THERMO-TECTONICS OF THE CALABRIAN ARC,
SOUTHERN ITALY
CONSTRAINTS FROM FISSION TRACK ANALYSIS

Stuart Nigel Thomson

A thesis submitted for the degree of Doctor of Philosophy

at the University of London

Department of Geological Sciences
University College

University of London

September 1992



ProQuest Number: 10044517

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

Pro(Quest.
/ \

ProQuest 10044517
Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.
Microform Edition © ProQuest LLC.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346



ii

ABSTRACT

This study uses fission track analysis to provide temperature and time constraints
on the cooling and exhumation history of the basement rocks of the Calabrian Arc of
southern Italy. Fission track analysis also provides information on the provenance and
burial history of the terrigenous Oligo-Miocene Stilo-Capo d’Orlando Formation.

65 samples from the basement rocks have yielded 57 apatite fission track ages, 54
zircon fission track ages and 25 apatite track length distributions. 9 samples from the Stilo-
Capo d’Orlando Formation have yielded 8 apatite fission track ages, 8 zircon fission track
ages and 6 apatite track length distributions.

Qualitative and quantitative analysis of the fission track data reveals that the majority
of the basement rocks underwent a phase of increased cooling related to exhumation
between about 35 Ma (Early Oligocene) and 15 Ma (Middle Miocene). Evidence from the
local sedimentary record indicates that erosion played an important role in the exhumation
process. Extensional tectonism also contributes to some of the increased exhumation.

Analysis of the fission track results obtained from the Stilo-Capo d’Orlando
Formation confirm a Calabrian basement provenance for the sediments. The previously
debated origin of volcanic conglomerate clasts from the formation is also resolved. Finally
apatite fission track analysis indicates post-depositional burial at the base of the formation
to temperatures greater than 80°C.

The final part of this thesis uses the fission track age and temperature constraints to
produce an improved tectonic model for the Oligo-Miocene tectonic evolution of the
Calabrian Arc. This model proposes that increased exhumation is a consequence of the
dynamics of an overthickened orogenic wedge. The model is related to the overall plate

dynamics of the western Mediterranean orogeny.



iii

ACKNOWLEDGEMENTS

This project was supervised by Dr. Robert Hall, who has provided much advice and
encouragement, when not away in the field, and whose valuable criticisms of the initial
drafts of this thesis were much appreciated. I must also thank Professor Claudio Vita-Finzi,
who proposed southern Italy as the field area after problems developed with the original
project proposal. Finally, I am greatly indebted to Dr. Tony Hurford for allowing the use
of the facilities of the London Fission Track Research Group. Funding for this project was
provided by the Natural Environment Research Council. Financial assistance from the
London Fission Track Research Group and Eurotrack was also greatly received.

Samples were collected from throughout Calabria and Sicily, and special
recommendation must go to Le Pensione Sirene, in Scilla. Assistance and company in the
field from Bill Murphy, Dr. Robert Hall, Professor Claudio and Penelope Vita-Finzi and
Mark Ferry was invaluable. Also, thanks to Gert Jan Weltje for a valuable discussion in the
field, and for providing a pre-print of his work on the Stilo-Capo d’Orlando Formation.
Finally thanks to the FIAT garage at Villa san Giovanni for keeping the car going!

In the Fission Track Laboratory, Andy Carter must be thanked for showing me the
ropes, and teaching me all the essentials of the technique. Also Kerry Gallagher and Andy
Yelland are appreciated for providing much advice and criticism on the initial drafts of the
fission track bits of the thesis. Thanks also to all the other members of the Lab, including
Kit, Ruth, McAndy, Cherry, Susie, Alin and Vijay and to Sean for thin sections and Mike
Gray for photographic work. Special mention must also go to my fellow suffering research
students at UCL, including Angus, Faz, Spencer, Mark, Jeff, Simon et al.

Finally, last, but not least, special thanks must be extended to my parents who have

provided continued support and accommodation during the duration of this thesis.



iv

TABLE OF CONTENTS

TitlePage . ... ... i i i i e e e e i
N 0 oo S ii
Acknowledgements . . ... ... . i e e e it
Tableof Contents . . ....... ...ttt ittt tinenennnsa iv
Listof Figures ... ... ... ittt ittt ix
Listof Tables .. ... ...ttt i i e et i e xii
Last Of Plates ... ..ottt i e e e e e Xii
CHAPTER 1

INTRODUCTION

1.1 General Background ............. ...t 1
1.2 Geological Background . ........... ...ttt 3
13 ThesiS AIINS . .. ..ottt i i i et ittt 9
1.4 Summaryof ThesisLayout ........... ... ... ... 13
CHAPTER 2

THE GEOLOGY OF SOUTHERN ITALY AND THE TYRRHENIAN SEA
A REVIEW

21 Introduction . ... .. ... e e e e e 15
2.2 The Undeformed Forelandand IonianSea ........................... 15
2.3 The Foreland Basins and CalabrianRidge . ............... .. ... .. .... 17
2.4 The Southern Apennines . . .............coiiiitiumunnnnnnnnnnn.. 18
2.5 The SicilianMaghrebides ........... ... .. . . i i i i 20
2.6 The Liguride or Neotethyan Complex . .............. ... ... 21
2.7 The Calabrian Arc Crystalline Basement Complex . ..................... 22
2.8 Syn-Orogenic COVEr SEQUENCES . . . . vt v vt ittt ie e ee e eieeeineenns 23

2.8.1 The Stilo-Capo d’Orlando Formation . ........................ 23

282TheArgille Varicolore ... ........ .. 00t 23
2.9 Neogene Geology .. ..ottt ittt ittt e 25
2.10 Present Day Geology . . ... .iii ittt i e e 28
2.11 The Tyrthenian Sea .. ... ... ittt ittt ittt eee e 31

2.11.1 Morphology . . ..ot e e 31

2.11.2 Natureof Basement . ..................... e 31

2113 Recent VOICaANISIM . . . oottt ettt e e e e e e e e 33



2.11.4 Sedimentology and Stratigraphy .............. ... . .. 33

2.11.5S8uperficial Structure .. ........ ...t i e 34

2.11.6Deep SUCHUTIE . . . .. i ittt i ettt it i e e e 34
CHAPTER 3

THE CALABRIAN ARC BASEMENT ROCKS

31 IntroduCtion ... ..ottt e i e e e e 36
3.2 Basement Tectono-Stratigraphy . .......... ... ... 36
3.2.1The Alpine GroupRocks . ........cc i, 40
3.2.2 The Hercynian High-Grade Rocks .. ......... ... ... ... .. ... 42
3.2.3 The HercynianPlutonicRocks . ........ ... ... .. ... ... ... .. 43
3.2.4 The Hercynian Low-Grade Rocks and Sedimentary Cover .......... 44
3.3 A Synthesis of Isotopic Age Data Collected from the Calabrian Arc Basement
ROCKS s e e 45
330 Introduction . ... ... e e e 45
3.3.2 The Concept of Closure Temperature . . ..........c.ovouieuneennens 45
3.3.3 Relevant Closure Temperature Values . ....................... 54
3.3.4 Interpretation of the Isotopic Age Data from the Calabrian Arc Basement
ComPleX . .ot e e e 55
CHAPTER 4

FISSION TRACK ANALYSIS

4.1 Introduction . ... ... .. ..ttt e e e e e 60
4.2 Fission Track Age Analysis .......... ...t iinnnn.. 62
42.1S8amplePreparation .. ... ... ... i e 62
422TrackEtching .. ... ... .. . .. . . i i 64
423 Principal DatingMethods . . ........... ... . ... . i 67
4.2.3.1 The PopulationMethod ............. ... ... ... ..... 67
4.2.3.2 The External DetectorMethod . ...................... 69
4.2.4 Derivation of the Fission Track Age Equation ................... 69
4.2.4.1 The Problem of the Decay Constant Afof 238U ........... 72

4.2.4.2 The Problem of Absolute Measurement of the Neutron
Fluence (¢) . ... ottt it i it i i e 73
4.2.5 The Zeta Calibration in Fission Track Analysis .................. 73
4251TheUseof AgeStandards ......................... 75
4.2.5.2 The Use of DosimeterGlasses . .. .................... 76

4.2.6 The Statistical Analysis of Fission Track DataSets ................ 77



vi

43 FissionTrack Annealing . .......... ..., 81
431 Introduction . ... .. ...l e e e 81
4.3.2 Apatite Fission Track Length Analysis ................. ... .... 85
4.3.3 Quantitative Modelling of Apatite Fission Track Annealing .......... 88

4.4 Applications of Fission Track Analysis ................ ... . .. 99
441 DirectDating ... ... .. ..ttt e e 100
4.4.2 Discrimination of Sedimentary Provenance .................... 100
4.4.3 Thermal History of Rifted Margins . ................. ... ... 101
4.4.4 Thermal History of Sedimentary Basins . ..................... 102
4.4.5 Thermal History of MountainBelts ......................... 102

CHAPTER 5§

THE RESULTS OF FISSION TRACK ANALYSIS FROM THE BASEMENT
COMPLEX OF THE CALABRIAN ARC, SOUTHERN ITALY

5.1 SamplingProcedure . ... ... ... ... . i e e 104
5.2 Apatite and Zircon Fission Track AgeData . ......................... 105
5.3 Apatite Confined Track Length AnalysisResults . ..................... 107
CHAPTER 6

ANALYSIS OF FISSION TRACK RESULTS FROM THE BASEMENT
COMPLEX OF THE CALABRIAN ARC

6.1 Qualitative Analysis . ..........c.iiniiinniiiiiiiiieiiiee e 119
6.1.1 Closure Temperature Derived Cooling Histories . ............... 119
6.1.2 Constraints Provided by Apatite Fission Track Length Analysis . ... .. 128
6.2 Quantitative Analysis . . ... ... ...ttt e e e e 133
6.3 Cooling Histories : Their Geological Interpretation and Significance ......... 142
6.3.1 Cooling, Exhumation and the Geotherm . . ... ................. 142
6.3.2 Definition and Processes of Exhumation . ... .................. 145
6.3.3 Exhumation Data from the Crystalline Basement Rocks of the Calabrian
Arc Provided by Fission track Analysis ...................... 146
6.4 SummaryofResults . ... ....... .. .. ... . 153
CHAPTER 7

THE STILO-CAPO D’ORLANDO FORMATION
A STUDY USING FISSION TRACK ANALYSIS

7.1 IntroduCHON . .. .o e e e e e e e 155



7.2 Geological Outline of the Stilo-Capo d’Orlando Formation ...............
7.2.1 Stratigraphy .. ... ... i i e
7.228edimentology . . ... .. i e e
7.2.3 Depositional Environmentsand Facies .......................
7.24 Tectonic Environment .. ........ ...ttt ininiunennnnnn

7.3 Previous Work on the Sedimentary Provenance of the Stilo-Capo d’Orlando

Formation . ... ... ... e e e e

7.4 Analysis of the Fission TrackResults . ............. ... ... ... ... ...
7.4.1 Analysis of Fission Track Results from Seven Conglomerate Clasts .
7.4.2 Analysis of Fission Track Results from Two Sandstone Samples . . . ..

7.5 A Discussion of the Fission Track Results Obtained from the Stilo-Capo

d’OrlandoFormation . ......... ... .. ...ttt
7.5.1 Constraintson Provenance .. ............ .. .. ..

