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ABSTRACT.  - Ophiol i tes  exposed along the 
Western Alpine - Northern Apennine (W A-NA) 
orogenic chain represent the oceanic lithosphere of 
the Ligurian Tethys which separated, during Late 
Jurassic - Cretaceous times, the Europe and Adria 
p la te s .  W A-NA ophiol i tes  show pecul i ar 
c o mpos i t iona l ,  s tructural  and stratigraphic 
characteristics: 1 )  mantle peridotites are dominantly 
fertile, clinopyroxene(cpx)-rich lherzolites ,  while 
depleted, cpx-poor peridotites are subordinate; 2) 
gabbroic intrusives and basaltic volcanites have a 
MORB affinity; 3) gabbroic rocks were intruded into 
mantle peridotites. The Jurassic Ligurian Tethys was 
floore d  by a peridoti te-gabbro b asement ,  
subsequently covered by extrusion of  discontinuous 
basaltic flows and by sedimentation of radiolarian 
cherts ,  i . e .  the oldest oceanic sediments . In the 
whole Ligurian Tethys the inception of the oceanic 
stage, that followed rifting and continental breakup, 
occurred during Late Jurassic. 

The Ligurian ophiolites (Voltri Massif of the 
Ligurian Alps (LA) and Liguride Units of the NA) 
are a representative sampling of the diversity of the 
oceanic lithosphere which floored the Jurass ic  
Ligurian Tethys. 

In the W A-NA ophiolites the gabbroic rocks 
occur  a s  km- sca le  bodies  in truded in mant le  
peridotites. REE composition of  computed liquids in  
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equilibrium with their clinopyroxenes indicates a 
clear MORB affinity. Geochronological data on NA 
ophiolitic gabbros yield ages of intrusion in the 
range 1 85 - 1 60 Ma: Triassic ages of intrusion are 
documented for gabbroic  rocks  from the 
Montgenevre ophiolites (Western Alps) (2 1 2- 1 92 or 
1 8 5 M a ) .  The intrus ion  ages of the ophioli t ic  
gabbroic rocks are significantly older than the Late 
Jurassic ( 1 60- 1 50 Ma) opening of the Ligurian 
Tethys and the basaltic extrusion. 

Basaltic volcanites are widespread in the WA-NA 
ophiolites: petrological and geochemical studies 
have provided c lear evidence of their overall  
tholeiitic composition and MORB affinity. Zircon 
U/Pb dating on acidic differentiates yield ages in the 
range 1 60- 1 50 Ma for the basaltic extrusion: these 
ages are consistent with the palaeontological ages of 
the radiolarian cherts ( 1 60- 1 50 Ma). 

The External Liguride (EL) mantle peridotites are 
fertile spinel lherzolites  and display a complete 
recrystallization under spinel-facies conditions, that 
i s  i nterpreted as the stage of anneal ing  
recrystallization a t  the conditions of the regional 
geotherm, after accretion of the EL mantle section to 
the conductive lithosphere (i .e .  isolation from the 
convective asthenospheric mantle). Nd model ages 
i ndicate Proterozoic times for the l i thospheric 
accreti o n .  The Internal  Liguride ( IL )  mant le  
ultramafics are depleted peridotites, i .e .  refractory 
residua after low-degree fractional melting on a 
MORB -type as then o s p heric mant le  s ou rc e ,  
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producing MORB-type melts . The IL peridotites 
display a complete equilibrium recrystallization that 
is related to accretion of the IL residual mantle to the 
conductive lithosphere, after partial melting. Nd 
model ages indicate Permian times (275 Ma) for the 
depletion event .  The Erro-Tobbio (ET) mantle 
peridotites of the Voltri Massif (LA) are spinel 
lherzolites ,  and represent refractory residua after 
variable degrees of incremental partial melting 
starting from a MORB-type asthenospheric mantle 
source: they show granular to tectonite-mylonite 
fabrics, these latter occur in km-scale shear zones 
where p l ag ioc lase- and a mphibole-facies  
assemblages were developed during deformation. 

The Li gurian peridotites show records of a 
tectonic-metamorphic evolution, after the accretion 
to the conductive subcontinental lithosphere, i .e.  1 )  
development o f  km-scale shear zones, 2 )  partial 
reequilibration at plagioclase-facies and amphibole
facies conditions, and 3) later sea-water interaction 
and partial serpentinization, which indicates their 
progres s i ve upwel l ing  fro m  subcontinenta l  
lithospheric depths to  the ocean floor. Plagioclase
facies reequilibration developed at 273-3 1 3  Ma in 
the ET peridotites and 1 65 Ma in the EL peridotites 
(Sm-Nd systematics) .  These data indicate that the 
decompressional evolution of the lithospheric mantle 
of the Europe-Adria system was already active since 
Late Carboniferous Permian times and continued 
till the Late Jurassic ·opening of the Ligurian Tethys. 
Further evidence of the extensional decompressional 
evolution of the Europe-Adria lithosphere in the 
Ligurian sector is given by the continental crust 
material (the gabbro- derived granul i tes ) :  their 
gabbroic protoliths were intruded during Lower 
Carboniferous - Upper Permian times (about 290 
Ma, Sr-Nd sy stemati c s ) ,  and u nderwent 
decompressional retrogression from granulite to 
amphibolite facies between Permian and Middle 
Triassic times. 

Geological-structural knowledge on the Western 
Alps  indicates that  the Europa-Adria system,  
following Variscan convergence, underwent Late 
Palaeozoic onset of lithosphere extension through 
simple shear mechanisms along deep low-angle 
detachment zones ,  evolving to asymmetric 
continental rift and Late Jurassic oceanic opening. 
This may account for the p artial melting under 
decompression of the asthenospheric mantle and the 
gabbroic intrusions. This post-Variscan evolution is 
evidenced by: 1 )  the Late Carboniferous to Jurassic 
subsolidus decompressional evolution (spinel- to 
plagioclase- to amphibole-facies transition to late 
oceanic  serpentin i z at ion)  recorded by  the 
subcontinental lithospheric mantle sections of the 
EL and ET peridot i tes ;  2) the Perm i an 

decompressional partial melting of asthenospheric 
m ant le  sources  recorded by the IL res idual  
peridotites; 3)  the post-Variscan Permian MORE
derived gabbroic bodies, which were intruded into 
the extending l ithosphere of the Adria margin 
(Austroalpine Units of the Western Alps); 4) the 
Triassic-Jurassic ophiolitic MORB-type gabbros ,  
intruded into the subcontinental mantle, which were 
expo sed at the s ea-floor  during Late Juras s ic  
opening of  the Ligurian Tethys. 

The Ligurian ophiolites represent, therefore, the 
spatial association of: 

- Proterozoic  and  Permian subcont inental  
lithospheric mantle peridotites, which are locally (as 
in the EL Uni ts )  l inke d  to c ont inental  crust  
granitoids and granulites; 

- Triassic to Jurassic gabbroic rocks, intruded in 
the peridotites; 

- Late Jurassic MORB volcanites, interlayered 
with radiolarian cherts. 

This peculiar association cannot be reconciled 
with present-day mature oceanic lithosphere, where 
the mantle peridotites and the associated gabbroic
basaltic crust are l i nked by a direct cogenetic 
relationship and are almost coeval. In addition, the 
large exposure of mantle peridotites to the sea-floor, 
and the long his tory of extensional  upwell ing 
recorded by peridotites agree with a geodynamic 
evolution driven by the passive extension of the 
Europe-Adria continental lithosphere. The passive 
extension of the lithosphere is  the most suitable 
geodynamic process to account for the tectonic 
denudation at the s ea-floor of l arge sectors of 
subcontinental mantle, as deduced from analogue 
geophysical modelling for mantle exhumation at 
continent-ocean boundary. Structural, metamorphic 
and magmatic features recorded by the Austroalpine 
(Sesia-Lanzo) and Southalpine (lvrea-Verbano) 
units (the marginal units of the future Adria plate) 
sugges t  that the l i thosphere exten s i o n  was  
asymmetric ,  with eas tw ard d ipping of the  
detachment zones. 

The subduction h i s tory of mafic -u l tramafic 
associations of the Western NA and WA ophiolites 
was  accompanied by prograde reactio n s ,  
culminating in o n e  main high pressure event. I t  
c a u s e d  ec logit izat ion ( i . e .  development  of 
metamorphic assemblages characterized by  the 
association of sodic clinopyroxene and almandine
rich garnet, in the absence of plagioclase) of mafic 
rocks and partial recrystallization and dewatering 
( i . e .  formati o n  of metamorphic o l iv ine  i n  
equilibrium with antigorite, diopside, Ti-clinohumite 
and fluids)  of ultramafites ,  previously variably 
hydrated ( serpent in ized)  during the oceanic  
evolution. The high pressure ultramafic rocks still 
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preserve oxygen isotope signatures of the oceanic 
settings, indicating that the fluid recycled at the 
eclogitic stage was the one incorporated during 
exposure close to  the oceanic floor. 

RIASSUNTO. - Le ofioliti che affiorano lungo la 
catena orogenica delle Alpi Occidentali (W A), delle 
Alpi Liguri (LA) e dell' Appennino Settentrionale 
(NA) rappresentano la litosfera oceanica della Tetide 
Ligure, un bacino oceanico che sepan), durante il 
Giurassico Superiore e il Cretaceo, le placche Europa 
e Adria. Le ofioliti W A-NA mostrano peculiari 
caratteri s t iche c omposiz ional i ,  s trutturali  e 
stratigrafiche:  1 )  le peridotiti di mantello so no  
prevalentemente lherzolit i  ferti l i ,  r icche i n  
clinopirosseno (cpx), mentre l e  peridotiti impoverite 
sono subordinate; 2) le rocce gabbriche intrusive e le 
vulcaniti basaltiche hanno affinita MORB; 3) i gabbri 
sono intrusi nelle peridotiti di mantello. Il bacino 
della Tetide Ligure Giurassica fu pavimentato da un 
basamento gabbro-peridotitico ,  successivamente 
r icoperto dal l '  effu sione di co late basal ti che 
discontinue e dalla sedimentazione dei diaspri, cioe i 
primi sedimenti oceanici. In tutta la Tetide Ligure, 
l'inizio dell'apertura del bacino oceanico, che segul 
stadi di rifting e di rottura continentale, avvenne 
durante il Giurassico Superiore. 

Le ofioliti liguri (Massiccio di Voltri delle LA e 
Unita Liguridi del NA) sono un campionamento 
rappresentativo delle variabilita della litosfera di tipo 
oceanico del bacino della Tetide Ligure. 

Nel le  ofi ol i t i  W A-NA le rocce gabbriche 
affiorano come corpi di  dimensioni chilometriche 
intrusi nelle peridotiti di mantello. La composizione 
in REE dei fusi calcolati all'equilibrio con i loro 
clinopirosseni indicano una chiara affinita MORB 
per i fusi capostipiti. Dati geocronologici sui gabbri 
ofiolitici NA danno eta di intrusione nell'intervallo 
1 85- 1 60 Ma :  eta Triassiche di intrusione sono 
documentate nei  gabbri  de l le  ofio l i t i  W A di  
Monginevro ( 2 1 2- 1 9 2  o 1 8 5 Ma) .  Le eta  d i  
intru s i o ne dei  gabbri  ofio l i t ic i  sono  
significativamente piu' vecchie rispetto all' apertura 
al Giurassico Superiore ( 1 60- 1 50 Ma) della Tetide 
Ligure ed alle effusioni basaltiche. 

Le vulcaniti basaltiche sono diffuse nelle ofioliti 
W A-NA : le attual i  c on o scenze petrologiche e 
geochimiche indicano composizioni tholeiitiche ed 
affini ta  M O RB . D atazioni  U/Pb s u  z irconi  d i  
differenziati acidi hanno fornito eta nell'intervallo 
1 60- 1 50 Ma per le effusioni basaltiche: queste eta 
sono in buon accordo con le eta paleontologiche dei 
diaspri. 

Le peridotiti di mantello delle Liguridi Esterne 
(EL) sono lherzoliti fertili a spinello e mostrano una 
completa ricristallizzazione in facies a spinello, che 

e interpretata come lo stadia di equilibratura alle 
condizioni del locale gradiente geotermico, dopo 
1' accrezione del mantello delle EL alla litosfera 
c ondutt iva (c ioe  l ' i s ol amento dal  mante l lo  
astenosferico convettivo) . Eta m odell o  del  Nd 
indicano tempi Proterozoici per  1 '  accrezione al l  a 
litosfera. Le peridotiti delle Liguri Interne (IL) sono 
impoverite, e rappresentano residui refrattari da 
ricollegare ad una fusione frazionata di  basso grado 
su una sorgente di mantello astenosferico di tipo 
MORB, che ha prodotto fusi MORB . Le peridotiti 
IL mostrano una ricristallizzazione completa che e 
riferita all' accrezione del mantello residuale IL all a 
litosfera conduttiva, dopo la fusione parziale .  Eta 
modello del Nd indicano tempi Permiani (275 Ma) 
per 1' even to di fusione. Le peridotiti ET (Erro
Tobbio) del Massiccio di Voltri (LA) sono lherzoliti 
a spinello,  e rappresentano residui refrattari da 
ricollegare a variabil i  gradi di fusione p arziale 
incrementale, a partire da un sorgente di mantello 
astenosferico di tipo MORB: esse mostrano strutture 
e tessiture sia granulari che tettonitiche-milonitiche, 
queste ultime sono sviluppate lungo zone di shear di 
dimensioni  chilometriche in cui si svi luppano 
paragenesi a plagioclasio e ad anfibolo durante la  
deformazione. 

Le peridotiti Liguri mostrano chiare evidenze 
di  una evoluzione tettonico-metamorfica ,  dopo 
la l oro  accrezione a l l a  l i tosfera c ondutt iva 
sottocontinentale, cioe: 1 )  lo  sviluppo di zone di 
shear di dimensioni chilometriche; 2) la  parziale 
ricri stallizzazione in  facies a plagioclasio e ad 
anfibolo; 3) la tardiva interazione con acqua di mare 
e la parziale serpentinizzazione; questi processi 
indicano la loro progressiva risalita da profondita di  
mantello litosferico sottocontinentale fino al fondo 
oceanico della Tetide Ligure. La ricristallizzazione a 
p lag ioc las io  si sv iluppo a 2 73-3 1 3  M a  ne l le  
peridoti t i  ET e a 1 65 M a  ne l le  peridoti t i  EL 
( s istematica  Sm-Nd) . Questi dati indicano che 
1 '  evoluzione  decomp re s s ionale  del  mante l lo  
litosferico del sistema Europa-Adria era gia attiva da 
tempi Tardo Carboniferi - Permiani e prosegul fino 
a l l ' apertura de l la  Tetide Ligure ( Giuras s i c o  
Superiore ) .  Ulteriori evidenze dell ' evoluzione 
estensionale decompressionale della  litosfera del 
sistema Europa-Adria nel settore Ligure sono fornite 
dal materiale di crosta continentale (le granuliti di 
derivazione gabbrica) : i loro protoliti gabbrici 
furono intrusi durante i l  Carbonifero-Permiano 
(circa 290 Ma, sistematiche Sr e Nd), e subirono, 
dopo una ricristallizzazione in facies granulitica, una 
retrogre s s ione  decompre s s iona le  d a  fac ies  
granulitica a facies anfibolitica fra il Permiano e il 
Triassico Medio. 

