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ABSTRACT

Calabrian Arc and &stern Sicily(Southern Italy) are charactegx by flights of
coastal terraces occurring in various geological domains. These features are formed
by interaction betweethe glaio-eustatic sea level changes dmte Quaternary

uplift. Indeed, mce Middle Pleistocene timeshis region of the central
Mediterranean has been mostly affectedeltensionaland transcurrentectonics

that have been coupled with a strong regional uplith values of ~1 mm/yr along

the Tyrrhenian and lonian coasius,by combining ages and elevations of inner
edges withthe OIT stages of high sdavel stands, it is possible to accurately
evaluate the uplift rates of coastaleasand to discriminate, where possible, the
regional and local components of uplifit this purpose, in this thesis ti@ptically
Stimulated Lunmescence (OSL) methdths been usednainly for its applicability

to the detrital minerals of therraced sediment (i.e. qugrend for its accuracy.

The research project is based on interdisciplinary study that involved the PH3DRA
(Physics for Datingdiagnostic Dosimetry Research and Applications) laboratories

of the Department of Physics and Astronomy of the Catania University, where
preparation of geological samples, measurements and analysis of results were
carried out, in order to optimize the dwfiprocedure and to obtain OSL age of
samples collected from the studied terraced depositse&ch sites the structural

and geomorphological issues have been dealt with and then samples dfissands
been collected from the studiedeas.Four key sitescharacterized by different
tectonic setting, have been chosen: Amendolara (eashern Calabria), Capo
Vaticano peninsul a (western C a-dastdorr i a) ,
Sicily), Terreforti Hills (eastern Sicily).For the first site, the OSLldating
methadology on quartz grains failed.

Quaternary terraced depossitcroppingon the Capo Vaticano peninsuteave

been investigated in order to obtain new chronological estim&@&i. ae



determinationscorrelated with geological and morphological vieences have
provided new constraints for correlating the distinct orders of marine terraces with
the last seven interglatistages of the eustatic curvihis correlation indicates that

in the MiddleLate Pleistocene this portion of the southern CadabArc was
affected by a vigorous uplift characterized by rates up to ~2 maggompanied by
faulting and tilting of the peninsula towards the northeast

Alongthe <coast al s e c t dlitello bhé geGnaorphological survay d i
and the analysis oftereepairs of aerial photographs allowed to recognize at least
five main orders of welpreserved Quaternary surfaces andtre¢ deposits. They

are mostly located on the hangingll and onthe footwall of the Pleistocene
northwestd i ppi ng C adow o norn@ld @ult, awmich controlled the
geomorphological evolution of the coastal area. In order to better define the whole
terrace chronology, degit samples were analysed KYSL methodology, a
conventional singlaliquot regenerativelose (SAR) protocolsed wih sandsized
guartz. New datingtogether with the detailed morphostructural analysis, allow to
relate the # and 4" order terraces to MIS 5.5 and 8.5, respectively, and to
reconstruct the tectonic evolution of this coastal area, constrainirgtikiy of the
Capo déOrlando fault.

Coastalalluvial terraces outcropping in the area between Mt. Etdzano and the
Catania Plaink nown as t he ,fthhte franteof therSicilian fdld &ntl s 0
thrust systemwere analyzedThe obtained OSL ags were consistent with the
normal evolutionary model of a terraced sequence, moving fromighest to the
lowest elevations and the nelata allowed us to determine a mean uplift rate of 1.2
mm/yr during the last 330 ka, mostly related to regional tuptibcesses coeval to
Quaternary sekevel changesMoreover the two highest order terraces are folded,
forming the large Terreforti anticline According to our analysis, thianticline
represent ahrust propagation fold developed at the fromt the Sidlian chain
between 236 and 197 ka ago.






INDEX

INDEX
INTRODUCTION
CHAPTER1T TECTONIC FRAMEWORK

1.1- GEOLOGICAL SETTING
1.2- COASTAL TERRACES AST®OL FOR DETERMINING/ERTICAL DEFORMATION

CHAPTER21T OSL METHOD OLOGY

2.1- OSLDATING. HYPOTHESIS
2.2- PRINCIPLEOSL
2.2.1- SMPLE MODEL ONE TRAPONE CENTER
2.3- OSLDECAY CURVE
2.4- NATURAL RADIOACTIVITY
METHODOLOGY
2.5- SAMPLING COLLECTION
2.6 - SAMPLE PREPARATION FRROSLMEASUREMENTS
2.7 - QUARTZ AS DOSIMETER
2.8- OSLMEASUREMENTS
2.8.1- SNGLE-ALIQUOTREGENERATIVEDOSE(SAR)PROTOCOL
2.8.2- REJECTION CRITERIA
2.9 - DISCUSSION OF DATINRESULS. ANALYSIS OB DISTRIBUTION AND STASTICAL MODEL
2.10- DOSE RATE DETERMINADIN
2.10.1 - RADIOACTIVE DISEQUILBRIUM

CHAPTER 37 LUMINESCENCE CHRONOLO GY OF PLEISTOCENE MA RINE TERRACES OF
CAPO VATICANO PENINS ULA (CALABRIA , SOUTHERN ITALY )

3.1- INTRODUCTION

3.2- GEOLOGICAL AND GEOMORHOLOGICAL SETTING
3.3- OSLMEASUREMENTS

3.4 - AGE RESULTS AND CORRETIONS

3.5- DISCUSSION

3.6- CONCLUSIONS

CHAPTER4 T MIDDLE -LATE PLEISTOCENE MAR INE TERRACES AND FAULT ACTIVITY IN
THE SANTOAGATA DI MILITELLO CO ASTAL AREA (NORTH-EASTERN SICILY )