7.5.2 Origin of the Volcanic Conglomerate Clasts .. .................

7.5.3 Re-heating of the Stilo-Capo d’Orlando Formation . ..............

T.6 SUMMATY . . ..ottt it et et e e e

CHAPTER 8
DISCUSSION AND GEOLOGICAL INTERPRETATION

8.1 Introduction . .......... ...ttt e e
8.2 Implications of the Derived Low-Temperature Cooling Histories on the
Exhumational History of the Calabrian Arc . .. .......... ... ... ... ...
821 Introduction . ....... ... ... e e e
8.2.2 Evidence for Erosional Processes . ............... ... ......
8.2.3 Evidence of Extensional Tectonism . .............. ... .......
8.2.4 Discrimination Between Erosional and Extensional Processes . ... ...
825Summary . ... ... e e
8.3 Other Factors Influencing the Results of Fission Track Analysis ...........
‘8.4 A Revised Model for the Late Tertiary Tectonic Evolution of the Calabrian Arc . .
84.1Introduction .. ....... ... e e e
8.4.2 Pre-Oligocene Evolution (Before30Ma) .....................
8.4.3 Oligo-Miocene Evolution (30to20Ma) ............... ... ....
8.4.4 Miocene-recent Evolution (Post20Ma) ................c.. ...
8.5 The Calabrian Arc in Western Mediterranean Orogenesis During the
Olgo-MIOCENE . . . .t ittt ittt ittt e ettt e e e e

vii

156
156
158
160
160

162
165

. 165

170

183
183
186
187
188



viii

CHAPTER 9

SUMMARY

9.1 ThesisConclusions .. ..........c.c.iiituinn e eennnneennennn, 220
9.2 Some Suggestions for FurtherWork ... .......... .. ... ... . ... ... 223
APPENDICES

Appendix 1

Preparation of Samples for Fission Track Analysis and Analytical Procedures . ... .. 225

Appendix II
Details of Samples Collected from the Calabrian Arc Crystalline Basement Rocks
for the Purpose of Fission Track Analysis . ............. ... .0ttt 233

Appendix III
Apatite and Zircon Zeta Calibration Values .. ........................... 245

REFERENCES .. ... .. . e e e 249



ix

LIST OF FIGURES

CHAPTER 1

1.1  GeographicalmapofsouthernItaly ............... ... ... ... ..... 2
1.2 Geological map of the western Mediterranean . ....................... 4
1.3 Reconstruction of Neotethysat~150Ma ........................... 6
1.4 Tectonic reconstruction of the western Mediterranean ... ............. 10-11
CHAPTER 2

2.1 Geological sketchmapofsouthemnItaly ............................ 16
2.2 Geological map of the Neogeneof Calabria ......................... 26
2.3 Average surface uplift rates since the late Pleistocene .. ................. 29
2.4  Schematic drawing of the tectonic setting of the TyrrhenianSea . ........... 32
CHAPTER 3

3.1 Geological sketch map of the basement rocks of the Calabrian Arc . ......... 38
3.2 Schematic cross-sections of the basement rocks across the Sila massif . ... .... 39
3.3 Location map for isotopic ages obtained by otherauthors ................ 46
3.4 Examples of interpretations of isotopicagedata . ...................... 53
3.5 T-tplotforthe Alpine Grouprocks . ...........v e, 56
3.6 T-tplot for the high-grade Hercynianrocks ......................... 56
3.7  Cooling history for the high-grade Hercynian rocks of the NW Serre . ....... 58
3.8 T-tplot for the Hercynian plutonic the low-grade Hercynianrocks .......... 58
CHAPTER 4

4.1 The “ion spike explosion mechanism” . ..............ciiiiiinernnn. 63
4.2 The relationship between sample age, uranium content and fission track density . 63
4.3 The principles of fission track etching . ........... ... ... ... ... ... 66
4.4 The different fission track dating procedures . ........................ 68
4.5 The principles of the external detectormethod ... ..................... 70
4.6 Values forthe 238U decayconstant Of Af . . ... .vvvviiiinnnnnn... 74
4.7 Variations of the B calibration ratio withtime ........................ 74
4.8a Probability distribution curves from Wealden sandstones . ............... 80
4.8b The principlesof theradialplot . . ......... ... ... .. . . . ... 80
4.9 Annealing data for apatite, zirconand sphene . ....................... 82
4.10 Estimation of the zircon fission track closure temperature . ............... 82
4.11 Apatite age profiles from two boreholes in the Otway Basin . . . ............ 84
4.12 Different types of confined fission tracksin apatite . . . .................. 86



4.13a Relationship between standard deviation and mean track length .. .......... 87

4.13b Three characteristic track length distributions . . ............ ... ... ... 87
4.14 T-t paths and resultant apatite track length distributions . . ................ 89
4.15 Arrhenius plots of apatite annealingdata .. ............ ... ... ... 90
4.16 The “equivalent-time” principle . .. ... ... ... ... i, 92
4.17 Heating and cooling responses of the equivalent time principle ............. 93
4.18 Relationship of apatite track density and mean track length . .............. 94
4.19 A predicted response of the apatite fission track system . . ................ 94
420 Anexample of Montecarlomodelling .................. ... ... .... 96
4.21 A comparison of apatite data with predictedresults . . ... ................ 98
4.22 Relationship between apatite fission track age and apatite composition . ... . ... 98
CHAPTER 5
5.1 Location map of samples collected for fission track analysis ............. 108
5.2 Map of fission track data from the Sila and Catena Costiera . ............. 113
5.3 Map of fission track data from the Serre, Aspromonte, and Peloritani Mts . ... 114
5.4 Map with apatite track length distributions .. ....................... 118
CHAPTER 6
6.1 T-t plot for the Alpine Group rocks with fissiontrackdata . . ............. 120
6.2 T-t plot for the high-grade Hercynian rocks with fission trackdata ......... 120
6.3  T-t plot for the Hercynian plutonic the low-grade Hercynian rocks with fission

track data . ... e e 122
6.4 Low temp. T-t plot for Alpine Group and high-grade Hercynianrocks ...... 123
6.5 Low temp. T-t plot for Hercynian plutonic and low-grade Hercynian rocks ... 123
6.6 Fission track data traverse acrossthe NW Serre . . .................... 124
6.7 Fission track data traverse acrossthe SilaMassif ................. . ... 127
6.8 T-tplots of individual sample data from Table 6.1 .................... 130
6.9 Mean apatite fission track length vs fissiontrackage .................. 131
6.10 S.D. of apatite track length distribution vs fission trackage .............. 131
6.11 comparison of mean track length with standard deviation ............... 132
6.12 Predicted T-t history for sample ONO-400 ......................... 135
6.13 Predicted T-t histories for Alpine Group and high-grade Hercynianrocks .... 136
6.14 Predicted T-t histories for Hercynian plutonic and low-graderocks ... ... 138-139
6.15 Predicted best-fitting T-t histories of the sampledata .................. 141
6.16 Predicted T-t histories incorporating unconformity constraints . ........... 143
6.17 Time-depth plot for the individual sample dataof Table 6.1 .............. 147
6.18 Apatite age vs elevation for Alpine Group and high-grade Hercynian rocks . .. 149
6.19 Apatite age vs elevation for Hercynian plutonic and low-graderocks . ... .. .. 149



xi

6.20 Zircon age vs elevation for Alpine Group and high-grade Hercynian rocks . ... 150

6.21 Zircon age vs elevation for Hercynian plutonic and low-graderocks ........ 150
6.22 Apatite age vs elevation with Pleistocene uplift componentremoved ........ 152
CHAPTER 7

7.1 Map showing the location of the Stilo-Capo d’Orlando Formation ......... 157
7.2 Two simplified stratigraphicalcolumns . .......................... 159
7.3  Map of sediment isopachs, palacocurrents and syn-sedimentary faults . ... ... 159
7.4 QFL Temary plot of Stilo-Capo d’Orlando Formation sandstones . ......... 163
7.5 QFL Ternary plot of Stilo-Capo d’Orlando Formation conglomerates . ...... 163
7.6  Apatite track length data for some conglomerateclasts . ................ 168
7.7 Apatite fission track length vs fission track age (with conglomerate data) ... .. 169
7.8 S.D. of apatite track length vs fission track age (with conglomerate data) . . ... 169
7.9 Predicted T-t histories for conglomerateclasts .. ..................... 171
7.10 Predicted best fitting T-t histories for conglomerateclasts . .............. 172
7.11 Apatite track length data for the sandstone samples . . .. ................ 173
7.12 Apatite age probability distribution curves for the sandstone samples . . . ... .. 174
7.13 Radial plots for the sandstone apatitedata . . ........................ 177
7.14 Monte Carlo runs that fit both age and length data for sample SCO-6 . ... .... 178
7.15a Monte Carlo runs that fit length data for sample SCO-6 . ................ 178
7.15b Monte Carlo runs that fit age data for sample SCO-6 .................. 178
7.16 Best fitting T-t history for sample SCO-6 ... ....... ... ... ... ...... 180
7.17 Monte Carlo runs that fit both age and length data for sample SCO-9 . ....... 181
7.18 Zircon age probability distribution curves for the sandstone samples ........ 182
7.19 Radial plots for the sandstone zircondata . ......................... 182
7.20 Erosional model for the Stilo-Capo d’Orlando Formation ............... 184
CHAPTER 8

8.1 Simplified exhumationmodel .................. ... ... ... ... 194
8.2 Oligo-Miocene flysch palacogeography ........................... 198
8.3 Map showing fission track ages of the Aspromonte . .................. 201
8.4 Map showing change in zircon ages across the Sila Massif .............. 205
8.5 Tectonic reconstruction of the Calabrian Arc (between 50and 40Ma) ....... 207
8.6 Tectonic reconstruction of the Calabrian Arc (at~25Ma) . ............... 211
8.7a Model for the post-orogenic unloading of an orogen by extension . ......... 214
8.7b Comparison with the post 15 Ma evolution of the Calabrian Arc ........... 214
8.8  Simplified explanation of “roll-back™ . .......... ... ... ... ... ... 217
8.9 Model for the development of a basin due to outward arc migration . ........ 217

8.10 Tectonic model for the evolution of the Calabrian Arc between 40Ma and 20Ma 219



xii

LIST OF TABLES

CHAPTER 3
3.2 Previously obtained isotopic age data from the Calabrian Arc basement . ... 47-51
CHAPTER 4
4.1 Summaryof etchingconditions ...............0 ittty 65
CHAPTER 5
5.1 Apatite fission track age data from the basementrocks .............. 109-110
5.2 Zircon fission track age data from the basementrocks .. ............. 111-112
5.3 Summaryof fissiontrackresults . . ....... ... . o o i i 115
5.4 Summary of fission track results (grouped byregion) ... ............... 116
5.5 Apatite Confined track length data from the basementrocks . ............. 117
CHAPTER 6
6.1 Individual sample isotopic age and fissiontrackdata .................. 129
CHAPTER 7

7.1  Apatite fission track age data from Stilo-Capo d’Orlando conglomerate clasts .. 166
7.2 Zircon fission track age data from Stilo-Capo d’Orlando conglomerate clasts .. 166
7.3  Apatite and zircon fission track age data from the two sandstone samples . . . . . 173

LIST OF PLATES

CHAPTER 2
2.1 The “Argille Scagliose” in southern Calabria (Aspromonte) . .............. 24
22 MULEMa .. . e e e e e 24
CHAPTER 3
3.1 Bagni Unit phyllites fromthe southem Sila . . ... ..................... 41

3.2 A banded gneiss from the high-grade Hercynian metamorphic rocks of the Serre . 41

CHAPTER 4
4.1 Confined apatite fission tracksinapatite . ............. ..., 86



CHAPTER 1
INTRODUCTION

1.1 GENERAL BACKGROUND

The Calabrian Arc is the name given to describe the narrow arcuate mountainous region of
the Calabrian peninsula, or “toe”, of southern Italy and northeastern Sicily that is composed
largely of metamorphic and plutonic rocks. It is usually defined as the area between two
major fault zones; the Sangineto Line to the north and the Taormina Line to the south.
Figure 1.1 illustrates the location of the Calabrian Arc, including the main geographical
features and locations within the arc.

Topographically it can be subdivided into several regions of high elevation
separated by low-lying grabens. To the north of the Catanzaro trough is the Sila, a large
(2000km?) plateau with an average elevation of 1100-1200m and high point of 1928m and
the Catena Costiera (Coastal Range). These two regions are split by the north-south Crati
Graben. To the south of the Catanzaro Trough are the Serre and Aspromonte regions that
show considerable relief with a high point of 1955m only 16km from the coast. The Serre
and Aspromonte are bounded to the north by the Mesima Graben and to the west by the
Straits of Messina. The part of the Calabrian Arc within northeastern Sicily is formed by
the Peloritani mountains which reach a height of 1287m.