Le conoscenze geologico-strutturali sulle Alpi 
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Occidentali indicano che il sistema Europa-Adria, 
dopo la convergenza V arisica, inizio a subire, dal 
Tardo Paleozoico, un processo di estensione della 
litosfera attraverso meccanismi di shear semplice 
lungo zone profonde di faglie a basso angolo, che 
evolvette in un r{fting continentale asimmetrico ed 
infine nell' apertura Tardo Giurassica del bacino 
oceanico. Questo processo rende anche conto della 
fus ione  parzia le  s otto decompress ione  de l la  
sottostante astenosfera, della produzione d i  fusi 
MORB e dell a  loro intrusione nella soprastante 
litosfera in estensione sotto forma di corpi gabbrici. 
Questa evoluzione post-V arisica e mess a in evidenza 
da: 1 )  l' evoluzione decompressionale di subsolidus 
(trans iz ione  da fac ies  a sp ine l lo  a facies  a 
p lag ioc las io  e ad anfibo l o ,  fino  a l la  tardiva 
serpentinizzazione oceanica) ,  dal Carbonifiero 
Superiore al Giurassico,  registrata dal mantello 
litosferico sottocontinentale rappresentato dalle 
peridotit i  EL e ET; 2 )  l a  fu s ione  p arziale  
decompressionale Permiana di  sorgenti di  mantello 
astenosferico, che e registrata dalla peridotiti delle 
IL; 3 )  le in trus ioni  gabbriche pos t -Varis iche  
Permiane derivanti da fusi astenosferici ad  affinita 
MORB , che furono in truse ne l la  l i to sfera i n  
estensione del margine Adria (le Unita Austroalpine 
delle Alpi Occidentali); 4) le intrusioni gabbriche, ad 
affinita M O RB che intrusero ,  dal  Triass ico al 
Giurassico, il mantello litosferico sottocontinentale 
successivamente denudato ed esposto sul fondo 
marino durante I' apertura Giurassico Superiore dell a 
Tetide Ligure. 

Le ofi o l i ti l i guri rappre s entan o ,  quindi ,  
1 '  associazione spaziale di: 

1 )  peridoti ti di mantel lo  l i to sferi co  
s ot toconti nenta le ,  accrete a l ia l i to sfera ne l  
Proterozoico e nel  Permi ano,  che sono ancora 
associate (come nelle Unita EL) a materiale di crosta 
continentale ,  granitoidi e granuliti derivanti da 
gabbri Permiani; 

2) gabbri intrusi nelle peridotiti da tempi Triassici 
a Giurassici; 

3 )  vu lcani t i  b a s al t iche ad affini ta  MORB , 
interstratificate con i primi sedimenti (diaspri a 
radiolari) del bacino oceanico. 

Questa associazione peculiare non puo essere 
confrontata con l' attuale litosfera oceanica di oceani 
maturi, dove le peridotiti di mantello e I' associata 
crosta oceanica, gabbrica e basaltica, sono legate da 
dirette relazioni cogenetiche e sono coeve. Inoltre, la 
grande esposizione di peridotiti di mantello sui 
fondo del bacino , e la  lunga storia di risalita in 
regime estensionale registrata dalle peridotiti, bene 
si inquadrano in un m odell o  di evoluzione  
geodinamica guidata dall' estensione passiva della 
litosfera continentale del si stema Europa-Adria. 

L' estensione passiva della  litosfera e il processo 
geodinamico piu' idoneo per g ius tific are il 
denudamento tettonico sui fondo oceanico di larghi 
settori di mantello sottocontinentale, come e stato 
dedotto anche da modelli geofisici analogici per 
l' esumazione del mantello lungo i limiti oceano
continente. Le caratteristiche geologico-strutturali, 
metamorfiche e magmatiche registrate dalle Unita 
Austroalpine (Sesia-Lanzo) e Sudalpine (Ivrea
V erbano) ( cioe le unita marginali dell a futura placca 
Adria) suggeriscono che l'estensione della litosfera 
fu asimmetrica, con l' approfondimento verso est 
della zona di faglie a basso angolo. 

La storia di subduzione delle rocce femiche ed 
u l trafemiche del le  ofio l i t i  W A e LA fu 
accompagn ata da reazioni  prograd e ,  che 
culmin arono in  u n  pr incipale  evento di al ta  
pressione. Esso produsse la eclogitizzazione della 
rocce femiche (sviluppo di paragenesi caratterizzate 
dall' associazione di pirosseno sodico e grana to 
almandi n i c o ,  in assenza  di p lag ioc las io )  e 
ricris tall izzazione ,  con p arziale disidratazione 
(sviluppo di paragenesi caratterizzate da olivina, 
antigorite, diopside, Ti-clinohumite e fluidi) ,  delle 
peridotiti di mantello, che erano state variamente 
idratate (serpentinizzate) durante 1' evoluzione 
oceanica. Queste rocce ultrafemiche di  alta pressione 
ancora c on servano ne l l '  i mpronta i sotopica  
dell' Ossigeno il segno dell' evoluzione oceanica, ad 
indicare che i fluidi ric ic lati durante lo stadio 
ec logi t ico  sono quelli inc orporati  durante 
l'esposizione sul fondo oceanico. 

KEY WoRDS: Ligurian Teth ys, rifting, oceanization, 
subd u ction,  Ligurian ophiol ites ,  man tle 
peridotites, serpentinites, eclogites. 

INTRODUCTION 

Ophio l i  tes  e x p o s e d  a long the Western 
Alpine-Northern Apennine (and Corsica) (WA
NA) orogenic system are thought to represent 
the oceanic lithosphere of the Ligurian Tethys ,  
which separ ated ,  during  Late Jura s s ic 
Cretac e o u s  t ime s ,  t h e  Europe and Adria  
continental blocks. 

In the last decades ,  numerous contributions 
concerning the WA-NA ophiolites evidenced 
that: 

i) rather ferti le ,  cpx-rich lherzolites are 
dominant, while depleted, cpx-poor peridotites 
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are scarce (Bezzi and Piccardo, 1971a; Nicolas 
and Jackson, 1972); 

ii) both gabbroic intrus ives and basaltic 
volcanites have MORB affinity (Serri, 1980; 
Beccaluva et al. , 1980). 

WA-NA ophiolites show peculiar structural
petrographic features,  which indicate that: 

i) m antle rocks underwent a composi te 
subsolidus evolution after depletion by partial 
melting; 

ii) gabbroic rocks were intruded into mantle 
peridoti tes; 

iii) peridotites and gabbroic intrusions were 
exposed at the sea-floor prior to extrusion of 
pillowed basalts and deposition of radiolarian 
cherts. 

M oreover,  s heeted dyke c omplexe s are 
lacking and comagmatic relations did not exist 
between the gabbro bodies and the basaltic 
dykes and flows.  

Accordingly, a general consensus exists on 
the idea that the Jurassic Ligurian Tethys was 
floored by an older peridotite-gabbro basement 
(Decandia and Elter, 1969; Piccardo, 1983; 
Lemoine et al., 1987), subsequently covered by 
extrusion of a discontinuous layer of younger 
pillowed basaltic flows and by deposition of 
rad i o l arian c herts, i . e .  the firs t  oceanic  
sedimentation. 

The radiolarian cherts, which are coeval to 
the basaltic extrusions, are not older than Late 
Jurassic (160-150 Ma) (De Wever and Caby, 
19 81; Marcucci and Passerini ,  1991) in the 
whole  Ligurian Teth y s: accordi n g l y ,  the 
inception of the oceanic stage, following the 
continental breakup, is considered not older 
than Late Jurassic. 

The time gap between most of the gabbro 
intru s i o n s  (Tri a s s i c to M iddle  Juras s i c )  
(Bigazzi et al. , 1973; Carpena and Caby, 1984) 
and the basalt extrusion I chert deposition (Late 
Jurassic) (see also the following discussion) 
rei nforc e s  the s tructural  evidence of the 
decoupling between the early pre-oceanic 
intrusion ( i .e .  the gabbroic bodies) and the late 
oceanic extrusion (i .e. the pillowed basalts) of 
MORB-type magmas. 

P ALAEOGEOGRAPHY OF 

THE LIGURIAN OPHIOLITES 

The Ligurian Tethy s i s  believed to have 
developed by progressive divergence of the 
Europe and Adria blocks , in connection with 
the pre-Jurass ic  rifting and Late Jura s s ic 
opening of the Northern Atlantic (Dewey et al. ,  
1973; Lemoine et  al., 1987), (fig. 1). 

P l ate tectonic  and p a l i n s p a s t i c  
reconstructions suggest that this basin was 
limited in size and that it  never reached the 

NORTH 
AMERICA 

SOUTH 
AMERICA 

SOUTH 
AMERICA 

EUROPE 

LATE JURASSIC, 
EARLY CRETACEOUS 

Fig. 1 - Mesozoic ev olution of Central Atlantic and 
Ligurian Tethys oceans, from rifting to ocean formation 
(redrawn and modified after Lemoine et al. ,  1987). 
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Erro Tobbio Internal Ligurides External Ligurides 

THE LIGURIAN TETHYS 
DURING LATE JURASSIC - CRETACEOUS 

Fig. 2 - Generalized paleogeographic restoration of Upper 
Jurassic Ligurian Tethys, with location of the different 
Ligurian domains (redrawn and modified after Dal Piaz, 
1995). 

dimensions of present-day oceans . In addition, 
age data indicate a narrow time span between 
c e s s at ion  of divergence and the onse t  of  
convergence  and  subducti o n .  Ocean ic  
accretion in  the Ligurian Tethys started during 
Late Jurassic and continued for approximately 
25 Ma (cf. Winterer and Bosellini, 1981). Plate 
convergence leading to subduction of oceanic 
l i tho s p here  s tarted during the Earl y 
Cretaceous,  about 25 Ma after cessation of the 
oceanic spreading ( Hunziker,  1974 ) .  The 
subduction zone had a south-west trending, 
with the Europe plate underthrusting the Adria 
p l ate , and  it w a s ,  m o s t  probably , i ntra
continental in the northern sector of the W A 
and progress ively intra-oceanic towards the 
Ligurian sector of the basin. 

The Ligurian Tethys was completely closed 
in the Early Tertiary , when fragments of its 
oceanic lithosphere were emplaced as west
vergent thrust  units  in  the Alps  and e ast
vergent thrust units in the Apennine. 

Depending on their stratigraphic, structural 
and metamorphic characteristics ,  the different 
ophiolitic sequences of the Ligurian sector 
h ave been a s cribed to  different  
palaeogeographic sett ings i n  the Jurass ic 
Cretaceous Ligurian Tethys .  The Voltri Massif 

ophi ol i tes  (Erro-Tobbio in fig .  2) , which 
underwent deep evolution in the subduction 
zone and recry stal l ized  at ecl ogite fac ies  
conditions, were located west of  the subduction 
zone, close to the European margin ;  the NA 
ophiolites (Internal and External Ligurides in 
fig .  2) , which underwent s olely low-grade 
oceanic and orogenic metamorphism, were 
located east of the subduction zone, closer to 
the Adria margin (fig. 2) . 

THE VOLTRI MASSIF 

Introduction to the geology of the Voltri Massif 

The Voltri M a s s i f  (fi g .  3) occupies  the 
southeastern end of the W A and is structurally 
ascribed to the Internal Pennidic Units of the 
Alps .  Its tectonic units record a widespread 
recrystallization at eclogite-facies conditions as 
the result of subduction zone metamorphism. 
The V oltri Massif is prevalently composed of 
ophiolitic materials ,  associated with slices of 
continental crystalline rocks of the European 
margin (Chiesa et al., 1975; Messiga et al., 
1 992) . To the east it is separated from the 
Ligurian Apennines by the Sestri-Voltaggio 
z o n e ,  a c ompos ite terra in  c o n s i s t ing  of 
Tri a s s i c - Li a s s i c c arbonatic  rocks  and of 
dismembered Mesozoic ophiolites showing 
peak blueschists metamorphic assemblages 
related to the alpine subduction.  Klippen of 
anal o g o u s  b lueschi s t  terrain s  (Cravasco
Voltaggio-Montenotte units) also overlie the 
eclogitic terrains of the Voltri Massif. To the 
west the Voltri Massif overlies the Savona 
continental basement of Hercynian gneisses 
( granito ids  with a s s o c i ated amphibol i te s ,  
showing a greenschist  t o  blueschist  facies  
Alpine metamorphism) . Towards the north i t  i s  
bounded by Tertiary sediments of  the Piemonte 
B asin, whose basal breccias include clasts of 
high-pressure metaophiolites (metagabbros and 
metaperidotites) and thereby give a 35-38 Ma 
age for the exhumation and erosion of the high
pressure terrains of the V oltri Massif. 

Several studies (Chiesa et al., 1975; Messiga 
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Fig. 3 - Geological sketch map of the Voltri Massif 
showing location of the Erro- Tobbio peridotite (after 
Chiesa et al. , 1975). Major units as follows: I = Arenzano 
Crystalline Massif (SB =Gran San Bermu·do Nappe); VM 
= Voltri Massif: 2 = Alpicella, Voltri-Rossiglione and 
Ortiglieto Units: metavolcanics and paraschists with relict 
eclogitic assemblages; 3 = Beigua Unit:  antigoritic 
serpentinites with eclogitic metagabbros; 4 = Erro-Tobbio 
Unit: mantle peridotites; 5 = Sestri Voltaggio Zone (SV); 6 
= Northern Apennine Unit (NA); 7 = Tertiary molasses 
(BTP). 

and Piccardo,  197 4 ;  Piccardo, 1977)  have 
shown that in the Voltri Massif slices from 
different lithospheric levels (subcontinental 
mantle ,  Mesozoic oceanic l ithosphere and 
s ediment s ,  c o ntinental  m arg in  u n i t s )  are 
tectonically coupled. 

