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Lotgenoten, 
my fellow-sufferers, 

WER VIEL EINST ZU VERKUNDEN HAT ... 

'Wer vid einst zu vertiinaen fiat,
 
schweigt vier in sid/. fiinein.
 

'Wer einst aen '13{itz zu ziinaen fiat,
 
mujJ range - 'Wo{~ sein.
 

Friedrich Nietzsche [1844- 1900] 

In dankbare herinnering aan mijn opa. 



In de oneindige ruimte talloze lichtgevende bollen,
 

om elk waarvan zich zo'n dozijn kleinere, door de grote verlichte, bolletjes wentelt
 

die van binnen heet zijn en door een gestolde, koude korst zijn omgeven
 

waarop een schimmeldek levende en kennende wezens heeft voortgebracht:
 

dat is de empirische waarheid, 

de werkelijkheid, 
de wereld. 



Het blijft voor een denkend wezen maar een netelige positie om zich op
 

een van die talloze vrij in de ruimte zwevende bollen te bevinden,
 

zonder te weten waarvandaan ojwaarheen.
 

Hachelijk is het om niet meer dan een enkeling te zijn
 
onder de ontelbare gelijksoortige wezens die zich daar verdringen
 

en er met pijn en moeite hun Leven sluiten,
 

terwijl ze rusteloos enjachtig ontstaan en weer vergaan
 

in een tijd die geen aanvang en geen einde kent.
 

Daarbij is er niets dat blijft, behalve de materie
 

en de terugkeer van steeds weer dezelJde, onderling verschillende vormen,
 

via zekere wegen en kanalen, die er nu eenmaal domweg zijn.
 

Arthur Schopenhauer, 1788-1860,
 
Die Welt als Wille und Vorstellung (II), Kap. 1 (III, 3),
 

(vertaling Wim Raven. 1986)
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TEKTONISCHE ROTATIES IN HET TYRRHEENSE BOOO SYSTEEM
 

GEDURENDE HET KWARTAIR EN HET LAAT TERTIAIR
 

Peter Scheepers, proefschrift, 1994
 

Samenvatting
 

Samenvatting 
(Summary in Dutch) 

In het Centraa1 Mediterrane gebied speelt zich een van de meest interessante geodynamische 

processen van onze Aarde af: het vertikaa1 omlaag zakken van een lithosfeerfragment resulteert in rek 

en het uiteen bewegen van continentale b1okken, waarbij de Tyrrheense boog wordt gevormd. De 

Tyrrheense boog bestaat uit Sicili~, Calabri~ en het zuidelijk dee1 van het vaste1and van Halle (Cam

pania, Basilicata, Apulia). Oit geodynamische proces startle in het 1aat Mioceen en veroorzaakte de 

opening van het Tyrrheense bekken. Ret Tyrrheense achterland is tevens het herkomstgebied voor 

bewegende continentale b1okken. In de gesteenten die tijdens dit proces werden gevormd weer

spiege1en de paleomagnetische richtingen het optreden van tektonische rotaties. Paleomagnetische 

resultaten van Mesozoische tot Eocene sedimenten 1aten een patroon zien van grote (100-140°) kloks

gewijze rotaties in het zuidwestelijk dee1 van de boog (Sicilie) en grote (30-100°) antikloksgewijze 

rotaties in het noordoostelijk dee1 van de boog (zuidelijke Apennijnen en Calabrie). De meeste van 

deze eerdere onderzoekers interpreteren de tektonische rotaties als laat Tertiaire gebeurtenissen. Ret is 

het doe1 van de huidige studie om de (aan- of afwezigheid van) deze tektonische rotaties vast te stellen 

in sedimenten die gevormd zijn tijdens deze 1aat Tertiaire boogontwikkeling, en verdernog om de 

ouderdomsbepalingen (moment en duur) van deze rotaties vast te stellen. Dit is essentiee1 omdat 

gesteenten (aileen) de som van de rotaties van de onderliggende eenheid reflecteren; interpretatie van 

paleomagnetische resultaten in termen van rotatiegebeurtenissen is daarom aileen mogelijk als men de 

tektonische rotatie van de jongere gesteenten in dat ze1fde gebied kent. 

Laat Tertiaire en Kwartaire sedimenten zijn hier onderzocht. De meeste aandacht werd gegeven 

aan marlene kleien en mergels van Pliocene tot Pleistocene ouderdom, dus van de laatste 5 miljoen 

jaar. Deze sedimenten zijn afgezet tijdens de opening van het zuidoostelijke deel van het Tyrrheense 

bekken, en ze werden onderzocht in (1) het stabiele voorland: Apulia en Ragusa platforms, in (2) de 

interne en externe plooi-en-opschuivingsgebieden: het Tyrrheense kust gebied, de Caltanissetta en 

Spartivento bekkens, de Catanzaro depressie, de Crati en Crotone bekkens en de bekkens van de 

zuidelijke Apennijnen, en tenslotte in (3) de voordiepen: Bradano Eenheid en het Gela-Catania voor

diep. De resultaten van de Pliocene en Pleistocene sedimenten zijn van goede kwaliteit. Daarentegen 

leverde het onttrekken van goede resultaten aan de oudere sedimenten (soms) moeilijkheden op. 

Sedimenten van laat Oligocene tot laat Miocene ouderdom werden aileen onderzocht voor het centrale 

deel van de boog: Calabrie en noordoost Sicilie. De rotaties afgeleid van deze sedimenten zijn met 

name belangrijk om de Plio-Pleislocene roraties aan Ie laren sImIen met de MesozoIsche-Eocene 

paleomagnetische data uit de literatuur. 
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De interpretatie van paleomagnetische resultaten in tennen van tektonische rotaties vereist uiter

aard dat de resultaten betrouwbaar zijn. Daarom werd er speciale wrg besteed aan de bemonstering en 

de laboratorium analyses. Voor de meeste ontsluitingen moest het verweerde oppervlak verwijderd 

worden om vers materiaal te bereiken. In het laboratorium werden routinemethoden toegepast om 

karakteristieke remanente magnetisatie (ChRM) richtingen te verkrijgen van de natuurlijke remanente 

magnetisaties (NRM) van de kleien. Verschillende methoden zijn hierbij toegepast om een betrouw

bare ChRM richting te bepalen. Te weten, (a) de direkte methode, waarbij magnetisatiekomponenten 

werden bepaald door kleinste kwadraten berekening van lijnen door ten minste vier meetpunten, (b) de 

grootcirkel methode, gebruik makend van snijdende grootcirkels om de 'verborgen' komponent te 

berekenen, (c) de combinatiemethode. ofwel de combinatie van de direkte en grootcirkel methode, en 

(d) de stapelmethode (Hoofdstuk 2B), toegepast wanneer monsters een aanzienlijke hoeveelheid 

(meet)ruis vertonen bij lage NRM intensiteiten. Verder is de anisotropie van de magnetische sus

ceptibiliteit (AMS) van de monsters gemeten om de magnetische lineatie in de kleien te kunnen 

bestuderen. 

De paleomagnetische NRM resultaten van het noordelijk deel van de boog worden behandeld in 

Hoofdstukken 3 en 4, die van het zuidelijk deel van de boog in Hoofdstukken 5 en 6, terwijl de AMS 

resultaten van de hele boog kunnen worden teruggevonden in Hoofdstuk 7. 

Het noordelijk deel van de Tyrrheense boog systeem kan worden verdeeld in drie hoofdgebieden: 

(a) het Apulia-Gargano voorland, (b) het Matera gebied, en (c) het overige deel van de zuidelijke 

Apennijnen. 

Van het Apulia-Gargano voorland (Hoofdstuk 3) zijn de laat Pliocene - vroeg Pleistocene 

marlene kleien gemonsterd. De resultaten laten zien dat er geen rotatie voor het Apulia-Gargano 

voorland is geweest. De gemiddelde inclinatie van de ChRM is bijna dezelfde als de inclinatie van het 

geocentrisch axiale dipoolveld voor de huidige breedte van het gebied. Deze jonge kleien geven het 

geomagnetisch veld betrouwbaar weer, hetgeen betekent dat dit deel van de Adriatische microplaat 

geen enkele tektonische rotatie heeft ondergaan sinds het laat Plioceen. 

Van het Matera gebied (Hoofdstuk 4A), dat meer intern is gelegen in vergelijking tot de Apulia 

Eenheid zijn kleien van dezelfde (laat Pliocene - vroeg Pleistocene) ouderdom gemonsterd. Drie van 

de localititeiten behoren tot de Apennijnengordel, de andere drie zijn in de Bradano Eenheid, maar 

beide gebieden zijn westelijk van de Apulia Eenheid. Twee belangrijke komponenten dragen bij tot de 

NRM van deze klei sedimenten: een lage-temperatuur (LT) komponent en een hoge-temperatuur (HT) 

komponent. De HT komponent heeft een richting die karakteristiek is voor de Matera sedimenten. 

omdat deze een duidelijk primaire (= van voor de plooiing) oorsprong heeft Het blijkt dat de sedi

menten van de Apennijnen gordel een antikloksgewijze rotatie (23°) laten zien, terwijl die in de 

Bradano Eenheid geen tektonische rotatie vertonen. 

De overblijvende monsterplaatsen van het noordelijk deel van het Tyrrheense boog systeem zijn 

genomen in sedimenten van laat Miocene tot midden!1aat Pleistocene ouderdom en deze zijn verdeeld 
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over de hele zuidelijke Apennijnen plooi-en-opschuivings gordel (Hoofdstuk 4B). Ze zijn van rowel 

het interne (Westelijke) als ook het externe (Oostelijke) dee!. Een antikloksgewijze afwijking van de 

declinatie wordt voor bijna alle monsterplekken waargenomen. De laat Miocene tot midden Pliocene 

sedimenten hebben een 39° antikloksgewijze rotatie, wat gelijk is aan de rotatie van de gesteenten uit 

het Krijt. De vroeg Pleistocene monsterplaatsen laten een 24° antikloksgewijze rotatie zien, terwijl die 

in midden/ laat Pleistocene sedimenten een 9° antikloksgewijze rotatie hebben. 

Aile gegevens van het noordelijk deel van het Tyrrheense boog systeem wijzen erop dat belang

rijke antikloksgewijze rotaties in de zuidelijke Apennijnen plooi-en-opschuivings gordel plaatsvonden 

in het midden Pleistoceen. Een oudere (en evenzo) belangrijke fase van (15°) antikloksgewijze rotaties 

vond plaats in het laat Plioceen. De resultaten impliceren verder dat er hier geen rotaties waren gedu

rende de periode van grote verkorting die plaatsvond in het vroeg-midden Mioceen, evenmin als ge

durende de opening van het zuidelijk deel van het Tynheense bekken in het laatste Plioceen - vroegste 

Pleistoceen. Rotaties vonden plaats in het midden-laat Pleistoceen, na de belangrijke fase van rek in 

het zuidelijk deel van het Tyrrheense bekken, maar gelijktijdig met een (regionale) kompressieve fase. 

Van het centrale deel van het Tynheense boog systeem (het Calabro-Peloritaans blok) worden 

drie studies van de NRM richtingen gepresenteerd in Hoofdstuk Vijf: (a) de Plio-Pleistocene bedek

king van het zuidelijk deel van het blok, (b) de Plio-Pleistocene bedekking van het noordelijk deel van 

het blok, (c) de laat Oligocene - vroeg Miocene bedekking van het gehele blok. 

De studie van mariene mergels van (vroeg) Pliocene ouderdom en kleien van laat Pliocene tot 

midden Pleistocene ouderdom op het zuidelijk deel van het Calabro-Peloritaanse blok (Hoofdstuk 5A) 

laten consistente kloksgewijze rotaties van 10 tot 20° zien (langs rowel de Ionische als de Tyrrheense 

kust van Calabrie en Sidle). De magnetisaties van de vroeg Pliocene Trubi mergels hebben maximale 

demagnetisatietemperaturen (580-600°C) die wijzen op de aanwezigheid van magnetiet, terwijl de 

jongere sedimenten hetzelfde gedrag laten zien als de kleien van het noordelijk deel van de boog. 

De laat Pliocene en Pleistocene mariene kleien van de Crotone en Crati bekkens gelegen op het 

noordelijk deel van het Calabro-Peloritaanse blok (Hoofdstuk 5B) geven aanvullend bewijs voor een 

uniforme 15° kloksgewijze rotatie van het gehele Calabro-Peloritaanse blok gedurende het midden 

Pleistoceen. Deze rotatie is tegengesteld ten opzichte van de 23° antikloksgewijze rotaties van de 

zuidelijke Apennijnen, maar de ouderdom is dezelfde. De tektonische rotaties vinden plaats 1 miljoen 

jaar na de grote fases van rek in het zuidoostelijk deel van het Tyrrheense bekken, maar gelijktijdig 

met de aanzet van belangrijke ophefvan het blok. 

Sedimenten van laat Oligo<;ene tot laat Miocene ouderdom, die het Calabro-Peloritaanse blok 

bedekken, werden gemonsterd van het Crotone bekken van noord Calabrie (Sila gebergte), van de 

Serre en Aspromonte bergen van zuid Calabrie, en van het Peloritani gebergte van Sicilie om tekto

nische rotaties te documenteren in het Mioceen (Hoofdstuk 5C). De monsterplaatsen in laat Tortonien 

en Messinien kleien hebben gelijke rotaties als de Plio-Pleistocene bedekking van het noordelijk deel 

van het blok (Sila), terwijl naar het zuiden gaand (Serre, Aspromonte, Peloritani) de differentiele rota

tie tussen sedimenten van de twee tijdsinterval1en toeneemt. De resultaten suggereren een differentiele 
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rotatie tussen de Sila-Serre massieven in het noorden en de Aspromonte-Peloritani massieven in het 

zuiden gedurende het laat Mioceen. Monsterplaatsen in vroeg Miocene (en oudere) sedimenten laten 

grote antikloksgewijze rotaties zien voor het gehele Calabro-Peloritaanse blok; differentiele rotaties 

ten opzichte van de laat Miocene sedimenten zijn behoorlijk uniform. Er bestaan aanwijzingen voor 

een grote (80 tot 100°) antikloksgewijze rotatie voor het gehele Calabro-Peloritaanse blok in het 

midden Mioceen. 

Van het zuidelijk deel van het Tyrrheense boog systeem (Sicilie) worden hier twee studies 

gepresenteerd (Hoofdstuk 6): (a) die van de samengestelde Rossello sectie in het Caltanissetta bekken, 

(b) en die van het overige deel van Sicilie. 

De paleomagnetische resultaten van de Pliocene marlene mergels van de samengestelde Rossello 

sektie in het Caltanissetta bekken van Sicilie (Hoofdstuk 6A) impliceren een totale kloksgewijze rota

tie van 34° na het vroeg Plioceen. De magnetostratigrafie van de samengestelde Rossello sectie laat 

zien dat er vanaf de Mioceen/Plioceen grens (5.2 Miljoen jaar geleden) tot aan de Gilbert/Gauss grens 

(3.6 Miljoen jaar), geen tektonische rotaties plaatsvonden voor het Caltanissetta bekken. Ongeveer 10° 

van deze totale kloksgewijze rotatie Yond plaats gedurende de Kaena subchron (ca. 3.05 Miljoen jaar); 

ten minste 24° van deze kloksgewijze rotatle is jonger dan de Gauss/Matuyama grens (2.6 Miljoen 

jaar geleden). Verschillen in de inclinatiefout door de samengestelde sectie worden gerelateerd aan 

verschillen in carbonaatgehalte en niet aan Noord-Zuid bewegingen: een hoger carbonaat gehalte 

correspondeert met minder compactie en daarmee een kleinere inclinatiefout. 

Verder zijn een aantal monsterplaatsen in sedimenten van laat Miocene tot Pleistocene ouderdom 

genomen in de Siciliaanse plooi-en-opschuivings gordel (Hoofdstuk 6B). Kloksgewijze rotaties wor

den voor bijna aile monsterplaatsen waargenomen. De laat Miocene tot midden Pliocene sedimenten 

hebben kloksgewijze rotaties die overeenstemmen met de eerder vastgestelde rotaties van de Krijt 

gesteenten van dezelfde tektonische eenheden. De vroeg Pleistocene monsterplaatsen van het Gela

Catania voordiep vertonen een 13° kloksgewijze rotatie, terwijl de vroeg Pleistocene monsterplaatsen 

die op het (Ragusa) voorland gelegen zijn, geen tektonische rotatle vertonen. De antikloksgewijze 

rotatie (8°) van het Ragusa voorland Yond eerder plaats, nl. in het Plioceen. 

De analyse van de anisotropie van de magnetische susceptibiliteit (AMS) verstrekt informatie 

over de Uongste stadia van) deformatie van de sedimenten. Een eerste studie van de AMS in vroeg 

Pleistocene kleisedimenten van de zuidelijke Apennijnen en haar voorland Apulia (Hoofdstuk 7A) liet 

zien dat in aile gevailen de AMS gekarakteriseerd wordt door een dominante magnetische foliatie 

parallel aan het laagvlak, wijzend op een primair sedimentair magnetisch maaksel. Een magnetische 

lineatie wordt niet gevonden in de kleien van de Apulia Eenheid, maar het binnenste deel van de 

Bradano Eenheid en de Apennijnen gordellaat een duidelijke NW-ZO lopende lineatie zien, welke 

loodrecht staat op de belangrijkste compressieve spanningen die bekend zijn voor dit gebied. Er blijkt 

een erg consistente WNW-OSO lopende magnetische lineatie te zijn voor de kleien van de zuidelijke 

Apennijnen en het Calabro-Peloritaanse blok in het zuiden. Korrektie van deze lineatie met de eerder 
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vastgestelde tektonische rotaties laat duidelijk zien dat de lineatie een post-rotatie herkomst heeft en 

de laatste fase van deformatie weergeeft. Er wordt daarom ook geconcludeerd dat de lineatie veroor

zaakt werd door midden en laat Pleistocene tektoniek: de 'oplijning' Yond plaats in de laatste fase van 

de compressieve gebeurtenis die het Tynbeense boogsysteem onderging. Veel aanvullende metingen 

voor de andere gebieden en de oudere formaties werden uitgevoerd (Hoofdstuk 7B) en deze beves

tigen de resultaten van Hoofdstuk 7A. Aileen voor het Sant'Arcangelo bekken in de zuidelijke Apen

nijnen en het Crati bekken op het Calabro-Peloritaanse blok worden anomale trends voor de magne

tische lineatie (en dus voor de compressieve spanning) vastgesteld. 

Uiteindelijk worden de paleomagnetische resultaten van dit proefschrift gebruikt in een discussie 

over kinematische oplossingen voor verdeling in ruimte en tijd van de rotatiegegevens in het Centraal 

Mediterrane gebied in termen van oroclinale buiging van de Tyrheense (Calabrese) boog en de rotatie 

van de Adritische microplaat (Hoofdstuk 8). Er wordt een model gepresenteerd waarin de midden 

Pleistocene rotaties worden veroorzaakt door een verdeling van deformatie in het Centraal Mediter

rane gebied door zij-schuivingsbewegingen langs een aantal grote schuifzones die een vrije grens 

tussen de Afrikaanse en de Adriatische Platen definieren. Een van de belangrijkste fenomenen is de 

Trans-Mediterrane Mobiele Zone, die gebieden met tegengestelde rotaties scheidt. De datering van de 

rotaties wordt verder vergeleken met de ontwikkeling van vulkanisme, bekken ontwikkeling, dalings

and ophefpatronen, contractietektoniek en seismische patronen. Vanuit deze vergelijking wordt een 

geodynamische ontwikkeling voor het Centraal Mediterrane gebied afgeleid die bestaat uit drie epi

sode's. De laat Pliocene boog migratie episode laat het migreren van het Calabrese blok zien en de 

(oceanische) spreiding van het achter-boog bekken zonder geassocieerde oroklinale rotaties zoals 

voorheen werd aangenomen in de literatuur. De vroeg Pleistocene contractie episode laat een gelei

delijke toename van compressieve intraplaatspanning zien, die uiteindelijk culmineert in een midden 

Pleistocene 'spanning ontladings fase' die wordt geassocieerd met blokrotaties, transpressieve tek

toniek, en het afbreken van de ondergedoken lithosfeer. Tenslotte wordt de laat Pleistocene - Recente 

restabilisatie episode gekarakteriseerd door snelle isostatische aanpassing, met een rek geassocieerde 

ineenstorting van het Apennijnen opschuivings systeem en het Tyrrheense achter-boog gebied, dit 

alles gerelateerd aan een terugslag van niet-Iosgelaten lithosfeer en korstrestanten en het in de mantel 

wegzakken van de losgelaten lithosfeer. 
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Summary 

Summary 

In the Central Mediterranean area, one of the most interesting geodynamical processes on our 

Earth takes place: the vertical sinking of a (northwest-ward dipping) lithosphere fragment results in 

the outward movements of continental blocks, thereby creating the Tyrrhenian arc system, This arc 

system comprises Sicily, Calabria and the southern part of peninsular Italy (Campania, Basilicata, 

Apulia), This process started in late Miocene times and caused the opening of the Tyrrhenian basin. 

The Tyrrhenian area is the source area for the continental blocks. In the rocks which were formed 

during this process the occurrence of tectonic rotations is to be expected. Earlier paleomagnetic results 

from Mesozoic to Eocene sediments show a pattern of major (100-140°) clockwise rotations in the 

southwestern part of the arc (Western Sicily) and major counter-clockwise rotations (30-100°) in the 

northeastern part of the arc (southern Apennines and northern Calabria). Most of these workers inter

pret the tectonic rotations as late Tertiary events. It is the aim of the present study to establish the 

(absence/presence of) tectonic rotations in sediments that were formed during this late Tertiary arc 

development, and hence to determine age estimates (timing and duration) for these rotations. This is 

essential because paleomagnetic directions in rocks only reflect the sum rotation of the underlying 

unit; interpretation of paleomagnetic results in terms of rotation events is only possible if one knows 

the tectonic rotation of the younger rocks in the same area. 

Late Tertiary and Quaternary sediments were examined. Most attention was paid to marine clays 

and marls of Pliocene to Pleistocene age (last 5 Myr). These sediments deposited during the opening 

of the southeastern part of the Tynhenian basin were investigated from (1) the stable foreland areas: 

Apulia and Ragusa platforms, (2) the internal and external fold-and-thrust belt units: Tyrrhenian coast 

units, Caltanissetta basin, Spartivento basin, Catanzaro depression, Crati basin, Crotone basin and the 

southern Apenninic basins, (3): the foredeeps: Bradano Unit and Gela-Catania foredeep. The results of 

the Pliocene and Pleistocene sediments are of very good quality. Deriving good results from the older 

sediments, however, provided (more) difficulties. Sediments oflate Oligocene to late Miocene age 

were (only) examined for the central part of the arc: Calabria and northeastern Sicily. The rotations 

derived from these sediments are important to the link the Plio-Pleistocene rotational movements to 

the Mesozoic-Eocene paleomagnetic data known from literature. 

The interpretation of paleomagnetic results in terms of tectonic rotations requires, that these 

results are reliable. To this end, particular care was taken in sampling and laboratory analysis. For 

most outcrops, removal of the weathered surface was necessary to reach fresh material. In the labo
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ratory, routine methods were applied in order to obtain characteristic remanent magnetisation (ChRM) 

directions from the natural remanent magnetisations (NRM) of the clays. Demagnetisation diagrams 

were used to analyse the directional behaviour for each demagnetised sample. Several methods have 

been applied to determine a reliable ChRM direction. These are (a) the direct method, implying that 

magnetisation components could be determined by least square fitting of lines through at least four 

datapoints, (b) the great circle method, using great circles to calculate the 'hidden' component, (c) the 

combination method, being the combination of direct and great circle methods, and (d) the stacking 

method (Chapter 2B), used when samples show considerable scatter because of low intensities. In 

addition, the anisotropy of magnetic susceptibility (AMS) of the samples was measured to study the 

magnetic lineation of the clays. 

The paleomagnetic NRM results of the northern part of the arc are treated in Chapters 3, 4, those 

of the southern part of the arc in Chapters 5, 6, while the AMS measurements of the entire arc can be 

found in Chapter 7. 

The northern part of the Tyrrhenian arc system can be divided in three main areas: (a) the Apulia

Gargano foreland, (b) the Matera area and (c) the remaining part of the Southern Apennines. 

From the Apulia-Gargano foreland (Chapter 3), late Pliocene - early Pleistocene marine clays 

were sampled. The results show that there has been no rotation for the Apulia-Gargano foreland. The 

mean inclination of the ChRM is nearly the same as the inclination of the geocentric axial dipole 

(GAD) field for the present latitude of the area. It is concluded that these young clays reliably reflect 

the geomagnetic field and that this part of the Adriatic microplate did not undergo any tectonic 

rotations since the late Pliocene. 

From the Matera area (Chapter 4A), which is more internal with respect to the Apulian unit, clay 

sediments from the same Oate Pliocene - early Pleistocene) age have been sampled. Three of the loca

lities are from the Apenninic belt, the other three are from the Bradano Unit, but both areas are west of 

the Apulian Unit. Two important components contribute to the NRM of these clay sediments: a low

temperature (Ln component and a high-temperature (Rn component. The RTcomponent has a 

direction characteristic for the Matera sediments, since it shows a clear primary (= pre-folding) origin. 

It appears that the sites sampled in the Apenninic belt show a counter-clockwise rotation (23°), where

as the sites in the Bradano Unit show no tectonic rotation. 

The remaining sites of the northern part of the Tyrrhenian arc system were sampled from sedi

ments of late Miocene to middle/late Pleistocene age and they are distributed over the entire southern 

Apennines fold-and-thrust belt (Chapter 4B). They are from both the internal (western) and the exter

nal (eastern) part. A counter-clockwise deflection is observed for nearly all sites. The late Miocene to 

middle Pliocene sediments reveal a 39° counter-clockwise rotation, similar to the rotation of the Cre

taceous rocks. The early Pleistocene sites show a 24° counter-clockwise rotation, whereas the sites in 

middle/late Pleistocene sediments show a 9° counter-clockwise rotation. 

All data of the northern part of the Tyrrhenian arc system indicate that important counter-clock

wise tectonic rotations in the southern Apennines fold-and-thrust belt occurred in the middle Pleisto
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cene. An older (and equally) important phase of (15°) counter-clockwise rotations has occurred in the 

late Pliocene. The results further imply that there were no tectonic rotations in the southern Apennines 

during the period of major shortening that took place in the early-middle Miocene, nor during the ope

ning of the southern part of the Tyrrhenian basin in the latest Pliocene - earliest Pleistocene. Rotations 

occurred in the middle-late Pleistocene, after the major phase of extension in the southern part of the 

Tyrrhenian basin, but contemporaneous with a (regional) compressional phase. 

From the central part of the Tyrrhenian arc system (the Calabro-Peloritan block) three studies of 

the NRM directions are presented in Chapter Five: (a) the Plio-Pleistocene cover of the southern part 

of the block, (b) the Plio-Pleistocene cover of the northern part of the block, (c) the late Oligocene 

early Miocene cover of the entire block. 

The study of marine marls of (early) Pliocene age and clays of late Pliocene to middle Pleisto

cene age from sites covering the southern part of the Calabro-Peloritan block (Chapter 5A) show 

consistent clockwise rotations of 10 to 20° (along the Ionian and along the Tyrrhenian coast of both 

Calabria and Sicily). The magnetisations of the early Pliocene Trubi marls have maximum blocking 

temperatures (580-6OO°C) indicating the presence of magnetite. whereas the younger sediments show 

the same behaviour as the coeval clays of the northern part of the arc. 

The study of marine clays of late Pliocene and Pleistocene age from sites of the Crotone basin 

and Crati basin covering the northern part of the Calabro-Peloritan block (Chapter 5B) give additional 

evidence for a unifoIm 15° clockwise rotation of the entire Calabro-Peloritan block during the middle 

Pleistocene. This rotation is opposite in sense to the 23° counter-clockwise rotations for the southern 

Apennines, but the timing is the same. The tectonic rotations occur 1 Myr after the major phases of 

extension in the southeastern part of the Tyrrhenian basin, but simultaneously with the onset of major 

uplift of the block. 

Sediments from late Oligocene to late Miocene age covering the Calabro-Peloritan block were 

sampled from the Crotone basin of northern Calabria (Sila mountains), from the Serre and Aspro

monte mountains of southern Calabria, and from the Peloritani mountains of Sicily to detect tectonic 

rotations in the Miocene (Chapter 5C). The sites in late Tortonian and Messinian clays have similar 

rotations as the Plio-Pleistocene cover for the northern part of the block (Sila), whereas going to the 

south (Serre, Aspromonte, Peloritani) the differential rotation between sediments of the two time

intervals increases. There is some (minor) evidence for differential rotation between the Sila-Serre 

mountains on the one hand and the Aspromonte-Peloritani mountains on the other hand in the late 

Miocene. Sites in early Miocene (and older) sediments show major counter-clockwise rotations for 

the whole block; differential rotations with the late Miocene sediments are quite unifoIm. There is 

evidence for a major (80 to 100°) counter-clockwise rotation of the entire Calabro-Peloritan block in 

the middle Miocene. 

From the southern part of the Tyrrhenian arc system (Sicily), two studies are presented here 

(Chapter 6): (a) the record of the Rossello composite section in the Caltanissena basin, (b) the 
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remaining part of Sicily. 

The paleomagnetic results of the Pliocene marine marls from the Rossello composite section in 

the Caltanissetta basin of Sicily (Chapter 6A) imply a total clockwise rotation of 34° after the early 

Pliocene. The magnetostratigraphy of the Rossello composite section shows that from the Mio

cene/Pliocene boundary (5.2 Ma) until the Gilbert/Gauss boundary (3.6 Ma), there were no tectonic 

rotations for the Caltanissetta basin. Approximately 10° of this total clockwise rotation occurred 

during Kaena times (ca. 3.05 Ma), and at least 24° of this clockwise rotation is younger than the 

Gauss/Matuyama boundary (2.6 Ma). Differences in inclination error throughout the composite 

section are related to a different carbonate content and not to North-South movements: a higher 

carbonate content implying less compaction and smaller inclination error. 

Additionally, some sites in sediments from late Miocene to Pleistocene age have been sampled in 

the Sicilian fold-and-thrust belt system (Chapter 6B). Clockwise rotations are observed for nearly all 

sites. The late Miocene to middle Pliocene sediments reveal clockwise rotations which are quite simi

lar to the earlier established rotation of the Cretaceous rocks from the same tectonic units. The early 

Pleistocene sites from the Gela-Catania foredeep show a 13° clockwise rotation, whereas the early 

Pleistocene sites covering the (Ragusa) foreland show no tectonic rotation. The counter-clockwise 

rotation (8°) of the Ragusa foreland was in the Pliocene, because our sites in early Pleistocene clays of 

the Ragusa platform show no tectonic rotation. 

The analysis of the anisotropy of magnetic susceptibility (AMS) gives information on the 

youngest stages of deformation of the sediments. A first study of the AMS in early Pleistocene clay 

sediments from the southern Apennines and its foreland Apulia (Chapter 7A) showed that in all cases 

the AMS is characterised by a dominant magnetic foliation parallel to the bedding plane, pointing to 

an essentially primary sedimentary magnetic fabric. A magnetic lineation is not found in the clays 

from the Apulian Unit, but the inner part of the Bradano Unit and the Apenninic belt shows a clear 

NW-SE trending lineation which is perpendicular to the main compressive stresses known for this 

area. There is a very consistent WNW-ESE trending magnetic lineation for the clays from the 

southern Apennines and the Calabrian block to the south. Correction of this lineation with the 

established tectonic rotations clearly shows that the lineation is of post-rotational origin and reflects 

the latest stages of deformation. It is concluded that the lineation is caused by middle and late 

Pleistocene tectonics: its alignment occurred in the final stages of the compressive event affecting the 

Tynhenian arc system. Many additional measurements for the other areas and older formations were 

done (Chapter 7B) and they confirm the results of Chapter 7A. Only for the Sant'Arcangelo basin in 

the southern Apennines and the Crati basin on the Calabro-Peloritan block anomalous trends of 

magnetic lineation (compressive stress) were established. 

Finally, the paleomagnetic results of this thesis are used in a discussion of kinematic solutions 

for the spatial and temporal distribution of rotational data in the Central Mediterranean in terms of 

oroclinal bending of the Calabrian Arc and rotation of the Adria Plate (Chapter 8). A model is pre
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sented in which the middle Pleistocene rotations are caused by a distribution of deformation in the 

Central Mediterranean through strike-slip motions along a number of major shear zones which defme 

a free boundary between the Mrican and the Adria Plates. One of the main features is the Trans

Mediterranean Mobile Zone, which separates areas with opposite rotations. The timing of the rotations 

is further compared to the evolution of volcanism, basin development, subsidence and uplift patterns, 

contractional tectonics and seismicity patterns. From this comparison we deduce a geodynamic evo

lution of the Central Mediterranean which comprises three episodes. The late Pliocene arc migration 

episode shows drifting of the Calabrian block and spreading of the back-arc basin without any asso

ciated oroclinal rotations as were previously assumed in literature. The early Pleistocene contraction 

episode shows a gradual increase of compressive intraplate stress, and culminates in a middle Pleisto

cene "stress release phase" which is associated with block rotations, transpressional tectonics, and 

rupturing of the subducted slab. The late Pleistocene - Recent restabilisation episode is characterised 

by rapid isostatic adjustments, with extensional collapse of the Apennine thrust-wedge and the Tyr

rhenian back-arc area related to rebound of non-detached lithosphere remnants and sinking into the 

mantle of the detached slab. 
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Chapter I 

Introduction to this work: general geodynamic and 
tectonic framework of the Tyrrhenian arc 

~1 ........ 4 

Q2 -=-5 
~3 

AFRICA 

Figure I. Present-day configuration of the Africa/Eurasia collision framework with the position of the Tyrrhe
nian arc system (after LePichon and others, 1986). (I) oceanic crust, (2) thinned continental crust, 

(3) continental crust, (4) overthrust, (5) strike-slip fault. 

The aim of this work 

The Tyrrhenian arc system is one of the most active parts of the Alpine-Himalayan belt (Fig. 1) 

and its geodynamic evolution is therefore of great interest in understanding "the Earth's behaviour". 

The evolution of the Tynhenian arc is primarily controlled by the convergence of the continental 

plates of Africa and Eurasia, providing the external mechanism controlling Tynhenian arc geodyna

mics. The relative movement of these two major continental plates is mainly derived from magnetic 

anomalies, Atlantic fracture wnes and paleomagnetic studies on the continents (for recent compila

tions: Savostin and others, 1986; Dewey and others, 1989). One of the manifestations of the Africa

Europe convergence is horiwntal movement of intermediate microplates. Vertical movements of the 

different basins/units in the area (Van Dijk, 1992) during geological time are another key feature for 

understanding the geodynamic evolution of the area; the relation between vertical and horizontal 

movements is obvious, and is one of the topics of the present work. The determination and quanti
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fication of both horizontal and vertical movements is essential for geodynamic modelling. Primary 

aim of the present thesis is to give a paleomagnetic contribution to the research of the horizontal 

movements in the central pan of the Mediterranean area; and that especially for the movement of the 

"Italian" tectonic blocks, which make up the Tyrrhenian arc system. The relation of these movements 

in time and space with the Africa-Eurasia frame and with the known vertical movements will be 

discussed in Chapter 8. 

Earlier paleomagnetic work showed that central Italy underwent a North-South displacement 

during the late Cretaceous in accordance to the movements of the African plate (VandenBerg, 1979). 

Further, it was concluded that 25° of counter-clockwise rotation took place since the Maastrichtian

Eocene; because the African plate has had no important rotations since the early Tertiary, this addi

tional Tertiary rotation of central Italy must have taken place as an independent (Adriatic) microplate. 

The timing and nature of the Tertiary rotation of the Adriatic microplate is one of the goals of this stu

dy since it is the stable foreland of the Tyrrhenian arc. Rotations of (smaller) tectonic blocks belong

ing to the Tyrrhenian arc system are the main topic of this work (Chapters 3-6). The land-based sec

tions in marine sediments sampled for this research are located in southern Italy, in the provinces of 

Campania, Basilicata, Puglia, Calabria and Sicilia. Another goal of this work was to use the magneto

stratigraphy of some of the sections for the exact timing of the tectonic rotations. 

Not only paleomagnetic directions for the rotations, but also the magnetic fabric of the rocks was 

studied to get some supplementary information on the paleostress directions in this area (Chapter 7). 

The two paleomagnetic contributions (tectonic block rotations and paleostress directions) have been 

combined to supplement the geological knowledge of this area (Chapter 8). The introduction of this 

thesis is presented in the following scheme: 

(1): An introduction to tectonic rotations 

(2): External framework of Mediterranean geodynamics 

(3): The geological setting of the Tyrrhenian arc 

(4): General geodynamic frame of the Central Mediterranean 

(5): The regional stress field of the Tyrrhenian arc 

(6): The results of earlier paleomagnetic studies in the Tyrrhenian area 

1. IntrOduction tectonic rotations 

Classically, paleomagnetic data are used for the study of large-scale (103 - 1()4 km) movements 

of continental plates in time. More recently, the application of paleomagnetism to the study of small

scale (102 - 103 km) horizontal movements (block rotations) has come into use, for example to test 

oroclinal bending and to study rotations in thrust sheets. 

A possible definition of rotation in paleomagnetic studies is: Rot = Do -~ , where Do is the 

observed declination and Dx is the expected declination, calculated from the apparent polar wander 

path of the continent on which the rock unit studied is situated. Other reference frames are also pos
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sible - for example with respect to North - since rotations are essentially relative. There are two types 

of rotations about vertical axes: (1) block rotations: 'in situ' rotations of a crustal fragment about a 

nearby rotation pole, and (2) Euler rotations: rotations of a crustal block in combination with a trans

lation; the rotation is about a distant Euler pole. 

Evidently, there are also rotations about horizontal axes, Le. tilting of blocks. In orogenic belts, 

several types of vertical and horizontal rotations may have affected a specific rock-unit during its 

geological history. For example, rock-units may have belonged to a large continental block during 

deposition and their earliest geological history is determined by the large-scale plate movement. Such 

a rock-unit may have subsequently lost contact with this larger continental block by tectonic processes 

like accretion or rifting. From this moment on, the rock-unit moves on this microplate independent 

from its source plate. Orogenic processes like thrusting can also affect the rock-unit complicating the 

(rotational, tilting) history even more. Mostly, the paleomagnetic signal of interest is that acquired 

during the deposition of the sediment, and identification of the consecutive rotational phases are im

portant for a correct interpretation of the paleomagnetic observations. Therefore this study focuses 

primarily on the younger rock-units; because knowledge of the youngest movements is important for 

understanding the paleomagnetic results of older material. 

Different mechanisms (tectonic situations) may be responsible for block rotations (from Beck, 

1989). These mechanisms are: (1) associated with shear zones. Blocks within the shear zones tend to 

rotate; dextral movement causes clockwise rotations, whereas sinistral movement may cause counter

clockwise rotation, (2) associated with accretion. Crustal fragments are "scraped" from the downgoing 

lithosphere; in particular, oblique subduction offers a suitable mechanism for this "scraping" process, 

(3) associated with detachment. Translation (and rotation) of tectonic blocks on the overriding plate 

may occur because of the vertical sinking of the subducted slab, (4) associated with oroclinal bending, 

and (5) associated with overthrust/aulting. 

2. External framework Mediterranean tectonics (Africa-Europe movement) 

Already early this century, the relative movement of the two continental plates bordering the 

Mediterranean belt, the African and Eurasian plates, has been considered as the cause of Alpine oro

geny. The exact determination of the relative movement of the two major plates was developed from 

the early seventies onwards (Smith, 1971; Dewey and others, 1973; Savostin and others, 1986). In the 

present work, the most recent frame is taken, that from Dewey and others (1988), because it relies on 

the largest variety of studies. According to their scenario, the Africa-Europe movement from the 

Jurassic onwards is divided into five phases. Theftrst phase (late Triassic to 92 Ma) reflects sinistral 

strike-slip movements between the two plates, corresponding to the opening of the central Atlantic 

Ocean. The second phase (92 Ma to 66.7 Ma) reflects northeasterly directed compression between the 

two plates. The third phase (66.7 Ma to 51 Ma) reflects a period of very slow relative movement. The 

fourth phase (51 Ma to 9 Ma) reflects north to north-northeast movement of Africa relative to Europe. 
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The fifth phase (9 Ma to recent) shows northwest movement of Africa relative to Europe. The present 

study deals (only) with the last two phases. It is in a continuous Mrica-Europe convergence, with a 

notable change in relative direction of the African convergence in the late Miocene (9 Ma). 

3. The geological setting of the Tyrrhenian arc 

The Neogene evolution of the Central Mediterranean area is characterised by the migration of the 

Calabro-Peloritan block to the southeast and the opening of the Tyrrhenian basin. To study this 

process of migration and opening in more detail and to derive a geodynamic scenario, several key 

features are of importance, one of them being the timing and extent of translations and rotations of 

microplates (blocks). The Tyrrhenian arc area can be divided in a number of domains. going from the 

(Tyrrhenian) centre to the external zones (Figure 2). These are: (1); the Tyrrhenian basin, (2): the 

Calabro-Peloritan block, (3): the fold-and-thrust-belts (Southern Apennines and Sicily-Maghrebides 

chain), (4): the foredeep basins (Bradano Unit, Calabrian ridge and Gela-Catania foredeep), (5): the 

foreland (Apulia-Gargano area, Ionian basin and Ragusa platform). 

The Tyrrhenian basin. The Tyrrhenian basin has an unusual crustal structure; the central part has a 

crustal thickness of only 8 km (Finetti and Morelli, 1973). It has undergone two main phases of rifting 

and spreading. The first was in the late Miocene with the development of the northern and central part 

of the basin. The second phase was in the Pleistocene with the further development of the central part 

and the onset of the development of the southeastern part. The sub-basins were formed from northwest 

to southeast; they are the Magnaghi sub-basin, the Vavilov sub-basin and the Marsili sub-basin. The 

emplacement of oceanic crust in the Vavilov sub-basin started in the Messinian, and lasted until the 

late Pliocene (Sartori and others, 1989); for the Marsili sub-basin there is an enormous Pleistocene 

subsidence rate (Sartori and others, 1989). 

Along the border of the Tyrrhenian basin there is a concentric ring of late Pleistocene to recent 

Eolian volcanoes: the Stromboli, Volcano island and the Lipari islands. Still closer to the Tyrrhenian 

arc is a concentric ring of intra-arc summit basins, which form the so-called Tyrrhenian Shelf 

(Anderson and Jackson, 1987); these basins are the Cefalu basin north of Sicily, the Gioia basin and 

the Paola basin west of Calabria and the Policastro basin west of the Southern Apennines. Under the 

Tyrrhenian Shelf a reduced continental thickness of 18-20 km exists (Morelli and others, 1975). The 

concentric ring of young volcanoes along the Tyrrhenian Shelf is above a Benioff zone of intermediate 

to deep seismicity (Gasparini and others, 1982; Malinverno and Ryan, 1986); the concentration of 

seismicity is in the depth interval 250-300 km (Anderson and Jackson, 1987); the Benioff zone dips 

steeply (> 45°) to the northwest beneath the Tyrrhenian basin. The presumed tightly curved nature of 

the Benioff zone (Gasparini and others, 1982) has been used as evidence for NE-SW compression 

breaking up the lithosphere slab (Mantovani and others, 1985; Malinverno and others, 1986). The 

nature of the 600 km of lithosphere that has been subducted beneath the Tyrrhenian basin is uncertain. 
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Figure 2. Structural map of the Tyrrhenian arc (modified after Colella, 1988). (1) Miocene to Recent 
sediments, (2) Tyrrhenian foreland, (3) Apennines-Maghrebides chain, (4) Calabro-Peloritan basement, 

(5) volcanic rocks, (6) faults, (7) thrust front. 

Only oceanic lithosphere is likely to be subdueted to these depths; the crust beneath the Ionian 

basin to the east (Figure 2) is not typically oceanic. Anderson and Jackson (1987) suggest that the 

subducted slab is the remnant of oceanic lithosphere that lay between Africa (Ionian basin) and 

Europe less than 10 Ma ago. 

Onshore extent a/Tyrrhenian subsidence. Onshore along the Tyrrhenian are, but within a few tens 

of kilometres of the coast line, crustal thickness increases abruptly from 18-20 kID beneath the 

Tyrrhenian Shelf to as much as 45-50 kID (Morelli and others, 1975). Along this internal part of the 

Tyrrhenian arc system, a number of arc-parallel tensional depressions exist. These are, from south to 

north: the Mesima graben and the Crati basin in Calabria; further the Pollino graben and the Tanagro 

graben in Campania and the Basilicata. 
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The Calabro-Peloritan block. The Calabro-Peloritan block is a clearly allochtonous body; it 

represents a fragment of the pre-Neogene southern European margin consisting of plutonic and 

metamorphic rocks of Palaeozoic age. It was thrusted onto the Apennines to the north and the Sicily

Maghrebides chain to the south in the early late Miocene (Weltje, 1992); it is now the highest tectonic 

unit of the Tyrrllenian arc system. The Calabro-Peloritan block is separated from the Sicily-Maghre

bides chain by the Taormina line and from the Apennines by the Pollino line (Figure 2). 

The/old-and-thrust-belt. The fold-and-thrust belts of the Tyrrhenian arc system are the Sicily

Maghrebides in the west and the Apennines in the northeast (Figure 2). The Neogene basins within 

these fold-and-thrust-belts can be regarded as piggy-back basins. They show an evolution with 

phases of frequent overthrusting and decollement (Van Dijk, 1992): (1) during the (late) early Mio

cene (18 - 15 Ma), (2) from the (late) middle Miocene to the (early) late Miocene (10 - 9 Ma), (3) in 

the Messinian (6 - 5 Ma), (4) during the middle Pliocene (4 - 3 Ma) and (5) in the middle Pleistocene 

(1.5 - 0.5 Ma). 

Foredeep basins. External to the fold-and-thrust belt basins are the foredeep basins. The foredeep 

basins are considered to have a flexural origin and to be the result of the retreat towards the foreland 

of a subdueted lithosphere slab (Royden and others, 1987). Southeast of the Sicily-Maghrebides fold

and-thrust-belt is the Gela Catania foredeep, northeast of the Southern Apennines fold-and-thrust-belt 

is the Bradano Unit (Figure 2). 

Foreland of the Tyrrhenian arc. The foreland of the Tyrrllenian arc is considered to be flexural 

maintained outer highs of Mesozoic carbonate rocks that originated from the southern Tethys basin 

and are still attached to their continental basement (Royden and others, 1987). lbis foreland area is 

subdivided in a number of small blocks or "microplates". It comprises the Apulia-Gargano platform 

(Fig. 2), which is part of the Adriatic microplate and is the foreland for the Southern Apennines fold

and-thrust-belt. The Ionian basin (Fig. 2) is the foreland for the central part of the Tyrrllenian arc 

(Calabria), while the Ragusa platform is the foreland area for the Sicily-Maghrebides fold-and-thrust 

belt (Fig. 2); the Ragusa platform is part of the Iblean microplate (Jongsma and others, 1987). The 

Iblean block is separated from the African plate by the NW-SE trending Medina Wrench zone in the 

Sicily Strait area (Fig. 2). 

Adriatic microplate. The Adriatic microplate - or Adria - is one of the most important tectonic 

bodies of the Mediterranean deformation zone; it plays a central role in the development of the con

figuration of present-day southern Europe. The Adriatic microplate comprises the Po Valley, the 

Adriatic basin, Istria and the Apulia-Gargano foreland. lbis microplate is surrounded by major 

orogenic belts: the Apennines to the west, the Alps to the north, the Dinarides and Hellenides to the 

east. The movement of the Adriatic microplate played a prominent role in the geological and tectonic 

history of all these orogens. From a paleomagnetic point of view, much attention was paid to the 

movemem (North-South translation and rotatiom of the Adriatic microplate. Two important points of 

view concerning the fundamental nature of the microplate are a central theme in the paleomagnetic 

discussion: (I) Adria as a promontory of the African plate (Channell and others, 1979). (2) Adria as an 

independent microplate (VandenBerg and Zijderveld. 1982; VandenBerg, 1983; Marton, 1987). 
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It is now accepted that originally Adria was a promontory of the African plate (Mantovani and 

others, 1990), whereas at present it behaves as an independent microplate (Anderson and Jackson, 

1987). The present-day seismicity shows that the motions along the boundaries of the assumed 

Adriatic microplate and the fault-plane solutions in peninsular Italy do not reflect the Africa-Europe 

convergent movement (Anderson and Jackson, 1987). The central question is when the African pro

montory decoupled from the African plate and became the Adriatic microplate. The present study 

intends to contribute to the solution of this central question. 

The present-day boundary between the Adriatic microplate and the European continent to the 

north is related to the wide belt of seismicity running through the Alps and the Dinarides (Fig. 1). To 

the south, the Thlean microplate (Ragusa platform) probably belongs to the African plate; the bounda

ry between the Adriatic microplate and the African plate is a wide wne of deformation, which is the 

central (Calabria) part of the Tyrrhenian arc and the Ionian basin (Fig. 2). The most important eviden

ce for this transition zone between the African plate and the Adriatic microplate, is (Mantovani and 

others, 1990): (1) difference in crustal thickness between the Adriatic platform (30-35 km) and the 

northern part of the Ionian basin (17-25 km), (2) since the late Miocene there is intense subsidence 

(more than 4 km) in the northern part of the Ionian basin (between the Apulia and Malta escarpments). 

To test whether or not the central part of the Tyrrhenian arc is the boundary zone between the two 

plates, comparison of the paleomagnetic results from both Tyrrhenian foreland areas (Ragusa platform 

and Apulia-Gargano foreland) is therefore an important issue. Internal block rotations in the Tyrrhe

nian arc (Apennines, Calabria and Sicily) are important to unravel the timing and the spatial manifes

tation of the entire deformation process. 

4. General geodynamic frame of the Central Mediterranean 

The deformational history of the Apennines may be roughly divided into two parts, separated by 

the onset of rift-processes which affected the Tyrrhenian area in late Tortonian times (patacca and 

Scandone, 1989): (1) middle Cretaceous to Tortonian period, (2) late Tononian to recent. 

middle Cretaceous to Tortonian geodynamic frame. The first part is completely dominated by plate 

convergence between the African and European continents; from middle Cretaceous to late Oligocene 

times plate convergence takes place. with continent-continent collision in the Eocene and consequent 

subduction of the African lithosphere beneath Europe (Scandone, 1980; Patacca and Scandone, 1989). 

At Oligocene-Miocene times, a continental block making up future Corsica, Sardinia and Calabria, 

rotated counter-clockwise away from southern France. Later (in the Miocene), Calabria decoupled 

from the Corsica-Sardinia block (Chapter 5C). The Balearic islands to the west of the Corsica-Sardi

nia block are another source area for decoupling blocks: the Alboran block in the central part of the 

Gibraltar arc and the Kabylian Units of northern Africa (Bouillin and others, 1986). The wne of future 

moving blocks surrounding the "stable" part of the Corsica-Sardinia and Balearic Islands blocks was 

called Alkapeca in literature (Bouillin and others, 1986): Alboran, Kabylia, .P,e.loritani and Qilabria. 
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The exact timing of the rotation of the continental Corsica-Sardinia block together with Alkapeca to 

the east and south is not well-constrained. Several options from literature: (A) at the end of the Oligo

cene (Alvarez and others, 1974), (B) between 20.5 and 19 Ma (Montigny and others, 1981) and, (C) 

between 17 and 15 Ma (Bellon and others, 1977). 

Together with and perhaps as a consequence of this rotation of the Corsica-Sardinia-Calabria

Kabylia block, the Ligurian-Provence basin opened in the wake (Cherchi and Montadert, 1982). 

Oceanic accretion in the Ligurian-Provence basin ended when the collision took place between the 

drifted Sardinia-Corsica-Calabria-Kabylies block and the African plate (Rehault and others, 1987); 

geological evidence of this collision can be found in the Apennines, Calabria, Sicily and northern 

Africa. It corresponds to the first phase of overthrusting in the fold-and-thrust-belt; subduction of 

oceanic lithosphere lead to the development of an accretionary wedge with transport direction to the 

present-day NE (Knott, 1987). For the earliest Miocene (Aquitanian) unconformities have been recog

nised in the Stilo Cap d'Orlando formation of southern Calabria. This formation was one of the forma

tions sampled for this thesis; it will be used to derive the position of Calabria relative to Sardinia-Cor

sica before the opening of the Tyrrhenian basin (Chapter 5C). The subduction of Africa beneath this 

part of southern Europe was accompanied by abundant calc-alkaline volcanism in western Sardinia 

(Savelli and others, 1979). 

After the separation of this Sardinia-Corsica-Calabria-Kabylies fragment from the European con

tinent, a second order fragmentation took place. The separation of Calabria and the Kabylies from Sar

dinia-Corsica forming the more north-westerly part of the Tyrrllenian basin took place approximately 

in the middle Miocene (about 10 Ma), while the more recent movement of Calabria towards the south

east created the extended Tyrrhenian crust (Alvarez and others, 1974). In the Apennines, thrusting was 

accompanied by foredeeps in front of the chain. The foredeeps and piggy-back basins migrated to

wards the Apulia-Gargano foreland (pescatore, 1978). 

late Tortonian to recent geodynamic frame. The second part in the evolution of the Apennines starts 

in late Tortonian times, when rift-processes occurred along the western margin of the Apennines and 

in the northern and western Tyrrhenian area (patacca and Scandone, 1989; Sartori and others, 1989); 

the Tyrrllenian basin started opening. Around this time, there is also a major change in Africa's move

ment relative to Europe; magnetic anomalies show that the movement of Africa relative to Europe was 

first to the NE; but from anomaly 5 (8.9 Ma) this movement is to the NW (interpretation Dewey and 

others, 1989). 

For the evolution of the Tyrrhenian arc starting in late Tortonian times two main groups of 

models were given by Van Dijk and Okkes (1991): (1) Primary arc models; these models emphasise 

that the arc is the result of the overthrusting of one single Calabrian block upon the Ionian part of the 

African plate (see Van Dijk and Okkes, 1990) and (2) Secondary arc models; these models postulate 

that the arc is due to differential movement oftectonic blocks. For an extended review of this evolu

tion the reader is referred to Chapter 8. 
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5. The regional stress field of the Tyrrhenian arc 

In recent years detailed mesostructural studies of brittle deformation in me Neogene and Quater

nary deposits have been carried out over me entire region (Ghisetti, 1979; Bousquet and omers, 1980; 

Philip and Tortorici, 1980; Lanzafame and Tortorici, 1981; Cello and omers, 1982; Boccaletti and 

omers, 1984; Auroux and omers, 1985). The Neogene and Quaternary is dominated by extension 

interrupted by two compressive events. The mesostructural results of me area have been examined for 

five different time-inteIVals (after Boccaletti and omers, 1984), and mey comprise: (1) extensional 

period late Tortonian - early Pliocene, (2) compressive event middle Pliocene, (3) extensional period 

late Pliocene - early Pleistocene, (4) compressive event middle Pleistocene, and (5) extensional period 

late Pleistocene - recent. The following scheme can be given for me paleostress field of me soumern 

part of me Tyrrhenian arc area (mainly from Boccaletti and omers, 1984): 

late Pleistocene - Recent extensional phase. For me last time-imeIVaI, from me late Pleistocene to 

Recent, stress information was derived from focal mechanism information and from mesostructural 

analyses carried out in middle-lower Pleistocene sediments outcropping in me soumern Apennines 

and me Calabrian arc (Cello and omers, 1982). In me soumem Apennines, me tensile stress (0"3) is 

oriented NE-SW, while in Nor1hern Calabria this tensile stress is oriented ESE-WNW (Boccaletti and 

omers, 1984). 

middle Pleistocene compressive phase. During this period, a general uplift of the internal part of the 

Tyrrhenian arc system took place, with the fonnation of continental basins placed parallel to me strike 

of me arc (Boccaletti and omers, 1984). The shortening directions derived from mesostructural ana

lysis in these continental sediments and from early Pleistocene sediments show a NE-SW (050-230) 

direction in me Soumern Apennines, a NNW-SSE (140-320) direction in nor1hern Calabria for both 

the Crotone basin (Roda, 1967; Philip and Tortorici, 1980) as me Crati basin (Lanzafame and Torto

rici, 1981). A NE-SW (050-230) direction is found for soumern Calabria and Sicily (Bousquet and 

omers, 1980). For me Apulia-Gargano foreland mere was a ESE to SE (130) oriented compressional 

phase in bom me Mesozoic carbonate rocks and me lower Pleistocene clays (Auroux and omers, 

1985); similar to me Bradano Unit compressive structures. This indicates that me uniform NW-SE 

compressive event affecting me foreland deposits of me soumern Apennines was unifonn during this 

middle Pleistocene deformation phase. This phase is probably the most important one for the area, 

because it is dominant in most formations. 

The mesostructural analysis shows mat me manifestation of this middle Pleistocene phase is very 

important in me Tyrrhenian arc; it was related to NW-SE compression in the nor1hern part of me 

Tyrrhenian arc and to NE-SW compression in the soumern part. According to Philip and Tortorici 

(1980), this compressive phase took place after me early Pleistocene (l.0 Ma) and before me Mindel

Riss period (0.3 Ma) 

late Pliocene - early Pleistocene extensional phase. During this period, a general transgression took 

place and enabled the formation of the major basins wim the deposition of the blue coloured marine 
clays which have been extensively sampled along the arc for this work. In the Apennines, 0"3 is orien
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ted NNE-SSW (030-210); in northern Calabria 03 is oriented E-W (100-280) (Tortorici, 1980) similar 

to southern Calabria and the Pe10ritani mountains 03 (Boccaletti and others, 1984). 

middle Pliocene compressive phase. This middle Pliocene tectonic phase corresponds to major 

overthrusting on the foreland of the chain (Boccaletti and others. 1984). In northern Calabria, the 

maximum shortening direction is oriented nearly EW (100-280); for southern Calabria and Sicily this 

direction is only slightly different: ESE-WNW (125-305) (Boccaletti and others, 1984). 

late Tortonian - early Pliocene extensional phase. The Tortonian - lower Pliocene phase corre

sponds to the early tensional phases of the opening of the Tyrrhenian basin (Boccaletti and others, 

1984). In northern Calabria, there are tensional movements for this interval. 03 is oriented NE-SW 

(040-220) (Tortorici. 1981; Boccaletti and others, 1984); in Southern Calabria, there were strike-slip 

movements, 03 is oriented NW-SE (130-310) (Boccaletti and others. 1984) 

6. Earlier paleomagnetic studies in Tyrrhenian arc area 

The earlier paleomagnetic data used for tectonic studies in the Tyrrhenian area are of great inter

est for the present study. Three different areas are of particular importance: (1) Corsica-Sardinia, 

which can be considered as the (stable) source-area of the tectonic blocks making up the Tyrrhenian 

arc system, (2) Sicily and Calabria, making up the southwestern part of the Tyrrhenian arc system, 

.(3) Apennines and Apulia, making up the northeastern part of the Tynhenian arc. 

Corsica-Sardinia. On Corsica, sediments of Eocene and Miocene age were studied (Vigliotti and 

Kent, 1990). Eocene sediments show counter-clockwise rotations (29°) relative to the present day 

North. Three sites in Miocene (Burdigalian to lower Langhian) show a similar counter-clockwise 

rotation. On Sardinia, andesites belonging to the period between 35 and 20.5 Ma display declinations 

around a mean direction of 329° (Montigny and others, 1981), indicating a 31° counter-clockwise 

rotation relative to the geographic North. This rotation occurred in the late Aquitanian (20.5-19 Ma) 

(Montigny and others, 1981). According to Vigliotti and others (1990), there is no relative rotation 

between Corsica and Sardinia. In conclusion, it appears that Corsica-Sardinia had a counter-clockwise 

rotation of approximately 30° in the late Aquitanian; this rotation is clearly coupled to the opening of 

the Ligurian-Provence basin. 

Sicily and Calabria. The Ragusa platform (stable Sicily) is the foreland for the southwestern part 

of the Tynhenian arc system. On the basis of paleomagnetic results a counter-clockwise rotation of 

the Ragusa platform with respect to the geographic North was determined (Schult, 1973; Barberi and 

others. 1974; Gregor and others. 1975; Grasso and others. 1983; Besse and others, 1984). There 

appears to be (almost) no differential rotation between the Cretaceous and the Pliocene; the most 

important phase of rotation is Plio-Pleistocene in age. A geological study of the Medina Wrench wne 

(Jongsma and others. 1987), south of the Ragusa platform, showed that some 100 krn of dextral 

movement occurred along this wne since the early Pliocene (5 Ma), supporting the Plio-Pleistocene 

counter-clockwise rotation of the Ib1ean microplate. 
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The rest of Sicily belongs to the fold-and-thrust-belt and foredeep system, making up the south

western part of the Tyrrhenian arc. Between the Ragusa platfonn and the fold-and-thrust-belt is the 

Gela-Catania foredeep. In northwestern Sicily different southward transported thrust sheets of this belt 

were studied (Channell and others, 1980; Channell and others, 1988). These sheets are derived from 

different paleogeographic units (lnIerese, Trapanese and Sicani Units: Catalano and others, 1976). 

Defonnation and movement of these thrust sheets occurred before middle Tortonian during various 

tectonic phases. Tectonic rotations are clockwise for the different localities; for the most internal 

Imerese unit a clockwise rotation of 120° is found (Channell and others, 1980), for the Trapanese 

and Sicani units clockwise rotations between 48 and 100° are reported (Channell and others, 1980). 

Major clockwise rotations are present in the southwestern part of the Tyrrhenian arc system, but 

there is not enough data to give an age estimate for one (or more) phase(s) of tectonic rotation. The 

aim of the present work is to detennine these phase(s) and to derive the extent of the areas with a 

consistent tectonic rotation. 

Southern Apennines and Apulia. Apulia represents the foreland of this chain. Platfonn limestones 

of Apulia crop out in the Gargano peninsula. The Upper Cretaceous "Scaglia" limestones reveal a cha

racteristic mean direction, implying a counter-clockwise rotation of approximately 30° in the Tertiary 

(VandenBerg, 1983). The thrust sheets of the Southern Apennines are derived from the defonnation of 

Southern Tethyan paleogeographic units (Haccard and others, 1972). The paleomagnetic data in Creta

ceous rocks from the Apennines reveal counter-clockwise rotations as well. It is the purpose of the 

present study to constrain the ages of these rotations and to compare these rotations to the results 

from the southwestern part of the Tyrrhenian arc. 
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TECTONIC ROTAnONS IN THE TYRRHENIAN ARC SYSTEM 

DURING THE QUATERNARY AND LATE TERTIARY 

Peter Scheepers, PhD-Thesis, 1994 

Chapter2A 

Sampling and Methods 

1. Introduction 

lbis chapter tries to give an overview of the sampled time-inteIVals and the sampled regions, 

with the aim of seIVing as a reference frame for the remaining part of the thesis. Some photos of 

outcrops provide an impression of the source of the studied material and the sampling method in the 

field. In addition, the four methods to derive characteristic remanent magnetisation directions from the 

demagnetisation data measured in the laboratory are explained in detail and representative examples 

of the methods are given. 

2. Sampling 

The sampling of (marine) sediments carned out in the Tyrrhenian arc can roughly be divided in 

five time-inteIVals and in five regions. The subdivision in time-intervals was made to study the tec

tonic rotation history of the arc in time. The choice of the 5 time-inteIVals was largely based on the 

lithology of the formations belonging to a specific period. The division in regions is based both on 

geography and geology. 

The sampled time-intervals. The subdivision in 5 time-inteIVals for the sediments is as follows: 

(1) late Oligocene - early Miocene formation (OM) (see also Photos 5,6; appendix) 

(2) middle-late Miocene formations (M) (see also Photos 7, 8; appendix) 

(3) early-middle Pliocene sediments (PI) (see also Photo 2; appendix) 

(4) late Pliocene - early Pleistocene sediments (P2) (see also Photos 1,3,9, 10; appendix) 

(5) middle-late Pleistocene sediments (P3) (see also Photos 4, 11, 12; appendix) 

The sampled regions. The division in 5 areas is as follows, from Northeast to Southwest (Figure 1): 

(1): the Apulia-Gargano foreland 

(2): the Southern Apennines and its foredeep 

(3) Northern Calabria 

(4) Southern Calabria 

(5) Sicily 
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Figure 1. Tyrrhenian Arc system with the subdivision in five regions: the Apulia-Gargano foreland (I) and the 

Southern Apennines (II) in the northern part, Northern Calabria (III) in the central part and Southern Calabria 

(IV) and Sicily (V) in the southern part of the Arc. Legend: 1 = Neogene sediments, 2 = Tyrrhenian foreland, 
3 =Apennines and Maghrebides, 4 =(internal) Calabro-Peloritan block, 5 =volcanic rocks, 6 =fault, 

7 =thrust front. 

In all areas, distinct localities were sampled. A locality includes all outcrops sampled near that 

specific locality (near a village or in a valley). Per outcrop a number of sites was collected; a site is 

defined by a distinct level in an outcrop (Photo 1, appendix). In total, samples were collected from 

455 sites at 86 different localities; per site we drilled 6 to 8 core; per core we sawed 1 to 4 specimens 

(samples). Before drilling the cores (photo 4, appendix), the weathered surface was removed from the 

outcrop (photo 3, appendix). In addition, the demagnetisation data from a number of magnetostrati

graphic records (from the same laboratory as the present author) have been used. 
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The Apulia-Garganoforeland. Sampling was perfonned in the province of Puglia between Foggia 

in the north to Lecce in the south, mostly in quarries with (very) fresh clay sediments; many of these 

quarries were suggested by G. De Santis (Apricena, Italy). Samples were taken at 7 localities (40 sites; 

Table 1); Ton van Hoof and Bas Kooi assisted with the sampling in this area. 

The southern Apennines and its foredeep. Sampling was perfonned in the provinces of Campania, 

Molise and Basilicata. The most detailed sampling was done in the Matera area, a region suggested by 

J.E. Meulenkamp. Some of the other outcrops in the Southern Apennines were suggested by Prof. 

Eugenio Turco (Cosenza, Italy). Samples were taken at 15 localities here (71 sites; Table 1). Bas 

Kooi, Cor Langereis, Ton van Hoof and Adry van Velzen assisted in the field. 

locality N code area age NRM AMS 

Apulia 
Canosa 6 CAN Bari P2 02 Yes 
Cutrofiano 6 CUT Leece P3 01 Yes 
Gargano (Apricena) 1 GAR Foggia P2 05 No 
Lucera 8 LUC Foggia P2 01 Yes 
MonteMesola 13 MM Taranto P2 02 Yes 
Spinazzola 3 SPZ Potenza P2 01 Yes 
Ginosa (MonteScagliose) 3 MSC Matera P2 01 Yes 

Southern Apennines 
Accadia 2 ACC Foggia PI Q3 No 
Calvello 4 CAL Potenza PI Ql Yes 
Celenza Valfortore 3 CEV Foggia M Q3 Yes 
Casalnuovo Monterotaro 3 CNM Foggia P2 Ql Yes 
Craco 6 CRC Matera P2 Ql Yes 
EOOli 4 EBO Salerno P2 02 Yes 
EOOli 3 EBO Salerno PI 03 Yes 
Gorgolione 3 GRG Matera OM 04 Yes 
PomMico 3 POM Matera P2 01 Yes 
Potenza 3 POT Potenza PI 03 Yes 
Pisticci 11 PST Matera P2 02 Yes 
Rotonda 4 ROT Lagonegro P3 02 Yes 
Sant'Arcangelo 11 SAG Matera P2 01 Yes 
Salerno 4 SLN Salerno M 03 Yes 
Tursi 7 TUR Matera P2 02 Yes 

Northern part Tyrrhenian arc 22 localities 
111 sites 

Table 1. Sampled sites (22 localities) in the northern part of the Tyrrhenian Arc (Apulia-Gargano foreland and 

Southern Apennines). N =number of sites with sample code, age (here: OM = Oligo-Miocene, M = Miocene, 
PI =early Pliocene, P2 =late Pliocene to early Pleistocene, and P3 =middle/late Pleistocene), NRM gives the 
quality of the demagnetisation diagrams: Ql =very good. Q2 =good, Q3 =reliable. Q4 =bad. Q5 =very bad. 

AMS indicates whether there are measurements (Yes or No) of the anisotropy of magnetic susceptibilty. 
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locality N code area age NRM AMS 

East (Crotone basin): 

Belvedere di Spinello 6 BEL Crotone PI 03 Yes 
Basilicoi (Cerenzia) 9 BS Crotone M 02 Yes 
Crotonei 2CR Crotone M 02 Yes 
Crosia 8CRO Rossano P2 02 Yes 
Cropalati 5 CRP Rossano M 01 Yes 
Giu Dei (Cr6pani) 10 GD Catanzaro PI 03 Yes 
Lipuda (Cirb) 6 LIP Crotone M 04 Yes 
Lepre fm. (Crotonei) 3 LP Crotone M 04 Yes 

S.Mauro di Marchesato 7MAM Crotone P2 01 Yes 
San Nicola dell'Alto 4 SNA Crotone M 04 Yes 
Scala Coeli 7 SCO Rossano M 02 Yes 
zagarise area 7W Catanzaro OM 03 Yes 

West (Crati basin): 

Amantea 3 AM Cosenza M 03 No 
Cerisano 4 CER Cosenza M 03 No 
Castrovillari 3 CSV Castrovillari P3 01 Yes 
Firmo 4 FIR CastroviIlari P2 02 Yes 
Luzzi IOLUZ Cosenza P2 01 Yes 

Rende 7 REN Cosenza P2 02 Yes 

Rosario 6 ROS Cosenza PI 03 Yes 
S. Agata di Esaro 3 SAE Castrovillari M 03 Yes 

S. Caterina Albanese 4 SCA Cosenza P3 01 Yes 

S. Marco Argentano 3 SMA Cosenza P3 03 No 
S. Marco Argentano 2 SMA Cosenza M 02 No 

Central part Tyrrhenian Arc: 23 localities 
123 sites 

Table 2. Sampled sites (23 localities) in the central part of the Tyrrhenian Arc (Crotone and Crati basins). 
See caption to Table l. 

Northern Calabria. Sampling was perfonned at both the Ionian side (Crotone basin) and the Tyr

menian side of the Sila massif (Crati basin). Many of the outcrops in the Crotone basin were chosen 

together with Janpieter van Dijk. An introduction to the outcrops of the Crati basin was given by Prof. 

E. Turco (Cosenza, Italy). Samples were taken at 23 localities (123 sites; Table 2). Ton van Hoof, 

Adry van Velzen, Cor Langereis, Paolo Cappadona (Cosenza) and Paolo de Rose (Cosenza) helped 

me with the fieldwork. A number of sections in the Crotone area were studied in detail for magneto

stratigraphy (Zijderveld and others, 1991); their demagnetsation data were also used for this study. 

Southern Calabria. The area south of the Catanzaro depression is considered as the Southern part 

of Calabria. The 21 localities (113 sites; Table 3) sampled in Southern Calabria were selected together 

with Frits Hilgen and Henko de Stigter. Adry van VeIzen, Ton van Hoof, Bas kooi, Cor Langereis 

and Piet-Jan Verplak assisted in the field. The magnetostratigraphic data from the Singa section in the 
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locality N code area age NRM AMS 

Catanmro depression: 
S. Maria di Catanzaro 5SMC Catanzaro P3 01 Yes 

Catanzaro di Sala 7CZ Catanzaro PI 05 No 
Campo (Caraffa di C.) 3 CMP Catanzaro P3 05 No 
Caraffa di Catanzaro 8 CC Catanzaro P2 03 No 

Southern Calabria: 
Benestare 6 BEN Locri M 04 Yes 
Bianco 3BIA Locri P2 Q4 No 
Bova marina 7BM Reggio OM 01 Yes 

Bova superiore 5 BM Reggio OM 02 Yes 
Careri I3 CAR Locri PI 01 Yes 

Croce Valanidi 10 CV Reggio P2 02 Yes 

Fosso Cardito (Mammola) I FC Locri P3 Q4 No 
Gi6ia Tauro 2 GIO Tropea PI 04 No 
GrottelIa (Antonimina) 6 GT Locri OM 03 Yes 
Monte Capra (Mammola) 2MC Locri M 03 Yes 
Mt.Limina (Mlimmola) 7 ML Locri PI 02 Yes 
Motta San Giovanni 4 SG Reggio M 03 Yes 
Placanicia 4PC Stilo OM Q4 Yes 
Paradisoni (Tropea) 9 PD Tropea PI 03 Yes 
Salvi (Siderno) 5 SAL Locri OM Q4 Yes 
Siderno 8 SD Locri P2 04 No 
Stilo (Stilaro) 4 ST Stilo M 03 Yes 

Tre Arie (Antonimina) 2 TA Locri OM 04 Yes 
Tunnel (Mammola) 3 TUN Locri M 03 Yes 
Ursi 5 UR Stilo OM Q3 Yes 
Capo Vaticano 7 VAT Tropea PI 03 Yes 

Sicily: 

Assoro 5AS Enna PI 02 No 
Buonfornel1o 9 BU Palermo PI 03 No 
Caltegirone 5CGI Gela P2 01 Yes 

Monte Lungo (Gela) 5 MLU Gela P3 01 Yes 

Petralia superiore 6 PET Palermo M 03 Yes 

Messina 4MES Messina PI 03 No 
Milazzo 8 MIL Messina P3 01 No 
Rometta 5 ROM Messina OM 04 Yes 

Villafrancia 4 VIF Messina PI 03 No 

Southern part Tyrrhenian Arc: 34 localities 

187 sites 

Table 3. Sampled sites (34 localities) in the southern part of the Tyrrhenian Arc (Catanzaro depression, 
Southern Calabria and Sicily). See caption to Table 1. 
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Stilo area (Zijderveld and others, 1986; 1991) and from the Capo Spartivento section in the most 

southern part of Southern Calabria (Hilgen and Langereis, 1993) were used as well. An additional 

four localities (23 sites; Table 4) were collected in the Catanzaro depression in middle Calabria. 

In southern Calabria, the oldest Neogene sediments covering the Palaeozoic crystalline rocks and 

Mesozoic limestones belong to the Stilo Capo d'Orlando formation. This formation crops out on the 

Peloritani mountains of Sicily and near the Aspromonte and Serre mountains along the Ionian coast of 

southern Calabria. Conglomerates, breccias and coarse-grained sandstones predominate in the lower 

part of the Stilo Capo d'Orlando formation (photo 5), passing upwards and laterally into fine-grained 

sandstones, siltstones and mudstones (Weltje, 1992). In particular the siltstone and mudstone levels 

which were sampled for this work (Photo 6). The age of the formation is from the late Oligocene to 

the early Miocene (Weltje, 1992). The results from the sites from this time slice are of minor quality 

(Tables AI, A2 and A3). 

locality N levels magnetostratigraphic study 

Northern Calobria: 
Crotone 5e{;tion 
Vrica 5e{;tion 
San Leonardo section 

30 levels 
157 levels 
48 levels 

[Zijderveld et al, 1991] 
[Zijderveld et al, 1991] 
[Zijderveld et al, 1991] 

Southern Calobria: 
Singa 5e{;tion (lower part) 
Singa 5e{;tion (upper part) 
Singa 5e{;tion (Reunion) 
Capo Spartivento 5e{;tion 

297 levels 
227 levels 
263 levels 
48 levels 

[Zijderveld et al, 1986] 
[Zijderveld et al, 1991] 
[unpublished] 
[Hilgen and Langereis, in prep.] 

Sicily: 
Buonfomello 5e{;tion 
Eraclea Minoa section 
Punta di Maiata section 
Punta Piccola 5e{;tion 
San Nicola 5e{;tion 

24 levels 
60 levels 

164 levels 
96 levels 
24 levels 

[Hilgen and Langereis, in prep.] 
[Hilgen and Langereis, 1988] 
[Langereis and Hilgen, 1991] 
[Zachariasse et aI., 1989] 
[unpublished] 

magnetostratigraphic studies: 12 localities 
1438 levels 

Table 4. Magnetostratigraphic records (with references) used in this study. See caption to Table 1. 

Sicily. In the different thrust sheets of Sicily, sampling was performed along a North-South trending 

transect through the central part of the island, as well as in the northeastern part of Sicily belonging to 

the Calabro-Peloritan block. In total at 9 localities (51 sites; Table 3) samples were collected. Adry 

van Velzen and Bas Kooi helped with this sampling. The demagnetisation data from the magnetostra

tigraphic studies in the Caltanisetta basin along the southwestern coast from Sicily were used; the 

Punta Piccola (96 levels), the Punta di Maiata (164 levels) and the Eraclea Minoa (60 levels) sections 
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(Hilgen and Langereis, 1988; Langereis and Hilgen, 1991; Zachariasse and others, 1989, 1990; 

Table 4). Finally, the data from the San Nicola section in the Gela area and the western pan of 

the Buonfornello section were used (Hilgen and Langereis, 1993). 

3. Methods to derive ChRM directions 

In the laboratory, the study and analysis of the natural remanent magnetisation (NRM) in rock 

samples is required to derive characteristic remanent magnetisation (ChRM) directions, which can be 

used as an estimate for the tectonic rotation. The NRM of the sample is analysed by means of pro

gressive stepwise thermal demagnetisation using small temperature increments (30 to 50°C). The 

NRM was measured either with a cryogenic magnetometer (ScT or 2G) or with a spinner magneto

meter (JR-3) with a digital interface. After measuring the NRM, computer programs allow the graphi

cal interactive interpretation of the demagnetisation diagram (Zijderveld, 1967). The analysis and 

scrupulous interpretation of demagnetisation diagrams is one of the most imponant procedures for the 

study of NRM behaviour. Four different methods were used for this interpretation, depending on the 

(rockmagnetic) characteristics of the sediment and their NRM. Although, subjective aspects play still 

a role in the interpretation, the use of (different) methods/procedures is aimed at obtaining reliable 

results in a consistent and objective way. These metods are: (1) the direct method, (2) the great circle 

method, (3) the combination method, and (4) the stacking method. 

(Al CAR 10.M (B) CAR 10 

Direct 
approach 

Figure 2. First method - direct approach - to derive a mean remanence direction for a specimen. Examples 
from marls of the Trubi fonnation (Southern Calabria). In diagram (A) closed symbols represent vector end
points projected on the horizontal plane (declination), open symbols are vertical plane projections. Numbers 
along denote demagnetisation steps in °C. Direction and intensity of magnetisation during thennal demagneti
sation were analysed by vector diagram representation (Zijderveld, 1967); lines represent best fitting lines 
through data points using principal component analysis (Kirschvink, 1980). In stereogram (B) there are the 

equal area projections of HT (high-temperature) component of samples from site CAR 10. 
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Direct approach. If there is a clear linear decay of the remanence to the origin for the last few - at 

least four - temperature steps (Fig. 2A), the magnetisation component is determined by least squares 

fitting of vectors through the selected data-points (Kirschvink, 1985). If the maximum angular devia

tion of this best fitting line is below 10° for samples with an initial NRM intensity above 500 IlNm or 

below 15° for samples with an initial NRM intensity below 500 IlNm. the direction of the best fitting 

line is considered as a magnetisation component. This component is used for further calculations. This 

method is called the direct approach in this thesis, and it is done for 6 or 8 samples per site. The mag

netisation vectors are combined using Fisher (1953) statistics to calculate mean directions per site 

(Figure 2B; Table 5) and afterwards per locality. As a result, for nearly all sites with this behaviour, 

consistent and well-determined mean directions are found. 

JNRM = 0.27 mAIm 

Figure 3. Second method - great circle analysis - to derive a mean remanence direction for a site. In the left 
diagrams (A and B) the vector diagram representation, in the right stereograms great circle planes are calcula
ted using the vectors. Diagram (C) shows the best fitting mean direction of the 6 planes (samples) of site PD 3. 

The shaded area gives the ~5 of the overall mean direction. 
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VC l8.JAVC l3.lA (ll 

VC 15.2A (D) 

(A) 

JNRM =0.25 mAim 

Combined 
method 

(C) Vries C (225.25Om) 

Figure 4. Third method - combined method - to derive a mean remanence direction for a site. For some 
specimens the lIT component is determined using the direct method (A, B); for other specimens great circle 
planes are calculated (C). These data are combined (D) to calculate a mean remanence direction for the site 

or stratigraphic interval. 

Great circle analysis. For some other samples, there is not a decay to the origin, although the pola

rity of the HT (high-temperature) component is (often) clear (Figure 3C, D); the vectors of the demag

netisation diagram end in a cluster, especially for low intensity samples. If there is a clear overprint 

superimposing this 'hidden' HT component, a best fitting plane is calculated through selected data

points. This method assumes that the demagnetisation diagram is the result of two distinct compo

nents (Fig. 3A, B). The great circles of one site are combined to calculate the hidden HT component 

(Figure 3C). This method is called the great circle method in this thesis. 

For the demagnetisation vectors belonging to the temperature interval - where there is an overlap 

between the two NRM components - such great circle planes are calculated. To test the reliability of 

the great circle planes, they must include at least 4 data-points and the maximum angular deviation 
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must be below 25°. The great circle planes according to this criterion are used to derive a mean 

direction for the site. If all the planes forthe site show sufficient diversity in strike then the best fitting 

intersection for the planes is calculated (Figure 3C), either or not taking into account sector constraints 

on the great circle (after McFadden and McElhinny, 1988). The use of sector constraints is based on 

the fact that the secondary NRM component - calculated from the demagnetisation diagram by best 

fitting lines (Figure 3A; B) - cannot be more than 1800 away from the primary (HT) component in the 

great circle plane. 

Combination method. If there are some samples from the same sites where the HT component can 

be determined by the direct approach, then the calculation of the mean direction of the site is carried 

out in combination of the two groups of data (planes and vectors; Figure 4; method after McFadden 

and McElhinny, 1988). This method is called the combination method in this thesis. 

Stacking. Some samples from this thesis have a scattery behaviour because oflow intensities. In 

that case - if there is not a clear well determined secondary magnetisation - the demagnetisation data 

from the specimens of the site are stacked. This stacking method is explained in detail in the next 

chapter. 

site method N nl n2 D(tc) I(te) k a95 Int reference 

CARlO direct 8 8 0 191.5 -39.9 1133 1.6 2.76 Chapter 5A 
PD3 great circle 6 0 6 187.1 -46.5 47 9.9 0.04 Chapter 5A 
VC (225-250) combination 10 6 4 185.8 -54.0 29 9.1 1.92 Chapter 58 
VAT 3 stacking 6 14.2 52.6 mad 5.1 0.05 Chapter 5A 

Table 5. Statistics of the four sites given as an example for the applied methods in this thesis.
 
Method = method of calculation of mean direction (see text), N = number of demagnetisation diagrams used
 
for calculation of mean direction (nl - magnetisation vectors, n2 - great circle planes), D(tc), I(tc) = decli

nation, inclination after bedding tilt correction, k= precision parameter, a95= cone of confidence at the 95% 

level, Int = intensity (in mAim) of the HT component. 
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CHAPTER 2A: SAMPLING AND METHODS 

Photo 1 (Landscape). Photo showing an example of a sampling site; site CRC 3 in the Craco area 

(Matera area, Basilicata; results see Chapter 4A, this thesis). 

Photo 2 (Landscape). An example of a section in the early Pliocene marls covering the CaIabro-PelorillUJ 
block: the Monte Lfmina section (results see Chapter 5A. this thesis). 
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Photo 3 (Portrait). Photo showing the removal of weathered material in order to drill in fresh sediments; site 
TUR 3 in the Tursi section (Matera area, Basilicata; results see Chapter 4A, this thesis). 

Photo 4 (Portrait). Photo showing the drilling of samples by means of an electric drill; site ROT I from the 
Rotonda area (southern Apennines; results see Chapter 4B, this thesis). 
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Photo 5 (Portrait). Outcrop in the Stilo-Capo d'Oriando formation (Oligo-Miocene age) covering the Calabro

Pelortian block: site near Ursini (Stilo area, Southern Calabria; results see Chapter 5C, this thesis).
 

