine orogen. The overall E-W orientation of the Austroalpine terrane
1s similar to its present orientation in the eastern Alps. This is inconsistent with palacomagnetic data,
which indicate at least 30° of clockwise rotation of the eastern Alps relative to Europe since the
Jurassic (Channel] et al.. 1992b).

d Late Cretaceous

Figure 3.9. Alternative Late Cretaccous reconstructions of the Alps; (a) Stamp(li and Marchant

(1997): (b) Dercourt et al. (2000).

8.4.3. Early Tertiary

The period between 65 Ma and 50 Ma was characterised by relatively small convergence rates of
Africa with respect to Europe (Dewey et al., 1989; Rosenbaum et al.. 2002a). During the Palacocene.
convergence actually stopped for a period of ~10 Myr (at 65-55 Ma: Figure 8.5). Eocene (~45 Ma)
ages of HP and UHP metamorphism of the Piedmont ophiolite (Figure 8.3b) have been interpreted
to represent the closure of the Piedmont Ocean during southeast-dipping subduction (e.g. Michard
et al.. 1996; Stampfii et al.. 1998; Froitzheim, 2001). The subduction zone is shown in the Eocene
reconstructions of Figure 8.10.

The Middle Eocene reconstruction of Dercourt et al. (2000) shows a southeast-dipping
subduction of the deep marine *Alpine Flysch Basin’ beneath Adria (Figure 8.10a). In contrast.
according to Schmid et al. (1997), all oceanic material had already been consumed in the Middle
Eocene, and the Briangonnais terrane was incorporated in the subduction/collisional suture (Figure
8.10b). An additional collisional suture is related to the southeast-dipping subduction of the Valais
Ocean beneath the Briangonnais (Schmid et al.. 1997). Froitzheim (2001) proposed that subduction

of the Piedmont Ocean led to the collision of the Briangonnais terrane with the Adriatic margin in the
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Middle Eocene. whereas the consumption of the southeast-dipping Valais Ocean occurred only in the
latest Eocene. This reconstruction seems o agree with the timing of collisional deformation in the
Briangonnais terrane, which shows no evidence for orogenesis prior to the Middle Eocene (Stampfli
etal., 1998). '

An important question is whether the age of HP metamorphism (~45 Ma) represents subduction
of the Piedmont Qcean or obduction of the ophiolitic complex during collisional processes. The
geochronological data suggest that a short-lived HP event occurred at ~45 Ma (Rubatto et al., 1998:
Rubatto and Hermann, 2003). followed by a rapid exhumation to mid-crusial levels at 42-38 Ma
(Amato et al., 1999: Reddy et al., 1999: 2003: Cartwright and Barnicoat, 2002). Smilar ages of HP
metaniorphism has been obtained from two different branches of the Piedmont Ocean. which are
located more than 100 km apart (Zermatt Saas and Monviso ophiolites; Figure 8.1). In addition, HP
metamorphism during subduction processes should result in a wide range of ages. | therefore suggest
that at 45 Ma. a short-lived orogenic episode affected the whole area and possibly involved obduction
and collisional processes, which are commonly overlooked in existing reconstructions. These events

may have been followed by a period of intense stretching of the overriding plate.

b

Figure 8.10. Eocene (~45 Ma) reconstructions; (a) Dercourt et al. (2000); (b) Schmid et al. (1997).

8.4.4. The Eocene-Oligocene collision in the western Alps

2

A major collisional event that involved HP and UHP metamorphism of the Internal Crystaliine
Massifs occurred at ~35 Ma. This is supported by precise radiometric dating of HP and UHP rocks
that yielded Oligocene ages in the Dora Maira (Gebauer et al.. 1997; Rubatto and Hermann. 2001).
Monte Rosa (Rubatto and Gebauer, 1999), the Lepontine Dome {Gebauer. 1996) and the Voltri
Massif (34=1 Ma; Rubatto and Scambelluri, 2002) (Figure 8.3a).

Froitzheim (2001) has interpreted the Oligocene HP metamorphic ages as the final stage of
subduction of the Valais Ocean. In this interpretation, the Internat Crystalline Massifs originated in

the European margin and were brought into the Valasian subduction trench after the incorporation
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of the Brianconnais terrane in the accretionary wedge and the subduction of the Valais Ocean. This
model is consistent with the timing of deformation and metamorphism in the Briangonnais, which is
estimated as 45-34 Ma (Freeman et al.. 1997; Markley et al.. 1998; Stampfli et al.. 1998: Michard and
Martinotti, 2002). The post-Eocene subduction of the Valais Ocean is supported by the occurrence
of Palaeocene-Eocene fauna within the HP rocks of the Valais (Bousquet et al.. 2002). However. -ihe
model of Froitzheim (2001) implies that orogenic processes did not affect the Internal Crystalline
Massifs prior to the Oligocene. Therefore. this model would have to be refined if the Internal

Crystalline Massifs underwent earlier (Cretaceous) HP metamorphism (Figure 8.3a).

8.5. Discussion

An important issue arising from this chapter is the episodic temporal distribution of HP
metamorphism in the western Alps. Different terranes within the orogen underwent HP
metamorphism at different stages: 70-65 Ma in the Sesia zone. 45-44 Ma in the Piedmont. ~40-35 Ma
in the Brianconnais and ~35 Ma in the ICM. Lister et al. (2001) interpreted this episodic pattern of
HP ages as evidence for switches in tectonic modes. from crustal shortening to extension. following
accretionary events. These authors have shown that orogenic processes {e.2. in the Southwest Pacific
Ocean) are commonly governed by subduction of small ocean basins. rollback of subduction zone and
accretion of continental ribbons (Lister et al., 2001). In this tectonic configuration, each accretionary
event is followed by resumption of subduction and slab rollback in an adjacent ocean basin. which
in turn, would switch the overriding plate into an extensional mode. The latter could then lead to the
formation of metamorphic core complexes in the overriding plate and to rapid exhumation of HP
rocks.

The existence of distinct HP ages for different ribbons within the western Alps suggests that
similar processes, related to episodic accretionary events and switches 10 extension. may have
occurred in this orogen. This working hypothesis is considered in the possible evofutionary model
for the westemn Alps. from Cretaceous to Oligocene. shown in Figure 8.11.