Much of highland Calabria is covered by thick chestnut, oak, birch and pine forest.
This leads to a poor level of rock exposure. The rocks that do outcrop are susceptible to
high amounts of weathering. This, along with high relief, heavy seasonal rainfall and

| periodic seismic activity means a high proportion of the region is susceptible to landslip.
Therefore considerable caution has to be taken when undertaking geological studies to
ensure that any outcrop and rock samples collected are in situ. The best outcrop occurs
along the sides of deeply incised valleys, usually floored by “torrente,” dry river beds
subject to periodic flooding and in numerous roadside cuttings. Outcrop is also noticably
more frequent on the arid Ionian Sea coast of Calabria. This lies in the rainshadow of the

mountains, hence vegetation cover is much reduced, leading to more rock exposure.
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Introduction 3

1.2  GEOLOGICAL BACKGROUND

The location of the Calabrian Arc, in the western Mediterranean part of the Alpine orogenic
belt, is illustrated in Figure 1.2. The map shows the Alpine orogenic belt split into two
main allochthonous elements (after Dietrich, 1988): a younger Oligo-Mio-Pliocene element,
consisting mainly of deformed sedimentary rocks from both the European and African
margins of the original Tethyan ocean and a Paleogene element, consisting of ophiolitic and
metamorphosed crystalline basement rocks with associated sediments. The Calabrian Arc is
one of several regions where such allochthonous crystalline basement rocks can be seen, in
this case emplaced upon the African and Adrian plate margin. Other similar regions include
the Kabylie massifs of Algeria and the Betic-Rif Arc of Morocco and southern Spain.
Rocks in a similar tectonic position also occur in Corsica and the western Alps. However
these differ in having been emplaced upon the European plate margin. Surrounded by these
orogenic belts are several major basins that constitute the western Mediterranean Sea.
These basins have all formed since the Late Oligocene, subsequent to the collision between
the African Plate and European Plate. Several, such as the Alboran Sea and Tyrrhenian Sea
now show active spreading and all the major basins are floored by semi-oceanic and
oceanic crust.

Unravelling the tectonic evolution of the western Mediterranean part of Alpine
orogeny is difficult requiring explanation of several major questions. These include the
presence of large regions of active extension within an essentially compressive regime. In
addition, a major change in tectonic transport direction must be accounted for. The western
Alps and Corsica show emplacement upon the European Plate margin whereas the
Apennines, Calabrian Arc and Maghrebide orogen of northern Africa are emplaced upon
the African and Adrian plate margins.

Since the advent of plate tectonic theory in the late 1960’s, many attempts have been
made to explain the present day geology of the western Mediterranean part of the Alpine
orogenic belt. It is largely agreed is that the Alpine orogeny is the result of compressive
motion between the African, Adrian and European plates. Prior to this, the area

between the African and European plates was occupied by a small ocean basin known as
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Introduction 5

Neotethys.

Neotethys is known to have formed during the Triassic to the Early Cretaceous,
when widespread carbonate platforms developed on both its northwestern and southeastern
margins. Radiometrically dated ophiolites from the western Alps and Corsica also show
Neotethyan oceanic crust was formed during the Jurassic (Ohnenstetter et al., 1981). The
latest reconstruction of Neotethys (Coward and Dietrich, 1989) suggests it formed as a
large pull-apart basin (Figure 1.3), probably about 300km wide (Knott, 1988). This basin
is bounded to the north and south by major left-lateral transform fault margins. The
northern margin marks the site of the future western Alps and probably linked into the
Tethyan Ocean sensu stricto, whereas the southern margin linked into the central Atlantic
Ocean. It follows that the relative plate motions of Africa and Europe can be deduced by
restoring magnetic anomaly data formed during the opening of the central Atlantic. Figure
1.3 also illustrates that the African margin of Neotethys was separated from the margin of
the Tethyan Ocean sensu stricto by the Adrian promontory (Channell et al., 1979). This
promontory acted as part of the African plate until the late-early Tertiary (Lowrie, 1986).
After this some authors suggest Adria rotated 27° anti-clockwise with respect to the African
Plate, probably caused by transtensional tectonics between Sicily and north Africa
(Boccaletti et al., 1987).

During the Late Cretaceous the relative plate motion between Africa and Europe
shows a major change from left-lateral motion to a northeast-southwest directed
compression. This is a result of the initial opening of the southern Atlantic Ocean. This
marks the initiation of the Alpine Orogeny. For the western Mediterranean region, Dewey
et al. (1989), from a new analysis of central Atlantic magnetic anomalies propose an age of
~92Ma for this change in plate motion.

The tectonic models for the subsequent collision process, resulting in the geometry
of the present day western Mediterranean, can be categorised into two main approaches.

The earliest suggested models were based on correlation of similar crystalline
basement rocks seen in both the western Mediterranean and the western Alps. Haccard et

al. (1972) and Alvarez (1974) proposed a Cretaceous to Eocene southerly directed
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Introduction 7

subduction of Neotethys beneath the African and Adrian Plates along the whole of the
Alpine orogenic belt from the Betics through to the eastern Alps. However, to explain the
opposite sense of vergence now seen in the western Mediterranean a subduction reversal is
required sometime during the Oligocene that resulted in the emplacement of the Apennines,
Calabria and the Maghrebides of north Africa upon the African and Adrian plate margin.
Such a double vergence model is supported in models by Amodio-Morelli et al. (1976),
Scandone (1979) and (1982), Cohen (1980), Boccaletti er al. (1984), Scandone and
Patacca (1984) and Réhault et al. (1987) and other studies of this period.

More recently the double vergence approach has been replaced by models that
propose two regions of opposed subduction or vergence separated by a major transform
fault active since the initiation of collision during the Cretaceous. Such a model was
proposed by Bouillin (1984) and Bouillin er al. (1986) after comparing the geology of the
Calabrian Arc with that of the Kabylie basement rocks of Algeria. This model has since
been supported by Knott (1987) and Dietrich (1988) who describe pre-Oligocene
(Paleogene) structures with “African” vergence from the Calabrian Arc. “European”
vergent structures used to argue the double vergence model by Alvarez (1976) and Faure
(1980) are considered localised backthrusts by Knott (1987). The exact position of the
transform zone needed to explain the reversal of vergence in the internal Paleogene element
rocks is still debated. Knott (op. cit.) and Dietrich (1988) place it between Corsica and
Calabria. However Bouillin (1984), Bouillin ez al. (1986) and Dewey et al. (1989) place a
transform zone that links into the western Alps, where evidence of strike-slip style tectonics
has been argued by Ricou and Siddans (1986) and Coward and Dietrich (1989). It seems

'likely that this transform zone is a later development of the northern transform margin of
Neotethys, and may also link into the Pyrenean orogenic belt, as suggested by Knott
(1987).

The above models explain the change in tectonic transport direction seen in the
present western Mediterranean. However the subsequent evolution of the western
Mediterranean, from Oligocene time onward, into a series of semi-oceanic basins within a

convergent plate regime requires further explanation.
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Most authors suggest the formation of the basins was the result of Pacific-style
back-arc basin extension behind northwesterly-directed subduction of Neotethys between
Corsica and the Balearic Islands. This process occurs in two stages. The first stage was the
formation of the Ligurian Sea and the Gulf of Valencia during the Late Oligocene to Early
Miocene (Réhault et al., 1987, Guieu and Roussel, 1990) as a back-arc basin. Sardinia,
Corsica and probably Calabria acted as the island arc above the northwesterly directed
subduction zone. This resulted in rotation of Sardinia and Corsica away from the French
mainland (Westphal et al., 1986, Montigny et al., 1981) and the opening of the Gulf of
Valencia. This was accompanied by calc-alkaline volcanism between 29Ma and 14Ma on
the island of Sardinia (Coulon et al., 1977, Dupuy et al., 1979). The cause of formation of
this back-arc basin when subduction had been active for some time previous to this is
uncertain. The most likely explanation is the small change in African plate motion described
by Dewey et al. (1989) at 35.5Ma.

The final consumption of Neotethys at around 19Ma, led to collision and
emplacement of the Liguride Complex (Knott, 1987; 1988), the fore-arc accretionary
wedge of Sardinia, Corsica and Calabria, onto the margin of the Adria promontory.
Emplacement of the Kabylie massifs onto the north African plate margin also took place at
this time.

The second stage in the evolution of the western Mediterranean basins was the
formation of the Tyrrhenian Sea. Rifting of this basin began during the Tortonian (~11Ma),
dated from the oldest sediments found on the present day Sardinian margin (Réhault et al.,
1987, Kastens et al., 1988). The development of this basin resulted in the separation of the
Calabrian Arc basement from that of the Corsica and Sardinia. Calabria subsequently
migrated to the southeast with the development of semi-oceanic crust within the Tyrrhenian
basin.

Many models have been advanced to explain the evolution of the Tyrrhenian basin
from a zone of collision into a region of major extension and why extension in the basin
was synchronous with compression in the southern Apennines. Several models have

proposed that a narrow ocean basin separated the Adria promontory from the main African
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Plate, thereby linking Neotethys with Tethys sensu stricto (Scandone, 1982; Bouillin,
1986; Réhault et al., 1987; Le Pichon, 1988; Malinverno and Ryan, 1988). The remnant of
this basin is now represented by the Ionian Sea. The opening of the Tyrrhenian basin can
then be explained by back-arc extension. However there are strong arguments against this
model. The evidence for such a narrow ocean basin is lacking, the continental margin
carbonates of Adria and north Africa being lateral equivalents. Dewey et al. (1989) have
therefore advocated that the Ionian Sea oceanic crust partially dissects only the eastern part
of the Adrian promontory. Calabria could therefore have advanced over the Adrian
carbonates and into the Ionian Sea. This still results in a back-arc extension model, but with
major extension initiated only 7 million years ago.

Another approach to explain the formation of the Tyrrhenian basin are models that
invoke mantle processes. Van Bemmelen (1972) and Wezel (1981; 1985) proposed the
collapse of a domal uplift caused by mantle upwelling. In contrast, Channell and Mareschal
(1989) argue for the delamination of a large section of continental mantle lithosphere, a
result of asymmetric lithospheric thickening when Calabria initially collided with the Adria
plate margin. Van Dijk and Okkes (1991) have recently proposed a model that combines
aspects of all the above ideas. This model proposes an early back-arc extension phase with
associated mantle upwelling. Subsequent transpression on the basin margins, forming the
Apennines and Maghrebides, then resulted in the cessation of back-arc extension followed
by back-arc basin collapse.

A summary of some of the above ideas are incorporated into a tectonic
reconstruction illustrated in Figure 1.4. This is based largely on the model of Dewey et al.

(1989).

1.3 THESIS AIMS

Although there is still no general consensus regarding the tectonic evolution of the western
Mediterranean, the above information and ideas do provide several reasonable and testable
models. The present day Calabrian Arc is one of the regions of the western Mediterranean

where such models can be tested using geological evidence. First it has been involved in
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Introduction 12

most phases of formation of the western Mediterranean basins. Second it represents an
important region of crystalline basement rocks situated at a major bend within the main
Alpine orogenic belt. However, because of its complex geological history, the present day
Calabrian Arc still has many geological features of its own that remain unresolved.

What this thesis will aim to do is to use the technique of fission track analysis to
provide important new constraints to help unravel this complex geology. The study
concentrates on the plutonic and metamorphic basement rocks that form the major part of
the Calabrian Arc. The study of these rocks in the past has largely been concerned with
their petrographic characteristics and geochronological work has mostly been limited to
providing information on their pre-Alpine history. By obtaining zircon and apatite fission
track ages and apatite fission track length analyses from these rocks, new information can
be provided on their low temperature cooling histories. This data will thus largely fill the
present gap in the detailed chronological data available from the Calabrian Arc crystalline
basement between previously acquired pre-Alpine, high temperature isotopically derived
cooling data and the considerable amount of information available on Neogene to recent
vertical motions of these rocks.

Low temperature cooling histories are also influenced by changes in the rate of
exhumation (removal of overburden) throughout the history of the rocks being analysed.
Therefore any significant changes in the rate of cooling seen in the overall cooling history
determined from a particular sample or rock group is usually deemed to signify a change in
the rate of exhumation. Consequently, another objective of this thesis will be to determine
any such changes using cooling histories derived from fission track analysis of different
rock samples from the Calabrian Arc basement. The results will then be analysed in detail,
in combination with other available geological information, and the cause of such changes
assessed. It should be mentioned that assessing total amounts of exhumation using cooling
histories, rather than rate changes, is more problematical. If this is to be done with any
accuracy, then a detailed knowledge of past temperature/depth profiles is required. This
problem will be discussed later in the thesis.

There is strong evidence that the basement rocks of the Calabrian Arc have
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undergone significant pre-Neogene exhumation likely to affect the results of fission track
analysis. This will be reviewed in more detail in the following chapters, but cover
sequences include Cretaceous flysch that has undergone high-pressure metamorphism,
signifying burial to over 30km (Knott, 1988), that is now exposed at the surface, and there
are major Oligocene unconformities in the southern part of the arc that show significant
post-depositional tilting. A study published after this thesis began has also revealed local
Alpine metamorphism with Rb-Sr ages between 25-30Ma in the Aspromonte region of
southern Calabria (Platt and Compagnoni, 1990) indicating a significant pre-Neogene
exhumation event within some basement rocks.