Photo 6 (Landscape). Outcrop in the Slilo-Capo d"Oriando formation (Oligo-Miocene) covering the Calabro
Pelortian block: site BM 10 in Bova area (Aspromonte, Southern Calabria; results see Chapter 5C, this thesis). 
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Photo 7 (Landscape). Outcrop in late Miocene sediments covering the Calabro-Peloritan block: Basilicoi 
section (central part Crotone basin, Northern Calabria; results see Chapters 5B, 5C, this thesis). 

Photo 8 (Landscape). Outcrops in late Miocene sediments covering the Calabro-Peloritan block: Cropalati 
section (northern part Crotone basin, Northern Calabria; results see Chapter 5C, this thesis). 
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Photo 9 (Landscape). Quarry in early Pleistocene clays near Croce Valanidi (Messina Strait area, Southern 
Calabria; results see Chapter 5A, this thesis). 

Photo 10 (Landscape). Quarries in early Pleistocene clays near Luzzi (Crati basin, Northern Calabria; results 
see Chapter 5B, this thesis). 
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Photo 11 (Landscape). Outcrop in middlellate Pleistocene sediments near Milazzo (Tyrrhenian coast Peloritan 
massif, Sicily; results see Chapter 5A, this thesis). 

Photo 12 (Landscape). Outcrops in middlellate Pleistocene sediments northwest of Gela, MonteLungo 
(Caltanissetta basin; results see Chapter 6B, this thesis). 
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Stacking in paleomagnetism: 
application to marine sediments with weak Nrm 

Abstract. 

Plio-Pleistocene marine marls and clays from southern Italy often have weak natural 

remanent magnetizations (NRM) and show poor thermal demagnetization results. Some random 

scatter appears after treatment at higher temperatures, due to the low remaining intensities and 

promoted by the acquisition of viscous magnetizations. Since these problems hamper a uniform 

analysis of the demagnetization results, a method is proposed to improve their representation and 

interpretation. A (simple) stacking routine reduces the amount of scatter considerably and makes 

it possible to separate different NRM components in a more consistent and reliable manner. In 

addition, the construction of NRM-decay curves is more straightforward from stacked diagrams 

and thus a more accurate information is obtained about the remanence carrying minerals. The 

application to two sites from southern Italy serves as an illustration for the method. 
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1. Introduction 

In paleomagnetism, demagnetization of rock samples is a routine technique to separate different 

components making up the natural remanent magnetization (NRM). This separation is important to 

unravel the magnetic history of the sample and to derive the relevant paleomagnetic directions. For a 

common paleomagnetic study a number of individual samples is collected from the same formation 

and rock type at a restricted place, denoted as the sampling site. Usually most or all samples of a site 

are progressively demagnetized, in order to produce a number of individual demagnetization results 

that are supposed to be complementary. 

There are different demagnetization methods and several ways of representing the results (see 

Zijderveld, 1967; Dunlop, 1979; Langereis et al., 1989). At least for sediments like marine marls and 

clays, progressive stepwise thermal demagnetization generally gives better results than alternating 

field demagnetization (Ouliac, 1976; Langereis, 1984). This is related to the greater resolving power 

of the blocking temperature spectra of the different magnetic minerals (and their grain sizes) carrying 

the various components of the NRM, whereas the coercivity spectra often show a large overlap. A 

disadvantage of thermal demagnetization is the occurrence of alterations, especially at high tempera

tures (>360-400°C), which may lead to the production of superparamagnetic minerals and hence to a 

strongly viscous and spurious behaviour. If, moreover, the residual NRM has very low intensities that 

come close to the sensitivity of the magnetometer, random scatter may occur that makes it difficult or 

even impossible to derive the high temperature paleomagnetic component(s). In this paper, a simple 

stacking method is proposed to improve the processing of the demagnetization results. Therefore the 

progressive demagnetization data of the individual core specimens from a single sampling site are 

stacked. Stacking of data to improve the signal to noise ratio is commonly applied in, for instance, 

seismology and the study of marine magnetic anomalies. First, we give a description of the method 

and then illustrate it by showing two examples from sites sampled in marine sediments in southern 

Italy. 

2. The stacking method 

Progressive stepwise thermal demagnetization involves repeated subsequent heating, cooling and 

measurement of the specimens. Heating takes place in a tunnel furnace with a three-fold mumetal 

layering to compensate the ambient field. After every step, the temperature is increased; starting at 90

100°C, the NRM becomes progressively removed using steps 20, 30 or 50°C depending on the speci

mens and temperature trajectory. The specimens are heated during 30-35 minutes and they are cooled 

to room temperature protected from any magnetic field. The remanent magnetization has been meas

ured with a JR-3 spinner magnetometer with a digital interface. For a standard specimen with a vol

ume of 10.5 cm3 , the sensitivity is better than 10 ~. The 'measurement error' given is the stan

dard deviation of the discrete readings (eight independent positions) from the average values. 
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With this procedure, there is a continuous change in the direction and intensity of the remanent 

magnetization vector. For the representation and interpretation of the demagnetization results we use 

orthogonal vector diagrams (Zijderveld, 1967). Different NRM components can be distinguished in 

these diagrams and their direction is calculated using least squares fitting of lines through selected 

data points. 

Because of the low intensities and the often erratic demagnetization behaviour in the marine 

sediments studied, the results of all core specimens from a given site have been stacked. For each 

temperature step the results of all individual specimens have been added vectorially (= vector sum). 

If there are specimens for which the specific temperature step is not available, the existing data points 

are linearly interpolated. Only temperature steps where at least three specimens were actually mea

sured, were used for the stacked diagram. The resultant vector sum is divided by the number of speci

mens involved. In addition, for each vector sum the ~5 (Fisher, 1953) is calculated. 

In order to quantify the consistency of the removal of NRM, the ~5 of the difference vectors 

between successive temperature steps has been calculated as well. This ~5 shows the overlaps and 

the 'windows' for different NRM components at specific temperature intervals. Different temperature 

intervals for the calculation of this ~5 may be used, depending on the desired resolution and the 

available temperature-steps. 

3. Two examples 

To illustrate the stacking method, the results of two sites from Pleistocene marine clays sampled 

in southern Italy are used. One site (TOR 2) is in the foredeep of the southern Apennines and located 

near Tursi (Basilicata province). The cores were collected in a fresh quarry in silty marine sediments. 

The bedding shows a moderate (70) tilt to the north-northeast, strike 317°. The other site (LUZ 4) is 

located in the NS-trending Crati basin in a quarry near the village of Luzzi (Calabria province). Here 

is only a very slight bedding tilt (20) to the south-southeast, strike 74°. 

Six specimens from five cores were measured for site TOR 2; thermal demagnetization shows a 

rambling behaviour and from the individual demagnetization diagrams, presented in Figure lA-F, 

four NRM components can be distinguished, three of which are observed throughout the same 

blocking temperature intervals. Firstly, a predominantly southerly directed, low dipping component 

appears to be largely removed by the first temperature step (90-l00°C). Subsequently, a low tem

perature (LT), normal polarity component is removed between 200 and 300°C for all specimens. 

Finally, a high temperature (HT) reversed polarity component is removed between 300 and 430°C. 

Specimen TUR 2.3A (Figure 1C) is outstanding in that it shows the explicit presence of a fourth 

component. This component with reversed polarity is removed between 120 and 200°C. In the other 

specimens, this component is not manifested. 
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Figure I. Stepwise thennal demagnetization diagrams of the individual specimens from site TUR 2 near Tursi 

(Basilicata) and site LUZ 4 near Luzzi (Calabria). All diagrams include bedding tilt correction. Dots are 

projections on the horizontal plane and circles are projections on the vertical NS or EW plane. Numbers 
denote demagnetization steps in 0c. 
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After stacking the data. the distinction of the three common components is confirmed and much 

better visualised (Figure 2A). The ~5 of the stacked sum vectors has high values up to 300°C 

(Figure 2B) and shows a pronounced minimum between 320 and 380°C. This minimum between 320 

and 380°C is the trajectory where the last and then single component is removed. which still has sub

stantial intensity. The 095 of the stacked difference vectors gives three minima; between 120 and 

140°C. between 250 and 300°C and between 340 and 420°C. These intervals represent the 'windows'. 

Le. the temperature trajectories over which the different NRM components become individually 

removed. 
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Figure 2. (A) Representation of stepwise thermal demagnetization after Slacking the six individual diagrams 
for site TUR 2 (Figure 1). See also caption to Figure 1. (B) Variation of ~5 for stacked sum vectors (dashed 
line) and stacked difference vectors (solid line) as a function of demagnetization temperature. The difference 
vectors are determined for 20°C temperature intervals. Line with the dots gives the average the measurement 

error. 

The 'measurement error' increases considerably from 360°C onwards (Figure 2B), partly because 

of the relatively low intensities but mainly due to the increase of viscous magnetizations. Up to 

400°C. the ~5 of both the stacked sum and difference vectors is relatively small. although the 

measurement error is increasing up to 150-200%. This means that the noisy behaviour at the highest 

temperatures of the individual demagnetization diagrams (Figure 1) is due to randomly oriented 

scatter and viscous magnetizations. It also means that the stacking method effectively averages out the 

scatter and that still meaningful paleomagnetic directions can be extracted. This is much more 

difficult if the individual diagrams are interpreted separately and the more dispersed results have to 

be averaged afterwards. 
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Note that the fourth component, which is clearly evident from the individual demagnetization 

diagram of specimen TOR 2.3A (Figure IC), has completely vanished in the stacked diagram of the 

site. This shows that although stacking is a very useful method to highlight the general composition 

of the NRM, it tends to suppress rare components; and therefore it cannot completely replace the 

collection of individual diagrams. 

For site LUZ 4 six specimens from six cores were measured. The results are difficult to interpret 

(Figure IG-L), because of the low intensities and viscous scatter. It is clear that a HT, reversed pola

rity magnetization is present in the specimens, removed at temperatures from 200°C onwards and 

individually above 34O-360°C. A relatively large LT, normal polarity magnetization dominates all 

diagrams. However, after stacking the data, a clear distinction in three remanence components is 

visible (Figure 3A). Apart from a (probably laboratory induced) component removed at the first 

temperature step (lOO°C), a component with normal polarity is removed between 100 and 340-360°C. 

Finally, a reversed polarity component can be determined from 360°C onwards. The ~5 of the 

stacked difference vectors is small « 5°) for the whole interval between 150 and 230°C (Figure 3B), 

representing the low temperature, normal polarity component. The stacked sum vectors show rather 

large ~5 values below temperatures of 325°C. The clear minimum between 340 and 400°C in the ~5 

of the stacked sum vectors represents the high-temperature, reversed polarity component decreasing 

to the origin. Again the measurement error is increasing from 350°C onwards, while the ~5 of the 

stacked sum vectors is still low. This illustrates once more that the signal/noise ratio is considerably 

improved and that accurate information may be extracted by stacking the data. 
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Figure 3. (A) Representation of stepwise thermal demagnetization after stacking the six individual diagrams 
for site LUZ 4 (Figure 1). See also captions to Figures 1 and 2. (B) Variation of ~5 for stacked sum vectors 

(dashed line) and stacked difference vectors (solid line) as a function of demagnetization temperature. See also 
caption to Figure 2. 
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4. Applications 

The application of the stacking method is particularly useful in rocks with weak natural remanent 

magnetizations (NRM) which show viscous behaviour at higher temperatures, like the Plio-Pleisto

cene marine marls and clays from the central Mediterranean. Stacking results in a better discrimi

nation of the NRM components. Random scatter, provoked by the low remanence intensities but 

especially by the increasing acquisition of viscous magnetizations at higher temperatures, is averaged 

out. The stacking method provides a quantitative estimate for the temperature trajectories at which 

components are most reliably removed. This enables to derive better determined and more accurate 

paleomagnetic directions from this kind of sediments. Comparison of the NRM directions calculated 

with both the conventional and stacking methods shows corresponding results (Table 1). 

N/nT infonnation D(te) I(tc) (195 mad 

site TUR 2: 
LT-component 

after stacking: 

HT-component 

after stacking: 

6 

2 

6 

7 

specimens 

points (250-300°C) 

specimens 

points (340-420°C)* 

26.9 

21.9 

181.8 

181.0 

58.4 

55.3 

-52.7 

-51.4 

12.6 

3.9 

l.l 

3.7 

site LUZ 4: 
LT-component 

after stacking: 
HT-component 

after stacking: 

6 

3 

6 

3 

specimens 

points (loo-2ooOC) 
specimens 

points (360-4OO°C)* 

1.4 

356.4 
205.6 

207.4 

55.0 

55.2 

-45.8 

-53.6 

11.l 

8.0 
1.9 

2.9 

Table 1. Mean directions from the NRM-components of the studied clays using Fisher (1953) statistics. 

N/nT =number of samples / data points for least square fitting of lines (* including origin). D(te), I(tc) = 
declination, inclination (including bedding tilt correction). mad = average maximum angular deviation 

('measurement error'). 

In the examples shown in the present paper the demagnetization data have not been normalized 

before stacking. Since errors are relatively larger in the weaker samples, normalizing would enhance 

these errors instead of suppressing them. Moreover, the intensities of our samples are similar. In cases 

where this practice results to undesirable dominating of higher intensity specimens, however, this bias 

might be avoided by normalizing the demagnetization diagrams prior to stacking. 

Another particular useful application is the construction of NRM-decay curves from stacked 

demagnetization diagrams (Figure 4), since the separation of the components can more easily and 

reliably established. Whereas several rock magnetic methods (for example IRM-acquisition) may have 
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the disadvantage that also other magnetic minerals not carrying the NRM participate, NRM decay 

curves provide essential information about the magnetic minerals carrying the NRM. 
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Figure 4. NRM-decay curves detennined from the stacked demagnetization diagrams of Figs. 2 and 3. The 
dashed lines are the decay curves for the different components; the solid line represents their sum. (A) site 

TUR 2 and (B) site LUZ 4. Two maximum blocking temperatures: (1) 320-325°C and (2) > 430°C. 

For the construction of NRM decay curves, vectorial separation of the different components is 

used (Zijderveld, 1967; Langereis et aI., 1990). This results in three NRM components for site TUR 2 

(Figure 4A) and in two components for site LUZ 4 (Figure 4B). Normalising the sum decay curves 

gives nearly identical results for these two sites. This suggests that the same magnetic minerals carry 

the NRM of these sediments. In the total decay curves, there is a clear distinction between two 

maximum blocking temperatures: (1) 320-325°C, indicating the presence ofpynhotite; (2) at least 

430-450°C, possibly a Ti-magnetite. 
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Chapter Three 
The Nrm results 
front the Tyrrhenian foreland 

AR! SUN-FLOWER 

Ah, Sun-flower! weary of time,
 
Who countest the steps ofthe Sun,
 

Seeking after that sweet golden clime
 
Where the traveller's journey is done:
 

Where the Youth pined away with desire
 
And the pale Virgin shrouded in snow
 

Arise from their graves, and aspire
 
Where my Sun-flower wishes to go.
 

William Blake (1757-1827) 

63 



Chapter 3: The Nrm-results from the Tyrrhenian foreland 

3. No tectonic rotation for the Apulia-Gargano foreland in the Pleistocene ... 65
 

1. Introduction ... 66
 
2. Sampling and laboratory treatment ... 67
 
3. Results ... 67
 

4. Conclusions ... 72
 

64 



TECTONIC ROTATIONS IN TIlE TYRRHENIAN ARC SYSTEM 

DURING THE QUATERNARY AND LATE TERTIARY 

Peter Scheepers. PhD-Thesis, 1994 

Chapter 3 

Published earlier as: 

P.I.I. Scheepers, Geophysical Research Letters, 19,2275-2278, 1992. 

No tectonic rotation
 
for the Apulia-Gargano foreland
 

in the Pleistocene
 

Abstract. 

In Apulia (southern Italy), 11 quarries in late Pliocene and early Pleistocene 

clays were sampled to study the rotation of the underlying Apulian Unit. To analyze 

the Natural Remanent Magnetization (NRM) of the samples thermal magnetization 

was performed. Several NRM-components were distinguished. The component re

moved between 350-380°C and 450-480°C is the most consistent one; it also shows a 

positive reversal test. There is no rotation for this so-called HT-component. Mean 

inclination is the same as the inclination of the geocentric axial dipole (GAD) field for 

the present latitude of the area. It is concluded that these young clays reflect the geo

magnetic field quite clear and that this part of the Adriatic microplate did not have 

any tectonic rotations since the Pleistocene. 
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1. Introduction 

In southern Italy, the area between Salerno and Bari is divided into three main tectonic units: the 

southern Apenninic belt, the Bradano unit and the Apulia-Gargano foreland (Fig. 1). The most exter

nal one, the Apulia-Gargano foreland is part of the Adriatic microplate; it has a continental basement 

covered by a carbonate succession of Mesozoic age: the Apulia Unit. TIlls Apulia Unit extends below 

the Bradano Unit. The Bradano Unit represents a terrigenous succession, several 1000 m thick, accu

mulated in the Plio-Pleistocene foredeep of the southern Apenninic belt. The Bradano Unit as well as 

the underlying Apulian Unit are only affected by some normal faulting. Compressive structures only 

occur in the western part of the Bradano Unit, in connection with the southern Apenninic belt. 

18' 

.llll..I5w 

~ ! 

M 

41' 

BrIndisi 

ce 

SALENTO 40' 

Figure 1. Sampled areas and major tectonic units around Apulia. l=Apulia-Gargano foreland, 2=Plio
Pleistocene deposits, 3=Apenninic belt, 4=faults, 5=Apenninic front, 6=sampled locality. (numbers: 

(l)=Cutrofiano, (2)=MonteMesola, (3)=Ginosa, (4)=Canosa di PUglia, (5)=Lucera) 

Paleomagnetic studies on rocks of 'pre-Neogene' age on the Apulia-Gargano foreland, especially 

Cretaceous limestones from Gargano (Channell and Tarling, 1975; Channell, 1977; VandenBerg, 

1983) revealed a characteristic mean direction implying a counter-clockwise (CCW) rotation of 30° 

since the early Tertiary (relative to the magnetic north). Until recently only one paleomagnetic study 

in this area deals with rocks of Neogene age; Tozzi et al. (1988) report a possible clockwise (CW) 

rotation (25°) of southern Apulia (Salento) since the Eo-Oligocene. Their results imply that either the 

CCW rotation measured in the Cretaceous rocks has been compensated by the more recent CW 

rotation or that a major discontinuity decoupled the Gargano from the Salento during late Tertiary 

times. The results from Plio-Pleistocene sediments in that study did not give reliable results; sites in 

Pleistocene sediments from the southern Apennines show a CCW rotation of 25-;30° (Sagnotti. 1992). 

The aim of this study is to compare the results from Apulian Plio-Pleistocene sediments with the 

known paleomagnetic data. 
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2. Sampling and laboratory treatment 

The present study deals with (marly) clays overlying the Apulian Unit; the clays are late Plio

cene and early Pleistocene in age. In 11 quarries, sites were selected on lithological criteria; fine

grained levels were sampled because of their suitable magnetic properties and because their sedimen

tation rate is usually low enough to average out, to a large extent, secular variation. In five different 

areas (Figure 1), the quarries were sampled; a total of 186 cores from 36 sites was drilled. The clays 

are mostly blue-grey coloured; almost no digging was necessary to reach fresh material. Per site we 

collected 3 to 8 cylindrical standard cores using an electric drill. 

In the laboratory, routine methods were applied in order to obtain characteristic magnetization 

directions for the clays. The Natural Remanent Magnetizations (NRM) were measured with a 2G

cryogenic magnetometer. The NRM of one sample per core was analyzed by means of progressive 

stepwise thermal demagnetization using small temperature increments: 40°C steps between 100 and 

300°C and 1O-30°C steps further up to 450-480°C. Individual NRM-measurements with intensities 

below 100 mNm were performed twice to test the consistency of the measurement and (eventually) to 

increase precision by averaging the two independent measurements. During thermal treatment the 

low-field susceptibility (X) of the samples was measured to detect changes in the magnetic minera

logy. At temperatures above 450°C the viscous behaviour relative to the remanence becomes too 

large to measure a meaningful direction. 

Demagnetization diagrams were used for component analysis of each sample. For the low in

tensity sites, stacked demagnetization diagrams (Scheepers and Zijderveld, 1992) were used. The 

NRM-components were determined by calculating best fitting lines through data-points belonging to 

the temperature intervals, where minima in 0<)5 of the stacked sum vector and/or the stacked diffe

rence vector exist. These magnetization vectors were combined using Fisher (1953) statistics to 

calculate mean directions per site and afterwards per quarry and per locality. 

3. Results 

The paleomagnetic results from Apulia will be presented going from the most southern part, the 

Salento peninsula, to the most northern part, the Gargano promontory. 

Cutrofiano. On the Salento peninsula (Fig. 1), we sampled early Pleistocene clays (formazione di 

Gallipoli, foglio 214, Carta geologica d'Italia) from two quarries south of Cutrofiano (Lecce district); 

in both quarries. CUT(A) and CUT(B), we drilled 3 sites. Bedding is sub-horizontal. 

The samples have maximum blocking temperatures between 450 and 480°C (Fig. 2A). The linear 

decrease to the origin from 360°C onwards was used to calculate a high-temperature (HT) component 

(Fig. 2A); it has a normal polarity for all sites. This HT-component has a very good clustering per site 
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Figure 2. Stepwise thermal demagnetization diagrams of selected samples from Apulian clays. Numbers 

denote demagnetization steps in 0c. Diagrams (F-G) represent stacked diagrams, diagrams (H-I) give variation 
of ~5 for stacked sum vectors (dashed line) and stacked difference vectors (solid line) as a function of demag
netization temperature. The difference vectors are determined for 40°C temperature intervals; 'n' gives number 

of samples used for stacking. 
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(Table 1); stacking confirms that the magnetization vector removed in this temperature trajectory 

(360-450°C) is the most consistent one in direction. The mean HT-direction for both quarries, using 

the site-means (Table 2), implies that these clays do not show any tectonic rotation. Mean inclination 

(59.1°) is near the inclination of the geocentric axial dipole (GAD) field for the present latitude of the 

locality (57.5°). All samples with a major decrease in NRM between 250 and 300°C also have a de

crease in Xin this same trajectory. The trajectory for which the HT-component is demagnetized shows 

an increase in X. Still, it was possible to measure the remanences with high consistency; after stacking 

the data a minimum in ~5 in this trajectory is observed and a linear decrease to the origin as well. 

site N D(tc) I(tc) k a95 site N D(tc) I(tc) k a95 

CUT 1 5 6.0 58.0 70 9.2 MMIO 3 184.3 -50.7 10 41.0 
CUT 2 4 2.0 59.4 790 3.3 MMll 4 176.5 -56.2 27 18.1 
CUT 3 6 359.5 59.8 397 3.4 MM 12 4 156.8 -47.9 47 13.6 
CUT 4 6 357.8 58.1 232 4.4 MM13 4 178.3 -60.2 45 13.8 
CUT 5 6 358.7 60.3 1496 1.7 CAN 1 7 177.5 -68.2 mad 5.2 
CUT 6 6 356.8 58.8 841 2.3 CAN 2 6 188.0 -63.8 mad 4.3 
MSC 1 6 178.0 -55.7 451 3.2 CAN 3 6 170.3 -67.8 mad 5.7 
MSC2 6 177.9 -56.5 75 7.8 CAN 4 5 191.5 -60.8 mad 6.5 
MSC3 6 193.3 -58.5 72 7.9 CAN 5 4 175.8 -38.8 mad 12.9 
MMI 3 168.9 -45.8 70 14.8 CAN 6 6 192.8 -65.9 mad 3.6 
MM2 4 201.9 -56.8 40 14.7 LUC 1 6 357.6 56.0 742 2.5 
MM3 4 181.4 -55.3 121 8.4 LUC2 6 358.1 52.5 555 2.8 
MM4 4 185.7 -58.4 26 18.3 LUC3 6 5.0 61.1 576 2.8 
MM5 4 177.8 -52.6 358 4.9 LUC4 6 184.2 -62.4 96 6.9 
MM6 2 154.7 -49.1 Rs 1.969 LUC5 6 179.6 -54.5 150 5.5 
MM7 3 169.9 -50.7 156 9.9 LUC6 6 176.4 -55.8 85 7.3 
MM8 4 178.9 -49.9 103 9.1 LUC7 5 182.2 -55.9 206 5.4 
MM9 4 162.5 -46.2 13 26.3 LUC8 5 181.9 -48.8 88 8.2 

Table 1. Mean HT-directions for the sites from this study. N=11umber of samples, D(te)=declination, 
I(tc)=inclination, k;precision parameter, a95=semi-angle of cone of confidence on the 95% level, 

mad=maximum angular deviation (stacked siles), Rs=length of resultant vector. 

MonteMesola. North of Taranto (Fig. I), we sampled three quarries in marine clays of late Pliocene 

to early Pleistocene age (Argilla del Bradano, foglio 202, Carta geologica d'Italia) east of the village 

of MonteMesola. In the largest and active quarry MM(A), we sampled 7 sites over a stratigraphic in

terval of 25 m. Only the upper two sites (MM 6-7) are in blue coloured clays; the other sites (MM 1

MM 5) are in more green coloured clays. Bedding tilt is very slight (strike/dip: 204/02). The second 

quarry MM(B), situated east of the former and inactive, is stratigraphically equivalent of the upper 

part of quarry MM(A); we drilled 3 sites distributed over 5 m in blue coloured clays. Bedding tilt is 

slightly to the north (270/05). The third quarry MM(C) is active and to the north of the two others; 

we drilled 3 sites distributed over 5 m in blue coloured clays; bedding is sub-horiwntal. 
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For the lowest 3 sites (MM 1-3) from quarry MM(A), initial NRM-intensities are only between 

40 and 150 mNm; the other sites have NRM-intensities above 250 mNm, resulting in a well-defined 

demagnetization behaviour. In spite of these differences in NRM-intensity, the lowest 6 sites from 

quarry MM(A) give uniform final HT-directions (Fig. 2C, D); the differences in NRM-intensity ex

plain the differences of ~5 per site. Site MM 7 has the most clear results (Fig. 2D); initial intensity is 

above 1000 mNm. The maximum blocking temperature is 450°C; the HT-component has a reversed 

polarity and a small CCW deviation from north-south (NS). The weaker sites of the lower part of the 

section show the same characteristics (Fig. 2C); the deviation of declination is in the same order of 

magnitude; blocking temperature is less clear because above 380°C, the contribution of viscous mag

netizations and scatter relative to the signal of interest becomes too large. The trajectory where the 

~5 of the vector sum for a site has its minimum value, was used to calculate the HT-direction. 

All other sites of the MonteMesola area have a very dominating high-intensity (12-60 mNm) 

normal polarity magnetization removed between 100 and 400°C (Fig. 2E). This LT-component has no 

deviation in declination from NS (Dm= 1.6°). For the sites showing this dominating LT-component, 

the final HT-component removed above 400°C and up to 460-470°C (Fig. 2G), has a reversed polarity 

magnetization just like the other sites in this area. Above 450°C, the demagnetization is disturbed be

cause the contribution of viscous magnetizations and because scatter relative to the signal of interest 

becomes too large. The intensity of the HT-component is between 70 and 920 mNm; this is only in 

the order of one percent of the total NRM. The direction of the HT-component for these sites is the 

same as for the sites with no dominating normal polarity LT-component. The mean direction for the 

HT-component of the three quarries shows a small CCW-deviation from NS (Dm=173.6°). Mean 

inclination (52.7°) is slightly below the inclination (57.5°) of the GAD field for the present latitude of 

the locality. The demagnetization behaviour of the sites in the MonteMesola area support the idea that 

the magnetization which is removed above 380-400°C is the primary magnetization for these clays. 

The direction of the HT-magnetization is not affected by (younger) LT-components. Again, there is 

the observation that for all sites Xincreases during removal of the HT-magnetization without 

disturbing the NRM. 

Ginosa. In the southeast of the Bradano Unit at its most external part (Fig. 1), we sampled three 

sites west of the village Ginosa in an inactive quarry in blue coloured horizontally bedded clays 

(Argille subappennine, foglio 201, Carta geologica d'italia). The quarry is along the road to Monte

scagliose just east of the carbonate rocks of the Apulian Unit. For the Ginosa-sites there is a dis

tinction in two NRM-components (see Figure 2B). A normal polarity LT-component is removed for 

all 3 sites; only the temperature trajectory is different: 100-320° for site MSC 1 and 180-220° for sites 

MSC 2-3. The final decay is the same for all sites; up to 450-480°C a reversed polarity HT-compo

nent is removed. The mean HT-direction of the 3 sites does not show a significant deviation from NS 

(D =182.8°). Mean inclination (57.1°) is nearly the same as the inclination of the GAD field (57.5°) m

for the present latitude of the locality. 
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Canosa di Puglia. Near Canosa di PUglia (Bari district), we sampled two quarries in late Pliocene 

to early Pleistocene clays (Argille subappennine, foglio 176, Carta geologica d'ltalia). One quarry 

CAN(A) is just north of the SS.93 road; we drilled 4 sites over an interval of 15 m. The other quarry 

CAN(B) is just south of the SS.93 road; here we sampled 2 sites; the stratigraphic separation of the 

sites is only 2'h m. 

For quarry CAN(A) thennal demagnetization gives irregular behaviour per core; therefore stack

ing of the signal (Scheepers and Zijderveld, 1992) was perfonned per site (Fig. 2F, G). The lower two 

sites (CAN 3-4) show a clear minimum in the vector sum around 350°C (Fig. 21); therefore the HT

magnetization was calculated from this temperature onwards (up to 400°C) including the origin. For 

the upper 2 sites (CAN 1-2), the same temperature-trajectory was used to calculate the HT-magne

tization (Figure 2F). The mean direction of the 4 sites is: D =182.7°and I = -65.4°. There is nearlym m 

no change in Xup to 380°C; from this temperature onwards Xstarts to increase. 

N D(lC) 1 (tc) k a95 pol locality 

Mean directions quarries: 
3 sites 2.6 59.1 1748 2.9 N quarry CUT(A) 

3 sites -2.2 59.1 4383 1.9 N quarry CUT(B) 

7 sites -3.9 53.5 67 7.4 R quarry MM(A) 

3 sites -5.1 49.3 106 12.0 R quarry MM(B) 

3 sites -10.6 55.2 75 14.3 R quarry MM(C) 

3 sites 2.8 57.1 264 7.6 R quarry MSC(A) 

4 sites 2.7 65.4 228 6.1 R quarry CAN(A) 

2 sites 1.6 52.6 Rs 1.937 R quarry CAN(B) 

3 sites -0.1 56.6 279 7.4 N quarry LUC(A) 

4 sites 0.8 55.5 252 5.8 R quarry LUC(B) 

5 samples 1.9 48.8 88 8.2 R quarry LUC(C) 

Mean directions areas: 
2 quarries 0.2 59.1 Rs 2.000 N Cutrofiano (LE) 

3 quarries -6.4 52.7 478 5.6 R MonteM~sola (TA) 

1 quarry 2.8 57.1 Rs 1.000 R Ginosa (MT) 

2 quarries 2.0 59.0 Rs 1.988 R Canosa (BA) 

3 quarries 0.9 53.6 361 6.5 R-N Lucera (FG) 

Overall mean directions: 
II quarries -1.0 55.7 240 3.0 R-N Apulian Unit 

5 areas -0.2 56.3 491 3.5 R-N Apulian Unit 

Geomagnetic observations: 
3 quarries 0.1 58.3 1800 2.9 N polarity 

8 quarries -1.4 54.8 188 4.1 R polarity 

Table 2. Summary of main results from the paleomagnetic study in the clays overlying the Apulian Unit. 
pol=polarity (N=normal, R=reversed). Other symbols see Table 1. 
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The results from quarry CAN(B) are also diffuse. After stacking the vector sum shows a mini

mum at 350°C for site CAN 5 and at 300°C for site CAN 6; therefore the calculation of the HT-com

ponent is from these temperatures onwards using the origin. The mean direction of the two sites is in 

the same order as for quarry CAN(A) (Table 2). The sediments near Canosa di PUglia do not reflect 

any tectonic rotations either; for the 6 sites Dm=182.2° and mean inclination (61.2°) is somewhat 

steeper than the inclination (57.5°) of the GAD field for the present latitude of the locality. 

Lucera. The most northerly area of this study is near Lucera (Foggia district) south-west of the 

Gargano peninsula (Fig. 1) in the most external part of the Bradano Unit. Distributed over three 

(active) quarries we drilled 8 sites in very fresh rather silty clays (foglio 163. Carta geologica d'ltalia). 

Two of the quarries LUC(A) and LUC(B) are 10 kIn south of Lucera. Quarry LUC(A) is along the 

road SS.160, where we took sites LUC 4-7 from a stratigraphical intetval of 7 m (strike/dip: 343/05). 

The other quarry LUC(B) to the south of Lucera. where we took sites LUC 1-3, was to the east of the 

first one; we sampled only 6 m (010/05). Site LUC 8 was in a quarry LUC(C) just north of Lucera 

(334/08). Normal and reversed polarities are present in the Lucera area. Here as well the samples have 

lost their magnetization between 450 and 480°C (Fig. 2J, K). The sites in quarries LUC(A) and (C) 

have a reversed polarity HT-magnetization; the sites in quarry LUC(B) have a normal polarity HT

magnetization. The mean HT-direction for the three quarries is: D = 0.9°and Im= 53.6° (Table 2). m

Averaging the five sampled areas results in a mean direction for the young clays covering the 

Apulia-Gargano foreland, implying no rotation since the Pleistocene: Dm=359.8° and Im= 56.3° 

(Table 2). Averaging the 11 quarries gives a similar result: Dm=359.00and Im= 55.7°. The mean 

direction for the 3 quarries with a normal polarity HT-component is: D = 0.1 ° and I = 58.3° m m

(k=1800); for the 8 quarries with a reversed polarity: D =178.6° and Im = -54.8° (k=188). The m 

angle between the two directions is 176.4°. The reversal test ('Different Kappa' test) is positive, 

classification 'A' (McFadden and McElhinny, 1990). 

4. Conclusions 

The HT-component of the remanence carried by these marine marly clays reflects the earth's 

magnetic field. The HT-component is present in all sites, even in (1) sites with weak NRM, in (2) 

sites with dominating LT-components and in (3) sites with irregular behaviour per core. Because of 

the very low tilt we don't have the opportunity to perform fold-tests for the HT-component. Stacking 

shows that per site the component removed between 360 and 480°C, is the most consistent one. Both 

normal and reversed polarities are present for the HT-component; the positive reversal test supports 

the stability of the paleomagnetic HT-directions. Since the sites have a late Pliocene to early Pleisto

cene age, the reversed polarity HT-components must reflect the Matuyama Chron; the normal polarity 

HT-component in the two quarries near Cutrofiano and quarry LUC(A) near Lucera probably repre
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sents the Jaramillo (or Olduvai) subchron. Further there is no significant deviation from the inclina

tion of the geocentric axial dipole field for the present latitude of the locality (56.3 versus 57.5°). The 

conclusion is that there is no rotation for the Apulia-Gargano foreland since the Pleistocene. This im

plies that the rotation which is present in the Cretaceous limestones from the Gargano peninsula, has 

occurred earlier in time than the Pleistocene rotation of the southern Apennines itself. 
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Abstract. 

Sediments from late Pliocene to early Pleistocene age have been sampled at six different 

localities/sections (38 sites) in the Matera area which is in the southern part of peninsular Italy 

(Basilicata). Three of the localities are from the Apenninic belt, the other three from the Bradano 

Unit, both of them west of the earlier sampled Apulian Unit (Scheepers, 1992). 

Stepwise thermal demagnetisation revealed that usually two important components contribute 

to the natural remanent magnetisation (NRM) of these clay sediments: a low temperature (LT) 

comonent removed between 100 and 300-320°C and a high temperature (HT) component removed 

between 300-320 and 430-450°C. The HT component is a characteristic remanent magnetisation 

(ChRM) for the sediments and has a clear primary (= pre-folding) origin. In fresh, unweathered 

sediments the LT component is identical in direction to the HT component. but there is evidence 

that moderate weathering replaced a high intensity primary LT component with a low intensity 

secondary LI magnetisation. The HT magnetisation is affected by this weathering process in a 

decrease of its intensity. 

A counter-clockwise deflection in declination is observed for the sites sampled in the Apenni

nic belt. The HI directions reveal a 23° counter-clockwise rotation relative to the magnetic north: 

Dm =336.6° and 1m =57.2°. Sites in the Bradano Unit have no tectonic rotation: Dm =359.1 ° and 

1m =56.3°; earlier sampled sites from the Apulian Unit (Scheepers, 1992) also showed no tectonic 

rotation: Dm = 359.4 and 1m = 57.0. Paleomagnetic data support the hypothesis that the southern 

Apennines rotated in the middle-late Pleistocene, after the major phase of extension in the southern 

part of the Tyrrhenian basin and contemporaneous with a regional compressional phase. 
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1. Introduction 

The southern part of peninsular Italy shows a complex pattern of tectonic activities during the 

Neogene and Quaternary (see for example Patacca and Scandone, 1989). There is mountain building 

for the central part of the area, extension in the internal part. Depocentre shifting and block rotations 

are direct manifestations of tectonic activity. The southern Apennines were created during the Neo

gene and Quaternary; tectonic activity and sedimentation shifted eastwards and southwards; the 

present foredeep is the Gulf of Taranto (pescatore and Senatore, 1986). An important mechanism that 

has caused these tectonic activities is the passive subduction of a lithospheric slab by gravitational 

sinking. Possibly, tectonic block rotations have occurred during this process, but they are not very 

well constrained, temporally nor geographically. From a paleomagnetic point of view, little has been 

done so far to resolve the timing and geographical distribution of the possible block rotations of this 

area during the Neogene and Quaternary. Only recently the first paleomagnetic studies (Sagnotti, 

1992; Scheepers, 1992) appeared, from Pliocene and Pleistocene sediments, and showed that 

considerable rotations indeed occurred. 
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Figure 1. Major tectonic units in the Southern Apennines and the locality of the Matera area (modified after 
Albarello and others 1990; Cristofolini and others 1983). 1 = volcanic rocks, 2 = Apulia-Gargano foreland, 
3 =Pliocene-Pleistocene deposits, 4 =external Apenninic belt, 5 =internal Apenninic belt, 6 =internal 

grabens, 7 =internal 'Peri-Tyrrhenian' deposits, 8 =faults, 9 =Apenninic front. 
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We have sampled sediments from the late Tertiary and Quaternary in the Matera area (Basilicata 

province; Figure 1) for paleomagnetic purposes with the aim of extending the paleomagnetic work 

done thus far. 

Rocks of pre-Neogene age have been studied extensively from the southern Apennines and its 

foreland, in particular Cretaceous limestones from the Apulian foreland (Channell and Tarling, 1975; 

Channell, 1977; VandenBerg, 1983). The results of these workers revealed a characteristic mean 

direction for these limestones that implies a counter-clockwise rotation of approximately 30° since the 

early Tertiary. Mesozoic limestones from the southern Apennines reveal counter-clockwise rotations 

between 34° and 112° (Channell and Tarting, 1975; Catalano and others, 1976; Incoronato, 1983; 

Jackson, 1990). The work of Sagnotti (1992) established a 22° counter-clockwise rotation from early 

Pleistocene clays from the Sant'Arcangelo basin, whereas early Pleistocene clays from the Apulia

Gargano foreland show no rotation (Scheepers, 1992). All these tectonic rotations are of great interest, 

but many more studies are needed to separate local and regional effects and to determine the age and 

causes of the rotations. This paper is a contribution to this: it reports the study of early Pleistocene 

sediments from different tectonic settings in the Matera area. The results are compared with the earlier 

established paleomagnetic data in this area. 

2. Geological setting 

From a purely geological point of view, Southern Italy is divided into three main tectonic units: 

the Apenninic belt, the Bradano Unit and the Apulia-Gargano foreland. The most easterly and external 

one, the Apulia-Gargano foreland (Figure 1), has a continental basement covered by a carlx)llate 

succession of Mesozoic to early Tertiary age that exceeds 6000 m in thickness and is called the Apulia 

Unit (D'Argenio and others, 1975). This Apulia Unit extends below the deposits of the Bradano Unit 

(Figure 1) which are Plio-Pleistocene in age. The foreland is further characterised by a crustal thick

ness of about 30 km, whereas the crustal thickness below the southern Apennines can be as much as 

35-40 km. The foredeep basin was considered to have a flexural origin and is the result of the retreat 

of the subducting lithospheric slab towards the foreland (Royden and others, 1987). 

The Bradano Unit, more to the west, is a terrigeneous succession, several thousands of metres 

thick that was accumulated in a Plio-Pleistocene foredeep (pescatore and Senatore, 1986). These 

young sediments as well as the underlying Mesozoic - early Tertiary carbonate sequence are affected 

by normal faulting (Cristofolini and others, 1985). Compressive structures are only detecTable in the 

western part, in connection with the Apenninic belt system. Most of the 320 km of shortening in the 

southern Apennines took place between the Langhian and the Tortonian stages of the Miocene 

(D'Argenio and others, 1975). 
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Figure 2. General geological map of the Matera area (modified after Lentini, 1967). The studied localities in 
the western part (Apenninic belt) are the two localities in the Sant'Arcagelo basin (SAG 1-6. SAG 7-11) and 

the Craco locality; in the eastern part the 3 localities are in the Bradano Unit (Pisticci. Pom:irico and Tursi). 

3. Sampling and laboratory treatment 

Sampling sites were mainly selected on the basis of sedimentary/lithological criteria. Fine

grained sediments (marine marls and clays) were chosen because of their suiTable magnetic properties 

and because their sedimentation rate is usually low enough to average out secular variation, to a large 

extent. Sections and/or outcrops close to major faults or containing landslides were avoided. 

The present study deals with late Tertiary and Quaternary marly clays from the Bradano Unit and 

the Apenninic belt in the Matera area. The colour of the sampled clays is an indication of the freshness 

of the clays: fresh clays are mostly blue coloured and give better paleomagnetic results. Sometimes it 

was necessary to remove the weathered surface before drilling. A total of 235 cores from 38 sites was 

sampled. We have divided the sampling into 6 different localities (Figure 2). We took cylindrical 

standard cores of 25 mm diameter and 6-10 cm length using an electric drill and porTable generator. 
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'Three of these localities belong to the Apenninic belt: (1) an area in the northern part of the Sant' 

Arcangelo basin, (2) an area in the southern part of the Sant'Arcangelo basin and (3) the Craco area. 

The variety in bedding tilts for the sites in these three areas enables to test for the primary (= pre-tilt) 

origin of the remanent magnetisations. The other three localities belong to the Bradano Unit (Fig. 2): 

(1) the Tursi area between the Sinni and Agri rivers, (2) the Pisticci area north of the Tursi area 

between the Cavone and Basento rivers, and (3) the Pommco area north of Pisticci between the 

Basento and Bn1dano rivers. The sites in the Bradano Unit are mostly in moderately tilted sequences. 

4. Paleomagnetic results of the Matera area 

4.i introduction 

In the laboratory, routine paleomagnetic methods were applied to obtain characteristic magne

tisation directions for the samples. The natural remanent magnetisations (NRM) were measured partly 

with a JR-3 spinner magnetometer with a digital interface and partly with a 2G cryogenic magneto

meter. The initial NRM intensities of these sediments range from 0.05 to 70 mNm. The NRM of 

generally six specimens per site was analysed by means of progressive stepwise thermal demagne

tisation using small temperature increments (50 to 20°C). The low-field bulk susceptibility (XLP) of 

the samples during thermal treattnent was measured on a Bartington MS2 susceptometer, to detect 

changes in the magnetic mineralogy. Maximum demagnetisation temperatures were determined by the 

limit of reproducible results. This limit was strongly influenced by a large increase in XLP and viscous 

behaviour at temperatures higher than 400-450°C. The viscous behaviour relative to the remanent 

magnetisation then becomes too large to measure a meaningful remanence direction. 

In this paper, firstly the general NRM characteristics of the sediments are reported, and secondly, 

some rock magnetic results will be discussed. Demagnetisation diagrams (Zijderveld, 1967) were used 

for the interpretation of characteristic remanence magnetisation directions. For low intensity sites, 

stacked demagnetisation diagrams (Scheepers and Zijderveld, 1992) were calculated. The charac

teristic directions of the magnetisations were determined by least squares fitting of lines through 

selected datapoints (Kirschvink, 1980). From the characteristic remanent magnetisation (ChRM) 

directions a site mean direction is calculated and then from the site means a locality mean using Fisher 

(1953) statistics. 

4.2 Matera area, Apenninic belt: 

Sant'Arcangelo basin: In the Sant'Arcangelo basin, all sites were collected along the eastern basin 

margin (Fig. 2) in clays of late Pliocene to early Pleistocene age (formation p3Q - foglio 211, Carta 

geologica d'Italia). This eastern basin margin was also sampled by Sagnotti (1992); his results indi

cate that the Sant'Arcangelo (piggy-back) basin underwent a counter-clockwise rotation of 22°. In our 

sampling, sites SAG 1-6 are situated north of the village Sant'Arcangelo between the Agri and Sauro 
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rivers (Fig. 2) in an area east of Aliano. Most sites in this northern area were not optimally fresh, as 

was indicated by some brown spots in the mostly blue-coloured sediments; only site SAG 3 was in 

very fresh clays (completely blue coloured with datk dots). The bedding tilt in the northern area is 

between 20 and 40° to the north, west and northwest (Table A2). In the area south of the village of 

Sant'Arcangelo, sites SAG 7-11 were all drilled in optimally fresh outcrops along the new road (SS92) 

to Senise in the valley of the S. Arcangelo river. In this southern area the bedding tilt for the outcrops 

is between 18 and 30° to the southwest (Table A2). The difference in general bedding tilt between the 

northern and southern area of the Sant'Arcangelo basin makes it possible to perfonn a meaningful fold 

test. The marly clays of the Sant'Arcangelo basin are overlain by Pleistocene sands and conglomerates 

belonging to the Aliano fonnation (see foglio 211, Carta geologica d'ltalia). According to our own 

biostratigraphic age estimates (see Appendix), the Sant'Arcangelo sites most probably have an age 

younger than 1.35 Ma, although a slightly older age (with a maximum of 2.02 Ma) cannot be exclu

ded for a number of sites (SAG I, 4, 7, 8 and 9); the stratigraphical order of the sites could not 

(reliably) be detennined. 

The paleomagnetic results from the sediments belonging to the Sant'Arcangelo basin show two 

well-defined NRM components (Fig. 3), apart from a small viscous (laboratory induced) component 

which is removed at 100°C. A first NRM component is removed between 100 and 300-320°C, and is 

further referred to as a low temperature (LT) component (Figure 3C, D). A second component is 

removed between 300-320 and 430°C, defined here as high temperature (HT) component (Fig. 3). 

This distinction in two NRM components is the same as observed for the clays overlying the Apulia

Gargano foreland (Scheepers, 1992). 

The nonnal polarity LT component has a small overlap in blocking temperature spectrum (250

300°C) with the HT component (see for example Figure 3C). Four sites from the area north of Sant' 

Arcangelo show such a nonnal polarity LT component (Table 1). The mean direction, calculated by 

giving equal weight to the site mean LT directions reveals the highest value for the precision para

meter if no correction for bedding tilt is applied (Figure 4A, B; Table 1): D = 8.4° and 1 = 39.9° m m 

(k=65). The nonnal polarity LT component has therefore been acquired after bedding tilt and is 

probably caused by weathering. According to its direction it must be of subrecent (secondary) age, 

although the inclination is much shallower than the inclination (57.5°) of the geocentric axial dipole 

(GAD) field for the present latitude of the basin. The seven remaining sites in the Sant'Arcangelo 

basin show a reversed polarity LT component (Figure 3B, D; Table 1); discrimination of this com

ponent is arbritary. The mean direction of these reversed polarity LT components shows the besl 

concentration after bedding till correction has been applied (Fig. 4A, B; Table 1). Clustering is still 

not good after bedding tilt correction (k=2l), but better than before (k=9; Table 1). Consequently, the 

reversed polarity LT component has been acquired before bedding tilt of the sediments and during an 

interval of reversed polarity, and is considered to be of 'primary' origin. 

In contrast to the LT component, the HT component shows a well-defined reversed polarity for 

all sites from the Sant'Arcangelo basin (Figure 3; Table 1); there is no relation with the polarity of the 

LT component, for all sites the NRM decay from 320°C onwards is similar (Figure 3). The HT 
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Table 1. Site mean directions and overall mean directions from the sites of the Apenninc belt sampled in the 
Matera area using Fisher (1953) statistics. 

site N D I D(te) I(te) k a95 Int comp 

Sant'Arcangelo area (North) 
SAG 1 6 13.1 42.0 8.3 7.3 132 5.8 5.57 LT 
SAG 2 5 253.0 -19.6 238.2 -58.4 52 10.8 0.19 LT 
SAG 3 5 184.6 -62.1 150.2 -57.5 357 4.1 17.64 LT 
SAG 4 5 24.5 39.3 25.7 9.4 218 5.2 1.48 LT 
SAG 5 5 359.6 38.3 352.7 21.8 98 7.8 1.90 LT 
SAG 6 5 356.9 38.0 357.6 0.0 117 7.1 4.32 LT 

SAG 1 6 37.2 -75.6 152.7 -63.0 24 14.0 0.16 HT 
SAG 2 5 216.6 -52.2 152.4 -56.3 309 4.4 0.22 HT 
SAG 3 5 176.7 -59.5 147.6 -53.1 398 3.8 1.03 HT 
SAG 4 5 91.9 -55.3 139.7 -57.8 44 11.6 0.25 HT 

SAG 5 5 95.2 -88.9 137.8 -69.2 179 5.7 0.31 HT 
SAG 6 6 42.6 -75.1 158.7 -61.4 195 4.8 0.61 HT 

Sant'Arcangelo area (South) 
SAG 7 5 183.7 -48.4 151.9 -60.6 56 10.4 5.73 LT 
SAG 8 5 181.1 -40.3 157.5 -52.9 51 10.8 1.33 LT 
SAG 9 3 174.7 -26.1 156.8 -38.6 8 47.4 1.81 LT 
SAG 10 6 183.6 -38.4 174.4 -54.2 21 15.0 9.49 LT 
SAG 11 6 176.5 -29.2 168.2 -51.3 1181 2.0 29.63 LT 

SAG7 5 178.8 -49.2 145.7 -59.2 87 8.2 1.70 HT 
SAG 8 5 182.3 -45.1 154.1 -57.4 648 3.0 0.85 HT 
SAG 9 5 190.0 -34.5 166.2 -52.8 375 4.0 0.37 HT 
SAG 10 6 187.2 -42.6 177.6 -58.9 251 4.2 2.43 HT 

SAG 11 6 179.0 -32.7 170.4 -55.2 873 2.3 6.39 HT 

Craco area 
CRC 1 6 359.7 44.8 5.9 22,5 17 16.7 0.70 LT 
CRC3 6 345.2 73.0 354.8 51.5 11 21.3 1.68 LT 
CRC4 6 342.3 41.0 322.7 50.6 51 9.5 0.10 LT 
CRC5 5 334.8 66.3 349.9 29.1 47 11.3 1.97 LT 

CRC 1 2 146.2 -56.0 166.5 -39.8 111 24.0 0.60 HT 

CRC2 7 104.3 -68.8 156.8 -61.5 214 4.1 0.51 HT 

CRC3 6 310.3 72.0 338.1 54.3 192 4.8 1.55 HT 

CRC4 5 191.5 -43.7 176.8 -61.8 78 8.7 0.15 HT 

CRC5 5 243.6 64.0 318.2 56.1 86 8.3 0.63 HT 

CRC6 4 176.8 -47.9 149.9 -45.1 8 35.1 0.05 HT 
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Mean directions, Sant'Arcangelo basin: 
4 sites (N) no tc 8.4 39.9 65 11.5 3.32 LT 

tc 6.2 9.8 23 19.6 3.32 LT 
7 sites (R) no tc 190.9 -40.9 9 20.9 9.40 LT 

tc 168.0 -56.3 21 13.6 9.40 LT 

6 sites (R) no tc 137.6 -81.0 10 22.9 0.43 HT 
north tc 148.5 -60.3 140 5.7 0.43 HT 

5 sites (R) no tc 183.6 -40.9 103 7.6 2.35 HT 
south tc 163.0 -57.2 122 7.0 2.35 HT 

11 sites (R) no te 175.5 -63.1 8 17.6 1.30 HT 
all area tc 155.4 -59.1 104 4.5 1.30 HT 

Mean directions, eraco area: 
4 sites (N) no tc 347.0 56.6 23 19.5 1.11 LT 

tc 350.2 39.4 16 23.5 1.11 LT 

2 sites (N) no tc 270.5 71.2 22 56.7 1.09 HT 
tc 328.4 55.6 100 25.2 1.09 HT 

4 sites (R) no tc 164.0 -57.8 13 26.2 0.32 HT 
te 161.8 -52.5 38 15.2 0.32 HT 

6 sites (NR) no tc 328.6 65.8 11 21.5 0.58 HT 
tc 337.5 53.7 48 9.8 0.58 HT 

Table 1. (continued). N= number of samples, D(tc), l(tc)= declination, inclination (including bedding tilt 
correction), k = precision parameter, a95= semi-angle of cone of confidence on the 95% level. Int = mean 

intensity value calculated per site (in mAim), comp =component, where LT means low-temperature (100-300) 
and HT high-temperature (340-450) component. 

directions cluster excellently after bedding tilt correction has been applied (Figure 4C, D; Table 1); 

they show a positive fold test (McFadden, 1990) and maximum (k=I04) statistics at 100% unfolding: 

D = 155.40 and 1 = -59.1 0 for the 11 sites from the Sant'Arcangelo basin. The HT magnetisationm m 

has been acquired before tilting of the sediments and is considered to be of primary origin. Clustering 

of the HT component is much better than that of the reversed polarity LT component. The HT com

ponents of these sediments do not show an inclination error: the average inclination is 59.1 0 (Table 1; 

Fig. 4), which does not deviate significantly from the GAD inclination for the present latitude (57.5°). 

The origin of the HT magnetisation will be discussed later on the basis of the rock magnetic obser

vations. 

The reversed polarity and the inferred biostratigraphic age imply that these clays are lower 

Pleistocene in age (Matuyama Chron). It appears that there is a 250 counter-clockwise rotation relative 

to magnetic North for the Sant'Arcangelo clays; this value is similar to the results of Sagnotti (1992). 

It further appears that the mean HT direction for sites SAG 1-6 from the northern area gives a differ

ent rotation (31.5°) with respect to sites SAG 7-11 from the southern area (17.0°). The data of 

Sagnotti (1992) agree well with this obselVation; his 5 sites directly to the north of Sant'Arcangel0 

imply 28° of rotation: Dm =152.0° and 1m = -59.8° (k=203); his 4 sites directly south of Sant' 

Arcangeloimply 18° ofrotation: Dm = 161.7° and 1m = -57.3° (k=I09) 
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(A): LT-direclions (no tc) (8): LT-directions (tc) 

(C)o HT-directions (no tc) (D): HT-direclions (tc) 

Figure 4. Equal area projection of different NRM components of samples from the Sant'Arcangelo basin. 
Upper (lower) plots show the directions of the LT (HT) component before (A, C) and after (B, D) bedding tilt 
correction (Ie). In the left diagrams the dots represent the individual sample directions; full (open) dots denote 
downward (upward) projections. The circles give Fisher's (1953) lX95 for the different site means. The shaded 
area gives the lX95 of the overall mean direction using the site means. The asterisk denotes the geocentric axial 

dipole field direction for the sampling area. 

For the northern area, comparing the HT direction of site SAG 3 - which has a primary LT 

magnetisation - with the HT directions of sites SAG I, 4, 5 and 6 (having a secondary LT magne

tisation), shows that the direction of the HT magnetisation is hardly or not influenced by the LT 

magnetisation (Table I). The mean direction for site SAG 3 is: Dm = 147.6° and 1m = -53.1° (k=398), 

the mean direction for the four sites SAG 1,4,5 and6is: D = 147.6° and 1 = -63.1° (k=151). Site m m 

SAG 2 was not used here because its NRM characteristics are completely different from the other 10 

sites. From the demagnetisation diagrams (Figure 3) it can be seen that there is no overlap in blocking 

temperature spectrum of the two components above 340°C. However, the intensity of the HT magne

tisation is much lower for sites with a secondary LT component (0.33 mAIm) than for the sites with a 

primary (here: reversed) LT component (1.86 mAIm). Apparently, weathering has removed part of the 

HT magnetisation, but did not affect its direction. 
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Craco area: At the most external part of the Apenninic belt system, just west of the Bradano 

Unit, we sampled an area south of the abandoned village of Craco (Fig. 2). Six sites with different 

bedding tilts were sampled here in the clayey Gravina formation (foglio 200, Carta geologica d'Italia). 

Sites CRC 1-3 and CRC 5 have a tilt between 22 and 39° to the north (northeast). while CRC 4 and 

CRC 6 have one of 21-25° to the southeast (Table A2). All sites are in blue-coloured clays; sites CRC 

I, 4 and 6 showed grey-brown coloured spots indicating a slight degree of weathering. 

There are two types of demagnetisation behaviour for these six sites: there are four sites with 

complex multi-component behaviour (CRC 1-3 and CRC 5) and there are two sites with low 

intensities showing scattered one-component behaviour (sites CRC 4 and CRC 6). For the low 

intensity sites, only a reversed polarity magnetisation is removed from 200 up to 40Q°C (Figure 5D); 

(A) 

(C) 

NRM 

200 

--=~---N 

CRC26A (B) 

CRC 5.6A (D) 

CRC3.2A 
uplW 

up/W 

J NRM =0.17 mAIm 

------ib'''------,,/t-N 

Figure S. Stepwise thermal demagnetisation diagrams of samples from the Craco area. All diagrams include 

bedding tilt correction. Symbols are the same as used in Figure 3. 

the scatter is mainly caused by the relatively weak remanences (for example JHT = 50 IiNm for site 

CRC 6). The other four sites not only have higher initial intensities, but also show clearly more NRM 

components; the outcrops of these sites are the fresh (blue coloured) clays. The NRM components 

from these fresh sites are: a LT component removed between 100 and 200°C, another component 

removed between 200 and 340°C (medium temperature or MT component) and finally a HT compo
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nent between 340-360 and 4S0°C (see for example Figure SA, C). The HTcomponent is present in all 

sites and gives a positive fold test (see Figure 6; Table 1), increasing the precision parameter (k=11 to 

k=48). The mean direction of the HT component f~r the Craco area implies a counter-clockwise 

rotation of 22.So; this value is quite similar to the rotation of the Sant'Arcangelo basin (24.So, see 

above; and Sagnotti, 1992). 

The other NRM components present in the fresh outcrops of these clays do not affect the HT 

direction. Some sites have a medium temperature (MT) component with opposite polarity relative to 

the HT component; site CRC 2 has a reversed polarity HT component and a normal polarity MT 

component and a reversed LT component (Figure SA). Further, site CRC S has a normal polarity HT 

component; the MTcomponent of this site is southerly directed (Figure SC), but because of the major 

interference with the LT and HT component (both normal polarity) the inclination of this MT compo

nent is variable. This MT component is removed between 200 and 340-380°C (Figure SB, C), and 

shows in this temperature interval a more or less linear decay (CRC 2 and CRC S). Because the sites 

which show this behaviour were the most fresh, it is possible that this component is carried by iron 

sulphides (probably pyrrhotite) disturbing the NRM up to 340°C. Because of the major interference 

with the other (non-sulphide) components, it is not possible to determine this component with 

sufficient accuracy. 

(A) HT-direelions (no Ie) (B) HT-direetions (Ie) 

Figure 6. Equal area projections of HT magnetisation components of the Craco area (CRC). (A): in-situ 
directions (all samples and site mean directions including (19S), (B): tilt corrected directions (site mean 
directions including 119S)' Reversed LT site mean directions have been inverted to compute the overall mean 

direction (shaded ellips). See also caption to Figure 4. 
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4.3 Matera area: Bradano Unit: 

Tursi area: The Tursi area is the most southerly of the three sampled areas belonging to the 

Bradano Unit in the Matera area (Figure 2). We sampled seven sites (fUR 1-7) in the Tursi section. 

Sites TUR 1-2 were sampled in a fresh outcrop in the silty lower part of the marine clay sequence. 

The sites TUR 3-7 are situated along the road to the east (to locality San Maria d'Anglona) in the blue

coloured clayey middle part of the formation. The relative stratigraphic position of the sites was deter

mined; the age of the sampled interval is between 0.88 and 0.78 Ma (see Appendix). Sediments of the 

Tursi area show a moderate (70) and rather uniform tilt to the north-northeast (Table A2). 

The NRM characteristics of the sediments in the Tursi section differ slightly but significantly 

from the previous areas: the behaviour is less uniform, although maximum blocking temperatures are 

similar (430°C). For sites TUR 1-2 three distinct NRM components can be distinguished (Fig. 7A). 

Firstly, a component with reversed polarity was removed between 100 and 200/250°C; this compo

nent is not present in all samples (see Scheepers and Zijderveld, 1992). Secondly, a low temperature 

(LT) normal polarity component is removed between 200/250 and 3OO/320°C. Finally, a reversed 

polarity HT component was removed between 300/320 and 430°C (see also Fig. 7A). The HT direc

tions show a better concentration than the other components (Table 2), with a precision parameter of 

300-400. It is evident that the mean direction of this HT component does not reveal any rotation. 

For sites TUR 3-5, a very strong and nearly randomly oriented LT component is present (see 

Figures 7B, 70; Table 2). A reliable determination of the HT component for these sites is hardly 

possible (Fig. 70), since it is largely overprinted by the LT component, which is stronger by one or 

two orders of magnitude. Still, it can be seen that the HT component has a reversed polarity (Fig. 70; 

Table 2). Since a more or less reliable direction could only be determined from a few specimens of 

each site, TUR 3-5 was taken as one site to calculate the HT mean direction, but it is still badly 

determined (k=12). The great circles through the magnetisation directions are very well determined 

for these sites (Figure 7E); between 250 and 360°C great circles have maximum angular deviations 

between 1 and 10°. These great circles were calculated for all samples demagnetised per site; the 

resulting great circles converge excellently (Figure 7F). We have used the great circle analysis method 

of McFadden and McElhinny (1988). We imposed no sector constraints because the planes make 

fairly large angles with each other; we only impose a reversed polarity as an approximate direction. 

This procedure was also performed for sites TUR 1-2; the great circles, calculated for the 250-360°C 

interval converge here also very well. Because we have very reliable HT directions here (Table 2), we 

can use the results from the two different approaches as a check for the great circle method. The 

directions of the two methods are very similar (Table 2). For sites TUR 3-5 the great circle derived 

HT directions are in accordance with the results from sites TUR 1-2 (Table 2). 

The upper site of the Tursi section (TUR 6) gives very peculiar HT directions; the mean direction 

of the HT components is more than 400 to the west (Table 2). Because the precision parameter is low 

(k=18), there is some doubt on the stability of the component here. The great circles converge at a 
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complete different direction (Table 2), which is in accordance to the results of the other sites. The 

other site in the upper part of the section (TUR 7) has a HT direction which agrees with the directions 

of the lower part of the section. We further use the HT components calculated from the great circle 

method for the Tursi section; because of the major interference with other NRM components, the HT 

component has a less reliable uncertain direction with the direct approach. The mean direction for the 

seven sites in the Tursi section is: Dm = 179.4° and 1m = -56.6° (k=98; Table 2), implying no rotation 

for the Tursi section. 

Table 2. Site mean directions and overall mean directions from the sites of the Bradano Unit sampled in the 
Matera area. 

site N D I D(te) l(te) k a95 1nt comp 

Tursi section, direct approach: 
TUR 1 5 13.3 72.9 21.8 67.5 48 11.2 1.04 LT 

TUR2 6 22.5 64.1 26.9 58.4 29 12.6 0.99 LT 
TUR3* 6 330.6 -20.2 328.3 -21.5 5 34.8 35.24 LT 

TUR4* 6 324.4 29.6 327.8 28.7 6 29.4 7.35 LT 

TUR5* 4 345.5 2.2 345.6 -0.7 3 64.6 5.68 LT 

TUR6 6 328.8 53.4 342.5 54.5 8 24.8 14.63 LT 

TUR 7 5 342.4 55.8 335.2 51.9 14 21.1 14.04 LT 

TUR 1 6 171.8 -58.9 179.3 -55.1 439 3.2 1.08 HT 

TUR2 6 175.2 -56.8 181.8 -52.7 295 3.9 0.90 HT 

TUR3-5 5 189.4 -74.3 199.5 -69.0 12 23.2 0.39 HT 

TUR6 6 129.7 -43.3 138.8 -48.0 18 16.1 0.30 HT 

TUR 7 5 189.0 -43.8 183.0 -42.8 76 8.8 0.44 HT 

Tursi section, remagnetisation circles: 
TUR 1 6 175.5 -65.5 184.6 -61.3 5.4 HT 

TUR2 6 175.2 -58.5 182.2 -54.4 4.0 HT 

TUR3 6 167.6 -62.1 176.5 -58.5 10.6 HT 

TUR4 4 189.9 -53.2 194.3 -48.1 12.4 HT 

TUR5 4 160.2 -70.1 173.9 -67.0 5.9 HT 

TUR6 6 160.4 -51.9 173.0 -51.1 11.0 HT 

TUR 7 6 177.2 -56.4 168.5 -53.9 4.4 HT 

Tursi section, mean directions: 
direct approach: 4 no te 

te 
352.0 
358.4 

63.3 
60.1 

30 
28 

17.0 
17.6 

7.68 
7.68 

LT 
LT 

direct approach: 5 no te 
te 

168.2 
174.4 

-57.6 
-55.2 

18 
25 

18.6 
15.6 

0.62 
0.62 

HT 
HT 

remag. circles: 7 no te 173.0 -60.0 90 6.4 HT 

te 179.4 -56.6 98 6.1 HT 
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Pisticci section, direct approach: 
PST 2 6 5.1 53.9 10.4 48.3 163 5.3 0.74 LT 
PST 8 6 359.5 42.7 3.6 37.6 360 3.5 0.78 LT 
PST 9 6 357.1 47.7 2.1 42.8 103 6.6 1.19 LT 

PST 1 5 3.6 52.2 8.7 46.8 90 8.1 1.92 HT 
PST 3 6 156.4 -52.8 164.3 -49.8 64 8.4 1.38 HT 
PST4 5 1.7 60.4 8.8 55.0 281 4.6 2.54 HT 

PST 9 * 6 121.4 -69.3 140.3 -69.8 21 15.0 0.10 HT 
PST 13 3 5.5 55.2 11.0 49.6 90 13.0 0.64 HT 
PST 14 3 11.9 59.1 17.2 53.1 44 18.9 0.22 HT 

Pisticci section, remagnetisation circles: 
PST 8 6 176.9 -48.6 182.1 -43.7 4.0 HT
 
PST9 6 166.1 -64.1 176.7 -59.9 6.0 HT
 

Pomarico area, direct approach:
 
POM1 6 348.5 58.6 348.5 58.6 105 6.6 0.58 HT
 
POM2 6 359.6 62.5 359.6 62.5 136 5.8 1.46 HT
 
POM3 6 356.0 53.7 349.8 59.9 319 3.8 1.24 HT
 

Mean directions:
 
Pisticci 3 0.3 48.1 5.2 43.0 171 9.5 0.90 LT
 

Pisticci (N) 4 5.6 56.8 11.4 51.2 338 5.0 0.74 HT
 
Pisticci (R) 3 166.9 -55.5 174.5 -51.4 65 15.5 1.33 HT
 
Pisticci (NR) 7 357.5 56.6 4.2 51.6 88 6.5 0.85 HT
 

Pomanco (N) 3 no tc 354.7 58.3 236 8.0 1.09 HT 
tc 352.4 60.4 519 2.4 1.09 HT 

Table 2. (continued).
 
* denotes that this site was not used for calculation of mean direction. Other symbols the same as in Table 1.
 

Pisticci section: The Pisticci section is also in the Bradano Unit, to the north of the Tursi section 

(Fig. 2). In the main section 8 sites were collected; further 3 sites were sampled down in the Cavone 

valley. From the main section, sites PST 1-4 and 8-9 are from the middle part of the exposed Pleisto

cene clays (Argille Subappennine - foglio 201, Carta geologica d'Italia), sampled 2 kIn south-south

east of the village of Pisticci. Sites PST 13-14 are from the top part of the section, just east of the 

village of Pisticci. Down in the Cavone valley (Figure 2), three sites (PST 5-7) were collected in the 

lowest part of the section. Bedding orientation could not be established here; this part of the section is 

tectonically very disturbed; we use the paleomagnetic results only for the age estimate of the section. 

Most sites in the Pisticci section were drilled in blue-coloured clays except sites PST 2, PST 6, PST 

8-9 and PST 14. We drilled site PST 2 in clays with a brown/red colour indicating extensive weath

ering, with the purpose to compare the results with the fresh sites. At site PST 1, synsedimentary 

slumps are present. The bedding tilt for the Pisticci section is approximately 7° to the north-northeast 

(Table A2). The sites fium the middle part of the section can be dated around 0.90 Ma (Appendix). 

92 



(A) uplW PST 1.3B I (D) ~IW	 PST 9.sA 

1";1 ~.N 

N 

100	 

() 

uplWuplW 
N 

430 

4taQ • .~ N 380 260 

JNRM = 25.54 mAim 
J300 = 3.74 mAim ~ 

i 
.... 
~ 200 

NRM 
300 

(B)	 PST 2.4A I (C) PST 3.2A I (E) PST 13.3A 
uplW

upfW ~ uplW ki> .... Na....--	 N 
~ o 

200 
JNRM = 17.40 mAim ~ 

tIl 
260 

250 JNRM =5.29 mAIm	 ~ 
J300 = 0.97 mNrn	 s:: 

:i!220 
tIl 

180	 ~ 
140 

NRM	 ~ 100 

~ 
Figure 8. Stepwise thermal demagnetisation diagrams of samples from the Pisticci area (PST). See also caption to Figure 3. 
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SCHEEPERS: TECTONIC ROTATIONS IN THE TYRRHENIAN ARC SYSTEM 

The demagnetisation diagrams (Figure 8) show the same characteristics as those of the Sanl' 

Arcangelo basin (see above) and the Apulia-Gargano foreland (Scheepers, 1992). Apart from a vis

cous component, a LT component is removed between 100 and 300-320°C, and a HT component is 

removed between 300-320 and 430°C. The distinction between these components is only evident from 

the sites which show increased weathering (e.g. PST 9.5A; Figure 8D). Site PST 9 has a normal pola

rity LT component and a very low intensity reversed polarity HT component (Figure 8D; Table 2); the 

direction of the HT component is badly determined and is clearly affected by weathering to a larger 

extent than was found for the sites in the Sant'Arcangelo area. We used the great circles to calculate 

the HT direction here (Table 2); also for site PST 8 we used the great circles to determine the "hidden" 

HT direction. 

The site taken from the weathered outcrop (pST 2) has lost its magnetisation almost completely 

at 300-340°C (Figure 8B); thus only the (normal) LT component is present here. The (in-situ) direc

tion of this component has a present-day field direction (Table 2) and apparently extensive weathering 

has completely removed the HT magnetisation. This process was already suggested from the obser

vation in the Sant'Arcangelo basin that increased weathering removed part of the HT magnetisation. 

Evidently, there are various stadia in the process of weathering and its influence on the different NRM 

components. 

The fresh sites of the Pisticci area are similar to the fresh sites from the Sanl'Arcangelo basin: 

intensities are of the same order of magnitude and the samples have similar maximum blocking tem

peratures. In the Pisticci section both normal and reversed polarities are found for the HT component. 

Site PST 3 (Figure 8C) has a reversed polarity. The others, PST 1 and 4 (Figure 8A) show a normal 

polarity (Table 2). The HT directions are clearly not antipodal here. The primary origin of both pola

rities is supported by the observation that both normal and reversed polarity magnetisations have the 

same characteristics in NRM decay as well as high intensities (Fig. 8A, C; Table 2, compare Table 1). 

Therefore, the normal polarity sites (pST 1 and PST 4) are considered to represent a true normal 

polarity event, although we notice that the (in-situ) direction is close to the present day field direction 

(Table 2). According to biostratigraphic age estimates this normal polarity event represents the Jara

millo subchron. Site PST1 shows consistent directions of remanence, although slumps are present. 

The NRM is not disturbed by the slumping and indicates that either (synsedimentary) 'resetting' of the 

remanence occurred due to the probably high water content involved with the slumping (see also 

Langereis and Hilgen, 1991), or that there is a time-lag in recording the geomagnetic field e.g. due to 

authigenic formation of the remanence carrying minerals (Van Hoof and Langereis, 1991). 

The sites from the upper part of the section, PST 13-14, have a clear normal polarity HT 

magnetisation (Figure 8E). The direction is not significantly different from the normal polarity sites 

from the middle part of the section (Table 2). The mean direction for the four normal polarity sites 

from the Pisticci section and the mean (inverted) direction for the three reversed polarity sites make an 

angle of 10.5°, the reversal test (McFadden and McElhinny, 1990) is positive, classification 'C'. 
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Pomarico area: North of the Pisticci area and in the BrOOano Unit, between the Basento and 

Bnidano rivers (Figure 2), we collected three sites (POM 1-3) in the same Pleistocene clays (Argille 

Subappennine - foglio 201, Carta geologica d'Italia). The bedding is sub-horizontal for sites POM 1-2, 

site POM 3 has a bedding tilt of 7° to the south-southeast (Table A2). All sites were sampled in very 

fresh clays. 

The NRM characteristics are the same as for the fresh sites from the other areas. All three sites 

have a normal polarity HT component (Figure 9), consistently showing a very small westerly rotation 

of 7.5° (Table 2). The primary origin is supported by the consistent NRM characteristics. 

(A) POMUA (B)
upIW 

~"-----N 

JNRM =26.58 mAhn
 
J 300 = 3.11 mAhn
 

----,4"""1'=----- N 

300 

up/WupIW 

Figure 9. Stepwise thennal demagnetisation diagrams of samples from the Pomarico area (POM). See also 
caption to Figure 3. 

4.4 Comparing HT directions from the Matera area 

The three areas from the western part of the Matera area and belonging to the Apenninic belt 

show a clear counter-clockwise rotation as derived from their HT site mean directions (Figure 10; 

Table 3). The 17 sites have a mean direction implying an average rotation of 24°, which is exactly the 

same if the mean direction of the three areas is calculated (Table 3). The normal and reversed polarity 

sites were used to perform a reversal test; the mean direction for the 2 normal polarity sites and the 
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SCHEEPERS: TECTONIC ROTAnONS IN THE TYRRHENIAN ARC SYSTEM 

(inverted) mean direction for the 15 reversed polarity sites have an angle of 5.2°, the reversal test 

(McFadden and McElhinny, 1990) is positive, classification 'C'. 

The three areas from the eastern part of the ¥atera area and belonging to the Bradano Unit have 

in total 7 normal polarity sites. The clustering for the sites is not as good as for the Apenninic belt; the 

17 sites have a mean direction, similar to the mean direction of the three areas (Table 3). The HT 

mean directions do not significantly deviate from north-south (fig 10; Table 3). The mean declination 

for the 7 normal polarity sites is: D = 4.4° and for the 7 reversed polarity sites: D = 177.8°; meanm m 

inclination is nearly the same (55°; Table 3). The angle between normal and reversed polarity is 3.7°, 

the reversal test is positive, classification 'B'. These directions are not significantly different from the 

earlier observed data from the Apulian Unit (Scheepers, 1992). Inclination values are constant 55-57° 

for these mostly lower Pleistocene clays and hence there is no deviation from the geocentic axial 

dipole field for the present latitude of the area. 

N D(tc) I (tc) k(tc) pol locality age estimate 

Apenninic belt (this study): 
6 sites 328.5 60.3 140 R Sant'Arcangelo (SAG) north 0.70 - 2.02 Ma 
5 sites 343.0 57.2 122 R Sant'Arcangelo (SAG) south 0.70 - 2.02 Ma 
6 sites 337.5 53.7 48 NR Craco (CRC) 1.45 - 2.02 Ma 

17 sites 336.2 57.2 73 NR Apenninic belt sites
 
2 sites 328.4 55.6 100 N normal polarity sites
 

15 sites 337.3 57.4 70 R reversed polarity sites
 
3 areas 336.6 57.2 254 NR Apenninic belt localities
 

Bradano Unit (this study): 
7 sites 359.4 56.6 98 R Tursi section 0.89 - 0.82 Ma 
7 sites 4.2 51.6 88 NR Pisticci section 1.05 - 0.90 Ma 
3 sites 352.4 58.3 519 N Pommco area <0.99 Ma 

17 sites 0.5 55.3 91 NR Bradano Unit sites
 
7 sites 4.4 55.5 94 N normal polarity sites
 

10 sites 357.8 55.1 87 R reversed polarity sites
 
3 areas 359.1 56.3 218 NR Bradano Unit localities
 

Apulian Unit (from Scheepers, 1992) 
8 quarries 358.2 56.5 215 N Apulian Unit sites early Pleistocene 
2 quarries 0.2 59.1 2162 N normal polarity sites 
6 quarries 357.6 55.6 167 R reversed polarity sites 
4 areas 359.4 57.0 453 NR Apulian Unit localities 

Table 3. Summary of main results from this paleomagnetic study in the Matera area in southern Italy.
 

N= number of sites I samples, D(tc), I(tc)= declination, inclination (after tectonic correction), k(tc) = precision
 
parameter (after tectonic correction), k(tc) Ik = gives the improvement of clustering after tectonic correction,
 

pol = polarity. 
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(A) Bradano Unit (B) Apenninic belt 

o 

o 

Figure 10. Site mean directions for HT magnetisation for sites from the Bradano Unit (A) and the Apenninic 
belt (B) after inverting reversed polarity directions (circles). The circles give the u95 for the different areas. 

The shaded ellips gives the u95 of the overall mean direction using the area means. 

5. Some rock magnetic observations 

5.1 General observations 

In order to support the paleomagnetic interpretation of the studied sediments and to obtain 

additional information on the origin of the NRM, some rock magnetic experiments were performed. 

Several sites of the Sant'Arcangelo basin and the Pisticci section were used to study the influence of 

weathering on the rock magnetic properties. The NRM of these late Tertiary and Quaternary sedi

ments is removed between 100 and 430-450°C. NRM decay curves (Figure 11) were determined for 

six different sites, by taking three examples from very fresh sites (SAG 3, SAG 11 and PST 1), two 

examples from slightly weathered sites showing a secondary LT component and a reliable HT direc

tion (SAG 4 and SAG 6) and one example from a site entirely weathered without any HT component 

remaining (pST 2). The NRM decay curves were determined after stacking all available demagneti

sation diagrams of this site (method explained in Scheepers and Zijderveld, 1992). The decay curves 

demonstrate that the fresh sites lose most of their magnetisation between 150 and 250°C (Figure 11). 

The absolute and the relative amount ofNRM decay in this temperature interval is slightly more in the 

fresh sites. The decay of magnetisation is decreasing from 250°C onwards. There is no peak in NRM 

decay which may be linked to the blocking temperature of an additional magnetic mineral. 
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Figure 11. NRM decay curves for 6 sites with a different degree of weathering in the Matera area (Sant'Arcan
gelo and Pishcd). (A): decay curves, (B): normalized decay curves and decay rate for normalized curves. Dark 

(light) shaded area denotes fresh (weathered) sites. 

For the sites from the Sant'Arcangelo basin, the behaviour of the low-field susceptibility XLF 

during thennal demagnetisation was monitored. The XLF decreases strongly between 150 and 320°C 

(Figure 12) for samples from the fresh sites (SAG 3, SAG 10, SAG II, with a primary LT compo

nent) from values between 500-700 x 10-6 to 300-350 x 10-6. These sites also showed a major drop in 

NRM intensity for this trajectory (Figure 11); their mean initial NRM intensity i,s 9.4 mNm. This 

decrease in XLF between 150 and 320°C was observed for all sites in the Matera area with NRM 

intensities above 5 mNm and/or initial XLF values above 300 x 10-6 (SI-units). 

100' 200' 300' 400'C
 

98 



CHAPTER 4A: PALEOMAGNETIC EVIDENCE FROM THE MATERA AREA 

400 .......----------------..,
 
FRESH B 

200 

Q) 0-ro.... 
WEATHERED>ro 

u 
Q) ·200"0 

-400 

·600
 

FRESH
 A700 SAGll.2A
 

SAG3.1A
 

600 

SAG1O.3Bc.o 500 
0, 
UJ
 
0
 400 
~ SAG I.SA.6.6A-

U. 
-l 300 SAG7.2A.9.6AX 

200 
SAG 2.4A. 4.4A. 5.5A 

WEATHERED
 
100
 

0 

O' 100' 200' 300' 400'C 

Figure 12. (A) Initial (bulk) susceptibility versus demagnetisation temperature for samples of the Sant'Arcan
gelo basin. Upper part of figure (A) shows that the most fresh sites (SAG II, 3 and 10) have the largest initial 
susceptibility. A considerable drop in susceptibility occurs between 150 and 300 0c. The sites containing a 
secondary LT component (SAG 4,5, I and 2) have only a very small (or no) drop in susceptibility. An in
crease in susceptibility at temperatures above 340 °C is observed for aIL sites.(B) gives the decay rate of the 

susceptibility. Dark (light) shaded area denotes the area for fresh (weathered) sites. 
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The samples from the slightly weathered sites (SAG 4, SAG 5, SAG 6) show almost no or a 

slight decrease in XLF during thennal demagnetisation. The mean initial NRM intensity for these sites 

is appreciably lower, only 3.3 mNm. Apparently oxidation due to subrecent weathering of the 

remanence carrying minerals unblocking at ± 300°C has removed the primary LT component. lbis 

same oxidation process was accelerated in the furnace during thennal demagnetisation; we observe 

therefore a decrease in XLF and the intensity during thennal demagnetisation for the samples from the 

fresh sites. In the outcrops showing some weathering, the Earth's magnetic field introduced the 

secondary (nonnal) LT component during this oxidation process. 

5.2 Thermomagnetic measurements 

Thennomagnetic measurements are useful to distinguish between chemical alterations during 

thennal demagnetisation and true Curie temperatures for the unblocking interval. Such measurements 

were perfonned on samples from sites SAG 11, SAG 4 and PST 2 representing the different stadia of 

weathering. A modified horizontal translation type Curie balance, employing a cycling magnetic field 

(see Mullender and others, 1993) was used. lbis novel technique considerably enhances the sensi

tivity and accuracy of thennomagnetic analyses, so that no concentration of magnetic minerals is 
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Figure 13. Thermomagnetic curve measured in a cycling fied (200 - 400 mT) for an unconcentrated clay 
sample (90 mg) from the Sant'Arcangelo basin (SAG IUB); three heating-cooling runs were done (A, B, C) 
up to increasing maximwn temperatures (300,450 and 600°C). Solid line gives the heating curves (rate 6 °C / 

minute), dotted line gives the cooling curves (rate 10 °C / minute). There is a major decrease in magnetisation 
between 250 and 430°C. 
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necessary, Tn~ sample from a fresh site (SAG l1.lB) shows a complicated thermomagnetic behaviour 

(Figure Hi The sample has an initial NRM intensity of 29.6 mNm; another sample from this same 

site shov.s a major drop in XLF between 150 and 320°C (Figure 12). Its thermomagnetic behaviour 

(heating and cooling curves) was recorded during three runs of heating to successively higher tempe

ratures (300,450 and 600°C) and cooling to room temperature (Figure 13: A, B. C). There is a major 

decrease in magnetisation between 250 and 430°C; the cooling curves from 300 and 450°C (A. B: 

Figure 13) do not return along the same trajectory as the heating curves. The irreversibility of the 

curve shows that the maximum blocking temperature of 430°C is not a Curie temperature; the 

irreversibility is likely caused by chemical alterations during heating. The curves from the weathered 

samples do not show this decrease; chemical alterations had occurred already in the outcrop. For all 

samples a minor increase in magnetisation occurs between 430 and 500°C (Figure 13) indicating the 

formation of magnetite. The hyperbolic shape of the cooling curves is strongly dominated by the 

paramagnetic clay minerals. 