4.1- INTRODUCTION
4.2 - GEOLOGICAL SETTING
4.3- MARINE TERRACES ALONTHE SANTO AATA DIMILITELLO
4.4- LUMINESCENCE DATING
4.4.1 - SAMPLE COLLECTION ANDPREPARATION
4.4.2- MEASUREMENTS ANDESULTS



INDEX

4.5 - AGE RESULTSCORRELATIONS AND DEFRMATION PATTERN
4.6 - CONCLUSIONS

CHAPTERS5T OSL CHRONOLOGY OF QUATER NARY TERRACED DEPOSITS OUTCROPPING
BETWEEN MT . ETNA VOLCANO AND THE CATANIA PLAIN (SICILY , SOUTHERN ITALY )

5.1- INTRODUCTION
5.2- GEOLOGICAL SETTING

5.3 - STRATIGRAPHICAL AND EOMORPHOLOGICAL FEAURES
5.4- OSLDATING
5.4.1 - EXPERIMENTAL DETAILS
5.42 - SNGLE GRAIN R DISTRIBUTION AND BLECHING
5.5- AGE RESUWTS, CORRELATIONS AND GHDYNAMIC CORRELATIONS
5.6- CONCLUSIONS

CONCLUSION
APPENDIXA T INSTRUMENTATION

REFERENCES






INTRODUCTION

INTRODUCTION

Calabrian Ac and Eastern SicilySouthern Italy)are regionsof the central
Mediterranean where the effects of Quaternary tectonic events are well preserved

Since Middle Pleistocene times, tectopimcesss have been coupled with a
strong regional upliftwith values of ~1 mm/yr along the Tyrrhenian alashian
coasts \(Vestaway, 293; Bordoni and Valensise, 199®ianca et al., 1999;
Catalano et al., 2003Late Quaternary uplift, associated with the glamustatic sea
level changes, described by the global eustatic curw&axflbroeck et al. (2002)
cawsed the development of prominent flights cafastalterraces that represent a
peculiar morphological feature of this are&alensise and Pantost, 1992;
Westaway, 1993; Bianca et al., 1999; Catalano and De Guidi, 2003; Catalano et al.,
2003; Tortorici et B, 2003. Coastakerraces originated from vertical displacement
above sea level (a.s.l.) of erosional or depositional surfaces formed during a relative
sealevel stand with their inner edges (i.e. a palaeoshorelliey mostly represent
the morphologial record of one of the relative maximum higtiands reached by
the sea level during a main interglacial stagedm et al., 1971 Considering ~130
m of utmost Pleistocerdolocene eustatic oscillatisn(Shackleton and Opdyke,
1973; Chappell and Shackbet, 1986; Lajoie, 1986Pirazzoli, 1991 Westaway,
1993 and that the presedfay sea level is very close to the Quaternary maximum
(Chappell and Shackleton, 1988&razzoli and Suter, 1988juhs, 1992 Westaway,
1993, the presence ofoastalterraces searal hundred metres above sea level
indicates tectonic uplift. Thus, the reconstruction of the elevation changes of a
raised palaeoshoreline is helpful in evaluating the amount of tectonic deformation of
a region.Moreover, he elevation of terraces ancethoffset across the main faults

could be used to establish the relative contribution of regional andrédatied



INTRODUCTION

sources to upliftHence he chrowlogical datum oterrace formation appearf
primary importancebecause their dating shoutdovide anunderstanding of past
sea level fluctuations, which are interlinked with global climate craage/or
local tectonic movemest As regards the geochronologyere area few direct
dating methods which can establish the time of deposition of sedimdrgse T
methods (e.g. radiocarbon, -déries, Electron Spin Resonance, ArmAwd
Racemization ...) are all applied to fossil shells and restricted to fossiliferous
marine terraces. Their accuracy may be hampered by the poor preservation of the
marine faunarfiolluscs and corals) or the presence of untraceable reworked shells.
These difficultieswill be overcome by the use of an independent dating technique,
such as the Optically Stimulatédminescence (OSL) methddiuntley et al., 1985
Aitken, 1999, whose pplicability is turned to detrital minerals of the terraced
sediment itselfi.e. quartz and feldspars

In this thesis, @A interdisciplinary studyhas been carried out in order to
accurately date flights duaternary terraces located in key areas ofGakabrian
Arc and eastern Sicily (Fig. 13nd evaluate thevertical deformation ratesboth
local ard regional, of the coastal areas where they are located. InHaatggearch
projectinvolved thePH3DRA (Physics for Dating Diagnostic Dosimetry Reskar
and Applications) laboratories of the Department of Physics and Astronomy of the
Catania University, where preparation of geological samples (based on
mineralogical composition), measurements (based on physical behaviour of
mineral) and analysis of ressili{based on the dating model) were carried out, in
order to obtain OSL dating of samples collected from the studied terraced
sequences.

The thesis starts (Chapter 1) with the descriptiothefjeological setting of the

studied areas and of theoastal teraces as a tool fodetermining vertical
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deformation. In factcomparingthe altitude distribution ofnner edge of coastal
terraces with available absolute datimgults the pattern of the regional signal of
uplift can be reconstructed.

Chapter 2 trea thebasic principles of the OSinethodologythe hypothesis of
applicability, and some¢ess that minimize all the issues regarding the geological
dating of samples. The application ofodified singlealiquot regeneration dose
(SAR) protocol (urray ard Wintle, 2000, 200Bto sand grained quartz, both to the
small aliquot and single graino determinate the equivalent dos&)( are then

investigated

In Chapter 3the Quaternary terraced deposits exposed on the Capo Vaticano
peninsula \Western Calaba) are investigated in order t@dculate the regional
uplift, eventually identi§ing differently uplifted sectons, andto recognise the
interaction with possible local faulelated deformatio Six samples collected
from unconsolidated sediments asateil with the majorcoastalterraces are

analysed by OSlLo obtain new chronological estimates.