The present-day geometric relationships 
among the different tectonic units of the Voltri 
Massif are the result of the collisional tectonic 
under greenschist-facies  conditions , which 
caused late-stage folding of the high-pressure 
nappes (post-nappe folding) and enhanced 
formation of shallow thrusts that masked the 
ori g i n al n appe s ett ing . In s pi te  of such  
grenschist overprint , the  rel ics  of  previous 
tectonic-metamorphic evolutions are preserved 

in the lithologies of the Voltri Massif, and are 
related to lithospheric-scale tectonic processes : 
1) pre-oceanic rifting; 2) oceanic evolution; 3) 
Cretaceous s ubduction and pre-Oligocene 
exhumation. 

The Voltri M as sif includes the following 
lithologic and tectonic units (fig. 3) : 

1) the B eigua Unit consists of antigorite
serpentinites and eclogitic metagabbros,  which 
derived from previous mantle peridotites and 
MORB-type gabbroic intrusions (dominant Fe
Ti-rich gabbros) ;  

2) the Voltri -Rossiglione,  Ortiglieto and 
Alpicella Units consists of metavolcanics and 
c a l c s c h i s t s ,  w h i c h  derived from oceanic  
M ORB -type basalts and  their sedimentary 
c over :  they l o c al l y  pre s erve pri m ary 
stratigraphic relationships with the ultramafic 
and mafic rocks of the Beigua Unit; 

3) the Erro-Tobbio Unit (ET) consists of 
p art ly  recry s ta l l i zed  antigori  te- bearin g  
metaperidotites, preserving km-scale volumes 
of the lherz o l ite mantle protol i th ,  and 
associated rodingitic and eclogitic mafic rocks 
(mostly after Mg-Al-rich olivine gabbros and 
subordinate basaltic dykes with MORB -type 
affinity).  

As a whole ,  the ET peridotite s are l e s s  
intensely serpentinized than the ultramafic rock 
of the B eigua Unit. The latter displays  about 
90% serpentinizatio n .  The most  i mportant 
difference between the Beigua and Erro-Tobbio 
tectonic units is the survival of composite 
mantle ,  oceanic and prograde,  subduction
related structures i n s ide  the Erro-Tobbio 
peridotite s .  These  structures are no longer 
preserved in the B eigua mafic -ultramafic  
association: i t  mostly records an  eclogite-facies 
metamorphism, that affected the precursor 
oceanic  rocks , overprinted by retrograde 
metamorp h i s m  and tec tonics  during 
exhumation of the high pressure rocks towards 
the surface. 

Pres ervati on  of s uc h  a long geological 
memory inside the ET peridotites is likely the 
resu l t s  of l e s s  intens e  h ydratio n  and 
hydrothermal alteration during exposure close 



1 54 G.B. PrCCARDO, E. RAMPONE, A. RoMAIRONE, M. SCAMBELLURI, R. TRIBUZIO and C. BERETTA 

to the floor of the Mesozoic Ligurian Tethys 
ocean. 

Eclog itic metagabbros and high pressure 
setpentinites of the Beigua Unit 

The B eigua  unit  most ly  c o n s i s t s  of  
serpentinites enclosing lenses of  eclogites and 
minor bodies of metasomatic rocks consisting 
of metarodingite and Ti-clinohumite dykelets . 
Intrusive relations between eclogitized mafic 
rocks and host ultramafites are still locally 
preserved within the B eigua Unit. Generally, 
the eclogites form lenses several tens of meters 
long and boudin s  of smaller  dimen s i o n s .  
Previous petrological studies have shown that 
the eclogites formed by metamorphism (at 1 3  
kbar pres sure a n d  450-500°C)  o f  original 
gabbroic material , represented by dominant 
iron- and titanium-rich varieties, subordinated 
Mg-Al-rich gabbros and basalts , and rare 
d iorites  and p l agiogranites  (M ottana and 
Bocchio, 1975; Ernst et  al. , 1 982; Piccardo et 
a l . , 1 9 7 9 ;  P i c c ardo ,  1 9 8 4;  M e s s iga  and 
Scambelluri, 199 1 ) . 

B ased  on major and trace element d ata 
metavolc anites  h ave been i nterpreted as 
tholeiitic basalts with N-MORB affinity (Ernst 
et al., 1 982; Piccardo, 1984) . Mafic intrusives 
correspond to crystal cumulates at different 
fractionation steps from a common primary 
tholeiitic N-MORB magma. On the whole, the 
different types of intrusives (M g-Al to Fe-Ti 
metagabbro s )  show fl at REE p atterns 
fract ionated i n  LREE . Absol ute REE 
concentrations are 2-3 times x chondrite in Mg
Al r ich roc k s ,  and r i se  to  > 1 00 t imes  x 

chondrite in the most differentiated Fe-Ti-rich 
types (Ernst et al., 1 982; Morten et al., 1 979; 
Piccardo, 1 984 ). The intrusive relations and the 
compositional variability discussed above, 
indicate that upper mantle peridotites were 
in truded by M ORE melts . Low pres s ure 
cry stal l i z ation and differentiati on  firs t ly  
produced olivine-p1agioclase cumulates and 
Mg-Al  r ich  gab bro s ;  pre sence  of Fe- Ti 
gabbros ,  rare di orites and p l agiogranite s ,  

i n d i c ate further emplacement  of more 
differentiated melts. 

Such intrusion episodes were followed by the 
emplacement of bas altic dikes at shal low 
depth s .  This  s tage was  l ikely coeval with 
effusion of MORE basaltic lava flows that are 
presently associated with metasediments of the 
V ol tri-Rossiglione, Ortiglieto and Alpicella 
Units. Exposure of the Eeigua gabbro-peridotite 
association at the ocean f1oor was accompanied 
by local metasomatic exchanges between 
ultramafic and mafic rocks. Metasomatic rocks 
of the B eigua  Unit are repre sented by: 
1 )  metaro dingi  te boudins  contmmn g 
garnet +diopside+zoisi te/ clinozoisi te+chlorite+ 
magneti te±ap atite; 2) browni s h  dykelets  
containing Ti-clinohumite+di ops i de+ 
magnetite+chlorite+apatite. These rocks have 
been des cribed by Piccardo et al. ( 1 9 8 0 ) ,  
Cimmino e t  al. ( 1 9 8 1  ) , Sc ambel luri  and 
Ram pone ( 1999) ,  and interpreted as the result 
of high-pres sure metamorphism of gabbros 
which underwent pre-subduction Ca- and 
metasomatism. 

The classic garnet, pyroxene, rutile eclogites 
of the Eeigua Unit mostly derive from original 
Fe-Ti gabbros (superferrian eclogites; Mottana 
and E occhio,  1 975) ,  these rocks have been 
thoro ughly  des c ri bed and ana lyzed  by a 
number of papers (Ernst, 1976; Messiga, 1 987; 
Messiga and Scambelluri, 1988; 1 99 1 ;  Messiga 
et al. , 1 995a) . Since subduction deformation 
was localized within ductile shear zones,  the 
Eeigua eclogites can be subdivided in coronitic 
and mylonitic types. Relics of igneous minerals 
(mostly clinopyroxene) are locally preserved in 
coronitic eclogites ,  where the high pres sure 
assemblages develop either as pseudomorphic 
replacements of the igneous mineral s ,  or as 
reaction coronas among the various igneous 
mineral  s i te s .  The i g neous  augite  i s  
topotactically replaced by omphacite±fine
grained g arnet and ruti l e .  P l ag i o c l a s e  i s  
pseudomorphed b y  fine-grained omphacite + 
garnet ± paragonite and epidote. The igneous 
ilmenite is replaced by rutile locally associated 
with pyroxene . Coronas of almandine-rich 
garnet develop along interfaces separating the 
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igneous minerals sites .  The eclogitic minerals 
of coronitic metagabbros d i s p l ay 
heterogeneous  major and trace e lement  
compositions, which reflect the compositional 
variability of the precursor igneous mineral, 
thereb y  reflect ing g l o b al chemical  
disequilibrium at  hand sample scale. 

Mylonitic and tectonitic eclogites consist of 
omphacite porphyroclasts  in a finegrai ned 
matrix of omphacite, garnet and rutile. Mylonitic 
omphacite is compositionally different from 
porphyroclastic one, being richer in jadeite end 
member ( M e s s ig a  and Scambelluri , 1991 
M e s s i g a  et al . ,  1995a) . Rutile is  s trongly 
elongated parallel to the foliation and garnet 
displays inclusion-rich core and neoblastic rims. 
Transition from the garnet cores to their rims is 
accompanied by an increase in pyrope and 
almandine components and decrease in grossular 
and spessartine. The cores of garnet crystals 
from tectonitic and mylonitic eclogites, locally 
still enclose inclusions of sodic clinopyroxene 
(Tribu z i o ,  1992 ) ,  cro s s i te ,  p aragonite 
representing relics of a prograde blueschists 
facies matrix present in these rocks. The above 
textural and compositional fe ature s were 
intepreted to result from blueschist to eclogite 
facies transition and from increasing pressure
temperature conditions during eclogite-facies 
recrystallization. 

Trace element analyses of minerals from the 
eclogites were carried out by Messiga et al. 
(1995a) and Tribuzio et al. (1996). These data 
show that the omphacite contribution to the 
whole-rock REE inventory is negligible .  In 
particular, the omphacites have a bell-shaped 
REE p attern , which was  re lated to the 
coexistence with garnet and accessory allanite, 
respectively incorporating almost all the LREE 
and HREE of the rock (Tribuzio et al., 1996). 
The tra n s formati on  of ori gi n al g abbroic 
protoliths into eclogites was not accompanied 
by significant REE mobilization , and REE 
were redi s tr ibuted among n e w l y  formed 
minerals .  This implies that the subduction of 
mafic oceanic crust to 65 km depths did not 
release significant amounts of LREE (Tribuzio 
et al., 1996) . 

The post eclogitic evolution of the B eigua 
eclogites consists of the complex superposition 
of metamorphic events driven by interaction 
with fluids at decreasing pressure conditions.  
An early study by Ernst (1976) showed that the 
eclogitic minerals were firstly overgrown by 
gl aucophanic  amphibol e s ,  fol lowed by 
barroisite-bearing assemblages and finally by 
actino l i  te+al bi  te+chlorite gree n s c h i s  t 
pm·ageneses. This superposition of metamorphic 
assemblages pointed to an adiabatic uplift of the 
deeply subducted eclogites .  A later study by 
Messiga and Scambelluri ( 1991) pointed out the 
early development of amphibole+plagioclase± 
diops ide  s ymplecti tes  that predated 
glaucophane formati o n .  Thi s  s tage w a s  
interpreted as  d u e  t o  an initi a l  p o s t-peak 
increase in temperature,  fol lowed b y  rock 
cooling and glaucophane formation as the result 
of deep underthrusting of cold nappes during 
exhumation of the B eigua  eclogite s .  
Development o f  amphibole + plagioclase + 
diops ide symplectite was  accompanied by 
reequilibration and internal cycling of eclogitic 
fluid inclusions that catalized mineral reactions 
and kynetics (Vallis and Scambelluri , 1996) .  
T h i s  pro c e s s  of  internal red i s tr ibution o f  
eclogitic fluids within these eclogite facies 
rocks continued at lower grades to produce 
greenschist facies parageneses (Scambelluri , 
1992). 

The serpentinites forming large part of the 
B eigua Unit display an antigorite+chlorite+ 
magnetite  a s semblage  overgro w n  b y  
o l i vin e+antigorite due to p arti a l  
deserpentinization of the previous pm·agenesis 
(Cimmino et al., 1979) . They also contain few 
mineralogical  rel ics  of oceanic serpentine 
(mo st ly  chry s oti l e )  and rare mantle  
clinopyroxene (Piccardo et al . ,  19 80) . The 
olivine+antigorite-bearing assemblage has been 
shown to develop at eclogite-facies conditions 
and represents the highest metamorphic grade 
achieved in the area (Cimmino et al., 1981 ) .  

The Erro-Tobbio mantle peridotites 

The ET mantle peridotite were involved in 
the Alpine orogenesis ,  due to convergence of 
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Fig. 4- Bulk rock variations of MgO (wt%) vs CaO, Al203, Ti02 (wt%) and Se (ppm) in the Erro-Tobbio peridotites 
(Romairone, 1999). Abbreviations: Sp-Granular peridotites = Granular spinel peridotites; Sp-Tectonites = Spinel peridotite 
tectonites; Plg-Tectonites = Plagioclase peridotite tectonites. Primordial mantle estimates are from Hofmann (1988). The 
representative compositions of abyssal peridotites are from Dick (1989). 
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the European and Adriatic plate s ,  but the 
extreme localization of alpine deformation 
along mylonite shear zones preserves km-scale 
volumes of coherent unaltered lherzolites 
which almost completely retain mantle textures 
and assemblages. This fact has allowed detailed 
structural and petrological investigations of the 
magmatic,  tectonic and metamorphic upper 
mantle evolution which predated their sea-floor 
emplacement  durin g  the opening of the 
Ligurian Tethys (Bezzi and Piccardo, 1971 a; 
Ernst and Piccardo , 1979 ;  Ottonello et al . ,  
1979;  Piccardo et al., 1990,1992; Hoogerduijn 
Strating et al., 1990,1993; Vissers et al., 1991). 

The mantle protolith 

The ET mantle peridotites consist of partly 
s erpentin ized  lherzol i te s ,  with  vari ab l e  
cl inopyroxene contents , which c ommonly 
show spinel-bearing assemblage . Texturally,  
they vary fro m  granular types to  h ighly  
deformed peridotite mylonites .  Detailed field 
mapping (Hoogerduijn S trating,  1991) has  
documented that the oldest structures preserved 
are repre s ented b y  the sp ine l -fac ies  
assemblages granular textures .  These latter are 
overprinted by spinel - ,  to plagioclase- ,  to 
hornblende-bearing peridotite tectonites and 
mylonites forming composite km-scale shear 
zones (Vissers et al., 1991). 

The ET peridotites exhibit heterogeneous 
bulk-rock chemistry, varying from moderately 
to significantly depleted compositions (Ernst 
and Piccardo,  1979 ;  Ottonello et al . ,  197 9 ;  
Romairone,  199 9 ;  2000 ; Romairone e t  al . ,  
2001). Decrease in modal clinopyroxene (from 
10 to 3 vol%) and increase in MgO (from 41.3 
to 45.9 wt%) are accompanied by decrease in 
A1203 (from 3.3 to 1.1 wt%) and CaO _(from 
2. 7 to 1 .1  wt% ) ,  (fig .  4 ) .  Similarly , the Se 
content  decre a s e s  at  decre a s i n g  m o d al 
c l inopyroxene and increas ing  MgO 
abundances . B ulk rock C !-normalized REE 
patterns for granular and tectonite-mylonite 
p eridoti tes  ( Ro m airon e ,  19 9 9 ; 2000 ; 
Romairone et al., 2001) are rather flat (at less 
than 2xC 1) for the HREE, and significantly 

fractionated in the LREE (CeN/SmN=0.05-0. l l ) 
(fig. 5) . Particularly, the granular spinel-facies 
peridotites ,  according to their major element 
chemi s try , s h o w  bulk  REE ab so lute 
concentrations covering a significant range (M
to H-REE from 0 . 5  to 1 . 5xC l ) ;  bulk REE 
composition of the deformed rocks generally 
fall s  within the above compositional range. 
S pine l -fac ies  c l i nopyroxen e s  s h o w ,  
accordingl y ,  low concentration  of fus ib le  
elements (AI , Ti ,  Sr ,  Zr, Y)  and  s ignificant 
depletion in LREE: their REE p atterns are 
almost flat from HREE to MREE (at 7- llxC l )  
and strongly fractionated in LREE (CeN/SmN 
=0.06-0.09) .  Moreover, the peridotites show 
increasing forsterite contents in olivine with 
increasing Mg* = Mg/(Mg+Fe101) in the bulk 
rock. 