5.3 Hysteresis measurements 

Hysteresis curves were determined by measuring the imbalance of a pair of coils. one of which 

contained the specimen. Measurements were carried out using an alternating field with a maximum of 

250 mT. All curves show in high fields a linear magnetisation/field behaviour. which is caused by the 

paramagnetic conuibution of the clay minerals. The slope of this linear increase at high fields denotes 

the high field susceptibility (XHF) (Figure 14; Table 4). 

SAG 11.1C 
Js = 43.8 Aim 

JRS =30.9 Aim 

Hc = 61.5 mT 
HCR = 73.3 mT 

E-.... 
« 50 
c: 

remanent coercivity 
spectrum 

Figure 14. Magnetic hysteresis loop for clay sample SAG 11.1C. Dotted line gives the remanent coercivity 

spectrum of the sample. The linear relation of magnetisation to applied field (at higher fields) is caused by the 
paramagnetic contribution of the clay minerals. 
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specimen Hcr Hc Irs Is (A) (B) X(LF-HF) d (C) 

Jrs < 1 AIm: 
CRC4.6B 78.6 44.1 0.47 0.62 1.78 0.76 206 169 37 79 
CRC6.1B 63.9 51.6 0.43 1.21 1.24 0.36 195 162 33 77 
PST2.4B 79.1 39.3 0.55 1.11 2.01 0.50 201 159 42 76 
PST9.2B 82.6 52.3 0.70 1.26 1.58 0.56 197 120 77 110 
PST 14.1B 85.5 44.2 0.72 1.51 1.93 0.48 168 145 23 32 
SAG 2.2B 131.6 47.9 0.53 1.46 2.75 0.36 225 182 43 81 

Jrs < 5 A/ro: 
CRC l.lB 74.3 59.3 3.92 5.72 1.25 0.69 242 169 73 19 
CRC2.5B 80.7 49.2 1.94 3.53 1.64 0.55 214 151 63 33 
PST 13.4B 60.3 45.7 4.24 6.90 1.32 0.62 223 160 63 15 
SAG 4.5B 71.4 40.0 1.28 3.33 1.78 0.38 244 178 66 52 
SAG 5.5B 80.6 63.8 2.03 2.94 1.26 0.69 239 164 75 37 
SAG 7.4B 84.5 70.5 3.47 4.71 1.20 0.74 298 177 121 35 
SAG 8.6B 94.2 61.5 1.12 1.98 1.53 0.56 252 163 89 79 
TUR6.3B 72.5 61.2 3.46 4.33 1.19 0.80 260 185 75 22 

Jrs > 5A/ro 
CRC 3.6B 67.7 56.2 34.1 49.2 1.20 0.69 493 219 274 8 
CRC 5.1B 73.1 62.1 13.6 19.3 1.18 0.71 328 161 167 12 
POM l.lC 66.1 55.5 10.9 15.8 1.19 0.69 293 178 115 11 
POM2.6B 60.4 49.2 35.5 52.3 1.23 0.68 579 209 370 10 
POM3.4B 62.2 50.1 16.9 25.3 1.24 0.67 351 187 164 10 
PST l.3A 68.9 56.6 23.6 33.9 1.22 0.70 405 225 180 8 
PST3.2B 72.9 58.3 9.8 14.3 1.25 0.69 328 186 142 15 
PST4.1B 69.1 58.0 20.0 27.3 1.19 0.73 370 191 179 9 
SAG 1.5B 68.4 54.4 13.6 20.3 1.26 0.67 339 212 127 9 
SAG 3.2B 67.1 55.2 45.8 69.7 1.21 0.66 608 204 404 9 
SAG 6.6B 70.4 55.7 25.2 44.5 1.26 0.56 391 142 249 10 
SAG 9.4B 82.9 67.7 5.3 7.1 1.22 0.75 255 180 75 14 
SAG 10.3C 66.7 54.2 28.0 41.8 1.23 0.67 521 209 312 11 
SAG I1.1C 73.3 61.5 30.9 43.8 1.19 0.71 626 260 366 12 
TUR 1.5B 71.4 58.5 10.7 16.0 1.22 0.67 293 181 112 10 
TUR2.3B 68.5 56.7 10.4 14.9 1.21 0.70 311 208 103 10 
TUR3.2B 92.5 79.4 19.5 26.3 1.17 0.74 366 196 170 9 
TUR4.6B 68.7 57.6 19.2 27.1 1.19 0.71 318 198 120 6 
TUR5.2B 83.3 70.0 5.8 8.0 1.19 0.72 294 192 102 18 
TUR 7.5B 66.3 52.2 7.4 12.1 1.27 0.61 269 198 71 10 

Statistics: Hcr Hc Irs Is (A) (B) X(LF-HF) d (C) 
mean 71.0 58.5 19.3 28.4 1.22 0.69 387 197 190 11 
sd 7.5 7.1 11.1 16.9 0.03 0.04 115 25 103 3 
sd/mean (%) 11 12 58 59 2 6 30 12 54 25 

Table 4. Rock magnetic properties deduced from hysteresis measurements of clay samples from the Matera 

area. Parameters: Hc(r) = (remanent) coercivity force (in mT), I(r)s = (remanent) saturation magnetisation 

(in Nm), (A) =HCR / HC ratio, (B) =IRS / Is ratio, X(LF) =low-field susceptibility (SI-units), X(HF) =high
field susceptibility (51-units), d (x 10-6 51-units) is the difference between the low- and high-field 

susceptibility and (C) = d to IRS ratio (in J.UI1/A). 
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Hysteresis measurements were perfonned for 35 samples from the collection. The coercive force 

(He), saturation magnetisation (Js) and remanent saturation magnetisation (JRS)' were detennined 

from hysteresis measurements for samples from nearly all sites using the method of Jackson and 

others (1990). For the detennination of the remanent coercivity (HCR) of the ferrimagnetic minerals, 

the paramagnetic contribution is subtracted (Figure 14; Table 4). The results of samples having a JRS 

below 5 Nm are shown in different Tables because of the large inaccuracy in the calculated rock 

magnetic parameters (Js • HCR and Hc ). Only the samples with JRS above 5 AIm were used for the 

characterisation of the magnetic mineralogy of these clays. In fact. the samples with JRS above 5 AIm 
are clearly the fresh samples, sometimes having a small secondary LT component; the other samples 

(JRS < 5 AIm) have less accurate HT directions or no HT magnetisations at all. 
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Figure 15. Some rock magnetic parameters (XLF•XHF and IRS) in relation to the difference d (= XLF - XHF ) 

which is a measure for the amount of remanence carrying minerals. (A) XLF (dots) and X HF (circles) in 
relation to 'd'; regression line gives an estimate for the paramagnetically controlled 'base-level' for the clays: 
161 x 10-6 SI-units. (B) Relation between IRS and 'd'; regression line gives d / IRS ratio (l0.3 IJ.II1/A) which 

is independent on the quantity of ferrimagnetic minerals and gives an indication of constant grainsize for a 
constant mineralogy in these clays. 

The XHF is rather constant for all samples (Table 4); its value is 150-200 x 10-6, which concurs 

with the earlier suggestion (from the XLF versus temperature plot; Figure 12) of a paramagnetically 

controlled 'base-level' for the X LF of these Pleistocene clays. The difference (d) between X LF and XHF 
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(Table 4) is a measure for the amount of remanence carrying (ferrirnagnetic) minerals. There is a line

ar relation between XLF and d (fig l5A) because of the constant XHF values; the regression line 

through the data points implies a base-level for the XLF of 161 x 10-6 SI-units. For XHF there is not a 

perfect horizontal line (Figure l5A) as expected for a constant XHF value; this implies that either a 

part of the XHF is determined by a non-oxidized paramagnetic minerals (for example pyrite) or that 

the hysteresis loop is not fully saturated at high fields for the samples having a high JRS due to for 

example the presency of goethite. We prefer the first option, implying the presency of non-oxidized 

pyrite in the fresh sites; pyrite is a common mineral in sediments. 

The vertical separation between the descending branches of a hysteresis loop, as a function of the 

applied field, is a measure of the sample's (cumulative) remanent coercivity spectrum (Jackson and 

others, 1990). This spectrum was determined from hysteresis measurements from the Sant'Arcangel0 

Pisticci sites (Figure 16); it serves as an illustration of the hysteresis measurements and the reliability 

of the method of Jackson and others (1990). The shape of the individual curves is nearly identical (Le. 

constant HRC values). but the differences in absolute values of JRS are very large. Probably, the min

eral assemblage carrying the NRM is the same for the different degrees of weathering; the sediment 

loses its remanence without creating new remanence carrying minerals disturbing the original NRM; 

the HRC of this mineral is around 70 mT, between 60.4 and 92.5 mT (Table 4); the average HCR value 

for the samples with JRS > 5 Nm is 71.0 (± 7.5) mT. 
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Figure 16. Collection of calculated remanent coercivity spectra of the studied clays from the Sant'Arcangelo 
basin (SAG) and Pisticci (PST) as deduced from hysteresis measurements. Solid lines give the samples with a 
primary LT component; dotted lines the samples with a secondary LT component (affected by weathering). 
(A): samples for which Js > 10, (B): samples for which Js < 10. Intersection with horizontal line J = 0 gives 
the remanent coercivity force (HCR); all samples (fresh and weatherd) have a HeR of 70 AIm. Differences in 

(B) are due to inaccuracy. 
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The remanent saturation magnetisation (JRS) is increasing linearly with 'd' (Fig. 15B). As expec

ted, the JRS depends on the concentration offerrimagnetic minerals. The ratio of JRS to Js is high and 

very constant for these clays (0.69 ± 0.04; Table 4). This ratio exhibits a maximum for single-domain 

magnetite grains (Day and others, 1976). A magneto-crystalline model for pyrrhotite assuming a 

unique hard axis and a triaxial anisotropy in the unique plane was used to calculate a JRS / Js ratio of 

0.750 (O'Reilly, 1984; after Dunlop, 1971). Therefore, we believe that an iron sulphide mineral (grei

gite or pyrrhotite) carries the main part of the remanence of these sediments. The ratio of the HCR to 

Hc increases with increase in grain size; for these clays the value is 1.22 (± 0.03; Table 4), implying 

0.1 ~ grains (O'Reilly, 1984; after Day and others, 1976). The iron sulphide mineral carrying the 

main part of the remanence is not the mineral responsible for the characteristic (HT) component, with 

maximum blocking temperatures above 320/340°C. The rock magnetic properties of the mineral 

carrying the HT magnetisation could not be determined because this mineral carries only a minor part 

of the remanence. 

5.4 Magnetic minerals carrying the NRM afthese clays 

Our rock magnetic observations support the idea that the remanence of these clays is carried by 

two magnetic minerals. Typically, the fresh sites show an iron sulphide magnetisation removed at 

320-340°C, this mineral is either pyrrhotite or greigite. Greigite occurs in sediments as a result of 

microbial activity and is reported to be magnetic (Tarling, 1983). The fresh sites show a strong decay 

in susceptibility and NRM intensity during removal of this iron sulphide component. The presence of 

iron sulphides carrying the L T magnetisation is supported by the large JRS / Js ratio. Indications of 

pyrrhotite have been found earlier in Pliocene marls about 400 km south of the Matera area in Cala

bria (Linssen, 1988). Sulphate reduction to pyrite below the iron-reduction interval in suboxic to an

oxic sediments may have produced authigenic minerals like greigite and possibly pyrrhotite. Removal 

(Le. low-temperature oxidation or weathering) of the authigenic minerals in the outcrop caused a con

siderable loss in XLF to a para-magnetically controlled 'base-level' of 160 x 10-6. The iron sulphides 

do not carry the characteristic (HT) component of these clays, but they carry in principle (one of) the 

primary magnetisations. Sites with iron sulphide magnetisations with opposite polarity relative to the 

HT component have very discriminating properties concerning NRM directions (for example Figures 

5B, 5C). Thermomagnetic measurements show that the removal of this iron sulphide magnetisation is 

mainly due to chemical alterations and not (only) because of reaching the Curie temperature. 

For the other magnetic rnineral - carrying the HT magnetisation - a maximum blocking tempe

rature of 430-480°C was observed. Nearly all sites from the Matera area and the Apulia-Gargano 

foreland have the (HT) component removed between 360 and 480°C. It is clearly acquired before 

tectonic tilting of the sediments and therefore most likely of primary origin. The nature of this mineral 

is very speculative; probably it is a titanomagnetite (Fe3_x Tix 04) of detritic origin introduced by the 

major volcanic activity in this region; according to the maximum blocking temperature of 430-480°C 

(see Tarling, 1983): 0.2 < x < 0.25. In marine marls of Pliocene age more to the south (Calabria and 
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Sicily). blocking temperatures are usually much higher (580-600°C; Langereis and Hilgen, 1991) and 

indicate clearly the presence of single domain magnetite (Van Velzen and Zijderveld. 1990) which 

may be slightly cation deficient (Linssen, 1988; 1991). 

6. Discussion and conclusions 

In general. two components (and mineral types) have contributed to the NRM of the studied late 

Tertiary and Quaternary sediments from the Matera area. A low-temperature (LT) component is 

removed between 100 and 300-320°C and it is carried by iron sulphides; a high-temperature (HT) 

component is removed between 300-320 and 430-450°C and is probably carried by titanomagnetites. 

From the clays of the Sant'Arcangelo basin and the Pisticci section. there is evidence that (even) mo

derate weathering replaced a high intensity primary (often reversed) LT component with a low inten

sity secondary (normal polarity) LT magnetisation. The HT magnetisation is affected by this process 

by a decrease in intensity but not by a change in direction, although sometimes extensive weathering 

does affect the HT magnetisation (site PST 8-9) or may even remove it completely (site PST 2). 

6.1 Timing and amount of rotation 

The sites from the Matera area give consistent paleomagnetic results; a positive fold test of the 

HT component supports its primary (= pre-folding) origin. For the sites in the Apenninic belt, 

declinations show on average a 23° counter-clockwise rotation (Table 5) relative to geographic North. 

The sediments from these areas have ages between 2.02 and 0.70 Ma (see Appendix) and hence all 

reversed polarities must represent the Matuyama Chron. The nonnal polarity sites in the Craco area 

represent most likely the Olduvai Subchron. 

For the three localities in the Bradano Unit. declinations show on average no rotation (Figure 10). 

Here. reversed polarities also belong to the Matuyama Chron; but considering their age (0.90 Ma) the 

normal polarity sites in the Pisticci section most probably represent the Jaramillo Subchron (middle 

part section) and the Brunhes Chron (upper part section). The earlier sampled sites on the Apulia

Gargano foreland also showed no rotation (Scheepers, 1992). Thus, it follows that only the Apenninic 

belt underwent a counter-clockwise rotation of 23° in the Pleistocene. According to the age estimates 

of the sites. this rotation was at least younger than 1.35 Ma and hence took clearly place after the 

major phase of extension related to the formation of oceanic crust, between 2.0 - 1.6 Ma, in the 

southeastern part of the Tyrrhenian basin (Sartori and others, 1989). 

6.2 Relation to neotectonic evolution 

The geodynamical evolution of the southern Italian area since the late Pliocene is dominated by 

the extension related to the opening of the southern Tyrrhenian basin (between 2.0 - 1.6 Ma). The 
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N D I k locality age reference 

Apulian Unit 
4 sites 324.4 36.0 480 Gargano peninsula Cretaceous Channell and Tarling (1975) 

17 sites 335.0 37.8 31 Gargano peninsula Upper Cretaceous Channell (1977) 
21 sites 327.7 38.2 56 Gargano peninsula Upper Cretaceous VandenBerg (1983) 
3 studies 329.0 37.4 328 Gargano peninsula Cretaceous (above) 
5 areas 359.8 56.3 491 Apulian Unit early Pleistocene Scheepers (1992) 

Bradano Unit 
3 areas 359.1 56.3 218 Matera area early Pleistocene this study 

Southern Apennines, internal part 
3 sites 285.8 54.1 48 Capri (CL platfonn) Senonian (upper Cretac's) Catalano et al. (1976) 
5 sites 286.6 44.5 21 Mt.Cerviero (CL platfonn) upper Cretaceous Manzoni (1975) 

113 samples 248.0 30.4 48 Pescopagnano (LN basin) Cretaceous Incoronato (1983) 

Southern Apennines, external part 
5 sites 322.4 28.2 120 Campia (Matese Mt.) Cretaceous Channell and Tarling (1975) 
1 site 322.2 30.9 Maggiore (AC platfonn) Senonian (upper Cretac's) Catalano et al. (1976) 
9 sites 326.0 42.0 44 Monte Maiella Cretaceous Jackson (1990) 

19 sites (*) 312.0 61.0 50 Monte Raparo Cretaceous (remagn'ion) Jackson (1990) 

3 areas 271.1 44.6 16 Internal part Cretaceous (above) 
3 areas 323.4 33.7 116 External part Cretaceous (above) 

13 sites 337.8 56.1 111 Sant'Arcange1o basin early Pleistocene Sagnotti (1992) 
3 areas 336.6 57.2 254 Matera area early Pleistocene this study 
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Table 5. Earlier paleomagnetic results from the southern Apennines and the Apulian foreland and the comparison to the results from this study. Symbols the same as used ~ 

in table 3, further: CL platfonn = Campania-Lucana platfonn, LN basin = Lagonegro basin, AC platfonn = Abruzzi-Campania platfonn. 
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extension is characterised by radial and concentric fault systems. In the southern Apennines, tectonic 

activity and sedimentation shifted eastwards and southwards during the Neogene and Quaternary. 

Passive subduction of a lithosphere slab by gravitational sinking has been regarded as the mechanism 

of this process inducing tectonic block rotations. But from this study it can be concluded that these 

block rotations occurred later than the major phase of extension. 

In the early Quaternary a phase of compression known as the "Quaternary compres-sive phase" 

temporarily replaced extension. It took place between 1.0 and 0.70 Ma (philip and Tortorici, 1980; 

Auroux and others, 1986; Bousquet and Philip, 1981). This phase was responsible for the activation of 

numerous reverse faults and associated folds in the Bradano Unit. Compression related to these struc

tures is directed NE-SW. In the Apulia-Gargano foreland, minor strike slip faulting took place in this 

period, also associated with a NE-SW shortening direction (Bousquet and Philip, 1986). This study 

shows that probably during this "Quaternary compressive phase" also major tectonic rotations 

occurred. 

6.3 Extent ofblock rotations 

The mean direction for Cretaceous rocks from the Apulia-Gargano foreland implies a 31 ° 
counter-clockwise rotation (Table 5) during the Tertiary. The paleomagnetic data of Cretaceous rocks 

from the southern Apenninic belt (Channell and Tarling, 1975; Catalano and others, 1976; Incoronato, 

1983; Jackson, 1990) are quite scattered, nevertheless they all imply counter-clockwise rotations 

between 37.6 and 89° (Table 5). Cretaceous limestones at Monte Raparo some 20 km west of the 

Matera area show a 48° counter-clockwise rotation (Jackson, 1990); because of steep inclination 

values the magnetisation in these Monte Raparo limestones was probably acquired in connection with 

the Apenninic defonnation. The sites from the internal part of the Apenninic belt show more rotation 

(89°) than the ones from the external part (Table 5): the three areas in Mesozoic rocks from this part 

of the Southern Apennines only reveal a 37° counter-clockwise rotation. 

The results from this study give slightly less amounts (23°) of rotation for early Pleistocene 

sediments from the western part of the Bradano Unit. We suggest that the whole area of the southern 

Apennines behaved as one single coherent block during tectonic rotations. The idea of a single block 

is also supported by the seismicity (Gasparini and others, 1982) and micro-tectonic analysis (Auroux 

and others, 1986). Micro-tectonic analysis shows that the direction of the "Quaternary compressive 

phase" is homogenous for the whole area (Auroux and others, 1986). 
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Appendix 

In order to secure a more accurate age assessment than the general late Pliocene to early Pleistocene age 

of the sites sampled in the Matera area, we qualitatively analysed the foraminiferal content in the (sieved) size 
fraction> 125 J.1I11. From a biostratigraphic and biochronologic point of view, the planktonic foraminiferal taxa 

Globorotalia inflata, Globorotalia crassaformis, Globorotalia truncatulinoides and sinistrally coiled neoglobo

quadrinids, and the benthic species Hyalinea balthica and Islandiella ionica are relevant (Table AI). 

Foraminiferal species 

Globorotalia truncatulinoides 

Islandii/la ionica 

Hyalinea balthica 

Globorotalia crassaformis 

sinistral neogloboquadrinids 

Islandiella ionica 

Globorotalia inflata 

Globorotalia truncatulinoides 

Globorotalia inflata 

Event Age 

re-appearance 1.05 

last occurrence 1.35 

fIrst occurrence 1.45 

influx 1.60 

fIrst common occurrence 1.68 

fust occurrence 1.83 

re-appearance 1.93 

fust occurrence (influx) 1.95 

fust occurrence (influx) 2.02 

Table Al. Foraminiferal datum planes used to determine the age of the samples by means of biostratigraphic 
analyses. Ages of most datum planes have been obtained by linear interpolation or extrapolation of sediment 

accumulation rates in the Vrica section (Zijderveld and others, 1991), using conventionally dated magnetic 
reversal boundaries as calibration points (ages after Berggren and others, 1985). Ages of benthic foraminiferal 
datum planes are based on the stratigraphic positions of these levels in the Vrica section after Selli and others 
(1977) and Verhallen (1990). The age of the re-appearance level of G. truncatulinoides is taken from Rio and 

others (1991; their figure 6). 

The presence/absence of these foraminiferal marker species are presented in Table A2. In combination 
with the stratigraphical order, which is well known for the TUR and PST sites (figure AI) but unknown for the 
SAG sites, these data provide us with initial age estimates for the samples. The presence of H. balthica and 

dominantly sinistrally coiled assemblages of neogloboquadrinids indicate that all PST and TUR samples most 

probably have an age younger than 1,45 Ma. This maximum age applies to several of the SAG samples as 

well, but a slightly older age· 2.02 Ma at a maximum - cannot be excluded for a number of sites (Le. SAG 1, 
4, 7. 8 and 9; see Table A2). On the other hand. the absence of H. balthica at all CRC sites provides strong 
negative evidence that these sites are older than 1.45 Ma whereas the presence of G. inflata in most samples 
indicates that they are younger than 2.02 Ma. This is consistent with the presence of G. ionica at CRC 4 indi
cating an age between 1.83 and 1.35 Ma and of G. crassaformis at CRC 1. The excellent preservation of the 
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latter species and its absence at all other sites from the Matera area seem to exclude reworking from older sedi
ments. As a consequence, the level of CRC 1 should correspond to the early Pleistocene influx of G. crassa

formis, which directly succeeds the top of the Olduvai in both the Singa and Vrica sections in Calabria, dated 

at ± 1.60 Ma (Zijderveld and others, 1991). At the same this implies that the normal polarity site CRC 3 most 

probably represents the Olduvai. 
The absence of G. truncatulinoides in all samples but one, on the other hand, does not yield a minimum 

age estimate for our samples because of the very rare and inter-mittent occurrence of this species in the Medi

terranean directly after its re-appearance around 1.05 Ma Although such a minimum age estimate cannot be 

obtained on the basis of the present foraminiferal dataset, the dominantly (overall) reversed polarity clearly 

suggests that all samples are older than the Brunhes/Matuyama boundary dated radio-metrically at 0.73 Ma 
(Mankinen and Dalrymple, 1979). Existing data from the literature can be used however to date the TUR and 

PST sites more accurately. 

The general stratigraphy of the Plio-Pleistocene succession in the area has been subject of a study by 
Lentini (1967). In a subsequent paper, the same author describes the Pisticci section in considerable detail 

(Lentini, 1971). The Montalbano lonico section, located between Pisticci and Tursi (Figure 2) and not used in 
the present study because of the rather intense weathering, has been dealt with by Verhallen (1990). A distinct 

ash layer provides a very reliable lithostratigraphic correlation between the different sections (figure AI). 
Especially relevant are the position of the top of the small Gephyrocapsa Zone, stratigraphically 65 m below 
the ash layer in the Montalbano lonico section (Verhallen, 1990; see also figure AI), and the occurrence of G. 
truncatulinoides well above the entry level of H. balthica and associated with dominantly sinistrally coiled 

neogloboquadrinids at a distinctly lower stratigraphic level, some 200 m below the ash, in the Pisticci section 
(Lentini, 1971). The re-appearance of large-sized Gephyrocapsa (= top of the small Gephyrocapsa Zone) 

represents an important biostratigraphic datum plane which has been dated at 0.91 Ma and is practically coin
cident with the top of the Jaramillo (Rio, 1982). Unfortunately, the base of the small Gephyrocapsa Zone was 
not reached at Montalbano lonico (Verhal1en, 1990). The G. truncatulinoides-bearing level in the Pisticci sec

tion most likely corresponds to the re-appearance level of this species in the Mediterranean dated at 1.05 Ma. 
If we use these two biostratigraphic datum planes as age calibration points and assume that the sedimentation 
rate was equal in the nearby Pisticci and Montalbano lonico sections and remained constant through time, 

linear extrapolation yields an age of 0.84 Ma for the ash layer. These ages have to be considered however as 
minimum ages because the sedimentation rate can be assumed to have increased in view of the shallowing 
upward trend in the succession (see Verhallen, 1990). Linear interpolation further yields an approximate posi
tion for the lower Jaramillo boundary in our sections. Application of our simple age model further implies that 
the ages of the TUR sites range from 0.78 to 0.88 Ma. They postdate the top of the Jaramillo and predate the 

Brunhes/Matuyama boundary. This is consistent with the observed reversed polarity of these samples (see 
section 4). Although the stratigraphic distance of the Pisticci sites to the ash layer has not been measured, the 

position of these sites with respect to the lithologic log of Lentini (1971) was determined, with an accuracy of 
less than 50 m. The lower sites PST 5-7 correspond approximately to Lentini's sample level 25 and the middle 
sites PST 1-4,8-9 to sample level 30 (see figure AI). The upper sites PST 13-14 were taken just below the 

marine terrace and corresponds approximately to sample levels 44/45 of Lentini (1971). 
These approximate positions indicate that the lower sites (pST 5-7) can be dated around 1.05 Ma and are 

older than the Jaramillo. This agrees with the observed reversed polarity of the samples (see section 4). On the 
other hand, the middle sites fall either within the Jaramillo or are positioned slightly on top of it. Finally, the 
normal polarity upper sites (PST 13-14) indicate that the Brunhes is reached. This conclusion is consistent with 

linear extrapolation of the sedimentation rate. Considering the polarity and stratigraphic order, the normal sites 

PST 1 and 4 belong to the Jaramillo and the remaining PST sites, located slightly higher in the section (with a 

spacing of some 10m), to the reversed interval directly postdating the Jaramillo. The ages of the SAG sites 
cannot be further constrained. 
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Figure Ai. Lithology and position of samples in the Pisticci and Tursi sections. Lithologic column of the 

Pisticci section after Lentini (1971). The position of the PST samples with respect to Lentini's log is only 
known by approximation. The position of the re-appearance level of G. truncatulinoides (a) in this section 

with an estimated age of 1.05 Ma - is also based on Lentini (1971). The Montalbano lonico section of 
Verhallen (1990) has been added because this section provides an additional useful biostratigraphic datum 

plane, Le. the top of the small Gephyrocapsa Zone (b) with an estimated age of 0.91 Ma (Rio, 1982). The three 
sections have been correlated lithostratigraphically on the basis of the very distinct ashbed. Finally, the 

estimated positions of the top and bottom of the Jaramillo (It and Jb) have been indicated, based on linear 
interpolation between the two biostratigraphic datum planes (a and b) and assuming that the sedimentation rate 

is constant and the same in all three sections. 
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SITE strike dip pol A B C D E F Age 

TUR6 342 10 R - x (?) - (?) . 0.82 
TUR4 317 6 R - x 1:09 - x - 0.84 
TUR 7 195 7 R - x (?) - (?) - 0.84 
TUR5 317 6 R - x 0:06 - x - 0.85 
TUR3 317 6 R - - 0:01 - x - 0.86 
TUR2 317 6 R - x 1:09 - x - 0.89 
TUR1 317 6 R - x 1:09 - x - 0.89 
PST 13 315 7 N - - (?) - x - <0.73 
PST 14 315 7 N - x 0:06 - x - <0.73 
PST9 315 7 R - x (?) - (?) - 0.88 
PST8 315 7 R - x (?) - (?) - 0.89 
PST 3 315 7 R - - 8:02 - x - 0.90 
PST 1 315 7 N - x 9:00 - x - 0.92 
PST 2 315 7 ? - x 7:03 - x - 0.93 
PST4 315 7 N - x (?) - x - 0.94 
PST 7 not clear R - x 0:02 - x - ±1.05 
PST6 not clear R - x 2:09 - x - ±1.05 
PST5 not clear R - x 7:03 - x - ±1.05 
POM1 0 0 N - x (?) - x - <0.99 
POM2 0 0 N - x 0:04 x x - <0.99 
POM3 116 7 N - x 0:07 - x - <0.99 
SAG 1 265 36 R - x 0:09 - - - <2.02 
SAG 2 180 42 R - x 0:09 - x - <1,45 
SAG 3 180 20 R - x (?) - x - <1,45 
SAG 4 300 30 R - x 2:08 - - - <2.02 
SAG 5 230 20 R - x 0:05 - x - <1,45 
SAG 6 270 38 R - x 9:03 - - - <1.68 
SAG 7 140 25 R - - 1:09 - - - <2.02 
SAG 8 140 25 R - x 1:09 - - - <2.02 
SAG 9 142 30 R - x 2:08 - - - <2.02 
SAG 10 118 18 R - x 7:03 - - - <1.68 
SAG 11 106 24 R - x 9:05 - - - <1.68 
CRC 1 295 24 R x x 1:09 - - - 1.60 (?) 
CRC2 295 24 R - - 0:02 - - - (?) 
CRC3 273 22 N - x 1:09 - - - 1.45-2.02 
CRC4 126 21 R - x 0:10 - - x 1.45-1.83 
CRC5 272 39 N - x 0:10 - - - 1.45-2.02 
CRC6 170 25 R - - 1:09 - - - (?) 

Table A2. Bedding orientation, polarity, biostratigraphy and ages of the sampled sites. PST and TUR samples 
are given in stratigraphical order. Polarity of samples (POl) is based on the results of thermal demagnetization. 
Biostratigraphic data mark the presence/absence of the foraminiferal marker species G. crassaformis (A), G. 
inflata (B), G. truncatulinoides (Dl, H. balthica (E) and I. ionica (F), and the ratio of sinistrally and dextrally 

coiled neogloboquadrinids (C). Ages of TUR samples have been calculated by linear extrapolation of the sedi 
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ment accumulation rate using the top of the small Gephyrocapsa Zone - dated at 0.91 Ma (Rio, 1982) - in the 
Montalbano Ionico section and the re-appearance level of G. truncatulinoides • dated aL 1.05 Ma - in the Pis

ticd section, and assuming that the sediment accumulation rate is constant and the same in all three sections. 

Ages of PST samples 1-4, 8 and 9 are based on their relative stratigraphic position (with an approximate sam

ple spacing of 10 m.), a sediment accumulation rate of 96 cm/kyr and the conclusion that the recorded polarity 
reversal represents the top of the Jaramillo dated at 0.91 Ma (Berggren and others. 1985). PST samples 5-7 
were collected from the lower part of the regular section and correspond approximately with sample level 30 

of Lentini (1971) dated biostratigraphically at 1.05 Ma. Ages of SAG samples are based on the (foraminiferal) 
biostratigraphic data (Table AI) because the stratigraphic position of these samples with respect to the ashbed 

is not known. The ages for the SAG sites are maximum ages because of the less definitive character of these 
biostratigraphic datum planes in case the marker species is absent. The normal polarity of the POM sites has 

been used to further constrain the age of these sites. 
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Paleomagnetic evidence for counter-clockwise rotations 
in the southern Apenninic fold-and-thrust belt 
during the late Pliocene and middle Pleistocene 

Abstract: 

Marine and continental (clay/silt) sediments from late Miocene to middle/ late Pleistocene 

age have been sampled in the southern Apennines fold-and-thrust belt to detect the spatial and 

temporal aspects of tectonic rotations. We sampled different parts of the tectonic system: sites 

from both the internal (western) and the external (eastern) part. The characteristic remanent 

magnetisation (ChRM) component for the sediments is generally removed from 320/3400 up to 

450/480°C. A counter-clockwise offset in declination for this component with respect to magnetic 

North is observed for nearly all sites. All data indicate that the main tectonic rotations in the 

southern Apennines fold-and-thrust belt occurred in the middle Pleistocene. The late Miocene to 

middle Pliocene sediments reveal a 390 counter-clockwise rotation with respect to magnetic 

North, which is similar to the rotation of the Cretaceous carbonate rocks. This indicates at least 

two phases of counter-clockwise rotation. A first rotation over about 150 during the late Pliocene, 

possibly contemporaneous with clockwise rotations in Sicily (3.05 Ma), a second rotation over at 

least 150 during the middle Pleistocene, and further a third rotation over about 90 since the middle 

Pleistocene. The results imply that there were no tectonic rotations in the southern Apennines 

fold-and-thrust belt during the period of major shortening that took place in the early-middle Mio

cene, nor during the opening of the southern part of the Tyrrhenian basin in the latest Pliocene 

earliest Pleistocene. Our data further support the hypothesis that the late oroclinal rotations in the 

Tyrrhenian arc were confined to distinct phases of regional compression. 
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1. Introduction 

The geodynamical evolution of the southern Italian area since the late Pliocene is dominated by 

extension related to the migration of the Calabrian arc to the southeast and the opening of the Tyrrhe

nian back-arc basin (Figure 1). The extension is characterised by a radial distribution of stress (philip, 

1987), connected with concentric normal fault systems within the Tyrrhenian basin, and NW-SE 

trending transtensional faulting within the Calabro-Peloritan block (Van Dijk and Okkes, 1991). In the 

southern Apennines fold-and-thrust belt, tectonic activity and sedimentation shifted eastwards and 

southwards during the Neogene and Quaternary. Passive subduction of a lithosphere slab by gravita

tional sinking is generally regarded as the geodynamic process responsible for this evolution (Ritse

ma, 1972; Malinverno and Ryan, 1986). Some authors concluded that major block rotations were 

probably induced by this arc migration process (Knott and Turco, 1991). From earlier studies, 

however, we deduced that block rotations did not occur simultaneously with the major phase of 

extension in the Tyrrhenian basin (Scheepers and others, 1993a; b). 
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Figure 1. Sampled areas, and major tectonic units in the southern Apennines system (modified after Albarello
 
and others, 1990; Cristofolini and others, 1983). Legend: 1 =volcanic rocks, 2 =Apulia-Gargano foreland,
 
3 =Pliocene-Pleistocene deposits, 4 =external Apenninic belt, 5 =internal Apenninic belt, 6 =internal
 
grabens,7 =internal 'Peri-Tyrrhenian' deposits, 8 =faults, 9 =buried Apenninic thrust front.
 
Sampling localities: (1) =Casalnuovo Monterotaro (CNM), (2) =Spinazzola (SPZ), (3) =Potenza (pOT),
 
(4) =Calvello (CAL), (5) =Matera area (studied earlier; Scheepers and others, 1993a), (6) =Salerno (SLN), 

(7) = Eboli (EBO), (8) = Rotonda (ROT). 
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The area between Napoli and Bari (Southern Italy) can be divided in three main tectonic units 

from more internal (W) to more external (E). These zone are: the southern Apennines Fold Belt, the 

Bradano Unit and the Apulia-Gargano foreland. 

The most easterly and external one, the Apulia-Gargano foreland (Figure 1), consists of a Palaeo

zoic basement covered by a carbonate succession of Mesozoic to early Tertiary age that exceeds 6 kIn 

in thickness. Its late Pliocene to Pleistocene marine clay cover was studied earlier and revealed no 

tectonic rotations (Scheepers, 1992). 

The Apulian Unit extends to the west, structurally below the deposits of the Bradano Unit 

(Figure 1), a succession of marine clays that was accumulated in a Plio-Pleistocene foredeep. These 

young foredeep sediments of the eastern part of the Bradano Unit and the underlying Mesozoic - early 

Tertiary carbonate sequence are affected by some minor normal faulting (Cristofolini and others, 

1985). Compressive structures are detectable in the western part of the Bradano Unit, and are related 

to the thrusting of the southern Apennines Fold Belt of probably middle Pleistocene (Casnedi, 1982). 

The late Pliocene - Pleistocene deposits of the Bradano Unit were studied earlier and show no tectonic 

rotation (Scheepers and others, 1993a). The eastern part of the southern Apennines Fold Belt (Fig. 1) 

is characterised by compressive structures of Plio-Pleistocene ages (Cristofolini and others, 1985). 

Our previous paleomagnetic study of early Pleistocene clays from the Matera region showed a coun

ter-clockwise over about 23° for the southeastern part of the southern Apennines Fold Belt (Scheepers 

and others, 1993a). This rotation is thought to have occurred during the middle Pleistocene, between 

1.0 and 0.7 Ma, and is most probably connected to a middle Pleistocene compressive phase. We also 

found tectonic rotations in the opposite sense (15° clockwise) during the middle Pleistocene for the 

Calabro-Peloritan block (Scheepers and others, 1993b) which is situated to the south of the southern 

Apennines fold-and-thrust belt. Paleomagnetic data of Cretaceous rocks from the southern Apenninic 

belt also imply counter-clockwise rotations (Channell and Tarling, 1975; Catalano and others, 1976; 

Incoronato, 1983; Jackson, 1990). Paleomagnetic results from the sites in the internal part (more 

western) of the southern Apenninic belt show a larger counter-clockwise rotation (89°) than the sites 

from the more external (eastern) part. Studies in Mesozoic rocks from three areas in this (external) 

part of the southern Apennines Fold Belt show an average of 37° counter-clockwise rotation (Table 4). 

The western (Tyrrhenian) part of the southern Apennines Fold Belt was affected by extension 

since the late Miocene (Cristofolini and others, 1985; Albarello and others, 1990). This extension 

continued during the Quaternary, whereas the rest of the Tyrrhenian arc underwent intense uplift over 

up to 1000 to 1200 m (Bousquet, 1972). 

This study deals results from additional sites in the southern Apennines Fold Belt in order to test 

for lateral consistency of the counter-clockwise rotations observed from previous studies in the Matera 

area (Figure I), and to further study the various counter-clockwise rotations observed for the 

Cretaceous (37°) and the early Pleistocene (23°) rocks. 

Sites studied here are spread across the southern Apennines Fold Belt, both in its internal and 

external parts (Figure 1), and are additional to the earlier studied sites in the Matera region located 

further to the southeast. 
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2. Sampling and laboratory treatment 

Sampling sites were selected mainly on the basis of sedimentary and lithological criteria. Fine

grained sediments were chosen on the ground of their suitable magnetic content and because their 

sedimentation rate is usually low enough to average out secular variations affects at site level. Sec

tions and/or outcrops close to major faults or containing landslides were avoided. In some cases it 

was necessary to remove the weathered surface of the outcrop to a depth of 50 em. We drilled cores 

of 25 mm diameter and 6-10 em length using a water-cooled electrical drill and portable generator. 

The present study deals with Tertiary and Quaternary marine clays/marls from the southern, 

Apennines Fold Belt and from the Bradano Unit. A total of 150 cores was sampled from 22 sites in 

seven different localities (Figure 1), to the north and to the west of the earlier studied Matera area 

(Scheepers and others, 1993a). In the external part of the southern Apennines Fold Belt (and the Bra

dano Unit), four localities were sampled in sediments unconformably overlying major thrust sheets. 

The sites are located from north to south (Figure 1); in the CasaInuovo Monterotaro area (I), in the 

Spinazwla area (2), in the Potenza basin (3) and in the Calvello area (4). A further, three localities 

were sampled in the internal (Tyrrhenian) part of the southern Apennines Fold Belt (Figure 1): in the 

Salerno area (6), in the Eboli area (7) and in the Rotonda area (8). 

2A. External part southern Apennines 

1. West of the Gargano peninsula, we drilled three sites (CNM 1-3) in optimally fresh horizontally 

bedded clays of early Pleistocene age in an active quarry east of the village of CasaInuovo Monte

rotaro (Fig. I, loco 1). 

2. In the Bradano Unit, just west of the Apulian Unit, we furthermore sampled an (inactive) quarry 

north of the village of Spinazzola (Fig. I,loc. 2), where we drilled three sites (SPZ 1-3). In these sites, 

bedding tilt is only moderate (70) to the east-northeast. The cores were taken from blue coloured 

clays. 

3. In the Potenza basin (Fig. I,Ioc. 3), we sampled three sites (POT 1-3) in middle Pliocene clays. 

Sites POT 1-2 are in two different quarries north of the city of Potenza where bedding tilt is only 

slight (4-8°). Two kilometres west of Potenza, just north of the motor way, there is an outcrop in 

coarse conglomerates which show tilting of 29° to the north. Here, we sampled some intercalated, 

small-scale (20 m) grey coloured fluviatile clay-lenses (site POT 3). 

4. Further to the south, we sampled in the Calvello area (Fig. 1, loco 4); where we drilled four sites 

in silts/clays of presumably middle Pliocene age (Hilgen, pers. comm., 1993). Sites CAL 1-2 are situ

ated in a very fresh outcrop in grey coloured silty clays just east of the village Calvello, which show 

bedding tilts of 20° to the north-northeast. One kilometre further to the east in the 'Fosso la Terra' 

valley we sampled site CAL 3 in blue-grey coloured siltstones, comprising calcareous fragments, and 

where bedding tilt is 21 ° to the northeast. Site CAL 4, about one kilometre east of the previous site, 

was sampled in grey-blue coloured silty clays; they show a bedding tilt of 23° to the north. 
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2B. Internal part southern Apennines 

In the internal part of the southern Apennines we sampled at three different localities: the Salerno 

area, the Bboli area and the Rotonda area. The most internal one is situated in between the villages of 

Salerno and Bboli (Fig. 1, locs. 6 & 7). 

5. Near Salerno, we drilled four sites: south of Montecorvino Rovella, we sampled one site in a 

quarry (site SLN 1), which did not permit any bedding tilt control. Three sites (SLN 2-4) were sam

pled in clays of (most probably) late Tortonian - early Pliocene age (F.J. Hilgen, pers. comm., 1993), 

directly north of Salerno along the motorway A3. These grey-blue coloured clays are badly exposed 

and contain some sandy intercalations which show a bedding tilt of l6Jho to the south. The sites cover 

approximately 20 meters of the stratigraphically. 

6. In the Bboli area, we sampled seven sites. Directly to the west of Bboli, in an active quarry, we 

sampled lagoonal marly sediments (EBO 7). Some 8 km east of Bboli, lower Pliocene clays occur, 

dipping 32° to the SW, covered by (sub)horizontal Pleistocene sands. The clays are dark-grey col

oured and compact, and contain some intercalated sandy layers. The three sampled sites (EBO 4-6) 

cover 25 meters stratigraphically. Further to the east, we sampled three sites near Sicignano, two of 

which (EBO 1-2) are in blue coloured clays on top of Pleistocene conglomerates. The age of the clays 

is early-middle Pleistocene (A. Cinque, pers. comm., 1992) and they show a bedding tilt of7° to the 

south-southwest. Site EBO 3 is taken in lacustrine limestones of late Pleistocene age. 

7. In the most southern part of the southern Apennines, 20 km west-northwest of the Monte Pollino 

near the villages Rotonda and Castelluccio (Fig. 1, loco 8), we sampled some outcrops in continental 

sediments of (middle-late) Pleistocene age. Site ROT 1 is situated in fluviatile sediments, 2 km north 

of Rotonda in the valley of the M~rcure river. An outcrop in lagoonal sediments 1 km southeast of 

Castelluccio Inferiore was sampled (ROT 2-3) as well; it consists of grey-brown coloured clays with 

calcareous fragments. The age of these rocks corresponds with the Mindel-Wiirm interglacial (0.3 

0.1 Ma) (Bousquet and Oueremy, 1968). Two kilometres west of Castelluccio Inferiore, we sampled 

an outcrop in lagoonal marls (ROT 4). The orientation of the bedding plane is (sub) horizontal for all 

these outcrops in the southernmost area. 

Routine paleomagnetic methods were applied in the laboratory in order to determine the charac

teristic magnetisation directions. The natural remanent magnetisation (NRM) was measured partly 

with a JR-3 spinner magnetometer with a digital interface, and partly with a 20 cryogenic magneto

meter. The NRM of generally six specimens per site was analysed by means of progressive stepwise 

thermal demagnetisation using small temperature increments (50 to 20°C). Changes in the low-field 

bulk susceptibility (XLP) of the samples during thermal treatment were monitored with a Bartington 

MS2 susceptometer, in order to detect changes in the magnetic mineralogy. The final part of the 

thermal demagnetisation was limited by a large increase in XLF and viscous behaviour after heating at 

temperatures above 400°-450°C. Increasingly viscous behaviour and low remanent intensities handi

capped determination of meaningful remanence directions. Demagnetisation diagrams (Zijderveld, 

1967) were used for the determination and interpretation of characteristic remanence magnetisation 
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directions. The characteristic directions of the magnetisations were determined by least squares fitting 

(principal component analysis) through selected datapoints (Kirschvink, 1980). From these ChRM 

directions mean directions were calculated for each site according to Fisher (1953). 

3. Results 

3A. External part southern Apennines 

Previously obtained paleomagnetic results from the southern Apennines Fold Belt of the Matera 

area showed significant counter-clockwise rotations for lower Pleistocene clays (Scheepers and others, 

1993a): three localities give an average counter-clockwise rotation of 23° (k = 254). Previously stud

ied sampled clays of the Bradano Unit in the eastern part of the Matera area, however, show no tec

tonic rotation (Scheepers and others, 1993a). Paleomagnetic results for the sites studied here are very 

similar to the results from the Matera area (Figure 2). A stable high-temperature (HT) component is 

removed between 320-340° to 450°C. The three localities in the external part of the southern Apenni

nes Fold Belt situated to the north of the Matera area give counter-clockwise rotations for the HT 

component. 

1. Casalnuovo Monterotaro area. The sites in early Pleistocene clays near Casalnuovo Monterotaro 

show very high initial NRM intensities (12-70 mNm). The direction of the HTcomponent is well 

determinable for the three sites (Fig. 2A; Table 1) and shows significant counter-clockwise rotations. 

The mean direction for the three sites is: Dm = 154.6° and 1 = -65.4° (k=370; Table 2), implying m 

about 25° of counter-clockwise rotation for these deposits. This is similar to rotation established 

previously for the early Pleistocene clays of the Matera area about 200 kin to the southeast. 

2. Spinazzola area. The three sites sampled near Spinazwla in early Pleistocene clays from the 

Bradano Unit have initial NRM intensities between 2.2 and 17.2 mNm, although cores from some 

brownish (weathered) clays (Figure 2C) have considerably lower NRM intensities around 0.3 mAIm. 

The paleomagnetic results are very similar to the results in early Pleistocene clays from the Casal

nuovo Monterotaro and Matera areas (Fig. 2A); a high-temperature (HT) component is removed 

between 320-340° to 450°C. The low-intensity sample SPZ 3.7 from the brown coloured clays 

(Figure 2C) gives a direction for the HT component that is similar to the high-intensity cores from the 

blue coloured clays (Figure 2F). This indicates the stability of the HT component in both the low

intensity and high-intensity samples. The direction of the HT component is very well determinable for 

the 3 sites (Table 1) and shows no rotation. The mean direction for the three sites in early Pleistocene 

clays is: D = 178.6° and 1m = -57.3° (k=3l7; Table 2), implying no rotation for the Spinazwla clays.m 
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site N D I D(te) I(tc) k a95 Int 

A External part of southern Apennines: 

1 CNM1 6 145.9 -67.6 145.9 -67.6 308 3.8 3.09 m 
CNM2 6 156.6 -66.4 156.6 -66.4 161 5.3 5.24 m 
CNM3 7 159.9 -62.0 159.9 -62.0 263 3.7 3.37 m 

2 SPZ 1 4 188.3 -53.3 178.9 -55.3 155 7.4 0.69 m 
SPZ2 5 185.7 -60.1 173.4 -61.6 197 5.5 0.89 m 
SPZ3 7 191.7 -52.5 182.7 -54.9 221 4.1 0.34 m 

3 POT 1 6 166.5 -45.6 162.5 -44.9 8 25.7 0.06 m 
POT 2 4 168.8 -36.6 164.8 -42.9 11 29.1 0.06 m 
POT 3 8 93.2 -79.1 171.4 -61.2 10 18.2 0.04 m 

4 CAL 1 6 323.9 38.4 340.9 42.5 45 10.1 0.07 LT 
CAL 2 5 333.4 46.4 354.7 46.4 195 5.5 0.09 LT 
CAL 1 6 274.7 38.6 284.2 56.8 104 6.6 0.23 m 
CAL 2 5 275.7 39.1 285.9 57.1 293 4.5 0.27 m 
CAL 3 6 302.0 48.1 327.1 51.7 781 2.4 0.65 m 
CAL 4 6 302.3 67.0 328.8 50.4 191 4.9 0.93 m 

B Internal part of southern Apennines: 
6 SLN 1 6 330.4 -66.3 149.7 -53.7 41 10.6 0.11 m 

SLN2 4 329.4 40.8 322.7 56.2 73 10.8 0.11 m 
7	 EBO 1 5 357.7 56.3 350.0 61.6 107 7.4 0.16 m 

EB02 6 6.6 53.2 1.2 59.2 122 6.1 0.65 m 
EB04 6 340.5 38.3 313.4 43.9 45 10.1 0.59 m 
EB06 6 345.3 40.8 312.2 48.0 104 6.6 1.38 m 

8	 ROT 2 6 346.9 48.5 346.9 48.5 316 3.8 1.97 m 
ROT 3 6 348.8 54.7 348.8 54.7 1050 2.1 4.74 m 

Table 1. Site mean directions from the sites of this study using Fisher (1953) statistics. N =number of speci
mens, D(te), I(te) =declination, inclination (corrected for bedding tilt), k =precision parameter, a95 = semi

angle of cone of confidence on the 95% level. Int =mean intensity per site (in mNm). 

3. Potenza area. The three sites from the Potenza basin show very low initial NRM intensities 

(below 0.2 mNm). Although individual demagnetisation diagrams show quite scattered trajectories 

(Fig. 2B), we calculated a magnetisation direction for each sample using the temperature steps be

tween 250 and 350°C (anchored to the origin, because of consistency in interpretation and reliability 

determined directions of the low-intensity samples of the Spinazwla clays using this procedure). 

From 360-380°C upwards the amount of (viscous) scatter relative to the NRM (below 0.01 mNm) 
becomes to large to measure any meaningful directions (Fig. 2B). The mean directions for the three 

sites show low values for the precision parameter (Table 1). The significant bedding tilt of site POT 3 

allows a meaningful fold test. The mean direction for the three sites, Dm = 165.6° and 1m = -49.7° 

(k=6l; Table 2), shows a significant improvement of clustering after correction for bedding tilt 

(Table 2). implies about 14° of counter-clockwise rotation for the Potenza basin. 
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4. Calvello area. The sites in silts and clays of middle Pliocene age from the Calvello area show a 

simple behaviour upon demagnetisation and well determinable directions (Fig. 2D, E). NRM intensi

ties range between 0.3 and 2.2 mNm. For sites CAL 1-2 (Figure 2D) a low intensity (70-90 J.lA/m) 

normal polarity component is removed between 100 and 200°C. The direction of this low-temperature 

component (LT) shows a 32° counter-clockwise deviation from north (in-situ) (Table 1; Figure 3C). 

The main (characteristic) magnetisation component was removed between 300 and 450°C; this trajec

tory was used to calculate the HT component (Table 1). There is a considerable difference in rotation 

of the HTcomponent between on the one hand sites CAL 1-2 (near the village), and on the other hand 

sites CAL 3-4 which were sampled more to the east (Table 1; Figure 3B). The amount of rotation 

observed for the easterly sites is comparable to the rotation determined for the Matera, Potenza and 

Casalnuovo Monterotaro areas. The additional 40° of counter-clockwise rotation for sites CAL 1-2 is 

not well understood, but reflect a local phenomenon. This follows from the 32° counter-clockwise 

rotation (in-situ) of the LT component (Figure 3C). If we correct the HT direction of sites CAL 1-2 

for this 32° counter-clockwise deviation, assuming no rotation for the LT component (Dec = 0°), there 

is a remarkable similarity in direction of the HT components with sites CAL 3-4 (Figure 3D). The 

mean direction for the four sites in the quarry is then: Dm = 322.8° and 1m = 54.1° (k=247; Table 2), 

still implying 37° of counter-clockwise rotation for the clays from the Calvello area. 

(A) HT component· no tc (B) HT component. tc 
sites CAL 1-4 sites CAL 1-4 

• CAL 1-2 
• CAL 3-4 

(C) LT component· no tc 
sites CAL 1-2 

• CAL 1-2 
• CAL 3-4 

Figure 3. Equal area stereographic projections of high-temperature (HT) magnetisation site mean directions of 
the Calvello area (CAL). For all diagrams, circles give Fisher's (1953) lX95 for the different site means; shaded 
area gives the overall mean direction for the area using the site mean directions. (A): in situ high-temperature 
(HT) directions, (B): tilt corrected HT directions, (C): in-situ low-temperature (LT) directions show a 32° 
counter-clockwise deviation, (D): tilt corrected HT directions; sites CAL 1-2 were additionally corrected for 

the 32° counter-clockwise deviation afthe LT direction (LTc) from diagram (C). 
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3B. Internal part southern Apennines 

5. Salerno area. Only two sites (SLN 1-2) from the four that we sampled in late Miocene clays near 

the village of Salerno give good paleomagnetic results. Because we have no bedding control for site 

SLN I, we assumed that the magnetic foliation determined from the anisotropy of magnetic suscep

tibility is parallel to the bedding plane. If we apply this correction to the site, the remanence magneti

sation direction has a reversed polarity and a counter-clockwise rotation of 30° (Figure 4A; Table 1). 

The other three sites (SLN 2-4), taken from the section north of Salerno, provided a clear bedding 

plane control. Only SLN 2 shows a reliably determinable remanence direction (Figure 4B). A normal 

polarity component is removed up to 400°C (Figure 4B), which shows a counter-clockwise rotation 

(37~0) comparable to that for site SLNI (30~0). 

NRM' 
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SLN2.5A (C) 
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",.,.,1'11""""""::...----- N 

JNRM = 8.85 mAhn 
J300 = 3.37 mAhn 

-f----------N 
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Figure 4. Stepwise thennal demagnetisation diagrams (corrected for bedding tilt) of specimens from the 
internal part of the Apenninic belt system. Symbols are the same as used in Figure 2. Abbreviations: 

SLN =Salerno, EBO =Eboli, ROT =Rotonda. 
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7. tboU area. Only two of the sites in early Pliocene clays near Eboli (EB04 and EB06) give good 

paleomagnetic results (Figure 4C; Table 1). The polarity of the HT magnetisation removed up to 425

450°C is normal and the directions imply a significant counter-clockwise rotation (Tables I, 2). These 

two sites show rotations comparable to those observed in the Salerno clays (Figure 4C). The mean 

direction for the four sites in the Salerno-Eboli area is: D = 318.9° and 1 = 50.7° (k=I13; Table 2), m m 

implying on average 41° of counter-clockwise rotation. 

The two sites in middle Pleistocene (non-marine) clays (near Sicignano) (EBO 1-2) show a com

ponent which is removed up to 400°C (Figure 4D). Its offset in declination is not very obvious. The 

mean direction for the 11 samples from these two clay sites, is: D = 356.3° and 1 = 60.4° (k=107; m m 

Table 2), implying no significant rotation. The other three sites for the Eboli area, EBO 3, EBO 5 and 

EBO 7, have extremely low NRM-intensities (below 0.05 mAIm) and directions are randomly 

oriented. 

1 

2 

3 

4 

5 

5-6 

7 

N D(tc) I(tc) k a95 

Casalnuovo Monterotaro (CNM 1-3): 

3 sites no tc 154.6 -65.4 370 6.4 

Spinazzola (SPZ 1-3): 
3 sites no te 188.8 -55.3 317 6.8 

tc 178.6 -57.3 317 6.8 

Potenza (POT 1-3): 

3 sites no te 161.0 -55.7 9 44.1 
tc 165.6 -49.7 61 16.0 

Calvello (CAL 1-4): 
4 sites no tc 286.0 48.9 24 19.2 

te 308.1 55.9 30 16.9 
no tc (c) 305.0 48.2 37 15.3 

tc (c) 322.8 54.1 247 5.9 

EboU (EBO 1-2): 

11 samples no te 2.7 54.7 107 4.4 

tc 356.3 60.4 107 4.4 

Salerno-Eboli (SLN 1-2/ EBO 4-6): 

4 sites no te 340.1 56.4 5 45.2 
tc 318.9 50.7 113 8.7 

Rotonda (ROT 2-3): 

12 samples no tc 347.8 51.6 284 2.6 

Table 2. Mean site directions for the localities of this study before (no tc) and after (te) bedding tilt correction. 

(c) refers to a correction for sites CAL 1-2 for the deviation of the LT component (see text). The preferred 
result is shown in bold. Other symbols the same as in Table 1. 
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8. Rotonda area. Only the outcrop directly southeast of Castelluccio Inferiore (sites ROT 2-3) give 

good paleomagnetic results (Figure 4E). The initial NRM intensity for these middle/late Pleistocene 

clays is 2.0 - 4.7 mNm. In these sites, the magnetisation is also removed at 480°C. Both sites show 

normal polarity components that considering the young age of the sediments are taken to belong to the 

Brunhes Chron. The mean direction for the 12 demagnetised samples of sites ROT 2-3 is: D = m 

347.8° and 1 = 51.6° (k=284; Table 2), implying 12° of counter-clockwise rotation. Sites ROT 1m 

and ROT 4 have extremely low NRM-intensities (below 0.05 mNm) and directions could not be 

determined precisely. 

Figure 5. Initial (bulk) susceptibility versus demagnetisation temperature for some specimens of this study. An 

increase in susceptibility at temperatures above 350-380°C is observed for all sites. 

4. Discussion 

Two components generally contribute to the NRM of the late Tertiary and Quaternary sediments 

from the southern Apennines fold-and-thrust belt. Most sites show a low-temperature (LT) component 

that is removed between 100° and 3OO-320°C (see also Scheepers and others, 1993a) and a high-tem

perature (HT) component that is removed between 300-320° and 430-450°C. In the latter temperature 

interval, the bulk susceptibility of the samples increases during thermal demagnetisation (Figure 5), 

probably caused by formation of (close to superparamagnetic) magnetite through oxidation of pyrite 

(see also Scheepers and others, 1993a). For reason of its consistent demagnetisation behaviour in this 

interval, this component is taken to represent the characteristic remanent magnetisation direction for 

the clays and it is used as an indication of the tectonic rotation (Figure 7). The NRM decay-curves 
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Figure 6. NRM decay curves (A, B) for representative specimens from 12 studied sites 

(A: intensity < 10 mNm; B: intensity> 10 Nm). Solid lines give the sites from the southern Apennines Fold 
Belt; dotted lines the sites from the Bradano Unit and Apulian-Gargano foreland. Normalised curves (C) are 

quite uniform for all sites; maximum blocking temperatures are between 400 and 480°C. 
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SCHEEPERS: TECTONIC ROTATIONS IN THE TYRRHENIAN ARC SYSTEM 

(A) Salerno-Eboll (B) Casalnouvo (C) Lucera 
Mia-Pliocene early Pleistocene early Pleistocene 

S 
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S 

Figure 7. Equal area projection of HT components of specimens from the southern Apennines Fold Belt. The 

dots represent the individual sample directions; dots (circles) denote downward (upward) directions. The 
circles give Fisher's (1953) 095 for the different site means. The lines represent the average tectonic rotations 

for the localities. 
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show a large variation in initial intensities (Figs. 6A, 6B). Normalisation of the curves, however, 

results in quite uniform shapes for the decay curves which points to a constant mineral assemblage 

carrying the NRM of these sediments even though they reflect a wide temporal and spatial frame (late 

Miocene - middle Pleistocene, Tyrrhenian coast to Adriatic coast). The HT component may be carried 

by titanomagnetites (Scheepers and others, 1993a). The HT magnetisation is affected by weathering 

resulting in a decrease in NRM intensity but this is not accompanied by a change in direction. 

Apparently, low-intensity samples can be used and (may) give reliable directions. 

The studied sites show a consistent pattern of paleomagnetic results (Fig. 7). A positive fold test 

for the HT component of the Potenza basin and the Salerno-Eboli area supports a primary (= pre-fold

ing) origin. A positive fold test for the HT component was also observed for the sediments of the Sant' 

Arcangelo basin in the Matera area (Scheepers and others, 1993a). The 31 sites (including Matera area 

Scheepers and others, 1993a) in the Apenninic belt system show an average of 27° counter-clockwise 

rotation relative to the magnetic North (Table 3; Fig. 8A). The sediments have ages between late Mio

cene (± 6 Ma) and early Pleistocene (± 0.7 Ma). The eight late Miocene to middle Pliocene sites show 

the largest counter-clockwise rotation (Fig. 7A, H): 41° for the sites in the Salerno-Eboli area and 37° 

for the Calvello area with an average direction for the eight sites, Dm = 320.8° and Im = 52.4° (k=159; 

Table 3), that shows a 39° counter-clockwise rotation. The twenty sites in early Pleistocene clays 

show, in contrast, over 24° counter-clockwise rotation (Dm= 336.0° and Im= 58.4°, k=76; Table 3). 

Hence, we conclude to a middle Pliocene - early Pleistocene counter-clockwise rotation over 15°, that 

may be related to the Pliocene rotational event for the Caltanisetta basin of Sicily (Scheepers and 

Langereis, 1993). 

(A) Apennlnlc belt (B) Bradano Unit (C) Apullan Unit 

Figure 8. Equal area projection of site means from the southern Apenninic system. The dots represent the 
individual site directions; dots (circles) denote normal (reverse) polarity sites. The lines represent the estimated 

tectonic rotations for the localities in the three parts of the system. 
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N D(tc) 1 (te) k(te) a95 pol locality age estimate ref 

southern Apennines Fold Belt: 

6 sites 328.5 60.3 140 5.7 R Sant'Arcangelo (SAG) - N 0.70 - 2.02 Ma [II] 

5 sites 343.0 57.2 122 7.0 R Sant'Arcangelo (SAG) - S 0.70 - 2.02 Ma [II] 

6 sites 337.5 53.7 48 9.8 NR Craco (CRC) 1.45 - 2.02 Ma rII] 

3 sites 334.6 65.4 370 6.4 R Casaln. Monterotaro (CNM) early Pleist [III] 

3 sites 345.8 49.7 61 16.0 R Potenza (POT) middle Plio [III] 

4 sites 322.8 54.1 247 5.9 N Calvello (CAL) middle Plio [III] 

4 sites 318.9 50.7 113 8.7 NR Salerno area (SLN / EBO) late Mio-Plio [III] 

II samples 356.3 60.4 107 4.4 N Eboli (EBO) <0.5 Ma rIll] 

12 samples 347.8 51.6 284 2.6 N Rotonda (ROT) < 0.5 Ma rIll] 

31 sites 332.8 56.3 63 3.3 NR Apennines Fold Belt sites > 0.5 Ma 
7 areas 333.0 56.3 101 6.0 NR Apennines Fold Belt localities > 0.5 Ma
 
4 sites 351.3 56.1 144 7.7 N Apennines Fold Belt sites <0.5 Ma
 

20 sites 336.0 58.4 76 3.8 NR Apennines Fold Belt sites early Pleist
 
8 sites 320.8 52.4 159 4.4 NR Apennines Fold Belt sites late Mio-middle Plio
 

Bradano Unit: 

7 sites 359.4 56.6 98 6.1 R Tursi section (TUR) 0.89 - 0.82 Ma [II] 

7 sites 4.2 51.6 88 6.5 NR Pisucci section (PST) 1.05 - 0.90 Ma [II] 

3 sites 352.4 58.3 519 5.4 N Pommco area (paM) <0.99 Ma [II] 

3 sites 358.6 57.3 317 6.8 R Spinazrola (SPZ) early Pleist [III] 

8 sites 0.4 55.9 299 3.2 NR Lucera (LUC) early Pleist [I] 

3 sites 2.8 57.1 264 7.6 R Ginosa (MSC) early Pleist [I) 

31 sites 0.6 55.6 136 2.2 NR Bradano Unit sites
 
10 sites 3.1 55.8 123 4.4 N normal polarity sites
 
21 sites 359.4 55.5 140 2.7 R reverse polarity sites
 
6 areas 359.8 56.2 610 2.7 NR Bradano Unit localities 

Apulian Unit: 

6 sites 2.2 61.2 46 10.0 R Canosa (CAN) early Pleist [I] 

13 sites 354.3 52.9 81 4.6 R MonteMesola (MM) early Pleist [I] 

6 sites 0.2 59.1 1658 1.6 N Cutrofiano (CUT) middle Pleist [I] 

25 sites 358.6 57.8 278 1.7 NR Apulian Unit sites
 
6 sites 0.2 59.1 1658 1.6 N normal polarity sites
 

19 sites 356.4 55.6 58 4.4 R reverse polarity sites
 
3 areas ~58.6 57.8 278 7.4 NR Apulian Unit localities
 

Table 3. Summary of main results from this paleomagnetic study. N= number of sites / samples, D(bc), l(bc)=
 

declination, inclination (after bedding tilt correction), k(tc) = precision parameter (after tectonic correction),
 
pol = polarity. ref =references, where [I] refers to Scheepers (1992), [II] to Scheepers and others (1993a) and
 
[III] to Scheepers and others (1993b). Reverse polarity results are shown as their normal polarity equivalent. 
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The four sites in middle to late Pleistocene sediments from the internal part of the Apenninic belt 

(sites ROT 2-3 and EBO 1-2) show an average directions of: Om = 351.3° and 1m = 56.1° (k=l44; 

Table 2). This implies a counter-clockwise rotation of approximately 9°. 

The six localities in the Bradano Unit which include data presented previously by Scheepers 

(l992) from quarries near Lucera (LUC) and Ginosa (MSC) and by Scheepers and others (l993a) 

from sites near Tursi (TUR), Pisticci (PST) and Pomanco (POM), show an average direction: Om = 

359.8° and 1m = 56.2° (k=61O; Table 3). This implies that these sites (31 in total), which belong to the 

early Pleistocene, do not show any tectonic rotation (Figure 8B). From these 31 sites, the 10 normal 

polarity sites give a mean direction of Dm= 3.1° and Im= 55.8° (k=123; Table 3), while the 21 reverse 

polarity sites give an overall mean direction of Dm=179.4° and Im= -55.5° (k=140; Table 3). The 

angle between normal and reverse polarity mean directions is hence 2.1 0, and the classification of the 

reversal test is 'A' (McFadden and McElhinny, 1990). 

Previously studied sites (25 in total) in early-middle Pleistocene sediments from the Apulia

Gargano foreland (Scheepers, 1992) do not show any rotation either: Om = 358.6° and 1m = 57.8° 

(k=278; Table 3). The 6 nonnal polarity sites have a mean direction Dm= 0.2° and Im= 59.1 ° 

(k=1658; Table 3), and the 19 reverse polarity sites show a mean direction Om= 176.4° and Im=

55.6° (k=58; Table 3). The angle between normal and reverse polarity mean directions is 4.1° and the 

reversal test classification is 'A' (McFadden and McElhinny, 1990). 

The HT component directions of the early Pleistocene sediments from southern Italy do not show 

an inclination error: the average inclination is 58.4° for the Apenninic belt, 56.2° for the Bradano Unit 

and 57.8° for the Apulian-Gargano Unit (Table 3), which does not deviate significantly from the 

geocentric axial dipole inclination for the present latitude (57.5°). 

The early Pleistocene results indicate a 24° counter-clockwise rotation of the southern Apennines 

Fold Belt relative to the Bradano Unit and the Apulia-Gargano Unit from the foreland (Figure 8). This 

rotation occurred largely during the middle Pleistocene. Results from middle to late Pleistocene sites 

indicate a (possible) minor rotation over no more than 9° during the late Pleistocene. This means that 

the rotation post-dates the major phase of extension that can be related to the formation of oceanic 

crust in the south-eastern part of the Tyrrhenian basin, dated between 2.0 and 1.6 Ma (Sartori and 

others, 1989). The rotation may be related, however, to a subsequent compressive regime "the 

Quaternary compressive phase" that took place between 1.0 and 0.76 Ma (philip and Tortorici, 1980; 

Auroux and others, 1986; Bousquet and Philip, 1986), as suggested before by Scheepers and others 

(l993a). 
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-
t.;J 
-I:> " N D I k locality age	 reference 

Apulian Unit 
4 sites 324.4 36.0 480 Gargano peninsula Cret. Channell and Tarling (1975) 

17 sites 335.0 37.8 31 Gargano peninsula late Cret. Channell (1977) CIl 

21 sites 327.7 38.2 56 Gargano peninsula late Cret. VandenBerg (1983) :z:: 
n 

3 studies 329.0 37.4 328 Gargano peninsula Cretaceous	 (as above) 
~ 5 areas 359.8 56.3 491 Apulian Unit early Pleist. [I]	 tr:l 
:><l 
CIl..

Bradano Unit 
6 areas 359.1 56.3 218 Matera area early Pleist. [I], [II] and this study til n 

southern Apennines Fold Belt, internal part ~ 
3 sites 285.8 54.1 48 Capri (CL platform) late Cret. (Senonian) Catalano et al. (1976) n 
5 sites 286.6 44.5 21 Mt.Cerviero (CL platform) late Cret. Manzoni (1975) ~ 

113 samples 248.0 30.4 48 Pescopagnano (LN basin) Cret. Incoronato (1983) )! 
g

southern Apennines Fold Belt, external part	 Z 
CIl 

5 sites 322.4 28.2 120 Campia (Matese Mt.) Cret.	 Channell and Tarling (1975) Z 
1 site 322.2 30.9 Maggiore (AC platform) late Cret. (Senonian) Catalano et al. (1976) 5!9 sites 326.0 42.0 44 Monte Maiella Cret. Jackson (1990)	 tr:l 

:! 
southern Apennines Fold Belt (summary) 

3 areas 271.1 44.6 16 Internal part Cretaceous (as above) ~ 
3 areas 323.4 33.7 116 External part Cretaceous (as above) 

13 sites 337.8 56.1 111 Sant'Arcangelo basin early Pleist.	 Sagnotti (1992) ~ 
4 sites 351.3 56.1 144 Apennines Fold Belt middle/late Pleist. this study	 >

:><l 
20 sites 336.0 58.4 76 Apennines Fold Belt early Pleist. this study	 n 

CIl
8 sites 320.8 52.4 159 Apennines Fold Belt late Mio-middle Plio this study	 ><

CIl 

~ 
Table 4. Previously published paleomagnetic results from the southern Apennines and the Apulian foreland and comparison to the results from this study. Symbols 

are the same as used in Table 3. CL platform =Campania-Lucana platform, LN basin =Lagonegro basin, AC platform =Abruzzi-Campania platform. 



CHAPTER 4B: COUNTER-CLOCKWISE ROTATIONS IN THE SOUTHERN APENNINES 

5. Conclusions 

The mean direction for Cretaceous rocks from the Apulia-Gargano foreland implies a 31° 
counter-clockwise rotation (Table 4) during the Tertiary. The paleomagnetic data of Cretaceous rocks 

from the southern Apennines (Channell and Tarling, 1975; Catalano and others, 1976; Incoronato, 

1983; Jackson, 1990) are quite scattered, but they all imply considerable counter-clockwise rotations 

(Table 4). The sites from the internal part of the Apenninic belt show a larger rotation (89°) than the 

ones from the external part (37°). This 37° counter-clockwise rotation of the external part of the 

southern Apennines is in good agreement with the directions in the late Miocene to middle Pliocene 

sediments (39°) studied here. Hence, there is (at present) no evidence for any tectonic rotations in the 

external part of the southern Apenninic belt system between the Cretaceous and the latest Miocene. 

The present results also indicate a 15° counter-clockwise rotation during the Pliocene and a further 

24° counter-clockwise rotation during the early Pleistocene. 

We earlier suggested that the whole area of the southern Apennines behaved as one single cohe

rent block during tectonic rotations in the middle Pleistocene. The idea of a single block is also sup

ported by the seismicity data (Gasparini and others, 1982) and micro-tectonic analysis (Auroux and 

others, 1986), which shows that the direction of the "Quaternary compressive phase" is homogeneous 

for the whole area (Auroux and others, 1986). 

The differential rotation in time between the late Miocene - middle Pliocene (39°) and the early 

Pleistocene (24°) sediments for the southern Apennines Fold Belt is 15° counter-clockwise. This 

middle-late Pliocene 15° counter-clockwise rotation for the southern Apennines Fold Belt contrasts 

with a 10° clockwise rotation for the Caltanisetta basin of Sicily, dated previously at about 3.05 Ma 

(Scheepers and Langereis, 1993). The subsequent middle Pleistocene phase also shows opposing 

rotations for the two regions, 24° counter-clockwise for the southern Apennines Fold Belt and 15° 

clockwise for the Calabro-Peloritan block. 
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Paleomagnetic evidence
 
for a Pleistocene clockwise rotation
 

of the Calabro-Peloritan block (southern Italy)
 

Abstract. 

A paleomagnetic study of marine marls of (early) Pliocene age and clays of late Pliocene to 

middle Pleistocene age from sites along the Ionian coast (Spartivento basin and Catanzaro depres

sion of Calabria) and from sites along the Tyrrhenian coast of both Calabria and Sicily was carried 

out to determine the amount and timing of tectonic rotation of the underlying Calabro-Peloritan 

block. 

The magnetisations of the early Pliocene Trubi marls have maximum blocking temperatures 

indicating the presence of magnetite. These early Pliocene sediments as well as the younger late 

Pliocene to early Pleistocene clays of this area reveal consistent clockwise rotations of 10-20°. 

There is evidence for a uniform 15° clockwise rotation of the entire Calabro-Peloritan block 

during the middle Pleistocene. This is opposite in sense of rotation to the earlier established 23° 

counter-clockwise rotations for the southern Apennines, but the timing is the same: between 0.9 

and 0.4 Ma. The tectonic rotations occur I Myr after the major phases of extension in the 

southeastern part of the Tyrrhenian basin, but simultaneously with the onset of major uplift of the 

block. 
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1. Introduction 

Magnetostratigraphic srudies of Pliocene and Pleistocene marine marls/clays of southern Italy 

have revealed the existence of stable and conSistent paleomagnetic directions. These paleomagnetic 

results have been used to establish a reliable magnetostratigraphy, with an emphasis on dating bio

stratigraphic datum-levels and paleoclimatic changes in the Mediterranean area (Hilgen and Langereis. 

1988; Zachariasse and others, 1989; 1990; Langereis and Hilgen, 1991; Zijderveld and others, 1991) 

and they have formed the basis for the astronomically calibrated polarity time scale for the last 5.5 

Myr (Rilgen, 1991a; 1991 b). In the present study, the consistent directions are used to determine 

tectonic rotations of the different Plio-Pleistocene formations along the Calabrian arc. 

In the Central Mediterranean area, this Calabrian arc links the Maghrebides of North Africa and 

Sicily to the Italian Apennines. The Tyrrhenian basin is at the internal side of the Calabrian arc. 

Opening (subsidence) of this basin started in the Tortonian and is continuing at the present day in the 

southeastern part of the Tyrrhenian basin and on-shore Calabria (Kastens and others, 1988; Knott and 

Turco, 1991). Two major phases of extension caused formation of oceanic crust: (l) during the latest 

Miocene in the central Tyrrhenian (Vavilov sector), (2) during the early Pleistocene (2.0 - 1.6 Ma) 

further to the Southeast (Marsili sector) (Sartori, 1990). The central part of the Calabrian are, the 80

called Calabro-Peloritan block, moved in southeastern direction from the early Miocene onward 

(Malinverno and Ryan, 1986). This block originates from the southern European margin of the Tethys 

basin (Alvarez and others, 1974) and can be considered as a ("boat-shaped") element that overrides the 

Ionian foreland (Van Dijk and Okkes, 1991). Roll-back of a sinking slab across the Western Medi

terranean detached the Calabro-Peloritan block from the South European margin (Malinverno and 

Ryan, 1986). This fragmentation of the southern European margin of the Tethys basin starting in the 

early Miocene (Cohen, 1980) is paleomagnetically evidenced by a counter-clockwise rotation of 

Sardinia (Montigny and others, 1981). Our study investigates possible tectonic rotations and their 

timing for the Calabro-Peloritan block during the final stage of this process. It has been suggested 

recently that tectonic rotations in the Calabrian arc are caused by pinning of the moving Calabro

Peloritan block between two continental promontories, the Adria block to the northeast and the 

Ragusa platform to the southwest (Malinverno and Ryan, 1986; Knott and Turco, 1991). In this 

model, tectonic rotations are coeval with the major phases of extension. 

Earlier paleomagnetic studies in Neogene rocks of the Calabrian arc suggest for the Messina 

strait area a total amount of 360 clockwise rotation relative to magnetic North since the early Pliocene 

(Arfa and others, 1988). In the external foredeep basin of Sicily (Caltanissetta basin) lower Pliocene 

marls reveal a 340 clockwise rotation relative to the magnetic North (Scheepers and Langereis, 1993); 

19-240 of this rotation is younger than 2.8 Ma, and 5-100 took place around 2.9 Ma. For the present 

paper, lower Pliocene marls of the Trubi formation in the Spartivento basin of southern Calabria and 

along the Tyrrhenian coast of both Calabria and Sicily were studied to investigate the total rotation 

since the early Pliocene (Fig. 1). In addition, the results from younger (pleistocene) clays throughout 

the area are discussed. 
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Localities (with abbreviations): (1): Singa section - CS, (2): Monte Umina - ML, (3): Careri section - CAR, 
(4): Capo Spartivento - CP, (5): Paradisoni - PD, (6): Capo Vaticano - VAT, (7): Messina - MES, 
(8) Villafranca - VIF, (9) Croce Valanidi - CV, (10) Milazzo - MIL, (11) Catanzaro area: Caraffa di 
Catanzaro - CC and Santa Maria di Catanzaro - SMC. 
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Figure 1. Structural map of the southern part of the Calabro-Sicilian arc with the distribution of the localities 
sampled in this study. (1) Calabro-Peloritan Units, (2) northern Sicilian belt (Maghrebides), (3) Ragusa 
platform (foreland), (4) Gela-Catania foredeep, (5) external Plio-Pleistocene basins, (6) internal Plio-Pleisto
cene basins, (7) volcanics, (8) normal fault, (9) fault, (10) deformation fault and (11) sampled 

locality. TL = Taormina line. 
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2. Sampling and methods 

For most outcrops, removal of the weathered surface was necessary to reach fresh material. Per 

site, we collected 4 to 7 cylindrical standard cores using an electric drill and portable generator. 

In the laboratory, routine methods were applied in order to obtain characteristic remanent 

magnetisation (ChRM) directions for the clays. The natural remanent magnetisations (NRM) of at 

least one sample per core was analysed by means of progressive stepwise thermal demagnetisation 

using small temperature increments (30 to 50°C). The NRM was measured both on cryogenic mag

netometers (ScT and 20) and on a spinner magnetometer (JR-3) with a digital interface. 

Demagnetisation diagrams (Zijderveld, 1967) were used to analyse the directional stability for 

each demagnetised sample. Several methods have been applied to determine a reliable ChRM 

direction. The direct method means that magnetisation components were determined by least square 

fitting of lines through at least 4 data-points (Kirschvink, 1980). For some samples, the NRM does 

not linearly decrease to the origin, implying that two NRM components with overlapping blocking 

temperature spectra are present. In that case great circles were determined. The great circle method 

uses the great circles of one site to calculate the 'hidden' component (McFadden and McElhinny, 

1988). A combination of direct and great circle methods ('combination method) is used if (only) some 

samples from the same sites have a well-determined direction ('setpoint' according to McFadden and 

McElhinny, 1988). Finally, the stacking method (Scheepers and Zijderveld, 1992) is used when sites 

show a scatter behaviour because of low intensities and when there is not a clear secondary 

magnetisation. 

3. The (lower) Pliocene marls 

The lower Pliocene marls from the Trubi formation covering the Calabro-Peloritan block are 

sediments which carry a stable primary magnetisation (Zijderveld and others, 1986). For the Caltanis

setta basin of Sicily the early Pliocene marls show on average a 34° clockwise rotation (Scheepers and 

Langereis, 1993). The same formation was investigated along the external (Ionian) part of the Cala

bro-Peloritan block and along the internal (Tyrrhenian) part of the same block in both southern 

Calabria and Sicily. 

3.1 Ionian coast 

In the Spartivento basin along the Ionian coast of southern Calabria (Fig. 0, the marls of the 

Trubi and Narbone formations are exposed. The basin belongs to the external part of the Tyrrhenian 

arc and is covering the Calabro-Peloritan block. Tectonically it is considered as a ridge of imbricated 

Pliocene and Pleistocene sedimentary rocks dissected by NW-SE and NE-SW trending lineaments 

into a number of segments (Van Dijk and Okkes, 1991). The ridge is considered to be a submarine 

accretionary wedge (Kastens, 1981) and links the Apennines to the north and the Maghrebides to the 
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west. These marls were sampled at four different localities in the Spartivento basin: (1) at the Monte 

Singa section, (2) at Monte Lfmina, (3) at the Careri section and (4) at the Capo Spamvento section 

(Fig. 1). The fresh sediments of all localities are blue-grey coloured. 

The Monte Singa area is situated 3 kIn Northwest of Riace Marina in the northern part of the 

Spamvento basin (Fig. 1). The section covers a considerable part of the Pliocene and includes the 

Miocene-Pliocene boundary as well as the Pliocene-Pleistocene boundary, but in the middle of the 

Pliocene, a 1 Myr hiatus occurs (Zijderveld and others, 1986; 1991). The lower Singa section repre

sents the early Pliocene Trubi fonnation and was deposited between 4.9 and 4.0 Ma, while the upper 

Singa section represents the Narbone fonnation, deposited between 2.5 and 1.9 Ma. Bedding tilt is 

approximately 5° to the south-southeast. 

The outcrops at Monte Lfmina and the Careri section are in the central part of the Spartivento 

basin (Fig. 1). Monte Lfmina is almost 900 m above sea level, approximately 5 kIn west-northwest of 

Mammola. The Trubi marls unconfonnably overly continental conglomerates of Messinian age; bed

ding tilt is 17° to the south-southwest. The section was sampled at 7 levels/sites. The marls have an 

early Pliocene age (Appendix) and according to the established magnetic polarities the age is between 

4.9 and 4.6 Ma. The Careri section is further south, approximately 150 m above sea level, 5 kIn west 

of Bovalino Marina; bedding tilt is to the south-southeast. The Careri section was sampled at 13 diffe

rent levels. The sampling interval in the Careri section represents the lower part of the Trubi fonnation 

(see Appendix); the age is between 4.6 and 3.7 Ma. The Capo Spamvento section is located in the 

most southern part of the Spamvento basin; horizontally bedded Trubi marls overly non-marine 

coarse conglomerates of Messinian age. The section is in the Gilbert Chron, and contains the Thvera 

and Sidufjall subchrons; it ranges in age from 4.8 to 4.3 Ma (Channell and others, 1988; Rilgen and 

Langereis, 1993). 

Demagnetisation results. 