InChapter4he coastal sector of -essemSidyigat a d
examined. This area characterized by a flight of raised Midelipper Péistocene
coastalterraces occurring at different heights with respect to the present sea level.
New OSL dating of Pleistoceneterracel deposits, together with detailed
geomorphological survegnd the analysis of stergmirs of aerial photographs
allow the reconstruction of the tectonic evolution of this coastal area and to
constrain the relationships betweenastalterracing and normal faulting in a

precise time range.
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In Chapter 5 théTerrefortiH i | dites(sutherreast Sicily is studied. In order
to understand thlcal tectonic processes, related to the migration of the front of
the Sicilian chainfive samples belonging to a fhigof coastalalluvial terracehave
beencollectedto date thedeposits using th©SL method. Here, unlike the other
sites, the modified SAR protocol on single gra{hsurray and Roberts, 1998;
Roberts 1997 Roberts et al 1998, 1999; Olley et al., 199% applied rather than
on small aliquots where the larg@mber ofD. values obtained for each sample
This permits the rejection of data from individual grains that can adversely
influence the dose distributions of a sample &mdptimizethe calculation oDe
used in the age equaticand then the chronological attribution of the studied
terraces

Google earth

Fig. 1- Invedigated sites irurrentthesis.
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Chapterl
TECTONIC FRAMEWORK

1.1 GEOLOGICAL SETTING

Eastern &ily and Calabria (see Fig. fepresenkey areasfor understanding the
tectonic processethat since PliePleistocene time have interested the Southern
Italy. In particular, he CalabrePeloritan Arc(or simply Calabrian Arc) developed
during the NeogeneQuaternary NNWSSE convergence between African and
Eurasia plates andoupled to the subduction of the oceanic or transitional lonian
slab lithosphere beneathe SardiniaCorsica block to the NWMalinverno and
Ryan, 1986; Dogbni, 1991 Faccenna et al, 2007 These processes have
accompanied the growth of the Tyrrhenian baok basin in the wake of the
progressive SE migration of the subduction hinge aaol isil-back.

Despite plate convergence occurred at a ratedtn/yr since the last-6 Ma,
the Calabrian Arc experienced rapid E to 8iotion at a rate of B cmlyr
(Malinverno & Ryan, 1986 Motion was related to rebback of the subjacent lonian
transitional to oceanic crust and baaic extension in the Tyrrhenian Sleackarc
basin behind Gueguen et al., 199&accenna et al., 200Rosenbaum and Lister,
2009), even if during the Middlate Pleistocene, rebback and subduction slowed
to less tha 1 cm/yr Faccenna et al., 20p1

The location and geometry of the slab are well established by deep earthquakes
and seismic tomographic images down to 500 km beneath the southern Tyrrhenian
Sea Giardini and Velonal991;Amato et al., 1993Selvaggi andChiarabba1995;
Wortel and Spakman, 2006accenna et al.,, 2002007; Chiarabba et al., 2008
Recent studiesNeri et al., 200p have highlighted that a slab detachment might

have occurred in the ndwrn and southern parts of thacAbeneath northern
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Calabria and nortleastern Sicily. This event might have been prompted by a

reorganization of the plate kinematic framework of the central Mediterranean that,
according toGoes et al. (2004and Jenny et al. (2006)occurred in the Ndidle

Pleistocene.

STRUCTURAL DOMAINS
IN THE CENTRAL MEDITERRANEAN

150 km

CALABRIAN ARC

IONIAN BASIN

/\/\

SARDINIA TECTONO- APENNINIC CHAIN EMERGED FORELAND
STRATIGRAPHIC UNITS UNITS LITHOSTRATIGRAPHIC
UNITS

- CALABRIDE CHAIN UNITS r ‘Eﬂgrlkwms- SYSTEM - VOLCANICS

7

e Sarcinia-Corsica Block upon " Calabrica Unils upon the N Apannensc Chain upon T Thrust System” (Pelagian ™ faulls
Calabride Units Apanninic Chain “—  the Foreland Undts and the External  Sicilian and Apulian Thrust Belt)
Thrust System

Regional overthrust of the Regional overthrust of the External fronl of the N, Thustfrontofthe Extemal . Man normal and stike-sig

Fig. 1- Structural domains in the central Mediterran8aa(Finetti et al., 200p

Since the Middle Pleistocene, the region has been affected by strong uplift,

which causedto the development opectacular flights omarine terracesalong

coastal arem and, on land, a deep entrenchment of rivers with the consequent
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deposition of alluvial and/or transitional coarse grained sediments along the major
depressions on top of pelagic sequenfiésmas et al.,, 1982; Ghisetti, 1992;
Valensise and Pantosti, 199&estaway, 1993; Miyauchi et al., 1994; Bianca et al.,
1999; Catalano and De Guidi, 2003; Tortorici et al., 2003; Ferranti et al., 2009;
Caputo et al., 20)0The formationand the preservation ¢érraces were the result
of the interactiorbetweenuplift and Quaternary cyclic sekevel changesHKosi et
al.,, 1996; Carobene and Dai Pra, 1991; Westaway, )1996lift has been
interpreted as a response to asthenospheric flow into the gap resulting from slab
detachment\(lestaway, 1993; Wortel and Spakman, 2060es et al., 2004 or as
being supported by asthenosphere wedging beneath the decoupleéiicrust él.,
1997; Doglioni et al., 2001; Gvirtzman and Nur, 1398 as due to viseelastic
response to sedimentary flux from land to sea triggered by eatiaerosion
following onset of glacialnterglacial cycles\(Vestaway and Bridgland, 2007