The pre-Alpine configuration is presented in Figure 8.1 1a. It shows that the area between Adria and
Europe consisted of continental ribbons (e.g. Sesia zone, Brianconnais) that were separated by ocean
basins (e.g. Piedmont, Valais, Lanzo Ocean?). The kinematic boundary conditions for the motion of
Adria and Europe are based on the motion of Africa with respect to Europe (after Rosenbaum et al..
2002a). This pre-Alpine configuration shows spatial relationships between Alpine terranes and their
HP metamorphic ages, with older HP ages located further from the European margin. Based on the
geological evidence, it seems that both shortening and extensional deformation migrated through time
towards Europe (Figure 8.2). This suggests that the orogenic history was controlled by a retreating
southwest-dipping subduction system, which was active during the progressive consumption of «
sequence of ocean basins and the accration of continental ribbous into each other (Figure 8.11).

Accretion of the Sesia zone occurred in the Late Cretaceous (70-65 Ma), possibly after the
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consumption of an ocean basin (Lanzo Ocean?) that separated this terrane from Adria (Figure
8.11b,c). Following accretion, subduction recommenced in the Piedmont Ocean, and the rollback
of its subduction hinge led Jt_ci an overall extension regime in the overriding plate resulting in the
exhumation of HP units (Figure 8.11d). This process continued as long as subduction of the Piedmont
Ocean occurred. Note that during the subduction of the Piedmont Ocean, in the Paleocene and Early
Eocene, very little or no convergence occurred between Africa and Europe (Figure 8.5; Rosenbaum
et al., 2002a). The horizontal motions associated with the subduction of the Piedmont Qcean were
probably accommodated by subduction roltback.

Subduction of the Piedmont Ocean ceased at ~45 Ma and probably involved the accretion of the
Briangonnais terrane into the orogenic wedge (Figure 8.11e). The switch to extensional regime was
once again controlled by resumption of subduction rollback, fhis time in the Valais ocean, leading
to extensional deformation and exhumation of the Picdmont oceanic lithosphere (Figure 8.11f).
Subduction of the Valais Ocean eventually led to accretion and UHP metamorphism of the Internal
Crystalline Massifs (at ~35 Ma; Figure 8.11g).
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==  slab rollback

160 km

Figure 8.11. Possible tectonic model for the evolution of the western Alps from the Early
Cretaceous to the Oligocene. Note that switches from crustal shortening to extension correspond

to transitions from accretionary events to subduction rollback. Br, Briangonnais; ICM, Internal

Crystalline Massifs,
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The above model has profound implications. It implies that Africa has never collided with Europe.
Rather, continental ribbons were accreted to the orogen in a tectonic environment that resembles the

modern Southwest Pacific region.

8.6. Concluding remarks

In this chapter, 1 have presented spatio-temporal constraints and alternative reconstruction models
for the tectonic evolution of the western Alps. The ages of HP metamorphism in the western Alps
suggest that orogenesis did not occur during a progressive and continuous process of subduction
and collision (e.g. Hsii, 1989). Rather, the process appears to have incorporated internal episodic
interactions between continental allochthonous terranes and relatively small ocean basins. The
orogen was subjected to several relatively short episodes of HP metamorphism (Lister et al., 2001).
Three such episodes are identitied in the western Alps: (1) at ~65 Ma in the Austroalpine terrane;
(2) at ~45 Ma in the Piedmont zone; and (3) at ~35 Ma in the Internal Crystalline Massifs. The age
clusters may further suggest that dated metamorphic signatures were acquired during collisional
events and not during progressive subduction, because the latter would lead to a wider range of
metamorphic ages.

Each of the accretion episodes may have been followed by a period of intense horizontal extension.
In the example of the Latest Eocene episode (~35 Ma), a period of widespread extension followed,
and was associated with the rapid exhumation of UHP rocks (see Chapter 9). Likewise, extenstonal
tectonism occurred in the Piedmont zone at 45-36 Ma, exhuming UHP rocks metamorphosed at ~45
Ma (Reddy et al., 2003), and possibly also in the Sesia zone following HP metamorphism at 65 Ma
(Avigad, 1996). The geodynamics of such switches from shortening to extension may be associated

with interactions between subduction rollback and accretionary events, but is nevertheless a matter

of further research.




CHAPTER 9

WESTWARD SLAB ROLLBACK AS A MODEL FOR OLIGOCENE
EXTENSIONAL TECTONISM IN THE WESTERN ALPS
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..... reexamine all you have been 1old ar school or church, or in any book,

dismiss what insults your soul, and vour very flesh shall be a great poem.

Walr Whitman, Leaves and Grass (1855)
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FOREWORD: CHAPTER 9

This chapter discusses enigmitic observations related to the role of
extensional tectonics in the western Alps during the Oligocene. Concepts
presented in this chapter have been influenced by the paper of Lister et
al. (2001) on eptsodicity during orogenesis. and have been extensively
discussed with Gordon Lister. The chapter have benefited from discussions
with Hans Laubscher. Roberto Compagnioni. Jean-Michel Bertrand.
Marnie Forster. Marco Beltrando. Jerome Ganne, Wouter Schellart,
Maarten Krabbendam. Norman Fry and David Giles. Comments on the
manuscript by Wouter Schellart, Gordon Lister. Ivo Vos and Quinton Hills
are also acknowledgad.
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9, WESTWARD SLAB ROLLBACK AS A MODEL FOR OLIGOCENE
EXTENSIONAL TECTONISM IN THE WESTERN ALPS
=
Abstract
.‘:j_..} The arcuate orogen of the western Alps was subjected to widespread extensional
tectonism shortly after a major collisional cpisode at the Eocene-Oligocene
* boundary (i.c. from ~35 Ma). Extension was accommodated by movements along
‘ gently iaclined extensional shear zones, which facilitated rapid exbumation of
high-pressure and ultra-high-pressure rocks. The extension in the western Alps
; was coeval with widespread extension in the western Mediterranean, which was
associated with the exhumation of metamorphic core complexes in Corsica and
f_. Calabria at 32-30 Ma, and the subsequent opening of the western Mediterrancan
back-arc basins (Ligurian, Provengal and the Gulf of Lion). Three mechanisms
-: for this cxtensional episode are discussed: (1) internal readjustments within the
orogenic wedge: (2) collapse of an overthickened lithosphere: or {3) rollback of a

subducting slab. The latier mechanism is favoured because it can account for the
large horizontal motions predicted by shearing along gently inclined extensional
3 shear zones. However, the validity of a rollback model implics that an occanic
domain (Valais Ocean) must have existed between the Internal Massils and
Europe. and was not entirely consumed before ca. 30 Ma. Therefore, the ophiolitic
suture associated with the collision at ~35 Ma may indicatc another oceanic

domain (Antrona Ocean), which is usually overlooked in reconstruction inodets.