For the Trubi marls in the Spamvento basin the NRM magnetisation is removed at 600-620°C 

(Figs. 2, 3); the component removed from 500 up to this 600-620°C is defined as a high temperature 

(RT) component. There are clearly two types of demagnetisation behaviour from these diagrams. The 

samples from both the Singa and the Careri section (Fig. 2A, B, D, E) show that from 200/250°C on

wards the demagnetisation diagrams have a linear decrease towards the origin. The samples from both 

Monte Lfmina and Capo Spartivento have a component removed between 100 and 500°C (Fig. 2F, I) 

or even higher (540°C). This component has a nonnal polarity and is probably due to weathering 

considering its present day field direction. It is clearly a secondary component. In many cases, only 

the last few temperature steps show a linear decrease towards the origin. Apparently, there is a large 

blocking temperature overlap between the two components (see also Van Velzen and Zijderveld, 

1990). 
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Figure 2. Representative thermal demagnetisation diagrams of marls from the Trubi formation (Ionian coast 
Southern Calabria, Spartivento basin). Closed symbols represent vector end-points projected on the horizontal 

plane (declination), open symbols are vertical plane projections (inclination). Abbreviations: CS =Singa, 

CAR =Careri, CP =Capo Spartivento, ML =Monte Llmina. Numbers in diagrams denote demagnetisation 

steps in °C. Direction and intensity of magnetisation during thermal demagnetisation were analysed by vector 
diagram representation (Zijderveld, 1967); lines represent best fitting lines through data points using principal 

component analysis (Kirschvink, 1980). 
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Figure 3. Equal area projection of HT component of samples from the early Pliocene marls of the Spartivento basin along the Ionian coast (after bedding tilt 

correction). In the left diagrams the dots represent the individual directions; full (open) dots denote downward (upward) projections. Part of the Capo Spartivento 
directions was determined with the method of McFadden and McElhinny (1988). In the right diagrams the circles give Fisher's (1953) ~5 for the different site 

means. The shaded area gives the ~5 of the overall mean direction using the site/interval mean directions. The lines in the right diagrams represent the estimated 

tectonic rotation of the outcrop. 
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SCHEEPERS: TECTONIC ROTATIONS IN THE TYRRHENIAN ARC 

level (m) d (m) method N D(tc) I(tc) k a95 

Singa section 
LowerSinga 

0.8 - 2.3 1.5 direct 7 201.3 -33.4 178 4.5 
7.5 - 11.8 4.3 direct 12 13.7 42.0 36 7.3 

16.0 - 17.0 1.0 direct 3 190.4 -40.1 221 8.3 
22.6 - 27.5 4.9 direct 10 190.5 -43.9 206 3.4 
29.3 - 32.3 3.0 direct 10 192.9 -42.3 141 4.1 
35.0 - 39.8 4.7 direct 14 11.2 46.2 175 3.0 
40.0 - 42.5 2.4 direct 15 11.5 48.1 126 3.4 
44.7 - 48.9 4.3 direct 11 195.6 -42.1 23 9.8 

N intervals 3 12.2 45.4 615 5.0 
R intervals 5 195.6 -40.5 139 6.5 
All intervals 8 14.4 42.4 173 4.2 

Upper Singa 
all Rl diagrams direct 36 191.7 -50.0 28 4.6 

0.0 - 25.0 25.0 direct 8 352.7 46.3 126 5.0 
25.0 - 45.0 20.0 combined 13 186.2 -52.2 33 7.3 
45.0 - 65.0 20.0 combined 10 191.8 -51.1 62 6.2 
65.0 - 85.0 20.0 combined II 206.8 -53.7 20 10.6 
85.0 - 105.0 20.0 combined 15 190.6 -46.6 25 8.2 

R intervals 4 193.6 -51.1 166 7.2 
All intervals 5 9.1 50.5 91 8.1 

Capo Spartivento section 
all Rl diagrams direct 22 192.1 -34.6 89 3.3 
all NI diagrams direct 31 3.7 50.7 55 3.5 

0.0 - 3.3 3.3 great circle 33 170.4 -48.9 101 2.5 
3.3 - 7.3 4.0 direct 10 10.7 55.0 79 5.5 
7.3 - 11.3 4.0 direct 7 18.2 52.7 143 5.1 

11.3 - 14.5 3.2 direct 18 353.9 48.0 61 4.5 
14.5 - 18.5 4.0 combined 7 181.5 -36.0 58 8.0 
18.5 - 20.2 1.7 combined 19 190.5 -35.6 99 5.2 
20.2 - 23.5 3.3 direct 9 359.0 48.9 141 4.4 
23.5 - 24.6 1.1 direct 6 187.4 -34.0 100 6.7 

N intervals 4 4.9 51.5 112 8.7 
R intervals 4 183.1 -38.8 72 10.9 
All intervals 8 3.9 45.2 59 7.2 

Table 1. Paleomagnetic results of the Singa and Capo Spartivento sections using Fisher (1953) statistics; a 

mean direction is calculated for stratigraphic intervals (Lower Singa: every 5 m. Upper Singa: every 20 m, 
Capo Spartivento: every 4 m); at a polarity break the interval is smaller. Further: 'level' gives the stratigraphic 
position (begin and end) for the interval. d =length of interval. method =method of calculation of mean 

direction (see text), N = number of samples used for calculation of mean direction, D(tc), I(tc) = declination, 
inclination after bedding tilt correction, k= precision parameter, a95= cone of confidence at the 95% level. 
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Sites showing no overprint. 

Lower Singa section. The lower part of the Singa section has negligible secondary components 

(Fig. 2A, D) and the HT component of the samples was determined by least square fitting of lines 

through all data points between 500 and 600°C (Fig. 2A, D). The individual samples show consistent 

clockwise deviations for both normal and reversed polarity (Fig. 3A, D). To give the best estimate for 

the rotation of the section a mean HT direction was calculated for every 5 m of the section (Table 1; 

Fig. 3B). If there is a change in polarity within this 5 m, a mean direction was calculated for a smaller 

interval (Table 1), because we want to separate between normal and reversed polarity mean directions 

(reversal test). There are 3 normal intervals in the section giving a mean direction of D =12.2° and m

I = 45.4° (k=615) (Fig. 3B) giving equal weight to the interval means. Further, there are 6 reversed m

intervals giving an overall mean direction of D =199.5° and I = -41.8° (k=51) (Fig. 3B). The angle m m

between normal and reversed polarity mean directions is 5.5° here and the classification of the rever

sal test is 'B' (McFadden and McElhinny, 1990). The mean direction of all 9 intervals gives a 14° 

clockwise rotation for the lower part of the Singa section (Table I). 

Careri section. From the Careri section, the upper 9 sites (CAR 1-9) have very low initial NRM 

intensities (50-200 !-lA/m); hardly any reliable HT directions could be determined. The polarities are 

clear (reversed), but the measurements show no decrease to the origin. The lower 4 sites of the section 

(CAR 10-13) give good results and similar demagnetisation behaviour as the lower Singa section (see 

Fig. 2B, E). Three of these sites have a reversed polarity, one is of normal polarity (CAR 11). A small 

secondary magnetisation is removed at temperatures below 200°C (Fig. 2B, E). 

The individual samples have clockwise declinations for both normal and reversed (Fig. 3C) 

polarity and the mean direction of all 4 sites of the lower part of the eareri section shows a clockwise 

rotation of 13° (Table 2; Fig. 3D). For the Careri section, the reversed polarity mean direction is 

D =192.0° and Im= -31.8° (k=105). The angle between the normal polarity site and the reversed m

polarity mean direction is 12.8°; classification of the reversal test is 'Indeterminate'. The sites from 

both the Singa and the Careri section have mean inclinations which are deviating considerably from 

the inclination (57.5°) of the geocentric axial dipole (GAD) field for the present latitude of the 

locality, which may have been caused by early dewatering and compaction. 

Sites showing a secondary overprint. 

Monte Limina section. The samples from the Monte Lfmina section show maximum blocking 

temperatures of 580-600°C as well. In contrast to the samples from the Careri and Singa sections, 

there is a large secondary magnetisation (e.g., Fig. 21). The HT direction of some sites is probably 

affected by a large overlap (up to 500-540°C) with the blocking temperatures of the secondary compo

nent, as can be seen from the low inclination values for some of the HT magnetisations (Table 2). The 

lowest site of the section (ML 6) includes cores with different polarities of the HT component; the 

lower part of this site is reversed, the upper part normal (Fig. 2H), whereas the middle part shows 

intermediate directions (Fig. 2G), but all show the same secondary magnetisation. According to the 
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magnetobiostratigraphic constraints, this site was taken in the lower Thvera polarity transition. The 

next three sites of the section (ML 7 and ML 1-2) are reversed with very shallow inclination values 

(10-30°; Table 2; Fig. 3F), while the upper three sites of the section have a normal polarity HT com

ponent. The mean direction of the normal polarity sites gives Dm=13.3° and Im= 45.0° (k=95), similar 

to the observations from the Singa and Careri sections. The mean direction of the 4 reversed polarity 

sites results in a mean direction with Dm=211.9° and I = -16.2° (k=49). It is clear that we have HTm

directions that are far from anti-parallel; the angle between the two groups is 32.8°, giving a negative 

reversal test. Further, the reversed polarity sites have anomalously low inclination values, probably 

related to a complex interference of NRM components (Fig. 21); we did not use the reversed polarity 

sites as an estimate for the tectonic rotation. The normal polarity HT magnetisations (Fig. 3F) give a 

13° clockwise rotation, in good accordance with the results from the Careri (13°) and Singa (14°) 

sections, which are south and north of Monte Limina (Fig. 1). 
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Figure 4. Thennal demagnetisation diagrams of two samples from the Capo Spartivento section showing no 

final linear decay to the origin. All the great circle planes were calculated for the problematic samples; the 

great circle planes were combined to calculate a common direction for the lowest interval of the section (C). 
The ellipses in the equal area projection show the maximum angular deviation of the calculated great circle 

planes. Other symbols as in figure 2. 
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Capo Spartivento section. Demagnetisation results from the Capo Spartivento section (Hilgen-and 

Langereis, 1993) also show a large overlap between secondary and HT components (Fig. 2F). Our 

method to calculate a reliable mean direction for this section was complicated by the diversity in 

demagnetisation behaviour. Initially, we selected the demagnetisation diagrams - for both normal and 

reversed polarity - showing a clear linear decay to the origin and a minor secondary component. 

Calculation of the mean HT component shows that the mean direction from the 22 samples with 

reversed polarity (Rl) and the mean direction from the 31 samples with nonnal polarity (Nl) have an 

angle of 17.2°; there is a negative reversal test. 

Many of the samples from this section, however, show demagnetisation diagrams that never 

reached a stable end-vector (Fig. 4A, B), especially in the lower part (0.0 - 3.3 m) of the section. 

Therefore, we calculated the great circle planes through the data points for these samples (Fig. 4A, B). 

The planes with maximum angular deviations below 25° were used to calculate the hidden HT compo

nent for this interval (Fig. 4C). For the interval between 14.5 and 20.2 m, we used a combination of 

direct observations and great circles (McFadden and McElhinny, 1988). Calculation of mean direc

tions (per 4 m) results in 4 nonnal polarity and 4 reversed polarity means (Table 1). With this proce

dure, the HT directions show a small clockwise deviation for both normal and reversed polarity. The 

mean direction of the 4 normal polarity intervals (not using great circles) gives D = 4.9° and I = m m 

51.5° (k= 112); the mean direction for the 4 reversed polarity intervals (partly using great circle planes) 

gives D =183.1 ° and Im= -38.8° (k=20). These mean directions make an angle of 12.8°, the reversal m

test is still negative. Because the declinations are nearly antipodal, however, we assume that the 

average declination represents a 4° clockwise rotation of this section (Table 1; see also Fig. 3H). 

3.2 Trubi along Tyrrhenian coast 

To examine whether the clockwise rotation observed in the Pliocene marls of the external Ionian 

part of the Calabro-Peloritan block is also present along the Tyrrhenian coast, 4 localities in the Trubi 

formation along the Tyrrhenian coast were sampled in both Southern Calabria and Sicily (Fig. 1). This 

coast area is - at the present day -characterised by extension (Knott and Turco, 1991). Along the Tyrr

henian coast of Southern Calabria, the Trubi formation was sampled at two different localities on the 

Tropea peninsula: near (5) Paradfsoni and at (6) Capo Vaticano (Fig. 1). Along the Tyrrhenian coast 

of Sicily we collected from two distinct areas: near (7) Messina and near (8) Villafranca (Fig. 1). 

The Capo Vaticano section is 8 km south-southwest of Tropea (Southern Calabria) directly along 

the Tyrrhenian coast. We sampled 7 sites!1evels in lower Pliocene marls with a minimum (20) tilt to 

the south; the age of the sampled interval is between 4.6 and 4.1 Ma (Appendix). Five sites (VAT 1-5) 

were sampled in the lower part along the beach; two sites (VAT 6-7) in the upper part of the section. 

The other locality on the Tropea promontory. near Paradfsoni, is approximately 10 km east-northeast 

of Tropea. Here, we sampled two different quarries in lower Pliocene Trubi marls. One quarry is 

located west of the road from the village to the coast; in this quarry PD[A] we sampled 6 sitesllevels 

(pD 1-6); bedding tilt is slightly to the northeast. Four sites were taken in the lower part of the quarry 
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(PO 1-4) and two sites in the upper part of the quarry (pO 5-6). The age of the sampled interval is 

between 4.8 and 4.6 Ma (Appendix). The other quarry near Paradisoni is east of the same road from 

the village to the coast; in this quarry PO[B] we sampled 3 sites/levels (pO 7-9); bedding tilt is 11° to 

the north. Along the Tyrrhenian coast of Sicily, we further collected 4 sites in the area between Villa

franca and Romena. Two sites just south of Villafranca (VIP 2-3) in marls of lower Pliocene age 

dipping 9° to the north, and directly north of Romena two sites (VIF 4-5) in blue-grey coloured silts 

of upper Pliocene age. Bedding is slightly (4-6°) tilting to the west. Further east, in the area north of 

Messina (Fig. 1), we sampled 5 sites (MES 1-5) in marine marls of lower Pliocene age from two 

different outcrops. Sites MES 1-3 are from one outcrop; bedding tilt is 12° to the north, whereas sites 

MES 4-5 are from another outcrop dipping 12° to the east. 

Demagnetisation. 

From the 25 sites of 4 different localities along the Tyrrhenian coast only 2 sites give stable 

magnetisations having a linear decay to the origin (Fig. 5E, F); site VAT 2 in the early Pliocene Capo 

Vaticano section (Southern Calabria) and site VIP 4 oflate Pliocene age in the Villafranca area 

(Sicily). Maximum blocking temperatures are the same as found in samples from the Trubi along the 

Ionian coast, between 590 and 610°C. The nonnal polarity site in the Capo Vaticano section shows a 

21 ° clockwise rotation, whereas the reversed polarity site in the Villafranca area shows a 35° clock

wise rotation (Table 2). Site PO 5 in the Paradisoni area shows a clear clockwise rotation of 7° (Fig. 

50; Table 2); some scaner produces a NRM decay that is not along a perfect line. For the other 22 

sites, we applied alternative methods to derive the best estimate for the tectonic rotation. 

Paradisoni area. For the Paradisoni area, the quarry PO[A] containing sites PO 1-6 gives very 

poor paleomagnetic results; initial NRM intensities are very low (between 20 and 90 IlNm), even 

though the polarity is always very clear. Therefore. we use great circles to derive final magnetisation 

directions per site. For example, site PO 3 shows demagnetisation diagrams with a clearly reversed 

polarity final component (Fig. SA, B). Because the diagrams show a cluster at the highest tempe

ratures we cannot detennine a reliable HT component. Great circle planes are all well detennined: 

maximljm angular deviations are below 10°. The trend of the magnetisation vector in the great circle 

planes is always in the same direction, although the orientation of the great circle planes varies con

siderably (Fig. 5C). For example, sample PO 3.4A (Fig. SA) shows a distinct trend to a reversed 

southerly direction, but the inclination is zero for the end cluster, while sample PO 3.6A has an 

upward inclination from the beginning, but the declination along the great circle tends to a southerly 

direction (Fig. 5B). Combination of the 6 great circle planes for this site gives a very well determined 

mean direction having a 7° clockwise rotation (Fig. 5C; Table 2). The other sites from the quarry 

PO[A] give similar results. Only site PO 5 has a nonnal polarity (Fig. 50); its direction is anti-parallel 

to the calculated mean for the reversed polarity sites (Table 2). 

The other quarry - PO[B] - containing sites PO 7-9 has initial NRM intensities up to 900 JlAIm. 
Application of the great circle method shows that the mean directions are in good agreement with the 

results from the first quarry (Table 2). Calculation of a mean direction for the early Pliocene marls of 
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SCHEEPERS: TECTONIC ROTATrONS IN THE TYRRHENIAN ARC 

site method N O(tc) l(tc) k a95 lnt 

Careri section (Spartivento basin): 

CAR 10 direct 8 191.5 -39.9 1133 1.6 2.76 
CAR 11 direct 8 18.1 43.6 1586 1.4 3.45 
CAR 12 direct 6 195.5 -29.8 346 3.6 0.62 
CAR 13 direct 4 189.0 -25.5 83 10.2 6.89 

sites(R) 3 192.0 -31.8 105 12.1 
sites (NR) 4 13.3 34.8 80 10.4 

Monte Limina (Spartivento basin): 

ML 1 direct 5 209.3 -10.2 705 2.9 2.39 
ML2 direct 7 219.8 -11.5 161 4.8 1.86 
ML3 direct 6 11.8 49.1 70 8.1 1.94 
ML4 direct 6 15.8 32.8 300 3.9 6.48 
ML5 direct 3 11.3 48.0 165 9.6 2.05 
ML6up direct 6 13.7 50.1 465 3.1 7.22 
ML 6mid(*) direct 2 241.7 43.3 19 61.1 0.92 
ML6down direct 3 212.7 -11.9 56 16.6 0.61 
ML7 direct 4 204.9 -31.2 222 6.2 0.63 

sites (N) 4 13.3 45.0 95 9.5 
sites (R) 4 211.9 -16.2 49 13.3 
sites (NR) 8 24.0 31.0 17 13.9 

Paradtsoni (Tropea), quarry [A}: 
PO 1 (*) great circle 4 173.6 -55.9 5 47.2 0.05 
P02 great circle 6 192.7 -52.3 13 19.5 0.06 
P03 great circle 6 187.1 -46.5 47 9.9 0.04 
P04 great circle 6 190.5 -45.1 21 14.8 0.05 
PO 1-4 great circle 22 185.2 -49.8 30 5.8 0.05 
P05 direct 5 6.9 55.3 17 19.0 0.15 

sites (R) 3 190.0 -48.0 364 6.5 
sites (NR) 4 9.3 49.8 250 5.8 

Paradfsoni (Tropea), quarry [B}: 

P07 direct 5 14.6 52.8 28 14.7 0.05 
P08 great circle 7 185.6 -49.5 17 15.2 0.07 
P09 great circle 7 186.2 -43.7 1424 1.6 0.27 

sites (NR) 3 8.6 48.7 207 8.6 

Paradtsoni (Tropea): 
All sites (N) 2 10.9 54.1 493 11.3 
All sites (R) 5 188.3 -47.5 407 3.8 
All sites (NR) 7 9.0 49.4 272 3.7 

Table 2. Paleomagnetic results from the sites in Trubi marls covering the Calabro-Peloritan block using Fisher 
(1953) statistics. lnt = intensity for the calculated component (in mNm); (*) denotes (mean) direction not used 

to calculate overall mean direction for the locality. Other symbols are the same as in Table 1. 
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CHAPTER 5A: PLEISTOCENE ROTATION CALABRO-PELORITAN BLOCK 

site method N D(Ie) I(tc) k a95 Int 

Capo Vaticano section (Tropea): 
VAT 2 direct 2 21.2 54.6 570 10.5 2.60 
VAT 3 stacking 6 14.2 52.6 mad 5.1 0.05 
VAT 4 stacking 3 24.7 41.2 mad 5.5 0.16 
VATS stacking 6 23.1 50.6 mad 6.1 0.07 

sites (N) 4 21.0 49.8 149 7.5 

Lower Pliocene Tropea area (PD and VAT): 
sites (N) 6 17.8 51.3 148 5.5 
sites (R) 6 186.2 -49.0 170 5.2 
sites (NR) 11 13.3 49.7 153 3.7 
areas (pD / VAT) 2 15.0 49.8 217 17.0 

Messina area (Sicily): 
MES 1-3 great circle 8 188.5 -49.6 11 17.2 0.04 
MES4 combined 6 188.0 -51.7 19 15.9 0.07 
MESS great circle 7 194.4 -47.1 23 12.8 0.02 
MES 1-5 combined 21 190.8 -50.5 23 6.8 0.04 

sites (R) 3 190,4 -49.5 610 5.0 

Villafranca area (Sicily): 

VIF2-3 great circle 5 174.2 -49.8 66 9.5 0.03 
VIP 4 direct 6 215.3 -51.0 139 5.7 3.18 
VIP 5 stacking 7 236.4 -58.8 mad 9.0 0.10 

sites (R) 3 206.8 -56.0 18 29.7 

Lower Pliocene Sicily (MES and VIF): 
sites (R) 6 197.9 -53.0 35 11.5 
areas (MES / VIF) 2 18.0 53.0 94 26.0 

Table 2. (continued) 

the Paradfsoni area using the 7 site means results in: D = 9.0° and I =49.4° (k=272; Table 2), imply-m m 

ing a 9° clockwise rotation. 

Capo Vaticano section. For the Capo Vaticano section, initial NRM intensities are very low for all 

sampled sites (50-180 IlNm), except for site VAT 2 (7.6 mNm). The other 6 sites could not be ana-

lysed using great circles, because the samples have a clear normal polarity HT magnetisation and there 

is probably not a secondary magnetisation interfering with the HT component. Therefore, we used the 

stacking method (Scheepers and Zijderveld, 1992) to derive reliable directions per site. It appears that 

sites VAT 3-5 give satisfactory stacked diagrams, because of the relatively low ~5 for the stacked 
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sum vector. These 3 sites give clockwise rotation in accordance to the rotation observed for site VAT 

2 (Table 2). This supports the reliability of the low intensity HT directions derived from the stacking 

method. Sites VAT 1 and VAT 6-7 were (even after stacking) too scattered and inconsistent to deter

mine reliable HT directions. The mean direction of the 4 levels/sites is: Dm = 21.0° and Im=49.8° 

(k=149) (Table 2); implying a 21 ° clockwise rotation since the early Pliocene. The results of the 2 

localities in lower Pliocene marls along the Tynilenian coast of Southern Calabria give clockwise 

rotations; averaging the 11 sites gives a 13° clockwise rotation (Table 2), which is nearly identical to 

the result from the Spartivento basin (12° clockwise). 

Messina and Villafranca area (Sicily). The sites in marls on the Peloritan massif of north-eastern 

Sicily have very low NRM intensities as well. There is only one site with high NRM intensities: site 

VIP 4, showing a 35° clockwise rotation (Fig. SF; Table 2). For the other sites the great circle method 

- sometimes in combination with direct observations - worked very well. The stacking method was 

performed for site VIF 5, because almost no secondary magnetisation is present. For the calculation of 

a mean direction for the Messina area, the outcrop containing sites MES 1-3 was considered as one 

site because of the insufficient data per site. The mean direction of the Messina area shows a consi

stent 10° clockwise rotation (Table 2). For the Villafranca area the 2 sites in upper Pliocene marls 

(VIF 4-5) give clear clockwise rotations (Table 2), whereas the outcrop containing the lower Pliocene 

sites VIF 2-3 shows a small counter-clockwise deviation (Table 2). Averaging the 6 sites of Pliocene 

age covering the Peloritan massif of Sicily implies an 18° clockwise rotation (Table 2): Dm=197.9° 

and Im= -53.0° (k=35). 

pol D(tc) l(te) k(tc) age locality 

(early) Pliocene Trubi marls: 
8 intervals NR 14.4 42.4 173 Plio(L) Lower Singa (CSL) 
4 sites NR 13.3 34.8 80 Plio(L) Careri (CAR) 
4 sites N 13.3 45.0 95 Plio(L) Monte Limina (ML) 
8 intervals NR 3.9 45.2 59 Plio(L) Capo Spartivento (CP) 
7 sites NR 9.0 49.4 272 Plio(L) Paradisoni (PD) 
4 sites N 21.0 49.8 149 Plio(L) Capo Vaticano (VAT) 
3 sites R 10.4 49.5 610 Plio(L) Messina (MES) 
3 sites R 26.8 56.0 18 Plio Villafranca (VIF) 

4 localities NR 11.3 41.9 180 Plio(L) Ionian coast 
4 localities NR 16.4 51.4 173 PIio(L) Tyrrhenian coast 
8 localities NR 13.7 46.7 108 Plio(L) cover CaPe block 

Results Aifa and others (1988): 
20 samples R 92.7 59.8 20 Plio(L) Capo dell'Arrni 
50 samples R 18.9 51.5 7 Plio(L) Quatro-Fave 

Table 3. Summary of paleomagnetic results in (lower) Pliocene marls covering the Calabro-Peloritan block. 
pol =polarity (N = normal, R =reversed, NR = both polarities). Abbrevs. (age): Plio = Pliocene, (L) = lower. 
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Figure 6. Equal area projection of site means of the HT component from the early Pliocene sediments along 
the Ionian and Tyrrhenian coast of both Calabria and Sicily (after bedding tilt correction). The site means are 
for all sites; the locality means were calculated using the sites of that locality. There is no significant rotation 

between the two groups of localities. Further see caption to Fig. 3. 

3.3 Magnetic carriers Trubi marls 

The NRM decay curves (Fig. 7) clearly show that the HT component in the Trubi sediments is 

carried by a mineral with a maximum blocking temperature of 580-600°C. Samples without a secon

dary overprint, show nearly no decay in NRM between 300 and 450°C. The NRM decays signifi

cantly between 520 and 600°C. indicating that magnetite is the main magnetic mineral carrying the 

HT magnetisation. The decay curves show that part of the NRM is carried by a mineral with a 

maximum unblocking temperature of 250-270°C (Fig. 7A). Samples with a secondary overprint loose 

a large (30-50%) part of the magnetisation between 100 and 200°C (Fig. 7A). The bulk susceptibility 

(X) during thermal demagnetisation (Fig. 7C) shows a very uniform behaviour up to 350°C; from this 

temperature (up to 450°C) Xincreases considerably. This probably indicates the growth of magnetite 

grains (see also Van Hoof and Langereis, 1992). At higher temperatures, Xdecreases to almost its 

initial value again (Fig. 7C). 

For a number of samples, hysteresis measurements were performed to derive some supplemen

tary rock magnetic properties. From these measurements. the coercive force (Hc ) and saturation mag

netisation (Is ), were determined using the method of Jackson and others (1990). Hysteresis curves 

were determined by measuring the imbalance of a pair of coils, one of which contained the specimen. 
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Figure 7. Thennal NRM decay curves and behaviour of bulk susceptibility for samples from the Trubi fonnation (Spartivento basin, Southern Calabria); the dashed 

lines represent samples having dirty HT components. Diagram (B) gives absolute intensities; diagram (A) shows normalised intensity curves. Shaded area is the ~ 
area between the curves showing the general rate of decay (blocking-temperature spectrum), using a rectangular 40° C window. Diagram (C) displays the bulk 

susceptibility (X) during thermal demagnetisation; there is a general increase in X at 350°C. 
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Figure 8. (A) Magnetic hysteresis loop for clay sample ML 2.6B. Dotted line gives the remanent coercivity 

spectrum of the sample. The high field linear magnetisation/field behaviour is caused by the paramagnetic 
contribution of the clay minerals. (B) the Irs/Is ratio versus the Hcr/Hc ratio for the Trubi marls (closed 

symbols) and the Pleistocene clays of the Matera area (open symbols). Large (small) symbols represent 
samples with a large (small) JRS ' 
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specimen Hcr Hc Irs Is (A) (B) X(LF-HF) d (C) 

Irs < 1 Aim 
CAR9.4A 127.6 21.5 0.19 1.05 5.92 0.18 78 70 8 41 
CAR 12.2B 52.1 24.4 0.79 2.20 2.13 0.36 85 48 37 47 
ML7.4C 51.0 20.1 0.38 1.33 2.54 0.29 75 57 18 48 
PD 1.5B 95.6 24.4 0.07 0.24 3.92 0.29 42 32 10 148 
PD2.1B 92.2 41.4 0.23 0.36 2.23 0.65 62 60 2 8 
PD3.2B 74.4 17.2 0.33 1.21 4.31 0.28 50 32 18 55 
PD4.1B 122.6 37.1 0.13 0.42 3.30 0.30 60 52 8 64 
PD5.2B 74.7 24.0 0.25 0.74 3.12 0.33 59 50 9 35 
PD6.5C 171.0 33.0 0.13 0.47 5.18 0.28 66 58 8 64 
PD 7.4B 93.3 22.9 0.27 0.81 4.08 0.33 86 76 10 38 
PD 8.1B 166.3 29.3 0.18 0.56 5.68 0.32 78 72 6 35 
PD 9.6B 116.8 26.8 0.15 0.47 4.36 0.33 70 62 8 52 
VAT4.2B 70.5 16.0 0.46 1.94 4.41 0.24 70 46 24 52 
VAT6.4B 147.1 19.2 0.14 0.94 7.66 0.15 75 57 18 126 
VIF2.2B 169.2 49.7 0.16 0.38 3.41 0.43 68 52 16 102 
VIP3.5B 90.9 19.8 0.09 0.38 4.59 0.23 59 51 9 94 
VIP 5.6B 171.2 24.8 0.20 0.81 6.90 0.24 97 82 15 75 

Irs> 1 Aim 
CAR 10.2B 51.0 26.7 1.05 2.68 1.91 0.39 163 62 101 96 
CAR 11.6B 44.8 22.6 1.31 3.44 1.99 0.38 161 62 99 75 
CAR 13.2B 52.1 26.7 1.39 3.44 1.95 0.40 213 84 129 93 
ML l.1B 47.6 29.8 1.49 2.98 1.60 0.50 131 86 45 30 
ML2.2B 45.5 28.6 1.52 2.96 1.59 0.51 119 76 43 28 
ML3.2C 49.4 28.1 1.43 3.04 1.76 0.47 139 82 57 40 
ML4.6B 50.8 27.3 1.68 4.18 1.86 0.40 158 101 57 34 
ML5.2 42.9 21.5 1.07 2.95 2.00 0.36 106 64 43 40 
ML6.4C 36.0 21.7 1.99 4.34 1.66 0.46 148 69 79 40 
VAT2.1B 39.3 16.5 1.86 6.46 2.38 0.29 149 53 96 51 
VIF4.2B 49.0 20.4 1.67 5.86 2.40 0.28 186 106 80 48 

Statistics: Hcr Hc Irs Is (A) (B) X(LF-HF) d (C) 
mean 46.2 24.5 1.50 3.85 1.92 0.40 152 77 75 52 

(00) 5.1 4.2 0.30 1.26 0.28 0.08 30 17 29 25 
percentage 11% 17% 20% 33% 14% 19% 20% 22% 38% 47% 

Table 4. Rock magnetic properties of some marly sites from this study deduced from hysteresis measurements. 

Hc(r) =(remanent) coercivity force (mT), I(r)s =(remanent) saturation magnetisation, (A) =HCR to Hc ratio, 

(B) =IRS to Is ratio, HF-X =high-field susceptibility (SI-units), LF-X =low-field susceptibility (SI-units). 
'd' is the difference between the 10w- and high-field susceptibility, (C) = d to IRS ratio (in !lm/A). 

using an alternating field with a maximum of 250 mT. All curves show in high fields a linear magne

tisation/field behaviour, which is caused by the paramagnetic contribution of the clay minerals. The 

slope of this linear increase at high fields is used to calculate the high field susceptibility (XHP) 

(Figure 8A; Table 4). For the marls from the Trubi formation, XHP ha~ a mean value of 66 (± 18) x 

10-6 SI-units. The low field susceptibility (XLP) was determined on a KLY-2 susceptibility bridge for 

all samples. The difference Cd') between the XLF and the XHP was calculated for all sites; it is a 

measure for the amount of remanence carrying minerals. 
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For the determination of the remanent coercivity (HCR ), the paramagnetic contribution was 

subtracted (Table 4); the samples having a JRS < 1 Nm were not used to calculate the mean HCR 

values because of their large inaccuracy. The reliable samples (IRS> 1 Nm) have HCR values 

between 39.3 and 52.1 mT, with a mean value of 46.2 mT (± 5.1 mT). The mean ratios (HCR / Hc) = 

1.92 (± 0.28) and (IRS / Js ) = 0.40 (± 0.08) (Fig. 8B; Table 4) show that the magnetite is of pseudo 

single-domain magnetite size (Day and others, 1977). The earlier studied Pleistocene clays of the 

Matera area in the Southern Apennines (Scheepers and others, 1993) - which have maximum blocking 

temperatures of 450-480°C - have distinct higher (IRS / Js ) and lower (HCR / Hc) ratios (Fig. 8B), 

indicating single-domain magnetite. 

4. The upper Pliocene and Pleistocene clays 

To study the tectonic rotation of younger sediments, late Pliocene and Pleistocene clays were 

sampled in four different areas covering and bordering the Calabro-Peloritan block. These areas are 

(Fig. 1): (a) the upper part of the Singa section in the Spartivento basin of Southern Calabria; (b) one 

quarry near Croce Valanidi (Southern Calabria near Reggio di Calabria), (c) two sections in the Catan

zaro depression and (d) two quarries east of Milazzo on Sicily just along the Tyrrhenian coast. Two of 

the already discussed sites from the Villafranca area are of late Pliocene age; they show significant 

clockwise rotations. 

The upper part of the Singa section from the Spartivento basin (Southern Calabria) was studied 

earlier for magnetostratigraphy (Zijderveld and others, 1991). It is the same section as described in 

paragraph 3.1; the upper part was sampled at 226 levels. The magnetostratigraphy shows that the age 

of the Upper Singa section is between 2.5 and 1.9 Ma; the Gauss/Matuyama polarity transition occurs 

in the lower part of the section (Zijderveld and others, 1991). The bedding tilt is approximately 5° to 

the south-southeast. 

At the extreme southwest of Calabria near Reggio di Calabria (Fig. 1), we sampled 10 sites in the 

middle Pleistocene clays of the Croce Valanidi quarry. This quarry was studied earlier by Arfa and 

others (1988) who suggested that the Jaramillo subchron is present in this quarry. According to our 

data the quarry is slightly younger, between the Brunhes/Matuyama and the top of the Jaramillo 

(Appendix). Two other sections were sampled in the Catanzaro depression (middle Calabria; Fig. 1): 

upper Pliocene clays near Caraffa di Catanzaro and Pliocene-Pleistocene silts near Santa Maria di 

Catanzaro. The silty sediments west of the village Santa Maria di Catanzaro are poorly exposed; 

outcrops are found along the road that goes from the village to the southwest. This section was earlier 

studied paleomagnetically by Watkins and others (1974); according to these workers the Olduvai 

subchron (Gilsa event at that time) is recorded here. Sites SMC 3-4 are along the road in the upper 

part of the formation (levels 1-22 of Watkins and others, 1974); they were drilled in blue-coloured 

(clayey) silts. Sites SMC 1-2 are further to the southwest in a quarry some 40 meter lower in the 

section; site SMC 5 is the lowest site in the section (10 m below SMC 1). The bedding plane has a tilt 
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of 11° to the west for this quarry. The Caraffa di Catanzaro section is in upper Pliocene clays east of 

the village; bedding tilt is approximately 5° to the southwest. The sampled interval is between 3.0 and 

2.3 Ma (Appendix); 8 sites (CC 1-8) were drilled here. Along the Tyrrhenian coast of Sicily in the 

area east of Milazzo (Fig. 1) at the western part of the Calabro-Peloritan block, we sampled two 

quarries in very fresh blue-grey coloured clays of middle/late Pleistocene age. Sites MIL 1-5 are in a 

quarry near Venetico Marina, about 10 km east of Milazzo. Sites MIL 6-8 are in an outcrop south of 

Villafranca, about 7 km east of the quarry of sites MIL 1-5. The absolute age is between 0.6 and 0.4 

Ma (Appendix); there is no significant bedding tilt for both quarries. 

Demagnelisalion 

For the younger Plio-Pleistocene clays there are two distinct types of demagnetisation behaviour: 

some sites have a HT component removed at 625°C (Fig. WE-H), the other sites lose their 

magnetisation at 360-400°C (Fig. lOA-D, I). 

CS 390.1A 

(45 - 65 m) (E) 

-I-+---------=::>e--N 

CS1!l9.1C (B) 

CS 397.1B (D) 

upfW 

------'~"'I- N 

O.48m 

(A) 

56.60 m 

CSU; intervals means 

Figure 9. Representative thennal demagnetisation diagrams and great circle planes of upper Pliocene and 
early Pleistocene clays from the upper Singa section (Southern Calabria). (E) represents the intervals means 
and the estimated clockwise deviation (8°) of the section. Symbols as in figures 2 and 4. 

Upper Singa seclion. The samples from the topmost part of this section have a demagnetisation 

behaviour which is completely different from the lower part; the uppermost (105 - 152 m) part of this 

section was not used in this study because the magnetostratigraphic analysis showed unreliable results 

(Zijderveld and others, 1991), because of intense weathering. The maximum blocking temperature of 
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the samples from the Gauss Chron (lower part) is 580-6OO°C (Fig. 9A), which is identical to the 

results from the lower Singa section. The mean direction from this polarity zone has a small counter

clockwise deviation (70; Table 1). For the rest of the section, the magnetisation is removed at approx

imately 360°C (Fig. 9C), indicating different magnetic carriers of the NRM (probably iron sulphides). 

There are 36 samples which show clear reversed polarity magnetisations without dominant secondary 

components (see for example Fig. 9C); there is a linear decay to the origin from loo-150°C onwards; 

calculation of the mean direction gives a clockwise rotation (12°) for these samples (Table 1). 

Between level 25 meter and 105 meter, the section is divided in four 20 meter intervals; great 

circle planes were calculated for all the samples where a dominant secondary magnetisation made it 

impossible to calculate a reliable final component (see Figure 9B). The combined analysis of these 

great circle planes and direct observations (McFadden and McElhinny, 1988) results in four mean 

directions (Fig. 9D; Table 1). Calculation of an overall mean direction for the reversed polarity inter

vals gives a consistent clockwise deviation of 14° (Fig. 9E; Table 1); this is nearly identical to the 

mean declination of the Lower Singa section. The normal polarity Gauss Chron interval has a counter

clockwise deviation. The overall mean direction - which is used as an estimate for the tectonic rotation 

for the Upper Singa section - is: Dm = 9.1° and 1m = 50.5° (k=88), implying an 9° clockwise rotation 

(Table 1). This mean direction is not significantly different from the mean direction of the Lower Sin

ga, especially taking into account the consistent 14° clockwise rotation in the Matuyama compared to 

the 14° clockwise rotation in the Lower Singa section. It is (only) the upper part of the Gauss Chron 

which gives significantly deviating directions. 

Croce Valanidi. According to Alfa and others (1988) the Jaramillo subchron is recorded in the 

Croce Valanidi clays. Our sites cover the whole quarry and initial NRM intensities show a large vari

ety, between 60 IlNm and 10.2 mNm. Four out often sites give very good results (Fig. lOC, D), all 

having a reversed polarity for the HT component. The remaining six sites have (extremely) low rema

nences and were not used in this analysis; most sites have at least one sample which clearly tends to 

reversed polarities. From our analysis, it appears that the whole quarry has a reversed polarity. For the 

four reliable sites the magnetisation is removed above 600°C; the component removed between 500 

and 600°C gives a clockwise deviation for all sites (Table 5). The mean direction of the 4 sites implies 

a 18.5° clockwise rotation for these middle Pleistocene clays. 

Caraffa di Catanzaro section. For the Caraffa di Catanzaro section, initial NRM intensities are 
between 50 IlNm and 1.2 mNm; only two sites give good results with the possibility of calculating 

the final magnetisation component directly (Fig. lOA, B). Site CC 4 in the middle part of the section 

has a normal polarity; site CCl in the upper part of the section has a reversed polarity. The remaining 

sites were analysed by using the great circle method, showing that all sites above CC 4 are clearly of 

reversed polarity. The calculated mean directions for these sites correspond very well with site CC 7. 

For these clays, the magnetisation is removed at 380-390°C, and NRM characteristics are the same as 

for the upper Singa section. The mean direction of the 5 sites gives a 12° clockwise rotation for the 

upper Pliocene clays from Caraffa di Catanzaro: D = 11.9° and 1 = 44.3° (Table 5). m m 
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Santa Maria di Catanzaro section. For the silty sites from the Santa Maria di Catanzaro section, 

initial NRM intensities are between 2.4 and 50.0 mNm. The four upper sites (SMC 1-4) correspon

ding to the high-intensity levels 1-22 of Watkins and others (1974) have a normal polarity end mag

netisation; no secondary magnetisation is present here; all normal polarity sites have a clockwise 

rotation (Table 5). Site SMC 1 is the lowest and is strongly deviating from the others in its direction 

(Fig. lOC; Table 5), although it was taken in the same quarry as SMC 2 (Fig. lOD). 
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Figure 10. Representative thermal demagnetisation diagrams of upper Pliocene and early Pleistocene clays 

from Southern Calabria. Symbols as in Figure 2. Abbreviations: CC=Caraffa di Catanzaro, SMC = Santa 
Maria di Catanzaro, CV=Croce Valanidi and MIL=Milazzo. 
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mbT site method N D(te) I(te) k a95 Int 

Croce Valanidi (Reggio di Calabria) 

600 CV4 direct 7 197.6 -45.6 65 7.5 0.68 
600 CV7 direct 6 198.7 -39.6 322 3.7 3.35 
600 CV8 direct 6 208.6 -38.6 77 7.7 3.53 
600 CV 10 direct 6 186.2 -52.9 161 5.3 3.23 

sites CV 4 198.5 -44.4 80 

Milazzo (Tyrrhenian coast, Sicily) 

600 MIL 1 direct 6 354.6 46.6 63 8.5 3.82 
600 MIL 2 direct 5 16.1 63.9 298 4.4 2.37 
600 MIL 3 direct 7 10.3 50.0 182 4.5 1.73 
600 MIL 4 direct 7 350.8 49.2 146 5.0 8.46 
400 MIL 5 direct 6 7.5 47.7 89 7.1 2.20 

quarry [A] 5 2.9 51.8 72 9.1 

600 MIL 6 direct 5 2.2 48.0 294 4.5 1.96 
400 MIL 7 direct 6 355.6 49.0 434 3.2 7.20 
400 MIL 8 direct 6 6.9 46.9 62 8.6 3.64 

quarry[B] 3 1.6 48.1 424 6.0 
All sites (MIL) 8 2.4 50.4 109 5.3 

Caraffa di Catanzaro (Catanzaro depression) 
400 CC4 direct 8 8.5 50.6 48 8.1 0.41 
400 CC 5 (*) great circle 5 196.3 -49.3 7 31.1 0.04 
400 CC6 great circle 10 194.8 -36.8 22 10.6 0.20 
400 CC 7 (*) direct 7 191.8 -45.3 59 7.9 0.50 
400 CC8 great circle 6 186.6 -63.8 7 26.3 0.15 

sites[R] 2 193.4 -41.1 170 19.3 
sites[NR] 3 11.9 44.3 123 11.2 

Santa Maria di Catanzaro (Catanzaro depression) 

400 SMC 1 (*) direct 6 53.7 44.7 236 4.4 0.68 

400 SMC2 direct 6 11.1 50.0 1050 2.1 6.87 

400 SMC3 direct 6 13.3 50.7 625 2.7 0.38 

400 SMC4 direct 6 13.9 60.1 52 9.4 0.29 

400 SMC 5 (*) direct 6 140.8 -61.0 23 14.3 0.67 

sites[N] 3 12.7 53.6 202 8.7 

Table 5. Paleomagnetic results from upper Pliocene and Pleistocene clays covering the Calabro-Peloritan 
block using Fisher (1953) statistics. Symbols are the same as in Tables 1 and 2. 
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The lower levels in the study of Watkins and others (1974) give negative results because of the very 

low remanence intensities; nevertheless, they interpret all these levels as normal polarity. However, 

our lowest site SMC 5 is clearly of reversed polarity (Fig. 10E), although the mean declination is very 

unusual (141°) (Fig. WE; Table 5). Together with the results of site SMC I, we have probably recor

ded intermediate directions of the Matuyama- Brunhes transition (Fig. 11). Therefore, our estimate for 

the tectonic rotation is calculated by averaging only the upper 3 sites: D = 12.7° and 1 = 53.6°m m 

(k=202; Table 5). The mean direction of the 22 reliable levels in the upper part of the section from the 

study of Watkins and others (1974) corresponds very well to our mean direction (Table 6). The 

clockwise rotation is almost the same as that of the Caraffa di Catanzaro section (12°). The two 

sections in the Catanzaro depression thus clearly show clockwise rotations as well, confirming the 

hypothesis that the clockwise rotation is Pleistocene in age. 

SMC2 

Figure 11. Aitoff projection of virtual geomagnetic poles (VGP) from lower sites of Santa Maria di Catanzaro 
section (SMC 5, I and 2), most probably representing intermediate directions of the Matuyama/Brunhes 

transition. 

Milazzo. To give a more accurate age estimate for the tectonic rotation, middle/late Pleistocene 

sediments were sampled on the Calabro-Peloritan block. The clays east of Milazw, sites MIL 1-8, 

have high initial NRM intensities between 5 and 60 mNm. One quarry has only sites with maximum 

blocking temperatures of 580-600°C (Fig. lOH), the other quarry shows maximum blocking tempe

ratures of 350-400°C. The mean directions of both quarries correspond quite well in their declination: 

D = 2.9° for quarry MIL[A) and D = 1.6° for quarry MIL[B). The overall mean direction of the 8 m m 

sites is: D = 2.4° and 1 = 50.4° (k=109; Table 5). Because the sites in Pliocene marls from the m m 

Peloritan massif have a mean direction showing an 18° clockwise rotation, the data from the Milazw 

quarries are the first indication that the tectonic rotation had already taken place during the deposition 
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of these sediments. We are aware, however that more sites in these youngest sediments must be 

studied before we can reliably establish the rotation difference between the two time slices (middle 

and late Pleistocene). 

S. Discussion and conclusions 

General results Pliocene marls. For sites along the Ionian coast of Southern Calabria it was 

possible to derive reliable HT magnetisation directions, indicating the tectonic rotation of the outcrop. 

However, the fact that a secondary component is present in both the lower part of the Monte Lfmina 

section and the Capo Spartivento section, and because the HT directions are not anti-parallel indicates 

that there is an overlap between the blocking-temperature spectra of the two NRM-components (see 

also Van Velzen and Zijderveld, 1990). This overlap is still present in the HT component, determined 

between 510-540 and 600°C. Because the secondary component is of normal polarity (Brunhes), its 

influence will be much larger on reversed polarity HT directions, (certainly) if the section has a signi

ficant rotation. Therefore, it is probably not correct to simply average normal and reversed sites to 

give an estimate for the tectonic rotation. For Monte Lfmina, the best solution was to use the normal 

polarity sites for an estimate of the tectonic rotation. For Capo Spartivento, there is no difference in 

rotation of the different polarities; because this section has nearly no tectonic rotation the overlap has 

(only) influence on the inclination. 

The four locations in early Pliocene marls of the Spartivento basin along the Ionian coast 

consistently reveal clockwise rotations (Fig. 3; Table 3). The mean direction giving equal weight to 

the locality mean directions is (Table 3): D = 11.3° and I = 41.9° (k=180) (Fig. 6A, B). The mean m m

inclination is consistently shallower than the geocentric axial dipole (GAD) inclination (57.5°) for the 

locality or than the present day inclination (52°). This inclination error has been suggested to support 

the primary origin of the HT magnetisation in Greece (Laj and others, 1982). The clockwise rotation 

is much less than the 34° clockwise rotation derived from the same early Pliocene formation in the 

more south-westerly Caltanissetta basin in Sicily (Scheepers and Langereis, 1993). 

The four localities in (mostly early Pliocene) marls along the Tyrrhenian coast of both Southern 

Calabria and Sicily have a mean direction: D = 16.4° and Im= 51.4° (k=173) (Fig. 6C, D). This ism 

approximately the same as the mean direction for the Spartivento basin (Fig. 6B), although the mean 

inclination is steeper (51.4° vs. 39.8°), possibly implying less compaction for the Tyrrhenian sedi

ments. Because declination values are practically the same for the two distributions (Ionian and 

Tyrrhenian), it appears that the whole early Pliocene cover of the Calabro-Peloritan block contains a 

uniform 14° clockwise rotation (Table 3). This is 20° less than the earlier established 34° clockwise 

rotation for the early Pliocene of the Caltanissetta basin on Sicily. The west-northwest trending 

Taormina line (Amodio-Morelli and others, 1976; Moussat, 1983) in north-eastern Sicily (Fig. 1) is 

proposed as the southern contact of the Calabro-Peloritan block, a contact with the rest of Sicily. 
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General results younger Plio-Pleistocene clays. The four localities in late Pliocene and early Pleis

tocene sediments covering the Calabro-Peloritan block have a mean direction of: D = 13.2° and 1 = m m 

48.3° (k=192). This implies a rotation that is nearly identical to the rotation recorded in the (early) 

Pliocene marls (Table 6); this is supported by the observation that the mean declination of the Gilbert 

Chron of the Lower Singa section is identical to the mean declination in the Matuyama Chron of the 

Upper Singa section. So from the Singa section it is concluded that there are no phases of tectonic 

rotation for the Calabro-Peloritan block between 4.8 and 1.9 Ma. Averaging all twelve localities - both 

Pliocene and early Pleistocene - gives the best estimate for the total clockwise rotation of the Calabro

Peloritan block after the early Pleistocene; this rotation is 13.7° clockwise (Table 6). According to the 

biostratigraphic age-estimates of the sites from the Messina Strait (Croce Valanidi and Milazzo) and 

the Catanzaro depression (Santa Maria de Catanzaro), the rotation occurred between 0.9 and 0.4 Ma in 

the middle Pleistocene. 

pol D(tc) I(tc) k(te) age reference / locality 

Plio-Pleistocene clays (table 5): 
8 sites N 2.4 50.4 109 Pleisto(M) [*] Milazzo 
4 sites R 18.5 44.4 80 Pleisto(L) [*] Croce Valanidi 
5 intervals NR 9.1 50.5 91 Plio(U) [*] Upper Singa 
3 sites NR 11.9 44.3 123 Plio(U) [*] Caraffa di Catanzaro 
3 sites N 12.7 53.6 202 Pleisto(L) [*] S. Maria di Catanzaro 

4 localities NR 13.2 48.3 231 Pleisto(L) [*] cover CaPe block 

(early) Pliocene Trubi marls (table 3): 
8 localities NR 14.0 46.8 108 Plio(L) [*] cover CaPe block 

Results total Plio-Pleistocene cover: 
12 localities NR 13.7 47.3 140 Plio(L) to Pleisto(L) [*] cover CaPe block 

Other paleomagnetic results Calabria: 
22 levels N 17.4 53.9 48 Pleisto(L) [W.74] S. Maria di Catanzaro 
31 samples N 12.0 44.4 28 Pleisto [A.88] Lazzaro-C 
20 samples R 92.7 59.8 20 Plio(L) [A.88] Capo dell'Armi 
50 samples R 18.9 51.5 7 Plio(L) [A.88] Quatro-Fave 

Paleomagnetic results Southern Apennines: 
3 localities NR 336.6 57.2 254 Pleisto(L) [S.93] Matera area 

Paleomagnetic results Caltanissetta basin (Sicily): 
2 intervals NR 24.2 39.9 615 Plio(U) [SL.93] Rossello section 

10 intervals NR 34.2 46.4 1212 Plio(L) [SL.93] Rossello section 

Table 6. Summary of paleomagnetic results in Plio-Pleistocene sediments covering the Calabro-Peloritan 

block. pol = magnetic polarity (N: normal, R: reversed, NR: both polarities). abbreviations (age): Plio = 
Pliocene, Pleisto = Pleistocene, (U) = upper, (L) = lower, (M) = middle. reference: [*] = this study, [W.74] = 
Watkins and others (1974), [A.88] = AlIa and others (1988), [S.93] = Scheepers and others (1993), 

[SL.93] = Scheepers and Langereis (1993). 
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lbis middle Pleistocene consistent clockwise rotation of the Calabro-Peloritan block is the onset 

of major uplift of this block. Littoral deposits of early-middle Pleistocene age outcrop at an altitude of 

1100 m in the Aspromonte of Southern Calabria (Montenat and others, 1991). The same middle 

Pleistocene tectonic phase (major uplift and tectonic rotations) was earlier documented for the Matera 

area in the Southern Apennines (Scheepers and others, 1991, 1993; Sagnotti, 1992). The rotation is 

23° counter-clockwise in this (northern) part of the Tyrrhenian arc; this means a differential rotation of 

37° between the two blocks for the middle Pleistocene rotation phase. The major tectonic lineament 

separating the Calabro-Peloritan block from the Southern Apennines is the Pollino Line, which is con

sidered as a left lateral shear zone (Knott and Turco, 1991). It is further evident from this study and 

the studies in the Southern Apennines that tectonic rotations in the Tyrrhenian arc system have occur

red after the major phases of extension in the Tyrrhenian basin: the major phase of active spreading in 

the southeastern part of the Tyrrhenian basin was in the early Pleistocene between 2.0 and 1.6 Ma 

(Sartori, 1990; Savelli and Schreider, 1991). Thus, there is clearly no simultaneous occurrence of 

extensiOn/spreading in the Tyrrhenian basin and tectonic rotations in the surrounding arc. 

Our hypothesis - for the time being - is that the whole area between the two major tectonic 

lineaments (pollino Line to the North and Taormina Line to the south) behaved as one single block 

and performed a clockwise rotation of approximately 15° in the middle Pleistocene. More sites in 

early to middle Pleistocene sediments in Northern Calabria are being studied to test this hypothesis. 

Conclusions. From the paleomagnetic data it appears that the Calabro-Peloritan block - which 

forms the central part of the Tyrrhenian arc - underwent a consistent 15° clockwise rotation since the 

early Pliocene. The rotation is still present in late Pliocene and early Pleistocene clays covering this 

block, but the Milazzo clays (Peloritan massif) from the youngest part of the middle Pleistocene do 

not show this clockwise rotation. Our conclusion is that the whole southern part of the Tyrrhenian Arc 

underwent a uniform 15° clockwise rotation in the middle Pleistocene. ExtensiOn/spreading in the 

Tyrrhenian basin and tectonic rotations in the Tyrrhenian arc were not simultaneous. Tectonic rota

tions occurred at the same time as the major uplift of the arc, approximately 1 Myr after the major 

phase of spreading in the southeastern part of the Tyrrhenian basin. 
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Appendix 
On the basis of the foraminiferal biostratigraphy, and the polarity and stratigraphic succession of the sites 

(Tables A2, A3), very precise ages could be assigned to all Pliocene sites, but only approximate ages to the 
Pleistocene sites. Table A3 shows that the ages of the Pleistocene MIL, CV and SMC sites do not differ from 

each other. This problem of age differentiation mainly results from the lack of resolution of the (integrated 
benthonic and planktonic) foraminiferal biostratigraphy in this time interval. Moreover, the intermittent and 
rare occurrence of G. truncatulinoides after its re-appearance dated around 1.05 Ma in the Mediterranean 

precludes any attempt to try to locate this re-appearance level with certainty in sections CV and SMC. For 
SMC, it is well known from the literature that G. truncatulinoides enters the record stratigraphically well be

low the "G" marker bed (Gignoux, 1913), whereas all our sites were taken above this bed. But the MIL sites 
are the only sites in the present study which lack the usually very consistent clockwise rotation of 15° and it is 
therefore crucial to determine temporal relations between the Pleistocene sites as accurately as possible. For 

this purpose, we decided to employ also calcareous nannofossils, because of the higher resolution of the nan

nofossil biostratigraphy in this particular interval. The presence/absence of the relevant marker species has 

been indicated in Table A3. 

Foraminiferal species Event Age 

Globorotalia truncatulinoides 
Hyalinea balthica 
sinistral neogloboquadrinids 
Globorotalia infiata 
Globorotalia truncatulinoides 
Globorotalia infiata 
Neogloboqudrina atlantica 
Globorotalia bononiensis 
Neogloboquadrina atlantica 
Globoquadrina altispira 
Sphaeroidinellopsis seminulina 
Globorotalia margaritae 
Globorotalia margarilae 
Globorotalia puncticulata 
Globorotalia margaritae 
Sphaeroidinellopsis spp. 
Sphaeroidinellopsis spp. 

re-appearance 
fust occurrence 
fust common occurrence 
re-appearance 
fust occurrence (influx) 
fust occurrence (influx) 
last occurrence 
last occurrence 
fust occurrence 
last occurrence 
last occurrence 
last occurrence 
last common occurrence 
first occurrence 
first common occurrence 
top acme 
base acme 

Event 

1.05 
1.45 
1.68 
1.93 
1.95 
2.02 
2.31 
2.31 
2.55 
3.04 
3.07 
3.56 
3.71 
4.13 
4.64 
4.74 
4.83 

AgeNannofossil species 

P.lacunosa 
Gephyrocapsa sp.3 
Gephyrocapsa sp.3 
Gephyrocapsa oceanica 
Gephyrocapsa oceanica 

last occurrence 
last occurrence 
first occurrence 
re-appearance 
first occurrence 

0.46 
0.55 
0.90 
0.90 
1.60 

Table AI. Ages of biostratigraphic datum planes in the Mediterranean used in this study to determine the ages 

of paleomagnetic sites (based on Hilgen, 1991b; Zijderveld and others, 1991; Castradori, 1993). Ages of datum 

planes are all based on the geomagnetic polarity time scale of Berggren and others (1985) in anticipation of a 

more general acceptance of the astronomically calibrated time scale of Shackleton and others (1990) and Hil
gen (199Ia,b). For this reason we recalculated the ages of the calcareous nannofossil datum planes presented 

in Castradori (1993). 
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The overall reversed polarity in combination with the presence of Gephyrocapsa sp. 3 in a number of 

CV sites provides clear evidence that all CV sites belong to the reversed interval between the BrunheslMatu

yama and the top of the Jaramillo. Likewise. the overall normal polarity of the MIL sites in combination with 
the presence of P. lacunosa and sometimes ubiquitous Gephyrocapsa oceanica (Gephyrocapsa > 4 Jl of Rio 

and others. 1990) indicates that these sites belong to the Brunhes. The absence of distinct Gephyrocapsa sp. 3 

further suggest that all MIL sites post-date the LAD of Gephyrocapsa sp.3 dated at 0.55 Ma (Castradori. 1993; 

see also Table AI). It is not totally clear from our data whether MIL also post-dates the LAD of P. lacunosa 

dated at 0.46 Ma and defined as the mid-point of its decrease from I% to 0% based on a count of 500 indi

vidual coccoliths (Thierstein and others. 1977; Rio and others. 1990; Castradori. 1993). 

Even more problematical is the dating of the SMC sites. The observed polarity reversal from R to N 
between SMC 5 and I in combination with the presence of Gephyrocapsa oceanica and P. lacunosa (and the 

planktonic foraminifer G. truncatulinoides) suggest that the recorded reversal represents the Matuyama/Brun

hes boundary. On the other hand. the (silty) nature of the sediment and the absence of distinct Gephyrocapsa 

sp.3 in all sites indicate that the specimens of G. oceanica may well be reworked and that the reversal actually 

represents the Lower Jaramillo. However. in case of the BrunheslMatuyama. the absence of Gephyrocapsa 

sp.3 can be explained by the fact that this species is rarely found in the basal part of the Brunhes (see Castra

dori. 1993). At this stage. it is impossible to unambiguously identify this SMC reversal. Despite the problems 

encountered in dating the sites by means of nannofossils. it is evident that the MIL sites lacking the clockwise 
rotation are the youngest sites studied. 

If this rotation affected the Calabrian structural block as a whole. the rotation is younger than 0.73 (in case 

the SMC reversal is the Brunhes Matuyama) or 0.92 (in case the SMC reversal is the Lower Jaramillo). A 
minimum age of 0.46 Ma is provided for the rotation by the MIL sites if they predate the LAD of P. lacunosa. 

SITE 

CC8 
CC7 
CC6 
CC5 
CC4 
CC3 
CC2 
CC I 

ML5 
ML4 
ML3 
ML2 
ML I 
ML7 
ML6 

strike dip 

144 7 
144 7 
144 7 
144 7 
144 7 
144 7 
144 7 
144 7 

116 14 
116 14 
116 14 
116 14 
116 14 
116 14 
116 14 
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0: Age 

R x 00:10 2.31-2.47 
R x x 01:09 2.31-2.47 
R rew x x x 01:09 2.31-2.47 
R rew x x 00:10 2.31-3.07 
N x 00:10 2.47-3.07 

N (?) x 00:10 2.47-3.07 
N (?) x 00:10 2.47-3.07 
N (?) rew rew x 00:10 2.47-3.07 

N 00:10 4.57-4.74 
N r 00:10 4.57-4.74 
N c 00:10 4.74-4.77 
R c 00:10 4.77-4.83 
R c 01:09 4.77-4.83 
R c 03:10 4.77-4.83 

NR r 04:10 4.83-4.86 

Table A2. Polarity. planktonic foraminiferal biostratigraphy and ages of Pliocene sites studied. Ages are based 

on a combination of the polarity. biostratigraphy and stratigraphic order of sites. Sites from a single locality 
are given in stratigraphic order if no extra space is left open between the sites. Ages of biostratigraphic datum 

planes used to calculate the ages of sites are given in Table AI. Rew: reworked; c: common. and r: rare. 
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SITE 

CAR I 
CAR 2 
CAR 3 
CAR 4 
CAR 5 
CAR 6 
CAR 7 
CAR 8 
CAR 9 
CAR 10 
CAR II 
CAR 12 
CAR 13 

P09 
P08 
P07 

strike 

74 
74 
74 
74 
74 
74 
74 
74 
74 
74 
74 
76 
96 

262 
262 
262 

dip 

II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
II 
9 
9 

II 
II 
II 
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R 
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R 
R 
(?) 
(?) 
(?) 
R 
R 
R 
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R 
R 
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N 
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10:20 
01:09 
00:10 
01:09 
00:10 
00:10 
01:09 
01:09 
00:10 
00:10 
00:10 
00:10 
00:10 

00:10 
00:10 
00:10 

Age 

3.71-4.10 
3.71-4.10 
3.71-4.10 
3.71-4.10 
3.71-4.13 
4.13-4.40 
4.13-4.40 
4.24-4.40 
4.24-4.40 
4.24-4.40 
4.40-4.47 
4.47-4.57 
4.47-4.57 

4.13-4.57 
4.13-4.57 
4.13-4.74 

P06 
P05 
P04 
P03 
P02 
PO I 

325 
325 
325 
325 
325 
325 

3 
3 
3 
3 
3 
3 

(?) 
N 
R 
R 
R 
R 

r 
c 
c 
c 
c 

x 
00:10 
00:10 
00:10 
09:01 
00:10 
00:10 

4.13-4.74 
4.57-4.74 
4.77-4.83 
4.77-4.83 
4.77-4.83 
4.77-4.83 

VAT 7 
VAT 6 
VAT 5 
VAT 4 
VAT 3 
VAT 2 
VAT I 

VIF3 
VIF2 

85 
85 
85 
85 
85 
85 
85 

284 
284 

2 
2 
2 
2 
2 
2 
2 

9 
9 

R (?) 
R (?) 

N 
N 
N 
N 
(?) 

R 
R 

r 
c 
r 
c 
c 
r 
c 
c 

c 
c 

x 
x 

00:10 
00:10 
00:10 
01:09 
00:10 
00:10 
00:10 

00:10 
00:10 

4.13-4.57 
4.13-4.57 
4.13-4.64 
4.13-4.64 
4.13-4.64 
4.13-4.64 
4.13-4.64 

4.24-4.57 
4.24-4.57 

VIF4 

VIF5 

MES I 

179 

186 

250 

4 

6 

12 

R 

R 

R c 

rew x 

x 

x 

x x 

00:10 

00:10 

00:10 

2.31-3.18 

2.31-2.47 

4.77-4.83 

MES2 250 12 R r r x 00:10 3.56-4.13 

MES3 250 12 R c 10:15 4.77-4.83 

MES5 
MES4 

5 
5 

12 
12 

R 
R 

c 
c r 

03:09 
17:10 

4.77-4.83 
4.77-4.83 

Table A2 (continued). 
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Epilogue 
Isabella Raffi kindly provided additional biostratigraphic data of the calcareous nannofossil content of 

some of the sites. As far as the SMC sites are concerned, a single specimen of Gephyrocapsa sp. 3 was found 

in sample SMC 5 and the medium-sized gephyrocapsids (in SMC I and 4) are certainly not reworked. This in

dicates that the recorded reversal from reversed to normal, - between SMC sites 5 and I - most probably repre

sents the Brunhes!Matuyama boundary. As far as the MIL sites are concerned, the few specimens of P. lacuno

sa show the morphology of Pliocene P.lacunosa and are most probably reworked. It is now clear that the MIL 

sites post-date the last occurrence of P. lacunosa and thus have an age younger than 0.46 Ma. The presence of 

Gephyrocapsa sp. 3 in CV sites 2 and 7 was confirmed and the earlier age estimate was correct. 
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Paleomagnetic results from Neogene sediments
 
of northern Calabria (Crotone and Crati basins):
 

additional support for the middle Pleistocene
 
15° clockwise rotation phase
 

of the Calabro-Peloritan block
 

Abstract: 

The results of a paleomagnetic study of late Pliocene and Pleistocene marine clays from sites 

of the Crotone basin and Crati basin of northern Calabria give evidence that the entire Calabro

Peloritan block experienced on average 15° clockwise rotation during the middle Pleistocene. The 

timing of this tectonic rotation phase is around 0.8 - 0.7 Ma, which is approximately 1 Myr after 

the major phases of extension in the south-eastern part of the Tyrrhenian basin. The clockwise 

rotations in the Crati basin on the average have magnitudes similar to the ones from the Crotone 

basin. However, the sites from the central part of the Crati basin show anomalous clockwise 

rotations (39°), whereas sites from the southern part show no rotations. 

We further sampled late Miocene sites in the Crotone and Crati basins; those sites in the late 

Tortonian and Messinian have the same clockwise rotation as the Plio-Pleistocene cover in that 

area. Hence, no major tectonic rotations have taken place during the Messinian - middle Pleisto

cene interval. Our study implies that arc migration and strike-slip tectonics were not associated 

with major block rotations. 
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1. Introduction 

Paleomagnetic studies of neotectonic rotations in the Tyrrhenian arc system (Central Mediter

ranean) have documented clockwise rotations for the southern part of the Tyrrhenian arc (Ai'fa and 

others, 1988; Scheepers and Langereis, 1993; Scheepers and others, 1993b), whereas counter-clock

wise rotations are found for the northern part of the arc (Sagnotti, 1992; Scheepers and others, 1993a). 

The central part of the arc - the area of northern Calabria - has not been studied yet. For the southern 

part of the Tynhenian arc (Calabria and northeastern Sicily), the results from the Plio-Pleistocene 

cover of the Calabro-Peloritan block showed that there is a consistent 13° clockwise rotation for the 

Plio-Pleistocene cover of this block. This rotation phase was preliminary dated to have occurred in the 

middle Pleistocene - between 0.9 and 0.7 Ma - on the basis of the differential rotation between (1) the 

Pliocene to early/middle Pleistocene sediments showing a uniform 13° clockwise rotation, and (2) the 

results of two quarries in late Pleistocene clays which show no significant tectonic rotation (Scheepers 

and others, 1993b). In the external foredeep basin of Sicily (Caltanissetta basin), lower Pliocene marls 

reveal a 34° clockwise rotation relative to the magnetic North; there is some evidence that 24° of this 

rotation is younger than 2.6 Ma, and that approximately 10° took place around 2.9 Ma (Scheepers and 

Langereis, 1993). 

For the northern part of the Tyrrhenian arc, the results from the southern Apennines (Basilicata) 

show a 23° counter-clockwise rotation in early Pleistocene clays (Scheepers and others, 1993a). This 

rotation phase also occurred in the middle Pleistocene. Thus, it appeared that these very young tecto

nic rotations, documented throughout the arc, took place approximately 1 Myr after the major phase of 

oceanic spreading in the south-eastern part of the Tyrrhenian basin (Scheepers and others, 1993a, b). 

To link the tectonic rotation history of the two parts of the arc (Sicily and southern Calabria to 

the south and the southern Apennines to the north), we have sampled sites from the Neogene basins of 

northern Calabria. Two major on-shore basins border the Sila massif of northern Calabria and are 

filled with Neogene sediments; these basins are the Crotone basin to the east and the Crati basin to the 

west of the Sila massif (Fig. 1). Most sites were collected in Pleistocene marine sediments to obtain a 

closer estimate for the timing of the middle Pleistocene rotation phase. Further, some sites in pre

Pliocene sediments were collected in outcrops of late Miocene sediments in the northern part of the 

Crotone basin. In the present paper, the results from late Miocene to middle/late Pleistocene marine 

clays and marls are discussed to show that this part of the Tyrrhenian arc also underwent (clockwise) 

tectonic rotations in the middle Pleistocene. 

2. Geologic setting 

The tectonic boundary between the Calabro-Peloritan block and the southern Apennines is the 

Pollino fault zone. The Calabro-Peloritan block is bordered to the south by the Taormina fault zone 

(Amodio-Morelli and others, 1976; Moussat, 1983; Van Dijk and Okkes, 1990, 1991; Figure 1). The 
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Crotone basin is located on the Ionian side of the Sila basement; it is filled with Neogene sediments 

(Figs. 1, 2). In the northern part of the Crotone basin, extensive outcrops in late Miocene clays are 

present; in the southern part Plio-Pleistocene clays are dominant (Figure 2). We sampled in both the 

Plio-Pleistocene and the late Miocene clays. 

According to Van Dijk (1991), the evolution of the Crotone basin can be divided into four stages, 

which are separated by major tectonic phases. The Serravallian to the early Messinian stage and the 

late Pliocene to the early Pleistocene stage are characterised by basin subsidence (opening). These two 

stages are separated by a middle Messinian to early Pliocene stage with high tectonic instability. Start

ing from the late Pleistocene, there is uplift of the whole area. 
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Figure 1. Structural map of the Tyrrhenian arc with the two areas treated in this study: the Crotone basin (B) 
east of the Sila massif and the Ccati basin (A) west of the Sila massif (modified after Colella. 1988). (I) Mio

cene to Recent sediments, (2) Tyrrhenian foreland, (3) Apennines-Maghrebides chain, (4) Calabro-Peloritan 
basement. (5) volcanic rocks, (6) faults, (7) thrust front. 

177 



SCHEEPERS: TECTONIC ROTATIONS IN THE TYRRHENIAN ARC SYSTEM 

~
 
N 

a ~ 

b f:~::/::::}{:J 

c § 
d I:;;::;::!::;!::I 

e D 
f /' 

9 ® 

Figure 2. Map of the Crotone basin with the distribution of the sampled localities. (a) Calabro-Peloritan 
basement, (b) late Miocene sediments, (c) Plio-Pleistocene sediments, (d) late Pleistocene sediments, 
(e) Holocene, (f) faults, (g) localities. Localities: (1) Crotone section (CC), (2) San Leonardo section (SL), 
(3) Vrica section (VA, VB, VC), (4) San Mauro di Marchesato section (MAM), (5) Giu Dei section (GO), 

(6) Belvedere di Spinello section (BEL), (7) Basilicoi section (BS), (8) Scala Coeli section (SCQ). 

The margins of the Crati basin are formed by the Sila massif in the east, the Coastal Range in the 

west and the Pollino Group in the north (Figure 5). The subsidence of the Crati basin took place from 

the late Pliocene onwards (Colella, 1988) and reached its peak during the early Pleistocene. The major 

uplift phase (400 m) began at the end of the early Pleistocene. 
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3. Sampling and laboratory treatment 

In the Crotone basin, we sampled two sections (9 sites) in late Miocene clay sediments, two 

sections (15 sites) in early Pliocene clays and six section (242 sites or levels) in late Pliocene to early 

Pleistocene clays. The collection includes earlier sampled magnetostratigraphic sections near Crotone 

in the southeast of the basin (Zijderveld and others, 1991). Sediments from the Crati basin were sam

pled from late Miocene, from Pliocene and from Pleistocene age. Pleistocene sediments were collec

ted at five localities (33 sites), early Pliocene clays at one locality (6 sites) and late Miocene sediments 

at one localities (4 sites). Along the Tyrrhenian coast of northem Calabria late Miocene sediments in 

one area were sampled (3 sites). The sampling sites were mainly selected based on sedimentary/litho

logical criteria. Sections close to major faults or containing landslides were avoided. Fine-grained 

sediments were chosen because of their suitable magnetic properties and because their sedimentation 

rate is usually low enough to average out, to a large extent, secular variations. Some digging was 

often necessary to reach the fresh clays. We took cylindrical standard cores of 25 mm diameter 

using an electric drill and portable generator. 

In the laboratory, we generally analysed 6 specimens per site (and 2 specimens per level for the 

earlier sampled magnetostratigraphic sections) using progressive stepwise thermal demagnetisation 

with small temperature increments (20° to 50°C steps), starting from room temperature to the limit of 

reproducible results. The natural remanent magnetisations (NRM) were measured with a digitised 

JR-3 spinner magnetometer or a 20 cryogenic magnetometer. From some pilot-samples, we measured 

the bulk low-field susceptibility during thermal treatment on a 'Bartington MS 2' susceptometer in 

order to detect possible changes in magnetic mineralogy. The limit of reproducible results was deter

mined by a large increase in low-field susceptibility and viscous behaviour at temperatures higher than 

450°C. In that case, the viscous behaviour relative to the remanent magnetisation then becomes too 

large to measure a meaningful remanence direction. 

Demagnetisation diagrams (Zijderveld, 1967) were used to analyse the directional stability for 

each demagnetised sample. If there are at least 4 data-points lying along a line with a maximum angu

lar deviation below IS°, the magnetisation components were determined by least squares fitting of the 

line through the selected data-points (Kirschvink, 1985). This method is referred to as the direct 

approach. The magnetisation vectors were combined using Fisher (1953) statistics to calculate mean 

directions per site and next per section/locality. For some samples, there was no convincing linear 

decrease to the origin. In that case - if there is another NRM component interfering with the (charac

teristic) magnetisation -least squares planes (great circles) were calculated through the two NRM 

components. The great circles of the samples from a single site are then combined - according to 

McFadden and McElhinny (1988) - to calculate the 'hidden' component. This method is called the 

great circle method in this paper. If there are also samples from the same site where the characteristic 

magnetisation component can be directly determined by direct approach ('setpoints'), then the calcu

lation of the mean direction of the site is carried out by combining the setpoints and great circles 

(McFadden and McElhinny, 1988). This method is called the combination method in this paper. 
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4. late Pliocene· early Pleistocene clays, Crotone basin 

4.1 General 

In the Crotone basin, we sampled late Pliocene - early Pleistocene sediments in the most south

easterly part of the basin: five sections directly south of Crotone and one section near San Mauro di 

Marchesato west of Crotone (Fig. 2, locality 4). 

The late Pliocene and early Pleistocene sediments of the Crotone area were studied earlier for 

magnetostratigraphic purposes (Tauxe and others, 1983; Zijderveld and others, 1991). We determined 

the directional results of the 5 subsections in the Crotone area from Zijderveld and others (1991) for 

the present study. These subsections are: Vrica-A, Vrica-B, Vrica-C, Crotone and San Leonardo. 

From the three Vrica subsections (A, B and C) in total 157 levels were sampled, from the Crotone 

section 30 levels and from the San Leonardo section 48 levels. With the exception of the Vrica C 

subsection and the upper part of the Crotone section where tilt is 51h.° to the West, the tilt of the strata 

in the Crotone area is uniformly 81h.° to the West. The Vrica (A, B & C) section (Fig. 2, locality 3) is 

in the Matuyama Chron and contains the Olduvai subchron (Zijderveld and others, 1991); its absolute 

age spans 2.1 to 1.6 Ma. The San Leonardo section (Fig. 2, locality 2) contains the upper part of the 

Olduvai subchronozone and part of the Matuyama Chronozone - from 1.85 to 1.75 Ma; the sediments 

in the Crotone section (Fig. 2, locality 1) represent the age interval from 1.6 to 1.4 Ma in the Matuya

ma Chron (Zijderveld and others, 1991). 

The late Pliocene - early Pleistocene clays southeast of San Mauro di Marchesato (Figure 2. 

locality 4) belong to the so-called Cutro Marly Clay formation and are covered by littoral sandstones 

of the San Mauro sandstone formation (Roda. 1964; Roda, 1965; Di Grande, 1966; Van Dijk, 1990; 

his fig. 6i, section 5). Bedding tilt for the upper part of the section is 121h.° to the west-northwest; one 

site (MAM 3) was drilled in the upper part. The remaining part of the section is sub-horizontal; five 

sites were drilled in fresh blue-coloured clays. The lowest site (MAM 7) was drilled in green-coloured 

clays. The deposits of the section belong to the Matuyama Chron and contains the upper 01duvai 

transition (appendix). 
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Figure 3. Representative thermal demagnetisation diagrams (Zijderveld, 1967) of sampled clays from the 

Crotone area. Closed (open) symbols represent vector end-points projected on the horizontal (venical) plane. 
Lines represent least squares lines through selected data points (Kirschvink, 1980). Numbers denote demag
netisation steps in °C. Right part of diagram (B) shows an equal area projection of the demagnetisation dia

gram with the plane through the lOO-330°C temperature interval. The ellipse denotes the maximum angular 
deviation of the plane. Diagram (E) gives the combination of direct observations (vectors) and great circle 
planes to calculate a mean direction (McFadden and McElhinny, 1988). Abbreviations: VA = Vrica-A, 

VC = Vrica-C, MAM = San Mauro di Marchesato. 
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5 

8 
15 
6 

13 
7 
0 

0 
0 
5 
1 
7 
5 

11.9 
4.5 

177.9 
179.7 
172.9 
174.7 

55.0 
51.7 

-58.4 
-56.3 
-52.2 
-48.5 

37 
64 
29 
19 
23 
10 

9.2 
4.8 
8.7 
9.4 
8.5 

26.2 

Vrica-B 23 samples [N] 
2 intervals [N] 

44 samples [R] 
4 intervals [R] 
6 intervals [NR] 

6.9 
8.1 

176.3 
176.1 

0.1 

52.9 
53.4 

-54.7 
-53.9 
53.9 

51 
433 

20 
291 
218 

4.3 
12.0 
4.9 
5.4 
4.5 

200 
225 

-
-

225 
250 

25 
25 

10 
10 

10 
6 

0 
4 

182.1 
185.8 

-57.6 
-54.0 

26 
29 

9.6 
9.1 

Vrica-C 20 samples 
2 intervals 

184.0 
184.0 

-55.8 
-55.8 

29 
760 

6.1 
9.1 

Vrica section 3 sub-sections 
4 intervals [N] 
9 intervals [R] 

13 intervals [NR] 

2.0 
8.5 

178.4 
1.5 

53.8 
53.9 

-53.0 
53.3 

1193 
532 
252 
226 

3.6 
4.0 
3.2 
2.8 

Croto
220 
240 
260 
280 

ne section (Crotone basin): 

- 240 
- 260 
- 280 
- 300 

20 
20 
20 
20 

13 
13 
14 
12 

12 
10 
12 
4 

1 
3 
2 
8 

181.2 
183.5 
194.5 
187.6 

-52.9 
-49.9 
-55.9 
-53.6 

47 
43 
37 
39 

6.1 
6.4 
6.6 
7.0 

Table 1. Paleomagnetic results of five late Pliocene - early Pleistocene sections from the Crotone area; a mean 

direction is calculated every 25 / 20/10 meters (Vrica / Crotone / San Leonardo) and at every site for the San 
Mauro di Marchesato section; at a polarity break the interval is smaller. The term 'level' gives the stratigraphic 

position (begin and end) for the interval. d =length of interval. method =method of calculation of mean direc

tion (see text). N = number of levels used for calculation of mean direction (nl direct, n2 great circles), D(le). 
Ietc) = declination, inclination after bedding tilt correction, k= precision parameter, 0:95= cone of confidence 

at the 95% level (Fisher, 1953). 

182 



CHAPTER 5B: ADDmONAL SUPPORT NORTHERN CALABRIA (CROTONE AND CRA11 BASINS) 

Crotone section (Crotone basin): 

52 samples 
4 intervals [R] 

186.6 
186.5 

-53.2 
-53.2 

40 
365 

3.2 
4.8 

San Leonardo section (Crotone basin): 
8 18 10 21 

18 27 9 10 
10 
4 

11 
6 

185.0 
195.9 

-55.2 
-52.2 

29 
32 

6.0 
8.7 

31 samples 
2 intervals [R] 

188.7 
190.6 

-54.3 
-53.8 

29 
260 

4.9 
15.5 

San Mauro di Marchesato sec/ion (Crotone basin): 
site MAM 1 7 7 
site MAM 2 7 7 
site MAM 3 6 6 
site MAM4 6 6 
site MAM 5 6 6 
site MAM6 7 7 
site MAM7 5 5 

0 
0 
0 
0 
0 
0 
0 

199.5 
199.2 
204.6 
204.6 
203.2 
204.2 

6.1 

-41.8 
-45.0 
-43.2 
-43.2 
-44.2 
-38.1 
53.1 

60 
50 
42 

110 
470 
220 
90 

7.8 
8.6 

10.5 
6.4 
3.1 
4.1 
8.1 

6 sites (R] 
7 sites INR] 

203.1 
21.1 

-41.5 
43.3 

371 
125 

3.5 
5.4 

Table 1. (continued) 

4.2 Demagnetisation 

erotone area. A detailed description on the magnetostratigraphy of the Crotone area is given by 

Zijderve1d and others (1991). From the available demagnetisation data. we selected for this study the 

most reliable demagnetisation diagrams, in particular those with a remanence decaying linearly to the 

origin. These reliable diagrams are present for both normal and reversed polarity intervals. The char

acteristic magnetisation component was then determined by using data-points between 200 and 360°C 

(Figure 3A; B; D). In some cases, the samples from the Crotone area do not show a simple one-com

ponent linear decay although the polarity of the final magnetisation is clear (for example Fig. 3C). The 

decay between 200 and 320°C clearly misses the origin, showing that more (than one) NRM compo

nents are present. We refer to the final remanence component of the two-component system as high

temperature (HT) component (cf. Scheepers and others. 1993a). Great circle planes were calculated 

through the magnetisation vectors (Figure 3C) between 100 and 320/340°C. The great circle planes 

have low maximum angular deviations (3-15°) indicating that the NRM is carried by a well deter

mined two-component system with overlapping blocking temperature spectra. The NRM component 

removed in the lOO-320°C temperature interval is clearly of secondary origin, having a present-day 

field direction (Figure 3C). For the HT component, direct observations and great circle planes were 

combined to calculate the mean direction per stratigraphic interval (Figure 3E) using the method of 

McFadden and McElhinny (1988). 
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The Vrica subsections contain nonnal as well as reversed polarities and overlapping chrono

stratigraphic intervals (for example, the Olduvai subchron both in the Vrica A and B subsections) 

have almost identical mean directions (Table 1). It was possible to perfonn a meaningful reversal test 

for 13 interval means of the Vrica composite section. The 4 nonnal polarity intervals in the Vrica A 

and B subsections show a mean direction that differs from the mean direction of the 9 reversed 

polarity intervals in the 3 subsections by a non-antipodality angle of only 6.1° (Table 1). The two 

mean directions have a negative reversal test (McFadden and McElhinny, 1990). 

We calculated a mean direction for all three Vrica subsections (Table 1; Figure 4) using 5 inter

vals for the Vrica-A subsection (D '" 1.1° and 1 '" 51.7°), 6 intervals for the Vrica-B subsection m m 

(D '" 0.1 ° and 1m '" 53.9°) and 2 intervals for the Vrica-C subsection (D '" 184.0° and 1m '" -55.8°).m m 

The mean directions for the three Vrica subsections are not significantly different from each other. In 

addition, there is no consistent stratigraphical trend in declination or inclination throughout the sub

sections. We conclude that there is no differential rotation between the lower and upper part of the 

clays from the Vrica composite section, which was deposited during the time-interval between 2.1 and 

1.6 Ma. Therefore, we have calculated a single overall mean direction for the Vrica composite section 

using the individual mean directions (above) of the three subsections: Dm '" 2.0° and 1m '" 53.8° 

(Table 1), or using the 13 intervals: D '" 1.5° and 1 '" 53.3° (Table 1). The late Pliocene - early m m 

Pleistocene clays of the Vrica section thus show no significant rotation relative to magnetic North. 