The Pliocenguaternary evolution of the Calabrian Arc has witnessed the
coexistence otwo different deformation regimes at crustal levels. Whereas the
western (Tyrhenian) and axial sectors of Calabria and lonian shore of Sicily were
dominated by Quaternary extension tectonic regime, still active tédayaco and
Tortorici, 2000, the NE and SW boundaries, and large part of the eastern (lonian)
marginwereinvolved by Quaternary strikeslip and contractional deformation. As a
matter of fact, a NWrending system of righbblique faults(AeolianTindark
Letojanni Fault, ATLF)with transtensional diranspressional features runs between
the lonian sideof NE Sicily ard the eastern Aeolian archipelagBig. 2), and
currently separates extension in the east and contraction in the Rest et al.,
2003; Billi et al., 2006; 2007; Argnani et al., 2007; Mattia et al., 20D8is system
hasbeen interpreted lika transfom fault, permittingthe SSEward migration of

the Arc front, at the expense of the oceanic lonian B@gePalano et al., 201and
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reference therein)lo the north, lng the lonian side of centrabrthern Calabria
andBasilicata region, transpressiomagimeand shortening are documented by the
deformation ofcoastalterracesand folding of the se#loor (Ferranti et al., 2001
although the area lacks a seismic signat@erénti et &, 2009; Santoro et al.,
2009;Caputo et al., 2010

Senthern i a Southern
Tyrrhenian . -\ o Aeolian V":f:a‘""‘"
Sea t Archipelago . & Stromboli
Filicudi Salina g Panarea
’ Alicudi
N
. t
Tindasi- )
. Letojann
Aeolian U fouli system
Archipelago % .27 ¢ () salina
L — " L Southern
= o Tyrrhenian
: ' Lipari Sea
2 Volcano K
- 5ot J"\Vulcamu
Mol Escarpment \Q Miarsili hasin ' .‘\ M
Fault system A
[+ Crystalling units of I e
%1 Calabrian Arc X !
T Apennine-Maghnchian ) [4OP)
Chain ) ey
N \ 2 M) K .
Therwst Fault It <\ N
T ! Sicily . [
. A Normal faude =AY T
0 S0 km lonian Sea N
——— \ Strike-slip fanlt 0 20 km|
- 15 April 1978: M=5.5

Fig. 2- @), b) Location and structural sketch map of Southern Tyrrhenian Sea, Aeolian Islands and
Sidly modified from C.N.R., 1991c) Epicenters of shallow25 km. earthquakes in the Lipari
Vul cano s ect o4etojanind faulh syster Tatanfrdraleriiet al., 1991, 1996The
epicenter and the focal mechanism of the 15 April 1978 5Msearthquake is also reported data
from Gasparini et al., 1988/entura et al., 1999

The western and northerboundaries of theArc have acted as distributed
railways for SE migration of thArc (Fig. 1;Malinverno and Ryan, 198&an Dijk
et al., 2000; Tansi et al., 200%nd are thought to be tear faults in the underlying
lonian slab Ricolich et al., 2000;Doglioni et al., 2001; Faccenna et al., 2007;
Chiarabbaet al, 2008; Rosenbaum et al., 200Z7he Neogee-Quaternary frontal

wedges aremplaced upon the lonian abyssal plain or upon the flexed sectors of the
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Hyblean and Apulia foreland, which are in turn involved in deep contraction
forming a thrust and fdl system Plio-Pleistocene foredeep basins (GElatania
and Bradano basin in Sicily and southern Apennines, respectively) have developed
between the chain front and the foreland. The frontal belt in eastern Sicily is
characterized by thrust propagatiordf® (Labaume et al., 1990; Monaco et al.,
2002, and compression seems responsible for crustal seismidityina et al.,
1997; Lavecchia et al., 2007

Starting fromLate Pliocene, and more markedly in the Quaternary, concurrently
with backarc extensionin the Tyrrheman Sea, the inner side of thercA has
experienced extensional deformation accommodated BWSWE NNESSW, and
N-S striking normal fault system@ousquet et al., 19805hisetti, 1984, 1992;
Tortorici et al., 1995; Valensise and PantostD2)9Extensional tectonicalong the
inner side ofthe Arcaccompaniedhe Quaternaryplift. The main regional feature
is representedby a promirent normal fault belt (Fig3) that runs more or less
continuously along th&yrrhenianside ofCalabrianasfar asthe Strais of Messina
areawhere it crosses the chajpining to the Malta Escarpment fault systafong
the lonian coast of Sicily as far as the eastsvnondary of the Hyblean Plateau
(Palano et al., 20)2Extension along this fault system h@3VNW-ESE azimuth,
as documented by structurdlqtorici et al., 1995; Monaco et al., 1997; Jacques et
al., 200), seismological (CMT and RCMT catalogues) and GNSS velocity field
(D6Agostino and Selvaggi, 2004 ; Goes
investigations.