%.1. Introduction

The arcuate orogenic belt of the western Alps is located at the convergent boundary between

Europe and the African promontory of Adria (Figure 9.1a). The orogen is commonly regarded as a

classic collisional belt representing the closure of one or more ocean basins from the Late Cretaceous
to Late Eocene (~90-35 Ma) and the subsequent progressive indentation of Adria into Europe (e.g.
Platt et al.. 1989a). The internal part of the orogen (the ‘Penninic Alps’) consists of a series of
continental terranes (the Austroalpine-Sesia zone. the Briangonnais zone and the Internal Massifs),
which are aligned as arcuate ribbons parailel to the strike of the orogen (Figure 9.1b). These terranes
are separated from each other and from the stable foreland by several ophiolitic sutures (Piedmoit,

Antrona(?). Valais)., which mark the locations of consumed Jurassic to Cretaceous ocean basins
(Stampfli et al.. 1998).
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Occurrences of high-pressure (HP) and ultra-high-pressure (UHP) rocks in the internal western
Alps indicate that during orogenesis rock units weré subjected to burial ai depths of 40-100 km.
HP and/or UHP metamorphism affected each zone within the Penninic Alps at different stages of
Alpine orogenesis (e.g. 70-65 Ma in the Sesia Zone. ~44 Ma in the Piedmont zone. 45-36 Ma in
the Briangonnais. and ~35 Ma in the Internal Massifs; Duchéne et al.. 1997: Gebauer et al.. 1997;
Markley et al.. 1998: Rubatto et al.. 1998: 1999: Rubatto and Gebauer, 1999: Rubatto and Hermann.
2003). These ages suggest that Alpine orogeny may have evolved during episodic collisional events
associated with accretion of a number of small continental terranes (Lister et al.. 2001: Figure
9.1c). In this tectonic configuration, it is possible that HP or UHP rocks formed as the result of each
individual accretionary event. and were subsequently rapidly exhumed due to renewed roliback of an
adjacent subduction zone (Lister et ai., 2001).

This chapter focuses on the tectonism in the western Alps following the colliisional event at
the Eocene-Oligocene boundary (~35 Ma). 1 refer to geochronological evidence (e.g. Rubatto and
Hermann, 2001) that implies extreme rates of exhumation shortly after the culmination of UHP
metamorphism in the Tnternal Massifs (Dora Maira. Gran Paradiso and Monte Rosa: Figure 9.1b}. It
it then discussed that during a short period in the Oligocene. the Internal Massifs were predominantly
subjected 10 extensional tectonism. These results challenge the current tectonic paradigm of the
western Alps. which implies progressive crustal shortening due to the indentation of Adria into
Europe (e.g. Platt et al.. 1989a). and thus call for a re-examination of evolutionary tectonic models

of the western Alps.

9.2. Evidence supporting extensional tectonism during the Oligocene

The idea that the Oligocene Alps were subjected to widespread extensional tectonism was first
suggested by Laubscher (1983) based on the occurrence of Oligocene (32-25 Ma) magmatism in
the central Alps and in the northern part of the western Alps (Figure 9.1b). Oligocene magmatism
is associated with calc-alkaline intrusions and mafic dyke swarms, which outcrop in a narrow zone
close to the Insubric Line (the present-day boundary between Adria and Europe: Figure 9.1b). This
evidence alone does not provide sufficient support for extensional tectonism. However. it shows that
an acute lithospheric-scale process, which involved mantle melting (indicated by mafic dykes). took
place during the Oligocene. In what follows. it is demonstrated that magmatism along the Insubric
Line was coeval with extensional tectonism that affected the Internal Massifs in the western Alps.

Recent geochronological data from the HP and UHP rocks of the internal massifs have revealed
consistent metamorphic ages at ca. 35 Ma (Gebauer et al.. 1997; Rubatto and Gebauer, 1999; Rubatto
and Hermann, 2001). Most of these ages were obtained by U-Pb SHRIMP dating of coesite-bearing
UHP rocks in the Dora Maira massif., indicating that at ~35 Ma. rocks were buried to depths of more
than 100 km. Additional in situ SHRIMP dating of retrogressed minerals within the UHP rocks has
shown that at 33-32 Ma, the UHP unit was already exhumed to intermediate depths of 20-40 km

e
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Figure 9.1. () The arcuate shape of the Alpine belt (dark grey) in the western Mediterrancan
region. (b) Tectonic map of the Internal western Alps (modified afier Polino et ai.. 1990) and
distribution of Eocene-Oligocene magmatic centres along the Adria-Europe plate boundary
(after von Blanckenburg and Davies, 1995). A. Antrona: DM. Dora Maira: GP. Gran Paradiso: L.

Lepomine: MR Monte Rosa: S, Sesia. (¢) Hypothetical tectonic configuration of Alpine terrancs
and occan basins at ~65 Ma.

(Rubatto and Hermann, 2001; Figure 9.2). These resulis imply extreme rates of exhumation, of 1.6
3.4 cm/yr, immediately after the culmination of UHP metamorphism at 35 Ma (Rubatto and Hermann.
2001). Gebauer et al (1997) have provided an additional support for the role of rapid exhumation
by using zircon fission track dating of a sample that was subjected to UIlP metamorphism at 35 Ma
and was cooled to temperatures of about 290° at ~30 Ma. Their results suggest possible exhumation

rates of 2.0-2.4 cm/yr. These exhumation rates are considerably higher than predicted exhumation




216 Chapter 9

rates from erosion in a mountainous. tectonically active. wel environment (e.g. 0.5-1.3 cm/yr in the
Southern Alps of New Zealand and the Taiwan Alps: Ring et al.. 1999). Therefore. exhumation was
possibly facilitated by tectonic activity such as extension (e.g. Hill et al.. 1992).

In the Dora Maira massif. there is evidence for the existence of extensional structures associated
with low-angle tectonic contacts juxtaposing relatively low-pressure rocks on top of an UHP unit
(Avigad. 1992: Avigad et al.. 2003). The existence of such contacts implies that a thick crustal section
above the UHP rocks was excised before or during the movement along the contacts. The contacts are
characterised by normal sense. ductile shear zones. which were active during retrograde greenschist

facies metamorphism (Philippot. 1990: Avigad. 1992; Avigad et al.. 2003).
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Figure 9.2. Temperature-Time (a) and Pressure-Time (b) paths in the Internal Massils showing
extreme rates of cooling and exhumation during the Early Oligocene, Note that robust constraints
on the timing of exhumation in the Gran Paradiso and Monte Rosa are lacking: however. the
cooling paths in these massifs resemble the history of cooling during cxhumation in Dora Maira.
Relerences are: (1) Rubatto and Hermann (2001); (2) Gebauer et al. (1997): (3) Freeman et al.
(1997); (4) Brovwer ¢t al, (2002): (5) Hurford and Hunziker (1989): (6) Rubatto and Gebauer
(1999); (7) Hurlord et al. (1991).