The other main component of this thesis involves assessing the history and
provenance of the terrigenous Oligo-Miocene Stilo-Capo d’Orlando Formation. This was
also undertaken using fission track analysis. The study was initially undertaken to
determine the previously debated provenance of volcanic conglomerate clasts found within
the formation. However, after initial fission track results were obtained from the nearby
crystalline basement it was found that the sediments of the Stilo-Capo d’Orlando
Formation, derived from the basement, provide important constraints on the rates, timing
and processes of exhumation interpreted from the cooling histories derived from these
basement rocks.

The interpreted results of fission track analysis from the Calabrian Arc can then be
discussed with other geological information available from the region. This information
will then be compared with similar basement complexes found in present western
Mediterranean region, including the Sardinian-Corsican Massif and the Kabylie massifs of

| Algeria.

1.4 SUMMARY OF THESIS LAYOUT

Following this introductory chapter, the general geology of southern Italy, which includes
the Calabrian Arc and Tyrrhenian Sea, will be outlined in the second chapter. The third
chapter will deal in more detail with the tectono-stratigraphy of the metamorphic and

plutonic basement rocks, the focus of the fission track study. This chapter will also include
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the collation of all the available isotopic age data obtained from these rocks, allowing the
high temperature thermal histories of these rocks to be assessed. Chapter four, on the
technique of fission track analysis, will review the methodology and theory behind the
calculation of apatite and zircon fission track ages. It will also include a review of apatite
fission track annealing. This will include apatite fission track length analysis and recently
derived models that can predict the behaviour of apatite fission track annealing with respect
to both time and temperature. Some examples of the application of fission track analysis to
rocks in various tectonic environments will conclude this chapter. The results of fission
track analysis from the metamorphic and plutonic rocks of the Calabrian Arc will be
presented in chapter five. Chapter six will be devoted to the analysis of these results which
yield detailed low temperature thermal histories. The study initiated on the Stilo-Capo
d’Orlando Formation will be the subject of chapter seven, including a synopsis of previous
work on the formation. The eighth chapter will be a discussion the fission track results
obtained involving interpretation and explanation of the derived thermal histories and
comparison of the data with other similar regions of the western Mediterranean. Finally, the

main conclusions of the thesis will be presented in chapter nine.
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CHAPTER 2
THE GEOLOGY OF SOUTHERN ITALY AND THE TYRRHENIAN SEA
A REVIEW

2.1 INTRODUCTION

Before fission track analysis can be applied to the rocks of the Calabrian Arc it is important
that the geology of the region and its surrounding areas is understood. For the purpose of
this review the geology of southern Italy will be subdivided tectono-stratigraphically, based
on major tectonic contacts and unconformities, into a number of different units. These units
are shown in Figure 2.1. The basic geology and interpretation of these units will be
discussed starting with the lowest tectonic unit and finishing with the much studied recent
geology of the region. The Tyrrhenian Sea will be dealt with separately at the end of the

chapter.

2.2 THE UNDEFORMED FORELAND AND IONIAN SEA
Undisturbed rocks of the African / Adria continental margin occur in the Iblea region of
southern Sicily and the Apulia region of southern Italy, separated by the Ionian Sea. Their
successions represent the foreland external to the deformation front. Both domains consist
of Mesozoic-Tertiary platform carbonate stratigraphy discussed in detail by Grandjacquet
and Mascle (1978) and summarized by Channell ez al. (1979) and Amodio-Morelli et al.
(1979).

Both the Iblean and Apulian domains are very similar. The sequence begins with
Upper Triassic dolomites, overlain by Jurassic marls and limestones including many
neptunian dykes indicating intermittent periods of emergence. Above this are Cretaceous
cherty limestones and marls, Eocene-Miocene calcarenites, Middle-Upper Miocene marly
limestones, Messinian evaporites and Pliocene "Trubi" marls. These sequences are often
very thick, up to 4000m in southern Apulia.

The two domains are separated by the Ionian Sea. This includes a roughly

triangular abyssal plain, up to 4103m deep. It is bounded to the north by the active
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The Geology of Southern Italy: A Review 17

accretionary complex associated with the Calabrian Arc, to the east by the Hellenic Arc, to
the west by the Malta escarpment and rises gently to the African shoreline in the south.
Dredging and seismic profiling has revealed Messinian evaporites and some recent fine
grained detrital and pelagic deposits. However the nature of the crust beneath these
sediments is the subject of some controversy. Some argue for the presence of oceanic crust
(Bija-Duval et al., 1976; Malinverno and Ryan, 1986; Underhill, 1989), based on the
presence of a Benioff zone beneath Calabria and linkage to oceanic crust of the eastern
Mediterranean. Others argue for an attenuated continental crust. The main argument for this
is the similarity of the Apulian and Iblean domains which suggests that they were originally
linked, ruling out an intervening oceanic basin. (Channell er al., 1979; Channell and
Mareschal, 1989; Dewey er al., 1989). Bouguer gravity data (Weigal, 1978; Boccaletti,
1984) does show an anomaly, but modelling shows it is insufficient to be caused by
oceanic crust, and suggests attenuated continental crust. Hill and Hayward (1988) also
point out that the present day elevation of the Calabrian Arc implies that it is not underlain

by oceanic crust.

2.3 THE FORELAND BASINS AND CALABRIAN RIDGE
Between the present day Adrian foreland and the mountain belts of the southern Apennines,
the Calabrian Arc and the Sicilian Maghrebides are several foreland basins.

The Bradano Foreland Basin has an eastern margin and basement consisting of
Apulian Platform deposits. The western margin is formed by the thrust units of the
southern Apennines. Thrusting of these units ceased in the Middle Pliocene, since which
time the foredeep has accumulated up to 3000m of conglomerates, sands and clays from the
erosion of these southern Apennine units. The oldest sediments are unconformable Upper
Miocene sandy conglomerates, followed by Tortonian marls, Messinian evaporites, with
intercalations of arkoses, marls and sands and some allochthonous mélange (Argille
Scagliose). The marine continuation of the Bradano Foreland Basin is represented by the
Gulf of Taranto Basin (Rossi ef al., 1983; Pescatore and Senatore, 1986). Similar

lithologies are found along the Ionian Sea margin, including the Crotone Basin
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(Grandjacquet and Mascle, 1978; Van Dijk, 1991)

Extending southwestwards from the Gulf of Taranto to the Malta escarpment is a
feature known as the Calabrian Ridge (Belderson et al., 1974). This is a series of
topographic ridges, generally parallel to the Calabrian coast. Seismic profiles (Grandjacquet
and Mascle, 1978; Finetti and Morelli, 1973) and ODP cores from the Ionian Sea show a
thick sequence of sediments, mainly scaly clays and chaotic breccias, with prominent
Messinian evaporites. The seismic profiles reveal that the ridges represent the sites of major
overthrusts.

In Sicily the Plio-Quaternary Caltanisetta Foreland Basin (Grandjacquet and
Mascle, 1978) sequence begins in the middle Pliocene with blue/grey marls passing up into
sandy marls and calcareous sandstones. There are olistostromes and Miocene marls with
flysch deposits in rocks as young as the Quaternary, derived from the advancing Sicilian
Maghrebide thrust front to the north. This basin shows classic foreland basin progradation,
with shallow water coastal facies becoming progressively younger away from the

advancing allochthon.

2.4 THE SOUTHERN APENNINES

The southern Apennines are primarily comprised of allochthonous carbonates, deeper water
flysch and external foreland basin units. For a detailed account of the southern Apennine
stratigraphy see Grandjacquet and Mascle (1978) and Ippolito et al. (1976). In the literature
the rocks of the southern Apennines are frequently divided into a series of platforms with
intervening deeper water basinal units. These represent the continental margin of the Adria
microplate. The definition of these units are the result of tectonic and palaecogeographic
reconstructions which involve progressive destruction of the Adria continental margin from
the southwest during the Apennine Orogeny. Ippolito et al. (1976), Grandjacquet and
Mascle (1978), D’Argenio and Alvarez (1980) and Pescatore and Senatore (1986)
recognise three platforms; externally to internally these are the Apulia, Abruzzi-Campania
and Latium-Luciana Platforms, with two intervening basins; the more external Molise

Basin and the Lagonegro basin. Recently Deweyer al. (1989) have suggested that the
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Molise and Lagonegro Basins are equivalent, being broken up subsequent to formation by
strike-slip faulting during the Apennine Orogeny. Thus their tectonic reconstruction of the
southern Apennines only requires two carbonate platforms, which they name the
Panormide and Apulia Platforms. The majority of the carbonates exposed in the southern
Apennines are derived from this platform.

Caught up within these disrupted continental margin units are rocks which represent
a large foreland basin environment formed during the Aquitanian to Tortonian. These
deposits are known as the Irpinian Basin Units (Ippolito et al., 1976), and include
‘Numidian Flysch’, quartzose sandstones derived from the African Plate.

Within the Calabrian Arc two units of the Panormide or Latium-Luciana Platform
are exposed. The San Donato Unit (also called the Pollino or Camptonese Unit) and the
Verbicaro Unit.

The San Donato Unit:

This unit constitutes the major part of the Panormide Platform. It consists of
Triassic to Paleocene limestones and dolomites, transgressed by Aquitanian calcarenites
and Langhian Flysch. The whole unit shows much deformation and low-grade
metamorphism. This metamorphism is dated as either Eocene or Aquitanian in age, but
predates the deformation, which affects unmetamorphosed Aquitanian rocks (Dietrich et
al., 1976).

The Verbicaro Unit:

This is the most internal of the southern Apennine units. The unit is composed of
Triassic dolomites and Jurassic-Aquitanian limestones. These rocks are strongly deformed

| and have suffered low-grade metamorphism. Upper Cretaceous carbonates intercalations of
basaltic pillow lavas have been dated by Pierattini et al. (1975). An Aquitanian K-Ar age of
18.610.1 Ma. has been interpreted as the age of metamorphism, but is more likely to
represent a cooling age.
Palacomagnetic studies have also been carried out on the rocks of the southern
Apennines. Incoronato et al. (1985) show that Jurassic rocks of the Lagonegro Basin have

rotated anticlockwise by 139-147° when compared to similar Jurassic rocks of the stable
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African craton. It is suggested that this rotation took place during nappe emplacement. This
is substantiated by a detailed structural analysis of the Verbicaro Unit in the Cetraro Region
of Calabria (Dewey et al., 1989). This shows progressive anti-clockwise rotation of the
structural units up until about 7 Ma. The tectonogenesis of the southern Apennines ceased
in the Middle Pliocene and has since been followed by Quaternary uplift of the mountain

belt and subsidence in the Bradanic Foreland Basin (Pescatore and Senatore, 1986).

2.5 THE SICILIAN MAGHREBIDES

The main mountain belt in the western part of Sicily shows a sequence of units remarkably
similar to those of the southern Apennines, the main difference being that the present day
trend of these units is east-west. It too is the result of Neogene breakup of the African
continental margin. Stratigraphic studies and tectonic reconstructions of the Sicilian
Maghrebides have been summarized by a number of authors (Oldow et al., 1990; Roure et
al., 1990; Grandjacquet and Mascle, 1978; Catalano and D'Argenio, 1978).

This Neogene deformation of the African continental margin was accompanied by
substantial rotation. Palacomagnetic evidence from Sicily (Channell et al., 1990) shows
clockwise rotations of 90-140° in the Panormide Platform and 47-70° in the Trapanese
Platform relative to the autochthonous Iblean Platform. The intervening basins show
similar clockwise rotation. Palinspastic restoration thus requires that the Panormide and
Trapanese platforms were originally elongated more or less north-south.

African continental margin carbonates do not outcrop in the Calabrian Arc. Some
authors have used this to invoke the existence of a narrow Mesozoic ocean separating the
Adria continental margin of the southern Apennines from the African continental margin of
the Sicilian Maghrebides (see arguments on the existence of oceanic crust in the Ionian Sea
in section 2.2). However Amodio-Morelli et al. (1976), Channell et al. (1979), Scandone
(1979), Channell and Mareschal (1989) and Dewey ez al. (1989) advocate a continuity of
this continental margin. They cite evidence including obvious facies similarities, analogous
timing of tectonism and stratigraphic continuity of the Oligocene Numidian Flysch. In

addition the palacomagnetic data indicates a pattern of clockwise rotation of thrust sheets in
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Sicily and anti-clockwise rotation in the southern Apennines indicating that the arcuate
nature of the deformed margin is tectonic in origin and not due to its original shape
(Channell and Mareschal, 1989). Attempted correlations of the Sicilian and Apennine units
by Grandjacquet and Mascle (1978) and Channell et al. (1979) link the Panormide Platform
with the Latium-Luciana Platform, the Imerese Basin with the Lagonegro Basin, the
Trapanese Platform with the Abruzzi-Campania Platform, the Sicani Basin with the Molise
Basin and finally the Saccanese / Iblean Platforms with the Apulian Platform. Dewey et al.
(1989) simplify this correlation, grouping the southern Apennine platforms of Apulia and
Abruzzi-Campania, with the Trapanese Platform as a single entity. However they do place

an ocean basin between the Iblean and Apulian carbonate platforms.