Extension is spatially correlated with a strong crustal seismicity, whose
distribution CPTI Working Group, 2004coincides with the dowthrown part of
the Arc in the hangingvall of normal faults.The distinct fault segments are

characterizedby very young morphology and control both the major mountain
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fronts of the region (Catena Costiera, Sila, Serre, Aspromonte, Peloritani, Hyblean
Plateau) and the coastline of southern Calabria (Capo Vaticano, Palmi high and
Messina Straits). In easterncBy (Fig. 3) the fault system is mostly located
offshore and controls the lonian coast from Messina to Taormina joining to the
system of the Malta Escarpment from the eastern lower slope of Mt. Etna to the
south {alensise andPantosti, 1992; Westaway, 9% Tortorici et al., 1995;
Stewatrt et al., 198 Bianca et al., 1999; Monaco andrtorici, 200Q 2007; Jacques
et al., 2001; Neri et al., 206

Sq the late Quaternary tectonics of the Calabrian Arc reflects the interplay of
different processesWestavay, 1993. This may be reflected by the existence,
within the deformation profile of the flights abastaterraces, of both a longnd a
shortwavelength signal, the former related to lower subcrustal processes and
the second arising from upper stal displacements. ggording to Westaway
(1993) 1.7 mm/yr of postMiddle Pleistocene uplift of southern Calabria is
subdividedinto 1 mm/yrregional (or deep) processes and the residual tabdittd
displacemenion major faults, and mostly ressilin footwall uplift. Minor (0.5
mm/yr) cumulative Quaternary uplift rates have been found in SE Sicily, suggesting
a decrease of either, or both, the regional and local magnitudes of displacement
(Bianca et al., 1999; Scicchitano et al., 20D8{ton et al., 209).

10
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"EURASIANE

Magnitudes

12E 14E ' 18°E

Fig. 3 - Simplified tectonic map of the Sicilia@alabrian area. Tectonic structures in the lonian Se
redrawn from Polonia et al. (2011) I nstrument al seismicity
(http:/lisiderm.ingvit): white for events occurring at depth h <30 km; yellow for those occurring
depth ranging between 30 and 200 km; red for those at depth >200 km. Focal mechanisms (F
events with magnitude >3.0 are also reported according to the faulting stydesdmadefinitions by
Zoback (1992)red for strikeslip, blue for thrust faulting and black for normal faulting. Abbreviation:
are as follows: ATLF, AeoliafTindari-Letojanni fault system; Ce, Cefalu, MtE, Mount Etna; CM,
Capo Milazzo; Sa, Salina Islandu)Vulcano Island, Us, Ustica Island; HP, Hyblean Plateau. Tt
Africa-Eurasia plate configuration is shown in the in&&®A, CalabrePeloritan Arc; Sar, Sardinia

(Palano et al., 20)2

11
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1.2 COASTAL TERRACES AS A TOOL FOR DETERMINING VERTICAL
DEFORMATION

Coastal terracessymbolize useful markers to evaluate uplift movements
occurring in tectonically active regions. In a coastal region, the occurrence of a
flight of coastalterraces represents the result of the interaction betweertdomng
tectonic uplitand Quaternary cyclic sdavel changesljoie, 1986; Westaway,
1993; Carobene and Dai Pra, 1991; Cinque et al., 1995; Bosi et al., 1996; Armijo et
al., 1996; Bianca et al., 19P%hich are represented in the global eustatic curve
derived from the Oxygetsotope Time (OIT) scale. This curv&iackleton and
Opdyke, 1973; Imbrie et al., 1984; Chappel and Shackleton, 1986; Martinson et al.,
1987; Bassinot et al., 1994; Chappel et al., 1996; Waelbroeck et al), stifils a
cyclic trend characterized by peaksrresponding to distinctoastalinterglacial
high-stands, represented by the eddnbered Marine Isotope Stages (MIS) and
marine glacial lowstands, indicated by the evaombered MIS. The absolute sea
level changes range from about 130 m below theeptesedevel, during the last
glacial maximum, up to 6 m above the presentleeal during the Eutyrrhenian
interglacial period (MIS 5.5, 124 ka).

The inner edge of terraced surfaces and the alignments of marine caves and
notches carved in the coastaiffsl represent a remarkable record of thelaeo
shorelines formed at sea level during a marine-siihd. More usually the inner
edges of the terrace surfaces represent the palawelines corresponding to the
main eustatic higistands of the refereacglobal eustatic curve, related to the
interglacial periodsEloom et al., 1974; Lajoie, 1986; Bosi et al., 1996; Caputo,
2007). Taking into account that presestdy sea level is very close to the Quaternary
maximum, the presence obastalterraces at seral tens or hundred metres a.s.l.

indicates tectonic uplift. This implies that strands of terraces and psit@eelines

12
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are visible only in uplifted regions with the number of orders rising with the
increasing of the uplift rate. By combining ages atelations of palaeshorelines
with OIT stages of high sdavel stands and absolute degel variations it is thus
possible to accurately evaluate the uplift rates of rising regidfesigway 1993;
Armijo et al. 1996; Bosi et al. 1996

In order to evalate the Quaternary uplift of the studied areas, we detailed the
distribution ofcoastakerraces. Theoastakerrace surfaces with their relative inner
and outer edges have been mapped over the whole area using the 1:25.000 scale
topographic maps othe Istituto Geografico Militare, SPOT satellite images and
1:33.000 and 1:10.000 scale aerial photographs. This was coupled with detailed
field observations that in the most important areas have been traced on 1:10.000
scale topographic maps. Inner edgdsclv have been mapped with an error margin
in the elevation of £5m. However, this margin basically depends on erosion and
depositional processes following the emergence of the terraces and is negligible in
estimating the longerm Quaternary uplift rategmvolving time spans of tens to
hundreds of thousands of years. This implies that the elevations gqfatheo
shorelines reported in this paper are to be considered as mean values, useful for
estimating the longerm uplifting during the Late Quaternary.

The uplift rates are estimated by subtracting the altimetry value of each terrace
from the sea level of the interglacial maximum assigned and then dividing this value
by the age assigned to the terrace (MIS odd number). For example, if a 125 ka
terrace ispresently 131 m a.s.l. (this is its relative -¢®@&l position), it can be
assumed to have formed during the last inteiglanaximum sea level of +6 m.

The tectonic uplift is consequently 125 m (338 m), and the average uplift rate

is 1 mm/yr.