The exact timing of extensional deformation in the Dora Maira massif is yet to be constrained
by geochronological methods. However, an age of 34-30 Ma is suggested for the extensional
phase, because extension postdates UHP metamorphism at ~35 Ma and was possibly related to
the subsequent rapid exhumation (Figure 9.2). Further research is required in order to determine
whether such an extensional event was also responsible for the exhumation of the Gran Paradiso and
Monte Rosa massifs. In these internal massifs, there is a lack of reliable constraints on the age of
HP metamorphism, and existing ages are highly controversial (e.g. see review by Gebauer, 1999).
An age of 34.9+1.4 Ma has been proposed for the time of HP metamorphism in the Monte Rosa
massif {Rubatto and Gebauer, 1999), and possible HP ages of 43-36 Ma are documented from the
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Gran Paradiso massif (references in Brouwer et al.. 2002). Zircon fission track ages of ca. 30 Ma
in Gran Paradiso and ca, 33 Ma in Monte Rosa (Hurford and Hunziker. 1989: Hurford et al.. 1991)
indicate that cooling 10 ~225°C took place during the Oligocene. that is. .comemporaneously with
the exhumation of UHP rocks in the Dora Maira massif (Figure 9.2). Extensional structures related
to 4 short-lived extensional deformation during the Oligocene (ca. 31 Ma) have also been reported
from the area between the Monte Rosa and the Gran Paradiso massifs (Bistacchi et al.. 2001), These
observations suggest that extensional deformation between 34-30 Ma may have affected all the

Internal Massifs of the western Alps.

9.3. The western Alps in context of the Oligocene tectonism in the western
Mediterranean

The Oligocene extensional phase in the western Alps occurred at the same time that extensional
tectonism commenced in the wesiern Mediterranean region. leading to the exhumation of metamorphic
core complexes in Alpine Corsica and in Calabria, and the subsequent back-arc extension in
the Ligurian-Provencal Basins and the Gulf of Lion (Fournier et al.. 1991; Rosseti et al., 2001;
Rosenbaum et al.. 2002b, and references therein). Extension was responsible for the destruction of an
earlier HP belt that consisted of Alpine Corsica. Calabria, the Kabylies blocks and the internal parts
of the Rif-Betic chain (Rosenbaum et al.. 2002b: Figure 9.3). Prior to the Oligocene, these terranes
were subjected to a prolonged tectono-metamorphic evolution that involved Cretaceous to Oligacene
HP metamorphism and obduction of Jurassic ophiolites similar to those found in the internal zone of
the western Alps (Fournier et al.. 1991; Rosset: et al.. 2001). 1t is therefore suggested that during the
Oligocene, the SW-NE striking orogenic belt of the western Mediterranean was linked to the HP belt
of the western Alps (Figure 9.3).

During the Oligocene (32-30 Ma), HP rocks in Corsica and Calabria were exhumed below
flat-lying extensional detachments (Fournier et al.. 1991; Rosseti et al., 2001). These detachments
accommadated extensional strain during exhumation, and invoived large horizontal motions
sufficient to account for such exhumation processes. Horizontal extension was probably generated
by rollback of a northwest-dipping slab. which induced lithospheric extension in the overriding plate
and led to the destruction of the Oligocene western Mediterranean HP belt (Rosenbaum et al., 2002b)
(Figure 9.3). Fragments of this belt now form an arcuate pattern of orogenic segments that encircles
the western Mediterranean basins (Figuie 9.1a and Figure 9.3).

Currently. the arcuate belt of the western Alps has an analogous shape compared to the western
Mediterranean arcuate belts (Figure 9.3), suggesting comparable geodynamic evolution during
rollback processes. It is speculated that the arc of the western Alps formed due to westward rollback
of a southeast-dipping stab (Figure 9.4a). This hypothesis explains the role of Oligocene extensional
tectonism in the western Alps and the arcuate shape of the orogen. However, the concept of rollback

is somewhat problematic in the tectonic framework of the western Alps because it requires that the
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internal massifs were located at the overriding plate above a southeast dipping oceanic slab, and that
subduction and rollback of oceanic lithosphere was still taking place during the Oligocene (Figure

9.3 and Figure 9.4a). 1 will further discuss these issues in the next section.

o
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Figure 9.3. Schematic reconstruction of the western Mediterrancan region during the Oligocene,
Shaded areas indicate the location of the Alpine orogen. which was a contiguous HP belt
strctching from the Ril-Betic 1o the westem Alps. Note that the internal western Alps were
located further 1o the southcast relative to their present position and were scparated from the
European foreland by a small occanic embayment (sce discussion in text), Thick curved line
indicates the present-day geometry and position of the Alpine belt. Ca, Calabria; Co. Corsica;

Ka. Kabylics; Sa. Sardinia. Linc A-A” indicates cross-section plotied in Figure 9.44.

9.4. Discussion

The role of extensional tectonism during the Oligocene has hitherto not been considered in
geodynamic and kinematic evolutionary models of the westemn Alps. Three possible explanations are
discussed here: (1) extension associated with internal readjustments within the accretionary wedge;
(2) extension induced by a slab breakoff following lithospheric overthickening; and (3) extension
induced by slab rollback.