2.6 THE LIGURIDE OR NEOTETHYAN COMPLEX

Tectonically overlying the allochthonous units of the Africa / Adria margin are Cretaceous-
Eocene flysch deposits originating from an oceanic or deep basinal setting. These ophiolite-
bearing allochthonous flysch units are now considered to be part of the Liguride Complex
of rocks, found in northern Italy and the western Alps (Knott, 1987; 1988).

Early interpretations of these rocks (Amodio-Morelli et al., 1976) led to their sub-
division into the metamorphic Frido Unit, the unmetamorphosed Cilento Unit and the
“ophiolitic” Gimigliano, Diamante-Terranova, Fuscaldo and Malvito Units.

The Frido Unit is composed of weakly foliated Upper Cretaceous shale, slate, calc-
schist and quartz-arenites, with occasional kilometre-scale masses of continental and
oceanic crust. This unit mainly shows low grade greenschist facies metamorphism, with a
localised high pressure lawsonite to glaucophane schist facies overprinting event, especially
in the Calabrian Coastal Ranges (De Roever, 1972).

The Cilento Unit comprises of three sedimentary formations. They include the
Albian-Aptian Crete Nere Formation of black shales, quartz-arenites and calcarenites and
the Middle to Upper Eocene Saraceno Formation of calcarenites and calcilutites.
Unconformably overlying both these formations is the Upper Oligocene to Burdigalian

Albidona Formation of conglomerates and quartz-arenites.
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The ophiolitic units consist of Jurassic-Lower Cretaceous metabasites, radiolarian
cherts and crystalline limestones with some pillow lavas, gabbros and serpentinites. These
show a blueschist facies overprint upon an earlier greenschist facies metamorphism (De
Roever, 1972). These units are often dismembered and are regarded as disrupted oceanic
slices and not complete ophiolites by Knott (1987).

A more recent interpretation by Knott (1987) has identified Cilento Unit sediments
within Frido unit successions, implying that the sediments of both units are coeval. The
suggestion is that these sediments represent a direct sedimentary cover to the oceanic slices
indicating deposition upon oceanic crust. Structural and other data indicate that during the
Upper Jurassic this ocean basin (Neotethys) lay to the west of the Apenninic units and to
the east of the Eurasian Plate. The Liguride Complex can thus be interpreted as an
accretionary wedge resulting from northward subduction of Neotethys during the
Palaeogene. It was later emplaced upon the Africa / Adria margin during the Burdigalian.

Comparable Neotethyan units, but without any evidence of oceanic slices are found
in northern Sicily and are usually referred to as the Sicilide Complex (Ogniben, 1976).
They are made up of an Jurassic to Eocene pelagic sequence, including limestones,
argillites and terrigenous flysch, overlain unconformably by an Oligocene quartz-rich
terrigenous sequence. This sequence occurs as two tectonic units, The Monte Soro Nappe
and the Reitano Nappe.

Evidence of the presence of oceanic crust in the form of disrupted oceanic slices is
absent south of the Catanzaro Trough. Scandone (1982) suggests that this marks the
margin of the former Neotethyan ocean basin against a major transform fault, possibly the

Curinga-Girifalco Line of Schenk (1981).

2.7 THE CALABRIAN ARC CRYSTALLINE BASEMENT COMPLEX

These rocks are the main focus of study in this thesis and will be dealt with in more detail
in the following chapter. In summary the basement complex can be divided into two
distinct groups based on their petrographic characteristics (Amodio-Morelli et al., 1976). In

the Calabrian Coastal ranges and in the southern and western Sila is the Alpine Group. This



The Geology of Southern Italy: A Review 23

group of rocks shows a pervasive greenschist facies metamorphic overprint, with some
local higher pressure lawsonite and glaucophane schist facies, over an earlier high grade,
probably Hercynian, event. In the rest of the Calabrian Arc, exposed in the Eastern Sila,
Serre, Aspromonte and Peloritani Mountains of northwest Sicily is the Hercynian Group.
This group of rocks is made up of high grade Hercynian metamorphic rocks and granites,
often with a Mesozoic cover, that show only localised post-Hercynian (Alpine) retrograde
metamorphism, usually near tectonic boundaries. Three distinct units within the Hercynian
Group can be recognised. A lower unit of high-grade amphibolite and granulite facies
rocks, a suite of late Hercynian granitoids and an upper unit of lower Palaeozoic phyllites

with intercalated limestones and basalts.

2.8 SYN-OROGENIC COVER SEQUENCES
2.8.1 The Stilo-Capo d'Orlando Formation (Bonardi er al., 1980)

This is an important terrigenous sequence of Upper Oligocene to Middle Miocene
age found only in southern Calabria and Sicily. The geology of the Stilo-Capo d’Orlando
Formation will be discussed in detail in Chapter 7 as part of a detailed provenance study
incorporating fission track analysis. In summary it consists of a ~750m thick terrigenous
sequence, composed mainly of conglomerates and sandy turbidite facies. It is considered to
be the lateral equivalent of the Numidian Flysch basins of Sicily and the southern
Apennines. Van Dijk and Okkes (1991) compare these rocks to similar deposits found in
Algeria (Durand-Delga, 1988) and the rift basins of Sardinia (Cherchi and Montadert,
1982). This suggests that the Stilo-Capo d’Orlando Formation may have an intra-arc or

back arc origin.

2.8.2 The Argille Varicolore

The Argille Varicolore or "varicoloured clays" (Amodio-Morelli et al., 1976) overlie
the Stilo-Capo d’Orlando Formation in Calabria. Similar clays are found between central
Italy and the Maghrebides of Morocco. They consist of reworked chaotic scaly clays,

originally of Cretaceous-Palacogene age often containing blocks of Cenomanian marls and
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Numidian flysch (Plate 2.1). As they overlie sediments of Miocene age they have often
been interpreted as tectonic nappes. However they are now widely interpreted as a mélange
(Gorler, 1978; Barrier et al., 1987; Cavazza, 1989). The tectonic transport of these rocks is
largely ruled out as the contact with the underlying sediments in often conformable with no
cleavage seen within the clays (Gorler, 1978). This mélange has not been studied in detail,
thus its origin and timing of emplacement are still uncertain. It may be related to the
emplacement of the Liguride Complex upon the Adria/Africa margin during the Burdigalian
(Knott, 1987). Dewey et al. (1989) suggest that these clays were backthrust over the
Calabrian Arc and the units of the Lagonegro Basin and the Latium-Luciana or Panormide
Platform during the Tortonian. However this is unlikely in Calabria as Langhian
Calcarenites (Les calcarénites de Floresta) are seen unconformably overlying the Argille

Varicolore (Barrier et al., 1987).

2.9 NEOGENE GEOLOGY

The Neogene geology of southern Italy is dominated by the development of several
sedimentary basins, whose evolution is controlled by complex fault dynamics.

The main patterns of Neogene faults have been mapped both on the ground and
from satellite images (Bodechtal and Munzer, 1978; Ghisetti and Vezzani, 1981; Ghisetti,
1984; Meulenkamp et al., 1986; Knott, 1988; Van Dijk and Okkes, 1990; 1991; Knott and
Turco, 1992). Figure 2.2 shows a schematic structural map indicating the main Neogene
tectonic elements compiled by Van Dijk and Okkes (1990; 1991) from an extensive
literature review and supported by detailed mapping in the Crotone basin of central
Calabria. Three main structural elements can be recognized. The most important of these
are a number of NW-SE trending transpressional strike-slip fault zones. These zones are
often 5-10km in width and divide the main Calabrian Arc into a series of segments. In the
northern sector of the arc these faults show sinistral movement, while dextral movement is
dominant in the southern sector. The movement in the central sector, around the Serre, is
unclear. Two of these zones, the Petilia-Sosti Line and Condofuri Line, are thought to

represent reactivation of earlier large scale basement thrusts. These faults are related to the
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Serravallian-Early Pliocene opening of the northern and central Tyrrhenian Sea.
Subordinate to these trancurrent fault zones are several SW-NE trending thrust zones.
These thrusts are linked to the southeast migration of the Calabrian Arc. They are the
equivalent of similar thrusts seen at the present day in the Calabrian Ridge accretionary
complex (section 2.3). They show vergence both in a northwest direction (as backthrusts)
and towards the southeast. The final and most recent structural elements are several radial
and concentric fault systems. These are mainly extensional faults related to the opening of
the southern Tyrrhenian Basin and the recent uplift centres of the Aspromonte and southern
Sila.

The interaction of these fault systems has resulted in the formation of the Neogene
sedimentary basins seen in the Calabrian Arc. This has produced two types of basin. Piggy-
back basins, controlled by the SW-NE thrust systems include the Straits of Messina, the
Mesima Graben, Crati Trough. Pull-apart basins controlled by the NW-SE shear zones
include the Monte Torre palaeostrait, the Catanzaro Trough and Sibari Trough. The
Crotone Basin is a complex interaction of both piggy-back and pull-apart basin types.

The sedimentary history of some of these basins has been studied in detail. The
Crati Basin is dominated by Pliocene-Pleistocene marine fan-deltas and later coarse grained
Gilbert-type fan deltas (Colella et al., 1987). The later Gilbert-type fan deltas are thought to
be a response to Pleistocene uplift of the basin margins. They also suggest little influence
from tidal currents. This is in contrast to the tidal dominated transverse graben of the now
exposed Monte Torre Palaeostrait (Colella and D'Alessandro, 1988) and the active Straits
of Messina (Barrier et al., 1987). These basins show a transition from a low energy
environment of marls and turbidites, to high energy tidal dominated facies consisting of
thick-bedded turbidites and sand waves and some seismically induced megabreccias.

During the Pleistocene the Calabrian Arc has been dominated by extreme vertical
movements. Estimations of the amount and rates of surface uplift in southern Italy have
been produced by several authors (Ergenzinger et al., 1978; Tortorici, 1981; Ghisetti,
1981; Hearty et al., 1986; Montenant and Barrier, 1987; Cosentino et al., 1989). Their

methods rely on the dating of Pleistocene terraces using biostratigraphy, 14C dating, amino
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acid racemization and K-Ar dates of tephra deposits. The results of these studies show the
amounts and rates of uplift are highly variable. The Aspromonte shows the most dramatic
amounts of uplift, with possibly up to 1700m since the beginning of the Pleistocene.
Present day rates approach 2.5mm/year (Montenant and Barrier, 1987). Uplift of 600-
1100m is seen in the Calabrian Coastal Ranges, with 400-500m in the Sila and 400m in the
Crati Basin. The average rates of uplift since the late Pliocene for the whole of Calabria
have been collated by Cosentino ez al. (1989) and are shown in Figure 2.3. It should be
noted that the amount of Pleistocene uplift drops dramatically to the north of the Sangineto
Line.

There are two processes thought to be responsible for these extreme vertical
movements. These are the collapse of a mantle diapir in the southern Tyrrhenian Sea, with
subsequent uplift on its margins (Wezel, 1985), and the detachment of a lithospheric slab,
resulting in large scale isostatic readjustments (Gorler and Giese, 1978; Channell and

Mareschal, 1989).

2.10 PRESENT DAY GEOLOGY

Present day southern Italy is dominated by intense seismic activity, which includes the
catastrophic Messina earthquake of 1908 which killed up to 150,000 people. This
seismicity has been examined by Cello et al. (1982), Gasparini et al. (1985), Del Pezzo et
al. (1984), Cristofolini et al. (1985) and Bottari ez al. (1986). They show the earthquakes
fall into two categories: shallow focus epicentres with extensional or transcurrent motion
and deep focus epicentres with compressional motion. The shallow focus earthquakes are
related to the continued activity of the Neogene fault systems, with a few related to the
Aeolian Island volcanism of the Tyrrhenian Sea. The deep focus earthquakes have been
interpreted to define a Benioff zone beneath the Calabrian Arc. However, seismicity is
concentrated at certain depths, mainly at about 300km. This led Scandone (1979) to
propose that the seismicity represented a remnant slab of the Mesozoic Neotethys,
subducted between the Oligocene and Lower Miocene, with present day earthquakes related

to horizontal stresses within the slab, not active subduction. This is supported in part by
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Figure 2.3 Average surface uplift rates since the late Pleistocene
(mm / year)

(After Cosentino et al., 1989)
(a- Bovetto, b - Ravagnese, ¢ - Nocella, d - Capo dell'Ammi, e - Lazzaro, f - Milazzo,

g - Capo Tindari, h - Capo Peloro, 1 - Monte Poro, m - Vibo Valentia, n - Cetraro,
o - Scalea, p - Praia, q - Maratea, s - Crotone)

29



The Geology of Southern Italy: A Review 30

Malinverno and Ryan (1986).