13
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Chapter 2
OSLMETHODOLOGY

The Quaternarywas, and is, arguably one of the most importa@atiodsin
Earthdés history, in which it h assThibeen a
significant period has, however, been difficult to put into an absolutpasl
context despite theapplicationof several dating techniques. This is because most
techniques require the presence of a spemiiterial, often uncommon, that has to
occur in the relevant context. Moreover, many dating methods are only useful over
short time scales, the calculated age does not directly date the desired event, and/or
complex age calibration may be necessary which can significantly increase the
uncertainty in the final result. Chronological control, thus, remains critical to the
interpretation of environmental chargy@nd to establishing lorgerm rates of
geomorphological processes.

Luminescence dating is now an important element in the set of Quaternary
geochronological methods$n particular, theOptically Stimulated Luminescence
(OSL) dating has been developed over the last 30 yearsHiseiéey et al., 1985;
Aitken, 198), where he improvementhas been its apiphtion to Quaternary
sediments. e methodusesas radiation dosimetedetrital grains, e.gquartz and
feldspas, providing an absolute age for the last exposure of the minerals to
daylight, becoming thus a great tool to determine the burial age of the same.

The upper and lower limits of the age that can be measured are dependent on
sample type, physical behaviour of mialkand used technique&itken, 1999.

OSL methodology is key share of thigrk, in which the discussioneven if
brief, isn 6élitnited to the aspects exclusively redd to those one needed for my

geological thesis development. In this chapter the plaisiorinciples of OSL
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methodology and its applications will be treated order to demonstratéhe
complexity ofphysicatichemstry interactions antb highlight the difficulty to use it
like dating method. This last requires exhaustive studies for wheltswers are
partial or still open. These results represent a limit itifetenceon the accuracyf
the measures andn turn, on their reliability. For otherresearch materials about

OSL it is possiblerefer to the existent wide bibliography.

2.1 OSL DATING : HYPOTHESIS

OSL dating is based on the assumption that the quartz and feldsgasions
present in many natural samples are able to accumulate, ieneagy levelsith a
long meandlife, electrons that have acquired sufficient energy fra, § ard vy
radiations emitted byatural radimuclides belonging to thé>*U, 8%, *Th decay
chains,*K, ®'Rb and from cosmic radiation. Isiadmissible to consider th#te
number of electrons trapped is proportional to the total absorbed dose (the energy
absorbed per mass unit measured in Gray) and, consequently, the crystals are
capable tostore information related to theg@antity. Optical stimulation induces
the rapid emptying of the trap states with the emission of photons in a number
proportional to lhe electrons released from the traps, and thergfudigectly, to the
total energy which determined the entrapment.

The luminescence emitted by crystals which have never been exposed to light is
correlated to the total dose absorbed since their geoldgicaation. In crystals
that have been subjected to solar exposition this event empties the electron traps and
zeroes the internal luminescence clololkeéching event The crystals therefore lose
the information related to the dose acaleted over geolgical time (Fig. ).

In our case, he zeroing ofsignal take placeduring the transportation of the

grains by wind, water or gravityrhe bleachings strongly linked to the transport
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mechanism, with parameters like water depth, transport distance antesethiad
regulating the efficiency of sunlight exposuréufray et al., 1995; Jain et al.,
2009). After the coverage by other sediment, as a result of the eladents
normally present in the natural environment, the crystals once again begin to
accumulge a dose of radiation, known as f@eodose This is accumulated with

an annual rate characteristic of the sample itself as well as of the environment in
which the sample is burie@urhypothesiss that hese conditions remain unvaried
over time,andthe annual dse will be considered constant.

Under these conditions, therefore, the paleodose is propalrto the age of the
sample The crystals contained in such samples thus provide information regarding
the time which has passed since thast lexpsure in accordance with the aglea)
equation: Age PaleodosiDose rate where the paleodose is the absorbed dose by
crystals (expressed irGy) and the dose rate mean annual doseeXpressed in
Gylka).Of t en t he t er mEDiw@Duthelabota®ryg dosedinsciear (
radiation needed to induce luminescence equal to that acquired subsequent to the
most recent bleaching event) is used instead of paleodibse. obtained by
comparing thenatural optical signal with the signals obtained fronmtipas to
which known doses of nuclear radiation have been administered from a calibrated
radioisotope sourcand arestrictly related to the properties of the crystals.

The possibility of applying OSL dating methodologies to sediments is, therefore
condtioned by the possibility of measuring the talake absorbed by the crystals.
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OSL signal

|OSL

Measurement

A 4

Mineral formation Bleaching and burial Time

Zeroing

Fig. 1- The event dated in optical dating is the setting to zero of the latent luminescence acquire:
some time in the past. With sediment this zeroing occurs threxgbsure to sunlight or daylight
(bleaching during erosion, transport, and deposition until cover from other sediments. Subsequer
the latent signal builds up again through exposure to the natural flux of nuclear radiation.

This is closely linked to the opportunity of performing experimental
measurements to determine the dose yielded by the environment in the immediate
vicinity of the sampling point, as well as the internal dose of the sediment sample
itself. The homogeneity and uniformity in spacedatime of the exposition to
natural radiation determines the effective prospect of dating each sediment. It is for
this reasorthat the sediment buried for a long time in unchanging environments
electively lend themselves to dating.