Similarly, the Crotone section was divided in 20 meter intervals. The mean direction gives a 6.5° 

clockwise rotation: Dm '" 186.5° and 1 '" -53.2° (Table 1; Fig. 4D). The San Leonardo section was m 

divided in smaller intervals (10 m) because of the more detailed sampling (Zijderveld and others. 

1991). The mean direction shows a 10.6° clockwise rotation: Dm '" 190.6° and 1 '" -53.8° (Table 1;m 

Fig. 4E). Hence, for both the Crotone as the San Leonardo section there is a small clockwise deviation 

of the declination which, however. is hardly significantly different from North. The three sections of 

the Crotone area show on average a 6° clockwise rotation (Table 1). 

San Mauro di Marchesato. The clays of the San Mauro di Marchesato section have the same age 

as the Vrica clays. The lowest site (MAM 7) of the section has a nonnal polarity HT magnetisation 

(Figure 3H), all other sites show a reversed polarity HT component (Fig. 3F, G). Biostratigraphic age 

estimates show that the lower part of the section belong to the Olduvai subchron (appendix). The 

demagnetisation characteristics for the samples are the same as for the Crotone area (Figure 3F-H). 

From the reversed polarity sites, only sites MAM 2-3 show a secondary magnetisation. Because it was 

still possible to calculate the HT component for these sites. and because the mean directions obtained 

correspond to the sites with no secondary magnetisation we could calculate site-means with the direct 

approach method. The mean direction for the seven sites implies a 21° clockwise rotation for the clays 

from the San Mauro di Marchesato section; this is considerably more than the clays of the Crotone 

area (6°) which are from the same age. Further the mean inclination (43.3°) is approximately 10° 

shallower than in the sections from the Crotone area (Table 1). 
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(A) Vrica-A (D) Vrica-D (C) Vrica-C 

o em 0 

o 

San Leonardo(E) (F) San Mauro di Marchesalo 

Figure 4. Equal area projection of HT component of samples and sites from the Crotone area (after bedding 
tilt correction). In the upper diagrams (A-C) the dots represent the individual directions; full (open) dots denote 

downward (upward) projections. The lines in the lower 6 diagrams represent the estimated tectonic rotation of 
the outcrop; the shaded area gives the 1195 of the polarity mean directions calculated from the individual inter

val means. All sections from the Crotone area show clockwise rotations (between 2 and 21 0 
). Mean rotation of 

the 4 sections is 110 clockwise (Table 4). 
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5. late Pliocene and Pleistocene clays, Crati basin 

5.1 General 

In the central. northern and southern part of the Crati basin, we sampled 33 sites in late Pliocene 

to middle Pleistocene sediments at six different localities; these are from south to north (Figure 5): 

Rende (near Cosenza), Luzzi, Santa Caterina Albanese, San Marco Argentano, Firmo and Castro

villari. 

25km 

IONIAN SEA 

a~ 

b~ 

c r::::·::·::::·:\:}l 

d~ 

e III 

f CJ 
9 -........... 

h ® 

N
 

Figure 5. Map of the Crati basin with the distribution of the sampled localities (modified after Colella, 1988). 
(a) Calabro-Peloritan basement, (b) Apenninic units, (c) Miocene sediments, (d) Pliocene - early Pleistocene 
sediments, (e) late Pleistocene sediments, (t) Holocene sediments, (g) faults, (h) localities: (1) Castrovillari 
(CSV), (2) Firmo (FIR), (3) San Caterina Albanese (SCA), (4) San Marco Argentano (SMA), (5) Luzzi 

(LUZ), (6) Rende (REN), (7) Rossano-Cerisano (ROS I CER), (8) Amantea (AM). 
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In the most southern part of the Crati basin, in the area directly west of Cosenza, we sampled two 

quarries southeast of the village of Rende (locality 6 in Fig. 5) in early Pleistocene clays (appendix). 

Five sites (REN 1-5) were sampled in a quarry with (sub)-horizontally bedded very fresh dark blue

coloured clays south of the road from Cosenza to Rende. Another two sites (REN 6-7) we drilled in a 

quarry in more silty sediments, just north of this road, with a bedding tilt of 16° to the north. Some 16 

km north of Cosenza, at the eastern side of the Crati valley, we sampled middle Pleistocene sediments 

(appendix) in a quarry (sites LUZ 1-10) near the village of Luzzi (locality 5 in Figure 5). They show 

a moderate bedding tilt: 2° to the south. The vertical separation between the lowermost site (LUZ 1) 

and the uppermost site (LUZ 9) is approximately 30 metres. A few kilometres north of San Marco 

Argentano, southeast of the village of San Caterina Albanese (locality 3 in Fig. 5), we sampled clays 

(SCA 1-4) of middle/upper Pliocene age (appendix) which showed a bedding tilt of 17° to the north

east. Approximately 6 km southeast of San Caterina Albanese - between San Marco Argentano 

(locality 4 in Fig. 5) and Mongrassano - three sites (SMA 1-2, SMA 5) were collected in silty layers 

between sands. The sites are of early Pleistocene age (appendix); bedding tilt is 14 to 23° to the north 

(-northwest). Near San Marco Argentano (locality 4 in Figure 5), two more sites (SMA 3-4) were 

collected in early Pleistocene sediments; bedding tilt is sub-horizontal. 

In the most northern part of the Crati basin, we sampled seven sites at two different localities in 

(middle) Pleistocene clays (localities 1 and 2 in Figure 5). Just south of the Pollino chain we sampled 

three sites (CSV 1-3) just east of the village of Castrovillari which show a bedding tilt of 2° to the 

southeast. East of the village of Firmo, we sampled another four sites (FIR 1-4) in middle/late 

Pleistocene clays (appendix) which dipped between 2° and 27° to the east-southeast. 

5.2 Demagnetisation 

Luzzi quarry. The ten sites collected from the clay quarry near the village of Luzzi in the central 

part of the Crati basin give reliable and consistent demagnetisation results; initial NRM intensities are 

between 0.4 and 3.1 mAIm. The 3 sites from the upper part of the quarry (high intensities) show a 

straightforward linear decay to the origin (Figure 6D, E). For the other 7 sites (low intensities), a dis

tinction can be made between two NRM components: a normal polarity component is removed 

between 100 and 340°C (Fig. 6A, B) and is present in most sites from the lower part of the quarry. 

Because of its (mostly) present-day field orientation we consider this component as the secondary one. 

For some samples the HT magnetisation was removed between 340 and 400°C and shows a decrease 

directed to the origin (Fig. 6B). However, most samples from the lower part of the quarry loose their 

secondary magnetisation direction only above 340-360°C (Fig. 6A; left part). Above 360/380°C, dis

turbance of the final (HT) component 'takes place' because of a major increase in bulk susceptibility, 

which is probably caused by oxidation of pyrite and formation of SD magnetite in combination with 

relatively low intensities. Therefore, great circle planes were determined for these samples using the 

magnetisation vectors between 100 and 350°C (Fig. 6A; right part); these planes are well determined 

and were combined with the direct observation(s) to calculate a mean direction per site (Fig. fiC). 
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(A) 

(C) site LUZ 4 

-1<[=-------+--- E 

.......----------Oiii1'l,,.,...N 

---.,.::---1I------~E 

] NRM ~ 0.63 mAim 

(E) 

(II) 

....:.c:=-- "'-"---"I-N 

Figure 6. Representative thermal demagnetisation diagrams of clays from the Crati basin (northern Calabria). 

Abbreviations: SCA = San Caterina Albanese, SMA = San Marco Argentano, LUZ = Luzzi, CSV = Castro 

villari, FIR = Firmo and REN = Rende. See also caption to Figure 3. 
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JNRM ~ 22.74 mAim 
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30 

J NRM ~ 14.39 mAIm 
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(I{)	 FIR 3.1A (L) site FIR 3 
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Figure 6. (continued) 
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For the quarry near Luzzi, the HT component gives both normal and reversed polarities. Sites 

LUZ 8-9, which are in the upper part of the quarry, show a normal polarity HTcomponent, whereas 

the lower sites of the quarry (LUZ 1-7, LUZ 10) show a reversed polarity HT-component. Biostrati

graphic constraints (appendix) show that the Matuyama-Brunhes transition is present in the section. 

There is a general clockwise rotation for the mean HT component of the sites (Figure 7F; Table 2). 

Averaging all 9 reliable sites (site LUZ 10 is rejected because of the large inaccuracy) results in no 

significant rotation for the middle Pleistocene clays near Luzzi: D =19.4° and 1 =52.1° (Table 2). m m 

The mean inclination is approximately the same as those measured for the Crotone area (53°). 

Tb site N n1 n2 D(tc) I(tc) k a95 

Castrovillari (northern part Crati basin): 
340 CSV 1 7 7 0 353.0 54.9 97 6.2 
340 CSV2 6 6 0 3.4 56.4 59 8.8 
340 CSV3 6 6 0 7.0 58.9 152 5.4 

>420 CSV 1 6 0 6 173.0 -54.5 367 3.5 
>420 CSV2 6 0 6 195.6 -53.8 63 8.5 
>420 CSV3 6 0 6 191.5 -59.6 161 5.3 

CSV sites [N, tel 3 sites 0.9 56.9 327 6.8 
CSV sites [R, tcl 3 sites 186.6 -55.9 113 11.7 

Firmo (northern part Crati basin): 
600 FIR 1 5 5 0 359.2 47.3 61 9.9 
450 FIR 2 5 5 0 5.3 64.8 106 7.5 
(?) FIR 3 5 0 5 177.6 -62.8 273 4.6 
400 FIR 4 6 6 0 353.3 55.0 80 7.6 

FIR sites [N, tc1 3 sites 358.7 55.8 76 14.3 
FIR sites [NR, no tc1 4 sites 340.3 49.0 66 11.4 
FIR sites [NR, tcl 4 sites 358.5 57.5 94 9.5 

Santa Caterina Albanese (central part Crati basin): 
425 SCA 1 6 6 0 51.5 57.7 236 4.4 
425 SCA2 5 5 0 50.1 40.7 51 10.8 
425 SCA3 2 2 0 38.0 44.0 30 47.2 
425 SCA4 6 6 0 39.6 38.1 202 4.7 

SCA sites [N, no tc] 4 sites 41.3 62.5 66 11.4 
SCA [N, tcl 4 sites 44.3 45.3 66 11.4 

Table 2. Paleomagnetic results of the sites in Pleistocene sediments of the Crati basin. Int = intensity for the 
calculated component (in mAim); (*) denotes (mean) direction not used to calculate overall mean direction for 

the locality. Other symbols are the same as in Table 1. 
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San Marco Argentano (central part Crati basin): 
450 
450 
425 

SMA 3 
SMA 4 
SMA 5 

8 
6 
6 

8 
6 
6 

0 
0 
0 

39.4 
212.2 
208.3 

46.8 
-43.5 
-56.4 

100 
60 
33 

5.6 
8.7 

11.8 

SMA sites [N, no tc] 
SMA sites [NR, te] 

3 sites 
3 sites 

37.5 
33.6 

51.0 
49.0 

58 
113 

16.3 
11.6 

Luzzi (c
425 
425 
425 
425 
425 
425 
425 
425 
425 
425 

entral part Crati basin): 
LUZ 1 
LUZ2 
LUZ3 
LUZ4 
LUZ5 
LUZ6 
LUZ7 
LUZ8 
LUZ9 
LUZ 10 (*) 

6 
9 
6 
6 
6 
5 
6 
6 
6 
3 

6 
1 
1 
1 
5 
0 
6 
6 
6 
1 

0 
8 
5 
5 
1 
5 
0 
0 
0 
2 

195.2 
177.1 
192.8 
180.1 
185.2 
162.9 
195.3 

2.9 
353.5 
217.9 

-47.6 
-49.4 
-49.1 
-61.5 
-54.5 
-48.7 
-52.4 
55.7 
60.4 

-47.1 

171 
13 
18 
21 
73 
25 
32 
59 
62 

6 

5.1 
14.6 
16.3 
14.9 
7.9 

15.5 
12.0 
8.8 
8.6 

53.9 

LUZ [R, tc] 
LUZ [N, tc] 
LUZ [NR, te] 

7 sites 
2 sites 
9 sites 

184.1 
358.4 

3.0 

-52.4 
58.1 
53.7 

83 
280 
93 

6.6 
15.0 
5.4 

Rende (
425 
425 
425 
425 

southern part Crati basin): 
REN4 
REN5 
REN6 
REN7 

5 
7 
5 
3 

5 
7 
5 
3 

0 
0 
0 
0 

163.0 
179.3 
170.8 
189.4 

-40.9 
-51.8 
-45.7 
-39.8 

28 
146 

17 
42 

14.6 
5.0 

19.2 
19.4 

REN [R, tel 4 sites 175.6 -45.0 67 11.3 

Table 2. (continued) 

San Caterina Albanese - San Marco Argentano. The samples from the four sites of the quarry near 

San Caterina Albanese (upper Pliocene age) show NRM intensities between 0.1 and 1.5 mNm. They 

all have a nonnal polarity HT component removed between 200 and 4OO/425°C (Fig. 6F). This com

ponent was determined using the direct method. According to biostratigraphic age estimates the sam

pled interval belongs to the Gauss Chron (appendix). The overall mean direction, calculated from the 

four site mean directions, gives a 44° clockwise rotation: D = 44.3° and 1 = 45.3° (k=66; Table 2;m m 

Fig. 7D). Inclination is very shallow compared to the general trend. 

The sites drilled in the silty levels of the sand-siltstone sequences (early Pleistocene) between 

San Marco Argentano and Mongrassano - also have relatively low NRM intensities, between 0.1 and 

1.5 mNm. For site SMA 5, which shows a clear reversed polarity, a reliable HT direction could be 

determined (Figure 6H). The mean HT direction is: D = 208.3° and 1 = -56.4° (k=33; Table 2). The m m 

two sites in early Pleistocene clays (SMA 3-4) near San Marco Argentano have large clockwise rota

tions as well (Table 2), polarities are different; site SMA 3 has a normal polarity HT component 
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(A) Firmo (FIR) (B) Castrovillari (CSV) 
mid Ie Pleisto middle leisto 

(D)(C) San Marco (SMA) 
early Pleisto 

San Caterina (SCA) 
late Plio 

(F)(E) Rende (REN) 
ea Iy Pleisto 

Figure 7. Equal area projection of lIT component of samples / sites from the Crati basin (after bedding tilt 
correction). See caption to Figure 4. The sites in the central part of the Crati basin show considerable clock 

wise rotations; the younger sites in the north and south show no significant tectonic rotation. 
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(Jaramillo; appendix), whereas site SMA 4 has a reversed polarity HT component (Figure 6G). The 

mean directions of the two sites are antipodal (Table 2). The overall mean direction for the three sites 

in lower Pleistocene sediments of the San Marco Argentano area implies a 340 clockwise rotation: 

= 33.60 and 1 = 49.00 (k=113; Table 2; Figure 7C). Dm m 

The larger rotation angle (34 ± 120 
) is consistent with the rotation angle of the nearby San Cate

rina Albanese (SCA) clays (44 ± 11 0 
). Therefore, one single mean direction for this area in the central 

part of the Crati basin can be calculated using the seven site mean directions implying a 400 clockwise 

rotation since the early Pleistocene: D = 39.90 and 1 = 47.00 (k=75). This rotation (400 
) is signifim m 

cantly more than the 190 clockwise rotation observed for the Luzzi clays and the rotations observed in 

the southeastern part of the Crotone basin (between 2 and 21 0 
). 

Rende. The early Pleistocene clays in the two quarries near Rende give reliable reversed polarity 

magnetisations for only four of seven sites (Fig. 6N, 0). The direct method could be applied to cal

culate the HT component, which was removed here between 400 and 430°C. The mean direction for 

the four sites from Rende shows no significant rotation: D = 175.60 and 1 = -45.00 (k=67; Table 2;m m 

Figure 7E). The difference in rotation with the sites from the central part of the Crati basin (Luzzi, San 

Caterina Albanese. San Marco Argenatano) is significant; moreover, the mean inclination is very 

shallow compared to the GAD inclination. 

Firmo and Castrovillari. The two areas sampled in middle!1ate Pleistocene clays the most northern 

part of the Crati basin, just south of the Pollino chain, give well interpretable and good demagnetisa

tion results. For the lower three sites of the quarry near Firmo, a normal polarity component was re

moved at 580-600°C for site FIR 1 (Figure 6M) and at 400-4500 for sites FIR 2 and FIR 4 is present. 

The direct method was used to calculate the HT component. The uppermost site FIR 3 shows a two

component system: great circle planes were calculated (Figure 6K), because the final (HT) magneti

sation component is not reached. The mean direction of this reversed polarity site is antiparallel to the 

mean direction of the three normal polarity sites (Table 2; Figure 7A). The mean direction for the sites 

in the Firmo clays, which contains the Jaramillo reversal boundary (appendix), implies that no signifi

cant rotation is present: Dm = 358.50 and 1m = 57.50 (k=94; Table 2; Figure 7A). 

The quarry near Castrovillari in middle Pleistocene clays is in the upper part of the Matuyama 

Chron (appendix). The NRM intensities are very high (between 1.6 and 120 mNm) and the NRM 

directions are almost completely dominated by a normal polarity magnetisation showing no rotation 

(Table 2). Because of the very well detennined great circle planes, the magnetisation is the sum vector 

of two NRM components (Figure 61). The great circle solutions suggest the presence of a common 

direction with a reversed polarity direction (Figure 6J; Table 2). Therefore, we conclude that a HT 

component with a maximum blocking temperature of more than 420°C is the second component in 

these clays. This HT component shows no significant rotation for the three sites (Table 3; Figure 7B): 

D = 186.60 and 1 = -55.90 (k=I13; Table 2; Figure 7B). m m 
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6. Early Pliocene and Miocene sediments, northern Calabria 

We furthennore sampled some older sediments in northern Calabria - which are older than the 

Pleistocene - to compare the directions with the early Pleistocene sites. We sampled late Miocene 

clays at two localities in the northern and central part of the Crotone basin, at one locality in late Mio

cene clays of the Crati basin and at one locality along the Tyrrhenian coast of Calabria (Figs. 2 and 5). 

We also sampled three outcrops in early Pliocene clays/marls of both the Crotone (2 outcrops) and the 

Crati basin (one outcrop). 

6.1 Crotone basin 

Late Miocene to early Pliocene sediments of the Crotone basin were deposited during the first 

'basin opening' and 'basin fIll' stages of the Crotone basin (Van Dijk, 1991). These deposits were 

sampled in the Scala Coeli section in the north, in the Basilicoi section and the Belvedere di Spinello 

section in the central part and in the Giu Dei section in the southern part of the basin (Figure 2). 

South of the village of Scala Coeli in the north of the Crotone basin, late Miocene (Tortonian; 

appendix) marly clays were sampled (locality 8 in Fig. 2). The total thickness of the section is 180 m; 

the clays are covered by yellow sands of Messinian age. Two sites (SCQ 1-2) are from the top part of 

the fonnation, consisting of an alternation of sandstones and clayey levels; two other sites (SCQ 6-7) 

are from the clayey middle part of the fonnation with a bedding tilt of 23° to the north-northeast; and 

three sites (SCQ 3-5) from the lower part of the fonnation in the valley of the Nica river and have a 

bedding tilt of 18° to the east-northeast. 

In the Cerenzia-Crotonei area in the central part of the basin we sampled the top part of the 80

called Basilicoi section (locality 7 in Fig. 2). The two sampled sites (BS 1-2) are in clays of late Tor

tonian - early Messinian age (appendix). The uppennost part of the section is covered by silexites of 

Messinian age. 

Near Belvedere di Spinello in the central part of the Crotone basin (locality 6 in Fig. 2) we 

sampled clayey marls from the early Pliocene (appendix). They belong to the Cavalieri Clayey Marls 

fonnation (after Roda, 1965; cf. Van Dijk, 1991). The sampled interval contains 5 sites (BEL 1-5) 

over 25 metres; bedding tilt is 12° to the west-northwest. 

East of Cropani in the southern part of the Crotone basin (locality 6 in Fig. 2) sediments of the 

so-called Giu Dei section were sampled. These sediments are of early Pliocene age (appendix) and 

consist of marly clays containing thin sandy layers. In this section, ten sites were sampled (GD 1-10). 

The sediments show a bedding tilt of 9° to the east. 

Demagnetisation 

Scala Coeli section. All sites (except SCQ 7) in the clays of the Scala Coeli section have low initial 

NRM intensities (50-500 JlA/m). The sites SCQ 1-2 from the upper part of the section have two dis

tinct NRM components: a secondary magnetisation is removed between 100 aI!d 250°C; the other 

component is removed between 250 and 380°C and has a reversed polarity (Fig. 8A). The direction of 
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Figure 8. Representative thennal demagnetisation diagrams of late Miocene sediments from the Crotone and 

Crati basins (northern Calabria). Abbreviations: SCO =Scala Coeli, BS = Basilicoi, SMA =San Marco 
Argentano, AM = Amantea. See caption to Figure 3. 
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this component shows a clockwise rotation (Table 3). Site sca 7 indicates a nonnal polarity for the 

middle part of the section loses its magnetisation only at 620°C; this site shows a clockwise rotation 

as well (Fig. 8B). The sites from the lower part of the section show a similar clockwise rotation (Fig. 

8D, 8E). The mean direction for the Scala Coeli section was calculated by averaging five reliable sites 

(SCa 3, sca 6 were rejected for scattery behaviour): D = 20S and 1 = 51.8° (k=83; Table 3;m m 

Figure 9B). This implies an almost 21 ° (±8°) clockwise rotation for the Scala Coeli section. 

Tb site N n1 n2 D(tc) I(tc) k a95 

Scala Coeli section (Crotone basin): 
400 
400 
450 
450 
600 

SCO 1 
SC02 
SC04 
SC05 
SC07 

6 
6 
5 
6 
6 

6 
6 
5 
6 
6 

0 
0 
0 
0 
0 

196.6 
208.8 
193.5 
30.3 
16.6 

-48.1 
-49.5 
-52.2 
64.2 
44.1 

162 
61 
20 
35 

164 

5.3 
8.7 

17.5 
11.4 
5.2 

SCO 1-2 [R, tcl 
SCO 4-5 [NR, tcl 
SCO section [NR, no tc] 
SCO section [NR, tel 

12 samples 
11 samples 
5 sites 
5 sites 

22.6 
21.3 
14.3 
20.5 

49.0 
59.1 
59.8 
51.8 

77 
23 
38 
83 

5.0 
9.7 

12.5 
8.4 

Basilico
380 
320 
380 

i section (Crotone basin): 
BS2 
BS 2 (*) 
BS 1 

7 
8 
3 

7 
8 
3 

0 
0 
0 

15.7 
205.6 
200.4 

54.0 
-46.0 
-43.1 

161 
140 
35 

4.8 
4.7 

21.2 

BS 1&2 [NR, te] 10 samples 17.3 50.8 67 6.0 

Belvede
450(?) 
450(?) 
450(?) 
450(?) 

r
BEL 1 
BEL 4 
BEL 5 
BEL 1-5 

e di Spinello (Crotone basin): 
6 
6 
7 

19 

6 
5 
0 

11 

0 
1 
7 
8 

197.5 
239.8 
179.7 
213.7 

-51.9 
-37.8 
-52.6 
-50.9 

18 
6 

37 
9 

16.1 
30.8 
10.0 
12.0 

BEL section [R, tc] 
BEL section [R, te] 

19 samples 
3 sites 

213.7 
208.5 

-50.9 
-50.4 

9 
13 

12.0 
35.6 

Giu Dei 
450(?) 
450(?) 
450(?) 
450(?) 
450(?) 
450(?) 

section (Crotone basin): 
GD 1-2 
GD 3-5 
GD 6-8 
GD 3-8 
GD 1-8 
GD 9 

10 
11 
8 

19 
29 
2 

6 
6 
4 

10 
16 
2 

4 
5 
4 
9 

13 
0 

205.6 
189.3 
214.5 
205.5 
205.3 

28.9 

-44.1 
-62.5 
-23.9 
-49.6 
-47.4 
35.7 

11 
9 
7 
6 
8 

12 

15.3 
16.0 
23.3 
15.0 
10.5 
80.9 

GD section [NR, tc] 
GD section [R, tc] 
GD section [NR, tc] 

31 samples 
3 sites 
3 sites 

25.6 
205.9 

26.8 

46.6 
-43.9 
41.8 

8 
15 
21 

9.6 
33.1 
20.5 

Table 3. Paleomagnetic results from late Miocene sites from the Crotone and Crati basin. Symbols are the 
same as in Tables 1 and 2. 
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Rossano-Cerisano-Cosenza area (Crali basin): 
(?) ROSI 5 0 5 204.8 -34.8 6 34.1 

400 (?) ROS 2-3 11 5 6 190.5 -44.5 6 20.5 
400 (?) ROS 4-6 8 6 2 208.4 -38.4 21 12.4 
400 (?) ROS 2-6 19 11 8 200.7 -42.8 9 11.8 

450 CER2 6 6 0 199.7 -57.6 37 11.2 

ROS 1-6 [R, no te] 3 sites 3 206.6 -59.0 19 29.3 
ROS 1-6 [R, tel 3 sites 3 201.6 -39.5 87 13.3 
ROS-CER [R, no te] 4 sites 4 199.9 -57.4 23 19.6 
ROS-CER [R, te] 4 sites 

Amanlea area (Tyrrhenian coast): 

4 201.2 -44.0 SO 13.2 

600 AM 1 6 1 5 11.6 46.6 22 14.5 
450 (?) AM2 5 0 5 ID.6 41.6 12 22.8 

450 AM3 7 7 0 181.1 -55.5 31 11.1 

AM 1-3 [NR. no te] 3 sites 15.2 55.0 542 5.3 
AM 1-3 [NR, te] 3 sites 8.3 48.0 104 12.2 

Table 3. (continued) 

Basilicoi section. The sites from the Messinian of the Basilicoi section have high NRM intensities. 

The uppennost site (10 m below silexites) has a nonnal polatity 'final' (HT) eomponent removed 

between 320 and 340-350°C (Fig. 8F); between 200 and 320°C a reversed component magnetisation 

is removed with an opposite direction relative to the HT component: Dm = 205.6° and 1 = -46.0° m 

(k=I40; Table 3). The mean direction of the 10 samples from the top part of the Basilicoi section 

show a 17° (±6°) clockwise rotation (Table 3; Fig. 9E): D = 17.3° and 1m == 50.8° (k=67; Table 3). m 

This is similar to the clockwise rotation of the Scala Coeli section. 

Belvedere di Spinello section. The sites from the Belvedere di Spinello section have low NRM 

intensities, and only three of five sites give interpretable demagnetisation results, although the mean 

direction per site is not well detennined (see statistics in Table 3). Calculation of the HT component 

for site BEL 5 was only possible after calculation great circle planes. The mean direction for the three 

sites from the Belvedere di Spinello section implies an approximately 29° (± 36°) clockwise rotation 

(Table 3). 

Giu Dei section. These sediments give the same problems as the Belvedere di Spinello sites. Great 

circle planes are calculated to obtain a mean direction per site. Although the site mean direction are 

very badly detennined (see statistics in Table 3), the overall mean direction for the Giu Dei section 

using the site means results in a 27° (± 21°) clockwise rotation (Table 3; Figure 9R). This is in 

accordance with the results from the other sites in the Crotone basin. 
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(A) Amantea (AM) (B) Scala Coeli (SCQ) (C) Basilicoi (BS) 

Figure 9. Equal area projection of HT component of samples/sites from the Miocene sediments from the 
Crotone and Crati basin (after bedding tilt correction). See caption to Figure 4. All sites show clockwise 

rotations. 

6.2 Crati basin and Tyrrhenian coast 

In the Crati basin, we sampled late Miocene and early Pliocene sites at 2 different localities. 

Directly southwest of Cosenza, in the Cerisano area, we sampled several outcrops in late Miocene 

sediments (CER 1-4). Just southeast of the 2 quarries from Rende, we sampled five sites in another 

quarry (ROS 2-6) in fresh clays of Pliocene age (appendix); bedding tilt is 280 to the north. One site 

was drilled in an outcrop just west of Cosenza (ROS 1); bedding tilt is 80 to the east. Along the 

Tyrrhenian coast near Amantea, late Miocene (late Tononian; appendix) clays were sampled at three 

sites (AM 1-3). 

Rossano-Cerisano-Cosenza area. The sites west of Cosenza in the southern pan of the Crati basin 

have very low NRM intensities. For demagnetisation diagrams from the Pliocene clays near Rende 

(ROS 2-6), great circle planes were calculated to determine a mean direction per site (Table 3). The 

mean direction of the sites near Cerisano, only site CER 2 gives consistent results. The clockwise 

rotation of this site is 200 
• 

Amantea. The sites near Amantea have NRM intensities between 0.1 and 0.3 mNm. A mean direc

tion was calculated for all three sites; sites AM 1-2 have a normal polarity HT component, site AM 3 

has a reversed polarity HT component. The mean direction of the three sites implies an 80 clockwise 

rotation: Om = 8.30 and 1m = 48.00 (k=I04; Table 3). 

7. Discussion and tectonic implications 

The 4 sections in the late Pliocene to lower Pleistocene from the southeastern pan of the Crotone 

basin show clockwise rotations between 2 and 21 0 with an average of 11 0 clockwise: Om = 10.50 and 

1 = 51.1 0 (k=120; Table 4; Figure 10). This is in accordance with the clockwise rotation determined m 
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for the Plio/Pleistocene cover of the southern part of the Calabro-Peloritan block (Scheepers and 

others, 1993b; Table 4). The sites in late Miocene sediments of the Crotone basin show clockwise 

rotations as well. The two localities in the Crotone basin show 190 clockwise rotation; this is well in 

accordance with the rotations measured in the Plio/pleistocene outcrops of the Crotone basin. There

fore, one overall mean direction for the Crotone basin was calculated using the 6 localities: D = 13.30 

m 

and 1 = 51.20 (k=161; Table 4). This is perfectly in accordance with the mean rotation of them 

southern part of the Calabro-Peloritan block: D = 13.40 and 1 = 47.20 (k=139; Table 4). m m 

a t::::::;::::.\}J 
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Figure 10. Map of the Calabro-Peloritan block with the estimate for the tectonic rotations of the localities. 
(a) Plio-Pleistocene deposits, (b) Miocene deposits, (c) Sicilian - S. Apennines units, (d) Calabro-Peloritan 

basement, (e) EUla volcanoclastics. (f) faults, (g) Plio-Pleistocene rotations, (h) Miocene rotations. 
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pol D(tc) I(tc) k(tc) locality; age 

Crotone basin: 
13 intervals NR \.5 53.3 226 Vrica (VA / VB / VC); 2.1 - \.6 Ma
 
4 intervals R 6.5 53.2 365
 Crotone (CC); \.6 - 1.4 Ma
 
2 intervals R 10.6 53.8 260
 San Leonardo (SL); \.85 - \.75 Ma
 
7 sites NR 21.1 43.3 125
 S. Mauro di M. (MAM); \.88 - «\.45) Ma 

4 localities NR 10.5 51.1 120 SE part Crotone basin; late Plio - Pleistocene 

3 sites (*) R 28.5 50.4 13 Belvedere di Spinello (BEL); early Pliocene 
3 sites (*) R 26.8 41.8 21 Giu Dei (GD); early Pliocene
 
5 sites NR 20.5 5\.8 83
 Scala Coeli (SCQ); Tortonian
 

10 samples NR 17.3 50.8 67
 Basilicoi (BS); Tortonian - Messinian 

2 localities NR 18.9 51.3 (.) northern/central part Crotone basin; Tortonian 

6 localities NR 13.3 51.2 161 Crotone basin; Tortonian-Pleistocene 

Crati basin: 
Firmo (FIR); middle Pleistocene
 

3 sites R 6.6 56.4 116
 
4 sites NR 358.5 57.5 93 

Castrovillari (CSV); middle Pleistocene 
3 sites NR 33.6 49.0 113 S. Marco Arg. (SMA); early Pleistocene 
4 sites N 44.3 45.3 66 S. Caterina Alb. (SCA); late Pliocene
 
9 sites NR 3.0 53.7 93
 Luzzi (LUZ); middle Pleistocene
 
4 sites R 355.6 45.0 67
 Rende (REN); early Pleistocene
 
4 sites (*) R 2 \.2 44.0 50
 Cosenza (RQS/CER); Tortonian-Pliocene 

Tyrrhenian coast: 
Amantea (AM); late Tortonian 3 sites NR 8.3 48.0 104 

Crati basin; middle Pleistocene
 
3 localities NR 24.5 48.4 21
 
3 localities NR 2.7 55.9 742 

Crati basin; late Plio. - early Pleistocene 

Sites Scheepers and others (l993b): 
8 sites N 2.9 49.0 84 Milazzo; 0.7 - 0.5 Ma
 
4 locali ties NR 12.8 48.1 223
 cover CaPe block; late Plio. - Pleistocene 
8 localities NR 14.0 46.8 108 cover CaPe block; early Pliocene
 

12 localities NR 13.4 47.2 139
 cover CaPe block; early Plio. - Pleistocene 

Rotation Calabro-Peloritan block: 
4 localities NR 2.8 54.2 368 Calabro-Peloritan block; late Mio. - Pleistocene 

22 localities NR 14.6 48.6 88 Calabro-Peloritan block; late Mio. - Pleistocene 

Southern Apennines 
4 sites N 351.3 56.1 144 Southern Apennines; middle Pleistocene
 

20 sites NR 336.0 58.4 76
 Southern Apennines; early Pleistocene
 
8 sites NR 320.8 52.4 159
 Southern Apennines; late Mio. - middle Pliocene 

Table 4. Summary of paleomagnetic results in late Miocene to Pleistocene sediments covering the Calabro
Peloritan block. Further: pol =polarity (N =normal. R =reversed, NR =both polarities). Abbreviations (age): 

Plio =Pliocene, Pleisto =Pleistocene, (U) =upper, (L) =lower, (M) = middle. 
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The localities in late Pliocene to early Pleistocene clays from the Crati basin show large clock

wise rotations for the central part of the basin and no significant rotations for the southern part of the 

basin (Table 4; Figure 10). The three localities in middle/late Pleistocene sediments show no signifi

cant rotations. The whole Calabro-Peloritan block, between the Pollino fault zone in the north and the 

Taormina fault zone in the south, performed a uniform clockwise rotation in the middle Pleistocene. 

Averaging the means of the 22 localities spread all over the block (Figure 10), shows that the amount 

of this rotation is 15°. There are (only) five localities which deviate considerably (more than 10°) from 

this 15° clockwise rotation: the Vrica section in the Crotone basin (2° clockwise) the Capo Spartiven

to section (4° clockwise) at the southeastern part of southern Calabria, the sites in the San Marco AT

gentano and San Caterina Albanese areas in the Crati basin (39° clockwise) and the early Pleistocene 

clays near Rende (4° counter-clockwise). Local rotations due to small-scale movements, probably 

caused these anomalous tectonic rotations. 

The present study also provides a still better constraint on the exact timing of the middle Pleisto

cene rotation phase. The two quarries in middle Pleistocene clays in the northern and central part of 

the Crati basin show no significant tectonic rotation (Table 4). This was also observed for the two 

quarries in middle Pleistocene clays (near Milazzo, Sicily) on the southern part of the Calabro

Peloritan block. The youngest sediments that show rotations are of early Pleistocene age; there are 

sites in the Matuyama!Brunhes interval which show no rotation (lower part Luzzi quarry). This im

plies that the rotations took place at the end of the early Pleistocene, before 0.7 Ma, and after 0.8 Ma. 

8. Conclusions 

Paleomagnetic data from Neogene sediments from the Crotone and Crati basins of northern 

Calabria show similar results as the coeval sediments from southern Calabria and the Peloritan massif 

of Sicily (Scheepers and others, 1993b). The late Miocene to early Pleistocene cover of the Calabro

Peloritan block shows a rather uniform 15° clockwise rotation. The rotation phase took place in the 

middle Pleistocene between 0.8 and 0.7 Ma. Taking into account the 23° counter-clockwise rotation 

of the Basilicata area in the southern Apennines, there is a differential rotation of 38° between the 

Apennines and Calabria-Sicily in this period. Movements during the late Miocene and Pliocene were 

not associated with rotations, as was hypothesised in earlier studies. The differential rotation was 

associated with a regional phase of compression which caused oroclinal bending of the arc. 
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Appendix 

Foraminiferal species Event Agel Age2 

Islandiiflla ionica last occurrence 1.35 1.50 

Hyalinea balthica first occurrence 1.45 1.58 

sinistral neogloboquadrinids first common occurrence 1.68 1.80 

Islandiiflla ionica first occurrence 1.83 1.90 

Globorotalia inflata first occurrence 2.02 2.09 

Globorotalia bononiensis last occurrence 2.31 2.41 

Globorotalia bononiensis first occurrence 3.16 3.31 

Globorotalia puncticulata last occurrence 3.38 3.55 

Globorotalia margaritae last common occurrence 3.71 3.96 

Globorotalia puncticulata first occurrence 4.13 4.50 

Globorotalia margaritae first common occurrence 

last occurrence (top) 

4.64 

0.46 

5.07 

0.47 

Calcareous nannofossils 

Pseudoemiliania lacunosa 

Gephyrocapsa sp.3 last occurrence (top) 0.55 0.58 

Gephyrocapsa sp.3 first occurrence (bottom) 0.88 0.94 

large Gephyrocapsa last occurrence (top) 1.13 1.23 
large Gephyrocapsa first occurrence (bottom) 1.38 1.48 
medium Gephyrocapsa first occurrence (bottom) 1.59 1.70 

Table AI. Foraminiferal and calcareous nannofossil datum planes used to determine biostratigraphically the 

age of the Pliocene and Pleistocene sites used in this study. Ages are given as follows: Age I according to the 
conventional time scale of Berggren and others (1985) and Age2 according to the astronomical time scale 

(Shackleton and others, 1990; Hilgen. 199Ia,b). Ages of calcareous nannofossil events were taken from 

Castradori (1993) and Raffi et al. (1993: DSDP Site 607). Miocene datum planes have not been included in 

this table due to the lack of a consistent stratigraphic framework for the Mediterranean Miocene. 

Table A2 (next page). Stratigraphic order, bedding orientation, polarity, foraminiferal biostratigraphy and ages 

of sampled Pleistocene sites. Samples are in stratigraphic order if no horizontal line indicated between them. 

Ages are based on combining the biostratigraphy with the polarity and stratigraphic order of the sites and are 

given according to the conventional time scale of Berggren and others (1985: age 1) and the astronomical time 

scale (Shackleton and others, 1990; Hilgen, 1991a,b: age 2). For most of the sites, only a maximum age is pre
sented due to lack of resolution of the (planktonic) foraminiferal biostratigraphy. However, a minimum age of 

0.73 (age I) or 0.78 (age 2) Ma of the Brunhes/Matuyama boundary can be included for reversed polarity sites, 

or normal polarity sites stratigraphically overlain by sites with a reversed polarity. But this would eliminate the 

possibility that reversed polarity sites belong to short reversed polarity events within the Brunhes. Similarly, it 
not certain whether normal polarity sites containing Hyalinea balthica are younger than the base of the Jara

millo because it can not be excluded that they belong to the short Cobb Mountain even't with an age of 1.10 or 
1.19 Ma. 
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SITE 

MAM3 
MAM2 
MAM1 
MAM4 
MAM5 
MAM6 
MAM7 

REN5 
REN4 
REN3 
REN2 
REN 1 

REN7 
REN6 

LUZ9 
LUZ8 
LUZ7 
LUZ 10 
LUZ6 
LUZ3 
LUZ2 
LUZ 1 

LUZ5 
LUZ4 

SMA 5 

SMA 4 

SMA 3 

SMA 2 
SMA 1 

CSV 1 
CSV2 
CSV3 

FIR 1 

FIR 3 
FIR 2 
FIR 4 

strike dip 

210 13 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

0 0 
0 0 
0 0 
0 0 
0 0 

299 16 
299 16 

175 12 
175 12 
175 12 
175 12 
175 12 
175 12 
175 12 
175 12 

175 12 
175 12 

320 17 

0 0 

0 0 

215 23 
215 23 

58 2 
58 2 
58 2 

15 7 

23 27 
23 27 
325 2 

pol 

8
'i:! 
.~ 
....; 

.§ 
:§ 
~ 
:t: 

~ 
'::l 

~ 
c.:j 

~ 
~ 
.Q 
-9 

<:l() 
<::> 

'" l:: Age I Age 2 

R x x 06:10 < 1.45 < 1.58 
R x 01:08 < 1.45 <1.58 
R x 04:09 < 1.45 < 1.58 
R x x 01:02 < 1.45 < 1.58 
R x x x 00:10 1.35 - 1.45 1.50 - 1.58 
R x 01:09 1.35 - 1.66 1.50 - 1.79 
N 

I x 00:10 1.66 - 1.88 1.79 - 1.95 

R x 18:27 < 1.68 < 1.80 
R x 02:09 < 1.68 < 1.80 

R (?) 02:05 < 1.68 < 1.80 
R (?) 19:12 < 1.68 < 1.80 
R (?) x 11:10 < 1.68 < 1.80 

R x x 02:09 < 1.45 < 1.58 
R x - < 1.45 < 1.58 

N x x 01:01 < 1.10 (0.98) < 1.19 (1.07) 
N x x 01:09 < 1.10 (0.98) < 1.19 (1.07) 
R x x 05:03 < 1.45 < 1.58 
R x x - <1.45 < 1.58 
R x x 01:01 < 1,45 < 1.58 
R x 00:10 < 2.02 <2.09 
R x 01:10 <2.02 < 2.09 
R 00:09 ? ? 

R x x 11:02 < 1.45 < 1.58 
R x x 09:03 <1,45 < 1.58 

IR x 02:08 <2.02 <2.09 

R xl 00:10 <2.02 <2.09 

N xl 00:10 < 1.10 (0.98) < 1.19 (1.07) 

R (?) x 01:08 <2.02 <2.09 
R (?) ? ? 

R Pleist. Pleis!. 
R Pleis!. Pleis!. 
R Pleist. Pleist. 

N x x 02:18 < 1.1 0 (0.98) < 1.19 (1.07) 

R x 14:38 < 1.10 (0.92) < 1.19 (0.99) 
N x x 00:02 < 1.1 0 (0.98) < 1.19 (1.07) 
N x - < 1.10 (0.98) < 1.19 (1.07) 
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(jSITE strike dip pol Age 1-Sl Age 2E:: 

MAM3 210 13 R < 1.38 < 1.48 
MAM2 0 0 R x x < 1.38 < 1.48-
MAMI 0 0 R < 1.38 < 1.48 
MAM4 0 0 R x x < 1.48< 1.38 
MAM5 0 0 R 



MAM6 0 0 R 
MAM7 0 0 N <1% > 1.66 > 1.78 

--

REN5 0 0 R x < 1.59 < 1.70- -
REN4 0 0 R ? ?-- -
REN3 0 0 R (?) 
REN2 0 0 R (?) ? ?- - -
REN 1 0 0 R (?) 

LUZ9 175 12 N < 0.73 <0.78 
LUZ8 175 12 N <0.73 <0.78 
LUZ7 175 12 R 0.73 - 0.88 0.78 - 0.94 
LUZ 10 175 12 R 0.73 - 0.88 0.78 - 0.94 
LUZ6 175 12 R 0.73 - 0.88 0.78 - 0.94 
LUZ3 175 12 R 0.73 - 0.88 0.78 - 0.94 
LUZ2 175 12 R 0.73 - 0.88 0.78 - 0.94 
LUZI 175 12 R x <0.88 <0.94 

--

Table A3. Stratigraphic order, bedding orientation, polarity, calcareous nannofossil biostratigraphy and ages of 
selected Pleistocene sites. Samples are in stratigraphic order if no horizontal line indicated between them. Only 
sites indicated in bold have been analysed biostratigraphically on their calcareous nannofossil content. Ages 

are based on combining the biostratigraphy with the polarity and stratigraphic order of the sites and are given 
according to the conventional time scale of Berggren and others (1985: age 1) and the astronomical time scale 

(Shackleton and others, 1990; Hilgen, 1991a,b: age 2). The reversal recorded in the Luzzi section represents 
the Brunhes/Matuyama boundary. MAM 7 predates the first occurrence of medium-sized Gephyrocapsa and 

the normal polarity of this site most probably represents the Olduvai. 

Table A4 (next page). Stratigraphic order, bedding orientation, polarity, biostratigraphy and ages of sampled 
Miocene sites. Samples are in stratigraphic order if there is no extra spacing between them. Due to the lack of 

a consistent stratigraphic framework for the Mediterranean Miocene, only relative ages are assigned to the 
sites. In the stratigraphically longer sections, the partially dextrally coiled N. acostaensis assemblages indicate 

an early Tortonian age for SCO 3-7, BS 5 and 6 and all CRP sites. Similarly, sites SCO 1 and 2, and BS 1,3,4 
and 9 are of late Tortonian age because of the presence of persistently sinistrally coiled assemblages of N. 

acostaensis in combination with the absence of G. conomiozea. 
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0 Age 

SCO I 
SC02 

196 
335 

10 
2 

R 
R x 

x 

x 
x 

x 
10:00 
10:00 

late Tortonian 
late Tortonian 

SC07 
SC06 
SC05 
SC04 
SC03 

300 
300 
340 
340 
340 

23 
23 
18 
18 
18 

N 
(?) 
N 
R 
(?) 

x 

x 

x 
x 
x 

35:32 
27:22 
00:10 
00:10 
13:01 

early Tortonian 
early Tortonian 
early Tortonian 
early Tortonian 
early Tortonian 

I 

CRP2 
CRP3 
CRP5 
CRP4 
CRP 1 

273 
273 
273 
273 
273 

20 
20 
20 
20 
20 

R 
R 
N 
N 
N 

I 

x 
x 
x 
x 
x 

29:38 
01:13 
00:07 
00:19 
32:10 

early Tortonian 
early Tortonian 
early Tortonian 
early Tortonian 
early Tortonian 

BS 2 
BS 1 

14 
14 

10 
10 

N 
R 

x x 

x 

x 
x 

10:01 
15:03 

early Messinian 
late Tortonian 

BS 9 14 10 R x x 12:03 late Tortonian 
BS 3 0 0 N x x 08:00 late Tortonian 
BS 4 0 0 N x 09:01 late Tortonian 
BS 5 
BS 6 
BS 8 
BS 7 

0 
0 
21 
21 

0 
0 
7 
7 

R (?) 
R (?) 

(?) 
(?) I 

x 

x x 

x 

x 
06:14 
03:17 

-
-

early Tortonian 
early Tortonian 

Serrav. - earliest Tort. 
Serrav. - earliest Tort. 

CR 1 
CR2 

322 
322 

14 
14 

R 
R x 

x 
x 

12:00 
11:02 

late Tortonian (?) 
late Tortonian (?) 

CER2 42 13 R x x x 18:07 early Messinian 

CER3 
CER4 

27 
27 

12 
12 

(?) 
(?) x 

x 
x 

x 09:01 
10:00 

early Messinian 
early Messinian 

AM2 
AM I 

274 
274 

12 
12 

N 
N 

x? 
x 

x 
x 

09:01 
08:02 

late Tort. (- early Mes.) (?) 
late Tortonian ? 

AM3 183 13 R x x 10:00 late Tortonian (?) 

Table A4 (continued). The presence of sinistrally coiled assemblages ofN. acostaensis is also used to assign a 

late Tortonian age to CR 1 and 2, and AM 1-3, but this age assignment is less certain because these sites do not 
belong to stratigraphically long sections. The presence of G. partimlabiata point to a Serravallian to earliest 
Tortonian age for the stratigraphically lowermost BS sites 7 and 8. The presence of G. conomiozea points to an 

early Messinian age of sites CER 2-4 and the topmost BS site 2. 
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 R xl x
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~ GO 1 16 9
 N x
 00:10 4.13 - 4.47 4.50 - 4.89 
G02 16 9
 N x
 00:10 4.13 - 4.47 4.50 - 4.89 ~ 

CIJG03 16 9
 R 01:09 4.24 - 4.57 4.62 - 4.98 ZG06 16 9
 R x
 01:10 4.24 - 4.57 4.62 - 4.98 :;jG07 16 9
 R x
 03:07 4.24 - 4.57 4.62 - 4.98 tTl 
G08 16 9
 R x
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 x
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 ~ x
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SCA3 320 17
 N x
 00:10 2.47 - 3.08 (3.07) 2.60 - 3.22 (3.21) 
SCA2 320 17
 N x
 00:02 2.47 - 3.08 (3.07) 2.60 - 3.22 (3.21) 
SCA 1 320 17
 N 00:08x
 2.47 - 3.08 (3.07) 2.60 - 3.22 (3.21) 
SCA4 320 17
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Paleomagnetic evidence
 
for a major counter-clockwise rotation
 

in the middle Miocene for the Calabro-Peloritan block
 

Abstract: 

A paleomagnetic study of sediments from late Oligocene to late Miocene age covering the 

Calabro-Peloritan block in the central part of the Tyrrhenian arc system of the Central Mediter

ranean was made to detect tectonic rotations of this coherent tectonic block during the Miocene. 

The sampling sites are in the Crotone basin of northern Calabria (near the Sila mountains), in the 

Serre and Aspromonte mountains of southern Calabria, and in the Peloritani mountains of north

eastern Sicily. Earlier paleomagnetic studies produced extensive evidence for a uniform (15°) 

clockwise rotation phase during the middle Pleistocene for the entire Calabro-Peloritan block 

(Scheepers and others, 1993b, 1993c). The sites in late Tortonian and Messinian clays from the 

present study revealed a similar clockwise rotation as the Plio-Pleistocene cover in the area for the 

northern part of the block; to the south the differential rotation between the two time-intervals 

increases. Sites in early Miocene (and older) sediments show major counter-clockwise rotations 

for the whole block. We present evidence from both central and southern Calabria for a major 

(70°_80°) counter-clockwise rotation of the Calabro-Peloritan block. This rotation took place in 

the middle Miocene. There is some (minor) evidence for differential rotation between the Sila

Serre mountains on the one hand and the Aspromonte-Peloritan mountains on the other hand in the 

late Miocene. 
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1. Introduction 

The paleomagnetic study of tectonic rotations taking place in the Tyrrhenian arc system of the 

Central Mediterranean during the opening of the Tyrrhenian basin started recently (Alfa and others, 

1988; Sagnotti, 1992; Scheepers and Langereis, 1993a, 1993b; Scheepers and others, 1993a, 1993b, 

1993c). Paleomagnetic study of the Plio/pleistoeene sedimentary cover of the Calabro-Peloritan block 

showed that there is a general ISo clockwise rotation for this block, which is recorded rather consis

tently in the early Pliocene to early Pleistocene sediments for the whole block (Scheepers and others, 

1993b, 1993c). This ISO clockwise rotation phase was dated as having occurred in the middle Pleis

tocene (0.9 - 0.4 Ma); there are no tectonic rotations during the Pliocene for the Calabro-Peloritan 

block. In the present study the paleomagnetic results from sections/outcrops in Miocene sediments 

covering the Calabro-Peloritan block are presented and discussed in order to detect/complete the 

tectonic rotation history in the Miocene period. Sampling was done over the entire Calabro-Peloritan 

block in both northern and southern Calabria (in the toe of peninsular Italy) and on the northeastern 

part of Sicily (Figure 1). 

The Calabro-Peloritan block moved in southeastern direction from the early Miocene onwards 

(Cohen, 1980; Malinverno and Ryan, 1986). The block originates from the southern European margin 

along the Tethys basin (Alvarez and others, 1974) and can be considered as an element that overrides 

the Ionian foreland to the southeast. Roll-back of a sinking slab across the Western Mediterranean 

detached the Calabro-Peloritan block from the South European margin (Malinverno and Ryan, 1986). 

This fragmentation of the southern European margin of the Tethys basin starting in the early Miocene 

is paleomagnetically evidenced by a counter-clockwise rotation of Sardinia (Montigny and others, 

1981). The present study investigates possible tectonic rotations for the Calabro-Peloritan block 

during the earliest stage of this fragmentation process; if any rotation is present, this study also tries to 

give the timing of the rotations using the biostratigraphic age-estimates of the sampling sites. The 

geodynamic development of the Calabro-Peloritan block during the opening of the Tyrrhenian basin, 

following the fragmentation of the southern European margin, was already dealt with in other studies 

of the authors (Scheepers and others, 1993b, 1993c). 

2. Geologic setting 

For the earliest (pre-Tyrrhenian) development of the Calabro-Peloritan block, one can roughly 

distinguish two phases of basin evolution in the late Oligocene to early Miocene times (Meulenkamp 

and others, 1986). The first phase was during the late Oligocene and resulted in coarse conglomerates, 

passing upwards and laterally into fine grained sediments. The second phase started approximately at 

the transition from the Oligocene to the Miocene (Meulenkamp and others, 1986). Deposits of both 

periods, belonging to the so-called Stilo-Capo d'Orlando Formation are studied here; for a detailed 

description of this formation see Weltje (1992). 
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The contact zone between the Calabro-Peloritan block and the southern Apennines fold-and

thrust belt system to the north is the Pollino Fault zone; the major contact zone with the fold-and

thrust belt system of Sicily to the south is the Taormina Fault zone (Figure 1). The basement of the 

Calabrian arc is divided in two sectors (Bonardi and others, 1980; Boccaletti and others, 1984): a 

northern sector from the Pollino line to approximately the Mesima Valley (Sila and Serre mountains; 

Figure 2), and a southern sector from this Mesima Valley to the Taormina line (peloritani and Aspro

monte mountains; Figure 2). The deposits of the Stilo-Capo d'Orlando Formation crop out in the Serre 

and Aspromonte mountains of southern Calabria and in the Peloritan mountains of Sicily. 
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Figure 1. Structural map of the Tyrrhenian arc with the Calabro-Peloritan block in the centre (modified after 
Colella, 1988). This block is treated in this study. (1) Pliocene-recent sediments, (2) Tyrrhenian foreland, 
(3) Apennines-Maghrebides chain, (4) Calabro-Peloritan basement, (5) volcanic rocks, (6) faults, (7) thrust 

front. 
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Localities: (1) Basilicoi (BS), (2) Scala Coeli (SCO), (3) Cropalati (CRP), (4) Lipuda (LP), (5) Crotonei 
(CR/LP), (6) Zagarise (ZG), (7) Cerisano-Cosenza (CER), (8) Amantea, (9) Stilo (ST), (10) Monte Limina 
(MC/TUN), (11) Antonimina area (GT), (12) Placanicia (PC), (13) Ursini (DR), (14) Benestare (BEN), (15) 
Motta San Giovanni (SG), (16) Bova Marina (BM 1-7), (17) Bova Superiore (BM 9-13), (18) Rometta (ROM). 

a t·::·:..:?·:.::.::·) 

b~ 

c~ 

d~ 

o 
o 

50 km 

....... 

Figure 2. Map of the Calabro-Peloritan block with the distribution of the sampling localities: (a) Pliocene
recent sediments (studied by Scheepers and others, 1993b, c), (b) Apenninic units covered by Miocene 
sediments, (c) Apennines-Maghrebides chain, (d) Calabro-Peloritan basement, (e) volcanic rocks, (f) faults, 
(g) sampling locality in late Oligocene - early Miocene rocks of the Stilo Capo d'Orlando formation, (h) sam 

pIing locality in middle/late Miocene rocks. 

For the development during the opening of the Tyrrhenian basin, according to Van Dijk ( 1991), 

the evolution of the Crotone basin can be divided into four different stages, which are separated by 

main tectonic phases. From Serravallian to the early Messinian and from the late Pliocene to the early 

Pleistocene there are phases of basin subsidence. These two stages are separated by a middle Mes

sinian to early Pliocene stage with high (mainly) tectonic activity. Starting from the late Pleistocene 
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there is the uplift of the whole area. There are two major Neogene onshore basins bordering the Sila 

massif in northern Calabria: these basins are the Crotone basin to the east and the Crati basin to the 

west and north of this Sila massif (Figure 2). The Crotone basin is located on the Ionian side of 

northern Calabria. The basin is filled with Neogene sediments onlapping the east side of the Sila 

crystalline basement. The northern part of the basin has extensive outcrops in (middle-late) Miocene 

clays, in the southern part Plio-Pleistocene clays are dominant, which were sampled earlier (Scheepers 

and others, 1993c). 

3. Sampling 

Sampling sites in Miocene sediments were taken from three parts of the Calabro-Peloritan block 

(Figure 2): (1) from the area east of the Sila mountains (Crotone basin) (frame A in Fig. 2), (2) from 

the area east of the Serre mountains (Spartivento basin) (frame B in Fig. 2), and (3) from the area of 

the Aspromonte-Peloritan mountains (frame C in Fig. 2). In an earlier studies, the results of three 

localities in late Miocene sediments of the Crati basin, west of the Sila mountains, were presented 

(Scheepers and others, I993c). 

In the field, the sampling sites were selected on lithological criteria. Sections/outcrops close to 

major faults or containing landslides were avoided. Fine-grained sediments were chosen because of 

their suitable magnetic properties and because their sedimentation rate is usually low enough to aver

age out, to a large extent, secular variations. Often some digging is necessary to reach these fresh 

clays. We took cylindrical standard cores of 25 mm diameter using an electric drill and portable gene

rator. The sites in the Stilo Capo d'Orlando formation (late Oligocene - early Miocene age) are in the 

fine grained levels of a conglomerate-sandy turbidites passing upwards into fine grained clays/silts. 

The sampled levels range in thickness from 10 to 100 em. The sites in middle to late Miocene 

sediments are in marine clays. The following localities are used for the present paper. 

3.J Sila massif (northern Calabria). East of the Sila massif in northern Calabria, the Miocene of the 

Crotone basin was studied using 40 sites at six different localities. In the northern part the Crotone 

basin extensive outcrops in Miocene clays exist. The late Miocene clays were already studied at two 

localities (Scheepers and others, 1993c). These localities are: (1) in the upper part of the Basilicoi 

section (locality I in Fig. 2) in the central part of the basin, and (2) near Scala Coeli in the north 

(locality 2 in Fig. 2). Paleomagnetic results from both localities reveal clockwise rotations (Basilicoi 

18° and Scala Coeli 20°). Plio/pleistocene sediments of the southeastern part of the Crotone basin 

reveal clockwise rotations of the same magnitude (Scheepers and others, 1993c). In the present paper, 

the results of supplementary sampling in Miocene sediments from the following five localities near 

the Sila mountains are reported, from north to south: (3) near Cropalati (loc. 3 in Fig. 2), (4) in the 

Lipuda valley (loc. 4 in Fig. 2), (5) supplementary sites in the middle/lower part of the same Basilicoi 

section (loc. I in Fig. 2), (6) near Crotonei (loc. 5 in Fig. 2) and (7) near Zagarise (loc. 6 in Fig. 2). 
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North of the village of Cropalati (loc. 3 in Fig. 2), we sampled five sites (CRP 1-5) in late Mio

cene clays (early Tortonian; see Table A4, appendix Chapter 5B) below the Calcare di Base; bedding 

tilt is 20° to the north. Along the western side of the Lipuda river valley (loc. 4 in Fig. 2) we sampled 

seven sites (LIP 1-7) in (sub)-horiwntal1y bedded clays oflate Miocene age. In the Basilicoi section 

(loc. 1 in Fig. 2), seven supplementary sites (BS 3-9) were drilled beneath the earlier treated BS 1-2 

sites. The sites are in clays of middle!1ate Miocene age (Serravallian - middle Tortonian; data see 

Table A4, appendix Chapter 5B). Further, we drilled five sites near the village of Crotonei (loc. 5 in 

Fig. 2): two sites (CR 1-2) were drilled in an outcrop 2 Ian southeast of Crotonei; these sites are of 

late Tortonian age (see Table A4, appendix Chapter 5B). Three sites (LP 1-3) were taken just east of 

the village Crotonei. The lithology consists of an alternation of sandstones and silts/clays; bedding tilt 

is about 20° to the northeast; this outcrop is in the lower part of the so-called Lepre formation, just 

below a submarine fan system belonging to an intra-Tortonian tectonic event. Near Zagarise (loc. 6 in 

Fig. 2) seven sites (ZG 1-7) were collected in middle!1ate Miocene sediments with bedding tilts 

between 30 and 65° and strikes between 13 and 147°. 

3.2 Serre Mountains (southern Calabria). For the area of the Serre mountains, the Miocene was 

studied at 24 sites in five different localities. For the most northern part of the area along the Stilaro 

river four sites (ST 1-4) in middle Miocene sediments were sampled (loc. 8 in Fig. 2); the sequence 

consists of an alteration of clays, silts and sandstones; this sequence is covered by conglomerates. 

Bedding tilt is some 30° to the east. For the southern part near Monte Lfmina (see also Pliocene 

sampling, in Scheepers and others, 1993a), we sampled five sites in late Miocene clay deposits 

(locality 6 in Fig. 2). Two sites near Monte Capra (MC 1-2); bedding tilt is slightly (8°) to the east. 

Further three sites near the western part of the new '1989' tunnel (TUN 1-3); bedding tilt (12°) is to the 

east-northeast. 

Early Miocene sediments of the Stilo Capo d'Orlando formation were sampled at three different 

localities. In the Antonimina area (loc. 7 in Fig. 2), six sites were sampled in the Fiumare di Grottella 

section (GT 1-6). The sampled section consists of an alternation of turbiditic sandstones and silty 

clays belonging to the first phase of basin evolution. The sediments were relatively fresh because of 

the erosion by the river. The bedding plane dips between 14 and 21 ° to the southeast for the different 

sites here. In the Stilo area to the north (loc. lOin Fig. 2) four sites were drilled in the silty intervals 

of the outcrops along the road from Placanica to Pietra (PC 1-4), these deposits also belong to the first 

part of basin evolution and have a Late Oligocene (Chattian) age. The bedding plane dips between 31 

and 49° to the southeast. In the Allaro valley along the road to Ursini (locality 9 in Fig. 2), five sites 

(UR 1-5) were drilled in the sediments of Aquitanian-Burdigalian age belonging to the second part of 

basin. The bedding plane dips between 10 and 16° to the east-southeast. 

3.3 Aspromonte-Peloritan mountains (southern Calabria, Sicily). For the Aspromonte-Peloritan 

mountains, the Miocene was studied at 27 sites in four different localities. The middle!1ate Miocene 

cover was sampled at two different localities: near Benestare (loc. 5 in Fig. 2) and near Motta San 
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Giovanni (Ioc. 2 in Fig. 2). Near Benestare six sites (BEN 1-6) were collected in late Miocene clays. 

Near Motta San Giovanni four sites (SG 1-4) were collected in middle Miocene clays. 

The early Miocene cover was sampled at two localities: in the Bova area of southern Calabria 

(localities 3, 4 in Fig. 2) and in the Rometta area (loc. I in Fig. 2) of northeastern Sicily. In the Bova 

area, deposits of the second phase of basin evolution (Aquitanian - Burdigalian age) are exposed. Silty 

clays are sampled in the Bova Marina area (BM 1-7) along the Ionian coast, and in the Bova Superiore 

area (BM 9-13), about 1 kID above sea-level. In the Bova Superiore area the bedding plane dips 

between 25 and 30° to the southwest (strike between 134 and 162°) for the different sites located 

directly south of the village. In the Sova Marina area, different kind of bedding plane dips occur; dip 

between 6 and 30° and strike between 138 and 305°. Near the Peloritan mountains of northeastern 

Sicily sampling was carried out in the Rometta area; five sites (ROM 1-5) were collected here; 

bedding tilt are between 2 and 29°; strike is between 316 and 63°. 

4. Laboratory treatment 

The NRM was measured with a digitised JR-3 spinner magnetometer and a 2G cryogenic mag

netometer (different per sample). Generally six specimens per site were analysed using progressive 

stepwise thermal demagnetisation over temperature increments between 20 and 50°C, starting from 

room temperature to the limit of reproducible results. The bulk susceptibility of the samples during 

thermal treaunent was measured for some pilot-samples on a Bartington (MS2) susceptometer, to 

detect any changes in magnetic mineralogy. Maximum demagnetisation temperatures were confined 

by the limit of reproducible results. This limit was strongly determined by a large increase in low-field 

susceptibility and viscous behaviour at temperatures higher than 350/450 °C. The viscous behaviour 

relative to the remanent magnetisation then becomes too large to measure a meaningful remanence 

direction. 

Demagnetisation diagrams (Zijderveld, 1967) were used to determine the NRM components for 

each demagnetised sample. If there are at least 4 data-points lying along a line with a maximum angu

lar deviation below 15°, the magnetisation components were determined by least squares fitting of 

lines through the selected data-points (Kirschvink, 1985). This method is called the direct approach in 

this paper. The magnetisation vectors were combined using Fisher (1953) statistics to calculate mean 

directions per site and afterwards per section/locality. For some samples, there was not a convincing 

linear decrease to the origin. In that case - if there is another NRM component interfering with the 

(characteristic) magnetisation -least squares planes (great circles) were calculated through the two 

NRM components. The great circles of the samples from one site are then combined - according to 

McFadden and McElhinny (1988) - to calculate the 'hidden' component. This method is called the 

great circle method in this paper. If there are also samples from the same site where the characteristic 

magnetisation component is directly determined ('setpoints'), then the calculation of the mean direc

tion of the site is carried out by combining the setpoints and great circles (McFadden and McElhinny, 
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1988). This method is called the combination method in this paper. Many samples of this collection 

have a scatter behaviour because of very low NRM intensities. In that case - if there is also not a clear 

secondary magnetisation - the demagnetisation data from the individual specimens of the site are 

stacked (Scheepers and Zijderveld, 1992). The temperature intervals with minima in the 0<)5 of the 

stacked sum vector and/or the stacked difference vector were used for the least square fitting of lines 

through the stacked data-points of that temperature interval. This method is called the stacking method 

in this paper. Samples for which none of the methods is successful were rejected for the present study. 

5. Results 

The results of the demagnetisation measurements of the present study are given below for the 

three areas covering the Calabro-Peloritan block. The localities which have only negative results 

(rejected sites) are not (always) treated separately in this paragraph. 

5.1 Sila mountains 

The demagnetisation results from the area near the Sila mountains were (only) successful for the 

Cropalati and Basilicoi section. The remaining localities could not be used to extract rotational data. 

Cropalati section (late Miocene). Initial NRM intensities are between 0.2 and 4.9 mAIm. The de

magnetisation diagrams are very good for sites CRP 1-2 (Figure 3A, B); there is a clear linear decay 

to the origin between 300/400 up to 620°C, the direct method could be applied to calculate the final 

(magnetite) magnetisation component. The demagnetisation diagrams of sites CRP 3-5 are still good 

enough to use the direct method as well. The final high-temperature (RT) magnetisation component 

for the clays of the Cropalati section shows a counter-clockwise rotation: averaging the four sites of 

the Cropalati section (outcrop containing sites CRP 4-5 was considered as one site in the calculation, 

because of the relative poor results): D = 344.7° and 1 = 30.0° (k=86; Table 1). This implies alSom m 

counter-clockwise rotation for the Cropalati section relative to magnetic North. Inclination values are 

very low compared to the expected values of the geocentric axial dipole (GAD) field of the locality; 

normal and reversed polarity samples are quite anti-parallel (Table 1). 

Basilicoi section (middle/late Miocene). The sites from the top part of the Basilicoi section have 

high NRM intensities, between 6 and 71 mNm. The mean direction of the 10 samples from the top 

part of the Basilicoi section (sites BS 1-2) shows a clear 17° clockwise rotation (Scheepers and others, 

1993c); D = 17.3° and 1 = 50.8° (k=83; Table I), which is similar to the clockwise rotation of them m 

northerly Scala Coeli section, which is late Miocene in age (Scheepers and others, 1993c). The 

middlellower sites of the Basilicoi section have initial NRM intensities between 1 and 10 mAim; sites 

BS 7-8 are rejected because of the very low initial NRM intensities (below 0.04 mNm). Maximum 

blocking temperatures are approximately 600°C for the sites of the middlellower part of the section 

(Figures 3D, E, F), whereas the two sites in the upper part have maximum blocking temperatures of 

340/360°C (Fig. 3C). The stratigraphic interval of the nine sites considered here contains at least four 
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Figure 3. Representative thermal demagnetisation diagrams of Miocene sediments from the Crotone basin 
(Sila mountains, northern Calabria). Closed symbols represent vector end-points projected on the horizontal 
plane (declination), open symbols are vertical plane projections (inclination). Abbreviations: CRP = Cropalati, 

BS =Basilicoi. Numbers in diagrams denote demagnetisation steps in °C. Direction and intensity of magne

tisation during thermal demagnetisation were analysed by vector diagram representation (Zijderveld, 1967); 
lines represent best fitting lines through data points using principal component analysis (Kirschvink, 1980). 
Plot (G) shows that part of the final directions was determined with the method of McFadden and McElhinny 

(1988). Plol (H) gives the calculation of the mean direction of site BS 6 using the great circle planes. 
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Tb N D I D(tc) I(tc) k a95 Int 

Cropalati section 
600 CRP I direct 6 329.7 42.8 336.6 25.4 75 7.8 1.55 
600 CRP2 direct 6 153.3 -55.0 162.2 -36.8 51 9.5 4.83 
450 CRP3 direct 6 158.0 -46.9 163.9 -28.4 37 11.1 O.ll 
450 CRP4-5 direct 7 354.0 48.4 356.2 28.6 32 10.8 0.10 

CRP 12 samples (tc) R 163.1 -32.6 42 6.8 
13 samples (tc) N 346.9 27.5 30 7.7 

CRP section 4 sites (no tc) NR 338.7 48.7 86 10.0 
sites (tc) NR 344.7 30.0 86 10.0 

Basilicoi section 
380 BS2 direct 7 2.8 53.2 15.7 54.0 161 4.8 5.50 
380 BS I direct 3 191.4 -43.4 200.4 -43.1 35 21.2 51.81 
600 BS9 direct 5 158.8 -33.1 166.1 -35.5 575 3.2 1.20 
600 BS 3 direct 6 354.8 60.5 354.8 60.5 401 3.3 4.20 
600 BS4 direct 7 329.6 53.9 329.6 53.9 210 4.2 9.96 
400 BS 5 (*) direct 7 283.3 17.0 283.3 17.0 99 6.1 2.30 
400 BS 6 (*) direct 6 281.8 33.1 281.8 33.1 llO 6.4 2.10 
(?) BS 5 great circle 6 97.9 -16.2 97.9 -16.2 130 5.9 1.80 
(?) BS 6 great circle 6 99.4 -32.9 99.4 -32.9 23 14.2 2.70 

BS 1&2 10 samples NR 17.3 50.8 67 6.0 
BS3&9 II samples NR 349.8 49.2 34 7.9 
BS4 7 samples N 329.6 53.9 210 4.2 
BS5&6 12 samples R 279.7 24.4 29 8.2 

Table 1. Paleomagnetic results from sites in Miocene sediments of the Sila mountains area (northern Calabria); 
Tb = unblocking temperature of final component; method = method of calculation of mean direction (see 
text), N= number of samples for calculation of mean direction, D(tc), I(tc) = declination, inclination (after 
bedding tilt correction), k= precision parameter, a95= cone of confidence at the 95% level, Int = intensity of 

final magnetisation component. 

polarity intervals (Table 1). The HT components calculated for the middle/lower sites show clear 

counter-clockwise rotations for both normal and reversed polarity magnetisations; the rotation angle, 

however, is not constant (compare Figs. 3C, 0, E, G). 

Sites BS 9 & BS 3 show small counter-clockwise rotations (Table 1; Fig. 3D, E). The mean 

direction of the 11 samples implies a 100 counter-clockwise rotation: Om = 349.80 and 1m = 49.20 

(k=34; Table 1). Site BS 4 has a still more significant counter-clockwise rotation for the HT compo

nent; the mean direction of the 7 samples implies a 300 counter-clockwise rotation here: Om = 329.60 

and 1 = 53.90 (k=21O; Table I). The lower two sites of the section (BS 5 & BS 6) show a linear m 

decay of the remanence from 100 to 420°C, clearly missing the origin (Fig. 3G). Therefore great circle 

planes were calculated per sample (Fig. 3G,lower part) to calculate the 'hidden' final component. The 

great circle planes of one single site intersect remarkably well (Figure 3H), implying a common HT 

component for the samples. This HT component has a major counter-clockwise rotation for the two 
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sites, determined from the great circle analysis (Figure 3H; Table 1): Dm = 279.7° and 1m = 24.4° 

(k=29; Table 1). Inclination values are very low for the compared to the expected values of the 

geocentric axial dipole (GAD) field of the locality. 

The rest. The other sites, sampled in the area east of the Sila mountains, i.e. near the Lipuda river 

(LIP 1-6), Crotonei (CR 1-2; LP 1-3) and zagarise (ZG 1-7) have very low initial NRM intensities, 

between 0.05 and 0.80 mNm. The demagnetisation diagrams are very poor; none of the methods was 

helpful to determine fmal direction; only a clear present-day field direction is present here. The sites 

of these localities were rejected for this study. 

5.2 Serre mountains 

StUo section (middle Miocene). Initial NRM intensities are between 0.05 and 0.18 mNm; there is 

one core with an initial NRM intensity of 1.8 mNm (Fig. 4B). The low-intensity samples have a com

ponent with a southerly declination removed between 100 and 400°C (Fig. 4A). There is no decay to 

the origin observed for these samples. From the great circles it appears that already from 100°C up

wards there are clearly two NRM components demagnetised (Figure 4A: right part). Because some 

low-intensity samples of the Stilo area have a final component Visually demagnelised to the origin 

(Fig. 4B, C), we applied the combined method to calculate the fmal component per site (Table 2). 

This results in four mean directions, which are quite poorly determined (5 < k < 20). Nevertheless, the 

overall mean direction using the four site mean directions results in a quite consistent vector, implying 

31° of clockwise rotation: Dm = 30.8° and 1m = 54.4° (k=57; Table 2). Because of the minor changes 

in bedding tilt, there is a small improvement of the clustering after bedding tilt correction. 

Monte Umina area (late Miocene). Initial NRM intensities are extremely low here for the Miocene 

clays; between 0.07 and 0.20 mNm for the Monte Capra (MC 1-2) outcrop and between 0.05 and 

0.19 mNm for the sites near the tunnel (TUN 1-3). Because of the absence of a secondary magne

tisation, we had to apply the stacking method here (Fig. 4D, E). The overall mean direction using the 

three site mean directions also results in a quite consistent vector, implying 29° of clockwise rotation, 

which is in accordance to the established tectonic rotation for the late Miocene sites of the Monte 

Llmina area: Dm = 209.2° and 1m = -37.9° (k=46; Table 2). 

Antonimina area (late Oligocene). For the late Oligocene sediments in the Antonimina area the 

NRM intensities are between 0.15 and 2.9 mNm. Between 100 and 300/350°C a secondary mag

netisation is removed (Figure 4F, G). At 350°C a stable magnetisation vector is reached, which is 

hardly removed upon further demagnetisation (Figure 4G). At 460/5OO°C, the bulk susceptibility 

increases drastically; all consistency in the demagnetisation diagrams is lost. Therefore, we used the 

temperature-steps between 350 and 450°C (including the origin) to calculate the final remanent mag

netisation vector. The four mean directions are poorly determined (5 < k < 17, Table 2). The mean 

direction for the sites of the Antonimina area implies a 62° counter-clockwise rotation relative to 

magnetic North for the late Oligocene sediments of the Stilo Capo d'Orlando formation: Dm = 118.5° 

and Im= -35.1° (k= 14; Table 2). 
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Figure 4. Representative thermal demagnetisation diagrams of sediments from the area east of the Serre 
mountains (southern Calabria). Abbreviations: GT = Grottella (Antonimina area), TUN = Monte Limina area 

(Tunnel), ST =Stilo, MC =Monte Limina area (Monte Capra). (*) shows diagrams constructed after stacking 

all the data of the site. See caption to Figure 3. 
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Tb N D I D(tc) I(tc) k a95 Int 

Sti/o area 
[7] 51' 1 combined 11 330.0 63.2 35.2 60.7 7 18.5 0.03 
[7] 51'2 combined 11 353.0 53.7 31.5 45.7 5 21.7 0.D3 
[?] 51' 3 combined 12 337.3 47.2 12.0 61.6 19 10.2 0.06 
[7] 51'4 combined 10 8.7 47.7 39.9 47.6 18 11.7 0.16 
[7] ST 1 stacking 6 341.8 57.5 30.4 53.0 mad 11.4 0.02 
[7] ST2 stacking 6 14.7 65.2 54.1 45.1 mad 9.7 0.02 
[7] ST 3 stacking 6 320.9 53.2 2.9 73.2 mad 11.6 0.05 
[?] ST4 stacking 5 4.4 45.4 34.3 47.8 mad 5.0 0.04 

ST 1-4 combined 4 sites (no tc) N 348.6 53.9 41 14.5 0.07 
sites (tc) N 30.8 54.3 57 12.3 0.07 

S1' 1-4 stacking 4 sites (no tc) N 349.5 57.0 27 17.9 0.D3 
sites (tc) N 35.5 55.7 25 18.9 0.D3 

Monte L{mina area 
400 MC1 stacking 6 214.0 -40.4 220.7 -39.7 mad 13.0 0.02 
400 MC2 stacking 6 208.8 -35.9 214.6 -36.0 mad 8.4 0.07 
360 TUN 1 stacking 6 182.4 -40.6 192.9 -36.2 mad 3.9 0.06 

MC-TUN stacking 3 sites (no tc) R 203.3 -39.4 51 17.5 0.05 
sites (tc) R 209.9 -37.4 54 16.9 0.05 

Fiumare di Grottella 
500 GT2-3 direct 3 145.4 -10.4 148.9 -29.5 16 31.7 0.20 
500 GT4 direct 5 104.6 -25.3 100.0 -37.1 7 30.0 0.71 
500 GT5 direct 8 100.7 -29.6 94.1 -41.6 12 16.8 0.40 
500 GT6 direct 4 126.9 -9.4 126.3 -24.2 5 48.2 0.35 

GT2-6 direct 4 sites (no tc) R 120.2 -19.6 14 25.9 0.42 
4 sites (tc) R 118.5 -35.1 14 26.0 0.42 

Table 2. Paleomagnetic results from the sites in Miocene sediments of the Serre mountains area (southern 
Calabria). The sites from the Stilo area (ST) were calculated with the combined method and the stacking 

method separately; the results are quite identical. See also caption to Table 1. 

5.3 Aspromonte-Peloritan mountains 

Motta San Giovanni (middle Miocene). Initial NRM intensities are between 0.04 and 0.44 mNm 

for the middle Miocene clays of Motta San Giovanni. Because of the secondary magnetisation 

removed between 100 artd 2601300°C, artd the overlap with the final component, we calculated the 

great circle plarte for the samples (Fig. SA). These great circle p1artes were combined with the stable 

magnetisations measured between 300 artd 3S0°C to calculate a meart direction per site (Figure SC). 

These mean directions are poorly determined (Table 3). Nevertheless. comparison with the directions 

calculated after stacking (Figure SB) shows that the result for the overall mean direction is quite con
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sistent for the applied methods (Table 3). The mean direction for the sites implies a major (62°) 

clockwise rotation for the middle Miocene sediments: 0m=62.4°, Im= 47.8° (k= 25; Table 3). 

Bova area (early Miocene). A viscous component is removed at 100°C. Generally, a component 

with a present day field direction (without tectonic tilt correction), is removed between 100 and 200

250°C and is of secondary origin. A final (RT) magnetisation is reached only for a few sites (Fig. 50, 

5E). All samples acquire viscous magnetisations between 450 and 500°C; it was not possible to record 

the final break down of remanent magnetisation. The mean direction of all sites using both nonnal and 

reversed polarities is 0m= 346.2°, Im= 46.9° (k=68; Table 3) after tectonic tilt correction; before tec

tonic tilt correction the clustering ofthis mean direction is less (k=15) supporting the primary origin 

of the RT-magnetisation. 

Tb N D I D(tc) I(tc) k a95 Int 

Motta San Giovanni 
360 SG 1 combined 8 270.1 -16.5 262.4 -43.8 6 26.1 0.08 
360 SG2 combined 9 60.1 28.8 40.3 43.6 17 13.0 0.04 
360 SG3 combined 8 90.2 42.5 81.7 55.7 18 13.3 0.16 
360 SG4 combined 4 241.5 -36.1 229.8 -42.0 8 34.5 0.07 
360 SG 1 stacking 6 279.2 -0.7 277.2 -29.9 mad 18.8 0.04 
360 SG2 stacking 6 65.0 11.9 55.6 31.0 mad 5.4 0.03 
360 SG3 stacking 7 69.7 58.3 82.1 46.6 mad 2.4 0.11 
360 SG4 stacking 7 241.5 -36.1 229.8 -42.0 mad 8.9 0.06 

SG 1-4 combined 4 sites (no tc) NR 75.5 31.8 20 21.1 0.09 
sites (tc) NR 62.4 47.8 25 18.6 0.09 

SG 1-4 stacking 4 sites (no tc) NR 65.5 23.8 5 47.0 0.06 
sites (tc) NR 62.7 34.0 7 37.4 0.06 

Bova area 
600 BM1 direct 6 358.0 48.1 351.3 52.3 78 7.7 1.54 
600 BM2 direct 6 358.0 36.0 352.9 40.9 375 3.5 4.76 
600 BM3 direct 6 318.4 54.4 336.6 48.4 66 8.3 0.62 
600 BM4 direct 6 267.3 72.5 327.1 57.0 136 5.8 0.90 
600 BM5 direct 3 344.8 36.9 344.1 31.0 53 10.6 0.42 
600 BM6 direct 8 182.1 -36.6 167.8 -38.4 262 3.4 5.95 
600 BM9 direct 4 1.4 33.6 342.2 44.6 51 13.0 1.05 
600 BMIO direct 4 17.0 37.5 356.5 47.8 266 5.6 0.42 
600 BM 11 direct 4 7.2 35.8 346.8 54.6 100 9.2 0.31 
600 BM 12 direct 3 14.5 33.5 353.7 50.9 213 8.5 0.25 

BM 1-12 10 sites (no tc) NR 357.0 44.6 15 13.0 
10 sites (tc) NR 346.2 46.9 68 5.9 

Table 3. Paleomagnetic results from sites in Miocene sediments of the Aspromonte-Pe10ritan mountains area 
(southern Calabria, Sicily). The sites from the Motta San Giovanni area (SG) were calculated with the com 
bined method and the stacking method separately; the results are quite identical. See also caption to Table 1. 
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Figure 5. Representative thermal demagnetisation diagrams of sediments from the area around the Aspromon
te·Peloritan mountains (southern Calabria, Sicily). Abbreviations: SG = Motta San Giovanni, BM = Bova area. 

See captions to Figures 3, 4. 

6. Discussion and tectonic implications 

6.1 middle Miocene rotation phase 

The final (HT) directions determined from the demagnetisation diagrams of the sediments, 

treated in this study, are considered as primary; these directions imply that there were major tectonic 

rotations during the Miocene period. In the northern part of the Crotone basin (Sila mountains, nor

thern part Calabro-Peloritan block), the differential counter-clockwise tectonic rotation between the 

Cropalati section (early Tortonian age) and the Scala CoeH section (early/late Tortonian age) is 35° 

(Fig. 6; Table 4). For the Basilicoi section in the central part of the same Crotone basin, the HT 

components calculated for the middle/lower sites (early Tortonian age) show clear counter-clockwise 

rotations for both normal and reversed polarity magnetisations, whereas the sites from the upper part 

(late Tortonian - Messinian age) show clockwise HT directions. So for this Basilicoi section there is a 
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remarkable trend observed in counter-clockwise rotations from the lower part (early Tortonian age) to 

clockwise rotations in the upper part of the section (Messinian): this trend corresponds to a nearly 98° 

counter-clockwise rotation episode (Fig. 6B, D, E, F; Table 4) during deposition of the clays in the 

Tortonian. However according to the estimated (early Tortonian) ages of the two sections in the north 

of the basin (Cropalati and Scala Coeli) and there mean directions which do not confirm a major 

counter-clockwise rotation episode in the Tortonian, there is no uniform rotation in this area during 

the late Miocene. 