Chemenda et al. (1995) have proposed a model for syn-orogenic extension and exhumation of
HP rocks associated with internal readjustments within the orogenic wedge. Their model is based
on a buoyancy-driven extrusion of orogenic wedges within the accretionary prism. involving the
reactivation of frontal thrust faults as extensional detachments during an overall compressional
regime. Nevertheless. evidence from the western Alps shows extensional contacts that have opposite
dip directions with respect to frontal thrusts, indicating that these contacts are not reactivated frontal
thrusts (Avigad et al., 2003). Therefore, Oligocene extensional tectonics during exhumation in the

western Alps cannot be solely atiributed to an extrusion model of the kind proposed by Chemenda
et al. (1995).
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An alternative explanation for the role of Oligocene extension may be linked to the overthickening
of the crust and Iithosphere, which led to HP metamorphism at the culmination of orogenesis at ~35
Ma (e.g. Lister et al.. 2001). Von Blanckenburg and Davies (19953) have explained the occurrence
of magmatism along the Insubric Line (Figure 9.1b) by the breakoff of a lithospheric slab beneath
the central Alps. This model. however. did not consider the contemporaneous extensional tectonism
in the western Alps. As discussed in this chapter. extension in the western Aips was accommodated
along gently inclined extensional shear zones. which were active during rapid exhumation of UHP
rocks. The operation of these shear zones during exhumation implies large amounts of horizontal
motions, which were less likely to result solely from breakoff and vertical sinking of the slab. It is
therefore possible that slab breakoff (involving a horizontal tear) or slab tearing (involving a verlical

lear) was accompanied by horizontal migration of the subduction hinge (Figure 9.4b).

(a) | A A’
WNW extension ESE

Oceanic
(b}  tithosphere? magmatism j

Figure 9.4. (a) Cross section through the Oligocene orogenic wedge in the western Alps (see
Figure 9.3 for location) showing extension and exhumation of the Internal Massifs simultancously
with slab rollback. An. Antrona; Br. Briangonnais; 1M, Internal Massi f; Pi. Piecdmont; SL.. Sesia-
Lanzo. (b) The gcometry of the Oligocenc slab showing tearing of the slab in the central Alps

and rollback in the western Alps.
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Extension in the orogenic belt is here linked to westward slab rollback (Figure 9.4a). This model
requires that an oceanic subducting slab existed between the Oligocene orogenic wedge and the
European margin. This oceanic embayment still existed in the Western Alps at 35 Ma (Figurc 9.3)
and was consumed during the Oligocene. This hypothesis contradicts the general agreement that the
last Alpine ocean, the Valais Ocean, was entirely consumed by 35 Ma (e.g. Stampfli et al.. 1998:
Froitzheim. 2001). However. there is no direct evidence showing that the final closure of the Valais
Ocean (sensu stricto) occurred before 35 Ma (Bousquet et al., 2002). It is accordingly proposed that
the final closure of the Valais Ocean occurred later in the Oligocene, at ca. 30 Ma, The final closure
of the Valais Ocean is also indicated by a transition from flysch to molasse sedimentation at ~30 Ma
(Triimpy. 1980). If this scenario is true. then the collision at ~35 Ma may have occurred from the
closure of an additional Alpine ocean. the Antrona Ocean (Platt, 1986), which separated the Internal
Massifs from the Brianconnais Zone (Figure 9.1¢).

The proposed model combines tearing of the slab in the central Alps and slab rollback in the
western Alps (Figure 9.4b). Tearing of the slab beneath the central Alps triggered crustal and mantle
melting along the plate boundary and resulted in a gravitational instability of the slab beneath the
western Alps. which was now a parrow slab segment dipping towards the southeast or the east. This
slab rolied back and led to the destruction of the internal orogenic beli by exteasional processes.
In this tectonic configuration, the Insubric Line in its early stages (35-30 Ma: Steck and Hunziker,
1994) was actually a transform fault with a dextral sense of motion. which accommodated the overall

lateral migration of the arc of the western Alps.

9.5, Conclusion

Structural, metamorphic and geochronological evidence suggests that extensional tectonism
affected the Internal Massifs of the western Alps during the Oligocene (34-30 Ma). immediately
after the culmination of HP and UHP metamorphism at ca. 35 Ma. These observations are explained
by the existence of an Oligocene east- or southeast-dipping slab. which was subjected to tearing
beneath the central Alps and to westward rollback in the western Alps. The geodynamic model is
consistent with the onset of dextral movement along the Insubric Line during the Oligocene. and the
occurrence of widespread magmatic activity as a result of a slab tear. In the western Alps, however,
the mode! requires reappraisal of earlier tectonic reconstructions, with final closure of the Valais
Ocean at ca. 30 Ma, and the incorperation of an additional oceanic domain (the Antrona Ocean) in
Tertiary subduction and collisional processes.
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10. CONCLUSIONS

10.1. General

The thesis aimed to provide better spatio-temporal resolution on tectonic processes that occurred
during the tectonic evolution of the Alpine orogen in the western Mediterranean region. Such
spatio-temporal constraints have been used to develop well-constrained reconstruction models that
demonstrate that simple plate tectonic rules are not sufficient to account for the complex geodynamic
and kinematic interactions that take place during orogenesis. It has been.shown that convergent
margins are subjected to deformation within a broad area, where large horizontal motions occur.
These motions are primarily controlied by subduction roliback and the opening of back-arc basins,
and by independent motions of small continental blocks. All these processes are interconnected; for
example. subduction roltback would induce extension in the back-arc region, whereas accretion of
allochthonous units could play a fundamental role in switching the tectonic mode {rom extension to
crustal shortening.,

It has also been shown that orogenic processes must be analysed in 3D, and in both crustal and
lithospheric scales. The 3D structure of subducting lithospheric slabs plays & major role in the
regional geodynamics, and can lead to acute changes within the orogenic wedge. In the Tyrrhenian
Sea. for instance. the coincidence of tectonic processes at 6-5 Ma suggests that slab tearing was
subsequent to a major accretionary event, probably because of the arrival of buoyant continental
matertal at the subduction system. Slab tear. in turn. triggered rapid subduction rollback that resulted
in the opening of the southern Tyrrhenian Sea.

An interesting outcome of this thesis ts the possibility that the style of tectonism in the western
Mediterranean is analogues to tectonic processes that occurred during the evolution of the arc of
the western Alps. This segment of the Alpine orogen underwent a prolonged tectono-metamorphic

history that involved several stages of deformation and distinct metamorphic eveats. Using the

“analogue example from the western Mediterranean region, I speculated that such complex interactions

possibly involved rollback processes and episodic accretionary events.

10.2. Reflection on key issues

In this section, I will briefly respond 1o key issues that have been outlined at the beginning of this
thesis (see Chapter 1).
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10.2.1. Approach used to establish the kinematic framework for tectonic reconstructions

The methodological approach is based on constructing a hierarchy of spatio-temporal constraints
ranging from global plate kinematics to regional geological and geophysical criteria. First order
constraints are related to motions of major tectonic plates and are derived from relatively robust
kinematic data (e.g. magnetic isochrons. hotspot tracks and palacomagnetic data). whereas lower-
order constraints are related to the motions of minor plates and allochthonous terranes or to the
migration of subduction zones through time. Using these spatio-temporal constraints. 1 was able
to establish well-constrained kinematic reconstructions. which adequately demonstrated tectontc

complexities in the Alpine-Mediterranean region.