Seismic refraction profiles (Schiitte, 1978), magnetic anomalies (Schwarz, 1978),
heat flow data (El-Ali and Giese, 1978) and gravitational studies (Moretti and Royden,
1988), indicate that the present crust under Calabria is thickened relative to the Ionian and
Tyrrhenian Seas, being up to 40 km thick. The data indicates a crustal overlap, with the
continental crust of Calabria being underlain by a layer of thinned continental crust derived
from the Ionian Sea. The recent surface uplift of the Calabrian Arc may be explained by
isostatic compensation of this crustal overlap. Snoek (1978) argues that strong horizontal
forces evident in Calabria may prevent such vertical compensation. This horizontal motion
has been measured across the Straits of Messina using geodetics by Caputo et al. (1981),
Baldi er al. (1983) and Mulgaria et al. (1984). It shows that over a nine year period Sicily
has moved about 5cm north relative to Calabria.

Recent volcanism on mainland southern Italy is confined to Mount Etna in the south
(Plate 2.2), and Vesuvius and Mt. Vulture to the north. Evidence of past volcanism is also
found as numerous tephra horizons. The volcanism of the Aeolian Islands is related to the
Tyrrhenian Sea and is discussed in section 2.11. Mt. Etna is a large, active alkali tholeiitic
volcano and has been discussed in detail by Chester er al. (1985). The origin of the
magmas is uncertain, possibly related to a lithospheric discontinuity (Cristofolini e? al.,
1983). The chemistry appears to rule out the possibility of an oceanic crustal source for the
lavas, supporting the geophysical data showing a present day continental crustal overlap
(Cristofolini et al., 1985). The volcanoes to the north of the region show a markedly
different chemistry to Mt. Etna. Mt. Vulture is in a similar structural position to Mt. Etna,
but is older (0.8-0.4 Ma) and shows a strongly silica-undersaturated chemistry,
characterized by trachytes related to a rift or continental margin type environment. The
tensional environment required for the formation of this volcano is thought to be related to
NW-SE lineaments seen throughout southern Italy. Plio-Pleistocene tephra horizons have
been documented in sediments from the Straits of Messina and Mesima Graben (Cello et
al., 1983; Calanchi, 1987) and are thought to originate from the volcanism of Pantelleria in

the Straits of Sicily and the Aeolian Islands of the Tyrrhenian Sea.
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2.11 THE TYRRHENIAN SEA
The Tyrrhenian Sea is the youngest of the Mediterranean basins. The formation and

evolution of this basin during the Neogene has had a profound effect on the geology of

southern Italy and the Calabrian Arc.

2.11.1 Morphology

The morphology of the Tyrrhenian Sea is complex (Figure 2.4). This and the nature of the
basement are discussed by Rehault et al. (1987). The morphologic characteristics have been
clearly defined by echo sounding (Selli, 1970 ; Morelli, 1970) and more recent Sea Beam
surveys. The region off Sardinia consists of a typical continental margin, ~185km wide.
The edge of this margin is marked by the Central Fault fracture zone, a major scarp. This
scarp gives way to the main bathyal plain of the Tyrrhenian Basin, divided into the western
Vavilov Basin and the smaller eastern Marsili Basin. These have an average depth of
3100m and are interrupted by numerous steep sided seamounts. The margins of the
Tyrrhenian Basin with peninsula Italy are narrow with a rough relief, characterised by horst
and graben. Superimposed upon this margin are numerous volcanic edifices, including the

Aeolian Islands and Palinuro seamount.

2.11.2 Nature of the Basement
The nature of the basement of the Tyrrhenian Sea has been examined by several dredging
and drilling projects.

DSDP leg 42A (Barberi et al., 1978) and ODP leg 107 (Kastens et al., 1988) show
that the Vavilov and Marsili Basins are floored by basaltic crust with a within-plate basalt to
MORB chemistry (Cristofolini ez al., 1985). This crust has been dated as Upper Miocene-
Lower Pliocene in the Vavilov Basin and as Upper Pliocene in the Marsili basin. This
implies evolution of the Tyrrhenian basin towards the southeast.

The seamounts come in two types. Those surrounding the central bathyal plain, for
example the Issel and Poseidone seamounts which separate the Vavilov and Marsili Basins,

are generally composed of Hercynian metamorphic rocks, often with Jurassic sedimentary
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cover. These are probably equivalent to the basement found in mainland Calabria. The
second types of seamount are found in the central bathyal plain and include the Magnaghi,
Vavilov and Marsili seamounts. These are built of tholeiitic volcanic rocks and their
derivatives, although the Marsili seamount includes some younger more alkaline rocks (Del

Monte, 1972; Boccaletti and Manetti, 1978)

2.11.3 Recent Volcanism

The recent volcanism of the Tyrrhenian Sea is dominated by the Aeolian Islands (Barberi ez
al., 1973; Boccaletti and Manetti, 1978; Beccaluva et al., 1981; Cristofolini et al., 1985). It
is the result of two stages of activity. First an early-middle Pleistocene phase forming
Alicudi, Filicudi and parts of Salina and Lipari. This phase was dominantly calc-alkaline.
Then after a brief lull, more recent activity occurred on Salina, Lipari, Volcano and
Stromboli. This volcanism has a high-K calc-alkaline to shoshonitic chemistry, suggesting
a “senile” phase of activity. The geochemistry of recent magmas indicates that they are of

continental margin and rift type environments (Cristofolini ez al., 1985).

2.11.4 Sedimentology and Stratigraphy

The sedimentology and stratigraphy of the Tyrrhenian Sea is known from dredging, deep
sea cores and seismic sections. These are reviewed by Rehault et al. (1987), and
augmented by ODP leg 107 (Kastens et al., 1988).

The oldest sediments are found on the upper part of the Sardinian continental
margin, consisting of syn-rift deposits. The Tortonian age of these sediments indicates the
probable timing initiation of rifting of the Tyrrhenian basin. The sediments from the lower
part of the Sardinian Margin are 1-2 Ma younger, signifying a migration of rifting towards
the southeast at this time.

The oldest sediments found in the Bathyal Plain are Pliocene in age, with no
indication of Messinian evaporites. This seems to be in agreement with the age of the
basalts, dated as Pliocene in age from magnetic polarity patterns (Barberi er al., 1973;

Kastens er al., 1988). These sediments are dominated by turbidites with volcaniclastics
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which increase up section with the increased activity of the Aeolian Islands.

Using stratigraphical evidence and the age of volcanism, a NW-SE spreading rate
of approximately 3.5 cm / yr has been estimated (Mousatt et al. 1985; Kastens et al.,
1988). A higher estimate of between 5 and 7 cm / yr has been suggested by Wang et al.
(1990). Subsidence rates for the Tyrrhenian Basin have also been calculated. Benthic
foraminifera, discovered in association with pillow basalts, indicate that they were erupted
at very shallow water depths. To reach their present day depth the Tyrrhenian Basin must

have subsided at up to 700m / Ma.

2.11.5 Superficial Structure

The superficial structure of the Tyrrhenian basin is complex with several trends recognised
(Boccaletti and Manetti, 1978 ; Boccaletti et al., 1984 ; Rehault ez al., 1987). N-S to NW-
SE trends of the Sardinian margin are related to tensional tectonics during the initial rifting
of the basin. They are Tortonian-Pliocene in age. These lineaments are offset by a dominant
set of NW-SE structures interpreted as strike-slip faults. These are related to similar
trending lineaments seen on the Calabrian mainland (Knott, 1988; Van Dijk and Okkes,
1990; 1991; Knott and Turco, 1992). A minor set of E-W lineaments north of Sicily are

also seen.

2.11.6 Deep Structure

Using various geophysical techniques, much information regarding the deep structure of
the Tyrrhenian Basin has been acquired.

Magnetic Data :

The data of Finetti and Morelli (1973) and AGIP (Rehault ez al., 1987), show two
main trends of anomalies. The main trend is NNE-SSW, probably related to rift axes.
These are offset by NW-SE to WNW-ESE magnetic lineaments, interpreted as being
related to the transform faults mentioned earlier. The regional intermediate magnetism is
indicative of oceanic type basement (Boccaletti et al., 1984).

Gravity Data :
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The main feature of the Bouguer gravity data of the Tyrrhenian Sea (Rehault ez al.,
1987 after Morelli ez al., 1975) is the presence of large positive anomalies, reaching
amaximum of +260 mGal. These maximums are found in the Vavilov and Marsili basins.
Such anomalies suggest a thinned crust and probable mantle upwelling.

Heat Flow Data :

The heat flow data (Wang ez al., 1990) shows a pronounced high of over 150
mW/mz2 in the central bathyal plain, with values of 250 mW/m?2 in the Vavilov and Marsili
regions related to volcanic activity. This heat flow decreases rapidly towards the basin
margins. Values of 50 mW/m2 are obtained along the Sardinian margin, and 40 mW/m?2
along the Calabrian Margin. This again supports evidence for thin crust and significant
mantle upwelling beneath the central Tyrrhenian Basin.

Seismic Reflection and Refraction Data :

Seismic soundings have been widely carried out in the Tyrrhenian Sea area to detect
the Moho discontinuity. In the Vavilov and Marsili basins it is found at a depth of 10km
(Boccaletti eral., 1984 ; Rehault et al., 1987). These are separated by a region of slightly
thickened crust of between 15-20km. The seismic velocity distribution of the central
bathyal plain shows a typical oceanic-type crustal signature (Recq et al., 1984). The crustal
thickness increases rapidly to 30km away from the bathyal plain. The crustal profile of the
Sardinian margin is very similar to that of the Atlantic margin in the Bay of Biscay.
Malinverno ez al. (1981) use this to suggest that the Tyrrhenian Sea has reached the limit of

continental crustal extension and is now undergoing active oceanic spreading.
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CHAPTER 3
THE CALABRIAN ARC BASEMENT ROCKS

3.1 INTRODUCTION

The bulk of the Calabrian Arc is composed of metamorphic and plutonic basement rocks
and their associated cover sediments. Their importance as the only crystalline basement
rocks found in the Italian peninsula was first noted by Lugeon and Argand in 1906. Since
then the origin, structure and tectonic history of these rocks have been the subject of much
previous and presently ongoing research. The main aim of this thesis will be to complement
this research with the production of new and detailed low temperature cooling histories
using fission track analysis. However, before the results of this work are presented the

geology of the basement rocks will be discussed.

3.2 BASEMENT TECTONO-STRATIGRAPHY

Since the first descriptions of the basement rocks of Calabria, most syntheses have
postulated a complex Alpine nappe structure. However, the poor exposure, limited
structural and petrological data and complexities of the basement rocks have resulted in a
number of different basement tectono-stratigraphic schemes. Important early syntheses
were made by Ogniben (1969; 1973) and Dubois (1970) from detailed geological mapping,
but over limited areas. The first attempt to collate information from the whole of the
Calabrian Arc was published by Amodio-Morelli ez al. (1976). This synthesis provided the
tectono-stratigaphic framework for much of the subsequent work on the basement rocks.
‘Refinements to this descriptive tectono-stratigraphy have been made by Zanettin-Lorenzoni
(1982) and Lorenzoni et al. (1983). However, many authors have argued against a
complex pre-Oligocene nappe structure. Gorler (1978) and Messina et al. (1991a) suggest
that many of the tectonic contacts used fo define different units by Amodio-Morelli et al.
(1976) and Lorenzoni et al. (1983) are the product of localised superficial Neogene
tectonism. Bouillin (1986) and Messina et al. (1991a) also suggest that most of the

metamorphic rocks and all of the plutonic rocks are lateral equivalents. These rocks are
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subdivided on the basis of lateral discontinuity by the scheme of Amodio-Morclli etal.
(1976) and subsequent refinements.

The most recent tectono-stratigraphic schemes fall into two categories. Messina et
al. (1991a; 1991b) define the rocks on the basis of petrology and pre-Neogene structural
relationships. Van Dijk and Okkes (1990; 1991) use an alternative approach based on
Neogene structural relationships. Figure 3.1 is a sketch map illustrating the basic
tectonostratigraphy of the Calabrian Arc basement, based on Messina et al. (1991a). It also
incorporates some of the terminology from the schemes of Lorenzoni ez al. (1983) and Van
Dijk and Okkes (1990; 1991). Simplified structural cross-sections of the Sila massif show
how the various tectono-stratigraphic schemes differ in structural interpretation (Figure
3.2).