(A) 

(D) 

Scala Coeli (SCD) 
early/late Tortonisn 

Basilico;: sites BS 3/9 
middle Tortonian 

(B) 

(E) 

Basilicoi: sites BS 1-2 
Messinian 

Basilico;: site BS 4 
early Tortonian 

(C) 

(F) 

Cropalali (CRP) 
early Tortonian 

Basilicoi: sites BS 5-6 
early Tortonisn 

o 

Figure 6. Equal area projection of final magnetisation components of samples from the Crotone basin (Sila 
mountains) showing differential rotations up to 98° counter-clockwise between the youngest (A, B) and the 
oldest sites (E, F). The dots represent the individual sample directions; full (open) dots denote downward 
(upward) projections. The circles give Fisher's (1953) u95 for the different site means. The lines represent the 

estimated tectonic rotations for the localities/intervals. 
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pol D(tc) 1(tc) k(tc) age ref. locality 

Sila mountains: Northern Calabria 
4 sections NR 10.5 51.1 120 early Pleisto [c) Crotone area 
3 sites R 28.5 50.4 13 early Plio [c) Belvedere (BEL) 
3 sites R 26.8 41.8 21 early Plio [c) Giu Dei (GO) 
6 samples R 19.7 57.6 37 lateMio [7] Cerisano-Cosenza (CER) 
3 sites NR 8.3 48.0 104 Messinian [8] Amantea area (AM) 

10 samples NR 17.3 50.8 67 Messinian [1 ] Basilicoi (BS) 
11 samples NR -10.2 49.2 34 middle Tort [1] Basilieoi (BS) 
5 sites NR 20.5 51.8 83 early Tort [2] Scala Coeli (SCO) 
4 sites NR -15.3 30.0 86 early Tort [3] Cropalati (CRP) 
7 samples N -30.4 53.9 210 early Tort [1] Basilicoi (BS) 

12 samples R -80.3 24.4 29 early Tort [I] Basilicoi (BS) 

(I) major tectonic instability (from these data) in late Miocene 
(II) no data from early Miocene 

Serre mountains: Southern Calabria 
5 intervals NR 9.1 50.5 91 late Plio [b] Upper Singa (CSU) 
8 intervals NR 14.4 42.4 173 early Plio [b] Lower Singa (CSL) 
4 sites N 13.3 45.0 95 early Plio [b) Monte Limina (ML) 
3 sites R 29.9 37.4 54 lateMio [10] Monte Limina (MC/TUN) 
4 sites N 30.8 54.3 57 middle Mio [9] Stilo (ST) 
4 sites R -61.5 35.1 14 late Oligo [11] Antonimina (GT) 

(I) clockwise rotation (15°) in the late Miocene - early Pliocene 
(II) major (92°) counter-clockwise rotation in the middle Miocene 

Aspromonte-Peloritan mountains: Southern Calabria, Sicily 
4 sites R 18.5 44.4 80 early Pleisto [b] Croce Valanidi (CV) 
4 sites NR 13.3 34.8 80 early Plio [b) Careri (CAR) 
8 intervals NR 3.9 45.2 59 early Plio [b) Capo Spartivento (CP) 
4 sites NR 62.4 47.8 25 middleMio [15] Motta San Giovanni (SG) 

10 sites NR -13.8 46.9 68 early Mio [16,17] Bova area (BM) 

(I) clockwise rotation (47°) in the late Miocene - early Pliocene 
(II) major (76°) counter-clockwise rotation in the middle Miocene 

Table 4. Summary of paleomagnetic results in early Miocene to Pleistocene sediments covering the Calabro

Peloritan block (plio/Pleistocene localities from Scheepers and others, 1993b, 1993c). For all three areas major 

counter-clockwise differential rotations exist between late Oligocene - early Miocene rocks and late Miocene 
rocks; for the southern part of the block minor clockwise differential rotations exist between the late Miocene 

and the early Pliocene. Further: pol =polarity (N =normal, R =reversed, NR =both polarities). Abbreviations 

(age): Oligo =Oligocene, Mio =Miocene, Plio =Pliocene, Pleisto =Pleistocene, (D) =upper, (L) =lower, 

(M) = middle. Ref. [number] gives the number of the locality in Figure 1, [b) refers to Scheepers and others 

(1993b), [c] to Scheepers and others (l993c). See also caption to Table 1. 
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For the Serre mountains in the central part of the Calabro-Peloritan block there is a major (92°) 

counter-clockwise differential rotation between the late Oligocene sites of the Antonimina area and 

the middle!late Miocene sites of the Stilo area (from -61.5° to 30.8°) (Table 4). For the Aspromonte 

mountains this differential counter-clockwise rotation is 76° between the late Oligocene sites of the 

Bova area (-14°) and the middle Miocene sites of the Motta San Giovanni area (62°) (Table 4). It 

comes out that differential rotations between the late Oligocene - early Miocene sediments on the one 

hand and the middle!late Miocene sediments on the other hand are quite consistent for both the Serre 

and the Aspromonte mountains. So, we have independent (on its own weak) evidence from two 

different areas for a major counter-clockwise rotation episode for the Calabro-Peloritan block during 

the middle Miocene (Table 4), probably during the middle Tortonian. The silexites of the Stilo-Capo 

d'Orlando formation are of early/middle Burdigalian age; they are found in various marine formations 

of Burdigalian age in the entire Western Mediterranean area (Lorenz, 1984). They reflect volcano

sedimentary deposits resulting of acid vulcanism, linked to increased tectonic activity in the Western 

Mediterranean area (Lorenz, 1984); these silexites were dated radiometrically at 19 ± 1 Ma (Bellon, 

1976). The rotation of Corsica-Sardinia was between 20.5 and 19 Ma (Montigny and others, 1981). 

The mean direction of early Miocene volcanics on Sardinia is (Montigny and others, 1981): D =329°m

and I =51° (k=50). Taking into account this rotation for Sardinia, our data presented in the present m

study imply that the Calabro-Peloritan block was south of Sardinia in the early Miocene. 

6.2 late Miocene rotation phase 

There is some (minor) evidence for differential rotation in the late Miocene between the Sila and 

Serre mountains on the northern pan of the Calabro-Peloritan block and the Aspromonte-Peloritani 

mountains on the southern part of the block. The differential rotation between the late Miocene 

sediments and the early Pliocene sediments sampled in earlier studies (Scheepers and others, 1993b, 

1993c) is increasing from north to south for the Calabro-Peloritan block. For the Sila mountains at the 

north of the block, there is no differential rotation between the two time-intervals; for the Serre 

mountains this differential rotation is about 15° and for the Peloritani-Aspromonte mountains at the 

southern part of the block, this value is 47° (Table 4). On a larger scale (whole arc), this same trend 

(with increase of differential rotations to the south) is observed; for the Southern Apenninic fold-and

thrust-belt system to the north there is no differential rotation observed between late Miocene and 

early Pliocene rocks (Chapter 4B; Scheepers and Langereis, 1993c). However, for the Sicily

Maghrebides fold-and-thrust-belt to the south, the differential rotation between late Miocene clays 

near Petralia Superiore and lower Pliocene outcrops is about 30° (Chapter 6B, this thesis). So the 

differential rotation is also increasing throughout the entire Tyrrhenian arc system. 
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Chapter Six
 
The Nrm results from Sicily 

Since brass, nor stone, nor earth, nor boundless sea,
 
But sad mortality o'ersways their power,
 

How with this rage shall beauty hold a plea,
 
Whose action is no stronger than afIower?
 

O! how shall summer's honey breath hold out
 
Against the wrachful siege ofbattering days,
 

When rocks impregnable are not so stout,
 
Nor gates of steel so strong, but Time decays?
 

o fearful meditation! where, alack,
 
Shall Time's best jewel from Time's chest lie hid?
 
Or what strong hand can hold his swift foot back?
 

Or who his spoil ofbeauty can forbid?
 

O! none, unless this miracle have might,
 
That in black ink my love may still shine bright.
 

William Shakespeare (1564-1616) 
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Analysis of NRM directions
 
from the Rossello composite:
 

implications for tectonic rotations
 
of the Caltanissetta basin (Sicily)
 

Abstract. 

The paleomagnetic results of the Pliocene marine marls from the Rossello composite 

section (Langereis and Hilgen, 1991) in the Caltanissetta basin of Sicily have been analysed to 

determine the amount and timing of tectonic rotations. 

The analysis shows that there is a consistent inclination error for the NRM component 

removed between 500 and 600°C - which may be caused by compaction of the sediment. 

Differences in inclination error throughout the composite section are related to a different carbo

nate content: a higher carbonate content implying less compaction and smaller inclination error. 

Furthermore, consistent differences are found between directions of normal and reversed polari

ties as well as between directions of the lower and upper part of the composite section. These 

differences are - at least to a large extent - related to differences in carbonate content, porosity 

and influence of weathering. 

The Caltanissetta basin shows a total clockwise rotation of 34° since the early Pliocene. 

The magnetostratigraphy of the Rossello composite section shows that from the Miocene/plio

cene boundary (5.2 Ma) until the Gilbert/Gauss boundary (3.6 Ma), there were no tectonic 

rotations for the Caltanissetta basin. Further, we speculate that 10° of this total clockwise rota

tion occurred during approximately Kaena times (circa 3.05 Ma), and that at least 24° of this 

clockwise rotation is younger than the Gauss!Matuyama boundary (2.6 Ma). 
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1. Introduction 

Detailed magnetostratigraphic studies of early to late Pliocene marine marls of the Caltanissetta 

basin of southern Sicily have revealed stable and consistent paleomagnetic directions during a contin

uous time span from approximately 5.2 to 2.6 Ma. Sofar, the paleomagnetic results have (only) been 

used to establish a reference magnetostratigraphy for the Pliocene, with the emphasis on dating bio

stratigraphic datum-levels and paleoclimatic changes in the Mediterranean area (Hilgen and Langereis, 

1988; Zachariasse and others, 1989; 1990; Langereis and Hilgen, 1991). Additional studies on the cy

clic nature of the sediments (Hilgen, 1987), related to the precession cycle of the Earth's orbit (Hilgen 

and Langereis. 1989), as well as on the rock magnetic properties (van Velzen and Zijderveld, 1990; 

1992) have been performed. The studied sedimentary sequences, embracing a time span of 2.6 Myr, 

have been combined into a single Rossello composite section (Langereis and Hilgen, 1991), that 

forms the basis of an extended astronomical polarity time scale (Hilgen, 1991). This composite sec

tion provides a chronostratigraphic framework which, together with the paleoagnetic directions, may 

be used to determine the timing and amount of block rotations of the Caltanissetta basin during and 

after the Pliocene. 

The Caltanissetta Basin is situated at the external side (Figure 1) of the Calabro-Sicilian Arc. 

This arc is situated between the Apenninic belt of peninsular Italy and the Maghrebian belt of northern 

Africa and Sicily. The Tyrrhenian basin is at the internal side of this arc; the opening/subsidence of 

the Tyrrhenian basin is linked to the southeastward migration of the central part of the arc (Calabro

Peloritan block, Figure 1). This Calabro-Peloritan block, which originates from the southern European 

margin of the Tethys basin (Alvarez and others. 1974), is considered as a "boat-shaped" element 

overriding the Ionian foreland (terminology after Van Dijk and Okkes, 1990). Roll-back of a sinking 

slab across the Western Mediterranean detached the Calabro-Peloritan block from the southern 

European margin (Malinverno and Ryan, 1986). This fragmentation of the southern European margin 

of the Tethys basin started in the early Miocene and is paleomagnetically evidenced by a counter

clockwise rotation of Sardinia (Montigny and others, 1981). Southeastward movement of the Calabro

Peloritan block caused a wave of folding across Sicily, progressively affecting more external zones. 

The aim of this study is to see whether this process affected the tectonic rotation history of sediments 

belonging to the Pliocene foredeep of this system. 

The Sicilian mainland is composed of five main tectonic units; the Ragusa platform, the Gela

Catania foredeep, the Caltanissetta basin, the Northern Sicilian chain and the Peloritan units (Fig. 1). 

The stratigraphic sequence of the Ragusa platform ranges from Triassic to Pliocene and is only mode

rately deformed. The Ragusa platform is the foreland for the other four main tectonic units of the 

Sicilian mainland. Paleomagnetic results show a 7° counter-elockwise rotation of the Ragusa platform 

with respect to magnetic North during the Plio-Pleistocene period (Besse and others, 1984). The Pelo

ritan units (northeast Sicily) and the Northern Sicilian chain are composed of different southward 

transported thrust sheets. The thrust sheets of western Sicily were paleomagnetically studied 
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(Channell and others, 1980; 1990); they reveal major clockwise rotations (between 45 and 120°). 

The Caltanissetta basin is a Pliocene foredeep; the subsidence of the Caltanissetta Basin is simul

taneous with the uplift of the Northern Sicilian chain (Grandjacquet and Mascle, 1978). The two areas 

are separated by the Monte Kumeta-Alcantara line (Figure I), a shear wne controlling this process 

(Ghisetti and Vezzani, 1981). In the Caltanissetta basin, immediately to the south of this Monte 

Kumeta-Alcantara line, the upper Miocene to lower Pliocene sequences have undergone intensive 
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Figure 1. General structural framework of the southern part of the Calabro-Sicilian arc. Sampling localities:
 

I = Eraclea Minoa, 2 = Punta di Maiata and Punta Piccola. further: K.A line = Monte Kumeta Alcantara line.
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defoooation. These folded sequences are often unconfoooably overlain by upper Pliocene to Pleisto

cene sediments (Grandjacquet and Mascle, 1978; Ghisetti and Vezzani, 1981). This reflects a mid

Pliocene compressional phase resulting in a total amount of shortening of 30 to 40 km, or 

approximately 36% (Ghisetti and Vezzani, 1982). 

2. The Rossello composite section 

The Rossello composite is made up of three cliff sections along the south-west coast of Sicily in 

the Caltanissetta basin: the Eraclea Minoa (EM) section in the Capo Bianca area, the Punta di Maiata 

(PM) section and the Punta Piccola (PP) section both in the Capo Rossello area (Figure 1; see also 

Langereis and Hilgen, 1991). Two consecutive foooations have been sampled in the three studied 

sections. The early Pliocene Trubi foooation confoooably overlays Messinian deposits and consists of 

rhythmically bedded white/grey marine marls (Hilgen, 1987). This Trubi foooation is exposed in the 

EM and PM sections and in the lower part of the PP section. The late Pliocene Narbone foooation 

consists of rhythmically bedded marly clays, locally with sapropelitic interbeds (Hilgen, 1987). This 

foooation is exposed in the upper part of the PP section. 

The composite section was sampled at 257 levels (EM-50, PM-116, PP-91). The average 

sampling interval is approximately 60 cm, corresponding to an age resolution of 10 kyr. Sampling 

was carried out following routine procedures, Le. using an electric water cooled drill and a generator 

as power supply. Generally, two cores of 2.5 cm diameter were taken per level, yielding two or three 

standard sized specimens (22 mm height) each. In teoos of time, each sample represents approxi

mately 500 years of magnetic history; secular variation is partly averaged out within a single speci

men. Care was taken to remove the weathered surface in order to drill in fresh (blue coloured) 

sediments. This proved to be more difficult in the more carbonate-rich lower part of the Rossello 

composite (EM) than in the relatively carbonate-poor upper part (PP). 

3. Demagnetisation of NRM 

The natural remanent magnetisation (NRM) was measured on a 2G-Enterprises cryogenic magne

tometer. Generally, two specimens per sampling level were demagnetised by means of stepwise ther

mal demagnetisation with relatively small temperature increments (3D-50°C). Representative demag

netisation diagrams (Figure 2) show that a small viscous component is removed at 100°C. Usually, a 

component with a present-day field direction is removed between 100 and 200-250°C (Figure 2D, E, 

G, H). This secondary component is of subrecent origin, most probably induced in the sediment due 

to weathering. In the higher part of the composite section (PP) there is almost no secondary magneti

sation (Figure 2A, B). All high-intensity samples (JNRM > 1 mNm) show a clear linear decrease to 

the origin for the last part of the demagnetisation diagram reflecting the demagnetisation of a charac

teristic remanent magnetisation (ChRM) consisting of both a low temperature (LT) component, and 
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a high temperature (HT) component. Both components are carried by (single-domain) magnetite 

(Van Hoof and others, 1993; van Velzen and Zijderve1d, 1990) rather than by pyrrhotite and magnetite 

(Langereis and Hilgen, 1991). Both LT and HTcomponent represent a near-depositional signal, 

although a (relative) depth lag in NRM acquisition may occur (Van Hoof and Langereis, 1991). 
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Figure 2. Representative thermal demagnetisation diagrams (Zijderveld, 1967) of selected samples from the 
Punta Piccola (PP), the Punta Maiata (PM) and the Eraclea Minoa (EM) sections. Solid (open) circles denote 
projection on the horizontal (vertical) plane. Numbers demagnetisation steps in °C; JNRM is the initial NRM 

intensity. All diagrams are corrected for bedding tilt. 

235 



SCHEEPERS, TECTONIC ROTATIONS IN THE TYRRHENIAN ARC SYSTEM 

The temperature where this linear decrease starts is mostly after removal of the secondary 

component, at 250°C, but in some parts of the composite section higher temperatures are needed. For 

the lower part (EM) of the composite section, a stable endpoint direction is reached only above 510°C 

(Figure 2H), implying a very large overlap of mainly the LT component with the secondary compo

nent (see also: van Velzen and Zijderveld, 1990), and probably caused by maghemization through 

weathering (Van Velzen and Zijderveld, 1993). We used the HTcomponent to represent the ChRM 

directions. In the lowermost part of the Punta Maiata section, however, the HT component is entirely 

or mostly absent, and only the LT component is removed, at temperatures of 350°C or somewhat 

higher. Demagnetisation at higher temperatures either produces randomly directed (viscous) magne

tisation, or a cluster around the vector endpoints at 330-360°C (Langereis and Hilgen, 1991). FQr this 

(small) interval, we used the LT component to represent the ChRM directions. 

The demagnetisation diagrams show that the maximum blocking temperature is close to 580°C 

indicating magnetite is the magnetic mineral carrying the HT component (van Velzen and Zijderveld, 

1990). Sometimes, maximum blocking temperatures are slightly higher than 580°C (Figure 2), which 

may be due to cation-deficient magnetite (e.g. Heider and Dunlop, 1987) or maghemization of magne

tite (Van Velzen and Zijderveld, 1993). For the present study, only good quality demagnetisation 

results have been selected. This means that low-intensity samples or samples showing a strong 

secondary overprint (e.g. sample PM 42.lA in Figure 2E) have not been used in the calculation of 

mean directions. In addition, samples close « 50 cm) to a reversal boundary have been avoided. 

These criteria resulted for the EM section in the use of 44 levels (88%), for the PM section in 99 

levels (85%) and for the PP section in 80 levels (88%). 

4. Paleomagnetic results 

The ChRM component directions as a function of the stratigraphic position (Figure 3) show a 

pattern of normal and reversed polarity zones. The EM section embraces the lower part of the Gilbert 

Chronozone (Hilgen and Langereis, 1988) and includes the normal polarity Thvera and Sidufjall sub

chronozones. The normal polarity zones in the PM section represent the Sidufjall, the Nunivak and 

Cochiti subchronozones (Langereis and Hilgen, 1991). The lower reversed polarity zone in the PP 

section is the upper part of the Gilbert Cbron, the other two reversed polarity zones represent the 

Mammoth and Kaena subchronozones in the Gauss Chronozone (zachariasse and others, 1989; 1990). 

The stratigraphic positions of the samples have been converted to ages by linear inter-polation 

between the reversal boundaries as calibration points using the geomagnetic polarity timescale of 

Berggren et al (1985). The new timescales CK92 (Cande and Kent, 1992) and H9l (Hilgen, 1991) 

would slightly alter these ages. Where appropriate, the new ages are given in the discussion. A mean 

direction (Fisher, 1953) was first calculated for every sampled level, subsequently a mean direction 

for each polarity zone was determined (Table 1) giving equal weight to the level mean directions. In 

addition, a mean direction for all normal and for all reversed levels in each section was calculated 

(Table 1). 

236 



CHAPTER 6A: ANALYSIS OF NRM DIRECTIONS FROM THE ROSSELLO COMPOSITE 

Inclinations of the HT component are consistently shallower than the geocentric axial dipole in

clination (57.5°) for the locality or than the present-day inclination (52°). An inclination error has 

been suggested to support the primary origin of the HT magnetisation (Laj and others, 1982). Decli

nations show a considerable clockwise rotation (Table 1; Figure 4). The mean directions furthermore 
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Figure 3. Declination and inclination of the ChRM component of all samples used for the analysis of direc
tions in this study in the Eraclea Minoa (squares), Punta Maiata (triangles) and Punta Piccola (circles) sections. 
Black (white) denotes normal (reversed) polarity. Dashed line indicates declination (0°) and inclination (57.so) 
of the geocenuic axial dipole field for the present latitude of the locality. The top of the Sl:Ction includes the 

GausslMatuyama boundary: reversed directions are present, but not used for this analysis. 
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Age (Ma) N D(tc) I(tc) k a95 carb(%) sd SP-ratio sd Int sd 

Punta Piccola section 
PP1 2.47-2.92 32 
PP2 Kaena 12 
PP3 2.99-3.08 8 
PP4 Mammoth 9 
PP5 3.18-3.40 19 
PP6 3.40-3.44* 6 

24.5 
203.9 

34.7 
204.2 

32.8 
203.4 

42.2 
-37.6 
41.4 

-37.9 
40.1 

-33.1 

122 
219 

50 
104 
235 
192 

2.3 
2.9 
7.9 
5.1 
2.2 
4.8 

48.83 
49.07 
55.08 
57.85 
61.37 
63.86 

7.77 
8.33 
6.30 
5.80 
5.92 
3.88 

0.32 
0.39 
0.78 
0.55 
0.39 
1.24 

0.39 
0.28 
0.80 
0.62 
0.43 
0.84 

5.77 
5.24 
2.83 
3.34 
4.68 
1.45 

3.51 
2.06 
2.72 
1.77 
1.77 
0.68 

Normal 
Reversed 

59 
27 

28.6 
203.9 

41.5 
·36.7 

101 
154 

1.9 
2.2 

Punta di Maiata section 
PM1 3.40-3.88 49 
PM2 Cochiti 8 
PM3 3.97-4.10 17 
PM4 Nunivak 12 
PM5 4.24-4.40 13 

219.2 
29.5 

214.7 
31.5 

219.8 

-39.4 
49.6 

-41.0 
50.9 

-42.5 

66 
145 
72 

162 
28 

2.5 
4.6 
4.2 
3.4 
8.0 

66.04 
65.42 
72.32 
72.81 
73.20 

6.94 
6.06 
7.93 
5.75 
7.22 

1.35 
1.48 
1.84 
1.93 
3.03 

0.80 
1.13 
1.37 
1.58 
2.55 

1.95 
1.42 
1.00 
0.79 
0.03 

2.13 
1.11 
1.12 
0.78 
om 

Normal 
Reversed 

20 
79 

30.7 
218.3 

50.4 
.40.2 

160 
55 

2.6 
2.2 

Eraclea Minoa section 
EM1 4.24-4.40 13 
EM2 Sidufjall 4 
EM3 4.47-4.57 7 
EM4 Thvera 11 
EMS 4.77-4.86* 4 

223.2 
25.8 

222.1 
30.4 

221.5 

-44.9 
45.3 

-41.4 
47.4 

-50.3 

56 
147 
86 
72 
83 

5.6 
7.6 
6.6 
5.4 

10.1 

73.20 
73.28 
70.81 
70.54 
75.35 

7.22 
6.04 
7.72 
7.58 
6.80 

3.03 
2.94 
1.85 
1.55 
4.56 

2.55 
1.89 
1.05 
1.06 
4.96 

2.05 
0.95 
3.88 
4.74 
1.15 

1.82 
0.57 
3.15 
2.85 
1.33 

Normal 
Reversed 

15 
24 

29.1 
222.6 

46.8 
-44.8 

84 
66 

4.2 
3.7 

Table 1. Mean directions of the different polarity zones from the Rossello composite section. Left part: N= 
number of the used levels, D, I = declination, inclination after tilt correction, k= precision parameter, a95= 

cone of confidence on the 95% level. Right part: average carbonate content, SP-ratio and ChRM intensity for 

polarity zones of the Rossello composite section and their respective standard deviation (sd). Asterisk (*) 

denotes extrapolation based on average sedimentation rate of underlying/overlying polarity zone. Only 

intervals with more than 3 levels are shown. 

Figure 4 (next page). Carbonate content, SP-ratio and mean ChRM direction per polarity zone for the Rossello 

composite section. The SP-ratio represents the ratio between the intensity of the present-day field secondary 

magnetisation (Le. between 100 and 2001250°C) and the intensity of the primary magnetisation (480/510°C). 

(A-B) Running mean (N=20) for (A) the carbonate content (data after Hilgen and Langereis, 1989) and (B) the 

SP-ratio. (C-D): Mean ChRM direction (declination, indination) per polarity zone. Symbols as in Figure 3. 

Closed symbols represent normal directions, open symbols reversed directions (minus 180°). Horizontal bar 
denotes a95, vertical bar duration of polarity zone. The dark (light) shaded area gives the trend for normal 

(reversed) polarity means. 
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SCHEEPERS: TECTONIC ROTATIONS IN THE TYRRHENIAN ARC SYSTEM 

show that there is a systematic difference - both in declination and inclination - between normal and 

reversed polarity zones. The mean directions of zones with the same polarity are consistently the same 

in one section. The inclinations of reversed polarity are always shallower Lhan the inclinations of nor

mal polarity. The inclination error varies from 7-17° in the PM section, 10-12° in the EM section to 

16-21° in the PP section. There is a considerable increase in the inclination error between 3.8 and 3.5 

Ma. In this interval it increases from an average 11.5° for the Gilbert Chron to 18.5° for the Gauss 

Chron (see Table 1). 

Declinations are not antiparallel for the three sections. For the PM and the EM sections, the decli

nations of reversed polarity show a significantly larger clockwise deviation (38-43°) than the normal 

declinations (29-31°) (Table 1; Fig. 4). In contrast, for the PP section the declinations of reversed 

polarity show a smaller clockwise deviation (24°) than those of normal polarity (29°) (Fig. 4; Tab. 1). 
,,," 

Despite these differences, it may be concluded that there is a major clockwise rotation: all declinations 

significantly and consistently deviate from North. 

5. Discussion 

5.1 Non-antipodality ojChRM components 

There are different aspects which may explain the observed deviations in inclination and declina

tion between normal and reversed polarity zones. Generally, the most important physical processes 

which affect the inclination are plate movements and compaction of the sediment. The average incli

nations of the Rossello composite (45 0 in EM-PM decreasing to 39° in PP) are significantly shallower 

than the inclinations of Pliocene volcanic rocks covering the Ragusa platform presented in earlier stu

dies (Grasso and others, 1983; Barberi and others, 1974; Gregor and others, 1975). The overall ave

rage inclination of the volcanic rocks derived from these studies is 52.8°. In the Pliocene, the Ragusa 

platform was located south of the Caltanissetta basin (Catalano and others, 1976). The shallow incli

nations observed in the Rossello composite section are therefore certainly not due to plate movements. 

It is more likely that Lhese shallow inclinations are caused by an inclination error, e.g. due to compac

tion of the sediments (Blow and Hamilton, 1978; Laj and others, 1982; Anson and Kodama, 1987). 

The observed increase of the inclination error between the EM/PM sections and the PP section 

(Fig. 4D) is likely Lhe result of a different degree of compaction between the sediments of the lower 

(Trubi formation) and the upper (Narbone formation) part of the composite section. There is a strong 

decrease in the carbonate content (Rilgen and Langereis, 1989) in the time interval of the PM-PP 

transition (Fig. 4A). In the lower part (4.85 to 4.05 Ma) the carbonate content is more or less constant 

(70-75%); at 4.05 Ma there is a rapid decrease in the carbonate content to 65%, while between 4.00 

and 3.40 Ma the carbonate content further decreases to 60%. In the upper part of the Rossello com

posite section (PP) values around 45% are found (Table 1; Figure 4A). The average inclination error 

[or the Gilbert Chron (11.5 0 
) corresponds to an average carbonate content of 73%, the inclination error 

for the Gauss Chron (18.5°) is in sediments with a carbonate content between 45 and 60% (Fig. 4A). 
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This relation between carbonate content and the inclination error is known from earlier studies (Laj 

and others, 1982). In carbonate-rich sediments lithification due to early dewatering is rapid, so com

paction is quite limited and porosity is relatively large (Rieken, 1986; Anson and Kodama, 1987). 

In addition to the general trend of increasing inclination error with decreasing carbonate content, it 

can further be noticed that the inclinations of reversed polarity are consistently shallower than those of 

nonnal polarity (Fig. 4D), while reversed polarity declinations show an apparent larger rotation, 

except in the PP section (Fig. 4C). 

For all samples used in this study, we have detennined the ratio between the intensity of the se

condary component (detennined between 100 and 200/250°C) and the intensity of the ChRM magne

tisation (at 480/51O°C), the so-called SP-ratio (Fig. 4B). In the EM section the average SP-ratio is 2.5, 

while in the PM section it decreases from 2.2 to 0.9. In the PP section it is very low and it ranges from 

0.6 to less than 0.3. In many samples from this section, no secondary magnetisation is present at all 

and the ratio is approximately zero (see e.g. PP 28.IA, Fig. 2). There appears to be a first-order posi

tive correlation between carbonate content and SP-ratio (see Figure 4A, B). An increased carbonate 

content and a corresponding larger porosity (cf. Rieken, 1986; Anson and Kodama, 1987) will most 

likely facilitate weathering, thus resulting in a larger secondary component and consequently a higher 

SP-ratio. 

As mentioned earlier, we have not used directions from samples with a large nonnal overprint. 

Nevertheless, the weathering process has probably still an influence - albeit smaller - on the ChRM 

component direction of the selected samples (Fig. 4) even though a linear decrease towards the origin 

is observed at the highest temperatures (Fig. 2H). This influence apparently depends on the carbonate 

content. The overprint will have a greater effect on the reversed polarity ChRM component because of 

their approximately anti-parallel orientation, thus explaining the observed shallower inclinations and 

larger apparent rotations for reversed polarity samples (Fig. 4C, D). 

A notable exception is seen in the PP section. Considering the high quality demagnetisation dia

grams (Fig. 2) and the low SP-ratio (Fig. 4B), one would expect the reversed and nonnal mean direc

tions to be essentially anti-parallel. Instead, reversed polarity declinations show a consistently smaller 

apparent rotation than those of nonnal polarity, contrary to the observations of the EM and PM sec

tions (Fig. 4). A similar case of consistently deviating, non-antipodal declinations (by 12°) during a 

single subchron was earlier found in Mediterranean marls of late Miocene age (Langereis, 1984) 

which was tentatively explained as a non-zonal offset ofthe geomagnetic field. A consistent non

zonal dipole offset (of - 10°) during three successive (reversed) polarity zones is not easily explained, 

however. It is striking, however, that the mean nonnal declinations in PP coincide with the nonnal 

declinations from the Gilbert Chronozone (EM & PM), with the exception of the topmost part of the 

Gauss in PP that shows a 25° rotation. 
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5.2 Removal ofsecondary component 

Since the non-antipodality observed in the high carbonate EM and PM sections can be explained 

by a secondary overprint that may persist up to high demagnetisation temperatures (van Velzen and 

Zijderveld, 1990; 1992), we have tried to remove this overprint from the ChRM component of EM 

and PM (see also Figure 5) by a first-order, straightforward approximation consisting of the appli

cation of a procedure which partially subtracts the present-day field direction from the observed 

ChRM direction. 

We have applied three different procedures for the removal of the secondary magnetisation 

influence on the ChRM directions. The procedures rely on the assumption that an overlap between 

secondary and ChRM magnetisation is present in both normal and reversed polarity directions in the 

pair D(O) 1(0) D(O) 1(0) 0(0) 0(1) dN dR D(I) 1(1) D(I) 1(1) m 

Punta di Maiata section 
PMI-PM2 219.2 -39.4 29.5 49.6 12.3 1.0 6.8 6.0 214.6 -44.3 36.2 44.5 [1] 

12.3 1.0 6.4 6.2 214.4 -44.5 35.8 44.8 [2] 
12.3 0.9 4.8 7.4 213.4 -45.5 34.3 46.0 [3] 

PM2-PM3 29.5 49.6 214.7 -41.0 9.3 2.2 4.2 5.1 33.7 46.5 211.0 -45.3 [1] 
9.3 2.3 4.6 4.6 34.1 46.2 211.4 -44.9 [2] 
9.3 2.1 3.7 5.3 33.3 46.8 210.9 -45.5 [3] 

PM3-PM4 214.7 -41.0 31.5 50.9 10.1 5.1 4.5 4.3 211.6 -44.7 37.0 48.1 [l] 
10.1 5.0 4.5 4.5 211.5 -44.8 37.0 48.2 [2] 
10.1 4.8 3.7 5.2 210.9 -45.5 36.1 48.6 [3] 

PM4-PM5 31.5 50.9 219.8 -42.5 10.1 2.0 4.1 6.2 36.5 48.4 214.0 -47.2 [1] 
10.1 2.2 5.0 5.0 37.6 47.8 215.2 -46.3 [2] 
10.1 2.1 4.0 5.8 36.5 48.5 214.4 -46.9 [3] 

Eraclea Minoa section 
EMI-EM2 223.2 -44.9 25.8 45.3 12.3 1.5 6.2 6.3 214.4 -46.0 34.5 44.5 [1] 

12.3 1.5 6.3 6.2 214.5 -46.0 34.6 44.5 [2] 
12.3 1.3 5.4 6.8 213.8 -45.9 33.4 44.6 [3] 

EM2-EM3 25.8 45.3 222.1 -41.4 12.5 1.6 7.9 4.9 36.8 44.2 215.8 -42.8 [1] 
12.5 1.5 6.5 6.4 34.9 44.5 213.8 -43.1 [2] 
12.4 1.5 5.5 6.9 33.5 44.6 213.1 -43.2 [3] 

EM3-EM4 222.1 -41.4 30.4 47.4 10.3 4.4 4.5 5.3 215.3 -42.9 37.0 47.1 [1] 
10.3 4.4 4.7 4.7 216.0 -42.7 37.4 47.1 [2] 
10.3 4.4 4.2 5.0 215.7 -42.8 36.6 47.1 [3] 

EM4-EM5 30.4 47.4 221.5 -50.3 7.8 3.0 1.9 5.5 33.2 47.3 212.8 -50.3 [l] 
7.8 3.2 3.7 3.7 35.8 47.2 215.7 -50.4 [2] 
7.8 3.2 3.3 3.8 35.3 47.2 215.6 -50.4 [3] 

Table 2. Corrected mean directions of the polarity wnes after cleaning from a present-day field direction; 
pair =polarity zones (Table 1) used for cleaning, D(O), 1(0) =initial declination, inclination values, 0(0) = 
angle between initial normal and reversed polarity mean direction, 0(1) = angle between normal and reversed 

polarity mean direction after cleaning, dN(R) = difference in angle between initial and cleaned normal 
(reversed) polarity direction, D(1), 1(1) = cleaned declination, inclination values and 'm' gives the procedure; 

procedure [ll, [2] and [3] from Figure 5. 
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procedure [3] procedure [2]procedure [1] 

www 
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Figure 5. Three different procedures for stepwise cleaning of the ChRM direction from the influence of a 
secondary (present-day) overprint. Procedure [1] gives cleaning using the absolute (intensity) magnetisation 
vectors; for procedure [2] the two magnetisation vectors were first normalised before the cleaning procedure; 

for procedure [3] the vectors were normalised after every cleaning step. 

same degree. In all three procedures, pairs of adjacent polarity means, having a non-antipodality angle 

(or offset) b(O) (see Table 2) are taken. Stepwise subtraction of a present-day field vector (of axial 

geocentric dipole field direction) from these two vectors yields resultant vectors with new directions 

increasingly cleaned from the present-day field overprint (Figure 5A). This process of removal is done 

until a minimum in offset b(l) is reached (Table 2). In the first procedure the initial vectors have the 

mean intensity of the ChRM (Table 1) as their vector length. In the second procedure, the two initial 

vectors were normalised before starting this process of removal (Fig. 5B). In the third procedure, the 

two initial vectors also have unit length, but now the resultant vectors are given unit length after every 

step of removal (Fig. 5C). The results for the three procedures are practically the same (Table 2); we 

use the results from the third procedure further in this study. 

5.3 Paleomagnetic directions throughout Rossello composite section 

After the cleaning procedure there are two separately determined new directions for every polarity 

zone mean. It appears that these two new (cleaned) directions are nearly identical (Table 2); we have 

averaged these two directions to obtain a single cleaned mean direction per polarity zone (Table 3). 

For the EM and PM sections there is no trend in the cleaned directions going from the bottom to the 

top (Table 3). It appears that there is an average declination of 34.2° after cleaning, while the inclina

tion is consistently 46°. Also the EM and the PM mean direction which are in the same polarity zone 

(central part Gilbert Chron), have nearly identical cleaned directions (EM I & PM5: Table 3). There

fore, we conclude that there is no differential tectonic rotation for this part of the Caltanissetta basin in 

the Pliocene from the Miocene/pliocene boundary slightly below the Thvera at 4.9 Ma (or 5.2 Ma 

according to CK92) until the Gilbert/Gauss boundary at 3.4 Ma (or 3.6 Ma according to CK92). The 

clockwise rotation of 34° relative to magnetic North must thus have been later than the Gilbert/Gauss 

reversal boundary. 
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The mean declinations of the PP reversed intervals are consistently the same (204°) and would 

indicate a rotation of 24°, which is, by coincidence, the same value as found for the upper nonnal 

interval. In this case, it is not possible to eliminate this non-antipodality by using the cleaning proce

dure of the EM and PM sections, Le. by removing a nonnal polarity secondary overprint with a 

present-day direction. In stead, a reversed polarity overprint would be required, but for which we 

cannot - at present - fwd any indication. Still, it is striking that the mean declinations of the lower two 

nonnal intervals of the PP section (34.7° and 32.8°; Table I) are identical to the mean (cleaned) 

declinations of the EM & PM sections together (34.2°; Table 3). This would confmn the absence of 

any significant secondary overprint, [at least on the nonnal directions], as was already indicated by the 

low SP-ratio. It leaves us, however, with the problem of the non-antipodal reversed directions of the 

Age (Ma) N pol D(te) I(te) k a95 

Punta di Maiata section  procedure(3) 
PMI 3.40-3.88 49 R 33.4 45.5 66 2.5 
PM2 Cochiti 8 N 33.8 46.4 145 4.6 
PM3 3.97-4.10 17 R 30.9 45.5 72 4.2 
PM4 Nunivak 12 N 36.3 48.6 162 3.4 
PM5 4.24-4.40 13 R 34.4 46.9 28 8.0 

20 samples N 35.3 47.7 156 2.6 
79 samples R 33.0 45.7 56 2.1 

2 polarity means N 35.0 47.5 1708 6.0 
3 polarity means R 32.9 46.0 2954 2.3 
5 polarity means NR 33.7 46.6 1921 1.7 

Eraclea Minoa section - procedure (3) 
EMI 4.24-4.40 13 R 33.8 45.9 56 5.6 
EM2 Sidufjall 4 N 33.5 44.6 147 7.6 
EM3 4.47-4.57 7 R 34.4 43.0 86 6.6 
EM4 Thvera 11 N 36.0 47.2 72 5.4 
EM5 4.77-4.86* 4 R 35.6 50.4 83 10.1 

15 samples N 35.3 46.5 86 4.2 
24 samples R 34.3 45.8 67 3.6 

2 polarity means N 34.7 45.9 1342 6.8 
3 polarity means R 34.6 46.4 460 5.8 
5 polarity means NR 34.6 46.2 777 2.7 

Punta di Maiata and Eraclea Minoa sections 
10 polarity means NR 34.2 46.4 1212 1.4 

Table 3. Mean directions per polarity zone after applying procedure [3] to the data from the EM and PM 

sections and after averaging the cleaned data from Table 2; pol = polarity of mean direction (N=normai, 
R=reversed). 
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PP section. Any speculation on the origin of this discrepancy - e.g. a non-zonal offset of the geo

magnetic field - requires at least independent information from time-equivalent sedimentary and/or 

lava sequences. For the time being, we must therefore refrain from giving a tentative explanation for 

this problem. 

If we assume, nevertheless. that the normal declinations in the PP section represent more accu

rately the tectonic rotations, we would obtain the following picture. From the Mio-Pliocene boundary 

at 4.9 Ma (5.2 Ma in CK92) until approximately the Kaena Subchron at 2.9 Ma (3.05 Ma in CK92 

and H9l) there is a consistent rotation of 34°; no (differential) rotations occur during this time interval 

(Figure 6). 
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Figure 6. Mean ChRM direction per polarity rone for the Rossello composite section and the directions 
calculated after cleaning; closed symbols represent normal directions, open symbols reversed directions 
(minus 180°). Horizontal bar denotes 0:95. vertical bar duration of polarity rone. Solid circles represent the 
cleaned ChRM directions used for the evolution of the tectonic rotation of the EM and PM sections. The 

dashed grey line represents our speculative estimate of the tectonic rotations in the PP section. 
See also caption to Figures 3,4. 
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Figure 7. ChRM directions (HT component) during the Kaena subchronozone from the PP section, including 
the lower Kaena (Linssen, 1991) and the upper Kaena reversal record (Van Hoof and Langereis, 1992). 
The least squares linear regression line (grey thick line) between 0 and 225 em (N=189, correlation coefficient 
R = 0.343, i.e. > 99% significance) shows a change in declination from 2090 (0 em) to 203 0 (225 em), which 
may indicate a 60 differential rotation during two precessional cycles or approximately 40 kyr. Above 225 em, 
directions are (too much) influenced by the upper Kaena reversal, most likely because of delayed NRM 
acquisition (Van Hoof and Langereis, 1991). Lithologic column: black = grey marls, white = white marls, 

light grey = beige marls, dark grey = sapropelitic layer (Hilgen, 1987). 

Approximately during Kaena times, we find a IDo differential rotation (from 34° to 24°; Fig. 6), 

which could correspond to the mid-Pliocene compressive phase (Ghisetti and Vezzani, 1981). This 

further implies that approximately 24° of the clockwise rotation is younger than the top of the PP 

section, Le. younger than the Gauss-Matuyama boundary at 2.47 Ma (or 2.60 Ma in CK92 and H9l). 

This tentative scenario needs additional and independent information. Firstly, from recent magneto

stratigraphic literature, a similar change in declination approximately during Kaena times is observed 

in the Pliocene sediments along the Stirone river near Parma (Po Valley, northern Italy) (Figure 18a, 

from Mary and others, 1993). 

Secondly, from the same PP section, we may obtain some additional confirmation from a 

detailed record of the Kaena Subchronozone (Figure 7). We have calculated a least squares linear 

regression through the declinations in the (most reliable) interval that is not influenced by the lower 

and upper Kaena reversal (through delayed NRM acquisition: Van Hoof and Langereis, 1991). It 

appears that there is a gradual decrease in declination from 209° to 203° during two precessional 

cycles (or ± 40 kyr), which at least partially confirms the scenario above of an approximately 10° 

differential rotation during Kaena times. 

5.4 Origin ofoffset 

It is often assumed that a secondary component resides in magnetic grains which have a relatively 

short relaxation time. In general, such a component is easily removed at low demagnetisation tempe

ratures and is often referred to as viscous (Langereis and others, 1989; Dunlop, 1989). If such mag

netic grains are formed during deposition, however, one would expect a viscous (present-day field) 

component to be always present. In the marine marls of the Rossello composite section this compo

nent is (virtually) non-existent in the upper carbonate-poor part. The secondary magnetisation appears 

to be related to a higher carbonate content and is hence probably due to weathering of the original 

magnetite. Weathering may be regarded as a low temperature oxidation process. Such a process may 

lead to magnetite being (partly) oxidized to cation-deficient magnetite (maghemised magnetite) or 

even maghemite (Ozdemir and Banerjee, 1984; Heider and Dunlop, 1987; Van Velzen and Zijderveld, 

1993). Depending on grain-size and grain-shape, the oxidation product may acquire the external field 

direction (in casu the present-day field), a stable direction intermediate between external field and ori

ginal remanent mllgnetislltion or even, in the case of single phase oxidation, a direction parallel to 

their original remanent magnetisation (Johnson and Merrill, 1974; Heider and Dunlop, 1987). 
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Increased weathering (or low temperature oxidation) of magnetite related to a higher carbonate 

content may explain the often observed high maximum blocking temperature (above 580°C) typical 

for cation-deficient magnetite. In addition. samples from marls with a high carbonate content (or in

creased weathering) show a ChRM component which deviates considerably from the general direc

tion. This deviating direction is due to a large blocking temperature spectral overlap between original 

magnetite (with a primary direction) and oxidized (or maghemised) magnetite (with a present-day 

field direction) (Van Velzen and Zijderveld, 1993). 

6. Conclusions 

The analysis of NRM directions from the Rossello composite section shows that there is a con

sistent inclination error which is likely caused by compaction. The difference in inclination error be

tween the Gilbert Chron and the Gauss Chron is related to a different carbonate content: a higher car

bonate content (Gilbert Chron) implies less compaction and consequently a smaller inclination error. 

Furthermore. consistent differences in ChRM direction are found, firstly between normal and re

versed polarities, and secondly between the lower and the upper part of the composite section. The 

difference between normal and reversed directions is best explained by an overlap in blocking tempe

rature spectra between the secondary and ChRM magnetisations, having a different influence on 

reversed and on normal polarity magnetisations. It appears that there is a first-order positive corre

lation between carbonate content and SP-ratio. An increased carbonate content and a corresponding 

larger porosity will facilitate weathering, resulting in a larger secondary component and a higher SP

ratio. A simple procedure was used to clean the ChRM directions from the influence of present-day 

field induced secondary magnetisations. 

The total clockwise rotation for the Caltanissetta basin since the early Pliocene is 34° relative to 

the magnetic North. Taking into account the 7° counter-clockwise rotation of the Ragusa platform 

(Besse and others, 1984). this means a 41° clockwise rotation relative to the foreland. From the 

Miocene/Pliocene boundary, slightly below the Thvera (± 5.2 Ma in CK92), and the Gilbert/Gauss 

boundary (3.55 Ma in CK92) there were no tectonic rotations in the Caltanissetta basin. From the 

Punta Piccola record we speculate that a tectonic clockwise rotation of approximately 10° during 

deposition of the sediments may have occurred, approximately during Kaena times (3.05 Ma in 

CK92). This would yield a first age estimate of the middle Pliocene compressional phase (Ghisetti 

and Vezzani, 1981). Finally, at least 24° of clockwise rotation is younger than the GaussIMatuyama 

boundary (2.6 Ma in CK92). 
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TECTONIC ROTAnONS IN THE TYRRHENIAN ARC SYSTEM 

DURING THE QUATERNARY AND LATE TERTIARY 
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Chapter6B 

Some paleomagnetic evidence
 
for clockwise rotations in the Sicilian fold-and-thrust belt
 

during the late Pliocene and the middle Pleistocene
 

Abstract: 

Sediments from late Miocene to middle Pleistocene age have been sampled in the Sicilian 

fold-and-thrust belt system to detect the spatial and temporal aspects of the tectonic rotations from 

both the internal as the external part. A clockwise rotation is observed for nearly all sites. The late 

Miocene to middle Pliocene sediments reveal clockwise rotations which are quite similar to the 

earlier established rotation of the Cretaceous rocks from the same tectonic units. The early/middle 

Pleistocene sites from the Gela-Catania foredeep show a 13° clockwise rotation, whereas the early 

Pleistocene sites covering the (Ragusa) foreland show no tectonic rotation. All data further support 

the hypothesis that the main tectonic rotations in the Tyrrhenian arc occurred in the late Pliocene 

(3.05 Ma) and the middle Pleistocene (0.7 Ma). 

The counter-clockwise rotation (8°) of the Ragusa foreland was in the Pliocene, because our 

sites in early Pleistocene clays of the Ragusa platform show no tectonic rotation. The consistent 

inclination error measured in the rocks of the foreland does not exclude a considerable northward 

movement of the Adriatic microplate in the Pleistocene. 
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1. Introduction 

Sicily - situated in the Central Mediterranean - is composed of five main tectonic units making up 

the (Sicilian) fold-and-thrust belt system. These units are (from south to north; Fig. 1): the Ragusa 

platform, the Gela-Catania foredeep, the Caltanissetta basin, the northern Sicilian chain and the Pelo

ritan units. The geodynamical evolution of the entire Central Mediterranean area since the late Mio

cene is dominated by extension related to the opening of the Tyrrhenian basin. For the Sicilian fold

and-thrust belt system, tectonic activity and sedimentation shifted southwards in this period. Passive 

subduction of a lithosphere slab by gravitational sinking has been regarded as the main mechanism 

and has induced tectonic block rotations around the entire (Tyrrhenian) arc. The occurrence of tectonic 

block rotations during this process for northwestern Sicily has already been demonstrated (Channell 

and others, 1980; 1990). The present study is a contribution to this investigation of the geodynamic 

development of this area; supplementary paleomagnetic data from Neogene sediments are presented 

from different tectonic units. 

The Ragusa platform is the foreland for the other four tectonic units; the stratigraphic sequence of 

the Ragusa platform ranges from Triassic to Pliocene and is only moderately deformed. Earlier paleo

magnetic results from pre-Pliocene volcanic rocks of the Ragusa platform imply a minor (8°) counter

clockwise rotation with respect to the magnetic North during the Pliocene-Pleistocene period (Besse 

and others, 1984). The Ragusa platform has an early Pleistocene clay cover of marine clays which we 

sampled to constrain the Plio-Pleistocene rotation. 

The Gela-Catania foredeep to the north of the Ragusa platform contains Pleistocene sediments in 

front of the active fold-and-thrust belt system to the north. The Caltanissetta basin is a Pliocene fore

deep. An earlier study of the early Pliocene marls of the southwestern part of the Caltanissetta basin 

on Sicily, the Rossello composite section (Langereis and Hilgen, 1991) showed characteristic rema

nent magnetisation directions with a considerable clockwise rotation of 34° relative to magnetic North 

for the lower Pliocene (5-3 Ma) (Scheepers and Langereis, 1993a). The highst Pliocene part of this 

composite section shows only 24° of clockwise rotation. This differential rotation of 10° was sugges

ted to have occurred around 3.05 Ma. To study the timing of the remaining 24° of clockwise rotation 

additional sampling in the more external SW-NE trending Gela-Catania foredeep was performed to 

this end. 

The thrust sheets to the north of the Caltanissetta basin are part of the northern Sicilian chain (to 

the west) and the Peloritan units (to the east). Both units are composed of southward transported 

sheets. Movement of these thrust sheets and the subsequent deformation of the area occurred before 

the middle Tortonian, during various tectonic phases. The Mesozoic rocks of the western part of the 

northern Sicilian chain were paleomagnetically studied earlier by Channell and others (1980; 1990) 

who documented major clockwise rotations (45-120°). In the present study, some new data of Neo

gene sediments of the northern Sicilian chain are presented. Paleomagnetic sites in early Pliocene 

marls covering the Peloritan units were studied earlier as well; they show clockwise rotations (10-27°) 

similar to those found in Calabria to the north (Mfa and others, 1988; Scheepers and others, 1993b). 
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Figure 1. General structural framework of the southern part of the Calabro-Sicilian arc. ·Sampling localities: 
(1) = Eraclea Minoa (Scheepers and Langereis, 1993a), (2) = Punta di Maiata & Punta Piccola (Rossello area) 
(Scheepers and Langereis, 1993a), (3) =San Nicola, (4) =MonteLungo, (5) =Caltagirone, (6) =Buonfornello, 

(7) = Petralia Superiore. 

2. Sampling and laboratory treatment 

Sampling sites were mainly selected on the basis of sedimentary and lithological criteria; fine

grained sediments were chosen because of their suitable magnetic properties and because their sedi

mentation rate is usually low enough to average out secular variations, to a large extent. Sections and! 
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or outcrops close to major faults or containing landslides were avoided. Sometimes it was necessary to 

remove the weathered surface of the outcrop. We took cylindrical standard cores of 25 mm diameter 

and 6-10 cm length using an electric drill and portable generator. 

The present study deals with Tertiary and Quaternary marine clays/marls from the Sicilian fold

and-thrust belt and its foreland. We have divided the sampling in 5 different localities. From the exter

nal part of the system, 3 localities are studied. These localities are (see Figure 1); San Nicola (3), Ge1a 

(4) and Caltagirone (5). From the San Nicola section (locality 3 in Fig. I), 24 levels of a clay section 

were sampled; the age of the sampled interval is between 2.0 and 1.5 Ma. Bedding tilt is 8° to 14° to 

the west. Another five sites (MLU 1-5) were sampled from marine clays of the MonteLungo section 

(locality 4 in Fig. 1), just west of Gela; these clays are early-middle Pleistocene in age; bedding tilt is 

6° to the east-northeast. Some 30 kID further to the northeast in the Gela-Catania foredeep, we sam

pled the clay section just north of the village of Caltagirone (locality 5 in Fig. I), where five sites 

(CGI 1-5) in southerly dipping (l00) fresh clays of early Pleistocene were drilled. The section covers 

the north-western part of the (Ragusa) foreland. 

The internal part of the Sicilian fold-and-thrust belt system was sampled at two different loca


lities: Buonfornello (6) and Petralia Superiore (7). Near Buonfomello (locality 6 in Fig. I), we col


lected sites in the Trubi formation along both the western and the eastern part of the valley of the
 

Imera river. The age of the Trubi formation is early Pliocene (Hilgen and Langereis, 1993). Nine
 

levels were collected at the eastern part of the valley, and 24 levels at the western side of the valley;
 

bedding tilt is approximately 20° to the west-northwest. In the Petralia Superiore area (locality 7 in
 

Fig. I), we collected 6 sites in late Miocene clays; five sites (PET 1-5) in an outcrop with a bedding
 

tilt of 30° to the north; one site (pET 6) in an outcrop tilting 41° to the south-southeast.
 

Routine paleomagnetic methods were applied in the laboratory to obtain the characteristic mag

netisation directions. The natural remanent magnetisation (NRM) was measured partly with a JR-3 

spinner magnetometer with a digital interface, and partly with a 2G cryogenic magnetometer. The 

NRM of generally six specimens per site was analysed by means of progressive stepwise thermal 

demagnetisation using small temperature increments (50 to 20°C). The low-field bulk susceptibility of 

the samples during thermal treatment was measured on a Bartington MS2 susceptometer, to detect 

changes in the magnetic mineralogy. Maximum demagnetisation temperatures were controlled by the 

limit of reproducible results. This limit was strongly influenced by a large increase in low-field bulk 

susceptibility and viscous behaviour at temperatures higher than 400-450°C. The viscous behaviour 

relative to the remanent magnetisation then becomes too large to measure a meaningful remanence 

direction. 

Demagnetisation diagrams (Zijderveld, 1967) were used to assess the directional stability for 

each demagnetised sample. The magnetisation components were determined by the least square fitting 

of lines through at least four selected data-points (Kirschvink, 1985) with a maximum angular devia

tion < 15°. This method is called the direct approach in this paper. The magnetisation vectors were 

combined using Fisher (1953) statistics to calculate mean directions per site, and afterwards per loca
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lity. For some samples, there is not a convincing decrease towards the origin. In that case - if there is 

another NRM component interfering with the (characteristic) end magnetisation - great circles were 

calculated to determine the plane of the two NRM components. The great circles of the samples from 

one site are combined to calculate the 'hidden' component, which we call the great circle method. If 

there are samples from the same sites where the end magnetisation component is determined by the 

direct approach, then the calculation of the mean direction of the site is carried out by combining the 

two groups (McFadden and McElhinny, 1988); this is called the combination method. Some sites have 

a scattery behaviour because of low intensities. In that case - if there is not a clear secondary magne

tisation interfering with the final component - the demagnetisation data from the individual specimens 

of the site are stacked (Scheepers and Zijderveld, 1992). The temperature intervals with minima in the 

CX<}S of the stacked sum vector and/or the stacked difference vector were used for the least square 

fitting of lines through the stacked data-points of that temperature interval. This method is called the 

stacking method in this paper. 

3. Paleomagnetic results 

3.1 External part Sicily 

Caltagirone. For the five sampling sites from the (early) Pleistocene Caltagirone section, initial 

NRM-intensities are between 0.4 and 8.6 mNm. The thermal demagnetisation diagrams show a con

sistent behaviour up to 400°C (Figure 2A-C), even though occasionally a present-day overprint is seen 

(Figure 2B). At 380°C, the susceptibility increases for all samples. AIl samples have a clearly linear 

decay to the origin of the NRM during the fmal part of the demagnetisation process (Figure 2A-C). 

This final magnetisation vector is removed between 330 and 390/420°C and is referred to as high

temperature (HT) component (see also Scheepers, 1992; Scheepers and others, 1993a). The HT 

component of the Caltagirone clays gives reversed polarities for all five sites and shows no rotation: 

D = 179.8° and 1 = -51.8° (k=164; Table 1).m m 

MonteLungo. For the five sites in early/middle Pleistocene clays of the MonteLungo section (Gela

Catania foredeep), the initial NRM-intensities are between 1.5 and 90 mNm. The magnetisation is 

stable up to 380-400°C. At higher temperatures, the susceptibility increases very strongly and it is not 

possible to measure stable magnetisations anymore. Between 100°C and 330°C, a very well deter

mined NRM-component is removed for all sites. This component has a normal polarity (Figure 2D; 

left part) and a clockwise rotation (Table 1). Between 330-340° and 400°C, there is still a stable (non

viscous) magnetisation; susceptibility is also stable. However, the decay of the magnetisation is not 

directed to the origin (Figure 2D; right part); therefore, great circle planes were determined for these 

samples to calculate the 'hidden' component. The great circle planes were combined to calculate a 

mean direction for this 'hidden' HT-component per site (Fig. 2E). This great circle solution is well 

determined per site and shows a consistent mean direction with an approximately 15° clockwise 

rotation: D = 194.1° and 1 = -49.1° (k=384; Table 1). m m 
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San Nicola. For the San Nicola section, NRM-intensities are very low compared to the previous 

two localities: between 0.05 and 0.36 mNm. Because of the consequent very low quality of the 

demagnetisation data, stacking was performed; for every 2 metre interval of the section a stacked 

diagram was calculated to reduce the scatter (Scheepers and Zijderveld, 1992). The intervals have an 

overlap of one metre; the 21 artificial demagnetisation diagrams resulting from this procedure were 

interpreted using great circle analysis (Figure 2F). This procedure results in a mean direction for the 

clays of the San Nicola section which is in agreement (in declination) with the MonteLungo clays of 

the same area: D = 191.70 and 1 = -58.20 (k=31; Table I), implying a 120 clockwise rotation.m m 

site method N D I D(tc) I(tc) k a95 lnt 

Caltagirone section 
CGI4 direct 4 357.3 34.9 355.9 44.7 43 14.1 1.15 LT 
CGI 1 direct 6 182.0 -38.0 181.4 -48.0 40 10.7 2.68 HT 
CGl2 direct 7 171.0 -44.6 167.6 -54.2 31 10.9 0.19 HT 
CGI3 direct 7 185.3 -40.3 185.1 -50.3 151 4.9 0.85 HT 
CGI4 direct 6 188.8 -46.6 189.4 -56.6 164 5.2 0.57 HT 
CGI5 direct 5 177.3 -38.6 175.7 -48.5 33 13.4 0.54 HT 

5 sites no te 180.8 -41.8 164 6.0 HT 
tc 179.8 ·51.8 164 6.0 HT 

San Nicola section 
SN direct 11 341.5 63.0 328.9 59.0 12 13.2 0.10 LT 
SN great circle 11 203.9 -56.4 191.7 ·58.2 31 8.3 [?] HT 

Monte Lungo section 
MLUI direct 6 16.6 50.6 21.3 49.0 338 3.6 2.85 LT 
MLU2 direct 6 18.8 50.6 18.0 48.5 749 2.4 2.19 LT 
MLU3 direct 6 354.3 53.3 1.7 51.4 93 7.0 1.20 LT 
MLU4 direct 6 12.1 51.9 23.9 46.6 63 8.5 13.52 LT 
MLU5 direct 6 15.5 52.7 21.9 46.8 579 2.8 18.83 LT 
MLUI great circle 6 192.6 -50.6 198.2 -47.1 329 3.7 [?] HT 
MLU2 great circle 6 186.1 -52.7 192.6 -49.7 19 15.7 [?] HT 
MLU3 great circle 6 179.3 -49.9 185.6 -47.6 31 12.3 [?] HT 
MLU4 great circle 6 188.8 -51.7 194.9 -48.5 329 3.7 [?] HT 
MLU5 great circle 5 192.7 -55.7 199.4 -52.2 45 11.5 [?] HT 

5 sites no tc 11.7 52.1 174 5.8 LT 
tc 17.6 48.7 174 5.8 LT 

5 sites no tc 187.8 -52.2 384 3.9 HT 
tc 194.1 -49.1 384 3.9 HT 

Table 1. Site mean directions from the sites of the external part of the Sicilian fold-and-thrust belt system 

using Fisher (1953) statistics. N= number of samples, method refers to method to calculate site mean direction 
(see text). D(tc). l(te)= declination, inclination (including bedding tilt correction). k = precision parameter, 
a95= semi-angle of cone of confidence on the 95% level. lnt = mean intensity value calculated per site 

(in mNm). 
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Petralia Superiore 
PET 1 stacking 7 92.5 63.9 53.8 45.8 mad: 9.4 0.05 HT 

PET 3 stacking 7 131.4 27.8 112.1 36.5 mad: 8.0 0.06 HT 

PET 4 stacking 6 119.4 63.7 65.1 55.2 mad: 21.1 0.02 HT 
PET 5 stacking 6 129.1 63.2 69.3 58.9 mad: 10.3 0.04 HT 
PET 6 stacking 6 12.1 32.0 47.4 55.0 mad; 12.3 0.03 HT 

5 sites no tc 97.8 61.1 5 37.8 
tc 71.4 52.9 18 18.6 

Buonfornello (west) 
Rl combined 8 211.8 -46.3 194.0 -39.6 17 14.0 0.15 HT 
Nl combined 2 10.4 60.2 350.0 46.6 23 54.2 0.06 HT 
R2 combined 6 228.6 -61.2 194.6 -57.4 17 16.9 0.10 HT 
N2 combined 12 43.9 63.8 8.4 58.0 35 7.5 0.05 HT 

3 sites no tc 40.1 57.3 58 16.3 
tc 12.6 51.7 58 16.3 

Buonfornello (east) 
BUI great circle (*) 4 194.9 -68.3 171.9 -53.1 mad: 11.7 [?] HT 
BU2 great circle (*) 5 210.0 -71.8 176.5 -58.8 mad; 10.4 [?] HT 
BU3 stacking 3 35.4 61.9 9.2 51.7 mad: 17.4 0.03 HT 
BU4 stacking 5 228.1 -72.4 184.2 -62.9 mad: 4.7 0.02 HT 
BU5 great circle (*) 4 211.0 -55.2 191.0 -44.7 mad; 7.6 [?] HT 
BU6 great circle (*) 4 222.9 -61.1 194.9 -52.9 mad; 8.1 [?] HT 

BU7 stacking 4 37.5 65.1 7.7 54.9 mad: 15.6 0.04 HT 
BU8 stacking 5 240.7 -77.4 178.9 -68.4 mad: 7.2 [?] HT 
BU9 great circle (*) 4 204.4 -70.9 174.7 -57.0 mad: 19.3 0.05 HT 

9 sites no tc 35.0 67.5 62 6.6 
tc 3.8 56.3 62 6.6 

Table 1. (continued). 

3.2 Internal part Sicily 

Buonfornello. Intensities are generally very low for the samples of the Buonfornello area: between 

0.05 and 0.70 mNm. The behaviour of the demagnetisation diagrams is always clear from the polarity 

of the final (HT) magnetisation (Figure 3A, B). At the western side of the Imera valley, two intervals 

of reversed polarity and two of normal polarity are present, while at the eastern part three reversed and 

two normal polarity intervals are found. The sampled intervals are in the lower part of the Gilbert 

Chron (see Hilgen and Langereis, 1993). The demagnetisation diagrams of the samples from the 

western part of the !mera valley were analysed individually (Figure 3A, B). The combination method 

results in a mean direction for each of the four polarity intervals. The mean directions of three polarity 

intervals with more than 3 sampling levels, are quite similar in declination and were combined to cal

culate a mean direction for the outcrop: Om = 12.60 and 1 = 51.70 (k=58; Table 1). m 
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Figure 2. Stepwise thermal demagnetisation diagrams of samples from the external part of the Sicilian belt 

system. The diagrams are given including bedding tilt correction. Direction and intensity of magnetisation 

during thermal demagnetisation were analysed by vector diagram representation (Zijderveld, I%7) and 

principal component analysis (Kirschvink, 1980). Numbers denote demagnetisation steps in 0c. 
Abbreviations: eGI =Caltagirone, MLU =MonteLungo, SN =San Nicola.• 
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Figure 3. Stepwise thermal demagnetisation diagrams of samples from the internal part of Ihe Sicilian fold

and-thrust belt system. All diagrams include bedding tilt correction. Symbols are the same as used in Figure 2. 

Abbreviations: BF = Buonfornello (west), BU = Buonfornello (east), PET = Petralia Superiore. 
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The demagnetisation diagrams of the sites taken from the eastern part of the valley were stacked, 

because individual diagrams were too scattered to determine reliable directions. The NRM intensities 

above 250°C are below 0.01 mNm. Even from the stacked diagrams, only four could be used to 

calculate the fmal magnetisation vector (Figure 3F). The remaining five stacked diagrams show no 

decay of the magnetisation to the origin (Figure 3D); therefore, great circle planes were calculated 

(Figure 3D) for the stacked demagnetisation diagrams. The 4 stacked vectors and the 5 great circle 

planes were combined to calculate the mean direction for the eastern part of the Buonfornello marls 

(Figure 3E): D =3.8° and 1 = 56.3° (k=62; Table 1).m m 

Petralia area. The NRM-intensities of the clays from the Petralia Superiore area are very low as 

well: between 0.02 and 0.12 mNm. The stacking method was used here, resulting in consistent de

magnetisation diagrams (Figure 30, H); data points between 250 and 360°C were used to calculate 

(including the origin) the final magnetisation direction for the samples (Fig. 30; H), because there is a 

minimum in the ~5 of the stacked sum vector in this temperature interval. Site PET 2 was rejected 

because stacking does not result in a consistent magnetisation vector at higher temperatures. 

Averaging the five remaining site mean directions results in a mean direction for the clays of Petralia 

Superiore area (Table I): Om = 71.4° and 1m = 52.9° (k=18). Because of the alternative bedding tilt of 

only the outcrop containing site PET 6, they show a not very convincing positive fold test (McFad

den, 1990). Maximum 'k' statistics is still at 100% unfolding (Table 1); the precision parameter (k) 

increases from 5 to 18. 

4. Discussion 

Cretaceous to Pliocene rocks from the Ragusa foreland give consistent counter-clockwise 

declinations (Table 2). The average inclination increases from 27° in the Cretaceous, 35° in the 

Eocene, 49° in the Miocene to 53° in the Pliocene rocks; this trend reflects the northward movement 

of the African plate during the closure of the Tethys. The average inclination recorded in the early 

Pleistocene clays of this study (52°) is in good agreement with this trend (Table 2). From the decli

nation values of the Ragusa rocks (Table 2), it seems that most (if not all) of the counter-clockwise 

rotation of the (Ragusa) platform is Pliocene in age; only the differential rotation between the Pliocene 

volcanics and the early Pleistocene clays of this study is considerable (8°). In the Sicilian Channell 

southwest of Sicily (Figure I), dextral shearing along NW-SE trending structures was the dominant 

mode of deformation during the Plio-Pleistocene, 100 km of dextral movement occurred along the so

called Medina Wrench zone during the last 5 Myr (Jongsma and others, 1987). Therefore, an indepen

dent Ragusa microplate was proposed for the Plio-Pleistocene period. The counter-clockwise (8°) 

rotation of the Ragusa platform in the Pliocene is in accordance with this 100 km of dextral movement 

along the Medina Wrench zone considering the extent of the Ragusa microplate in relation to the 

deformation zone (Jongsma and others, 1987). The paleomagnetic data imply that this rotational 

movement occurred entirely in the Pliocene. 
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(A) Buonfornello (West) (B) Buonfornello (East) (C) Petralia Superiore
early Pliocene early Pliocene late Miocene 

(D) (E) Rossello (F) Rossello 
early Pliocene latest Pliocene 

(G) San Nicola (H) MonteLungo Caltagirone 
early Pleistocene early Pleistocene early Pleistocene 

Eraclea Mionoa 
early Pliocene 

(I) 

Figure 4. Equal area projection of HT components of samples from the southern Apenninic belt. The dots 

represent the individual sample directions; full (open) dots denote downward (upward) projections. The circles 
give Fisher's (1953) Cl95 for the different site means. The lines represent the estimated tectonic rotations for 

the localities. 
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N pol D(tc) I(te) k(tc) age locality [reference] 

Ragusa platform (foreland) 
5 sites R -0.2 51.8 164 Pleisto(L) Caltagirone [this study] 

10 sites NR -4.0 48.0 24 Plio(U) Monte Iblei area [Barberi et a1. '74] 

19 sites NR -19.0 50.0 22 Plio Monte Iblei area [Gregor et al. '75J 

33 sites NR -3.1 59.6 26 Plio Monte Iblei area [Grasso et al. '83] 

5 sites NR -6.5 54.0 167 Plio(L) Licodia [Besse et a1. '84] 

4 studies NR -8.4 53.1 141 Plio Ragusa platfrom 

3 sites R -9.0 49.0 137 Mio(M) Tellaro formation [Besse et a1. '84J 

18 sites NR -1.0 48.3 15 Mio Monte Iblei area [Grasso et al. '83] 

33 samples N -8.0 35.5 140 Eocene Vizzini [Besse et al. '84J 
3 localities NR -6.1 44.3 98 Eo-Mio Ragusa platfrom 

19 sites R -13.0 22.0 23 Cret(U) Capo Passero [Schult '73J 
8 sites R -15.0 26.0 62 Cret(U) Capo Passero [Barberi et al. '741 

15 sites R -17.0 30.0 13 Cret(U) Capo Passero [Gregor et al. 75J 

12 sites R -6.4 31.2 36 Cret(U) Capo Passero [Grasso et al. '83] 
4 studies R -12.9 27.4 195 Cret(U) Ragusa platfrom 

Sciacca (foreland) 
11 samples N -5.3 34.7 [?J Cret(U) M.San Calogero [Channell et a1. '80] 
16 samples R -21.1 19.7 14 Jur(M) R. Nadore [Channell et a1. '90] 

Gela-Catania foredeep 
5 sites R 14.1 49.1 384 Pleisto(L) MonteLungo (Gela) [this study] 

11 samples R 11.7 58.2 31 Pleisto(L) San Nicola (Gela) [this study] 
2 localities R 13.0 53.7 155 Pleisto(L) Gela-Cat. foredeep [this study] 

Caltanissetta basin 
32 levels 24.5 42.2 122 Plio(U) Rossello (upper part) [So & L. '93] 

5 intervals 33.7 46.6 1921 Plio(L) Punta di Maiata [So & L. '93] 
5 intervals 34.6 46.2 777 Plio(L) Eraclea Minoa [So & L. '93] 

10 intervals 34.2 46.4 1212 Plio(L) Rossello (lower part) [So & L. '93] 

Table 2. Summary of paleomagnetic data from Sicily. N= number of sites / samples, D(tc), I(te)= declination, 

inclination (after tectonic correction), k(te) = precision parameter (after tectonic correction), pol = polarity. 
References: [So & L. '93] refers to Scheepers and Langereis (1993); [C. and others '90] refers to Channell and 
others (1980), [CO and others '90J to Channell and others (1990); (*) denotes the use of data from other studies 

to calculate mean vector (Channell and others, 1990); Sacc.=Saccense, plat.=platform. 
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Internal units (northern Sicilian chain) 
3 intervals NR 12.6 51.7 58 Plio(L) Buonfornello (west) [this study] 
9 sites NR 3.8 56.3 62 Plio(L) Buonfornello (east) [this study] 
2 sections NR 8.4 54.1 275 Plio(L) Buonfornello area [this study] 

5 sites N 71.4 52.9 18 Mio(U) Petralia Superiore [this study] 

15 samples R 130.6 31.0 63 Eocene Panormide Plat. [e. et al. '90] (OO) 
8 localities NR 90.9 30.1 16 Cret(U) Panormide Plat. [C. et al. '90] 

17 samples N 108.1 13.1 20 Jur(M) Panormide Plat. [e. et al. '90] 
3 sites N 116.3 36.1 13 Cret(U) Imerese Basin [C. et aI. '80] 
3 localities NR 35.6 42.2 15 Cret(U) Trapanese Seamts. [C. et al. '90] (OO) 

II localities NR 35.0 29.8 35 Jur(M) Trapanese Seamts. [e. et al. '90] (OO) 
3 localities R 99.9 41.3 146 Cret(U) Sicanian Basin [C. et al. '90] (OO) 
2 localities N 33.3 37.2 25 Cret(U) Intern. Sacco Plat. [C. et al. '90] (OO) 

21 samples R 39.4 46.7 55 Jur(M) Intern. Sacco Platf. [C. et al. '90] 

Table 2. (continued). 

The localities of the fold-and-thrust belt system show mainly clockwise rotations (Figure 4), 

although most of them do not deviate significantly from North. The two localities in lower Pliocene 

marls of the Caltanissetta basin showed 34° of clockwise rotation, while the latest Pliocene part of the 

Rossello composite section in this Caltanissetta basin shows only 24° of clockwise rotation 

(Scheepers and Langereis, 1993). This differential rotation of 10° was suggested to have occurred in 

the late Pliocene (around 3.05 Ma). The two localities in the Gela-Catania foredeep treated in this 

study, imply that approximately 13° of the remaining 24° clockwise rotation occurred in the 

middle/late Pleistocene. The amount is very well in accordance to the consistent 15° clockwise 

rotation of the Calabro-Peloritan block to the north (Scheepers and others, 1993b). The earlier 

published paleomagnetic results from the southern Apenninic fold-and-thrust belt system already 

suggested that there are two major phases of tectonic block rotations in the Tyrrhenian arc system 

(Scheepers and Langereis, 1993b; Scheepers and others, 1993a): in the late Pliocene (3.05 Ma) and in 

the middle Pleistocene (0.7 Ma). The Calabro-Peloritan block which is in the central part of the 

Tyrrhenian arc only performed its clockwise rotation in the middle Pleistocene (0.7 Ma). From these 

earlier studies, it was also concluded that the tectonic block rotations occurred not simultaneously 

with the major phase of extension in the Tyrrhenian basin (Scheepers and Langereis, 1993a, b; 

Scheepers and others, 1993a, b, c), but during compressive phases. 

Inclination values for the HT component of the two reliable localities in early Pleistocene clays 

of the external part of Sicily are significantly shallower (Table 3) than expected for the geocentric 

axial dipole (GAD) field for the present latitude of the localities: on average the measured inclination 

is 51.8° for the Caltagirone clays and 49.1 ° for MonteLungo. The difference (0) between the measured 
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and the 'expected' (GAD) inclination is 7.4° for MonteLungo and 4.8° for Caltagirone (Table 3). If we 

consider the inclination values for all reliable localities in late Pliocene to Pleistocene clays from the 

Apulian foreland (Scheepers, 1992), also there considerable inclination errors are observed (Table 3). 

For the clays from Cutrofiano this error is only-O.2°; for the other three reliable localities errors are 

between 2.6 and 6.8° (Table 3). The mean inclination error for the six localities foreland localities is 

4.4 (± 2.7)°. This error is either due to compaction or to a northward movement of the foreland of 600 

(± 370) lan. Because the inclination measured in the Pliocene volcanics of the Ragusa platfonn is also 

low (53.1°; Table 2) compared to the GAD inclination, we cannot exclude the influence of a 

northward movement of the Tyrrhenian foreland (Adriatic microplate). 

N I (tc) k(tc) pol lat I(GAD) 0 area locality 

5 sites 

5 sites 

6 sites 

3 sites 

13 sites 

8 sites 

49.1 

51.8 
59.1 

57.1 

52.9 

55.9 

384 

164 

1658 

264 

81 

279 

R 

R 

N 

R 

R 

N 

37.085 

37.209 

40.124 

40.573 

40.607 

41.477 

56.5 

56.6 

59.3 

59.7 

59.7 

60.5 

-7.4 

-4.8 

·0.2 

·2.6 
-6.8 

-4.6 

Gela-Catania / Ragusa 

Ragusa 

Apulia 

Bradano / Apulia 
Apulia 

Bradano / Apulia 

MonteLungo (MLU) 

Caltegirone (CGI) 

Cutrofiano (CUT) 

Ginosa (MSC) 

MonteMesola (MM) 

Lucera (LUC) 

Table 3. Paleomagnetic inclination data from the Tyrrhenian foreland (this study; Scheepers, 1992).
 

lat =latitude of the locality, I(GAD) =inclination as expected from the geocentric axial dipole field of the
 
latitude, (; = difference between measured and 'expected' inclination. See caption to Tables I and 2.
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Chapter Seven
 
The magnetic fabric of the sediments 
from the Tyrrhenian arc 

THE TYGER 

Tyger! Tyger! burning bright
 
In the forests of the night,
 

What immortal hand or eye
 
Couldframe thy fearful symmetry?
 

In what distant deeps or skies
 
Burnt the fire of thine eyes?
 

On what wings dare he aspire?
 
What the hand dare sieze the fire?
 

And what shoulder, & what art,
 
Could twist the sinews ofmy heart?
 
And when thy heart began to beat,
 

What dread hand? & what dreadfeet?
 

What the hammer? what the chain?
 
In what furnace was thy brain?
 

What the anvil? what dread grasp
 
Dare its deadly terrors clasp?
 

When the stars threw down their spears,
 
And water'd heaven with their tears,
 

Did he smile his work to see?
 
Did he who made the Lamb make thee?
 

Tyger! Tyger! burning bright
 
In the forest of the night,
 

What immortal hand or eye
 
Dare frame thy fearful symmetry?
 

William Blake (1757-1827) 
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Magnetic fabric of Pleistocene clays
 
from the Tyrrhenian arc:
 

a magnetic lineation induced in the final stage
 
of the middle Pleistocene compressive event
 

Abstract. 

We present the results of the analysis of the anisotropy of magnetic susceptibility (AMS) in 

early Pleistocene clay sediments from the southern Apennines and its foreland (Apulia). Measure

ments were performed on samples from different tectonic units: the Apulian Unit, the Bradano 

Unit and the Apenninic belt. The AMS is characterised by a dominant magnetic foliation parallel 

to the bedding plane in all cases, pointing to a primary sedimentary magnetic fabric. No lineation 

is found in the clays from the Apulian Unit, whereas the inner part of the Bradano Unit and the 

Apenninic belt shows a clear NW-SE trending magnetic lineation which is perpendicular to the 

main compressive stresses known for this area. 

There is a very consistent WNW-ESE trending magnetic lineation for the clays from the 

southern Apennines and the Calabrian block to the south. Correction of this lineation with the 

established tectonic rotations shows that the lineation is clearly of post-rotational origin and 

reflects the latest stages of deformation. The lineation is linked to middle and late Pleistocene 

tectonics: its alignment occurred in the final stages of the compressive event affecting the Tyr

rhenian arc system. For the Sant'Arcangelo basin in the southern Apennines anomalous trends of 

magnetic lineation (compressive stress) were established. 
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1. Introduction 

The anisotropy of magnetic susceptibility (AMS) in weakly defoffiled and unmetamorphosed 

rocks can be used in paleomagnetism to provide infoffilation on the sedimentary and the tectonic 

history of the rock (see Kissel and others, 1986; Lee and others, 1990). There is often a relation 

between the AMS of rock samples and the regional suess field of the area. The AMS measuring 

technique is non-destructive for the natural remanent magnetisation (NRM) of the sample and can be 

perfoffiled relatively rapidly. 

In this paper, we make a distinction between sites from an undcfoffiled area and sites from a de

fOffiled area in the northern part of the Tyrrhenian arc system (Figure 1). From a geological point of 

view, this northern part of the Tyrrhenian arc system is divided into three main tectonic units (Ciaranfi 

and others, 1983): the Apenninic belt, the Bradano Unit and the Apulia-Gargano foreland (Figure 1). 

The most external unit is the Apulia-Gargano foreland and it has a continental basement covered by a 

carbonate succession of Mesozoic - early Tertiary age exceeding 6000 metres in thickness, called 

Apulia Unit (D'Argenio and others, 1975). This Apulia Unit extends below the deposits of the Brada

no Unit, which is a foredeep of Pliocene-Pleistocene age. The Bradano Unit is relatively undefoffiled 

and it is characterised by nOffilal faults affecting both the young sediments and the underlying Meso

zoic - early Tertiary carbonate sequence (Cristofolini and others, 1985). Compressive structures in this 

Bradano Unit are only detectable in the internal part; they are connected with the Apenninic thrusting. 

In the Apenninic belt, compressive structures caused important shortening in the Pliocene - Pleis

tocene (Cristofolini and others, 1985). The sediments from the Apulian foreland and the external part 

of the Bradano Unit are therefore relatively undefoffiled showing only moderate or no tilt, whereas the 

sediments from the Apenninic belt and the inner part of the Bradano Unit have undergone defoffilation 

and show considerable bedding tilts. We report the AMS study of (early) Pleistocene sediments from 

these two settings. We have used the same sites already studied for the paleomagnetic directions 

(Scheepers, 1992; Scheepers and others, 1993a). The sites in the Apenninic belt show a consistent 

counter-clockwise rotation; the sites from the Bradano Unit and the Apulian Unit show no tectonic 

rolation (Scheepers and others, 1993a; Scheepers, 1992). 

Figure 1. Map of the Tyrrhenian arc (A) - southern Italy - with the detailed distribution of the sampled sites in 
the Matera area (B). (A). Tyrrhenian arc. Legend: 1= Plio-Pleistocene basins, 2= Apulia-Gargano foreland, 
3= Apenninic (Maghrebides) belt, 4= Calabro-Peloritan block, 5= volcanic rocks, 6= faults, 7= thrust front, 
8= sampled locality. Numbers of localities: (I) = Cutrofiano (CUn, (2) = MonteMesola (MM), (3) = Ginosa 
(MSC), (4) = Canosa (CAN), (5) = Lucera (LUC), (6) = Matera area, (7) = Firmo (FIR), (8) = San Mauro di 
Marchesato (MAM), (9) = Caraffa di Catanzaro (CC), (10) = Croce Valanidi (CV). 
(B). Geological map of the Matera area (from Scheepers and others, 1993a; modified after Lentini, 1967). The 
studied localities in the western part (Apenninic belt) are the two localities in the Sant'Arcagelo basin (SAG 1
SAG 6, SAG 7-11) and the Craco locality; in the eastern part the three localities are in the Bradano Unit 

(pisticci, Pomanco and Tursi). 
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2. Sampling and methods 

The geographical distribution of the sites is mainly along a line from the Sant'Arcangelo basin in 

the Matera area to the Adriatic coast-line (see Figure 1). Two separate areas can be distinguished: (1) 

an eastern area which is largely undefonned and which shows no tectonic rotations. (2) a western area 

which is clearly defonned and which shows consistent counter-clockwise rotations (Scheepers. 1992; 

Scheepers and others. 1993a). Further, some additional sampling took place in Calabria, because the 

sense of tectonic rotations is opposite (Le. clockwise) there (Scheepers and others, 1993b, c). Fine

grained sediments were chosen for the study of NRM, because their sedimentation rate is usually low 

enough to average out secular variation. For a more detailed description of the location of the sites, 

we refer to the earlier studies (Scheepers. 1993; Scheepers and others. 1993a, b, c). We took cylin

drical standard cores of 25 mm diameter using an electric drill and portable generator. A total of 450 

cores from 71 sites, sampled at 10 localities (Figure 1) was used for this study. 