10.2.2. Role of large-scale convergent motions

Alpine orogeny has been controlled by convergence between Africa and Europe. which (?ommer.ced
during the Cretaceous Normal Superchron (120-83 Ma). Nevertheless, results of this thesis show that
major tectonic processes within the orogen were not necessarily related to the relative convergence
motion between the large plates. Rather. orogenic episodes often corresponded (o large horizontal
motions that occurred in the broad zone that separated the large converging plates. Moreover. the
combination of subduction processes together with relatively slow convergence rates may have led
to faster rates of subduction rollback. which in turn, resulted in the opening of back-arc extensional
basins. In the western Mediterranean. the termination of rollback/back-arc extension processes was
usually marked by an accretionary event. which was associated with tectonic transpost directions that
were oblique or even perpendicular to the direction of convergence {e.g. in the Apennine belt). It is
therefore concluded that large-scale convergence motions are not sufficient to account for the history

of deformation in the orogen.

10.2.3. Degree of horizontal motions

The spatio-temporal analysis shows that hundreds of kilometres of horizontal motions have
occurred in the western Mediterranean since the Oligocene, The Calabrian block. for instance. has
been displaced approximately 800 km from a position adjacent (0 the European margin (offshore
southern France) (0 its present position in the southernmost part of the Italian peninsula. The primary
mechanism for these large displacements is attributed to subduction rollback, which was estimated

to occur at rates of 60-100 km/Myr during the opening of the Tyrrhenian Sea.

12,4, Effect of accretionary events

It appears that there is a possible link between accretionary events and episodic transitions from

shortening to extension within the orogenic wedge. The occurrence of accretionary processes is likely
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to occur when relatively buoyant crustal material artives at the subduction zone and impedes roliback

processes. This process would result in the cessation of extensional processes (induced by subduction

rollback) and to transition 1o an overall compressional regime. It has been further speculated that a

major accretionary event can eventually lead to tearing of the subducting slab.

10.2.5. Formation of curved orogenic structures

A major outcome of this thesis is related to the observation that arcuale orogenic belts in the
western Mediterranean region formed during the extensional destruction of

low-temperalure orogenic belt. The original belt was contiguous with the western Alps before the

and was then subjected to oroclinal bending during subduction rollback. It has also been
demonstrated that this process must h

an earlier high-pressure/

Oligocene,

ave involved tearing of the subducting slab in several places.
The formation of such tears may have further accelerated subduction rotlback because they enabled
sideways asihenosphereic flows. which acted ag

ainst the negative buoyancy of the slab.

10.2.6. The western Alps in the context of the western Mediterranean tectonics

The last two chapters of this thesis pointed out on major problems with regard to the current
paradigm on the tectonic evolution of the western Alps.

These problems are predominantly
concerned with evidence for the occurrence of several distinct high-pressure events in the internal

zone of the western Alps and for seemingly episodic switches between shortening and extension in

the orogenic wedge. T therefore propose 1o test the evolution of the western Alps by means of western
Mediterranean-type of tectonism. In this respect. the geometrical

analogy between the arcuate shape

of the western Alps and the arcuate western Mediterranean belts is truly a striking feature. However.

reconstruction of the evolution of the western Alps requires further studies and high-quality spatio-
lemporal constraints,

10.3. Suggestions for further research

The outcomes of this thesis can lead (o awider
briefly discussed below.

ange of research proposals. Several examples are

10.3.1. Refinements of existing reconstruction models

The reconstruction approach used in this work was based on trial-and
best available constraints.

-error experiments using the

The resulting reconstruction models must be subjected to ongoing scrutiny
in order to expose existing fl

aws in the reconstruction process or to refine numerous compexities by

utilising additional spatio-temporal constraints. This process is crucial in order to maintain strong

relationships between models and nature,
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10.3.2. Obtaining high-quality spatio-temporal constraints on specific problems

The reconstruction process exposed numerous problems that can be tested by implementing
adequate techniques (e.g. geochronology, palacomagnetism, seismic tomography etc). Two examples
from the field of palacomagnetism are given below.

Recent palacomagnetic results from the western Alps (Collombet et al., 2002) show increasing
amounts of Neogene counterclockwise rotations from north to south along the strike of the orogen.
This pattern of rotaticns may correspond to asymmetric oroclinal bending during late-orogenic
(and probably extensional) stages in the evolution of the arc of the western Alps. This view is in
contrast with the current paradigm on the formation of the arc of the western Alps. and can be further

supporied by systematic palaecomagnetic testing in key localities.

Another example is related (o the motion of Adria. As discussed earlier. the Adriatic problem
has received considerable attention in the literature. However. the structural history of one of the
key areas. the Scutari-Pec Fault Zone in Albania. has remained relatively unconstrained. A combined
structural and palacomagnetic study can lead to profound implications on the Kirematics of the
central Mediterranean and the Alpine orogeny. Based on my existing reconstruction. I predict that the
Scutari-Pec Fault Zone was active as a major fithospheric discontinuity, accommodated by dextral
strike-slip motion during the Neogene. clockwise block rotations around vertical axes south of the
fault zone. and no significant rotations north of the fault zone (e.g. see movie ‘Adria.mov’ in Appendix 2).
Testing this hypothesis czan be addressed by palacomagnetic sampling from different localities north
and south of the fault zone, combined with structural mapping of the area to elucidate the role of
strike-slip activity and its relative timing.

In-situ dating of deformation (e.g. Freeman et al.. 1997) can be used to test specific hypotheses,
particularly with regard to the timing of deformational events in the western Aips. For example. dating
extensional shear zones in the Internal Massifs can verify. or refute. the significance of widespread
extensional tectonism in the western Alps at 34-32 Ma. The timing of deformation in the Valais and

the Aatrona ophiolites are also crucial for testing the working hypothesis presented in chapter 9.