In summary, the basement rocks of the Calabrian Arc can be subdivided into two
groups. The lowest group, directly overlying the Liguride Complex rocks, is labelled the
Alpine Group. These rocks have all experienced Alpine (post-Hercynian) greenschist facies
and localised high pressure dynamic metamorphism. Above the Alpine Group are found
Hercynian granites, gneisses and phyllites with Mesozoic cover rocks, labelled the
Hercynian Group. These rocks show no evidence of a pervasive Alpine metamorphic
overprint and can be subdivided into three sub-groups; a lower group of high-grade
metamorphic rocks, an intermediate suite of Hercynian plutonic rocks and an uppermost
group of low-grade metamorphic rocks with associated Mesozoic cover. It is thought by
Bouillin (1984) and Messina (1991a) that the plutonic rocks form a batholith intruded along
a major sub-horizontal discontinuity separating the low-grade metamorphic rocks from the
high-grade metamorphic rocks. This contact may represent a tectonic contact between two
Hercynian nappes or an unconformity between a pre-Hercynian poly-metamorphic
basement and its mono-metamorphic Hercynian cover. The Hercynian Group can therefore
be considered to have behaved as a single Alpine tectonic unit.

In contrast to this, Van Dijk and Okkes (1990; 1991) suggest the basement complex
was constructed during the Neogene. They propose three structural elements. The low-

grade metamorphic rocks and associated plutonics form a lower “African” vergent nappe.
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This is overthrust along two major boundaries, the Petilia-Sosti Line in the northeastern
Sila and the Condofuri Line in the southwest Aspromonte, by a central nappe or klippe
composed of the Alpine Group rocks and the high-grade Hercynian metamorphic rocks.
The plutonic rocks in the central part of the Calabrian Arc are explained as a backthrust of
the rocks of the lower “African” vergent nappe.

To describe the rocks of the basement complex a modified scheme based on

Messina et al. (1991a/b) will be used.

3.2.1 The Alpine Group Rocks

This group of rocks directly overlies the ophiolitic Liguride Complex. Both have similar
structural and metamorphic histories (Knott, 1987; Dietrich, 1988) suggesting that they are
tectonically related. The Alpine Group is often split into two main sub-units:

The Bagni Unit (Dietrich et al., 1976 : Plate 3.1) is considered the lowest Alpine
tectonic unit. It is formed of several hundred metres of phyllite, metamorphosed
greywackes and local basic rocks (chloritoid and amphibole schists). The Bagni unit has a
?Trassic-Cretaceous sedimentary cover of marbles, cherts and meta-conglomerates. Parts
of this unit show a high pressure Lawsonite facies metamorphic overprint.

The Castagna Unit (Dubois, 1966) lies tectonically above the Bagni Unit. It
consists of micaschists, gneisses and granites that show a pre-Alpine metamorphic history
with events in the Amphibolite facies. All the rocks of this unit show dynamic retrograde
metamorphism to Greenschist facies, with in part evidence of a high-pressure event
producing lawsonite and glaucophane (Dietrich, 1988).

A third Alpine Group sub-unit was proposed by Lorenzoni and Zanettin-Lorenzoni
(1983), and is known as the San Sofia d’Epiro Unit. 1t consists of high grade biotite-
garnet gneisses with sillimanite and cordierite and metabasites retrograded to greenschist
facies, with part of the sequence showing evidence of a high pressure / low temperature
event. However most authors consider this unit part of the high-grade Hercynian
metamorphic group (Amodio-Morelli et al., 1976; Scandone, 1982; Maccarrone, 1983;
Dietrich, 1988).
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Several structural studies have been made of Alpine Group rocks in the Calabrian
Coastal Ranges. An Alpine east-west lineation in the Bagni and Castagna Units is
recognized by Carrara and Zuffa (1976). Using mylonites of the Castagna Unit, Faure
(1980) records an early west-directed shear sense overprinted by a later east-directed shear
sense. Knott (1987) and Dietrich (1988) used microstructural data to show that the rocks of
the Alpine Group and the underlying Liguride Complex both record an easterly directed

shear sense.

3.2.2 The Hercynian High-Grade Rocks

This group of rocks incorporates the Polia-Copanello Unit of Amodio-Morelli et al. (1976)
and the Monte Gariglione Unit of Lorenzoni et al. (1980). Early workers labelled these
rocks as the “Dioritic-Kinzigitic” Unit (Dietrich et al., 1976; Borsi et al., 1976) from the
name given to similar rocks in the western Alps. This group of rocks should also include
the medium to high-grade Hercynian rocks of the Aspromonte Unit of southern Calabria
and northeastern Sicily (Amodio-Morelli et al., 1976), referred to as the Monte Lesti unit
by Lorenzoni et al. (1980).

These rocks comprise granulite facies metasedimentary and meta-igneous rocks,
usually showing retrogression to the amphibolite facies. A wide variety of lithologies are
represented including biotite-gamet gneisses (kinzigites) with cordierite and sillimanite,
biotite gneisses, amphibolite gneisses, diorite gneisses, siliceous marbles and aplitic /
pegmatitic veins (Plate 3.2). Detailed petrological studies (Schenk and Schreyer, 1978;
Moresi et al., 1980, Maccarrone et al., 1983 and Schenk, 1981; 1984) have suggested this
group of rocks is a fragment of former lower continental crust.

The contact of these rocks with the underlying Alpine Group rocks along the
Curinga-Girifalco Line of the northern Serre has been investigated by Schenk (1980;
1981). Here the high-grade Hercynian rocks appear to overthrust the Alpine Group rocks
along a cataclastic fault zone. The age of this contact is uncertain, but it is pre-Tortonian.

The upper contact of the high-grade Hercynian rocks is usually marked by the

intrusion of the late-Hercynian plutonic rocks. This contact is characterised by a layered
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migmatite, with felsic dykes constituting up to 50% of the rock (Messina et al., 1991a).
The contact of high-grade Hercynian rocks directly beneath low-grade Hercynian rocks is
also seen in several places such as the northeastern Sila and the southern Aspromonte
(Lorenzoni et al., 1980). This contact is Hercynian in age.

Ogniben (1973), Amodio-Morelli et al. (1976), Lorenzoni and Zanettin-Lorenzoni
(1983) and Van Dijk and Okkes (1990; 1991) have suggested that the low-grade Hercynian
rocks underlie the high-grade Hercynian rocks. However the structures used to justify this
relationship are probably a result of Neogene thrusting. The unmetamorphosed Mesozoic
cover rocks and presence of low maturity Jurassic coals (Gorler, 1978) imply that this
thrusting is minor and localised.

Recently Bonardi et al. (1984) have discovered widespread greenschist facies
metamorphism and related ductile deformation of post-Hercynian (Alpine) age within high-
grade Hercynian rocks in the Aspromonte. Platt and Compagnoni (1990) have shown this
deformation is extensional in nature, probably due to Late Oligocene uplift and exhumation.
Detailed structural analysis has revealed a north to northwesterly shear sense, differing
from the easterly shear sense seen in the rocks of the Alpine Group (Faure, 1980; Dietrich,
1988). A similar metamorphic event has been reported from the Peloritani Mountains

(Messina et al., 1990).

3.2.3 The Hercynian Plutonic Rocks

The high and low-grade Hercynian Rocks of the Calabrian Arc basement complex are
intruded by large areas of late-Hercynian acidic plutonics. Two suites of plutonic rocks are
.recognised (Atzori et al., 1983; Messina et al., 1991a). First there is an earlier widespread
subaluminous to peraluminous suite, consisting of tonalites and granodiorites. These are
characterised by the presence of primary muscovite, and absence of aluminium silicates and
hornblende. The less widespread second éuite of peraluminous plutonic rocks (D’ Amico et
al., 1982; Messina et al., 1991b) varies in composition from monzogranites to leuco-
granodiorites. These rocks are characterised by the occurrence of fibrous sillimanite and

local cordierite, andalusite and garnet. They are probably of crustal origin, resulting from
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the partial meting of metapelites (Del Moro et al., 1982; Atzori et al., 1990). Both suites are
cut by aplitic dykes, pegmatites and occasional porphyritic rhyolites and dacites.
Amodio-Morelli et al. (1976) originally proposed that the plutonic rocks of the Sila
region belonged to two tectonic units (the Monte Gariglione Unit and the Longobucco Unit)
separated by a major tectonic contact. This view has largely been accepted in the literature,
but recently Messina et al. (1991a) have found that field and petrographic data does not
support this interpretation. Consequently it is now thought that the Sila plutonic rocks form

a single batholith.

3.2.4 The Hercynian Low Grade Rocks and Sedimentary Cover
These rocks overlie the late-Hercynian Plutonic rocks along an intrusive contact, making
them the highest structural element with the Calabrian Arc basement complex. They include
lower Palaeozoic phyllites, metamorphosed greywackes, limestones and meta-basalts.
Their metamorphism, generally of greenschist facies, occurred prior to the intrusion of the
late-Hercynian plutonics. The detailed petrology and age of these rocks is dealt with in
detail by Acquafredda eral. (1983; 1988a). Unmetamorphosed Mesozoic cover sediments
unconformably overlie these rocks. The most extensive outcrop of these rocks is in the
Longobucco area of the northeastern Sila where a 1500m thick sequence of Liassic
limestones and turbidites are found (Zuffa et al., 1980; Young et al., 1986). Cover rocks of
a similar age, although comprising generally more massive limestones and dolomites, also
occur in the Stilo region of southern Calabria and the Taormina region of northeast Sicily.
These rocks have previously been incorporated into the Longobucco Unit in the
northeastern Sila, the Stilo Unit and part of the Aspromonte Unit in southern Calabria and
the Mandanici and Longi-Taormina Units of northeastern Sicily (Ogniben, 1973; Amodio-
Morelli et al., 1976; Borsi et al., 1976). Lorenzoni et al. (1980) were the first to suggest
these low-grade Hercynian rocks were laterally equivalent throughout the Calabrian Are,
but proposed several sub-units based largely on petrographic characteristics. These
included the phyllitic Bocchigliero and Pentadattilo Units and the higher grade

Mandatorricio, Capo san Giovanni and Monti Lesti Units. These latter units are probably
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small slivers of the high-grade Hercynian rocks that overlie the Hercynian Plutonic rocks.

3.3 A SYNTHESIS OF ISOTOPIC AGE DATA COLLECTED FROM THE
CALABRIAN ARC BASEMENT COMPLEX

3.3.1 Introduction

All the published isotopic age data that have been obtained from the Calabrian Arc basement
rocks are collated in Table 3.2. The ages obtained prior to 1976 have been recalculated
using the latest recommended IUGS standards (Harland et al., 1989). Locations for the
data sets are shown in Figure 3.3. The majority of this data have been collected from the
high-grade Hercynian rocks and the late-Hercynian plutonics. Data from the rocks of the
Alpine Group are limited to a few analyses by Borsi and Dubois (1968) and Schenk
(1980).

3.3.2 The Concept of Closure Temperature

This subject has been reviewed in detail by Dodson (1979), Cliff (1985) and Zietler
(1989). It is now widely recognised that the isotopically determined ages measured on
metamorphic minerals very rarely record a geological ‘event’. The principle of isotopic age
determination relies on the fact that radioactive parent isotopes decay to daughter isotopes at
a constant rate known as the half-life. However, for an age to be recorded this isotopic
system or isotopic clock must remain closed, so that no parent or daughter isotopes can
escape. When parent or daughter isotopes become redistributed or lost then the system will
be reset or partially reset and the system is said to become open.