All  the above features indic ate that the 
different samples represent refractory residua 
after variable degrees of partial melting starting 
from a compositionally homogeneous mantle 
source: this event most probably predated the 
complete equilibrium recrystallization under 
spinel-facies conditions.  

The ET peridoti tes  s h o w  rather 
homogeneous  Nd i s otopic  c ompos i t ions  
(143Ndfl44Nd=0.513183-0.513385) , while the 
S r  i s otopic  r at ios  are more variable  
(S7SrfS6Sr=0.703019-0.704769) (Romairone, 
1999 ;  2000; Romairone et al., 2001) (fig .6) .  
Both I 43Ndfl44Nd and I 47Smfl44Nd (0.38-0.45) 
ratios are higher than those typical of a MORE 
upper mantle, confirming the residual nature of 
the peridotites (fig. 7) .  The rather high 87Srf86Sr 
ratio s  mos t  l ike ly  resu lted fro m  oceanic  
alteration, as  commonly recognized for oceanic 
and ophiolitic rocks. 

B ased on REE geochemical modelling (using 
both bulk rock and clinopyroxene data) it has 
been stressed that the compositional features of 
the Erro-Tobbio peridotites are consistent with 
refractory residua after variable degrees (5-
14 % )  of incremental melting ,  most  l ikely 
occurred at sp ine l -fac ies  condi t ions  
(Romairone, 1999 ;  2000; Romairone et  al., 
2001). 

The spinel - lherzol i tes  commonly show 
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Fig. 5- REE patterns (normalization to C l  of Anders and Ebihara, 1982) of the Erro-Tobbio peridotites (Romairone, 
1999). 

pyroxenite bands bounded by strongly depleted 
peridotite walls .  The dominant rock types are 
spinel-bearing Al-augite clinopyroxenites and 
Cr-diop s i de websterite s .  They h ave been 
interpreted as the result of magmatic events 
(melt intrusion and crystallization) deep-seated 

in the upper mantle, similarly to the mafic 
l ayers  in orogenic peridoti te m a s si fs and 
pyroxenite xenoliths in alkaline basalts (Morten 
and Obata ,  19 8 3 ;  B odinier  et al . ,  19 8 7 ,  
Menzies and Hawkesworth, 1987 ;  Fabries et 
al. , 1991) . 
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(Zindler and Hart, 1986) and for Ronda peridotites (Reisberg and Zindler, 1986; Reisberg et al., 1989); iii) field L refers to 
the Lanzo (Western Alps) peridotites (Bodinier et al., 1991); iv) field P refers to the Pyrenean peridotites (Downes et al., 
1991). 

The early spinel-facies equilibration. 

The granular spinel-facies recrystallization 
commonly overprints both peridotites and 
pyroxenite l ayers . Local ly ,  the pyroxenite 
layers exhibit i soclinal folds l acking of any 
axia l -p lane  fo l i at ion  and showing  h inge  
structures completely recovered by granular 
sp ine l -bear ing equi l ibr ium texture s 
(Hoogerduijn Strating et al., 1 9 90 ,  1 9 9 3 ; 
Vissers et al., 1 99 1 ) .  This evidence points out 
that the peridotites  have been p las t ica l ly  
deformed after the pyroxenite formation, and 
prior to the static ,  spinel-facies equilibrium 
recrystallization. 

Thermobarometry of the sp ine l -fa c i e s  
recry s ta l l i zat ion  y i e l d s  a rough pres sure  
estimate of  about 20  Kb with corresponding 

maximum temperature s be low 1 1  0 0 ° C  
(Hoogerduijn Strating et al., 1 993) ,  i .e .  at much 
lower temperatures than the dry solidus for 
fertile upper mantle compositions . Such P-T 
estimates are consi stent with equ il ibration 
along an intermediate (neither cratonic ,  nor 
mid-oceanic) lithospheric geothermal gradient. 

The early stability of a hydrous phase (most 
probably a Ti-rich pargasitic amphibole) in the 
spinel-bearing granular assemblage is testified 
by widespread pseudomorphs and rare reddish, 
deeply chloritized ,  amphibole  rel ics .  It i s  
noteworthy that s tabi l i ty o f  p argas i t ic  
amphibole  i n  mantle  per idot i tes  i mp l i e s  
temperature below 1 1 00°C (Jenkins ,  1 98 3 ) .  
This temperature limit i s  consistent with the T 
e st imates  made for the sp ine l - fa c i e s  
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facies porphyroclasts within tectonite-mylonite 
peridotites has the highest AI and Mg contents 
(Al203 up to 59 wt% , MgO up to 20 wt%); 
relict spinels in tectonites and mylonites are 
progressively enriched in Cr and Fe. The most 
Cr-Fe-rich sp inel  re l ics  occur in the 
plagioclase- and hornblende-bearing mylonites . 
Plagioclase has 80-90% anorthite end-member. 
Amphibole in the amphibole-bearing mylonites 
i s  edenit ic  to parg a s it ic  h ornblende 
(Hoogerduijn Strating et al., 1993). 

Thermob arometry made on the vari o u s  
assemblages recognized (Hoogerduijn Strating 
et al., 1993) indicate that, starting from the P-T 
conditions of the early spinel-facies complete 
equilibration, the ET peridotites underwent a 
progres s ive temperature decrease  through 
spinel-facies  (T ranging 1000-1100°C)  to 
plagioclase-facies (T ranging 900-1 000°C), to 
hornblende -fac i e s  (T l o w er than 9 0 0 ° C )  
condi t ion s .  The c o mp o s ite tectono
metamorphic history indicates a subsolidus ,  
non-adiabatic evolution during exhumation 
from lithospheric mantle depths (Hoogerduijn 
Strating et al., 1993), (fig. 8) .  

The sequence of tectonic and metamorphic 
events  and the vari at ion i n  the mineral 
compositions indicate that the ET peridotites, 
after equ i l ibration  within the c onductive 
s u b c ontinental  l i th o s phere , underwent a 
decompressional evolution towards shallow 
crusta} levels .  So far, no precise informations 
are available about the timing of the tectono
metamorphic evolution. 

Sm-Nd i s otope data ,  p erformed on two 
samples of  plagioclase-bearing tectonites, have 
y ie lde d  two e s s entially p arallel  i sochrons 
giving ages of 273 and 313 Ma (± 16 Ma) for 
the plagioclase-bearing recrystallization (fig. 
9) :  these  data indicate that the l ithospheric 
extension and the mantle decompress ional 
evolution were already active s ince  Late 
Carboniferous -Permian times (Romairone ,  
1999; 2000; Romairone et  al., 2001; Piccardo 
et al., 2001). 

The decompre s s i onal  p ath of the ET 
subcontinental lithospheric peridotites has been 
related to the early pre-oceanic rifting stage in 

the Ligurian Tethys. It is, moreover, consistent 
wi th mechan i s m s  of tectonic  u nroofing  
fol lowing  the  p a s s ive and a s y mmetri c 
extension of the l ithosphere (Hoogerduijn 
Strating et al., 1990,1993; Vissers et al., 1991; 
Piccardo et al., 1992, 2001; Romairone et al., 
2001). 

The intrusion of basic dykes 

The ET peridotites are intruded by mafic 
dyke s : they frequently retain textural , 
mineralogical and geochemical characteristics 
which allow recognition of troctolites, olivine
bearing clinopyroxene-gabbros and basalts as 
the magmatic protoliths. 

M ajor el ement compo sitiOns and 
metamorphic mineral assemblages of the mafic 
dykes indicate that slight to significant chemical 
c h anges  o ccurred after their  m ag matic 
cry stal l i z ation and prior to the Alpine 
recrystallization. REE absolute concentrations 
and spectra of both rodingitic and eclogitic 
meta-basaltic dykes in  the ET peridotites 
indicate a clear MORB affinity for the parental 
magmas ( C azzante ,  1991 ) .  They c l o s ely 
resemble REE compositions of  basaltic rocks 
from the ophiolites of the EL Units of the NA. 

These evidence are suggestive of the shallow 
emplacement of the ET peridotites close to the 
ocean floor,  where they were intruded by 
M ORB -type magmas deriving from deeper 
asthenospheric mantle sources .  

The oceanic evolution 

The seafloor hydration led to widespread 
serpentinization of peridotites and to partial 
rodingitization of the mafic dykes (Cimmino et 
al., 1979; Piccardo et al., 19 8 8 ) .  Hydrous 
assemblages including several generations of 
serpentine mineral s ,  chl orite , brucite and 
mixed-layer phyllosilicates statically replace 
the mantle  a s s emblages  and are in  turn 
overgrown by subduction-related antigorite
bearing assemblages (Scambelluri et al., 1991; 
1995) . Several generations of serpentine are 
present:  chrysotile ,  lizardite and antigorite , 
which show variable Al203 content (max 0.7 
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wt% in chrysotile; 2.5 to 7 wt% in lizardite; 0.5 
to 3.2 wt% in antigorite) .  

The oceanic serpentine minerals are mostly 
chrysotile and lizardite whereas antigorite is 
the serpentine phase stable at high-pressure . 
Chrysotile and lizardite, in association with 
magnetite and local ly  brucite ,  repl ace the 
mantle olivine and pyroxenes : they can contain 
slight amounts of Cl,  which is absent in the 
high-pressure antigorite. 

The oceanic  s tage i s  a l s o  m arked b y  
development o f  mixed-layer phyllosilicates 
mainly at the expence of mantle spinel both as 
coronit ic  l ayers  and a s  p s eudomorphic  
replacements. These phyllosilicates can contain 
up to 5 wt% K20, 0.5 wt% Na20 and 0.35 wt% 
C l ;  they are overgrown by h i gh-pres s ure 
chlorite lacking chlorine and alkalies .  

The low-grade nature of such a metamorphic 
essamblage and the mineral compositios, point 
to an early stage of peridotite interaction with 
Cl- and alkali-bearing solutions , presumably 
sea-water-derived (Scambelluri et al., 1997) .  
Compositional data on oceanic mantle sampled 
during DSDP and ODP reveal the occurrence 
of oceanic serpentine minerals and mixed layer 
p hy l l o s i l i c ates  w h o s e  compos i t ions  are 
comparable to the one described here for the 
ET peridotite (Agrinier et al., 198 8 ;  B assias 
and Triboulet, 1982). 

The alpine evolution 

Studies on the alpine history of the ET Unit 
demonstrate that peridotites and mafic dykes 
underwent common subduction and eclogite
facies recrystallization (Piccardo et al., 198 8 ;  
Hoogerduijn Strating et al., 1990; Scambelluri 
et al. ,  1991) . Peak metamorphic assemblages 
consist of omphacite+garnet+Mg-chloritoid+ 
z o i s i te+tal c+c h lorite in the metagabbros 
(Messiga et  al., 1995b) ,  of  olivine+titanian 
c l in ohumi te+antigorite+di o p s i d e  in the 
peridotite. 

E c l o g it ic  minerals  in the metagabbro s 
develop both as static assemblages in massive 
coronitic rocks, and in tectonitic and mylonitic 
structures .  In massive coronitic metagabbros ,  

the igneous clinopyroxene i s  overgrown by 
omphacite with minor garnet and talc ,  and 
p l ag i o c l a s e  i s  rep l ac e d  b y  finegrained 
aggregates of  jadeite , zo i s i te  and g arnet ,  
whereas olivine is pseudomorphed by tremolite 
and talc. Coronas between pseudomorphs after 
olivine and plagioclase consist of early layered 
coronas of orthopyroxene+chlorite+garnet, 
which appe ar progres s ively overgrown hy 
talc+c hl oritoid+garnet .  Coronas  between 
pyroxene and p l a g i o c l a s e  p s eudomorphs  
most ly  c o n s i s t  o f  g arnet  and omphacite . 
Tectonit ic  and m y l o n it ic  ec logi t ized  
m etagabbros  d i s p l ay a n  equi l ibr ium 
assembl age of omphacite+zoisite+garnet+ 
chloritoid+talc .  The pressure and temperature 
estimates suggest that the eclogitic parageneses 
in metagabbros formed at 18-25 Kbar and 500-
650 °C (Messiga et al., 1995b ) .  

Several structural studies (Scambelluri et al., 
1991; 1995) have shown that eclogitization of 
metagabbros i s  c oeval w ith formation of 
metamorphic oli vine in the a s s oc i ated 
ultramafic rocks as the result of  their partial 
deserpentinization. Oceanic serpentine is infact 
cut by prograde antigorite veins and foliations ,  
which are in turn c u t  b y  olivine structures .  
Formation o f  peak metamorphic olivine i s  
caused b y  the reaction antigorite+brucite = 

olivine+fluid ,  which brings  to stability of 
o l i v i n e + a n t i g o r i t e + d i o p s i d e + T i 
clinohumite+chlorite and to l iberation of a 
metamorphic fluid phase. The most obvious 
evidence of fluid release is the development of 
widespread vein systems containing olivine, 
T i -c l in ohumite , d i o p s i d e  and chl orite  
(Scambelluri et al. ,  1991;  1995) . During 
subduction and eclogitization, deformation was 
extremely  c h an n e l l e d  within  inten s e l y  
serpentinized domains (serpentinite mylonites), 
whereas large volumes of ultramafic rocks did 
not undergo significant plastic deformation and 
recry s ta l l i zed  s tat ic ally into  the n e w  
ol ivine+anti gorite - b e aring a s semblage  
( metaperidoti tes) .  

One main impl ic ati o n  o f  antig orite 
s erpentine s tabi l i ty i n  the ultramafi tes  at 
eclogite facies is that these rocks represent the 
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Fig. 9 - l 43Nd/l44Nd vs l 47Sm/l 44N d  diagram for clinopyroxene and plagioclase separates and whole rock from two samples 
(ETR13 and ETR22) of the Erro-Tobbio plagioclase tectonites (Romairone, 1999). 

most effective carriers of water into deep levels 
of subduction zones and that they maintain 
extremely l o w  densi t ies  at m antle depths 
(Scambelluri  et al., 1995 ; Hermann et al . ,  
2001). 