The dose rate (or anmual dose- AD) represents the rate at which energy is

absorbed from the flux of nuclear radiation;ist associated with the natural
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radiation coming from different contributions and it is therefore necessary to

determine each single component. Thus, imegal, the dose rate:

Dose rate= Dy+ D; + Dy + Deosm (e0n. 1.1)

whereDyi s t he trate carhponentDdtbes doserate component),
t he 0 ¢ o mPasmmsmic desark contribution. Each of these is
therefore, in turn, the sumof gin ei alh,d o9 contributions

itself andsurrounding environment

2.2PRINCIPLE OSL

Luminescence refers to the light emitted by some materials in response to some
external stimulus, such as heat (resulting in thermoluminescence, TL), pressur
(triboluminescence), a chemical reaction (chemiluminescence), electromagnetic
radiation (radioluminescence), or ionising radiation (photoluminescentahe
| att er c aoptieal datind ie used evhemthdistimulation is either by visible
light (commonly referred to as optically stimulated luminescence,)@$8Lhear
infrared radiation (infrared stimulated luminescence, IRSL).

Alt hough the mechanismesponsible for luminescence are much more complex,
it is convenient to use a simplified model fexplaining the behaviour of
luminescent crystals in the context of the dating method. In this neekelsection
2.2.1), an ideal insulating crystal is characterized by an occupied valence band and
an empty conduction band, with an energdlycforbiddenzone in between.

Natural crystals, however, are not perfect and hatrectural defectsand

chemical impuritiegsuch as vacancies, dislocations and substitutiomadirities),
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some of which can act as traps for unbound (free) electieading themto
localized energy levels within the forbidden zone.

The first step in the luminescence process is the creation of electrons and holes
due tothe interaction of ionizing radiation witthe mineral lattice (Fig.)2 Free
electrons are produced when the mihgrains of interest are exposed to ionising
radiation: alpha and beta particles, and gamma rays, emitted by the decay of
radioactive elements within the minerals and their immediate surroundings, and
from cosmic rays originating from unknown sources muhiverse.

Theseelectrons and holes subsequently canfiyeipped at defects T and L,

respectively irthe forbidden ane (Fig. 2.

2/ diffusion
Electro %Srba Conduction band _
light
| £
=i T ==
o ionization
&
Leh]
=
1]
b —©-L L Light
d%m Hole Valence band
(a) Irradiation (b) Storage (c) Eviction

Fig. 2- Energylevel diagram of OSL process (basedfatiken, 199§: a) ionization due to exposure
to nuclear radition with trapping of electrons and holes at crystal defects; b) storage during time;
the electron is evicted from its trap by shining light and recombines with a luminescence center ur
emission of OSL signal.
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The longer the mineral is exposeditmizing radiation, the more charges are
accumulating in the trapMoreover, atrtoomtemperature (~20 °C), some traps are
only able to hold electrons for a few days or less, while others can hold electrons for
millions of years or more. The latter typefsti@ap are referred to as deep traps, and
these have thermal lifetimes that are sufficiently long for Quaternary dating.

The trapped electrons can become free once agaim iEriystalis exposed to
light of a specific wavelength (Fig. 2).uminescencdinally occurs if the released
electrons recombine with hole centensth energy corresponding with light
emissionalso calleduminescence centers.

The electrons were accumulated in traps, characterized by their depth E below
the conduction band (Fig. )roportionally to amount of absorbed energy.

The luminescence emitted, ihen, proportional to the total absorbed radiation
dose (ignoring the effects of sigrsdturatiof during burial This isthe fundamental
basis ofOSL dating.

2.2.1SIMPLEST MODEL : ONE TRAP/ONE CENTER

In order to explain the trend OSL signal in function of time, it is possible to
consider he simplest modefMcKeever and Chen, 199by which OSL can be
produced(seeFig. 2). Here light stimulates trapped electrons, concewtnatj into
the conductionband at ratef, followed by recombination with trapped holes,
concentratiomm, to produce OSL of intensitypd,. With the usual definitions, the

rate equation describing the charge flow is:

dne _ dn, Am
dt  dt dt (eqn. 1.2)
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Wheren; is the concentration of free electrons in the conducband Which

can be derived from the charge neutrality condition:

n+1="m (eqn. 1.3)
. . N dn, 4An dm
With the assumptions of quaesguilibrium (E <3 dt and n, << 1, m)

and negligible rérapping we have :

I ——ﬂLn——d—n—ﬁ 1.4
osL dt dt (eon. 1.4)
the solution of which is:
_ - [ t]
losL=nof exp-tfF =1, eXpﬁL— o0 (eqn. 1.5)

Here, i is the initialpopulationof trapped electrons at time=t0, Iy is the inital

|l umi nescence i nt efisshe degaye@onstait. = 0, and U =
The excitation rate is given by the pr
photoionizationcross ect i on ( f = G0) .

One can observe a straightforward relationship in which thialimtensity is
directly proportional to the excitation rate and the decay of the OSL with time is a

simple exponential.

2.3 OSL DECAY CURVE
The optical excitatiorused in this thesigs continuous wave (CYV operating
with infrared (875 nnm) LEDs, bue @70 nm) LEDs oragreen(532 nm)laser.The

luminescence is monitored continuously while the excitation source isanah,
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narrow band and/or cuff filters (Hoya U-340) are used in order to discriminate
between the excitation light and the emissioghtl and to prevent scattered
excitation Ight from entering the detector (see appendix @yerall, the decay
shapeand the intensity OSL are dependent on the type of mineral, on the absorbed
dose anantheillumination intensity.

Smith and Rhodes (199deduced that ahinedown curve for quartz consists of
three maincomponents (see alstriley et al., 1997Bulur et al., 2000; Jain et al.,
2003, commonlyr e f er r &@sb ,t of naesddiBlowddn decreasingrder of
sensitivity to illumination tha having different detrapping probabilities or photo
ionization crosssections $mith and Rhodes, 1994; Huntleyadt, 1996; Baliley et
al., 1997. In order to examine how different components contribute to the OSL
signals,the CW OSLcurveis deconvolutedBailey et al., 1997; Bulur et.al200Q
Choi et al., 2003Jain et al., 2003Murray and Olley, 2002; Murray and Wintle,
2000, 2003 into three componentssing firstorder exponentiakquations(see in
egn 1.5).In optical dating, the fast component psimarily of interest, because
contributes above @6 of the total signal irhe initial time, it can be bleached
quickly andcompletelyby sunlight, it is stable on geological timescale and less
susceptible to thermal transfer of charg@ir{tle and Murray 2009. In fact, he
initial part of theCW-OSL curve,with subtraction of both the background and the
slow componentfor D, determinations usually used.