It is now thought that the transition of an open system to a closed system and vice
versa within a mineral lattice is controlled by the reaction kinetics of volume diffusion. The
exact nature of the kinetics of this process are unknown. However the dominant factor is
widely, but not universally, believed to be temperature. Supporting evidence comes from
numerous practical and laboratory experiments (see Zeitler, 1989 for list of references).
The dominance of temperature on the isotopic system led Dodson (1973) to propose the

concept of ‘closure temperature’. This was defined as “the temperature of an isotopic
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Sample Unit
Number

TABLE 3.2
Previously obtained isotopic age data from the Calabrian Arc

K-Ar(Bi) Rb-Sr(Bi) K-Ar(Ms) Rb-Sr(Ms) Rb-Sr(Fs) K-Ar(WR) Rb-Sr(WR) U-Pb (Zr)

U-Pb (Mz)

ALPINE GROUP

Borsi and Dubois (1968)

3f Bagni

3h Castagna
3i Castagna
4a Castagna
4b Castagna
4c Castagna
4d Castagna
4f Castagna
5 Frido

217+6*
19116+ 26218*
120+4+ 118+4*
237+7*
25518*
25918* 25918*
162+5% 254+8* 281+9*
67137 58+2*
49+2¢

* Recalculated using A37Rb = 1.42 x 10-11/yr
T Recalculated using recommended IUGS standards

Schenk (1980)
KAL-42 Castagna
KAL-51 Castagna

HERCYNIAN GROUP

Ferrara and Longinelli (1961)
- Plutonic
- High-grade Met

43+1 268+4
21442

273+14>
135+26*

* Recalculated using A37Rb = 1.42 x 10-1}/yr

Borsi and Dubois (1968)

la Plutonic
1b Plutonic
1c Low-grade Met
1d Low-grade Met
2a Plutonic
2b Plutonic
2c Plutonic
3a High-grade Met
3b High-grade Met

3c High-grade Met

296+10*
298+9*
292+8*
259+8*
290+9*
297+10*
29348*
173+6*
183+6*
21247*
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—§ample Unit K-Ar(Bi) Rb-Sr(Bi) K-Ar(Ms) Rb-Sr(Ms) Rb-Sr(Fs) K-Ar(WR) Rb-Sr(WR) U-Pb(Zr) U-Pb(Mz)
Number
3d High-grade Met 10743*
3e High-grade Met 187+6*
4e High-grade Met 189+6*
* Recalculated using A37Rb = 1.42 x 10-11/yr
Civetta et al. (1973)
CVi1 Plutonic 139+5¢ 16418+
cv2 Plutonic 137+4% 20016t
Cv3 Plutonic 136141 158161
CV6 Plutonic 154+4% 294+4 o*
CVv9 Plutonic 16115+ 29444 o*
Cvi10 Plutonic 171+£5¢% 29414 o*
Ccvii Plutonic 13115+ 13315%
CVv13 Plutonic 134144 168+5t
CV15 Plutonic 14615%
CV16 Plutonic 145+4%
Cv17 Plutonic 154+5%
CVis Plutonic 12844+
CV20 Plutonic 150+4+
Cv23 Plutonic 1856t
* Recalculated using A87Rb = 1.42 x 10-11/yr
T Recalculated using recommended TUGS standards
a Isochron age
Borsi et al. (1976)
1 Plutonic 289+5*
2 Plutonic 26819*
3 Plutonic 27818*
4 Plutonic 28115*
5 Plutonic 270+5*
6 Plutonic 24417+
7 Plutonic 238+7*
8 Plutonic 27144*
9 Plutonic 276+4*
10 Plutonic 236+7*
11 Plutonic 203+4*
12 Plutonic 200:6*
13 Plutonic 230+8*
14 Plutonic 2611+5*
15 Plutonic 24316*
16 High-grade Met 139+13*
17 High-grade Met 147+6*
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= Sample Unit K-Ar(Bi) Rb-Sr(Bi) K-Ar(Ms) Rb-Sr(Ms) Rb-Sr(Fs) K-Ar(WR) Rb-Sr(WR) U-Pb(Zr) U-Pb(Mz)
Number .
18 High-grade Met 131+16*
19 High-grade Met 15247*
20 High-grade Met 14244*
21 High-grade Met 13414 *
22 High-grade Met 137+4*
23 High-grade Met 139+11*
24 High-grade Met 137+6*
25 High-grade Met 137+14*
26 High-grade Met 141+5*
27 High-grade Met 149+7*
28 High-grade Met 14919*
* Recalculated using A87Rb = 1.42 x 10-11/yr
Lorenzoni & Zanettin-Lorenzoni (1976)
- High-grade Met 125+2%
1 Recalculated using recommended IUGS standards
Wieland (1979)
- Plutonic 284114
Schenk (1980)
KAL-147 High-grade Met 108+1 14747 29612
KAL-808 High-grade Met 11441 14419 29612 a
KAL-85 High-grade Met 11241 14119 29612
KAL-370 High-grade Met 88+1
KAL-657 High-grade Met 10111
KAL-90 High-grade Met 28343
KAL-420/94  High-grade Met 135%1 17615 29815
KAL-170 High-grade Met 13241 29612 a 289+2
KAL-168 High-grade Met 13441 29613
KAL-489 High-grade Met 29043
KAL-491 High-grade Met 114+1 20344
KAL-879 High-grade Met 1341 29143
KAL-887 High-grade Met 85+1 29317 a
KAL-730 High-grade Met 1331 29512
a - Lower intercept ages
Del Moro et al. (1982)
P-80-1 Plutonic 29319 a
P-80-2 Plutonic 25614 29319 a
P-80-3 Plutonic 258+4 28746 29319 a
P-80-4 Plutonic 29319 a
P-80-5 Plutonic 25244 28745 29319 a

S0 WAWIASEY AUV UeLqere) YL

6¥



" Sample Unit K-Ar (Bi)  Rb-or(Bi) K-Ar(Ms) RbD-Sr(Ms) Rb-Sr(Fs) K-Ar(WR) Rb-Sr(WR) U-Pb(Zr)  U-Pb(Mz)

- Number _
P-80-6 Plutonic 29349 a
P-80-8 Plutonic 28745 29349 a
P9 Plutonic 29319 a
P-84 Plutonic 29349 a
P-185 Plutonic 29349 a
P-194 Plutonic 29349 a
a - Capo Rascalmo isochron age
C-80-1 Plutonic 28614 318+7 v
C-80-2 Plutonic 19543 28616 318+7 v
C-80-3 Plutonic 318+7 v
C-80-4 Plutonic 28314 29671 318+7 v
C-80-5 Plutonic 3187 v
C-80-6 Plutonic 3187 v
C-80-7 Plutonic 31817 v
C-80-8 Plutonic 3187 v
C-80-9 Plutonic 28544 282+4
CATA43 Plutonic 31817 v
CAT 64 Plutonic 318+7 v
CAT 261 Plutonic 318+7 v
b - Villa san Givanni isochron age
C-80-10 Plutonic 40817 ¢
C-80-11 Plutonic 291144 289+5 408+17 ¢
C-80-12 Plutonic 408+17 ¢
C-80-14 Plutonic 28415 408£17 ¢
C-80-15 Plutonic 288+4 408+17 ¢
C-80-16 Plutonic 408+17 ¢
C-80-17 Plutonic 408+17 ¢
C-80-18 Plutonic 408+17 ¢
C-80-19 Plutonic 408+17 ¢
C-80-20 Plutonic 28915 408+17 ¢
C-80-21 Plutonic 408%17 ¢
CN4 Plutonic 408+17 ¢
GE 72 Plutonic 408%17 ¢
CN120 Plutonic 408+17 ¢
CN176 Plutonic 408+17 ¢

¢ - Cittanova isochron age

Nicoletti (1984)
A Plutonic 27319 27548 2387
B Plutonic 26418 29218 23617
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= Sample Unit K-Ar (Bi)  Rb-Sr(BI) K-Ar(Ms) Rb-Sr(Ms) Rb-Sr(Fs) K-Ar(WR) Rb-Sr(WR) U-Pb(Zr)  U-Pb(Mz)
Number

Zuppetta et al. (1984)

Low-grade Met 21743
Rottura (1985)
B232 High-grade Met 103+4
B246 High-grade Met 13515
B83 High-grade Met 89+1
Bonardi et al. (1987)
- High-grade Met 25-30
Atzori et al. (1990)
P-85-1 High-grade Met 26248 284+10
P-85-4 High-grade Met 28018 286110
P-85-5 High-grade Met 13744
P-85-6 High-grade Met 17345
P-85-7 High-grade Met 28148 28249
G2 High-grade Met 289+8
G32 High-grade Met 29219
G67 High-grade Met 29119
G100 High-grade Met 29149

Determinations with other isotopic techniques

Ferrara et al. (1959)
High-grade Metamorphic : U-Pb (Uraninite) - 200+30

Rottura (1985)
High-grade Metamorphic : K-Ar (Homblende) - 323+11

Schenk (1989)
High-grade Metamorphic : Sm-Nd (Gamet) - 214+10

$Y00Y Juowdsey Ay UBLQE[ED) Y],

IS



The Calabrian Arc Basement Rocks 52

system at the time represented by its apparent age”.

Kinetic theory predicts that the closure temperature will be highly influenced by
activation energy, and be sensitive to grain size and the rate of change in temperature. A
large activation energy is required for volume diffusion, which means that the process will
occur over a narrow temperature interval (i.e. the closure temperature). The effects of grain
size and cooling rate on closure temperature have been investigated by Harrison (1981) for
argon diffusion in hornblende. This shows that for most realistic geological cooling rates
these effects can be incorporated into an error of +50°C.

One major problem with the closure temperature concept is the difference in the
kinetic behaviour of the diffusion process during heating and cooling. The closure
temperature of a mineral is often assumed to be identical to the opening temperature (i.e. the
temperature of an isotopic system when its age is reset to zero). However this is very rarely
true. The temperature that isotopes start to become lost from the system is often quite
different from the closure temperature. Zeitler (1989) quotes a rough rule of thumb that
states that if a mineral is heated to a defined closure temperature then the isotopic system
will become reset to zero age after approximately 10Ma. To achieve total resetting after 1Ma
would require heating the system some 50-100°C above its defined closure temperature.
From this it follows that although most isotopic ages will represent a cooling age, it is also
possible that the age may have been partially reset by a short-lived heating event.

The interpretation and nature of cooling histories derived from isotopic age dating
methods have been dealt with in detail by Harrison and Clarke (1979) and Harrison ef al.
(1979). The simplest case scenario is when a pluton is intruded into a cool host rock,
producing a large thermal contrast. The result is that the pluton cools rapidly and a concave
temperature-time curve results. In cases where no thermal contrast exists, such as a
regional metamorphic terrain, then the rock will cool slowly a first, then progressively
quicker as overburden is removed. This produces a convex cooling curve.

Examples of the variations of model that can be produced by the resetting of
isotopic systems are shown in Figure 3.4 (x denotes partial melting and different mineral

age systems are denoted as m). Figure 3.4a shows the cooling history of a pluton intruded
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Figure 3.4 (a) Simple cooling history of pluton unaffected by
any post-emplacement thermal events. (b) Cooling history
interrupted by thermal event that resets all mineral ages.

(c) Complex cooling history affected by a thermal event that
only partially resets the mineral ages. The apparent cooling
histories are shown by the dashed line. (x- partial melt,
m-mineral age)

(after Harrison et al., 1979)
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into a cool host rock. However if a thermal event occurs that resets all the mineral ages, as
is shown in Figure 3.4b, then the data may be interpreted as either a rapid cooling event or
a resetting event. In the most complex case a short-lived thermal pulse could occur that only
partially resets the mineral ages (Figure 3.4c). The effect of this pulse is to differentially
reset the different mineral ages, with the more resistant high temperature systems less
affected than the low temperature systems. Therefore what appears to be a gradual steady

cooling curve could be masking a genuinely episodic thermal history.

3.3.3 Relevant Closure Temperature Values

The calculation of closure temperature values for different isotopic systems and minerals
and the problems associated with their use have been reviewed by a number of authors,
including Cliff (1985), Harland eral. (1989) and Hurford (1991). However, it should be
borne in mind that despite the widespread use of isotopically determined mineral ages in the
geological literature there are still a large number of uncertainties involved with the
application of the closure temperature concept. Therefore when attempting to quantify
cooling histories large errors are unavoidable.

The relevant closure temperature values for the main isotopic systems used to
determined ages for the basement rocks of the Calabrian Arc are summarised below with
important references:

K-Ar (biotite) :300+50°C (Purdy and Jéager, 1976; Tumer and Forbes, 1976;
Del Moro et al., 1982; CIliff, 1985)

K-Ar (white mica) :350+50°C (Purdy and Jdger, 1976)

K-Ar (hornblende) : 500+ 50°C (Harrison and McDougall, 1980; Harrison, 1981;
Zietler, 1989)

Rb-Sr (biotite) :300+ 50°C (Purdy and Jéger, 1976; CIiff, 1985)

Rb-Sr (white mica) : 500+ 50°C (Purdy and Jiger, 1976)

Rb-Sr (feldspar) :350 £ 50°C (Harland et al., 1989)

Rb-Sr (whole rock) :650-800°C (Harland et al., 1989)

U-Pb (zircon) :>750°C (Parrish and Tirrul, 1989; Searle and Tirrul, 1991)














































































































































































































































































































































































































































































































































































































































