Geochemical inference on fluid and element 
cycling during s ubduction of the Erro
Tobbio peridotite 

The shallow hydration of the ET peridotite 
had relevant consequences on deep transport of 
w ater and e lement  during s u b s e quent  
subduction, and on element cycling into the 
m antle  v ia  production of deep ecl o git ic  
deserpentinization fluids. Stable isotope studies 
of the ET ultramafic rocks have clarified the 
flu i d-rock i nteracti o n s  during sha l low 
hydr atio n  and  s u b s equent  subduct ion 

dewatering of  these rocks, as  well as  the scales 
of fluid migration at depth (Vallis ,  1997; Frueh 
Green et al., 2001) . 

A s  a w h o l e ,  the u l tr am afites  h ave 
heterogeneous (5180 values, ranging from 180-
enriched to 180-depleted compositions with 
respect to unaltered reference mantle values 
(fig. 10) . Serpentinized mantle peridotites are 
generally enriched in bulk 180 (5.7 to 8 .1 %o) ,  
high pressure metaperidotites and serpentinite 
mylonites cover the same range of bulk-rock 
(5180 values (4.4 to 7 .6%o) and show a slight 
180 depletion compared with the serpentinized 
mantle (fig. lOA).  The lowest bulk rock (5180 
values pertain to high pressure veins (3 . 5  to 
5. 7%o) and to eclogitized metagabbros (3 .1 to 
5 . 3%o) . The (5180 variability of clinopyroxene 
and s erpentine reflects  the s ame general  
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variations as the bulk-rock compositions . The 
I SQ compositions of mantle clinopyroxene (5 
to 7%o) and of s erpentine (chry sot i le  and 
l i z ardit e ,  4 . 2  to  7 . 6%o) pres erve d  i n  th e 
serpentinized mantle peridotites ,  are closely 
comparable with the ones of metamorphic 
diopside (4 . 1  to 6 . 5%o) and antigorite (5 .0  to 
7 . 1  %o) of the high pressure ultramafic rocks 
(fig.  l OB ,  C) .  In general the oxygen isotope 
compos i t ion  of h igh pre s s ure phases  are 
slightly depleted in I SQ (less than 1 %a) with 
respect to the pre-eclogitic ones. 

These variations are comparable to the ones 
measured in mafic and ultramafic rocks from 
mo dern oceanic  environments  and fro m  
ophiolites, which record both low temperature 
and high temperature alteration and varying 
fluid fluxes (e .g .  Wenner and Taylor 1 97 3 ;  
Gregory and Taylor 1 98 1 ;  Agrinier et al., 1 988 ;  
Fruh-Green et al., 1 996; Agrinier et al. ,  1 995) .  
In particular, a large number of oxygen isotope 
ratios of clinopyroxene in serpentinized mantle 
peridotite s ,  high pressure metaperidoti tes ,  
serpentinite mylonites, high pressure veins and 
omphacite of metagabbros,  have d I SQ depleted 
composit ions ( < 5 %o) , thereby suggesting 
exchange w i th s eaw ater at T > 3 00 ° C .  In 
contrast, most of the serpentine oxygen isotope 
compositions are greater than 5%o: these values 
are similar to serpentine compositions of the 
Iberian passive margin (5 to 1 3%o, Agrinier et 
al., 1 988 ;  Agrinier et al., 1 995 ;  Plas, 1 997) and 
the Tyrrhenian Sea (3 to 8%o,  Plas ,  1 99 7 ) ,  
reflect ing lower  temp erature flu i d/ro ck 
interaction at  crustal levels. 

Similarities in the oxygen isotope signatures 
of oceanic and eclogite-facies rocks have been 
pointed out in a number of stable i sotope 
s tudie s ,  an d have been interpreted as an 
indic at ion of the preservation of oceanic  
s ignatures and thus  a l ack of i s otopic 
overprint ing during eclogi t ization (e . g .  
Matthews and Schliestedt, 1 984; Nadeau et al., 
1 9 9 3 ;  B arnicoat and C artwright ,  1 9 9 7 ;  
Philippot et al . ,  1 99 8 ;  Putlitz et al. , 2000) . 
Preservation of pre-eclogitic d l 8Q signatures of 
the ET ultramafic  rocks and metagabbro s 
implies local-scale fluid flow at low water/rock 

ratios,  closed system behaviour during high
pressure metamorphism, local-scale exchange 
with compositionally heterogeneous eclogitic 
fluids and absence of large-scale fluid flushing 
causing resetting of pre-subduction i sotopic 
signatures. Frueh Green et al. (200 1 )  have thus 
interpreted the heterogeneity of oxygen isotope 
signatures as evidence for centimeter-scale 
recycling of internally-derived fluids during 
eclogitization of the ET Unit. Fluid uptake in 
these rocks most likely occurred during shallow 
(crus tal )  interac tion proc e s s e s ; inflow of 
externally-derived f1uids along shear zones at 
high pressure conditions seems to be unlikely. 

Based on the hydrogen isotope signature of 
the v ar ious  s erpentine minerals  in the 
serpentinized mantle peridotites ( chrysotile and 
lizardite) and in the high pressure ultramafites 
(antigorite) ,  Frueh Green et al. (200 1 )  have 
concluded that fluid uptake in the ET peridotite 
occurred at oceanic conditions and during the 
early (shallow) stages of subduction. 

The trace e lement  c ompos i t ions  of 
serpentinized mantle peridotites and of high 
pressure ultramafites of the ET peridotites are 
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Fig. 1 1  - Bulk trace-element compositions of samples in 
profiles from serpentinized mantle peridotite to serpentinite 
mylonite from the Erro-Tobbio peridotite (redrawn and 
modified after Scambelluri et al. , 200 1). 
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shown in fig.  1 1 .  Main features of the shallow 
serpentinization are immobility of rare earth 
elements ,  considerable water increase, local 
CaO decrease and uptake of trace amounts of 
Sr, probably as a function of intensity of the 
shallow alteration (Scambelluri et al. , 200 1 ) .  
Comparable rare earth element behaviour and 
Sr enrichment were observed by Menzies et al. 
( 1 993)  after experimental peridotite-seawater 
interactions at 300°C, and were reported for 
abyssal serpentinites by Bonatti et al. ( 1 970). 
The alkal i e s  and chlorine early s tored in 
oceanic hydrous phases are no longer present in 
the high pressure pm·ageneses, as they likely 
partitioned in the synmetamorphic fluid drained 
in the veins. 

A fluid inclusions study (Scambelluri et al., 
1 9 9 7 )  has  po inte d  to the pre sence  of 
hypersaline fluids containing NaCl, KCI and 
MgC12 in the vein filling minerals .  The fluid 
inclusion compositions strongly suggest that 
the fluid incorporated at the seafloor,  w as 
released at high pressure and its composition 
was mostly controlled by the host peridotite 
(S cambelluri et al. , 1 99 7 ) .  Trace element 
analyses of mantle clinopyroxenes and high
pressure diopsides (in country ultramafites and 
veins) ,  highlight the close similarity in the REE 
compositions of the various clinopyroxenes 
(fig. 1 2) ,  again indicating rock control on the 
vein fluids  and lack of exotic components 
carried by externally-derived fluids . Presence 
of appreciable Sr contents in vein-forming 
diopside indicate cycling of oceanic Sr in the 
high-pres s ure flu i d .  The aqueo u s  flu id  
equilibrated with such a clinopyroxene lacks 
HFSE, has Sr contents of about 1 .5 x chondrite 
(i .e .  in the range of normal mantle values) and 
is Cl- and alkalies-rich. The recognition that 
pre-subduction water, chlorine, alkalies and 
stronti urn were c arried by th e vein  flui d ,  
indic ate c l o s e d  s y stem behaviour during 
eclogitization and internal cycling at  80 km 
depth of exogenic components. 

Geodynamic il�ference 

The ET peridotite is presently interpreted as 
upper mantle which underwent an early partial 

melting event ,  responsible  of i t s  v ariable 
depletion ,  and melt  i ntrus ion  (pyroxenite 
dykes) . 

The diffuse and complete reequilibration 
under spinel-facies conditions ,  at temperature 
not higher than 1 1  00°C, evidences that the ET 
peridotite, after an early upwelling and partial 
melting (asthenosphere evolution) was accreted 
to the subcontinental conductive lithosphere 
and reequilibrated to the regional geotherm. 

The sub sequent  compos i te retrograde 
evolution from l i tho spheric mantle depth 
towards shallow levels is well constrained on 
the basis of structural and petrological data. 
S m/Nd i s otopic  data  indic ate that the 
lithospheric extension and the decompressional 
evolut ion were already active s i n c e  Late 
Carboniferous-Permian times. 

During upwelling,  the ET peridotite was 
intruded by masses and dykes of gabbroic and 
later basaltic dykes showing clear MORB 
affinity . I t  i s  indicative that the peridotite 
reached shallow levels during the opening of 
the Jurassic Ligurian Tethys. 

Sea-floor exposure is, moreover, testified by 
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Fig. 12 Trace element compositions of clinopyroxenenes 
from the Erro-Tobbio peridotite. Grey dots: high-pressure 
diopside from host rocks and veins. Shaded field: reference 
m antle clinopyroxe ne s (red rawn and m od ified afte r 
Scambelluri et al. , 2001). 
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the diffuse serpentinization of the peridotite 
and rodingitization of the mafic dykes .  The 
oceanic origin of the i ntervening flu ids  i s  
indicated by the chlorine contents o f  early 
s erpentine minerals  and the formation of 
potassium-bearing phyllosilicates consisting of 
mixed chlorite-biotite layers .  At the ocean
floor, heterogeneity of fluid infiltration and 
peridot i tes  alterat ion  c au s e d  the s p at i al 
association of extremely serpentinized volumes 
close to less altered peridotites domains. This 
vari ability in w ater dis tribution ins ide the 
oceanic lithosphere strongly controlled strain 
local izat ion during l ater subducti o n .  The 
intensely serpentinized domains worked as soft 
horizons during convergence and closure of the 
oceanic basin ,  and became the main shear 
zones  and  detachment hori z o n s  w h i c h  
accomplished deformation during subduction. 

During alpine subduction and collision, the 
ET peridotites recrystall ized to antigorite 
serpent in i tes  and ant igor i te-bear ing 
metaperidot i te s .  The p e ak m etamorphic  
assemblage in  the peridotite consists of the 
antigorite+olivine+diopside+ Ti-clinohumite 
a s s o c i at ion  which  is c oe v al with  the 
omphacite+garnet - bearing assemblage in the 
mafic dyke s ,  which  ind icat e s  peak 
metamorphic conditions in the range 1 8-25 kb 
and 500-650°C. 

S urvival at eclogite-facies  con ditions of 
coerent tectonic units containing dominant low
density antigorite serpentinites, provides a low
dens i ty  b u o y an t  medium driv ing  the 
exhumation of deeply subducted rocks and of 
eclogite bodies present inside alpine tectonic 
units with dominant serpentinite (Hermann et 
al., 200 1 ) . 

In conclusion ,  s tructural and petrologic  
studies on the ET peridotite indicate an early 
asthenos phere upwel l ing and l i tho sphere 
accretion, followed by progressive uprise of 
this subcontinental lithosphere starting from 
Late Carboniferous-Permian time and sea-floor 
exposure during the Jurassic opening of the 
Ligurian Tethys :  these peridotites were later 
subducted during closure of the oceanic basin 
and exhumed during alpine collision. 

THE NORTHERN APENNINE 

Introduction to the geology of the Northern 
Apennine 

The NA is formed by the Late Oligocene
Miocene stacking of tectonic units belonging to 
two main systems: 

- the lowermost Tuscan units, derived from 
c ontinental  domai n s  and formed by 
sedimentary and metasedimentary sequences 
originally deposited on a Paleozoic basement; 

- the uppermost Liguride units, derived from 
oceanic  an d ocean-cont inent  tran s i t i o n al 
domains . The Liguride units occupy the highest 
position in the nappe pile. 

The stratigraphic and structural features of 
the Tuscan Domain allowed the reconstruction 
of the evolution of the Adriatic continental 
margin from the Hercynian orogen, to the Late 
Paleozoic trans-extensional setting. During the 
Middle Triassic,  evidence of further crustal 
attenuation was  provided b y  the Ani s ian
Ladinian extensional basins (Punta B ianca 
sequence) in which marine platform sediments 
are associated with alkaline basaltic flows and 
breccias. 

Early to Middle Jurassic block faulting and 
progres sive  subsidence of the continental 
m arg i n  led  to the d i smembering o f  the 
carbonate platforms and the formation of the 
ocean basin of the Ligurian Tethys (Malm). 

The Liguride Units have been subdivided 
into two main groups of units on the basis of 
stratigraphic and structural features ,  i . e .  the 
Internal and the External Liguride Units. 

The IL Units consist of serpentinized mantle 
peridotites, generally covered by ophicarbonate 
breccias ( ophicalcite ) ,  and gabbroic bodies . 
Ultramafic and gabbroic rocks are locally 
covered by ophiolitic sedimentary breccias 
interlayered with MORB -type basaltic flows . 
Their  s edimentary c over  c o n s i s t s  o f  
Radiolarian Cherts (Callovian-Oxfordian ) ,  
C alp ionel la  Limestone  ( B erri a s i an )  and 
Palombini Shales (Berriasian-Aptian). 

The EL Uni t s  are c h aracteri zed  by the 
presence of «basal complexes »  (pre-flysch 
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form ati o n s )  overlain  b y  the typical 
Helminthoid Flysch (Cretaceous-Paleocene 
calcareous-dominant sequences).  According to 
their internal stratigraphy, two main groups of 
units have been recognized and referred to 
different domains :  i) the Western External 
Liguride Domai n ,  characteriz e d  by uni t s  
containing ophiolites and  ophiolite-derived 
debris and ii) the Eastern External Liguride 
Domain ,  characterized by units containing 
fragments of mesozoic sedimentary sequences 
and conglomerates with Austro-Sudalpine or 
Insubrian affinity, without ophiolites. 

In Wes tern External  Liguride  Domain  
ophiol ite rocks are mainly represented b y  
MORB -type basalts and mantle peridotites 
occurring  as  o l i s tol i th s ,  s l ide  blocks  and 
tectonic slices in the basal complex ( i .e .  the 
C as an o v a  complex , a S anton ian-Early  
C ampanian sedimentary melange) . MORE
type b a s al t s  and  mantle peridot i tes  are 
associated with continental mafic and felsic 
granulites, and granitoids.  The basal complex 
(sedimentary melange) grades upward to the 
Late Cretaceous-Paleocene Helminthoid Flysch 
(Marroni et al., 1 998 and references therein). 