The presence of the medium componinthe initial part of OSL signals may
interfere with thefag component and may yield problematic results Da
determinationChoi et al. (2003F e por t e d undesestigation i alngs
using the simple integratioof initial OSL signals where a large proportion of
mediumcomponent contributed to thetiail signal. Similar resultare also found in

other studies (e.g.sukamoto et al., 2003
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A simple and useful met h o dthefnediumc hec Kk
component is to use Bt) plot. The form ofthe Dg(t) plot is affected by the
composition of he OSL signals; thus the shape of Dgt) curve could be an
effectivetool for assessing the bleaching history of sediment saniplgsAitken,

1998; Bailey, 2000Bailey et al., 2008 Forwell-bleached samples, tii& should

be independent dhe illumination time If the samples are partiallyleachedefore
burial and more relatively slower components remainedPthealue will increase

with illumination time. This methodwas successfully applied for assessing the
bleaching history of modern samplesd young sample§Bailey et al., 2003;
Singarayer et al.2003. For oldersamples, other factors (see sectibf.l) may
contribute potentially to the shape DE(t) plot. The relativecontributions as a
function of illumination time of differentomporents to the total signal are shown

in Fig. 3. Standard practice for selection of integration time intervals follows
Banerjee et al. (200pwith an initial integral of the decay curve (e.g0.@ s)
usually taken as indicative of the fasimponent signalpnce a late background
(e.g. 3640 s) is subtracted. Using the last few seconds of the decay as background
adequately removes photomultiplier dark noise and stimulation light leakage from
the signal, and also subtracts the majority of the slow component.

The method in which the background integral is taken from the last few second
of OSL <cur ve,bakecnkogwno uansd o |(atBeG) approach,
Aeabdykgroundo ( EBG) approach, wher e t he
follows the initial sighal. This last is applied above all to young samples

(Cunningham and Wallinga, 201L0
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Fig. 3- Representative example of a laboratory regeiver&@SL decay curve stopped

at 10 s to underline the OSL components. Using curve fitting, the data islessltibed

by the sum of three exponential decays termed the fast, medium and slow components
with the fast component being dominant (forming 90% of total luminescence in the 0
0.8 s of the OSL decaypPéwley et al., 2000

2.4 NATURAL RADIOACTIVITY

The annal radiation dose in luminescence dating originates from the ionizing
radiat i dn aédldtiorsp of naturally occurring, longived primordial
radionuclides U, 2®U, #%Th, “K and ®"Rb) present in the sample and its
immediatesurroundings anddm cosmic radiation

When nuclei of*®K with a natural atomic abundance of 0.0117% undergo
radioactivedecay, beta particles and a gamrag are emitted. Fof’Rb, there is
emission ofl -particles only. The radioactive decay scheme&’kfand 2'Rb are
shown in Figs. 44b. Natural uranium and thorium consist of three radioactive
decayseries headed KU, ?*®U and***Th and ending irf°’Pb, 2°®Pb and?°*Pb,
respectively(Figs. 4c-4d-4e).
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Grains are irradiated by all four types of radiation, alphaa,bgamma and
cosmic, but, because of their short range, alpha particles penetrate only the outer
rind of sandsize grains (Fig5).

Beta particles from K and Rb are emitted within delispar grain and these
deposit some of their dose within the grairiobe escaping. Whereake effect of
alpha particles, itminerals such asquartz and feldspards highly localized a
within the order o5 pm of the emitting nucleygshe upper limit to the range of the
beta particles is a few millimetersitken, 1985.

Considering a sphere of sediment of ~30 cm, with density of ef?®gabout 95%

of the gamma radiation will be attenuate. Cosmic radiation is the most penetrating
of all, attenuating by only about 14% in a meter of sediment of widespread density.
In theradioactive decaghains, as shown abgvweach parent decay#o a daughter
nucleus which itself is radioactive, until the chain ends with a stedteisotope. If

the system is closed, a radioactive equilibriansecular equilibriunis reached in
whichasN1= ;Np= Npewh er e & yis thg decay2cpnstdgmil is the number

of nuclei and & Nis the activity Secular equilibrium in the decay chains through
timeandic|l osed systemo bobdmastvystability) ard assureed p hy s
in most lumirescence datingpplicationsassuming that geological processes have
not altered theadioactive concentrations during the entire burial pefinctase of
branched decay, a multiplication has to be done with the branching fcisr.
important to notehat, if the hakHlife of the parent radionuclide is much londgkan

that of the daughter, the latter determines the time after which equilibrium is
reached. Indeed, beyond about 10iaés of thedaughter radionuclide it decays at

the same rate as & produced a state called secular equilibrium.
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Fig. 4- a, b)Decay schemes 8K and®’Rb.c) Decay scheme for tH&U; d) >**U; e) >**Th. Data are from.orenz
(1983. A long arrow indicates alpha decay and a short one beta decay. Braicishown except when the
branching involved is less than 1%. Linking the start and end of the chains there are several radioactive daug!
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undergoes

of U

t hey

emit a

Vv a r.j. evhey theonficled,
radi oact i v epartick,cthe yaughter nticteus dommiétTk, is@iso o f

radioactive. This process continues through radioactive daughtértharstable€®’Pb isotope is reached.

26