Basically, the AMS of a rock is described by a tensor. This tensor can be visualised by an 

ellipsoid having three principal axes; these are the axes of maximum, intennediate and minimum 

susceptibility, indicated by kMAX:O kINr and kMIN respectively. When kMIN is much smaller than 

kMAX and kINT • the ellipsoid is oblate and there is a magnetic foliation. When in addition kMAX is 

considerably larger than kINT there is a clear magnetic lineation. There are different parameters and 

parameter ratios to characterise the shape of the AMS ellipsoid (see Hrouda, 1982). The total degree 

of anisotropy is characterised by P =kMAX / kMIN and the magnetic foliation is defined by F =kINr / 

kMIN . The magnetic lineation is the degree of anisotropy in the magnetic foliation plane. defined by L 

=kMAX / kINT . Further. the shape of the ellipsoid is reflected in the value of E =F / L; it describes 

the magnitude of the development of magnetic foliation with respect to that of magnetic lineation. 

When E < 1 the ellipsoid is predominantly prolate. when E > 1 the ellipsoid is oblate. The shape can 

be represented graphically by plotting lineation L versus foliation F (Hrouda and Janak. 1976). 

At the laboratory, the AMS measurements were carried out using a high-sensivity low-field 

susceptibility bridge (KLY-2). Repeated measurements on the same sample were done and yielded 

nearly identical results. The AMS tensor for every sample is calculated according to Jelinek (1977). 

Further. the statistics of Jelinek (1978) are used to determine the mean susceptibility tensor for a given 

site. In addition, hysteresis loop experiments were perfonned using an alternating field (with a maxi

mum of 250 mT) to detennine the paramagnetic contribution to the susceptibility. These hysteresis 

curves were determined by measuring the imbalance of a pair of coils, one of which contained the 

specimen. 
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3. Origin of AMS in sediments 

For sediments, the orientation of the 3 principal axes of the anisotropy of susceptibility of ferri

magnetic minerals is primarily controlled by three factors (Hrouda, 1982): the Earth's gravity field, 

hydrodynamic forces (water currents) and the geomagnetic field. Subsequently, deformation can alter 

this primary magnetic fabric. 

Gravity is the most important force acting on grains larger than 10 J.U11. It results in deflection of 

(elongate) magnetic particles towards the horizontal plane and causes the bedding parallel deposition 

of the (paramagnetic clay) minerals. It is important to note that these paramagnetic clay minerals pro

vide a considerable contribution to the bulk susceptibility (Xo) in these sediments. It appears that the 

contribution to the total Xo is dependent on the freshness of the sediments (Scheepers and others, 

1993a). During sedimentation and compaction these clay minerals will create a strong magnetic foli

ation parallel to the bedding plane, but they do not contribute to a strong lineation. Because of these 

clay minerals, kMIN is virtually perpendicular to the bedding plane (Hrouda, 1982). The inclination 

error observed in many marine sediments may be linked to this process as well (Tarling, 1983). 

The contribution of the ferrimagnetic grains is superimposed on the magnetic foliation (oblate 

ellipsoid) of the clay minerals. Because the magnetic grains are only slightly aligned, this contribution 

will hardly influence the oblateness of the ellipsoid. Their major contribution may be the introduction 

of a magnetic lineation in the foliation plane. Magnetic orienting couples due to the ambient geomag

netic field acting on the induced moment in anisotropic grains dominate hydrodynamic couples for 

grain sizes less than approximately 10 J.U11 (Rees and Woodall, 1975). The longer axes of the ferri

magnetic grains are oriented parallel to the local magnetic meridian for grains smaller than 30 J.U11 

(Hrouda, 1982). 

If the magnetic anisotropy is controlled by water currents (hydrodynamic forces), the magnetic 

lineation is usually parallel to the current direction and plunges slightly against the current (Hamilton 

and Rees, 1970; Hrouda, 1982). Because the sediments studied here are marine clays deposited under 

quiet conditions, there is no hydrodynamic forcing of the magnetic grains. 

In the case of a magnetic fabric that is (increasingly) determined by deformation, the maximum 

axis of susceptibility becomes perpendicular to the direction of compression (Borradaile and Tarling, 

1981). In unmetamorphosed and relatively undeformed sediments, the magnetic fabric may reflect the 

early stages of deformation (see Kissel and others, 1986; Lee and others, 1990). In that case, kMAX is 

aligned perpendicular to the direction of shortening, but the kMIN axes remain perpendicular to the 

bedding plane, still marking the (primary) depositional fabric. The study of magnetic fabrics of expe

rimentally deformed artificial clay-water dispersions confirms this relation between kMAX and direc

tion of shortening, independent of the mineral composition of the clays (Richter and others, 1991). 

273 



SCHEEPERS: TECTONIC ROTATIONS IN THE TYRRHENIAN ARC SYSTEM 

site str dip n X (0) L(m) L [A] F P k-min (tc) 

Inner part Bradano Unit (deformed) 
POM1 0 0.0 6 364.3 1.0090 1.0090 1.00 1.0174 1.0266 142.7 74.6 
POM2 0 0.0 6 533.9 1.0014 1.0015 0.98 1.0226 1.0241 108.5 85.1 
POM3 116 7.4 6 355.3 1.0025 1.0025 1.01 1.0230 1.0255 162.7 77.4 
PST 1 315 7.0 6 404.7 1.0113 1.0039 2.91 1.0249 1.0289 96.3 47.4 
PST 2 315 7.0 6 201.4 1.0117 1.0114 1.03 1.0463 1.0582 54.2 75.3 
PST 3 315 7.0 6 327.9 1.0121 1.0111 1.09 1.0160 1.0273 73.7 52.0 
PST 4 315 7.0 6 369.9 1.0039 1.0064 0.61 1.0122 1.0186 57.7 57.2 
PST 8 315 7.0 6 211.0 1.0129 1.0095 1.36 1.0539 1.0639 308.0 67.6 
PST9 315 7.0 5 221.3 1.0093 1.0088 1.05 1.0385 1.0477 120.1 76.0 
PST 13 315 7.0 6 213.7 1.0041 1.0041 0.99 1.0209 1.0251 49.3 78.2 
PST 14 315 7.0 5 162.0 1.0094 1.0048 1.96 1.0358 1.0408 47.1 76.1 
TUR 1 317 6.2 6 301.4 1.0030 1.0015 2.00 1.0199 1.0214 61.6 78.4 
TUR2 317 6.2 5 295.2 1.0035 1.0017 2.01 1.0217 1.0235 74.8 80.0 
TUR3 317 6.2 6 365.5 1.0027 1.0026 1.06 1.0197 1.0223 284.1 84.4 
TUR4 317 6.2 6 317.5 1.0021 1.0015 1.42 1.0279 1.0294 104.0 77.2 
TUR5 317 6.2 6 293.5 1.0031 1.0030 1.05 1.0269 1.0300 149.0 85.7 
TUR6 342 10.0 6 233.0 1.0029 1.0026 1.12 1.0363 1.0390 51.1 84.4 
TUR 7 195 6.5 4 262.1 1.0024 1.0022 1.08 1.0331 1.0354 60.6 85.8 

Apenninic belt (deformed) 
CRC 1 295 24.0 6 234.6 1.0139 1.0124 1.12 1.0108 1.0233 68.1 85.4 
CRC2 295 24.0 6 226.7 1.0085 1.0085 1.01 1.0141 1.0227 28.3 77.3 
CRC3 273 22.0 6 392.6 1.0093 1.0093 1.01 1.0158 1.0252 30.3 85.4 
CRC4 126 21.0 6 205.7 1.0028 1.0020 1.38 1.0223 1.0244 59.8 76.2 
CRC5 272 39.0 6 320.6 1.0018 1.0018 1.03 1.0196 1.0215 291.5 79.8 
CRC6 170 25.0 6 201.5 1.0113 1.0109 1.04 1.0255 1.0367 48.8 82.4 
SAG 1 265 36.0 6 338.9 1.0096 1.0093 1.03 1.0341 1.0437 20.9 60.0 
SAG 2 180 42.0 6 224.9 1.0144 1.0143 1.01 1.0347 1.0496 86.9 86.2 
SAG 3 180 20.0 5 608.3 1.0144 1.0143 1.01 1.0094 1.0238 0.0 87.5 
SAG 4 300 30.0 6 243.8 1.0166 1.0168 0.99 1.0209 1.0380 28.9 78.4 
SAG 5 230 20.0 6 239.4 1.0133 1.0132 1.01 1.0228 1.0363 234.6 87.5 
SAG 6 270 38.0 6 391.4 1.0077 1.0076 1.02 1.0365 1.0444 287.9 88.5 
SAG 7 140 25.0 6 298.5 1.0019 1.0009 2.23 1.0560 1.0569 23.0 86.5 
SAG 8 140 25.0 6 251.6 1.0027 1.0019 1.41 1.0480 1.0500 51.1 89.7 
SAG 9 142 30.0 6 255.1 1.0072 1.0071 1.01 1.0381 1.0455 3.6 86.5 
SAG 10 118 18.0 6 520.6 1.0043 1.0036 1.20 1.0364 1.0401 86.8 89.8 
SAG II 106 24.0 6 626.0 1.0025 1.0019 1.32 1.0302 1.0321 357.4 86.8 

Table 1. Parameters characterizing the anisotropy of magnetic susceptibility (AMS) of the sites from the 
undeformed setting (Apulia foreland area and the outer part of the Bradano Unit; siles from Scheepers, 1992; 
Scheepers and others, 1993a). Strike (str) and dip of the bedding plane is given; n denotes the number of sam
ples measured per site, X(O) is the mean bulk susceptibility: (kMAX + kINT + kMlN) / 3, L(m) gives the mean 
magnetic lineation for the samples in the sites, whereas L gives the magnetic lineation of the mean ellipsoid, 

[A] is the ratio between the two values [A] = (LM - I) / (L. I); [A] < 2 means that magnetic lineation is 
consistent for the site. The Table further gives the magnetic foliation (F), the degree of anisotropy (P), the 

orientation (declination, inclination) of the axis of minimum susceptibility (k-min (tc)). 
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site str dip n x (0) L(m) L [AJ F P k-min (tc) 

CAN 1 
CAN 2 
CAN 3 
CAN 4 
CAN 5 
CAN 6 
CUT 1 
CUT 2 
CUT 3 
CUT 4 
CUT 5 
CUT 6 

0 0.0 
0 0.0 
0 0.0 
0 0.0 
0 0.0 
0 0.0 
0 0.0 
0 0.0 
0 0.0 
0 0.0 
0 0.0 
0 0.0 

Apulia-Gargano foreland (undeformed) 
6 161.5 1.0028 1.0019 1.51 1.0208 1.0227 
7 153.1 1.0022 1.0017 1.29 1.0187 1.0204 
6 168.2 1.0030 1.0017 1.72 1.0206 1.0223 
6 150.9 1.0022 1.0020 1.13 1.0229 1.0249 
6 188.3 1.0018 1.0006 3.21 1.0160 1.0166 
6 148.7 1.0048 1.0023 2.12 1.0118 1.0141 
7 554.9 1.0012 1.0006 2.04 1.0118 1.0124 
6 661.8 1.0019 1.0010 1.97 1.0088 1.0097 
7 173.5 1.0020 1.0008 2.53 1.0170 1.0178 
6 645.7 1.0021 1.0014 1.46 1.0162 1.0177 
7 766.9 1.0015 1.0011 1.34 1.0121 1.0133 
6 637.0 1.0010 1.0003 3.31 1.0120 1.0123 

Outer part Bradano Unit (undeformed) 

194.2 81.0 
165.5 84.5 
169.1 85.6 
169.5 85.8 
28.2 88.0 

172.6 86.1 
152.4 87.7 
85.7 80.1 

323.0 86.0 
270.7 86.0 

57.4 87.7 
129.8 88.2 

LUC 1 343 5.0 6 155.2 1.0032 1.0026 1.26 1.0192 1.0218 102.6 82.6 
LUC2 343 5.0 6 162.0 1.0032 1.0024 1.35 1.0185 1.0210 51.6 77.9 
LUC3 343 5.0 6 168.8 1.0015 1.0010 1.51 1.0217 1.0227 170.3 86.6 
LUC4 10 5.0 6 258.1 1.0024 1.0014 1.72 1.0201 1.0215 124.3 78.4 
LUC5 10 5.0 6 227.7 1.0017 1.0008 2.09 1.0236 1.0244 49.2 88.0 
LUC6 10 5.0 6 289.7 1.0014 1.0007 1.95 1.0219 1.0226 97.9 88.4 
LUC7 10 5.0 5 263.4 1.0010 1.0008 1.13 1.0221 1.0229 29.5 88.5 
LUC8 334 8.0 6 165.8 1.0026 1.0017 1.53 1.0297 1.0315 55.0 80.5 
MMI 204 1.7 6 102.5 1.0025 1.0010 2.36 1.0527 1.0538 291.4 86.7 
MM2 204 1.7 7 118.5 1.0024 1.0010 2.45 1.0283 1.0293 248.8 85.5 
MM3 204 1.7 6 134.1 1.0012 1.0004 2.97 1.0355 1.0339 295.1 85.3 
MM4 204 1.7 4 121.9 1.0017 1.0011 1.65 1.0154 1.0165 250.7 88.2 
MM5 204 1.7 4 140.7 1.0020 1.0009 2.15 1.0330 1.0339 269.5 84.3 
MM6 204 1.7 5 678.5 1.0028 1.0009 3.08 1.0198 1.0207 194.0 87.7 
MM7 204 1.7 6 171.8 1.0014 1.0006 2.54 1.0269 1.0275 248.5 86.8 
MM8 270 5.0 4 403.4 1.0035 1.0015 2.30 1.0167 1.0183 336.1 88.9 
MM9 270 5.0 4 607.8 1.0015 1.0011 1.42 1.0157 1.0168 303.7 82.4 
MMI0 270 5.0 4 640.2 1.0022 1.0013 1.71 1.0130 1.0143 278.8 86.2 
MMll 0 0.0 4 719.7 1.0013 1.0008 1.58 1.0128 1.0137 136.5 88.8 
MM12 0 0.0 4 521.0 1.0006 1.0004 1.47 1.0142 1.0146 287.7 89.2 
MM13 0 0.0 4 1118.8 1.0058 1.0049 1.20 1.0178 1.0227 215.2 81.8 
MSC 1 0 0.0 4 188.3 1.0023 1.0012 1.84 1.0369 1.0382 181.5 82.1 
MSC2 0 0.0 6 329.5 1.0024 1.0008 3.11 1.0201 1.0209 66.5 88.0 
MSC3 0 0.0 6 233.7 1.0014 1.0012 1.11 1.0174 1.0186 124.0 87.8 

Table 2. Parameters characterising the anisotropy of magnetic susceptibility for the sites from the deformed 
setting (the Apenninic belt and the inner part of the Bradano Unit; sites from Scheepers and others, 1993a). 

See also caption to Table 1. 
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4. Results AMS measurements lower Pleistocene clays 

4.1 Magnetic/abric o/the clays 

The susceptibility tensor was calculated per sample and afterward a mean susceptibility tensor 

per site. The kMIN axes are well grouped and nearly always perpendicular to the bedding plane (Figs. 

2A, B). Further, from these equal area projections it is shown that the orientation of the kMAX axis is 

not always consistent per site (Fig. 2A-D). The ratio (Tables 1,2) between the arithmetic mean of the 

magnetic lineations per site - LM - and the lineation calculated from the mean tensor of the same site 

(L) is a measure for the consistency of the magnetic lineation: LM > L implies some scatter. The sites 

from the undeformed setting typically show randomly directed magnetic lineations (Fig. 2E, 2F), 

whereas the sites from the deformed setting show very consistently oriented lineations. This difference 

in consistency is not due to the differences in magnitude of the magnetic lineation: both deformed and 

undeformed sites show very low Land LM values. Also, on a larger (than site) scale, the magnetic 

lineation per area is more consistent for the deformed than for the undeformed setting (Fig. 3). 

(A) CUT 6 (Apulian Unit) (B) MM 7 (outer Bradano) 

L(mean) = 1.0010, sd = 0.0008 L = 1.0003 L(mean) = 1.0014, sd = 0.0004 L = 1.0006 

(C) TUR 3 (inner Bradano) (D) CRC 3 (Apenninic belt) 

L(mean) =1.0027, sd ~ 0.0017 L = 1.0026 L(mean) ~ 1.0093, sd =0.0017 L = 1.0093 

Figure 2. Diagrams (A) to (D) show equal area projections (bedding-tilt corrected) of kMAX (triangles) and 
kMIN (circles) of the ellipsoid of the AMS for the individual samples with the calculation of the mean ellipsoid 
for the site (shaded area, according to Jelinek, 1978). (A) and (B) are are two sites from the undeformed set
ting; (C) and (0) are two sites from the deformed setting. Magnetic lineation is consistent and well-developed 

for the sites from the deformed part; the sites from the undeformed part give no consistent lineations. 
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Figure 2 (continued). Diagrams (E) and (F) shows the mean lineation for the individual samples in one site 

(horizontal) versus the lineation of the mean ellipsoid (vertical): it shows thal magnetic lineation is only consi

stent for the sites from the deformed setting. Also the sites with a relatively low magnetic lineation show con

sistent directions; for the sites from the undeformed setting magnetic lineation is clearly not consistent per site. 

Symbols denote unde formed foreland (open circles) and deformed setting (closed circles). 

(A) CAN 1-6 

L(mean) = 1.0028, sd =0.0015 L = 1.0008 

(B) CUT 1-6 

L(mean) = 1.0016, sd= 0.0012 L = 1.0004 

(C) MM 1-13 

L(mean) = 1.0022, sd = 0.0026 L = 1.0005 

(D) TUR 1-7 

L(mean) = 0.0028, sd = 0.0019 L = 1.0019 

(E) CRC 1-6 

L(mean) = 1.0080, sd = 0.0048 L = 1.0066 

(F) SAG 1-6 

L{mean) = 1.0126, sd = 0.0037 L = 1.0110 

Figure 3. Equal area projections (bedding-tilt corrected) of kMAX and kMIN of the ellipsoid of the AMS for 

the individual samples of 6 areas from this study and the mean ellipsoid (shaded) area: three areas from the 

foreland (A, B, C), one from the Bradano Unit (D) and two from the Apenninic bell systemt (E, F). For sym

bols, see caption to Figure 2. Magnetic lineation is consistent and well-developed for the areas from the 
deformed part; the undeformed areas give low lineations with inconsistent directions, The line in the lower 

diagrams shows the mean lineation of the area. 
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The anisotropy parameters (L, F, P and E) are calculated from the mean tensor (Tables 1,2). 

Magnetic foliation is between 1.01 and 1.06 for the clays (Figure 4A) and shows no apparent relation 

with Xo. Magnetic lineation of the mean tensor is between I.DO (Le. no lineation) and 1.02: it appears 

that values for the deformed setting are considerably larger (Figure 4B). The consistent orientation 

and relatively high values of the lineation for the deformed setting (Apenninic belt and inner part 

Bradano Unit) is the first argument supporting magnetic lineation was induced by deformation. 

Figure 4. Magnetic anisotropy plots for the sites from this study; magnetic foliation (A) and lineation (B) 
versus bulk susceptibility (Xo); Flinn diagram (C) gives an oblate magnetic fabric for the undeformed sites. 

Symbols denote undeformed foreland (open circles) and deformed setting (closed circles). 
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The magnetic anisotropy plot L versus F shows that all undefonned sites have a distinctly oblate 

magnetic fabric, whereas sites from the deformed setting tend to a more prolate magnetic fabric 

(Figure 4C). The direction of the magnetic lineation (L) shows no preferential orientation for the 

undefonned setting. A clear NW-SE trending preferential orientation is found for the sites from the 

defonned setting (Figs. 3,5), even for those with a very weak magnetic lineation. Consequently, the 

randomly oriented lineation directions in the undefonned foreland are not due to the low lineation 

values, but most probably to the absence of a defonnation phase. This is the second argument which 

supports magnetic lineation was detennined by defonnation. 

Figure 5. Direction of kMAX of the mean ellipsoid for the sites studied in this area; all directions are plotted 

twice by inverting the declination through the origin. Open symbols represent direction from undeformed 
foreland, there is no significant clustering; closed symbols are from deformed setting, where there is a 

preferred NW-SE orientation. Shaded area represents the range of the mean declination with its standard 
deviation. 
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4.2 Hysteresis measurements 

The range of the mean initial (bulk) susceptibility (Xo) per site varies considerably and values are 

between 100 and 800 (in 10-6 SI-units) for the 71 sites (Tables 1, 2; Figure 6). The Xo value appears 

to depend on the freshness of the site and reflects the presence of (not yet oxidised) iron-sulphides 

(Scheepers and others, 1993a); the sites showing (some) weathering have the lowest values (100-200), 

which may be considered as a minimum level (base-level) for the Xo of the clays, while very fresh 

sites have much higher susceptibilities, between 500 and 800 x 10-6 SI-units. Susceptibility values are 

independent from the setting; there are fresh and weathered sites for both undeformed and deformed 

sites. 

To give an estimate for the contribution of paramagnetic (clay) minerals to the total bulk . 

susceptibility, hysteresis curves were determined for one sample per site from the undeformed 

Apulian sediments. The hysteresis measurements for the clays from the Matera area were done earlier 

(Scheepers and others, 1993a). All hysteresis curves show a linear magnetisation vs. applied field 

behaviour in high fields (Figure 6A). If saturation has been reached - as evidenced by the closed loop 

at higher fields -, this linear increase is caused by the paramagnetic contribution of the clay minerals. 

The slope of this linear increase at high fields (180-230 mT) determines the high field susceptibility 

(XHF) per sample (Table 3). The difference Cd') between the XLF and the XHF is a measure for the 

amount of remanence carrying ferrimagnetic minerals (Table 3). The plot of XLF and XHF versus 'd' 

(Figure 6C) was used to calculate the paramagnetically controlled base-level for these clays. Because 

there is an increasing XHF as a function of the remanence carrying minerals Cd'), more (paramagnetic) 

pyrite is present in the fresher clays causing this linear increase. Linear regression through the data

points of XLF versus 'd' shows that the paramagnetically controlled base-level due to clay minerals 

(XCLAy) for the Apulia clays is 120 x 10-6 SI-units. 

The ratio of JRS to Js is high and very constant for these clays (0.69 ± 0.03; Table 3), which is 

identical to the value for the Matera clays. This ratio exhibits a maximum of 0.6 for single-domain 

magnetite grains (Day and others, 1976). A magneto-crystalline model for pyrrhotite assuming a 

unique hard axis and a triaxial anisotropy in the unique plane was used to calculate a JRS / Js ratio of 

0.750 (O'Reilly, 1984; after Dunlop, 1971). Therefore, we believe that an iron sulphide mineral 

(greigite or pyrrhotite) carries the main part of the remanence of these sediments. The ratio of the HCR 

to Hc increases with increase in grain size; for these clays the value is 1.20 (± 0.02; Table 3), 

implying 0.1 J.Ull grains (O'Reilly, 1984; after Day and others, 1976). This is identical to the values 

found for the Matera clays. 
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Figure 6. (A) Magnetic hysteresis loop for clay sample CUT 6.6B. Dotted line gives the remanent coercivity 

spectrum of the sample. The high field linear magnetisation/field behaviour is caused by the paramagnetic 

contribution of the clay minerals. Four rock magnetic parameters (IRS, Is, HC and HCR) were also determined 
from this Figure. (B) the Irs/Is ratio versus the HcrIRc ratio for the clays of the Matera (closed symbols) and 

the Apulia area (open symbols). Large (small) symbols represent samples with a large (small) IRS' 
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specimen Her He Jrs Js (A) (B) X(HF) X(LF) d (C) 

Jrs < lA/m 
CAN l.7A 81.5 50.5 0.86 1.77 1.61 0.49 137 164 27 31 
CAN4.2B 102.1 28.4 0.39 1.34 3.60 0.29 129 154 25 63 
LUC 1.3B 70.6 38.0 0.99 2.51 1.86 0.39 117 157 40 40 
MM 1.2B 161.2 36.6 0.22 0.73 4.40 0.30 89 97 8 35 
MM2.3B 101.6 27.0 0.22 0.97 3.76 0.23 101 114 13 60 
MM3.4B 117.7 56.6 0.31 0.52 2.08 0.60 104 113 9 28 
MM4.2B 83.3 31.6 0.45 1.15 2.64 0.39 100 125 25 56 
MM5.3B 72.3 26.3 0.41 1.36 2.75 0.30 125 147 22 53 
MSC3.6B 63.3 33.1 0.84 2.23 1.91 0.38 138 167 29 35 

STATISTICS: Her He Jrs Js (A) (B) X(HF) X(LF) d (C) 
average 94.8 36.5 0.52 1.40 2.73 0.37 116 138 22 45 
s.d. 30.5 10.6 0.30 0.66 0.98 0.11 18 26 11 14 
s.d. / average 32% 29% 57% 48% 36% 30% 15% 19% 48% 30% 

Jrs < 5A/m 
CAN2.3C 70.7 51.5 1.24 2.26 1.37 0.55 136 157 21 17 
CAN3.1B 72.6 43.8 1.18 2.51 1.66 0.47 137 171 34 29 
CAN 5.1B 64.9 49.5 4.60 7.72 1.31 0.60 147 200 53 12 
CAN6.3B 64.1 46.6 1.56 2.94 1.37 0.53 113 150 37 24 
LUC2.4C 63.4 48.7 2.15 3.18 1.30 0.68 115 166 51 24 
LUC3.5B 67.4 53.4 3.36 5.15 1.26 0.65 139 182 43 13 
LUC 8.2B 69.2 43.9 1.21 2.12 1.58 0.57 136 168 32 27 
MM7.3B 77.0 51.5 1.49 2.79 1.49 0.53 139 167 28 19 

STATISTICS: Her He Jrs Js (A) (B) X(HF) X(LF) d (C) 
average 68.7 48.6 2.10 3.58 1.42 0.57 133 170 37 20 
s.d. 4.7 3.6 1.25 1.92 0.14 0.07 12 15 11 6 
s.d. / average 7% 7% 59% 54% 10% 12% 9% 9% 30% 32% 

Jrs >5A/m 
CUT 1.2B 64.6 53.5 44.32 65.00 1.21 0.68 169 533 364 8 
CUT 2.1B 67.2 56.0 51.27 74.39 1.20 0.69 169 629 460 9 
CUT3.2B 65.0 52.9 7.09 10.65 1.23 0.67 108 205 97 14 
CUT4.5B 60.7 50.1 69.83 102.24 1.21 0.68 214 800 586 8 
CUT5.6B 63.9 52.5 56.99 83.69 1.22 0.68 188 693 505 9 
CUT6.6B 62.7 52.0 47.52 68.93 1.20 0.69 182 586 404 9 
LUC4.6B 78.5 64.9 10.60 15.10 1.21 0.70 151 246 95 9 
LUC 5.4B 74.0 62.8 6.51 9.08 1.18 0.72 148 215 67 10 
LUC6.5B 77.6 65.0 11.76 16.34 1.19 0.72 145 245 100 9 
LUC 7.4B 76.3 62.4 10.68 15.31 1.22 0.70 159 260 101 9 

Table 3. 
Rock magnetic properties of samples from the Apulian Unit deduced from hysteresis measurements, giving an 

estimate for the paramagnetic contribution relative to the total magnetic susceptibility.l--egend: He(r) =(rema
nent) coercivity force (in mT), J(r)s =(remanent) saturation magnetization; (A) =HCR to Hc ratio, (B) =JRS 
to Js ratio, X(HF) and X(LF) = high-field and low-field susceptibility (in 10-6 SI-units); d (in 10-6 SI-units) is 

the difference between the low- and high-field susceptibility and (C) = d / JRS (in lJlIl/A). 
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Jrs > 5 AIm (continued) 
MM6.3B 69.4 58.8 72.15 104.54 1.18 0.69 216 743 527 7 
MM8.4C 70.0 56.0 23.92 36.49 1.25 0.66 160 377 217 9 
MM9.2B 71.4 59.9 39.64 58.08 1.19 0.68 158 497 339 9 
MM 1O.2A 69.6 59.4 46.39 65.17 1.17 0.71 206 527 321 7 
MM11.3B 72.0 61.5 91.58 127.09 1.17 0.72 262 845 583 6 
MM 12.4B 67.7 56.3 43.63 64.69 1.20 0.67 176 530 354 8 
MM 13.3B 71.7 59.0 78.67 115.14 1.22 0.68 246 813 567 7 
MSC 1.3B 74.3 62.3 5.65 7.61 1.19 0.74 151 197 46 8 
MSC2.1C 59.4 47.4 12.19 19.65 1.25 0.62 128 295 167 14 

STATISTICS: Hcr Hc Jrs Js (A) (B) X(HF) X(LF) d (C) 
average 69.3 57.5 38.44 55.75 1.20 0.69 176 486 311 9 
s.d. 5.6 5.1 27.40 39.27 0.02 0.03 39 227 194 2 
s.d. / average 8% 9% 71% 70% 2% 4% 22% 47% 62% 22% 

Table 3. (continued). 
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Figure 6 (continued). (C) High-field and low-field susceptibility in relation to d (XLF - XHF) which is a 

measure for the amount of remanence carrying minerals; linear regression lines (y = mx +c) are very well 

determined (line XHP(d): R =0.997, m =1.18 (± 0.02), c =119.5, line XLP(d): R = 0.882, m =0.18 (± 0.02), 

c =119.5). Paramagnetic contribution is not constant; y-axis intercept (c) is an estimate for the paramagneti
cally controlled 'base-level' caused by clay minerals: 120 x 10-6 51-units; the increase in XHF versus 'd' is 

(most) probably due to the presence of pyrite. 

283 



SCHEEPERS: TECIDNIC ROTAnONS IN THE TYRRHENIAN ARC SYSTEM 

5. Discussion and tectonic implications 

5.1 General 

For most sites from this study, the direction of kMIN is perpendicular to the bedding plane and 

indicates the primary (sedimentary) origin of the magnetic foliation. Compaction of the sediments 

probably amplified this foliation (Richter and others, 1991). Hysteresis measurements show that the 

clay minerals make up a large part of the bulk susceptibility (120 x 10-6 SI-units) and therefore they 

determine to a large extent this magnetic foliation. The consistent alignment of the weak magnetic 

lineation in the clays from the deformed setting is not of primary origin, because there is no similar 

consistent alignment of the lineation in the identical clays from the undeformed setting. Therefore, we 

argue that the alignment of the magnetic lineation is caused by a deformation process. If the magnetic 

lineation is of tectonic origin, it can be compared to the earlier established (middle Pleistocene) 

tectonic rotations to derive the timing of the alignment of magnetic lineation relative to this rotation 

phase. 

5.2 Relation to paleomagnetic remanence directions (rotations) 

The magnetic lineation directions were corrected for the tectonic rotation using the paleo

magnetic results from earlier studies (Scheepers, 1992; Scheepers and others, 1993a; see Table 4): 

d = Dec (kMAX) - DecROT ' where DecROT is the tectonic rotation derived from the high-temperature 

(HT) component of the NRM. In addition, we have taken four sections/outcrops from the same early 

Pleistocene formation sampled in Calabria, because in this part of the arc tectonic rotations are oppo

site in sense to the rotations in the southern Apennines. The paleomagnetic results of these localities 

are documented in other studies (Scheepers and others, 1993b, c). 

For the four Calabrian localities, magnetic lineations are consistent and show values between 

1.002 and 1.004 (Table 4). Correction of the lineation trends for the 4 Calabrian and 5 Apenninic 

localities shows that the differences in the trends of the magnetic lineation increase on a large (area) 

and a small (site) scale if one corrects for the tectonic rotation of the sections/outcrops (Table 4). The 

general lineation trend is oriented WNW-ESE (119-299) (Table 4; Figure 7). This is parallel to the 

Pollino fault zone (Figure 1), the major tectonic contact separating the southern Apennines from the 

Calabrian block (Moussat, 1983). Because we have this consistent alignment of the magnetic lineation 

for the central part of the Tyrrhenian arc (Figure 7) and because we have both counter-clockwise 

(Matera area) and clockwise rotations (Calabria) for this area, we have an extra argument that supports 

the hypothesis that magnetic lineation is not a primary manifestation. The tectonically induced mag

netic lineation was introduced after tectonic block rotations in the arc took place. Probably, it repre

sents the final stage of the compression phase which affected the Tyrrhenian arc system. Only the 

lineation trend for the Sant'Arcangelo basin is slightly different: NNW-SSE (337-157), which is 36° 

clockwise to the general WNW-ESE trend. 
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sites n x (0) L(m) L [A] F Dec(Lin) Rotation d 

Apulia-Gargano foreland: 
CAN 1-6 37 161.5 1.0028 1.0008 3.5871 1.0188 [A] > 2 2.2 0 

CUT 1-6 39 567.5 1.0016 1.0004 3.9588 1.0135 [A]>2 0.2 0 

Outer part Bradano Unit 
0LUC 1-8 47 210.2 1.0021 1.0010 2.2471 1.0220 fA] >2 OA 
0MM 1-13 62 383.3 1.0022 1.0005 4.8141 1.0249 [A] > 2 -5.7 
0[A] > 2 2.8MSC 1-3 16 258.3 1.0020 1.0005 3.8522 1.0233 

Inner part Bradano Unit 
POM 1-3 18 417.8 1.0043 1.0031 1.3622 1.0213 301.0 _7.6 0 308.6 
PST section 46 267.1 1.0093 1.0017 5A182 1.0276 [A] >2 4.2 0 

TUR 1-7 39 297.2 1.0028 1.0019 1.4636 1.0259 298A -0.6 0 299.0 

Apenninic belt: 
0CRC 1-6 36 263.6 1.0080 1.0066 1.2126 1.0180 301.7 -22.5 324.2 

332.4 -31.5 0 3.9 
SAG 7-11 30 390A 1.0037 1.0025 1.5151 1.0419 
SAG 1-6 35 333-5 1.0126 1.0II0 1.1505 1.0254 

340.8 -17.0 0 357.8 

Calabrian block 
0FIR 2-4 17 238.9 1.0051 1.0038 1.3405 1.0557 303.3 -1.5 304.8 
0MAM 1-7 42 209.2 1.0045 1.0034 1.3302 1.0358 302.0 21.1 280.9 
0CC 1-7 18 152.7 1.0031 1.0021 1.4786 1.0318 289A 11.9 277.5 
0295.7 18.5 277.2CV 1-10 20 227.3 1.0043 1.0027 1.5860 1.0348 

(no correction/or rotations) (correction/or rotations) 
Orientation 0/ magnetic lineation: n mean sd mean sd 
Southern Apennines 5 314.9 20.1 330.7 29.0 

SAG I-II 2 336.6 5.9 0.9 4.3 
CRC-TUR-POM 3 300.4 1.7 310.6 12.7 

Calabrian block 4 297.6 6.4 285.1 13.2 
Whole area (including SAG) 9 307.2 17.3 310A 32.6 

excluding SAG 7 298.8 4.9 296.1 18.1 

Table 4. Relation between declination of the kMAX axis and tectonic rotation of the locality, taking the 
declination of the HT magnetization as an estimate. For kMAX declinations between 0 and 210° are inverted 
with respect to the origin. The declination of the high-temperature (HT) magnetisation is given by (Rot), (d) 
gives the declination of kMAX axis corrected for the estimated tectonic rotation. Lower part of Table gives the 

average value for the kMAX axis for the different areas with the standard deviation (sd). For the central part of 
the area there is a clear WNW-ESE (121-301) trend; the Sant'Arcangel0 basin in the North (157-337) shows 

completely different trends. 
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(A) all localities 

(no correction) 

(C) Sant' Arcangelo basin 

(no correction) 

(E) general trend 

(no correction) 

(B) all localities 

(correction for rotation) 

(D) Sant'Arcangelo basin 

(correction for rotation) 

(F) general trend 

(correction for rotation) 

Figure 7. The trend of the magnetic lineation for the studied area before and after correction for estimated 
tectonic rotations (see also Table 4). Solid (dotted) lines represent lineation trend for southern Apenninic 
(Calabrian) localities. Arrows indicate the inferred direction of compression. After applying correction for the 

estimated tectonic rotation, the consistency of the lineation trend is less; (E) and (F) represents the general 

WNW-ESE lineation trend (i.e. all localities excluding Sant'Arcangelo basin). 
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5.3 Comparison to other stress data 

The geodynamical evolution of the Tyrrhenian arc system from the late Pliocene onwards is 

dominated by extension, caused by the opening of the southern Tyrrhenian basin. The extension is 

characterised by radial and concentric fault systems. Detailed mesostructural studies of brittle defor

mation in the Neogene and Quaternary deposits, however, shows that also some compressional tecto

nic events took place. These mesostructural studies have been carried out in recent years over the 

whole region (Ghisetti, 1979; Bousquet and others, 1980; Philip and Tortorici, 1980; Lanzafame and 

Tortorici, 1981; Cello and others, 1982; Boccaletti and others, 1984; Auroux and others, 1985). Thus, 

the Neogene and Quaternary is dominated by extension interrupted by two compressive events: (1) the 

middle Pliocene compressive phase and (2) the middle Pleistocene compressive phase. Considering 

their (early) Pleistocene age, the clays of this study must have undergone three distinct stress regimes: 

one compressive tectonic event in a general extensional setting. 

Extensional phase from late Pliocene to early Pleistocene. During this period a general transgression 

took place, with the formation of the major basins of the blue coloured marine clays which are studied 

here. In the southern Apennines, extension (0"3) is oriented NNE-SSW (030-210); in northern Calabria 

it is oriented E-W (100-280) (Tortorici, 1980). 

Compressive phase middle Pleistocene. In the middle Pleistocene, a phase of compression temporarily 

replaced extension. This phase is known as the "Quaternary compressive phase". It took place 

between 1.0 Ma and 0.7 Ma (philip and Tortorici, 1980; Auroux and others, 1986; Bousquet and 

Philip, 1986). This phase was responsible for the activation of numerous reverse faults and associated 

folds in the inner part of the Bradano Unit. During this period a general uplift of the internal part of 

the Tyrrhenian arc took place, with the formation of continental basins placed parallel to the strike of 

the arc (Boccaleni and others, 1984). Differential tectonic rotations along the Tyrrhenian arc (also) 

took place in this period (Scheepers and others, 1993a, b). The shortening directions derived from 

mesostructural analysis in the sediments from the continental basins and from early Pleistocene 

sediments shows a NE-SW (050-230) direction in the southern Apennines. In northern Calabria for 

both the Crotone basin (Roda, 1967; Philip and Tortorici, 1980) and the Crati basin (Lanzafame and 

Tortorici, 1981), a NNW-SSE (140-320) direction of shortening has been derived, whereas for 

southern Calabria shortening directions between N-S (010-190) and NE-SW (050-230) were derived 

(Bousquet and others, 1980). 

Extensional phase from late Pleistocene to recent. For the most recent period, stress information was 

derived from focal mechanism solutions and from mesostructural analyses carried out on the lower/

middle Pleistocene sediments outcropping in the southern Apennines and the Calabrian arc (Cello and 

others, 1982). In the southern Apennines, a tensile stress (0"3) is oriented NE-SW (045-225), in 

northern Calabria this tensile stress is oriented ESE-WNW (110-290) (Boccaleni and others, 1984). 
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The NE-SW shortening direction in the southern Apennines is in good agreement with the 

WNW-ESE trending (120-300) lineation documented here (Table 4); the WNW-ESE trending 

lineation implies a NNE-SSW (030-210) direction of compression. This provides evidence for a quite 

uniform NNE-SSW directed compression in the final stages of the middle Pleistocene compressive 

phase for the central part of the Tyrrhenian arc system (Figure 7). This trend is perpendicular to the 

Pollino line which separates the southern Apennines from the Calabro-Peloritan block to the south. 

Only for the Sant'Arcangelo basin slightly deviating directions were found (Table 4). Differential 

tectonic rotations may have taken place along the northeastern border of the central part of the arc 

with sinistral movements along the Pollino Line (Knott and Turco, 1991). The end-phase of tectonic 

rotations probably corresponds to a blocking of the system; the rotation and movement of the Calabro

Peloritan block is stopped by resistance of the foreland. This resistance causes the alignment of the 

magnetic lineation, (just) after tectonic rotations have taken place. 
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DURING THE QUATERNARY AND LATE TERTIARY 
Peter Scheepers, PhD-Thesis, 1994 
Chapter7B 

Magnetic lineation in Miocene to Pleistocene clays: 
additional evidence for a middle Pleistocene NNE-SSW 

directed compressive phase for the Tyrrhenian arc 

Abstract 

This study reports the analysis of the anisotropy of magnetic susceptibility (AMS) in a large 

number of sites (179) in Tertiary and Quaternary sediments from the Tyrrhenian arc system of 

southern Italy. In nearly all cases, the AMS is characterised by a dominant magnetic foliation par

allel to the bedding plane, pointing to a primary sedimentary magnetic fabric. A small magnetic 

lineation is present which is perpendicular to the main compressive stresses known for this area. 

The results largely confinn the earlier work in the northern part of the Tyrrhenian arc with 71 sites 

(Scheepers and Langereis, 1993b). 

For the entire Tyrrhenian arc system there is a very consistent WNW-ESE trending magnetic 

lineation. Correction of the lineation(s) for tectonic rotations as established from paleomagnetic 

studies shows that the lineation is clearly of post-rotational origin and reflects the latest stages of 

deformation within the arc. Therefore, the magnetic lineation in the late Miocene to Pleistocene 

clays is related to middle and late Pleistocene tectonics: its alignment occurred in and originates 

from the final stages of the compressive event affecting the Tyrrhenian arc system. For some 

(internal) basins anomalous trends of magnetic lineation (compressive stress) were observed. The 

magnetic lineation in the late Oligocene to early Miocene Stilo Capo d'Oriando fonnation has a 

completely different trend and seems to reflect a compression induced before the middle Miocene 

counter-clockwise rotation of the Calabro-Peloritan block. 
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1. Introduction 

In paleomagnetism, the anisotropy of magnetic susceptibility (AMS) in weakly deformed sedi

ments can be used to provide information on the tectonic history of the rock (see Kissel and others, 

1986; Lee and others, 1990; Scheepers and Langereis, 1993b). There is often a clear relation between 

the AMS of rock samples and the regional stress field of the area; magnetic lineation is perpendicular 

to the regional stress field. The AMS measuring technique is non-destructive in general and does not 

affect the natural remanent magnetisation (NRM) of the sample and can be performed relatively rapid

ly before analysis of the NRM of the samples. In the present study, the AMS results from a large 

number of sites (total 179) are given and includes clays of late Oligocene to middle Pleistocene age 

along the entire Tynhenian arc system of southern Italy. The main results (directions of lineation) 

from an earlier study (total 71 sites; Scheepers and Langereis, 1993b) are given here as well. This 

earlier study compared sites from an undeformed area and sites from a deformed area in the northern 

part of the Tynhenian arc system and showed that the magnetic lineation was tectonically induced, 

but after rotations had taken place. For the whole area, tectonic rotations occurred in the middle Pleis

tocene and therefore the magnetic lineation reflects the final stages of deformation in the Tynhenian 

arc. For a detailed description of the locations of the sites treated in this study, we refer to the earlier 

studies dealing with the NRM results of the same sites (Scheepers, 1993; Scheepers and Langereis, 

1993c; Scheepers and others, 1993a, b, c; Chapter 6B). 

2. Methods 

The AMS of a rock is described by a tensor, visualised by an ellipsoid having three principal 

axes. These axes of maximum, intermediate and minimum susceptibility are indicated here by kMAX ' 

kINT and kMlN respectively. The AMS measurements were carried out using a high-sensitive low-field 

susceptibility bridge (model KLY-2). The AMS tensor for every sample is calculated according to 

Jelinek (1977). Further, the statistics of Jelinek (1978) are used to detennine the mean average sus

ceptibility tensor for a given site. When kMlN is much smaller than kMAX and kINT ' the ellipsoid is 

oblate and there is a magnetic foliation (F). When in addition kMAX is significantly larger than kINT 

the ellipsoid is oblate and there is a magnetic lineation (L). There are different parameters and para

meter ratios to characterise the shape of the AMS ellipsoid (see Hrouda, 1982). The total degree of 

anisotropy (P) is characterised by P =kMAX / kMIN and the magnetic foliation (F) is defined by F = 
kINT / kMIN . The magnetic lineation is the degree of anisotropy in the magnetic foliation plane, 

defined by L =kMAX / kINT . In the case of a magnetic fabric that is (increasingly) determined by 

deformation, the maximum axis of susceptibility becomes perpendicular to the direction of compres

sion (Borradaile and Tarling, 1981). In unmetarnorphosed and relatively undeformed sediments, the 

magnetic fabric may reflect the early stages of a deformation (see Kissel and others, 1986; Lee and 

others, 1990). In that case, kMAX is aligned perpendicular to the direction of shortening, but the kMlN 
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axes remain perpendicular to the bedding plane, still marking the (primary) depositional fabric. The 

laboratory study of magnetic fabrics in experimentally deformed artificial clay-water dispersions 

confmns this relation between kMAX and direction of shortening, independent of the mineral 

composition of the clays (Richter and others, 1991). 

The ratio between the arithmetic mean of the magnetic lineations per site ( LM ) and the lineation 

calculated from the mean tensor of the same site ( L ) is a measure for the consistency of the magnetic 

lineation (Scheepers and Langereis, 1993b): LM > L implies variation in the AMS tensor per sample 

for one single site, defined here as no (consistent) lineation at all. The ratio used in this study is 

defined as [A] = (LM - 1) / (L - 1). The observations from the undeformed setting of the Apulia

Gargano foreland typically showed [A] > 2, pointing to randomly directed magnetic lineations (or 

no lineations at all) between the different samples of one site. The deformed setting of the Southern 

Apennines showed [A] < 2 and mostly around one, pointing to very consistently oriented lineations 

between the samples of one site and also between the different sites in one area (Scheepers and Lange

reis, 1993b). The difference in consistency between the undeformed and deformed sites is not caused 

by the differences in magnitude of the measured (or calculated) magnetic lineation: both deformed and 

undeformed sites show some sites with very low L and L M values. For the deformed setting, the 

orientation of the magnetic lineations is still consistent, however. Following the results of the earlier 

study (Scheepers and Langereis, 1993b), we use the following 'arbritary' criteria: 

(1): If the ratio [A] > 2, the site is considered to have no consistent magnetic lineation. The site 

is rejected for the calculation of an overall mean direction for the locality (a locality is a 

group of sites with a similar rotation). Ifmore (than half of the) sites in one locality have 

[A] values less than 2, the area underwent not enough compression to induce a magnetic 

lineation; this will be indicated on the maps. 

(2): If all individual site [Al values are below two for one locality, but the overall [Al for the 

locality is larger than two, the locality is also rejected from further processing. In that case, 

the lineation is considered as being tectonically induced, but in a very disturbed way as 

compared to the 'consistent' localities. Sites with the large [A] values are in some cases 

separated from the general trend of the locality; this will also be indicated on the maps. 

3. Processing of the AMS measurements Tyrrhenian arc 

The susceptibility tensor was calculated per sample and a mean susceptibility tensor determined 

per site. The important anisotropy parameters (L, F and P) are calculated per site from the mean tensor 

(Table AI). Most sites tend to a prolate magnetic fabric. The kMIN axes are well-grouped and prac

tically always perpendicular to the bedding plane of the site (Fig. 1: see also Scheepers and Langereis, 

1993b). The magnetic lineation of the mean tensor (L) for the sites is between 1.00 (Le. no lineation) 
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and 1.04 (Fig. 2): it already appeared that values (L) for the defonned setting are considerably larger 

supporting the hypothesis that magnetic lineation was induced by defonnation. For the undefonned 

sediments of the Apulia-Gargano foreland, the orientation of the kMAX axis is not consistent per site. 

(A) MCI (B) MC2 

L(mean) = 1.0021, sd = 0.0009 L = 1.0009 L(mean) =1.0031. sd =0.0021 L = 1.0030 

(C) POT 2 

L(mean) =1.0111, sd =0.0018 L =1.0111 

(D) BM 1 

L(mean) =1.0273, sd =0.0055 L = 1.0271 

Figure 1. Diagram show equal area projections (bedding-tilt corrected) of kMAX (triangles) and kMIN 
(circles) of the ellipsoid of the AMS for the individual samples with the calculation of the mean ellipsoid for 
the site (shaded area, according to Jelfnek, 1978). Magnetic lineation is consistent and well-developed for each 

of the sites. Locality codes: MC = Monte Capra (Monte Limina area), POT = Potenza, BM = Bova area. 

With the exception of the sites taken from the undefonned Apulia-Gargano foreland, the mag

netic lineation in the late Miocene - Pleistocene clays is very consistent per site throughout the entire 

Tyrrhenian arc system (Figures I, 2); the value [A] is only for six out of 179 sites larger than two 

(Table AI). These six sites were rejected from further calculation/processing, even though the mag

netic lineation in these sections/outcrops may be considered as tectonically induced. Contrary to the 

undefonned cover of the Apulia-Gargano foreland there are no localities in the defonned arc with all 

sites having [A] > 2. 
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Figure 2. The mean lineation for the individual samples in one site - L (mean) - versus the lineation of the mean ellipsoid - L - for the clays of the Tyrrhenian arc 

system; the lower three Figures are blow-ups of squares in upper three Figures. The Figure shows that magnetic lineation is consistent within the individual sites, 
supponing the tectonic origin of the magnetic lineation. The sites are separated in three groups: (A) Sicilian and Apenninic fold-and-thrust belts, (B) sites Calabro

Peloritan block, (C) sites in Stilo Capo d'Orlando formation (SCQ fm.) covering the Calabro-Peloritan block. Symbols denote Plio/pleistocene clays (open circles) 
~ 
Ul and Oligo/Miocene silts/clays (closed circles). The sites from the Apulian foreland are not given in this Figure (see Scheepers and Langereis, 1993b). The sites from 

the Stilo Capo d'Orlando formation have consistently higher values for the magnetic lineation (see 3C). 
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The [A] values were also calculated on a larger scale, i.e. per locality (Figs. 3 and 4; Table A2). 

One single locality contains sites of similar rotations in one specific area. For this processing the six 

anomalous sites mentioned above were excluded. This [A] value is larger than 2 for (only) 4 localities 

(out of 48): two localities in the central part of the Crati basin and two more localities further south in 

the Tyrrhenian arc system. The two localities in the Crati basin have anomalously large tectonic rota

tions, Le. more than 30° clockwise (Scheepers and others, 1993c), which is considerably more than 

the average 15° clockwise rotation of the Calabro-Peloritan block. 

These four localities were excluded for further processing (Table A2). The final magnetic 

lineation directions per locality (Table 1; Figures 3 and 4) will be further considered in the next 

paragraph. The anomalous irregular magnetic lineation will be separately indicated on the final maps 

(disturbed magnetic lineation; Figures 5 and 6). 

(D) 

L =1.0083 L(mean) =1.0084, sd = O.OO'll L = 1.0064 L(mean) = 1.0040. sd = 0.0013 L =1.0033 

Figure 3. Equal area projections (bedding-tilt corrected) ofkMAX and kMIN of the ellipsoid of the AMS for 
the individual samples of 6 areas in late Miocene - Pleistocene sediments from this study: two areas from the 
northern part of the Tyrrhenian arc system (A, C), one from the Apulian foreland (B) and three from the 
Calabro-Peioritan block (D, E, F). For symbols, see caption to Figure 2. Magnetic lineation is consistent and 
well-developed for the areas from the deformed part; the undeformed areas give low lineations with incon
sistent directions. The lines in the diagrams shows the mean lineation per site. Shaded line = trend (average 
kMAX per area). Locality codes: CRC = Craco area, MM = MonteMesola, SAG == Sant'Arcangelo, sea == 

Scala Coeli, BEN =Benestare, MAM =San Mauro di Marchesato. 

296 



CHAPTER 7B: MAGNETIC FABRIC MIOCENE/PLEISTOCENE CLAYS 

age sites n Dec(Lin) Rotation 0 y Lineation 

Foreland Apenninic belt: 
PP CAN 1-6 (*) 37 [A] > 2 2.2 ° No 
PP CUT 1-6 (*) 39 [A] > 2 0.2 ° No 
PP LUC 1-8 (*) 47 [A] >2 0.4 ° No 
PP MM 1-13 (*) 62 [A] > 2 -5.7 ° No 
PP MSC 1-3 (*) 16 [A] > 2 2.8 ° No 
PP POM 1-3 (*) 18 301.0 -7.6 ° 308.6 1.0 ° trend 
PP PST(*) 46 [A] > 2 4.2 ° No 
PP SPZ 1-3 9 [A] > 2 -1.4 ° No 
PP TUR 1-7 (*) 39 298.4 -0.6 ° 299.0 -1.6 ° trend 

Apenninic belt (external): 
PP CNM 1-3 9 320.5 -25.4 ° 345.9 20.5 ° trend (*) 
PP CRC 1-6 (*) 36 301.7 -22.5 ° 324.2 1.7 ° trend 
PP SAG 1-6 (*) 35 332.4 -31.5 ° 363.9 32.4 ° ** 
pp SAG 7-11 (*) 30 340.8 -17.0 ° 357.8 40.8 ° ** 
Plio CAL 1-3 18 326.8 -37.2 ° 364.0 26.8 ° trend (*) 
Plio POT 1-3 18 299.8 -14.4 ° 314.2 -0.2 ° trend 

Apenninic belt (internal): 
mP ROT 2-3 12 328.1 -12.2 ° 340.3 28.1 ° trend (*) 
PP EBO 1-2 12 341.5 -3.7 ° 345.2 41.5 ° ** 
Mio EB04-6 18 281.5 -41.1 ° 322.6 -18.5 ° trend (*) 
Mio SLN 1-4 24 268.4 -41.1 ° 309.5 -31.6 ° ** 

Crati basin, Tyrrhenian coast Calabria: 
pp CSV 1-3 18 263.0 6.6 ° 256.4 -37.0 ° ** 
pp FIR 2-4 17 303.3 -1.5 ° 304.8 3.3 ° trend 
pp LUZ 1-10 19 260.1 3.0 ° 257.1 -39.9 ° ** 
pp REN 1-7 20 272.5 -4.4 ° 276.9 -27.5 ° trend (*) 
PP SMA 1-5 17 [A] > 2 33.6 ° disturbed 
PP SCA 1(2/4 9 [A] > 2 44.3 ° disturbed 
Plio ROS 2-6 8 284.4 21.2 ° 263.2 -15.6 ° trend (*) 
Mio AM 2-3 6 298.9 8.3 ° 290.6 -1.1 ° trend 
Mio CER2-4 7 291.6 21.2 ° 270.4 -8.4 ° trend 

Table 1. Relation between declination of the kMAX axis 'Dec(Lin)' and tectonic rotation of the localities from 
the Tyrrhenian arc system, taking the declination of the RT magnetisation as an estimate for the tectonic 
rotation. The declination of the high-temperature (RT) magnetisation is given by (Rot), (0) gives the 
declination of kMAX axis corrected for the estimated tectonic rotation. '1 gives the difference in trend 

between the observed magnetic lineation and the general WNW-ESE (300-120) trend. Lineation gives 
classification of observed lineation: No: no lineation, trend: y< 15°, trend*: 15 < y< 30°, **: 30 < y< 60°, 
***: y> 60°, disturbed: [A] > 2. (*) denote groups of sites already given in Scheepers and Langereis (1993b). 

For the ages, PP: Plio-Pleistocene sites, Plio: Pliocene sites, mP: denotes Mia-Pliocene sites, Mia: Miocene 

sites, OM: Oligo-Miocene sites. 
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Crotone basin, Calabria: 
PP MAM2-7 36 300.9 21.1 0 279.8 
Mio BS 1-2 9 287.8 17.3 0 270.5 
Mio BS 3/9 11 339.5 -10.2 0 349.7 
Mio BS4 5 299.0 -30.4 0 329.4 
Mio BS 5-6 10 329.1 -80.3 0 49.4 
Mio BS 1-9 35 324.2 
Mio CRP 1-5 25 341.7 -15.3 0 357.0 
Mio LIP 1/4 12 321.4 (?) 
Mio LP 1-3 16 310.0 (?) 
Mio SCO 1-7 41 340.1 20.5 0 319.6 
Mio SNA 1-3 19 332.2 (?) 
Mio ZG 1-7 41 291.4 (?) 

Southern Calabria: 
PP SMC 1-5 12 255.7 12.7 0 243.0 
PP CV 1-10 20 295.7 18.5 0 277.2 
Plio CC 1-7 18 289.4 11.9 0 277.5 
Mio BEN 1-6 46 307.5 (?) 
Mio SG 1-4 27 247.7 62.4 0 185.3 
Mio TUNI-2/MC2 24 335.6 29.9 0 305.7 
OM BM 1-7 42 247.8 -13.8 0 261.6 
OM BM 9-13 30 239.3 -13.8 0 253.1 
OM GT 1-6 33 211.4 -61.5 0 272.9 
OM PC 1-4 23 206.7 (?) 
OM UR 1-5 23 210.0 (?) 

Sicily: 
PP COl 1-5 18 291.9 _0.2 0 292.1 
PP MIL 1-8 24 201.6 2.4 0 199.2 
PP MLU 1-5 14 [AJ > 2 14.1 0 

Mio PET 1-6 18 278.1 71.4 0 26.7 
OM ROM 1-5 30 254.9 (?) 

Table 1. (continued). 

4. Results and tectonic implications AMS measurements 

0.9 0 trend 
-12.2 0 

39.5 0 

-1.0 0 

29.1 0 

24.2 0 trend (*) 
41.7 0 ** 
21.4 0 trend (*) 
10.0 0 trend 
40.1 0 ** 
32.2 0 ** 
-8.6 0 trend 

-44.3 0 ** 
-4.3 0 trend 

-10.6 0 trend 
7.5 0 trend 

-52.3 0 ** 
35.6 0 ** 

-52.2 0 ** 
-60.7 0 *** 
-88.6 0 *** 
-93.3 0 *** 
-90.0 0 *** 

-8.1 0 trend 
-98.4 0 *** 

disturbed 
-21.9 0 trend (*) 
-45.1 0 ** 

For most sites from this study, the direction of kMIN is generally perpendicular to the bedding 

plane and indicates the primary (sedimentary) origin of the magnetic foliation. Compaction of the 

sediments probably amplified this foliation (see also experimental results of Richter and others, 1991). 

The consistent alignment of the weak magnetic lineation in the clays from the tectonically deformed 

setting is not of primary origin, because there is no similar consistent alignment of the lineation in the 

identical clays from the undeformed setting (Scheepers and Langereis, 1993b). Therefore it was ar

gued that the alignment of the magnetic lineation is caused by a tectonic deformation process. If the 

magnetic lineation is of tectonic origin, it can be compared to the earlier established (middle Pleisto

cene) tectonic rotations to derive the timing of the alignment of magnetic lineation relative to this 

rotation phase. 
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4.1 late Miocene - Pleistocene clays 

The magnetic lineation directions (calculated per locality) were corrected for the tectonic rotation 

determined by the paleomagnetic results studies (see references in Table AI). Correction of the mag

netic lineation trend per locality was done using: b =Dec (kMAX) - DecROT • where DecROT is the 

tectonic rotation derived from the high-temperature (HT) component of the NRM of these sediments, 

which was considered to carry the primary direction of the sediments and assumed to indicate the 

geographical North during their deposition. 

age sites n Dec(Lin) Rotation 0 'Y 

Plio-Pleistocene clays, Tyrrhenian arc: 
PP POM 1-3 (*) 18 
PP TUR 1-7 (*) 39 
PP CNM 1-3 9 
PP CRC 1-6 (*) 36 
PP SAG 1-6 (*) 35 
PP SAG 7-11 (*) 30 
PP FIR 2-4 17 
PP LUZ 1-10 19 
PP REN 1-7 20 
PP MAM2-7 36 
Plio CC 1-7 18 
PP CV 1-10 20 
PP CGI 1-5 18 

Test-I, mean: 
sd (n=13): 

Miocene clays, Crotone basin: 
Mio BS 1-2 9 
Mio BS 3/9 11 
Mio BS4 5 
Mio BS 5-6 10 
Mio CRP 1-5 25 
Mio SCO 1-7 41 

Test-2, mean: 
sd (n=6): 

301.0 
298.4 
320.5 
301.7 
332.4 
340.8 
303.3 
260.1 
272.5 
300.9 
289.4 
295.7 
291.9 
300.7 
21.8 

287.8 
339.5 
299.0 
329.1 
341.7 
340.1 
322.9 
23.5 

Stilo Capo d'Orlando formation, Southern Calabria: 
OM BM 1-7 42 247.8 
OM BM9-13 30 239.3 
OM GT 1-6 33 211.4 

Test-3, mean: 232.8 
sd (n=3): 19.0 

_7.6 0 308.6 1.0 0 

-0.6 0 299.0 -1.6 0 

-25.4 0 345.9 20.5 0 

-22.5 0 324.2 1.7 0 

-31.5 0 363.9 32.4 0 

-17.0 0 357.8 40.8 0 

-1.5 0 304.8 3.3 0 

3.0 0 257.1 -39.9 0 

-4.4 0 276.9 -27.5 0 

21.1 0 279.8 0.9 0 

11.9 0 277.5 -10.6 0 

18.5 0 277.2 -4.3 0 

-0.2 0 292.1 -8.1 0 

305.0 
33.9 

17.3 0 270.5 -12.2 0 

-10.2 0 349.7 39.5 0 

-30.4 0 329.4 -1.0 0 

-80.3 0 409.4 29.1 0 

-15.3 0 357.0 41.7 0 

20.5 0 319.6 40.1 0 

339.3 
45.9 

-13.8 0 261.6 -52.2 0 

-13.8 0 253.1 -60.7 0 

-61.5 0 272.9 -88.6 0 

262.5 
9.9 

Table 2. Relation between declination of the kMA)( axis and tectonic rotation of the localities to study the 
time-relation between tectonic rotations and induction of magnetic lineation: (A) from the Plio-Pleistocene 

clay sediments deposited around the Tyrrhenian arc system (containing different sense/amount of tectonic 
rotation), (B) from the Miocene clays of the CrolOne basin, and (C) from the late Oligocene - early Miocene 

cover of the Calabro-Peloritan block. See also caption to Table 1. 
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For the clays of late Pliocene - early Pleistocene age, correction of the lineation trend was carried 

out for seven Calabrian/Sicilian localities having clockwise rotations and for six Apenninic localities 

with counter-clockwise rotations. This procedure results in an increase of the dispersion of magnetic 

lineations on both a large (whole arc) and a small (area/basin) scale. After correction, the standard 

deviation changes from 21.70 to 33.90 (Table 2). Therefore, the magnetic lineation in these Plio/pleis

tocene clays is obviously of 'post-rotational' origin. 

The general (uncorrected) lineation trend for the sampling sites throughout the Tyrrhenian arc is 

clearly oriented WNW-ESE (120-300) (Table 2; Fig. 5). This trend is parallel to the Pollino fault 

zone, the major tectonic boundary separating the southern Apennines from the Calabrian block. The 

consistent alignment of the magnetic lineation without tectonic rotation correction in the early Pleisto

cene clays for the central part of the Tyrrhenian arc - containing both counter-clockwise (Matera area) 

and clockwise rotations (Calabria), - supports the hypothesis that the (average) magnetic lineation is 

tectonically induced and that this tectonic inductions took place after tectonic block rotations had oc

curred. Therefore, it probably represents the final stage of the compression phase which affected the 

Tyrrhenian arc system. 

For the middle/late Miocene clays of the Crotone basin, there are large differences in tectonic 

rotations (Chapter 5C). Also for these clays, when correcting the magnetic lineation for the establis

hed rotation, the differences in the magnetic lineations increase. The standard deviation changes from 

23.5 0 to 45.90 (Table 2). 

Moreover, the magnetic lineations of the late Miocene clays have the same orientation as those in 

the late Pliocene - early Pleistocene clays in the same area. The middle/late Pleistocene deformation 

event thought to have induced the magnetic lineation in the early Pleistocene clays is considered to be 

also responsible for the magnetic lineation in the late Miocene clays. An obvious example can be 

found in the Crotone basin, where the magnetic lineation in the early Pleistocene clays of the San 

Mauro di Marchesato section (MAM 2-7) has the same trend as the middle/late Miocene clays of the 

central part of the same basin (BS 1-9, LP 1-3 and ZG 1-7) (Tables 2, 3; Figure 6). 
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4.2 General pattern ofmagnetic lineation 

Northern part Tyrrhenian arc. For the external areas of the Southern Apenninic fold-and-thrust

belt system the general trend of the magnetic lineation is WNW-ESE (120°-300°) (Figure 6; Table 1). 

This trend can be observed in the Pom<1rico area (pOM 1-3) and the Tursi section (TUR 1-7) in the 

Bradano Unit, and in the Craco area (CRC 1-6) and the Potenza basin (POT 1-3) of the Apenninic belt 

itself. The lineation trend of some areas/localities in the northern part of the arc is slightly different: 

(1) the Sant'Arcangelo basin (SAG 1-6, SAG 7-11) with NNW-SSE (337-157) trending mag

netic lineation. This trend is oriented 36° clockwise as compared to the general WNW-ESE 

trend (Table 1; Figure 6). Also the Calvello (CAL) and Casalnuovo Monterotaro (CNM) areas 

have slightly deviating NW-SE (320-140) trending magnetic lineations (Table 1; Figure 6). 

(2) the sites from the internal part of the Southern Apenninicfold-and-thrust-belt show a W-E 

trend (270-090) for the late Miocene - early Pliocene sites. This trend deviates 30° counter

clockwise from the general WNW-ESE trend. In the sites of early/middle Pleistocene sediments 

within this internal part of the belt a NNW-SSE (335-155) trend of magnetic lineation was 

measured, a 35° clockwise deviation from the general trend (Table 1; Fig. 6). 

Southern part Tyrrhenian arc. For the sites from the southern part of the Tyrrhenian arc, there is 

also a general WNW-ESE (120°-300°) trend for the magnetic lineation (Table 2; Figure 5). The line

ation trend of some areas/localities of the southern part of the arc is (slightly) different from the 

general WNW-ESE trend: 

(3) the sites from the southern part of the Crati basin with W-E (265-085) trending magnetic 

lineations, which is 35° counter-clockwise to the general WNW-ESE trend (Table 2). The 

central part of the Crati basin has tectonically induced magnetic lineations per site which are 

very dispersed in orientation for the entire area. 

(4) the sites from the northern part of the Crotone basin with NNW-SSE (340-160) trending 

magnetic lineations, which is approximately 35° clockwise to the general WNW-ESE trend 

(Table 2). 

(5) the sites in late Oligocene - early Miocene sediments covering the Calabro-Peloritan block 

have magnetic lineations which are completely different from the general pattern (Table 2). 

They will be treated separately (paragraph 4.3). 
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With the WNW-ESE trending (120-300) lineation documented here is in good agreement the 

broadly (overall) NE-SW shortening direction in the southern Apennines (Table 1; Figure 5), since a 

WNW-ESE trending lineation implies a NNE-SSW (030-210) direction of compression. This provides 

evidence for a rather uniform NNE-SSW directed compression in the final stages of the middle Pleis

tocene compressive phase for the central part of the Tyrrhenian arc system. This trend is parallel with 

to the Pollino line which separates the southern Apennines from the Calabro-Peloritan block to the 

south. For some internal basins (the Sant'Arcangelo basin, internal basins Apenninic belt and the Crati 

basin) deviating directions were found (Table 4). This deviation is always 30-35° clockwise or coun

ter-clockwise to the general trend. This constant 30-35° deviation supports the tectonic induction of 

the magnetic lineation on the scale of the whole arc system. The tectonic rotations probably came to 

an end by blocking of the system; the rotation and movement of the Calabro-Peloritan block was 

stopped by resistance of the foreland. This resistance force induecd the alignment of the magnetic 

lineation, (just) after tectonic rotations have taken place. 

4.3 late Oligocene - early Miocene clays/silts 

The major phase of compressional deformation (affecting the late Miocene to Pleistocene 

sediments) has no relationship with the observed magnetic lineation in the Stilo Capo d'Orlando 

formation (Table 1) because the magnetic lineation is clearly different from the general WNW-ESE 

trend observed in the younger clays. This is evident from several areas (Figure 4): 

(1) the Peloritani-Aspromonte mountains with a WSW-ENE (250-070) trending lineation. 

(2) the Serre mountains with a SSW-NNE (210-030) trending magnetic lineation. 

There is no difference in orientation of the magnetic lineation between the sites of the Bova 

Marina, the Bova Superiore and the Rometta areas (Table 1, Fig. 4A-C); all are oriented WSW-ENE 

(250-070). The same applies to the three areas of the Serre mountains, the Placanicia, Drsi and Grot

teila areas (Table 2, Figure 4D-F). The difference in trend of magnetic lineation between the two areas 

is 40° (Figure 5), which is the same as the differential rotation between the two areas (Chapter 5C). 

This implies that magnetic lineation in these sediments is induced before the differential rotation 

between the Serre mountains and the Peloritani-Aspromonte mountains, which took place in the late 

Miocene (Chapter 5C). Correction of the magnetic lineation in the Stilo Capo d'Orlando formation 

with the established tectonic rotations results in more uniform W-E trends (Table 3). 
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GT 1-6(C) 

(F) ROM 1·5 

UR 1-5(B) 

L= 1.0157 L(mean)=1.0092,sd=0.0033 L= 1.0083 

L(mean) = 1.0186,sd=0.0071 L = 1.0152 L(mean) = 1.0136, sd = 0.0083 L = 1.0130 L(mean) = 1.0086, sd = 0.0047 L = 1.0073 

Figure 4. Equal area projections (bedding-tilt corrected) of kMAX and kMIN of the ellipsoid of the AMS for 
the individual samples of 6 areas in late Oligocene - early Miocene sites from this study: three areas from the 
southern part of the Calabro-Peloritan block (A, B, C) and three from the northern part of the Calabro-Pelo
ritan block (D, E, F). For symbols, see caption to Figure 2. Magnetic lineation is consistent and well-developed 

for all areas; there is, however, a notable difference in mean trend between the northern and southern part of 
the block (NNE, ENE) on the one hand and large differences between these 'older' sediments (on average NE) 
and the 'younger' sediments (WNW-ESE; Figure 3) at the other hand. Locality codes: PC =Placanicia, UR = 

Ursini, GT =Grottella (Antonimina), BM =Bova area, ROM =Rometta. 
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Appendix 

Table AI. Parameters characterising the anisotropy of magnetic susceptibility (AMS) of the sites from the 
Tyrrhenian arc system (sites from Scheepers, 1992; Scheepers and others, 1993a, b, c; Scheepers and Lange
reis, 1993c, Chapter 6B). Strike (str) and dip of the bedding plane is given; for site SLN I, the orientation of 
the bedding was calculated assuming kMIN is perpendicular to the bedding plane; 'n' denotes the number of 

samples measured per site, X(O) is the mean bulk susceptibility, L(m) gives the mean magnetic lineation for 

the samples in the sites, whereas L gives the magnetic lineation of the mean ellipsoid, rA] is the ratio between 
the two values [A] = (L(m) - 1) / (L - I); [A] < 2 means that magnetic lineation is consistent for the site; sites 

with [A] > 2 (bold) were rejected for further processing, (*) is given behind the site. The Table further gives 

the magnetic foliation (F), the degree of anisotropy (P), the orientation (declination, inclination) of the axis of 
minimum susceptibility, k-min (te). 

site str dip n X (0) L(m) L [A] F P k-min (tc) 

Sites: 
AM 1 (*) 274 12 3 182.9 1.0074 1.0015 5.00 1.0332 1.0347 59.1 81.8 

AM2 274 12 3 406.0 1.0026 1.0024 1.09 1.0173 1.0197 61.4 83.3 

AM3 183 13 3 172.4 1.0081 1.0081 1.00 1.0212 1.0295 348.0 86.7 

BEN 1 279 7 7 158.7 1.0107 1.0101 1.06 1.0283 1.0386 22.1 72.8 

BEN 2 279 7 8 159.2 1.0111 1.0106 1.05 1.0257 1.0366 19.2 83.9 

BEN 3 279 7 7 164.4 1.0078 1.0072 1.08 1.0235 1.0309 52.6 84.2 

BEN 4 279 7 8 191.3 1.0074 1.0069 1.07 1.0210 1.0280 76.4 59.8 

BEN 5 279 7 8 165.3 1.0067 1.0061 1.10 1.0197 1.0259 76.5 50.1 

BEN 6 279 7 8 142.8 1.0088 1.0081 1.07 1.0156 1.0239 10.8 77.0 

BM1 138 7 6 413.2 1.0273 1.0271 1.01 1.0575 1.0861 184.5 82.6 

BM2 138 8 6 472.3 1.0257 1.0255 1.01 1.0678 1.0950 163.2 79.5 

BM3 305 16 6 314.8 1.0214 1.0210 1.02 1.0510 1.0731 243.2 83.0 

BM4 271 30 6 337.7 1.0096 1.0087 1.10 1.0642 1.0735 36.8 84.8 

BM5 244 6 6 336.0 1.0137 1.0137 1.01 1.0397 1.0539 86.8 47.0 

BM6 170 19 6 417.6 1.0133 1.0130 1.02 1.0651 1.0789 5.0 83.4 

BM7 183 8 6 377.6 1.0191 1.0189 1.01 1.0533 1.0753 162.7 88.4 

BM9 147 26 6 316.5 1.0118 1.0117 1.00 1.0666 1.0791 77.1 81.0 

BMIO 162 24 6 303.8 1.0135 1.0133 1.01 1.0651 1.0793 27.9 81.9 

BM11 134 27 6 262.7 1.0090 1.0090 1.00 1.0525 1.0619 64.9 87.3 

BM 12 147 28 6 265.2 1.0054 1.0050 1.07 1.0584 1.0638 78.8 82.3 

BM13 150 25 6 230.2 1.0283 1.0275 1.03 1.0371 1.0656 355.2 83.2 

BS 1 14 10 4 330.5 1.0227 1.0160 1.42 1.1845 1.2034 127.4 78.6 

BS2 14 10 5 614.5 1.0039 1.0028 1.36 1.0357 1.0386 71.3 84.5 

BS 3 14 10 5 260.2 1.0076 1.0074 1.02 1.0523 1.0601 115.1 73.8 

BS4 14 10 5 271.8 1.0107 1.0100 1.06 1.0532 1.0638 131.7 77.1 

BS5 14 10 5 222.1 1.0267 1.0266 1.00 1.0257 1.0530 57.1 9.9 

BS 6 14 10 5 234.7 1.0322 1.0324 1.00 1.0046 1.0371 224.9 53.7 

BS9 14 10 6 229.4 1.0071 1.0069 1.03 1.0570 1.0643 206.3 86.4 

CALI 344 20 6 192.3 1.0025 1.0024 1.04 1.0304 1.0328 196.0 68.0 

CAL 2 344 20 6 189.1 1.0028 1.0015 1.78 1.0209 1.0225 175.7 78.3 

CAL 3 324 21 6 155.8 1.0057 1.0056 1.02 1.0139 1.0196 29.4 80.3 

CAL 4 (*) 270 23 6 196.1 1.0047 1.0003 14.31 1.0245 1.0248 114.6 85.6 

CC 1 199 11 6 141.2 1.0038 1.0035 1.09 1.0305 1.0341 112.9 86.3 

CC4 199 11 6 159.8 1.0022 1.0014 1.48 1.0322 1.0337 206.0 82.2 

CC7 199 11 6 157.0 1.0034 1.0034 1.01 1.0323 1.0358 201.1 84.9 

CER2 42 13 3 229.3 1.0102 1.0105 0.98 1.0234 1.0341 221.1 80.1 
CER 3-4 27 12 4 467.5 1.0020 1.0013 1.53 1.0213 1.0227 62.9 80.9 
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Table Al. (continued). 

site str dip n x (0) L(m) L [A] F P k-min (tc) 

COl 1 96 10 4 235.2 1.0019 1.0011 1.67 1.0188 1.0199 185.0 79.1 
COl 2 96 10 4 104.8 1.0052 1.0051 1.02 1.0147 1.0199 195.7 71.6 
CGI3 96 10 4 190.3 1.0022 1.0021 1.07 1.0092 1.0113 117.6 88.7 
COl 4 96 10 3 187.3 1.0018 1.0011 1.61 1.0096 1.0107 155.5 83.0 

CGI5 96 10 3 168.1 1.0020 1.0019 1.07 1.0125 1.0144 243.5 78.7 
CNM1 167 8 3 409.4 1.0045 1.0045 1.01 1.0190 1.0236 52.9 86.0 
CNM2 167 8 3 398.3 1.0026 1.0019 1.36 1.0249 1.0269 9.1 83.4 
CNM3 167 8 3 453.1 1.0038 1.0036 1.06 1.0210 1.0246 69.4 81.2 
CRP 1 273 20 6 259.0 1.0113 1.0107 1.05 1.0777 1.0893 77.7 88.1 
CRP2 273 20 5 223.9 1.0088 1.0089 1.00 1.0686 1.0780 59.6 85.8 

CRP3 273 20 4 301.1 1.0117 1.0115 1.02 1.0611 1.0733 315.1 87.8 
CRP4 273 20 4 214.9 1.0072 1.0070 1.03 1.0681 1.0756 44.4 86.6 
CRP5 273 20 6 210.2 1.0101 1.0100 1.00 1.0613 1.0720 119.9 88.2 
CSV 1 58 2 6 668.5 1.0072 1.0073 0.98 1.0374 1.0450 18.8 77.2 
CSV2 58 2 6 584.9 1.0105 1.0104 1.01 1.0493 1.0602 89.8 74.8 
CSV3 58 2 6 250.8 1.0083 1.0060 1.38 1.0656 1.0720 151.9 80.9 
CV 1 194 7 8 150.2 1.0024 1.0022 1.08 1.0425 1.0448 290.2 81.4 
CV6 194 7 6 171.1 1.0043 1.0036 1.18 1.0287 1.0324 301.5 75.8 
CV7 194 7 6 386.4 1.0070 1.0052 1.34 1.0301 1.0355 300.2 74.5 
EBO 1 125 7 6 198.5 1.0014 1.0009 1.46 1.0005 1.0015 145.5 88.2 
EB02 125 7 6 184.1 1.0020 1.0019 1.02 1.0033 1.0053 240.0 70.7 
EB04 137 31 6 291.7 1.0122 1.0119 1.02 1.0324 1.0447 173.6 79.2 
EB05 135 34 6 277.3 1.0131 1.0125 1.05 1.0535 1.0667 252.2 77.4 
EB06 137 33 6 295.1 1.0055 1.0051 1.07 1.0454 1.0507 211.8 79.2 
FIR 1 15 7 6 209.9 1.0067 1.0065 1.03 1.0882 1.0953 119.3 83.0 

FIR 2 23 27 5 252.9 1.0029 1.0027 1.06 1.0401 1.0429 116.1 72.5 
FIR 3 23 27 6 233.9 1.0069 1.0063 1.09 1.0626 1.0693 145.2 68.5 
FIR 4 325 2 6 232.4 1.0053 1.0052 1.01 1.0544 1.0599 154.1 85.9 
GT I 31 21 6 442.2 1.0101 1.0089 1.14 1.0710 1.0805 108.0 72.3 
GT2 31 21 6 282.7 1.0063 1.0061 1.03 1.0467 1.0531 110.7 73.5 
GT3 31 21 5 288.6 1.0072 1.0070 1.03 1.0498 1.0571 115.7 70.4 
GT4 45 14 6 761.5 1.0124 1.0091 1.36 1.0689 1.0786 133.3 85.2 
GT5 45 15 4 437.6 1.0095 1.0092 1.04 1.0850 1.0949 124.8 80.7 
GT6 45 15 6 330.7 1.0094 1.0088 1.07 1.0607 1.0700 115.7 72.3 
UPI 110 5 6 246.6 1.0105 1.0103 1.01 1.0440 1.0547 98.2 77.1 
UP4 215 9 6 213.3 1.0123 1.0122 1.01 1.0398 1.0525 126.2 82.6 
LP I 317 20 5 180.6 1.0047 1.0045 1.05 1.0706 1.0754 57.5 69.6 
LP2 338 22 6 179.2 1.0046 1.0032 1.41 1.0739 1.0774 41.0 73.3 
LP3 338 22 5 178.6 1.0019 1.0011 1.74 1.0536 1.0547 96.1 79.2 
LUZ 1-3 175 12 6 179.0 1.0026 1.0023 1.13 1.0409 1.0433 268.9 82.5 
LUZ4-5 175 12 4 199.1 1.0030 1.0029 1.04 1.0333 1.0363 249.5 75.9 

LUZ6n/1O 175 12 5 221.1 1.0066 1.0043 1.53 1.0283 1.0328 267.3 74.4 
LUZ8-9 175 12 4 197.7 1.0036 1.0035 1.02 1.0257 1.0293 278.4 71.1 
MAM 1 (*) 0 0 6 268.2 1.0075 1.0037 2.02 1.0488 1.0527 341.5 82.8 

MAM2 0 0 6 184.3 1.0035 1.0032 1.09 1.0313 1.0346 357.5 79.5 
MAM3 210 13 6 171.0 1.0043 1.0061 0.71 1.0174 1.0236 342.5 72.6 
MAM4 0 0 6 209.7 1.0041 1.0039 1.05 1.0350 1.0391 352.7 85.7 

MAM5 0 0 6 196.8 1.0036 1.0034 1.06 1.0366 1'.0400 31.5 84.3 

MAM6 0 0 6 223.1 1.0037 1.0032 1.16 1.0324 1.0357 331.7 85.0 
MAM7 0 0 6 211.3 1.0048 1.0046 1.05 1.0503 1.0551 325.4 78.1 
MC 1 (*) 32 8 5 44.9 1.0021 1.0009 2.Z4 1.0301 1.0311 27.1 83.5 
MC2 32 8 7 57.8 1.0031 1.0030 1.05 1.0425 1.0456 33.1 82.3 
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Table AI. (continued). 

site str dip n x (0) L(m) L [AJ F P k-min (tc) 

MILl 0 0 3 324.8 1.0057 1.0050 1.14 1.0466 1.0519 16.7 86.2 
MIL 2 0 0 3 391.4 1.0084 1.0082 1.02 1.0461 1.0548 40.3 88.5 
MIL 3 0 0 3 361.1 1.0067 1.0051 1.32 1.0425 1.0477 55.1 82.8 
MIL 4 0 0 3 1186.4 1.0141 1.0138 1.02 1.0605 1.0751 2.6 83.5 
MIL 5 0 0 3 279.0 1.0057 1.0047 1.19 1.0446 1.0495 113.8 86.5 
MIL 6 0 0 3 670.4 1.0157 1.0158 1.00 1.0442 1.0606 217.3 81.3 
MIL 7 0 0 3 584.2 1.0173 1.0165 1.05 1.0656 1.0833 183.5 87.4 
MIL 8 0 0 3 659.9 1.0244 1.0252 0.97 1.0464 1.0727 275.3 75.4 
MLUI 340 6 6 231.6 1.0024 1.0020 1.20 1.0103 1.0123 62.3 64.0 
MLU2 340 6 5 294.8 1.0010 1.0006 1.73 1.0078 1.0084 72.7 70.8 
PC 1 35 49 6 182.4 1.0118 1.0117 1.01 1.0615 1.0739 110.6 74.1 
PC2 50 31 6 171.5 1.0096 1.0084 1.15 1.0364 1.0450 243.9 84.7 
PC3 47 42 6 182.5 1.0135 1.0132 1.02 1.0363 1.0500 149.4 74.6 
PC4 46 43 5 167.8 1.0113 1.0104 1.08 1.0411 1.0520 136.8 70.9 
PET 1 286 31 4 186.3 1.0070 1.0055 1.28 1.0190 1.0246 143.7 80.7 
PET 2 286 31 4 177.5 1.0068 1.0038 1.79 1.0272 1.0311 100.3 77.7 
PET 3 286 31 3 194.6 1.0039 1.0037 1.06 1.0126 1.0163 138.5 69.8 
PET 4-5 286 31 4 173.2 1.0050 1.0047 1.06 1.0247 1.0295 279.5 89.1 
PET 6 61 41 3 174.2 1.0061 1.0050 1.23 1.0209 1.0260 139.4 71.5 
POT 1 175 4 6 155.7 1.0080 1.0087 0.92 1.0054 1.0141 225.6 61.7 
POT 2 115 8 6 166.6 1.0111 1.0111 1.01 1.0241 1.0355 19.2 74.7 
POT 3 284 29 6 181.6 1.0056 1.0052 1.08 1.0491 1.0545 338.1 84.2 
REN 1-3 0 0 8 265.6 1.0018 1.0010 1.84 1.0244 1.0254 168.8 88.1 
REN 4-5 0 0 6 343.7 1.0039 1.0030 1.30 1.0257 1.0288 295.2 84.6 
REN 6-7 299 16 6 161.2 1.0074 1.0073 1.02 1.0394 1.0470 27.7 70.3 
ROM 1 30 18 6 205.2 1.0127 1.0100 1.26 1.0446 1.0551 347.4 73.7 
ROM 2 63 2 6 245.1 1.0115 1.0084 1.36 1.0557 1.0646 330.2 83.3 
ROM 3 326 33 6 205.1 1.0056 1.0043 1.29 1.0447 1.0492 5.1 74.4 
ROM 4 46 11 6 227.4 1.0065 1.0037 1.77 1.0484 1.0523 152.7 78.8 
ROM 5 316 21 6 182.9 1.0066 1.0065 1.02 1.0431 1.0499 9.7 85.5 
ROS 2-3 277 28 4 142.8 1.0050 1.0046 1.10 1.0329 1.0376 335.1 73.9 
ROS4-6 277 28 4 134.0 1.0056 1.0057 0.99 1.0376 1.0435 4.1 76.1 
ROT 2 0 0 6 37.7 1.0044 1.0026 1.68 1.0345 1.0372 328.2 83.0 
ROT 3 0 0 6 93.2 1.0020 1.0011 1.74 1.0439 1.0451 310.8 84.0 
SAE 1 280 11 3 199.4 1.0069 1.0066 1.04 1.0741 1.0812 310.3 88.0 
SAE2 210 32 3 206.5 1.0046 1.0046 1.00 1.0842 1.0892 134.0 83.7 
SAE3 200 47 3 133.1 1.0020 1.0014 1.46 1.0534 1.0548 299.6 87.0 
SAE4 208 46 3 140.4 1.0011 1.0011 1.03 1.0461 1.0472 327.0 82.7 
SCA 1 320 17 3 204.3 1.0034 1.0031 1.11 1.0391 1.0423 175.7 77.6 
SCA2 320 17 3 188.0 1.0074 1.0073 1.02 1.0460 1.0536 102.3 58.8 
SCA 3 C*) 320 17 3 185.1 1.0060 1.0028 2.15 1.0439 1.0468 101.5 58.5 
SCA4 320 17 3 218.2 1.0085 1.0068 1.24 1.0341 1.0411 28.9 67.3 
SCO 1 196 10 6 145.8 1.0191 1.0189 1.01 1.0180 1.0372 157.7 77.6 
SC02 335 2 6 121.5 1.0204 1.0203 1.01 1.0277 1.0485 136.4 63.6 
SC03 331 13 6 215.0 1.0121 1.0119 1.02 1.0341 1.0464 80.6 79.7 
SC04 331 13 5 230.7 1.0083 1.0082 1.02 1.0644 1.0731 342.6 85.5 
SC05 331 13 6 277.1 1.0055 1.0046 1.19 1.0599 1.0648 219.4 84.2 
SC06 310 23 6 212.6 1.0047 1.0035 1.32 1.0500 1.0537 70.7 87.6 
SC07 310 23 6 232.0 1.0040 1.0038 1.04 1.0374 1.0414 242.2 86.2 
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Table AI. (continued). 