In the Eastern External Liguride Domain the 
basal complex is locally characterized by slices 
of M i d dle  Tri a s s i c  to Early Cretaceous  
carbonate sequences which represent the pre
Early Cretaceous base (V ercesi and Cobianchi, 
1 99 8 )  of the b asal complex . This evidence 
indicates the presence of a thinned continental 
crust representing the westermost domain of 
the Adria continental margin (Sturani, 1 97 3 ;  
Zanzucchi,  1 98 8 ;  Elter and Marroni , 1 99 1 ;  
Molli , 1 99 6 ) .  The differences between the 
basal complexes in the two External Liguride 
Domains and the ubiquitous presence of the 
L ate Cretac e o u s -Paleocene Helmi nthoi d  
Flysch , suggest the presence o f  a transition 
between a thinned continental crust (Eastern 
External Liguride Domain) and an ocean
continent trans ition area (Western External 
Liguride Domain). 

The Liguride Uni t s  b e ar e v idence  of 
Eoalpine  ( Cretace o u s )  and  M e s oalpine  
(Eocene)  deformation predat ing  their  

i nvolvement  i n  the overthru st ing  (Late 
Oligocene-Miocene) onto the easternmost  
continental margin (i.e. the Tuscan Domain) . 

The Cretaceous  evoluti o n  produced the 
formation of the basal complexes, resulting in 
slicing and inversion of the External Ligurian 
Domain. The Mesoalpine deformation in the 
Liguride Units involved early west-verging 
large scale folding and thrusting. This tectonic 
processes were associated with metamorphic 
recrystallizations ranging from very low- to 
low blueschists grade (Van Wamel , 1 9 8 7 ;  
Hoogerduj ing S trating ,  1 994 ;  Marron i  and 
Pandolfi, 1 996) in the IL Units and very low
to anchimetamorphic grade in the EL Units. 
The Mesoalpine deformation was followed by 
l arge s c ale  b ackthru s t ing ,  gravi tati o n al 
spreading and extensional tectonics associated 
wi th e ast-directed tectonic transport .  The 
subsequent large scale deformational history of 
the Apennine involved northeastward nappe 
transport and progressive deformation of the 
westernmost sector of the Adriatic continental 
margin, when the Liguride Units became parts 
of the Apenninic  accret ionary wedge  i n  
relationship with the underthrusting o f  the 
External Tuscan Domain. 

The Northern Apennine Ophiolites 

A representative sampling of the diversity of 
the oceanic l i thosphere which floored the 
Jurassic Ligurian Tethys is shown by the NA 
ophiolite s ,  which crop out in  two dis tinct  
geological units, the IL and EL Units (fig. 13).  

I n  the IL Uni ts , ophiol i t ic  rocks  show 
s tructural rel at ionsh ips  s im i l ar to  t h o s e  
described for the whole Ligurian basin; they 
c o n s i st of a peridot i te- gabbro basement  
stratigraphically covered by  ophiolitic breccias, 
pi l lowed basaltic l av a  flow s ,  and oceanic  
sediments (Abbate et al . ,  1 994,  and quoted 
references ) .  Field and structural evidences 
indicate that mantle peridotites were intruded 
by gabbroic bodies at depth. Subsequently, the 
peridotite-gabbro association experienced a 
tectono-metamorphic  decompre s s i o n al 
evolution as testified  b y  deformatio n  and 
recry s ta l l izat ion  along s h e ar zone s :  th i s  
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Lig ur ian Sea 

Fig. 13 - Geologic sketch map of the Northern Apennines (Eastern Liguria) with indication of the main ophiolitic bodies. 
VG: V oltri Group. SV :  S estri-V oltaggio Units. MA: Mt. Antola Formation and Mt. Caio tlysch (calcareous sandy turbidites 
w ith interbedded shales). 1) Ophiolites (peridotites. gabbros and basalts); field A: Internal Liguride ophiolites; field B I and 
B 2: External Liguride ( Mt. Ragola-Mt.Aiona and Suv ero, respectiv ely) ophiolites. 2) I nternal Liguride sedimentary 
sequences: Radiolarian Cherts, Calpionella Limestones, Palombini S hales, Lav ag na and Giaiette S hales, Gottero 
S andstones. 3) External Liguride tlyschoid sequences: Sopralacroce S hales and Casanov a Complex, ( redrawn and modified 
after Ram pone and Piccardo, 200 1  ). 

indicates progressive uplift and final exposure 
at the sea-floor, where the peridotites were 
extensively serpentinized. The uppermost part 
of the s erp ent in i tes  s uffered inten s ive  
fracturing w i th development  of tectonic  
breccias (ophicalcites) ,  which were partially 
covered by sedimentary ophiolitic breccias . 
Ophicalcites and sedimentary breccias were 
d i s cont inu o u s l y  covered by M ORB -type 
pillowed basaltic lava flows and Oxfordian
Callovian radiolarian cherts ,  i . e .  the oldest 
pelagic sediments (Marcucci and Passerini ,  
1 99 1  ) .  Discrete basaltic dikes ,  related to the 
b a s al t ic  extru s i o n s ,  commonly cut  
serpentinized peridotites and foliated gabbros, 

as  well as the overly ing  tectonic  and 
sedimentary breccias. 

The NA ophiolites also crop out in the EL 
Uni t s ,  w here they are a s s o c i ated w i th 
continental crust material (Marroni et al., 1 998, 
and quoted referenc e s ) .  In these  uni t s , 
ophiolites mostly consist of mantle lherzolites 
and pillowed basaltic lavas which occur as 
huge slide blocks ( olistoliths) within the basal 
complexes of the Cretaceous-Eocene flysch 
s equenc e s . Due to the as s o c i at ion  w i th 
continental crust, the source area for the EL 
lherzolites and basalts has been located close to 
the Adria continental margin (Piccardo et al., 
1 990, and quoted references). Accordingly, the 
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Fig. 14 - Whole rock abundances of CaO and Al203 vs MgO for the I nternal and External Liguride peridotites (data from 
Rampone et al. ,  1995, 1996; all data on anhydrous basis in wt%). Primordial mantle estimates (open triangl e and asterisk) 
are from Hofmann (1988) and J agoutz et al. (1979), respectively). The representative compositions of abyssal peridotites 
are from Dick (1989), (redrawn after Rampone and Piccardo, 200 1 ). 

EL uni ts  have  been  regarded as  a fo s s i l  
example o f  the ocean t o  continent transition 
(Marroni et al., 1 99 8 ) .  Peridotites record a 
composite tectonic-metamorphic evolution, 
developed prior to widespread serpentinization, 
which indicates progressive upwelling toward 
the sea-floor (Piccardo et al. , 1 990; Rampone 
et al. , 1 995) .  Chilled basaltic dikes intruding 
peri d ot i tes  and cro s s c utti ng all  mantle 
structures are abundant. The continental crust 
consist of late Hercynian granitoids, granulites 
and paragneisses (e.g . ,  Eberhardt et al., 1 962; 
M arroni et al., 1 9 9 8 ) .  The primary 
relationships between granitoids ,  ophiolitic 
basalts  and radio larian cherts are local ly  
preserved. 

The nwntle peridotites 

As outlined above, the dominant lithotype in 
the NA ophiolites is mantle peridotite . Quite 
di s t inct  petro logic  and i s otope fe ature s 
characterize peridotites belonging to the EL 
and IL Units , as recently s ummarized by 

Piccardo et al. ( 1 9 94)  and Ramp one and 
Piccardo (200 1 ) .  

The mantle protoliths 

The EL peridotites are dominantly fertile 
spinel lherzolites which crop out as km-scale 
bodies largely preserving mantle textures and 
as semb l age s ,  despi te widespread 
serpenti n i z at ion . Pyroxenite  bands  
(spinel-bearing Al-augite clinopyroxenites and 
Cr-diopside websterites) are common within 
the peridotites ,  and represent high-pressure 
cumulates from basaltic melts (Rampone et al., 
1 995,  and quoted references) . 

The EL peridotites exhibit rather fertil e 
composit ion,  with only sl ight depletion in 
fusible components. This is indicated by: 1) the 
lherzol i t ic  mod al c o mpos i ti o n s ,  2 )  the 
relatively high bulk rock Al203 (2 .86-4.00%) 
and CaO (2 .33-3 .39%) contents (fig. 14),  3) the 
clinopyroxene REE patterns ,  showing only 
moderate LREE depletion (CeN/SmN=0.6-0 .8 )  
and absolute concentrations at 1 0- 1 6xC 1 (fig. 
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1 5A) (Emst and Piccardo, 1 979;  Beccaluva et 
al., 1 984; Ottonello et al., 1 984; Rampone et 
al., 1 993 ;  1 995) .  

The EL lherzolites are characterized by a 
complete static equilibrium recrystallization 
under spinel-facies conditions .  Disseminated 
kaersuti te/Ti - p argas i te  amphibo l e s ,  i n  

· equi l ibrium w i t h  t h e  s p inel -bear ing  
assemblage, show LREE-depleted REE spectra 
(fig. 1 5A) and very low Sr, Zr and Ba contents. 
The stability of pargasitic amphibole constrains 
the spinel-facies equilibration to temperatures 
lower than 1 1 00°C (e .g .  Jenkins ,  1 98 3 ) ,  in  
agreement with thermometric estimates on  the 
spinel-facies assemblage (T = 1 000- 1 1 00°C) .  
The spinel-facies reequilibration in a rather 
«cold» (T< 1 1 00°C) thermal regime has been 
i nterpreted as a s tage  of anneal ing 
recrystallization after accretion of the  EL 
mantle to  the conductive lithosphere (Piccardo 
et a l . ,  1 9 9 4 ;  Rampone et a l . ,  1 9 9 5 ) .  
Information about the timing o f  lithospheric 
accretion has been derived from Rb-Sr and Sm
Nd isotope studies (Rampone et al., 1 995) .  

Present-day Sr and Nd isotope ratios of the 
EL peridotites (fig. 1 6) plot within the depleted 
end of the MORB field; this feature is common 
to many subcontinental  orogenic  sp ine l 
lherzolites from the western Mediterranean 
area ( e . g .  the Pyrenees  and Lanzo N orth 
peridotites) .  Most EL peridotites display Nd 
model ages (assuming a CHUR mantle source) 
in the range 1 .9- 1 .7 Ga (fig. 1 7) ,  and consistent 
results are obtained with Rb-S r  systematics 
(Rampone et al . ,  1 99 5 ) .  In p articular,  one 
single sample with extremely depleted isotopic 
c o mp o s it ion  ( 8 7 S rf86Sr= 0 . 7 0 1 7 3 6 ;  
I 43N df l 44Nd=0 . 5 1 3 5 4 3 )  y ie lds  S r  and N d  
model ages of 2 . 1 and 2.4 G a  (assuming a DM 
and a CHUR mantle source respectively) (fig. 
17) :  these can be considered as minimum ages 
of differentiation form the asthenospheric 
mantle. 

The IL peridotites consist of clinopyroxene
poor (5- 1 0  vol%)  spinel-lherzolites showing 
depleted compositions : their bulk rock MgO, 
CaO and Al203 contents are comparable to 
those of abyssal peridotites (see fig . 1 4) .  The 
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REE spectra  are c h aracterized  by s trong 
fractionation (CeN/YbN=0.015-0.028),  and very 
low LREE absolute concentrations . Thes e  
compositions are among the most depleted of 
ophiol i t ic  peridot i tes  fro m  the Western 
Medi terranean area (see fi g .  1 5 B ) .  
Geochemical modeling indicates that the IL 
peridotite compositions are consistent with 
mantle residua left after low-degree ( < 1 0% )  
fractional melting, presumably initiated i n  the 
garnet-facies stability field (Rampone et al. , 
1 996). 

The IL peridotites exhibit strong chemical 
similarity to present-day oceanic mantle, and 
could therefore represent depleted oceanic 
mantle which produced the Jurassic MORE
type g abbros and  b a s al t s  of the Ligurian 

Tethys .  A Middle- to Late-Jurassic age of 
shallow emplacement and sea-floor exposure 
for the  IL peridot i tes  i s  ind icated by th e 
Oxfordi an- Callovian age of the overlying 
radiolarian cherts (Marcucci and Passerini, 
1 99 1 ) .  However, isotope investigations have 
provided unexpected results about the age of 
the partial melting event. 

The present-day 87SrJ86Sr ratios (0.702203-
0 .702285) of the IL peridotites are consistent 
with a MORB-type mantle, but the l43Ndfl44Nd 
ratios (0.5 1 36 1 9-0.5 1 3775) are very high and 
plot significantly above the MORB field (fig. 
1 6) .  The high Nd isotope ratios are coupled to 
very high I47SmJI44Nd ratios (0.54-0.56) (fig. 
1 8A). As discussed in Rampone et al., ( 1 996) 
( 1 998) ,  such compositions are not consistent 
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with a Juras sic p artia l  melting event o f  a 
MORB -type asthenosphere : Nd model ages 
c alcu lated for an average IL peridotite  
composition and assuming a depleted mantle 
(DM) source (see fig .  1 8A) yield a Permian 
time of depletion (t=275 Ma) . A Permian age 
(about 270 Ma) of partial melting has been also 
inferred for the Balmuccia peridotites (Voshage 
et al., 1 98 8 )  (see fig .  1 8A) . Asthenospheric 
mantle upwell ing and melting duri ng  the 
Permian is well documented by the widespread 
occurrence,  in the Alpine belt ,  of Permian 
gabbroic bodies intruded beneath or within the 
Adria thinned continental crust (see discussions 
in Piccardo et al., 1 994; Rampone et al., 1 996, 
1 998 ;  Rampone and Piccardo 200 1 ,  and quoted 
references) .  Thus, the Permian age of depletion 
recorded by the IL ultramafics is surprising as 
they represent the upper mantle of the Jurassic 
oceanic lithosphere, but it is reasonable in the 

frame of the Permian extension-related mantle 
partial melting and magma production in the 
Alpine realm (Dal Piaz,  1 99 3 ;  and quoted 
bibliography) .  

The IL peridotites, after the melting event, 
were completely recrystallized under spinel
facies conditions; the spinel-facies assemblages 
record equilibration temperatures in the range 
1 1 5 0- 1 2 5 0 ° C  (B ecca luva  et al. ,  1 9 8 4 ;  
Rampone et al., 1 996). 