10.3.3. Extending the reconstruction model to the eastern Mediterranean

The Alpine belt in the eastern Mediterranean (e.g. Turkey and Greece) provides a perfect
example for an episodic collisional orogen associated with rollback/back-arc exiension processes.
The preservation of ophiolitic sutures and the amount of published works from this region provides
an opportunity to extend the scope of the existing models, An eastern Mediterranean reconstruction
model can incorporate large amounts of published data, complemented by additional structural,
geochronological and palacomagnetic data from key localities. The combination of such project with

the existing western Mediterranean reconstructions will result in a visual reconstruction model of the

whole Mediterranean region,
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10.3.4. Applying a similar reconstruction philosophy in Proterozoic reconstructions

The reconstruction philosophy discussed in this thesis can be used to develop well-constrained
reconstruction models in other tectonic environments, especially where robust constraints from the
present-day oceans are facking (i.e. pre-Mesozoic reconstructions). Proterozoic reconstructions.,
for example. can involve implementation of palacomagnetic data, which will be used as kinematic
boundary conditions. and will be tested against additional spatio-temporal constraints. These
constraints can include: (1) correlations between different parts of the orogenic belts; (2) time and
space constraints on subduction processes; (3) distribution of extensional back-arc basins: and (4)
spatio-temporal distribution of mineral deposits. The reconstruction can be developed progressively
by testing the admissibility of alternative scenarios. and by using reconstruction software packages
for interactive modelling. The reconstruction can lead to a breakthrough in continental reconstruction.
as its scope will take into account various tectonic processes. such as subduction rollback, back-arc
extension and accretion of ailochthonous terranes. All these processes have not been considered

hitherto in Proterozoic reconstructions.
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APPENDICES

All appendices are found in the attached CD-ROM.

Appendix 1 - PlatyPlus files

This directory includes the following sub-directories:

* Al_Eu * Modcli5
* Atlantic * Model 16
* Modcll * Model19
* Model2 * Model20
* Model3 * Model2!
* Modcl4 « Modcl22
* Modeci5 + Modcl23
* Modcl6 « Model24
« Model7 « Model25
* Model8 » Modcl26
* Modcl10 « Model27
* Modell 1 » Model28 %
» Model 12 » Model29 |
* Modell3 « Modcl30
* Model 14 * Model3t

The directories ‘Model!' to “Model 31" are all stight medifications of the 1ectonic model for
the western Mediterranean since the Oligocene (see Chapter 5). The results of Chapter 5 are .
predominantly reflected in ‘Model 26, |

The directory ‘Af_Eu’ includes information on the motion of Africa. Iberia and Europe (Chapter 3) i

The directory “Atlantic’ includes information on magnetic isochrons in the Atlantic Ocean ]
(Chapter 3). o :

All PlatyPius files are text (ASCII) files. They are divided into three categories:
1) object (.bd) files:
2) knox files: and

3) motion files
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Object files Knox files
Object (.bd) files consist of lists of latitudes and longitudes. which outline the boundary of A knox file consists of a summiary of all the object files to be plotted in a PiatyPlus model.
PlatyPlus objects (i.e. continents. continental platforms. terranes. magnetic isochrons. etc). Below is an example of a knox file (*Af_Eu.knox"):

File /home/gawler/users/gideon/PLATY 270900/A7_Eu/Af_Eu knox
Objects-Directory /home/gawlerfusers/gideon/PLATY 270900/Af_Eu

' An example of an object file ('Southern_Alps.bd’) is shown below:

READ 05 close 0 OBJECT_NAME PARENT_NAME BOUNDARY_FILE_NAME
3] Southern Alps Gearth None GEarth.bd B
4000.00 0.00 0.00 200.00 1001 0.00 g Al Earth GEarth.bd
45.567 7913 Aflrica All Africa.bd
45.707 8.162 GO5Africa Africa -~ Alrica.bd
45,789 8.347 G05Southern_Alps Africa Southern_Alps.bd
45.822 8.558 Eurasia All Eurasia.bd
45.853 8.8472 Gl 1Eurasia Eurasia Eurasia.bd
. 45,851 9.113 G 1Britain Eurasia Britain.bd
45.799 9.371 Gl Hreland Euvrasia Ireland.bd
45.709 9.746 END
45.641 10.095
45.607 10.246
45.636 10.322 The first line indicates the exact location of the file.
45.713 16.395
45 884 10533 The second line indicates the location of the directory that includes the object files.
jgg;g :gg;: Each of the following lines includes: (1) the object name: (2} the hierarchical order (for example.
e 10893 “Southern Alps™ is an object in a family of objects titled “Africa™): and (3) the name of the matching
46.380 10.712 : object file.
46.299 10.406 o
46,249 10077 The last line is the word “END™
46.247 9,665
40.237 0.365
: 46.239 8.963
- 46.227 8.652
46.078 8.333
45.956 8.162
45915 8.088
45.761 8.038
45.567 7913

The first line includes: “READ™ which is a compuisory comment ; "NUMBER™ which identifies
a family of objects: “close™ or “open™ which define whether the object is close (e.g. a continent ) or
open (e.g. a magnetic isochron); and a compulsory “zero™.

The second line includes a “NUMBER™ which indicates the number of pairs of numbers in the
following lines (including the third line). The rest of the line is an “optional comment”™

The first two numbers in the third iine are “4000.00” and “0.00”. They indicate that this object
file is time windowed; the third “NUMBER™ indicates the time (in Ma) of the last appearance of
the object : the fourth “NUMBER" indicates the time (in Ma) of the first appearance of the object
(object files that are not time windowed do not include the first four numbers of the third line); the
fifth “NUMBER” indicates the colour of the object: the sixth number is a compulsory “zero™.

The following numbers include pairs of latitudes and longitudes.
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Motion files

Motions files consist of rotational parameters (i.e. latitude and longitude of Euler poles of
roiations and rotational angles).

An example of a motion file with absolute motions ("Af_Eu_HS.motion’}) is shown below.