I~ str dip n x (0) L(m) L rAJ F P k-min (te) 

SG 1 202 30 9 207.5 1.0147 1.0138 1.06 1.0167 1.0307 184.0 50.4 

SG2 202 30 6 211.8 1.0088 1.0086 1.02 1.0265 1.0352 180.0 60.3 

SG3 205 15 7 219.6 1.0072 1.0066 1.10 1.0340 1.0408 176.8 76.1 

SG4 214 16 5 230.0 1.0036 1.0019 1.92 1.1890 1.0208 146.6 68.0 
SLN 1 240 60 6 201.6 1.0044 1.0042 1.05 1.0233 1.0276 296.0 88.1 

SLN2 77 17 6 232.5 1.0065 1.0064 1.01 1.0324 1.0390 64.2 79.3 

SLN3 77 17 6 239.8 1.0204 1.0205 0.99 1.0243 1.0453 137.9 64.1 

SLN4 77 17 6 260.7 1.0096 1.0082 1.17 1.0200 1.0283 121.3 59.4 
SMA 1 216 23 6 131.8 1.0070 1.0042 1.69 1.0311 1.0354 216.9 77.6 
SMA 2 216 23 6 145.8 1.0066 1.0055 1.20 1.0314 1.0370 241.4 74.9 

SMA 3 0 0 4 211.9 1.0035 1.0028 1.28 1.0484 1.0513 98.0 88.5 

SMA 4 0 0 3 210.5 1.0074 1.0065 1.13 1.0628 1.0697 320.5 85.2 
SMA 5 273 14 5 159.5 1.0066 1.0064 1.03 1.0289 1.0355 246.7 79.9 
SMC 1-2 199 11 4 423.8 1.0058 1.0051 1.15 1.0409 1.0461 269.8 85.8 
SMC3-4 0 0 4 354.3 1.0046 1.0038 1.19 1.0232 1.0271 171.0 84.4 

SMC5 0 0 4 220.6 1.0073 1.0072 1.02 1.0254 1.0328 211.2 82.0 

SNA 1 307 42 6 177.1 1.0044 1.0032 1.36 1.0613 1.0647 356.9 81.0 

SNA2 133 13 7 176.9 1.0225 1.0225 1.00 1.0358 1.0590 21.2 78.3 
SNA3 133 13 6 207.9 1.0150 1.0152 0.99 1.0287 1.0443 103.0 76.9 

SPZ 1 167 7 3 257.0 1.0014 1.0011 1.30 1.0387 1.0399 86.9 83.6 

SPZ2 167 7 3 203.7 1.0021 1.0011 1.82 1.0224 1.0235 175.6 84.1 
SPZ3 167 7 3 192.1 1.0036 1.0032 1.13 1.0304 1.0337 19.0 82.0 
ST 1 359 32 6 153.7 1.0043 1.0043 0.98 1.0522 1.0568 91.1 69.4 

ST2 359 32 6 153.1 1.0045 1.0033 1.35 1.0571 1.0606 85.1 73.2 

ST3 24 28 6 183.9 1.0045 1.0040 1.11 1.0564 1.0607 114.6 72.4 

ST 4 (*) 24 28 6 170.9 1.0032 1.0006 5.35 1.0588 1.0594 115.8 70.7 

TUN 1 347 12 6 92.4 1.0039 1.0032 1.20 1.0341 1.0374 30.7 84.3 

TUN 2 338 11 5 125.5 1.0023 1.0023 1.02 1.0358 1.0382 51.1 83.5 

TUN 3 338 11 6 128.2 1.0024 1.0019 1.24 1.0167 1.0187 70.4 84.3 

UR 1 18 16 4 393.2 1.0178 1.0173 1.02 1.0937 1.1127 284.8 85.4 

UR2 18 16 5 390.5 1.0391 1.0386 1.01 1.1305 1.1742 289.1 88.1 

UR3 49 10 5 179.0 1.0044 1.0050 0.89 1.0442 1.0494 259.7 82.8 

UR4 49 10 5 194.6 1.0072 1.0073 0.98 1.0577 1.0654 165.2 88.2 

UR5 27 16 4 215.6 1.0093 1.0089 1.04 1.0426 1.0520 124.3 82.4 

ZGl 13 41 6 380.7 1.0124 1.0107 1.16 1.0355 1.0466 117.1 80.5 

ZG2 41 65 5 281.0 1.0055 1.0051 1.07 1.0120 1.0171 93.7 80.1 

ZG3 38 53 6 237.4 1.0054 1.0051 1.05 1.0556 1.0610 128.5 81.6 

ZG4 41 57 6 249.3 1.0129 1.0127 1.02 1.0731 1.0867 200.6 80.5 

ZG5 35 51 6 279.5 1.0030 1.0021 1.45 1.0561 1.0583 170.2 85.4 

ZG6 64 55 6 263.6 1.0060 1.0057 1.06 1.0566 1.0626 302.1 80.4 

ZG7 147 30 6 317.7 1.0263 1.0259 1.01 1.0314 1.0582 63.4 77.9 
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Table A2. Parameters calculated for the anisotropy of magnetic susceptibility CAMS) of the localities from the 

Tyrrhenian arc using the site data of Table AI. See also caption to Table AI. 

site n x CO) LCm) L [AJ F P k-min Ctc) 

Localities: 
AM 2-3 6 289.2 1.0053 1.0050 1.07 1.0193 1.0244 30.4 86.2 
BEN 1-6 46 163.7 1.0087 1.0073 1.20 1.0199 1.0269 52.8 74.7 
BM 1-7 42 381.3 1.0186 1.0152 1.23 1.0523 1.0683 120.4 86.1 
BM9-13 30 275.7 1.0136 1.0130 1.04 1.0555 1.0692 53.6 84.1 
BS 1-9 35 306.1 1.0154 1.0151 1.02 1.0466 1.0624 125.0 79.7 
CAL 1-3 18 179.1 1.0036 1.0019 1.89 1.0206 1.0226 191.5 78.5 
CC 1/4{7 18 152.7 1.0031 1.0021 1.48 1.0318 1.0340 187.9 85.5 
CER2-4 7 365.4 1.0055 1.0040 1.40 1.0219 1.0260 130.3 89.1 
COl 1-5 18 177.1 1.0027 1.0016 1.70 1.0132 1.0148 193.5 80.1 
CNM 1-3 9 420.3 1.0036 1.0032 1.12 1.0215 1.0248 44.8 84.2 
CRP 1-5 25 240.0 1.0099 1.0096 1.04 1.0677 1.0779 61.5 88.0 
CSV 1-3 18 501.4 1.0087 1.0077 1.13 1.0486 1.0566 92.6 81.7 
CV 1/6/7 20 227.3 1.0043 1.0027 1.59 1.0348 1.0377 297.3 78.1 
EBO 1-2 12 191.3 1.0017 1.0015 1.14 1.0019 1.0034 239.8 73.3 
EB04-6 18 288.0 1.0102 1.0092 1.11 1.0431 1.0527 220.1 80.1 
FIR 2-4 17 238.9 1.0051 1.0038 1.34 1.0557 1.0577 138.7 76.0 
GT 1-6 33 427.1 1.0092 1.0083 1.11 1.0617 1.0704 114.7 76.2 
LIP 1/4 12 230.0 1.0114 1.0109 1.04 1.0418 1.0532 107.8 79.9 
LP 1-3 16 179.5 1.0038 1.0030 1.27 1.0651 1.0683 56.5 74.4 
LUZ 1-10 19 198.2 1.0039 1.0029 1.38 1.0325 1.0355 266.1 77.4 
MAM2-7 36 199.4 1.0040 1.0033 1.20 1.0337 1.0371 344.1 81.8 
MIL 1-8 24 557.2 1.0122 1.0081 1.51 1.0501 1.0586 283.6 88.4 
MLU 1-5 CO<) 14 316.8 1.0016 1.0007 2.27 1.0090 1.0097 74.6 70.7 
PC 1-4 23 176.4 1.0116 1.0093 1.25 1.0430 1.0527 134.3 77.4 
PET 1-6 18 180.8 1.0059 1.0032 1.84 1.0213 1.0245 127.5 80.3 
POT 1-3 18 168.0 1.0083 1.0079 1.05 1.0249 1.0330 349.7 83.0 
REN 1-7 20 257.7 1.0041 1.0022 1.89 1.0284 1.0306 22.7 82.1 
ROM 1-5 30 213.2 1.0086 1.0073 1.17 1.0447 1.0524 359.8 83.9 
ROS 2-6 8 138.4 1.0053 1.0049 1.08 1.0350 1.0402 349.6 75.5 
ROT 2-3 12 65.5 1.0044 1.0016 1.68 1.0393 1.0410 319.1 83.6 

SAE 1-4 12 169.9 1.0037 1.0030 1.24 1.0637 1.0637 324.1 89.5 
SCA 1/2/4 CO<) 9 203.5 1.0064 1.0016 4.07 1.0351 1.0637 89.3 74.6 
SCO 1-7 41 204.3 1.0106 1.0083 1.28 1.0394 1.0480 143.1 85.2 

SG 1-4 27 215.8 1.0094 1.0084 1.12 1.0222 1.0307 179.5 64.8 

SLN 1-4 24 233.6 1.0102 1.0085 1.21 1.0230 1.0317 112.4 75.0 
SMA 1-5 CO<) 24 164.3 1.0063 1.0014 4.43 1.0383 1.0398 240.2 82.7 

SMC 1-5 12 332.9 1.0059 1.0034 1.72 1.0306 1.0341 220.0 85.7 
SNA 1-3 19 186.7 1.0144 1.0121 1.19 1.0410 1.0537 32.8 82.3 
SPZ 1-3 CO<) 9 217.6 1.0024 1.0010 2.29 1.0304 1.0314 259.8 79.9 

ST 1-3 CO<) 18 163.6 1.0044 1.0011 4.06 1.0562 1.0574 96.4 72.1 

TUN 1-3/MC 2 24 98.1 1.0030 1.0021 1.41 1.0327 1.0349 40.5 83.6 

UR 1-5 23 272.0 1.0157 1.0157 1.00 1.0728 1.0897 259.6 88.2 

ZG 1-7 41 289.8 1.0103 1.0088 1.18 1.0451 1.0543 143.6 86.4 
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Chapter Eight 
Compilation paleonlagnetic data 

LajJ aie fieifgen Para6o{en,
 
La} aie frommen !J{ypotliesen .
 

SlUfte aie vmfammten 'Jragen
 
Gfine 'Umsefiweifuns zu rosen.
 

Warum scfrieppt sicfi Drutena, dena,
 
'Unter '1([euz{ast aer (jerecfite,
 

Wiifirenag{iidjicfi af.s ein Sieger
 
'Tra6t auf fioftem 'lUJ} aerSefriecfite?
 

Woran {iegt aie ScfiuU? Ist etwa
 
'Unser !J{err nicfitganz a{{miiefitiIJ?
 

Gaer trei6t er ser6st aer 'Unfug?
 
511.cfi, aas wiire nieaertriicfitiIJ.
 

511.f.so fragen wir 6estiintfiIJ,
 
'Bis man uns mit einer !J{anavo{{
 
'Erae entf{icfi stopft aie !Jv(iiu£er .
 

511.6er ist aas eine 511.ntwort?
 

Heinrich Heine (1797-1856) 
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Neotectonic rotations in the Calabrian arc;
 
implications for a Pliocene-Recent geodynamic scenario
 

for the Central Mediterranean
 

Abstract: 
Recently, new data have been presented which imply that major block rotations took place in 

the Central Mediterranean during the Pleistocene, between 1.0 and 0.7 Ma. Kinematic solutions 

for the spatial and temporal distribution of rotational data in the Central Mediterranean such as 

oroclinal bending of the Calabrian Arc and rotation of the Adria Plate are being discussed. It 

appears that phases of neotectonic rotations are confined to distinct phases of contractions and 

compressive interplate stress. We present a model in which the middle Pleistocene rotations are 

caused by a distribution of deformation in the Central Mediterranean through strike-slip motions 

along a number of major shear wnes which define a free boundary between the African and the 

Adria Plates. One of the main features is the Trans-Mediterranean Mobile Zone, which separates 

areas with opposite rotations. The timing of the rotations is compared to the evolution of volca

nism, basin development, subsidence and uplift patterns, contractional tectonics and seismicity 

patterns. From this comparison we deduce a geodynamic evolution of the Central Mediterranean 

which comprises three episodes: The Late Pliocene arc migration episode shows drifting of the 

Calabrian block and spreading of the back-arc basin without any associated oroclinal rotations as 

were previously assumed in literature. The Early Pleistocene contraction episode shows a gradual 

increase of compressive interplate stress, and culminates in a middle Pleistocene 'stress release 

phase' which is associated with block rotations, transpressional tectonics, and a rupturing of the 

subducted slab. The Late Pleistocene - Recent restabilisation episode is characterised by rapid 

isostatic adjustments, with extensional collapse of the Apennine thrust-wedge and the Tyrrhenian 

back-arc area related to rebound of non-detached lithosphere remnants and sinking into the mantle 

of the detached slab. 
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CHAPTER 8: NEOTECTONIC ROTATIONS IN THE CALABRIAN ARC 

1. Introduction 

Following the early proposals of Argand (1924), Carey (1958) and Caire (1962) which were 

based on geological considerations, after the advent of Plate Tectonics it has become generally 

accepted that the Neogene evolution of the Central Mediterranean (Fig. 1) is dominated by the 

migration of the Calabrian Arc to the southeast, overriding the northern margin of the African Plate 

and its Mediterranean promontories (Menard, 1967, Ritsema, 1969; Ryan and others, 1970, Morelli, 

1970; Vogt and others, 1971; Boccaletti and Guazrone, 1972, 1975; Barberi and others, 1973, 1974, 

Caire, 1973, 1978 and many others). The main tectonic elements of the Calabrian Arc are the southern 

Apennines fold-and-thrust-belt in the north, the Calabrian block in the centre and the Sicilian Magh

rebides fold-and-thrust belt in the south. Key features of the Neogene evolution of the Central Medi

terranean are rotations and translations of small blocks, compression related to the relatively north

ward displacement of the African Plate, and outward migrations of the Maghrebian and Apenninic 

thrust-belts, subduction-related troughs and foreland bulges. The foreland area of the Calabrian Arc is 

formed by the Apulian block, which is pan of the Adriatic Plate, the Iblean block, which is an exten

sion of the African Plate, and the Ionian Basin, which separates the two foreland blocks. The Tynhe

nian oceanized basin is regarded as the marginal back-arc basin. 

During the last decades, a wide range of models has been proposed in order to explain the ob

served tectonic rotations in the Central Mediterranean region (Fig. 2). These models include rotation 

models for the independent motion of the Adria microplate, and orocline models for the Calabrian 

Arc. It is of fundamental importance to recognise the implications of these theoretical models. Impor

tant aspects are the temporal distribution of rotational events, and their spatial relations: The models 

differ in symmetry of rotation patterns and distribution of strain through transcurrent movements and 

overthrusting. They also differ with respect to the temporal relation between rotations, arc migration 

and back-arc spreading; in some models these features alternate, whereas in others they are linked. 

Figure 1. Location of areas and data in the Central Mediterranean as discussed in the text (map modified after 
Van Dijk, 1992). Main Fault Zones: 1. Annaba-La Galite FZ; 2. Tunis-Egadi FZ; 3. Lazio-Ancona FZ; 4. Na
poli-Gargano-Dubrovnic FZ; 5. 41sl Parallel-Circeo-Vulture FZ; 6. Paul Fallot FZ; 7. Otranto-Scutari-Pec FZ; 
8. Kefallinia FZ; 9. Ciro-Benevento FZ; 10. Vergilio-Etna FZ; 11. Pollino FZ; 12. M.Kumeta-Alkantara FZ; 
13. Sicily Channel FZ; 14. Sirte FZ; 15. Gabes-Melita FZ; 16. Gafsa FZ. Locations: DUB Dubrovnic; ANB 
Annaba; NAP Naples; TUN Tunis; OTS Otranto Strait. Geological units: SCB; Sardinia-Corsica block; CAW 
Calabrian Accretionary Wedge; SVS Sele Valley Sphenochasm (Locardi, 1986). Seamounts: EGM Egadi Sea
mount; MED Medina Seamount. Escarpments: APE Apulian Escarpment; MAE Malta Escarpment. Foreland 

blocks: APB Apulian Block; GAR Gargano area; SAL Salentino area; IBL Thlean block. Volcanic areas: ETN 
Etna; YES Vesuvio; CFC Campo F1egrei Caldera (Napoli) (e.g. Dvorak and Mastrolorenzo, 1992); VUL Vul
ture; EOR Eolian Ring; CTN Central Tyrrhenian volcanic Ring (Anchise, Anceste, A1batros, Ustica). Apen
nines: NPN Northern Apennines; CPN Central Apennines; SPN Southern Apennines; BRT Bradanic Trough. 
Small arcs: NCA Nissia convex arc; TCA Tunesia convex arc. Tyrrhenian back-arc area: COR Cornaglia 

Terrace; MAB Magnaghi Basin; VAB Vavilov Basin; MAB Marsili Basin 
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Figure 2. Kinematic models proposed in literature. The asterices indicate aspects of the models supported by 

the present paper as being active during the Pleistocene rotation phase: Sinistral transpression between the 

African and the European Plate, Dextral transcurrent displacements along a free southern boundary in the 

Central Mediterranean, counter-clockwise rotating thrust panels in the southern Apennines, dextral rotation of 

crustal blocks through contractional bending of the Calabrian Arc, and an alternation of episodes of arc 

migration with episodes of contractions and rotations. 

ADRIA MICROPLATE ROTATION MODELS 

MEGA-SHEAR MODEL 
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(a). Kinematic models for the independent rotation of the Adria Microplate as proposed in literature, The 

numbers I to 4 are explained in the text. Consequences of the rotations for the minimum magnitudes of 

displacements are indicated. Note that we classified the kinematic models according to their spatial relation 

ships, independently of the timing as envisaged by the various authors. 
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CALABRIAN OROCLINAL MODELS 
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Caire (1970) 
D'Argenlo et 01. (1980) 
Van Oijk & Okkes 

(1988. 1991) 

TRANSLATION MODELS 
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Colella (1988) 
Turco & "lolita (1988) 
Knott ana Turco (1991) 
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Finelli (1982) 
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(b). Kinematic models for the rotations within a peri-Tyrrhenian orocline as proposed in literature. A tectonic 
rotation of 300 is depicted. Mentioned are authors which proposed to apply the mechanisms to the Calabrian 
Arc, and not the original proposals for these kinematic models. Bending models of the indenter type have not 
yet been proposed for the Tyrrhenian area. It must be noted that the oroclinal models are special cases of kine

matic model types as distinghnished by e.g. Van Dijk and Okkes (1990, 1991), each of which is not necessarily 

associated with rotations. 

Consequently, the tectonic rotation is envisaged by some authors as being a gradual process, whereas 

others regard it as a sudden event (a diastrophic phenomenon) with a short duration. In order to be 

able to fmd the mechanism which may have caused the rotations, spatial as well as temporal aspects 

of the evolution of the Central Mediterranean have to be considered in combination. Therefore, it is 

crucial to establish the precise timing and position of tectonic rotations. 

Recently, the first results of a research project into the Miocene, Pliocene and Pleistocene suc

cessions of Sici!y, Calabria and the southern Apennines, conducted at the Paleomagnetic Laboratory 

'Fort Hoojddijk' (Utrecht) have become available (e.g. Scheepers, 1992; Scheepers and Langereis, 

1993a, b. c; Scheepers and others, 1990, 1991, 1993a, b. c). During this research, which combined the 

use of high resolution stratigraphic frameworlcs with paleomagnetic data acquisition, it has become 
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clear that a major phase of block rotations occurred during the middle Pleistocene time interval. This 

youngest rotation phase has important implications for the reconstruction of the timing of the rotation 

of the Adria Plate, as will be discussed further on. Therefore, this event has to be considered first in 

any modem retrotectonic analysis. 

We present a review of previously proposed rotational models and of available geological and 

geophysical data concerning the Plio-Pleistocene evolution of the Central Mediterranean. Further

more, the implications of the rotational data for the Plio-Pleistocene geodynamics of the Central 

Mediterranean will be investigated and a new geodynamic framework will be presented. 

2. Geological structure and evolution of the Central Mediterranean 

The geological history of the Central Mediterranean can be subdivided as follows (Rehault and 

others, 1984; Wezel, 1985; Bousquet and Philip, 1986; Boccaletti and others, 1986; Kastens and 

others, 1988; Hill and Hayward, 1988; Van Dijk and Okkes, 1988, 1990, 1991; Patacca and Scan

done, 1989; Alvarez, 1991): During the Triassic - Middle Cretaceous 'Mesogea Stage' of Neo-Tethyan 

rifting, small oceanic basins were created such as the Liguride, the Pennine and the Ionian Basins, bet

ween the African Plate and the European Plate, with small 'microplates' in between such as the Iberi

an, the Alboran and Adriatic Plates (We refer to the subdivision into microplates for descriptive pur

poses, although the term refers to an older more rigid plate tectonic concept, which should be aban

doned; see e.g. Jackson and McKenzie, 1984). During the Middle Cretaceous - Late Eocene stage 

Ligurian oceanic Basin was subducted below the European Plate along an active margin between Gi

braltar and the Alps. The Oligocene - Early Miocene episode was characterised by drifting of small 

'microplate' fragments such as the Sardinia-Corsican, the Kabylian and the Calabrian blocks to the 

southeast, overriding remnants of the Neotethys. During this stage, the Western Mediterranean Basin 

opened through oceanic spreading. The Middle Miocene - Recent stage is characterised by the drifting 

of the Calabrian block still further to the southeast, coupled with the opening of the Tyrrhenian Basin. 

The present-day Central Mediterranean area can be divided on the largest scale into three do

mains, going from internal to external (Fig. 1). These are the Tyrrhenian back-arc Basin, the Calabrian 

Arc (comprising the Sicilian Maghrebide thrust-belt, the Calabrian block and the southern Apennines 

thrust-belt), and the foreland (comprising the Iblean block, Ionian Basin and Apulian block). The 

Calabrian block is separated from the Sicilian thrust-belt by the NW-SE trending Vergilio-Etna Fault 

Zone (Van Dijk and Okkes, 1991; comprising the Taormina Line of Amodio-Morelli and others, 

1976). Along the northeastern side, the Calabrian block is separated from the southern Apennines by 

the NW-SE trending 'Ciro-Benevento Fault Zone'. This fault zone was described by Beneo (1951), 

D'Argenio (1966), Caire (1978), Moussat (1983), Ghisetti (1984) and Catalano and others (1993) as a 

major wrench fault wne, by Caire (1962, 1970) and Bousquet (1972, 1973) as a major overthrust and 

by Van Dijk and Okkes (1988, 1990, 1991) and Van Dijk (1992) as a sinistral, obliquely convergent 

thrust zone (their 'pattern D'). This fault wne comprising numerous branches and fault zones such·as 
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the Pollino Fault Zone (cf. D'Argenio, 1966 and Ghisetti, 1984), the 'Deep Shear Zone' of Ghisetti and 

Vezzani (1982), 'Tl' of Moussat (1983), the Rossano-San Nicola Zone of Meulenkamp and others 

(1986), the San Nicola-Campana, Strongoli-Cropalati, and Ciro-Terranova Zone of Van Dijk and 

Okkes (1991). As will be discussed further on, one of the main branches, the Pollino Fault Zone, 

plays a key-role in the kinematic model proposed in this paper. The external limit of the Sicilian 

thrust-belt is situated offshore along the Gela overthrust. The internal limit of the Calabrian block is 

located along the Eolian volcanic ring in the Tyrrhenian Basin, while the external limit of the Cala

brian block follows the external limit of the Calabrian accretionary thrust wedge offshore. The 

external limit of the southern Apennines follows the Bradano trough onshore. 

(A). The Tyrrhenian back-arc Basin. The Tyrrhenian Basin can roughly be subdivided into 

three domains (e.g. Kastens and others, 1987, 1990): The Sardinia margin, the Central Tyrrhenian 

Basin, and the Southern Tyrrhenian Basin. The Sardinia margin (or Cornaglia Terrace) is characte

rised by a number of N-S trending (half-) grabens, originating from a Late Miocene phase of rifting. 

The Central and Southern Tyrrhenian oceanic basins were formed during the Late Miocene to Pleis

tocene by spreading related to the drifting of the Calabrian block to the southeast. These basins are 

characterised by high heatflow (with maximum values up to 156 mWm-2; DellaVedova and others, 

1984), a very thin crust (a minimum lithosphere thickness of 30 km. and a minimum Moho depth of 

10 km.; Panza and others, 1980; Boccaletti and others, 1984). The northwestern 'rifted' and south

eastern 'oceanized' areas are separated by the NE-SW trending 'Raimondo Selli Line' (Finetti and Del 

Ben, 1986) (the 'Central Tyrrhenian Fault' or 'Anzio-La Galite Scarp' of Selli and Fabbri, 1971 and 

Alvarez and others, 1974, respectively). The Tyrrhenian oceanic subbasins are from northwest to 

southeast: The Magnaghi Basin, the Vavilov Basin, and the Marsili Basin. The latter two are separa

ted by the NE-SW trending IsseI Ridge, which shows a thicker crust (Moho between 15 and 20 km.). 

The southern Tyrrhenian area is situated adjacent to the Calabrian Arc. This area shows a concentric 

ring of calc-alkaline, Late Pleistocene - Recent volcanoes, the Eolian Ring (e.g. the emerged islands 

of Stromboli, Volcano and Lipari). Still closer to the Calabrian Arc, a concentric ring of intra-arc 

summit basins is present which will be described below. Extensive analyses of subsidence and 

spreading data regarding the Tyrrhenian basins (from ODP boreholes in Kastens and others, 1987, 

1990) and comparison with the evolution of the surrounding thrust-belts were presented by Van Dijk 

(1992, 1993). 

(B). The Calabrian block. The Calabrian block is the highest structural element of the Calabrian 

Arc, overlying the southern Apennines and Sicilian Maghrebides fold-and-thrust belts (Caire, 1962, 

1978; Ogniben, 1973; Amodio-Morelli and others, 1976; Van Dijk, 1992). It is constituted of a com

plex pile of thrust sheets comprising Palaeozoic basement and Mesowic to Lower Miocene cover, 

intersected by numerous oblique transcurrent fault systems. Recently, we introduced some imponant 

new features concerning the geology of the Calabrian Arc in literature such as the interrelation 

between transpressional shear, basement thrusting and thin-skinned thrust tectonics, and the wide

spread occurrence of both thick- and thin-skinned backshear motions (Van Dijk and Okkes, 1988, 

319 



SCHEEPERS: TECTONIC ROTAnONS IN THE TYRRHENIAN ARC SYSTEM 

1990,1991; Van Dijk, 1990, 1991, 1992). The following Neogene basin types occur within the 

Calabrian block, from internal to external (WNW to ESE): 

Summit Basins (cf Geist and others, 1988). Along the margin of the Tyrrhenian Basin, adjacent to 

Calabria, a set of arc-parallel basins is present which are concentrically grouped around the Eolian 

volcanic ring, which, in tum, encircles the Marsili Basin. These basins are, from west to northeast: 

The Cefalu Basin along the northern margin of Sicily (Gruppo Bacini Sedimentari, 1980), the Gioia 

Basin (Fabbri and others, 1980) and the Paola Basin (Wezel, 1985, Argnani and Trincardi, 1990) 

along the internal side of Calabria, and the Policastro Basin along the southern Apennines. These 

basins are well known from seismic surveys. Internally verging (back-)thrusts below the summit 

basins have been hypothesised by Van Dijk and Okkes (1988, 1990) and by Argnani and Trincardi 

(1990). Argnani and Trincardi (1990) showed that the Paola Basin was subject to a middle Pleistocene 

phase of basin inversion. 

Intra-arc basins. On-shore Calabria, a number of arc-parallel (trans)tensional basins border the 

Tyrrhenian margin. The main basins of this type are the Crati Graben and the Mesima Graben. Colella 

(1988) and Van Dijk and Okkes (1988,1990) hypothesised that these basins have transtensional mar

gins. In the southern Apennines, a number ofNW-SE trending Late Pliocene-Pleistocene grabens 

along the Tyrrhenian internal margin seem to belong to this group of basins (pollino graben, Tanagro 

graben, Agri graben). Roure and others (1988, 1991) and Van Dijk and Okkes (1988,1990, 1991) 

hypothesised that the intra-arc basins are bounded by listric tensional faults dipping towards the 

internal, Tyrrhenian side. 

Fore-arc basins. The fore-arc basins are situated upon the internal slope of the Calabrian accretio

nary thrust wedge, and are of various types (strike-slip, pull-apart, piggy-back, 'detached-slab', and 

'harmonica' basins; see Van Dijk, in press.). These are all special types of thrust-belt basins. The on

shore Calabrian fore-arc basins show a pulsating development from middle Oligocene to Recent, with 

basin inversions in late Burdigalian, mid-Pliocene and mid-Pleistocene times. Pull-apart basins 

(Moussat, 1983; Boccaletti and others, 1984; Van Dijk and Okkes, 1988, 1990, 1991) are present 

within NW-SE trending segments. Along the boundaries of the segments, within NW-SE trending 

shear zones, small strike-slip basins are present (Meulenkamp and others, 1986; Van Dijk and Okkes, 

1990, 1991). Along the external margin of Calabria, the thrust-belt basins can be regarded as piggy

back basins and 'harmonica basins' upon the accretionary thrust wedge (Van Dijk and Okkes, 1988, 

1990; Van Dijk, in press.). The Crotone-Spartivento Basin, along the external margin of Calabria, is a 

typical fore-arc basin. Van Dijk (1990, 1991 and submitted) speculated that the present-day on-shore 

part of this basin is situated upon a shallow slab, facing the subduction through and detached at a 

depth of about 2 km ('detached slab basin'). 

Rotational data concerning the Calabrian block (Table 2) from the crystalline basement and its 

Mesozoic cover show that the Calabrian basement nappes have rotated 100-135° counter-clockwise 

since Late Jurassic times (e.g. Manzoni, 1975, 1979; Manzoni and Vigliotti, 1983). Our investigations 

(Scheepers and others, 1991, 1991, 1993b, c) have revealed that a major phase of 15° clockwise 

rotation has occurred in the Calabrian area in middle Pleistocene times (between 0.5 and 0.7 Ma) 

(Scheepers and others, 1990, 1991, 1993a). Furthermore, our data indicate that the Calabrian block 
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remained stable from Late Miocene (Early Messinian) up to Early Pleistocene times. In the literature, 

it has been hypothesised that rotations in Calabria may be linked to basin openings through transcur

rent movements along the major NW-SE trending shear zones and related secondary wrench faults 

(Colella, 1988; Turco and Malito, 1988; Knott and Turco, 1991). In that case, counter-clockwise 

rotations are expected to have occurred in northern Calabria (Fig. 2), and gradual rotations should 

have occurred throughout the Late Miocene - Early Pleistocene, none of which is sustained by our 

data. 

(C). Apennines and Maghrebides /old-and-thrust-belts. The Apennines and Maghrebides fold

and-thrust-belts are constituted of numerous thrust sheets which comprise Mesozoic - Paleogene depo

sits. Paleogeographic reconstructions result in an originally NE-SW trending belt of alternating plat

forms and basins along the northern margin of the African Plate. The Neogene basins within the Sici

lian Maghrebides and Southern Apennines can be regarded as oblique thrust-belt basins such as thin

skinned pull-apart basins and piggy-back basins. They show an evolution with frequent phases of 

overthrusting and decollement, during late Early Miocene (18-15 Ma), late Middle - early Late Mio

cene (10- 9 Ma), intra-Messinian (6- 5 Ma), mid-Pliocene (4- 3 Ma) and mid-Pleistocene (1.5-0.5 Ma) 

diastrophic phases (Giunta, 1985; Lentini and others, 1987; Patacca and Scandone, 1989; Roure and 

others, 1990, 1991). Lentini and others (1987) and Broquet and others (1981) distinguished a number 

of sedimentary sequences separated by unconformities, which coincide with the above-mentioned 

diastrophic phases. 

Rotational data concerning the fo1d-and-thrust belts (Tables 1 and 2) show a symmetrical, 

'oroclinal' pattern with regard to paleomagnetic directions: clockwise rotations in Sicily, and counter

clockwise rotations in the southern Apennines (e.g. D'Argenio and others, 1980; Incoronato and Nar

di, 1989). This has led many authors to speculate upon a possible bending of an originally straight 

zone (Ghisetti and Vezzani, 1982; Van der Linden, 1985), or a relation between arc migration and 

rotations (Caire, 1970; Van Dijk and Okkes, 1990, 1991; saloon-door model). The rotations, however, 

also show a surprising asymmetrical pattern: In the Sicilian thrust-belt, rotations gradually increase 

with the age of the successions, which indicates that many pulses of deformation connected with 

tectonic rotations have occurred (e.g. Channell and others, 1980; Oldow and others, 1990), whereas 

the southern Apennines show a different pattern: Cretaceous rocks in the internal thrust sheets of the 

belt show rotations between 75 and 110° (mean of 89°) counter-clockwise, while Cretaceous rocks in 

the external part show rotations that fluctuate between 20 and 40° counter-clockwise (mean of 37°) 

(Scheepers and others, 1993a; Scheepers and Langereis, 1993b). 

Our studies on Neogene deposits in thrust-belt basins have shown that the Pliocene deposits of 

the Caltanisetta Basin have rotated 34° clockwise since Early Pliocene times (Scheepers and Lange

reis, 1993a). It appears that 5-10° of this rotation took place at approximately 3 Ma, while at least 24° 

of this rotation must have occurred afterwards. The results of our studies in the southern Apennines 

indicate a smaller rotation for Lower Pleistocene rocks (24°) relative to Upper Miocene to middle 

Pliocene rocks (39°) (Scheepers and others, 1993a, Scheepers and Langereis, 1993b). The similarity in 

amount of rotations detected in the Cretaceous rocks of the external Apennines and the Neogene 
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deposits (noted by Scheepers and others, 1990; Sagnotti, 1992 and Scheepers and others, 1993a) 

implies that there is (at present) no indication for any tectonic rotations of the external thrust sheets of 

the southern Apennines between the Cretaceous and the latest Miocene (Scheepers and Langereis, 

1993b). 

(D). The/oreland areas. The foreland area of the Calabrian Arc is very heterogeneous, and can 

be subdivided in a number of small blocks or 'microplates'. These are the Thlean block which can be 

regarded as a promontory of the African Plate, the Adria block, which once was possibly continuous 

with the previous one, and the Ionian basin in between. 

The Adria block. The Adria (or Apulia) Microplate was first recognised as a separate plate on the 

basis of present day seismicity patterns (Lort, 1971; McKenzie, 1972; Dewey and others, 1973; Vdias, 

1974; Moretti. and Royden, 1988). Its motion independent of the African Plate must have occurred 

from at least the middle Tertiary onwards (VandenBerg, 1979a, 1979b, 1983). The Apulian block is 

the southern part of the Adria Plate. The northern Adria block and the Apulian block differ in lithos

phere structure: A change in crustal and lithosphere thickness respectively from about 25-36 and 70 

km in the north to about 35-40 and 110 km in the south (Nicolich, 1981; Calcagnile and Panza, 1981) 

takes place along the Napoli-Gargano-Dubrovnik Fault Zone (see Fig. 1). This ca 150 km wide zone 

is characterised by a weak present-day seismicity (e.g. Westaway, 1990), NE-SW and E-W trending 

dextral transcurrent faults, and a broad basement elevation which is associated with E-W anticlinal 

structures. The Gargano peninsula, an uplifted block, is situated within this fault zone. The onshore 

part of the Apulian block extends to the south into the Salentino peninsula. Foreland platform areas 

are exposed in the Gargano area and in the Apulian block, covered with Pliocene-Pleistocene deposits. 

The Apulian block is delimited along the southwest by the Apulian Escarpment, a NW-SE trending 

fault zone (Charrier and others, 1987), showing both Mesozoic and Neogene extensional faulting. 

Paleomagnetic investigations revealed the following (Table 1): The Gargano area rotated 30° 

counter-clockwise since the Early Tertiary (Channell and Tarling, 1975; Channell, 1977; VandenBerg, 

1983). It has been stated that the Salentino area possibly shows a clockwise rotation of 25° since the 

Eo-Oligocene (Tozzi and others, 1988). This lead to many speculations with regard to a possible 

decoupling of the Salentino and Gargano areas, at least during part of the Late Tertiary, probably 

along the Napoli-Gargano-Dubrovnik Fault Zone. These data, however, have shown to be not 

significant (Bazhenov and Shipunov, 1991). Furthermore, our data showed that the Gargano and 

Salentino areas did not rotate in Late Pliocene - Pleistocene times (Scheepers, 1992). 

The Iblean block. The southern part of the Central Mediterranean is formed by a promontory of 

the African Plate: the 'Ragusa Platform, Ragusa-Malta Plateau, Hyblean Plateau or Iblean Block (e.g. 

Cogan and others, 1989; Pedley and Grasso, 1991) which may, however, be regarded as part of a 

separate, continental, 'micro-plate': the Sicilian Plate (McKenzie, 1972), the Messina Plate (Dewey 

and others, 1973; Jongsma and others, 1985) or the Thlean Microplate (Jongsma and others, 1987). 

The Thlean block is separated from the African Plate by the NW-SE trending Sicily Strait or 'Medina 

wrench', which shows a Pliocene phase of dextral transtensional rifting (Illies, 1969, 1981; Finetti, 

1984; Jongsma and others, 1985, 1987; Boccaletti and others, 1987a; Cello, 1987; Argnani, 1990). 
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The Iblean block is separated from the Ionian Basin by the NNW-SSE trending Malta Escarpment 

(Casero and others, 1984; Charrier and others, 1988), which is the southwestern counterpart of the 

Apulian Escarpment. 

Rotational data (Table 2) indicate that the Ib1ean block has rotated about 7° counter-clockwise 

(ISO counter-clockwise relative to the African Plate) in middle Pliocene times (Besse and others, 

1984). This rotation is generally regarded as being related to the dextral transtensional rifting in the 

Sicily Strait of the same age. 

The Ionian Basin. The Ionian Basin lies in between the southern Adria block and the Ib1ean block. 

It is delimited along the north by the Apulian Escarpment, and along the south by the Malta Escarp

ment. The basin shows an anomalous crustal structure, as evidenced by gravity and seismic data. 

A high positive Bouguer anomaly (up to 300 mgal; Morelli and others, 1975) is ascribed to a thinned 

continental crust, to high-density intruded magmas and to the cooling of mantle material. Further

more, there is a low heat flow and crustal thickness ranges from 17 to 20 km (Boccaletti and others, 

1984). The Ionian Basin is often regarded as a separate 'microplate', the Ionian Plate (McKenzie, 

1972; Dewey and others, 1973; Geiss, 1987; King and others, in press.). 

The data regarding this area have led to conflicting opinions on its origin (see below): Many 

authors postulated a Mesozoic rifting and spreading episode with the formation of a Neotethyan 

oceanic area ('Mesogea Stage'; see e.g. Biju-Duval and others, 1977; Dercourt and others, 1985; 

Abbate and others, 1986). Others stated that rifting in the area did not take place until Neogene times 

(Fabbri and others, 1982; Casero and others, 1984; Mantovani and others, 1990), witnessed by a 'Late' 

phase of foundering. lbis discussion is of fundamental importance, as it directly concerns the original 

geometry of the Adria Plate and its successive deformation history (Fig. 3). 

The original (Mesozoic) configuration of the northern boundary of the African Plate 

In the recent literature, the decoupling zone between the African Plate and the Adria Plate is loca

ted at various places which are situated along major E-W to NE-SW trending fault zones dissecting 

the Central Mediterranean (Fig. 1). We propose the following names for these fundamental fault zones 

(see also Van Dijk, 1992): The Napoli-Gargano-Dubrovnik Fault Zone (Orto1ani and Pagliuca, 1988; 

Westaway and others, 1989; Favali and others, 1990; Westaway, 1990), the Egadi-M. Kumeta-Alkan

tara and Otranto Strait-Scutari-Pec Fault Zones (Ingeo and others, 1980; Anderson and Jackson, 

1987a; Geiss, 1987; Jackson, 1987; Marton, 1987; Gealy, 1988), and the Gabes-Medina and Kefal

linia Fault Zones (Dewey and others, 1973; Jongsma and others, 1985, 1987). On a larger scale, all 

these fault zones are part of a horsetail set of transcurrent faults, constituting a mobile belt between 

the relatively stable African and European Plates (e.g. Scandone, 1982; Ziegler, 1984; Van Dijk and 

Okkes, 1990). They acted as formertranform faults of the Neotethyan ('Mesogea'; Jurassic-Creta

ceous) ocean (Winterer and Bosellini, 1981; Gealy, 1988; Dercourt and others, 1990). Subsequently, 

they were major zones of weakness during the Alpine orogeny (e.g. Dercourt 1975; Van Dijk and 

Okkes, 1991; see for an extensive discussion Van Dijk, 1992). 
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Figure 3. Proposals for reconstructions of the Central Mediterranean for Late Eocene - middle Oligocene times, immediately prior to the rotational migration of the
 

Sardinia-Corsica block and connected opening of the Western Mediterranean basin. Note that the major part of the western Mesogea was already consumed; most ~
 
authors agree on that subject. Alkapeca (ALboran-KAbyle-PEloritani-CAlabria) is the alias name of the reconstructed southern margin of the Iberia block (cf. e.g.
 

Bouillin, 1984). The reconstruction favoured in the present paper is the lowermost one. The internal position of the Lagonegro Basin as recently discussed by
 

Marsella and others (1993) can be in agreement with this reconstruction, which does, altogether, not depend on this specific detail. 
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These major fault zones define a number of the small 'microplates' recognised between the stable 

African and European Plates described above, such as the northern Adria, the southern Adria (Apulian 

block), the Ionian Basin and the Iblean blocks. Furthermore, the Napoli-Gargano-Dubrovnic Fault 

Zone is part of the southern boundary of a continental bridge' in between two Neotethys areas: the 

western Liguride-Piemonte ocean and the central Ionian-eastern Mediterranean oceanized basin. 

There is considerable dispute in the literature regarding the original configuration of these small 

'Mesogean' oceanic basins. The existence of the western and eastern segments of the Mesozoic Tethys 

is not questioned. In the west, the formation of the Bay of Biscay was connected with the rotation of 

Iberia. In the northwest, the Liguride-Piemonte Ocean is at present consumed and partly obducted in 

the Apennines. The eastern branch of the Neothethys, the Taurus Ocean, is at present consumed and 

partly obducted in the Taurus Range. The existence of the central segment of the Mesogea (eastern 

Mediterranean, Ionian Sea, and possibly subducted oceanic areas below the Calabrian arc and Tyrrhe

nian Sea) is, however, debated (Abbate and others, 1986). 

The following opinions regarding the Ionian crust can be distinguished in literature (Fig. 3). It is 

commonly assumed that an Ionian Mesogea ocean extended up to the present-day Gulf ofLyon and is 

practically completely consumed by subduction (Argand, 1924; Boccaletti and others, 1975; Alvarez, 

1972,1976,1991; Gorler and Giese, 1978; Finetti, 1982; Malinverno and Ryan, 1986). As field evi

dence accumulated, it has become clear that (thinned) continental crust continued between Tunis-Si

cily and the Adria block, below the present-day Tyrrhenian Basin (Caire, 1962, 1964; Haccard and 

others, 1972; Scandone and others, 1974; Amodio-Morelli and others, 1976; Grandjacquet and Mas

cle, 1978; Scandone, 1979, 1982). This deduction is based on the clear resemblance between Meso

zoic platforms and basins and the Paleocene-Early Miocene flysch deposits in the southern Apennines 

and Sicilian Maghrebides. Based on this evidence, a number of authors sustain that the extension of 

the Ionian Basin is a Neogene feature and that a Central Mediterranean Mesogea has never existed 

(Carey, 1954, 1986; Mantovani, 1982; Mantovani and others, 1985, 1992). This extension was then 

possibly related to post-middle Miocene anti-clockwise rotation of the Adria Plate. The Ionian Basin 

has, indeed, suffered a major phase of foundering in Pliocene - Recent times, related to a sphenoch

asm-type of opening which was governed by sinistral shear wnes within the southwestern part of the 

Calabrian Accretionary Wedge (Fabbri and others, 1982; Casero and others; 1984; Gresta and others, 

1990). Three main constraints can be established: (1) The thrust-belt terranes are displaced over about 

200 kID, and are pealed-off from a crust which was situated in the present-day Vavilov area. (2) The 

petrology of volcanogenic products argues in favour of a subducted oceanic crust below the Calabrian 

Arc (e.g. Serri, 1990). (3) Data on the Malta Escarpment and the Apulian Escarpment (Charrier and 

others, 1987, 1988) clearly indicate a Jurassic-Cretaceous rifting of the Ionian sector, apart from a 

Neogene foundering. Taking these three features into account, it must be concluded that the ambi

guous area, where continental crust may have continued between African and Adria Plate, is situated 

along a broad, NE-SW trending wne, extending from northern Tunesia to the Adriatic Basin, and 

probably continuing into the Central Pannonian Basin (cf. Coutelle and Delteil, 1989; Dewey and 

others, 1989; Van Dijk and Okkes, 1990; inset of Fig. 1) We propose to call this 'continental bridge' 
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the 'Trans-Mediterranean Mobile Zone' (see also van Dijk, 1992). The Annaba-La Galite-Selli

Anzio-Ortona and the Tunis-Egadi-lssel-Napoli-Gargano-Dubrovnic Fault Zones delimit this broad 

zone in the Central Mediterranean, which comprises numerous E-W and NNE-SSW trending major 

fault zones. The Trans-Mediterranean zone separates dextral rotated blocks to the southeast of it from 

sinistral rotated blocks northwest of it. It furthermore comprises the Central Apennines, which sepa

rate the two other major Apenninic arcs, the northern and the southern Apennines (cf. Royden and 

others, 1987; Van Dijk and Okkes, 1988, 1990; Patacca and Scandone, 1989). 

3. Previously proposed rotational models 

During the last decades, many solutions have been presented which incorporate the data on the 

tectonic rotations which have occurred in the Central Mediterranean area. These solutions can roughly 

be divided into the following four groups: (1) The Adria Plate rotated together with the African Plate, 

being a promontory, in Mesozoic times (continent scale; >1000 km). (2) The Adria Plate rotated as an 

independent microplate, decoupled from the Africa Plate (microplate scale; 100-1000 km). (3) The 

rotations originated from the formation of a 'peri-Tyrrhenian orocline', related to the migration to the 

southeast of the Calabrian Arc and the opening of the Tyrrhenian Basin (thrust-belt scale; 10-100 km). 

(4) Theoretically, a fourth solution can be put forward: The observed rotations could also be due to 

rotational gravitational sliding of superficial slabs along the external margin of the orogen, which are 

known to be present in the Central Mediterranean (slab scale; 1-50 km; e.g. Van Dijk, in press.). 

The models of Group 2 (Adria microplate rotation), in tum, can be subdivided in four end-mem

bers (Fig. 2): The Mega-shear Model explains the rotation of the Adria microplate as the result of sini

stral shear between the European and the African Plates. The Pendulum Model envisages the Adriatic 

rotations as an expression of the opening of the Tyrrhenian sphenochasm. The Promontory Model 

regards the Adriatic Plate as a deformed promontory of Africa which has rotated as an effect of col

lision with the European margin. The Ball-bearing Model shows two free boundaries and a rotating 

Adria Plate in between transpressive Plates. Combinations of these models have also been proposed in 

order to resolve specific space problems (see below). 

Two rotation poles have been indicated in literature: The Malta pole in the south, and the Elba, 

Genova or Torino pole in the north. The Ball-bearing Model implies a central pole within the Central 

Apennines. The so-called 'fixed boundaries' show tensional, sphenochasm-like features (cf. Carey, 

1958) along one side, and transpressional thrusting along the other. 

Each of these models is, to some extend, not compatible with observed structures (see the num

bers in Fig. 2): The Mega-shear Model predicts a symmetry which is not observed (1). Oroclinal ben

ding in the Mega-shear and Promontory Models does not resolve the sphenochasm opening of the 

Tyrrhenian Sea (2). Mega-shear and Pendulum Models imply stretching in the western Alps (3). The 

Ball-bearing Model implies a symmetry within the Mediterranean which is not observed (4). These 

problems can be solved by combining aspects of diffen;nt models. For example, Lavecchia (1988) and 
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Mantovani and others (1990) combine the Mega-shear Model with a slight Pendulum effect. Further

more, Mega-shear and Pendulum models generally encompass a northern dextral intrusion along the 

Alps which is characteristic of the Promontory models (e.g. Scandone, 1979, 1982). Also, extra fea

tures were introduced, such as arc migration to the southeast to provide an extra stretching within the 

Tyrrhenian area, transpressive movements of the two bounding plates to provide shortening in the 

western Alps, or a releasing bend geometry within the sinistral transcurrent Mrican-European Plates 

margin, and inherited non-symmetry to explain the asymmetrical structure. A common mistake, how

ever, is that Pendulum kinematics are an incontestable consequence of mega-shear tectonics (e.g. 

Lavecchia, 1988; Mantovani and others, 1990). The location of tension depends on the distribution of 

rheology, and location of (long-lived) ruptures; e.g. sphenochasmic opening of the Tyrrhenian Basin 

can only be achieved by a special type of releasing bend (see Fig. 2). An alternative suggestion by 

Lavecchia (1988) envisages ball-bearing type rotations of parts of the Apennines and Adria, in

between E-W trending shear zones (cf. the oroclinal model of Nelson and Jones, 1987). 

The models of Group 3 (thrust-belt rotation), in turn, can be subdivided in three end-members 

with different subtypes (Fig. 2): 1. Radial Drift Models envisage rotations of small panels as radially 

translated blocks in various ways (pushed; saloon-door models, or sucked). 2. Translation Models 

envisage rotation of blocks in-between parallel-sliding corridors (tablet models). 3. Bending Models 

relate the rotations observed to bending of an originally straight continental ribbon, in various 

fashions (pushed, inserted or compressed). 

The differences between the various models concern the relations between rotations, back-arc rif

ting and regional compression induced by Africa-Europe (trans)pression. Contemporaneous or alterna

ting relations between these processes have been proposed or deduced from the models (Fig. 2). The 

comparence between the timing of rotations and the mentioned processes may, therefore, provide im

portant clues with regard to the discrimination between the proposed models. 

4. The Plio-Pleistocene evolution 

4.1 Available data concerning timing and amount of rotations 

The timing of the independent Adria rotation is hypothesised ever younger in the literature of the 

last decennia: Dewey and others (1973) and Biju-Duval and others (1977) envisaged a Mesozoic 

(middle Jurassic - middle Cretaceous) rotation, related to the opening of the Ionian Mesogea. Van den 

Berg (1983) claimed a post-Early Tertiary rotation of about 30°, Lowrie (1986) placed a 15° rotation 

in the Late Tertiary, Mantovani and others (1985, 1990) claimed an age of post-middle Miocene for a 

rotation of 20°, while Anderson and Jackson (1987) claimed that according to recent seismicity 

patterns, the rotation is still continuing. 
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Summarising, the available data regarding Neogene rotations in the Central Mediterranean are 

the following (Tables 1 and 2): The mean direction for the Cretaceous rocks from the Gargano fore

land block implies a post-Oligocene 31 0 counter-clockwise rotation (Channell and Tarling, 1975; 

Channell, 1977; Van den Berg, 1983). Our new data reveal that no rotation has occurred in the Gar

gano and Salentino areas in the Pleistocene interval (Scheepers, 1992). All the paleomagnetic data 

from the Cretaceous rocks of the southern Apennines thrust-belt imply a considerable counter-clock

wise rotation (890 in the internal part, 370 in the external part). Our results give amounts of rotation 

for Upper Neogene sediments similar to the external thrust sheets, of which 240 took place in mid

Pleistocene times (see Scheepers and others, 1993a, b). This may suggest that these terrains behaved 

as one coherent block or set of blocks in Pleistocene times. In the middle Pleistocene, the Calabrian 

block has rotated 150 clockwise (Scheepers, 1990; Scheepers and others, 1993b, c). The data for the 

Sicilian basins indicate a mid-Pliocene rotational phase (5-100 clockwise) and a remaining Late Plio

Pleistocene 240 clockwise rotation, which may also have taken place in mid-Pleistocene times. Fur

thermore, data of the !blean block indicate that this area has rotated 150 counter-clockwise during the 

Pliocene but remained stable in the Late Pliocene - Pleistocene (Grasso and others, 1983; Arfa and 

others, 1988). 

These data together imply that in the middle Pleistocene, a major decoupling existed between 

clockwise rotating Calabria and Sicily on the one hand, and the counter-clockwise rotating southern 

Apennines on the other, which were both decoupled from the stable foreland areas. We propose to 

place the boundary between the 'Calabro-Sicilian block' and the southern Apennines along the NW-SE 

trending Pollino Fault Zone, which is known to have been active as a transpressive shear zone in mid

Pleistocene times (Bousquet, 1972; Moussat, 1983; Ghisetti, 1984). 

Figure 4. Hypothetical palinspastic reconstruction for the Early Pleistocene Central Mediterranean, and 
deformation pattern of the middle Pleistocene - Recent episode. 
The small inset in the lower right corner shows a cartoon of the depicted deformation. The main blocks are 
outlined. Note that boundaries of the main blocks compare reasonably well with those predicted by Rapolla 
(1986) and Fcdi and Rapolla (1988, 1990) on the basis of aeromagnetic anomalies. The deformation of the 
eastern area, the Dinarides, Albanides and Hellenides, has not been worked-out. The depicted shortenings are 
a consequence of the model and were probably distributed in this whole area. E-W faults within the Apulian 
block are known from Finetti (1982), Funiciello and others (1988), Ortolani and Pagliuca (1988) and Lavec
chia (1988). Within the Calabrian block, sinistral shear along NW-SE trending shear wnes and transtension 
along a symmetrical radial set of fault zones accounts for the internal deformation of the area. Internal back
shear motion within the southern Tyrrhenian back-arc area, as postulated by various authors (Van Dijk and 
Okkes, 1988, 1990; Argnani and Trincardi, 1990) is also described by the model. The sinistral shear along NE
SW faults within Calabrian Accretionary Wedge which is a consequence of our model, has been hypothesized 
by Fabbri and others (1982), Boccaletti and others (1984), and Westaway (1990). The deformation of the 
Ionian Basin consists of an increased rotation towards the northeast, and a rotational tension (sphenochasmic 
opening sensu Fabbri and others, 1982; Mantovani and others, 1985, 1990; Grest and others, 1990). The de
formation is governed by small displacements along a radial set of fault wnes in the area of the present-day 

Apulian Escarpment, of which the Otranto-Scutari-Pec FZ is the nOrthermost one. 
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4.2 Spatial distribution 

The rotations in the southern Apennines thrust-belt and those in the Apulian foreland have thus 

taken place in different time intervals and the two regions were decoupled in mid-Pleistocene times. 

The rotations in the southern Apennines thrust-belt can be envisaged in two different ways. Firstly, as 

a number of fault-bounded tablets, ball-bearings or irregular blocks within a regime of sinistral shear, 

bounded by dextral antithetic shears (option I). Secondly, as a relatively coherent block around a pole 

situated within the area (option 2) (cf. Nur and others, 1986; Nelson and Jones, 1987). The latter op

tion would create much more space problems than option I, which may, therefore, be preferred as a 

working hypothesis (see also Jackson and McKenzie, 1984, their fig. 33). In option I, the fact that the 

amount of clockwise rotation of the different areas appears to be between 20° to 40° might be explain

ed by the criteria of Nur and others (1986). These criteria show that the range of rotation lies within 

the predicted range of pennissible fault rotations in a stationary stress regime. Possibly, the faults 

which delimit the rotating 'tablets' could be NNW-SSE and NNE-SSW trending dextral faults which 

are known to intersect the Southern Apennines thrust-belt (see e.g. Caire, 1975; his fig. 12). 

In Figure 4, a possible solution for option I has been depicted. The solution was obtained by 

means of a 2D mass-balance exercise with a trial-and-error procedure. The constraints are the rotation 

data as discussed above, limited shortenings along the orogenic belt (Finetti and Morelli, 1973; Rossi 

and Sartori, 1981; Ambrosetti and others, 1983), and strike-slip faulting along many fault zones with

in the area as also known from literature (although data on Pleistocene displacements are scanty). The 

main constraint in this exercise is large-scale sinistral shear between Calabria and the southern Apen

nines, along the Pollino Fault Zone. Figure 4 illustrates that, basically, the rotation can be resolved by 

distributed strain within the Central Mediterranean area, with a small NNE directed relative displace

ment of the African Plate without any large-scale lateral offset. The consequences are the following: 

Sinistral shear has taken place along the southern part and dextral shear along the northern part of the 

Egadi-Issel-Napoli-Gargano-Dubrovnik Fault Zone. The Calabrian Accretionary Wedge is charac

terised by NE-SW sinistral transpression. The Apulian block is defonned internally by dextral dis

placements along antithetic shear zones. 

The rotation axis of the Calabrian-Sicily block is situated in the Etna/Stromboli/Messina area. 

The outline of the rotated block defines a large ball-bearing in between the Pollino and the Gabes

Melita-Medina Fault Zones. The northern half of this ball has rotated in a seesaw fashion whereby the 

lblean block, being a small continental promontory, acted as the hingellne. The whole ball-bearing 

shows a rolling movement along its southern, and a slipping movement along its northern boundary. 

The central Mediterranean is decoupled from the African Plate along E-W to NE-SW trending strike

slip fault zones, which is in support of the Pendulum or the Ball-bearing Models. 
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4.3 Temporal distribution 

The chronological frameworlc which comprises the rotations, should account for the following 

features (Fig. 5): 

Volcanism. The available infonnation reganling the volcanism in the Central Mediterranean indi

cates that the activity can be divided in three main episodes: A Late Pliocene - earliest Pleistocene 

episode of activity, and a Late Pleistocene - Recent episode of activity, separated by an late Early 

Pleistocene quiescence episode (Savelli, 1984). The Late Pliocene - earliest Pleistocene episode was 

characterised by a nonnal combination of alkaline basaltic volcanism and calcalkaline volcanic arc 

products in the back-arc region, and alkaline volcanism in the Iblean foreland area and in Sardinia. 

This points to an overall tensional regime and a 'classical' southern Tyrrhenian subduction system. 

The Late Pleistocene - Recent episode was characterised by intra-thrust-belt volcanism in the southern 

Apennines (Campania province) and Sicily (Etna), and calcalkaline volcanism of the Eolian ring. The 

products of the back-arc region show a calcalkaline mix, with an anomalous wide compositional 

variation, which can best be explained by the addition of fluids from metasomatism of the subducted 

oceanic slab (Barberi and others, 1973, 1974; Beccaluva and others, 1982; Savelli, 1988; Sem, 1990). 

It was hypothesised (Beccaluva and others, 1982; Mantovani, 1985, 1990 and Savelli, 1988) that this 

process may be explained by defonnation (e.g. downbending, torsion, segmentation, lateral stretching) 

and/or passive sinking into the asthenosphere of a fragment of the ruptured subducted slab (cf. Rit

sema, 1972). 

Tyrrhenian oceanization and subsidence. The available infonnation reganling the Tyrrhenian 

back-arc basin (ODP Leg 107; Kastens and others, 1987, 1990; Van Dijk, 1993) shows that the sprea

ding of the Marsili Basin occurred in Late Pliocene times. At the end of the Pliocene, the spreading 

ceased and the basaltic ocean floor was covered by Late Pliocene pelagic muds. The whole Tyrrhenian 

basin collapsed at the Plio-Pleistocene transition showing a pattern of accelerating subsidence. The 

Early Pleistocene was characterised by stagnation of subsidence and possibly even a slight uplift in 

the central Tyrrhenian Vavilov Basin. In the Late Pleistocene - Recent episode, a second phase of ac

celerated subsidence and collapse has occurred, and the basin subsided to the present-day basement 

depth of about 4 kID. 

Calabrian Basins. Data regarding the basin evolution in the Calabrian Arc are the following: Late 

Pliocene and Early Pleistocene successions show nonnal subsidence patterns and fluctuating open 

marine conditions. At the Pliocene-Pleistocene transition, the occurrence of hiatuses, influx of clastic 

material and local rapid shallowing sequences indicate a relative sea level fall. This was followed by 

an Early Pleistocene relative rise. The middle Pleistocene to Recent episode is characterised by rapid 

accelerating uplift of deposits of Calabrian and even younger age (Birot, 1939, Pannekoek, 1969; 

Demangeot, 1972; Brogan and others, 1975; Boenzi and Palmentola, 1975; Erzinger and others, 1978; 

Birot, 1981; Ghisetti and Vezzani, 1982; Cosentini and others, 1989). Uplift rates in the southern 

Apennines, Calabria and Sicily amount up to 0.1-0.5 crn/yr, and Plio-Pleistocene erosion surfaces can 

nowadays be found at heights of up to 15OQm. The rapid uplifts occur from Palenno in the southwest 
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Figure 5. Temporal relations for various geodynamic features in the Pleistocene Central Mediterranean. 
Note that the volcanic edifices in the Tyrrhenian area become active after the main spreading stages. This 

initially led to some confusion about the timing of back arc spreading, which, as some authors claimed, 
seemed to be younger. Note the first short episode following the quiescence episode, which we indicated 

seperately. This can be interpreted as the start of extensional rupturing along various fault zones, ringing in the 

contractional phase. The basin development schemes are relatively inaccurate because they are based on seis
mostratigraphy or linked to biozonations, and, therefore, they are outlined with oblique lines. The arrows in 

the column for depositional sequences indicate the timing of major transgressions. 
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all along the Calabrian Arc up to Naples in the north. The highest rates are documented in the Aspro

monte-Peloritani area and along the Sila Piccola - Monte Pollino areas. In the southeastern Tynhe

nian, middle Pleistocene inversion phenomena have been documented in summit basins (Argnani and 

Trincardi, 1990), while in the forearc areas huge submarine slides have occurred, associated with or 

shortly following compressive overthrusting (Gela Nappe and Metaponte Nappe; Beneo, 1957; Ogni

ben, 1960; Ogniben, 1969; Finetti and Morelli, 1973; Argnani, 1987; Trincardi and Argnani, 1990). 

Van Dijk (1990,1992 and in press.) discussed the origin of these slabs in the light of restabilization 

tectonics of an oversteepened thrust wedge. 
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Structural data. The combination of stratigraphic and tectonic analyses of meso- and microstruc

tures (Bousquet, 1972, 1973; Philip and Tortorici, 1980; Tortorici, 1981; Gars, 1983; Moussat, 1983; 

Auroux, 1984; Barrier, 1984; Chabellard, 1984; Ghisetti, 1984; Auroux and others, 1986; Bousquet 

and others, 1986, 1987; Barrier and others, 1987; Philip, 1987; Hippo1yte, 1992) has revealed that the 

Late Pliocene - Recent evolution of the Calabrian Arc can be subdivided in three episodes: Late Plio

cene - Early Pleistocene, middle Pleistocene, and Late Pleistocene - Recent. 

The Late Pliocene - Early Pleistocene episode was characterised by extensional structures which 

rotated with the curvature of the arc; the direction of maximum extension was perpendicular to the 

convergence of the arc. This can be interpreted as the reflection of a migration of the arc and accom

panied opening by spreading of the Tyrrhenian Basin. Extension within the Apennines and absence of 

thrust-wedge contraction during arc migration can be explained as a restabilization phenomenon while 

underthrusting / underplating occurs below the accretionary wedge (Van Dijk, 1990, 1992). 

Contraction phenomena have been documented in the Lower Pleistocene successions which
 

indicate that a major compressional phase took place in mid-Pleistocene times, between 1.0 Ma and
 

0.7 Ma (Selli, 1962; Roda, 1964; Bousquet, 1972, 1973; Philip and Tortorici, 1980; Auroux, 1984; 

Bousquet and Philip, 1981). During this phase a number of reverse faults and folds were (re)activated 

within the Bradano trough, the southern Apennines thrust-belt and along the NW-SE trending Pollino 

Fault Zone (Moussat, 1983; Auroux and others, 1987; Ghisetti and Vezzani, 1982; Ghisetti, 1984). 

The general axis of compression as deduced from microtectonic analysis is directed (N)NE-(S)SW. 

This was confirmed by magnetic fabric analysis (Scheepers and Langereis, 1993c). Recent studies in 

the northern Apennines revealed that in that area, pulses ofNE-SW compression have also occurred 

during the middle Pleistocene, followed by NW-SE extension (Boccaletti and others, 1987b; Martelli 

and others, 1989; Bettini and others, 1990). 

The characteristics of the Late Pleistocene - Recent episode are mainly derived from seismotectonic 

analyses described below. 

Seismkity. Present-day seismicity shows that no active subduction is taking place (McKenzie, 

1972; Gasparini and others, 1982; Giardini and Velona, 1991). Two types of seismicity occur: The 

first are deep shocks up to a depth of 450 km (Peterschmit, 1956; Caputo and others, 1970, 1972; 

Ritsema, 1972, 1979; Papazachos, 1973; Gasparini et al, 1982; Anderson and Jackson, 1987b), which 

can be linked to the active deformation of remnants of the subducted slab, which may be bended 

(Mantovani and others, 1985) and ruptured and detached (Ritsema, 1972; Giese and Morelli, 1978; 

Spakman, 1988). The pattern of shallow seismicity in the back-arc region indicates that it is linked to 

a vertical collapse, governed by concentric and radial fault patterns (Wezel, 1985). The shallow seis

micity shows the following features (Ritsema, 1969; Riuscetti and Schick, 1975; Schick, 1978; Barna

no and others, 1978; Westaway, 1992): In Calabria, three types of shallow stress release occur: NW

SE tension, NE-SW compression, and E-W sinistral faulting. The southern Apennines show NE-SW 

tension, and Sicily is dominated by N-S directed compression. E-W dextral transcurrent faulting 

dominates the North African area. Three basic patterns arise from this activity: Concentric tension 
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around the are, NE-SW compression and related E-W transcurrent sinistral motions, and dextral shear 

along the E-W north-African and WNW-ESE Tunesia-Libya boundary zones. 

The patterns of Present seismicity in the southern Apennines point to active normal faulting 

along a NW-SE trending fault zone which follows the, about 1300 ffi. high mountain crest (Westaway 

and Jackson, 1984; Westaway, 1987; Westaway and Jackson, 1987; Boschi and others, 1990). The 

character of Pleistocene-Holocene tensional faulting shows downfaulting to the northeast (Campania 

and Basilicata earthquakes of 1962 and 1980; Westaway and Jackson, op. cit.) and to the southwest 

(Roure and others, 1991). The hinge zone of this tension follows the above-mentioned recently active 

fault scarp. It coincides with the sudden transition from continental crust with a double Moho reflector 

to oceanic crust, which is concentric around the arc, also recognisable in gravity anomaly patterns 

(e.g. Geist, 1988). This zone was interpreted as a contractional, 'deep shear zone' of Ghisetti and 
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Figure 6. Model for the relation between slab rupture and tensional faulting in the Calabrian Arc in the post
middle Pleistocene. Modified after Mostardini and Merlini (1988), Van Dijk and Okkes (1990,1991) and 

ROUTe and others (1991). Note the vertical exaggeration of the section above sea level. 
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Vezzani (1982), and with the scar of the tom slab of Patacea and Scandone (1989). Following the 

model of Van Dijk and Okkes (1988, 1991), this hinge line is the surface expression of the scar of a 

rebounding non-detached lithosphere remnant (Fig. 6). The tensional listric faulting can be regarded 

as a restabilization phenomenon, accommodating for an oversteepening of the thrust wedge. 

4.4 A geodynamic scenario 

Altogether, the most recent major block rotations appear to be confined to distinct phases in the 

middle Pliocene and middle Pleistocene. Both phases show an oroclinal bending of the are, with an 

axis within the Calabrian block and along the Pollino Fault Zone, respectively (suggesting a shifting 

to the northeast). Both phases are related to cessation of Tyrrhenian spreading and a jump of the 

spreading axis to the southeast. To integrate all the individual spatial and temporal elements into one 

model, we propose a geodynamic scenario which consists of the following three episodes (Figs. 5, 7): 

The Late Pliocene arc migration episode was characterised by migration of the Calabrian Arc to 

the southeast with the drifting of the Calabrian block, and accompanied opening (by spreading) of the 

southern Tyrrhenian Marsili Basin. As generally agreed upon in literature (see for an extensive review 

Van Dijk and Okkes, 1991; Van Dijk, 1992), the arc migration process was driven by a combination 

of passive subduction due to gravitational sinking of the relict Ionian oceanic lithosphere slab and 

related roll-back and retreat of the subduction hinge zone (Van Bemmelen, 1974; Ritsema, 1979; Hor

vath and others, 1981; Moussat, 1983; Malinverno and Ryan, 1984; Patacca and Scandone, 1989; De 

long and Wortel, 1992), and asthenosphere inflow, upwelling and convection in the back-arc region 

(Van Bemmelen, 1969; Locardi, 1986; Channell and Marechal, 1989). This resulted in a gravitational 

displacement of the Calabrian lithosphere Element, a supracrustal slab, to the southeast (cf. Van Bem

melen, 1974; Horvath and others, 1981; Van Dijk and Okkes, 1988, 1991; Wang and others, 1989). 

Figure 7 (next page). Schematic kinematic reconstruction of the Late Pliocene - Recent evolution of the 
Central Mediterranean. The model is based on considerations discussed in Van Dijk and Okkes (1988,1990, 
1991) and Van Dijk (1992). It shows affinity with various aspects of proposals of Caire (1979), Rehault and 
others (1984), Mantovani and others (1985, 1992) and Dewey and others (1989). Dextral displacements along 
the Agadir Fault Zone (cf. De Sitter, 1956; Rod, 1962; Weijermars, 1987) and the Anatolian Fault Zone 
(Ketin, 1948; Pavoni, 1961a) playa key role during the arc migration episodes. The Albanide-Hellenide and 
Carpathian rotation patterns (see e.g. Marton, 1987; Speranza and others, 1992) did not necessary originate 
during the middle Pleistocene. They are depicted for comparison and in order to show the symmetry which 
exists along the 'Trans-Mediterranean Mobile Zone'. The dashed lines shows the displacement path of Calabria 
from Early Miocene onwards, due to alternations of arc migration and contraction episodes. The Recentresta
bilization episode seems to be at the transition from the Early Pleistocene contraction episode to a possible 

future migration episode with arc displacement to the SSE. • 
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These processes were associated with large-scale underplating of rootless thrust sheets in the southern 

Apennines (ct. Mostardini and Merlini, 1988). They were (surprisingly) not accompanied by any oro

clinal-type of rotation, as previously assumed by various authors (the Radial Drift and Translation 

Models in Fig. 2). The absence of rotations may be explained as follows: The arc migration episode 

was characterised by an overall stable NW-SE inter-plate stress, with no compressive stress com

ponent orthogonal to the arc, which may have favoured a 'free sliding' along the margins of the arc. 

For the same reason, the Pendulum Models can also be excluded as a satisfactory explanation of the 

tectonic rotations. 

The Early Pleistocene contraction episode started at the Pliocene - Pleistocene transition, with 

the onset of regional inter-plate compressive stress, probably as a result of an increasing of the ap

proaching velocity and/or a change in relative direction of the African and European Plates. This ini

tially resulted in a phase of accretion in the Apennines. The compression also led to a cessation of 

spreading in the back-arc basin, and, possibly, an onset of flexural downbending of the subducted slab 

(lithosphere buckling), shown by the acceleration of subsidence in the back-arc basin. The compres

sive stress state may initially also have led to an episode of quiescence in volcanic activity by the 

locking-up of tensional features. The continuation of the inter-plate stress increase culminated in the 

regional middle Pleistocene contraction phase. During this relatively short phase oroclinal-type of 

block rotations, transpression along major shear zones, and basin inversions along the internal as well 

as the external side of the Calabrian Arc accommodated the contraction in the Central Mediterranean. 

We hypothesise that the major phase of contraction resulted in a rupturing of the stressed slab (lithos

phere split), and, thus, a sudden, explosive release and, consequently, relaxation of compressive 

stress. 

During the Late Pleistocene to Recent restablization episode, detached remnants of the ruptured 

slab started to sink into the asthenosphere, whereas non-detached remnants rapidly bounce upwards 

(snap-back sensu Cathles and Hallam, 1991 in an opposite sense). As a result of these processes, ex

tensional phenomena related to isostatic restabilisations occurred (Fig. 6). Possible consequences of 

slab rupture and detachment in the Calabrian Arc (cf. Ritsema, 1972) in terms of vertical motions 

were speculated upon by Giese and GOrIer (1978), Spakman (1988), Van Dijk and Okkes (1988, 

1991) and Wortel and Spakman (1992). Rapid uplift of the non-volcanic arc, concentric collapse of 

the back-arc basin, and extensional faulting along both sides of the hinge zone above the lithosphere 

rupture scar reflect this process. The pattern of tensional faulting mirrors an extensional collapse of 

the oversteepened Apenninic thrust wedge. Compressional phenomena continued to dominate in 

Sicily, probably related to a dextral transpressive regime along the north African Plate boundary, as 

evident from present-day seismicity. 
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S. Discussion 

NE-SW compressive stress. The existence of a NE-SW directed compression was hypothesised 

for the first time by Caire (1962, 1964) on the basis of geological observations. A premise of this as

sumption is that the amount and the geometry of the overthrusting, observed along both sides of the 

Calabria Arc, can not be explained by simple lateral ramping related to southeastward migration of the 

Calabrian block (Van Dijk and Okkes, 1990). This is because balanced cross-sections perpendicular to 

the strike of the orogen result in an overlap as was also observed by D'Argenio and others (1980). The 

latter authors offered an alternative explanation for this overlap in the form of rotating thrust sheets on 

both sides of the arc (cf. Caire, 1970), called saloon-door mechanism by Van Dijk and Okkes (1990). 

The existence of NE-SW compression was also confirmed by seismo-tectonic analysis (Riuscetti and 

Schick, 1975; Schick, 1978; Barbano and others, 1978) and microstructural analysis (e.g. Bousquet, 

1972; Gars, 1983; Moussat, 1983). Early Tertiary and middle Pliocene reconstructed principle stress 

axes show an E-W trend (e.g. Dubois, 1976; Moussat, 1983). Corrected for Plio-Pleistocene clock

wise rotations, these directions of compression would originally also have been NE-SW. Conse

quently correcting the strike of the main Calabrian transcurrent fault zones (N130-135; active during 

the Late Miocene - Early Pliocene) for the late rotations, these become near-parallel to the Pollino 

Fault Zone (N120). 

Expulsion tectonics. The expulsion model used to explain the rotative movements during the 

contraction episode was introduced in geology by Gzovsky (1959) and Pavoni (1961b) and applied to 

the Central Mediterranean by Caire (1973). Later on, this model, advocated by Brunn (1976) and Tap

ponier (1977) in a more general context, was also applied by Moussat (1983), Van Dijk and Okkes 

(1988, 1991) and Mantovani and others (1992). In recent literature (extensive review Van Dijk, 1992), 

some authors prefer this mechanism as the main driving force for the migration of the Calabrian Arc 

and the opening of the Tyrrhenian Basin (op. cit.), while others invoke slab pull as the main mecha

nism (see e.g. Malinverno and Ryan, 1986; Royden, 1993). In the present paper, we illustrate how the 

dominance of these mechanisms may have alternated in time (cf. Van Dijk and Okkes, 1991). 

African Plate Motion. The NE-SW stress direction may be directly related to NE-directed 

motion of the African Plate (as sustained by Mantovani et al, 1982, 1992), or to microplate inter

actions through transcurrent motions. Van Dijk and Okkes (1988, 1990, 1991) and Van Dijk (1992, 

1993) developed a model in which two processes have alternated in time: southeastward drift of the 

Calabrian block and back-arc spreading during tension stages, and NE-ward translation and rotative 

extrusion towards the northeast of small blocks such as the Calabrian block during compression 

stages. On a larger scale, this alternation can be connected with an alternation of relative NW-ward 

(dextral) and NE-ward (sinistral) transpression between the African and European Plates related to 

variations in relative spreading rate between the northern and the central Atlantic, as outlined by Van 

Dijk (1992; p. 248 and his fig. 2). Thus, various episodes were dominated by specific geodynamic 

factors: arc migration through passive subduction, regional inter-plate compressive stress and rotative 

extrusion tectonics. and extensional collapse by slab rupture and detachment. The fact that rapid stress 

release seems to be associated with regional deformations and a switch in direction of relative motion 

of the African Plate, may provide a clue to a mechanism whereby the plate driving forces are conside
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rably influenced by the dynamics along the Mediterranean subduction zones, as was also suggested by 

the geodynamic scenario of Van Dijk and Okkes (1990), in which collisions of small continental frag

ments determined the timing of geodynamic cycles. 

Pleistocene revolution. A Pleistocene global compressional phase was hypothesised by Van Dijk 

and Okkes (1988,1990) and Cloetingh and others (1990). Following Bourcart's (1962) concept of a 

'Pliocene revolution', we may speak of a 'Pleistocene revolution', considering the important geodyna

mic implications of the mid-Pleistocene phase. Three of these episodes can be recognised in the latest 

stage of the evolution of the Central Mediterranean (also Van Dijk, 1992): a Messinian (ca 5-6 Ma), a 

middle Pliocene (ca 4-3 Ma), and an Early Pleistocene (ca 2-1 Ma) 'revolution'. 

The Adria Plate. The consequences of the presented analysis and review for the rotational 

evolution of the Adria Plate are the following: The thrust-belt terranes of the southern Apennines have 

rotated in middle Pleistocene times, detached from a continental area interconnecting Adria and Afri

can Plates, the Trans-Mediterranean Mobile Zone. Measurements in the thrust-belt, therefore, do not 

directly reflect rotations of an independent Adria 'microplate'. At most, they contain a component of 

distortion of the Trans-Mediterranean zone, previous of the Neogene deformation, which may amount 

up to 15° counter-clockwise. The decoupling between the African and Adria Plates is transmitted 

through a broad dextral transtensional zone within the Ionian Basin, and through dextral and sinistral 

transpressional motions along E-W to NE-SW trending transversal fault zones. 

6. Conclusions 

Between 1.0 and 0.7 Ma ago, large-scale tectonic block rotations occurred in the Central Mediter

ranean, associated with contractional tectonics in the areas surrounding the Calabrian Arc. These phe

nomena were linked to the culmination and sudden release of inter-plate compressive stress, which 

had been built up during the Early Pleistocene contraction episode, as a result ofN- to NE-ward 

Europe-Africa collision. The total picture shows a cissor-like, rotative extrusion of the Calabro-Sici

lian block around an axis located in the Etna - Messina Strait area. The block rotations accomodated 

for distribution of strain along a complex, free tectonic boundary along the southern margin of the 

Central Mediterranean. The phase of contractions and rotations was associated with rupture of the 

subducted oceanic slab, suggesting that this process was rapid, mechanical and temporally deter

mined. The preceding Late Pliocene arc migration episode of back-arc spreading and southeastward 

arc migration was not associated with any oroclinal rotations. The third, Late Pleistocene - Recent 

restabilization episode was characterised by isostatic restabilization through extensional collapse of 

the area. This occurred in an overall dextral transpressive regime. The extensional collapse is mani

fested by rapid uplift of the non-volcanic arc above rebouncing non-detached lithosphere remnants, 

and collapse of the Tyrrllenian back-arc basin. 
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Een mooie groene, bloeiende oase keek om zich heen en zag niets dan de woestijn; 

vergeefs probeerde zij een oase te ontwaren wals zij. 

Toen begon zij luid te klagen: 

Ik ongelukkige, eenzame oase! Ik moet al/een blijven! Nergens zo een als ik, 

nergens een oog dat mij kan zien en kan genieten van mijn weiden en bronnen, 

mijn palmen en mijn struiken! Niets dan die treurige, zandige, dode steenwoestijn 

om mij heen. Wat heb ik aan al mijn gaven, mijn schoonheid en mijn rijkdom in 

deze verlatenheid ? 

Toen sprak de oude, grijze moeder Woestijn: 

Mijn kind, als het anders was, als ik niet deze treurige, dorre woestijn was, maar 

vol groen en leven zou zijn, dan zoujij geen oase zijn, geen begenadigde plek, die 

de reizigers in verre landen roemen. Dan zouje al/een een stukje van mij zijn, in 

mij opgaan en onopgemerkt blijven. Draag dus geduldig wat je zo bijzonder en 

beroemd maakt ! 

Arthur Schopenhauer, 1788-1860; 
Parenga und philosophische Schriften, 

(vertaling Wim Raven, 1986) 
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