The decompressional rift evolution 

The EL peridotites  and a s s o c i ated 
pyroxenites  show a c omp o s i te tecto n o 
metamorphic e v oluti o n ,  i . e .  p art ial  
recrystallization from spinel- to plagioclase
b e ar ing a s s emblages , and progre s s i v e  
deformation leading t o  the development o f  
p orphyro c l astic textures a n d  tectonite t o  
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Available geochronologic data on the NA 
ophiolitic gabbroids commonly yield ages of 
intru s i o n  older  tha n  the age of b as altic 
extrusion and chert deposition,. i .e .  older than 
the opening of the Ligurian Tethys (Piccardo et 
al., 1 994) . Moreover, relatively younger ages 
are recorded by the IL intrusives ( 1 60- 1 67 Ma; 
Bigazzi et al. , 1 972,  1 97 3 ;  Rampone et al., 
1998) ,  with respect to gabbroic rocks from the 
EL ( 1 8 5  Ma; B igazzi et al. , 1 97 3 ) .  Triassic 
ages of  m agmatic emplacement  are a l so  
documented  for  g abbroic rocks  from the 
Montgenevre ophiolites (Western Alps) ( 1 92-
2 1 2  Ma, Carpena and Caby , 1 984; about 1 85 
Ma, Costa and Caby, 1 997). Thus, the gabbroic 
rocks were mostly intruded in a pre-oceanic 
subcontinental environment, prior to the Late 
Jura s s i c  o c e anic  break-up (Dal Piaz  and 
Lombardo, 1985;  Piccardo et al., 1 994) . 

The gabbroic rock s ,  like the peridotites ,  
record a low-pressure tectono-metamorphic 
evolut io n ,  characterized by progr e s s i v e  
temperature decrease (Cortesogno et al., 1 975) .  
The early high-temperature (T about 900°C) 
metamorphic recrystallization i s  localized 
along ductile shear zones (Molli, 1 994; 1 995) 
and develops an assemblage of clinopyroxene, 
plagioclase,  titanian pargasite and ilmenite . 
Trace element mineral compositions indicate 
that such a metamorphic event occuned in the 
absence of seawater-derived fluids (Tribuzio et 
al., 1 995) .  The high temperature ductile shear 
zones are commonly postdated by a retrograde 
metamorphic event ,  from amphibolite- to 
subgreenschist-facies conditions (Messiga and 
Tribuzio,  1 99 1 ;  Tribuzio et al. , 1 997) .  This 
event was most likely rel ated to interaction 
with s e a w ater-derived  fl u ids  and w a s  
frequently accompanied b y  the development of 
brittle deformations .  In the IL ophiolites ,  in 
particular ,  parallel sw arms of hornblende
bearing veins are locally widespread,  thus 
indicating the development of active ,  high 
temperature hydrothermal system (Cortesogno 
et al. , 1 97 5 ; Tribuzio et al. ,  1 99 5 ; 1 997) . 
Similar metamorphic histories are documented 
for many Alpine ophiolitic gabbros, and have 
been related to the exumation of these rocks, in 

response to the Triassic-Jurassic rifting of the 
Ligurian Tethys (Lemoine et al. , 1 987 ,  and 
quoted references). 

The basaltic rocks 

B as altic rocks mostly occur as pillow or 
massive lava  fl o w s ,  and as di screte dikes 
in truding deformed g abbro s and mantle  
peridotites .  Petrologic and geochemical studies 
highlighted that the Alpine-Apennine ophiolitic 
basalts have overall tholeiite composition and 
MORB affinity (Ferrara et al., 1 976; Venturelli 
et al., 1 98 1 ;  Beccaluva et al., 1 984; Ottonello 
et al., 1 984; Vannucci et al., 1 993a; Rampone 
et al. ,  1 99 8 ) .  The IL and EL basaltic rocks 
show a large degree of differenti ation ,  as 
indicated by their REE compositional variation 
(from ab out  1 OxC 1 to more than 40xC 1 
absolute values) (see the field in fig. 1 9B ;  data 
from Venturelli et al., 1 98 1 ,  Beccaluva et al., 
1 984,  Ottonello et al. , 1 984,  Marroni et al., 
1 99 8 ) .  The most primitive IL bas alts show 
moderate LREE fractionation (CeN/SmN=0.6) 
and HREE abundances at  about 1 OxC 1 ,  the 
least differentiated EL basalts display almost 
flat or sli ghtly LREE-enriched REE spectra 
(CeN/SmN=0.9- 1 )  (fig. 1 9B ) .  Vannucci et al. 
( 1 993) have shown that the compositions of EL 
and IL basalts could be derived by varying 
degrees of fractional melting (totalling less 
than 1 0% )  of a M ORB -type asthenospheric 
spinel-facies mantle source .  S r-Nd isotope 
study stresses out the MORB affinity of the NA 
ophiolitic basalts , which show , in spite of a 
large 87Srf86Sr variability caused by seawater 
alteration, a fairly homogeneous 1 43Ndfl44Nd 
ratios ranging 0.5 1 3046-0.5 1 3098 (Rampone et 
al., 1 998).  

Information concerning the age of basaltic 
activity in the Ligurian Tethys has been mostly 
derived by U/Pb dating of zircons from acidic 
differentiates which are considered,  on the 
basis of their field occurrence and structural 
relationships ,  to be almost contemporaneous 
with the basaltic volcanism. These U/Pb data 
have yielded ages in the range 1 5 0- 1 60 Ma, 
which are interpreted as the age of the basaltic 
volcanism (Bortolotti et al., 1 99 1 ,  1 995 ; Borsi 
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et al., 1 996;  Ohnenstetter et al., 1 98 1 ;  Costa 
and C ab y , 1 9 9 7 ) ,  c o n s i s tent ly  with 
palaeontological data on the coeval radiolarian 
cherts (not older than 1 50- 1 60 Ma: De Wever 
and Caby, 1 98 1 ;  Lemoine, 1 98 3 ;  Marcucci and 
Pas s erin i ,  1 9 9 1 )  which are frequently 
interlayered with the basaltic volcanites.  

The continental crust material 

Ophiolitic rocks cropping out in the EL Units 
are associated with materials from the lower 
( mafic and fel s i c  granul i te )  and upper  
(granitoids) continental crust (Marroni et  al., 
1 99 8 ,  and quoted references ) .  Marroni and 
Tribuzio ( 1 9 9 6 ) ,  based  on petrologic and 
geochronologic studies ,  have inferred that the 
mafi c granul ite s  derived  fro m  g abbroic 
protoliths which were emplaced at  low crustal 
l eve l s  (P about  8 kb)  during Lower 
Carboniferous-Upper Permian times (about 290 
Ma; Meli et al., 1 996). The gabbroic protoliths 
of the granulites were most likely formed by 
fractional crystallization of tholeiite primary 
melts  and c o n c omitant  a s s imi lat ion of 
continental crust  material (Montanini et  al., 
1 99 8 ;  M ontanini and Tribuzio, 200 1 ) .  The 
felsic granulites are mainly represented by 
quartz-feldspathic anatectic rocks (Balestrieri 
et al., 1 997) ,  which probably resulted from 
multi-stage melting of lower crustal basement 
gneisses (Montanini and Tribuzio, 200 1 ) .  

T h e  m afic granul i tes  experienced  a 
retrograde metamorphic evolut ion  from 
granulite- to  subgreenschist-facies conditions. 
Radiometric data (Ar-Ar amphibole age of 228 
M a ;  Mel i  et al., 1 9 9 6 )  indic ate that  the 
granuli te- to  amphibol i te -fac i e s  recry s 
tallization occurred between Permian and 
Middle Triassic times .  A similar retrograde 
evolution has been also inferred for the felsic 
granulites that are primarily associated with 
mafic granulites (Marroni et al., 1 998) .  In both 
mafic and felsic granulites ,  retrogres sion is  
commonly accomp anied b y  deformations  
progressively changing from ductile to  brittle. 

The granitoids are mostly represented by 
two-mica granodiorites to leucogranites with 
pertithic alkali feldspars, (Ebherardt et al., 

1 962; Marroni et al., 1 998) .  These rocks show 
peraluminous chemical character, which i s  
consistent with the local occurrence of  Mn-rich 
garnet. Mineral and whole-rock compositions 
point to orogenic affinity and shallow level 
emp l ac e ment (M arroni et al., 1 9 9 8 ) .  
Radiometric data indicate that the granitoids 
were emplaced during late Hercynian times 
(280-3 1 0  Ma; Ferrara and Tonarini,  1 9 8 5 ) .  
After t h e  Middle  Tri a s s i c ,  t h e  granitoids  
experienced cataclastic deformation and were 
fin al l y  e x p o s e d  at sha l low level s during 
Jurassic, as testified by the intrusion of basaltic 
dike s ,  and by the o c currence of primary 
stratigraphic contacts between granitoids and 
O x fordian-Cal lovian  radio l arian cherts  
(Marroni et  al., 1 998,  and quoted references) . 

Geodynamic inference 

The NA ophiolites represent  the spatial  
association of late Jurassic MOR basalts with 
Proterozoic and Permian mantle peridotites and 
Jurassic gabbros with MORB affinity: 

1 )  mantle peridotites derived from the sub
continental mantle of the Europe-Adria plate; 

2) g abbros were formed by intrus ion of 
asthenospheric MORB melts into the sub
c ontinental  mantle  during l i thosp heric 
extension, prior to the Jurassic oceanic stage of 
the Ligurian Tethys ;  

3 )  basalts were produced by late Jurassic 
partial melting of the upwelling asthenospheric 
mantle during the oceanic opening. 

Structural and petrological evidence does not 
support relating the formation of this peculiar 
ophiolitic association to active asthenospheric 
upwelling and mid-ocean ridge - transform 
fault systems ,  as common at divergent plate 
margins of mature oceanic basins .  

More properly ,  these ophiolitic sequences 
represent the lithological associations which 
are expected to develop after the break up of 
the continental crust, driven by the passive 
extension of the continental lithosphere. 

M o s t  probably the NA ophiol i tes  w ere 
formed when the p a s s iv e ,  extens i o n al 
mechanisms were still dominant, prior to the 
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inception of the sea-floor spreading driven by 
active asthenospheric mantle upwelling. This,  
more mature, oceanic stage is not recorded by 
to known ophiolite sequences from the NA as 
well as the whole Alpine-Apennine system. 

ORIGINAL TECTONIC SETTING OF THE NORTHERN 

APENNINE 0PHIOLITES 

In the past, different interpretations of the 
main structural and/or petrological features of 
the Alpine-Apennine Jurassic ophiolites have 
led to the development of different models for 
their original tectonic setting . B esides the 
common interpretation as sections of a MORE
type oceanic lithosphere, mainly based on the 
MORB affinity of the magmatic rocks , the 
widespread occurrence of peridotites exposed 
on the s e a- floor  has  led  some authors to  
suggest that these ophiolites were formed in  a 
transform-zone setting (Gianelli and Principi, 
1 977; Lemoine, 1 980; Weissert and Bernoulli, 
1 985) .  

Investigations on the structure of present-day 
oceanic lithosphere have provided increasing 
evidence  that s l o w - spreading r idges  are 
frequently characterized by the direct exposure 
of serpentinized mantle peridotites on the sea
floor.  These latter are intruded by discrete 
gabbroic bodies and only partially covered by 
basaltic lava flows. Based on these features, it 
has been argued by some authors that Alpine
Apennine ophiolites represent mature oceanic 
lithosphere formed in a slow-spreading ridge 
setting (Barrett and Spooner, 1 977; Lagabrielle 
and Cannat, 1 990;  Lagabrielle and Lemoine, 
1 997) . 

Other contributions, however, stressed the 
probable subcontinental origin of many mantle 
rocks flooring the Ligurian ocean (Decandia 
and Elter, 1 969,  1 972;  Piccardo, 1 976) ,  and 
opened the discussion on the diversity of the 
Alpine-Apennine ophiolites compared with 
mature oceanic l i thosphere . B ased  on the 
atypical association of fertile subcontinental
type lherzolitic mantle and MORB magmatism 

(as recognized in the EL units), it was argued 
that these ophiolites were formed during early 
s tages  of opening of the o c e anic  b a s i n ,  
following rifting, thinning, and break-up o f  the 
continental crust, and were therefore located in 
a marginal, pericontinental, position of the 
oceanic basin (Beccaluva and Piccardo, 1 978) .  
Further petrologic investigations on the NA 
ophiol i ti c  u l tramafi c s ,  demonstrated the 
depleted compositions of the IL peridotites, and 
inferred the e x i s tence  of a res idua-melt  
re lat i o n s hi p  between the per idot i tes  and  
associated MORB magmatism (Ottonello et al., 
1 984) . It was therefore asserted that the IL 
ophiol i tes  repre sent  o c e anic  l i thosphere 
produced during a more evolved s tage of 
evolution of the Ligurian Tethys (Beccaluva et 
al., 1 984) . The comparison with peridotites 
from different settings in  modern oceanic 
basins emphasized close similarities between 
the EL peridotites and the marginal and pre-rift 
lherzolites, and between the IL ultramafics and 
mid-ocean ridge peridotites (Piccardo et al., 
1 990). 

However,  recent petrologic and i s otope 
investigations of the NA ophioli tic  mantle 
u l tramafi c s  ( a s  reported in the previous  
chapters) have shown that none of  the Ligurian 
peridotites can be considered as typical oceanic 
mantle ,  and that a s imple mantle residua
basaltic melt genetic relationship does not exist 
in the IL ophiolites .  

A s  recently  discussed by R ampone and 
P icc ardo (200 1 ) ,  i t  h a s  been defin i te ly  
demonstrated that the EL peridotites consist of 
fertile subcontinental l i thospheric mantle 
(presumably Proterozoic ) ,  whereas the IL 
mantle ultramafics  are depleted peridotites 
which experienced MORB-type partial melting 
during the Permian, i .e .  well before production 
of the associated Jurassic basaltic crust. Both 
the EL and IL peridotites display a composite 
subsolidus retrograde evolution, which reflect 
their uplift from lithospheric mantle depths,  
and emplacement on the ocean floor. 