Total No_object

th h th th YA L Uh Lh n Lh Lh h T Lh h Lo a L Lh B L Lh

— o hmm e e b b b et ma et mm Gk et b e e et et ek bt et e
S T e T T T R

5
10
15
20
25
30
35
40
45
30
35
60
65
70
75
80
35
90
95
100
105
110
115
120
5
10
15
20
25
30
33
40
45
50
55
60
65
70
75
80
85
90
95
100
105
110
15
120

49.28
49.20
46.87
45.52
41.99
39.57
38.04
37.07
36.46
35.97
35.87
35.31
34.48
33.70
31.65
30.00
29.38
28.74
27.55
26.48
26.42
26.37
26.59
26.79
-70.8393
-59.7205
-61.2313
-57.25
-49.0803
-39.9015
-32.7976
-28.4496
-23.8599
-24.8273
-26.2186
-28.7402
-29.3464
-25.2892
-15.455)
-5.97795

1.53274 "~

8.66003
14,7814
19.1788
21,9671
23.7572
25.0509
26.062

-40.32
-10.49
-44.98
-46.38
-46.61
-46.75
-46.80
-46.45
-46.58
-16.96
-47.14
-47.16
-48.92
-51.00
-51.55
-52.17
-51.96
-51.60
-50.78
-50.07
-49.50
-48.97
-48.41
-47.89
86.982
127.327
92,7561
91.3484
77.0025
67.4035
63.5127
63.1805
60.5817
60.2341
59.3677
68.3955
76.4509
72,7482
70.9739
66.6457
61.5431
36.9394
33.8777
51.4252
48.2229
46.0922
44.0608
42.3364

0.97
-1.95
-3.02
-4.11
-3.26
-6.43
-7.65
-8.83
-9.87
-10.83
-11.73
-12.89
-14.23
-1542
-16.95
-18.60
-20.04
-21.41
-22.72
-24.04
-25.16
-26.28
-27.33
-28.39
0.638903
1.55797
2.08261
2.76655
277502
2.92727
3.2328)
3.54898
3.80346
4.38741
5.0313
5.7861
7.01532
7.77549
8.58108
9.74361
11.0518
12.7874
14.7327
16.8763
18.9455
20.9549
22.8958
24.8754

{This study
{This study
{This study
{This study
{This study
{This study
{This study
{This study
{This study
{This study
{This study
{This stody
{This study
{This study
{This study
{This study
{This study
{This study
{This study
{This study
{This study
{This study
{This study
{This study
{This study
{This study
{This study
{This study
{This study
{This study
{This study
{This study
{This study
{This study
{This study
{This study
{This study
{This study
{This study
{This study
{This study
{This study
{This study
{This study
{This study
{This study
{This study
{This study

__,.-_.‘_"-'_A’.;E;E.:h;é'g-."',-"_'-.: 3
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Each line includes five numbers. The first number is the identification number of the family of
objects to be rotated; the second number indicates the time (in Ma) at which rotation is applied; the
third and the fourth numbers indicate the latitude and the longitude of the Euler pole of rotation,
respectively: the fifth number indicates the rotational angle (refative to the present position of the

object). The rest of the line is 4 comment.

Below is an example of a motion file with relative motions {* Af_Eu.motion’):

Total Eurasia 11

05 1 5 -13.9873 158.228 0.548543 {This study
05 I 10 -13.9089 158.939 1.09475 {This study
05 1 15 -14.7748 162.887 1.53213 {This study
05 1 20 -17.2716 164.307 2.12614 {This study
05 I 25 -24.3237 161.899 3.57059 {This study
05 ¥ 0 -27.2359 161.108 504152 {This study
05 il 35 -28.8937 160.766 6.40983 {This study
05 il 40 -30.102 160.568 7.60205 {This study
05 il 45 -30.9609 160.614 8.79721 {This study
05 i 50 -30.0189 160.714 9.61363 {This study
05 1 55 -28.8313 161.897 10.3875 {This study
05 I 60 -28.7309 163.016 10.5849 {This study
05 7 65 -28.8156 163.927 10.6366 {This study
05 i 70 -29.7049 163.752 11.8735 {This study
05 1 75 -32.6604 164.459 13.8412 {This study
05 I 80 -35.0188 165.096 16.4589 {This study
05 1 85 -36.8819 166.302 19.3539 {This study
05 1 90 -38.6826 167.702 22,5568 {This study
05 1 95 -40.0061 168.876 25.7721 {This study
05 1 100 -41.0257 169.888 28.9946 {This study
05 1] 105 -41.8549 170.771 32.225 {This study
05 1 10 42,5148 171.591 35.1185 {This study
05 ¥ 115 -43.0863 172.345 37.9504 {This study
05 i 120 -43.5956 173.037 40.7849 {This study

The first line includes the name and the identification number of the object. to which motions are
relative to.

Each of the following lines includes six numbers. The first number is the identification number
of the family of objects to be rotated; the second number indicates the identification number of the
abject, to which motions are relative 10; the third number indicates the time (in Ma) at which rotation
is applied; the fourth and the fifth numbers indicate the latitude and the longitude of the Euler pole of
rotation. respectively; the sixth number indicates the rotational angle (relative to the present position

of the object). The rest of the line is a comment.
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Appendix 2 - Movies

Movies are available in QuickTime formats. The application can be obtained from:

<http://www.apple.com/quicktime/download/>

Western Mediterranean movies

The foliowing movies are available:

1) "W_Med.mov’
The movie shows the tectonic evolution of the western Mediterranean since the Oligocene. See

detailed discussion in Chapter 5.

2) ‘Ligurian.mov’

The movie is a close-up of the western Mediterranean movie in the Ligurian Sea (see Chapter 5).

3) *Alboran.mov’

The movie is a close-up of the western Mediterranean movie in the Alboran Sea (see Chapter 5).

Additional movies

The following movies are available;
1) *Adria.mov’

The movie shows internal deformation at the margin of Adria associated with the opening of the
Tyrrhenian Sea and the Aegean Sea (e.g.. see Chapter 6). Note that a considerable movement along
the Scutari-Pec Fault Zone (separating the Dinarides-Albanides and the Hellenides) is predicted (this

issue is not discussed in this thesis but is suggested for further research in Chapter 10).

2) *Af_Eu.mov’
The movie shows the motion of Africa with respect to Europe for the last 150 Myr based on data
of Dewey et al. (1989) (see Chapter 3).

3) ‘Af_Eu_HS.mov’
This movie shows the motions of Africa and Europe in a hotspot frame of reference (see
Chapter 4).

4) *Af_Eu_Ib_Ad.mov’
The Movie shows relative motions of Africa (with Adria attached to it), Europe and Iberia as

calculated in Chapter 3. The red outline of Africa indicates the motion of Africa with respect to
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Europe based on data from Dewey et al. (1989).

5) ‘Biscay.mov’
The movie shows the opening of the Bay of Biscay at the tectonic framework of the Nosthern

Atlantic Ocean and the western Mediterranean region (see Chapters 3 and 5),

6) 'N_Atlantic.mov’
This movie shows a plate tectonic reconstruction of the Northern Atiantic Ocean sinice the Jurassic

(see Chapter 3).

7) *N_Adlantic_isochrons.mov’
This movie shows the opening of the Northern Atlantic with respect to the age of magnetic

isochrons (see further discussion in Chapter 3). Data are after Cande et al. (1989).