The NA ophiolites therefore represent the 
spatial association of older (Proterozoic and 
Permian) subcontinental mantle peridotites , 
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Fig. 20 - Model for the evolution of the L igurian Te thys from l ate Palaeozoic extension to Jurassic continental break-up 
and ocean opening (redrawn and updated after Piccardo et al. , 1994). The model onl y  considers the Pennian asthenospheric 
partial melting and the intrusion of the m anle-derived mel ts (in black) into the Adria l ithosphere ; Late Variscan crusta! 
magmatism and Permian calcalkaline magmatism are not considered. A) Inception of the asymmetric passive extension of 
the continental l ithosphere and of the decompressional evolution of the l ithospheric m antle (Erro-Tobbio peridotites): I )  
Upwell ing and subsol idus reequil ibration to plagiocl ase-facies o f  the Erro-Tobbio peridotites; 2) Upwell ing and partial 
melting of the asthenospheric m antle ( the m antle protoliths for the Internal Liguride peridotites); 3 )  Permian gabbroic 
intrusions from m antle-derived basaltic mel ts into the marginal units of the Adria plate. B) Accretion of Permian residual 
m antle ( the Internal Liguride peridotites) 4), after asthenospheric partial mel ting, to the subcontinental l ithospheric mantle; 
C) Late Jurassic o pening of the Ligurian Tethys and sea-floor exposure of the subcontinental lithospheric mantle. 
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which are partly still linked to continental crust 
m ateri a l ,  and younger  (mostl y  Juras s i c )  
unrelated MORB -type magmati s m .  T h i s  
peculiar association cannot b e  reconciled with 
present-day mature oceanic lithosphere, where 
the mantle and the associated mafic crust are 
linked by a direct genetic relationship .  In  
contrast ,  the NA ophiol i tes  most  l ikely  
represent lithological associations which are 
expected to develop after the break-up of 
conti n ental  cru s t  in response  to p a s s i v e  
extension o f  the lithosphere. This latter i s  the 
most suitable geodynamic process to account 
for the tectonic denudation of large sectors of 
subc onti nental  mantl e .  The exumation of 
lithospheric mantle in response to p ass ive 
l i thosphere exten s i o n  h a s  been recently  
confirmed by analogue geophysical modelling 
(Brun and Beslier, 1 996) performed to study 
the modes of passive-margin formation and 
related mantle exumation at continent-ocean 
boundary. 

Mechanisms of pass ive extension of the 
lithosphere were already invoked in pioneering 
studies on the NA ophiolites ,  to explain the 
peculiar s tructural features of the Ligurian 
Tethys seafloor (Decandia and Elter, 1 969,  
1 972; Elter, 1 972) . More recently, models of 
a s ymmetric p a s s iv e  extension o f  the 
lithosphere by means of normal simple-shear 
mech ani sms  ( ac c ording to the model  o f  
Werni cke ,  1 9 8 5 ) ,  have  been p r o p o s e d  to  
account for some asymmetrical features which 
have been recognized on both sides of the pre
oceanic continental rift of the Ligurian Tethys .  
Some authors have inferred the  large-scale 
extensional geometry of the oceanic rift of the 
Ligurian Tethys  by the comp arison of the 
tectono-sedimentary evolution of the conjugate 
(Europe and Adria) continental margins. Based 
on the contrast between syn-extensional (Lias
Dogger) subsidence of the Adria margin and 
upl ift of the B ri an c; o nnais  r idge of the 
European margin, i t  has been argued that Adria 
and Europe were, respectively, the lower and 
upper p l ate  m argin  during s imple- shear 
extension (Lemoine et al., 1 987;  Hoogerduijn 
et al., 1 993 ; Vissers et al., 1 99 1 ) .  

Other  c ontribut ions  have  prop o s e d  the  
eastward dipping of  the detachment zone, i .e .  
Adria as the upper plate of the extensional 
s y s tem.  This i nterpretati on  is b a s e d  on 
structural, metamorphic and magmatic features 
recorded by the Austroalpine (Sesia-Lanzo) 
and South Alpine (Ivrea-Verbano) units (i .e .  
the marginal units of the Adria plate) ,  which 
indicate their involvement in the pre-oceanic 
ex ten s i o n al regime (Dal  P i a z ,  1 9 9 3 ;  
Trommsdorff et al . ,  1 99 3 ;  Piccardo e t  al . ,  
1 994; Dal Piaz and Martin, 1 998) .  According 
to the s e  auth or s ,  the occurrence of pos t 
Hercynian gabbroic bodies in  the Austroalpine 
units of the Western-Central Alps testifies the 
e ar ly  i ntru s i o n  into the extending Adria  
lithosphere of  basaltic magmas produced by 
p artial  melting of the pas sively upwelling 
asthenosphere. Moreover, the original location 
of the g abbroic bodies  ind icates  that 
a s theno spheric p artial  melt ing s tarted  
asymmetrically with respect to  the future axis 
of the c ontinental  break-up ,  and that the 
melting zone shifted progressively towards the 
location of the future oceanic basin (fig. 20) 
(Piccardo et al., 1 994; Rampone et al. ,  1 99 8 ;  
Ram pone and Piccardo, 200 1 ; Piccardo et al. , 
200 1 ; and quoted references). 

SUMMARY AND CONCLUSION 

Ophiol i tes  exposed  along the WA-NA 
orogenic belt represent the oceanic lithosphere 
of the Ligurian Tethys ocean which separated, 
during Late Jurassic-Cretaceous time s ,  the 
Europe and Adria continental blocks . These 
ophiolites are characterized by : i) dominant 
fertile, cpx-rich mantle lherzolites ,  while more 
depleted peridotites are scarce ;  ii) gabbroic 
intrusives and basaltic volcanites with MORB 
affinity. 

WA-NA ophiolites show peculiar structural 
and petrological characteristics which indicate 
that :  i) mantle  u l tramafi c s  u nderwent  a 
c omposi te  s u b s ol idus  evoluti o n  from 
s ubcontinental l ithospheric mantle depths 
towards the sea-floor; ii) the gabbroic rocks 
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were intruded into mantle peridotites during 
their decompressional evolution;  iii) mantle 
peridotites and gabbros were exposed at the 
s e a-floor  b efore b a s al t ic  extru s i o n  and 
radiolarian chert deposition. 

Stratigraphic-structural evidence points out 
that the Li gurian Tethys was floored by a 
peridotite-gabbro basement,  subsequently 
covered by a discontinuous layer of pillowed 
basaltic flows and radiolarian cherts, i .e .  the 
first oceanic sediments. Palaeontological ages 
of the radiolarian cherts and isotopic (U/Pb) 
zircon ages of acidic differentiates, linked to 
the basaltic volcanites, concordantly indicate 
L ate J uras s ic  ( 1 60- 1 5 0 M a) ages  for the 
inception of the oceanic stage, along the whole 
Ligurian Tethys. 

In the Ligurian ophiol i te s ,  pr imary 
strati grap h i c - s tructural  re lati o n s hip s are 
preserved in  the IL Units ,  while in  the EL 
Units, which are considered to derive from a 
paleogeographic realm transitional between the 
continental (Adria) and oceanic (IL) domains, 
mantle peridotites and basalts crop out as giant 
olistholiths within Cretaceous/Eocene flysch 
s e quence s ,  where they are a s s o c i ated to 
continental crust material (Permian granulites 
and Hercynian granitoids) . 

Mantle peridotites from the EL Units are 
fertile, cpx-rich lherzolites :  Sr/Nd models ages 
ind icate minimum Protero zo ic  ages  o f  
differenti ati o n .  T h i s  i s  i nterpreted as  the 
accretion age of the EL mantle to the Europe
Adria subcontinental l ithosphere, where the 
ultramafics underwent complete equilibration 
at temperature below 1 1 00°C,  under spinel
facies conditions .  S m/Nd pl-cpx i sochrons 
i n d i c ate that tran s it ion  from sp ine l - to 
p l ag ioc lase-fac ies  condi ti o n s  during the 
decompre s s i o n al evolut ion  of the 
subc ontinental  m antle  s t arted fro m  L ate 
Palaeozoic (273-3 1 3  Ma: ET peridotites of the 
Voltri Massif) and continued up to Jurassic 
( 1 65 Ma: EL peridotites) .  Mantle peridotites 
from the IL Units are significantly depleted ,  
cpx-poor, lherzolites : they are interpreted as 
refractory residua formed by partial melting of 
an asthenospheric MORB-type mantle source. 

Sr/Nd model ages indicate that this melting 
event occurred during Permian (275 Ma) .  

Intrusives rocks (ultramafic cumulates, Mg
A l - gabbro s ,  Fe- Ti - g abbroi d s  and 
plagiogranites)  represent the crystallization 
products, during low pressure fractionation, of 
thole i i tic  MORB - type  b a s al t ic  magmas , 
s imi larly to the whole  i ntru s ive  rocks of 
the WA-NA ophiol i te s .  Avai lab l e  
geochronological data o n  the NA gabbroic 
rocks indicate vmiable intrusion ages, ranging 
from about 1 8 5 M a ( some EL gabbros )  to 
about 1 60 Ma (some IL gabbros) : it must be 
mentioned that some W A ophiolitic gabbros 
(i.e. the Chenaillet body) record Triassic age of 
intrusion. Accordingly, the gabbroic rocks are 
significantly younger with respect to the partial 
melting events recorded by the associated 
mantle peridotites and, moreover, they are 
s i g n ifi c antly older  than the true oceanic  
magmatism, represented by  the Late Jurassic 
basaltic extrusion. 

The continental  mafi c  granu li  tes  were 
derived from gabbroic protoliths which were 
emplaced at low crus tal levels (P about 8 kb) 
during Lower Carboniferous-Upper Permian 
times (about 290 Ma) . The gabbro-derived 
mafic granulites experienced a retrograde 
metamorphic evolution from granulite- to 
subgreenschist-facies conditions. Radiometric 
data (Ar-Ar amphibole age of 228 Ma) suggest 
that  the granul i te- to amphibol i te-fac i e s  
recrystallization occurred between Permian and 
Middle  Tri a s s i c  t ime s .  The c ont inental 
granitoids were emplaced at shallow levels 
during late Hercynian times (about 3 1 0 M a) . 
After the Middle  Tri a s s i c ,  the granitoids  
experienced cataclastic deformation and were 
fin al ly  exposed  at shal low l e v e l s  during 
Jurassic, as  testified by the intrusion of  basaltic 
d ike s ,  and by the occurrence of prim ary 
stratigraphic contacts between granitoids and 
Oxfordian-Callovian radiolarian cherts. 

The composite decompressional evolution of 
the peridotites and the associated continental 
g abbro- derived granulites and granitoids ,  
deriving from the continental lithosphere (crust 
and upper mantle) of the Europe-Adria system, 
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is related to the pre-oceanic rifting processes 
which were active within the Europe-Adria 
lithosphere prior to the ocean opening. 

The Permian age of partial melting of the IL 
peridotites and the Late Palaeozoic to Jurassic 
subsolidus decompression of the ET and EL 
peridotite s ,  and the associated continental 
rocks, indicate that lithospheric extension of 
the Europe-Adria continental lithosphere and 
asthenospheric upwelling were already active 
since late Palaeozoic times . This interpretation 
is strongly supported by the presence of huge 
post-Variscan gabbroic bodies ,  derived b y  
parental MORB magmas , which are intruded 
into the extending lithosphere of the Adria 
continental margin (Austroalpine Units of the 
Western-Central Alps) and by the presence of 
res idual mantle peridotites (IL peridotites )  
which underwent  p art ial  melt ing during 
Permian and w ere accreted to the sub
continental lithosphere of  the Europe-Adria 
plate. 

The peculi ar oceanic l i thos phere of the 
Jurassic Ligurian Tethys (i .e .  the association of 
Proterozoic and Permian subcontinental mantle 
peridotite s ,  Tri a s s i c  to J uras s ic  gabbroic 
intrusives and Late Jurassic MORB volcanites) 
developed after the Juras sic break-up of the 
continental  cru s t  in respon s e  to p a s s i v e  
extension of the Europe-Adria continental 
l i thosphere .  This  i s  the m o s t  s u i table 
geodynamic process to  account for the tectonic 
denudation of large sectors of subcontinental 
mantle. 

O n e  m ain effect  of mantle  exposure at  
superficial oceanic (and suboceanic) settings is  
the widespread hydration of peridotites ,  leading 
to a significant ductility change. The oceanic 
s erpentinization of the ET peridotite was  
heterogeneous ,  and  brought to the  s patial 
a s s o ci at ion  of extremely s erpent inized 
ultramafit�s c lose  to mantle peridotites less 
affected b y  s erpent inizati o n . Such a 
heterogeneity i n  w ater d i s tribution i n  the 
oceanic lithosphere played a major control on 
its behaviour during later Alpine convergence 
and subduction. Serpentinites worked as soft 
h or izons  which accompl i shed  duct i le  

deformation and thus became detachments and 
shear zones which allowed delamination of the 
subducting oceanic lithosphere. 

Serpentinization did not produce significant 
changes in the maj or and rare earth element 
compositions of the primary ultramafic rocks, 
but w a s  accomp anied by uptake o f  trace 
amounts of marine Sr, Cl and alkalis .  Mafic 
rocks  at thi s s tage  loca l ly  underwent  
metasomat ic  exchanges  with their  h o s t  
ultramafites leading first t o  a stage o f  Mg
enrichment and chloritization of the mafic 
rocks, followed by a stage of ea-enrichment 
and rodingitization. Serpentinization played a 
relevant control on the composition of fluid 
phases evolved during subduction burial of 
ultramafic rocks .  S ubduction of the Ligurian 
ultramafic rocks was accompanied by prograde 
reaction s ,  culminating in one main  high
pressure event of  partial dewatering, which led 
to fl uid  product ion and to formation o f  
metamorphic alpine olivine i n  equilibrium with 
antigorite, diopside and Ti-clinohumite. Main 
evidence  of this  fact is the  wide spread 
formation of olivine-bearing metamorphic vein 
s ystems coeval with eclogitization of the 
associated mafic rocks. 

Mafic rocks at this stage developed different 
peak assemblages depending on their bulk rock 
c omposit ions and on their pre - subduction 
evolutions stories :  garnet-rutile - omphacite 
(Fe-Ti metagabbro s ) ,  g arnet-chlor i to id
omphaci te-zoisi  te-talc (Mg-metagab bros ) ,  
g r o s s  u l a r - z o i  s i  t e - c h l  o r i  t e - d i  op  s i d e  
( metarodingi te) , Ti -clinoh umi te-di opside
chl orite-magnetite (Mg-enriched 
metagabbros) .  The pressures and temperatures 
of eclogitic recrystallization range from P > 1 3  
Kbar and T 450-500°C in the Beigua Unit, to P 
20-25 Kbar and T 550-650°C in the ET Unit. 

D espite subduction led in both Units  to 
partial dewatering of the ultramafic rocks ,  
antigorite serpentine survived high pres sure 
metamorphism as a stable mineral phase in the 
n e w  high-pres sure  o l iv ine  a s s emblage .  
Persistence of large volumes of low-density 
buoyant serpentinites in the deep roots of the 
Alpine orogeny provides a mechanism for the 
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exhumation of eclogites and other high to 
ultrahigh presure rocks from mantle depths. 

The eclogi t ized u l tramafi c  rocks s t i l l  
preserve oxygen isotope signatures acquired at 
oceanic s etti n g s ,  indicating that the flui d  
recycled at this stage was the one incorporated 
during exposure close to the oceanic floor. 
Presence of appreciable amounts of Sr in the 
high pressure vein minerals, and finding inside 
these minerals of hypersaline fluid inclusions, 
indicate that besides water, the eclogitic fluid 
contained oceanic Sr, chlorine and alkalies .  
This has  profound implications on the global 
cycling of exogenic fluid and element by 
serpentinites at  mantle depths. 
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